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8 CHAPTER 1

1. Introduction 

1.1. Biocatalysis

Enzymes are nature’s catalysts that have fascinated chemists for centuries. The application 
of enzymes for chemical transformations is referred to as biocatalysis. In recent years, the 
field of biocatalysis has been rapidly expanding, and it has significant impact on the pro-
duction of pharmaceuticals, fine chemicals, food ingredients and biofuels.1–4 Biocatalysis is 
attractive to both academia and industry for many reasons, the most appealing feature of 
biocatalysts (enzymes) is their excellent chemo-, regio- and stereoselectivity that could be 
difficult or even impossible to achieve using their chemocatalyst counterparts.5,6 Biocata-
lytic approaches are typically operated under mild conditions (e.g. moderate temperature 
and pressure, and near-neutral pH) and, therefore, innately have better safety profiles over 
chemocatalytic processes. Besides, enzymes themselves are nonhazardous and biodegrad-
able catalysts, and are produced from natural renewable resources, fulfilling the sustaina-
bility requirements of tomorrow’s chemical industry.7 Additionally, enzymes can be immo-
bilized which often provide advantages in terms of stability, recyclability as well as easy 
downstream processing.8

The quantity and diversity of the biocatalytic toolbox for synthetic chemistry are continu-
ously expanding due to the revolutionary developments in enzyme discovery (e.g. metage-
nome screening, genome mining, and computational design) and enzyme engineering 
(e.g. directed evolution, high-throughput screening, and rational design) in the past dec-
ades.2,4,9–11 Nowadays, organic chemists can design and refine synthetic strategies for target 
molecules by using appropriate biocatalysts for the key bond-forming steps in their ret-
rosynthesis analysis (i.e. biocatalytic retrosynthesis), particularly in cases where enantiose-
lectivity is critical.12–14 Moreover, the combination of chemocatalysis (e.g. metal-, organo-, 
photo-, electro-, and heterocatalysis) and biocatalysis, albeit challenging, creates tremen-
dous opportunities for the development of rapid and efficient routes to target molecules.15,16

1.2. Biocatalytic synthesis of chiral unnatural amino acids using 
carbon-nitrogen lyases

Chiral unnatural amino acids are highly valuable as tools for biological research and as 
chiral building blocks for pharmaceuticals, nutraceuticals, agrochemicals, and more.17–19 The 
impressive number of applications of enantiomerically pure unnatural amino acids have 
stimulated the development of various chemocatalytic asymmetric methodologies for 
their preparation.20,21 Despite the broad applicability of these conventional chemocatalytic 
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strategies, they usually suffer from limited availability of the starting materials, the use of 
hazardous reagents and expensive ligands, harsh reaction conditions with by-products, 
and generation of partially racemized products that need tedious purifications.21 The direct 
asymmetric chemical synthesis of chiral unnatural amino acids is still challenging due to 
the difficulty of setting a precise configuration as well as the necessity of protecting the 
reactive amine and carboxylic acid groups. 

Biocatalysis provides a valuable alternative route to chiral unnatural amino acids.22–25 In 
recent years, various asymmetric enzymatic strategies have been developed for the syn-
thesis of chiral unnatural amino acids, for example (i) reductive amination of keto acids 
with ammonia or amines using dehydrogenases23,26; (ii) transferring the amino group of 
an amino acid to keto acids applying aminotransferases23; and (iii) conjugate addition of 
ammonia or amines to α,β-unsaturated carboxylic acids catalyzed by carbon-nitrogen 
lyases.24,27–29 Among others, carbon-nitrogen lyase-catalyzed enantioselective addition rep-
resents a highly attractive strategy for the synthesis of chiral unnatural amino acids. This 
enzymatic strategy makes use of readily available α,β-unsaturated carboxylic acids as start-
ing substrates without a requirement for cofactor recycling, circumvents steps of protecting 
or activating carboxylic groups, provides 100% theoretical yield, and normally gives high 
stereocontrol under mild and potentially green reaction conditions. Several synthetically 
useful carbon-nitrogen lyases, including aspartate ammonia lyases (DALs), methylaspar-
tate ammonia lyases (MALs), ethylenediamine-N,N’-disuccinic acid lyase (EDDS lyase), 
phenylalanine ammonia lyases (PALs) and phenylalanine aminomutases (PAMs), have 
been successfully applied in the asymmetric synthesis of optically pure noncanonical α- or 
β-amino acids.22–24,28 In this thesis, our work mainly focuses on the biocatalytic applications 
of MALs and EDDS lyase for the asymmetric synthesis of functionalized aspartic acids, and 
these enzymes will be discussed in more detail in the following sections.

1.2.1. Methylaspartate ammonia lyase (MAL)

The enzyme MAL (EC 4.3.1.2) naturally catalyzes the reversible deamination of (L-thre-
o)-3-methylaspartic acid to produce mesaconic acid (Figure 1).30 In 1959, MAL activity was 
firstly detected by Barker et al. in cell-free extracts of Clostridium tetanomorphum,31 where 
MAL catalyzes the second step in the glutamate catabolic pathway that converts (S)-glu-
tamic acid via (L-threo)-3-methylaspartic acid to give acetyl-coenzyme A.32,33 MAL is a 
homodimeric protein that belongs to the enolase superfamily, and exploits a deamination 
mechanism that involves general-base catalyzed formation of an enolate anion (aci-carbox-
ylate) intermediate which is stabilized by coordination to the essential active site Mg2+ ion 
(Figure 1).30,34,35 
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Figure 1. Natural reaction catalyzed by MAL and the proposed catalytic mechanism.

The wild-type MAL (MAL-WT) was first used in the asymmetric synthesis of aspartic 
acid (Asp) derivatives by Gani and co-workers.36–38 However, the substrate scope of wild-
type MAL is very narrow, for which only a few small substituted amines and fumarates 
were accepted, yielding a limited number of substituted aspartic acids (Figure 2a).36–38 The 
detailed knowledge of the structure and catalytic mechanism of MAL served as a guide 
to expand the synthetic applicability of this enzyme by protein engineering. Two sin-
gle-mutant variants of MAL were generated by Poelarends and co-workers, one having an 
enlarged nucleophile scope (MAL-Q73A) and the other having an enhanced electrophile 
scope (MAL-L384A).29 The variant MAL-Q73A exhibited a remarkably broad nucleophile 
spectrum, accepting a wide range of linear amines and cyclic alkylamines in the addition to 
mesaconic acid (Figure 2b).29 Later, this engineered variant MAL-Q37A was further used 
in the asymmetric synthesis of a large variety of valuable N-substituted L-aspartic acids 
with excellent stereoselectivity.39,40 The other variant MAL-L384A showed an exceptionally 
broad electrophile spectrum, including fumarate derivatives with various alkyl, aryl, alkoxy, 
aryloxy, alkylthio and arylthio substituents at the C-2 position (Figure 2b).29 Subsequently, 
a three-step chemoenzymatic approach that employed the engineered variant MAL-L384A 
as biocatalyst was developed for the rapid preparation of a series of C-3-aryloxy, -heteroary-
loxy, -cycloalkyloxy and -alkyloxy substituted (L-threo)-aspartic acids as a class of potent 
excitatory amino acid transporters (EAATs) inhibitors (Figure 3, Chapter 3).41,42 Recently, 
an efficient and step-economic chemoenzymatic route that gives access to the most potent 
EAATs inhibitor (L-threo)-3-{3-[4-(trifluoromethyl)benzoylamino]benzyloxy}aspartate 
(L-TFB-TBOA, Figure 5) and its derivatives at multigram scale was achieved, using the 
mutant MAL-L384A as biocatalyst (Chapter 2).43
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Figure 2. Substrate scope of (a) wild-type MAL and (b) engineered MALs.

Figure 3. Three-step chemoenzymatic synthesis of (L-threo)-3-substituted aspartic acid derivatives. 

aPercentage values refer to isolated yields.

1.2.2. Ethylenediamine-N,N’-disuccinic acid lyase (EDDS lyase)

The enzyme EDDS lyase naturally catalyzes a reversible sequential two-step deamination of 
(S, S)-EDDS, converting (S, S)-EDDS via the intermediate N-(2-aminoethyl)aspartic acid 
(AEAA) into ethylenediamine and two molecules of fumaric acid (Figure 4).44,45 The clon-
ing of a gene (from Brevundimonas sp. TN3) encoding an EDDS lyase was first reported 
by Mizunashi in 2001.46 Recently, Poelarends and co-workers described the identification 
and cloning of the gene encoding EDDS lyase from the bacterium Chelativorans sp. BNC1, 
which was isolated from industrial sewage receiving EDTA-containing wastewater efflu-
ents.45 The crystal structure of EDDS lyase reveals that it is a homotetrameric protein that 
belongs to the aspartase/fumarase superfamily, and exploits a deamination mechanism that 
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involves general-base catalyzed formation of a carbanion stabilized as its aci-carboxylate 
(enediolate) form (Figure 4).45 Wild-type EDDS lyase has a large nucleophile scope (amine 
scope) and accepts various mono- and diamines as unnatural substrates in the amination of 
fumarate.45 However, EDDS lyase was found to be highly specific for fumarate, with other 
α,β-unsaturated carboxylic acids, including crotonic acid, mesaconic acid, itaconic acid, 
2-pentenoic acid, or glutaconic acid, not accepted as alternative electrophiles.45 The fruitful 
biocatalytic applications of EDDS lyase for asymmetric preparation of unnatural amino 
acids will be demonstrated in Chapters 5-7 of this thesis.

Figure 4. Natural reaction catalyzed by EDDS lyase and the proposed catalytic mechanism.
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2. Scope of the thesis 

Optically pure functionalized L-aspartic acids are widely found as core structures in phar-
maceuticals, nutraceuticals, and agrochemicals, such as fibrinogen receptor antagonist 
Lotrafiban (2, Figure 5)47, artificial sweetener Neotame (3, Figure 5)48, excitatory amino acid 
transporters (EAATs) inhibitor L-TFB-TBOA (4, Figure 5)49, metallo-β-lactamase inhib-
itor Aspergillomarasmine A (AMA, 5, Figure 5)50, and biodegradable metal-chelator (S, 
S)-EDDS (6, Figure 5)51. Despite their broad applications, the direct asymmetric synthesis 
of functionalized L-aspartic acids remains a challenge. The aim of the research presented in 
this thesis was therefore to develop novel and efficient biocatalytic methodologies for the 
direct asymmetric synthesis of functionalized L-aspartic acid derivatives. The scope of the 
thesis focuses attention on (i) biocatalytic asymmetric synthesis of C-3 substituted aspar-
tic acids using MALs (Part 1, Chapters 2-4); and (ii) biocatalytic asymmetric synthesis of 
N-substituted aspartic acids applying EDDS lyase (Part 2, Chapters 5-7).

Figure 5. Representative biologically active compounds containing the structure of aspartic acid.

Part 1: Chemoenzymatic synthesis of C-3 substituted aspartic 
acids using MAL-L384A

In Chapter 2, we describe an efficient and step-economic chemoenzymatic route involv-
ing MAL-L384A as the biocatalyst that gives access to enantio- and diastereopure L-TFB-
TBOA and its derivatives in 9 steps with 6% overall yield at multigram scale. These difficult 
aspartic acid derivatives are privileged compounds for studying the roles of EAATs in reg-
ulation of glutamatergic neurotransmission. Compared to the previously reported 20-step 
chemical synthesis of L-TFB-TBOA, our chemoenzymatic methodology gives a dramatic 
reduction in step count with fewer than half the steps. 
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In Chapter 3, we describe the chemoenzymatic asymmetric synthesis of a series of novel 
aspartic acid derivatives comprising (cyclo)alkyloxy and (hetero)aryloxy substituents at the 
C-3 position, using MAL-L384A as the biocatalyst in the stereoselective step. Remarkably, 
all these aspartic acid derivatives were found to be potent non-substrate pan inhibitors of 
EAAT1-4 with IC50 values ranging from 0.49 to 15 μM. In addition, two unique hybrid com-
pounds were designed and synthesized, which displayed considerably lower IC50 values at 
EAAT1-4 (11-140 nM) than those shown by the respective parent molecules. 

In Chapter 4, we demonstrate the reversible and temporal control over prokaryotic aspar-
tate transporter GltTk using photo-controlled inhibitors and light. Based on the known 
inhibitor L-TFB-TBOA, seven novel inhibitors exhibiting a photoswitchable azobenzene 
moiety were synthesized using a key stereoselective enzymatic step. Of the seven azo-
TBOAs, those with alkyloxy substituents on the para-position showed excellent photo-
chemical properties and long half-lives of the cis isomer. The largest difference in inhibitory 
activity was observed for p-MeO-azo-TBOA, with the trans isomer (IC50 = 2.5 ± 0.4 μM) 
being 3.6-fold more active than the cis isomer (IC50 = 9.1 ± 1.5 μM), which was successfully 
used to reversibly control the transport rate by light in situ. 

Part 2: Biocatalytic synthesis of N-substituted aspartic acids using 
EDDS lyase

The fungal natural product AMA was recently identified as a potent and selective inhibitor 
of metallo-β-lactamases and a promising co-drug candidate to fight antibiotic resistant bac-
teria.50 In Chapter 5, we report the first biocatalytic asymmetric synthesis of AMA as well 
as the related natural products Aspergillomarasmine B and Toxin A from retrosyntheti-
cally designed precursors. This synthetic route highlights a highly regio- and stereoselective 
carbon-nitrogen bond-forming step catalyzed by EDDS lyase. The enzyme shows broad 
substrate promiscuity, accepting a wide variety of amino acids with terminal amino groups 
for selective addition to fumarate. In addition, we also report a two-step chemoenzymatic 
cascade route for the rapid diversification of enzymatically prepared aminocarboxylic acids 
by N-alkylation in one pot. As such, our (chemo)enzymatic methodology provides a useful 
alternative route to complex aminocarboxylic acid products.

In Chapter 6, we report the asymmetric synthesis of various N-cycloalkyl-substituted L-as-
partic acids using EDDS lyase and MAL-Q73A as biocatalysts. Particularly, EDDS lyase 
shows broad non-natural substrate promiscuity, allowing the selective addition of homo- 
and heterocycloalkyl amines (comprising four-, five- and six-membered rings) to fuma-
rate, giving the corresponding N-cycloalkyl-substituted L-aspartic acids with excellent 
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enantiomeric excess (ee >99%). This biocatalytic methodology offers an alternative syn-
thetic choice to prepare difficult N-cycloalkyl-substituted amino acids. 

In Chapter 7, we report a biocatalytic methodology for the synthesis of optically pure 
(S)-N-arylated aspartic acids using EDDS lyase as the biocatalyst. This enzyme shows a 
remarkably broad substrate scope, enabling the addition of a variety of arylamines to fuma-
rate with high conversions, yielding the corresponding N-arylated aspartic acids in good 
isolated yields and with excellent optical purity (ee >99%). Furthermore, we developed a 
chemoenzymatic approach towards synthetically challenging chiral 2-aryl-5-carboxylpyra-
zolidin-3-ones, using arylhydrazines as bisnucleophilic donors in the EDDS lyase-cata-
lyzed hydroamination of fumarate followed by an acid-catalyzed intramolecular amida-
tion. In addition, we successfully combined the EDDS lyase-catalyzed hydroamination and 
acid-catalyzed cyclization steps in one pot, thus providing a simple chemoenzymatic cas-
cade route for synthesis of enantiomerically pure pyrazolidin-3-ones. Hence, these newly 
developed biocatalytic methods provide convenient alternative routes to important chiral 
N-arylated aspartic acids and difficult 2-aryl-5-carboxylpyrazolidin-3-ones.

In Chapter 8, we summarize the work described in this thesis and suggest some perspec-
tives for future research.
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Abstract

The complex amino acid (L-threo)-3-{3-[4-(trifluoromethyl)benzoylamino]benzyloxy} 
aspartate (L-TFB-TBOA) and its derivatives are privileged compounds for studying the 
roles of excitatory amino acid transporters (EAATs) in regulation of glutamatergic neuro-
transmission, animal behavior, and in the pathogenesis of neurological diseases. The wide-
spread use of L-TFB-TBOA stems from its high potency of EAAT inhibition and the lack of 
off-target binding to glutamate receptors. However, one of the main challenges in the eval-
uation of L-TFB-TBOA and its derivatives is the laborious synthesis of these compounds in 
stereoisomerically pure form. Here, we report an efficient and step-economic chemoenzy-
matic route that gives access to enantio- and diastereopure L-TFB-TBOA and its derivatives 
at multigram scale.

Keywords

Asymmetric synthesis, biocatalysis, amino acids, inhibitor, glutamate transport. 
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Introduction

L-Glutamate is the major excitatory neurotransmitter in the mammalian central nervous 
system (CNS) and mediates numerous neuronal communications in the brain.1-4 However, 
accumulation of high levels of extracellular glutamate may lead to over-activation of gluta-
mate-gated ion channels and, consequently, neuronal injury.5 Synaptic glutamate concen-
trations are strictly kept below levels of neurotoxicity by the family of excitatory amino acid 
transporters (EAATs) expressed on neurons and surrounding glial cells.6 Dysfunction of 
EAATs has been implicated in many neurological disorders, such as Alzheimer’s disease, 
epilepsy, amyotrophic lateral sclerosis, and Huntington’s disease.7 

L-Aspartate derivatives with aryloxy substituents at the C3 position, exemplified by (L-thre-
o)-3-benzyloxyaspartate (1, L-TBOA, Scheme 1), were identified as the first class of non-
transportable EAATs inhibitors.8-10 The importance of these L-aspartate derivatives as 
tools in neurobiological research was further highlighted by the identification of the most 
potent and widely used blocker, (L-threo)-3-{3-[4-(trifluoromethyl)benzoylamino]benzy-
loxy}aspartate (2a, L-TFB-TBOA, Scheme 1), which has nanomolar affinity to EAAT1 and 
EAAT2 and lacks affinity towards other glutamate receptors and transporters.11-13 However, 
the asymmetric synthesis of enantiopure L-TFB-TBOA and related compounds proved to 
be extremely challenging. Shimamoto and coworkers reported the asymmetric synthesis 
of enantiopure 2a through an elaborate 20-step synthetic procedure.14 Although a concise 
synthesis of 2a based on Sharpless aminohydroxylation with chiral ligand (DHQD)2PHAL 
was recently reported by Leuenberger et al., this procedure provided 2a with only 40% 
enantiomeric excess (ee).15 Efficient asymmetric synthesis of enantiopure L-TFB-TBOA 
and its derivatives would facilitate the further discovery of EAAT subtype-selective inhib-
itors, which are highly useful tools for the elucidation of the exact physiological roles of 
distinct EAATs in glutamate accumulation16, synaptic transmission13 and animal behavior11. 
Hence, alternative procedures that provide efficient and more step-economic access to 2a 
and related compounds are in great demand. Herein, we report a rapid chemoenzymatic 
route that gives convenient access to enantiopure L-TFB-TBOA and its derivatives at mul-
tigram scale. This method uses the late functionalization of a common precursor to provide 
a convenient way of divergent preparation of L-aspartate derivatives with large aryloxy sub-
stituents at the C3 position (Scheme 1). 
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Results and discussion

Retrosynthetic analysis suggests that L-TFB-TBOA (2a) could be derived from dimethyl 
(L-threo)-N-Boc-3-hydroxyaspartate (4) and substituted benzyl bromide 5a via O-alkyla-
tion and subsequent deprotection (Scheme 1). The key challenge was the formation of chiral 
building block 4 due to the possible difficulties in constructing the required L-threo config-
uration at vicinal chiral centers with a 1,2-aminoalcohol motif.17-21 We envisioned that this 
key precursor 4 could be readily generated from 1, which has the desired L-threo configura-
tion, via protection and hydrogenolysis steps. While the chemical synthesis of 1 is a highly 
challenging 11-step procedure,10 a straightforward three-step chemoenzymatic methodol-
ogy for the asymmetric synthesis of 1 (de >98%, ee >99%), starting from commercially 
available dimethyl acetylenedicarboxylate 3, has recently been reported (Scheme 2A).22,23 

Scheme 1. Chemoenzymatic retrosynthesis of L-TFB-TBOA (2a).

To enable efficient multigram-scale synthesis of 1 (see SI), we first optimized the previ-
ously used procedure for the small-scale (150 mg) synthesis of 1.23 The addition of benzyl 
alcohol to 3 yields a mixture of cis and trans product isomers (Scheme 2A, step a). After 
ester hydrolysis of this isomeric mixture (step b), we purified the trans-2-benzyloxyfuma-
ric acid (6) by recrystallization (37% yield over two steps). This provided a higher yield of 
6 when compared to the previously reported column chromatography method for isomer 
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separation.23 In addition, the efficiency of the methylaspartate ammonia lyase (MAL-
L384A)-catalyzed amination of 6 (step c) was enhanced by using NH3 (instead of NH4Cl) 
and pH 9.5 (instead of pH 9.0), leading to >98% conversion and affording product 1 in 80% 
isolated yield.

Starting from compound 1, the synthesis of key intermediate 4 was achieved in three suc-
cessive reactions (steps d-f in Scheme 2B). Diesterification of 1 with SOCl2 in dry meth-
anol, followed by Boc-protection, delivered compound 8 without the need for purifica-
tion. Hydrogenolysis of 8 using HCOONH4/Pd gave 4 in excellent yield (71% over three 
steps).24 Notably, exhaustive esterification of both carboxyl groups of compound 1 needs 
high SOCl2 concentration (10 equivalents) under reflux, while mono-esterification of the 
C4-carboxyl group of 1 could be easily accomplished under ambient conditions with one 
equivalent of SOCl2. Another route (steps g-i in Scheme 2B) for preparing the chiral build-
ing block 4 was also designed by rearranging the three reactions described above. We ini-
tiated the synthetic procedure with debenzylation of 1, which provided 3-hydroxyaspartic 
acid (9), and which was followed by esterification and Boc-protection to afford 4 in three 
steps with 73% overall yield. 

Scheme 2. Chemoenzymatic synthesis of L-TBOA (1) and chiral building block 4. Reagents and con-
ditions: a) BnOH, DABCO, DCM, rt, 4 h. b) NaOH (2 M), reflux, 2h, then HCl (1 M), two-step yield 
after recrystallization was 37%. c) MAL-L384A (0.01 mol%), 5 M NH3/NH4Cl, 20 mM MgCl2, pH = 
9.5, 24 h, conversion >98%, isolated yield 80%. d) SOCl2, MeOH, reflux, 6 h. e) di-tert-butyl dicar-
bonate, DIEA, DCM, rt, 24 h. f) Pd/C, HCOONH4, MeOH, reflux, 45 min, 71% for 3 steps. g) Pd/C, 
HCOONH4, MeOH, reflux, 45 min. h) SOCl2, MeOH, reflux, 6 h. i) di-tert-butyl dicarbonate, DIEA, 
DCM, rt, 24 h, 73% for 3 steps. 
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With chiral building block 4 in hand, the synthesis of target molecule L-TFB-TBOA (2a) 
could be accomplished through O-alkylation, followed by global deprotection (steps 
a-c in Scheme 3). This strategy provides a general synthesis route towards derivatives of 
L-threo-3-hydroxyaspartic acid, including valuable analogs of L-TBOA and L-TFB-TBOA. 
To facilitate efficient O-alkylation, which is effected by a nucleophilic substitution reaction 
of 4 and 5 (for synthesis details, see SI), the strong base NaH was used to deprotonate the 
hydroxyl group of 4. A low temperature (-20 °C) was needed to avoid epimerization, and 
the desired compound 11 (i.e., globally protected 2a) was obtained with an isolated yield of 
45%. Subsequently, global deprotection of 11 was conducted via treatment with TFA and 
followed by hydrolysis with LiOH, providing the desired final product 2a (L-TFB-TBOA 
hydrochloride) in a yield of 59% over two deprotection steps. 

As anticipated, product 2a was identified as the desired threo isomer (de >98%) by compar-
ison of its 1H-NMR signals and J-coupling values to those of an authentic standard (com-
mercially available L-TFB-TBOA) and chemically synthesized DL-threo and DL-erythro 
stereoisomers (Table S1). To determine the absolute configuration of product 2a, chiral 
HPLC analysis was conducted by using the authentic standard L-TFB-TBOA and chem-
ically synthesized DL-TFB-TBOA as reference molecules. This analysis revealed that the 
chemoenzymatically produced 2a is present as a single enantiomer with exclusively the 
L-threo configuration (ee >99%, Table 1, Figure S2). The usefulness of our synthesis strategy 
was further demonstrated by the preparation of optically pure 2a at multigram-scale (2.1 g; 
see SI). In addition, two novel optically pure L-TFB-TBOA analogs, 2b (o-CF3, de >98%, 
ee >99%) and 2c (m-CF3, de >98%, ee >99%), were prepared using this newly developed 
methodology (Table 1).

Medicinal chemists are highly interested in building a large collection of meta-substituted 
analogs of L-TBOA to screen for potent and selective inhibitors of EAAT subtypes.12,25 In 
order to rapidly construct a library of L-TBOA analogs with various groups at the meta-po-
sition, we envisioned that intermediate 13, with a free m-NH2 group, would be a convenient 
precursor for fast structural diversification by applying combinatorial chemistry methodol-
ogies. The synthesis of compound 13 was accomplished through a nucleophilic substitution 
reaction between 4 and m-nitrobenzylbromide, yielding 12, followed by conversion of the 
nitro group to an amino group with Pd/C/H2, in a yield of 59% over two steps. To demon-
strate the utility of intermediate 13, we synthesized two L-TFB-TBOA analogs (16a-b) with 
a longer alkyl spacer between the two phenyl rings (Scheme 3). Compound 15 was formed 
via amidation of the amino group of 13 with acyl chloride 14. Target products 16a and 16b 
were obtained in optically pure form after two steps of deprotection (Table 1). 
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Scheme 3. Synthesis of L-TFB-TBOA and its derivatives. Reagents and conditions: a) ArCH2Br (5, 
see SI), NaH, DMF, -20 °C, 4 h, 42% - 50%. b) TFA/DCM (2:5, v/v), 0 °C, 1.5 h. c) THF/H2O (1:1, 
v/v), LiOH, rt, 2 h, then HCl (1 M), 38% - 59%. d) 3-nitrobenzylbromide, NaH, DMF, -20 °C, 4 h, 
61%. e) Pd/C, H2, MeOH, 25 min, 92%. f) acyl chlorides (14, see SI), TEA, DCM, rt, 2 h, 51% - 65%.

Table 1. Absolute configuration of chemoenzymatically obtained L-TFB-TBOA and its derivatives.

Entry No. R n dea 

[%]
eeb

[%]
Abs.
config.

1 2a p-CF3 0 >98 >99 (2S, 3S)c

2 2b o-CF3 0 >98 >99 (2S, 3S)d

3 2c m-CF3 0 >98 >99 (2S, 3S)d

4 16a p-CF3 1 >98 >99 (2S, 3S)d

5 16b p-CF3 2 >98 >99 (2S, 3S)d

aDiastereomeric excess (de) was determined by 1H NMR. bEnantiomeric excess (ee) was determined by chiral HPLC (Figures S2-6). cAbsolute con-
figuration of 2a was determined unambiguously by comparison of 1H NMR, chiral HPLC and optical rotation data to those of an authentic sample 
of L-TFB-TBOA (2S,3S). dProducts 2a-b and 16a-b were assigned as (2S,3S)-configuration on the basis of analogy.  
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Conclusion

In conclusion, we have managed to construct the complex amino acid L-TFB-TBOA using 
only 9 steps with 6% overall yield, starting from commercially available dimethyl acetylen-
edicarboxylate. Compared with the previously reported 20-step synthesis of L-TFB-TBOA, 
this is a dramatic reduction in step count with fewer than half the steps. This chemoenzy-
matic synthesis methodology can be easily up-scaled to multigram-scale and gives conven-
ient access to enantiopure derivatives of L-TBOA and L-TFB-TBOA.
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I) General information

All chemicals were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) or Thermo 
Fisher Scientific Co. unless stated otherwise. Solvents were purchased from Biosolve (Valk-
enswaard, The Netherlands) or Sigma-Aldrich Chemical Co. The boiling point of the petro-
leum ether used for chemical purification was 40–60 °C. Authentic sample of L-TFB-TBOA 
was purchased from Tocris Bioscience. Ingredients for buffers and media were obtained 
from Duchefa Biochemie (Haarlem, The Netherlands) or Merck (Darmstadt, Germany). 
A previously engineered variant of methylaspartate ammonia lyase (MAL-L384A) was over-
produced in E. coli and purified as described previously.1 Ni-Sepharose 6 fast flow resin and 
prepacked PD-10 Sephadex G-25 columns for protein purification were purchased from 
GE Healthcare Bio-Sciences (Little Chalfont, UK). Proteins were analyzed by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions 
on gels containing 10% polyacrylamide. The gels were stained with Coomassie brilliant 
blue. High performance liquid chromatography (HPLC) was performed with a Shimadzu 
LC-10AT HPLC with a Shimadzu SP-M10A ELSD detector. NMR analyses were performed 
on a Varian Inova 400 MHz machine at the NMR Center of the University of Groningen, 
or on a Brucker 500 MHz machine at the Drug Design laboratory of the University of Gro-
ningen. Chemical shifts (δ) are reported in parts per million (ppm). Optical rotations were 
measured on a Schmidt+Haensch Polartronic MH8 polarimeter with a 10 cm cell (c given 
in g/100 mL). Electrospray ionization orbitrap high resolution mass spectrometry (HRMS) 
was performed by the Mass Spectrometry core facility of the University of Groningen.



35

C
H

A
PT

ER
 2

. 
Ra

pi
d 

C
he

m
oe

nz
ym

at
ic

 R
ou

te
 to

 L
-T

FB
-T

BO
A

 

II) Detailed experimental procedures

1. Chemoenzymatic synthesis of L-TBOA (1) at multigram scale

trans-2-Benzyloxyfumaric acid (6)
To a stirred solution of dimethyl acetylenedicarboxylate (3, 2.84 g, 20.0 mmol) in DCM 
(150 mL) was added DABCO (0.22 g, 2.0 mmol) and benzyl alcohol (2.16 g, 20.0 mmol) 
at room temperature. After completion of the reaction (TLC monitoring), the solvent 
was removed under vacuum to provide crude products as a dark oil, which contained 
trans-S1 and cis-S1 isomers (trans/cis = 6/4). The crude product was dissolved in ethanol 
(50 mL) and subjected to basic hydrolysis using 2 M NaOH (50 mL) at reflux for 2 h. After 
complete hydrolysis, the reaction mixture was cooled to room temperature and extracted 
with EtOAc (2 x 50 mL). The aqueous layer was acidified with HCl (con.) until pH = 1 (in 
an ice-bath) and extracted with EtOAc (3 x 50 mL). The combined organic layers were 
washed with brine (2 x 100 mL), dried over anhydrous Na2SO4 and evaporated to provide a 
dark yellow solid. Recrystallization was performed using hexane/Et2O (v/v=1/3) to provide 
pure trans-2-(benzyloxy)fumaric acid 6 (1.64 g, two steps yield 37%). 1H NMR (500 MHz, 
DMSO-d6): δ 7.43 – 7.32 (m, 5H), 6.08 (s, 1H), 5.10 (s, 2H). The NMR data are in agreement 
with published data.1 Following the same procedures, we prepared 6 at multigram-scale 
(35.0 g) from dimethyl acetylenedicarboxylate (3, 60.0 g) and benzyl alcohol (44.3 g).

(L-threo)-3-benzyloxyaspartate (1, L-TBOA)
To a slowly stirred solution of trans-2-(benzyloxy)fumaric acid 6 (2.44 g, 11 mmol) in 220 mL 
of buffer (5 M NH3/NH4Cl, 20 mM MgCl2, pH = 9.5) was added MAL L384A1 (0.01 mol%, 
5 mL, 12.3 mg/mL), and the reaction mixture was incubated for 24 hours at room tempera-
ture. After completion of the enzymatic reaction (1H NMR monitoring, >98% conversion), 
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the reaction mixture was warmed up to 70 °C for 10 min until the enzyme precipitated, 
followed by filtration through cotton to remove the white precipitates. Most of the water 
in the reaction mixture was evaporated under vacuum, then the resulting concentrated 
mixture was acidified with HCl (conc.) to pH = 1 (in an ice-bath). The acidified solution 
was loaded onto a column packed with cation-exchange resin (1000 g of Dowex 50W X8, 
50-100 mesh), which was pre-treated with 2 M aqueous ammonia (4 column volumes), 1 M 
HCl (2 column volumes) and distilled water (4 column volumes). The column was washed 
with water (2 column volumes) and the product was eluted with 2 M aqueous ammonia 
(2 column volumes). The ninhydrin-positive fractions were collected and lyophilized to 
yield the product L-TBOA (1) ammonium salt (white powder, 2.26 g, 80%). 1H NMR 
(500 MHz, D2O): δ 7.43 – 7.34 (m, 5H), 4.71 (d, J = 11.6 Hz, 1H), 4.47 (d, J = 11.6 Hz, 1H), 
4.32 (d, J = 2.3 Hz, 1H), 3.99 (d, J = 2.3 Hz, 1H). The NMR data are in agreement with pub-
lished data.1 Following the same procedures, we prepared L-TBOA at multigram-scale (1, 
24.8 g) from 6 (25.0 g) in several batches.

2. Synthesis of chiral building block (4)

(L-threo)-dimethyl 2-amino-3-(benzyloxy)succinate hydrochloride (7) 
To a stirred suspension of L-TBOA (1, 512 mg, 2 mmol) in dry MeOH (15 mL) at was 
added SOCl2 (1.45 mL, 20 mmol) dropwise (in an ice-bath). After 20 min, the cooling 
system was removed and the reaction mixture was heated to reflux for 6 h. After comple-
tion of the reaction (TLC monitoring, MeOH/DCM 4:1, Rf = 0.8, ninhydrin), the reac-
tion mixture was cooled to room temperature, and solvent was removed to provide crude 
product 7 as a white solid (580 mg, 96%). No purification was needed, the crude product 
7 was directly used for the next step. 1H NMR (500 MHz, DMSO-d6): δ 8.78 (s, 3H), 7.39 – 
7.32 (m, 5H), 4.77 (d, J = 11.8 Hz, 1H), 4.64 (d, J = 3.6 Hz, 1H), 4.55 (d, J = 11.8 Hz, 1H), 
4.46 (d, J = 3.6 Hz, 1H), 3.75 (s, 3H), 3.64 (s, 3H); 13C NMR (126 MHz, DMSO-d6): δ 168.4, 
167.1, 136.6, 128.3 (2), 128.2 (2), 128.0, 75.2, 72.6, 54.1, 53.2, 52.8. HRMS (ESI+): calcd. 
for C13H18NO5 [M+H]+: 268.1180, found 268.1174.

(L-threo)-dimethyl 2-(benzyloxy)-3-[(tert-butoxycarbonyl)amino]succinate (8)
To a stirred solution of 7 (580 mg, 1.92 mmol) in dry DCM (20 mL) was added DIEA 
(495 µL, 3 mmol) and Boc2O (436 mg, 2 mmol) under cooling in an ice-bath. After 10 min, 
the cooling system was removed and the reaction mixture was stirred at room temperature 
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for further 24 h. After completion of the reaction, the reaction mixture was diluted with 
DCM (20 mL), and washed with 0.5 M HCl (50 mL), saturated NaHCO3 solution (50 mL) 
and brine (50 mL). The organic layer was dried over Na2SO4 and concentrated under 
vacuum to give crude product 8 as a clear oil (640 mg, 91%). No purification was needed, 
analytically pure product 8 was directly used for the next step. 1H NMR (500 MHz, DMSO-
d6): δ 7.36 – 7.28 (m, 5H), 7.05 (d, J = 9.5 Hz, 1H), 4.67 (d, J = 11.9 Hz, 1H), 4.62 (dd, J = 
9.5, 4.3 Hz, 1H), 4.47 (d, J = 4.3 Hz, 1H), 4.42 (d, J = 11.9 Hz, 1H), 3.67 (s, 3H), 3.60 (s, 3H), 
1.36 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.7 (2C), 155.4, 136.6, 128.4, 128.3 (2C), 
128.2 (2C), 80.2, 76.8, 72.8, 56.0, 52.6, 52.4, 28.2 (3C). HRMS (ESI+): calcd. for C18H25NO7Na 
[M+Na]+: 390.1523, found 390.1523. 

(L-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-hydroxysuccinate (4)
To a stirred solution of 8 (640 mg, 1.75 mmol) in dry MeOH (15 mL) was added Pd/C (0.6 g, 
10 wt.% loading) and HCOONH4 (0.7 g). The mixture was heated to reflux for 45 min. After 
completion of the reaction, the reaction mixture was filtered through Celite and evaporated 
under vacuum to provide crude product 4. Purification was conducted via flash chroma-
tography (EtOAc/Petroleum ether, 15%, v/v) to provide compound 4 as clear oil (392 mg, 
81%). 1H NMR (500 MHz, CDCl3): δ 5.29 (d, J = 9.5 Hz, 1H), 4.78 (dd, J = 9.3, 2.0 Hz, 1H), 
4.69 (dd, J = 5.8, 2.0 Hz, 1H), 3.82 (s, 3H), 3.80 (s, 3H), 3.22 (d, J = 5.7 Hz, 1H), 1.42 (s, 9H); 
13C NMR (126 MHz, CDCl3): δ 172.4, 169.8, 155.3, 80.4, 71.1, 56.1, 53.2, 52.9, 28.2 (3C). 
HRMS (ESI+): calcd. for C11H19NO7Na [M+Na]+: 300.1054, found 300.1053. We prepared 
precursor 4 at multigram-scale (6.9 g) from 7 (9.8 g) following the same procedures.

 

(L-threo)-dimethyl 2-amino-3-hydroxysuccinate (10)
To a stirred solution of 1 (256 mg, 1 mmol) in dry MeOH (10 mL) was added Pd/C (0.25 g, 
10 wt.% loading) and HCOONH4 (0.35 g). The mixture was heated to reflux for 45 min. 
Subsequently, the reaction mixture was filtered through Celite and washed with MeOH 
(10 mL). The filtrate was collected and evaporated under vacuum to provide product 
(L-threo)-3-hydroxyaspartate (9). 1H NMR (500 MHz, D2O): δ 4.54 (d, J = 2.1 Hz, 1H), 
4.06 (d, J = 2.1 Hz, 1H); 13C NMR (126 MHz, D2O): δ 176.6, 172.4, 70.7 (d, J = 12.6 Hz), 
56.9 (t, J = 32.8 Hz). HRMS (ESI+): calcd. for C4H8NO5 [M+H]+: 150.0397, found 150.0397.

In the subsequent step, compound 9 was dissolved in dry MeOH (10 mL), followed by drop-
wise addition of SOCl2 (0.73 mL, 10 mmol) in an ice-bath. After 20 minutes, the cooling 
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system was removed and the reaction mixture was heated to reflux for 6 h. After comple-
tion of the reaction, the reaction mixture was cooled to room temperature and solvent was 
removed under vacuum to provide product 10 as white solid (192 mg, two-step yield 90%). 
No purification was needed, analytically pure product 10 was directly used for the next step. 
1H NMR (500 MHz, CDCl3): δ 4.65 (d, J = 2.4 Hz, 1H), 3.92 (d, J = 2.4 Hz, 1H), 3.84 (s, 3H), 
3.80 (s, 3H), 2.48 (brs, 3H); 13C NMR (126 MHz, CDCl3): δ 173.0 (2C), 72.1, 56.7, 53.2, 52.8. 
HRMS (ESI+): calcd. for C6H12NO5 [M+H]+: 178.0710, found 178.0712.

(L-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-hydroxysuccinate (4)
To a stirred solution of 10 (192 mg, 0.9 mmol) in dry DCM (10 mL) was added DIEA 
(330 µL, 2 mmol) and Boc2O (218 mg, 1 mmol) under cooling using an ice-bath. After 
10 minutes, the cooling system was removed and the reaction mixture was stirred at room 
temperature for further 24 h. After completion of the reaction, the reaction mixture was 
diluted with DCM (10 mL), and washed with 0.5 M HCl (20 mL), saturated NaHCO3 solu-
tion (20 mL) and brine (20 mL). The organic layer was dried over Na2SO4 (s). The solvent 
was evaporated under vacuum to give crude product 4, which was purified via flash chro-
matography (EtOAc/Petroleum ether, 15%, v/v) to provide pure compound 4 as a clear oil 
(202 mg, 81%). 

3. Synthesis of substituted benzyl bromides (5) 

 

N-[3-(hydroxymethyl)phenyl]-4-(trifluoromethyl)benzamide (S4a) 
To a stirred solution of 3-aminobenzyl alcohol (S3, 861 mg, 7.0 mmol) and 4-trifluo-
romethylbenzoyl chloride (S2a, 1.04 g, 5.0 mmol) in THF (30 mL) was added triethylamine 
(707 mg, 7.0 mmol) under cooling using an ice-bath. After 10 minutes, the cooling bath 
was removed and reaction was run at room temperature for further 2 h. After completion of 
the reaction, the reaction mixture was diluted with ethyl acetate (50 mL) and washed with 
1 M aqueous HCl (3 x 50 mL), saturated aqueous NaHCO3 (2 x 50 mL) and brine (100 mL). 
The organic layer was dried over Na2SO4 and evaporated under vacuum to give the crude 
product S4a. The product was precipitated from ethyl acetate/pentane to give pure S4a as a 
white powder (1.30 g, 88%). 1H NMR (400 MHz, Methanol-d4): d 8.09 (d, J = 8.0 Hz, 2H), 
7.82 (d, J = 8.0 Hz, 2H), 7.71 (s, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.17 (d, 
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J = 7.6 Hz, 1H), 4.62 (s, 2H); 19F NMR (376 MHz, Methanol-d4): δ -64.5 (s). NMR data are 
in agreement with published data.2,3 

N-[3-(hydroxymethyl)phenyl]-2-(trifluoromethyl)benzamide (S4b)
Compound S4b was prepared from 3-aminobenzyl alcohol (S3, 861 mg, 7.0 mmol), 2-trif-
luoromethylbenzoyl chloride (S2b, 1.04 g, 5.0 mmol) and triethylamine (707 mg, 7.0 mmol) 
following a procedure similar to that used for S4a. The compound S4b was obtained as a 
white solid (1.32 g, 89%). 1H NMR (400 MHz, DMSO-d6): δ 10.46 (s, 1H), 8.32 (s, 1H), 
8.28 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.80 – 7.76 (m, 2H), 7.69 (d, J = 8.1 Hz, 1H), 
7.32 (t, J = 7.8 Hz, 1H), 7.08 (d, J = 7.5 Hz, 1H), 5.26 (t, J = 5.7 Hz, 1H), 4.53 (d, J = 5.6 Hz, 
2H); 13C NMR (126 MHz, DMSO-d6): δ 163.9, 143.2, 138.7, 135.8, 131.9, 129.7, 129.2 (q, 
J = 32.8 Hz), 128.4, 128.1 (q, J = 3.8 Hz), 124.0 (q, J = 273.4 Hz), 124.3 (q, J = 3.8 Hz), 
122.1, 118.9, 118.6, 62.9; 19F NMR (376 MHz, DMSO-d6): δ -61.1 (s). HRMS (ESI+): calcd. 
for C15H13F3NO2 [M+H]+: 296.0893, found 296.0885.

N-[3-(hydroxymethyl)phenyl]-3-(trifluoromethyl)benzamide (S4c)
Compound S4c was prepared from 3-aminobenzyl alcohol (S3, 861 mg, 7.0 mmol), 3-trif-
luoromethylbenzoyl chloride (S2c, 1.04 g, 5.0 mmol) and triethylamine (707 mg, 7.0 mmol) 
by following a procedure similar to that used for S4a. The title compound was obtained as 
a white solid (1.35 g, 91%). 1H NMR (500 MHz, DMSO-d6): δ 10.54 (s, 1H), 7.85 (d, J = 
7.8 Hz, 1H), 7.79 (t, J = 7.5 Hz, 1H), 7.72 – 7.68 (m, 3H), 7.53 (d, J = 8.3 Hz, 1H), 7.29 (t, J 
= 7.8 Hz, 1H), 7.06 (d, J = 7.6 Hz, 1H), 5.24 (t, J = 5.7 Hz, 1H), 4.50 (d, J = 5.7 Hz, 2H); 13C 
NMR (126 MHz, DMSO-d6): δ 165.6, 143.3, 138.8, 136.3, 132.6, 130.0, 128.5, 128.4, 126.3 (q, 
J = 6.3 Hz), 125.8 (q, J = 31.5 Hz), 123.8 (q, J = 273.4 Hz), 122.0, 118.0, 117.7, 62.9; 19F 
NMR (376 MHz, Methanol-d4): δ -60.6 (s). HRMS (ESI+): calcd. for C15H13F3NO2 [M+H]+: 

296.0893, found 296.0886.

N-[3-(hydroxymethyl)phenyl]-2-[4-(trifluoromethyl)phenyl]acetamide (S4d). 
To a stirred solution of 2-[4-(trifluoromethyl)phenyl]acetic acid (S5a, 0.50 g, 2.45 mmol) 
in dry DCM (20 mL) at room temperature was added oxalyl chloride solution (10 mL, 2 M 
in DCM) and one drop of dry DMF as catalyst. The reaction was stirred at same tempera-
ture for further 2 h. Subsequently, solvents and access oxalyl chloride were removed under 
reduced pressure, and the resulting acid chloride 14a was directly used for the next step. 
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The freshly prepared acid chloride 14a was diluted with dry THF (30 mL) under ice-bath 
condition, after which 3-aminobenzyl alcohol (361 mg, 2.94 mmol) and triethylamine 
(297 mg, 2.94 mmol) were added. After 10 minutes, the cooling system was removed, and 
the reaction mixture was stirred for another 2 hours at room temperature. After completion 
of the reaction, the reaction mixture was diluted with ethyl acetate (100 mL) and washed 
with 1 M HCl (3 x 100 mL), saturated  aqueous NaHCO3 (100 mL) and brine (100 mL). 
The organic phase was dried over Na2SO4 and the solvent was partially evaporated. The prod-
uct S4d was precipitated from EtOAc/Petroleum ether to give white powder (0.61 g, 80%). 
1H NMR (500 MHz, DMSO-d6): δ 10.22 (s, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.58 – 7.54 (m, 
3H), 7.48 (d, J = 8.4 Hz, 1H), 7.23 (t, J = 7.8 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 5.19 (t, J = 
5.7 Hz, 1H), 4.46 (d, J = 5.7 Hz, 2H), 3.76 (s, 2H); 13C NMR (126 MHz, DMSO-d6): δ 168.3, 
143.2, 140.9, 138.9, 130.0 (2C), 128.4, 127.3 (q, J = 32.8 Hz), 125.1 (2C, q, J = 3.8 Hz), 
124.4 (q, J = 272.2 Hz), 121.3, 117.4, 117.2, 62.8, 43.0; 19F NMR (376 MHz, DMSO-d6): δ 
-60.9 (s). HRMS (ESI+): calcd. for C16H15F3NO2 [M+H]+: 310.1049, found 310.1049.

N-[3-(hydroxymethyl)phenyl]-3-[4-(trifluoromethyl)phenyl]propanamide (S4e)
Compound S4e was prepared from 3-[4-(trifluoromethyl)phenyl]propanoic acid (S5b, 
0.50 g, 2.29 mmol) following a procedure similar to that used for S4d. The title compound 
was obtained as a white solid (0.62 g, 73%). 1H NMR (500 MHz, DMSO-d6): δ 9.91 (s, 
1H), 7.65 (d, J = 8.1 Hz, 2H), 7.54 (s, 1H), 7.48 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 8.7 Hz, 1H), 
7.22 (t, J = 7.8 Hz, 1H), 6.96 (d, J = 7.6 Hz, 1H), 5.18 (t, J = 5.7 Hz, 1H), 4.45 (d, J = 5.6 Hz, 
2H), 3.00 (t, J = 7.6 Hz, 2H), 2.66 (t, J = 7.6 Hz, 2H); 13C NMR (126 MHz, DMSO-d6): δ 
170.0, 146.2, 143.2, 139.0, 129.1 (2C), 128.3, 126.7 (q, J = 31.5 Hz), 125.1 (2C, q, J = 3.8 Hz), 
124.4 (q, J = 272.2 Hz), 121.1, 117.4, 117.1, 62.8, 37.3, 30.5; 19F NMR (376 MHz, DMSO-d6): 
δ -60.7 (s). HRMS (ESI+): calcd. for [M+H]+: C17H17F3NO2 324.1206, found 324.1199.

 

N-[3-(bromomethyl)phenyl]-4-(trifluoromethyl)benzamide (5a)
To a stirred solution of compound S4a (295 mg, 1.0 mmol) in DCM (20 mL), in an ice-bath, 
was added N-bromosuccinimide (213 mg, 1.2 mmol) and triphenylphosphine (314mg, 
1.2 mmol). The reaction was allowed to proceed at the same temperature for 2 h. After 
completion of the reaction, the solvent was evaporated and product 5a was purified by 
flash column chromatography (EtOAc/Petroleum ether, 10%, v/v) to give a white powder 
(299 mg, 84%). 1H NMR (400 MHz, DMSO-d6): δ 10.51 (s, 1H), 8.13 (d, J = 8.0 Hz, 2H), 
7.90 (d, J = 8.0 Hz, 2H), 7.89 (s, 1H), 7.68 (d, J = 7.6 Hz, 1H), 7.34 (t, J = 7.6 Hz, 1H), 7.19 (d, 
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J = 7.6 Hz, 1H), 4.70 (s, 2H); 19F NMR (376 MHz, DMSO-d6): -61.3 (s). HRMS (ESI+): calcd. 
for C15H12BrF3NO [M+H]+: 358.0049, found: 358.0047. The NMR data are in agreement 
with published data.3 

N-[3-(bromomethyl)phenyl]-2-(trifluoromethyl)benzamide (5b)
Compound 5b was prepared from S4b (1.20 g, 4.07 mmol), NBS (866 mg, 4.88 mmol) 
and Ph3P (1.28 g, 4.88 mmol) following a procedure similar to that used for 5a. The title 
compound was obtained as a white solid (1.10 g, 76%). 1H NMR (400 MHz, DMSO-d6): 
δ 10.63 (s, 1H), 7.89 – 7.83 (m, 2H), 7.80 (t, J = 7.2 Hz, 1H), 7.72 (t, J = 7.4 Hz, 2H), 
7.57 – 7.55 (m, 1H), 7.34 (t, J = 7.9 Hz, 1H), 7.20 (d, J = 7.7 Hz, 1H), 4.71 (s, 2H); 13C NMR 
(126 MHz, Methanol-d4): δ 168.7, 140.5, 140.0, 137.3, 133.4, 131.2, 130.3, 129.5, 128.2 (q, J 
= 32.8 Hz), 127.5 (q, J = 5.0 Hz), 126.4, 125.2 (q, J = 273.4 Hz), 122.0, 121.3, 33.7; 19F NMR 
(376 MHz, Methanol-d4): δ -60.54 (s). HRMS (ESI+): calcd. for C15H12BrF3NO [M+H]+: 
358.0049, found 358.0049.

N-[3-(bromomethyl)phenyl]-3-(trifluoromethyl)benzamide (5c)
Compound 5c was prepared from S4c (1.10 g, 3.73 mmol), N-bromosuccinimide (794 mg, 
4.47 mmol) and triphenylphosphine (1.17 g, 4.47 mmol) following a procedure similar to 
that used for 5a. The title compound was obtained as a white solid (960 mg, 72%). 1H NMR 
(500 MHz, DMSO-d6): δ 10.55 (s, 1H), 8.31 (s, 1H), 8.28 (d, J = 7.9 Hz, 1H), 7.97 (d, J = 
10.0 Hz, 1H), 7.91 (t, J = 1.7 Hz, 1H), 7.79 (t, J = 7.8 Hz, 1H), 7.72 (d, J = 9.1 Hz, 1H), 7.36 (t, 
J = 7.9 Hz, 1H), 7.21 (d, J = 7.6 Hz, 1H), 4.72 (s, 2H); 13C NMR (126 MHz, Methanol-d4): δ 
167.0, 140.4, 140.0, 137.2, 132.3, 132.0 (q, J = 32.8 Hz), 130.6, 130.2, 129.3 (q, J = 3.8 Hz), 
126.4, 125.6 (q, J = 5.0 Hz), 122.8, 122.0, 33.8; 19F NMR (376 MHz, Methanol-d4): δ -64.2 (s). 
HRMS (ESI+): calcd. for C15H12BrF3NO [M+H]+: 358.0049, found 358.0049. 

N-[3-(bromomethyl)phenyl]-2-[4-(trifluoromethyl)phenyl]acetamide (5d)
Compound 5d was prepared from S4d (0.61 g, 1.97 mmol), NBS (419 mg, 2.36 mmol) 
and Ph3P (618 mg, 2.36 mmol) following a procedure similar to that used for 5a. The title 
compound was obtained as a white solid (0.47 g, 64%). 1H NMR (500 MHz, CDCl3): δ 
7.65 (d, J = 8.0 Hz, 2H), 7.55 (t, J = 2.0 Hz, 1H), 7.46 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.2 Hz, 
1H), 7.27 (t, J = 7.8 Hz, 1H), 7.19 (s, 1H), 7.14 (d, J = 7.6 Hz, 1H), 4.43 (s, 2H), 3.78 (s, 2H); 

13C NMR (126 MHz, DMSO-d6): δ 168.3, 143.2, 140.9, 138.9, 130.0 (2C), 128.4, 127.3 (q, J = 
32.8 Hz), 125.1 (2C, q, J = 3.8 Hz), 124.4 (q, J = 272.2 Hz), 121.3, 117.4, 117.2, 62.8, 42.9; 19F 
NMR (376 MHz, Methanol-d4): δ -63.9 (s). HRMS (ESI+): calcd. for C16H14BrF3NO [M+H]+: 

372.0205, found 372.0205.
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N-[3-(bromomethyl)phenyl]-3-[4-(trifl uoromethyl)phenyl]propanamide (5e)
Compound 5e was prepared from S4e (0.60 g, 1.86 mmol), NBS (396 mg, 2.23 mmol) 
and Ph3P (584mg, 2.23 mmol) following a procedure similar to that used for 5a. Th e title 
compound was obtained as a white solid (0.42 g, 58%). 1H NMR (500 MHz, Methanol-d4): 
δ 7.61 (t, J = 1.7 Hz, 1H), 7.56 (d, J = 8.1 Hz, 2H), 7.45 – 7.39 (m, 3H), 7.25 (t, J = 7.9 Hz, 
1H), 7.12 (d, J = 7.7 Hz, 1H), 4.50 (s, 2H), 3.07 (t, J = 7.7 Hz, 2H), 2.69 (t, J = 7.7 Hz, 2H); 
13C NMR (126 MHz, DMSO-d6): δ 170.3, 146.3, 139.5, 138.6, 129.3 (2C), 129.2, 126.9 (q, J
= 31.5 Hz), 125.3 (2C, q, J = 3.8 Hz), 124.6 (q, J = 272.2 Hz), 124.0, 119.9, 119.2, 37.4, 34.8, 
30.6; 19F NMR (376 MHz, Methanol-d4): δ -63.9 (s). HRMS (ESI+): calcd. for C17H16BrF3NO 
[M+H]+: 386.0362, found 386.0362. 

4. Synthesis of L-TFB-TBOA (2a) and its derivatives (2b-c)

(L-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-[4(trifl uoromethyl)benzoylamino] 
benzyloxy}succinate (11a)
To a stirred solution of compound 4 (50 mg, 0.18 mmol) in dry DMF (3 mL) was added 5a 
(129 mg, 0.36 mmol) at -20 °C. Aft er 10 min, NaH (60% in mineral oil, 7.2 mg, 0.18 mmol) 
was added to the reaction mixture and the mixture was stirred at -20 °C for further 4 h. Aft er 
completion of the reaction, the reaction mixture was quenched with cold water, extracted 
with EtOAc (3 x 20 mL), washed with brine (3 x 50 mL), and dried over Na2SO4. Th e solvent 
was evaporated to provide crude product 11a, which was purifi ed via fl ash chromatogra-
phy (EtOAc/Petroleum ether, 15%, v/v) to give 11a as a clear oil (45 mg, 45%). 1H NMR 
(500 MHz, CDCl3): δ 8.25 (s, 1H), 7.96 (d, J = 8.1 Hz, 2H), 7.70 (d, J = 8.1 Hz, 2H), 7.64 (d, 
J = 8.0 Hz, 1H), 7.53 (s, 1H), 7.31 (t, J = 7.8 Hz, 1H), 7.04 (d, J = 7.6 Hz, 1H), 5.36 (d, J = 
9.9 Hz, 1H), 4.82 – 4.77 (m, 2H), 4.50 (d, J = 2.4 Hz, 1H), 4.36 (d, J = 11.9 Hz, 1H), 3.76 (s, 
3H), 3.63 (s, 3H), 1.40 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.9, 169.8, 164.7, 155.6, 
138.2, 137.9, 137.9, 133.6 (q, J = 32.8 Hz), 129.3, 127.8 (2C), 125.9 (2C, q, J = 3.8 Hz), 
123.7 (q, J = 272.2 Hz), 124.6, 120.3, 120.1, 80.5, 77.3, 72.7, 56.1, 52.8, 52.6, 28.3 (3C). 
HRMS (ESI+): calcd. for C26H30F3N2O8 [M+H]+: 555.1949, found 555.1954.
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(L-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-[2-(trifluoromethyl)benzoyl-
amino]benzyloxy]succinate (11b)
Compound 11b was prepared from 4 (50 mg, 0.18 mmol), 5b (129 mg, 0.36 mmol) and NaH 
(60% in mineral oil, 7.2 mg, 0.18 mmol) following a procedure similar to that used for 11a. 
The title compound was obtained as clear oil (50 mg, 50%). 1H NMR (500 MHz, CDCl3): δ 
7.75 (d, J = 7.8 Hz, 1H), 7.65 – 7.58 (m, 5H), 7.48 (s, 1H), 7.34 (t, J = 7.8 Hz, 1H), 7.07 (d, J = 
7.6 Hz, 1H), 5.35 (d, J = 10.0 Hz, 1H), 4.83 – 4.80 (m, 2H), 4.51 (d, J = 2.4 Hz, 1H), 4.38 (d, J 
= 12.0 Hz, 1H), 3.77 (s, 3H), 3.65 (s, 3H), 1.41 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.8, 
169.8, 165.8, 155.6, 138.0, 137.8, 135.8, 132.4, 130.4, 129.4, 128.7, 127.4 (q, J = 31.5 Hz), 
126.7 (q, J = 5.0 Hz), 124.7, 123.7 (q, J = 273.4 Hz), 120.0, 119.8, 80.4, 77.3, 72.6, 56.1, 52.8, 
52.6, 28.3 (3C). HRMS (ESI+): calcd. for C26H30F3N2O8 [M+H]+: 555.1949, found 555.1942.

(L-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-[3-(trifluoromethyl)benzoyl-
amino]benzyloxy}succinate (11c) 
Compound 11c was prepared from 4 (50 mg, 0.18 mmol), 5c (129 mg, 0.36 mmol) and NaH 
(60% in mineral oil, 7.2 mg, 0.18 mmol) following a procedure similar to that used for 11a. 
The title compound was obtained as clear oil (42 mg, 42%). 1H NMR (500 MHz, CDCl3): 
δ 8.13 (s, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.99 (s, 1H), 7.83 – 7.80 (m, 1H), 7.65 (dt, J = 15.6, 
7.9 Hz, 2H), 7.52 (s, 1H), 7.35 (t, J = 7.8 Hz, 1H), 7.07 (d, J = 7.6 Hz, 1H), 5.36 (d, J = 
10.0 Hz, 1H), 4.85 – 4.80 (m, 2H), 4.51 (d, J = 2.3 Hz, 1H), 4.39 (d, J = 11.9 Hz, 1H), 3.78 (s, 
3H), 3.66 (s, 3H), 1.41 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.8, 169.7, 164.3, 155.4, 
137.8, 137.7, 135.6, 131.4 (q, J = 32.8 Hz), 130.4, 129.5, 129.3, 128.5 (q, J = 2.5 Hz), 124.5, 
124.1 (q, J = 5.0 Hz), 123.6 (q, J = 273.4 Hz), 120.1, 119.9, 80.3, 77.1, 72.5, 56.0, 52.7, 52.5, 
28.2 (3C). HRMS (ESI+): calcd. for C26H30F3N2O8 [M+H]+: 555.1949, found 555.1950.

 

(L-threo)-3-{3-[4-(trifluoromethyl)benzoylamino]benzyloxy}aspartate (2a, L-TFB-TBOA)
To a stirred solution of 11a (45 mg, 0.08 mmol) in dry DCM (2 mL), in an ice-bath, was 
added trifluoroacetic acid (0.8 mL) dropwise. After the complete addition of trifluoroacetic 
acid, the ice-bath was removed and the reaction was allowed to proceed at room temper-
ature for further 1.5 h. After completion of the starting material, solvent was removed in 
vacuo to provide S6a quantitatively. Compound S6a was directly used for the next step 
without purification. 
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To a stirred solution of S6a in THF/H2O (1:1, each 1 mL) was added LiOH (11.6 mg, 
0.5 mmol) and the reaction mixture was stirred at room temperature for 2 h. After comple-
tion of the starting material, THF was removed in vacuo and the resulting aqueous solution 
was reverse extracted with EtOAc (1 mL). The aqueous layer was acidified with 1 M HCl 
(pH=1) until white precipitates appeared. The white precipitates were filtered through a 
Büchner funnel and washed with 5 mL of cold water. The obtained white solid was dried 
under vacuum over night to provide the final product 2a (L-TFB-TBOA) (22 mg, two-step 
yield 59%, de >98%, ee >99%). 1H NMR (500 MHz, DMSO-d6): δ 10.49 (s, 1H), 8.16 (d, J = 
8.1 Hz, 2H), 7.92 (d, J = 8.2 Hz, 2H), 7.76 (s, 1H), 7.71 (d, J = 8.1 Hz, 1H), 7.35 (t, J = 7.8 Hz, 
1H), 7.28 (d, J = 7.7 Hz, 1H), 4.83 (d, J = 10.6 Hz, 1H), 4.48 (d, J = 10.6 Hz, 1H), 4.13 (d, 
J = 9.5 Hz, 1H), 3.83 (d, J = 9.5 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 170.7, 168.4, 
164.3, 138.7, 138.5, 138.4, 131.3 (q, J = 31.5 Hz), 128.6 (2C), 128.4, 125.4 (2C, q, J = 5.0 Hz), 
124.2, 123.9 (q, J = 272.2 Hz), 120.4, 119.8, 75.1, 72.5, 53.4; 19F NMR (376 MHz, DMSO-d6): 
δ -61.3 (s). HRMS (ESI+): calcd. for C19H18F3N2O6 [M+H]+: 427.1112, found 427.1108. [α]
D25 = -55.0 (c 0.60, DMSO). Comparison of the 1H NMR data of 2a with the 1H NMR data of 
chemically prepared racemic DL-erythro-S12a showed that the de of product 2a is >98%. 
Chiral HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5%TFA, phase 
B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected 
by ELSD at 35 °C, tR (L-threo-2a) = 2.8 min, ee >99% (Figure S2). Following the same pro-
cedures, we prepared 2a at multigram-scale (2.3 g) from 11a (4.15 g).

(L-threo)-3-{3-[2-(trifluoromethyl)benzoylamino]benzyloxy}aspartate (2b)
Compound 2b was prepared from 11b (45 mg, 0.08 mmol) following a procedure similar 
to that used for 2a. The title compound was obtained as a white solid (16 mg, two-step 
yield 43%, de >98%, ee >99%). 1H NMR (400 MHz, DMSO-d6): δ 10.56 (s, 1H), 7.85 (d, 
J = 7.7 Hz, 1H), 7.79 (t, J = 7.5 Hz, 1H), 7.73 – 7.66 (m, 3H), 7.62 (d, J = 7.8 Hz, 1H), 
7.34 – 7.26 (m, 2H), 4.80 (d, J = 10.5 Hz, 1H), 4.46 (d, J = 10.5 Hz, 1H), 4.11 (d, J = 9.4 Hz, 
1H), 3.81 (d, J = 9.3 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 170.6, 168.4, 165.6, 138.6, 
138.5, 136.2, 132.6, 130.0, 128.5 (2C), 126.3 (q, J = 5.0 Hz), 125.8 (q, J = 31.5 Hz), 124.1, 
123.8 (q, J = 274.7 Hz), 119.5, 119.0, 74.8, 72.7, 53.1; 19F NMR (376 MHz, DMSO-d6): δ 
-57.9 (s). HRMS (ESI+): calcd. for C19H18F3N2O6 [M+H]+: 427.1112, found 427.1106. [α]D25 = 
-53.1 (c 0.43, DMSO). Chiral HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase A: 
ACN+0.5%TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, column tem-
perature 25 °C, detected by ELSD at 35 °C, tR (L-threo-2b) = 2.6 min, ee >99% (Figure S3).

(L-threo)-3-{3-[3-(trifluoromethyl)benzoylamino]benzyloxy}aspartate (2c)
Compound 2c was prepared from 11c (42 mg, 0.076 mmol) following a procedure similar 
to that used for 2a. The title compound was obtained as a white solid (18 mg, two-step yield 



45

C
H

A
PT

ER
 2

. 
Ra

pi
d 

C
he

m
oe

nz
ym

at
ic

 R
ou

te
 to

 L
-T

FB
-T

BO
A

 

48%, de >98%, ee >99%). 1H NMR (400 MHz, DMSO-d6): δ 10.51 (s, 1H), 8.31 (s, 1H), 
8.28 (d, J = 8.0 Hz, 1H), 7.97 (d, J = 7.8 Hz, 1H), 7.79 (t, J = 7.8 Hz, 1H), 7.73 (d, J = 7.7 Hz, 
2H), 7.35 (t, J = 7.8 Hz, 1H), 7.27 (d, J = 7.6 Hz, 1H), 4.81 (d, J = 10.7 Hz, 1H), 4.47 (d, 
J = 10.7 Hz, 1H), 4.11 (d, J = 8.9 Hz, 1H), 3.77 (d, J = 9.0 Hz, 1H); 13C NMR (126 MHz, 
DMSO-d6): δ 171.1, 168.9, 164.4, 138.9, 138.8, 136.2, 132.3, 130.2, 129.6 (q, J = 32.8 Hz), 
128.8, 128.6 (q, J = 3.8 Hz), 124.7 (q, J = 3.8 Hz), 124.7, 124.5 (q, J = 273.4 Hz), 121.0, 
120.4, 75.4, 73.0, 53.7; 19F NMR (376 MHz, DMSO-d6): δ -61.1 (s). HRMS (ESI+): calcd. 
for C19H18F3N2O6 [M+H]+: 427.1112, found 427.1112. [α]D25 = -50.7 (c 0.43, DMSO). Chiral 
HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5%TFA, phase B: 
H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected by 
ELSD at 35 °C, tR (L-threo-2c) = 2.7 min, ee >99% (Figure S4).

Synthesis of L-TFB-TBOA derivatives from protected  
meta-NH2-TBOA (13)

 

(L-threo)-dimethyl 2-(3-nitrobenzyloxy)-3-[(tert-butoxycarbonyl)amino]succinate (12)
To a stirred solution of compound 4 (277 mg, 1.08 mmol) in dry DMF (5 mL) was added 
bromomethyl-3-nitrobenzene (S7, 466 mg, 2.16 mmol) at -20 °C. After 10 min, NaH (60% 
in mineral oil, 43 mg, 1.08 mmol) was added to the reaction mixture and the mixture was 
stirred at -20 °C for further 4 h. After completion of the reaction, the reaction mixture was 
quenched with cold water and extracted with EtOAc (3 x 30 mL). The combined organic 
layers were washed with brine (3 x 50 mL), dried over Na2SO4 and evaporated to provide 
crude product 12, which was purified via flash chromatography (EtOAc/Petroleum ether, 
17%, v/v) to give pure 12 as a clear oil (275 mg, 61%). 1H NMR (500 MHz, CDCl3): δ 8.16 (d, 
J = 8.1 Hz, 1H), 8.12 (s, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.52 (t, J = 7.9 Hz, 1H), 5.31 (d, J = 
10.0 Hz, 1H), 4.92 – 4.87 (m, 2H), 4.56 (d, J = 2.4 Hz, 1H), 4.48 (d, J = 12.1 Hz, 1H), 3.79 (s, 
3H), 3.74 (s, 3H), 1.42 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.7, 169.4, 155.4, 148.4, 
139.1, 133.8, 129.6, 123.2, 122.7, 80.6, 78.2, 71.7, 56.1, 53.0, 52.7, 28.3 (3C). HRMS (ESI+): 
calcd. for C18H24N2O9Li [M+Li]+: 419.1636, found 419.1638.
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(L-threo)-dimethyl 2-(3-aminobenzyloxy)-3-[(tert-butoxycarbonyl)amino]succinate (13)
To a stirred solution of 12 (275 mg, 0.67 mmol) in dry MeOH (10 mL) was added Pd/C 
(50.0 mg, 10 wt.% loading) under nitrogen atmosphere. The reaction was stirred under 
H2 atmosphere (balloon) for 25 min at room temperature. After completion of the reaction, 
the reaction mixture was filtered through Celite and washed with MeOH (5 mL). The fil-
trate was concentrated under vacuum to provide product 13 as a colorless oil (235 mg, 
92%). 1H NMR (500 MHz, CDCl3): δ 7.10 (t, J = 7.7 Hz, 1H), 6.62 – 6.60 (m, 2H), 6.57 (d, J 
= 2.0 Hz, 1H), 5.37 (d, J = 9.9 Hz, 1H), 4.79 (dd, J = 10.0, 2.3 Hz, 1H), 4.72 (d, J = 11.9 Hz, 
1H), 4.47 (d, J = 2.3 Hz, 1H), 4.26 (d, J = 12.0 Hz, 1H), 3.77 (s, 3H), 3.68 (s, 2H), 3.64 (s, 3H), 
1.42 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.9 (2C), 155.6, 146.7, 137.8, 129.5, 118.5, 
115.0, 114.9, 80.3, 76.6, 72.8, 56.1, 52.7, 52.6, 28.3 (3C). HRMS (ESI+): calcd. for C18H26F-
3N2O7Li [M+Li]+: 389.1895, found 389.1895.

 

(L-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{2-[4-(trifluoromethyl)phenyl] 
acetamido}benzyloxy}succinate (15a)
To a stirred solution of 13 (80 mg, 0.21 mmol) in dry DCM (2 mL), in an ice-bath, was 
added TEA (64 mg, 0.63 mmol), followed by dropwise addition of acid chloride solution 
(14a, 100 mg in 1 mL of DCM, 0.42 mmol). After 10 min, the ice-bath was removed and 
the reaction was kept at room temperature for further 2 h. After completion of the reac-
tion, the solvent was evaporated under vacuum and the resulting residue was extracted 
with EtOAc (3 x 10 mL). The combined organic layers were washed with 1 M aqueous 
HCl (30 mL), saturated aqueous NaHCO3 solution (50 mL), brine (50 mL), and dried over 
Na2SO4. The solvent was evaporated to provide crude product, which was purified via flash 
chromatography (EtOAc/Petroleum ether, 30%, v/v) to give pure 15a as a clear oil (77 mg, 
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65%). 1H NMR (500 MHz, CDCl3): δ 7.65 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.0 Hz, 3H), 7.30 – 
7.27 (m, 2H), 7.21 (s, 1H), 7.00 (d, J = 7.6 Hz, 1H), 5.32 (d, J = 10.0 Hz, 1H), 4.81 (dd, J = 
9.9, 2.4 Hz, 1H), 4.76 (d, J = 11.9 Hz, 1H), 4.47 (d, J = 2.3 Hz, 1H), 4.33 (d, J = 11.8 Hz, 1H), 
3.77 (s, 2H), 3.77 (s, 3H), 3.60 (s, 3H), 1.42 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.8, 
169.7, 168.4, 155.6, 138.6, 137.9, 137.7, 129.8 (2C), 129.2, 125.9 (2C, q, J = 3.8 Hz), 124.1 (q, 
J = 272.2 Hz), 124.2, 119.8, 119.6, 80.5, 77.2, 72.6, 56.1, 52.7, 52.6, 44.3, 28.2 (3C). HRMS 
(ESI+): calcd. for C27H31F3N2O8Li [M+Li]+: 575.2187, found 575.2192.

(L-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{3-[4-(trifluoromethyl)phenyl] 
propanamido}benzyloxy}succinate (15b)
Compound 15b was prepared from 13 (80 mg, 0.21 mmol), TEA (64 mg, 0.63 mmol) 
and acid chloride solution (14b, 100 mg in 1 mL of DCM, 0.45 mmol) following a pro-
cedure similar to that used for 16a. The title product was obtained as a clear oil (75 mg, 
61%). 1H NMR (500 MHz, CDCl3): δ 7.54 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 7.8 Hz, 1H), 
7.36 – 7.33 (m, 3H), 7.27 (t, J = 8.0 Hz, 1H), 7.22 (s, 1H), 6.99 (d, J = 7.4 Hz, 1H), 5.33 (d, 
J = 9.9 Hz, 1H), 4.81 (dd, J = 9.9, 2.3 Hz, 1H), 4.76 (d, J = 11.9 Hz, 1H), 4.48 (d, J = 2.4 Hz, 
1H), 4.34 (d, J = 11.8 Hz, 1H), 3.77 (s, 3H), 3.62 (s, 3H), 3.10 (t, J = 7.5 Hz, 2H), 2.67 (t, 
J = 7.5 Hz, 2H), 1.41 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.8 (3C), 155.6, 144.9, 
138.0, 137.8, 129.3, 128.9 (2C), 125.6 (2C, q, J = 3.8 Hz), 124.4 (q, J = 272.2 Hz), 124.1, 
119.7, 119.5, 80.4, 77.2, 72.7, 56.1, 52.8, 52.6, 38.9, 31.2, 28.3 (3C). HRMS (ESI+): calcd. 
for C28H34F3N2O8 [M+H]+: 583.2268 found 583.2265.

 

(L-threo)-3-{3-{2-[4-(trifluoromethyl)phenyl]acetamido}benzyloxy}aspartate (16a)
Compound 16a was prepared from 15a (70 mg, 0.12 mmol) following a procedure similar 
to that used for 2a. The title compound was obtained as a white solid (26 mg, two-step 
yield 48%, de >98%, ee >99%). 1H NMR (400 MHz, DMSO-d6): δ 10.59 (s, 1H), 7.67 (d, J = 
8.1 Hz, 2H), 7.61 – 7.56 (m, 4H), 7.23 (t, J = 7.7 Hz, 1H), 7.14 (d, J = 7.6 Hz, 1H), 4.73 (d, 
J = 10.9 Hz, 1H), 4.43 (d, J = 10.9 Hz, 1H), 4.17 (d, J = 7.9 Hz, 1H), 3.80 (s, 2H), 3.79 (d, 
J = 8.3 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 171.0, 168.4 (2C), 141.0, 138.9, 138.4, 
130.1 (2C), 128.4, 127.3 (q, J = 31.5 Hz), 125.1 (2C, q, J = 3.8 Hz), 124.4 (q, J = 272.2 Hz), 
123.2, 118.9, 118.4, 75.4, 72.4, 53.6, 42.8; 19F NMR (376 MHz, DMSO-d6): δ -60.8 (s). HRMS 
(ESI+): calcd. for C20H20F3N2O6 [M+H]+: 441.1268, found 441.1268. [α]D25 = -46.7 (c 0.45, 
DMSO). Comparison of the 1H NMR data of 16a with the 1H NMR data of chemically 
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prepared racemic DL-erythro-S12d showed that de of product 16a is >98%. Chiral HPLC 
analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5%TFA, phase B: H2O+0.5% 
TFA, A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected by ELSD at 
35 °C, tR (L-threo-16a) = 2.6 min, ee >99% (Figure S5).

(L-threo)-3-{3-{3-[4-(trifluoromethyl)phenyl]propanamido}benzyloxy}aspartate (16b)
Compound 16b was prepared from 15b (75 mg, 0.13 mmol) following a procedure similar 
to that used for 2a. The title compound was obtained as a white solid (22 mg, two-step 
yield 38%, de >98%, ee >99%). 1H NMR (400 MHz, DMSO-d6): δ 10.23 (s, 1H), 7.63 (d, J = 
8.0 Hz, 2H), 7.58 (d, J = 8.1 Hz, 1H), 7.54 (s, 1H), 7.49 (d, J = 8.0 Hz, 2H), 7.21 (t, J = 7.8 Hz, 
1H), 7.10 (d, J = 7.6 Hz, 1H), 4.69 (d, J = 11.0 Hz, 1H), 4.40 (d, J = 11.0 Hz, 1H), 4.16 (d, J 
= 7.0 Hz, 1H), 3.72 (d, J = 7.0 Hz, 1H), 2.99 (t, J = 7.6 Hz, 2H), 2.69 (t, J = 7.6 Hz, 2H); 13C 
NMR (126 MHz, DMSO-d6): δ 171.3, 170.1, 168.5, 146.3, 139.0, 138.5, 129.2 (2C), 128.3, 
126.7 (q, J = 31.5 Hz), 125.1 (2C, q, J = 3.8 Hz), 124.4 (q, J = 272.2 Hz), 122.9, 118.7, 118.3, 
75.9, 72.1, 53.9, 37.3, 30.6; 19F NMR (376 MHz, DMSO-d6): δ -60.7 (s). HRMS (ESI+): calcd. 
for C21H22F3N2O6 [M+H]+: 455.1424 found 455.1425. [α]D25 = -34.3 (c 0.42, DMSO). Chiral 
HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5%TFA, phase B: 
H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected by 
ELSD at 35 °C, tR (L-threo-16b) = 2.6 min, ee >99% (Figure S6).

5. Synthesis of DL-TFB-TBOA and its derivatives as chiral 
reference compounds

The chemical synthesis of compound (DL-threo)-S9 has been described elsewhere.4 

 

(DL-threo)-dimethyl 2-[(benzyloxycarbonyl)amino]-3-{3-[4-(trifluoromethyl)benzoyl-
amino]benzyloxy}succinate. (DL-threo-S10a)
To a stirred solution of compound (DL-threo)-S9 (156 mg, 0.5 mmol) in dry DMF (3 mL) 
was added 5a (358 mg, 1.0 mmol) at -20 °C. After 10 min, NaH (60% in mineral oil, 20 mg, 
0.5 mmol) was added to the reaction mixture and the mixture was stirred at -20 °C for 
further 2 h. Subsequently, the reaction mixture was warmed up to 4 °C and stirred for 
another 2 h. After completion of the reaction, the reaction mixture was quenched with 
cold water and extracted with EtOAc (3 x 20 mL), washed with brine (3 x 50 mL), and 



49

C
H

A
PT

ER
 2

. 
Ra

pi
d 

C
he

m
oe

nz
ym

at
ic

 R
ou

te
 to

 L
-T

FB
-T

BO
A

 

dried over Na2SO4. The solvent was evaporated under vacuum to provide crude product, 
which was purified via flash chromatography (EtOAc/Petroleum ether, 25%, v/v) to give 
(DL-threo)-S10a as a clear oil (190 mg, 64%). 1H NMR (500 MHz, CDCl3): δ 8.11 (s, 1H), 
7.97 (d, J = 8.1 Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H), 7.66 (d, J = 8.1 Hz, 1H), 7.52 (s, 1H), 7.35 – 
7.29 (m, 6H), 7.05 (d, J = 7.6 Hz, 1H), 5.62 (d, J = 9.8 Hz, 1H), 5.08 (d, J = 1.9 Hz, 2H), 
4.89 (dd, J = 9.9, 2.4 Hz, 1H), 4.80 (d, J = 11.9 Hz, 1H), 4.54 (d, J = 2.4 Hz, 1H), 4.39 (d, 
J = 11.8 Hz, 1H), 3.74 (s, 3H), 3.66 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 169.6, 164.6, 
156.3, 138.2, 137.9, 137.9, 136.1, 133.7 (q, J = 34.0 Hz), 129.4, 128.6 (2C), 128.3, 128.0 (2C), 
127.7 (2C), 125.9 (2C, q, J = 3.8 Hz), 124.6, 123.7 (q, J = 273.4 Hz), 120.3, 120.0, 77.1, 72.8, 
71.0, 67.4, 56.6, 53.0, 52.7. HRMS (ESI+): calcd. for C29H28F3N2O8 [M+H]+: 589.1792, found 
589.1794. In addition, a mixture of (DL-threo)-S10a and (DL-erythro)-S10a (50 mg, 16%, 
threo/erythro = 1:2) was obtained.

(DL-threo)-dimethyl 2-[(benzyloxycarbonyl)amino]-3-{3-[2-(trifluoromethyl)benzoyl-
amino]benzyloxy}succinate. (DL-threo-S10b)
Compound (DL-threo)-S10b was prepared from (DL-threo)-S9 (156 mg, 0.5 mmol), 5b 
(359 mg, 1.0 mmol) and NaH (60% in mineral oil, 20 mg, 0.5 mmol) following a procedure 
similar to that used for (DL-threo)-S10a. The title product (DL-threo)-S10b was obtained 
as a clear oil (130 mg, 44%). 1H NMR (500 MHz, CDCl3): δ 8.08 (s, 1H), 7.67 (d, J = 7.5 Hz, 
1H), 7.55 – 7.50 (m, 5H), 7.33 – 7.27 (m, 6H), 7.03 (d, J = 7.5 Hz, 1H), 5.62 (d, J = 9.8 Hz, 
1H), 5.03 (s, 2H), 4.84 (dd, J = 9.9, 2.4 Hz, 1H), 4.76 (d, J = 11.9 Hz, 1H), 4.51 (d, J = 2.4 Hz, 
1H), 4.35 (d, J = 11.9 Hz, 1H), 3.70 (s, 3H), 3.62 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 
169.5, 169.4, 165.9, 156.1, 137.9, 137.6, 136.1, 135.7, 132.1, 130.1, 129.2, 128.5 (2C), 128.4, 
128.1, 127.9 (2C), 127.2 (q, J = 32.8 Hz), 126.5 (q, J = 5.0 Hz), 124.5, 123.6 (q, J = 273.4 Hz), 
120.0, 119.8, 76.9, 72.6, 67.1, 56.4, 52.8, 52.5. HRMS (ESI+): calcd. for C29H28F3N2O8 [M+H]+: 
589.1792, found 589.1797.

(DL-threo)-dimethyl 2-[(benzyloxycarbonyl)amino]-3-{3-[3-(trifluoromethyl)benzoyl-
amino]benzyloxy}succinate. (DL-threo-S10c) 
Compound (DL-threo)-S10c was prepared from (DL-threo)-S9 (161 mg, 0.52 mmol), 5c 
(370 mg, 1.04 mmol) and NaH (60% in mineral oil, 24 mg, 0.52 mmol) following a pro-
cedure similar to that used for (DL-threo)-S10a. The title product (DL-threo)-S10c was 
obtained as a clear oil (144 mg, 47%). 1H NMR (500 MHz, CDCl3) δ 8.13 (s, 1H), 8.06 (d, J 
= 7.8 Hz, 1H), 7.97 (s, 1H), 7.81 (d, J = 7.8 Hz, 1H), 7.67 – 7.61 (m, 2H), 7.52 (s, 1H), 7.37 – 
7.31 (m, 6H), 7.06 (d, J = 7.6 Hz, 1H), 5.60 (d, J = 9.9 Hz, 1H), 5.09 (d, J = 2.4 Hz, 2H), 
4.89 (dd, J = 9.8, 2.3 Hz, 1H), 4.82 (d, J = 11.9 Hz, 1H), 4.54 (d, J = 2.3 Hz, 1H), 4.41 (d, J = 
11.9 Hz, 1H), 3.75 (s, 3H), 3.67 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 169.5, 169.5, 164.3, 
156.1, 137.7, 136.0, 135.6, 131.4 (q, J = 32.8 Hz), 130.4, 129.5, 129.3, 128.5, 128.5 (2C), 
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128.2, 128.0, 128.0, 124.5, 124.1 (q, J = 3.8 Hz), 120.2, 119.9, 77.0, 72.6, 67.2, 56.4, 52.8, 52.6. 
HRMS (ESI+): calcd. for C29H28F3N2O8 [M+H]+: 589.1792, found 589.1794.

(DL-threo)-dimethyl 2-[(benzyloxycarbonyl)amino]-3-{3-{2-[4-(trifluoromethyl)phenyl] 
acetamido}benzyloxy}succinate. (DL-threo-S10d)
Compound (DL-threo)-S10d was prepared from (DL-threo)-S9 (100 mg, 0.32 mmol), 5d 
(239 mg, 0.64 mmol) and NaH (60% in mineral oil, 13 mg, 0.32 mmol) following a pro-
cedure similar to that used for (DL-threo)-S10a. The title product (DL-threo)-S10d was 
obtained as a clear oil (60 mg, 43%). 1H NMR (500 MHz, CDCl3): δ 7.61 (d, J = 8.0 Hz, 2H), 
7.47 – 7.44 (m, 4H), 7.34 – 7.30 (m, 6H), 7.24 (t, J = 7.8 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 
5.59 (d, J = 9.9 Hz, 1H), 5.08 (d, J = 2.5 Hz, 2H), 4.87 (dd, J = 9.9, 2.4 Hz, 1H), 4.74 (d, J = 
11.8 Hz, 1H), 4.50 (d, J = 2.4 Hz, 1H), 4.33 (d, J = 11.8 Hz, 1H), 3.73 (s, 5H), 3.60 (s, 3H); 13C 
NMR (126 MHz, CDCl3): δ 169.6, 169.6, 168.2, 156.2, 138.5, 137.8, 137.7, 136.1, 129.9 (2C), 
129.2, 128.6(2C), 128.3, 128.1 (2C), 126.0 (2C, q, J = 3.8 Hz), 126.0, 124.3, 119.8, 119.6, 77.0, 
72.7, 67.3, 56.5, 52.9, 52.7, 44.4. HRMS (ESI+): calcd. for C30H30F3N2O8 [M+H]+: 603.1949, 
found 603.1950. In addition, a mixture of (DL-threo)-S10d and (DL-erythro)-S10d (20 mg, 
14%, threo/erythro = 1:2) was obtained.

(DL-threo)-dimethyl 2-[(benzyloxycarbonyl)amino]-3-{3-{3-[4-(trifluoromethyl)phenyl] 
propanamido}benzyloxy}succinate. (DL-threo-S10e)
Compound (DL-threo)-S10e was prepared from (DL-threo)-S9 (125 mg, 0.40 mmol), 5e 
(313 mg, 0.81 mmol) and NaH (60% in mineral oil, 16 mg, 0.40 mmol) following a pro-
cedure similar to that used for (DL-threo)-S10a. The title product (DL-threo)-S10e was 
obtained as a clear oil (54 mg, 22%). 1H NMR (500 MHz, CDCl3): δ 7.54 (s, 1H), 7.51 (d, J = 
8.0 Hz, 2H), 7.35 – 7.29 (m, 9H), 7.23 (d, J = 7.9 Hz, 1H), 6.97 (d, J = 7.6 Hz, 1H), 5.62 (d, J 
= 9.8 Hz, 1H), 5.07 (s, 2H), 4.87 (dd, J = 9.8, 2.4 Hz, 1H), 4.73 (d, J = 11.8 Hz, 1H), 4.51 (d, 
J = 2.3 Hz, 1H), 4.33 (d, J = 11.7 Hz, 1H), 3.73 (s, 3H), 3.60 (s, 3H), 3.06 (t, J = 7.6 Hz, 
2H), 2.64 (t, J = 7.6 Hz, 2H); 13C NMR (126 MHz, CDCl3): δ 170.0, 169.6, 169.5, 156.2, 
144.9, 138.1, 137.6, 136.1, 129.2, 128.8 (2C), 128.6 (2C), 128.5 (q, J = 34.0 Hz), 128.2 (2C), 
128.0 (2C), 125.5 (q, J = 3.8 Hz), 124.3 (q, J = 272.2 Hz), 124.0, 119.7, 119.5, 77.0, 72.8, 67.3, 
56.5, 52.8, 52.6, 38.6, 31.1. HRMS (ESI+): calcd. for C31H32F3N2O8 [M+H]+: 617.2105, found 
617.2108.
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(DL-threo)-3-{3-[4-(trifluoromethyl)benzoylamino]benzyloxy}aspartate 
(DL-threo-S12a, DL-TFB-TBOA)
To a stirred solution of (DL-threo)-S10a (190 mg, 0.32 mmol) in dry MeOH (10 mL) 
was added Pd/C (10.0 mg, 10 wt.% loading) under nitrogen atmosphere. The reaction mix-
ture was stirred under H2 atmosphere (balloon) for 2 h at room temperature. After com-
pletion of the reaction, the reaction mixture was filtered through Celite and washed with 
MeOH (5 mL). The filtrate was concentrated under vacuum to provide product (DL-thre-
o)-S11a as a clear oil (88 mg, 61%). No purification was needed, the product (DL-thre-
o)-S11a was directly used for the next step. 

To a stirred solution of (DL-threo)-S11a (88 mg, 0.19 mmol) in THF/H2O (1:1, each 1.5 mL) 
was added LiOH (24 mg, 1.0 mmol) and the reaction mixture was stirred at room temper-
ature for 2 h. After completion of the starting material, THF was removed in vacuo and the 
resulting aqueous solution was reverse extracted with EtOAc (1 mL). The aqueous layer was 
acidified with 1 M HCl (pH=1) until white precipitates appeared. The white precipitates were 
filtered through a Büchner funnel and washed with 5 mL of cold water. The white solid was 
dried under vacuum overnight to provide the product (DL-threo)-S12a (DL-TFB-TBOA, 
35 mg, two steps yield 43%). 1H NMR (500 MHz, DMSO-d6): δ 10.48 (s, 1H), 8.16 (d, J = 
8.1 Hz, 2H), 7.92 (d, J = 8.2 Hz, 2H), 7.75 (s, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.35 (t, J = 7.8 Hz, 
1H), 7.28 (d, J = 7.6 Hz, 1H), 4.83 (d, J = 10.6 Hz, 1H), 4.48 (d, J = 10.6 Hz, 1H), 4.12 (d, J = 
9.5 Hz, 1H), 3.82 (d, J = 9.5 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 170.5, 168.4, 164.3, 
138.7, 138.5, 138.3, 131.3 (q, J = 32.8 Hz), 128.6 (2C), 128.4, 125.4 (2C, q, J = 5.0 Hz), 124.3, 
123.9 (q, J = 273.4 Hz), 120.5, 119.9, 74.7, 72.7, 53.1; 19F NMR (376 MHz, DMSO-d6): δ 
-61.3 (s). HRMS (ESI+): calcd. for C19H18F3N2O6 [M+H]+: 427,1112, found 427,1111. Chiral 
HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5%TFA, phase B: 
H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected by 
ELSD at 35 °C, tR (D-threo-S12a) = 2.4 min, tR (L-threo-S12a) = 2.8 min (Figure S2).

(DL-erythro)-3-{3-[4-(trifluoromethyl)benzoylamino]benzyloxy}aspartate (DL-erythro-S12a) 
Compound (DL-erythro)-S12a was prepared from the mixture of (DL-threo)-S10a and 
(DL-erythro)- S10a (50 mg, 16%, threo/erythro = 1:2), following a procedure similar to that 
used for (DL-threo)-S12a. The title product (DL-erythro)-S12a was obtained as a white 
solid (7 mg, two steps yield 44%, erythro/threo = 93:7). 1H NMR (500 MHz, DMSO-d6): δ 
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10.50 (s, 1H), 8.15 (d, J = 8.1 Hz, 2H), 7.92 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 9.2 Hz, 1H), 7.68 (s, 
1H), 7.36 (t, J = 7.9 Hz, 1H), 7.17 (d, J = 7.7 Hz, 1H), 4.59 (d, J = 11.4 Hz, 1H), 4.45 (d, J = 
11.4 Hz, 1H), 4.12 (d, J = 1.5 Hz, 1H), 4.07 (d, J = 1.3 Hz, 1H); 19F NMR (376 MHz, DMSO-
d6): δ -61.3 (s). HRMS (ESI+): calcd for: C19H18F3N2O6 [M+H]+: 427,1112, found 427,1108. 

(DL-threo)-3-{3-[2-(trifluoromethyl)benzoylamino]benzyloxy}aspartate (DL-threo-S12b)
Compound (DL-threo)-S12b was prepared from (DL-threo)-S10b (130 mg, 0.22 mmol) 
following a procedure similar to that used for (DL-threo)-S12a. The pure title product 
(DL-threo)-S12b was obtained as a white solid (24 mg, two steps yield 38%). 1H NMR 
(400 MHz, DMSO-d6): δ 10.59 (s, 1H), 7.84 (d, J = 7.8 Hz, 1H), 7.79 (t, J = 7.5 Hz, 1H), 
7.72 – 7.67 (m, 2H), 7.63 (d, J = 10.4 Hz, 2H), 7.31 (t, J = 7.7 Hz, 1H), 7.25 (d, J = 7.6 Hz, 
1H), 4.76 (d, J = 10.8 Hz, 1H), 4.45 (d, J = 10.8 Hz, 1H), 4.13 (d, J = 8.2 Hz, 1H), 3.73 (d, J 
= 8.2 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 170.9, 168.4, 165.6, 138.6, 138.5, 136.2, 
132.6, 130.0, 128.6, 128.5, 126.3 (q, J = 5.0 Hz), 125.8 (q, J = 31.5 Hz), 124.0, 123.8 (q, J = 
274.7 Hz), 119.4, 118.9, 75.4, 72.4, 53.5; 19F NMR (376 MHz, DMSO-d6): δ -57.9 (s). HRMS 
(ESI+): calcd. for C19H18F3N2O6 [M+H]+: 427.1112, found 427.1112. Chiral HPLC analysis: 
CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5%TFA, phase B: H2O+0.5% TFA, 
A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected by ELSD at 35 °C, 
tR (D-threo-S12b) = 2.3 min, tR (L-threo-S12b) = 2.6 min (Figure S3).

(DL-threo)-3-{3-[3-(trifluoromethyl)benzoylamino]benzyloxy}aspartate (DL-threo-S12c)
Compound (DL-threo)-S12c was prepared from (DL-threo)-S10c (144 mg, 0.24 mmol) 
following a procedure similar to that used for (DL-threo)-S12a. The pure title product 
(DL-threo)-S12c was obtained as a white solid (25 mg, two steps yield 41%). 1H NMR 
(400 MHz, DMSO-d6): δ 10.56 (s, 1H), 8.31 (d, J = 10.7 Hz, 2H), 7.96 (d, J = 7.7 Hz, 1H), 
7.80 – 7.73 (m, 3H), 7.34 (t, J = 7.7 Hz, 1H), 7.25 (d, J = 7.6 Hz, 1H), 4.79 (d, J = 10.8 Hz, 
1H), 4.47 (d, J = 10.8 Hz, 1H), 4.13 (d, J = 8.3 Hz, 1H), 3.74 (d, J = 8.3 Hz, 1H); 13C NMR 
(126 MHz, DMSO-d6): δ 171.0, 168.4, 163.9, 138.6, 138.4, 135.7, 132.0, 129.7, 129.2 (q, 
J = 32.8 Hz), 128.3, 128.1 (q, J = 3.8 Hz), 124.4 (q, J = 32.8 Hz), 124.0 (q, J = 273.4 Hz), 
124.0, 120.4, 119.9, 75.5, 72.3, 53.7; 19F NMR (376 MHz, DMSO-d6): δ -61.1 (s). HRMS 
(ESI+): calcd. for C19H18F3N2O6 [M+H]+: 427.1112, found 427.1110. Chiral HPLC analysis: 
CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5%TFA, phase B: H2O+0.5% TFA, 
A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected by ELSD at 35 °C, 
tR (D-threo-S12c) = 2.3 min, tR (L-threo- S12c) = 2.7 min (Figure S4).
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(DL-threo)-3-{3-{2-[4-(trifluoromethyl)phenyl]acetamido}benzyloxy}aspartate 
(DL-threo-S12d)
Compound (DL-threo)-S12d was prepared from (DL-threo)-S10d (60 mg, 0.10 mmol) fol-
lowing a procedure similar to that used for (DL-threo)-S12a. The title product (DL-thre-
o)-S12d was obtained as a white solid (7 mg, two steps yield 28%). 1H NMR (500 MHz, 
DMSO-d6): δ 10.32 (s, 1H), 7.69 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 7.6 Hz, 4H), 7.26 (t, J = 
8.1 Hz, 1H), 7.18 (d, J = 7.6 Hz, 1H), 4.76 (d, J = 10.6 Hz, 1H), 4.43 (d, J = 10.6 Hz, 1H), 
4.09 (d, J = 9.4 Hz, 1H), 3.80 (d, J = 9.5 Hz, 1H), 3.77 (s, 2H); 19F NMR (376 MHz, DMSO-
d6): δ -60.8 (s). HRMS (ESI+): calcd. for C20H20F3NO6 [M+H]+: 441.1268, found 441.1268. 
Chiral HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5%TFA, phase 
B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected 
by ELSD at 35 °C, tR (D-threo-S12d) = 2.3 min, tR (L-threo-S12d) = 2.6 min (Figure S5).

(DL-erythro)-3-{3-{2-[4-(trifluoromethyl)phenyl]acetamido}benzyloxy}aspartate
(DL-erythro- S12d)
Compound (DL-erythro)-S12d was prepared from the mixture of (DL-threo)-S10d and 
(DL-erythro)-S10d (20 mg, 14%, threo/erythro = 1:2) following a procedure similar to that 
used for (DL-threo)-S12a. The title product (DL-erythro)-S12d was obtained as a white 
solid (2 mg, two steps yield 35%, erythro/threo = 88:12). 1H NMR (500 MHz, DMSO-d6): δ 
10.28 (s, 1H), 7.69 (d, J = 8.1 Hz, 2H), 7.56 (t, J = 8.4 Hz, 3H), 7.46 (s, 1H), 7.27 (t, J = 7.9 Hz, 
1H), 7.08 (d, J = 7.7 Hz, 1H), 4.54 (d, J = 11.4 Hz, 1H), 4.40 (d, J = 11.4 Hz, 1H), 4.10 (s, 1H), 
4.06 (d, J = 1.3 Hz, 1H), 3.77 (s, 2H); 19F NMR (376 MHz, DMSO-d6): δ -60.8 (s). HRMS 
(ESI+): calcd. for C20H20F3NO6 [M+H]+: 441.1268, found 441.1268.

(DL-threo)-3-{3-{3-[4-(trifluoromethyl)phenyl]propanamido}benzyloxy}aspartate 
(DL-threo-S12e)
Compound (DL-threo)-S12e was prepared from (DL-threo)-S10e (54 mg, 0.087 mmol) fol-
lowing a procedure similar to that used for (DL-threo)-S12a. The pure title product (DL-thre-
o)-S12e was obtained as white solid (8 mg, two steps yield 31%). 1H NMR (400 MHz, 
DMSO-d6): δ 9.96 (s, 1H), 7.65 (d, J = 8.1 Hz, 2H), 7.54 – 7.47 (m, 4H), 7.24 (t, J = 7.8 Hz, 
1H), 7.15 (d, J = 7.7 Hz, 1H), 4.73 (d, J = 10.7 Hz, 1H), 4.41 (d, J = 10.7 Hz, 1H), 4.08 (d, J 
= 8.8 Hz, 1H), 3.74 (d, J = 8.8 Hz, 1H), 3.00 (t, J = 7.6 Hz, 2H), 2.67 (t, J = 7.6 Hz, 2H); 19F 
NMR (376 MHz, DMSO-d6): δ -60.7 (s); HRMS (ESI+): calcd. for C21H22F3N2O6 [M+H]+: 
455,1424, found 455,1423. Chiral HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. 
Phase A: ACN+0.5%TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, 
column temperature 25 °C, detected by ELSD at 35 °C, tR (D-threo-S12e) = 2.2 min, tR 
(L-threo-S12e) = 2.6 min (Figure S6).
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Table S1. Comparison of the 1H NMR data of TFB-TBOA[a] and TFB-EBOA[b].

   

Chemoenzymatic product 2a
L-TFB-TBOA

Authentic reference[c]

L-TFB-TBOA
(DL-threo)-S12a
DL-TFB-TBOA

(DL-erythro)-S12a
DL-TFB-EBOA

10.49 (s, 1H) 10.48 (s, 1H) 10.48 (s, 1H) 10.50 (s, 1H)

8.16 (d, J = 8.1 Hz, 2H) 8.16 (d, J = 8.1 Hz, 2H) 8.16 (d, J = 8.1 Hz, 2H) 8.15 (d, J = 8.1 Hz, 2H) 

7.92 (d, J = 8.2 Hz, 2H) 7.92 (d, J = 8.2 Hz, 2H) 7.92 (d, J = 8.2 Hz, 2H) 7.92 (d, J = 8.2 Hz, 2H) 

7.76 (s, 1H) 7.75 (s, 1H) 7.75 (s, 1H) 7.73 (d, J = 9.2 Hz, 1H)

7.71 (d, J = 8.1 Hz, 1H) 7.71 (d, J = 7.9 Hz, 1H) 7.71 (d, J = 8.5 Hz, 1H) 7.68 (s, 1H)

7.35 (t, J = 7.8 Hz, 1H) 7.35 (t, J = 7.8 Hz, 1H) 7.35 (t, J = 7.8 Hz, 1H) 7.36 (t, J = 7.9 Hz, 1H) 

7.28 (t, J = 7.7 Hz, 1H) 7.28 (d, J = 7.6 Hz, 1H) 7.28 (d, J = 7.6 Hz, 1H) 7.17 (d, J = 7.7 Hz, 1H)

4.83 (d, J = 10.6 Hz, 1H) 4.83 (d, J = 10.6 Hz, 1H) 4.83 (d, J = 10.6 Hz, 1H) 4.59 (d, J = 11.4 Hz, 1H) 

4.48 (d, J = 10.6 Hz, 1H) 4.48 (d, J = 10.6 Hz, 1H) 4.48 (d, J = 10.6 Hz, 1H) 4.45 (d, J = 11.4 Hz, 1H) 

4.13 (d, J = 9.5 Hz, 1H) 4.12 (d, J = 9.6 Hz, 1H) 4.12 (d, J = 9.5 Hz, 1H) 4.12 (d, J = 1.5 Hz, 1H)

3.83 (d, J = 9.5 Hz, 1H) 3.82 (d, J = 9.6 Hz, 1H) 3.82 (d, J = 9.5 Hz, 1H) 4.07 (d, J = 1.3 Hz, 1H)

[a] TFB-TBOA, (threo)-3-[3-[4-(trifluoromethyl)benzoylamino]benzyloxy]aspartate.
[b] TFB-EBOA, (erythro)-3-[3-[4-(trifluoromethyl)benzoylamino]benzyloxy]aspartate.
[c] Authentic sample of L-TFB-TBOA was purchased from Tocris Bioscience.

Figure S1. Comparison of the 1H NMR spectra of TFB-TBOA and TFB-EBOA.
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Table S2. Optical rotation of L-TFB-TBOA and its derivatives.

 

Entry No. R n Optical rotation
[α]D25

1 Authentic sample
(L-TFB-TBOA)

p-CF3 0 − 52.6 (c 0.60, DMSO)

2 2a p-CF3 0 − 55.0 (c 0.60, DMSO)

3 2b o-CF3 0 − 53.1 (c 0.43, DMSO)

4 2c m-CF3 0 − 50.7 (c 0.43, DMSO)

5 16a p-CF3 1 − 46.7 (c 0.45, DMSO)

6 16b p-CF3 2 − 34.3 (c 0.42, DMSO)
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IV) Chiral HPLC analysis

Figure S2. Chiral HPLC analysis of product 2a. Chiral HPLC conditions: CROWNPAK CR-I (+) 150 x 
3 mm, 5 um. Phase A: ACN+0.5% TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, 
column temperature 25 °C, detected by ELSD at 35 °C. This analysis showed that chemoenzymatically 
prepared 2a has the L-threo configuration (ee >99%), tR (D-threo) = 2.4 min, tR (L-threo) = 2.8 min.



57

C
H

A
PT

ER
 2

. 
Ra

pi
d 

C
he

m
oe

nz
ym

at
ic

 R
ou

te
 to

 L
-T

FB
-T

BO
A

 
Figure S3. Chiral HPLC analysis of product 2b. Chiral HPLC conditions: CROWNPAK CR-I (+) 
150 x 3 mm, 5 um. Phase A: ACN+0.5% TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate  
0.4 mL/min, column temperature 25 °C, detected by ELSD at 35 °C. This analysis indicated ee >99%, 
tR (D-threo) = 2.3 min, tR (L-threo) = 2.6 min. 
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Figure S4. Chiral HPLC analysis of product 2c. Chiral HPLC conditions: CROWNPAK CR-I (+) 
150 x 3 mm, 5 um. Phase A: ACN+0.5% TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate  
.4 mL/min, column temperature 25 °C, detected by ELSD at 35 °C. This analysis indicated ee >99%, tR 
(D-threo) = 2.3 min, tR (L-threo) = 2.7 min. 
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Figure S5. Chiral HPLC analysis of product 16a. Chiral HPLC conditions: CROWNPAK CR-I 
(+) 150 x 3 mm, 5 um. Phase A: ACN+0.5% TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate  
0.4 mL/min, column temperature 25 °C, detected by ELSD at 35 °C. This analysis indicated ee >99, tR 
(D-threo) = 2.3 min, tR (L-threo) = 2.6 min.
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Figure S6. Chiral HPLC analysis of product 16b. Chiral HPLC conditions: CROWNPAK CR-I 
(+) 150 x 3 mm, 5 um. Phase A: ACN+0.5% TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate  
0.4 mL/min, column temperature 25 °C, detected by ELSD at 35 °C. This analysis indicated ee >99, tR 
(D-threo) = 2.2 min, tR (L-threo) = 2.6 min.
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Abstract

Aspartate (Asp) derivatives are privileged compounds for investigating the roles gov-
erned by excitatory amino acid transporters (EAATs) in glutamatergic neurotransmis-
sion. Here, we report the synthesis of various Asp derivatives with (cyclo)alkyloxy and 
(hetero)aryloxy substituents at C-3. Their pharmacological properties were characterized 
at the EAAT1-4 subtypes. The L-threo-3-substituted Asp derivatives 13a-e and 13g-k were 
non-substrate inhibitors, exhibiting pan activity at EAAT1-4 with IC50 values ranging from 
0.49 to 15 μM. Comparisons between (DL-threo)-19a-c and (DL-erythro)-19a-c Asp ana-
logues confirmed that the threo configuration is crucial for the EAAT1-4 inhibitory activi-
ties. Analogues (3b-e) of L-TFB-TBOA (3a) were shown to be potent EAAT1-4 inhibitors, 
with IC50 values ranging from 5-530 nM. Hybridization of the nonselective EAAT inhib-
itor L-TBOA with EAAT2-selective inhibitor WAY-213613 or EAAT3-preferring inhibi-
tor NBI-59159 yielded compounds 8 and 9, respectively, which were non-selective EAAT 
inhibitors displaying considerably lower IC50 values at EAAT1-4 (11-140 nM) than those 
displayed by the respective parent molecules. 

Keywords

Asymmetric synthesis, biocatalysis, aspartate derivatives, EAATs, inhibitor.
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Introduction

L-Glutamate (Glu) is the major excitatory neurotransmitter in the mammalian central 
nervous system (CNS), where it mediates numerous physiological and pathophysiologi-
cal processes.1-5 However, accumulation of high levels of extracellular Glu may lead to 
hyper-activity in the glutamatergic system and neuronal injury.6 Five subtypes of excitatory 
amino acid transporters (termed EAAT1-5 in humans) have been identified in glial cells 
(predominantly EAAT1,2) and neurons (predominantly EAAT3-5), where they are key 
players in the regulation of glutamatergic transmission.7 EAAT2 is the major contributor to 
this, as it is estimated to be responsible for over 90% of total extracellular Glu uptake in the 
brain, while EAAT1 and EAAT3 are also widely expressed in the CNS. Notably, EAAT4 and 
EAAT5 are almost specifically located in cerebellum and the retina, respectively. Malfunc-
tion of EAAT has been implicated in many neurological disorders, such as Alzheimer’s dis-
ease, epilepsy, amyotrophic lateral sclerosis, and Huntington’s disease.8 However, in contrast 
to the considerable medicinal chemistry efforts in the fields of ionotropic and metabotropic 
Glu receptors, the EAATs have received much less attention as putative drug targets.4 

One of the most important scaffolds for the development of EAAT ligands is the endoge-
nous substrate L-aspartate (1, L-Asp, Figure 1B). Represented by L-threo-3-benzyloxyas-
partate (2, L-TBOA, Figure 1B), 3-aryloxy substituted Asp analogues were identified as the 
first class of non-transportable EAAT inhibitors by Shimamoto and coworkers.9-11 None 
of these analogues exhibited substantial selectivity or preference towards different EAAT 
subtypes. Further development of the 3-aryloxy substituted Asp analogues as pharmaco-
logical tools in neurobiological research led to the identification of (L-threo)-3-{3-[4-(tri-
fluoromethyl)benzoylamino]benzyloxy}aspartate (3a, L-TFB-TBOA, Figure 1B), the most 
potent EAAT inhibitor reported to date.12-14 Interestingly, elimination of the ether oxygen 
in L-TBOA (2) gives the analogue L-threo-3-benzylaspartate (4, L-3-BA, Figure 1B), which 
displayed a 10-fold preference as an inhibitor for EAAT3 over EAAT1 and EAAT2.15 Most 
recently, [3-(trifluoromethyl)phenyl]sulfonamide-L-aspartate (5, Figure 1B) was found to 
be a potent EAAT2 inhibitor exhibiting over 30-fold selectivity for EAAT2 over EAAT1 and 
EAAT3.16 In addition, other medicinal chemistry efforts have focused on 4-carboxy-
late-modified Asp analogues, which resulted in the discovery of N4-[4-(2-bromo-4,5-dif-
luorophenoxy)phenyl]-L-asparagine (6, WAY-213613) as a EAAT2-selective nonsubstrate 
inhibitor17-19 and N4-(9H-fluoren-2-yl)-L-asparagine (7, NBI-59159) as an EAAT3-prefer-
ring inhibitor (Figure 1B).19,20

The fact that derivatization of the Asp structure has yielded several important classes of 
EAAT inhibitors (Figure 1B) encouraged us to further explore the potential of this scaffold 
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in this field (Figure 1A). Here, we describe the chemoenzymatic asymmetric synthesis of a 
series of novel Asp derivatives comprising (cyclo)alkyloxy and (hetero)aryloxy substituents 
at the C-3 position, using an engineered variant of methylaspartate ammonia lyase (MAL-
L384A) as the biocatalyst.21,22 In addition, we report the synthesis of two Asp derivatives by 
hybridization of the nonselective EAAT inhibitor L-TBOA (2) with the EAAT2-selective 
inhibitor WAY-213613 (6) or the EAAT3-preferring inhibitor NBI-59159 (7). The pharma-
cological properties of the newly synthesized Asp derivatives, as well as those of previously 
synthesized analogues and homologues of L-TFB-TBOA, have been characterized at stable 
cell lines expressing the human EAAT1-3 and rat EAAT4 and the structure-activity rela-
tionships (SAR) of these analogues elucidated.

Figure 1. EAAT inhibitors derived from the L-Asp scaffold. (A) Structures of chemoenzymatic 
products and designed hybrid compounds. (B) Structures of previously developed EAAT inhibitors.
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Results and discussion

Chemoenzymatic synthesis of 3-substituted Asp analogues

The asymmetric synthesis of Asp derivatives with alkyloxy or aryloxy substituents at the 
C-3 position has proven to be challenging. Shimamoto and coworkers firstly reported the 
synthesis of L-TBOA (2) through an elaborate 11-step procedure.11 A rapid chemoenzymatic 
methodology for asymmetric synthesis of 2 and its analogues by using MAL-L384A as bio-
catalyst has been developed in our group.21,22 In order to further explore the substrate scope 
and synthetic usefulness of MAL-L384A, a series of 2-substituted fumarate derivatives with 
various cycloalkyloxy (12a-f), heteroaryloxy (12g-j) or alkyloxy (12k) substituents were 
prepared through the addition of appropriate alcohols to dimethyl acetylenedicarboxylate 
(10), followed by hydrolysis of the methyl esters (Table 1). Interestingly, compounds 12a-e 
and 12g-k were accepted as substrates by MAL-L384A, giving excellent conversions (60-
98%) and yielding the corresponding amino acid products in 26-58% isolated yield (Table 
1). Hence, MAL-L384A has a remarkably broad substrate scope, allowing the addition of 
ammonia to a wide variety of fumarate derivatives, providing a powerful synthetic tool 
for the preparation of valuable 3-substituted aspartic acids. The most bulky compound, 
2-cyclooctylmethoxy fumarate (12f), was not accepted as substrate by MAL-L384A.

The amino acid product 13a, which is representative for the series of chemoenzymatically 
prepared 3-cycloalkyloxy substituted aspartic acids, was identified as the desired threo dias-
tereomer (de = 97%, Figure S1) by comparison of its 1H-NMR signals and J-coupling values 
to those of an authentic standard with known L-threo configuration and chemically syn-
thesized DL-threo and DL-erythro stereoisomers (Scheme 1). To determine the absolute 
configuration of product 13a, HPLC analysis on a chiral stationary phase was conducted by 
using corresponding reference molecules with known L-threo or DL-threo configuration. 
This analysis revealed that chemoenzymatically produced 13a was present as a single enan-
tiomer with exclusively the L-threo configuration (ee >99%, Figure S4). Similarly, the repre-
sentative chemoenzymatic products 13g and 13k were also identified as the desired L-threo 
isomers with excellent de (>98%) and ee (>99%) values (Table 1, Figures S2, S3, S5, and S6). 
Although the relative configurations of products 13b-e and 13h-j were not determined by 
comparison to authentic standards, we assume the relative configurations to be threo for all 
enzymatic products on the basis of analogy.
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Table 1. Three-step chemoenzymatic synthesis of 3-substituted Asp analogues

 

Entry R Substrate Product Conv.a (yieldb) 
[%]

dec

[%]
eee

[%]

1 12a 13a 88 (31) 97 (threo) >99 (L-threo)f

2 12b 13b 89 (58) >98 (threo)d n.d.g

3 12c 13c 85 (39) >98 (threo)d n.d.

4 12d 13d 90 (56) >98 (threo)d n.d.

5 12e 13e 60 (26) >98 (threo)d n.d.

6 12f 13f 0 --- ---

7 12g 13g 98 (47) >98 (threo) >99 (L-threo)f

8 12h 13h 98 (48) >98 (threo)d n.d.

9 12i 13i 98 (35) >98 (threo)d n.d.

10
 

12j 13j 98 (39) >98 (threo)d n.d.

11 12k 13k 83 (47) >98 (threo) >99 (L-threo)f

aConversions were determined by comparing 1H NMR signals of substrates and corresponding products. bYield of isolated product after cation 
exchange chromatography. cThe diastereomeric excess (de) was determined by 1H NMR. dThe purified products were tentatively assigned the 
threo configuration on the basis of analogy. eThe enantiomeric excess (ee) was determined by HPLC on a chiral stationary phase using authentic 
standards with known L-threo and DL-threo configuration (Figures S4-S6). fAbsolute configuration of products 13a, 13g and 13k were determined 
unambiguously by comparison of 1H NMR and chiral HPLC data to those of authentic samples with known DL-erythro, DL-threo, and L-threo con-
figuration. gn.d., not determined.
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Synthesis of (DL-threo)- and (DL-erythro)-3-substituted Asp 
derivatives 

To confirm the importance of the relative configuration of 3-substituted Asp derivatives 
for inhibition of EAATs, representative compounds with DL-threo and DL-erythro con-
figurations were synthesized according to the route given in Scheme 1. The building block 
(DL-threo)-16 was prepared based on the Sharpless aminohydroxylation procedure as 
previously reported.23 Compound (DL-threo)-17, with the N-protective group transferred 
from Cbz to Boc, was achieved by hydrogenolysis of (DL-threo)-16 using H2/Pd/C fol-
lowed by Boc-protection in an excellent yield (2 steps, 83%). To facilitate O-alkylation of 
17 with the proper RBr, the strong base NaH was used to deprotonate the hydroxyl group 
of 17 which provided the desired (DL-threo)-18 with an isolated yield of 11-53%.24 In addi-
tion, a small amount of epimerized product (DL-erythro)-18 was observed and separated 
by flash column chromatography in 4-11% isolated yield. Subsequently, global depro-
tection of (DL-threo)-18 was conducted via treatment with trifluoroacetic acid fol-
lowed by hydrolysis of the methyl esters with LiOH, providing the desired final product 
(DL-threo)-19 with 34-39% isolated yield over two steps. Following the same procedure, 
compound (DL-erythro)-19 was obtained in 34-46% yield. Notably, (DL-threo)-19 and 
(DL-erythro)-19 are not only valuable molecules for exploring the stereochemistry-activity 
relationship of 3-substituted Asp analogues as EAAT inhibitors, but also for determining 
the stereochemistry of the chemoenzymatically prepared products.

Scheme 1. Synthesis of (DL-threo)- and (DL-erythro)-3-substituted Asp analogues.
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Design and synthesis of hybrid compounds 8 and 9

L-TBOA (2) is a potent nonselective EAAT inhibitor, while WAY-213613 (6) 
and NBI-59159 (7) are EAAT2-selective and EAAT3-preferring inhibitors, respectively 
(Figure 1B).17-20 We envisioned that hybridization of L-TBOA (2) with WAY-213613 (6) 
or NBI-59159 (7) would result in a synergistic effect on inhibitory activity at the EAATs. 
Thus, two hybrid compounds 8 and 9 were designed by integrating 2 with 6 or 7 (Figure 1A), 
and their synthesis was achieved according to the route presented in Scheme 2. The mul-
ti-gram scale chemoenzymatic synthesis of 2 (L-TBOA, de >98%, ee >99%), starting from 
commercially available dimethyl acetylenedicarboxylate 10 and using MAL-L384A as bio-
catalyst, has been previously reported.24 Selective mono-esterification at the 4-carboxylate 
of 2, which was accomplished under ambient condition using one equivalent of SOCl2 in 
dry methanol, delivered intermediate 20 without the need for purification. The 1-carbox-
ylate of compound 20 was subsequently protected by a tert-butyl group via treatment with 
BF3-Et2O/tBuOAc, providing compound 21 with 87% isolated yield over two steps. Starting 
from 21, the chiral building block 23 was achieved in two successive reactions including 
Boc-protection and selective hydrolysis of the 4-methyl ester with LiOH (2 steps, 42%). 
The desired Asp derivatives 8 and 9 were obtained via amidation of 23 with appropriate 
amine 24 or 25 by using EDCI/HOBT as condensation reagents followed by global depro-
tection in TFA/DCM with 14-32% isolated yield over two steps.

Scheme 2. Synthesis of hybrid compounds 8 and 9. The parent compounds for the blue and black parts 
of compound 8 are WAY-213613 (6) and L-TBOA (2), respectively, whereas the parent compounds 
for the blue and black parts of compound 9 are NBI-59159 (7) and L-TBOA (2), respectively.
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Pharmacological characterization of the Asp derivatives  
at EAAT1-4 

The pharmacological properties of the aspartate derivatives 13a-e, 13g-k, (DL-threo)-19a-c 
and (DL-erythro)-19a-c, the hybrid molecules 8 and 9, and selected EAAT reference lig-
ands were determined at HEK293 cell lines stably expressing human EAAT1, EAAT2 and 
EAAT3 (hEAAT1, hEAAT2 and hEAAT3, respectively) and at a tsA201 cell line stably 
expressing rat EAAT4 (rEAAT4) in a conventional [3H]-D-Asp uptake assay.25 The rank 
order and absolute values of the IC50 values exhibited by the reference EAAT substrates 
L-Glu, L-Asp and (L-threo)-3-hydroxyaspartate (L-THA) and the reference EAAT non-sub-
strate inhibitors DL-TBOA and WAY-213613 at the four EAATs in the [3H]-D-Asp uptake 
assay were in good agreement with previously reported pharmacological properties (Table 
2).10,11,17,25-27 

Overall, the 3-substituted Asp derivatives 13a-e and 13g-k were all relatively potent inhib-
itors of the four EAATs, and even though most of them displayed slightly lower IC50 values 
at hEAAT1 and hEAAT2 compared to hEAAT3 and rEAAT4, they were essentially non-se-
lective inhibitors (Table 2). The Asp derivatives displayed comparable high-nanomolar/
low-micromolar IC50 values at the four transporter subtypes, the differences between the 
highest and lowest IC50 values in the compound series being 5.5-, 4.9-, 13- and 9.4-fold at 
hEAAT1, hEAAT2, hEAAT3 and rEAAT4, respectively. Interestingly, the (L-threo)-3-sub-
stituted Asp derivatives 13a-e and 13g-k and (DL-threo)-3-substituted Asp derivatives 19a-c 
were equipotent with DL-TBOA (Table 2). Based on direct comparisons between racemic 
Asp analogues (DL-threo)-19a-c and (DL-erythro)-19a-c, it is clear that the (DL-threo)-Asp 
analogues were significantly more potent inhibitors than the corresponding (DL-eryth-
ro)-Asp analogues at all four EAAT subtypes (Table 2). Notably, the enantiopure Asp deriv-
atives (L-threo)-13a,g,k only displayed slightly lower IC50 values than their racemic coun-
terparts (DL-threo)-19a-c (Table 2). These results are in line with previous observations that 
L-TBOA and L-TFB-TBOA were more potent inhibitors of EAATs than their correspond-
ing (L-erythro)-diastereomers.11,28 These structure-activity relationships thus demonstrate 
that essentially every (cyclo)alkyloxy and (hetero)aryloxy substituent in the 3-position of 
Asp yields a potent EAAT ligand and also confirm that the relative threo configuration of 
3-substituted Asp analogues is crucial for their inhibitory activities at EAATs.

The retained EAAT inhibitory activity in the Asp analogues 13a-e and 13g-k regardless 
of the size of their respective 3-substituent contrasts the substantial gradual reduction in 
EAAT activity observed upon the introduction of 4-substituents of increasing size into 
Glu.29,30 It seems reasonable to ascribe these SAR differences to the substituents in the 
3-substituted Asp analogue and the 4-substituted Glu analogue projecting out into different 
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regions of the EAAT substrate binding pocket. Perhaps more interesting, the complete lack 
of subtype-selectivity or -preference exhibited by all of the analogues in this study (13a-e 
and 13g-k) differs remarkably from our recent findings for a series of sulfonamido func-
tionalized 3-substituted aspartate analogues that comprises both EAAT1-preferring and 
EAAT2-selective inhibitors.16 It seems that even when comparing different 3-substituted 
Asp analogues, different functionalities (an ether vs a sulfonamide group) in this position 
of the Asp molecule will result in the substituents being projected out into different binding 
pocket regions, which again is reflected in markedly different subtype-selectivity profiles 
across the EAATs. 

Whereas Asp (both L-Asp and D-Asp) and its derivative (L-threo)-3-hydroxy Asp (L-THA) 
are substrates for EAAT1-4, the (DL-threo)-3-benzyloxy Asp (DL-TBOA) analogue is a 
non-substrate inhibitor of all four EAAT subtypes.10,11,17,25-27 Since the series of Asp ana-
logues in the present study comprised analogues with 3-substituents covering a consider-
able spectrum in terms of sizes, we decided to test these analogues for both substrate and 
non-substrate inhibitor activity at the hEAAT1-3 cell lines in the fluorescence-based FLIPR 
Membrane Potential Blue (FMP) assay. This assay measures the membrane potential changes 
induced in the cell lines by the substrate translocation and the concomitant co-transport of 
Na+, H+ and the counter-transport of K+ mediated by the EAAT. In a previous study we have 
found the assay to be capable of distinguishing substrates from non-substrate inhibitors 
within a series of reference EAAT ligands.25 None of the 3-substituted Asp analogues (13a-e 
and 13g-k) were substrates at hEAAT1-3, as they did not evoke a significant increase in the 
fluorescence levels in the assay when applied on their own (all at concentrations of 300 μM) 
at hEAAT1-, hEAAT2- and hEAAT3-HEK293 cell lines (data not shown). In contrast, pre-
incubation and co-application of the analogues (all at concentrations of 300 μM) together 
with L-Glu EC80 completely eliminated the Glu-induced response at all three transporters 
(data not shown), and thus all 3-substituted Asp analogues were non-substrate inhibitors 
of the EAATs. Given that L-THA is a substrate for EAAT1-4, these findings clearly demon-
strate that the borderline between when the Asp analogue can be transported by the EAAT 
or not lies right between the 3-hydroxy substituent (L-THA) and 3-substituents such as 
cyclopropyl (13a), prop-2-yn (13k) and larger groups in the series of Asp analogues tested 
here (Figure 1, Table 2).

The IC50 values displayed by the TBOA/WAY-213613 hybrid, compound 8, at hEAAT1, 
hEAAT2, hEAAT3 and rEAAT4 in the [3H]-D-Asp uptake assay were 190-, 53-, 40- and 
16-fold lower than those of DL-TBOA and 78-, 2.0-, 20- and 11-fold lower than those 
of WAY-213613 (6), respectively (Table 2, Figure 2). Thus, introduction of a benzyloxy 
group into the 3-position of WAY213613 converts this EAAT2-selective inhibitor into a 
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non-selective but much more potent EAAT inhibitor. Hybrid compound 9, derived from 
TBOA (2) and NBI-59159 (7), displayed IC50 values of 12, 47, 55 and 80 nM and was thus 
180-, 40-, 69- and 29-fold more potent as inhibitor at hEAAT1, hEAAT2, hEAAT3 and 
rEAAT4, respectively, than DL-TBOA. Since we did not test NBI-59159 (7) in the [3H]-D-
Asp uptake assay, we cannot make a direct comparison between the inhibitory poten-
cies displayed by 9 and those of this other parent compound. However, compared to the 
reported inhibitory data of NBI-59159 (7),19 the hybrid analogue 9 displayed 83-, 30- and 
1.6-fold increased inhibitory potencies at EAAT1, EAAT2 and EAAT3, respectively (Table 
2, Figure 2). Analogously to the observation for the hybrid analogue 8 and its parent com-
pound WAY-213613, introducing a benzyloxy group at the 3-position of NBI-59159 con-
verted this EAAT3-preferring inhibitor into a non-selective but considerably more potent 
EAAT inhibitor.

The chemoenzymatic synthesis of L-TFB-TBOA (3a) and its four derivatives 3b-e was 
reported elsewhere.24 In agreement with the original study of L-TFB-TBOA,12 the chemo-
enzymatically prepared compound 3a was found to be a potent EAAT inhibitor displaying 
IC50 values of 3.6, 10, 120 and 40 nM at hEAAT1, hEAAT2, hEAAT3 and rEAAT4, respec-
tively, thus displaying some preference for hEAAT1,2 over hEAAT3 (Table 2). Whereas 
substitution of the p-CF3 group in L-TFB-TBOA with o-CF3 (3b) resulted in significantly 
decreased inhibitory potencies at the EAATs, the m-CF3 analogue (3c) displayed compa-
rable IC50 values as L-TFB-TBOA (3a) at all four transporter subtypes. While extension of 
the functional group at the C-3 position in L-TFB-TBOA with one carbon (3d) resulted 
in 5-10-fold increased IC50 values at hEAAT1, hEAAT2 and rEAAT4, the homologue 
retained the inhibitory potency of L-TFB-TBOA at hEAAT3. Interestingly, extension of the 
C-3 functional group with two carbons resulted in a homologue (3e) with similar inhibitory 
properties at the four EAATs as L-TFB-TBOA (Table 2). 
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Table 2. Pharmacological properties of EAAT reference ligands, 3-substituted aspartate analogues and hybrid 
compounds at hEAAT1, hEAAT2, hEAAT3 and rEAAT4 in the [3H]-D-aspartate uptake assay.

No. R hEAAT1
IC50 (mM)

[pIC50 ± S.E.M.](n)

hEAAT2
IC50 (mM)

[pIC50 ± S.E.M.](n)

hEAAT3
IC50 (mM)

[pIC50 ± S.E.M.](n)

rEAAT4
IC50 (mM)

[pIC50 ± S.E.M.](n)

Reference EAAT ligands

L-Glu 11 [4.94 ± 0.07](4) 52 [4.28 ± 0.02](4) 32 [4.49 ± 0.07](4) 13 [4.88 ± 0.06](3)

L-Asp 9.3 [5.03 ± 0.11](3) 32 [4.48 ± 0.09](3) 20 [4.71 ± 0.13](3) 11 [4.96 ± 0.07](3)

L-THA 3.9 [5.41 ± 0.15](3) 9.6 [5.02 ± 0.03](3) 9.6 [5.02 ± 0.08](3) 2.8 [5.55 ± 0.09](3)

DL-TBOA 2.1 [5.68 ± 0.09](4) 1.9 [5.72 ± 0.08](4) 3.8 [5.42 ± 0.06](4) 2.3 [5.64 ± 0.07](3)

WAY-213613 (6) 0.86 [6.07 ± 0.01](3) 0.071 [7.15±0.05](3) 1.9 [5.73 ± 0.05](3) 1.5 [5.97 ± 0.10](3)

L-threo-3-substituted Asp analogues

13a 3.4 [5.46 ± 0.07](3) 1.4 [5.86 ± 0.02](3) 3.1 [5.51 ± 0.05](3) 8.3 [5.08 ± 0.02](3)

13b 1.7 [5.78 ± 0.06](3) 0.69 [6.16 ± 0.07](3) 2.1 [5.67 ± 0.04](3) 3.0 [5.52 ± 0.01](3)

13c 1.4 [5.86 ± 0.06](4) 0.94 [6.03 ± 0.07](4) 2.7 [5.57 ± 0.04](4) 2.4 [5.61 ± 0.07](3)

13d 0.62 [6.20 ± 0.05](4) 0.49 [6.31 ± 0.06](4) 2.6 [5.59 ± 0.05](4) 1.6 [5.79 ± 0.02](3)

13e 2.2 [5.65 ± 0.11](3) 2.4 [5.61 ± 0.04](3) 11 [4.98 ± 0.06](3) 7.8 [5.11 ± 0.01](3)

13g 1.6 [5.79 ± 0.03](3) 0.92 [6.03 ± 0.04](3) 0.86 [6.06 ± 0.04](3) 5.0 [5.31 ± 0.06](3)

13h 1.2 [5.91 ± 0.06](3) 0.77 [6.11 ± 0.04](3) 1.2 [5.93 ± 0.02](3) 3.3 [5.48 ± 0.07](3)

13i 1.3 [5.90 ± 0.06](3) 0.76 [6.12 ± 0.04](3) 1.2 [5.92 ± 0.03](3) 3.1 [5.51 ± 0.07](3)

13j
 
3.0 [5.52 ± 0.05](3) 0.83 [6.08 ± 0.05](3) 1.6 [5.79 ± 0.02](3) 7.8 [5.11 ± 0.05](3)

13k 2.7 [5.57 ± 0.06](3) 1.6 [5.79 ± 0.02](3) 0.84 [6.07 ± 0.04](3) 15 [4.82 ± 0.07](3)

IC50 values are given in mM with pIC50 ± S.E.M. in brackets, and the number of independent experiments (n) are given in superscript behind each pIC50 ± 
S.E.M. value.
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Table 2. Pharmacological properties of EAAT reference ligands, 3-substituted aspartate analogues and hybrid 
compounds at hEAAT1, hEAAT2, hEAAT3 and rEAAT4 in the [3H]-D-aspartate uptake assay.

Racemic DL-threo- and DL-erythro-3-substituted Asp analogues

DL-threo-19a 5.8 [5.24 ± 0.03](3) 3.0 [5.53 ± 0.04](3) 3.7 [5.43 ± 0.04](3) 16 [4.80 ± 0.07](3)

DL-erythro-19a 87 [4.06 ± 0.12](3) 75 [4.13 ± 0.10](3) 97 [4.01 ± 0.12](3) ~300 [~3.5](3)

DL-threo-19b 2.4 [5.61 ± 0.04](3) 1.6 [5.80 ± 0.05](3) 1.6 [5.80 ± 0.07](3) 4.3 [5.37 ± 0.07](3)

DL-erythro-19b 29 [4.53 ± 0.06](3) 33 [4.48 ± 0.10](3) 31 [4.51 ± 0.04](3) ~100 [~4.0](3)

DL-threo-19c 6.9 [5.16 ± 0.11](4) 2.8 [5.56 ± 0.04](4) 1.6 [5.81 ± 0.05](4) 13 [4.90 ± 0.07](3)

DL-erythro-19c 99 [4.00 ± 0.05](3) 82 [4.09 ± 0.04](3) 28 [4.55 ± 0.06](3) ~100 [~4.0](3)

Hybrid analogues

8

 

0.011 [7.97 ± 0.10](4) 0.036 [7.4 ±0.11](4) 0.094 [7.03 ± 0.08](4) 0.14 [6.86 ± 0.09](4)

9 0.012 [7.93 ± 0.05](3) 0.047 [7.33±0.12](4) 0.055 [7.26 ± 0.09](4) 0.080 [7.10 ±0.10](4)

L-TFB-TBOA analogues

3a n=0, p-CF3 0.0036 [8.45 ± 0.09](3) 0.010 [8.00±0.14](3) 0.12 [6.93 ± 0.11](3) 0.040 [7.40±0.11](3)

3b n=0, o-CF3 0.031 [7.51 ± 0.13](4) 0.084 [7.07±0.06](4) 0.53 [6.28 ± 0.08](4) 0.17 [6.77 ± 0.09](4)

3c n=0, m-CF3 0.0061 [8.21 ± 0.03](4) 0.017 [7.78±0.07](4) 0.29 [6.54 ± 0.03](4) 0.071 [7.15±0.05](4)

3d n=1, p-CF3 0.021 [7.68 ± 0.02](4) 0.11 [6.97 ± 0.03](4) 0.13 [6.89 ± 0.03](4) 0.19 [6.71 ± 0.03](4)

3e n=2, p-CF3 0.0051 [8.9 ± 0.07](4) 0.018 [7.74±0.04](4) 0.11 [6.98 ± 0.04](4) 0.044 [7.35±0.05](4)

IC50 values are given in mM with pIC50 ± S.E.M. in brackets, and the number of independent experiments (n) are given in superscript behind each pIC50 ± 
S.E.M. value.
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Figure 2. The functional properties of the hybrid analogues 8 and 9 as EAAT inhibitors. 
Representative concentration-inhibition curves for 8, 9, DL-TBOA (parent compound of both 8 and 
9) and WAY-213613 (6, parent compound of 8) at hEAAT1-HEK293, hEAAT2-HEK293, hEAAT3-
HEK293 and rEAAT4-tsA201 cells in the [3H]-D-Asp uptake assay. Data are from a representative 
specific experiment and given as mean ± S.D. values (based on duplicate determinations). 

Conclusion

We have presented the design, synthesis and pharmacological characterization of an elabo-
rate series of 3-substituted Asp analogues as inhibitors of hEAAT1, hEAAT2, hEAAT3 and 
rEAAT4. Inspired by the potential of the Asp scaffold for the development of EAAT inhib-
itors, various new Asp derivatives with (cyclo)alkyloxy and (hetero)aryloxy substituents at 
the C-3 position were synthesized using a key stereoselective enzymatic step. Remarkably, 
all these Asp derivatives were found to be potent non-substrate pan inhibitors of the EAATs. 
The functional properties exhibited by the Asp analogues also provide insight into the rela-
tion between ligand structure and EAAT transport. Whereas Asp and (L-threo)-3-hydroxy 
Asp (L-THA) are substrates of EAATs, it is clear from this series that basically any Asp 
derivative with a substituent at C-3 larger than a hydroxyl group will be a non-substrate 
inhibitor. Since all these compounds are Asp derivatives, it is reasonable to assume that they 
function as competitive inhibitors, like DL-TBOA,25 and act through the substrate binding 
site in the transporters. On the other hand, judging from the fact that all 3-substituted Asp 
analogues comprising a wide range of substituents displayed comparable inhibitory poten-
cies, the 3-substituent either does not contribute substantially to this inhibitory potency 
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by forming interactions with residues in the substrate binding site of the transporter or 
alternatively all of the 3-substituents in the tested analogues are able to form similar inter-
actions. Finally, our results confirm that the threo configuration of the 3-substituted Asp 
analogue is crucial for its high inhibitory activities at EAATs.

Unique EAAT inhibitors were developed by hybridization of the non-selective EAAT inhib-
itor L-TBOA (2) with the EAAT2-selective inhibitor WAY-213613 or the EAAT3-preferring 
inhibitor NBI-59159 to yield hybrid analogues 8 and 9, respectively. Compounds 8 and 
9 displayed significantly higher inhibitory activities at EAATs than both of their respec-
tive parent structures, although the hybridization in both cases leads to pan inhibitors of 
EAAT1-4. Thus, while the additional interactions with the transporter formed by the ben-
zyloxy group at the 3-position in 8/9 in both cases leads to increased inhibitory potency, it 
also seems to induce a binding conformation of the Asp analogue that dictates a different 
spatial orientation of the 4-(2-bromo-4,5-difluorophenoxy)phenyl/(9H-fluoren-2-yl) sub-
stituent than in WAY-213613/ NBI-59159. We propose that this and other hybridization 
strategies could advance future design and development of more potent EAAT inhibitors. 

We recently reported the synthesis and evaluation of L-TFB-TBOA-based inhibitors of the 
prokaryotic aspartate transporter GltTk with photo-controlled activity, allowing the remote, 
reversible and spatiotemporally resolved regulation of transport.31 Work is in progress to 
convert the hybrid compounds 8 and 9, which were shown here to be highly potent non-se-
lective EAAT inhibitors, into light-controlled glutamate transporter inhibitors by introduc-
ing a photoswitchable azobenzene moiety.

Experimental section 

Chemicals and general methods. All chemicals were purchased from commercial sources 
unless otherwise specified. All the solvents were of analytical reagent grade and were used 
without further purification. 1H NMR, 13C NMR and 19F NMR analysis were performed on 
a Bruker Avance III 400/500 MHz spectrometer. High resolution mass spectra (HRMS) 
were recorded on a LTQ Orbitrap XL. Flash chromatography was performed on a GRACE 
X2 system with silica gel (200−300 mesh) purchased from Merck. High performance liquid 
chromatography (HPLC) analysis was performed with a Shimadzu LC-10AT HPLC with a 
Shimadzu SP-M10A ELSD detector and a Shimadzu SPD-M10A photodiode array detec-
tor. Analytical HPLC analysis was performed using a Kinetex C18 column (150 x 4.6 mm, 
5 μm) with 5-95% MeCN gradient in H2O (0.5% TFA) as mobile phase. The purity of all the 
target compounds was determined to be >95%. Chiral HPLC analysis for compound 13g 
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was perfomed using Nucleosil chiral-1 column (250 x 4 mm, 5 μm) with 0.5 mM aqueous 
CuSO4 as mobile phase. Chiral HPLC analysis for compounds 13a and 13k was perfomed 
using CROWNPAK CR-I (+) column (150 x 3 mm, 5 μm) with isocratic MeCN/H2O (98%, 
v/v, 0.5% TFA) as mobile phase.

Synthesis of hybrid compounds 8 and 9

(L-threo)-2-amino-3-(benzyloxy)-4-{[4-(2-bromo-4,5-difluorophenoxy)phenyl]ami-
no}-4-oxobutanoic acid (8)
To a stirred solution of 26 (68 mg, 0.1 mmol, see below) in dry DCM (2 mL), in an ice-
bath, was added trifluoroacetic acid (2 mL) dropwise. After the complete addition of tri-
fluoroacetic acid, the ice-bath was removed and the reaction was allowed to proceed at 
room temperature for further 6 h. After completion of the starting material, the solvent 
was removed in vacuo to provide pure 8 as a trifluoroacetate salt (brown solid, 34 mg, yield 
52%). 1H NMR (500 MHz, D2O/DMSO-d6): δ 7.74 (dd, J = 9.8, 8.3 Hz, 1H), 7.43 – 7.41 (m, 
2H), 7.32 – 7.25 (m, 5H), 7.10 – 7.02 (m, 1H), 6.89 – 6.88 (m, 2H), 4.62 – 4.56 (m, 2H), 
4.46 (d, J = 4.0 Hz, 1H), 4.16 (d, J = 3.9 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 168.1, 
166.4, 152.4, 149.5 (dd, J = 8.2, 3.8 Hz), 148.5 (dd, J = 374.9, 13.9 Hz), 148.6 (dd, J = 372.3, 
13.9 Hz), 136.9, 134.2, 128.2 (2C), 128.0 (2C), 127.9, 122.0, 121.9, 117.8 (2C), 115.3 (d, 
J = 21.4 Hz), 110.2 (d, J = 20.2 Hz), 108.6 (dd, J = 7.6, 3.8 Hz), 76.8, 72.1, 54.1; 19F NMR 
(376 MHz, DMSO-d6): δ -73.51 (s), -134.99 (dt, J = 20.6, 10.1 Hz), -141.25 (dt, J = 23.2, 
9.0 Hz). HRMS: calcd. for C23H20BrF2N2O5 [M+H]+: 521.0518, found: 521.0520. HPLC: 
purity 98%, retention time 9.0 min.

(L-threo)-4-[(9H-fluoren-2-yl)amino]-2-amino-3-(benzyloxy)-4-oxobutanoic acid (9)
Hybrid compound 9 was prepared from 27 (100 mg, 0.18 mmol, see below) following a 
procedure similar to that used for compound 8. The title product was obtained as a white 
solid (32 mg, 35%). 1H NMR (500 MHz, DMSO-d6): δ 10.35 (s, 1H), 7.99 (s, 1H), 7.84 (t, J 
= 7.8 Hz, 2H), 7.58 (dd, J = 13.4, 7.9 Hz, 2H), 7.42 (d, J = 7.3 Hz, 2H), 7.38 – 7.34 (m, 3H), 
7.32 – 7.27 (m, 2H), 4.70 (d, J = 11.7 Hz, 1H), 4.63 (d, J = 4.1 Hz, 1H), 4.59 (d, J = 11.7 Hz, 
1H), 4.06 (bs, 1H), 3.92 (s, 2H); 13C NMR (126 MHz, Methanol-d4): δ 169.5, 168.4, 145.4, 
144.5, 142.4, 140.0, 138.7, 137.7, 137.4, 129.7 (2C), 129.6, 127.9, 127.7, 126.0, 121.0, 120.6, 
120.5, 118.6, 107.3, 77.7, 74.6, 56.1, 37.7. HRMS: calcd. for C24H23N2O4 [M+H]+: 403.1652, 
found: 403.1653. HPLC: purity 98%, retention time 8.4 min.

Synthesis of dimethyl 2-substituted fumarate derivatives 11a-k. The synthesis of the 
dimethyl 2-substituted fumarate derivatives 11a-k was based on a previously published 
procedure.22,32 Briefly, to a stirred solution of dimethyl acetylenedicarboxylate (10, 568 mg, 
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4 mmol) in dichloromethane (30 mL) was added DABCO (45 mg, 0.4 mmol) followed by 
the appropriate alcohol (5 mmol). The reaction mixture was stirred at room temperature for 
12 h. The solvent was removed under reduced pressure to give the crude product as a dark 
brown oil. The trans/cis isomers of the products were separated by flash chromatography 
(silica gel) using 5% EtOAc/Petroleum ether (boiling point 40 to 60 °C) as eluent. The pre-
ferred trans-isomers 11a-k (i.e., the fumarate derivatives) were used in further experiments. 

Dimethyl 2-(cyclopropylmethoxy)fumarate (11a)
Clear oil. 230 mg (27% yield). 1H NMR (500 MHz, CDCl3): δ 6.11 (s, 1H), 3.84 (d, J = 7.2 Hz, 
2H), 3.72 (s, 3H), 3.63 (s, 3H), 1.16 – 1.08 (m, 1H), 0.49 – 0.45 (m, 2H), 0.21 – 0.18 (m, 2H); 
13C NMR (126 MHz, CDCl3): δ 164.5, 163.4, 154.1, 109.6, 78.4, 52.6, 51.4, 10.6, 3.0 (2C).

Dimethyl 2-(cyclobutylmethoxy)fumarate (11b)
Clear oil. 164 mg (18% yield). 1H NMR (500 MHz, CDCl3): δ 6.11 (s, 1H), 4.00 (d, J = 
6.7 Hz, 2H), 3.77 (s, 3H), 3.68 (s, 3H), 2.69 – 2.61 (m, 1H), 2.04 – 1.97 (m, 2H), 1.87 – 
1.76 (m, 4H); 13C NMR (126 MHz, CDCl3): δ 164.7, 163.4, 154.5, 108.9, 77.6, 52.7, 51.5, 
35.1, 24.5 (2C), 18.3.

Dimethyl 2-(cyclopentylmethoxy)fumarate (11c)
Clear oil. 136 mg (14% yield). 1H NMR (500 MHz, CDCl3): δ 6.15 (s, 1H), 3.96 (d, J = 
6.9 Hz, 2H), 3.82 (s, 3H), 3.74 (s, 3H), 2.34 – 2.25 (m, 1H), 1.81 – 1.75 (m, 2H), 1.62 – 
1.53 (m, 4H), 1.35 – 1.29 (m, 2H); 13C NMR (126 MHz, CDCl3): δ 164.9, 163.7, 154.7, 108.6, 
78.0, 52.9, 51.8, 39.8, 29.2 (2C), 25.6 (2C).

Dimethyl 2-(cyclohexylmethoxy)fumarate (11d)
Clear oil. 130 mg (13% yield). 1H NMR (500 MHz, CDCl3): δ 6.13 (s, 1H), 3.88 (d, J = 
6.4 Hz, 2H), 3.82 (s, 3H), 3.74 (s, 3H), 1.84 – 1.66 (m, 6H), 1.30 – 1.14 (m, 3H), 1.05 – 
0.97 (m, 2H); 13C NMR (126 MHz, CDCl3): δ 165.0, 163.7, 154.9, 108.1, 79.4, 52.9, 51.8, 
38.5, 29.6 (2C), 26.6, 25.9 (2C).

Dimethyl 2-(cycloheptylmethoxy)fumarate (11e)
Clear oil. 83 mg (8% yield). 1H NMR (500 MHz, CDCl3): δ 6.12 (s, 1H), 3.85 (d, J = 6.6 Hz, 
2H), 3.81 (s, 3H), 3.72 (s, 3H), 1.93 – 1.86 (m, 1H), 1.83 – 1.77 (m, 2H), 1.69 – 1.63 (m, 2H), 
1.58 – 1.54 (m, 2H), 1.51 – 1.39 (m, 4H), 1.27 – 1.20 (m, 2H); 13C NMR (126 MHz, CDCl3): 
δ 164.9, 163.6, 154.7, 108.3, 79.2, 52.9, 51.7, 39.9, 30.7 (2C), 28.6 (2C), 26.5 (2C).
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Dimethyl 2-(cyclooctylmethoxy)fumarate (11f)
Clear oil. 56 mg (5% yield). 1H NMR (500 MHz, CDCl3): δ 6.12 (s, 1H), 3.85 (d, J = 6.6 Hz, 
2H), 3.82 (s, 3H), 3.73 (s, 3H), 1.97 – 1.91 (m, 1H), 1.74 – 1.65 (m, 4H), 1.62 – 1.46 (m, 8H), 
1.36 – 1.28 (m, 2H); 13C NMR (126 MHz, CDCl3): δ 164.9, 163.7, 154.8, 108.2, 79.6, 52.9, 
51.7, 38.2, 29.1 (2C), 27.0 (2C), 26.5, 25.5 (2C). 

Dimethyl 2-(thiophen-3-ylmethoxy)fumarate (11g)
Light yellow solid. 275 mg (27% yield). 1H NMR (500 MHz, CDCl3): δ 7.35 – 7.34 (m, 1H), 
7.30 (dd, J = 5.0, 3.0 Hz, 1H), 7.16 (dd, J = 5.0, 1.3 Hz, 1H), 6.23 (s, 1H), 5.22 (s, 2H), 3.82 (s, 
3H), 3.74 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 164.7, 163.4, 153.6, 137.2, 127.6, 126.3, 
124.6, 110.4, 70.2, 53.0, 51.8.

Dimethyl 2-(thiophen-2-ylmethoxy)fumarate (11h)
Light yellow solid. 310 mg (38% yield). 1H NMR (500 MHz, CDCl3): δ 7.33 (dd, J = 5.1, 
1.2 Hz, 1H), 7.08 (d, J = 3.4 Hz, 1H), 6.98 (dd, J = 5.1, 3.5 Hz, 1H), 6.28 (s, 1H), 5.37 (s, 2H), 
3.83 (s, 3H), 3.75 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 164.7, 163.4, 153.0, 138.1, 128.53, 
127.4, 126.9, 111.5, 69.2, 53.0, 51.9. 

Dimethyl 2-(furan-3-ylmethoxy)fumarate (11i)
Light yellow solid. 345 mg (36% yield). 1H NMR (500 MHz, CDCl3): δ 7.46 (dd, J = 1.7, 
0.9 Hz, 1H), 7.39 (t, J = 1.7 Hz, 1H), 6.49 (d, J = 1.2 Hz, 1H), 6.24 (s, 1H), 5.10 (s, 2H), 
3.82 (s, 3H), 3.74 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 164.7, 163.5, 153.5, 143.6, 141.8, 
120.8, 110.6 (2C), 66.6, 53.0, 51.8.

Dimethyl 2-(furan-2-ylmethoxy)fumarate (11j)
Light yellow solid. 382 mg (40% yield). 1H NMR (500 MHz, CDCl3): δ 7.42 (dd, J = 1.9, 
0.9 Hz, 1H), 6.41 (d, J = 3.3 Hz, 1H), 6.35 (dd, J = 3.3, 1.8 Hz, 1H), 6.29 (s, 1H), 5.17 (s, 2H), 
3.83 (s, 3H), 3.73 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 164.6, 163.4, 153.0, 149.7, 143.7, 
111.4, 111.3, 110.6, 66.7, 53.0, 51.7.

Dimethyl 2-(prop-2-yn-1-yloxy)fumarate (11k)
Clear oil. 295 mg (37% yield). 1H NMR (500 MHz, CDCl3): δ 6.35 (s, 1H), 4.90 (d, J = 
2.5 Hz, 2H), 3.84 (s, 3H), 3.75 (s, 3H), 2.55 (t, J = 2.5 Hz, 1H); 13C NMR (126 MHz, CDCl3): 
δ 164.5, 163.2, 152.0, 111.6, 82.9, 77.1, 60.4, 53.1, 52.0.

Synthesis of 2-substituted fumaric acid derivatives 12a-k. To a stirred solution of dimethyl 
2-substituted fumarate 11 (11a, 214 mg, 1.0 mmol; 11b, 150 mg, 0.66 mmol; 11c, 121 mg, 
0.50 mmol; 11d, 115 mg, 0.45 mmol; 11e, 70 mg, 0.26 mmol; 11f, 56 mg, 0.20 mmol; 11g, 
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112 mg, 0.44 mmol; 11h, 87 mg, 0.34 mmol; 11i, 62 mg, 0.26 mmol; 11j, 70 mg, 0.30 mmol; 
11k, 198 mg, 1.0 mmol; respectively) in EtOH (2 mL) was added 2 M NaOH (2 mL), and 
the reaction mixture was heated to reflux for 2 h. After completion of the hydrolysis, the 
reaction mixture was allowed to cool to room temperature followed by removing the EtOH 
under vacuum. For compounds 11a-f and 11k, the resulting aqueous layer was acidified 
with HCl (1 M) until white precipitates appeared (pH 1). The precipitates were filtered 
and dried under vacuum to provide pure products 12a-f and 12k as white solids. For com-
pounds 12g-j, the resulting aqueous solutions were directly used for the next enzymatic 
step after adjusting the pH of the solution to pH 9.5 with 1 M HCl.

2-(Cyclopropylmethoxy)fumaric acid (12a)
White solid. 150 mg (81% yield). 1H NMR (500 MHz, DMSO-d6): δ 6.02 (s, 1H), 3.85 (d, 
J = 7.1 Hz, 2H), 1.13 – 1.07 (m, 1H), 0.51 – 0.47 (m, 2H), 0.25 – 0.22 (m, 2H); 13C NMR 
(126 MHz, DMSO-d6): δ 165.4, 164.2, 153.8, 109.8, 76.8, 10.6, 3.0 (2C).

2-(Cyclobutylmethoxy)fumaric acid (12b)
White solid. 110 mg (84% yield). 1H NMR (500 MHz, Methanol-d4): δ 6.07 (s, 1H), 4.02 (d, 
J = 5.6 Hz, 2H), 2.68 – 2.62 (m, 1H), 2.04 – 2.00 (m, 2H), 1.91 – 1.83 (m, 4H); 13C NMR 
(126 MHz, Methanol-d4): δ 167.9, 165.8, 156.5, 110.0, 78.2, 36.6, 25.5 (2C), 19.2.

2-(Cyclopentylmethoxy)fumaric acid (12c)
White solid. 77 mg (72% yield). 1H NMR (500 MHz, Methanol-d4): δ 6.00 (s, 1H), 3.90 (d, 
J = 7.0 Hz, 2H), 2.24 – 2.15 (m, 1H), 1.72 – 1.66 (m, 2H), 1.57 – 1.47 (m, 4H), 1.31 – 
1.23 (m, 2H); 13C NMR (126 MHz, Methanol-d4): δ 168.0, 165.8, 156.7, 109.3, 78.4, 41.0, 
30.1 (2C), 26.4 (2C).

2-(Cyclohexylmethoxy)fumaric acid (12d)
White solid. 78 mg (76% yield). 1H NMR (500 MHz, DMSO-d6): δ 5.93 (s, 1H), 3.81 (d, 
J = 6.4 Hz, 2H), 1.74 – 1.56 (m, 6H), 1.24 – 1.10 (m, 3H), 1.00 – 0.92 (m, 2H); 13C NMR 
(126 MHz, DMSO-d6): δ 165.8, 164.6, 154.8, 108.5, 78.2, 38.3, 29.3 (2C), 26.3, 25.6 (2C).

2-(Cycloheptylmethoxy)fumaric acid (12e)
White solid. 42 mg (67% yield). 1H NMR (500 MHz, Methanol-d4): δ 6.05 (s, 1H), 3.86 (d, J 
= 6.4 Hz, 2H), 1.88 – 1.78 (m, 3H), 1.70 – 1.65 (m, 2H), 1.60 – 1.43 (m, 6H), 1.29– 1.23 (m, 
2H); 13C NMR (126 MHz, Methanol-d4): δ 168.0, 165.8, 156.5, 109.1, 79.6, 41.1, 31.7 (2C), 
29.7 (2C), 27.5 (2C). 
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2-(Cyclooctylmethoxy)fumaric acid (12f)
White solid. 20 mg (39% yield). 1H NMR (500 MHz, Methanol-d4): δ 6.03 (s, 1H), 3.82 (d, J 
= 6.7 Hz, 2H), 1.93 – 1.86 (m, 1H), 1.72 – 1.64 (m, 4H), 1.59 – 1.44 (m, 8H), 1.33 – 1.27 (m, 
2H); 13C NMR (126 MHz, Methanol-d4): δ 168.0, 165.8, 156.6, 109.0, 80.1, 39.3, 30.2 (2C), 
28.0 (2C), 27.7, 26.5 (2C).

Disodium 2-(thiophen-3-ylmethoxy)fumarate (12g)
1H NMR (500 MHz, DMSO-d6): δ 7.53 – 7.50 (m, 2H), 7.15 (dd, J = 4.9, 1.3 Hz, 1H), 6.05 (s, 
1H), 5.10 (s, 2H); 13C NMR (126 MHz, DMSO-d6): δ 165.3, 164.0, 153.5, 137.7, 127.6, 126.6, 
124.2, 110.2, 69.1.

Disodium 2-(thiophen-2-ylmethoxy)fumarate (12h)
1H NMR (500 MHz, D2O): δ 7.42 (dd, J = 5.0, 1.3 Hz, 1H), 7.08 – 7.05 (m, 1H), 7.00 (dd, J = 
5.1, 3.5 Hz, 1H), 5.91 (s, 1H), 5.14 (s, 2H); 13C NMR (126 MHz, D2O): δ 173.9, 170.9, 152.4, 
138.7, 128.6, 127.5, 126.9, 114.4, 66.6.

Disodium 2-(furan-3-ylmethoxy)fumarate (12i)
1H NMR (500 MHz, D2O): δ 7.50 (dd, J = 1.6, 0.8 Hz, 1H), 7.44 (t, J = 1.9 Hz, 1H), 6.49 (s, 
1H), 5.89 (s, 1H), 4.85 (s, 2H); 13C NMR (126 MHz, D2O): δ 174.0, 171.0, 152.7, 143.6, 
142.0, 120.8, 113.8, 110.6, 63.8.

Disodium 2-(furan-2-ylmethoxy)fumarate (12j)
1H NMR (500 MHz, D2O): δ 7.45 (dd, J = 1.9, 0.8 Hz, 1H), 6.38 (dd, J = 3.3, 0.8 Hz, 1H), 
6.36 (dd, J = 3.3, 1.9 Hz, 1H), 5.91 (s, 1H), 4.89 (s, 2H); 13C NMR (126 MHz, D2O): δ 173.8, 
170.8, 152.2, 150.0, 143.8, 114.6, 111.2, 110.5, 64.2.

2-(Prop-2-yn-1-yloxy)fumaric acid (12k)
White solid. 142 mg (83% yield). 1H NMR (500 MHz, DMSO-d6): δ 6.14 (s, 1H), 4.82 (d, J = 
2.5 Hz, 2H), 3.63 (t, J = 2.5 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 165.1, 163.7, 151.8, 
111.7, 79.4, 78.4, 59.1.

Enzymatic synthesis of 3-substituted aspartic acid derivatives 13a-k. Reaction mixtures 
consisted of 2-substituted fumaric acid derivatives 12 (12a, 21 mg, 0.11 mmol; 12b, 40 mg, 
0.20 mmol; 12c, 42 mg, 0.20 mmol; 12d, 28 mg, 0.12 mmol; 12e, 23 mg, 0.095 mmol; 12f, 
12 mg, 0.047 mmol; 12g, 0.44 mmol; 12h, 0.34 mmol; 12i, 0.26 mmol; 12j, 0.30 mmol; 
12k, 9.7 mg, 0.056 mmol; respectively) in buffer (5 M NH3/NH4Cl and 20 mM MgCl2, pH 
adjusted to pH 9.5). The reaction was started by addition of freshly purified MAL-L384A 
mutant (0.01 mol%),21,22 and the reaction mixture was incubated at room temperature for 
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24 h. After completion of the reaction, the enzyme was inactivated by heating to 70 °C 
for 10 min. The progress and conversion yield of the enzymatic reaction was monitored 
by 1H NMR spectroscopy by comparing signals of substrates and corresponding products. 
For a typical purification procedure, the precipitated enzyme was removed by filtration. 
The filtrate was acidified with 1 M HCl to pH 1 and loaded onto a column packed with 
cation-exchange resin (10 g of Dowex 50W X8, 50-100 mesh), which was pre-treated with 
2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column volumes) and distilled 
water (4 column volumes). The column was washed with distilled water (2 column vol-
umes) and the desired product was eluted with 2 M aqueous ammonia (4 column vol-
umes). The ninhydrin-positive fractions were collected and lyophilized to yield the product 
as ammonium salt.

(L-threo)-3-(cyclopropylmethoxy)aspartate (13a)
White solid. 7 mg (conversion 88%, isolated yield 31%). 1H NMR (500 MHz, D2O): δ 4.38 (d, 
J = 2.5 Hz, 1H), 3.98 (d, J = 2.5 Hz, 1H), 3.45 (dd, J = 10.7, 7.0 Hz, 1H), 3.28 (dd, J = 10.7, 
7.2 Hz, 1H), 1.05 – 0.97 (m, 1H), 0.53 – 0.46 (m, 2H), 0.20 – 0.15 (m, 2H); 13C NMR (126 MHz, 
D2O): δ 176.1, 171.6, 77.4, 75.7, 56.6, 9.5, 2.6, 2.1. HRMS: calcd. for C8H14NO5 [M+H]+: 

204.0866, found: 204.0861. HPLC: purity 96%, retention time 4.2 min. Comparison of the 
1H NMR data of 13a with the 1H NMR data of chemically prepared racemic (DL-threo)-19a 
and (DL-erythro)-19a showed that the de of product 13a was 97% (Figure S1). Chiral 
HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase A: ACN+0.5% TFA, phase B: 
H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, column temperature 25 °C, detected by 
ELSD at 35 °C, tR = 2.8 min, ee >99% (Figure S4).

3-(Cyclobutylmethoxy)aspartate (13b)
White solid. 25 mg (conversion 89%, isolated yield 58%). 1H NMR (500 MHz, D2O): δ 
4.24 (d, J = 2.4 Hz, 1H), 3.95 (d, J = 2.4 Hz, 1H), 3.60 (dd, J = 9.8, 6.8 Hz, 1H), 3.39 (dd, 
J = 9.8, 7.3 Hz, 1H), 2.56 – 2.47 (m, 1H), 2.01 – 1.95 (m, 2H), 1.86 – 1.77 (m, 2H), 1.68 – 
1.61 (m, 2H); 13C NMR (126 MHz, D2O): δ 176.4, 171.7, 78.3, 75.6, 56.5, 34.1, 24.5, 24.2, 
18.0. HRMS: calcd. for C9H16NO5 [M+H]+: 218.1023, found: 218.1022. HPLC: purity 98%, 
retention time 6.5 min.

3-(Cyclopentylmethoxy)aspartate (13c)
White solid. 19 mg (conversion 85%, isolated yield 39%). 1H NMR (500 MHz, D2O): δ 
4.28 (d, J = 2.5 Hz, 1H), 3.98 (d, J = 2.5 Hz, 1H), 3.54 (dd, J = 9.4, 7.0 Hz, 1H), 3.25 (dd, 
J = 9.4, 7.7 Hz, 1H), 2.17 – 2.11 (m, 1H), 1.70 – 1.63 (m, 2H), 1.56 – 1.47 (m, 4H), 1.22 – 
1.13 (m, 2H); 13C NMR (126 MHz, D2O): δ 176.2, 171.5, 78.2, 75.7, 56.4, 38.5, 28.9, 28.7, 
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24.9 (2C). HRMS: calcd. for C10H18NO5 [M+H]+: 232.1180, found: 232.1180. HPLC: purity 
97%, retention time 9.3 min.

3-(Cyclohexylmethoxy)aspartate (13d)
White solid. 17 mg (conversion 90%, isolated yield 56%). 1H NMR (500 MHz, D2O): δ 
4.28 (d, J = 2.6 Hz, 1H), 3.99 (d, J = 2.5 Hz, 1H), 3.48 (dd, J = 9.6, 6.3 Hz, 1H), 3.20 (dd, J 
= 9.6, 6.9 Hz, 1H), 1.69 – 1.55 (m, 6H), 1.25 – 1.11 (m, 3H), 0.91 – 0.85 (m, 2H); 13C NMR 
(126 MHz, D2O): δ 175.9, 171.3, 78.1, 76.9, 56.3, 37.0, 29.3, 29.1, 26.1, 25.2 (2C). HRMS: 
calcd. for C11H20NO5 [M+H]+: 246.1336, found: 246.1336. HPLC: purity 98%, retention 
time 7.8 min.

3-(Cycloheptylmethoxy)aspartate (13e)
White solid. 7 mg (conversion 60%, isolated yield 26%). 1H NMR (500 MHz, D2O): δ 4.27 (d, 
J = 2.1 Hz, 1H), 3.97 (d, J = 2.2 Hz, 1H), 3.45 (dd, J = 9.5, 6.6 Hz, 1H), 3.17 (dd, J = 9.5, 
7.2 Hz, 1H), 1.79 – 1.72 (m, 1H), 1.69 – 1.58 (m, 4H), 1.55 – 1.52 (m, 2H), 1.49 – 1.37 (m, 
4H), 1.17 – 1.09 (m, 2H); 13C NMR (126 MHz, D2O): δ 176.2, 171.4, 78.2, 76.5, 56.4, 38.3, 
30.3 (2C), 28.2 (2C), 25.9 (2C). HRMS: calcd. for C12H22NO5 [M+H]+: 260.1492, found: 
260.1494. HPLC: purity 95%, retention time 10.0 min.

(L-threo)-3-(thiophen-3-ylmethoxy)aspartate (13g)
Light yellow solid. 47 mg (conversion 98%, isolated yield 47%). 1H NMR (500 MHz, D2O): 
δ 7.43 – 7.42 (m, 1H), 7.39 – 7.38 (m, 1H), 7.11 (dd, J = 4.9, 1.3 Hz, 1H), 4.70 (d, J = 
11.9 Hz, 1H), 4.50 (d, J = 11.9 Hz, 1H), 4.29 (d, J = 2.2 Hz, 1H), 3.96 (d, J = 2.2 Hz, 1H); 13C 
NMR (126 MHz, D2O): δ 175.8, 171.4, 137.7, 127.8, 126.6, 124.7, 77.0, 67.2, 56.5. HRMS: 
calcd. for C9H12NO5 [M+H]+: 246.0431, found: 246.0430. HPLC: purity 99%, retention time 
5.2 min. Comparison of the 1H NMR data of 13g with the 1H NMR data of chemically pre-
pared racemic racemic (DL-threo)-19b and (DL-erythro)-19b showed that the de of prod-
uct 13g was >98% (Figure S2). Chiral HPLC conditions: Nucleosil chiral-1 column with 
0.5 mM aqueous CuSO4 solution as mobile phase with a flow rate of 1.0 mL/min at 60 °C, 
UV detection at 254 nm, tR = 7.2 min, ee >99% (Figure S5).

3-(Thiophen-2-ylmethoxy)aspartate (13h)
Light yellow solid. 40 mg (conversion 98%, isolated yield 48%). 1H NMR (500 MHz, D2O): 
δ 7.46 (dd, J = 5.0, 1.3 Hz, 1H), 7.11 (dd, J = 3.4, 1.1 Hz, 1H), 7.04 (dd, J = 5.0, 3.4 Hz, 1H), 
4.88 (d, J = 12.6 Hz, 1H), 4.69 (d, J = 12.6 Hz, 1H), 4.35 (d, J = 2.3 Hz, 1H), 3.99 (d, J = 
2.3 Hz, 1H); 13C NMR (126 MHz, D2O): δ 175.5, 171.3, 139.0, 128.2, 127.3, 127.0, 76.5, 66.3, 
56.4. HRMS: calcd. for C9H12NO5 [M+H]+: 246.0431, found: 246.0430. HPLC: purity 98%, 
retention time 5.1 min.
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3-(Furan-3-ylmethoxy)aspartate (13i)
Light yellow solid. 21 mg (conversion 98%, isolated yield 35%). 1H NMR (500 MHz, D2O): 
δ 7.54 – 7.53 (m, 1H), 7.49 (t, J = 1.7 Hz, 1H), 6.51 – 6.48 (m, 1H), 4.59 (d, J = 12.1 Hz, 
1H), 4.40 (d, J = 12.1 Hz, 1H), 4.31 (d, J = 2.3 Hz, 1H), 3.98 (d, J = 2.3 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 175.8, 171.4, 143.8, 141.9, 120.8, 110.5, 76.6, 63.4, 56.5. HRMS: calcd. 
for C9H12NO6 [M+H]+: 230.0659, found: 230.0659. HPLC: purity 96%, retention time 
4.4 min.

3-(Furan-2-ylmethoxy)aspartate (13j)
Light yellow solid. 26 mg (conversion 98%, isolated yield 39%). 1H NMR (500 MHz, D2O): δ 
7.51 (dd, J = 1.9, 0.9 Hz, 1H), 6.47 (d, J = 3.2 Hz, 1H), 6.42 (dd, J = 3.2, 1.9 Hz, 1H), 4.62 (d, J 
= 13.2 Hz, 1H), 4.50 (d, J = 13.2 Hz, 1H), 4.32 (d, J = 2.4 Hz, 1H), 3.97 (d, J = 2.4 Hz, 1H); 13C 
NMR (126 MHz, D2O): δ 175.4, 171.3, 150.1, 143.8, 111.0, 110.4, 76.6, 63.9, 56.4. HRMS: 
calcd. for C9H12NO6 [M+H]+: 230.0659, found: 230.0659. HPLC: purity 98%, retention time 
4.4 min.

(L-threo)-3-(prop-2-yn-1-yloxy)aspartate (13k)
White solid. 5 mg (conversion 83%, isolated yield 47%). 1H NMR (500 MHz, D2O): δ 4.49 (d, 
J = 2.3 Hz, 1H), 4.30 (dd, J = 16.0, 2.4 Hz, 1H), 4.20 (dd, J = 16.0, 2.4 Hz, 1H), 4.02 (d, J = 
2.3 Hz, 1H), 2.83 (t, J = 2.4 Hz, 1H); 13C NMR (126 MHz, D2O): δ 175.3, 171.4, 76.8, 76.3, 
76.3, 57.7, 56.5. HRMS: calcd. for C7H10NO5 [M+H]+: 188.0554, found: 188.0550. HPLC: 
purity 97%, retention time 2.0 min. Comparison of the 1H NMR data of 13k with the 1H 
NMR data of chemically prepared racemic (DL-threo)-19c and (DL-erythro)-19c showed 
that the de of product 13k was >98% (Figure S3). Chiral HPLC analysis: CROWNPAK CR-I 
(+) 150 x 3 mm. Phase A: ACN+0.5% TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate 
0.4 mL/min, column temperature 25 °C, detected by ELSD at 35 °C, tR = 3.2 min, ee >99% 
(Figure S6).

Synthesis of (DL-threo)- and (DL-erythro)-3-substituted Asp derivatives
(DL-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-hydroxy succinate (17) 
The chemical synthesis of compound (DL-threo)-16 has been described elsewhere.23 To 
a stirred solution of 16 (622 mg, 2 mmol) in THF/MeOH (1:1, 30 mL) was added Pd/C 
(50.0 mg, 10 wt.% loading) under nitrogen atmosphere. The reaction was stirred under 
H2 atmosphere (balloon) for 2 h at room temperature. After completion of the reaction, 
the reaction mixture was filtered through Celite and washed with MeOH (5 mL). The fil-
trate was concentrated under vacuum to provide a colorless oil which was directly used 
for the next step without purification. To a stirred solution of the colorless oil in dry DCM 
(20 mL) was added TEA (300 mg, 3 mmol) and Boc2O (654 mg, 3 mmol) under cooling 
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in an ice-bath. After 10 minutes, the cooling was removed and the reaction mixture was 
stirred at room temperature for further 24 h. After completion of the reaction, the reaction 
mixture was diluted with DCM (20 mL), and washed with 0.5 M HCl (50 mL), saturated 
NaHCO3 solution (50 mL) and brine (50 mL). The organic layer was dried over Na2SO4 and 
concentrated under vacuum to give crude product 17, which was purified via flash chroma-
tography (EtOAc/Petroleum ether, 15%, v/v) to provide pure 17 as a white solid (460 mg, 
two-step yield 83%). 1H NMR (500 MHz, CDCl3): δ 5.29 (d, J = 9.0 Hz, 1H), 4.78 (d, J = 
9.3 Hz, 1H), 4.69 (dd, J = 5.7, 2.0 Hz, 1H), 3.82 (s, 3H), 3.80 (s, 3H), 3.24 (d, J = 5.5 Hz, 1H), 
1.42 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 172.4, 170.0, 155.4, 80.4, 71.2, 56.2, 53.2, 53.0, 
28.2 (3C). HRMS: calcd. for C11H19NO7Na [M+Na]+: 300.1054, found: 300.1052.

Dimethyl 2-(cyclopropylmethoxy)-3-[(tert-butoxycarbonyl)amino]succinate (18a)
To a stirred solution of compound 17 (195 mg, 0.70 mmol) in dry DMF (3 mL) was added 
bromomethylcyclopropane (191 mg, 1.4 mmol) at -20 °C. After 10 min, NaH (60% in min-
eral oil, 28 mg, 0.70 mmol) was added to the reaction mixture. The reaction mixture was 
stirred at -20 °C for 4 h and stirred at 4 °C for further 8 h. After completion of the reaction, 
the reaction mixture was quenched with cold water, extracted with EtOAc (30 mL x 3), 
washed with brine (50 mL x 3), and dried over Na2SO4. The solvent was evaporated to 
provide crude product, which was purified via flash chromatography (EtOAc/Petroleum 
ether, 10%, v/v) to give pure (DL-threo)-18a (26 mg, 11%) and (DL-erythro)-18a (9 mg, 
4%) as clear oil. 

(DL-threo)-18a: 1H NMR (500 MHz, CDCl3): δ 5.33 (d, J = 9.9 Hz, 1H), 4.80 (dd, J = 10.0, 
2.4 Hz, 1H), 4.53 (d, J = 2.1 Hz, 1H), 3.77 (s, 3H), 3.74 (s, 3H), 3.50 (dd, J = 10.6, 6.9 Hz, 
1H), 3.21 (dd, J = 10.5, 7.0 Hz, 1H), 1.41 (s, 9H), 1.02 – 0.95 (m, 1H), 0.54 – 0.46 (m, 
2H), 0.19 – 0.11 (m, 2H); 13C NMR (126 MHz, CDCl3): δ 170.1, 170.0, 155.6, 80.3, 77.6, 
76.0, 56.2, 52.8, 52.5, 28.3 (3C), 10.2, 3.4, 2.7. HRMS: calcd. for C15H25NO7Na [M+Na]+: 
354.1523, found: 354.1522.

(DL-erythro)-18a: 1H NMR (500 MHz, CDCl3): δ 5.43 (d, J = 8.9 Hz, 1H), 4.85 (dd, J = 8.9, 
3.4 Hz, 1H), 4.35 (d, J = 3.4 Hz, 1H), 3.77 (s, 3H), 3.73 (s, 3H), 3.56 (dd, J = 10.7, 6.9 Hz, 
1H), 3.34 (dd, J = 10.7, 7.0 Hz, 1H), 1.45 (s, 9H), 1.06 – 1.00 (m, 1H), 0.56 – 0.49 (m, 
2H), 0.24 – 0.17 (m, 2H); 13C NMR (126 MHz, CDCl3): δ 170.1, 169.5, 155.3, 80.4, 78.3, 
76.2, 55.7, 52.8, 52.4, 28.4 (3C), 10.2, 3.5, 2.7. HRMS: calcd. for C15H25NO7Na [M+Na]+: 
354.1523, found: 354.1523.
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Dimethyl 2-(thiophen-3-ylmethoxy)-3-[(tert-butoxycarbonyl)amino]succinate (18b)
To a stirred solution of compound 17 (197 mg, 0.71 mmol) in dry DMF (3 mL) was added 
3-(bromomethyl)thiophene (251 mg, 1.42 mmol) at -20 °C. After 10 min, NaH (60% in 
mineral oil, 28.4 mg, 0.71 mmol) was added to the reaction mixture. The reaction mixture 
was stirred at -20 °C for 4 h and stirred at 4 °C for further 8 h. After completion of the reac-
tion, the reaction mixture was quenched with cold water, extracted with EtOAc (30 mL x 
3), washed with brine (50 mL x 3), and dried over Na2SO4. The solvent was evaporated to 
provide crude product, which was purified via flash chromatography (EtOAc/Petroleum 
ether, 10%, v/v) to give (DL-threo)-18b (140 mg, 53%) and (DL-erythro)-18b (27 mg, 10%) 
as clear oil. 

(DL-threo)-18b: 1H NMR (500 MHz, CDCl3): δ 7.30 (dd, J = 5.0, 2.9 Hz, 1H), 7.18 (dd, J = 
3.0, 1.1 Hz, 1H), 6.98 (dd, J = 4.9, 1.3 Hz, 1H), 5.34 (d, J = 10.0 Hz, 1H), 4.82 – 4.77 (m, 2H), 
4.47 (d, J = 2.3 Hz, 1H), 4.43 (d, J = 12.3 Hz, 1H), 3.77 (s, 3H), 3.65 (s, 3H), 1.42 (s, 9H); 
13C NMR (126 MHz, CDCl3): δ 169.9, 169.8, 155.6, 137.7, 127.7, 126.4, 124.2, 80.4, 76.6, 
67.8, 56.1, 52.8, 52.6, 28.3 (3C). HRMS: calcd. for C16H24NO7S [M+H]+: 374.1268, found: 
374.1267.

(DL-erythro)-18b: 1H NMR (500 MHz, CDCl3): δ 7.30 (dd, J = 4.9, 2.9 Hz, 1H), 7.22 (d, J = 
2.8 Hz, 1H), 7.07 (dd, J = 5.0, 1.2 Hz, 1H), 5.33 (d, J = 8.7 Hz, 1H), 4.87 (dd, J = 8.6, 3.0 Hz, 
1H), 4.84 (d, J = 12.3 Hz, 1H), 4.57 (d, J = 12.3 Hz, 1H), 4.27 (d, J = 3.1 Hz, 1H), 3.79 (s, 
3H), 3.73 (s, 3H), 1.43 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.7, 169.2, 155.0, 137.8, 
127.3, 126.3, 123.8, 80.3, 77.4, 68.2, 55.6, 52.7, 52.3, 28.3 (3C). HRMS: calcd. for C16H24NO7S 
[M+H]+: 374.1268, found: 374.1266.

Dimethyl 2-(prop-2-yn-1-yloxy)-3-[(tert-butoxycarbonyl)amino]succinate (18c)
To a stirred solution of compound 17 (200 mg, 0.72 mmol) in dry DMF (3 mL) was added 
propargyl bromide (80% in toluene, 156 µL, 1.44 mmol) at -20 °C. After 10 min, NaH (60% 
in mineral oil, 29 mg, 0.72 mmol) was added to the reaction mixture. The reaction mixture 
was stirred at -20 °C for 4 h and stirred at 4 °C for further 8 h. After completion of the reac-
tion, the reaction mixture was quenched with cold water, extracted with EtOAc (30 mL x 
3), washed with brine (50 mL x 3), and dried over Na2SO4. The solvent was evaporated to 
provide crude product, which was purified via flash chromatography (EtOAc/Petroleum 
ether, 10%, v/v) to give (DL-threo)-18c (54 mg, 24%) and (DL-erythro)-18c (25 mg, 11%) 
as clear oil. 

(DL-threo)-18c: 1H NMR (500 MHz, CDCl3): δ 5.29 (d, J = 9.8 Hz, 1H), 4.87 (dd, J = 9.9, 
2.4 Hz, 1H), 4.78 (d, J = 2.3 Hz, 1H), 4.37 (dd, J = 16.3, 2.4 Hz, 1H), 4.20 (dd, J = 16.2, 2.4 Hz, 
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1H), 3.78 (s, 3H), 3.77 (s, 3H), 2.45 (t, J = 2.4 Hz, 1H), 1.41 (s, 9H); 13C NMR (126 MHz, 
CDCl3): δ 169.7, 169.4, 155.5, 80.4, 78.1, 76.0, 75.8, 57.9, 56.0, 52.9, 52.7, 28.3 (3C). HRMS: 
calcd. for C14H21NO7Na [M+Na]+: 338.1210, found: 338.1211.

(DL-erythro)-18c: 1H NMR (500 MHz, CDCl3): δ 5.44 (d, J = 8.7 Hz, 1H), 4.92 (dd, J = 8.7, 
2.9 Hz, 1H), 4.58 (d, J = 2.9 Hz, 1H), 4.43 (dd, J = 16.3, 2.4 Hz, 1H), 4.31 (dd, J = 16.3, 2.4 Hz, 
1H), 3.79 (s, 3H), 3.72 (s, 3H), 2.45 (t, J = 2.4 Hz, 1H), 1.45 (s, 9H); 13C NMR (126 MHz, 
CDCl3): δ 169.4, 169.0, 155.3, 80.4, 78.3, 76.6, 76.2, 58.4, 55.7, 52.9, 52.5, 28.4 (3C). HRMS: 
calcd. for C14H21NO7Na [M+Na]+: 338.1210, found: 338.1211.

(DL-threo)-3-(cyclopropylmethoxy)aspartate [(DL-threo)-19a]
To a stirred solution of (DL-threo)-18a (26 mg, 0.08 mmol) in dry DCM (2 mL) was added 
trifluoroacetic acid (0.8 mL) dropwise under cooling in an ice-bath. After the complete 
addition of trifluoroacetic acid, the ice-bath was removed and the reaction was allowed to 
proceed at room temperature for further 1.5 h. After completion of the starting material, 
the solvent was removed in vacuo to provide deBoc product quantitatively as a clear oil, 
which was directly used for the next step without purification. 

To a stirred solution of the clear oil in THF/H2O (1:1, each 1 mL) was added LiOH (9.6 mg, 
0.40 mmol), and the reaction mixture was stirred at room temperature for 2 h. Volatiles 
were removed in vacuo, and the residue was washed with EtOAc (1 mL). The aqueous 
layer was acidified with 1 M HCl (until pH=1) and loaded onto a column packed with 
cation-exchange resin (10 g of Dowex 50W X8, 50-100 mesh), which was pre-treated 
with 2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column volumes) and dis-
tilled water (4 column volumes). The column was washed with distilled water (2 column 
volumes) and the product was eluted with 2 M aqueous ammonia (2 column volumes). 
The ninhydrin-positive fractions were collected and lyophilized to yield the desired prod-
uct (DL-threo)-19a as ammonium salt (white solid, 7 mg, two-step yield of 37%). 1H NMR 
(500 MHz, D2O): δ 4.40 (d, J = 2.5 Hz, 1H), 4.00 (d, J = 2.5 Hz, 1H), 3.47 (dd, J = 10.7, 
7.0 Hz, 1H), 3.30 (dd, J = 10.7, 7.3 Hz, 1H), 1.06 – 0.98 (m, 1H), 0.57 – 0.45 (m, 2H), 
0.22 – 0.16 (m, 2H); 13C NMR (126 MHz, D2O): δ 176.0, 171.5, 77.4, 75.8, 56.4, 9.5, 2.7, 
2.1. HRMS: calcd. for C8H14NO5 [M+H]+: 204.0866, found: 204.0866. HPLC: purity 97%, 
retention time 4.2 min. Chiral HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm. Phase 
A: ACN+0.5%TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/min, column 
temperature 25 °C, detected by ELSD at 35 °C, tR (D-threo) = 2.3 min, tR (L-threo) = 2.8 min 
(Figure S4).



89

C
H

A
PT

ER
 3

. 
N

ov
el

 F
un

ct
io

na
liz

ed
 A

sp
s 

as
 E

A
AT

s 
In

hi
bi

to
rs

(DL-erythro)-3-(cyclopropylmethoxy)aspartate [(DL-erythro)-19a]
Compound (DL-erythro)-19a was prepared from (DL-erythro)-18a (9 mg, 0.027 mmol) 
following a procedure similar to that used for (DL-threo)-19a. The title compound was 
obtained as a white solid (3 mg, two-step yield of 46%). 1H NMR (500 MHz, D2O): δ 4.29 (d, 
J = 3.8 Hz, 1H), 4.08 (d, J = 3.8 Hz, 1H), 3.50 (dd, J = 10.6, 7.1 Hz, 1H), 3.37 (dd, J = 
10.6, 7.3 Hz, 1H), 1.12 – 1.04 (m, 1H), 0.58 – 0.51 (m, 2H), 0.27 – 0.18 (m, 2H); 13C NMR 
(126 MHz, D2O/DMSO-d6, 1:1): δ 179.8, 179.0, 99.0, 76.5, 60.2, 11.4, 4.5, 3.9. HRMS: calcd. 
for C8H14NO5 [M+H]+: 204.0866, found: 204.0867.

(DL-threo)-3-(thiophen-3-ylmethoxy)aspartate [(DL-threo)-19b]
Compound (DL-threo)-19b was prepared from (DL-threo)-18b (140 mg, 0.37 mmol) 
following a procedure similar to that used for (DL-threo)-19a. The title compound was 
obtained as a white solid (40 mg, two-step yield of 39%). 1H NMR (500 MHz, D2O): δ 
7.43 (dd, J = 4.9, 2.9 Hz, 1H), 7.39 (dd, J = 2.9, 1.3 Hz, 1H), 7.12 (dd, J = 4.9, 1.4 Hz, 1H), 
4.71 (d, J = 12.1 Hz, 1H), 4.50 (d, J = 11.9 Hz, 1H), 4.30 (d, J = 2.2 Hz, 1H), 3.97 (d, J = 
2.3 Hz, 1H); 13C NMR (126 MHz, D2O): δ 175.8, 171.4, 137.8, 127.8, 126.6, 124.7, 76.9, 67.2, 
56.4. HRMS: calcd. for C9H12NO5S [M+H]+: 246.0431, found 246.0430. HPLC: purity 98%, 
retention time 5.2 min. Chiral HPLC conditions: Nucleosil chiral-1 column with 0.5 mM 
aqueous CuSO4 solution as mobile phase with a flow rate of 1.0 mL/min at 60 °C, UV detec-
tion at 254 nm, tR (L-threo) = 7.3 min, tR (D-threo) = 8.3 min (Figure S5).

(DL-erythro)-3-(thiophen-3-ylmethoxy)aspartate [(DL-erythro)-19b]
Compound (DL-erythro)-19b was prepared from (DL-erythro)-18b (27 mg, 0.072 mmol) 
following a procedure similar to that used for (DL-threo)-19a. The title compound was 
obtained as a white solid (7 mg, two-step yield of 35%). 1H NMR (500 MHz, D2O): δ 7.47 – 
7.45 (m, 2H), 7.19 (dd, J = 4.8, 1.5 Hz, 1H), 4.74 (d, J = 11.9 Hz, 1H), 4.56 (d, J = 11.9 Hz, 
1H), 4.16 (d, J = 4.1 Hz, 1H), 3.93 (d, J = 4.1 Hz, 1H); 13C NMR (126 MHz, D2O): δ 175.1, 
171.6, 137.8, 127.9, 126.9, 124.9, 78.1, 66.8, 56.6. HRMS: calcd. for C9H12NO5S [M+H]+: 
246.0431, found: 246.0430. HPLC: purity 96%, retention time 4.9 min.

(DL-threo)-3-(prop-2-yn-1-yloxy)aspartate [(DL-threo)-19c]
Compound (DL-threo)-19c was prepared from (DL-threo)-18c (54 mg, 0.17 mmol) follow-
ing a procedure similar to that used for (DL-threo)-19a. The title compound was obtained 
as a white solid (13 mg, two-step yield of 34%). 1H NMR (500 MHz, D2O): δ 4.50 (d, J = 
2.4 Hz, 1H), 4.31 (dd, J = 16.0, 2.5 Hz, 1H), 4.21 (dd, J = 16.0, 2.4 Hz, 1H), 4.03 (d, J = 
2.4 Hz, 1H), 2.85 (t, J = 2.4 Hz, 1H); 13C NMR (126 MHz, D2O): δ 175.3, 171.4, 78.6, 76.9, 
76.4, 57.7, 56.5. HRMS: calcd. for C7H10NO5 [M+H]+: 188.0554, found: 188.0554. HPLC: 
purity 95%, retention time 2.0 min. Chiral HPLC analysis: CROWNPAK CR-I (+) 150 x 
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3 mm. Phase A: ACN+0.5%TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/
min, column temperature 25 °C, detected by ELSD at 35 °C, tR (D-threo) = 2.4 min, tR 
(L-threo) = 3.0 min (Figure S6).

(DL-erythro)-3-(prop-2-yn-1-yloxy)aspartate [(DL-erythro)-19c]
Compound (DL-erythro)-19c was prepared from (DL-erythro)-18c (25 mg, 0.08 mmol) 
following a procedure similar to that used for (DL-threo)-19a. The title compound was 
obtained as a white solid (6 mg, two-step yield of 34%). 1H NMR (500 MHz, D2O): δ 
4.37 (dd, J = 16.1, 2.2 Hz, 1H), 4.31 (d, J = 3.8 Hz, 1H), 4.22 (dd, J = 16.1, 2.1 Hz, 1H), 
4.01 (d, J = 3.8 Hz, 1H), 2.87 (t, J = 2.4 Hz, 1H); 13C NMR (126 MHz, D2O): δ 174.7, 171.7, 
78.2, 78.1 (2C), 57.4, 56.5. HRMS: calcd. for C7H10NO5 [M+H]+: 188.0554, found: 188.0553. 

Synthesis of precursors for hybrid compounds

(L-threo)-1-(tert-butyl)-4-methyl-2-amino-3-(benzyloxy)succinate (21)
The multi-gram scale synthesis of L-TBOA (2) was based on a previously published pro-
cedure.24 To a stirred suspension of 2 (1.20 g, 5 mmol) in dry MeOH (20 mL) was added 
SOCl2 (0.45 mL, 5 mmol) dropwise (in an ice-bath). After 20 minutes, the cooling system 
was removed and the reaction mixture was stirred for further 16 h. After completion of the 
reaction, the solvent was removed to provide crude product 20 as a white solid (1.4 g, 96%). 
No purification was needed and the crude product 20 was directly used for the next step. 
To a stirred suspension of compound 20 (1.3 g, 4.5 mmol) in t-BuOAc (20 mL) was added 
BF3/Et2O (3 mL). The reaction mixture was stirred at room temperature for 16 h. After 
completion of the reaction, 2 M NaOH (20 mL) was added to the reaction mixture and 
stirred for another 10 min. The reaction mixture was extracted with EtOAc (30 mL x 3), 
washed with brine (50 mL x 3), and dried over Na2SO4. The organic solvent was evaporated 
to provide pure product 21 as a clear oil (1.25 g, 91%). 1H NMR (500 MHz, CDCl3): δ 
7.36 – 7.28 (m, 5H), 4.82 (d, J = 11.3 Hz, 1H), 4.48 (d, J = 3.1 Hz, 1H), 4.45 (d, J = 11.3 Hz, 
1H), 3.83 (s, 3H), 3.80 (d, J = 3.1 Hz, 1H), 1.76 (brs, 2H), 1.43 (s, 9H); 13C NMR (126 MHz, 
CDCl3): δ 171.7, 171.0, 137.1, 128.4 (2C), 128.2 (2C), 128.0, 81.9, 79.3, 73.3, 57.9, 52.2, 
28.0 (3C). HRMS: calcd. for C16H24NO5 [M+H]+: 310.1649, found: 310.1651.

(L-threo)-2-(benzyloxy)-4-(tert-butoxy)-3-[(tert-butoxycarbonyl)amino]-4-oxobutanoic 
acid (23)
To a stirred solution of 21 (1.2 g, 3.9 mmol) in dry DCM (25 mL) was added DIEA (1.3 mL, 
8 mmol) and Boc2O (1.7 g, 7.8 mmol) under cooling in an ice-bath. After 10 minutes, 
the cooling system was removed and the reaction mixture was stirred at room tempera-
ture for further 24 h. After completion of the reaction, the reaction mixture was diluted 
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with DCM (20 mL), and washed with 0.5 M HCl (50 mL), saturated NaHCO3 solution 
(50 mL) and brine (50 mL). The organic layer was dried over Na2SO4 (s) and concentrated 
under vacuum to give product 22 as a clear oil (1.35 g, 85%). No purification was needed 
and compound 22 was directly used for the next step. To a stirred solution of 22 (1.35 g, 
3.3 mmol) in THF/H2O (1:1, each 5 mL) was added LiOH (240 mg, 10 mmol) under cool-
ing in an ice-bath. After 10 minutes, the cooling system was removed and the reaction 
mixture was stirred at room temperature for further 8 h. After completion of the starting 
material, THF was removed in vacuo and the resulting aqueous solution was acidified with 
1 M HCl to pH=1. The reaction mixture was extracted with EtOAc (50 mL x 3), washed 
with brine (50 mL x 3), and dried over Na2SO4. The organic solvent was evaporated to 
provide crude product, which was purified via flash chromatography (MeOH/DCM 10%, 
v/v) to give 23 as a clear oil (640 mg, 49%). 1H NMR (500 MHz, DMSO-d6): δ 13.10 (brs, 
1H), 7.36 – 7.29 (m, 5H), 6.45 (d, J = 9.6 Hz, 1H), 4.70 (d, J = 11.6 Hz, 1H), 4.46 – 4.37 (m, 
3H), 1.37 (s, 9H), 1.35 (s, 9H); 13C NMR (126 MHz, DMSO-d6): δ 170.6, 168.3, 155.4, 137.5, 
128.1 (2C), 127.7 (2C), 127.6, 81.5, 78.7, 77.4, 72.0, 56.2, 28.1 (3C), 27.5 (3C). HRMS: calcd. 
for C20H30NO7 [M+H]+: 396.2017, found: 396.2011.

(L-threo)-tert-butyl-3-(benzyloxy)-4-{[4-(2-bromo-4,5-difluorophenoxy)phenyl]ami-
no}-2-[(tert-butoxycarbonyl)amino]-4-oxobutanoate (26)
To a stirred solution of 23 (150 mg, 0.38 mmol) in dry DCM (3 mL) was added EDCI 
(96 mg, 0.5 mmol), HOBT (67 mg, 0.5 mmol) and TEA (50 mg, 0.5 mmol) under cooling 
in an ice-bath. After 30 min, the cooling system was removed and a solution of amine 
24 (100 mg, 0.33 mmol) in DCM (1 mL) was added to the reaction mixture. The reaction 
mixture was stirred for 12 h at room temperature. After completion of the reaction, the 
solvent was removed in vacuo. The reaction mixture was extracted with EtOAc (20 mL x 
3), washed with brine (50 mL), and dried over Na2SO4. The organic solvent was evaporated 
to provide crude product, which was purified via flash chromatography (EtOAc/Petroleum 
ether 5%, v/v) to give 26 as a white solid (70 mg, 27%). 1H NMR (500 MHz, CDCl3): δ 8.19 (s, 
1H), 7.50 – 7.46 (m, 3H), 7.41 – 7.35 (m, 5H), 6.93 (dd, J = 9.0, 3.2 Hz, 2H), 6.73 – 6.70 (m, 
1H), 5.34 (d, J = 9.4 Hz, 1H), 4.83 (d, J = 9.4 Hz, 1H), 4.72 (d, J = 11.2 Hz, 1H), 4.62 (dd, 
J = 11.3, 3.2 Hz, 1H), 4.51 (s, 1H), 1.48 (s, 9H), 1.33 (s, 9H); 13C NMR (126 MHz, CDCl3): 
δ 168.9, 167.4, 155.3, 152.7, 149.1 (dd, J = 409.5 Hz, 13.9 Hz), 150.5 (dd, J = 7.6, 3.8 Hz), 
147.0 (dd, J = 408.2 Hz, 13.9 Hz), 136.2, 133.5, 129.0 (2C), 128.8, 128.5 (2C), 121.8, 121.7, 
121.6, 119.2, 115.6 (d, J = 22.7 Hz), 108.7 (d, J = 21.4 Hz), 107.8 (dd, J = 6.3 Hz, 3.8 Hz), 
83.0, 80.8, 80.2, 74.4, 56.0, 28.2 (3C), 28.1 (3C). HRMS: calcd. for C32H36BrF2N2O7 [M+H]+: 
677.1668, found: 677.1675.
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(L-threo)-tert-butyl-4-[(9H-fluoren-2-yl)amino]-3-(benzyloxy)-2-[(tert-butoxycarbonyl) 
amino]-4-oxobutanoate (27)
Compound 27 was prepared from 23 (100 mg, 0.25 mmol) and (9H)-fluoren-2-amine (25, 
58 mg, 0.32 mmol), using EDCI (61 mg, 0.32 mmol), HOBT (43 mg, 0.32 mmol) and TEA 
(32 mg, 0.32 mmol) and following a procedure similar to that used for 26. The title product 
was obtained as a white solid (128 mg, 90%). 1H NMR (500 MHz, CDCl3): δ 8.36 (s, 1H), 
7.95 (s, 1H), 7.73 (dd, J = 17.7, 7.9 Hz, 2H), 7.55 (d, J = 7.5 Hz, 1H), 7.46 – 7.37 (m, 6H), 
7.34 – 7.29 (m, 2H), 5.43 (d, J = 9.5 Hz, 1H), 4.91 (dd, J = 9.4, 2.3 Hz, 1H), 4.77 (d, J = 
11.1 Hz, 1H), 4.69 (d, J = 11.0 Hz, 1H), 4.57 (d, J = 2.3 Hz, 1H), 3.90 (s, 2H), 1.52 (s, 9H), 
1.35 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 169.0, 167.3, 155.3, 144.4, 143.3, 141.3, 138.4, 
136.3, 135.8, 129.0 (2C), 128.8, 128.5 (2C), 126.8, 126.5, 125.1, 120.1, 119.6, 118.6, 116.9, 
83.0, 80.9, 80.2, 74.3, 56.0, 37.1, 28.2 (3C), 28.1 (3C). HRMS: calcd. for C33H39N2O6 [M+H]+: 
559.2803, found: 559.2808.

Cell culture. All cell lines were cultured at 37 ºC in a humidified 5% CO2 atmosphere. 
The hEAAT1-, hEAAT2- and hEAAT3-HEK293 cell lines were maintained in Culture 
Medium I [Dulbecco’s Modified Eagle Medium Glutamax™-I (DMEM) supplemented with 
5% dialyzed fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin and 1 mg/
mL G-418], and the stable rEAAT4-tsA201 cell line was maintained in Culture Medium II 
(DMEM supplemented with 5% tetracycline-free fetal bovine serum, 100 U/mL penicillin, 
100 mg/mL streptomycin, 0.2 mg/mL hygromycin B and 10 mg/mL blasticidin).

[3H]-D-Asp uptake assay. The pharmacological characterization of various reference EAAT 
ligands and test compounds in the [3H]-D-Asp uptake assay was performed essentially as 
described previously.25 The day before the assay, cells were split into poly-D-lysine-coated 
white 96-well plates (PerkinElmer, Boston, MA) in Culture Medium I (hEAAT1-, hEAAT2- 
and hEAAT3-HEK293) or in Culture Medium II supplemented with 1 mg/mL tetracycline 
(rEAAT4-tsA201). After 16−24 h, the culture medium was aspirated and cells were washed 
twice with 100 μL of assay buffer (Hank’s Buffered Saline Solution supplemented with 
20 mM HEPES, 1 mM CaCl2 and 1 mM MgCl2, pH 7.4). Then 50 μL of assay buffer supple-
mented with 100 nM [3H]-D-Asp (PerkinElmer, Boston, MA) and various concentrations 
of test compounds were added to the wells, and the plate was incubated at 37 °C for 4 min. 
Notably, aspartate uptake is still in the linear range at 4 min after initiation of uptake (for 
all four cell lines). Nonspecific [3H]-D-Asp uptake/binding in the cells was determined in 
the presence of 3 mM L-Glu. The assay mixtures were quickly removed from the wells, and 
the cells were washed with 3 x 100 μL ice-cold assay buffer, after which 150 μL of Micro-
scint-20 scintillation fluid (PerkinElmer, Boston, MA) was added to each well. Then the 
plate was shaken for at least 1 h and counted in a TopCounter (PerkinElmer, Boston, MA). 
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For each compound, three or four independent assays were performed in duplicate (the 
specific numbers are stated for each compound at the four different transporters in Table 2).

The FLIPR Membrane Potential Blue (FMP) assay. The substrate or non-substrate inhib-
itor properties of all 3-substituted Asp derivatives were tested at hEAAT1-, hEAAT2- and 
hEAAT3-HEK293 cells in the FMP assay essentially as previously described, using L-Glu 
and L-THA as reference substrates and DL-TBOA as a reference non-substrate inhibitor at 
the EAATs.25 Briefly, the cells were split into poly-D-lysine-coated black 96-well plates (BD 
Biosciences, Palo Alto, CA) with a clear bottom. The following day, the culture medium was 
aspirated, and the cells were washed once with 100 µL assay buffer (140 mM NaCl, 4.7 mM 
KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 11 mM HEPES, 10 mM D-Glucose, pH 7.4), after which 
the cells were incubated in 100 µL assay buffer supplemented with FMP dye (0.5 mg/mL) 
at 37 °C for 30 min. In the inhibitor experiments, the test compound (300 mM) was added 
to the assay buffer at this point. The 96-well plate was assayed in a FLEXStation Benchtop 
Multi-Mode Microplate Reader (Molecular Devices) measuring emission [in fluorescence 
units (FU)] at 565 nm caused by excitation at 525 nm before and up to 90 s after addition of 
33.3 µL assay buffer supplemented with test compound in the substrate experiments (giving 
rise to an assay concentration of 300 mM of the test compound) or with L-Glu in the inhibi-
tor experiments (giving rise to an assay concentration of L-Glu EC80 for the specific EAAT). 
For each compound, three independent experiments were done in triplicate.

Data analysis. Data from the [3H]-D-Asp uptake assay were fitted to the equation %Uptake 
= 100%Uptake/[1+([L]/IC50)nH], and IC50 values for the test compounds were derived from 
this equation. Concentration-inhibition curves were generated by nonweighted least-
squares fits using the program KaleidaGraph 3.08 (Synergy Software, Reading, PA).
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I) General information 

All chemicals were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) or Thermo 
Fisher Scientific Co. unless stated otherwise. Solvents were purchased from Biosolve (Valk-
enswaard, The Netherlands) or Sigma-Aldrich Chemical Co. Culture media, serum, anti-
biotics and buffers for cell culture and assays were obtained from Invitrogen (Paisley, UK). 
The FLIPR Membrane Potential Blue assay dye was purchased from Molecular Devices 
(Crawley, UK), and [3H]-D-Asp was obtained from PerkinElmer (Boston, MA). L-THA, 
DL-TBOA and WAY-213613 were purchased from Tocris Cookson (Bristol, UK). The stable 
hEAAT1-, hEAAT2- and hEAAT3-HEK293 cell lines have been described previously,1 and 
the stable rEAAT4-tsA201 cell line was a generous gift from Drs. Peter Kovermann and 
Christoph Fahlke. Ingredients for buffers and media were obtained from Duchefa Bioche-
mie (Haarlem, The Netherlands) or Merck (Darmstadt, Germany). Ni-Sepharose 6 fast 
flow resin and prepacked PD-10 Sephadex G-25 columns for protein purification were pur-
chased from GE Healthcare Bio-Sciences (Little Chalfont, UK). Proteins were analyzed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing 
conditions on gels containing 10% polyacrylamide. The gels were stained with Coomassie 
brilliant blue.

High performance liquid chromatography (HPLC) was performed with a Shimadzu 
LC-10AT HPLC with a Shimadzu SP-M10A ELSD detector and a Shimadzu SPD-M10A 
photodiode array detector. NMR analysis was performed on a Brucker 500 MHz machine at 
the Drug Design laboratory of the University of Groningen. Chemical shifts (δ) are reported 
in parts per million (ppm). The coupling constants J are given in Hz. Multiplicities are 
reported as follows: singlet (s), doublet (d), doublet of doublets (dd), doublet of triplets 
(dt), triplet (t), quartet (q), multiplet (m). Electrospray ionization (orbitrap) high resolution 
mass spectrometry (HRMS) was performed by the Mass Spectrometry core facility of the 
University of Groningen. 
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II) Synthesis of (L-threo)-3-substituted Asp analogues

(L-threo)-dimethyl 2-(cyclopropylmethoxy)-3-[(tert-butoxycarbonyl)amino]succinate (S2a)
The chemical synthesis of compound (L-threo)-S1 has been described 
elsewhere.2 To a stirred solution of compound S1 (175 mg, 0.64 mmol) 
in dry DMF (3 mL) was added (bromomethyl)cyclopropane (174 mg, 
1.28 mmol) at -20 °C. After 10 min, NaH (60% in mineral oil, 26 mg, 
0.64 mmol) was added to the reaction mixture and the mixture was 

stirred at -20 °C for further 4 h. After completion of the reaction, the reaction mixture was 
quenched with cold water, extracted with EtOAc (20 mL x 3), washed with brine (50 mL x 
3), and dried over Na2SO4. The solvent was evaporated to provide crude product, which was 
purified via flash chromatography (EtOAc/Petroleum ether, 10%, v/v) to give pure S2a 
(25 mg, 12%) as a clear oil. 1H NMR (500 MHz, CDCl3): δ 5.34 (d, J = 9.8 Hz, 1H), 4.81 (dd, 
J = 9.9, 2.4 Hz, 1H), 4.54 (d, J = 2.4 Hz, 1H), 3.77 (s, 3H), 3.74 (s, 3H), 3.51 (dd, J = 10.6, 
6.9 Hz, 1H), 3.22 (dd, J = 10.6, 7.0 Hz, 1H), 1.42 (s, 9H), 1.01 – 0.95 (m, 1H), 0.55 – 0.46 (m, 
2H), 0.20 – 0.12 (m, 2H); 13C NMR (126 MHz, CDCl3): δ 170.2, 170.0, 155.6, 80.3, 77.6, 
76.0, 56.3, 52.8, 52.5, 28.3 (3C), 10.2, 3.4, 2.7. HRMS: calcd. for C15H26NO7 [M+H]+: 
332.1704, found 332.1704.

(L-threo)-dimethyl 2-(thiophen-3-ylmethoxy)-3-[(tert-butoxycarbonyl)amino]succinate (S2b)
Compound S2b was prepared from S1 (82 mg, 0.30 mmol), 3-(bro-
momethyl)thiophene (105 mg, 0.60 mmol) and NaH (60% in mineral 
oil, 12 mg, 0.30 mmol) following a procedure similar to that used for 
S2a. The title compound was obtained as a clear oil (64 mg, 57%). 
1H NMR (500 MHz, CDCl3): δ 7.28 (dd, J = 4.9, 3.0 Hz, 1H), 7.16 (d, J = 

2.0 Hz, 1H), 6.97 (dd, J = 4.9, 1.2 Hz, 1H), 5.33 (d, J = 9.9 Hz, 1H), 4.79 – 4.76 (m, 2H), 
4.45 (d, J = 2.2 Hz, 1H), 4.41 (d, J = 12.2 Hz, 1H), 3.75 (s, 3H), 3.63 (s, 3H), 1.40 (s, 9H); 13C 
NMR (126 MHz, CDCl3): δ 169.8, 169.7, 155.5, 137.7, 127.6, 126.3, 124.1, 80.3, 76.5, 67.7, 
56.0, 52.7, 52.5, 28.2 (3C). HRMS: calcd. for C16H24NO7S [M+H]+: 374.1268, found 374.1269.



101

C
H

A
PT

ER
 3

. 
N

ov
el

 F
un

ct
io

na
liz

ed
 A

sp
s 

as
 E

A
AT

s 
In

hi
bi

to
rs

(L-threo)-dimethyl 2-(prop-2-yn-1-yloxy)-3-[(tert-butoxycarbonyl)amino]succinate (S2c) 
Compound S2c was prepared from S1 (90 mg, 0.32 mmol), propargyl 
bromide (80% in toluene, 70 µL, 0.65 mmol) and NaH (60% in mineral 
oil, 13 mg, 0.32 mmol) following a procedure similar to that used for S2a. 
The title compound was obtained as a clear oil (30 mg, 30%). 1H NMR 
(500 MHz, CDCl3): δ 5.27 (d, J = 9.8 Hz, 1H), 4.85 (dd, J = 10.0, 2.3 Hz, 

1H), 4.76 (d, J = 2.3 Hz, 1H), 4.35 (dd, J = 16.3, 2.4 Hz, 1H), 4.19 (dd, J = 16.3, 2.0 Hz, 1H), 
3.77 (s, 3H), 3.75 (s, 3H), 2.44 (t, J = 2.3 Hz, 1H), 1.40 (s, 9H); 13C NMR (126 MHz, CDCl3): 
δ 169.5, 169.3, 155.4, 80.4, 78.0, 76.0, 75.8, 57.9, 56.0, 52.9, 52.6, 28.3 (3C). HRMS: calcd. 
for C14H22NO7 [M+H]+: 316.1391, found 316.1388.

(L-threo)-3-(cyclopropylmethoxy)aspartate (S3a)
Compound S3a was prepared from S2a (25 mg, 0.075 mmol) following a 
procedure similar to that used for 19a (see main text). The title compound 
was obtained as a white solid (6 mg, two-steps, 34%). 1H NMR (500 MHz, 
D2O): δ 4.39 (d, J = 2.3 Hz, 1H), 3.99 (d, J = 2.3 Hz, 1H), 3.47 (dd, J = 10.6, 
7.0 Hz, 1H), 3.29 (dd, J = 10.7, 7.3 Hz, 1H), 1.06 – 0.98 (m, 1H), 0.57 – 

0.48 (m, 2H), 0.24 – 0.18 (m, 2H); 13C NMR (126 MHz, D2O): δ 176.2, 171.7, 77.5, 75.7, 
56.5, 9.5, 2.5, 2.1. HRMS: calcd. for C8H14NO5 [M+H]+: 204.0866, found 204.0866. Chiral 
HPLC analysis: CROWNPAK CR-I (+) 150 x 3 mm, phase A: ACN+0.5%TFA, phase B: 
H2O+0.5% TFA, A/B = 98:2, flow rate 0.4 mL/min, column temperature 25 °C, detected by 
ELSD at 35 °C, tR = 2.8 min, ee >99% (Figure S4).

(L-threo)-3-(thiophen-3-ylmethoxy)aspartate (S3b)
Compound S3b was prepared from S2b (64 mg, 0.17 mmol) following a 
procedure similar to that used for 19a (see main text). The title compound 
was obtained as a white solid (31 mg, two-steps, 65%). 1H NMR (500 MHz, 
D2O): δ 7.43 (dd, J = 5.0, 3.0 Hz, 1H), 7.40 – 7.39 (m, 1H), 7.12 (dd, J = 4.9, 
1.3 Hz, 1H), 4.71 (d, J = 11.9 Hz, 1H), 4.51 (d, J = 11.9 Hz, 1H), 4.31 (d, J = 
2.4 Hz, 1H), 3.98 (d, J = 2.4 Hz, 1H); 13C NMR (126 MHz, D2O): δ 175.7, 

171.4, 137.7, 127.9, 126.6, 124.7, 76.9, 67.2, 56.4. HRMS: calcd. for C9H12NO5S [M+H]+: 
246.0431, found 246.0430. Chiral HPLC conditions: Nucleosil chiral-1 column with 0.5 mM 
aq. CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detection at 240 nm, 
tR = 7.3 min, ee >99 (Figure S5).
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(L-threo)-3-(prop-2-yn-1-yloxy)aspartate (S3c)
Compound S3c was prepared from S2c (30 mg, 0.095 mmol) following a 
procedure similar to that used for 19a (see main text). The title compound 
was obtained as a white solid (8 mg, two-steps, 38%). 1H NMR (500 MHz, 
D2O): δ 4.48 (d, J = 2.2 Hz, 1H), 4.29 (dd, J = 16.0, 2.0 Hz, 1H), 4.20 (dd, J = 
16.1, 1.9 Hz, 1H), 3.98 (d, J = 2.2 Hz, 1H), 2.82 (t, J = 2.1 Hz, 1H); 13C NMR 

(126 MHz, D2O): δ 175.5, 172.24, 78.7, 77.3, 76.3, 57.7, 56.8. HRMS: calcd. 
for C7H10NO5 [M+H]+: 188.0554, found 188.0553. Chiral HPLC analysis: CROWNPAK 
CR-I (+) 150 x 3 mm, phase A: ACN+0.5%TFA, phase B: H2O+0.5% TFA, A/B = 98:2, flow 
rate 0.4 mL/min, column temperature 25 °C, detected by ELSD at 35 °C, tR = 3.2 min, ee 
>99% (Figure S6).
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III) NMR spectra 

Figure S1. 1H NMR data comparison of enzymatic product 13a with chemically prepared 
(DL-threo)-19a, (L-threo)-S3a and (DL-erythro)-19a.
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Figure S2. 1H NMR data comparison of enzymatic product 13g with chemically prepared 
(DL-threo)-19b, (L-threo)-S3b and (DL-erythro)-19b.
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Figure S3. 1H NMR data comparison of enzymatic product 13k with chemically prepared 
(DL-threo)-19c, (L-threo)-S3c and (DL-erythro)-19c.
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IV) Chiral HPLC analysis

Figure S4. Chiral HPLC analysis of product 13a. Chiral HPLC conditions: CROWNPAK CR-I (+) 
150 x 3 mm, 5 um. Phase A: ACN+0.5% TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/
min, column temperature 25 °C, detected by ELSD at 35 oC. This analysis showed that enzymatically 
prepared 13a has the L-threo configuration (ee >99%).
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Figure S5. Chiral HPLC analysis of product 13g. Chiral HPLC conditions: Nucleosil chiral-1 column 
with 0.5 mM aq. CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detection at 240 
nm. This analysis showed that enzymatically prepared 13g has the L-threo configuration (ee >99%).



108 CHAPTER 3

10187_DL-FH-129_001.lcd

min

mV

0 1 2 3 4 5 6 7

0

25

50 ELSD-LTII

 2
,3

58
 

 3
,0

10
 

10193_Enz-FH-73-001_001.lcd

min

mV

0 1 2 3 4 5 6 7

0

25

50

ELSD-LTII

 3
,2

39
 

10189_L-FH-139_001.lcd

min

mV

0 1 2 3 4 5 6 7

0

25

50 ELSD-LTII

 3
,2

14
 

Peak# Ret. Time (min) Area Area%
1 2.358 282941 59.536
2 3.010 192302 40.462

Peak# Ret. Time (min) Area Area%
1 3.214 560343 100.000

Peak# Ret. Time (min) Area Area%
1 3.239 670791 100.000

Figure S6. Chiral HPLC analysis of product 13k. Chiral HPLC conditions: CROWNPAK CR-I (+) 
150 x 3 mm, 5 um. Phase A: ACN+0.5% TFA, phase B: H2O+0.5% TFA, A/B = 98:2. Flow rate 0.4 mL/
min, column temperature 25 °C, detected by ELSD at 35 oC. This analysis showed that enzymatically 
prepared 13k has the L-threo configuration (ee >99%).
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Abstract

Glutamate is an important signaling molecule in the nervous system and its extracellular 
levels are regulated by amino acid transporters. Studies on the role of glutamate transport 
have benefitted from the development of small molecule inhibitors. Most inhibitors, how-
ever, cannot be remotely controlled with respect to the time and place of their action, which 
limits their application in biological studies. Herein, the development and evaluation of 
inhibitors of the prokaryotic transporter GltTk with photo-controlled activity, enabling the 
remote, reversible, and spatiotemporally resolved regulation of transport is reported. Based 
on a known inhibitor, seven inhibitors, bearing a photoswitchable azobenzene moiety, are 
designed and synthesized. The most promising photo-controlled inhibitor, shows in its 
non-irradiated form, an IC50 of 2.5±0.4 μM for transport by GltTk. Photoswitching results 
in a reversible drop of potency to an IC50 of 9.1±1.5 μM. This 3.6-fold difference in activity 
was used to demonstrate that the transporter function can be switched on and off reversibly 
through irradiation. As a result, this inhibitor could be a powerful tool in studying the role 
of glutamate transport by precisely controlling the time, and the specific tissue or groups of 
cells, in which the inhibitor is active. 

Keywords 

Glutamate transport, photopharmacology, azobenzene, photo-controlled inhibitor.
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Introduction

Glutamate transporters belong to a large family of membrane proteins that catalyze co-trans-
port of the substrate (glutamate/aspartate/neutral amino acid) and cations.1,2 Glutamate is 
an important precursor in the biosynthesis of purines, glutamine, proline, arginine, α-keto-
glutarate and glutathione.3,4 Most importantly, in the human central nervous system (CNS), 
glutamate is a neurotransmitter. In order to pass a signal, the pre-synaptic neuron releases 
glutamate via exocytosis, upon which glutamate is sensed by receptors on the post-synaptic 
neuron.5 Subsequently, glutamate is removed by glutamate transporters, known as excita-
tory amino acid transporters (EAATs), to attenuate the signal.6 Accumulation of glutamate 
in the synapse is involved in the development of several neuro-degenerative diseases.7

Mammalian glutamate transporters belong to the SLC1 family of membrane proteins, 
which is present in all the kingdoms of life, and includes the archaeal aspartate transporters 
GltPh and GltTk.1,2 Much of our understanding of the transport mechanism of the glutamate 
transporters has come from structural studies of GltPh and GltTk8–16 that are structurally 
and mechanistically similar to the mammalian proteins.17,18 GltPh and GltTk however can 
transport only aspartate, while EAATs can use both aspartate and glutamate as a substrate.19 

Mechanistic studies on the role of glutamate transport are facilitated by the use of small mol-
ecule inhibitors.6,20-21 (L-threo)-β-Benzyloxyaspartate (TBOA) and (L-threo)-3-{3-[4-(tri-
fluoromethyl)benzoylamino]benzyloxy}aspartate (TFB-TBOA) are aspartate derivatives 
that are most commonly used to study the role of glutamate transporters in the CNS.22-23 An 
impressive example was published by Xie et al,24 where a window was installed in the skull of 
a mouse that was genetically modified with a fluorescent glutamate reporter protein. Upon 
delivering a light pulse to the eye of the mouse, increased glutamate levels were observed 
shortly in the visual cortex. After injection of glutamate transporter inhibitor TBOA, the 
level of glutamate was higher and clearance was slower.24 

However, in experiments such as the one described above, the inhibition of glutamate 
transport by TBOA and TFB-TBOA is systemic and it cannot be excluded that compen-
sation effects occur. Furthermore, due to systemic inhibition, it is difficult to study the 
physiology of glutamate transporters in a specific organ, tissue or group of cells of inter-
est. To overcome this limitation, control over the activity of the inhibitor with an external 
stimulus would be highly desirable as it would allow to reversibly turn the inhibitor on and 
off at specific organs, tissues and cells at any chosen time and in a reversible manner. Such 
a remotely controlled inhibitor would contribute to a better understanding of the role of 
the glutamate transporters in health and disease, as also exemplified by a recent report by 
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Trauner and Kavanaugh in which one of the molecules also reported here was evaluated on 
human EAATs.25

In recent years, bio-active molecules have been developed that can be switched on and 
off with light as an external stimulus (Figure 1), along the principles of photopharmacol-
ogy.26-28 Photo-control over biological activity can be achieved by the introduction of a 
molecular photoswitch, such as azobenzene,29 into the structure of the molecule. Thermally 
stable trans-azobenzene (Figure 2 in blue) is a linear, (near) flat molecule; irradiation with 
UV light results in the isomerization of the azo bond and gives cis-azobenzene, which is 
less stable, non-planar, has a higher dipole moment29-30 and is more soluble in aqueous 
solutions than the trans isomer.31 Trans to cis isomerization can be reversed by irradia-
tion with visible light; however the cis-trans isomerization also happens spontaneously on 
a time-scale of milliseconds to years, depending on the azobenzene structure.29-30 Since 
trans-azobenzene and cis-azobenzene strongly differ in structure and polarity, they have 
the potential to differently influence the activity of a bio-active molecule into the structure 
of which they have been incorporated. This enables the reversible photoswitching between 
the forms of a photo-active molecule with different potency.26-28 A schematic view of possi-
ble photo-control over glutamate transporter activity using a photo-controlled inhibitor is 
shown in Figure 1. The glutamate transporter facilitates the transport of substrate, together 
with sodium ions.12,16 The inhibitor has two states, an inactive state (yellow) that does not 
bind to the transporter and an active state (green) that blocks transport. Light of specific 
wavelengths can be used to switch between the two states of the inhibitor and thereby a 
reversible photo-control over transport can be achieved, offering additional advantages of 
high spatiotemporal resolution possible in light delivery and the low toxicity of photons to 
biological systems.27 This approach has been successfully demonstrated in developing pho-
to-controlled antibiotics,32-33 anticancer drugs34-39 and receptor ligands,40-49 among others.

Here we present the synthesis and evaluation of seven analogues of TBOA and TFB-TBOA 
with photo-controlled activity. The compounds were prepared using a key enzymatic step 
to ensure high stereocontrol in the synthesis of enantiopure precursor. Subsequently, the 
photochemical properties were studied and biological activity was determined using the 
archaeal aspartate transporter GltTk. p-MeO-azo-TBOA and p-HexO-azo-TBOA showed 
the best photochemical properties, in which nearly full conversion from trans to cis isomer 
can be achieved upon irradiation. The largest difference in activity between trans and cis 
isomers was observed for p-MeO-azo-TBOA and this difference was successfully used to 
reversibly control the transport rate by light in situ. 
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Figure 1. Schematic view of photo-control over glutamate transporter activity, along the principles 
of photopharmacology. The yellow box represents an inactive inhibitor, which does not block the 
transport of the substrate (purple). By irradiation with light of wavelength λ1, the active inhibitor can 
be locally formed (green cylinder), which blocks substrate transport. This process is reversible by 
irradiation with light of wavelength λ2.

Results and discussion

Design and synthesis of glutamate transporter inhibitors

Our design of photoswitchable inhibitors is based on a known EAAT inhibitor TFB-
TBOA (Figure 2),50 which has been widely used to study glutamate transport in the 
CNS.20-21 To render TFB-TBOA photoresponsive, we replaced the amide bond by a diazo 
moiety (Figure 2), in a photopharmacological approach known as azologization.51 An 
extensive SAR of TBOA has been described50 on EAAT2 and EAAT3 and it demonstrated 
that substituents at the para position are beneficial for the potency. TFB-TBOA (p-CF3) 
has an affinity of 1.9 nM and 28 nM for EAAT2 and EAAT3, respectively. Other potent 
inhibitors disclosed in the SAR study have either p-HexO (1.2 nM for EAAT2, 18 nM 
for EAAT3), p-MeO (12 nM for EAAT2 and 266 nM for EAAT3) or p-CF3O (7 nM for 
EAAT2 and 128 nM for EAAT3) substituents at the para position. With those high poten-
cies in mind, p-CF3-azo-TBOA, p-HexO-azo-TBOA, p-MeO-azo-TBOA and p-CF3O-
azo-TBOA (Figure 2) were synthesized and evaluated in our study. The choice of MeO and 
HexO substituents was further expected to be beneficiary, since alkyloxy substituents in 
the para position of azobenzene often result in good band separation of the isomers, ena-
bling nearly full isomerization to cis upon irradiation.52 To evaluate the importance of the 
position on the ring, further azo-TBOAs with methyl substituents on the ortho, meta and 
para position were designed (Figure 2). Due to the difference in electronic properties and 
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structures, all the substituents likely influence both the biological activity of cis and trans 
isomers and the photochemical properties such as the maximum wavelength of absorp-
tion, photo-stationary states (PSS) and half-life of the cis isomer. Finally, we also sought to 
evaluate the p-CF3 substituted compound, which is the closest to the original TFB-TBOA 
structure, inspired by a recent report by Trauner and co-workers.25 In their study, differ-
ences in activity between trans and cis isomers were observed on oocytes overexpressing 
either EAAT1, EAAT2 or EAAT3 by measuring membrane voltage. The photo-controlled 
glutamate transporter inhibitor was more potent in the trans configuration than in cis form.

Figure 2. TFB-TBOA and designed photoswitchable glutamate transporter inhibitors azo-TBOAs, 
with the photoswitch azobenzene marked in blue.

Figure 3. Synthesis of azo-TBOAs

The azo-TBOAs were prepared in a convergent synthesis, where the alkylating agents 4a-g 
and the chiral building block 17 were synthesized separately and coupled at a late stage in 
the synthetic route (Figure 3). The alkylating agents 4a-g, containing the azobenzene pho-
toswitch, were synthesized using standard procedures (see SI). The chiral building block 
17 was synthesized using an enzymatic reaction, in which an optimized mutant of meth-
ylaspartate ammonia lyase (MAL)53,54 stereoselectively aminates 2-(benzyloxy)fumaric acid 
13 to (L-threo)-2-amino-3-(benzyloxy)succinic acid 14.55 Subsequently, the free amine and 
carboxylic acid groups of compound 14 were protected and, after debenzylation, the reac-
tion of the alcohol moiety in 17 with bromides 4a-g, followed by global deprotection, gave 
final compounds 1a-g (azo-TBOAs).
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Photochemical properties of photoswitchable glutamate 
transporter inhibitors

Next, the photochemical properties of the azo-TBOAs were analyzed (Figure 4). As deter-
mined by UV/VIS spectroscopy, all compounds absorb in the UV region, where trans-p-
MeO-azo-TBOA and trans-p-HexO-azo-TBOA have an absorption maximum in DMSO 
of 355 nm and 353 nm, respectively (Figures 4B, S2, and S3). All other trans-azo-TBOAs 
have an absorption maximum in the 317 - 332 nm region (Figures S1 and S4-7), slightly 
more blue-shifted than p-HexO-azo-TBOA and p-MeO-azo-TBOA. All azo-TBOAs could 
be switched for several cycles in DMSO with little fatigue observed (Figures 4C, S2-7). 
Using 1H NMR spectroscopy, the photo-stationary states (PSS) of all azo-TBOAs in DMSO 
were determined, providing information on how much of the compound can be switched to 
the cis isomer upon irradiation in DMSO as a solvent. As expected, p-alkyloxy substituted 
azobenzenes p-MeO-azo-TBOA and p-HexO-azo-TBOA showed excellent PSS: irradia-
tion with 365 nm light results in nearly full isomerization to the cis isomer (Figures 4D and 
S2-3). In contrast, p-CF3O-azo-TBOA shows a PSS with only 71% cis present upon irra-
diation with 312 nm light (Figure S5). Irradiation of p-Me-azo-TBOA, m-Me-azo-TBOA 
and o-Me-azo-TBOA resulted in a PSS containing 93%, 86% and 90% of the cis isomer, 
respectively (Figures S4, S6 and S7). 

Surprisingly, p-CF3-azo-TBOA, reported earlier,25 was in our hands unstable and small 
shifts in the spectra upon five cycles of irradiation were observed (Figure S1). When deter-
mining the PSS upon irradiation in DMSO by 1H NMR spectroscopy, formation of side 
products was observed (Figures S1), which was not observed before.25 However, it must be 
noted that we used different wavelengths of irradiation (312 nm and 365 nm vs. 350 nm25) 
and the shifts in the spectrum are mainly observed for switching in DMSO and not in 
50 mM KPi buffer (pH 7.4). For all other compounds, no photodegradation was observed. 
To confirm that the excellent switching behavior extends to biologically relevant solvents, 
p-MeO-azo-TBOA was dissolved in 50 mM KPi buffer (pH 7.4) and switching was stud-
ied with UV/VIS spectroscopy, showing very similar properties to those in DMSO (Figure 
S2). To evaluate the rate of thermal cis-trans relaxation, half-lives for all compounds were 
determined in DMSO at 37 oC. For all azo-TBOAs, a half-life at 37 oC in DMSO of >10 h 
was observed, showing that the cis isomer is relatively stable. The half-life of the cis isomer 
of p-MeO-azo-TBOA in 50 mM KPi buffer (pH 7.4) at 37 oC is approximately 6 h (Figure 
S2), which is shorter than in DMSO, but the isomer is still relatively stable on the timescale 
(4 -12 min) of the experiments that were used to evaluate the biological activity of azo-
TBOAs (vide infra).
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Figure 4. Photochemical properties of azo-TBOAs. A) Photochemical properties of azo-TBOAs in 
DMSO. B) UV/VIS spectra of p-MeO-azo-TBOA, 20 µM in DMSO, thermally adapted, irradiated 
with λ = 365 nm light for 40 s and white light for 20 s. C) UV/VIS absorbance of p-MeO-azo-TBOA 
at λ = 355 nm, 20 µM in DMSO, irradiated with 365 nm light and white light (WL). D) 1H NMR 
spectrum of p-MeO-azo-TBOA, 1 mg in 500 µL DMSO-d6, cis-trans ratio was calculated from the 1H 
signals of Ar-CH2-O (1) and O-CH-R2 (2). Top: thermal, cis-trans ratio 1:99. Bottom: irradiated with 
λ = 365 nm light for 60 min, cis-trans ratio 96:4. Right: structure of p-MeO-azo-TBOA in trans and 
cis configuration. 
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Biological evaluation of light-switchable glutamate transporter 
inhibitors

Next, the biological activity of the synthesized azo-TBOAs was determined on the aspar-
tate transporter GltTk from the archaeon T. kodakarensis, that shows 32% sequence identity 
with human EAATs with even higher conservation of amino acid residues in the substrate/
cation binding site and therefore GltTk has been used for structural and mechanistic stud-
ies.12 GltTk catalyzes uptake of aspartate coupled to the symport of three Na+ ions.16 To study 
the inhibition of uptake by azo-TBOAs, GltTk was purified, incorporated in liposomes and 
the rate of uptake of 14C-labeled aspartate into the lumen of the liposomes was assayed1 in 
the presence and absence of the photoswitchable inhibitors.

For initial screening, [14C]-aspartate was used at a concentration of 1 µM, and all azo-
TBOAs were tested at 10 µM concentration, both in the dark (full trans) or irradiated (PSS) 
state, together with a negative control (no inhibitor) and a positive control (TFB-TBOA) 
(Figure 5A). The uninhibited uptake rate was set at 100% transporter activity. At 10 µM 
concentration, all para-substituted trans-azo-TBOAs showed activity in the same range as 
TFB-TBOA, while trans-m-Me-azo-TBOA and trans-o-Me-azo-TBOA were less potent. 
This shows that for a better inhibitor in the trans configuration, a substituent on the para 
position is preferred, in agreement with previously reported SAR for TFB-TBOA.50 In 
general, the irradiated cis azo-TBOAs had less inhibitory effect than the corresponding 
trans isomers. For p-MeO-azo-TBOA, we have observed the largest difference in inhibitory 
activity between the cis and trans forms at 10 µM and therefore the IC50 values for both cis 
and trans isomers were determined (Figure 5B), showing IC50 = 2.5 ± 0.4 µM for trans and 
IC50 = 9.1 ± 1.5 µM for cis, which represents a statistically significant 3.6-fold drop in activity 
upon irradiation. As compared to TFB-TBOA (IC50 of 0.4 ± 0.1 µM), p-MeO-azo-TBOA 
lost one order of potency due to the azologization. Since p-MeO-azo-TBOA and p-HexO-
azo-TBOA have nearly identical photochemical properties, IC50 was also determined for 
p-HexO-azo-TBOA. Surprisingly, for p-HexO-azo-TBOA, we observed no differences in 
activity between trans and cis isomers, giving IC50 values of 0.7 ± 0.1 µM and 0.6 ± 0.1 µM, 
respectively. This result cannot be explained by differences in photoswitching between the 
p-MeO- and p-HexO-substituted molecules, since in both cases the trans isomer can nearly 
completely be switched to the cis isomer. Interestingly, both isomers of p-HexO-azo-TBOA 
are nearly as active as TFB-TBOA (Figure 5B). To demonstrate that the lower activity of cis 
compared to trans is not because of an unexpected photodegradation effect, p-MeO-azo-
TBOA was switched in several cycles in DMSO to confirm the recovery of the activity of 
the trans isomer (Figure S12).  
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Besides the biological activity in the uptake assay, dissociation constants (Kd) were deter-
mined using isothermal titration calorimetry (ITC)16 (Figure 5C). The affinity of the trans-
porter substrate aspartate and the inhibitor TFB-TBOA were determined with Kd values 
of 0.12 ± 0.03 µM and 0.86 ± 0.19 µM, respectively. For TFB-TBOA, the affinity of 0.86 ± 
0.19 µM is in the same order as the IC50 of 0.4 ± 0.1 µM, as determined by the uptake assay. 
The isomers of p-MeO-azo-TBOA have Kd of 1.89 ± 1.26 µM and 3.19 ± 0.49 µM (Figure 
S14), for the trans and cis form respectively, with no statistically significant difference 
between the values. Also for p-HexO-azo-TBOA no significant difference in binding was 
observed for the two isomers, where trans binds with an affinity of 2.56 ± 0.77 µM and cis 
with 4.99 ± 3.05 µM (Figure S15). Although the error in the ITC measurements is too large 
to determine whether the cis and trans isomers bind with different affinity to the trans-
porter, the Kd values in the low micromolar range are consistent with the uptake assays. 
Furthermore, we expect that the observed differences in inhibitory activity between the 
two different photoisomers may not originate only from differences in binding affinity, but 
possibly also binding kinetics.56 

Figure 5. Biological evaluation of azo-TBOAs. A) Screening of the GltTk inhibitory activity of 
azo-TBOAs at 10 µM, dark and irradiated; error bars represent the range obtained in duplicate 
experiments; n.s., not significant; *p < 0.05. B) IC50 curves for TFB-TBOA (0.4 ± 0.1 µM), p-MeO-
azo-TBOA in trans (2.5 ± 0.4 µM), cis (9.1 ± 1.5 µM) and p-HexO-azo-TBOA in trans (0.7 ± 0.1 µM) 
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and cis (0.6 ± 0.1 µM), experiments were performed in duplicate. C) Binding affinity of compounds to 
GltTk, determined using isothermal titration calorimetry (ITC), including the standard error.

Figure 6. Photo-control over the transport rate by switching p-MeO-azo-TBOA. A) Irradiation 
reversibly controls the transport, starting with cis-p-MeO-azo-TBOA, irradiated with white light 
(45 s) after 2.5 min, UV light (45 s) after 5.75 min and white light (45 s) after 9 min. B) Irradiation 
reversibly controls the transport, starting with trans-p-MeO-azo-TBOA, irradiated with UV light 
(45 s) after 2.5 min, white light (45 s) after 5.75 min and UV light (45 s) after 9 min. C) Transport 
rate of [14C]aspartate as a function of % trans-p-MeO-azo-TBOA at 50 µM. All experiments were 
performed in duplicate.

Reversibility and temporal control are important features of bio-active molecules with pho-
to-controlled activity, since they enable the control over time and place (tissue or group 
of cells) where the inhibitor is active. To test whether the 3.6-fold difference in IC50 values 
between trans and cis isomers of p-MeO-azo-TBOA is sufficient to reversibly control the 
transport in time, we attempted to photoswitch this inhibitor between the higher and 
lower potency states during the uptake assay. As shown in Figure 6A, the experiment was 
started with the cis isomer of p-MeO-azo-TBOA (weaker inhibitor) and fast uptake was 
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observed. Upon irradiation with white light, the inhibitor was switched to the trans isomer 
(stronger inhibitor) and uptake was attenuated. Subsequent irradiation with UV light again 
resulted in switching to the weaker inhibitor and an increase in uptake rate was observed. 
The second irradiation with white light to the trans isomer, attenuated the uptake again. 
The same experiment was performed starting with the trans isomer (Figure 6B), showing 
that irradiating with UV light increases uptake rate and with white light decreases uptake 
rate, in a reversible manner. As controls, aspartate transport was measured in the presence 
of 1 vol% DMSO, while continuously irradiating with UV light or with visible light (Figure 
S10). No changes in transport rate were observed, demonstrating that the proteoliposomes 
are not affected by light and further supporting the reversibility and temporal control of 
p-MeO-azo-TBOA over transport.

Besides the ‘strong inhibitor trans’ and ‘weak inhibitor cis’ states, different cis-trans ratios 
between the thermal cis-trans ratio and the PSS ratio can be obtained by dosing the dura-
tion and intensity of irradiation. To demonstrate this concept, several cis-trans ratios of 
p-MeO-azo-TBOA were acquired by tuning the duration of irradiation and for all mixtures 
their effect on the transport rate was measured (Figure 6C), showing a linear dependence of 
the transport rate on the percentage of cis isomer achieved by irradiation.

Conclusions

We present the design, synthesis and biological evaluation of inhibitors of the SLC1 trans-
porter GltTk with photo-controlled activity. Based on the known inhibitor TFB-TBOA, 
seven azo-TBOAs were synthesized using a key stereoselective enzymatic step. Of the 
seven azo-TBOAs, those with alkyloxy substituents on the para-position showed excellent 
PSS and long half-lives of the cis isomer. The largest difference in inhibitory activity was 
observed for p-MeO-azo-TBOA; the trans isomer is 3.6 folds more active compared to the 
cis isomer. 

Notably, p-HexO-azo-TBOA shows an excellent PSS but no difference in activity between 
cis and trans. This means that switching from trans to cis or from cis to trans has no effect 
on the biological activity, despite the large structural change. In fact, p-MeO-azo-TBOA 
and p-HexO-azo-TBOA have nearly identical photochemical properties. Therefore, these 
compounds give insight into the relation between structure and binding to GltTk, providing 
important structural guidance in the rational design of new photo-controlled glutamate 
transporter inhibitors.
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We demonstrate the reversible and temporal control over glutamate transport using pho-
to-controlled inhibitors and light. Besides switching ‘on’ and ‘off ’, also intermediate trans-
port rates between those in the presence of full cis and full trans isomers can be achieved 
by dosing the light, demonstrating the concept of photodosimetry. Employing glutamate 
transporter inhibitors with photo-controlled activity can potentially provide a better under-
standing of the role of glutamate transporters in healthy tissues and disease pathology. 
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I) Chemical Synthesis

1. General information 

All chemicals for synthesis were obtained from commercial sources and used as received 
unless stated otherwise. Solvents were reagent grade. Thin-layer chromatography (TLC) 
was performed using commercial Kieselgel 60, F254 silica gel plates, and components were 
visualized with KMnO4 or phosphomolybdic acid reagent. Flash chromatography was per-
formed on silica gel (Silicycle Siliaflash P60, 230-400 mesh). Drying of solutions was per-
formed with MgSO4 and solvents were removed with a rotary evaporator. Chemical shifts 
for 1H NMR measurements were determined in CDCl3 relative to the tetramethylsilane 
internal standard (TMS, δ = 0.00). Chemical shifts for 13C NMR measurements were deter-
mined relative to the residual solvent peaks (CDCl3, δ = 77.2; DMSO-d6, δ = 39.5). Multi-
plicities are reported as follows: singlet (s), doublet (d), doublet of doublets (dd), doublet 
of triplets (dt), triplet (t), quartet (q), multiplet (m). High resolution mass spectra (electro-
spray ionisation) spectra were obtained on a Thermo scientific LTQ Orbitrap XL. Melting 
points were recorded using a Buchi melting point B-545 apparatus. 

2. Experimental procedures

Synthesis of azobenzene-based O-alkylating agents 4a-g

1-(m-Tolyl)-2-[4-(trifluoromethyl)phenyl]diazene (3)
A solution of 3-nitrosotoluene (2.56 mmol, 310 mg) and 4-trifluoromethyl-aniline 
2 (3.33 mmol, 537 mg) in acetic acid (8 mL) was heated at 50 °C overnight. The reaction 
mixture was diluted with diethyl ether (100 mL) and washed with 1 N aq. HCl (80 mL), 
sat. aq. NaHCO3 (2 x 80 mL) and brine (80 mL). The organic phase was dried (MgSO4) 
and the solvent was evaporated. The product was purified by flash chromatography (silica 
gel, 40-63 μm, pentane) to give red solid (240 mg, 36%). Rf = 0.30 (pentane); Mp. 54-55 °C. 
1H NMR (400 MHz, CDCl3): d 2.47 (s, 3H, CH3), 7.34 (d, J = 7.6 Hz, 1H, ArH), 7.43 (t, 

J = 8.0 Hz, 1H, ArH), 7.74-7.83 (m, 4H, ArH), 8.00 (d, J = 8.0 Hz, 2H, ArH); 13C NMR 
(100 MHz, CDCl3): d 21.3, 120.8, 122.9, 123.3, 126.2, 126.3, 129.0, 132.1 (q, 2JC,F = 32.3 Hz), 
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132.6, 139.1, 152.5, 154.5; 19F NMR (376 MHz, CDCl3): -62.5 (s). HRMS (ESI+) calc. 
for [M+H]+ (C14H12F3N2): 265.0947, found: 265.0942.

1-[3-(Bromomethyl)phenyl]-2-[4-(trifluoromethyl)phenyl]diazene (4a) 
A solution of compound 3 (0.90 mmol, 240 mg), N-bromosuccinimide (1.24 mmol, 220 mg) 
and AIBN (0.21 mmol, 35 mg) in carbon tetrachloride (9 mL) was heated at reflux for 20 h. 
Another portion of AIBN (35 mg) was added, and the reaction was heated at reflux for 
additional 20 h. The product was purified by flash chromatography (silica gel, 40-63 μm, 
pentane/Et2O, 95:5, v/v) and recrystallization from methanol to give red needles (190 mg, 
62% yield). Rf = 0.23 (pentane); Mp. 76-78 °C. 1H NMR (400 MHz, CDCl3): d 4.59 (s, 2H, 
CH2Br), 7.50-7.60 (m, 2H, ArH), 7.79 (d, J = 7.6 Hz, 2H, ArH), 7.90 (d, J = 7.6 Hz, 1H, 
ArH), 7.98 (s, 1H, ArH), 8.01 (d, J = 8.0 Hz, 2H, ArH); 13C NMR (100 MHz, CDCl3): d 32.6, 
123.1, 123.1,123.6, 126.3, 126.3, 129.7, 132.2, 132.4 (q, 2JC,F = 32.6 Hz), 139.1, 152.6, 154.2; 
19F NMR (376 MHz, CDCl3): -62.6 (s). HRMS (ESI+) calc. for [M+H]+ (C14H11BrF3N2): 
345.0032, found: 345.0033.

Ethyl (E)-3-[(4-hydroxyphenyl)diazinyl]benzoate (6)
Ethyl 3-aminobenzoate 5 (3.0 mL, 2.7 g, 17 mmol) was dissolved in aq. 1 N HCl (50 mL) 
and NaNO2 (1.60 g, 23 mmol) was added. The reaction mixture was stirred in an ice-bath 
for 10 min. MeOH (25 mL) was added to the reaction mixture and a solution of PhOH 
(1.93 g, 14.6 mmol) and KOH (2.14 g, 38.1 mmol) in MeOH (20 mL) was added drop-
wise. The reaction mixture was stirred at room temperature for 1h. After completion, aq. 
1 N HCl (50 mL) and EtOAc (50 mL) were added to the reaction mixture and the aqueous 
layer was extracted with EtOAc (3 x 50 mL). The combined organic layers were concen-
trated in vacuo, Et2O was added (100 mL) and the precipitated product was filtered off and 
washed with pentane. The product was obtained as an orange solid (1.58 g, 5.8 mmol, 34% 
yield). Mp: 141-146 oC. 1H NMR (400 MHz, CDCl3): δ 1.44 (t, J = 7.1 Hz, 3H, CH3), 4.38 – 
4.48 (m, 2H, CH2), 5.65 (s, 1H, ArOH), 6.98 (d, J = 6.9 Hz, 2H, ArH), 7.58 (t, J = 7.8 Hz, 
1H, ArH), 7.91 (d, J = 6.9 Hz, 2H, ArH), 8.05 (d, J = 7.9 Hz, 1H, ArH), 8.12 (d, J = 7.7 Hz, 
1H, ArH), 8.52 (s, 1H, ArH); 13C NMR (101 MHz, CDCl3): δ 14.3, 61.4, 115.9, 123.9, 125.2, 
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126.4, 129.1, 131.1, 147.0, 152.7, 158.7, 166.4. HRMS (ESI+) calc. for. [M+H+] (C15H15N2O3) 
271.1077, found: 271.1074. 

Ethyl (E)-3-[(4-methoxyphenyl)diazinyl]benzoate (7b)
Compound 6 (0.70 g, 2.6 mmol) was dissolved in acetone (20 mL) and MeI (3.0 mL, 1.3 g, 
9.3 mmol) and K2CO3 (3.7 g, 26.8 mmol) were added. The reaction mixture was stirred at 
40 oC overnight. After completion, Et2O (50 mL) and water (50 mL) were added and the 
organic layer was separated, dried with MgSO4 and concentrated in vacuo. The product was 
purified by flash chromatography (silica gel 40-63 μm, 0-10% EtOAc in pentane). The prod-
uct was obtained as an orange solid (0.62 g, 2.2 mmol, 85% yield). Mp: 40 - 42 oC. 1H NMR 
(400 MHz, CDCl3): δ 1.42 (d, J = 14.3 Hz, 3H, CH3), 3.85 (s, 3H, OCH3), 4.42 (q, J = 7.1 Hz, 
2H, CH2), 6.99 (d, J = 9.0 Hz, 2H, ArH), 7.54 (t, J = 7.8 Hz, 1H, ArH), 7.94 (d, J = 9.0 Hz, 
2H, ArH), 8.11 (d, J = 7.9 Hz, 1H, ArH), 8.53 (s, 1H, ArH); 13C NMR (101 MHz, CDCl3): δ 
14.4, 55.5, 61.2, 76.8, 77.1, 77.4, 114.2, 123.9, 125.0, 126.3, 129.0, 131.0, 131.6, 146.8, 152.7, 
162.4, 166.1. HRMS (ESI+) calc. for. [M+H+] (C16H16N2O3) 285.1234, found: 285.1232. 

(E)-{3-[(4-methoxyphenyl)diazinyl]phenyl}methanol (8b)
Compound 7b (0.50 g, 1.8 mmol) was dissolved in dry THF (5 mL) and the reaction mix-
ture was cooled in an ice-bath. LiAlH4 (1.8 mL of 1M solution in THF) was added and 
the reaction mixture was stirred overnight at room temperature. After completion, MeOH 
(5 mL), EtOAc (50 mL), and sodium tartrate (5 g in 100 mL H2O) were added and the 
resulting mixture was stirred for 1 h. The layers were separated and the aqueous layer was 
extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with water 
and brine, dried with MgSO4 and concentrated in vacuo. The product was purified by flash 
chromatography (silica gel 40-63 μm, pentane, 0 - 50% Et2O in pentane) and precipitated 
with pentane. The product was obtained as an orange solid (0.27 g, 1.1 mmol, 61% yield). 
Mp: 54 - 55 oC. 1H NMR (400 MHz, CDCl3): δ 3.86 (s, 3H, OCH3), 4.74 (s, 2H, CH2OH), 
6.99 (d, J = 8.7 Hz, 2H, ArH), 7.37 – 7.50 (m, 2H, ArH), 7.75 – 7.86 (m, 2H, ArH), 7.90 (d, 
J = 8.6 Hz, 2H, ArH); 13C NMR (101 MHz, CDCl3): δ 55.6, 64.9, 114.2, 120.3, 122.3, 124.8, 
128.7, 129.2, 142.0, 146.9, 152.9, 162.1. HRMS (ESI+) calc. for. [M+H+] (C14H15N2O2) 
243.1128, found: 243.1125. 

(E)-1-[3-(bromomethyl)phenyl]-2-(4-methoxyphenyl)diazene (4b)
Compound 8b (0.23 g, 0.94 mmol) was dissolved in DCM (10 mL) and NBS (0.25 g, 
1.4 mmol) and triphenylphospine (0.34 g, 1.3 mmol) were added. The reaction was stirred 
overnight at room temperature. After completion, the reaction mixture was concentrated in 
vacuo. The product was purified by flash chromatography (silica gel 40-63 μm, 0 - 5% Et2O 
in pentane). The product was obtained as an orange solid (0.20 g, 0.65 mmol, 69% yield). 
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Mp: 56 - 60 oC. 1H NMR (400 MHz, CDCl3): δ 3.88 (s, 3H, OCH3), 4.57 (s, 2H, CH2Br), 
7.01 (d, J = 9.0 Hz, 2H, ArH), 7.47 (d, J = 6.0 Hz, 2H, ArH), 7.81 (dd, J = 6.2, 2.8 Hz, 
1H, ArH), 7.87 – 7.96 (m, 3H, ArH); 13C NMR (101 MHz, CDCl3): δ 33.0, 55.6, 114.3, 
122.6, 123.1, 124.9, 129.5, 130.8, 138.8, 146.9, 153.0, 162.3. HRMS (ESI+) calc. for. [M+H+] 
(C14H14BrN2O2) 305.0282, found: 305.0283. 

Ethyl (E)-3-[(4-methoxyphenyl)diazinyl]benzoate (7c) 
Compound 6 (0.70 g, 2,6 mmol) was dissolved in acetone (20 mL) and 1-bromohexane 
(3.0 mL, 1.3 g, 9.3 mmol) and K2CO3 (3.7 g, 26.8 mmol) were added. The reaction mixture 
was stirred at 40 oC overnight. After completion, Et2O (50 mL) and water (50 mL) were 
added and the organic layer was separated, dried with MgSO4 and concentrated in vacuo. 
The product was purified by flash chromatography (silica gel 40-63 μm, 0-10% EtOAc 
in pentane). The product was obtained as an orange solid (0.62 g, 2.2 mmol, 85% yield). 
Mp: 40 - 42 oC. 1H NMR (400 MHz, CDCl3): δ 1.42 (d, J = 14.3 Hz, 3H, CH3), 3.85 (s, 3H, 
OCH3), 4.42 (q, J = 7.1 Hz, 2H, CH2), 6.99 (d, J = 9.0 Hz, 2H, ArH), 7.54 (t, J = 7.8 Hz, 
1H, ArH), 7.94 (d, J = 9.0 Hz, 2H, ArH), 8.11 (d, J = 7.9 Hz, 1H, ArH), 8.53 (s, 1H, ArH); 
13C NMR (101 MHz, CDCl3): δ 14.4, 55.5, 61.2, 76.8, 77.1, 77.4, 114.2, 123.9, 125.0, 126.3, 
129.0, 131.0, 131.6, 146.8, 152.7, 162.4, 166.1. HRMS (ESI+) calc. for. [M+H+] (C16H16N2O3) 
285.1234, found: 285.1232. 

(E)-{3-[(4-hexyloxyphenyl)diazinyl]phenyl}methanol (8c)
Compound 7c (0.61 g, 1.7 mmol) was dissolved in dry THF (5 mL) and the reaction mix-
ture was cooled in an ice-bath. LiAlH4 (1.8 mL of 1M solution in THF) was added and 
the reaction mixture was stirred overnight at room temperature. After completion MeOH 
(5 mL), EtOAc (50 mL), sodium tartrate (5 g in 100 mL) were added to reaction mixture 
and stirred for 1 hour. The layers were separated and the aqueous layer was extracted with 
EtOAc (3 x 20 mL). The combined organic layers were washed with water and brine, dried 
with MgSO4 and concentrated in vacuo. The product was purified by flash chromatography 
(silica gel 40-63 μm, 0 - 50% Et2O in pentane) and precipitated with pentane. The product 
was obtained as an orange solid (0.46 g, 1.5 mmol, 88% yield). Mp: 43 - 46 oC. 1H NMR 
(400 MHz, CDCl3): δ 0.88 – 0.97 (m, 3H, CH3), 1.28 – 1.41 (m, 4H, CH2, CH2), 1.41 – 
1.53 (m, 2H, CH2), 1.77 – 1.88 (m, 2H, CH2), 4.03 (t, J = 6.6 Hz, 2H, CH2), 4.77 (s, 2H, 
CH2OH), 6.99 (d, J = 9.0 Hz, 2H, ArH), 7.41 – 7.52 (m, 2H, ArH), 7.80 (d, J = 7.7 Hz, 1H, 
ArH), 7.86 (s, 1H, ArH), 7.90 (d, J = 9.0 Hz, 2H, ArH); 13C NMR (101 MHz, CDCl3): δ 14.0, 
22.6, 25.7, 29.1, 31.6, 65.0, 68.4, 114.7, 120.3, 122.3, 124.8, 128.6, 129.2, 141.9, 146.8, 153.0, 
161.8. HRMS (ESI+) calc. for. [M+H+] (C19H25N2O2) 313.1911, found: 313.1908. 
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(E)-1-[3-(bromomethyl)phenyl]-2-(4-hexyloxyphenyl)diazene (4c) 
Compound 8c (0.36 g, 1.2 mmol) was dissolved in DCM (10 mL) and NBS (0.24 g, 
1.4 mmol) and triphenylphospine (0.39 g, 1.5 mmol) were added. The reaction was stirred 
overnight at room temperature. After completion, the reaction mixture was concentrated 
in vacuo. The product was purified by flash chromatography (silica gel 40-63 μm, 0-5% 
Et2O in pentane). The product was obtained as an orange solid (0.32 g, 0.86 mmol, 72% 
yield). Mp: 51 - 53 oC. 1H NMR (400 MHz, CDCl3): δ 0.92 (t, J = 6.8 Hz, 3H, CH3), 1.29 – 
1.41 (m, 4H, CH2, CH2), 1.43 – 1.54 (m, 2H, CH2), 1.81 (p, J = 6.7 Hz, 2H, CH2), 4.03 (t, J 
= 6.5 Hz, 2H, CH2), 4.56 (s, 2H, CH2Br), 7.00 (d, J = 8.8 Hz, 2H, ArH), 7.46 (d, J = 6.0 Hz, 
2H, ArH), 7.80 (s, 1H, ArH), 7.91 (m, 3H, ArH); 13C NMR (101 MHz, CDCl3): δ 14.1, 
22.6, 25.7, 29.2, 31.6, 33.0, 68.4, 114.7, 122.6, 123.0, 124.9, 129.5, 130.7, 138.8, 146.7, 153.0, 
161.9. HRMS (ESI+) calc. for. [M+H+] (C19H24BrN2O2) 375.1067, found: 375.1067.  

(E)-[3-(p-tolyldiazenyl)phenyl]methanol (11d)
Para-toluidine 9d (1.0 g, 9.3 mmol) was dissolved in DCM (20 mL) and water (100 mL) 
and Oxone (5.2 g, 19 mmol) was added. The reaction mixture was stirred at room tem-
perature for 85 min. After completion, DCM (20 mL) was added and the aqueous layer 
was extracted with DCM (3 x 20 mL). The combined organic layers were washed with sat. 
aq. NaHCO3, 1 N HCl and brine and concentrated in vacuo. The crude product was flushed 
over a silica gel column (silica gel 40-63 μm, pentane). Without further purification, the 
crude product (0.18 g, 1.4 mmol) was dissolved in acetic acid (5 mL) and (3-aminophenyl)
methanol (0.3 g, 2.4 mmol) was added. The reaction mixture was stirred at 40 oC overnight. 
After completion EtOAc (15 mL) and sat aq. NaHCO3 (10 mL) were added and the reac-
tion mixture was stirred overnight. EtOAc (50 mL) and water (50 mL) were added and the 
aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were 
washed with sat. aq. NaHCO3, 1 N HCl and brine, dried with MgSO4 and concentrated in 
vacuo. The product was purified by flash chromatography (silica gel 40-63 μm, 0 – 50% Et2O 
in pentane). The product was obtained as an orange solid (0.17 g, 0.8 mmol, 51% yield over 
two steps). Mp: 66 - 68 oC. 1H NMR (400 MHz, CDCl3): δ 2.40 (s, 4H, CH3, OH), 4.71 (s, 
2H, CH2OH), 7.28 (d, J = 8.1 Hz, 2H, ArH), 7.43 (m, 2H, ArH), 7.67 – 7.94 (m, 4H, ArH); 
13C NMR (101 MHz, CDCl3): δ 21.5, 64.8, 120.5, 122.4, 122.9, 129.1, 129.2, 129.8, 141.7, 
142.0, 150.7, 152.8. HRMS (ESI+) calc. for. [M+H+] (C14H15N2O) 227.1180, found: 227.1176. 
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(E)-1-[3-(bromomethyl)phenyl]-2-(p-tolyl)diazene (4d)
Compound 11d (0.15 g, 0.66 mmol) was dissolved in DCM (10 mL) and NBS (0.18 g, 
1.0 mmol) and triphenylphosphine (0.25 g, 0.95 mmol) were added. The reaction was stirred 
at room temperature overnight. After completion, the reaction mixture was concentrated 
in vacuo. The product was purified by flash chromatography (silica gel 40-63 μm, 0 – 5% 
Et2O in pentane). The product was obtained as an orange solid (0.12 g, 0.42 mmol, 63% 
yield). Mp: 68 - 69 oC. 1H NMR (400 MHz, CDCl3): δ 2.42 (s, 3H, CH3), 4.55 (s, 2H, CH2Br), 
7.30 (d, J = 8.2 Hz, 2H, ArH), 7.46 (d, J = 5.2 Hz, 2H, ArH), 7.83 (d, J = 8.2 Hz, 3H, 
ArH), 7.91 (s, 1H, ArH); 13C NMR (101 MHz, CDCl3): δ 21.6, 32.9, 122.8, 123.0, 123.2, 
129.5, 129.8, 131.1, 138.8, 141.9, 150.7, 152.9. HRMS (ESI+) calc. for. [M+H+] (C14H14BrN2) 
289.0335, found: 289.0335.

(E)-{3-{[4-(trifluoromethoxy)phenyl]diazinyl}phenyl}methanol (11e)
4-(trifluoromethoxy)aniline 9e (2.0 g, 11.3 mmol) was dissolved in DCM (20 mL) and water 
(100 mL) and Oxone (8.0 g, 26 mmol) was added. The reaction mixture was stirred at room 
temperature for 1 h. After completion, DCM (20 mL) was added and the aqueous layer 
was extracted with DCM (3 x 20 mL). The combined organic layers were washed with sat. 
aq. NaHCO3, 1 N HCl and brine and concentrated in vacuo. The crude product was flushed 
over a silica gel column (silica gel 40-63 μm, pentane). Without further purification, the 
crude product (0.73 g, 2.5 mmol) was dissolved in acetic acid (20 mL) and (3-aminophenyl)
methanol (1.5 g, 5.1 mmol) was added. The reaction mixture was stirred at 40oC overnight. 
After completion EtOAc (15 mL) and sat aq. NaHCO3 (10 mL) were added and the reaction 
mixture was stirred overnight. EtOAc (50 mL) and water (50 mL) were added and the aque-
ous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed 
with sat. aq. NaHCO3, 1 N HCl and brine, dried with MgSO4 and concentrated in vacuo. 
The product was purified by flash chromatography (silica gel 40-63 μm, 0 – 30% Et2O in 
pentane). The product was obtained as orange solid (0.73 g, 2.5 mmol, 22% yield). Mp: 47 - 
48 oC. 1H NMR (400 MHz, CDCl3): δ 4.79 (s, 2H, CH2OH), 7.34 (d, J = 8.8 Hz, 2H, ArH), 
7.50 (d, J = 6.8 Hz, 2H, ArH), 7.83 (d, J = 7.0 Hz, 1H, ArH), 7.90 (s, 1H, ArH), 7.95 (d, J = 
8.7 Hz, 2H, ArH); 13C NMR (101 MHz, CDCl3): δ 152.6, 150.9, 150.6, 142.1, 129.7, 129.3, 
124.4, 122.7, 121.3, 120.7, 64.8; 19F NMR (376 MHz, CDCl3): δ -57.7. HRMS (ESI+) calc. for. 
[M+H+] (C14H12F3N2O2) 297.0844, found: 297.0844. 

(E)-1-[3-(bromomethyl)phenyl]-2-[4-(trifluoromethoxy)phenyl]diazene (4e) 
Compound 11e (0.3 g, 1 mmol) was dissolved in DCM (10 mL) and NBS (0.29 g, 1.6 mmol) 
and triphenylphosphine (0.33 g, 1.3 mmol) were added. The reaction was stirred at room 
temperature overnight. After completion, the reaction mixture was concentrated in vacuo. 
The product was purified by flash chromatography (silica gel 40-63 μm, 0 - 5% Et2O in 
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pentane). The product was obtained as an orange solid (0.31 g, 0.85 mmol, 83% yield). 
Mp: 64 - 67 oC. 1H NMR (400 MHz, CDCl3): δ 4.58 (s, 2H, CH2Br), 7.36 (d, J = 8.2 Hz, 
2H, ArH), 7.52 (d, J = 7.0 Hz, 2H, ArH), 7.86 (d, J = 6.8 Hz, 1H, ArH), 7.92 – 8.01 (m, 3H, 
ArH); 13C NMR (101 MHz, CDCl3): δ 32.7, 121.3, 123.0, 123.4, 124.4, 129.6, 131.7, 139.0, 
150.6, 151.1, 152.6; 19F NMR (376 MHz, CDCl3): δ -57.7. HRMS (ESI+) calc. for. [M+H+] 
(C14H11BrF3N2O): 359.0002, found: 359.0001. 

(E)-[3-(m-tolyldiazenyl)phenyl]methanol (11f)
Meta-toluidine 9f (1.0 g, 9.3 mmol) was dissolved in DCM (20 mL) and water (100 mL) 
and Oxone (5.2 g, 19 mmol) was added. The reaction mixture was stirred at room tem-
perature for 90 min. After completion, DCM (20 mL) was added and the aqueous layer 
was extracted with DCM (3 x 20 mL). The combined organic layers were washed with sat. 
aq. NaHCO3, 1 N HCl and brine and concentrated in vacuo. The crude product was flushed 
over a silica gel column (silica gel 40-63 μm, pentane). Without further purification, the 
crude product (0.18 g, 1.4 mmol) was dissolved in acetic acid (5 mL) and (3-aminophenyl)
methanol (0.30 g, 2.4 mmol) was added. The reaction mixture was stirred at 40oC over-
night. After completion EtOAc (15 mL) and sat aq. NaHCO3 (10 mL) were added and the 
reaction mixture was stirred overnight. EtOAc (50 mL) and water (50 mL) were added and 
the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were 
washed with sat. aq. NaHCO3, 1 N HCl and brine, dried with MgSO4 and concentrated in 
vacuo. The product was purified by flash chromatography (silica gel 40-63 μm, 0 – 50% 
Et2O in pentane). The product was obtained as orange oil (0.17 g, 0.8 mmol, 51% yield over 
two steps). 1H NMR (400 MHz, CDCl3): δ 2.41 (s, 3H, CH3), 2.77 (s, 1H, OH), 4.69 (s, 2H, 
CH2OH), 7.25 (d, J = 7.8 Hz, 1H, ArH), 7.33 – 7.46 (m, 3H, ArH), 7.69 (d, J = 6.4 Hz, 2H, 
ArH), 7.79 (d, J = 7.5 Hz, 1H, ArH), 7.83 (s, 1H, ArH); 13C NMR (101 MHz, CDCl3): δ 21.4, 
64.7, 120.5, 120.6, 122.5, 123.0, 128.9, 129.2, 129.3, 131.9, 139.0, 142.1, 152.7, 152.8. HRMS 
(ESI+) calc. for. [M+H+] (C14H15N2O) 227.1180, found: 227.1179. 

(E)-1-[3-(bromomethyl)phenyl]-2-(m-tolyl)diazene (4f)
Compound 11f (0.15 g, 0.66 mmol) was dissolved in DCM (10 mL) and NBS (0.18 g, 
1.0 mmol) and triphenylphosphine (0.25 g, 0.95 mmol) were added. The reaction was stirred 
at room temperature overnight. After completion, the reaction mixture was concentrated 
in vacuo. The product was purified by flash chromatography (silica gel 40-63 μm, 0 – 5% 
Et2O in pentane). The product was obtained as an orange oil (0.12 g, 0.42 mmol, 63% yield). 
1H NMR (400 MHz, CDCl3): δ 2.49 (s, 3H, CH3), 4.59 (s, 2H, CH2Br), 7.33 (d, J = 7.7 Hz, 
1H, ArH), 7.45 (t, J = 8.0 Hz, 1H, ArH), 7.52 (m, 2H, ArH), 7.80 (m, 2H, ArH), 7.91 (m, 
1H, ArH), 7.99 (s, 1H, ArH); 13C NMR (101 MHz, CDCl3): δ 21.5, 32.9, 120.7, 122.9, 123.3, 
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129.0, 129.6, 131.4, 132.1, 139.0, 152.6, 152.9. HRMS (ESI+) calc. for. [M+H+] (C14H15BrN2) 
289.0335, found: 289.0335. 

(E)-[3-(o-tolyldiazenyl)phenyl]methanol (11g)
Ortho-toluidine 9g (1.0 mL, 1.0 g, 9.3 mmol) was dissolved in DCM (20 mL) and water 
(100 mL) and Oxone (5.2 g, 19 mmol) was added. The reaction mixture was stirred at room 
temperature for 20 min. After completion, DCM (20 mL) was added and the aqueous layer 
was extracted with DCM (3 x 20 mL). The combined organic layers were washed with sat. 
aq. NaHCO3, 1 N HCl and brine and concentrated in vacuo. The crude product was flushed 
over a silica gel column (silica gel 40-63 μm, pentane). Without further purification, the 
crude product (0.20 g, 1.7 mmol) was dissolved in acetic acid (5 mL) and (3-aminophenyl)
methanol (0.3 g, 2.4 mmol) was added. The reaction mixture was stirred at 40 oC overnight. 
After completion EtOAc (15 mL) and sat aq. NaHCO3 (10 mL) were added and the reac-
tion mixture was stirred overnight. EtOAc (50 mL) and water (50 mL) were added and the 
aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were 
washed with sat. aq. NaHCO3, 1 N HCl and brine, dried with MgSO4 and concentrated 
in vacuo. The product was purified by flash chromatography (silica gel 40-63 μm, 0 – 50% 
Et2O in pentane). The product was obtained as orange oil (0.17 g, 0.8 mmol, 6% yield over 
two steps). 1H NMR (400 MHz, CDCl3): δ 2.70 (s, 3H, CH3), 4.72 (s, 2H, CH2Br), 7.24 (t, J 
= 7.0 Hz, 1H, ArH), 7.33 (m, 2H, ArH), 7.38 – 7.48 (m, 2H, ArH), 7.60 (d, J = 8.0 Hz, 1H, 
ArH), 7.81 (d, J = 7.5 Hz, 1H), 7.86 (s, 1H); 13C NMR (101 MHz, CDCl3): δ 17.6, 64.8, 115.5, 
121.1, 122.3, 129.2, 129.2, 131.0, 131.3, 138.1, 142.0, 150.7, 153.1. HRMS (ESI+) calc. for. 
[M+H+] (C14H15N2O): 227.1180, found: 227.1176. 

(E)-1-[3-(bromomethyl)phenyl]-2-(o-tolyl)diazene (4g)
Compound 11g (0.15 g, 0.66 mmol) was dissolved in DCM (10 mL) and NBS (0.16 g, 
0.9 mmol) and triphenylphosphine (0.24 g, 0.92 mmol) were added. The reaction was stirred 
at room temperature overnight. After completion, the reaction mixture was concentrated 
in vacuo. The product was purified by flash chromatography (silica gel 40-63 μm, 0 – 5% 
Et2O in pentane). The product was obtained as an orange solid (0.11 g, 0.38 mmol, 57% 
yield). Mp: 46 - 48 oC. 1H NMR (400 MHz, CDCl3): δ 2.73 (s, 3H, CH3), 4.59 (s, 2H, CH2Br), 
7.28 (d, J = 8.1 Hz, 1H, ArH), 7.32 – 7.40 (m, 2H, ArH), 7.50 (m, 2H, ArH), 7.63 (d, J = 
8.3 Hz, 1H), ArH, 7.82 – 7.89 (m, 1H, ArH), 7.93 (s, 1H); 13C NMR (101 MHz, CDCl3): δ 
17.5, 32.9, 115.4, 123.1, 123.3, 126.4, 129.5, 131.2, 131.3, 138.3, 138.8, 150.6, 153.2. HRMS 
(ESI+) calc. for. [M+H+] (C14H14BrN2) 289.0335, found: 289.0335.
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Synthesis of chiral building block 17

trans-2-Benzyloxy fumaric acid (13)
To a stirred solution of dimethyl acetylenedicarboxylate (12, 14.2 g, 100 mmol) in DCM 
(250 mL), DABCO (1.1 g, 10 mmol) and benzyl alcohol (10.8 g, 100 mmol) were added 
and the reaction mixture was stirred at room temperature. After completion of the reaction 
(TLC monitoring), the solvent was removed under vacuum to provide crude products as 
a dark oil, which contained trans and cis isomers (trans/cis = 6/4). The crude product was 
dissolved in ethanol (300 mL) and subjected to basic hydrolysis using 2 M NaOH (300 mL) 
at reflux for 2 h. After complete hydrolysis, the reaction mixture was cooled to room tem-
perature and extracted using EtOAc (2 x 300 mL). The aqueous layer was acidified with 
HCl (con.) until pH = 1 (ice-bath) and extracted with EtOAc (3 x 300 mL). The combined 
organic layers were washed with brine (2 x 500 mL), dried over anhydrous Na2SO4 and 
evaporated to provide a dark yellow solid. Recrystallization was performed using hexane/
Et2O (v/v = 1/3) to provide pure trans-2-benzyloxy-fumaric acid 13 (8.5 g, 38 mmol yield 
38% over 2 steps). 1H NMR (500 MHz, DMSO-d6): δ 5.10 (s, 2H, CH2), 6.08 (s, 1H, CH), 
7.43 – 7.32 (m, 5H, ArH). The 1H NMR spectra are in agreement with published data.1 

(L-threo)-3-benzyloxyaspartate (14, L-TBOA)
To a slowly stirred solution of trans-2-benzyloxy-fumaric acid 13 (2.4 g, 11 mmol) in 220 mL 
of buffer (5 M NH3/NH4Cl, 20 mM MgCl2, pH = 9.5) was added MAL L384A1 (0.01 mol%, 
5 mL, 12.3 mg/mL), and the reaction mixture was incubated for 24 hours at room tempera-
ture. After completion of the enzymatic reaction (1H NMR monitoring, >98% conversion), 
the reaction mixture was warmed up to 60 °C for 10 min until the enzyme precipitated, 
followed by filtration through cotton to remove the white precipitates. Most of the water 
in the reaction mixture was evaporated under vacuum, then the resulting concentrated 
mixture was acidified with HCl (conc.) to pH = 1 (ice-bath). The acidified solution was 
loaded onto a column packed with cation-exchange resin (1000 g of Dowex 50W X8, 
50-100 mesh), which was pre-treated with 2 M aqueous ammonia (4 column volumes), 1 M 
HCl (2 column volumes) and distilled water (4 column volumes). The column was washed 
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with water (2 column volumes) and the product was eluted with 2 M aqueous ammonia 
(2 column volumes). The ninhydrin-positive fractions were collected and lyophilized to 
yield the product L-TBOA (14) as ammonium salt (white powder, 2.3 g, 8.8 mmol, 80% 
yield). 1H NMR (500 MHz, D2O): δ 3.99 (d, J = 2.3 Hz, 1H, CH), 4.32 (d, J = 2.3 Hz, 1H, 
CH), 4.47 (d, J = 11.6 Hz, 1H, BnH), 4.71 (d, J = 11.6 Hz, 1H, BnH), 7.43 – 7.34 (m, 5H, 
ArH). The 1H NMR spectra are in agreement with published data.1 

(L-threo)-dimethyl 2-amino-3-(benzyloxy)succinate hydrochloride (15) 
To a stirred suspension of L-TBOA (14, 1.6 g, 6.2 mmol) in dry MeOH (30 mL) at was 
added SOCl2 (4.5 mL, 62 mmol) dropwise (in an ice-bath). After 20 minutes, the cooling 
system was removed and the reaction mixture was heated to reflux for 8 h. After completion 
of the reaction (TLC monitoring), the reaction mixture was cooled to room temperature, 
and solvent was removed to provide crude product 15 as a white solid (1.8 g, 95%). No puri-
fication was needed, the crude product 15 was directly used for the next step. 

(L-threo)-dimethyl 2-(benzyloxy)-3-[(tert-butoxycarbonyl)amino]succinate (16)
To a stirred solution of 15 (1.8 g, 5.9 mmol) in dry DCM (50 mL) was added DIEA (1.5 mL, 
9.1 mmol) and Boc2O (1.6 g, 7.4 mmol) under cooling in an ice-bath. After 10 minutes, the 
cooling was removed and the reaction mixture was stirred at room temperature for further 
24 h. After completion of the reaction, the reaction mixture was diluted with DCM (50 mL), 
and washed with 0.5 M HCl (50 mL), saturated NaHCO3 solution (100 mL) and brine 
(100 mL). The organic layer was dried over Na2SO4 and concentrated under vacuum to give 
crude product 16 as a clear oil (2.0 g, 5.3 mmol, 90% yield). No purification was needed, 
product 16 was directly used for the next step. 1H NMR (500 MHz, DMSO-d6): δ 1.36 (s, 
9H, Boc-H9), 3.60 (s, 3H, OCH3), 3.67 (s, 3H, OCH3), 4.42 (d, J = 11.9 Hz, 1H, BnH), 
4.47 (d, J = 4.3 Hz, 1H, CH), 4.62 (dd, J = 9.5, 4.3 Hz, 1H, CH), 4.67 (d, J = 11.9 Hz, 1H, 
BnH), 7.05 (d, J = 9.5 Hz, 1H, NH), 7.28 – 7.36 (m, 5H, ArH). The 1H NMR spectra are in 
agreement with published data.2 

(L-threo)-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-hydroxy succinate (17)
To a stirred solution of 16 (2.0 g, 5.4 mmol) in dry MeOH (50 mL) was added Pd/C (10%, 
1.8 g) and HCOONH4 (2.5 g). The mixture was heated to reflux for 45 min. After comple-
tion of the reaction (TLC monitoring), the reaction mixture was filtered through Celite 
and evaporated under vacuum to provide crude product 17. Purification was conducted 
via flash chromatography (EtOAc : petroleum ether, 1:4, v/v) to provide compound 17 as 
clear oil (1.2 g, 4.3 mmol, 80% yield). 1H NMR (500 MHz, CDCl3): δ 1.42 (s, 9H, Boc-H9), 
3.22 (d, J = 5.7 Hz, 1H, OH), 3.80 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 4.69 (dd, J = 5.8, 
2.0 Hz, 1H, CH), 4.78 (dd, J = 9.3, 2.0 Hz, 1H, CH), 5.29 (d, J = 9.5 Hz, 1H, NH); 13C NMR 



139

C
H

A
PT

ER
 4

. 
G

lu
ta

m
at

e 
Tr

an
sp

or
te

r I
nh

ib
ito

rs
 w

ith
 P

ho
to

-c
on

tro
lle

d 
A

ct
iv

ity
   

   
   

   
   

  

(126 MHz, CDCl3): δ 28.2, 52.9, 53.2, 56.1, 71.1, 80.4, 155.3, 169.8, 172.4. HRMS (ESI+): 
calc. for [M+Na]+ (C11H19NO7Na) 300.1054, found 300.1053. 

Synthesis of final compounds 1a-g

(L-threo)-trans-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{[4-(trifluoromethyl)phenyl] 
diazinyl}benzyloxy}succinate (18a)
Compound 17 (80 mg, 0.29 mmol) and 4a (200 mg, 0.56 mmol) were dissolved in DMF 
(2 mL) under -20 oC and stirred over 10 min. NaH (60% in mineral oil, 11.6 mg, 0.29 mmol) 
was added, and the reaction mixture was stirred at -20 oC for 2 h. Afterwards, it was warmed 
to 0 oC (ice bath) and the stirring continued for another 2 h. The reaction mixture was 
quenched with cold water and then extracted with EtOAc (3 x 20 mL). The collected 
organic phases were washed with brine (3 x 50 mL), and dried with Na2SO4. The volatiles 
were evaporated and the product was purified by flash chromatography (EtOAc : petroleum 
ether, 9:91, v/v) to provide pure 18a as yellow oil (72 mg, 46% yield). 1H NMR (500 MHz, 
CDCl3): δ 1.43 (s, 9H, Boc-H9), 3.66 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 4.49 (d, J = 12.0 Hz, 
1H, BnH), 4.56 (d, J = 2.4 Hz, 1H, CH), 4.86 (dd, J = 10.0, 2.4 Hz, 1H, CH), 4.94 (d, J = 
12.0 Hz, 1H, BnH), 5.37 (d, J = 10.0 Hz, 1H, NH), 7.43 (d, J = 7.6 Hz, 1H, ArH), 7.52 (t, J 
= 7.7 Hz, 1H, ArH), 7.79 (d, J = 8.3 Hz, 2H, ArH), 7.84 (s, 1H, ArH), 7.90 (d, J = 7.9 Hz, 
1H, ArH), 8.00 (d, J = 8.2 Hz, 2H, ArH); 13C NMR (126 MHz, CDCl3) δ 28.3, 52.7, 52.9, 
56.2, 72.4, 77.4, 80.5, 122.6, 123.2, 123.3, 124.0 (q, J = 272.2 Hz), 126.5 (q, J = 3.8 Hz), 129.5, 
131.4, 132.5 (q, J = 31.5 Hz), 138.2, 152.6, 154.4, 155.6, 169.7, 169.8. HRMS (ESI+) calc for 
[M+Na]+ (C25H28N3O7Na) 562.1772, found 562.1770. 
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(L-threo)-trans-3-{3-{[4-(trifluoromethyl)phenyl]diazinyl}benzyloxy}aspartate (1a)
(L-trans-p-CF3-azo-TBOA) 
To a solution of 18a (65 mg, 0.12 mmol) in dry DCM (2 mL), cooled in an ice-bath, trifluo-
roacetic acid (0.8 mL) was added dropwise. After 10 min, the ice-bath was removed and the 
reaction mixture was stirred at room temperature for 1.5 h until all the starting materials 
were consumed (TLC monitor). Volatiles were removed in vacuo to provide product 19a 
which was used in the next step without further purification. Compound 19a was dissolved 
in THF (1 mL) and water (1 mL) and LiOH (17 mg, 0.72 mmol) was added. The reaction 
mixture was stirred at room temperature for 2 h. Volatiles were removed in vacuo and, res-
idue was washed with EtOAc (1 mL) and acidified with 1 M HCl until yellow precipitates 
appeared. The precipitate was filtered off, washed with cold water and dried under vacuum 
overnight to provide the final product 1a as yellow solid (25 mg, 50% yield over two steps). 
1H NMR (400 MHz, DMSO-d6): δ 3.71 (d, J = 7.5 Hz, 1H, CH), 4.16 (d, J = 7.5 Hz, 1H, 
CH), 4.58 (d, J = 11.5 Hz, 1H, BnH), 4.88 (d, J = 11.5 Hz, 1H, BnH), 7.58 (t, J = 7.7 Hz, 1H, 
ArH), 7.67 (d, J = 7.5 Hz, 1H, ArH), 7.85 (d, J = 7.9 Hz, 1H, ArH), 8.97 – 8.00 (m, 3H, ArH), 
8.07 (d, J = 8.4 Hz, 2H, ArH); 13C NMR (101 MHz, DMSO-d6): δ 53.8, 71.5, 76.1, 121.6, 
122.6, 123.1, 126.7 (q, J = 5.0 Hz), 129.2, 130.9, 131.7, 139.9, 151.7, 154.1, 168.3, 171.1. 
One Carbon is missing due to CF3. 19F NMR (376 MHz, DMSO-d6): δ -56.7 (s). HRMS 
(ESI+) calc for [M+H]+: (C18H17F3N3O5) 412.1115, found 412.1114.

(L-threo)-trans-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{[4-(methoxy)-phenyl] diazi-
nyl}benzyloxy}succinate (18b)
Compound 17 (90 mg, 0.32 mmol) and 4b (195 mg, 0.64 mmol) were dissolved in DMF 
(2 mL) under -20 oC and stirred over 10 min. NaH (60% in mineral oil, 12.8 mg, 0.32 mmol) 
was added, and the reaction mixture was stirred at -20 oC for 2 h. Afterwards, it was warmed 
to 0 oC (ice bath) and the stirring continued for another 2 h. The reaction mixture was 
quenched with cold water and then extracted with EtOAc (3 x 20 mL). The collected 
organic phases were washed with brine (3 x 50 mL), and dried with Na2SO4. The volatiles 
were evaporated and the product was purified by flash chromatography (EtOAc : petroleum 
ether, 18:82, v/v) to provide pure 18b as yellow oil (53 mg, 33% yield). 1H NMR (500 MHz, 
CDCl3): δ 1.43 (s, 9H, Boc-H9), 3.64 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 
4.47 (d, J = 12.1 Hz, 1H, BnH), 4.54 (d, J = 2.4 Hz, 1H, CH), 4.83 (dd, J = 10.0, 2.0 Hz, 1H, 
CH), 4.93 (d, J = 12.1 Hz, 1H, BnH), 5.38 (d, J = 9.9 Hz, 1H, NH), 7.02 (d, J = 8.8 Hz, 2H, 
ArH), 7.34 (d, J = 7.5 Hz, 1H, ArH), 7.45 – 7.48 (m, 1H, ArH), 7.75 (s, 1H, ArH), 7.81 – 
7.84 (m, 1H, ArH), 7.91 – 7.94 (m, 2H, ArH); 13C NMR (126 MHz, CDCl3): δ 28.34, 52.6, 
52.9, 55.8, 56.2, 65.2, 72.5, 77.1, 114.4, 120.4, 122.2, 122.7, 125.0, 128.9, 129.3, 130.1, 137.9, 
147.0, 153.0, 162.4, 169.8. HRMS (ESI+) calc. for [M+H]+ (C25H32N3O8)502.2184, found 
502.2187.
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(L-threo)-trans-3-{3-{[4-(methoxy)phenyl]diazinyl}benzyloxy}aspartate (1b)
(L-trans-p-MeO-azo-TBOA) 
To a solution of 18b (53 mg, 0.11 mmol) in dry DCM (2 mL), cooled in an ice-bath, trifluo-
roacetic acid (0.8 mL) was added dropwise. After 10 min, the ice-bath was removed and the 
reaction mixture was stirred at room temperature for 1.5 h until all the starting materials 
were consumed (TLC monitor). Volatiles were removed in vacuo to provide product 19b 
which was used in the next step without further purification. Compound 19b was dissolved 
in THF (1 mL) and water (1 mL) and LiOH (16 mg, 0.66 mmol) was added. The reaction 
mixture was stirred at room temperature for 2 h. Volatiles were removed in vacuo and, res-
idue was washed with EtOAc (1 mL) and acidified with 1 M HCl until yellow precipitates 
appeared. The precipitate was filtered off, washed with cold water and dried under vacuum 
overnight to provide the final product 1b as yellow solid (25 mg, 61% yield over two steps). 
1H NMR (400 MHz, DMSO-d6): δ 3.86 – 3.89 (m, 4H, CH and OCH3), 4.17 (dd, J = 9.7, 
1.4 Hz, 1H, CH), 4.59 (d, J = 10.9 Hz, 1H, BnH), 4.94 (d, J = 10.9 Hz, 1H, BnH), 7.13 – 
7.16 (m, 2H, ArH), 7.53 (t, J = 7.7 Hz, 1H, ArH), 7.60 (d, J = 7.6 Hz, 1H, ArH), 7.76 (d, J = 
7.9 Hz, 1H, ArH), 7.90 – 7.93 (m, 3H, ArH); 13C NMR (101 MHz, DMSO-d6): δ 53.2, 55.7, 
72.4, 75.1, 114.7, 121.2, 122.2, 124.6, 129.1, 130.5, 139.3, 146.2, 152.0, 162.1, 168.5, 170.7. 
HRMS (ESI+) calc. for [M+H]+ (C18H20N3O6) 374.1347, found 374.1350.

(L-threo)-trans-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{[4-(hexyloxy)phenyl] 
diazinyl}benzyloxy}succinate (18c)
Compound 17 (90 mg, 0.32 mmol) and 4a (244 mg, 0.64 mmol) were dissolved in DMF 
(2 mL) under -20 oC and stirred over 10 min. NaH (60% in mineral oil, 12.8 mg, 0.32 mmol) 
was added, and the reaction mixture was stirred at -20 oC for 2 h. Afterwards, it was warmed 
to 0 oC (ice bath) and the stirring continued for another 2 h. The reaction mixture was 
quenched with cold water and then extracted with EtOAc (3 x 20 mL). The collected 
organic phases were washed with brine (3 x 50 mL), and dried with Na2SO4. The volatiles 
were evaporated and the product was purified by flash chromatography (EtOAc : petroleum 
ether, 10:90, v/v) to provide pure 18c as yellow oil (58 mg, 32% yield). 1H NMR (500 MHz, 
CDCl3): δ 0.92 (t, J = 6.7 Hz, 3H, CH3), 1.34 – 1.37 (m, 4H, CH2, CH2), 1.43 (s, 9H, Boc-
H9), 1.46 – 1.50 (m, 2H, CH2), 1.79 – 1.85 (m, 2H, CH2), 3.63 (s, 3H, OCH3), 3.79 (s, 3H, 
OCH3), 4.04 (t, J = 6.5 Hz, 2H, OCH2), 4.47 (d, J = 12.2 Hz, 1H, BnH), 4.54 (d, J = 2.5 Hz, 
1H, CH), 4.82 – 4.84 (m, 1H, CH), 4.92 (d, J = 12.2 Hz, 1H, BnH), 5.38 (d, J = 10.0 Hz, 
1H, NH), 6.99 – 7.01 (m, 2H, ArH), 7.33 (d, J = 7.2 Hz, 1H, ArH), 7.47 (t, J = 7.7 Hz, 1H, 
ArH), 7.75 (s, 1H, ArH), 7.82 (d, J = 7.4 Hz, 1H, ArH), 7.89 – 7.91 (m, 2H, ArH); 13C 
NMR (126 MHz, CDCl3): δ 14.2, 22.8, 25.8, 28.3, 29.3, 31.7, 52.6, 52.9, 56.2, 68.5, 72.5, 77.1, 
80.4, 114.9, 122.1, 122.7, 124.9, 129.3, 130.1, 137.8, 146.9, 153.0, 155.6, 162.0, 169.8. One C 
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is missing due to overlap (two COOCH3). HRMS (ESI+) calc. for [M+H]+ (C30H42N3O8) 
572.2966, found 572.2972.

(L-threo)-trans-3-{3-{[4-(hexyloxy)phenyl]diazinyl}benzyloxy}aspartate (1c)
(L-trans-p-HexO-azo-TBOA)
To a solution of 18c (58 mg, 0.10 mmol) in dry DCM (2 mL), cooled in an ice-bath, trifluo-
roacetic acid (0.8 mL) was added dropwise. After 10 min, the ice-bath was removed and the 
reaction mixture was stirred at room temperature for 1.5 h until all the starting materials 
were consumed (TLC monitor). Volatiles were removed in vacuo to provide intermedi-
ate 19c which was used in the next step without further purification. Compound 19c was 
dissolved in THF (1 mL) and water (1 mL) and LiOH (14.4 mg, 0.60 mmol) was added. 
The reaction mixture was stirred at room temperature for 2 h. Volatiles were removed in 
vacuo and, residue was washed with EtOAc (1 mL) and acidified with 1 M HCl until yellow 
precipitates appeared. The precipitate was filtered off, washed with cold water and dried 
under vacuum overnight to provide the final product 1c as yellow solid (23 mg, 52% yield 
over two steps). 1H NMR (400 MHz, DMSO-d6): δ 0.89 (t, J = 8.5 Hz, 3H, CH3), 1.29 – 
1.36 (m, 4H, CH2, CH2), 1.40 – 1.47 (m, 2H, CH2), 1.75 (p, J = 6.7 Hz, 2H, CH2), 3.86 (d, 
J = 9.6 Hz, 1H, CH), 4.08 (t, J = 6.5 Hz, 2H, OCH2), 4.16 (d, J = 9.6 Hz, 1H, CH), 4.59 (d, 
J = 11.0 Hz, 1H, BnH), 4.94 (d, J = 10.9 Hz, 1H, BnH), 7.12 – 7.14 (m, 2H, ArH), 7.53 (t, 
J = 7.7 Hz, 1H, ArH), 7.59 (d, J = 7.3 Hz, 1H, ArH), 7.75 (d, J = 7.9 Hz, 1H, ArH), 7.88 – 
7.93 (m, 3H, ArH); 13C NMR (101 MHz, DMSO-d6): δ 14.0, 22.1, 25.2, 28.6, 31.0, 53.2, 68.1, 
72.3, 75.1, 115.1, 121.1, 122.1, 124.6, 129.0, 130.4, 139.3, 146.1, 152.0, 161.5, 168.4, 170.6. 
HRMS (ESI+) calc. for [M+H]+ (C23H30N3O6) 444.2129, found 444.2134.

(L-threo)-trans-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{[4-(methyl)phenyl]diazi-
nyl}benzyloxy}succinate (18d)
Compound 17 (77 mg, 0.28 mmol) and 4d (120 mg, 0.42 mmol) were dissolved in DMF 
(2 mL) under -20 oC and stirred over 10 min. NaH (60% in mineral oil, 11.2 mg, 0.28 mmol) 
was added, and the reaction mixture was stirred at -20 oC for 2 h. Afterwards, it was warmed 
to 0 oC (ice bath) and the stirring continued for another 2 h. The reaction mixture was 
quenched with cold water and then extracted with EtOAc (3 x 20 mL). The collected 
organic phases were washed with brine (3 x 50 mL), and dried with Na2SO4. The volatiles 
were evaporated and the product was purified by flash chromatography (EtOAc : petroleum 
ether, 10:90, v/v) to provide pure 18d as yellow oil (42 mg, 31% yield). 1H NMR (500 MHz, 
CDCl3): δ 1.43 (s, 9H, Boc-H9), 2.44 (s, 3H, CH3), 3.64 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 
4.48 (d, J = 12.1 Hz, 1H, BnH), 4.54 (d, J = 2.3 Hz, 1H, CH), 4.84 (dd, J = 10.0, 2.4 Hz, 1H, 
CH), 4.93 (d, J = 12.1 Hz, 1H, BnH), 5.38 (d, J = 9.9 Hz, 1H, NH), 7.32 (d, J = 8.0 Hz, 2H, 
ArH), 7.36 (dt, J = 7.4, 1.3 Hz, 1H, ArH), 7.49 (t, J = 7.7 Hz, 1H, ArH), 7.77 (d, J = 1.9 Hz, 
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1H, ArH), 7.84 (dd, J = 11.6, 8.7 Hz, 3H, ArH); 13C NMR (126 MHz, DMSO-d6): δ 21.1, 
28.0, 52.1, 52.4, 55.6, 71.5, 77.5, 78.8, 121.6, 121.8, 122.6, 129.3, 130.0, 130.4, 138.9, 141.9, 
150.0, 151.9, 155.3, 169.5, 169.5. HRMS (ESI+) calc for [M+H]+ (C25H32N3O7) 486.2235, 
found 486.2233.

(L-threo)-trans-3-{3-{[4-(methyl)phenyl]diazinyl}benzyloxy}aspartate (1d)
(L-trans-p-Me-azo-TBOA)
To a solution of 18d (42 mg, 0.087 mmol) in dry DCM (2 mL), cooled in an ice-bath, trif-
luoroacetic acid (0.8 mL) was added dropwise. After 10 min, the ice-bath was removed and 
the reaction mixture was stirred at room temperature for 1.5 h until all the starting materi-
als were consumed (TLC monitor). Volatiles were removed in vacuo to provide product 19d 
which was used in the next step without further purification. Compound 19d was dissolved 
in THF (1 mL) and water (1 mL) and LiOH (12.5 mg, 0.52 mmol) was added. The reaction 
mixture was stirred at room temperature for 2 h. Volatiles were removed in vacuo and, res-
idue was washed with EtOAc (1 mL) and acidified with 1 M HCl until yellow precipitates 
appeared. The precipitate was filtered off, washed with cold water and dried under vacuum 
overnight to provide the final product 1d as yellow solid (22 mg, 71% yield over two steps). 
1H NMR (400 MHz, DMSO-d6): δ 2.42 (s, 3H, CH3), 3.87 (dd, J = 9.7, 1.7 Hz, 1H, CH), 
4.17 (dd, J = 9.6, 1.8 Hz, 1H, CH), 4.60 (d, J = 10.9 Hz, 1H, BnH), 4.95 (d, J = 11.0 Hz, 1H, 
BnH), 7.42 (d, J = 7.3 Hz, 2H, ArH), 7.55 (td, J = 7.7, 1.7 Hz, 1H, ArH), 7.63 (d, J = 6.7 Hz, 
1H, ArH), 7.76 – 7.86 (m, 3H, ArH), 7.96 (s, 1H, ArH); 13C NMR (101 MHz, DMSO-d6): 
δ 21.1, 53.2, 72.3, 75.0, 121.3, 122.3, 122.6, 129.1, 130.0, 130.9, 139.4, 141.8, 150.1, 151.9, 
168.4, 170.6. HRMS (ESI+) calc for [M+H] (C18H20N3O5) 358.1398, found 358.1396.

(L-threo)-trans-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{[4-(trifluoromethoxy) 
phenyl]diazinyl}benzyloxy}succinate (18e)
Compound 17 (80 mg, 0.29 mmol) and 4e (130 mg, 0.36 mmol) were dissolved in DMF 
(2 mL) under -20 oC and stirred over 10 min. NaH (60% in mineral oil, 11.6 mg, 0.29 mmol) 
was added, and the reaction mixture was stirred at -20 oC for 2 h. Afterwards, it was warmed 
to 0 oC (ice bath) and the stirring continued for another 2 h. The reaction mixture was 
quenched with cold water and then extracted with EtOAc (3 x 20 mL). The collected 
organic phases were washed with brine (3 x 50 mL), and dried with Na2SO4. The volatiles 
were evaporated and the product was purified by flash chromatography (EtOAc : petroleum 
ether, 10:90, v/v) to provide pure 18e as yellow oil (54 mg, 34% yield). 1H NMR (500 MHz, 
CDCl3): δ 1.42 (s, 9H, Boc-H9), 3.65 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 4.48 (d, J = 12.0 Hz, 
1H, BnH), 4.55 (d, J = 2.3 Hz, 1H, CH), 4.85 (dd, J = 10.0, 2.4 Hz, 1H, CH), 4.93 (d, J = 
12.0 Hz, 1H, BnH), 5.38 (d, J = 10.0 Hz, 1H, NH), 7.36 (d, J = 8.8 Hz, 2H, ArH), 7.40 (d, J 
= 7.6 Hz, 1H, ArH), 7.50 (t, J = 7.7 Hz, 1H, ArH), 7.80 (t, J = 1.8 Hz, 1H, ArH), 7.86 (d, J = 
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7.9 Hz, 1H, ArH), 7.96 (d, J = 8.8 Hz, 2H, ArH); 13C NMR (126 MHz, CDCl3): δ 28.3, 52.6, 
52.9, 56.2, 72.4, 77.3, 80.4, 121.4, 122.4, 123.1, 124.5, 129.4, 131.0, 138.1, 150.7, 151.1 (d, J = 
0.9 Hz), 152.6, 155.6, 169.7, 169.8. One C is missing due to overlap (CF3). HRMS (ESI+) calc 
for [M+H]+ (C25H29N3O8F3) 556.1901, found 556.1899.

(L-threo)-trans-3-{3-{[4-(trifluoromethoxy)phenyl]diazinyl}benzyloxy}aspartate (1e)
(L-trans-p-CF3O-azo-TBOA)
To a solution of 18e (54 mg, 0.10 mmol) in dry DCM (2 mL), cooled in an ice-bath, trifluo-
roacetic acid (0.8 mL) was added dropwise. After 10 min, the ice-bath was removed and the 
reaction mixture was stirred at room temperature for 1.5 h until all the starting materials 
were consumed (TLC monitor). Volatiles were removed in vacuo to provide product 19e 
which was used in the next step without further purification. Compound 19e was dissolved 
in THF (1 mL) and water (1 mL) and LiOH (14.4 mg, 0.60 mmol) was added. The reaction 
mixture was stirred at room temperature for 2 h. Volatiles were removed in vacuo and, 
residue was washed with EtOAc (1 mL) and acidified with 1 M HCl until yellow precip-
itates appeared. The precipitate was filtered off, washed with cold water and dried under 
vacuum overnight to provide the final product 1e as yellow solid (30 mg, 70% yield over two 
steps). 1H NMR (400 MHz, DMSO-d6): δ 3.88 (d, J = 9.7 Hz, 1H, CH), 4.17 (d, J = 9.6 Hz, 
1H, CH), 4.61 (d, J = 11.0 Hz, 1H, BnH), 4.96 (d, J = 11.0 Hz, 1H, BnH), 7.56 – 7.62 (m, 
3H, ArH), 7.67 (d, J = 7.1 Hz, 1H, ArH), 7.83 (d, J = 8.0 Hz, 1H, ArH), 8.00 – 8.04 (m, 
3H, ArH); 13C NMR (101 MHz, DMSO-d6): δ 53.2, 72.2, 75.0, 121.6, 121.9, 122.6, 124.5, 
129.2, 131.5, 139.5, 150.1, 150.5, 151.8, 168.4, 170.6. One C is missing due to CF3. 19F NMR 
(376 MHz, DMSO-d6): δ -61.1 (s). HRMS (ESI+) calc for [M+H]+ (C18H17N3O6F3) 428.1064, 
found 428.1064.

(L-threo)-trans-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{[3-(methyl)phenyl]diazi-
nyl}benzyloxy}succinate (18f)
Compound 17 (91 mg, 0.33 mmol) and 4f (120 mg, 0.42 mmol) were dissolved in DMF 
(2 mL) under -20 oC and stirred over 10 min. NaH (60% in mineral oil, 13.2 mg, 0.33 mmol) 
was added, and the reaction mixture was stirred at -20 oC for 2 h. Afterwards, it was warmed 
to 0 oC (ice bath) and the stirring continued for another 2 h. The reaction mixture was 
quenched with cold water and then extracted with EtOAc (3 x 20 mL). The collected 
organic phases were washed with brine (3 x 50 mL), and dried with Na2SO4. The volatiles 
were evaporated and the product was purified by flash chromatography (EtOAc : petroleum 
ether, 10:90, v/v) to provide pure 18f as yellow oil (50 mg, 31% yield). 1H NMR (500 MHz, 
CDCl3): δ 1.43 (s, 9H, Boc-H9), 2.46 (s, 3H, CH3), 3.64 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 
4.48 (d, J = 12.1 Hz, 1H, BnH), 4.55 (d, J = 2.4 Hz, 1H, CH), 4.84 (dd, J = 10.0, 2.4 Hz, 1H, 
CH), 4.93 (d, J = 12.1 Hz, 1H, BnH), 5.38 (d, J = 10.0 Hz, 1H, NH), 7.30 (d, J = 7.4 Hz, 
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1H, ArH), 7.38 (dt, J = 7.6, 1.3 Hz, 1H, ArH), 7.41 (t, J = 8.0 Hz, 1H, ArH), 7.50 (t, J = 
7.7 Hz, 1H, ArH), 7.72 – 7.73 (m, 2H, ArH), 7.79 (s, 1H, ArH), 7.86 (dt, J = 8.0, 1.5 Hz, 1H, 
ArH); 13C NMR (126 MHz, DMSO-d6): δ 20.9, 28.0, 52.1, 52.4, 55.6, 71.5, 77.5, 78.8, 120.3, 
121.6, 121.7, 121.8, 122.5, 122.5, 129.3, 130.6, 132.3, 138.9, 139.0, 152.0, 155.3, 169.5, 169.5. 
HRMS (ESI+) calc for [M+H]+ (C25H32N3O7 ) 486.2235, found 486.2234.

(L-threo)-trans-3-{3-{[3-(methyl)phenyl]diazinyl}benzyloxy}aspartate (1f)
(L-trans-m-Me-azo-TBOA)
To a solution of 18f (50 mg, 0.10 mmol) in dry DCM (2 mL), cooled in an ice-bath, trifluo-
roacetic acid (0.8 mL) was added dropwise. After 10 min, the ice-bath was removed and the 
reaction mixture was stirred at room temperature for 1.5 h until all the starting materials 
were consumed (TLC monitor). Volatiles were removed in vacuo to provide product 19f 
which was used in the next step without further purification. Compound 19f was dissolved 
in THF (1 mL) and water (1 mL) and LiOH (14.4 mg, 0.60 mmol) was added. The reaction 
mixture was stirred at room temperature for 2 h. Volatiles were removed in vacuo and, res-
idue was washed with EtOAc (1 mL) and acidified with 1 M HCl until yellow precipitates 
appeared. The precipitate was filtered off, washed with cold water and dried under vacuum 
overnight to provide the final product 1f as yellow solid (18 mg, 50% yield over two steps). 
1H NMR (400 MHz, DMSO-d6): δ 2.43 (s, 3H, CH3), 3.87 (d, J = 9.7 Hz, 1H, CH), 4.17 (d, J 
= 9.7 Hz, 1H, CH), 4.60 (d, J = 11.0 Hz, 1H, BnH), 4.95 (d, J = 11.0 Hz, 1H, BnH), 7.40 (d, 
J = 7.7 Hz, 1H, ArH), 7.47 – 7.52 (m, 1H, ArH), 7.56 (t, J = 7.7 Hz, 1H, ArH), 7.64 (d, J 
= 7.5 Hz, 1H, ArH), 7.70 – 7.72 (m, 2H, ArH), 7.80 (d, J = 7.7 Hz, 1H, ArH), 7.98 (s, 1H, 
ArH); 13C NMR (101 MHz, DMSO-d6): δ 20.9, 53.1, 72.3, 74.9, 120.2, 121.4, 122.4, 122.5, 
129.1, 129.3, 131.0, 132.2, 139.0, 139.4, 151.9, 152.0, 168.4, 170.5. HRMS (ESI+) calc for 
[M+H]+ (C18H20N3O5) 358.1398, found 358.1396.

(L-threo)-trans-dimethyl 2-[(tert-butoxycarbonyl)amino]-3-{3-{[2-(methyl)phenyl]diazi-
nyl}benzyloxy}succinate (18g)
Compound 17 (90 mg, 0.32 mmol) and 4f (185 mg, 0.64 mmol) were dissolved in DMF 
(2 mL) under -20 oC and stirred over 10 min. NaH (60% in mineral oil, 12.8 mg, 0.32 mmol) 
was added, and the reaction mixture was stirred at -20 oC for 2 h. Afterwards, it was warmed 
to 0 oC (ice bath) and the stirring continued for another 2 h. The reaction mixture was 
quenched with cold water and then extracted with EtOAc (3 x 20 mL). The collected 
organic phases were washed with brine (3 x 50 mL), and dried with Na2SO4. The volatiles 
were evaporated and the product was purified by flash chromatography (EtOAc : petroleum 
ether, 10:90, v/v) to provide pure 18g as yellow oil (56 mg, 36% yield). 1H NMR (500 MHz, 
CDCl3): δ 1.42 (s, 9H, Boc-H9), 2.73 (s, 3H, CH3), 3.64 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 
4.49 (d, J = 12.1 Hz, 1H, BnH), 4.55 (d, J = 2.4 Hz, 1H, CH), 4.84 (dd, J = 9.9, 2.4 Hz, 1H, 
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CH), 4.93 (d, J = 12.0 Hz, 1H, BnH), 5.39 (d, J = 9.9 Hz, 1H, NH), 7.25 – 7.28 (m, 1H, 
ArH), 7.34 – 7.39 (m, 3H, ArH), 7.49 (t, J = 7.7 Hz, 1H, ArH), 7.62 (d, J = 8.0 Hz, 1H, ArH), 
7.79 (d, J = 1.9 Hz, 1H, ArH), 7.86 (dd, J = 8.0, 1.5 Hz, 1H); 13C NMR (126 MHz, DMSO-
d6): δ 17.1, 28.0, 52.1, 52.4, 55.6, 71.5, 77.5, 78.8, 115.1, 121.7, 122.1, 126.7, 129.2, 129.8, 
130.4, 131.5, 137.7, 138.9, 149.9, 152.4, 155.3, 169.5, 169.5. HRMS (ESI+) calc for [M+H]+ 
(C25H32N3O7) 486.2235, found 486.2234.

(L-threo)-trans-3-{3-{[2-(methyl)phenyl]diazinyl}benzyloxy}aspartate (1g)
(L-trans-o-Me-azo-TBOA) 
To a solution of 18g (56 mg, 0.11 mmol) in dry DCM (2 mL), cooled in an ice-bath, trifluo-
roacetic acid (0.8 mL) was added dropwise. After 10 min, the ice-bath was removed and the 
reaction mixture was stirred at room temperature for 1.5 h until all the starting materials 
were consumed (TLC monitor). Volatiles were removed in vacuo to provide product 19g 
which was used in the next step without further purification. Compound 19g was dissolved 
in THF (1 mL) and water (1 mL) and LiOH (15.8 mg, 0.66 mmol) was added. The reaction 
mixture was stirred at room temperature for 2 h. Volatiles were removed in vacuo and, res-
idue was washed with EtOAc (1 mL) and acidified with 1 M HCl until yellow precipitates 
appeared. The precipitate was filtered off, washed with cold water and dried under vacuum 
overnight to provide the final product 19 as yellow solid (27 mg, 69% yield over two steps). 
1H NMR (400 MHz, DMSO-d6): δ 2.69 (s, 3H, CH3), 3.87 (dd, J = 9.6, 1.4 Hz, 1H, CH), 
4.17 (dd, J = 9.6, 1.4 Hz, 1H, CH), 4.60 (d, J = 11.0 Hz, 1H, BnH), 4.96 (d, J = 11.0 Hz, 
1H, BnH), 7.31 – 7.35 (m, 1H, ArH), 7.44 – 7.48 (m, 2H, ArH), 7.53 – 7.58 (m, 2H, ArH), 
7.64 (d, J = 7.6 Hz, 1H, ArH), 7.79 (d, J = 7.8 Hz, 1H, ArH), 7.99 (s, 1H, ArH); 13C NMR 
(101 MHz, DMSO-d6): δ 17.2, 53.1, 72.3, 75.0, 115.1, 121.1, 122.9, 126.6, 129.1, 130.9, 131.4, 
131.5, 137.7, 139.4, 145.0, 152.3, 168.4, 170.6. HRMS (ESI+) calc for [M+H]+ (C18H20N3O5) 
358.1397, found 358.1397.
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II) Photochemical data

Room temperature UV-Vis absorption spectra were recorded on an Agilent 8453 UV-Vis 
Spectrophotometer using Uvasol grade solvents. Irradiation experiments were performed 
at 312/365 nm with a spectroline ENB-280C/FE UV lamp, white light with Thor Labs 
OSL1-EC Fiber Illuminator. Absorption for half-life were recorded on a in a microplate 
reader (Synergy H1, BioTek).

 Figure S1. (A) UV/VIS spectra of p-CF3-azo-TBOA, 20 µM in DMSO, thermally adapted, irradiated 
with λ = 312 nm light for 120 s and white light for 30 s. (B) UV/VIS absorbance of p-CF3-azo-TBOA 
at λ = 317 nm, 20 µM in DMSO, irradiated with 312 nm light and white light. (C) UV/VIS absorbance 
of p-CF3-azo-TBOA, 20 µM in DMSO, irradiated with 365 nm light and white light. (D) 1H NMR 
spectrum of p-CF3-azo-TBOA, 1 mg in 500 µL DMSO-d6. Top: thermal; middle: 30 min irradiation 
with 312 nm light; bottom, 60 min irradiation with 312 nm light. (E) 19F NMR spectrum of p-CF3-
azo-TBOA, 1 mg in 500 µL DMSO-d6. Top: thermal; middle: 30 min irradiation with 312 nm light; 
bottom, 60 min irradiation with 312 nm light.
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Figure S2. (A) UV/VIS spectra of p-MeO-azo-TBOA 20 µM in DMSO, thermally adapted, irradiated 
with λ = 365 nm light for 40 s and white light for 20 s. (B) UV/VIS absorbance of p-MeO-azo-TBOA 
at λ = 354 nm, ~0.1 mM in DMSO in quadruplo, measured for thermal cis-trans isomerization at  
37 oC. (C) UV/VIS absorbance of p-MeO-azo-TBOA at λ = 353 nm, 20 µM in DMSO, irradiated with 
365 nm light and white light. (D) 1H NMR spectrum of p-MeO-azo-TBOA 1 mg in 500 µL DMSO-
d6, cis-trans ratio is calculated from the 1H signals of Ar-CH2-O and O-CH-R2 protons. Top: thermal, 
cis-trans ratio 1:99; Bottom: irradiated with λ = 365 nm light, cis-trans ratio 96:4. (E) UV/VIS spectra 
of p-MeO-azo-TBOA 20 µM in 50 µM KPi, pH = 7.4, with 1% DMSO, thermally adapted, irradiated 
with λ=365 nm light for 40 s and white light for 20 s. (F) UV/VIS absorbance of p-MeO-azo-TBOA at 
λ = 354 nm, ~0.1 mM in KPi pH = 7.4, with 1% DMSO in quadruplo, measured for thermal cis-trans 
isomerization at 37 oC. The calculated half-life is 6 h. (G) UV/VIS absorbance of p-MeO-azo-TBOA 
at λ = 353 nm, 20 µM in KPi pH = 7.4, 1% DMSO, irradiated with 365 nm light and white light.
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Figure S3. (A) UV/VIS spectra of p-HexO-azo-TBOA, 20 µM in DMSO, thermally adapted, irradiated 
with λ = 365 nm light for 30 s and white light for 40 s. (B) UV/VIS absorbance of p-HexO-azo-TBOA 
at λ = 354 nm, ~0.1 mM in DMSO, measured in quadruplo for thermal cis-trans isomerization at  
37 oC. (C) UV/VIS absorbance of p-HexO-azo-TBOA at λ = 355 nm, 20 µM in DMSO, irradiated 
with 365 nm light and white light. (D) 1H NMR spectrum of p-HexO-azo-TBOA, 1 mg in 500 µL 
DMSO-d6, cis-trans ratio is calculated from the 1H signals of Ar-CH2-O protons. Top: thermal, cis-
trans ratio 2:98. Bottom: irradiated with λ = 365 nm light, cis-trans ratio 2:98. 
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Figure S4. (A) UV/VIS spectra of p-Me-azo-TBOA, 20 µM in DMSO, thermally adapted, irradiated 
with λ = 365 nm light for 80 s and white light for 80 s. (B) UV/VIS absorbance of p-Me-azo-TBOA at 
λ = 340 nm, ~0.2 mM in DMSO in quadruplo, measured for thermal cis-trans isomerization at 37 oC. 
(C) UV/VIS absorbance of p-Me-azo-TBOA at λ = 332 nm, 20 µM in DMSO, irradiated with 365 nm 
light and white light. (D) 1H NMR spectrum of p-Me-azo-TBOA, 1 mg in 500 µL DMSO-d6, cis-trans 
ratio is calculated from the 1H signals of Ar-CH2-O and O-CH-R2 protons. Top: thermal, cis-trans 
ratio 3:97. Bottom: irradiated with λ = 365 nm light, cis-trans ratio 93:7. 
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  Figure S5. (A) UV/VIS spectra of p-CF3O-azo-TBOA, 20 µM in DMSO, thermally adapted, irradiated 
with λ = 312 nm light for 60 s and white light for 90 s. (B) UV/VIS absorbance of p-CF3O-azo-TBOA 
at λ = 340 nm, ~0.2 mM in DMSO in quadruplo, measured for thermal cis-trans isomerization at  
37 oC. (C) UV/VIS absorbance of p-CF3O-azo-TBOA at λ = 324 nm, 20 µM in DMSO, irradiated with 
312 nm light and white light. (D) 1H NMR spectrum of p-CF3O-azo-TBOA, 1 mg in 500 µL DMSO-
d6, cis-trans ratio is calculated from the 1H signals of Ar-CH2-O and O-CH-R2 protons. Top: thermal, 
cis-trans ratio 4:96. Bottom: irradiated with λ = 365 nm light, cis-trans ratio 71:29. 



152 CHAPTER 4

Figure S6. (A) UV/VIS spectra of m-Me-azo-TBOA, 20 µM in DMSO, thermally adapted, irradiated 
with λ = 365 nm light for 90 s and white light for 70 s. (B) UV/VIS absorbance of m-Me-azo-TBOA 
at λ = 340 nm, ~0.2 mM in DMSO in quadruplo, measured for thermal cis-trans isomerization at  
37 oC. (C) UV/VIS absorbance of m-Me-azo-TBOA at λ = 326 nm, 20 µM in DMSO, irradiated with 
312 nm light and white light. (D) 1H NMR spectrum of m-Me-azo-TBOA, 1 mg in 500 µL DMSO-d6, 
cis-trans ratio is calculated from the 1H signals of Ar-CH2-O and O-CH-R2 protons. Top: thermal, cis-
trans ratio 3:97. Bottom: irradiated with λ = 312 nm light, cis-trans ratio 86:14. 
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Figure S7. (A) UV/VIS spectra of o-Me-azo-TBOA 20 µM in DMSO, thermally adapted, irradiated 
with λ = 365 nm light for 60 s and white light for 90 s. (B) UV/VIS absorbance of o-Me-azo-TBOA at 
λ = 340 nm, ~0.2 mM in DMSO in quadruplo, measured for thermal cis-trans isomerization at 37 oC. 
(C) UV/VIS absorbance of o-Me-azo-TBOA at λ = 330 nm, 20 µM in DMSO, irradiated with 365 nm 
light and white light. (D) 1H NMR spectrum of o-Me-azo-TBOA, 1 mg in 500 µL DMSO-d6, cis-trans 
ratio is calculated from the 1H signals of Ar-CH2-O and O-CH-R2 protons. Top: thermal, cis-trans 
ratio 3:97. Bottom: irradiated with λ = 365 nm light, cis-trans ratio 90:10. 
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III) Biological evaluation

1. DNA manipulation, protein purification and concentration 
determination

As described in Jensen et al.3

Proteoliposome preparation
E. coli total lipid extract was purified with aceton and diethylether, both with 1 mM DTT. 
The E. coli lipids were mixed with L-(α)-phosphatidylchloine Egg chicken in a ratio of 3:1. 
Finally they were dissolved in 50 mM KPi pH 7.0 (20 mg/ml) and frozen in liquid N2. Sub-
sequently the lipid mixture was extruded with a 400 nm filter 11 times and diluted with 
50mM KPi (pH 7.0) to a final concentration of 4 mg/mL. The mixture was titrated with 
10% triton X-100 until Rsat. 100 µg of the purified protein and lipids was mixed in a ratio 
of 1:1600 (w/w) and incubated at room temperature for 30 minutes. Biobeads were added 
four times (200 mg for 5 mL 4 mg/ml lipid solution) for 0.5 h, 1 h, overnight and 2 h at 4 oC. 
The biobeads were removed by filtration. The proteoliposomes where spun down for 20 min 
at 80000 rpm and subsequently resuspended in 50 mM KPi pH 7.0 at a concentration of 
16.7 µg protein per 500 µL and freeze-thawed for four cycles. The proteoliposomes were 
stored in liquid N2.

2. Uptake assay

The proteoliposomes were thawed, extruded with a 400 nm filter, spin down for 20 minutes 
at 80000 rpm and subsequently resuspended in 50 mM KPi pH 7.0 at a concentration of 
16.7 µg protein per 120 µL buffer. 1800 µL of 50 mM NaPi pH 7.0, 1 µM [14C]-aspartic acid 
and 3 µM Valinomycin was stirred in a tube at 30 oC and the transport assay was started by 
the addition of 10 µL proteoliposomes (1.39 µg protein) and either pure DMSO or a DMSO 
solution of inhibitor (final DMSO concentration 1%). From this mixture, at several time 
points 100 µL was taken and the transport was stopped by adding 2 mL cold 100 mM LiCl 
and subsequently filtering over a Protran BA 85-Whatman filter. The filter was washed by 
2 mL cold 100 mM LiCl and transported to a cup. (Optionally the assay was irradiated with 
365 nm UV light for 45 s to switch compounds p-MeO-azo-TBOA at a concentration of 
50 mM from trans to cis or irradiated with white light using a Thor Labs OSL1-EC Fiber 
Illuminator to switch compound p-MeO-azo-TBOA at a concentration of 50 mM from cis 
to trans). To the cup, 2 mL of scintillation liquid was added and the activity of the cup was 
measured with a PerkinElmer Tri-Carb 2800RT liquid scintallation counter.



155

C
H

A
PT

ER
 4

. 
G

lu
ta

m
at

e 
Tr

an
sp

or
te

r I
nh

ib
ito

rs
 w

ith
 P

ho
to

-c
on

tro
lle

d 
A

ct
iv

ity
   

   
   

   
   

  

 
Figure S8. [14C]-Aspartate uptake assay, with uninhibited uptake, 10 µM non-irradiated azo-TBOA 
(1a-g) and 10 µM irradiated azo-TBOA (1a-g). All experiments were done in duplicate.
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Figure S9. (A) [14C]-Aspartate uptake assay, with uninhibited uptake and increasing concentrations of 
TFB-TBOA. (B) [14C]-Aspartate uptake assay, with uninhibited uptake and increasing concentrations 
of trans-p-MeO-azo-TBOA. (C) [14C]-Aspartate uptake assay, with uninhibited uptake and increasing 
concentrations of cis-p-MeO-azo-TBOA. (D) [14C]-Aspartate uptake assay, with uninhibited uptake 
and increasing concentrations of trans-p-HexO-azo-TBOA. (E) [14C]-Aspartate uptake assay, with 
uninhibited uptake and increasing concentrations of cis-p-HexO-azo-TBOA. All experiments were 
done in duplicate.
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Figure S10. (A) [14C]-Aspartate uptake assay, with uninhibited uptake and several concentrations of 
p-MeO-azo-TBOA in different trans-cis ratios. A 0.5 mM stock solution was irradiated and samples 
were removed at several timepoints. From the 0.5 mM solution, 20 μL was diluted 5 times in DMSO 
to a total volume of 100 μL and OD340 was recorded in a transparent 96 well plate. The 0.5 mM 
solution was diluted 50 times with buffer to a final concentration of 10 μM at which the uptake was 
measured. (B) [14C]-Aspartate uptake assay, with uninhibited uptake, continuously irradiated with 
UV light for 6 minutes and continuously irradiated with white light for 6 min. All experiments were 
done in duplicate.

Figure S11. (A) [14C]-Aspartate uptake assay, with uninhibited uptake and a control of 50 μM trans-
p-MeO-azo-TBOA without further switching. Irradiation reversibly controls the transport, starting 
with p-MeO-azo-TBOA in trans. Irradiated for 45 s with UV light after 2.5 min, 45 s white light after 
5.75 min and 45 s UV light after 9 min. (B) [14C]-Aspartate uptake assay, with uninhibited uptake and 
a control of 50 µM cis-p-MeO-azo-TBOA without further switching. Irradiation reversibly controls 
the transport, starting with p-MeO-azo-TBOA in cis. Irradiated for 45 s with white light after 2.5 min, 
45 s UV light after 5.75 min and 45 s white light after 9 min. All experiment were done in duplicate.
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Figure S12. [14C]-Aspartate uptake assay of p-MeO-azo-TBOA. A 0.5 mM DMSO solution of 
p-MeO-azo-TBOA was irradiated with UV (120 s), white light (180 s), UV light (120 s) and white 
light (180 s) and after every irradiation step a sample was taken and diluted 50 times in the uptake 
assay to a concentration of 10 µM. All experiment were done in duplicate.

3. Isothermal Titration Calorimetry

For the binding experiments, GltTk was purified as described above, using a buffer con-
taining 10 mM HEPES pH 8.0, 100 mM KCl and 0.15% DM on the size exclusion column. 
The solution of purified protein was supplemented with 300 mM NaCl and 250 μL of solu-
tion were loaded into the measuring cell of a small-volume NANO ITC (TA Instruments) 
at concentrations between 5 μM and 15 μM. L-Aspartate, TFB-TBOA, p-MeO-azo-TBOA 
and p-HexO-azo-TBOA were dissolved in purification buffer supplemented with 300 mM 
NaCl and loaded into the titration syringe at concentrations ranging from 100 μM to 
400 μM. After equilibrating the cell at 25 °C, aliquots of 1 µL were injected every 1.5 - 
2.5 min depending on the time needed for the signal to return to the baseline value after 
each injection. The binding isotherms were analyzed with NanoAnalyze (TA Instruments) 
using the independent binding-site model. The Kd values obtained in different experiments 
were averaged and the standard error of the mean was calculated.

Figure S13. ITC measurement of L-Aspartate (left) and TFB-TBOA (right).
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Figure S14. ITC measurement of trans-p-MeO-azo-TBOA (left) and cis-p-MeO-azo-TBOA (right).

Figure S15. ITC measurement of trans-p-HexO-azo-TBOA (left) and cis-p-HexO-azo-TBOA 
(right).

4. Statistical analysis

All data processing of the biological evaluation was done using Graphpad Prism 6 software. 
Of the linear region of [14C]-glutamate uptake rates, slopes were calculated using the linear 
regression function and subsequently normalized to the uninhibited update rate, which was 
set at 100%. The calculation of IC50 values was performed using the non-linear regression 
function, without any constraints. Statistical significance was determined using a two-sided 
t-test, with α = 0.05.
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Biocatalytic Synthesis of N-Substituted 
Aspartic Acids Using EDDS lyase
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Abstract

Metal-chelating aminocarboxylic acids are being used in a broad range of domestic prod-
ucts and industrial applications. With the recent identification of the fungal natural product 
aspergillomarasmine A as a potent and selective inhibitor of metallo-β-lactamases and a 
promising codrug candidate to fight antibiotic resistant bacteria, the academic and indus-
trial interest in metal-chelating chiral aminocarboxylic acids further increased. Here, we 
report a biocatalytic route for asymmetric synthesis of aspergillomarasmine A and various 
related aminocarboxylic acids from retrosynthetically designed substrates. This synthetic 
route highlights a highly regio- and stereoselective carbon-nitrogen bond-forming step 
catalyzed by ethylenediamine-N,N’-disuccinic acid lyase. The enzyme shows broad sub-
strate promiscuity, accepting a wide variety of amino acids with terminal amino groups for 
selective addition to fumarate. We also report a two-step chemoenzymatic cascade route for 
the rapid diversification of enzymatically prepared aminocarboxylic acids by N-alkylation 
in one pot. This biocatalytic methodology offers a useful alternative route to difficult ami-
nocarboxylic acid products.

Keywords

Biocatalysis, asymmetric synthesis, C-N lyase, aminocarboxylic acids, metallo-β-lacta-
mase inhibitor.



167

C
H

A
PT

ER
 5

. 
C

he
m

oe
nz

ym
at

ic
 S

yn
th

es
is

 o
f A

M
A

 a
nd

 R
el

at
ed

 A
m

in
o 

A
ci

ds

Introduction

Aminocarboxylic acids that contain several carboxylate groups bound to one or more 
nitrogen atoms form an important group of chelating agents.1 Their ability to form stable 
complexes with metal ions is the basis for their use in a broad range of domestic prod-
ucts, as well as industrial and medical applications.1-4 An important aminocarboxylic acid 
that recently received considerable attention is the fungal natural product aspergillomar-
asmine A (AMA, 1a, Figure 1a).5-7 It was originally discovered and characterized for its 
plant wilting and necrotic activity by Lederer and coworkers in 1965.8 Later, in the 1980s, 
the molecule was evaluated as an inhibitor against human angiotensin-converting enzyme 
(ACE).9 Recently, AMA has been highlighted as a potent and selective inhibitor of New 
Delhi metallo-β-lactamase-1 (NDM-1) via a zinc-chelation mechanism, with an IC50 value 
at low-micromolar concentration.5 Moreover, AMA could efficiently restore the activity 
of meropenem in a mouse model infected with a lethal dose of NDM-1-expressing Kleb-
siella pneumonia, demonstrating the potential of AMA as a promising co-drug candidate to 
rescue or potentiate β-lactam antibiotics in combination therapies.5

Retrosynthetic analysis of AMA (1a, Figure 1a) suggests the compound can be decon-
structed into three amino acid moieties –– aspartic acid (Asp) and two 2-aminopropionic 
acids (Apa1 and Apa2) –– where the amino acid moieties are connected through C-N bonds 
rather than conventional peptide bonds. The stereochemical assignment (configuration at 
C2, C2’, and C2’’) of natural AMA was reassigned from original incorrectly proposed (2S, 
2’R, 2’’R) to the correct configuration (2S, 2’S, 2’’S) through total synthesis.10,11 Replacing 
the terminal Apa2 moiety of AMA with glycine provides another related natural product, 
aspergillomarasmine B (AMB, 2a, Figure 1a), with (2S, 2’S) absolute configuration.12 Toxin 
A (3a, Figure 1a), a biosynthetic precursor of AMA, is built from two amino acid moieties 
(Asp and Apa) through a C-N bond. The absolute configuration of 3a was first incorrectly 
assigned as (2S, 2’R) in 1979,13 which was later corrected to (2S, 2’S) through chemical syn-
thesis and feeding experiments in 1991.14 

The intriguing structural features and important biological activities of AMA have attracted 
attention from synthetic chemists, culminating in the elegant total synthesis of AMA and 
related compounds (Figure 1a).10-12,15 A modular approach towards AMA via a late-stage 
oxidation strategy (14 steps, 4% yield) was first reported by Lei and coworkers.10 Next to 
that, Wright and coworkers employed o-nosyl aziridine as a key intermediate in the total 
synthesis of AMA (9 steps, 1% yield).11 Since then, an improved route utilizing a sulfamidate 
approach towards AMA has been achieved (6 steps, 19% yield) by Silvia et al.12 However, 
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creating a biocatalytic methodology as alternative route to AMA, AMB and other difficult 
aminocarboxylic acids is an as yet unmet challenge.

The enzyme ethylenediamine-N,N’-disuccinic acid (EDDS) lyase catalyzes an unusual two-
step sequential addition of ethylenediamine (4) to two molecules of fumaric acid (5) pro-
viding (S)-N-(2-aminoethyl)aspartic acid (AEAA, 6) as an intermediate and (S, S)-EDDS 
(7) as the final product (Figure 1b); it also catalyzes the reverse reaction, converting 7 into 
4 and two molecules of 5.16-18 Interestingly, structural comparisons showed that toxin A 
(3a), AMA (1a) and AMB (2a) show striking similarities to the natural EDDS lyase sub-
strates AEAA (6) and EDDS (7). This prompted us to explore EDDS lyase as biocatalyst for 
the asymmetric synthesis of toxin A, AMA, and AMB. 

Here we report a biocatalytic methodology for asymmetric synthesis of toxin A, AMA, AMB 
and related aminocarboxylic acids from retrosynthetically designed substrates. This biocat-
alytic strategy highlights a highly regio- and stereoselective carbon-nitrogen bond-forming 
step catalyzed by EDDS lyase, and offers an alternative synthetic choice to prepare difficult 
aminocarboxylic acid products.

Figure 1. Natural aminocarboxylic acid products. Structural similarities between EDDS lyase 
substrates and natural products AMA, AMB and toxin A. a) Previous total synthesis strategies and 
our biocatalysis strategy towards AMA. b) Natural two-step sequential addition reaction catalyzed by 
EDDS lyase.
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Results 

Biocatalytic synthesis of toxin A and related compounds 

Inspired by previous studies showing that toxin A (3a, Asp-Apa) is a precursor in the bio-
synthesis of AMA (1a, Asp-Apa1-Apa2),14 we envisioned that 3a could serve as a precious 
building block for the synthesis of more complex aminocarboxylic acids, such as AMA, 
AMB and their derivatives. Structurally, toxin A has only one extra carboxylate group at 
the C2’ position compared with AEAA (6), which is the intermediate product formed in 
the natural EDDS lyase-catalyzed two-step addition reaction (Figure 1). This prompted 
us to start our investigations by testing (S)-2,3-diaminopropionic acid (8a, Table 1) as an 
unnatural substrate in the EDDS lyase-catalyzed amination of fumarate (5). Remarkably, 
the enzymatic amination reaction occurred exclusively at the less-sterically hindered ter-
minal 3-amino group of 8a while the 2-amino group of 8a remained untouched, providing 
3a as a single product. Notably, no further addition of the 2’-amino group of product 3a to 
fumarate was observed. Under optimized conditions, excellent conversion (98%) and good 
isolated yield (52%) of 3a were achieved using only 0.05 mol% biocatalyst loading (Table 1). 
Product 3a was identified as the desired (2S, 2’S)-diastereomer (de >98%, Table 1), with the 
(2S)-stereogenic center being set by EDDS lyase and the (2’S)-stereogenic center derived 
from starting substrate 8a. Interestingly, the (R)-enantiomer of 2,3-diaminopropionic acid 
(8b) was also accepted as substrate by EDDS lyase, giving (2S, 2’R)-3b as the anticipated 
diastereomeric product with excellent conversion (97%) and stereoselectivity (de >98%), 
and high isolated yield (82%, Table 1).

Substrates with longer chains, including (S)-2,4-diaminobutyric acid (8c), (S)-2,5-diamino 
pentanoic acid (ornithine, 8d) and (S)-2,6-diaminohexanoic acid (lysine, 8e), were also 
well accepted by EDDS lyase, yielding the respective products 3c-e. High conversions (94-
96%), good isolated product yields (55-75%), and excellent regio- and stereoselectivity (de 
>98%) were observed (Table 1). As anticipated, only the less sterically hindered terminal 
amino groups of 8c-e functioned as the nucleophile in the enzymatic additions to fumarate. 
In comparison to the previously reported four-step chemical synthesis of (2S, 2’S)-toxin 
A (3a)12 and the four-step chemical synthesis of (2S, 3’S)-3c (see Supplementary Informa-
tion), our biocatalytic methodology highlights a high-yielding one-step enzymatic synthe-
sis of toxin A (3a) and its homologs 3c-e with excellent regio- and stereoselectivities.
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Table 1. Enzymatic synthesis of toxin A and related aminocarboxylic acids.

Entry Substrate Product
Conv.b 

(yieldc)
[%]

de/eed

[%]
Abs. 
Conf.

1 8a 3a 98 (52) >98 (2S,2’S)e

2 8b 3b 97 (82) >98 (2S,2’R)e

3 8c 3c 96 (75) >98 (2S,3’S)f

4 8d 3d 94 (72) >98 (2S,4’S)g

5 8e 3e 95 (55) >98 (2S,5’S)g

6 8f 3f 91 (34) >99 (S)h

7 8g 3g 92 (37) >99 (S)h

8 8h 3h 92 (53) >99 (S)i

aConditions and reagents: fumaric acid (5, 10 mM), substrates 8a-h (100 mM) and EDDS lyase (0.05 mol% based on fumaric acid) in buffer (20 mM 
NaH2PO4/NaOH, pH 8.5), rt, 24 h (8f, 48 h). The amount of applied purified enzyme was chosen such that reactions were completed within 24-48 
h. bConversions were determined by comparing 1H NMR signals of substrates and corresponding products. cIsolated yield after ion-exchange chroma-
tography. dDiastereomeric excess (de) for 3a-e was determined by 1H NMR (Figures S2-S5); whereas enantiomeric excess (ee) for 3f-h was determined 
by HPLC on a chiral stationary phase using authentic standards (Figures S10-S12). eThe absolute configurations of 3a and 3b were determined by 
referring to the literature.14 fThe absolute configuration of 3c was assigned by 1H NMR spectroscopy using an authentic standard and diastereomeric 
mixture with known (2S, 3’S) and (2S/R, 3’S) configurations, respectively (Figure S3). gThe purified products 3d and 3e could be tentatively assigned 
the (S, S)-configuration on the basis of analogy. hThe absolute configurations of 3f and 3g were determined by chiral HPLC using authentic standards 
with known R or S configuration. iThe absolute configuration of 3h could be tentatively assigned by optical rotation on the basis of comparison to the 
closely related product 3g.
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Substrates with only one terminal NH2 group, such as glycine (8f), β-alanine (8g), and 
γ-aminobutyric acid (8h) were also well accepted by EDDS lyase, giving excellent conver-
sions (91-92%) and yielding the corresponding aminocarboxylic acids 3f-h as the (S)-con-
figured enantiomers with >99% ee (Table 1). Notably, while the α-amino acid glycine (8f) 
was accepted as substrate by EDDS lyase, other tested α-amino acids with substituents at 
the Cα-position failed to give corresponding products (see Supplementary Information), 
indicating that the steric environment of the nucleophilic amino group is essential for sub-
strate conversion by EDDS lyase. It is also noteworthy that product 3f (aspartic-N-mon-
oacetic acid, ASMA) was shown to be an efficient tricarbonyl ligand in the formation of 
99mTc(CO)3(ASMA) and Re(CO)3(ASMA) complexes as renal (radio)tracers.19,20 Hence, our 
biocatalytic approach provides a convenient method to prepare such tricarbonyl ligands in 
optically pure form, which could be used for further development of (radio)tracers.

Two-step chemoenzymatic synthesis of AMB and its homologs

Previous studies11,12 have confirmed that the primary amino group (2’-NH2) in the Apa 
moiety of toxin A (3a) is much more reactive than the secondary amino group (2-NH) in the 
Asp moiety, providing an opportunity for regioselective N-alkylation at the 2’-NH2 position 
of 3a. Encouraged by the exquisite EDDS lyase-catalyzed biotransformation providing 3a 
and its derivatives with excellent conversions and stereoselectivities, we set out to combine 
the biotransformation and chemical N-alkylation in one pot to prepare more complex mol-
ecules, including the important metallo-β-lactamase inhibitor AMB (2a) and its homologs 
(Figure 2). To effect the second N-alkylation step in the one-pot synthesis of 2a, the first 
requirement was complete consumption of the starting amine substrate 8a in the first enzy-
matic step to prevent it from reacting (and lowering the desired product yield) during the 
subsequent chemical N-alkylation step. Therefore, the enzymatic step was modified using 
a 3-fold excess of fumarate (rather than an excess of amine) to drive 8a to completion. 
Remarkably, excellent conversion (98% after 24 h) of substrate 8a was achieved providing 
(2S, 2’S)-3a as a single enzymatic product. Without any purification, (2S, 2’S)-3a was sub-
jected to N-alkylation using bromoacetic acid in the same pot, of which the pH was adjusted 
and maintained at 11 for 6 h at 70 °C, providing high conversion (84%) for the second step. 
Comparison of 1H NMR and 2D 1H-1H COSY NMR spectra of product 2a (23% isolated 
yield) with those of (2S, 2’S)-3a showed that the N-alkylation had unambiguously occurred 
at the 2’-NH2 position of 3a, demonstrating that product 2a has the desired Asp-Apa-Gly 
structure (Figures S6-S9). With both stereogenic centers being derived from intermediate 
(2S, 2’S)-3a, product 2a has the correct (2S, 2’S)-configuration.
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To further demonstrate the synthetic usefulness of this one-pot strategy, we successfully 
modified the third Gly moiety or the second Apa moiety of AMB by either replacing the 
alkylation agent (3-bromopropanoic acid) or the starting substrate (8c) in the chemoenzy-
matic cascade, yielding AMB homologs (2S, 2’S)-2b or (2S, 3’S)-2c, respectively (Figure 2). 
Note that the stereogenic centers of 2b and 2c have been derived from the respective inter-
mediates 3a and 3c, of which the absolute configurations have been unambiguously estab-
lished (Table 1).

Figure 2. One-pot two-step chemoenzymatic synthesis of AMB and its homologs. Reagents and 
reaction conditions: a) substrate (8a or 8c, 1 eq.), fumaric acid (3 eq.) and EDDS lyase (0.05 mol% 
based on 8a or 8c) in buffer (20 mM NaH2PO4/NaOH, pH 8.5), rt, 24 h. b) bromoacetic acid, pH 11 at 
70 °C for 6 h. c) 3-bromopropanoic acid, pH 11 at 70 °C for 6 h. Conversions are shown as percentage 
values.

Enzymatic synthesis of AMA, AMB and related compounds

The one-pot chemoenzymatic cascade described above provides a rapid route to synthesize 
(2S, 2’S)-AMB (2a) and its homologs. With the aim of developing a convenient synthetic 
methodology for (2S, 2’S, 2’’S)-AMA (1a), we envisioned a retrosynthesis of 1a by incorpo-
rating an EDDS lyase-catalyzed amination step (Figure 3). This stereoselective disconnec-
tion of the C-N bond would result in (2S, 2’S)-9d as a challenging starting substrate for the 
EDDS lyase-catalyzed amination reaction. Similar retrosynthesis could be applied to 2a, 
leading to (S)-9a as a starting substrate for the enzyme-catalyzed amination step (Figure 3). 
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Figure 3. Retrosynthesis of AMA and AMB. Biocatalytic retrosynthesis suggests that AMA and AMB 
can be prepared via EDDS lyase catalyzed enantioselective amine addition to fumarate.

Considering that compound (S)-9a is structurally less bulky than (2S, 2’S)-9d, which may 
indicate a better chance of acceptance by the enzyme, we first prepared and tested (S)-9a as 
a retrosynthetically designed substrate for EDDS lyase. Remarkably, using a 4-fold excess of 
fumarate over (S)-9a, and only 0.05 mol% biocatalyst loading in 20 mM sodium phosphate 
buffer (pH 8.5) at room temperature, (S)-9a was readily converted by EDDS lyase to afford 
a single product 2a with 80% conversion and 47% isolated yield (Table 2). The enzymatic 
product 2a was identified as the desired (2S, 2’S)-diastereomer of AMB (de >98%, Table 2), 
with the (2S)-stereogenic center being set by EDDS lyase and the (2’S)-stereogenic center 
derived from starting substrate (S)-9a. 

To tackle our original target AMA (1a), retrosynthetically designed substrate (2S, 2’S)-9d 
was prepared via a β-lactone approach (see Supplementary Information). To our delight, 
EDDS lyase accepted (2S, 2’S)-9d as substrate in the amination of fumarate to give prod-
uct 1a under the same reaction conditions that were used for conversion of substrate (S)-
9a, although low conversion (30%) was observed. We optimized the reaction conditions 
and found that 0.15 mol% of biocatalyst loading in 50 mM NaHCO3/Na2CO3 buffer at pH 
9.0 and 37 °C afforded product 1a with good conversion (79% in 48 h) and in 26% iso-
lated yield. A comparison of the 1H NMR spectrum of enzymatic product 1a with those 
reported for (2S, 2’S, 2’’S)-AMA (Table S1) and (2R, 2’S, 2’’S)-AMA confirmed that product 
1a had the desired (2S, 2’S, 2’’S)-configuration (de >98%, Table 2), with two stereogenic 
centers derived from the starting substrate (2S, 2’S)-9d and the other one set by the enzyme. 
In addition, small amounts of the cyclic anhydro-AMA were obtained during purification.

With the aim to further explore the substrate promiscuity and synthetic capability of EDDS 
lyase, we prepared and analyzed compounds 9b, 9c, and 9e as substrates in the enzymatic 
amination of fumarate. The corresponding AMA homolog 1b and AMB homologs 2b and 
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2c were obtained with good conversions (65-71%), excellent stereoselectivities (de >98%), 
and in 20-46% isolated yield (Table 2).

Table 2. Enzymatic synthesis of AMA, AMB and their homologs.

Entry Substrate Product Conv.d 

(yielde) [%]
def

[%]
Abs.
Conf.

1a 9a
2a
(AMB)

80 (47) >98 (2S,2’S)g

2b 9b 2b 71 (46) >98 (2S,2’S)g

3b 9c 2c 65 (31) >98 (2S,3’S)g

4c 9d
1a
(AMA)

79 (26) >98 (2S,2’S,2’’S)h

5b 9e 1b 65 (20) >98 (2S,3’S,2’’S)i

aSubstrate 9a (1 eq.), fumaric acid (4 eq.) and EDDS lyase (0.05 mol% based on 9a) in buffer (20 mM NaH2PO4/NaOH, pH 8.5), rt, 24 h. 
bSubstrate 9b, 9c and 9e (1 eq.), fumaric acid (4 eq.) and EDDS lyase (0.15 mol% based on 9b, 9c and 9e) in buffer (50 mM Tris/HCl, pH 9.0), 
37 °C, 48 h; cSubstrate 9d (1 eq.), fumaric acid (4 eq.) and EDDS lyase (0.15 mol% based on 9d) in buffer (50 mM NaHCO3/Na2CO3, pH 
9.0), 37 °C, 48 h. dConversions were determined by 1H NMR. eIsolated yield after ion-exchange chromatography. No formation of side products 
has been observed and isolated yields of the desired products may be further improved by optimizing the purification protocols. fDiastereomeric 
excess (de) was determined by 1H NMR. gThe absolute configurations of 2a-c were assigned by 1H NMR spectroscopy using chemoenzymatically 
synthesized authentic standards 2a-c with known (S, S)-configuration. hAbsolute configuration of 1a was determined by referring to the literature 
(Table S1).5,12 iProduct 1b could be tentatively assigned the (2S, 3’S, 2’’S)-configuration on the basis of analogy.

Discussion

Using a biocatalytic retrosynthesis approach,21-23 we have successfully demonstrated that 
EDDS lyase can be applied as biocatalyst for the asymmetric synthesis of the natural prod-
ucts toxin A, AMA and AMB, as well as related chiral aminocarboxylic acids. This enzyme 
shows remarkably broad substrate promiscuity, and excellent regio- and stereoselectivity, 
allowing the selective addition of a wide variety of amino acids to fumarate. Only less ster-
ically hindered terminal amino groups of the starting substrates functioned as the nucleo-
phile in the enzymatic additions, providing insight into the regioselectivity of this enzyme. 
We also developed a two-step chemoenzymatic cascade route for the rapid diversification 
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of enzymatically prepared aminocarboxylic acids by N-alkylation in one pot. Our (chemo)
enzymatic methodology offers a useful alternative route to difficult aminocarboxylic acid 
products, as exemplified by the synthesis of the natural products toxin A (1 step, 52% yield), 
AMA (4 steps, 10% yield), and AMB (one-pot, 2 steps, 22% yield). The isolated product 
yields are comparable to those of previously reported chemical synthesis strategies for toxin 
A (4 steps, 46% yield), AMA (6-14 steps, 1-19% yield) and AMB (5-6 steps, 8-10% yield).10-12

In addition to EDDS lyase, several other enzymes have previously been characterized that 
catalyze the asymmetric addition of substituted amines to fumarate or its derivatives. These 
include aspartate ammonia-lyases, methylaspartate ammonia-lyases, argininosuccinate 
lyases and adenylosuccinate lyases.17,18,24,25 With the notable exception of an engineered var-
iant of methylaspartate ammonia lyase, which accepts various alkylamines as non-natural 
substrates,26 these enzymes have a rather narrow nucleophile scope. In contrast, EDDS lyase 
has a very broad nucleophile scope, accepting a wide variety of structurally diverse amino 
acids, allowing the biocatalytic preparation of numerous valuable aminocarboxylic acids. 
As such, EDDS lyase nicely complements the rapidly expanding toolbox of enzymes for 
asymmetric synthesis of unnatural amino acids.24

We have initiated studies aimed at further exploring novel substrates (e.g. unsaturated 
mono- and dicarboxylic acids, including fumarate derivatives) for EDDS lyase to find new 
promiscuous reactions. In addition, work is in progress to determine crystal structures 
of EDDS lyase, both uncomplexed and in complex with substrates and products, and the 
results will be reported in due course. Such structures could guide the engineering of EDDS 
lyase to enhance its catalytic activity (allowing lower catalyst loadings) and further expand 
its unnatural substrate scope.

Methods

Enzyme expression and purification

Escherichia coli TOP10 cells containing the pBADN (EDDS lyase-His) plasmid were col-
lected from a Luria-Bertani (LB) agar plate, containing 100 μg/mL ampicillin (Ap) and used 
to inoculate LB/Ap medium (10 mL). After overnight incubation at 37°C, the culture was 
used to inoculate fresh LB/Ap medium (1 L). The cells were grown at 37°C for about 
4 h, until the OD600 reached 0.8-1.0. Arabinose (0.05 %, w/v) was added to induce enzyme 
expression. Cultures were incubated at 20 °C for 18 h with vigorous shaking. Cells were 
harvested by centrifugation and stored at –20 °C until further use. 
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In a typical purification experiment, 4 g of wet cells (from 1 L culture) were suspended 
in lysis buffer (15 mL, 50 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0). Cells 
were disrupted by sonication for 4 x 40 s (with 5 min interval between each cycle) at a 
60 W output. The unbroken cells and debris were removed by centrifugation. The superna-
tant was filtered through a filter (pore diameter 0.45 μm) and incubated with Ni sepharose 
resin (1 mL slurry in a small column at 4 °C for 18 h), which had previously been equil-
ibrated with lysis buffer. The unbound proteins were eluted from the column by gravity 
flow. The column was first washed with lysis buffer (15 mL) and then with buffer A (30 mL, 
50 mM Tris-HCl, 300 mM NaCl, 30 mM imidazole pH 8.0). Retained proteins were eluted 
with buffer B (5 mL, 50 mM Tris-HCl, 300 mM NaCl, 500 mM imidazole pH 8.0). Fractions 
were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
on gels containing acrylamide (4–12%). Fractions containing EDDS lyase were combined 
and loaded onto a HiLoad 16/600 Superdex 200 pg column, which was previously equil-
ibrated with buffer C (180 mL, 20 mM NaH2PO4-NaOH buffer, pH 8.5). The column was 
eluted with buffer C at 1 mL/min for 1.2 column volumes. Fractions were collected and 
analyzed by SDS-PAGE on gels containing acrylamide (4%–12%). The purified enzyme was 
stored at –20 °C until further use (Figure S1).

Biotransformations and purification of toxin A and related 
compounds

Reaction mixtures (15 mL) consisted of fumaric acid (0.2 mmol) and amines 8a-h (2 mmol) 
prepared in 20 mM NaH2PO4-NaOH buffer, the pH of the reaction mixture was adjusted 
to 8.5. The enzymatic reaction was started by addition of freshly purified EDDS lyase 
(0.05 mol%) and the final volume of the reaction mixture was adjusted immediately to 
20 mL with the same buffer. The reaction mixture was then incubated at room temperature 
for 24 h (48 h for 8f). After completion of the reaction, it was stopped by heating to 70 °C 
for 10 min. The reaction progress was monitored by 1H NMR spectroscopy by comparing 
signals of substrates and corresponding products.

The enzymatic products were purified by two steps of ion-exchange chromatography. 
For a typical purification procedure, the precipitated enzyme was removed by filtration 
(diameter 0.45 μm). The filtrate was loaded slowly onto an anion-exchange column (5 g 
of AG 1-X8 resin, acetate form, 100-200 mesh), which was pretreated with 5 column vol-
umes of 1 M acetic acid (aqueous solution) and then water (until the pH was near neu-
tral). The column was washed with water (3 column volumes) and then 0.1 M acetic acid 
(3 column volumes) until all the excess substrates 8a-h were removed. The products were 
eluted with 2 M acetic acid for 3a-e or 1 M HCl for 3f-h. The ninhydrin positive fractions 
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were collected and loaded onto a cation-exchange column (5 g of Dowex 50W X8 resin, 
100-200 mesh), which was pretreated with 2 M aqueous ammonia (5 column volumes), 
1 M HCl (3 column volumes) and water (5 column volumes). After product loading, the 
column was washed with water (3 column volumes) to remove the remaining fumaric acid 
and subsequently eluted with 2 M aqueous ammonia until the desired product was col-
lected. The ninhydrin-positive fractions were collected, concentrated under vacuum and 
lyophilized to provide the desired products as ammonium salts, which were characterized 
by 1H NMR, 13C NMR and HRMS.

Detailed experimental procedures

For detailed experimental procedures and characterization of compounds, see supplemen-
tary information. All data are available from the corresponding author upon reasonable 
request. Correspondence and requests for materials should be addressed to G.J.P.
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I) General information

Fumaric acid, L-ornithine, L-lysine, glycine, β-alanine, and γ-aminobutyric acid were 
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). The compounds (S)-2,3- 
diaminopropionic acid hydrochloride, (R)-2,3-diaminopropionic acid hydrochloride, 
and (S)-2,4-diaminobutyric acid dihydrochloride were purchased from TCI Europe 
N.V. (S)-2-Amino-3-[(tert-butoxycarbonyl)amino] propionic acid, (S)-methyl 2-ami-
no-3-[(tert-butoxycarbonyl)amino]propanoate and Boc-L-serine-β-lactone were purchased 
from Fluorochem Co. (UK). Solvents were purchased from Biosolve (Valkenswaard, The 
Netherlands) or Sigma-Aldrich Chemical Co. Ingredients for buffers and media were 
obtained from Duchefa Biochemie (Haarlem, The Netherlands) or Merck (Darmstadt, Ger-
many). Dowex 50W X8 resin (100-200 mesh) was purchased from Sigma-Aldrich Chemi-
cal Co., and AG 1X8 resin (acetate form, 100-200 mesh) was purchased from Bio-Rad Lab-
oratories, Inc. Ni sepharose 6 fast flow resin and HiLoad 16/600 Superdex 200 pg column 
were purchased from GE Healthcare Bio-Sciences AB (Uppsala, Sweden). Proteins were 
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under 
denaturing conditions on precast gels (NuPAGE™ 4–12% Bis-Tris protein gels). The gels 
were stained with Coomassie brilliant blue. High performance liquid chromatography 
(HPLC) was performed with a Shimadzu LC-10AT HPLC with a Shimadzu SPD-M10A 
diode array detector. NMR analysis was performed on a Brucker 500 MHz machine at the 
Drug Design laboratory of the University of Groningen. Chemical shifts (δ) are reported 
in parts per million (ppm). Optical rotations were measured on a Schmidt+Haensch Polar-
tronic MH8 polarimeter with a 10 cm cell (c given in g/100 mL). Electrospray ionization 
orbitrap high resolution mass spectrometry (HRMS) was performed by the Mass Spec-
trometry core facility of the University of Groningen.
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II)  Detailed experimental procedures

1. Enzyme expression and purification

The gene encoding EDDS lyase (GenBank: ABG61966) was codon-optimized and synthe-
sized by Eurofins MWG Operon (Ebersberg, Germany), after which it was cloned (using 
NdeI/HindIII sites) into the pBADN-Myc-His expression vector yielding plasmid pBADN 
(EDDS lyase-His). E. coli TOP10 cells containing the pBADN (EDDS lyase-His) plasmid 
were collected from a LB/Ap plate, and used to inoculate LB/Ap medium (10 mL). After 
overnight incubation at 37°C, the culture was used to inoculate fresh LB/Ap medium (1 L). 
The cells were grown at 37°C for about 4 h until OD600 reached 0.8~1.0. Arabinose (0.05%, 
w/v) was added to induce the enzyme expression. Cultures were grown for 18 h at 20 °C 
with vigorous shaking. Cells were harvested by centrifugation and stored at -20 °C until 
further use.

In a typical purification experiment, 4 g of wet cells (from 1 L culture) were suspended in 
lysis buffer (15 mL, 50 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0). Cells were 
disrupted by sonication for 4 x 40 s (with 5 min interval between each cycle) at a 60 W 
output. The unbroken cells and debris were removed by centrifugation. The supernatant 
was filtered through a pore filter (diameter 0.45 μm), and incubated with Ni sepharose 
resin (1 mL slurry in a small column at 4 °C for 18 h), which had previously been equil-
ibrated with lysis buffer. The unbound proteins were eluted from the column by gravity 
flow. The column was first washed with lysis buffer (15 mL) and then with buffer A (30 mL, 
50 mM Tris-HCl, 300 mM NaCl, 30 mM imidazole pH 8.0). Retained proteins were eluted 
with buffer B (5 mL, 50 mM Tris-HCl, 300 mM NaCl, 500 mM imidazole pH 8.0). Fractions 
were analyzed by SDS-PAGE on gels containing acrylamide (4–12%).

Fractions containing EDDS lyase were combined and loaded onto a HiLoad 16/600 Super-
dex 200 pg column, which was previously equilibrated with buffer C (180 mL, 20 mM 
NaH2PO4-NaOH buffer, pH 8.5). The column was eluted with buffer C at 1 mL/min for 
1.2 column volumes. Fractions were collected and analyzed by SDS-PAGE on gels contain-
ing acrylamide (4–12%). The purified enzyme was stored at -20 °C until further use.
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Figure S1. Purifi cation of EDDS lyase by Ni-affi  nity chromatography. Lane 1: PageRulerTM prestained 
protein ladder (Th ermo Scientifi c). Lane 2: unbound protein in fl ow-through fractions. Lane 3: 
fractions from washing step with lysis buff er. Lane 4: fractions from washing step with buff er A. Lane 
5: fractions from elution step with buff er B. Th e molecular weight of EDDS lyase is about 56 kDa 
(including His-tag).

2. General procedure for synthesis of toxin A and its analogues 

General procedure: Th e initial reaction mixture (15 mL) consisted of fumaric acid 
(0.2 mmol) and an amine substrate (8a-8h, 2 mmol) in 20 mM NaH2PO4-NaOH buff er (pH 
8.5), and the pH of the reaction mixture was adjusted to pH 8.5. Th e enzymatic reaction 
was started by addition of freshly purifi ed EDDS lyase (0.05 mol%), and the fi nal volume of 
the reaction mixture was adjusted immediately to 20 mL with the same buff er. Th e reaction 
mixture was then incubated at room temperature for 24 h (48 h for 8f). Aft er completion 
of the reaction, the enzyme was inactivated by heating to 70 °C for 10 min. Th e progress of 
the enzymatic reaction was monitored by 1H NMR spectroscopy by comparing signals of 
substrates and corresponding products. 

Th e products were purifi ed by two steps of ion-exchange chromatography. For a typical 
purifi cation procedure, the precipitated enzyme was removed by fi ltration (pore diame-
ter 0.45 μm). Th e fi ltrate was loaded slowly onto an anion-exchange column (5 g of AG 
1-X8 resin, acetate form, 100-200 mesh), which was pretreated with 5 column volumes of 
1 M acetic acid aqueous solution and then water (until pH was neutral). Th e column was 
washed with water (3 column volumes) and then 0.1 M acetic acid (3 column volumes) until 
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all the excess starting amine substrate was washed out. The products were eluted with 2 M 
acetic acid for 3a-3e or 1 M HCl for 3f-3h. The ninhydrin-positive fractions were collected 
and loaded onto a cation-exchange column (5 g of Dowex 50W X8 resin, 100-200 mesh), 
which was pretreated with 2 M aqueous ammonia (5 column volumes), 1 M HCl (3 column 
volumes) and water (5 column volumes). The column was washed with water (3 column 
volumes) to remove the remaining fumaric acid and eluted with 2 M aqueous ammonia 
until the desired product was collected. The ninhydrin-positive fractions were collected, 
concentrated under vacuum and lyophilized to provide the desired products as ammonium 
salts.

(2S)-N-[(2’S)-2’-amino-2’-carboxyethyl]aspartic acid (3a) 
White solid. 23 mg (52% yield, de >98%). 1H NMR (500 MHz, D2O): δ 
4.09 (t, J = 7.0 Hz, 1H), 3.87 – 3.85 (m, 1H), 3.50 (d, J = 7.5 Hz, 2H), 
2.84 (dd, J = 17.5, 2.7 Hz, 1H), 2.69 (dd, J = 17.5, 9.3 Hz, 1H); 13C NMR 

(126 MHz, D2O): δ 177.2, 173.1, 171.1, 60.2, 50.0, 45.6, 35.7. HRMS (ESI+): calcd. 
for C7H13O6N2, 221.0768 [M+H]+: found: 221.0770. 

In order to determine the absolute configuration of 3a, a 1H NMR spectrum of the lyophilized 
product was recorded with 0.2 M NaOD/D2O as the solvent. 1H NMR (500 MHz, 0.2 M 
NaOD/D2O): δ 3.35 (dd, J = 8.7, 5.2 Hz, 1H), 3.31 (dd, J = 8.8, 4.2 Hz, 1H), 2.71 (dd, J = 
11.9, 4.2 Hz, 1H), 2.53 (dd, J = 11.9, 8.8 Hz, 1H), 2.47 (dd, J = 15.1, 5.2 Hz, 1H), 2.27 (dd, J 
= 15.0, 8.7 Hz, 1H). The 1H NMR spectrum of 3a was matched with reported 1H NMR data 
of LL-toxin A (SS-toxin A)1, which indicated that the absolute configuration of 3a was (2S, 
2’S). The de of product 3a was determined to be >98% by comparison of the 1H NMR data 
of 3a with that of 3b (Figure S2).

(2S)-N-[(2’R)-2’-amino-2’-carboxyethyl]aspartic acid (3b)
White solid. 36 mg (82% yield, de >98%). 1H NMR (500 MHz, D2O): δ 
4.12 (t, J = 7.0 Hz, 1H), 3.90 (dd, J = 8.0, 3.9 Hz, 1H), 3.55 (d, J = 
6.9 Hz, 2H), 2.87 (dd, J = 17.7, 3.9 Hz, 1H), 2.76 (dd, J = 17.7, 8.1 Hz, 

1H); 13C NMR (126 MHz, D2O): δ 177.4, 173.6, 171.3, 60.2, 50.3, 45.9, 35.8. HRMS (ESI+): 
calcd. for C7H13O6N2 [M+H]+: 221.0768, found: 221.0766. 

In order to determine the absolute configuration 3b, a 1H NMR spectrum of the lyophilized 
product was recorded with 0.2 M NaOD/D2O as the solvent. 1H NMR (500 MHz, 0.2 M 
NaOD/D2O): δ 3.37 (dd, J = 8.7, 5.1 Hz, 1H), 3.30 (dd, J = 8.0, 4.8 Hz, 1H), 2.81 (dd, J = 11.9, 
4.8 Hz, 1H), 2.54 – 2.49 (m, 2H), 2.31 (dd, J = 15.1, 8.7 Hz, 1H). The 1H NMR spectrum of 
3b was matched with reported 1H NMR data of DL-toxin A (RS-toxin A),1 demonstrating 
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that the absolute configuration of 3b was (2S, 2’R). The de of product 3b was determined to 
be >98% by comparison of the 1H NMR data of 3b with that of 3a (Figure S2). 

(2S)-N-[(3’S)-3’-amino-3’-carboxypropyl]aspartic acid (3c)
White solid. 35 mg (75% yield, de >98%). 1H NMR (500 MHz, D2O): 
δ 3.86 – 3.83 (m, 2H), 3.34 – 3.24 (m, 2H), 2.84 (dd, J = 17.6, 4.0 Hz, 
1H), 2.73 (dd, J = 17.6, 7.8 Hz, 1H), 2.35 – 2.20 (m, 2H); 13C NMR 

(126 MHz, D2O): δ 176.8, 173.2, 173.1, 59.5, 52.5, 43.7, 35.6, 27.2. HRMS(ESI+): calcd. 
for C8H15O6N2 [M+H]+: 235.0925, found: 235.0923. The absolute configuration and de was 
determined by comparison of the 1H NMR data of 3c with the 1H NMR data of a chemically 
prepared authentic standard and diastereomeric mixture (Figure S3).

(2S)-N-[(4’S)-4’-amino-4’-carboxybutyl]aspartic acid (3d)
White solid. 36 mg (72% yield, de >98%). 1H NMR (500 MHz, 
D2O): δ 3.81 (dd, J = 8.7, 3.9 Hz, 1H), 3.77 (t, J = 5.9 Hz, 1H), 
3.18 – 3.10 (m, 2H), 2.81 (dd, J = 17.5, 3.9 Hz, 1H), 2.67 (dd, J = 

17.5, 8.7 Hz, 1H), 1.99 – 1.79 (m, 4H); 13C NMR (126 MHz, D2O): δ 177.3, 174.0, 173.1, 
59.5, 54.0, 45.8, 35.5, 27.4, 21.8. HRMS (ESI+): calcd. for C9H17O6N2 [M+H]+: 249.1081, 
found: 249.1079. The de was determined by comparison of the 1H NMR data of 3d with the 

1H NMR data of a chemically prepared diastereomeric mixture (Figure S4).

(2S)-N-[(5’S)-5’-amino-5’-carboxypentyl]aspartic acid (3e)
White solid. 29 mg (55% yield, de >98%). 1H NMR (500 MHz, 
D2O): δ 3.80 (dd, J = 8.7, 3.9 Hz, 1H), 3.74 (dd, J = 6.9, 5.4 Hz, 
1H), 3.15 – 3.05 (m, 2H), 2.81 (dd, J = 17.6, 3.9 Hz, 1H), 

2.67 (dd, J = 17.6, 8.7 Hz, 1H), 1.94 – 1.85 (m, 2H), 1.78 (p, J = 7.6 Hz, 2H), 1.53 – 1.39 (m, 
2H); 13C NMR (126 MHz, D2O): δ 177.1, 174.6, 173.2, 59.3, 54.4, 46.1, 35.4, 29.8, 25.3, 21.5. 
HRMS (ESI+): calcd. for C10H19O6N2 [M+H]+: 263.1238, found: 263.1237. The de was deter-
mined by comparison of the 1H NMR data of 3e with the 1H NMR data of a chemically 
prepared diastereomeric mixture (Figure S5).

(2S)-N-(carboxymethyl)aspartic acid (3f)
White solid. 13 mg (34% yield, ee >99%). 1H NMR (500 MHz, D2O): δ 
3.84 (dd, J = 7.3, 4.3 Hz, 1H), 3.70 (d, J = 16.1 Hz, 1H), 3.62 (d, J = 
16.1 Hz, 1H), 2.85 (dd, J = 17.6, 4.3 Hz, 1H), 2.78 (dd, J = 17.6, 7.4 Hz, 

1H); 13C NMR (126 MHz, D2O): δ 176.9, 173.1, 171.5, 59.1, 48.2, 35.0. HRMS (ESI+): calcd. 
for C6H10O6N [M+H]+: 192.0503, found: 192.0502. The 1H NMR data of 3f is in agreement 
with literature data.2 Chiral HPLC conditions: Chirex 3126-D-penicillamine column 



186 CHAPTER 5

(250 mm x 4.6 mm, Phenomenex). Phase A: 2.0 mM CuSO4 aqueous solution, phase B: 
isopropanol, A/B = 95:5 (v/v). Flow rate 1.0 mL/min, 25 °C, UV detection at 254 nm, tR = 
2.4 min. The ee was determined to be >99% by chiral HPLC analysis using authentic stand-
ards with known S or R configuration (Figure S10).

(2S)-N-(2’-carboxyethyl)aspartic acid (3g)
White solid. 15 mg (37% yield, ee >99%). 1H NMR (500 MHz, D2O): 
δ 3.81 (dd, J = 8.0, 4.0 Hz, 1H), 3.26 (t, J = 6.4 Hz, 2H), 2.85 (dd, J = 
17.7, 4.0 Hz, 1H), 2.75 (dd, J = 17.7, 8.1 Hz, 1H), 2.66 (t, J = 6.4 Hz, 

2H); 13C NMR (126 MHz, D2O): δ 177.4, 176.7, 173.1, 59.3, 43.3, 35.1, 32.0. HRMS (ESI+): 
calcd. for C7H12O6N [M+H]+: 206.0659, found: 206.0658. [α]D20 = −10.7 (c 0.36, 0.1 N NH3/
H2O). Chiral HPLC conditions: Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, 
Phenomenex) with 2.0 mM aqueous CuSO4 as mobile phase at a flow rate of 0.8 mL/min, 
20 °C, UV detection at 254 nm, tR = 8.0 min. The ee was determined to be >99% by chiral 
HPLC analysis using authentic standards with known S or R configuration (Figure S11).

(2S)-N-(3’-carboxypropyl)aspartic acid (3h)
White solid. 23 mg (53% yield, ee >99%). 1H NMR (500 MHz, 
D2O): δ 3.78 (dd, J = 7.9, 4.0 Hz, 1H), 3.12 – 3.03 (m, 2H), 2.79 (dd, 
J = 17.3, 3.7 Hz, 1H), 2.67 (dd, J = 17.5, 8.0 Hz, 1H), 2.31 (t, J = 

7.3 Hz, 2H), 1.93 (p, J = 7.3 Hz, 2H); 13C NMR (126 MHz, D2O): δ 180.6, 177.1, 173.3, 59.3, 
46.3, 35.5, 33.7, 22.3. HRMS (ESI+): calcd. for C8H14O6N [M+H]+: 220.0816, found: 220.0814. 
[α]D20 = −9.8 (c 0.32, 0.1 N NH3/H2O). Chiral HPLC conditions: Chirex 3126-D-penicil-
lamine column (250 mm x 4.6 mm, Phenomenex) with 2.0 mM aqueous CuSO4 as mobile 
phase at a flow rate of 1.2 mL/min, 20 °C, UV detection at 254 nm, tR = 29.8 min. The ee was 
determined to be >99% by chiral HPLC analysis using racemic standard (Figure S12).
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3. Screening of natural α-amino acids as substrates for EDDS lyase

General procedure: The initial reaction mixture (2.5 mL) consisted of fumaric acid 
(0.03 mmol) and a α-amino acid (see above, 0.3 mmol) in 20 mM NaH2PO4-NaOH buffer, 
and the pH of the reaction mixture was adjusted to pH 8.5. The enzymatic reaction was 
started by addition of freshly purified EDDS lyase (0.05 mol%) and the final volume of the 
reaction mixture was adjusted immediately to 3 mL with the same buffer. The reaction mix-
ture was incubated at room temperature for 48 h. The enzyme was inactivated by heating 
at 70 °C for 10 min. A sample (0.5 mL) was taken from the reaction mixture, filtered and 
the filtrate was evaporated under vacuum. The resulting residue was dissolved in 0.5 mL of 
D2O for 1H NMR measurement. The conversion was estimated by comparing the signals 
of substrates and corresponding product in 1H NMR spectra. No conversion was observed 
after 48 h for the α-amino acids given above in the EDDS lyase-catalyzed addition to fuma-
ric acid. 
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4. One-pot chemoenzymatic synthesis of AMB and related 
compounds

One-pot synthesis of (2S, 2’S)-2a (AMB) 

General procedure:
Step a: The reaction mixture consisted of (S)-2,3-diaminopropionoic acid hydrochlo-
ride (8a, 50 mg, 0.36 mmol), fumaric acid (124 mg, 1.1 mmol) and buffer (8 mL, 20 mM 
NaH2PO4/NaOH, pH=8.5), the pH was adjusted to pH 8.5. The reaction was started by 
addition of freshly purified EDDS lyase (0.05 mol%, 1.75 mL, 5.5 mg/mL), and the reaction 
mixture was incubated at room temperature for 24 h. The conversion (98%) was deter-
mined by 1H NMR, with integration of the respective substrate and product signals. 

Step b: Without purification of the enzymatic product, 2-bromoacetic acid (149 mg, 
1.07 mmol) and a catalytic amount of KI was added to the reaction mixture, followed by 
adjusting the pH to 11 by using NaOH (2 M). The reaction mixture was heated to 70 °C and 
stirred for 6 h; the pH was maintained at pH 11 by adding aqueous 2 M NaOH. The reaction 
mixture was applied to an anion exchange resin (acetate form, 10 g), which was pretreated 
with 1 M acetic acid (5 column volumes) and water (until pH was neutral). The column was 
washed with water (2 column volumes) and 1 M acetic acid (4 column volumes), salts and 
unreacted intermediate were removed. Product and access fumaric acid were eluted with 
1 M HCl (4 column volumes). The ninhydrin-positive fractions were collected and loaded 
onto a column packed with cation-exchange resin (10 g of Dowex 50W X8, 50-100 mesh), 
which was pretreated with 2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column 
volumes) and water (4 column volumes). The column was washed with water (2 column 
volumes) to remove fumaric acid. The target product was eluted with 2 M aqueous ammo-
nia (4 column volumes). The ninhydrin-positive fractions were collected, concentrated 
under vacuum and lyophilized to provide the final product as ammonium salt. 

(2S)-N-{(2’S)-2-carboxy-2-[(carboxymethyl)amino]ethyl}aspartic acid (2S, 2’S)-2a (AMB)
White solid. 23 mg (2-step yield 23%). 1H NMR (500 MHz, 0.2 N 
NaOD/D2O): δ 3.37 (dd, J = 8.1, 5.6 Hz, 1H), 3.17 (d, J = 16.4 Hz, 
1H), 3.13 (dd, J = 7.7, 5.2 Hz, 1H), 3.08 (d, J = 16.3 Hz, 1H), 

2.68 (dd, J = 11.7, 5.2 Hz, 1H), 2.62 (dd, J = 11.7, 7.7 Hz, 1H), 2.50 (dd, J = 15.0, 5.6 Hz, 1H), 
2.33 (dd, J = 15.1, 8.2 Hz, 1H); 13C NMR (126 MHz, D2O): δ 181.5, 180.6, 179.9, 179.1, 63.1, 
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61.8, 51.05, 50.0, 41.5. HRMS (ESI+): calcd. for C9H15N2O8 [M+H]+: 279.0823, found: 
279.0821. Comparisons of 1H NMR and 2D 1H-1H COSY NMR spectra of (2S, 2’S)-3a with 
those of product 2a showed that the N-alkylation of 3a has unambiguously occurred at the 
2’-NH2 position (Figures S6-S9). 

One-pot synthesis of (2S, 2’S)-2b

The compound (2S, 2’S)-2b was prepared from (S)-2,3-diaminopropionoic acid hydrochlo-
ride (8a, 50 mg, 0.36 mmol), fumaric acid (124 mg, 1.1 mmol), 3-bromopropionic acid 
(138 mg, 0.90 mmol) and using EDDS lyase (0.05 mol%, 1.75 mL, 5.5 mg/mL) as the bio-
catalyst following the general procedure described above.

(2S)-N-{(2’S)-2-carboxy-2-[(carboxyethyl)amino]ethyl}aspartic acid (2S, 2’S)-2b
White solid. 10 mg (2-step yield 7%). 1H NMR (500 MHz, 
D2O): δ 4.06 (dd, J = 9.7, 4.5 Hz, 1H), 3.94 – 3.85 (m, 1H), 
3.63 (dd, J = 12.5, 4.5 Hz, 1H), 3.53 (t, J = 10.9 Hz, 1H), 3.35 (t, 
J = 6.5 Hz, 2H), 2.91 – 2.82 (m, 1H), 2.74 (dd, J = 17.6, 8.8 Hz, 

1H), 2.64 (t, J = 6.4 Hz, 2H); 13C NMR (126 MHz, D2O) δ 177.8, 177.0, 172.9, 170.2, 60.2, 
56.6, 44.4, 43.8, 35.4, 32.3. HRMS (ESI+): calcd. for C10H17N2O8 [M+H]+: 293.0979, found: 
293.0976.

One-pot synthesis of (2S, 3’S)-2c

The compound (2S, 3’S)-2c was prepared from (S)-2,4-diaminobutanoic acid hydrochloride 
(8c, 50 mg, 0.32 mmol), fumaric acid (113 mg, 0.97 mmol), 2-bromoacetic acid (138 mg, 
1.0 mmol) and using EDDS lyase (0.05 mol%, 1.55 mL, 5.5 mg/mL) as biocatalyst following 
the general procedure described above.

(2S)-N-{(3’S)-2-carboxy-3-[(carboxymethyl)amino]propyl}aspartic acid (2S, 2’S)-2c
White solid. 3.0 mg (2-step yield 3%).1H NMR (500 MHz, D2O): 
δ 3.84 (dd, J = 8.2, 3.9 Hz, 1H), 3.79 (dd, J = 8.1, 5.1 Hz, 1H), 
3.68 (d, J = 16.1 Hz, 1H), 3.62 (d, J = 16.2 Hz, 1H), 3.36 – 3.25 (m, 
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2H), 2.82 (dd, J = 17.6, 3.9 Hz, 1H), 2.70 (dd, J = 17.6, 8.2 Hz, 1H), 2.33 (ddt, J = 18.2, 14.8, 
7.7 Hz, 2H); 13C NMR (126 MHz, D2O): δ 176.6, 173.1, 172.1, 171.1, 59.6, 59.6, 48.1, 43.5, 
35.6, 26.2. HRMS (ESI+): calcd. for C10H17N2O8 [M+H]+: 293.0979, found: 293.0979.

5. Synthesis of precursors 

Synthesis of 9a-9c

(S)-3-amino-2-[(carboxymethyl)amino]propanoic acid (9a)
(S)-2-amino-3-[(tert-butoxycarbonyl)amino]propionic acid (S1, 163 mg, 
0.8 mmol) and bromoacetic acid (167 mg, 1.2 mmol) were dissolved in 
H2O (2 mL) and the pH of the reaction mixture was adjusted to 11 using 

aqueous NaOH (2 M). The reaction mixture was stirred at 70 °C for 6 h and the pH of the 
reaction mixture was maintained at pH 11 by frequent addition of aqueous NaOH (2 M). 
After completion of the reaction (monitored by 1H NMR), the solution was neutralized to 
pH 7 and subjected to lyophilization to provide the solid crude product S2. Compound 
S2 was directly used for the next step without purification. To a stirred solution of S2 in dry 
DCM (5 mL), in an ice-bath, was added trifluoroacetic acid (5 mL) dropwise. After the 
complete addition of trifluoroacetic acid, the ice-bath was removed and the reaction was 
allowed to proceed at room temperature for further 1.5 h. After completion of the starting 
material, solvent was removed in vacuo to provide crude product 9a, which was purified via 
anion exchange and cation exchange chromatography following a similar procedure to that 
used for 3a. White solid. 70 mg (2-step yield 54%). 1H NMR (500 MHz, D2O): δ 3.96 (dd, J 
= 7.7, 5.8 Hz, 1H), 3.78 (d, J = 16.3 Hz, 1H), 3.70 (d, J = 16.2 Hz, 1H), 3.53 (dd, J = 13.4, 
5.8 Hz, 1H), 3.48 (dd, J = 13.5, 7.8 Hz, 1H); 13C NMR (126 MHz, D2O): δ 171.4, 170.3, 57.7, 
48.5, 38.0. HRMS (ESI+): calcd. for C5H11N2O4 [M+H]+: 163.0713, found: 163.0715.

(S)-3-amino-2-[(2-carboxyethyl)amino]propanoic acid (9b)
To a stirred solution of (S)-2-amino-3-[(tert-butoxycarbonyl)amino] 
propionic acid (S1, 200 mg, 0.98 mmol) in 20 mM sodium phosphate 
buffer (10 mL, pH = 8.5) was added 3-bromopropionic acid (225 mg, 

1.47 mmol) and KI (174 mg, 1.08 mmol), followed by adjusting the pH to 11 using aqueous 
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NaOH (2 M). The reaction mixture was heated to 50 °C and stirred for 12 h. The pH was 
maintained at 11 by frequent addition of aqueous NaOH (2 M). After completion of the 
reaction (monitored by 1H NMR), the solution was neutralized to pH 7 and subjected to 
lyophilization to provide the solid crude product S3. Compound S3 was directly used for 
the next step without purification. To a stirred solution of S3 in dry DCM (5 mL), in an ice-
bath, was added trifluoroacetic acid (5 mL) dropwise. After the complete addition of trif-
luoroacetic acid, the ice-bath was removed and the reaction was allowed to proceed at room 
temperature for further 1.5 h. After completion of the starting material, solvent was removed 
in vacuo to provide crude 9b, which was purified via cation exchange chromatography, 
followed by lyophilization. The resulting solid was precipitated in a mixture of H2O/MeOH/
AcOH (1.0 mL : 3.0 mL : 0.04 mL) to afford 9b as a white solid (70 mg, 2-step yield 41%). 
1H NMR (500 MHz, D2O) δ 3.93 (dd, J = 8.8, 5.0 Hz, 1H), 3.54 (dd, J = 13.3, 5.0 Hz, 1H), 
3.46 (dd, J = 13.2, 8.8 Hz, 1H), 3.31 (td, J = 6.5, 2.7 Hz, 2H), 2.61 (t, J = 6.5 Hz, 2H); 13C NMR 
(126 MHz, D2O) δ 178.0, 170.3, 57.2, 43.8, 37.6, 32.3. HRMS (ESI+): calcd. 
for C6H13N2O4 [M+H]+: 177.0875, found: 177.0871.

Methyl-(S)-4-[(tert-butoxycarbonyl)amino]-2-[(2-ethoxy-2-oxoethyl)amino]butanoate 
(S5)

To a stirred solution of methyl (S)-2-amino-4-[(tert-butoxycar bonyl)
amino]butanoate hydrochloride (S4, 100 mg, 0.37 mmol) in dry THF 
(5 mL) under nitrogen atmosphere was added Na2CO3 (102 mg, 

0.74 mmol) at room temperature. Later bromoethyl acetate (92 mg, 0.55 mmol) was added 
to the reaction mixture, and the reaction was run at 50 °C for 48 h. After completion of the 
reaction, the reaction mixture was diluted with water (5 mL) and extracted with EtOAc 
(20 mL x 3). The combined organic layers were washed with brine (50 mL), dried over 
Na2SO4 and evaporated to provide crude product S5, which was purified via flash column 
chromatography (EtOAc /Petroleum ether, 50%, v/v) to afford the desired pure product as 
colorless oil (110 mg, yield 93%). 1H NMR (500 MHz, CDCl3): δ 5.25 (s, 1H), 4.18 (q, J = 
7.1 Hz, 2H), 3.73 (s, 3H), 3.45 (d, J = 17.4 Hz, 1H), 3.35 – 3.25 (m, 4H), 1.97 – 1.90 (m, 1H), 
1.70 (ddt, J = 14.3, 8.6, 6.0 Hz, 2H), 1.44 (s, 9H), 1.27 (t, J = 7.2 Hz, 3H); 13C NMR (126 MHz, 
CDCl3): δ 174.9, 171.8, 156.0, 60.9, 59.0, 52.1, 49.1, 37.7, 32.8, 28.4 (3C), 14.2. HRMS (ESI+): 
calcd. for C14H27N2O6 [M+H]+: 319.1869, found: 319.1865.
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(S)-4-amino-2-[(carboxymethyl)amino]butanoic acid (9c)
To a stirred solution of S5 (100 mg, 0.31 mmol) in THF/H2O (1:1), in 
an ice-bath, was added LiOH (37 mg, 1.6 mmol). After 10 min, the 
cooling system was removed and the reaction mixture was stirred at 

room temperature for 3 h. After the completion of the reaction (1H NMR monitoring), the 
pH of the reaction mixture was adjusted to pH 7. The solvent was evaporated and the result-
ing solid S6 was dried overnight under high vacuum. Compound S6 was directly used for 
the next step without purification. To a stirred solution of S6 in dry DCM (5 mL) was added 
trifluoroacetic acid (3.0 mL) dropwise at 0 °C. After the complete addition of TFA, the reac-
tion was run at the same temperature for further 2 h. After completion of the reaction, 
solvent was evaporated and the product was purified by cation exchange chromatography 
followed by lyophilization to provide compound 9c (23 mg, 2-step yield 46%) as a white 
solid. 1H NMR (500 MHz, D2O): δ 3.66 (dd, J = 7.6, 5.7 Hz, 1H), 3.61 (d, J = 16.3 Hz, 1H), 
3.51 (d, J = 16.3 Hz, 1H), 3.24 – 3.11 (m, 2H), 2.18 (ddt, J = 18.1, 14.7, 7.6 Hz, 2H); 13C NMR 
(126 MHz, D2O): δ 173.9, 172.8, 60.0, 48.6, 36.7, 27.5. HRMS (ESI+): calcd. 
for C6H11N2O4 [M-H]-: 175.0719, found: 175.0723.

Synthesis of 9d and 9e

(S)-2-[(tert-butoxycarbonyl)amino]-3-{[(S)-3’-(tert-butoxycarbonyl)amino]-1’-meth-
oxy-1’-oxopropan-2’-yl}amino propanoic acid (S9)

To a stirred solution of (S)-methyl 2-amino-3-[(tert-butoxycar-
bonyl)amino]propanoate (S7, 218 mg, 1.0 mmol) in CH3CN/H2O 
(1:1, 5 mL) was added Boc-L-serine-β-lactone (S8, 280 mg, 

1.5 mmol).3 The reaction mixture was stirred at room temperature for 8 h. Solvent was 
removed in vacuo to provide crude S9, which was purified via flash column chromatogra-
phy (MeOH/DCM, 5%, v/v) to give pure S9 (220 mg, yield 54%) as a white solid. 1H NMR 
(500 MHz, Methanol-d4): δ 4.15 (t, J = 6.1 Hz, 1H), 3.76 (brs, 4H), 3.50 – 3.42 (m, 2H), 
3.13 (dd, J = 12.0, 6.6 Hz, 1H), 3.03 (dd, J = 11.4, 5.6 Hz, 1H), 1.44 (s, 9H), 1.42 (s, 9H); 13C 
NMR (126 MHz, CDCl3): δ 173.3, 168.8, 156.6, 156.3, 80.2, 79.8, 60.6, 53.4, 52.5, 50.4, 40.6, 
28.5 (3C), 28.4 (3C). HRMS (ESI+): calcd. for C17H32N3O8 [M+H]+: 406.2184, found: 
406.2176.
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(S)-2-amino-3-[(S)-2’-amino-1’-carboxyethyl]amino propanoic acid (9d)
To a stirred solution of S9 (202 mg, 0.5 mmol) in THF/H2O (1:1, 
3 mL), in an ice-bath, was added LiOH (24 mg, 1 mmol). After 10 min, 
the cooling system was removed and the reaction mixture was stirred 
at room temperature for 2 h. After completion of the starting material, 

the pH of the reaction mixture was adjusted to pH 7. Solvents were removed in vacuo and 
the resulting solid (S10) was dried under vacuum overnight. Compound S10 was directly 
used for the next step without purification. To a stirred solution of S10 in dry DCM (3 mL), 
in an ice-bath, was added trifluoroacetic acid (2 mL) dropwise. After the complete addition 
of trifluoroacetic acid, the ice-bath was removed and the reaction was allowed to proceed at 
room temperature for 1.5 h. After completion of the starting material, solvent was removed 
to provide crude 9d, which was purified via cation exchange chromatography followed by 
lyophilization to provide 9d (71 mg, 2-step yield 74%) as a white solid. 1H NMR (500 MHz, 
D2O): δ 3.80 (dd, J = 5.4, 4.1 Hz, 1H), 3.31 – 3.21 (m, 3H), 2.96 (dd, J = 12.8, 9.5 Hz, 1H), 
2.83 (dd, J = 13.5, 4.1 Hz, 1H); 13C NMR (126 MHz, D2O): δ 177.8, 173.5, 60.9, 54.7, 47.1, 
41.2. HRMS (ESI+): calcd. for C6H14N3O4 [M+H]+: 192.0979, found: 192.0980.

(S)-4-amino-2-{[(S)-2’-amino-2’-carboxyethyl]amino}butanoic acid (9e)
To a stirred solution of S11 (200 mg, 0.75 mmol) in dry THF 
(10.0 mL) was added Na2CO3 (152 mg, 1.1 mmol) under nitrogen 
atmosphere at room temperature. Later, Boc-L-serine-β-lactone 
(S8, 187 mg, 1.0 mmol) was added to the reaction mixture and the 

reaction was run at 40 °C for 36 h. After completion of the reaction, solvent was evaporated 
followed by reverse extraction by using EtOAc (10 mL) and H2O (10 mL) to remove unre-
acted amine and lactone. The water layer was evaporated and lyophilized to afford 
S12 (98 mg). Compound S12 was directly used for the next step without purification.

To a stirred solution of S12 (98 mg, 0.23 mmol) in THF/H2O (1:1) was added LiOH (22 mg, 
0.93 mmol) at 0 °C. After 10 min, the cooling system was removed and the reaction mix-
ture was stirred at room temperature for 2 h. After the completion of the reaction, solvent 
was evaporated and the product S13 was dried overnight under high vacuum. Compound 
S13 was directly used for the next step without purification. To a stirred solution of S13 in 
dry DCM (5 mL) was added trifluoroacetic acid (3 mL) dropwise at 0 °C. After the complete 
addition of trifluoroacetic acid, the ice-bath was removed and the reaction was allowed to 
proceed at room temperature for 1.5 h. After completion of the reaction, the solvent was 
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evaporated and the product was purified by cation exchange chromatography, followed by 
lyophilization to provide compound 9e (23 mg, 3-step yield 46%). 1H NMR (500 MHz, 
0.2 N NaOD/D2O): δ 2.97 (dd, J = 8.8, 4.1 Hz, 1H), 2.71 (dd, J = 8.2, 5.7 Hz, 1H), 2.34 (dd, 
J = 11.8, 4.2 Hz, 1H), 2.24 (t, J = 7.5 Hz, 2H), 2.17 (dd, J = 11.8, 8.9 Hz, 1H), 1.37 – 1.25 (m, 
2H); 13C NMR (126 MHz, D2O): δ 180.3, 173.2, 62.0, 54.6, 47.4, 37.5, 29.8. HRMS (ESI+): 
calcd. for C7H16N3O4 [M+H]+: 206.1141, found: 206.1134.

6. Enzymatic synthesis of AMB, AMA and related compounds

(2S)-N-{(2’S)-2-carboxy-2-[(carboxymethyl)amino]ethyl}aspartic acid (2a)
The reaction mixture consisted of fumaric acid (93 mg, 
0.8 mmol), 9a (32.5 mg, 0.2 mmol) and 5 mL of buffer (20 mM 
NaH2PO4/NaOH, pH 8.5), and the pH of the reaction mixture 
was adjusted to pH 8.5 by 1 M NaOH aqueous solution. The enzy-

matic reaction was started by addition of freshly purified EDDS lyase (0.05 mol%) and the 
final volume of the reaction mixture was adjusted immediately to 6 mL with the same 
buffer. The reaction mixture was incubated at room temperature for 24 h. After completion 
of the reaction, the enzyme was inactivated by heating to 70 °C for 10 min. The conversion 
(80%) was monitored by 1H NMR spectroscopy. The purification was conducted by two 
steps of ion-exchange chromatography following a procedure similar to that used for 
chemoenzymatically prepared 2a. Light yellow solid. 29 mg (yield 47%). 1H NMR (500 MHz, 
0.2 N NaOD/D2O): δ 3.34 (dd, J = 8.2, 5.6 Hz, 1H), 3.16 (d, J = 16.3 Hz, 1H), 3.11 (dd, J = 
7.7, 5.1 Hz, 1H), 3.06 (d, J = 16.3 Hz, 1H), 2.67 (dd, J = 11.7, 5.1 Hz, 1H), 2.59 (dd, J = 11.7, 
7.7 Hz, 1H), 2.48 (dd, J = 15.1, 5.6 Hz, 1H), 2.31 (dd, J = 15.1, 8.2 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 181.5, 180.6, 179.9, 179.1, 63.1, 61.7, 51.0, 50.0, 41.4. HRMS (ESI+): 
calcd. for C9H15N2O8 [M+H]+: 279.0823, found: 279.0821. The 1H NMR spectrum of the 
enzymatically produced 2a was matched to that of chemoenzymatically synthesized (2S, 
2’S)-2a, which indicated that the absolute configuration of the enzymatically produced 2a 
was also (2S, 2’S), with a newly formed (2S)-configured chiral center and de >98%.

(2S)-N-{(2’S)-2-carboxy-2-[(carboxyethyl)amino]ethyl}aspartic acid (2b)
The reaction mixture consisted of fumaric acid (52 mg, 
0.45 mmol), 9b (20 mg, 0.11 mmol) and 5 mL of buffer 
(50 mM Tris/HCl, pH 9.0), and the pH of the reaction mixture 
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was adjusted to pH 9.0 by 1 M NaOH aqueous solution. The enzymatic reaction was started 
by addition of freshly purified EDDS lyase (0.15 mol%) and the final volume of the reaction 
mixture was adjusted immediately to 6 mL with the same buffer. The reaction mixture was 
incubated at 37 °C for 48 h. After completion of the reaction, the enzyme was inactivated by 
heating to 70 °C for 10 min. The conversion (65%) was monitored by 1H NMR spectros-
copy. Product purification was conducted by two steps of ion-exchange chromatography 
following a procedure similar to that used for 2a, providing 2b as a white solid (15 mg, yield 
46%). 1H NMR (500 MHz, D2O): δ 4.02 (dd, J = 9.1, 4.8 Hz, 1H), 3.86 (dd, J = 9.1, 3.7 Hz, 
1H), 3.59 (dd, J = 12.6, 4.8 Hz, 1H), 3.49 (dd, J = 12.6, 9.2 Hz, 1H), 3.33 (t, J = 6.5 Hz, 2H), 
2.84 (dd, J = 17.5, 3.7 Hz, 1H), 2.70 (dd, J = 17.5, 9.1 Hz, 1H), 2.62 (t, J = 6.5 Hz, 2H); 13C 
NMR (126 MHz, D2O): δ 178.0, 177.2, 173.2, 170.4, 60.3, 60.1, 44.4, 43.8, 35.6, 32.4. HRMS 
(ESI+): calcd. for C10H17N2O8 [M+H]+: 293.0976, found: 293.0976. The 1H NMR spectrum 
of the enzymatically produced 2b was identical to that of chemoenzymatically synthesized 
(2S, 2’S)-2b, which indicated that the absolute configuration of the enzymatically produced 
2b was (2S, 2’S), with a newly formed (2S)-configured chiral center and de >98%. 

(2S)-N-{(3’S)-3-carboxy-3-[(carboxymethyl)amino]propyl}aspartic acid (2c)
The reaction mixture consisted of fumaric acid (52 mg, 
0.45 mmol), 9c (20 mg, 0.11 mmol) and 5 mL of buffer (50 mM 
Tris/HCl, pH 9.0), and the pH of the reaction mixture was 

adjusted to 9.0 by 1 M NaOH aqueous solution. The enzymatic reaction was started by 
addition of freshly purified EDDS lyase (0.15 mol%) and the final volume of the reaction 
mixture was adjusted immediately to 6 mL with the same buffer. The reaction mixture was 
incubated at 37 °C for 48 h. After completion of the reaction, the enzyme was inactivated by 
heating to 70 °C for 10 min. The conversion (65%) was monitored by 1H NMR spectros-
copy. Product purification was conducted by two steps of ion-exchange chromatography 
following a procedure similar to that used for 2a, providing 2c as a white solid (10 mg, yield 
31%). 1H NMR (500 MHz, D2O): δ 3.81 (dd, J = 8.0, 3.9 Hz, 1H), 3.75 (t, J = 6.3 Hz, 1H), 
3.62 (q, J = 16.2 Hz, 2H), 3.31 – 3.25 (m, 2H), 2.80 (dd, J = 17.6, 3.8 Hz, 1H), 2.68 (dd, J = 
17.6, 8.1 Hz, 1H), 2.34 – 2.23 (m, J = 7.7 Hz, 2H); 13C NMR (126 MHz, D2O): δ 177.2, 173.2, 
172.5, 171.5, 59.6, 59.5, 48.2, 43.6, 35.7, 26.3. HRMS (ESI+): calcd. for C10H17N2O8 [M+H]+: 
293.0979, found: 293.0979. The 1H NMR spectrum of the enzymatically produced 2c was 
identical to that of chemoenzymatically synthesized (2S, 3’S)-2c, which indicated that the 
absolute configuration of the enzymatically produced 2c was (2S, 3’S), with a newly formed 
(2S)-configured chiral center and de >98%. 
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(2S)-N-{(2’S)-2’-[(2’’S)-2’’-amino-2’’-carboxyethyl]amino-2’-carboxyethyl}aspartic acid 
(1a, aspergillomarasmine A, AMA)

The reaction mixture consisted of fumaric acid (46 mg, 
0.4 mmol), 9d (19 mg, 0.1 mmol) and 4 mL of buffer (50 mM 
NaHCO3/Na2CO3, pH 9.0), and the pH of the reaction mix-
ture was adjusted to pH 9.0 by 1 M NaOH aqueous solution. 

The enzymatic reaction was started by addition of freshly purified EDDS lyase (0.15 mol%) 
and the final volume of the reaction mixture was adjusted immediately to 6 mL with the 
same buffer. The reaction mixture was incubated at 37 °C for 48 h. After completion of the 
reaction, the enzyme was inactivated by heating to 70 °C for 10 min. The conversion (79%) 
was monitored by 1H NMR spectroscopy. The pH of reaction mixture was adjusted to pH 
7 using 1 M acetic acid  and applied to an anion exchange resin (acetate form, 10 g), which 
was pretreated with 1 M acetic acid (5 column volumes) and pure water (until pH was neu-
tral). The column was washed with water (4 column volumes) to remove the unreacted 
starting substrate (S)-2-amino-3-[(S)-2’-amino-1’-carboxyethyl]aminopropanoic acid 
(9d), the product and the fumaric acid were eluted with 1 M LiCl aqueous solution 
(4 column volumes). The ninhydrin-positive fractions were collected and loaded onto a 
column packed with cation-exchange resin (10 g of Dowex 50W X8, 50-100 mesh), which 
was pretreated with 2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column vol-
umes) and water (4 column volumes). The column was washed with water (4 column vol-
umes) to remove fumaric acid and salts. The final product was eluted with 2 M aqueous 
ammonia (4 column volumes). The ninhydrin-positive fractions were collected and 
lyophilized to yield the 1a (AMA) as ammonium salt. White solid, 8 mg (yield 26%). 
1H NMR (500 MHz, 50 mM NaD2PO4/D2O, pD=7.0): δ 3.72 – 3.68 (m, 2H), 3.25 (dd, J = 
9.9, 4.2 Hz, 1H), 3.16 – 3.10 (m, 2H), 2.99 (dd, J = 13.0, 9.9 Hz, 1H), 2.71 (dd, J = 13.5, 
3.9 Hz, 1H), 2.66 (dd, J = 17.6, 3.7 Hz, 1H), 2.54 (dd, J = 17.6, 9.4 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 177.3, 177.2, 173.1, 173.0, 59.7, 59.3, 54.4, 47.9, 47.0, 35.6. HRMS (ESI+): 
calcd. for C10H18N3O8 [M+H]+: 308.1088, found: 308.1087. 

In order to compare 1H NMR data of product 1a with the reported data on natural (2S, 2’S, 
2’’S)-AMA4, 600 MHz 1H NMR of product 1a was recorded. 1H NMR (600 MHz, 50 mM 
NaD2PO4/D2O, pD=7.0): δ 3.77 – 3.73 (m, 2H), 3.31 (dd, J = 9.7, 4.3 Hz, 1H), 3.19 (td, J 
= 13.8, 13.2, 5.0 Hz, 2H), 3.05 (dd, J = 12.7, 9.9 Hz, 1H), 2.77 (dd, J = 13.5, 3.7 Hz, 1H), 
2.72 (dd, J = 17.6, 3.5 Hz, 1H), 2.60 (dd, J = 17.5, 9.3 Hz, 1H). Comparison of the 1H 
NMR data of enzymatically prepared 1a with that of natural (2S, 2’S, 2’’S)-AMA4 (Table S1) 
and synthetic (2R, 2’S, 2’’S)-AMA5 confirmed that the enzymatic product 1a had the (2S, 
2’S, 2’’S) absolute configuration (de >98%).
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(2S, 5S)-1-[(S)-2-amino-2-carboxyethyl]-5-(carboxymethyl)-6-oxopiperazine-2-carboxylic 
acid (Anhydro-AMA).

A small amount of cyclized (S, S, S)-anhydro-AMA was obtained during 
the purification of 1a. 1H NMR (500 MHz, D2O): δ 4.14 – 4.11 (m, 2H), 
3.77 (dd, J = 10.2, 4.5 Hz, 1H), 3.57 (dd, J = 6.9, 3.8 Hz, 1H), 3.35 (dd, J 
= 13.8, 5.4 Hz, 1H), 3.10 (dd, J = 14.6, 4.5 Hz, 1H), 2.93 (dd, J = 13.8, 
6.9 Hz, 1H), 2.70 (dd, J = 16.5, 6.9 Hz, 1H), 2.50 (dd, J = 16.5, 3.9 Hz, 

1H). The 1H NMR data matched with the reported data of (S, S, S)-anhydro-AMA.6 HRMS 
(ESI+): calcd. for C10H16N3O7 [M+H]+: 290.0983, found: 290.0978.

Table S1. 1H NMR data comparison of natural (2S, 2’S, 2’’S)-AMA4 and enzymatic (2S, 2’S, 2’’S)-AMA.

Natural (2S, 2’S, 2’’S)-AMA
(600 MHz)

Enzymatic (2S, 2’S, 2’’S)-AMA
(600 MHz)

3.75 (dd, J = 9.1, 3.6, 1H)
3.77 – 3.73 (m, 2H)

3.74 (dd, J = 5.7, 4.1, 1H)

3.35 (dd, J = 9.5, 4.5, 1H) 3.31 (dd, J = 9.7, 4.3 Hz, 1H)

3.21 (dd, J = 12.8, 4.5, 1H)
3.19 (td, J = 13.8, 13.2, 5.0 Hz, 2H)

3.19 (dd, J = 13.5, 5.7, 1H)

3.06 (dd, J = 12.8, 9.5, 1H) 3.05 (dd, J = 12.7, 9.9 Hz, 1H)

2.80 (dd, J = 13.5, 4.1, 1H) 2.77 (dd, J = 13.5, 3.7 Hz, 1H)

2.73 (dd, J = 17.9, 3.6, 1H) 2.72 (dd, J = 17.6, 3.5 Hz, 1H)

2.61 (dd, J = 17.9, 9.1 1H) 2.60 (dd, J = 17.5, 9.3 Hz, 1H)

(2S)-N-{(3’S)-3’-[(2’’S)-2’’-amino-2’’-carboxyethyl]amino-3’-carboxypropyl}aspartic acid 
(1b)

The reaction mixture consisted of fumaric acid (52 mg, 
0.45 mmol), 9e (20 mg, 0.11 mmol) and 5 mL of buffer (50 mM 
Tris/HCl, pH 9.0), and the pH of the reaction mixture was 
adjusted to pH 9.0 by 1 M NaOH aqueous solution. The enzy-

matic reaction was started by addition of freshly purified EDDS lyase (0.15 mol%) and the 
final volume of the reaction mixture was adjusted immediately to 6 mL with the same 
buffer. The reaction mixture was incubated at 37 °C for 48 h. After completion of the reac-
tion, the enzyme was inactivated by heating to 70 °C for 10 min. The conversion (65%) 
was monitored by 1H NMR spectroscopy. The reaction mixture was applied to an anion 
exchange resin (acetate form, 10 g), which was pretreated with 1 M acetic acid (5 column 
volumes) and pure water (until pH was neutral). The column was washed with water 
(2 column volumes) and the product was eluted with 1 M acetic acid (4 column volumes). 
The ninhydrin-positive fractions were collected and lyophilized. The resulting white solid 
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was precipitated in a mixture of H2O : MeOH : AcOH (1.0 mL : 3.0 mL : 0.04 mL) to afford 
1b (5 mg, yield 20%). 1H NMR (500 MHz, 0.2N NaOD/D2O): δ 3.02 – 2.96 (m, 2H), 2.69 (dd, 
J = 8.0, 5.7 Hz, 1H), 2.35 (dd, J = 11.8, 4.1 Hz, 1H), 2.18 – 2.09 (m, 4H), 1.97 (dd, J = 15.0, 
7.8 Hz, 1H), 1.46 – 1.39 (m, 1H), 1.34 – 1.26 (m, 1H); 13C NMR (126 MHz, 0.2N NaOD/
D2O): δ 181.7, 181.4, 181.4, 179.7, 62.1, 62.0, 61.1, 61.0, 55.6, 44.0. HRMS (ESI+): calcd. 
for C11H20N3O8 [M+H]+: 322.1250, found: 322.1242.

7. Chemical synthesis of standards for stereochemistry 
determination

 

tert-Butyl (S)-2-[(tert-butoxycarbonyl)amino]-4-(ethylthio)-4-oxobutanoate (S15)
Compound S15 was synthesized according to a procedure published 
elsewhere.7 1H NMR (500 MHz, CDCl3): δ 5.41 (d, J = 8.4 Hz, 1H), 
4.41 (dt, J = 8.9, 4.7 Hz, 1H), 3.15 (dd, J = 16.3, 4.8 Hz, 1H), 3.03 (dd, J = 

16.3, 4.7 Hz, 1H), 2.96 – 2.82 (m, 2H), 1.45 (s, 9H), 1.43 (s, 9H), 1.24 (t, J = 7.4 Hz, 3H). 
The 1H NMR data of S15 matched with the reported data.7

tert-Butyl (S)-2-[(tert-butoxycarbonyl)amino]-4-oxobutanoate (S16)
Compound S16 was synthesized according to a procedure published else-
where.7 1H NMR (500 MHz, CDCl3): δ 9.73 (s, 1H), 5.36 (d, J = 7.0 Hz, 1H), 
4.52 – 4.42 (m, 1H), 2.98 (qd, J = 18.0, 4.9 Hz, 2H), 1.45 (s, 9H), 1.44 (s, 

9H). The 1H NMR data of S16 matched with the reported data.7

Di-tert-butyl {(S)-4-(tert-butoxy)-3-[(tert-butoxycarbonyl)amino]-4-oxobutyl}-L-aspar-
tate (S18)

To a stirred solution of di-tert-butyl L-aspartate (S17, 197 mg, 
0.80 mmol) and NaCNBH3 (58 mg, 0.91 mmol) in dry MeOH 
(5 mL) was added aldehyde S16 (200 mg, 0.73 mmol) at room 

temperature and the reaction was run at the same temperature for 18 h. After completion of 
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the reaction, solvent was evaporated and the crude product was purified by flash column 
chromatography (EtOAc/Petroleum ether, 20%, v/v) to afford the desired product S18 as 
colorless oil (140 mg, yield 38%). 1H NMR (500 MHz, CDCl3): δ 5.47 (d, J = 7.9 Hz, 1H), 
4.19 (q, J = 7.3 Hz, 1H), 3.41 (t, J = 6.4 Hz, 1H), 2.79 (dt, J = 12.2, 7.0 Hz, 1H), 2.60 – 2.51 (m, 
2H), 2.48 (dd, J = 15.9, 6.8 Hz, 1H), 1.95 – 1.82 (m, 2H), 1.82 – 1.70 (m, 1H), 1.44 (s, 9H), 
1.44 (s, 9H), 1.43 (s, 9H), 1.42 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 172.9, 171.9, 170.3, 
155.6, 81.7, 81.6, 81.0, 79.6, 58.6, 52.9, 44.4, 39.3, 32.6, 28.5 (3C), 28.2 (3C), 28.2 (3C), 
28.1 (3C). HRMS (ESI+): calcd. for C25H47N2O8 [M+H]+: 503.3332, found: 503.3326.

(2S)-N-[(3’S)-3’-amino-3’-carboxypropyl]aspartic acid (S19)
To a stirred solution of starting material S18 (125 mg, 0.25 mmol) 
in dry DCM (5 mL), in ice bath, was added trifluoroacetic acid 
(5.0 mL) dropwise. After the complete addition of trifluoroacetic 

acid, the ice bath was removed and the reaction was run at the room temperature for 6 h. 
After the completion of reaction, solvent was evaporated and the crude product was puri-
fied by cation exchange chromatography followed by lyophilization to provide compound 
S19 as ammonium salt (50 mg, yield 86%). 1H NMR (500 MHz, D2O): δ 3.88 – 3.79 (m, 2H), 
3.35 – 3.20 (m, 2H), 2.82 (dd, J = 17.6, 3.8 Hz, 1H), 2.68 (dd, J = 17.6, 8.6 Hz, 1H), 2.37 – 
2.15 (m, 2H); 13C NMR (126 MHz, D2O): δ 176.2, 173.2, 172.8, 59.2, 52.5, 43.8, 35.2, 27.1. 
HRMS (ESI+): calcd. for C8H15N2O6 [M+H]+: 235.0930, found: 235.0925.

 
Reference compounds S22a-c were prepared as previously reported.1 Compound 
S21 (0.1 mmol) and maleic acid (S20, 23 mg, 0.2 mmol) were dissolved in H2O (1 mL) 
and the pH of the reaction mixture was adjusted to pH 6 by 1 M NaOH aqueous solution. 
The reaction mixture was stirred for 4 h at 70 °C. After cooling to room temperature, the 
reaction mixture was basified to pH 9 and applied to ion exchange chromatography, follow-
ing a procedure similar to that used for 3a.

(2S/R)-N-[(3’S)-3’-amino-3’-carboxypropyl]aspartic acid (S22a)
White solid. 5 mg (21% yield). 1H NMR (500 MHz, D2O): δ 3.90 – 
3.74 (m, 4H), 3.32 – 3.25 (m, 2H), 3.22 – 3.14 (m, 2H), 2.87 – 
2.70 (m, 4H), 2.35 – 2.20 (m, 4H). HRMS (ESI+): calcd. 

for C8H15O6N2 [M+H]+: 235.0925, found: 235.0918. 
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(2S/R)-N-[(4’S)-4’-amino-4’-carboxybutyl]aspartic acid (S22b)
White solid. 3 mg (12% yield). 1H NMR (500 MHz, D2O): δ 3.87 – 
3.71 (m, 4H), 3.16 – 3.09 (m, 2H), 3.05 – 3.02 (m, 2H), 2.87 – 
2.69 (m, 4H), 2.01 – 1.70 (m, 8H); HRMS (ESI+): calcd. 

for C9H17O6N2 [M+H]+: 249.1081, found: 249.1074. 

(2S/R)-N-[(5’S)-5’-amino-5’-carboxypentyl]aspartic acid (S22c)
White solid. 2 mg (8% yield). 1H NMR (500 MHz, D2O): δ 
3.84 – 3.69 (m, 4H), 3.14 – 3.00 (m, 2H), 3.01 (t, J = 7.4 Hz, 2H), 
2.85 – 2.66 (m, 4H), 2.01 – 1.83 (m, 4H), 1.80 – 1.68 (m, 4H), 

1.55 – 1.42 (m, 4H). HRMS (ESI+): calcd. for C10H19O6N2 [M+H]+: 263.1238, found: 263.1235. 

 

Reference compounds S-S24 and R-S24 were prepared as previously reported.2 (S)-aspartic 
acid S23 (40 mg, 0.3 mmol) and bromoacetic acid (42 mg, 0.3 mmol) were dissolved in H2O 
(2 mL) and the pH of the reaction mixture was adjusted to pH 11 by 1 M NaOH aqueous 
solution. The reaction mixture was stirred for 6 h at 70 °C and the pH of the reaction mix-
ture was maintained at pH 11 by frequent addition of 1 M NaOH aqueous solution. After 
cooling to room temperature, the reaction mixture was directly applied to ion exchange 
chromatography, following a procedure similar to that used for 3f.

(2S)-N-(carboxymethyl)aspartic acid (S-S24) 
White solid. 16 mg (28% yield). 1H NMR (500 MHz, D2O): δ 3.86 (dd, J 
= 7.1, 4.4 Hz, 1H), 3.70 (d, J = 16.2 Hz, 1H), 3.63 (d, J = 16.2 Hz, 1H), 
2.87 (dd, J = 17.7, 4.4 Hz, 1H), 2.80 (dd, J = 17.7, 7.2 Hz, 1H). 13C NMR 

(126 MHz, D2O): δ 176.5, 172.9, 171.4, 59.0, 48.2, 34.8. HRMS (ESI+): calcd. for C6H10O6N 
[M+H]+: 192.0503, found, 192.0502. Chiral HPLC conditions: Chirex 3126-D-penicil-
lamine column (250 mm x 4.6 mm, Phenomenex). Phase A: 2.0 mM CuSO4 aqueous solu-
tion, phase B: isopropanol, A/B = 95:5 (v/v). Flow rate 1.0 mL/min, 25 °C, UV detection at 
254 nm, tR (S-isomer) = 2.4 min.

(2R)-N-(carboxymethyl)aspartic acid (R-S24) 
The title compound was obtained by reacting (R)-aspartic acid (40 mg, 
0.3 mmol) with bromoacetic acid (42 mg, 0.3 mmol) following a proce-
dure similar to that used for (S)-S24. White solid. 14 mg (25% yield). 
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1H NMR (500 MHz, D2O): δ 3.85 (dd, J = 7.1, 4.4 Hz, 1H), 3.70 (d, J = 15.1 Hz, 1H), 3.63 (d, 
J = 16.1 Hz, 1H), 2.87 (dd, J = 17.7, 4.3 Hz, 1H), 2.80 (dd, J = 17.6, 7.2 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 176.6, 173.0, 171.5, 59.0, 48.2, 34.9. HRMS (ESI+): calcd. for C6H10O6N 
[M+H]+: 192.0503, found: 192.0502. Chiral HPLC conditions: Chirex 3126-D-penicil-
lamine column (250 mm x 4.6 mm, Phenomenex). Phase A: 2.0 mM CuSO4 aqueous solu-
tion, phase B: isopropanol, A/B = 95:5 (v/v). Flow rate 1.0 mL/min, 25 °C, UV detection at 
254 nm, tR (R-isomer) = 5.4 min.

 
Reference compounds S-S25 and R-S25 were prepared as previously reported.2 (S)-aspartic 
acid S23 (40 mg, 0.3 mmol) and 3-bromopropanoic acid (46 mg, 0.3 mmol) were dissolved 
in H2O (2 mL) and the pH of the reaction mixture was adjusted to pH 11 by 1 M NaOH 
aqueous solution. The reaction mixture was stirred for 4 h at 70 °C and the pH of the reac-
tion mixture was maintained at pH 11 by frequent addition of 1 M NaOH aqueous solu-
tion. After cooling to room temperature, the reaction mixture was directly applied to ion 
exchange chromatography, following a procedure similar to that used for 3g.

(2S)-N-(2’-carboxyethyl) aspartic acid (S-S25) 
White solid. 8 mg (yield 13%). 1H NMR (500 MHz, D2O): δ 3.81 (dd, 
J = 8.0, 4.0 Hz, 1H), 3.27 (t, J = 6.4 Hz, 2H), 2.85 (dd, J = 17.7, 4.0 Hz, 
1H), 2.76 (dd, J = 17.7, 8.0 Hz, 1H), 2.67 (t, J = 6.4 Hz, 2H); 13C NMR 

(126 MHz, D2O): δ 177.2, 176.5, 173.0, 59.2, 43.3, 35.0, 31.8. HRMS (ESI+): calcd. 
for C7H12O6N [M+H]+: 206.0659, found: 206.0658. [α]D20 = −11.3 (c 0.37, 0.1 N NH3/H2O). 
Chiral HPLC conditions: Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phe-
nomenex) with 2.0 mM aqueous CuSO4 as mobile phase at a flow rate of 0.8 mL/min, 20 °C, 
UV detection at 254 nm, tR (S-isomer) = 8.0 min.

(2R)-N-(2’-carboxyethyl)aspartic acid (R-S25)
The title compound was obtained by reacting (R)-aspartic acid 
(40 mg, 0.3 mmol) with 3-bromopropanoic acid (46 mg, 0.3 mmol) 
following a procedure similar to that used for (S)-S25. White solid. 

6 mg (yield 10%). 1H NMR (500 MHz, D2O): δ 3.81 (dd, J = 8.0, 4.0 Hz, 1H), 3.26 (t, J = 
6.4 Hz, 2H), 2.85 (dd, J = 17.7, 4.0 Hz, 1H), 2.75 (dd, J = 17.7, 8.1 Hz, 1H), 2.66 (t, J = 6.4 Hz, 
2H); 13C NMR (126 MHz, D2O): δ 177.4, 176.6, 173.1, 59.3, 43.3, 35.1, 32.0. HRMS (ESI+): 
calcd. for C7H12O6N [M+H]+: 206.0659, found: 206.0657. [α]D20 = +12.0 (c 0.34, 0.1 N NH3/
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H2O). Chiral HPLC conditions: Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, 
Phenomenex) with 2.0 mM aqueous CuSO4 as mobile phase at a flow rate of 0.8 mL/min, 
20 °C, UV detection at 254 nm, tR (R-isomer) = 9.4 min.

 

(2R/S)-N-(3’-carboxypropyl)aspartic acid (rac-S26)
Reference compound rac-S26 was prepared as previously 
reported.8 Maleic acid (S20, 116 mg, 1 mmol) and 4-aminobuta-
noic acid (103 mg, 1 mmol) were dissolved in H2O (5 mL). Satu-

rated Ca(OH)2 aqueous solution was added slowly to neutralize all acid groups and adjust 
the pH to about 12 as measured initially at room temperature. The reaction mixture was 
heated to reflux for 4 h. After completion of the reaction, excess of Na2CO3 was added and 
the reaction mixture was stirred for 15 min. The precipitated CaCO3 was filtered and the 
filtrate was purified via ion exchange chromatography, following a procedure similar to that 
used for 3h. White solid. 90 mg (yield 41%). 1H NMR (500 MHz, D2O) δ 3.78 (dd, J = 7.7, 
4.0 Hz, 1H), 3.08 – 2.05 (m, 2H), 2.78 (dd, J = 17.5, 4.2 Hz, 1H), 2.67 (dd, J = 17.4, 7.8 Hz, 
1H), 2.29 (t, J = 7.4 Hz, 2H), 1.92 (p, J = 7.4 Hz, 2H); 13C NMR (126 MHz, D2O) δ 181.1, 
177.2, 173.3, 59.3, 46.3, 35.5, 34.1, 22.5. HRMS (ESI+): calcd. for C8H14O6N [M+H]+: 
220.0816, found: 220.0814. Chiral HPLC conditions: Chirex 3126-D-penicillamine column 
(250 mm x 4.6 mm, Phenomenex) with 2.0 mM aqueous CuSO4 as mobile phase at a flow 
rate of 1.2 mL/min, 20 °C, UV detection at 254 nm, tR (peak-1) = 25.0 min, tR (peak-2) 
= 29.8 min.
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III) NMR spectra

Figure S2. Comparison of the 1H NMR spectra of (2S, 2’S)-3a and (2S, 2’R)-3b with 0.2 M NaOD/
D2O as the solvent.

Figure S3. 1H NMR data comparison of diastereomeric mixture (2S/R, 3’S)-S22a, enzymatic product 
(2S, 3’S)-3c and authentic standard (2S, 3’S)-S19.



204 CHAPTER 5

Figure S4. 1H NMR data comparison of diastereomeric mixture (2S/R, 4’S)-S22b and enzymatic 
product 3d. 

Figure S5. 1H NMR data comparison of diastereomeric mixture (2S/R, 5’S)-S22c and enzymatic 
product 3e.
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Figure S6. 1H-1H COSY (0.2 N NaOD/D2O) of (2S, 2’S)-3a (toxin A).

Figure S7. 1H-1H COSY (0.2 N NaOD/D2O) of (2S, 2’S)-2a (AMB).
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Figure S8. HMQC (0.2 N NaOD/D2O) of (2S, 2’S)-2a.

Figure S9. Comparison of 1H NMR spectra of (2S, 2’S)-3a (toxin A) and (2S, 2’S)-2a (AMB) with 0.2 
N NaOD/D2O as the solvent.
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IV) Chiral HPLC analysis

Figure S10. Chiral HPLC analysis of product 3f.Chiral HPLC conditions: Chirex 3126-D-penicillamine 
column (250 mm x 4.6 mm, Phenomenex). Phase A: 2.0 mM CuSO4 aqueous solution, phase B: 
isopropanol, A/B = 95:5 (v/v). Flow rate 1.0 mL/min, 25 °C, UV detection at 254 nm. 
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Figure S11. Chiral HPLC analysis of product 3g.Chiral HPLC conditions: Chirex 3126-D-penicillamine 
column (250 mm x 4.6 mm, Phenomenex) with 2.0 mM aqueous CuSO4 as mobile phase at a fl ow rate 
of 0.8 mL/min, 20 °C, UV detection at 254 nm.
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Figure S12. Chiral HPLC analysis of product 3h. Chiral HPLC conditions: Chirex 3126-D-penicillamine 
column (250 mm x 4.6 mm, Phenomenex) with 2.0 mM aqueous CuSO4 as mobile phase at a fl ow rate 
of 1.2 mL/min, 20 °C, UV detection at 254 nm. 
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Abstract

N-cycloalkyl-substituted amino acids have wide-ranging applications in pharmaceu-
tical and nutraceutical fields. Here we report the asymmetric synthesis of various N-cy-
cloalkyl-substituted L-aspartic acids using ethylenediamine-N,N’-disuccinic acid lyase 
(EDDS lyase) and a previously engineered variant of methylaspartate ammonia lyase 
(MAL-Q73A) as biocatalysts. Particularly, EDDS lyase shows broad non-natural substrate 
promiscuity and excellent enantioselectivity, allowing the selective addition of homo- and 
heterocycloalkyl amines (comprising four-, five- and six-membered rings) to fumarate, 
giving the corresponding N-cycloalkyl-substituted L-aspartic acids with excellent enantio-
meric excess (ee >99%). This biocatalytic methodology offers an alternative synthetic choice 
to prepare difficult N-cycloalkyl-substituted amino acids. Given its very broad amine scope, 
EDDS lyase is an exceptionally powerful synthetic tool that nicely complements the rapidly 
expanding toolbox of biocatalysts for asymmetric synthesis of noncanonical amino acids.

Keywords

Biocatalysis, hydroamination, EDDS lyase, noncanonical amino acids.
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Introduction

N-substituted L-aspartic acids are noncanonical amino acids that have wide applications 
in pharma- and nutraceutical fields, serving as drug candidates and chiral building blocks 
for pharmaceutically active molecules, artificial sweeteners and peptido-mimetics.1-7 There-
fore, the development of methodologies for the efficient synthesis of N-substituted aspar-
tic acids in enantioenriched form is of high academic and industrial interest. The most 
common chemocatalytic synthetic strategy is the Michael addition of suitable amines to 
maleic acid, fumaric acid, their ester or amide derivatives, or monoalkali salts.7-9 However, 
in these chemocatalytic reactions, racemic product mixtures are obtained. To achieve the 
desired single L-enantiomer, purification or resolution is needed, leading to unsatisfactory 
product yields lower than 50%.

Asymmetric hydroamination of alkenes is a desirable atom-economic route to introduce 
nitrogen-based functionalities into organic molecules.10-12 Enzymatic addition of ammonia 
or amines to appropriate α,β-unsaturated mono- or dicarboxylic acids using C-N lyases 
as biocatalysts has become an attractive methodology to synthesize chiral α-amino acids, 
such as phenylalanine and aspartic acid, and their derivatives (Scheme 1).10,13-15 This enzy-
matic strategy employs readily available α,β-unsaturated acids as starting materials, escap-
ing steps of protecting/activating carboxylic groups by derivatization as the corresponding 
esters or amides, and normally gives high stereocontrol under mild and potentially green 
reaction conditions. Using this concept, a range of N-substituted L-aspartic acids has pre-
viously been prepared.16-18 For instance, aspartate ammonia lyase (AspB) from Bacillus sp. 
YM55-1 and methylaspartate ammonia lyase (MAL) from Clostridium tetanomorphum 
were found to accept several small substituted amines, like hydroxylamine, methoxylamine 
and methylamine, as substrates for hydroamination of fumarate or mesaconate, yielding 
the corresponding N-substituted L-aspartic acid derivatives.16,17 MAL is a homodimeric 
protein that belongs to the enolase superfamily, and exploits a deamination mechanism 
that involves general-base catalyzed formation of an enolate anion (aci-carboxylate) inter-
mediate that is stabilized by coordination to the essential active site Mg2+ ion.14 The detailed 
knowledge of the structure and catalytic mechanism of MAL served as a guide to expand 
the synthetic usefulness of this enzyme by protein engineering.19 Two variants of MAL were 
generated, one having an enlarged nucleophile scope (MAL-Q73A) and the other having an 
enlarged electrophile scope (MAL-L384A).19 Using MAL-Q73A, a large variety of N-substi-
tuted L-aspartic acids were synthesized with high enantioselectivity (ee >99%).20 Structural 
analysis of MAL-Q73A showed that this mutant enzyme has an enlarged amine binding 
pocket, without changes in the orientation of active site residues, thus rationalizing its abil-
ity to convert the new amine substrates.19
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Scheme 1. Direct hydroamination of α,β-unsaturated carboxylic acids catalyzed by a C-N lyase with 
enantiocontrol to synthesize optically pure α-amino acids.

Recently, we reported another C-N lyase, ethylenediamine-N,N’-disuccinic acid (EDDS) 
lyase from Chelativorans sp. BNC1, that can catalyze the reversible addition of ethylen-
ediamine to two molecules of fumarate to produce (S,S)-EDDS, which is an attractive 
biodegradable metal-chelator.21 Wild-type EDDS lyase has a large amine scope, including 
linear mono- and diamines, and its preparative usefulness was recently demonstrated in 
the chemoenzymatic synthesis of aspergillomarasmine A (AMA), an important metal-
lo-β-lactamase inhibitor, as well as various related aminocarboxylic acids.22 

Cycles are versatile and important structural moieties present in organic molecules, which 
act as good modifiers of properties and biological activities.23-26 Functionalization of amino 
acids with cycles is a subject of great interest, leading to a diversity of useful noncanonical 
amino acids with broad applications.27-29 Here we report the asymmetric synthesis of var-
ious N-cycloalkyl-substituted L-aspartic acids using MAL-Q73A and EDDS lyase as bio-
catalysts. This biocatalytic methodology provides an alternative synthetic choice to prepare 
difficult N-cycloalkyl-substituted amino acids.

Results

Previous work from our group demonstrated that the Q73A mutant of MAL exhibits an 
expanded amine scope, accepting various structurally distinct amines in hydroamination 
reactions.19,20 This prompted us to first test the potential of MAL-Q73A for the asymmet-
ric synthesis of N-cycloalkyl-substituted L-aspartic acids. Out of ten amines tested, MAL-
Q73A only accepted amines 2b, 2e and 2f as substrates (Table 1). However, the observed 
conversions for the reactions with cycloalkyl amines 2b, 2e and 2f were quite low (20-25%). 
The enzymatic products 3b, 3e, and 3f were purified and identified as the corresponding 
N-substituted aspartic acid derivatives by 1H NMR, 13C NMR and HRMS (see Supplemen-
tary Information).

As MAL-Q73A showed a narrow cycloalkyl amine scope, we investigated the amine scope 
of EDDS lyase. Remarkably, EDDS lyase accepted all ten amines as substrates for addition 
to fumarate, giving high conversions (83-99%) for most reactions (Table 1). Relatively low 
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conversions were observed for reactions with homocycloalkyl amines 2b and 2e (25% and 
10%, respectively) as well as with heterocycloalkyl amines 2h and 2i (14% and 46%, respec-
tively). The enzymatic products were isolated and identified as the anticipated N-substi-
tuted aspartic acids by 1H NMR, 13C NMR and HRMS (see Supplementary Information). 
Hence, EDDS lyase shows a broad amine scope, accepting structurally distinct homo- and 
heterocycloalkyl amines in the hydroamination of fumarate.

The absolute configuration and optical purity of the enzymatic products were determined 
by HPLC analysis on a chiral stationary phase. For this, N-substituted L-aspartic acids and 
N-substituted D-aspartic acids were prepared by chemical synthesis and used as authentic 
standards (for detailed procedures, see Supplementary Information). The three products 
from the MAL-Q73A-catalyzed hydroamination reactions (3b, 3e and 3f) were identified 
as the desired L-configured enantiomers, with excellent enantiomeric excess (ee >99%, 
Table 1, Figure S1, S3, and S10). Analysis of eight selected products from the EDDS-lyase-
catalyzed hydroamination reactions (3b-d and 3f-j) showed that the absolute configuration 
of the newly formed stereogenic center was L in all cases (ee >99%, Table 1, Figures S1-9), 
while no D-configured enantiomers were observed. With regard to amino acid products 
3c and 3d, pairs of diastereoisomers (S,S- and S,R-configured) were formed from addition 
of racemic mixtures of 2c and 2d to fumarate, and the diastereomeric ratio (dr) values 
were determined to be 50:50 (Figure S2, S3). This revealed that EDDS lyase accepts both 
enantiomers of the starting racemic substrates 2c or 2d in the hydroamination reactions. 
Thus, both MAL-Q73A and EDDS lyase exhibit excellent enantioselectivity in the addi-
tion of substituted amines to fumarate, yielding the desired optically pure L-aspartic acid 
derivatives.

To further demonstrate the synthetic usefulness of EDDS lyase, preparative-scale synthesis 
of amino acid 3f was performed. Accordingly, substrates 1 (10 mM) and 2f (100 mM) were 
incubated with EDDS lyase (0.15 mol%) in 20 mM NaH2PO4-NaOH buffer at pH 8.5 and 
room temperature. Under these conditions, excellent conversion (85%) and good isolated 
yield (54%, 117 mg) of optically pure (ee >99%) product 3f were achieved.
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Table 1. Enantioselective synthesis of N-cycloalkyl-substituted L-aspartic acids

Entry Substrate Product MAL-Q73A EDDS lyase

Conv.b [%] eec [%] Conv.d [%] dr/eec [%] 

1 2a 3a 0 --- 99 n.d.e

2 2b 3b 20 >99 25 >99

3a 2c 3c 0 --- 89 >99/50:50 f

4a 2d 3d 0 --- 83 >99/50:50f

5 2e 3e 20 >99 10 n.d.

6 2f 3f 25 >99 84 >99

7 2g 3g 0 --- 91 >99

8 2h 3h 0 --- 14 >99

9 2i 3i 0 --- 46 >99

10 2j 3j 0 --- 92 >99/>99:1g

aSubstrates 2c and 2d were used as racemic mixtures. bReaction conditions: fumaric acid (1, 10 mM), amine 2a–j (100 mM), MgCl2 (20 mM), and 
MAL-Q73A (0.10 mol% based on fumaric acid) in H2O at pH 9.0 and room temperature. Reactions were allowed to proceed for 5 days. Conver-
sions were determined using 1H NMR spectroscopy. cThe ee and dr values were determined by chiral HPLC analysis using chemically synthesized 
reference compounds with known configuration. dReaction conditions: fumaric acid (1, 10 mM), amines 2a–j (100 mM) and EDDS lyase (0.15 
mol% based on fumaric acid) in buffer (20 mM NaH2PO4/NaOH, pH 8.5) at room temperature. Reactions were allowed to proceed for 7 days. 
Conversions were determined using 1H NMR spectroscopy. eThe isolated amino acid product could be tentatively assigned the L configuration on 
the basis of analogy. fProducts 3c and 3d were mixtures of (S,S)- and (S,R)-isomers (Figures S2 and S3). gThe absolute configuration of product 3j 
is assigned to be L-trans (Figure S9).
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Conclusion

In summary, we explored the substrate scope of two C-N lyases, a previously engineered 
variant of MAL (mutant Q73A)14,19 and wild-type EDDS lyase,21,22 towards a series of homo- 
and heterocycloalkyl amines. Pleasingly, EDDS lyase was found to possess broad non-nat-
ural substrate promiscuity accepting various cycloalkyl amines in the hydroamination of 
fumarate. A set of N-cycloalkyl-substituted L-aspartic acids was synthesized with excellent 
stereoselectivity (ee >99% for all amino acid products), including those with interesting 
heterocyclic substituents that might allow ring opening and further derivatization for var-
ious applications.30-33 Previous studies on EDDS lyase revealed that this C-N lyase, when 
working in reverse34, accepts a wide variety of amino acids and diamines as substrates in the 
hydroamination of fumarate, giving rise to a large number of useful aminocarboxylic acid 
products, including biodegradable metal chelators and potent metallo-β-lactamase inhib-
itors.21,22 Hence, EDDS lyase is a powerful synthetic tool that nicely complements the rap-
idly expanding toolbox of biocatalysts for asymmetric synthesis of unnatural amino acids. 
In contrast to its broad amine scope, EDDS lyase was found to be specific for fumarate, 
and not capable to accept fumaric acid monomethyl ester, crotonic acid, mesaconic acid, 
itaconic acid, 2-pentenoic acid or glutaconic acid as alternative substrate for hydroami-
nation.21 Work is in progress to expand the electrophile scope of EDDS lyase by struc-
ture-based protein engineering.

Experimental section

General procedure for enzymatic synthesis of N-cycloalkyl-
substituted aspartic acids

For a typical MAL-Q73A reaction, an initial reaction mixture (15 mL) consisting of 
fumaric acid (0.2 mmol, 200 μL of 1 M stock solution), an amine (2a-j, 2 mmol), and 
MgCl2 (0.4 mmol, 400 μL of 1 M stock solution) was prepared in demineralized (demi) 
water and the pH was adjusted to 9.0. The enzyme MAL-Q73A (0.1 mol% based on fumaric 
acid) was added to start the reaction, and the volume of the reaction mixture was imme-
diately adjusted to 20 mL with demi water. The reaction was allowed to proceed for 5 days, 
and was stopped by heating at 70 °C for 10 min. The reaction progress was monitored by 
1H NMR spectroscopy. The conversions were determined by comparing the signals corre-
sponding to fumaric acid (6.5 ppm) and amino acid product.
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For a typical EDDS lyase reaction, an initial reaction mixture (15 mL) containing fuma-
ric acid (0.2 mmol, 200 μL of 1 M stock solution) and an amine (2a-j, 2 mmol) in NaH-
2PO4-NaOH buffer (20 mM, pH 8.5) was prepared. The pH was adjusted to 8.5 with hydro-
chloric acid solution. To start the reaction, EDDS lyase (0.15 mol% based on fumaric acid) 
was added, and the final volume of the reaction mixture was immediately adjusted to 20 mL 
with the same buffer. The reaction was allowed to proceed for 7 days, and stopped by heat-
ing at 70 °C for 10 min. The reaction progress was monitored using 1H NMR spectroscopy 
by comparing signals corresponding to fumaric acid (6.5 ppm) and amino acid product.

Enzymatic products were purified by two steps of ion-exchange chromatography.20 The 
purified products were lyophilized and characterized using 1H NMR, 13C NMR and HRMS. 
The enantiomeric excess and absolute configuration of the products were determined by 
HPLC analysis on a chiral stationary phase. Further experimental details and product char-
acterization are given in the Supplementary Information.
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I)  General information

All reagents that were used to prepare media and buffers were purchased from Sig-
ma-Aldrich Chemical Co. (St. Louis, MO) or Merck (Darmstadt, Germany) and were used 
without further purification. Fumaric acid and the starting amines, 3-aminooxetane, cyclo-
pentylamine, 3-aminotetrahydrofuran, cyclohexylamine, 4-aminotetrahydropyran, 4-ami-
nopiperidine, tetra-2H-thiopyran-3-amine, 1-methyl-4-piperidinamine, and trans-1,4-di-
aminocyclohexane were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). 
Tetrahydrothiophen-3-amine and tetrahydro-2H-thiopyran-4-amine were synthesized 
according to protocols reported previously.1,2 Dowex 50W X8 resin (100-200 mesh) 
and Dowex 1X8 resin (chloride form, 100-200 mesh) were purchased from Sigma-Aldrich 
Chemical Co. Ni sepharose 6 fast flow resin and a HiLoad 16/600 Superdex 200 pg column 
were purchased from GE Healthcare Bio-Sciences AB (Uppsala, Sweden). NMR analysis 
was performed on a Brucker 500 MHz machine at the Drug Design laboratory of the Uni-
versity of Groningen. High resolution mass spectrometry (HRMS) was performed by the 
Mass Spectrometry core facility of the University of Groningen. HPLC analysis was per-
formed on a Shimadzu VP HPLC system. Enzyme purification on a HiLoad 16/600 Super-
dex 200 pg column was conducted using an AKTA explorer 10S protein purification system.
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II) Detailed experimental procedures

1. Enzymatic synthesis of N-cycloalkyl-substituted aspartic acids 

The MAL-Q73A and EDDS lyase enzymes were overproduced and purified to homogeneity 
by following previously described protocols.3,4 For a typical MAL-Q73A-catalyzed reaction, 
an initial reaction mixture (15 mL) consisting of fumaric acid (0.2 mmol, 200 μL of 1 M 
stock solution), an amine (2a-j, 2 mmol), and MgCl2 (0.4 mmol, 400 μL of 1 M stock solu-
tion) was prepared in demineralized (demi) water and the pH was adjusted to 9.0. MAL-
Q73A (9.6 mg, 0.10 mol% based on fumaric acid) was added to start the reaction, and 
the volume of the reaction mixture was immediately adjusted to 20 mL with demi water. 
The reaction was allowed to proceed for 5 days, and was stopped by heating at 70 °C for 
10 min. Reaction progress was monitored by 1H NMR spectroscopy. The conversions were 
determined by comparing the signals corresponding to fumaric acid (6.5 ppm) and amino 
acid product. 

For a typical EDDS-lyase-catalyzed reaction, an initial reaction mixture (15 mL) contain-
ing fumaric acid (0.2 mmol, 200 μl of 1 M stock solution) and an amine (2a-j, 2 mmol) 
in NaH2PO4-NaOH buffer (20 mM, pH 8.5) was prepared. The pH was adjusted to 8.5 with 
hydrochloric acid solution. To start the reaction, EDDS lyase (16.5 mg, 0.15 mol% based 
on fumaric acid) was added, and the final volume of the reaction mixture was immediately 
adjusted to 20 mL with the same buffer. The reaction was allowed to proceed for 7 days, and 
stopped by heating at 70 °C for 10 min. The reaction progress was monitored using 1H NMR 
spectroscopy by comparing signals corresponding to fumaric acid (6.5 ppm) and amino 
acid product.

Enzymatic products were purified by two steps of ion-exchange chromatography, as 
described previously.3 The purified products were lyophilized and their identity was deter-
mined by using 1H NMR, 13C NMR and HRMS. The enantiomeric excess and absolute con-
figuration of the product was determined by HPLC analysis on a chiral stationary phase.
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N-(3-oxetanyl)aspartic acid (3a)
Synthesis of 3a using EDDS lyase as biocatalyst was performed, and the 
product was purified according to a slightly modified protocol. The reac-
tion (20 mL) was performed with fumaric acid (0.2 mmol, 200 μL of 1 M 
stock solution), 2a (2 mmol, 146 mg) and EDDS lyase (16.5 mg, 0.15 mol% 

of fumaric acid) in demi water. The product was purified by flash silica chromatography 
(CH2Cl2/MeOH, 50/50, v/v). 7 mg (18% yield). 1H NMR (500 MHz, D2O): δ 4.97 – 4.92 (m, 
2H), 4.85 – 4.79 (m, 2H), 4.56 – 4.50 (m, 1H), 3.77 (dd, J = 8.0, 3.8 Hz, 1H), 2.78 (dd, J = 
17.8, 3.8 Hz, 1H), 2.70 (dd, J = 17.8, 8.1 Hz, 1H); 13C NMR (126 MHz, D2O): δ 176.7 , 172.8 , 
73.8, 73.8 , 58.2 , 50.9 , 35.7. HRMS (ESI+): calcd. for C7H12O5N, 190.0710 [M+H]+, 
found, 190.0710. 

N-cyclopentyl-L-aspartic acid (3b)
MAL-Q73A: 5 mg (12% yield); EDDS lyase: 10 mg (25% yield). 1H NMR 
(500 MHz, D2O): δ 3.83 (dd, J = 9.3, 3.8 Hz, 1H), 3.66 – 3.60 (m, 1H), 
2.79 (dd, J = 17.5, 3.7 Hz, 1H), 2.64 (dd, J = 17.5, 9.3 Hz, 1H),  2.08 – 
2.01 (m, 2H), 1.79 – 1.61 (m, 6H); 13C NMR (126 MHz, D2O): δ 176.9, 

173.4, 59.0, 58.6, 35.9, 29.6, 29.0, 23.2 (2C). HRMS (ESI+): calcd. for C9H16O4N, 
202.1074 [M+H]+, found, 202.1073. The enantiopurity was determined by chiral HPLC 
analysis on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM 
CuSO4 at 1 mL/min at 60°C, detected at 240 nm. Retention time: 13.7 min (Figure S1). 

N-[(S/R)-3-tetrahydrofuranyl]-L-aspartic acid (3c)
7 mg (17% yield). 1H NMR (500 MHz, D2O): δ 4.10 – 3.95 (m, 3H), 3.92 – 
3.80 (m, 3H), 2.83 – 2.75 (m, 1H), 2.64 – 2.56 (m, 1H), 2.45 – 2.32 (m, 1H), 
2.22 – 2.08 (m, 1H); 13C NMR (126 MHz, D2O): δ 177.8 (2C), 174.9 (2C), 
70.2, 69.6, 66.7 (2C), 59.2, 58.8, 57.4 (2C), 37.2, 37.1, 29.8, 29.0. HRMS 

(ESI+): calcd. for C8H14O5N, 204.0867 [M+H]+, found, 204.0867. The stereochemistry was 
determined by chiral HPLC analysis on a Chirex 3126-D-penicillamine column (250 mm x 
4.6 mm, Phenomenex), using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) 
at 1 mL/min at 25°C, detected at 254 nm. Retention time: 45.4 min and 55.0 min (Figure S2).

N-[(S/R)-3-tetrahydrothiophenyl]-L-aspartic acid (3d)
12 mg (27% yield). 1H NMR (500 MHz, D2O): δ 4.08 – 4.00 (m, 1H), 3.96 – 
3.90 (m, 1H), 3.20 – 3.12 (m, 1H), 3.08 – 2.89 (m, 3H), 2.87 – 2.81 (m, 1H), 
2.68 – 2.61 (m, 1H), 2.38 – 2.22 (m, 2H); 13C NMR (126 MHz, D2O): δ 
177.6, 177.5, 173.8, 173.7, 61.2, 60.7, 59.3, 58.6, 36.3, 36.1, 34.1, 33.8, 33.0, 

31.6, 27.2, 27.1. HRMS (ESI+): calcd. for C8H14O4NS, 220.0638 [M+H]+, found, 220.0638. 
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The stereochemistry was determined by chiral HPLC analysis on a Chirex 3126-D-penicil-
lamine column (250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM CuSO4 solution: 
isopropanol (95:5, v/v) at 1 mL/min at 25°C, detected at 254 nm. Retention time: 13.2 min 
and 20.0 min (Figure S3).

N-cyclohexyl-L-aspartic acid (3e)
MAL-Q73A: 5 mg (12% yield). 1H NMR (500 MHz, D2O): δ 3.95 (dd, J = 
8.9, 3.9 Hz, 1H), 3.17 – 3.11 (m, 1H), 2.84 (dd, J = 17.6, 3.8 Hz, 1H), 
2.71 (dd, J = 17.6, 8.9 Hz, 1H), 2.10 – 2.02 (m, 2H), 1.82 – 1.79 (m, 2H), 
1.63 (dt, J = 12.4, 3.5 Hz, 1H), 1.45 – 1.27 (m, 4H), 1.25 – 1.15 (m, 1H);5 13C 

NMR (126 MHz, D2O): δ 176.8, 175.4, 57.0, 56.9, 35.8, 29.5, 28.8, 24.4, 23.8, 23.7. HRMS 
(ESI+): calcd. for C10H18O4N, 216.1230 [M+H]+, found, 216.1229. The enantiopurity was 
determined by chiral HPLC analysis on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) 
column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, detected at 240 nm. Retention 
time: 13.7 min (Figure S4). 

N-(4-tetrahydropyranyl)-L-aspartic acid (3f)
MAL-Q73A: 7 mg (16% yield); EDDS lyase: 18 mg (41% yield). 1H NMR 
(500 MHz, D2O): δ 4.07 – 4.03 (m, 2H), 3.98 (dd, J = 9.0, 3.8 Hz, 1H), 
3.53 – 3.45 (m, 3H), 2.85 (dd, J = 17.6, 3.8 Hz, 1H), 2.71 (dd, J = 17.7, 
9.0 Hz, 1H), 2.12 – 2.04 (m, 2H), 1.82 – 1.70 (m, 2H); 13C NMR (126 MHz, 

D2O): δ 177.3, 173.8, 65.7 (2C), 57.1, 53.4, 36.3, 29.5, 29.0. HRMS (ESI+): calcd. for C9H16O5N, 
218.1023 [M+H]+, found, 218.1023. The enantiopurity was determined by chiral HPLC 
analysis on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM 
CuSO4 at 1 mL/min at 60°C, detected at 240 nm. Retention time: 6.7 min (Figure S5).

N-(4-piperidinyl)-L-aspartic acid (3g)
29 mg (67% yield). 1H NMR (500 MHz, D2O): δ 3.94 (dd, J = 10.1, 3.4 Hz, 
1H), 3.58 – 3.49 (m, 3H), 3.13 – 3.07 (m, 2H), 2.80 (dd, J = 17.4, 3.5 Hz, 
1H), 2.60 (dd, J = 17.4, 10.0 Hz, 1H), 2.43 – 2.33 (m, 2H), 1.96 – 1.85 (m, 
2H). 13C NMR (126 MHz, D2O): δ 177.2, 173.5, 57.7, 51.9, 42.3 (2C), 

36.2, 25.9, 25.4. HRMS (ESI+): calcd. for C9H17O4N2, 217.1183 [M+H]+, found, 217.1181. 
The enantiopurity was determined by chiral HPLC analysis on a Nucleosil 5μ chiral-1 120A 
(250 x 4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, detected at 
240 nm. Retention time: 6.4 min (Figure S6).
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N-(tetrahydro-2H-thiopyran-4-yl)-L-aspartic acid (3h)
5 mg (11 % yield). 1H NMR (500 MHz, D2O): δ 3.94 (dd, J = 9.1, 3.7 Hz, 
1H), 3.25 – 3.14 (m, 1H), 2.80 (dd, J = 17.6, 3.7 Hz, 1H), 2.76 – 2.71 (m, 
4H), 2.66 (dd, J = 17.6, 9.1 Hz, 1H), 2.45 – 2.33 (m, 2H), 1.86 – 1.69 (m, 
2H); 13C NMR (126 MHz, D2O): δ 176.6, 173.2, 57.0, 56.3, 35.6, 30.7, 30.2, 

26.3 (2C). The enantiopurity was determined by chiral HPLC analysis on a Nucleosil 5μ 
chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM CuSO4 at 0.6 mL/min at 
60°C, detected at 240 nm. Retention time: 6.9 min (Figure S7).

N-(1-methylpiperidin-4-yl)-L-aspartic acid (3i)
12 mg (26% yield). 1H NMR (500 MHz, D2O): δ 3.89 (dd, J = 9.9, 
3.4 Hz, 1H), 3.55 – 3.50 (m, 2H), 3.41 – 3.39 (m, 1H), 3.06 – 3.02 (m, 
2H), 2.81 (s, 3H), 2.77 (dd, J = 17.2, 3.6 Hz, 1H),  2.57 (dd, J = 17.2, 
9.9 Hz, 1H), 2.40 – 2.30 (m, 2H), 1.97 – 1.85 (m, 2H); 13C NMR 

(126 MHz, D2O): δ 177.2, 173.1, 57.9, 52.4 (2C), 51.5, 42.9, 36.0, 26.5 (2C); HRMS (ESI+): 
calcd. for C10H19O4N2, 231.1339 [M+H]+, found, 231.1338. The enantiopurity was deter-
mined by chiral HPLC analysis on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, 
using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, detected at 240 nm. Retention time: 
11.2 min (Figure S8). 

N-(trans-4-aminocyclohexyl)-L-aspartic acid (3j)
4 mg (9% yield). 1H NMR (500 MHz, D2O): δ 3.93 (dd, J = 9.8, 3.6 Hz, 
1H), 3.27 - 3.16 (m, 2H), 2.79 (dd, J = 17.5, 3.5 Hz, 1H), 2.61 (dd, J = 
17.5, 9.8 Hz, 1H), 2.31 – 2.16 (m, 4H), 1.64 – 1.46 (m, 4H); 13C NMR 
(126 MHz, D2O): δ 177.3, 173.5, 57.6, 55.0, 48.5, 36.1, 28.0, 27.9, 27.2, 

26.6. HRMS (ESI+): calcd. for C10H19O4N2, 231.1339 [M+H]+, found, 231.1337. The stereo-
chemistry was determined by chiral HPLC analysis on a Chirex 3126-D-penicillamine 
column (250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM CuSO4 solution:isopropanol 
(95:5, v/v) at 1 mL/min at 25°C, detected at 254 nm. Retention time: 15.2 min (Figure S9).

2. Chemical synthesis of N-substituted L- or D-aspartic acids 

Chemical synthesis of N-substituted L- or D-aspartic acids was performed using a pre-
viously described method with a slight modification.3,6 In general, a solution of sodium 
cyanoborohydride (72.5 mg, 1.15 mmol, 1.5 eq) in dry methanol (1 mL) was added to a 
mixture of L- or D-aspartic acid (100 mg, 0.75 mmol, 1 eq) and an appropriate ketone/alde-
hyde (0.90 mmol, 1.2 eq) in dry methanol (2 mL). The mixture was stirred for 24 - 48 hours 
at room temperature. The reaction mixture was coated first on silica and then purified by 
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flash silica chromatography (DCM/MeOH, 50-60%, v/v) without workup. The purified 
fractions were combined and dried under vacuum.   

N-cyclopentyl-L-aspartic acid (L-3b)
The synthesis of compound L-3b was conducted with a slightly modified 
protocol. Compound L-3b was obtained by reacting cyclopentanone 
(101 mg, 1.20 mmol) with L-aspartic acid (147 mg, 1.10 mmol) and sodium 
cyanoborohydride (95.0 mg, 1.50 mmol). The reaction mixture was fil-

tered. The filtrate was evaporated, washed with ethyl acetate (3 x 6 mL), and dried under 
vacuum. 40 mg product was further purified by silica chromatography (DCM/MeOH, 
50:50, v/v). 23 mg (10% yield). 1H NMR (500 MHz, D2O): δ 3.83 (dd, J = 9.5, 3.7 Hz, 1H), 
3.66 – 3.60 (m, 1H), 2.79 (dd, J = 17.5, 3.7 Hz, 1H), 2.63 (dd, J = 17.5, 9.5 Hz, 1H), 2.08 – 
2.01 (m, 2H), 1.77 – 1.61 (m, 6H); 13C NMR (126 MHz, D2O): δ 177.1, 173.5, 58.9, 58.6, 
35.9, 29.7, 29.0, 23.2 (2C); HRMS (ESI+): calcd. for C9H16O4N, 202.1074 [M+H]+, found, 
202.1073. The chiral HPLC analysis was conducted on a Nucleosil 5μ chiral-1 120A (250 x 
4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, detected at 240 nm. 
Retention time: 13.8 min (Figure S1).

N-cyclopentyl-D-aspartic acid (D-3b)
The synthesis of compound D-3b was conducted with a slightly modified 
protocol. Compound D-3b was obtained by reacting cyclopentanone 
(101 mg, 1.20 mmol) with D-aspartic acid (147 mg, 1.10 mmol) 
and sodium cyanoborohydride (95.0 mg, 1.50 mmol). The reaction mix-

ture was filtered. The filtrate was evaporated, washed with ethyl acetate (3 x 6 mL), and 
dried under vacuum. 57 mg product was further purified by silica chromatography (DCM/
MeOH, 50:50, v/v). 14 mg (6% yield). 1H NMR (500 MHz, D2O): δ 3.83 (dd, J = 9.5, 3.7 Hz, 
1H), 3.66 – 3.60 (m, 1H), 2.79 (dd, J = 17.4, 3.7 Hz, 1H), 2.62 (dd, J = 17.4, 9.5 Hz, 1H), 
2.08 – 2.01 (m, 2H), 1.76 – 1.65 (m, 6H); 13C NMR (126 MHz, D2O): δ 177.2, 173.5, 58.9, 
58.7, 36.0, 29.7, 28.9, 23.2 (2C); HRMS (ESI+): calcd. for C9H16O4N, 202.1074 [M+H]+, 
found, 202.1075. The chiral HPLC analysis was conducted on a Nucleosil 5μ chiral-1 120A 
(250 x 4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, detected at 
240 nm. Retention time: 6.0 min (Figure S1).
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N-[(S/R)-3-tetrahydrofuranyl]-L-aspartic acid [L, (S/R)]-3c 
Compound L-3c was obtained by reacting dihydrofuran-3H-one (73 mg, 
0.85 mmol) with L-aspartic acid (100 mg, 0.75 mmol) and sodium cyano-
borohydride (72.5 mg, 1.15 mmol). 65 mg (43% yield). 1H NMR (500 MHz, 
D2O): δ 4.18 – 3.99 (m, 3H), 3.94 – 3.76 (m, 3H), 2.88 – 2.77 (m, 1H), 

2.71 – 2.58 (m, 1H), 2.49 – 2.31 (m, 1H), 2.28 – 2.10 (m, 1H); 13C NMR (126 MHz, D2O): δ 
177.0, 176.9, 172.9, 172.8, 69.6, 68.9, 66.7, 66.6, 58.8, 58.5, 57.9, 57.8, 35.8 (2C), 29.2, 28.4; 
HRMS (ESI+): calcd. for C8H14O5N, 204.0867 [M+H]+, found, 204.0866. The chiral HPLC 
analysis was performed on a Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, 
Phenomenex), using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 1 mL/min 
at 25°C, detected at 254 nm. Retention time: 45.7 min and 55.4 min (Figure S2).

N-[(S/R)-3-tetrahydrofuranyl]-D-aspartic acid [D, (S/R)]-3c 
Compound D-3c was obtained by reacting dihydrofuran-3H-one (73 mg, 
0.85 mmol) with D-aspartic acid (100 mg, 0.75 mmol) and sodium cyano-
borohydride (72.5 mg, 1.15 mmol). 51 mg (33% yield). 1H NMR (500 MHz, 
D2O): δ 4.18 – 3.99 (m, 3H), 3.94 – 3.76 (m, 3H), 2.88 – 2.77 (m, 1H), 

2.71 – 2.59 (m, 1H), 2.50 – 2.32 (m, 1H), 2.28 – 2.08 (m, 1H). HRMS (ESI+): calcd. 
for C8H14O5N, 204.0867 [M+H]+, found, 204.0867. The chiral HPLC analysis was performed 
on a Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex), using iso-
cratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 1 mL/min at 25°C, detected at 
254 nm. Retention time: 21.1 min and 40.9 min (Figure S2).

N-[(S/R)-3-tetrahydrothiophen]-L-aspartic acid [L, (S/R)]-3d 
Compound L-3d was obtained by reacting 4,5-dihydro-3(2H)-thiophe-
none (92 mg, 0.90 mmol) with L-aspartic acid (100 mg, 0.75 mmol) 
and sodium cyanoborohydride (72.5 mg, 1.15 mmol). 56 mg (40% yield). 
1H NMR (500 MHz, D2O): δ 4.09 – 4.00 (m, 1H), 3.96 – 3.87 (m, 1H), 

3.21 – 3.10 (m, 1H), 3.09 – 2.88 (m, 3H), 2.87 – 2.80 (m, 1H), 2.68 – 2.60 (m, 1H), 2.40 – 
2.21 (m, 2H); 13C NMR (126 MHz, D2O): δ 177.3, 177.2, 173.0, 172.9, 61.4, 60.8, 59.1, 58.3, 
35.7, 35.5, 33.9, 33.2, 32.8, 31.4, 27.2, 27.0. HRMS (ESI+): calcd. for C8H14O4NS, 
220.0638 [M+H]+, found, 220.0638. The chiral HPLC analysis was performed on a Chirex 
3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM 
CuSO4 solution: isopropanol (95:5, v/v) at 1 mL/min at 25°C, detected at 254 nm. Retention 
time: 13.3 min and 20.3 min (Figure S3).
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N-[(S/R)-3-tetrahydrothiophen]-D-aspartic acid [D, (S/R)]-3d 
Compound D-3d was obtained by reacting 4,5-dihydro-3(2H)-thiophe-
none (92 mg, 0.90 mmol) with D-aspartic acid (100 mg, 0.75 mmol) 
and sodium cyanoborohydride (72.5 mg, 1.15 mmol). 56 mg (40% yield). 
1H NMR (500 MHz, D2O): δ 4.13 – 3.99 (m, 1H), 3.98 – 3.87 (m, 1H), 

3.20 – 3.11 (m, 1H), 3.09 – 2.91 (m, 3H), 2.87 – 2.78 (m, 1H), 2.68 – 2.56 (m, 1H), 2.42 – 
2.18 (m, 2H); 13C NMR (126 MHz, D2O): δ 177.3, 177.2, 173.0, 172.9, 61.1, 60.8, 59.1, 58.4, 
35.7, 35.6, 34.0, 33.2, 32.8, 31.4, 27.2, 27.0. HRMS (ESI+): calcd. for C8H14O4NS, 
220.0638 [M+H]+, found, 220.0638. The chiral HPLC analysis was on a Chirex 3126-D-pen-
icillamine column (250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM CuSO4 solu-
tion: isopropanol (95:5, v/v) at 1 mL/min at 25°C, detected at 254 nm. Retention time: 
11.5 min and 52.9 min (Figure S3).

N-cyclohexyl-L-aspartic acid (L-3e)
Compound L-3e was obtained by reacting cyclohexanone (118 mg, 
1.20 mmol) with L-aspartic acid (147 mg, 1.10 mmol) and sodium cyano-
borohydride (95.0 mg, 1.50 mmol). The reaction mixture was filtered. 
The filtrate was evaporated, washed with ethylacetate (3 x 6 ml), and 

dried under vacuum. 40 mg product was further purified by silica chromatography (DCM/
MeOH: 50:50, v/v). 25 mg (11% yield). 1H NMR (500 MHz, D2O): δ 3.89 (dd, J = 9.4, 3.7 Hz, 
1H), 3.12 – 3.06 (m, 1H), 2.76 (dd, J = 17.2, 3.7 Hz, 1H), 2.60 (dd, J = 17.3, 9.5 Hz, 1H), 
2.08 – 2.00 (m, 2H), 1.81 – 1.77 (m, 2H), 1.64 – 1.61 (m, 1H), 1.46 – 1.16 (m, 5H); 13C NMR 
(126 MHz, D2O): δ 177.1, 173.6, 56.9, 56.9, 35.9, 29.5, 28.8, 24.4, 23.8, 23.7. HRMS (ESI+): 
calcd. for C10H18O4N, 216.1230 [M+H]+, found, 216.1229. The chiral HPLC analysis was 
conducted on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM 
CuSO4 at 1 mL/min at 60°C, detected at 240 nm. Retention time: 13.5 min (Figure S4).

N-cyclohexyl-D-aspartic acid (D-3e)
Compound D-3e was obtained by reacting cyclohexanone (118 mg, 
1.20 mmol) with d-aspartic acid (147 mg, 1.10 mmol) and sodium cyano-
borohydride (95.0 mg, 1.50 mmol). The reaction mixture was filtered. 
The filtrate was evaporated, washed with ethylacetate (3 x 6 mL), and 

dried under vacuum. 50 mg product was further purified by silica chromatography (DCM/
MeOH: 50:50, v/v). 24 mg (10% yield). 1H NMR (500 MHz, D2O): δ 3.92 (dd, J = 9.3, 3.7 Hz, 
1H), 3.16 – 3.10 (m, 1H), 2.78 (dd, J = 17.4, 3.7 Hz, 1H), 2.64 (dd, J = 17.4, 9.3 Hz, 1H), 
2.09 – 2.02 (m, 2H), 1.82 – 1.78 (m, 2H), 1.65 – 1.61 (m, 1H), 1.48 – 1.16 (m, 5H); 13C NMR 
(126 MHz, D2O): δ 177.2, 173.6, 57.0, 56.9, 35.9, 29.5, 28.8, 24.4, 23.8, 23.7. HRMS (ESI+): 
calcd. for C10H18O4N, 216.1230 [M+H]+, found, 216.1230. The chiral HPLC analysis was 
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conducted on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM 
CuSO4 at 1 mL/min at 60°C, detected at 240 nm. Retention time: 6.4 min (Figure S4).

N-(4-tetrahydro-2H-pyranyl)-L-aspartic acid (L-3f)
Compound L-3f was obtained by reacting tetrahydro-4H-pyran-4-one 
(90 mg, 0.90 mmol) with L-aspartic acid (100 mg, 0.75 mmol) and sodium 
cyanoborohydride (72.5 mg, 1.15 mmol). 75 mg (46% yield). 1H NMR 
(500 MHz, D2O): δ 4.07 – 4.03 (m, 2H), 3.95 (dd, J = 9.3, 3.7 Hz, 1H), 

3.53 – 3.43 (m, 3H), 2.80 (dd, J = 17.5, 3.7 Hz, 1H), 2.65 (dd, J = 17.5, 9.3 Hz, 1H), 2.12 – 
2.04 (m, 2H), 1.82 – 1.71 (m, 2H); 13C NMR (126 MHz, D2O): δ 177.1, 173.3, 65.7 (2C), 57.0, 
53.5, 35.9, 29.3, 28.9. HRMS (ESI+): calcd. for C9H16O5N, 218.1023 [M+H]+, found, 218.1023. 
The chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) 
column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, detected at 240 nm. Retention 
time: 6.8 min (Figure S5).

N-(4-tetrahydro-2H-pyranyl)-D-aspartic acid (D-3f)
Compound D-3f was obtained by reacting with tetrahydro-4H-pyran-4-
one (90 mg, 0.90 mmol) with D-aspartic acid (100 mg, 0.75 mmol) 
and sodium cyanoborohydride (72.5 mg, 1.15 mmol). 73 mg (45% yield). 
1H NMR (500 MHz, D2O): δ 4.08 – 4.02 (m, 2H), 3.95 (dd, J = 9.3, 3.8 Hz, 

1H), 3.52 – 3.43 (m, 3H), 2.81 (dd, J = 17.5, 3.8 Hz, 1H), 2.66 (dd, J = 17.5, 9.2 Hz, 1H), 
2.13 – 2.03 (m, 2H), 1.82 – 1.71 (m, 2H); 13C NMR (126 MHz, D2O): δ 177.0, 173.2, 65.7 (2C), 
56.8, 53.5, 35.8, 29.3, 28.9. HRMS (ESI+): calcd. for C9H16O5N, 218.1023 [M+H]+, found, 
218.1023. The chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A (250 x 
4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, detected at 240 nm. 
Retention time: 4.3 min (Figure S5).

N-(4-piperidinyl)-L-aspartic acid (L-3g)
Tert-butyl 4-oxo-1-piperidinecarboxylate (179 mg, 0.90 mmol), L-aspar-
tic acid (100 mg, 0.75 mmol) and sodium cyanoborohydride (72.5 mg, 
1.15 mmol) were reacted to yield [1-(tert-butoxycarbonyl)piperi-
din-4-yl]-L-aspartic acid (81 mg, 34 % yield). Next, [1-(tert-butoxycar-

bonyl)piperidin-4-yl]-L-aspartic acid (38 mg, 0.12 mmol) was mixed with water in a closed 
vial of 4 mL and heated for 20 min at 100 oC. After heating, extra dry ice was added at room 
temperature, and the heating was continued for 1 h. The compound was purified by flash 
silica chromatography (gradient elution with DCM/MeOH from 50/50 to 10/90) 
and lyophilized. 26 mg (99.8% yield). 1H NMR (500 MHz, D2O): δ 3.58 (dd, J = 9.3, 4.4 Hz, 
1H), 3.45 – 3.33 (m, 2H), 3.01 – 2.91 (m, 2H), 2.85 – 2.80 (m, 1H), 2.54 (dd, J = 15.4, 4.5 Hz, 
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1H), 2.30 (dd, J = 15.3, 9.3 Hz, 1H), 2.19 – 1.97 (m, 2H), 1.61 – 1.47 (m, 2H); 13C NMR 
(126 MHz, D2O): δ 179.0 (2C), 58.2, 50.9, 42.6 (2C), 40.5, 28.5, 27.4. HRMS (ESI+): calcd. 
for C9H17O4N2, 217.1183 [M+H]+, found, 217.1182. 

In order to facilitate the comparison between 1H NMR of L-3g and enzymatic 3g, L-3g 
was loaded onto a cation-exchange column (Dowex 50WX8, 100-200 mesh), and eluted 
in the same way as in the last-step purification of enzymatic 3g (described in previous 
section).3 1H NMR (500 MHz, D2O): δ 3.95 (dd, J = 10.0, 3.3 Hz, 1H), 3.59 – 3.49 (m, 3H), 
3.14 – 3.07 (m, 2H), 2.81 (dd, J = 17.4, 3.3 Hz, 1H), 2.61 (dd, J = 17.6, 10.1 Hz, 1H), 2.45 – 
2.34 (m, 2H), 2.00 – 1.85 (m, 2H). Chiral HPLC analysis was performed on a Nucleosil 5μ 
chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, 
detected at 240 nm. Retention time: 6.4 min (Figure S6).

N-(4-piperidinyl)-D-aspartic acid (D-3g)
Tert-butyl 4-oxo-1-piperidinecarboxylate (179 mg, 0.90 mmol), D-as-
partic acid (100 mg, 0.75 mmol) and sodium cyanoborohydride (72.5 mg, 
1.15 mmol) were reacted to yield [1-(tert-butoxycarbonyl)piperi-
din-4-yl]-D-aspartic acid (85 mg, 36 % yield). Next, [1-(tert-butoxycar-

bonyl) piperidin-4-yl]-D-aspartic acid (39 mg, 0.12 mmol) was mixed with water in a 
closed vial of 4 mL and heated for 20 min at 100 oC. After heating, extra dry ice was added 
at room temperature, and the heating was continued for 1 h. The compound was purified by 
flash silica chromatography (gradient elution with DCM/MeOH from 50/50 to 10/90) 
and lyophilized. 25 mg (96% yield). 1H NMR (500 MHz, D2O): δ 3.58 (dd, J = 9.2, 4.4 Hz, 
1H), 3.45 – 3.35 (m, 2H), 3.04 – 2.88 (m, 2H), 2.87 – 2.80 (m, 1H), 2.54 (dd, J = 15.3, 4.4 Hz, 
1H), 2.30 (dd, J = 15.3, 9.3 Hz, 1H), 2.15 – 2.03 (m, 2H), 1.61 – 1.47 (m, 2H); 13C NMR 
(126 MHz, D2O): δ 179.0 (2C), 58.3, 50.9, 42.6 (2C), 40.5, 28.4, 27.4. HRMS (ESI+): calcd. 
for C9H17O4N2, 217.1183 [M+H]+, found, 217.1182. Chiral HPLC analysis was performed 
on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM CuSO4 at 
1 mL/min at 60°C, detected at 240 nm. Retention time: 5.4 min (Figure S6).

N-(tetrahydro-2H-thiopyran-4-yl)-L-aspartic acid (L-3h)
Compound l-3h was obtained by reacting tetrahydro-4H-thiopyran-4-
one (105 mg, 0.90 mmol) with L-aspartic acid (100 mg, 0.75 mmol) 
and sodium cyanoborohydride (72.5 mg, 1.15 mmol). 26 mg (15 % yield). 
1H NMR (500 MHz, D2O): δ 3.94 (dd, J = 9.5, 3.6 Hz, 1H), 3.27 – 3.16 (m, 

1H), 2.82 – 2.70 (m, 5H), 2.62 (dd, J = 17.5, 9.6 Hz, 1H), 2.49 – 2.34 (m, 2H), 1.89 – 1.72 (m, 
2H); 13C NMR (126 MHz, D2O): δ 177.3, 173.4, 57.3, 56.3, 36.0, 31.0, 30.4, 26.5, 26.5. HRMS 
(ESI+): calcd. for C9H16O4NS, 234.07946 [M+H]+, found, 234.07942. The chiral HPLC 
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analysis was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using 
isocratic 0.5 mM CuSO4 at 0.6 mL/min at 60°C, detected at 240 nm. Retention time: 7.1 min 
(Figure S7).

N-(tetrahydro-2H-thiopyran-4-yl)-D-aspartic acid (D-3h)
Compound D-3h was obtained by reacting tetrahydro-4H-thiopyran-4-
one (105 mg, 0.90 mmol) with D-aspartic acid (100 mg, 0.75 mmol) 
and sodium cyanoborohydride (72.5 mg, 1.15 mmol). 9 mg (5 % yield). 
1H NMR (500 MHz, D2O): δ 3.95 (dd, J = 9.3, 3.6 Hz, 1H), 3.26 – 3.13 (m, 

1H), 2.86 – 2.69 (m, 5H), 2.64 (dd, J = 17.5, 9.4 Hz, 1H), 2.49 – 2.33 (m, 2H), 1.90 – 1.69 (m, 
2H); 13C NMR (126 MHz, D2O): δ 177.2, 173.4, 57.4, 56.4, 36.0, 31.1, 30.4, 26.5, 26.5. HRMS 
(ESI+): calcd. for C9H16O4NS, 234.07946 [M+H]+, found, 234.07942. The chiral HPLC anal-
ysis was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic 
0.5 mM CuSO4 at 0.6 mL/min at 60°C, detected at 240 nm. Retention time: 5.9 min (Figure 
S7).

N-(1-methylpiperidin-4-yl)-L-aspartic acid (L-3i)
Compound L-3i was obtained by reacting N-methyl-piperidone 
(102 mg, 0.90 mmol) with L-aspartic acid (100 mg, 0.75 mmol) 
and sodium cyanoborohydride (72.5 mg, 1.15 mmol). 156 mg (90% 
yield). 1H NMR (500 MHz, D2O): δ 3.67 (dd, J = 9.2, 4.2 Hz, 1H), 

3.22 – 3.20 (m, 2H), 2.94 – 2.89 (m, 1H), 2.68 – 2.59 (m, 3H), 2.55 (s, 3H), 2.39 (dd, J = 15.9, 
9.3 Hz, 1H), 2.14 – 2.03 (m, 2H), 1.68 – 1.59 (m, 2H); 13C NMR (126 MHz, D2O): δ 178.7, 
178.4, 58.2, 58.0, 52.6, 51.3, 43.2, 39.6, 29.0, 28.0. HRMS (ESI+): calcd. for C10H19O4N2, 
231.1339 [M+H]+, found, 231.1339. 

In order to facilitate the comparison between 1H NMR of L-3g and enzymatic 3g, L-3g was 
loaded onto a cation-exchange column (Dowex 50WX8, 100-200 mesh), and eluted in the 
same way as in the last-step purification of enzymatic 3g (descried in previous section).3 1H 
NMR (500 MHz, D2O): δ 3.95 (dd, J = 10.0, 3.5 Hz, 1H), 3.66 – 3.50 (m, 3H), 3.15 – 3.09 (m, 
2H), 2.88 (s, 3H), 2.81 (dd, J = 17.5, 3.5 Hz, 1H), 2.62 (dd, J = 17.5, 10.0 Hz, 1H), 2.47 – 
2.37 (m, 2H), 2.04 – 1.91 (m, 2H). Chiral HPLC analysis was performed on Nucleosil 5μ 
chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, 
detected at 240 nm. Retention time: 11.3 min (Figure S8).
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N-(1-methylpiperidin-4-yl)-D-aspartic acid (D-3i)
Compound D-3i was obtained by reacting N-methyl-piperidone 
(102 mg, 0.90 mmol) with D-aspartic acid (100 mg, 0.75 mmol) 
and sodium cyanoborohydride (72.5 mg, 1.15 mmol). 39 mg (36% 
yield). 1H NMR (500 MHz, D2O): δ 3.68 (dd, J = 9.0, 3.9 Hz, 1H), 

3.24 – 3.19 (m, 2H), 2.94 (t, J = 10.5 Hz, 1H), 2.74 – 2.60 (m, 3H), 2.57 (s, 3H), 2.40 (dd, J = 
16.0, 9.4 Hz, 1H), 2.16 – 2.05 (m, 2H), 1.71 – 1.59 (m, 2H); 13C NMR (126 MHz, D2O): δ 
178.5, 178.1, 58.1 (2C), 52.5, 51.4, 43.3, 39.4, 29.0, 28.0. HRMS (ESI+): calcd. for C10H19O4N2, 
231.1339 [M+H]+, found, 231.1338. Chiral HPLC analysis was performed on a Nucleosil 5μ 
chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60°C, 
detected at 240 nm. Retention time: 8.6 min (Figure S8).

N-(cis/trans-4-aminocyclohexyl)-L-aspartic acid [L, (cis/trans)]-3j
Compound L-3j was obtained with a slightly modified protocol. 
The reaction was started with tert-butyl(4-oxocyclohexyl)carbamate 
(192 mg, 0.90 mmol), L-aspartic acid (100 mg, 0.75 mmol) and sodium 
cyanoborohydride (72.5 mg, 1.15 mmol) in 3 mL methanol to yield 

{4-[(tert-butoxycarbonyl) amino]cyclohexyl}-L-aspartic acid (90 mg, 36% yield). 40 mg of 
{4-[(tert-butoxycarbonyl) amino]cyclohexyl}-L-aspartic acid was mixed with water in a 
closed vial of 4 mL and heated for 20 min at 100 oC. After heating, extra dry ice was added 
at room temperature, and the heating was continued for 1 h. The compound was purified by 
flash silica chromatography (gradient elution with DCM/MeOH from 50/50 to 10/90) 
and lyophilized. 15 mg (54% yield). HRMS (ESI+): calcd. for C10H19O4N2, 231.1339 [M+H]+, 
found, 231.1339. The stereochemistry was determined by chiral HPLC analysis on a Chirex 
3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM 
CuSO4 solution: isopropanol (95:5, v/v) at 1 mL/min at 25°C, detected at 254 nm. Retention 
time: 10.3 min, 15.2 min. dr (L, trans / L, cis) = 40:60 (Figure S9).

N-(cis/trans-4-aminocyclohexyl)-D-aspartic acid [D, (cis/trans)]-3j
Compound D-3j was obtained with a slightly modified protocol. 
The reaction was started with tert-butyl(4-oxocyclohexyl)carbamate 
(192 mg, 0.90 mmol), D-aspartic acid (100 mg, 0.75 mmol) and sodium 
cyanoborohydride (72.5 mg, 1.15 mmol) in 3 mL of methanol to yield 

{4-[(tert-butoxycarbonyl)amino] cyclohexyl}-D-aspartic acid (100 mg, 40%). 40 mg of 
{4-[(tert-butoxycarbonyl)amino]cyclohexyl}-D-aspartic acid was mixed with water in a 
closed vial of 4 mL and heated for 20 min at 100 oC. After heating, extra dry ice was added 
at room temperature, and the heating was continued for 1 h. The compound was purified by 
flash silica chromatography (gradient elution with DCM/MeOH from 50/50 to 10/90) 
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and lyophilized. 24 mg (80% yield). 1H NMR (500 MHz, D2O): δ 3.72 – 3.65 (m, 2H), 3.29 – 
3.20 (m, 1H), 3.15 – 3.02 (m, 1H), 3.02 – 2.92 (m, 1H), 2.78 – 2.69 (m, 1H), 2.65 – 2.54 (m, 
2H), 2.47 – 2.33 (m, 2H), 2.17 – 2.10 (m, 1H), 2.09 – 1.93 (m, 3H), 1.88 – 1.60 (m, 9H), 
1.41 – 1.28 (m, 3H). HRMS (ESI+): calcd. for C10H19O4N2, 231.1339 [M+H]+, found, 
231.1339. The stereochemistry was determined by chiral HPLC analysis on Chirex 
3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM 
CuSO4 solution: isopropanol (95:5, v/v) at 1 mL/min at 25°C, detected at 254 nm. Retention 
time: 6.0 min, 7.1 min. dr = 47:53 (Figure S9).
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III) Chiral HPLC analysis

Figure S1. Chiral HPLC analysis of N-cyclopentylaspartic acid (3b).
a) Chromatogram of a racemic mixture of 3b, which was prepared by mixing chemically synthesized 
L-3b and D-3b in a molar ratio of 1:1. b) Chromatogram of 3b obtained with MAL-Q73A as 
biocatalyst. c) Chromatogram of 3b obtained with EDDS lyase as biocatalyst. Chiral HPLC analysis 
was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM 
CuSO4 at 1 mL/min at 60 °C, detected at 240 nm.
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Figure S2. Chiral HPLC analysis of N-[(S/R)-3-tetrahydrofuranyl]-aspartic acid (3c). 
a) Chromatogram of chemically synthesized [L, (S/R)]-3c. b) Chromatogram of chemically synthesized 
[D, (S/R)]-3c. c) Chromatogram of a mixture of 4 stereoisomers of 3c, which was prepared by mixing 
[L, (S/R)]-3c and [D, (S/R)]-3c in a molar ratio of 1:1. d) Chromatogram of 3c obtained with EDDS 
lyase as biocatalyst. Chiral HPLC analysis was performed on a Chirex 3126-D-penicillamine column 
(250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 
1 mL/min at 25 °C, detected at 254 nm.
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a

b

c

d

Figure S3. Chiral HPLC analysis of N-[(S/R)-3-tetrahydrothiophenyl]-aspartic acid (3d). 
a) Chromatogram of chemically synthesized [L, (S/R)]-3d. b) Chromatogram of chemically synthesized 
[D, (S/R)]-3d. c) Chromatogram of a mixture of 4 stereoisomers of 3d, which was prepared by mixing 
[L, (S/R)]-3d and [D, (S/R)]-3d in a molar ratio of 1:1. d) Chromatogram of 3d obtained with EDDS 
lyase as biocatalyst. Chiral HPLC analysis was performed on a Chirex 3126-D-penicillamine column 
(250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 
1 mL/min at 25 °C, detected at 254 nm.
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Figure S4. Chiral HPLC analysis of N-cyclohexyl-aspartic acid (3e). 
a) Chromatogram of a racemic mixture of 3e, which was prepared by mixing L-3e and D-3e 
synthesized chemically in a molar ratio of 1:1. b) Chromatogram of 3e obtained with MAL-Q73A 
as biocatalyst. Chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) 
column, using isocratic 0.5 mM CuSO4 at 1 mL/min at 60 °C, detected at 240 nm.
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a

b

Figure S5. Chiral HPLC analysis of N-(4-tetrahydropyranyl)-aspartic acid (3f). 
a) Chromatogram of a racemic mixture of 3f, which was prepared by mixing L-3f and D-3f synthesized 
chemically in a molar ratio of 1:1. b) Chromatogram of 3f obtained with EDDS lyase as biocatalyst. 
Chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using 
isocratic 0.5 mM CuSO4 at 1 mL/min at 60 °C, detected at 240 nm.
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Figure S6. Chiral HPLC analysis of N-(4-piperidinyl)-aspartic acid (3g). 
a) Chromatogram of a mixture of 3g, which was prepared by mixing L-3g and D-3g synthesized 
chemically. b) Chromatogram of 3g obtained with EDDS lyase as biocatalyst. Chiral HPLC analysis 
was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic 0.5 mM 
CuSO4 at 1 mL/min at 60°C, detected at 240 nm.
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a

b

c

Figure S7. Chiral HPLC analysis of N-(tetrahydro-2H-thiopyran-4-yl)-aspartic acid (3h). 
a) Chromatogram of L-3h synthesized chemically. b) Chromatogram of (rac)-3h prepared by mixing 
L-3h with D-3h (1:1). c) Chromatogram of 3h obtained with EDDS lyase as biocatalyst. Chiral HPLC 
analysis was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using isocratic  
0.5 mM CuSO4 at 0.6 mL/min at 60 °C, detected at 240 nm.
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Figure S8. Chiral HPLC analysis of N-(1-methylpiperidin-4-yl)-aspartic acid (3i). 
a) Chromatogram of a racemic mixture of 3i, which was prepared by mixing L-3i and D-3i synthesized 
chemically in a molar ratio of 1:1. b) Chromatogram of 3i obtained with EDDS lyase as biocatalyst. 
Chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column, using 
isocratic 0.5 mM CuSO4 at 1 mL/min at 60 °C, detected at 240 nm.
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Figure S9. Chiral HPLC analysis of N-(trans-4-aminocyclohexyl)-aspartic acid (3j). 
a) Chromatogram of chemically synthesized [L, (cis/trans)]-3j. b) Chromatogram of chemically 
synthesized[D, (cis/trans)]-3j. c) Chromatogram of a mixture of 4 isomers of 3j, which was prepared 
by mixing [L, (cis/trans)]-3j and [D, (cis/trans)]-3j in a molar ratio of 1:1. d) Chromatogram 
of 3j obtained with EDDS lyase as biocatalyst. Chiral HPLC analysis was performed on a Chirex 
3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex), using isocratic 2 mM CuSO4

solution:isopropanol (95:5, v/v) at 1 mL/min at 25°C, detected at 254 nm.
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Figure S10. Chiral HPLC analysis of N-(4-tetrahydropyranyl)-aspartic acid (3f). 
a) Chromatogram of chemically synthesized L-3f. b) Chromatogram of chemically synthesized 
D-3f. c) Chromatogram of 3f obtained with MAL-Q73A as biocatalyst. Chiral HPLC conditions: 
Nucleosil 5μ chiral-1 120A (250 x 4.6 mm) column. Mobile phase A: 0.5 mM CuSO4, mobile phase B: 
acetonitrile; A/B = 80:20 (v/v). Flow rate 1.2 mL/min, 60 °C, UV detection at 270 nm.
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Abstract

N-arylated α-amino acids and pyrazolidin-3-ones are widely being used as chiral build-
ing blocks for pharmaceuticals and agrochemicals. Here we report a biocatalytic route 
for the asymmetric synthesis of various N-arylated aspartic acids applying ethylene-
diamine-N,N’-disuccinic acid lyase (EDDS lyase) as biocatalyst. This enzyme shows a 
remarkably broad substrate scope, enabling the addition of a variety of arylamines to fuma-
rate with high conversions, yielding the corresponding N-arylated aspartic acids in good 
isolated yields and with excellent enantiomeric excess (ee >99%). Furthermore, we devel-
oped a chemoenzymatic method towards synthetically challenging chiral 2-aryl-5-carboxyl 
pyrazolidin-3-ones, using arylhydrazines as bisnucleophilic donors in the EDDS lyase-cata-
lyzed hydroamination of fumarate followed by an acid-catalyzed intramolecular amidation, 
achieving good overall yields and high optical purity (ee >99%). In addition, we successfully 
combined the EDDS lyase-catalyzed hydroamination and acid-catalyzed cyclization steps 
in one pot, thus providing a simple chemoenzymatic cascade route for synthesis of enan-
tiomerically pure pyrazolidin-3-ones. Hence, these newly developed biocatalytic methods 
provide convenient alternative routes to important chiral N-arylated aspartic acids and dif-
ficult 2-aryl-5-carboxylpyrazolidin-3-ones.

Keywords

Asymmetric synthesis, biocatalysis, EDDS lyase, unnatural amino acids, pyrazolidinones. 
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Introductions

Optically pure functionalized α-amino acids are highly valuable as tools for biologi-
cal research and as chiral building blocks for pharmaceuticals, nutraceuticals, and agro-
chemicals.1–3 In particular, N-arylated α-amino acids are part of the core structures of a 
number of medicinally important agents, such as fibrinogen receptor antagonist Lotrafiban 
(1, Figure 1a)4 and protein kinase C activator Indolactam-V (2, Figure 1a).5,6 Despite their 
broad applications, the direct synthesis of chiral N-arylated α-amino acids remains a chal-
lenge. Current chemical strategies for the synthesis of enantioenriched N-arylated α-amino 
acids and their esters are mainly based on extending the existing free amino group of the 
Cα-stereocentre through Cu-catalyzed Ullmann-type coupling reactions6–9, Pd-catalyzed 
N-arylation10–13, and hypervalent iodine chemistry (Figure 1a).14 However, they are limited 
by their poor atom economy, the use of heavy metals, and harsh reaction conditions that 
may result in partial or complete racemization of the α-stereocentre. Biocatalysis provides 
a valuable alternative route to chiral unnatural amino acids.15–18 Previously reported enzy-
matic asymmetric synthesis of N-alkyl-functionalized α-amino acids were primarily based 
on two types of carbon-nitrogen bond-forming reactions: (i) conjugate addition of amines 
to the double bond of α,β-unsaturated acids catalyzed by various types of carbon-nitro-
gen lyases, including aspartate ammonia lyases (DALs)19,20, methylaspartate ammonia 
lyases (MALs)21,22, and the recently reported ethylenediamine-N,N’-disuccinic acid lyase 
(EDDS lyase)23,24; and (ii) reductive amination of α-keto acids with amines catalyzed by a 
number of oxidoreductases, such as reductive aminase (RedAm)25, opine dehydrogenases 
(OpDHs)26,27, N-methyl-amino acid dehydrogenases (NMAADHs)28,29, ketimine reductases 
(KIREDs)29,30, and Δ1-pyrroline-5-carboxylate reductases (P5CRs)29,31. However, to the best 
of our knowledge, no enzymatic route has been reported for the synthesis of N-aryl-func-
tionalized α-amino acids. Thus, the development of an efficient and sustainable biocatalytic 
methodology to enantiomerically pure N-arylated α-amino acid derivatives would be par-
ticularly desirable. 

Pyrazolidin-3-ones and related five-membered dinitrogen-fused heterocycles are widely 
found as core framework in dyes, agrochemicals, and pharmaceutically active mol-
ecules, such as the very first synthetic analgesic and antipyretic drug Phenazone (3, 
Figure 1b)32, lipoxygenase inhibitor Phendione (4, Figure 1b)33, and anti-Alzheimer agents 
(5, Figure 1b).34 In addition, chiral pyrazolidine-3-ones can also function as efficient cata-
lysts in promoting Diels-Alder reactions35, and catalyzing kinetic resolution of secondary 
alcohols and axially chiral biaryl compounds.36 Due to their broad application in drug devel-
opment, as well as in synthetic methodologies, several chemical methods have been devel-
oped for the synthesis of enantiomerically pure pyrazolidinones and related heterocycles, 
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including chemical35,37 or kinetic resolution38, 1,3-dipolar cycloaddition39–41, Lewis acid 
catalyzed conjugate addition42, and Pd-catalyzed asymmetric hydrogenation.43 However, 
creating a biocatalytic methodology as alternative route to chiral pyrazolidinones is an as 
yet unmet challenge.

The enzyme ethylenediamine-N,N’-disuccinic acid lyase (EDDS lyase), from Chelativorans 
sp. BNC1, naturally catalyzes a reversible two-step sequential addition of ethylenedi-
amine to two molecules of fumarate providing (S, S)-EDDS as final product.44 We recently 
demonstrated that EDDS lyase could accept a wide variety of amino acids with terminal 
amino groups for regio- and stereoselective addition to fumarate, providing the natural 
product aspergillomarasmine A and various related aminocarboxylic acids.23 In addition, 
EDDS lyase could also accept a number of (hetero)cycloalkyl-substituted amines, allowing 
the asymmetric synthesis of (S)-N-cycloalkyl-substituted aspartic acids.24 Therefore, the 
remarkably broad nucleophile scope of EDDS lyase prompted us to further explore the 
less nucleophilic arylamines as novel non-natural substrates in the asymmetric hydroami-
nation of fumarate, which would enable the production of chiral N-arylated aspartic acids 
as the corresponding enzymatic products. Moreover, we envisioned that chiral pyrazoli-
dine-3-ones could be constructed by using arylhydrazines as bisnucleophilic donors in the 
EDDS lyase-catalyzed regio- and stereoselective addition to fumarate followed by a simple 
intramolecular amidation.

Herein we report a biocatalytic methodology for the synthesis of optically pure (S)-N-ar-
ylated aspartic acids in high conversions and isolated yields. Moreover, an efficient one-pot 
two-step chemoenzymatic route towards chiral pyrazolidine-3-ones has been developed. 
These strategies highlight a highly regio- and stereoselective hydroamination step catalyzed 
by EDDS lyase, offering alternative synthetic choices to prepare chiral N-arylated α-amino 
acids as well as chiral pyrazolidine-3-ones.
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Figure 1. Biologically active compounds and synthetic strategies for the N-arylated amino acid (a) 
and pyrazolidine-3-one (b) precursors.

Results

Biocatalytic synthesis of N-arylated aspartic acids

In contrast to aliphatic amines, aromatic amines are challenging substrates for biocatalytic 
addition reactions due to their relatively low nucleophilicity. Our previous study demon-
strated that EDDS lyase could accept glycine as an unnatural substrate, facilitating the low 
nucleophilic α-amino group of glycine to function as the nucleophile in the amination of 
fumarate (6).23 This prompted us to start our investigation by testing aniline (7a, Table 1, 
entry 1) as potential substrate in the EDDS lyase-catalyzed biotransformation. Remarkably, 
aniline (7a) was efficiently converted by purified EDDS lyase to afford N-phenyl-substi-
tuted aspartic acid (8a), with high conversion (91%) and good isolated yield (80%) using 
only 0.05 mol% biocatalyst loading under optimized conditions (Table 1). To determine 
the stereochemistry of enzymatic product 8a, HPLC analysis on a chiral stationary phase 
was conducted by using chemically prepared authentic standards with known (R/S)- and 
(S)-configuration (Figure S2). This analysis revealed that product 8a was present as a single 
(S)-configured enantiomer with excellent enantiomeric excess (ee >99%, Table 1, entry 1). 

Next, the substrate scope was investigated by examining a panel of electronically diverse 
substituted anilines and heteroarylamines as unnatural substrates in the EDDS lyase-cata-
lyzed amination of fumarate, as monitored by 1H NMR spectroscopy (Table S1). We were 
pleased to find that EDDS lyase displayed a broad arylamine substrate scope which was, 
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as expected, affected by the electron-withdrawing/donating nature, position and bulkiness 
of the substituents on the aromatic ring (Table 1 and Table S1). Clearly, substitution of 
the aromatic ring at the ortho-position was not tolerated by the enzyme, for which only 
o-fluoroaniline (7b) gave a very low conversion (6%, Table 1 and Table S1). Impressively, 
arylamines with meta-substituents, including m-fluoroaniline (7c), m-toluidine (7d) 
and m-methoxyaniline (7e), were efficiently accepted by EDDS lyase providing the respec-
tive products 8c-e (Table 1, entry 3-5). High conversions (87-97%), good isolated product 
yields (53-84%), and excellent stereoselectivity (ee >99%) were observed (Table 1, entry 
3-5). Similarly, para-substituted arylamines, such as p-fluoroaniline (7f), p-toluidine (7g), 
p-methoxyaniline (7h), p-ethylaniline (7i), m,p-dimethylaniline (7j), and p-carboxylaniline 
(7k), were also well accepted by the enzyme, giving high to excellent conversions (75-95%) 
and yielding the corresponding amino acids 8f-k (34-85% isolated yields) as the (S)-config-
ured enantiomers with >99% ee (Table 1, entry 6-11). Noteworthy, para-halogenated ani-
lines (7l-n) were also processed to deliver chiral (S)-N-haloarylaspartic acids (8l-n) with 
82-96% conversions and 52-69% isolated yields (ee >99% in all cases, Table 1, entry 12-14), 
leaving the halogens available for potential downstream synthetic manipulation. The larger 
nucleophile p-isopropylaniline (7o) was a poor substrate for EDDS lyase, resulting in low 
conversion (17%, Table 1, entry 15). Arylamines bearing a strong electron-withdrawing 
group (such as p-nitro or p-CF3) or electron-deficient heteroarylamines (such as pyridine-
2-amine, pyridine-4-amine, and thiazol-2-amine) were not accommodated as substrates by 
EDDS lyase, most likely due to their diminished nucleophilicity (Table S1). 
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Table 1. Enzymatic synthesis of (S)-N-arylated aspartic acids.

Entry Arylamine Product R Time
[h] Conv.b (yieldc) [%] eed

[%]

1 7a 8a H 48 91 (80) >99 (S)f

2 7b 8b o-F 72 6 (n.d.e) ---

3 7c 8c m-F 48 91 (53) >99 (S)g

4 7d 8d m-Me 24 97 (84) >99 (S)g

5 7e 8e m-OMe 48 87 (53) >99 (S)g

6 7f 8f p-F 24 92 (85) >99 (S)f

7 7g 8g p-Me 48 75 (57) >99 (S)f

8 7h 8h p-OMe 48 92 (75) >99 (S)f

9 7i 8i p-Et 48 76 (53) >99 (S)g

10 7j 8j m,p-diMe 72 90 (70) >99 (S)g

11 7k 8k p-CO2H 24 95 (34) >99 (S)g

12 7l 8l p-Cl 48 96 (63) >99 (S)g

13 7m 8m p-Br 48 95 (69) >99 (S)f

14 7n 8n p-I 48 82 (52) >99 (S)g

15 7o 8o p-iPr 72 17 (n.d.e) ---
aConditions and reagents: fumaric acid (6, 50 mM), arylamine substrates 7a-o (10 mM) and purified EDDS lyase (0.05 mol% based on arylamine) 
in buffer (50 mM NaH2PO4/NaOH, pH 8.5), with 5% DMSO as cosolvent at room temperature. bConversions were determined by comparing 
1H NMR signals of substrates and corresponding products. cIsolated yield after cation-exchange chromatography. dEnantiomeric excess (ee) was 
determined by HPLC on a chiral stationary phase using racemic standards. eNot determined owing to low conversion, the product formation 
was confirmed by comparison of 1H NMR data of a crude reaction mixture to that of chemically prepared reference compound. fThe absolute 
configurations of 8a, 8f-h and 8m were determined by chiral HPLC using chemically synthesized authentic standards with known (R/S) and (S) 
configuration respectively. gThe absolute configurations of 8c-e, 8i-l and 8n were tentatively assigned the (S)-configuration based on analogy and 
according to chiral HPLC data.



258 CHAPTER 7

Chemoenzymatic synthesis of chiral pyrazolidine-3-ones 

Enantioselective conjugate addition of bisnucleophilic donors (such as hydrazines) 
to electron-poor acceptors provides convenient access to valuable small-ring heterocy-
cles.42 Encouraged by the exquisite stereoselectivity of the EDDS-lyase-catalyzed bio-
transformation accepting a broad range of arylamines (7, Table 1), we further questioned 
whether bisnucleophilic arylhydrazines (9, Table 2) could be processed as substrates by this 
enzyme in the amination of fumarate (6). The corresponding enzymatic products, N-(ar-
ylamino)aspartic acids (10), are not only valuable scaffolds in their own right, but they 
also could serve as chiral precursors for the preparation of synthetically challenging chiral 
pyrazolidine-3-ones (11) through an acid-catalyzed cyclization reaction (Table 2). Remark-
ably, phenylhydrazine (9a), as the first chosen potential bisnucleophilic substrate, was effi-
ciently converted by EDDS lyase (0.1 mol%) to afford the single product N-(phenylamino)
aspartic acid (10a), as ascertained by 1H NMR in comparison with a chemically prepared 
authentic standard. In the enzymatic semipreparative synthesis (0.20 mmol scale) of com-
pound 10a, excellent conversion (94%) and good isolated yield (80%, 36 mg) were achieved 
(Table 2, entry 1). Note that it is necessary to perform the enzymatic reaction under anaer-
obic conditions, otherwise the substrate phenylhydrazine could be oxidized by molecular 
oxygen and thus lead to diminished conversion. Subsequently, the enzymatic product 10a 
was cyclized smoothly under optimized conditions (1 M HCl, reflux for 3 h), affording the 
desired heterocycle 2-phenyl-5-carboxylpyrazolidin-3-one (11a, 71% isolated yield) with-
out racemization of the potentially sensitive Cα stereogenic center (ee >99%, Table 2, entry 
1). The chemoenzymatically prepared heterocycle 11a was identified as the (S)-configured 
enantiomer by chiral HPLC analysis (Figure S15). 

To further illustrate the synthetic usefulness of this chemoenzymatic method, we first 
determined that EDDS lyase has a broad substrate scope with respect to arylhydrazines 
(9), enabling the addition of various arylhydrazines to fumarate (Table S2). Pleasingly, sev-
eral arylhydrazines with an ortho-substituent (o-fluoro, 9b) or meta-substituent (such as 
m-fluoro, m-methyl, and m-chloro, 9c-e) were efficiently converted by EDDS lyase giving 
the respective enzymatic products 10b-e with excellent conversions (92-98%) and good 
isolated yields (76-85%, Table 2, entry 2-5). Notably, a number of arylhydrazines containing 
para-substituents, such as p-fluoro, p-chloro, p-bromo, p-cyano, p-methyl, and p-carboxyl 
(9f-k), were also well accepted by the enzyme giving the corresponding N-(arylamino)
aspartic acids (10f-k) in high to excellent conversions (71-97%) and 52-89% isolated yields 
(Table 2, entry 6-11). However, p-(methoxyphenyl)hydrazine (9l) was not well accepted by 
EDDS lyase with unsatisfactory conversion (28%, Table 2, entry 12). Typically, arylhydra-
zines containing a strong electron-withdrawing group at the aromatic ring (namely p-nitro 
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or p-CF3), or a bulky naphthalen-2-yl group, failed to undergo the EDDS-lyase-catalyzed 
hydroamination reaction (Table S2). 

With the precious enzymatically prepared intermediates (10b-k) in hand, we subsequently 
performed the acid-catalyzed cyclization reaction to achieve the target 2,5-disubstituted 
pyrazolidin-3-one products. Remarkably, all the intermediates (10b-k) could be cyclized 
smoothly under the optimized conditions to provide the desired pyrazolidin-3-ones (11b-
k) with good isolated yield (46-80%, Table 2, entry 2-11). Moreover, all the tested chemo-
enzymatic products (11b-k) were assigned the (S)-configuration, with excellent enantio-
meric excess (ee >99%, Table 2, entry 2-11), using chiral HPLC analysis (Figures S16-S24). 
As such, we have established an efficient two-step chemoenzymatic route towards chiral 
2-aryl-5-carboxylpyrazolidin-3-ones (11a-k) with good overall yields and excellent stereo-
selectivity (ee >99%).

One-pot chemoenzymatic synthesis of chiral pyrazolidin-3-ones

Having established a stepwise chemoenzymatic route towards chiral pyrazolidin-3-ones 
(11), we sought to combine the EDDS lyase-catalyzed biotransformation and acid-cata-
lyzed cyclization into one pot (Figure 2). In order to achieve high overall yield, as well 
as to effect the second cyclization step in the one-pot synthesis of pyrazolidin-3-ones 
(11), high conversion of the starting arylhydrazine substrates 9 in the first enzymatic step 
is required, preventing it from reacting with the intermediate 10 during the subsequent 
acid-promoted amidation step. Toward this end, the substrate phenylhydrazine (9a) that 
could be efficiently converted by EDDS lyase with 94% conversion was chosen for our ini-
tial investigation to provide the corresponding intermediate 10a (Table 2 and Figure 2). 
Without any purification, intermediate 10a was subjected to cyclization in the same pot, to 
which fuming hydrochloric acid (HCl) was added to adjust the final concentration of HCl 
to 1 M, providing full conversion for the second cyclization step after heating to reflux for 
3 h. Pleasingly, the one-pot chemoenzymatically prepared product (S)-2-phenyl-5-carbox-
ylpyrazolidin-3-one (11a) was isolated with good overall yield (68%) and excellent optical 
purity (ee >99%, Figure 2). 

To further demonstrate the synthetic usefulness of this one-pot two-step chemoenzymatic 
strategy, we selected five other starting arylhydrazines (9c-e and 9h-i, Table 2), which proved 
to be well accepted as substrates by EDDS lyase. The corresponding chemoenzymatically 
prepared (S)-pyrazolidin-3-one derivatives (11c-e and 11h-i) were obtained with good 
overall isolated yields (61-70%) and excellent enantiopurity (ee >99% in all cases, Figure 2). 
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Therefore, this one-pot chemoenzymatic synthesis route provides a simplified practical pro-
cedure towards optically pure pyrazolidin-3-ones with higher overall isolated yields.
 
Table 2. Chemoenzymatic synthesis of chiral pyrazolidine-3-ones

First enzymatic step Second cyclization step

Entry Aryl hydrazine R Intermediate Conv.b (Yieldc)
[%]

Product Yieldc 
[%]

eee 
[%]

1 9a H 10a 94 (80) 11a 71 >99 (S)f

2 9b o-F 10b 98 (81) 11b 46 >99 (S)g

3 9c m-F 10c 98 (83) 11c 73 >99 (S)f

4 9d m-Me 10d 92 (76) 11d 62 >99 (S)f

5 9e m-Cl 10e 98 (85) 11e 67 >99 (S)f

6 9f p-F 10f 85 (52) 11f 59 >99 (S)f

7 9g p-Cl 10g 80 (68) 11g 80 >99 (S)f

8 9h p-Br 10h 91 (81) 11h 76 >99 (S)f

9 9i p-CN 10i 92 (70) 11i 57 >99 (S)g

10 9j p-Me 10j 71 (63) 11j 58 >99 (S)f

11 9k p-CO2H 10k 97 (89) 11k 69 n.d.h

12 9l p-OMe 10l 28 (n.d.d) 11l --- ---

aConditions and reagents: fumaric acid (6, 50 mM), arylhydrazine substrates 9a-l (10 mM) and purified EDDS lyase (0.1 mol% based on 
arylhydrazine) in degassed buffer (50 mM NaH2PO4/NaOH, pH 8.5) under argon atmosphere at room temperature (24 h for 10k; 48 h for 
10a, 10c, 10e, and 10h-i; 96 h for 10b, 10d, 10f-g, 10j and 10l). bConversions were determined by comparing 1H NMR signals of substrates 
and corresponding products. cIsolated yield after purification. dNot determined owing to low conversion, the product formation was confirmed 
by comparison of 1H NMR data of a crude reaction mixture to that of chemically prepared reference compound. eEnantiomeric excess (ee) was 
determined by HPLC on a chiral stationary phase using chemically synthesized racemic standards. fThe absolute configurations of 11a, 11c-h, 
and 11j were determined by chiral HPLC using authentic standards with known (R/S) and (S) configuration. gThe absolute configurations of 11b 
and 11i were tentatively assigned the (S)-configuration based on analogy and according to chiral HPLC data. h The ee value was not determined.
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esFigure 2. One-pot two-step chemoenzymatic synthesis of chiral pyrazolidin-3-ones. Reagents and 
reaction conditions: aarylhydrazine substrates 9 (10 mM), fumaric acid (6, 50 mM), and purified 
EDDS lyase (0.1 mol% based on arylhydrazine) in degassed buffer (50 mM NaH2PO4/NaOH, pH 
8.5) under argon atmosphere at room temperature (48 h for 9a, 9c, 9e and 9h-i; 96 h for 9d). b1 M 
HCl, reflux for 3 h under nitrogen atmosphere. cIsolated yield over two steps. dEnantiomeric excess 
(ee) was determined by HPLC on a chiral stationary phase using chemically synthesized racemic 
standards. eThe absolute configuration of the one-pot chemoenzymatic products 11a, 11c-e and 
11h were determined by chiral HPLC analysis using authentic standards with known (R/S) and (S) 
configuration. The absolute configuration of product 11i was tentatively assigned the (S)-configuration 
based on analogy and according to chiral HPLC data.

Discussion

In contrast to previously reported chemical synthesis strategies for preparation of enantio-
enriched N-arylated α-amino acids, such as metal-catalyzed N-arylation7-13 or hypervalent 
iodine chemistry14, which mainly depend on extending the free amino group of the start-
ing chiral α-amino acids (or their esters), our biocatalytic method starts with a prochiral 
α,β-unsaturated acid (fumarate) and creates the Cα-stereocentre of the target N-arylated 
amino acids in a single asymmetric step with excellent stereocontrol (Figure 1a). We demon-
strated that EDDS lyase shows a remarkably broad substrate scope, enabling the addition of 
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a variety of aromatic amines (7a-n) to fumarate, yielding optically pure (ee >99%) (S)-N-ar-
ylated aspartic acids (8a-n) with high conversions and in good isolated yields (Table 1). 
Furthermore, we discovered that EDDS lyase can accept a wide range of arylhydrazines 
(9a-k) in the hydroamination of fumarate, yielding the corresponding N-(arylamino)-sub-
stituted aspartic acids (10a-k) with high conversions and in good isolated yields (Table 2). 
Subsequently, these enzymatic products (11a-k) could undergo a smooth acid-catalyzed 
cyclization to give the synthetically challenging chiral (S)-pyrazolidin-3-one derivatives 
11a-k with excellent enantiomeric excess (ee >99%, Table 2). In addition, we successfully 
combined the EDDS lyase-catalyzed biotransformation and acid-catalyzed cyclization into 
one pot, thus providing a rather simple two-step chemoenzymatic route for the rapid syn-
thesis of optically pure pyrazolidin-3-ones with good overall isolated yields (Figure 2).

Enantioselective addition of ammonia or amines to appropriate α,β-unsaturated carboxylic 
acids catalyzed by carbon-nitrogen lyases represents an attractive strategy for the synthe-
sis of chiral unnatural amino acids. This enzymatic strategy makes use of readily available 
prochiral α,β-unsaturated acids as starting substrates without a requirement for cofactor 
recycling, circumvents tedious steps of protecting or activating carboxylic groups, gives 
100% theoretical yield, and normally provides high stereoselectivity under mild and poten-
tially green reaction conditions. Several synthetically useful carbon-nitrogen lyases, such as 
aspartate ammonia lyases (DALs)16,17,20,45, methylaspartate ammonia lyases (MALs)16,17,21,46, 
phenylalanine ammonia lyases (PALs)16,17 and phenylalanine aminomutases (PAMs)16,17, 
were successfully used in the synthesis of optically pure unnatural α- or β-amino acids. 
However, with the exception of an engineered mutant of MAL (MAL-Q37A), which accepts 
various alkylamines as substrates in the addition to mesaconate21, these enzymes display 
a rather limited nucleophile scope. In contrast, EDDS lyase has a very broad nucleophile 
scope, accepting a wide variety of structurally distinct amines for stereoselective addition 
to fumarate, providing enzymatic access to various aminocarboxylic acids including the 
natural products toxin A, aspergillomarasmine A and aspergillomarasmine B23, N-cy-
cloalkyl-substituted aspartic acids24, as well as difficult N-arylated aspartic acid derivatives 
and substituted pyrazolidin-3-ones (this study). As such, EDDS lyase nicely complements 
the biocatalytic toolbox for the preparation of noncanonical amino acids. In future work, 
we will focus our attention on extending the electrophile scope of EDDS lyase by computa-
tional design and structure-guided protein engineering.
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Methods

Enzymatic synthesis of (S)-N-arylated aspartic acids (8a-n)

Enzyme expression and purification were performed according to procedures described 
elsewhere (supplementary information).23,44 The reaction mixture (15 mL) consisted 
of fumaric acid (50 mM) and an arylamine substrate (7a-n, 10 mM) in 50 mM NaH-
2PO4-NaOH buffer (pH 8.5) with 5% DMSO as cosolvent. The pH of the reaction mixture 
was adjusted to pH 8.5. The enzymatic reaction was started by addition of freshly purified 
EDDS lyase (0.05 mol%). The reaction mixture was then incubated at room temperature 
from 24 h to 72 h (Table 1). After completion of the reaction, the enzyme was inactivated by 
heating to 70 °C for 10 min. The progress of the enzymatic reaction was monitored by 1H 
NMR spectroscopy by comparing signals of substrates and corresponding products. 

The amino acid products were purified by cation-exchange chromatography. For a typical 
purification procedure, the precipitated enzyme was removed by filtration (pore diameter 
0.45 μm). The filtrate was washed with ethyl acetate (10 mL x 3) to remove the remaining 
amines. The aqueous layer was acidified with 1 M HCl to pH=1 and loaded slowly onto 
a cation-exchange column (5 g of Dowex 50W X8 resin, 100-200 mesh), which was pre-
treated with 2 M aqueous ammonia (5 column volumes), 1 M HCl (3 column volumes) 
and finally water (5 column volumes). The column was washed with water (3 column vol-
umes) to remove the remaining fumaric acid and eluted with 2 M aqueous ammonia until 
the desired product was collected. The ninhydrin-positive fractions were collected, con-
centrated under vacuum and lyophilized to provide the desired products (8a-n) as ammo-
nium salts.

One-pot chemoenzymatic synthesis of pyrazolidine-3-ones (11)

Step 1: The reaction mixture (20 mL) consisted of fumaric acid (50 mM) and an arylhy-
drazine substrate (9, 10 mM) in 50 mM NaH2PO4-NaOH degassed buffer (pH 8.5) under 
argon atmosphere. The pH of the reaction mixture was adjusted to pH 8.5. The enzymatic 
reaction was started by addition of freshly purified EDDS lyase (0.1 mol%). The reaction 
mixture was then incubated at room temperature from 48 h to 96 h (Figure 2). The progress 
of the enzymatic reaction was monitored by 1H NMR spectroscopy by comparing signals of 
substrates and corresponding products. Without purification of the enzymatic product 10, 
the reaction mixture was subjected to the next step immediately.
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Step 2: To the stirred reaction mixture from the previous step was added 1.6 mL of fuming 
hydrochloric acid dropwise under cooling (ice-bath). After 5 min, the reaction mixture was 
heated to reflux for 3 h under nitrogen atmosphere. After completion of the reaction, the 
reaction mixture was allowed to cool down to room temperature. The reaction mixture was 
extracted with EtOAc (20 mL x 3), and washed with brine (30 mL). The solvent was evapo-
rated to provide crude product 11, which was purified by C18 column chromatography (5% 
to 50% CH3CN in H2O as the eluent).

Detailed experimental procedures

For detailed experimental procedures and characterization of compounds, see the supple-
mentary information.

Data availability

All data are available from the corresponding author upon reasonable request. Correspond-
ence and requests for materials should be addressed to G.J.P.
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I) General information

Fumaric acid, aromatic amines and hydrazines were purchased from Sigma-Aldrich 
Chemical Co. (St. Louis, MO), TCI Europe N.V., Thermo Fisher Scientific (Geel, Belgium) 
or Fluorochem Co. (UK). Hypervalent iodine compounds and (S)-α-methylbenzylamine 
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Solvents were pur-
chased from Biosolve (Valkenswaard, The Netherlands) or Sigma-Aldrich Chemical Co. 
Ingredients for buffers and media were obtained from Duchefa Biochemie (Haarlem, The 
Netherlands) or Merck (Darmstadt, Germany). Dowex 50W X8 resin (hydrogen form, 
100-200 mesh) was purchased from Sigma-Aldrich Chemical Co. Ni sepharose 6 fast flow 
resin and HiLoad 16/600 Superdex 200 pg column were purchased from GE Healthcare 
Bio-Sciences AB (Uppsala, Sweden). Proteins were analyzed by sodium dodecyl sulfate pol-
yacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions on precast gels 
(NuPAGE™ 4–12% Bis-Tris protein gels). The gels were stained with Coomassie brilliant 
blue. High performance liquid chromatography (HPLC) was performed with a Shimadzu 
LC-10AT HPLC with a Shimadzu SPD-M10A diode array detector. NMR analysis was per-
formed on a Brucker 500 MHz machine at the Drug Design laboratory of the University 
of Groningen. Chemical shifts (δ) are reported in parts per million (ppm). Electrospray 
ionization orbitrap high resolution mass spectrometry (HRMS) was performed by the Mass 
Spectrometry core facility of the University of Groningen.

II) Detailed experimental procedures

1. Expression and purification of EDDS lyase

E. coli TOP10 cells containing the pBADN (EDDS lyase-His) plasmid were collected from 
a LB/Ap plate, and used to inoculate LB/Ap medium (10 mL). The culture was used to 
inoculate fresh LB/Ap medium (1 L) after overnight incubation at 37°C. The cells were 
grown at 37°C for about 4 h until OD600 reached 0.8~1.0. Arabinose (0.05%, w/v) was added 
to induce the enzyme expression. Cultures were grown for 18 h at 20 °C with vigorous 
shaking. Cells were harvested by centrifugation and stored at -20 °C until further use. In a 
typical purification experiment, 4 g of wet cells (from 1 L culture) were suspended in lysis 
buffer (15 mL, 50 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0). Cells were dis-
rupted by sonication for 4 x 40 s (with 5 min interval between each cycle) at a 60 W output. 
The unbroken cells and debris were removed by centrifugation. The supernatant was fil-
tered through a pore filter (diameter 0.45 μm), and incubated with Ni sepharose resin (1 mL 
slurry in a small column) at 4 °C for 18 h, which had previously been equilibrated with lysis 
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buff er. Th e unbound proteins were eluted from the column by gravity fl ow. Th e column was 
washed with lysis buff er (15 mL x 2). Retained proteins were eluted with buff er A (5 mL, 
50 mM Tris-HCl, 300 mM NaCl, 500 mM imidazole pH 8.0). Fractions were analyzed by 
SDS-PAGE on gels containing acrylamide (4 - 12%). Fractions containing EDDS lyase 
were combined and loaded onto a PD-10 Sephadex G-25 gelfi ltration column, which was 
previously equilibrated with buff er B (25 mL, 50 mM NaH2PO4-NaOH buff er, pH 8.5). 
Th e column was eluted with buff er B (3.5 mL) and fractions were collected and analyzed 
by SDS-PAGE on gels containing acrylamide (4 - 12%). Th e purifi ed enzyme was stored at 
-20 °C until further use.

Figure S1. Purifi cation of EDDS lyase by Ni-affi  nity chromatography. Lane 1: PageRulerTM prestained 
protein ladder (Th ermo Scientifi c). Lane 2: cell free extract. Lane 3: unbound proteins in fl ow-through 
fractions. Lane 4 and 5: fractions from washing step with lysis buff er. Lane 6: fractions from elution 
step with buff er A. Th e molecular weight of EDDS lyase is about 56 kDa (including His-tag).
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2. Screening aromatic amines and arylhydrazines as substrates 
for EDDS lyase

Table S1. Screening aromatic amines as substrates for EDDS lyase.

Entry  No. Ar  
Time  

[h]  

Conv.b  

[%]  
 Entry  No. Ar  

Time  

[h]  

Conv.b  

[%]  

1 7a 
 

48 91  13 7m 

 

48 95 

2 7b 

 

72 6  14 7n 

 

48 82 

3 7c 

 

48 91  15 7o 

 

72 17 

4 7d 

 

24 97  16 7p 

 

72 0 

5 7e 

 

48 87  17 7q 

 

72 0 

6 7f 

 

24 92  18 7r 

 

72 0 

7 7g 

 

48 75  19 7s 

 

72 0 

8 7h 

 

48 92  20 7t 

 

72 0 

9 7i 

 

48 76  21 7u 
 

72 0 

10 7j 

 

72 90  22 7v 
 

72 0 

11 7k 

 

24 95  23 7w 
 

72 0 

12 7l 

 

48 96       

 aConditions and reagents: fumaric acid (6, 50 mM), aromatic amine substrates 7a-w (10 mM) and purified EDDS lyase (0.05 mol% based on 
amine) in buffer (50 mM NaH2PO4/NaOH, pH 8.5), with 5% DMSO as cosolvent at room temperature. bConversions were determined by com-
paring 1H NMR signals of substrates and corresponding products. Product formation was confirmed by comparison of 1H NMR data of the crude 
reaction mixture to those of chemically prepared reference compounds.
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Table S2. Screening arylhydrazines as substrates for EDDS lyase.

Entry  No. Ar  
Time  

[h]  

Conv.b 

 [%]  
 Entry  No. Ar  

Time  

[h]  

Conv.b 

 [%]  

1 9a 
 

48 94  10 9j 

 

96 71 

2 9b 

 

96 98  11 9k 

 

24 97 

3 9c 

 

48 98  12 9l 

 

96 28 

4 9d 

 

96 92  13 9m 

 

72 0 

5 9e 

 

48 98  14 9n 

 

72 0 

6 9f 

 

96 85  15 9o 

 

72 0 

7 9g 

 

96 80  16 9p 

 

72 0 

8 9h 

 

48 91  17 9q 
 

72 0 

9 9i 

 

48 92       

aConditions and reagents: fumaric acid (6, 50 mM), arylhydrazine substrates 9a-q (10 mM) and purified EDDS lyase (0.1 mol% based on hydra-
zine) in degassed buffer (50 mM NaH2PO4/NaOH, pH 8.5) under argon atmosphere at room temperature. bConversions were determined by 
comparing 1H NMR signals of substrates and corresponding products. Product formation was confirmed by comparison of 1H NMR data of the 
crude reaction mixture to those of chemically prepared reference compounds.
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3. Enzymatic synthesis of (S)-N-aryl-substituted aspartic  
acids (8a-n)

General procedure: The reaction mixture (15 mL) consisted of fumaric acid (6, 50 mM) 
and an arylamine substrate (7a-n, 10 mM) in 50 mM NaH2PO4-NaOH buffer (pH 8.5) 
with 5% DMSO as cosolvent. The pH of the reaction mixture was adjusted to pH 8.5. 
The enzymatic reaction was started by addition of freshly purified EDDS lyase (0.05 mol%). 
The reaction mixture was then incubated at room temperature from 24 h to 72 h (Table 
S1). After completion of the reaction, the enzyme was inactivated by heating to 70 °C for 
10 min. The progress of the enzymatic reaction was monitored by 1H NMR spectroscopy by 
comparing signals of substrates and corresponding products.  

The amino acid products were purified by cation-exchange chromatography. For a typical 
purification procedure, the precipitated enzyme was removed by filtration (pore diameter 
0.45 μm). The filtrate was washed with ethyl acetate (10 mL x 3) to remove the remaining 
amines. The aqueous layer was acidified with 1 M HCl to pH=1 and loaded onto a cati-
on-exchange column (5 g of Dowex 50W X8 resin, 100-200 mesh), which was pretreated 
with 2 M aqueous ammonia (5 column volumes), 1 M HCl (3 column volumes) and water 
(5 column volumes). The column was washed with water (3 column volumes) to remove the 
remaining fumaric acid and eluted with 2 M aqueous ammonia until the desired product 
was collected. The ninhydrin-positive fractions were collected, concentrated under vacuum 
and lyophilized to provide the desired products as ammonium salts.

(S)-N-phenylaspartic acid (8a) 

White solid. 25 mg (80% yield). 1H NMR (500 MHz, D2O): δ 7.24 (t, J = 
7.9 Hz, 2H), 6.81 (t, J = 7.3 Hz, 1H), 6.75 (d, J = 8.4 Hz, 2H), 4.12 (dd, J = 
10.0, 3.9 Hz, 1H), 2.69 (dd, J = 15.0, 3.8 Hz, 1H), 2.45 (dd, J = 15.0, 10.0 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 181.1, 179.2, 147.2, 129.5 (2C), 118.8, 

114.5 (2C), 57.8, 40.7. HRMS (ESI+): calcd. for C10H12NO4 [M+H]+: 210.0761, found: 
210.0762. Chiral HPLC condition A: Nucleosil chiral-1 column with 0.5 mM aqueous 
CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detection at 260 nm, tR = 
8.9 min. The ee was determined to be >99% by chiral HPLC analysis using racemic standard 
(Figure S2).
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(S)-N-(3-fluorophenyl)aspartic acid (8c)
White solid. 18 mg (53% yield). 1H NMR (500 MHz, D2O): δ 7.18 (q, J = 
7.7 Hz, 1H), 6.51 – 6.43 (m, 3H), 4.11 (dd, J = 10.0, 3.9 Hz, 1H), 2.74 (dd, J 
= 15.2, 3.9 Hz, 1H), 2.49 (dd, J = 15.2, 10.0 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 180.8, 178.7, 163.8 (d, J = 240.7 Hz), 149.6 (d, J = 11.3 Hz), 130.7 (d, 
J = 10.1 Hz), 109.81, 104.4 (d, J = 21.4 Hz), 100.5 (d, J = 25.2 Hz), 57.3, 40.5. 

HRMS (ESI+): calcd. for C10H11NO4F [M+H]+: 228.0667, found: 228.0664. Chiral HPLC 
condition A: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with 
a flow rate of 1.0 mL/min, 60 °C, UV detection at 260 nm, tR = 7.7 min. The ee was deter-
mined to be >99% by chiral HPLC analysis using racemic standard (Figure S3).

(S)-N-(3-methylphenyl)aspartic acid (8d)
White solid. 28 mg (84% yield). 1H NMR (500 MHz, D2O): δ 7.17 (t, J = 
7.8 Hz, 1H), 6.73 (d, J = 7.5 Hz, 1H), 6.67 (s, 1H), 6.63 (d, J = 8.2 Hz, 1H), 
4.14 (dd, J = 9.7, 3.9 Hz, 1H), 2.71 (dd, J = 15.3, 4.0 Hz, 1H), 2.50 (dd, J = 
15.3, 9.5 Hz, 1H), 2.27 (s, 3H); 13C NMR (126 MHz, D2O): δ 180.5, 179.0, 
146.6, 139.9, 129.5, 120.2, 115.6, 112.2, 58.2, 40.4, 20.6. HRMS (ESI+): calcd. 

for C11H14NO4 [M+H]+: 224.0917, found: 224.0917. Chiral HPLC condition B: Nucleosil 
chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.2 mL/
min, 60 °C, UV detection at 260 nm, tR = 10.6 min. The ee was determined to be >99% by 
chiral HPLC analysis using racemic standard (Figure S4).

(S)-N-(3-methoxyphenyl)aspartic acid (8e)
White solid. 19 mg (53% yield). 1H NMR (500 MHz, D2O): δ 7.16 (t, J = 
8.1 Hz, 1H), 6.39 (dd, J = 12.9, 8.3 Hz, 2H), 6.33 (s, 1H), 4.12 (dd, J = 9.9, 
3.8 Hz, 1H), 3.78 (s, 3H), 2.71 (dd, J = 15.0, 3.8 Hz, 1H), 2.46 (dd, J = 15.1, 
9.9 Hz, 1H); 13C NMR (126 MHz, D2O): δ 180.9, 178.9, 159.9, 148.9, 130.4, 
107.4, 104.2, 99.7, 57.6, 55.1, 40.5. HRMS (ESI+): calcd. for C11H14NO5 [M+H]+: 

240.0866, found: 240.0866. Chiral HPLC condition A: Nucleosil chiral-1 column with 
0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detec-
tion at 260 nm, tR = 10.7 min. The ee was determined to be >99% by chiral HPLC analysis 
using racemic standard (Figure S5).

(S)-N-(4-fluorophenyl)aspartic acid (8f)
White solid. 29 mg (85% yield). 1H NMR (500 MHz, D2O): δ 7.01 (t, J = 
8.9 Hz, 2H), 6.80 – 6.77 (m, 2H), 4.10 (dd, J = 9.8, 3.9 Hz, 1H), 2.71 (dd, J 
= 15.2, 3.9 Hz, 1H), 2.48 (dd, J = 15.1, 9.8 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 180.3, 178.9, 156.9 (d, J = 234.4 Hz), 142.8, 116.5 (d, J = 7.6 Hz, 
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2C), 115.8, (d, J = 21.4 Hz, 2C), 58.8, 40.3. HRMS (ESI+): calcd. for C10H11NO4F [M+H]+: 
228.0667, found: 228.0667. Chiral HPLC condition A: Nucleosil chiral-1 column with 
0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detec-
tion at 260 nm, tR = 6.8 min. The ee was determined to be >99% by chiral HPLC analysis 
using racemic standard (Figure S6).

(S)-N-(4-methylphenyl)aspartic acid (8g)
White solid. 19 mg (57% yield). 1H NMR (500 MHz, D2O): δ 7.15 (d, J = 
8.1 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 4.10 (dd, J = 8.6, 4.2 Hz, 1H), 
2.65 (dd, J = 16.0, 4.2 Hz, 1H), 2.54 (dd, J = 16.0, 8.7 Hz, 1H), 2.23 (s, 
3H); 13C NMR (126 MHz, D2O): δ 178.3, 178.2, 140.2, 132.6, 130.0 (2C), 

117.6 (2C), 59.9, 38.4, 19.6. HRMS (ESI+): calcd. for C11H14NO4 [M+H]+: 224.0917, found: 
224.0922. Chiral HPLC condition B: Nucleosil chiral-1 column with 0.5 mM aqueous 
CuSO4 as mobile phase with a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR = 
10.0 min. The ee was determined to be >99% by chiral HPLC analysis using racemic stand-
ard (Figure S7).  

(S)-N-(4-methoxyphenyl)aspartic acid (8h)
Light pink solid. 27 mg (75% yield). 1H NMR (500 MHz, D2O): δ 7.10 (d, 
J = 8.6 Hz, 2H), 7.01 (d, J = 8.9 Hz, 2H), 4.13 (dd, J = 8.3, 4.2 Hz, 1H), 
3.83 (s, 3H), 2.70 (dd, J = 16.3, 4.2 Hz, 1H), 2.61 (dd, J = 16.3, 8.3 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 178.9, 178.7, 154.2, 137.8, 118.6 (2C), 

115.3 (2C), 60.2, 55.9, 39.2. HRMS (ESI+): calcd. for C11H14NO5 [M+H]+: 240.0866, found: 
240.0863. Chiral HPLC condition B: Nucleosil chiral-1 column with 0.5 mM aqueous 
CuSO4 as mobile phase with a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR = 
8.0 min. The ee was determined to be >99% by chiral HPLC analysis using racemic standard 
(Figure S8).  

(S)-N-(4-ethylphenyl)aspartic acid (8i)
Light yellow solid. 19 mg (53% yield). 1H NMR (500 MHz, D2O): δ 
7.17 (d, J = 8.1 Hz, 2H), 6.81 (d, J = 8.1 Hz, 2H), 4.12 (dd, J = 9.5, 4.0 Hz, 
1H), 2.68 (dd, J = 15.3, 4.0 Hz, 1H), 2.55 (q, J = 7.7 Hz, 2H), 2.49 (dd, J 
= 15.4, 9.4 Hz, 1H), 1.15 (t, J = 7.7 Hz, 3H); 13C NMR (126 MHz, D2O): 

δ 180.4, 179.1, 143.9, 136.4, 128.8 (2C), 115.8 (2C), 58.8, 40.3, 27.4, 15.3. HRMS (ESI+): 
calcd. for C12H16NO4 [M+H]+: 238.1074, found: 238.1074. Chiral HPLC condition A: Nucle-
osil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 
1.0 mL/min, 60 °C, UV detection at 260 nm, tR = 14.6 min. The ee was determined to be 
>99% by chiral HPLC analysis using racemic standard (Figure S9).
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(S)-N-(3,4-dimethylphenyl)aspartic acid (8j)
Light yellow solid. 25 mg (70% yield). 1H NMR (500 MHz, D2O): δ 
7.11 (d, J = 8.1 Hz, 1H), 6.83 (s, 1H), 6.75 (dd, J = 8.0, 2.4 Hz, 1H), 
4.11 (dd, J = 8.6, 4.2 Hz, 1H), 2.66 (dd, J = 16.0, 4.3 Hz, 1H), 2.55 (dd, J = 
16.0, 8.6 Hz, 1H), 2.21 (s, 3H), 2.17 (s, 3H); 13C NMR (126 MHz, D2O): δ 
178.5 (2C), 141.1, 138.5, 131.0, 130.5, 118.6, 114.8, 59.8, 38.8, 19.0, 18.0. 

HRMS (ESI+): calcd. for C12H16NO4 [M+H]+: 238.1074, found: 238.1073. HRMS (ESI+): 
calcd. for C10H11NO4I [M+H]+: 335.9727, found: 335.9729. Chiral HPLC condition A: 
Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 
1.0 mL/min, 60 °C, UV detection at 260 nm, tR = 15.0 min. The ee was determined to be 
>99% by chiral HPLC analysis using racemic standard (Figure S10).  

(S)-N-(4-carboxyphenyl)aspartic acid (8k)
White solid. 13 mg (34% yield). 1H NMR (500 MHz, D2O): δ 7.79 (d, J 
= 8.5 Hz, 2H), 6.69 (d, J = 8.4 Hz, 2H), 4.22 (dd, J = 9.0, 3.4 Hz, 1H), 
2.81 (dd, J = 15.6, 3.5 Hz, 1H), 2.60 (dd, J = 15.5, 9.1 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 180.7, 178.8, 174.5, 151.0, 131.2, 131.0, 122.6, 112.3, 

112.2, 56.4, 40.4. HRMS (ESI+): calcd. for C11H12NO6 [M+H]+: 254.0659, found: 254.0656. 
Chiral HPLC condition A: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as 
mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detection at 260 nm, tR = 4.5 min. 
The ee was determined to be >99% by chiral HPLC analysis using racemic standard (Figure 
S11).

(S)-N-(4-chlorophenyl)aspartic acid (8l)
White solid. 23 mg (63% yield). 1H NMR (500 MHz, D2O): δ 7.21 (d, J = 
8.8 Hz, 2H), 6.70 (d, J = 8.9 Hz, 2H), 4.11 (dd, J = 10.0, 4.0 Hz, 1H), 
2.72 (dd, J = 15.2, 4.0 Hz, 1H), 2.48 (dd, J = 15.2, 9.9 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 180.7, 178.8, 146.2, 129.0 (2C), 122.5, 115.5 (2C), 57.6, 

40.4. HRMS (ESI+): calcd. for C10H11NO4Cl [M+H]+: 244.0371, found: 244.0373. Chiral 
HPLC condition B: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase 
with a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR = 8.3 min. The ee was 
determined to be >99% by chiral HPLC analysis using racemic standard (Figure S12).  

(S)-N-(4-bromophenyl)aspartic acid (8m)
White solid. 30 mg (69% yield). 1H NMR (500 MHz, D2O): δ 7.35 (d, J = 
8.6 Hz, 2H), 6.65 (d, J = 8.5 Hz, 2H), 4.10 (dd, J = 9.9, 4.0 Hz, 1H), 2.74 (dd, 
J = 15.2, 4.0 Hz, 1H), 2.49 (dd, J = 15.2, 9.8 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 180.7, 178.8, 146.7, 131.9 (2C), 115.9 (2C), 109.5, 57.5, 40.4. 
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HRMS (ESI+): calcd. for C10H11NO4Br [M+H]+: 287.9866, found: 287.9864. Chiral HPLC 
condition B: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with 
a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR = 9.3 min. The ee was deter-
mined to be >99% by chiral HPLC analysis using racemic standard (Figure S13).  

(S)-N-(4-iodophenyl)aspartic acid (8n)
White solid. 26 mg (52% yield). 1H NMR (500 MHz, D2O): δ 7.52 (d, J = 
8.5 Hz, 2H), 6.55 (d, J = 8.3 Hz, 2H), 4.10 (dd, J = 10.0, 3.9 Hz, 1H), 
2.74 (dd, J = 15.3, 3.9 Hz, 1H), 2.49 (dd, J = 15.2, 9.9 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 180.6, 178.7, 147.4, 137.9 (2C), 116.4 (2C), 78.6, 57.2, 

40.4. HRMS (ESI+): calcd. for C10H11NO4I [M+H]+: 335.9727, found: 335.9729. Chiral 
HPLC condition B: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase 
with a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR = 14.8 min. The ee was 
determined to be >99% by chiral HPLC analysis using racemic standard (Figure S14).  

4. Enzymatic synthesis of (S)-N-(arylamino)aspartic acids (10a-k)

General procedure: The reaction mixture (20 mL) consisted of fumaric acid (50 mM) 
and arylhydrazines (9a-k, 10 mM) in 50 mM NaH2PO4-NaOH degassed buffer (pH 8.5) 
under argon atmosphere. The pH of the reaction mixture was adjusted to pH 8.5. The enzy-
matic reaction was started by addition of freshly purified EDDS lyase (0.1 mol%). The reac-
tion mixture was then incubated at room temperature from 24 h to 96 h (Table S2). After 
completion of the reaction, the enzyme was inactivated by heating to 70 °C for 10 min. 
The progress of the enzymatic reaction was monitored by 1H NMR spectroscopy by com-
paring signals of substrates and corresponding products. 

The products were purified by cation-exchange chromatography. For a typical purification 
procedure, the precipitated enzyme was removed by filtration (pore diameter 0.45 μm). 
The filtrate was washed with ethyl acetate (15 mL x 3) to remove the remaining hydrazines. 
The aqueous layer was acidified with 1 M HCl to pH=1 and loaded onto a cation-exchange 
column (5 g of Dowex 50W X8 resin, 100-200 mesh), which was pretreated with 2 M aque-
ous ammonia (5 column volumes), 1 M HCl (3 column volumes) and water (5 column vol-
umes). The column was washed with water (3 column volumes) to remove the remaining 
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fumaric acid and eluted with 2 M aqueous ammonia until the desired product was col-
lected. The ninhydrin-positive fractions were collected, concentrated under vacuum and 
lyophilized to provide the desired products as ammonium salts.

(S)-N-(phenylamino)aspartic acid (10a) 

White solid. 36 mg (80% yield). 1H NMR (500 MHz, D2O): δ 7.33 (t, J = 
7.8 Hz, 2H), 7.06 (d, J = 8.2 Hz, 2H), 7.01 (t, J = 7.5 Hz, 1H), 3.83 (dd, J = 
9.3, 4.2 Hz, 1H), 2.70 (dd, J = 16.1, 4.2 Hz, 1H), 2.50 (dd, J = 16.1, 9.3 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 178.7, 178.3, 146.2, 129.4 (2C), 121.6, 
115.7 (2C), 61.0, 38.0. HRMS (ESI+): calcd. for C10H13N2O4 [M+H]+: 

225.0870, found: 225.0869.

(S)-N-(2-fluorophenylamino)aspartic acid (10b)
Light yellow solid. 39 mg (81% yield). 1H NMR (500 MHz, D2O): δ 7.32 (td, 
J = 8.3, 1.7 Hz, 1H), 7.17 – 7.09 (m, 2H), 6.96 – 6.91 (m, 1H), 3.77 (dd, J = 
9.8, 4.0 Hz, 1H), 2.67 (dd, J = 15.7, 4.0 Hz, 1H), 2.43 (dd, J = 15.7, 9.8 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 179.2, 178.9, 152.1 (d, J = 239.4 Hz), 
134.7, 124.8, 121.3, 117.2, 115.1 (d, J = 17.6 Hz), 61.3, 38.5. HRMS (ESI+): 

calcd. for C10H12N2O4F [M+H]+: 243.0776, found: 243.0776.

(S)-N-(3-fluorophenylamino)aspartic acid (10c)
Light yellow solid. 40 mg (83% yield). 1H NMR (500 MHz, D2O): δ 7.22 (q, 
J = 8.1 Hz, 1H), 6.82 – 6.74 (m, 2H), 6.59 (td, J = 8.6, 2.6 Hz, 1H), 3.72 (dd, 
J = 9.9, 4.0 Hz, 1H), 2.62 (dd, J = 15.4, 4.1 Hz, 1H), 2.37 (dd, J = 15.4, 9.9 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 179.9, 179.2, 163.6 (d, J = 241.9 Hz), 
149.8 (d, J = 11.3 Hz), 130.5 (d, J = 12.6 Hz), 110.1 (d, J = 16.4 Hz), 106.6, 

101.4, 61.6, 38.9. HRMS (ESI+): calcd. for C10H12N2O4F [M+H]+: 243.0776, found: 243.0775.

(S)-N-(3-methylphenylamino)aspartic acid (10d)
Orange solid. 36 mg (76% yield). 1H NMR (500 MHz, D2O): δ 7.22 (t, J = 
7.8 Hz, 1H), 6.91 (s, 1H), 6.87 – 6.84 (m, 2H), 3.83 (dd, J = 9.1, 4.2 Hz, 1H), 
2.71 (dd, J = 16.1, 4.2 Hz, 1H), 2.51 (dd, J = 16.1, 9.1 Hz, 1H), 2.28 (s, 3H); 
13C NMR (126 MHz, D2O): δ 178.4, 177.5, 145.7, 139.9, 129.4, 122.7, 116.4, 
113.0, 60.8, 37.4, 20.5. HRMS (ESI+): calcd. for C11H15N2O4 [M+H]+: 

239.1026, found: 239.1028.
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(S)-N-(3-chlorophenylamino)aspartic acid (10e) 
Light yellow solid. 44 mg (85% yield). 1H NMR (500 MHz, D2O): δ 7.22 (t, J 
= 8.0 Hz, 1H), 7.08 (t, J = 2.1 Hz, 1H), 6.90 (d, J = 8.1 Hz, 2H), 3.77 (dd, J = 
9.4, 4.2 Hz, 1H), 2.68 (dd, J = 15.8, 4.2 Hz, 1H), 2.45 (dd, J = 15.8, 9.4 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 178.8, 178.5, 148.7, 134.4, 130.5, 120.2, 
114.3, 113.0, 61.2, 38.0. HRMS (ESI+): calcd. for C10H12N2O4Cl [M+H]+: 

259.0480, found: 259.0480.

(S)-N-(4-fluorophenylamino)aspartic acid (10f) 
Light yellow solid. 25 mg (52% yield). 1H NMR (500 MHz, D2O): δ 7.07 – 
7.08 (m, 4H), 3.84 (dd, J = 9.2, 4.2 Hz, 1H), 2.73 (dd, J = 16.3, 4.2 Hz, 1H), 
2.52 (dd, J = 16.3, 9.2 Hz, 1H); 13C NMR (126 MHz, D2O): δ 178.2, 177.1, 
158.4 (d, J = 238.1 Hz), 141.4, 118.4 (d, J = 8.8 Hz, 2C), 115.8 (d, J = 22.7 Hz, 
2C), 60.7, 37.1. HRMS (ESI+): calcd. for C10H12N2O4F [M+H]+: 243.0776, 
found: 243.0777. 

 (S)-N-(4-chlorophenylamino)aspartic acid (10g) 
Light yellow solid. 35 mg (68% yield). 1H NMR (500 MHz, D2O): δ 7.27 (d, 
J = 8.8 Hz, 2H), 6.99 (d, J = 8.9 Hz, 2H), 3.76 (dd, J = 9.4, 4.2 Hz, 1H), 
2.67 (dd, J = 15.8, 4.2 Hz, 1H), 2.44 (dd, J = 15.8, 9.5 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 178.6, 178.5, 145.5, 129.0 (2C), 125.2, 116.6 (2C), 61.1, 
38.0. HRMS (ESI+): calcd. for C10H12N2O4Cl [M+H]+: 259.0480, found: 
259.0480.

(S)-N-(4-bromophenylamino)aspartic acid (10h) 
Light yellow solid. 49 mg (81% yield). 1H NMR (500 MHz, D2O): δ 7.42 (d, 
J = 8.8 Hz, 2H), 6.95 (d, J = 8.8 Hz, 2H), 3.78 (dd, J = 9.4, 4.2 Hz, 1H), 
2.69 (dd, J = 15.9, 4.2 Hz, 1H), 2.46 (dd, J = 15.8, 9.4 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 178.5, 178.4, 146.0, 131.9 (2C), 116.9 (2C), 112.4, 61.1, 
37.8. HRMS (ESI+): calcd. for C10H12N2O4Br [M+H]+: 302.9975, found: 
302.9974.

(S)-N-(4-cyanophenylamino)aspartic acid (10i) 
Yellow solid. 35 mg (70% yield). 1H NMR (500 MHz, D2O): δ 7.48 (d, J = 
8.8 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 3.68 (dd, J = 9.7, 4.2 Hz, 1H), 2.62 (dd, 
J = 15.5, 4.2 Hz, 1H), 2.37 (dd, J = 15.5, 9.8 Hz, 1H); 13C NMR (126 MHz, 
D2O) δ 179.7, 178.7, 152.6, 133.9, 133.8, 121.4, 112.5, 112.4, 98.5, 61.8, 38.4. 
HRMS (ESI+): calcd. for C11H12N3O4 [M+H]+: 250.0822, found: 250.0818.
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(S)-N-(4-methylphenylamino)aspartic acid (10j) 
Orange solid. 30 mg (63% yield). 1H NMR (500 MHz, D2O): δ 7.15 (d, J = 
8.0 Hz, 2H), 6.96 (d, J = 8.2 Hz, 2H), 3.74 (dd, J = 9.5, 4.1 Hz, 1H), 2.63 (dd, 
J = 15.6, 4.1 Hz, 1H), 2.41 (dd, J = 15.6, 9.6 Hz, 1H), 2.25 (s, 3H); 13C NMR 
(126 MHz, D2O): δ 179.3, 179.2, 144.2, 131.2, 129.7 (2C), 116.0 (2C), 60.9, 
38.8, 19.5. HRMS (ESI+): calcd. for C11H15N2O4 [M+H]+: 239.1026, found: 
239.1025.

(S)-N-(4-carboxyphenylamino)aspartic acid (10k) 
Light yellow solid. 48 mg (89% yield). 1H NMR (500 MHz, D2O): δ 7.78 (d, 
J = 8.8 Hz, 2H), 6.99 (d, J = 8.7 Hz, 2H), 3.77 (dd, J = 9.7, 4.1 Hz, 1H), 
2.66 (dd, J = 15.5, 4.1 Hz, 1H), 2.42 (dd, J = 15.5, 9.7 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 179.6, 179.0, 175.1, 150.8, 130.8, 130.6, 126.2, 112.9 (2C), 
61.7, 38.6. HRMS (ESI+): calcd. for C11H12N2O6 [M+H]+: 269.0768, found: 
269.0768.

5. Synthesis of (S)-2-aryl-5-carboxylpyrazolidin-3-ones (11a-k)

General procedure. The enzymatic products N-arylamino-substituted aspartic acids (10a, 
32 mg, 0.14 mmol; 10b, 35 mg, 0.14 mmol; 10c, 34 mg, 0.14 mmol; 10d, 33 mg, 0.14 mmol; 
10e, 37 mg, 0.14 mmol; 10f, 20 mg, 0.08 mmol; 10g, 35 mg, 0.14 mmol; 10h, 45 mg, 
0.15 mmol; 10i, 32 mg, 0.13 mmol; 10j, 28 mg, 0.12 mmol; 10k, 45 mg, 0.17 mmol) was dis-
solved in 1 M HCl aqueous solution (3 mL). The reaction mixture was heated to reflux for 
3 h under nitrogen atmosphere. After completion of the reaction, the reaction mixture was 
allowed to cool down to room temperature and then kept in an ice-bath for 30 min 

For compounds 11a, 11c-e, 11g-h and 11j-k, the desired product was precipitated from the 
reaction mixture. The product was filtered off, washed with cold water (2 mL) and dried 
under vacuum overnight. For compound 11f, the reaction mixture was extracted with 
EtOAc (5 mL x 3). The combined organic layers were washed with brine (10 mL), dried over 



282 CHAPTER 7

Na2SO4 and evaporated to provide pure product. For compound 11b and 11i, the reaction 
mixture was extracted with EtOAc (5 mL x 3). The combined organic layers were washed 
with brine (10 mL), dried over Na2SO4 and evaporated to provide crude product, which was 
further purified via C18 column chromatography (5% to 50% CH3CN in H2O as the eluent). 

(S)-2-phenyl-5-carboxylpyrazolidin-3-one (11a)
Light yellow solid. 21 mg (71% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 13.00 (brs, 1H), 7.79 – 7.77 (m, 2H), 7.37 – 7.34 (m, 2H), 7.09 (tt, J = 
7.2, 1.2 Hz, 1H), 6.55 (brs, 1H), 4.25 (dd, J = 8.5, 5.9 Hz, 1H), 2.99 (dd, 
J = 16.4, 8.6 Hz, 1H), 2.77 (dd, J = 16.4, 5.8 Hz, 1H); 13C NMR (126 MHz, 

DMSO-d6): δ 172.3, 170.1, 139.0, 128.5 (2C), 123.6, 117.9, 117.8, 54.8, 37.3. The NMR data 
are in agreement with published data.1 HRMS (ESI+): calcd. for C10H11N2O3 [M+H]+: 
207.0764, found: 207.0763. Chiral HPLC conditions C: CHIRALPAK AD-RH column with 
isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 
0.5 mL/min, rt, UV detection at 260 nm, tR = 9.1 min. The ee was determined to be >99% by 
chiral HPLC analysis using racemic standard (Figure S15).

(S)-2-(2-fluorophenyl)-5-carboxylpyrazolidin-3-one (11b)
White solid. 15 mg (46% yield). 1H NMR (500 MHz, Methanol-d4): δ 
7.55 – 7.52 (m, 1H), 7.38 – 7.34 (m, 1H), 7.24 – 7.20 (m, 2H), 4.38 (t, J 
= 7.3 Hz, 1H), 3.09 (dd, J = 16.7, 8.8 Hz, 1H), 2.91 (dd, J = 16.7, 5.8 Hz, 
1H); 13C NMR (126 MHz, Methanol-d4): δ 172.6, 171.4, 156.8 (d, J = 

252.0 Hz), 129.2 (d, J = 7.6 Hz), 127.43, 125.1 (d, J = 12.6 Hz), 124.2 (d, J = 3.8 Hz), 116.0 (d, 
J = 18.9 Hz), 56.4, 35.6. HRMS (ESI+): calcd. for C10H10N2O3F [M+H]+: 225.0670, found: 
225.0670. Chiral HPLC conditions D: CHIRALPAK AD-RH column with isocratic MeCN/
H2O (15%, v/v, 0.1% TFA) as mobile phase with a flow rate of 0.25 mL/min, rt, UV detec-
tion at 260 nm, tR = 14.1 min. The ee was determined to be >99% by chiral HPLC analysis 
using racemic standard (Figure S16).

(S)-2-(3-fluorophenyl)-5-carboxylpyrazolidin-3-one (11c)
Light yellow solid. 23 mg (73% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 13.03 (brs, 1H), 7.64 – 7.60 (m, 2H), 7.39 (q, J = 8.3 Hz, 1H), 6.93 (td, 
J = 8.4, 2.5 Hz, 1H), 6.60 (brs, 1H), 4.26 (dd, J = 8.5, 5.8 Hz, 1H), 
3.01 (dd, J = 16.6, 8.5 Hz, 1H), 2.78 (dd, J = 16.5, 5.8 Hz, 1H); 13C NMR 
(126 MHz, DMSO-d6): δ 172.2, 170.7, 162.0 (d, J = 241.9 Hz), 140.5 (d, 

J = 11.3 Hz), 130.3 (d, J = 10.1 Hz), 113.5 (d, J = 17.6 Hz), 109.9 (d, J = 34.0 Hz), 104.4 (d, J 
= 26.5 Hz), 54.8, 37.3. HRMS (ESI+): calcd. for C10H10N2O3F [M+H]+: 225.0670, found: 
225.0669. Chiral HPLC conditions C: CHIRALPAK AD-RH column with isocratic MeCN/
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H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV 
detection at 260 nm, tR = 14.5 min. The ee was determined to be >99% by chiral HPLC 
analysis using racemic standard (Figure S17).

(S)-2-(3-methylphenyl)-5-carboxylpyrazolidin-3-one (11d)
Light yellow solid. 19 mg (62% yield). 1H NMR (500 MHz, Metha-
nol-d4): δ 7.56 (s, 1H), 7.52 (dd, J = 8.2, 2.1 Hz, 1H), 7.16 (t, J = 7.9 Hz, 
1H), 6.91 (d, J = 7.5 Hz, 1H), 4.24 (dd, J = 8.7, 6.7 Hz, 1H), 3.00 (dd, J = 
16.6, 8.7 Hz, 1H), 2.86 (dd, J = 16.6, 6.7 Hz, 1H), 2.27 (s, 3H); 13C NMR 
(126 MHz, Methanol-d4): δ 173.9, 171.8, 139.7, 139.6, 129.4, 126.6, 

121.0, 117.6, 56.4, 38.6, 21.6. HRMS (ESI+): calcd. for C11H13N2O3 [M+H]+: 221.0921, found: 
221.0922. Chiral HPLC conditions C: CHIRALPAK AD-RH column with isocratic MeCN/
H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV 
detection at 260 nm, tR = 12.0 min. The ee was determined to be >99% by chiral HPLC 
analysis using racemic standard (Figure S18)

(S)-2-(3-chlorophenyl)-5-carboxylpyrazolidin-3-one (11e)
Light yellow solid. 23 mg (67% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 13.04 (brs, 1H), 7.84 (t, J = 2.1 Hz, 1H), 7.75 – 7.73 (m, 1H), 7.39 (t, J 
= 8.2 Hz, 1H), 7.16 – 7.14 (m, 1H), 6.60 (brs, 1H), 4.26 (dd, J = 8.5, 
5.8 Hz, 1H), 3.01 (dd, J = 16.5, 8.6 Hz, 1H), 2.77 (dd, J = 16.6, 5.8 Hz, 
1H); 13C NMR (126 MHz, DMSO-d6): δ 172.2, 170.8, 140.2, 133.0, 130.4, 

123.2, 117.2, 116.2, 54.8, 37.3. HRMS (ESI+): calcd. for C10H10N2O3Cl [M+H]+: 241.0374, 
found: 241.0373. Chiral HPLC conditions E: CHIRALPAK AD-RH column with isocratic 
MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 1.0 mL/min, rt, 
UV detection at 260 nm, tR = 13.3 min. The ee was determined to be >99% by chiral HPLC 
analysis using racemic standard (Figure S19).

(S)-2-(4-fluorophenyl)-5-carboxylpyrazolidin-3-one (11f)
Light yellow solid. 11 mg (59% yield). 1H NMR (500 MHz, Metha-
nol-d4): δ 7.82 – 7.80 (m, 2H), 7.09 (t, J = 8.8 Hz, 2H), 4.32 (dd, J = 8.7, 
6.6 Hz, 1H), 3.08 (dd, J = 16.6, 8.7 Hz, 1H), 2.93 (dd, J = 16.6, 6.6 Hz, 
1H); 13C NMR (126 MHz, Methanol-d4): δ 173.9, 171.9, 161.0 (d, J = 

243.2 Hz), 136.1 (d, J = 2.5 Hz), 122.3 (d, J = 8.8 Hz, 2C), 116.1 (d, J = 22.7 Hz, 2C), 56.4, 
38.5. HRMS (ESI+): calcd. for C10H10N2O3F [M+H]+: 225.0670, found: 225.0669. Chiral 
HPLC conditions C: CHIRALPAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 
0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV detection at 
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260 nm, tR = 11.2 min. The ee was determined to be >99% by chiral HPLC analysis using 
racemic standard (Figure S20).

(S)-2-(4-chlorophenyl)-5-carboxylpyrazolidin-3-one (11g)
Light yellow solid. 26 mg (80% yield). 1H NMR (500 MHz, DMSO-
d6): δ 13.01 (brs, 1H), 7.79 (d, J = 8.9 Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H), 
6.58 (brs, 1H), 4.25 (dd, J = 8.4, 6.0 Hz, 1H), 2.99 (dd, J = 16.5, 8.5 Hz, 
1H), 2.76 (dd, J = 16.6, 5.9 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): 

δ 172.2, 170.4, 137.9, 128.5, 128.4, 127.2, 119.4, 119.3, 54.8, 37.2. HRMS (ESI+): calcd. 
for C10H10N2O3Cl [M+H]+: 241.0374, found: 241.0375. Chiral HPLC conditions F: CHI-
RALPAK AD-RH column with isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 1.0 mL/min, rt, UV detection at 260 nm, tR = 9.8 min. The ee was 
determined to be >99% by chiral HPLC analysis using racemic standard (Figure S21).

(S)-2-(4-bromophenyl)-5-carboxylpyrazolidin-3-one (11h)
Light yellow solid. 32 mg (76% yield). 1H NMR (500 MHz, DMSO-
d6): δ 13.01 (brs, 1H), 7.74 (d, J = 9.0 Hz, 2H), 7.54 (d, J = 8.9 Hz, 2H), 
6.58 (brs, 1H), 4.25 (dd, J = 8.5, 5.9 Hz, 1H), 2.98 (dd, J = 16.5, 8.5 Hz, 
1H), 2.76 (dd, J = 16.5, 5.9 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): 

δ 172.2, 170.4, 138.3, 131.4, 131.3, 119.8, 119.6, 115.2, 54.8, 37.2. HRMS (ESI+): calcd. 
for C10H10N2O3Br [M+H]+: 284.9869, found: 284.9868. Chiral HPLC conditions F: CHI-
RALPAK AD-RH column with isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 1.0 mL/min, rt, UV detection at 260 nm, tR = 14.5 min. The ee was 
determined to be >99% by chiral HPLC analysis using racemic standard (Figure S22).

(S)-2-(4-cyanophenyl)-5-carboxylpyrazolidin-3-one (11i)
Yellow solid. 17 mg (57% yield). 1H NMR (500 MHz, Methanol-d4): δ 
8.05 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 8.7 Hz, 2H), 4.29 (t, J = 7.0 Hz, 
1H), 3.07 (dd, J = 16.8, 8.2 Hz, 1H), 2.96 (dd, J = 16.8, 7.3 Hz, 1H); 13C 
NMR (126 MHz, Methanol-d4): δ 173.6, 173.1, 143.9, 134.0, 133.9, 

119.8, 119.5 (2C), 107.7, 56.5, 38.8. HRMS (ESI+): calcd. for C11H10N3O3 [M+H]+: 232.0717, 
found: 232.0718. Chiral HPLC conditions C: CHIRALPAK AD-RH column with isocratic 
MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, 
UV detection at 260 nm, tR = 19.0 min. The ee was determined to be >99% by chiral HPLC 
analysis using racemic standard (Figure S23).
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 (S)-2-(4-methylphenyl)-5-carboxylpyrazolidin-3-one (11j)
Orange solid. 15 mg (58% yield). 1H NMR (500 MHz, Methanol-d4): 
δ 7.65 (d, J = 8.5 Hz, 2H), 7.17 (d, J = 8.3 Hz, 2H), 4.31 (dd, J = 8.8, 
6.7 Hz, 1H), 3.07 (dd, J = 16.6, 8.8 Hz, 1H), 2.93 (dd, J = 16.6, 6.7 Hz, 
1H), 2.31 (s, 3H); 13C NMR (126 MHz, Methanol-d4): δ 174.0, 171.6, 

137.3, 135.8, 130.1 (2C), 120.6 (2C), 56.4, 38.6, 20.9. HRMS (ESI+): calcd. 
for C11H13N2O3 [M+H]+: 221.0921, found: 221.0921. Chiral HPLC conditions G: CHIRAL-
PAK AD-RH column with isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 0.5 mL/min, rt, UV detection at 260 nm, tR = 11.1 min. The ee was 
determined to be >99% by chiral HPLC analysis using racemic standard (Figure S24).

(S)-2-(4-carboxylphenyl)-5-carboxylpyrazolidin-3-one (11k)
Yellow solid. 29 mg (69% yield). 1H NMR (500 MHz, Methanol-d4): 
δ 8.01 (d, J = 9.0 Hz, 2H), 7.96 (d, J = 9.1 Hz, 2H), 4.35 (dd, J = 8.6, 
6.7 Hz, 1H), 3.11 (dd, J = 16.7, 8.6 Hz, 1H), 2.96 (dd, J = 16.7, 
6.7 Hz, 1H); 13C NMR (126 MHz, Methanol-d4): δ 173.8, 172.8, 

169.4, 143.9, 131.4 (2C), 127.2, 118.9 (2C), 56.4, 38.8. HRMS (ESI+): calcd. 
for C11H11N2O5 [M+H]+: 251.0662, found: 251.0662.

6. One-pot chemoenzymatic synthesis of chiral pyrazolidin-3-ones

General procedure:
Step 1: The reaction mixture (20 mL) consisted of fumaric acid (6, 50 mM) and arylhydra-
zines (9, 10 mM) in degassed buffer (50 mM NaH2PO4-NaOH, pH 8.5) under argon atmos-
phere. The pH of the reaction mixture was adjusted to pH 8.5. The enzymatic reaction was 
started by addition of freshly purified EDDS lyase (0.1 mol%). The reaction mixture was 
then incubated at room temperature from 48 h to 96 h (Table 2). The progress of the enzy-
matic reaction was monitored by 1H NMR spectroscopy by comparing signals of substrates 
and corresponding products. Without purification of the enzymatic product, the reaction 
mixture was subjected to the next step immediately.
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Step 2: 1.6 mL of fuming HCl (37 wt%) was added to the stirred reaction mixture from 
step 1 dropwise under ice-bath. After 5 min, the reaction mixture was heated to reflux for 
3 h under nitrogen atmosphere. After completion of the reaction, the reaction mixture was 
allowed to cool down to room temperature. The reaction mixture was extracted with EtOAc 
(20 mL x 3), and the combined organic layers were washed with brine (30 mL). The organic 
solvent was evaporated to provide crude product, which was purified by C18 column chro-
matography (5% to 50% CH3CN in H2O as the eluent).

(S)-2-phenyl-5-carboxylpyrazolidin-3-one (one-pot 11a)
White solid. 28 mg (68% yield over two steps). 1H NMR (500 MHz, 
Methanol-d4): δ 7.79 (d, J = 8.1 Hz, 2H), 7.37 – 7.34 (m, 2H), 7.14 (t, J = 
7.4 Hz, 1H), 4.32 (dd, J = 8.8, 6.7 Hz, 1H), 3.08 (dd, J = 16.6, 8.7 Hz, 1H), 
2.94 (dd, J = 16.6, 6.6 Hz, 1H); 13C NMR (126 MHz, Methanol-d4): δ 

174.0, 171.9, 139.8, 129.6 (2C), 125.9, 120.4 (2C), 56.4, 38.7. HRMS (ESI+): calcd. 
for C10H11N2O3 [M+H]+: 207.0764, found: 207.0763. Chiral HPLC conditions C: CHIRAL-
PAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 0.5 mL/min, rt, UV detection at 260 nm, tR = 9.1 min. The ee was 
determined to be >99% by chiral HPLC analysis using racemic standard (Figure S15).

(S)-2-(3-fluorophenyl)-5-carboxylpyrazolidin-3-one (one-pot 11c)
White solid. 29 mg (65% yield over two steps). 1H NMR (500 MHz, 
Methanol-d4): δ 7.68 – 7.63 (m, 2H), 7.37 – 7.32 (m, 1H), 6.86 (td, J = 
8.5, 2.6 Hz, 1H), 4.32 (dd, J = 8.6, 6.8 Hz, 1H), 3.08 (dd, J = 16.7, 8.6 Hz, 
1H), 2.94 (dd, J = 16.7, 6.8 Hz, 1H); 13C NMR (126 MHz, Methanol-d4): 
δ 173.9, 172.4, 164.1 (d, J = 243.2 Hz), 141.5 (d, J = 10.1 Hz), 131.1 (d, J 

= 8.8 Hz), 115.3 (d, J = 18.9 Hz), 111.9 (d, J = 21.4 Hz), 106.8 (d, J = 26.5 Hz), 56.5, 38.8. 
HRMS (ESI+): calcd. for C10H10N2O3F [M+H]+: 225.0670, found: 225.0669. HPLC condi-
tions C: CHIRALPAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 0.1% formic 
acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV detection at 260 nm, tR = 
14.9 min. The ee was determined to be >99% by chiral HPLC analysis using racemic stand-
ard (Figure S17).

(S)-2-(3-methylphenyl)-5-carboxylpyrazolidin-3-one (one-pot 11d)
White solid. 31 mg (70% yield over two steps). 1H NMR (500 MHz, 
Methanol-d4): δ 7.62 (s, 1H), 7.58 (dd, J = 8.1, 2.1 Hz, 1H), 7.23 (t, J = 
7.9 Hz, 1H), 6.98 (d, J = 7.5 Hz, 1H), 4.31 (dd, J = 8.8, 6.7 Hz, 1H), 
3.07 (dd, J = 16.6, 8.8 Hz, 1H), 2.93 (dd, J = 16.6, 6.7 Hz, 1H), 2.34 (s, 
3H); 13C NMR (126 MHz, Methanol-d4): δ 174.0, 171.8, 139.7, 139.6, 
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129.4, 126.6, 121.0, 117.7, 56.4, 38.7, 21.6. HRMS (ESI+): calcd. for C11H13N2O3 [M+H]+: 
221.0921, found: 221.0918. Chiral HPLC conditions C: CHIRALPAK AD-RH column with 
isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 
0.5 mL/min, rt, UV detection at 260 nm, tR = 11.8 min. The ee was determined to be >99% 
by chiral HPLC analysis using racemic standard (Figure S18).

(S)-2-(3-chlorophenyl)-5-carboxylpyrazolidin-3-one (one-pot 11e)
White solid. 33 mg (68% yield over two steps). 1H NMR (500 MHz, 
Methanol-d4): δ 7.92 (t, J = 2.1 Hz, 1H), 7.78 – 7.75 (m, 1H), 7.33 (t, J = 
8.2 Hz, 1H), 7.13 – 7.11 (m, 1H), 4.32 (dd, J = 8.6, 6.7 Hz, 1H), 3.09 (dd, 
J = 16.7, 8.6 Hz, 1H), 2.94 (dd, J = 16.7, 6.6 Hz, 1H); 13C NMR (126 MHz, 
Methanol-d4): δ 173.8, 172.5, 141.2, 135.2, 130.9, 125.3, 119.7, 118.0, 

56.5, 38.7. HRMS (ESI+): calcd. for C10H10N2O3Cl [M+H]+: 241.0374, found: 241.0373. 
Chiral HPLC conditions E: CHIRALPAK AD-RH column with isocratic MeCN/H2O (20%, 
v/v, 0.1% formic acid) as mobile phase with a flow rate of 1.0 mL/min, rt, UV detection at 
260 nm, tR = 13.0 min. The ee was determined to be >99% by chiral HPLC analysis using 
racemic standard (Figure S19).

(S)-2-(4-bromophenyl)-5-carboxylpyrazolidin-3-one (one-pot 11h)
White solid. 35 mg (61% yield over two steps). 1H NMR (500 MHz, 
Methanol-d4): δ 7.77 (d, J = 9.0 Hz, 2H), 7.49 (d, J = 8.9 Hz, 2H), 
4.32 (dd, J = 8.6, 6.7 Hz, 1H), 3.07 (dd, J = 16.6, 8.6 Hz, 1H), 2.93 (dd, 
J = 16.6, 6.6 Hz, 1H); 13C NMR (126 MHz, Methanol-d4): δ 173.9, 

172.2, 139.2, 132.6, 132.5, 121.8, 121.6, 118.1, 56.4, 38.7. HRMS (ESI+): calcd. for C10H10N2O3Br 
[M+H]+: 284.9869, found: 284.9868. Chiral HPLC conditions F: CHIRALPAK AD-RH 
column with isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile phase with a flow 
rate of 1.0 mL/min, rt, UV detection at 260 nm, tR = 14.3 min. The ee was determined to be 
>99% by chiral HPLC analysis using racemic standard (Figure S22).

(S)-2-(4-cyanophenyl)-5-carboxylpyrazolidin-3-one (one-pot 11i)
White solid. 29 mg (63% yield over two steps). 1H NMR (500 MHz, 
Methanol-d4): δ 8.05 (d, J = 8.9 Hz, 2H), 7.70 (d, J = 9.0 Hz, 2H), 
4.34 (dd, J = 8.5, 6.8 Hz, 1H), 3.10 (dd, J = 16.8, 8.5 Hz, 1H), 2.96 (dd, 
J = 16.8, 6.8 Hz, 1H); 13C NMR (126 MHz, Methanol-d4): δ 173.7, 

173.2, 143.9, 134.0, 133.8, 119.8, 119.5 (2C), 107.7, 56.5, 38.8. HRMS (ESI+): calcd. 
for C11H10N3O3 [M+H]+: 232.0717, found: 232.0716. Chiral HPLC conditions C: CHIRAL-
PAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile 
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phase with a flow rate of 0.5 mL/min, rt, UV detection at 260 nm, tR = 18.9 min. The ee was 
determined to be >99% by chiral HPLC analysis using racemic standard (Figure S23).

7. Synthesis of rac-N-aryl-substituted Asp reference compounds

General procedure. To a stirred solution of dimethyl acetylenedicarboxylate (S1, 156 mg, 
132 μL, 1.1 mmol) in CH3CN (5 mL) was added the appropriate aromatic amine (7, 
1.0 mmol). The reaction mixture was stirred at room temperature for 24 h. After comple-
tion of the reaction, the solvent was removed under reduced pressure to give the crude 
product (S2), which was directly used for the next step without purification. 

To a stirred solution of S2 in MeOH (5 mL) was added Pd/C (10.0 mg, 10 wt%) under nitro-
gen atmosphere. The reaction was stirred under H2 atmosphere (balloon) for 16 h at room 
temperature. After completion of the reaction, the reaction mixture was filtered through 
Celite. The filtrate was concentrated in vacuo providing a crude oil which was directly used 
for the next step without purification.

To a stirred solution of the crude oil in THF (2 mL) was added 2 M NaOH (2 mL), and the 
reaction mixture was stirred at room temperature for 6 h. After completion of the reaction, 
volatiles were removed in vacuo, and the residue was washed with EtOAc (2 mL). The aque-
ous layer was acidified with 1 M HCl (until pH=1) and loaded onto a column packed 
with cation-exchange resin (10 g of Dowex 50W X8, 50-100 mesh), which was pre-treated 
with 2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column volumes) and dis-
tilled water (4 column volumes). The column was washed with distilled water (2 column 
volumes) and the product was eluted with 2 M aqueous ammonia (3 column volumes). 
The ninhydrin-positive fractions were collected and lyophilized to yield the desired product 
as ammonium salt.
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Rac-N-phenylaspartic acid (rac-8a)
White solid. 130 mg (62% yield over three steps). 1H NMR (500 MHz, D2O): 
δ 7.25 – 7.22 (m, 2H), 6.82 (t, J = 7.3 Hz, 1H), 6.77 – 6.75 (m, 2H), 4.12 (dd, 
J = 9.8, 4.0 Hz, 1H), 2.69 (dd, J = 15.1, 4.0 Hz, 1H), 2.46 (dd, J = 15.1, 9.8 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 180.8, 179.0, 146.9, 129.5 (2C), 119.1, 

114.7 (2C), 57.9, 40.5. HRMS (ESI+): calcd. for C10H12NO4 [M+H]+: 210.0761, found: 
210.0761. Chiral HPLC condition A: Nucleosil chiral-1 column with 0.5 mM aqueous 
CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detection at 260 nm, tR 

(R) = 4.9 min, tR (S) = 8.9 min (Figure S2).

Rac-N-(2-fluorophenyl)aspartic acid (rac-8b)
White solid. 91 mg (40% yield over three steps).1H NMR (500 MHz, D2O): 
δ 7.08 – 7.03 (m, 2H), 6.77 – 6.73 (m, 2H), 4.16 (dd, J = 9.9, 4.0 Hz, 1H), 
2.76 (dd, J = 15.0, 4.0 Hz, 1H), 2.53 (dd, J = 15.0, 9.8 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 180.8, 178.9, 151.8 (d, J = 238.1 Hz), 135.7 (d, J = 

11.3 Hz), 124.8, 118.2, 114.7 (d, J = 17.6 Hz), 113.8, 57.1, 40.6. HRMS (ESI+): calcd. 
for C10H11NO4F [M+H]+: 228.0667, found: 228.0669.

Rac-N-(3-fluorophenyl)aspartic acid (rac-8c)
White solid. 135 mg (59% yield over three steps). 1H NMR (500 MHz, D2O): 
δ 7.17 (q, J = 7.6 Hz, 1H), 6.50 – 6.41 (m, 3H), 4.09 (dd, J = 10.1, 3.7 Hz, 1H), 
2.72 (dd, J = 15.2, 3.7 Hz, 1H), 2.46 (dd, J = 15.1, 10.2 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 181.0, 178.9, 163.7 (d, J = 240.7 Hz), 149.6 (d, J = 
11.3 Hz), 130.6, 109.7, 104.3, 100.2, 57.3, 40.6. HRMS (ESI+): calcd. 

for C10H11NO4F [M+H]+: 228.0667, found: 228.0666. HRMS (ESI+): calcd. for C10H11NO4F 
[M+H]+: 228.0667, found: 228.0664. Chiral HPLC condition A: Nucleosil chiral-1 column 
with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV 
detection at 260 nm, tR (peak-1) = 4.7 min, tR (peak-2) = 8.1 min (Figure S3).

Rac-N-(3-methylphenyl)aspartic acid (rac-8d)
Light yellow solid. 95 mg (43% yield over three steps). 1H NMR (500 MHz, 
D2O): δ 7.14 (t, J = 7.8 Hz, 1H), 6.67 (d, J = 7.5 Hz, 1H), 6.61 (s, 1H), 6.57 (d, 
J = 8.2 Hz, 1H), 4.11 (dd, J = 10.1, 3.8 Hz, 1H), 2.69 (dd, J = 15.0, 3.9 Hz, 
1H), 2.45 (dd, J = 15.0, 10.0 Hz, 1H), 2.25 (s, 3H); 13C NMR (126 MHz, 
D2O): δ 181.3, 179.3, 147.6, 139.8, 129.5, 119.4, 115.0, 111.6, 57.9, 41.0, 20.6. 

HRMS (ESI+): calcd. for C11H14NO4 [M+H]+: 224.0917, found: 224.0918. Chiral HPLC con-
dition B: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a 
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flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR (peak-1) = 5.9 min, tR (peak-2) 
= 11.1 min (Figure S4).

Rac-N-(3-methoxyphenyl)aspartic acid (rac-8e)
Light yellow solid. 173 mg (73% yield over three steps). 1H NMR (500 MHz, 
D2O): δ 7.17 (t, J = 8.0 Hz, 1H), 6.43 – 6.39 (m, 2H), 6.35 (s, 1H), 4.13 (dd, J 
= 9.9, 3.9 Hz, 1H), 3.78 (s, 3H), 2.72 (dd, J = 3.5, 15.2 Hz, 1H), 2.48 (dd, J = 
15.1, 10.0 Hz, 1H); 13C NMR (126 MHz, D2O): δ 181.0, 179.1, 160.0, 149.2, 
130.5, 107.5, 104.2, 99.8, 57.7, 55.3, 40.8. HRMS (ESI+): calcd. 

for C11H14NO5 [M+H]+: 240.0866, found: 240.0867. Chiral HPLC condition A: Nucleosil 
chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.0 mL/
min, 60 °C, UV detection at 260 nm, tR (peak-1) = 6.1 min, tR (peak-2) = 10.9 min (Figure 
S5).

Rac-N-(4-fluorophenyl)aspartic acid (rac-8f)
Light yellow solid. 170 mg (75% yield over three steps). 1H NMR (500 MHz, 
D2O): δ 7.00 (t, J = 8.8 Hz, 2H), 6.78 – 6.75 (m, 2H), 4.09 (dd, J = 9.8, 
4.0 Hz, 1H), 2.69 (dd, J = 15.1, 4.0 Hz, 1H), 2.46 (dd, J = 15.1, 9.8 Hz, 1H); 
13C NMR (126 MHz, D2O): δ 180.3, 178.8, 156.8 (d, J = 235.6 Hz), 142.6, 

116.4 (d, J = 7.8 Hz, 2C), 115.7 (d, J = 22.7 Hz, 2C), 59.0, 40.2. HRMS (ESI+): calcd. 
for C10H11NO4F [M+H]+: 228.0667, found: 228.0667. Chiral HPLC condition A: Nucleosil 
chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.0 mL/
min, 60 °C, UV detection at 260 nm, tR (R) = 4.4 min, tR (S) = 6.7 min (Figure S6).

Rac-N-(4-methylphenyl)aspartic acid (rac-8g)
Light yellow solid. 153 mg (69% yield over three steps). 1H NMR 
(500 MHz, D2O): δ 7.17 (d, J = 8.1 Hz, 2H), 6.89 (d, J = 8.2 Hz, 2H), 
4.12 (dd, J = 8.9, 4.1 Hz, 1H), 2.68 (dd, J = 15.8, 4.1 Hz, 1H), 2.55 (dd, J = 
15.9, 8.9 Hz, 1H), 2.25 (s, 3H); 13C NMR (126 MHz, D2O): δ 178.7, 178.5, 

141.0, 131.8, 130.0 (2C), 117.1 (2C), 59.2, 38.8, 19.6. HRMS (ESI+): calcd. 
for C11H14NO4 [M+H]+: 224.0917, found: 224.0918. Chiral HPLC condition B: Nucleosil 
chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.2 mL/
min, 60 °C, UV detection at 260 nm, tR (R) = 5.5 min, tR (S) = 10.8 min (Figure S7). 

Rac-N-(4-methoxyphenyl)aspartic acid (rac-8h)
Light yellow solid. 135 mg (56% yield over three steps). 1H NMR 
(500 MHz, 0.1 M NaOD/D2O): δ 6.88 (d, J = 9.0 Hz, 2H), 6.73 (d, J = 
9.0 Hz, 2H), 4.07 (dd, J = 10.1, 4.0 Hz, 1H), 3.76 (s, 3H), 2.67 (dd, J = 
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14.8, 4.0 Hz, 1H), 2.40 (dd, J = 14.8, 10.1 Hz, 1H); 13C NMR (126 MHz, D2O): δ 178.7, 178.6, 
154.3, 137.2, 118.7 (2C), 115.1 (2C), 60.2, 55.8, 39.0. HRMS (ESI+): calcd. 
for C11H14NO5 [M+H]+: 240.0866, found: 240.0868. Chiral HPLC condition B: Nucleosil 
chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.2 mL/
min, 60 °C, UV detection at 260 nm, tR (R) = 4.7 min, tR (S) = 8.0 min (Figure S8).

Rac-N-(4-ethylphenyl)aspartic acid (rac-8i)
Light yellow solid. 140 mg (59% yield over three steps). 1H NMR 
(500 MHz, D2O): δ 7.18 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 
4.11 (dd, J = 9.0, 4.1 Hz, 1H), 2.67 (dd, J = 15.7, 4.1 Hz, 1H), 2.57 – 
2.49 (m, 3H), 1.14 (t, J = 7.6 Hz, 3H); 13C NMR (126 MHz, D2O): δ 

178.2, 178.00, 140.2, 139.4, 129.0 (2C), 117.8 (2C), 59.9, 38.2, 27.5, 15.0. HRMS (ESI+): 
calcd. for C12H16NO4 [M+H]+: 238.1074, found: 238.1074. HRMS (ESI+): calcd. 
for C12H16NO4 [M+H]+: 238.1074, found: 238.1073. Chiral HPLC condition A: Nucleosil 
chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.0 mL/
min, 60 °C, UV detection at 260 nm, tR (peak-1) = 8.3 min, tR (peak-2) = 14.3 min (Figure 
S9).

Rac-N-(3,4-dimethylphenyl)aspartic acid (rac-8j)
Light yellow solid. 129 mg (54% yield over three steps). 1H NMR 
(500 MHz, D2O): δ 7.15 (d, J = 8.1 Hz, 1H), 6.90 (d, J = 2.5 Hz, 1H), 
6.82 (dd, J = 8.1, 2.6 Hz, 1H), 4.11 (dd, J = 8.1, 4.4 Hz, 1H), 2.66 (dd, J = 
16.2, 4.4 Hz, 1H), 2.59 (dd, J = 16.2, 8.2 Hz, 1H), 2.22 (s, 3H), 2.19 (s, 
3H); 13C NMR (126 MHz, D2O): δ 178.1, 177.5, 139.4, 138.5, 132.3, 130.4, 

119.4, 115.5, 60.0, 37.8, 18.9, 18.0. HRMS (ESI+): calcd. for C12H16NO4 [M+H]+: 238.1074, 
found: 238.1073. Chiral HPLC condition A: Nucleosil chiral-1 column with 0.5 mM aque-
ous CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detection at 260 nm, 
tR(peak-1) = 8.7 min, tR(peak-2) = 15.1 min (Figure S10).

Rac-N-(4-carboxyphenyl)aspartic acid (rac-8k)
Light yellow solid. 130 mg (51% yield over three steps). 1H NMR 
(500 MHz, D2O): δ 7.75 (d, J = 8.7 Hz, 2H), 6.67 (d, J = 8.7 Hz, 2H), 
4.18 (dd, J = 10.1, 3.8 Hz, 1H), 2.76 (dd, J = 15.2, 3.8 Hz, 1H), 2.51 (dd, 
J = 15.2, 10.2 Hz, 1H); 13C NMR (126 MHz, D2O): δ 180.7, 178.8, 174.5, 

151.0, 131.2, 131.0, 122.6, 112.4, 112.2, 56.7, 40.4. HRMS (ESI+): calcd. for C11H12NO6 [M+H]+: 
254.0659, found: 254.0658. Chiral HPLC condition A: Nucleosil chiral-1 column with 
0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detec-
tion at 260 nm, tR (peak-1) = 3.8 min, tR (peak-2) = 4.5 min (Figure S11).
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Rac-N-(4-isopropylphenyl)aspartic acid (rac-8o)
Light yellow solid. 150 mg (60% yield over three steps). 1H NMR 
(500 MHz, 0.1 M NaOD/D2O): δ 7.16 (d, J = 8.5 Hz, 2H), 6.70 (d, J = 
8.5 Hz, 2H), 4.10 (dd, J = 10.1, 3.9 Hz, 1H), 2.81 (hept, J = 6.2 Hz, 1H), 
2.68 (dd, J = 14.8, 3.8 Hz, 1H), 2.41 (dd, J = 14.8, 10.2 Hz, 1H), 1.16 (d, 
J = 6.9 Hz, 6H); 13C NMR (126 MHz, 0.1 M NaOD/D2O):  δ 181.7, 179.4, 

145.8, 139.4, 127.2 (2C), 114.6, 114.4, 58.0, 41.2, 32.6, 23.4 (2C). HRMS (ESI+): calcd. 
for C13H18NO4 [M+H]+: 252.1230, found: 252.1230.

General procedure. To a stirred solution of rac-2-bromosuccinic acid (S3, 392 mg, 
2.0 mmol) in H2O/THF (5 mL, 9:1, v/v) was added the appropriate aromatic amine (7, 
0.4 mmol). The pH of the reaction mixture was adjusted to pH 7.5 using 2 M NaOH aque-
ous solution. The reaction mixture was heated to reflux for 1 h. After completion of the 
reaction, volatiles were removed in vacuo, and the residue was washed with EtOAc (5 mL). 
The aqueous layer was acidified with 1 M HCl (until pH=1) and loaded onto a column 
packed with cation-exchange resin (10 g of Dowex 50W X8, 50-100 mesh), which was 
pre-treated with 2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column vol-
umes) and distilled water (4 column volumes). The column was washed with distilled water 
(2 column volumes) and the product was eluted with 2 M aqueous ammonia (2 column vol-
umes). The ninhydrin-positive fractions were collected and lyophilized to yield the desired 
product as ammonium salt.

Rac-N-(4-chlorophenyl)aspartic acid (rac-8l)
White solid. 61 mg (62% yield). 1H NMR (500 MHz, D2O): δ 7.21 (d, J = 
8.8 Hz, 2H), 6.70 (d, J = 8.8 Hz, 2H), 4.11 (dd, J = 9.8, 4.0 Hz, 1H), 2.73 (dd, 
J = 15.3, 4.0 Hz, 1H), 2.49 (dd, J = 15.2, 9.8 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 180.6, 178.7, 146.0, 129.0 (2C), 122.6, 115.6, 115.4, 57.5, 40.3. 

HRMS (ESI+): calcd. for C10H11NO4Cl [M+H]+: 244.0371, found: 244.0370. Chiral HPLC 
condition B: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with 
a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR (peak-1) = 4.6 min, tR (peak-2) 
= 8.4 min (Figure S12).  

Rac-N-(4-bromophenyl)aspartic acid (rac-8m)
White solid. 50 mg (43% yield). 1H NMR (500 MHz, D2O): δ 7.34 (d, J = 
8.8 Hz, 2H), 6.65 (d, J = 8.8 Hz, 2H), 4.10 (dd, J = 9.8, 4.0 Hz, 1H), 2.73 (dd, 
J = 15.3, 4.1 Hz, 1H), 2.49 (dd, J = 15.3, 9.8 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 180.4, 178.5, 146.4, 131.9 (2C), 115.5 (2C), 109.6, 57.0, 40.2. 

HRMS (ESI+): calcd. for C10H11NO4Br [M+H]+: 287.9866, found: 287.9864. Chiral HPLC 
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condition B: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with 
a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR (R) = 5.4 min, tR (S) = 9.7 min 
(Figure S13).  

Rac-N-(4-iodophenyl)aspartic acid (rac-8n)
White solid. 34 mg (25% yield). 1H NMR (500 MHz, D2O): δ 7.53 (d, J = 
8.7 Hz, 2H), 6.56 (d, J = 8.4 Hz, 2H), 4.12 (dd, J = 9.5, 4.2 Hz, 1H), 2.75 (dd, 
J = 15.4, 4.2 Hz, 1H), 2.53 (dd, J = 15.4, 9.5 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 180.1, 178.1, 146.8, 137.9, 137.8, 116.6, 116.4, 79.07, 57.0, 39.7. 

HRMS (ESI+): calcd. for C10H11NO4I [M+H]+: 335.9727, found: 335.9727. Chiral HPLC 
condition B: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with 
a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR (peak-1) = 7.5 min, tR (peak-2) 
= 15.5 min (Figure S14).  

8. Synthesis of chiral (S)-N-aryl-substituted Asp reference 
compounds

General procedure:
Step 1. The synthetic procedure was according to a procedure published elsewhere.2 To a 
stirred solution of dimethyl (S)-aspartate (S4, 80 mg, 0.50 mmol, free amine) in dry CH3CN 
(5 mL) was added the appropriate diaryliodonium salt (S5, 0.25 mmol), AgNO3 (44 mg, 
0.26 mmol) and CuBr (1 mg). The system was protected from light, flushed with N2 and 
heated to reflux for 3 h. After completion of the reaction, Na2CO3 (100 mg) was added, and 
the reaction mixture was filtered. The filtrate was removed under reduced pressure to give 
the crude product (S6) which was purified via flash chromatography (EtOAc/Petroleum 
ether 15%, v/v) to give S6 as pure product. 

Step 2. To a stirred solution of dimethyl (S)-N-substituted aspartate S6 (S6a, 27 mg, 
0.11 mmol; S6f, 25 mg, 0.10 mmol; S6g, 30 mg, 0.12 mmol; S6h, 30 mg, 0.11 mmol; S3m, 
35 mg, 0.11 mmol; respectively) in THF/H2O (1:1, each 1 mL) was added LiOH (4 e.q.), 
and the reaction mixture was stirred at room temperature for 6 h. Volatiles were removed 
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in vacuo, and the residue was washed with EtOAc (1 mL). The aqueous layer was acidified 
with 1 M HCl (until pH=1) and loaded onto a column packed with cation-exchange resin 
(5 g of Dowex 50W X8, 50-100 mesh), which was pre-treated with 2 M aqueous ammonia 
(4 column volumes), 1 M HCl (2 column volumes) and distilled water (4 column volumes). 
The column was washed with distilled water (2 column volumes) and the product was 
eluted with 2 M aqueous ammonia (2 column volumes). The ninhydrin-positive fractions 
were collected and lyophilized to yield the desired product as ammonium salt.

Dimethyl (S)-N-phenyl-aspartate (S6a)
Clear oil. 31 mg (52% yield). 1H NMR (500 MHz, CDCl3): δ 7.19 (dd, J = 
8.5, 7.4 Hz, 2H), 6.77 (t, J = 7.3 Hz, 1H), 6.67 (d, J = 7.7 Hz, 2H), 4.47 – 
4.44 (m, 2H), 3.76 (s, 3H), 3.70 (s, 3H), 2.89 – 2.88 (m, 2H); 13C NMR 
(126 MHz, CDCl3): δ 172.9, 171.1, 146.3, 129.5 (2C), 118.9, 113.8 (2C), 

53.5, 52.7, 52.1, 37.3. HRMS (ESI+): calcd. for C12H16NO4 [M+H]+: 238.1074, found: 
238.1072.

Dimethyl (S)-N-(4-fluorophenyl)aspartate (S6f) 

Clear oil. 25 mg (39% yield). 1H NMR (500 MHz, CDCl3): δ 6.89 (t, J = 
8.7 Hz, 2H), 6.63 – 6.60 (m, 2H), 4.39 – 4.32 (m, 2H), 3.74 (s, 3H), 3.70 (s, 
3H), 2.85 (d, J = 5.5 Hz, 2H); 13C NMR (126 MHz, CDCl3): δ 172.8, 171.0, 
156.6 (d, J = 238.1 Hz), 142.6 (d, J = 1.3 Hz), 115.8 (d, J = 22.6 Hz, 2C), 

115.1 (d, J = 7.6 Hz, 2C), 54.3, 52.6, 52.1, 37.2. HRMS (ESI+): calcd. for C12H15NO4F [M+H]+: 
256.098, found: 256.0971.

Dimethyl (S)-N-(4-methylphenyl)aspartate (S6g) 

Clear oil. 40 mg (64% yield). 1H NMR (500 MHz, CDCl3): δ 7.00 (d, J = 
8.0 Hz, 2H), 6.59 (d, J = 7.8 Hz, 2H), 4.43 (d, J = 5.7 Hz, 1H), 4.32 (d, J 
= 6.8 Hz, 1H), 3.74 (s, 3H), 3.69 (s, 3H), 2.87 (d, J = 5.7 Hz, 2H), 2.24 (s, 
3H); 13C NMR (126 MHz, CDCl3): δ 173.1, 171.1, 144.0, 130.0 (2C), 

128.2, 114.2 (2C), 54.0, 52.6, 52.1, 37.3, 20.5. HRMS (ESI+): calcd. for C13H18NO4 [M+H]+: 
252.1230, found: 252.1229.

Dimethyl (S)-N-(4-methoxyphenyl)aspartate (S6h) 

Clear oil. 50 mg (75% yield). 1H NMR (500 MHz, CDCl3): δ 6.78 (d, J 
= 8.9 Hz, 2H), 6.65 (d, J = 8.9 Hz, 2H), 4.37 (t, J = 5.9 Hz, 1H), 4.16 (s, 
1H), 3.74 (s, 6H), 3.70 (s, 3H), 2.85 (d, J = 5.9 Hz, 2H); 13C NMR 
(126 MHz, CDCl3): δ 173.1, 171.1, 153.2, 140.3, 115.8 (2C), 114.9 (2C), 
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55.7, 54.9, 52.5, 52.0, 37.4. HRMS (ESI+): calcd. for C13H18NO5 [M+H]+: 268.1179, found: 
268.1174.

Dimethyl (S)-N-(4-bromophenyl)aspartate (S6m) 

Clear oil. 48 mg (61% yield). 1H NMR (500 MHz, CDCl3): δ 7.28 (d, J = 
8.7 Hz, 2H), 6.56 (d, J = 8.8 Hz, 2H), 4.53 (d, J = 9.1 Hz, 1H), 4.44 – 
4.40 (m, 1H), 3.77 (s, 3H), 3.72 (s, 3H), 2.89 (dd, J = 5.6, 1.9 Hz, 2H); 13C 
NMR (126 MHz, CDCl3): δ 172.6, 171.0, 145.4, 132.2 (2C), 115.5 (2C), 

110.7, 53.5, 52.8, 52.2, 37.1. HRMS (ESI+): calcd. for C12H15NO4Br [M+H]+: 316.0179, 
found: 316.0178. 

(S)-N-phenylaspartic acid [(S)-8a]
White solid. 19 mg (80% yield). 1H NMR (500 MHz, D2O): δ 7.27 (t, J = 
7.7 Hz, 2H), 6.88 (t, J = 7.4 Hz, 1H), 6.82 (d, J = 8.0 Hz, 2H), 4.14 (dd, J = 
9.6, 4.0 Hz, 1H), 2.71 (dd, J = 15.3, 4.0 Hz, 1H), 2.50 (dd, J = 15.3, 9.6 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 180.3, 178.7, 146.2, 129.5 (2C), 119.6, 

115.1 (2C), 58.4, 40.0. HRMS (ESI+): calcd. for C10H12NO4 [M+H]+: 210.0761, found: 
210.0760. Chiral HPLC condition A: Nucleosil chiral-1 column with 0.5 mM aqueous 
CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detection at 260 nm, tR 

(R) = 5.1 min, tR (S) = 8.6 min. The ee was determined to be 94.1% by chiral HPLC analysis 
using racemic standard (Figure S2).

(S)-N-(4-fluorophenyl)aspartic acid [(S)-8f]
White solid. 15 mg (67% yield). 1H NMR (500 MHz, D2O): δ 7.02 (t, J = 
8.9 Hz, 2H), 6.84 – 6.82 (m, 2H), 4.10 (dd, J = 9.4, 4.1 Hz, 1H), 2.70 (dd, J 
= 15.5, 4.1 Hz, 1H), 2.51 (dd, J = 15.5, 9.4 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 179.9, 178.6, 157.1 (d, J = 235.6 Hz), 141.93, 116.86 (d, J = 11.3 Hz, 

2C), 115.8 (d, J = 22.6 Hz, 2C), 58.6, 39.8. HRMS (ESI+): calcd. for C10H11NO4F [M+H]+: 
228.0667, found: 228.0661. Chiral HPLC condition A: Nucleosil chiral-1 column with 
0.5 mM aqueous CuSO4 as mobile phase with a flow rate of 1.0 mL/min, 60 °C, UV detec-
tion at 260 nm, tR (R) = 4.6 min, tR (S) = 7.0 min. The ee was determined to be 97.2% by 
chiral HPLC analysis using racemic standard (Figure S6).

(S)-N-(4-methylphenyl)aspartic acid [(S)-8g]
White solid. 15 mg (56% yield). 1H NMR (500 MHz, D2O): δ 7.18 (d, J = 
8.0 Hz, 2H), 6.93 (d, J = 7.9 Hz, 2H), 4.13 (dd, J = 8.7, 4.2 Hz, 1H), 
2.68 (dd, J = 16.1, 4.2 Hz, 1H), 2.58 (dd, J = 16.1, 8.5 Hz, 1H), 2.26 (s, 
3H); 13C NMR (126 MHz, D2O): δ 178.9, 178.5, 141.3, 131.8, 130.0 (2C), 
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117.0 (2C), 59.2, 39.0, 19.6. HRMS (ESI+): calcd. for C11H14NO4 [M+H]+: 224.0917, found: 
224.0916. Chiral HPLC condition B: Nucleosil chiral-1 column with 0.5 mM aqueous 
CuSO4 as mobile phase with a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR 

(R) = 6.3 min, tR (S) = 10.2 min. The ee was determined to be 98.7% by chiral HPLC analysis 
using racemic standard (Figure S7).

(S)-N-(4-methoxyphenyl)aspartic acid [(S)-8h]
White solid. 23 mg (85% yield). 1H NMR (500 MHz, D2O): δ 7.04 (d, J 
= 9.0 Hz, 2H), 6.97 (d, J = 9.1 Hz, 2H), 4.10 (dd, J = 8.6, 4.1 Hz, 1H), 
3.79 (s, 3H), 2.66 (dd, J = 16.1, 4.1 Hz, 1H), 2.57 (dd, J = 16.1, 8.6 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 178.3, 177.7, 155.2, 135.4, 119.7 (2C), 

115.2 (2C), 60.8, 55.8, 38.1. HRMS (ESI+): calcd. for C11H14NO5 [M+H]+: 240.0866, found: 
240.0858. Chiral HPLC condition B: Nucleosil chiral-1 column with 0.5 mM aqueous 
CuSO4 as mobile phase with a flow rate of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR 

(R) = 5.1 min, tR (S) = 8.0 min. The ee was determined to be 98.7% by chiral HPLC analysis 
using racemic standard (Figure S8).

(S)-N-(4-bromophenyl)aspartic acid [(S)-8m]
White solid. 19 mg (59% yield). 1H NMR (500 MHz, D2O): δ 7.34 (d, J = 
8.9 Hz, 2H), 6.66 (d, J = 8.9 Hz, 2H), 4.11 (dd, J = 9.6, 4.1 Hz, 1H), 2.74 (dd, 
J = 15.3, 4.1 Hz, 1H), 2.51 (dd, J = 15.3, 9.6 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 180.3, 178.4, 146.4, 131.9 (2C), 116.1 (2C), 109.7, 57.0, 40.0. HRMS 

(ESI+): calcd. for C10H11NO4Br [M+H]+: 287.9866, found: 287.9866. Chiral HPLC condition 
B: Nucleosil chiral-1 column with 0.5 mM aqueous CuSO4 as mobile phase with a flow rate 
of 1.2 mL/min, 60 °C, UV detection at 260 nm, tR (R) = 5.6 min, tR (S) = 9.5 min. The ee was 
determined to be 98.7% by chiral HPLC analysis using racemic standard (Figure S13).
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9. Synthesis of rac-N-(phenylamino)aspartic acid analogues

General procedure. To a stirred solution of the appropriate arylhydrazine hydrochlo-
ride (S8, 2.5 mmol) in dry CH3OH (10 mL) was added triethylamine (260 mg, 360 μL, 
2.75 mmol) dropwise under nitrogen atmosphere. The dimethyl maleate (S7, 356 mg, 
310 μL, 3.12 mmol) was added to the reaction mixture. The reaction mixture was stirred 
at room temperature for 48 h. After completion of the reaction, the solvent was removed 
under reduced pressure. The resulting oil was dissolved in 1 M HCl (10 mL) and extracted 
with EtOAc (10 mL x 3), washed with brine (30 mL) and dried over Na2SO4. The solvent 
was evaporated to provide crude product (S9), which was directly used for the next step 
without purification.

To a stirred solution of crude S9 in THF (3 mL) was added 2 M NaOH (3 mL) under 
nitrogen atmosphere. The reaction was stirred 4 h at room temperature. After completion 
of the reaction, volatiles were removed in vacuo, and the residue was washed with EtOAc 
(5 mL x 3). The aqueous layer was acidified with 1 M HCl (until pH=1) and loaded onto a 
column packed with cation-exchange resin (15 g of Dowex 50W X8, 50-100 mesh), which 
was pre-treated with 2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column vol-
umes) and distilled water (4 column volumes). The column was washed with distilled water 
(2 column volumes) and the product was eluted with 2 M aqueous ammonia (2 column vol-
umes). The ninhydrin-positive fractions were collected and lyophilized to yield the desired 
product as ammonium salt.

Rac-N-(phenylamino)aspartic acid (rac-10a)
White solid. 313 mg (two-step yield 56%). 1H NMR (500 MHz, D2O): δ 
7.33 – 7.30 (m, 2H), 7.06 – 7.03 (m, 2H), 6.99 – 6.96 (m, 1H), 3.78 (dd, J = 
9.7, 4.0 Hz, 1H), 2.66 (dd, J = 15.7, 4.0 Hz, 1H), 2.42 (dd, J = 15.7, 9.7 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 178.9, 178.8, 146.7, 129.5 (2C), 121.4, 
115.5 (2C), 61.1, 38.4. HRMS (ESI+): calcd. for C10H13N2O4 [M+H]+: 

225.0870, found: 225.0867.
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Rac-N-[(2-fluorophenyl)amino]aspartic acid (rac-10b)
Light yellow solid. 320 mg (two-step yield 53%).  1H NMR (500 MHz, D2O): 
δ 7.30 (t, J = 8.3 Hz, 1H), 7.15 – 7.06 (m, 2H), 6.93 – 6.89 (m, 1H), 3.74 (dd, 
J = 9.7, 4.0 Hz, 1H), 2.64 (dd, J = 15.6, 4.1 Hz, 1H), 2.41 (dd, J = 15.6, 9.7 Hz, 
1H); 13C NMR (126 MHz, D2O) δ: 179.4, 179.0, 152.0 (d, J = 239.4 Hz), 
134.8 (d, J = 10.1 Hz), 124.77, 121.13, 117.01, 115.0 (d, J = 18.9 Hz), 61.3, 

38.7. HRMS (ESI+): calcd. for C10H12N2O4F [M+H]+: 243.0776, found: 243.0773.

Rac-N-[(3-fluorophenyl)amino]aspartic acid (rac-10c)
Light yellow solid. 321 mg (two-step yield 53%). 1H NMR (500 MHz, D2O): 
δ 7.25 – 7.21 (m, 1H), 6.83 – 6.75 (m, 2H), 6.60 (td, J = 8.7, 2.5 Hz, 1H), 
3.73 (dd, J = 10.0, 4.0 Hz, 1H), 2.63 (dd, J = 15.5, 3.9 Hz, 1H), 2.37 (dd, J = 
15.5, 10.0 Hz, 1H); 13C NMR (126 MHz, D2O): δ 179.8, 179.2, 163.6 (d, J = 
241.9 Hz), 149.9 (d, J = 10.1 Hz), 130.5 (d, J = 10.1 Hz), 110.0 (d, J = 12.6 Hz), 

106.4, 101.2 (d, J = 25.2 Hz), 61.6, 39.0. HRMS (ESI+): calcd. for C10H12N2O4F [M+H]+: 
243.0776, found: 243.0776.

Rac-N-[(3-methylphenyl)amino]aspartic acid (rac-10d)
Light yellow solid. 500 mg (two-step yield 84%). 1H NMR (500 MHz, D2O): 
δ 7.20 (t, J = 7.8 Hz, 1H), 6.89 (s, 1H), 6.85 – 6.81 (m, 2H), 3.77 (dd, J = 9.5, 
4.1 Hz, 1H), 2.66 (dd, J = 15.8, 4.1 Hz, 1H), 2.43 (dd, J = 15.8, 9.5 Hz, 1H), 
2.28 (s, 3H); 13C NMR (126 MHz, D2O): δ 178.8, 178.6, 146.5, 139.8, 129.4, 
122.1, 116.1, 112.6, 61.0, 38.2, 20.5. HRMS (ESI+): calcd. 

for C11H15N2O4 [M+H]+: 239.1026, found: 239.1023.

Rac-N-[(3-chlorophenyl)amino]aspartic acid (rac-10e)
Light yellow solid. 341 mg (two-step yield 53%). 1H NMR (500 MHz, D2O): 
δ 7.20 (t, J = 8.1 Hz, 1H), 7.07 (t, J = 2.2 Hz, 1H), 6.89 – 6.86 (m, 2H), 
3.71 (dd, J = 9.7, 4.1 Hz, 1H), 2.63 (dd, J = 15.5, 4.1 Hz, 1H), 2.37 (dd, J = 
15.5, 9.8 Hz, 1H); 13C NMR (126 MHz, D2O): δ 179.7, 179.0, 149.1, 134.3, 
130.4, 119.8, 114.1, 112.7, 61.4, 38.8. HRMS (ESI+): calcd. for C10H12N2O4Cl 

[M+H]+: 259.0480, found: 259.0479.
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Rac-N-[(4-fluorophenyl)amino]aspartic acid (rac-10f)
Light yellow solid. 357 mg (two-step yield 59%). 1H NMR (500 MHz, D2O): 
δ 7.04 – 7.03 (m, 4H), 3.75 (dd, J = 9.7, 4.0 Hz, 1H), 2.65 (dd, J = 15.8, 
4.0 Hz, 1H), 2.41 (dd, J = 15.8, 9.7 Hz, 1H); 13C NMR (126 MHz, D2O): δ 
178.9, 178.8, 157.9 (d, J = 235.6 Hz), 142.5, 117.5 (2C), 115.7 (d, J = 18.9 Hz, 
2C), 61.0, 38.4. HRMS (ESI+): calcd. for C10H12N2O4F [M+H]+: 243.0776, 
found: 243.0775.

Rac-N-[(4-chlorophenyl)amino]aspartic acid (rac-10g)
Light yellow solid. 387 mg (two-step yield 60%). 1H NMR (500 MHz, D2O): 
δ 7.30 (d, J = 8.8 Hz, 2H), 7.02 (d, J = 8.9 Hz, 2H), 3.76 (dd, J = 9.8, 4.0 Hz, 
1H), 2.67 (dd, J = 15.5, 4.0 Hz, 1H), 2.42 (dd, J = 15.5, 9.8 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 179.5, 179.1, 146.1, 129.0 (2C), 124.7, 116.3 (2C), 61.4, 
38.8. HRMS (ESI+): calcd. for C10H12N2O4Cl [M+H]+: 259.0480, found: 
259.0482.

Rac-N-[(4-bromophenyl)amino]aspartic acid (rac-10h)
Light yellow solid. 356 mg (two-step yield 47%). 1H NMR (500 MHz, D2O): 
δ 7.43 (d, J = 8.8 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 3.76 (dd, J = 9.8, 4.0 Hz, 
1H), 2.67 (dd, J = 15.5, 4.1 Hz, 1H), 2.42 (dd, J = 15.5, 9.8 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 179.6, 179.1, 146.7, 131.9 (2C), 116.6 (2C), 111.8, 61.4, 
38.8. HRMS (ESI+): calcd. for C10H12N2O4Br [M+H]+: 302.9975, found: 
302.9977.

Rac-N-[(4-cyanophenyl)amino]aspartic acid (rac-10i)
Yellow solid. 180 mg (two-step yield 29%). 1H NMR (500 MHz, D2O): δ 
7.54 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.9 Hz, 2H), 3.69 (dd, J = 10.2, 3.9 Hz, 
1H), 2.62 (dd, J = 15.3, 3.9 Hz, 1H), 2.35 (dd, J = 15.3, 10.3 Hz, 1H); 13C 
NMR (126 MHz, D2O): δ 180.3, 179.3, 152.8, 133.9, 133.8, 121.5 (2C), 112.5, 
98.4, 62.2, 39.0. HRMS (ESI+): calcd. for C11H12N3O4 [M+H]+: 250.0822, 
found: 250.0824.
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Rac-N-[(4-methylphenyl)amino]aspartic acid (rac-10j)
Light yellow solid. 375 mg (two-step yield 63%). 1H NMR (500 MHz, D2O): 
δ 7.16 (d, J = 8.2 Hz, 2H), 6.97 (d, J = 8.1 Hz, 2H), 3.76 (dd, J = 9.5, 4.1 Hz, 
1H), 2.65 (dd, J = 15.8, 4.1 Hz, 1H), 2.43 (dd, J = 15.8, 9.5 Hz, 1H), 2.25 (s, 
3H); 13C NMR (126 MHz, D2O): δ 178.9, 178.5, 143.5, 131.8, 129.8 (2C), 
116.4 (2C), 60.8, 38.2, 19.6. HRMS (ESI+): calcd. for C11H15N2O4 [M+H]+: 
239.1026, found: 239.1027.

Rac-N-[(4-carboxyphenyl)amino]aspartic acid (rac-10k)
Yellow solid. 523 mg (two-step yield 65%). 1H NMR (500 MHz, D2O): δ 
7.76 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 3.74 (dd, J = 9.8, 4.1 Hz, 
1H), 2.63 (dd, J = 15.4, 4.1 Hz, 1H), 2.39 (dd, J = 15.4, 9.8 Hz, 1H); 13C NMR 
(126 MHz, D2O): δ 179.9, 179.2, 175.3, 150.9, 130.8, 130.6, 126.3, 112.9, 
112.8, 61.8, 38.9. HRMS (ESI+): calcd. for C11H13N2O6 [M+H]+: 269.0768, 
found: 269.0766.

Rac-N-[(4-methoxyphenyl)amino]aspartic acid (rac-10l)
Orange solid. 222 mg (two-step yield 35%). 1H NMR (500 MHz, D2O): δ 
7.09 – 7.07 (m, 2H), 6.97 – 6.96 (m, 2H), 3.78 – 3.81 (m, 4H), 2.69 (dd, J = 
16.1, 4.1 Hz, 1H), 2.48 (dd, J = 16.1, 9.4 Hz, 1H); 13C NMR (126 MHz, D2O): 
δ 178.7, 177.8, 154.6, 139.1, 119.0 (2C), 114.9 (2C), 60.6, 55.7, 37.8. HRMS 
(ESI+): calcd. for C11H14N2O5 [M+H]+: 254.0897, found: 254.0895.

10. Synthesis of rac-2-aryl-5-carboxylpyrazolidin-3-ones  
(rac-11a-k)

General procedure. The rac-N-(arylamino)aspartic acid (rac-10a, 300 mg, 1.34 mmol; rac-
10b, 280 mg, 1.16 mmol; rac-10c, 291 mg, 1.20 mmol; rac-10d, 189 mg, 0.79 mmol; rac-10e, 
322 mg, 1.25 mmol; rac-10f, 130 mg, 0.54 mmol; rac-10g, 350 mg, 1.35 mmol; rac-10h, 
343 mg, 1.13 mmol; rac-10i, 200 mg, 0.80 mmol; rac-10j, 450 mg, 1.89 mmol; rac-10k, 
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154 mg, 0.57 mmol) was dissolved in 1 M HCl aqueous solution (5 mL). The reaction mix-
ture was heated to reflux for 3 h under nitrogen atmosphere. After completion of the reac-
tion, the reaction mixture was allowed to cool down to room temperature and then kept in 
an ice-bath for 30 min. 

For compound rac-11a, rac-11c-e, rac-11g-h and rac-11j-k, the desired product was pre-
cipitated from the reaction mixture. The desired product was filtered off, washed with 
cold water (3 mL) and dried under vacuum overnight. For compound rac-11f and rac-
11i, the reaction mixture was extracted with EtOAc (5 mL x 3). The combined organic 
layers were washed with brine (10 mL), dried over Na2SO4 and evaporated to provide pure 
product. For compound rac-11b, the reaction mixture was extracted with EtOAc (5 mL x 
3). The combined organic layers were washed with brine (10 mL), dried over Na2SO4 and 
evaporated to provide crude product, which was further purified via C18 column chroma-
tography (5% to 50% CH3CN in H2O as the eluent).

Rac-2-phenyl-5-carboxylpyrazolidin-3-one (rac-11a)
Light yellow solid. 180 mg (65% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 12.98 (brs, 1H), 7.78 – 7.76 (m, 2H), 7.35 (dd, J = 8.7, 7.3 Hz, 2H), 
7.09 (tt, J = 7.3, 1.2 Hz, 1H), 6.49 (brs, 1H), 4.24 (dd, J = 8.6, 5.8 Hz, 1H), 
2.98 (dd, J = 16.4, 8.6 Hz, 1H), 2.76 (dd, J = 16.4, 5.8 Hz, 1H); 13C NMR 

(126 MHz, DMSO-d6): δ 172.3, 170.1, 139.0, 128.5 (2C), 123.6, 118.0, 117.8, 54.8, 37.3. 
The NMR data are in agreement with published data.1 HRMS (ESI+): calcd. 
for C10H11N2O3 [M+H]+: 207.0764, found: 207.0762. Chiral HPLC conditions C: CHIRAL-
PAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 0.5 mL/min, rt, UV detection at 260 nm, tR (S) = 9.1 min, tR (R) 
= 11.2 min (Figure S15). 

Rac-2-(2-fluorophenyl)-5-carboxylpyrazolidin-3-one (rac-11b)
White solid. 95 mg (35% yield). 1H NMR (500 MHz, Methanol-d4): δ 
7.53 (td, J = 7.9, 1.8 Hz, 1H), 7.38 – 7.34 (m, 1H), 7.24 – 7.19 (m, 2H), 
4.38 (dd, J = 8.9, 5.9 Hz, 1H), 3.09 (dd, J = 16.7, 8.9 Hz, 1H), 2.91 (dd, J 
= 16.6, 5.9 Hz, 1H); 13C NMR (126 MHz, Methanol-d4): δ 172.6, 171.3, 

156.8 (d, J = 252.0 Hz), 129.2 (d, J = 8.8 Hz), 127.4, 125.1 (d, J = 12.6 Hz), 124.2 (d, J = 
3.8 Hz), 116.0 (d, J = 20.2 Hz), 56.3, 35.6. HRMS (ESI+): calcd. for C10H10N2O3F [M+H]+: 
225.0670, found: 225.0667. Chiral HPLC conditions D: CHIRALPAK AD-RH column with 
isocratic MeCN/H2O (15%, v/v, 0.1% TFA) as mobile phase with a flow rate of 0.25 mL/min, 
rt, UV detection at 260 nm, tR (peak-1) = 14.0 min, tR (peak-2) = 16.0 min (Figure S16).
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Rac-2-(3-fluorophenyl)-5-carboxylpyrazolidin-3-one (rac-11c)
Light yellow solid. 187 mg (69% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 13.03 (brs, 1H), 7.63 – 7.60 (m, 2H), 7.42 – 7.37 (m, 1H), 6.92 (td, J = 
8.4, 2.4 Hz, 1H), 6.60 (brs, 1H), 4.26 (dd, J = 8.5, 5.8 Hz, 1H), 3.01 (dd, 
J = 16.5, 8.6 Hz, 1H), 2.78 (dd, J = 16.6, 5.8 Hz, 1H); 13C NMR (126 MHz, 
DMSO-d6): δ 172.2, 170.7, 162.0 (d, J = 241.9 Hz), 140.5 (d, J = 11.3 Hz), 

130.3 (d, J = 8.8 Hz), 113.5 (d, J = 13.9 Hz), 110.0 (d, J = 23.9 Hz), 104.4 (d, J = 40.3 Hz), 
54.8, 37.4. HRMS (ESI+): calcd. for C10H10N2O3F [M+H]+: 225.0670, found: 225.0667. Chiral 
HPLC conditions C: CHIRALPAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 
0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV detection at 
260 nm, tR (S) = 14.5 min, tR (R) = 17.8 min (Figure S17).

Rac-2-(3-methylphenyl)-5-carboxylpyrazolidin-3-one (rac-11d)
Light yellow solid. 130 mg (75% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 12.96 (brs, 1H), 7.61 – 7.59 (m, 2H), 7.22 (t, J = 7.8 Hz, 1H), 6.91 (d, J 
= 7.5 Hz, 1H), 6.52 (brs, 1H), 4.22 (dd, J = 8.6, 5.8 Hz, 1H), 2.97 (dd, J = 
16.4, 8.6 Hz, 1H), 2.75 (dd, J = 16.4, 5.8 Hz, 1H), 2.30 (s, 3H); 13C NMR 
(126 MHz, DMSO): δ 172.3, 167.0, 139.0, 137.7, 128.3, 124.3, 118.3, 

115.2, 54.8, 37.3, 21.3. HRMS (ESI+): calcd. for C11H13N2O3 [M+H]+: 221.0921, found: 
221.0920. Chiral HPLC conditions C: CHIRALPAK AD-RH column with isocratic MeCN/
H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV 
detection at 260 nm, tR (S) = 12.1 min, tR (R) = 15.2 min (Figure S18).

Rac-2-(3-chlorophenyl)-5-carboxylpyrazolidin-3-one (rac-11e)
Light yellow solid. 213 mg (71% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 13.02 (brs, 1H), 7.85 (t, J = 2.1 Hz, 1H), 7.74 (dd, J = 8.3, 2.0 Hz, 1H), 
7.38 (t, J = 8.2 Hz, 1H), 7.15 (dd, J = 7.9, 2.1 Hz, 1H), 6.61 (brs, 1H), 
4.27 (dd, J = 8.5, 5.8 Hz, 1H), 3.01 (dd, J = 16.6, 8.6 Hz, 1H), 2.78 (dd, J 
= 16.5, 5.8 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 172.2, 170.7, 
140.3, 133.0, 130.3, 123.2, 117.2, 116.2, 54.9, 37.3. HRMS (ESI+): calcd. 

for C10H10N2O3Cl [M+H]+: 241.0374, found: 241.0372. Chiral HPLC conditions E: CHI-
RALPAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 1.0 mL/min, rt, UV detection at 260 nm, tR (S) = 13.3 min, tR (R) 
= 18.0 min (Figure S19). 
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Rac-2-(4-fluorophenyl)-5-carboxylpyrazolidin-3-one (rac-11f)
Light yellow solid. 90 mg (74% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 12.98 (brs, 1H), 7.80 – 7.77 (m, 2H), 7.20 (t, J = 8.9 Hz, 2H), 6.59 (brs, 
1H), 4.24 (dd, J = 8.5, 5.8 Hz, 1H), 2.98 (dd, J = 16.4, 8.6 Hz, 1H), 
2.75 (dd, J = 16.4, 5.8 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): δ 

172.3, 169.9, 158.2 (d, J = 241.9 Hz), 135.5 (d, J = 2.5 Hz, 2C), 119.8 (d, J = 17.6 Hz), 
115.1 (d, J = 22.7 Hz, 2C), 54.8, 37.1. HRMS (ESI+): calcd. for C10H10N2O3F [M+H]+: 
225.0670, found: 225.0667. Chiral HPLC conditions C: CHIRALPAK AD-RH column with 
isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 
0.5 mL/min, rt, UV detection at 260 nm, tR (S) = 11.2 min, tR (R) = 13.8 min (Figure S20).

Rac-2-(4-chlorophenyl)-5-carboxylpyrazolidin-3-one (rac-11g)
Light yellow solid. 185 mg (57% yield). 1H NMR (500 MHz, DMSO-
d6): δ 13.02 (brs, 1H), 7.80 (d, J = 9.0 Hz, 2H), 7.41 (d, J = 9.0 Hz, 2H), 
6.57 (brs, 1H), 4.26 (dd, J = 8.5, 5.9 Hz, 1H), 2.99 (dd, J = 16.5, 8.5 Hz, 
1H), 2.77 (dd, J = 16.5, 5.9 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): 

δ 172.2, 170.4, 137.9, 128.4 (2C), 127.2, 119.4, 119.2, 54.8, 37.2. HRMS (ESI+): calcd. 
for C10H10N2O3Cl [M+H]+: 241.0374, found: 241.0374. Chiral HPLC conditions F: CHI-
RALPAK AD-RH column with isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 1.0 mL/min, rt, UV detection at 260 nm, tR (S) = 9.8 min, tR (R) 
= 13.3 min (Figure S21).

Rac-2-(4-bromophenyl)-5-carboxylpyrazolidin-3-one (rac-11h)
Light yellow solid. 224 mg (69% yield). 1H NMR (500 MHz, DMSO-
d6): δ 13.02 (brs, 1H), 7.74 (d, J = 9.0 Hz, 2H), 7.54 (d, J = 9.0 Hz, 2H), 
6.57 (brs, 1H), 4.25 (dd, J = 8.5, 5.9 Hz, 1H), 2.99 (dd, J = 16.5, 8.6 Hz, 
1H), 2.76 (dd, J = 16.5, 5.9 Hz, 1H); 13C NMR (126 MHz, DMSO-d6): 

δ 172.2, 170.4, 138.3, 131.4, 131.3, 119.8, 119.6, 115.2, 54.8, 37.2. HRMS (ESI+): calcd. 
for C10H10N2O3Br [M+H]+: 284.9869, found: 284.9870. Chiral HPLC conditions F: CHI-
RALPAK AD-RH column with isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 1.0 mL/min, rt, UV detection at 260 nm, tR (S) = 14.6 min, tR (R) 
= 20.7 min (Figure S22).

Rac-2-(4-cyanophenyl)-5-carboxylpyrazolidin-3-one (rac-11i)
Yellow solid. 130 mg (70% yield). 1H NMR (500 MHz, Methanol-d4): 
δ 8.05 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 8.9 Hz, 2H), 4.34 (dd, J = 8.5, 
6.7 Hz, 1H), 3.11 (dd, J = 16.8, 8.5 Hz, 1H), 2.96 (dd, J = 16.8, 6.7 Hz, 
1H); 13C NMR (126 MHz, Methanol-d4): δ 173.7, 173.2, 143.9, 134.0, 
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133.9, 119.8, 119.5 (2C), 107.85, 56.5, 38.8. HRMS (ESI+): calcd. for C11H10N3O3 [M+H]+: 
232.0717, found: 232.0713. Chiral HPLC conditions C: CHIRALPAK AD-RH column with 
isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 
0.5 mL/min, rt, UV detection at 260 nm, tR (peak-1) = 19.1 min, tR (peak-2) = 22.0 min 
(Figure S23).

Rac-2-(4-methylphenyl)-5-carboxylpyrazolidin-3-one (rac-11j)
Orange solid. 238 mg (57% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 12.98 (brs, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.15 (d, J = 8.3 Hz, 2H), 
6.49 (brs, 1H), 4.22 (dd, J = 8.5, 5.9 Hz, 1H), 2.96 (dd, J = 16.4, 
8.6 Hz, 1H), 2.75 (dd, J = 16.4, 5.9 Hz, 1H), 2.27 (s, 3H); 13C NMR 

(126 MHz, DMSO-d6): δ 172.3, 169.7, 136.6, 132.6, 128.9, 128.8, 118.0, 117.8, 54.8, 37.2, 
20.5. HRMS (ESI+): calcd. for C11H13N2O3 [M+H]+: 221.0921, found: 221.0918. Chiral 
HPLC conditions G: CHIRALPAK AD-RH column with isocratic MeCN/H2O (25%, v/v, 
0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV detection at 
260 nm, tR (S) = 11.0 min, tR (R) = 14.4 min (Figure S24).

Rac-2-(4-carboxylphenyl)-5-carboxylpyrazolidin-3-one (rac-11k)
Orange solid. 75 mg (53% yield). 1H NMR (500 MHz, DMSO-d6): 
δ 12.91 (brs, 2H), 7.94 (d, J = 8.9 Hz, 2H), 7.89 (d, J = 8.9 Hz, 2H), 
6.63 (brs, 1H), 4.28 (dd, J = 8.5, 6.0 Hz, 1H), 3.02 (dd, J = 16.6, 
8.5 Hz, 1H), 2.80 (dd, J = 16.6, 5.9 Hz, 1H); 13C NMR (126 MHz, 

DMSO): δ 172.1, 171.0, 166.9, 142.5, 130.2, 130.1, 125.2, 117.1, 116.9, 54.8, 37.4. HRMS 
(ESI+): calcd. for C11H11N2O5 [M+H]+: 251.0662, found: 251.0659.

11. Optical resolution of 2-aryl-5-carboxylpyrazolidin-3-ones

General procedure. The optical resolution procedure was performed according to a proce-
dure published elsewhere.1 The rac-2-aryl-5-carboxylpyrazolidin-3-one (rac-11a, 103 mg, 
0.5 mmol; rac-11c, 112 mg, 0.5 mmol; rac-11d, 110 mg, 0.5 mmol; rac-11e, 120 mg, 0.5 mmol; 
rac-11f, 46 mg, 0.2 mmol; rac-11g, 120 mg, 0.5 mmol; rac-11h, 142 mg, 0.5 mmol; rac-11j, 
110 mg, 0.5 mmol) was dissolved in EtOAc/i-PrOH (70/30, v/v, 2 mL) and the mixture was 



305

C
H

A
PT

ER
 7

. 
Bi

oc
at

al
yt

ic
 S

yn
th

es
is

 o
f N

-A
ry

l-f
un

ct
io

na
liz

ed
 A

sp
s 

an
d 

Py
ra

zo
lid

in
on

es

heated to reflux until the solution became homogeneous. The (S)-α-methylbenzylamine 
(half equivalent) was added and the reaction mixture was heated to reflux until the expected 
(S, S)-like salt (S10) precipitates. The reaction mixture was allowed to cool down to room 
temperature and then kept in an ice-bath for 30 min. The white precipitate was filtered off, 
washed with cold EtOAc (0.5 mL) and dried under vacuum overnight. 

The (S, S)-like salt (S10) was dissolved in water (1 mL) and the pH was adjusted to 2.0 with 
HCl (1 M). The solution was stirred in an ice-bath until precipitation of the (S)-enriched 
desired product [(S)-11)]. The (S)-enriched product was filtered off, washed with cold water 
and dried under vacuum overnight.

(S)-2-phenyl-5-carboxylpyrazolidin-3-one [(S)-11a]
White solid. 27 mg (26% yield). 1H NMR (500 MHz, DMSO-d6): δ 
12.96 (brs, 1H), 7.78 – 7.76 (m, 2H), 7.36 – 7.33 (m, 2H), 7.09 (tt, J = 7.4, 
1.2 Hz, 1H), 6.54 (brs, 1H), 4.24 (dd, J = 8.5, 5.9 Hz, 1H), 2.98 (dd, J = 
16.4, 8.6 Hz, 1H), 2.76 (dd, J = 16.4, 5.8 Hz, 1H). The NMR data are in 

agreement with published data.1 HRMS (ESI+): calcd. for C10H11N2O3 [M+H]+: 207.0764, 
found: 207.0763. Chiral HPLC conditions C: CHIRALPAK AD-RH column with isocratic 
MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, 
UV detection at 260 nm, tR (S, major) = 9.2 min, tR (R, minor) = 11.3 min. The ee was deter-
mined to be 92.7% by chiral HPLC analysis using racemic standard (Figure S15).

(S)-2-(3-fluorophenyl)-5-carboxylpyrazolidin-3-one [(S)-11c]
White solid. 25 mg (22% yield). 1H NMR (500 MHz, DMSO-d6): δ 
13.06 (brs, 1H), 7.64 – 7.61 (m, 2H), 7.43 – 7.38 (m, 2H), 6.95 – 6.92 (m, 
1H), 6.61 (brs, 1H), 4.27 (dd, J = 8.5, 5.8 Hz, 1H), 3.02 (dd, J = 16.5, 
8.6 Hz, 1H), 2.79 (dd, J = 16.6, 5.7 Hz, 1H). HRMS (ESI+): calcd. 
for C10H10N2O3F [M+H]+: 225.0670, found: 225.0666. Chiral HPLC 

conditions C: CHIRALPAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 0.1% 
formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV detection at 260 nm, tR 

(S, major) = 14.4 min, tR (R, minor) = 17.9 min. The ee was determined to be 93.9% by chiral 
HPLC analysis using racemic standard (Figure S17).

(S)-2-(3-methylphenyl)-5-carboxylpyrazolidin-3-one [(S)-11d]
White solid. 11 mg (10% yield). 1H NMR (500 MHz, DMSO-d6): δ 
12.97 (brs, 1H), 7.60 – 7.58 (m, 2H), 7.22 (t, J = 7.8 Hz, 1H), 6.91 (d, J = 
7.5 Hz, 1H), 6.50 (brs, 1H), 4.22 (dd, J = 8.6, 5.9 Hz, 1H), 2.96 (dd, J = 
16.4, 8.6 Hz, 1H), 2.75 (dd, J = 16.4, 5.8 Hz, 1H), 2.29 (s, 3H). Chiral 
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HPLC conditions C: CHIRALPAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 
0.1% formic acid) as mobile phase with a flow rate of 0.5 mL/min, rt, UV detection at 
260 nm, tR (S, major) = 11.9 min, tR (R, minor) = 14.9 min. The ee was determined to be 
33.6% by chiral HPLC analysis using racemic standard (Figure S18).

(S)-2-(3-chlorophenyl)-5-carboxylpyrazolidin-3-one [(S)-11e]
White solid. 20 mg (17% yield). 1H NMR (500 MHz, DMSO-d6): δ 
7.84 (t, J = 2.1 Hz, 1H), 7.74 (dd, J = 8.3, 2.0 Hz, 1H), 7.38 (t, J = 8.2 Hz, 
1H), 7.15 (dd, J = 8.0, 2.1 Hz, 1H), 4.25 (dd, J = 8.5, 5.9 Hz, 1H), 3.00 (dd, 
J = 16.6, 8.5 Hz, 1H), 2.77 (dd, J = 16.5, 5.9 Hz, 1H). HRMS (ESI+): 
calcd. for C10H10N2O3Cl [M+H]+: 241.0374, found: 241.0372. Chiral 

HPLC conditions E: CHIRALPAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 
0.1% formic acid) as mobile phase with a flow rate of 1.0 mL/min, rt, UV detection at 
260 nm, tR (S, major) = 13.1 min, tR (R, minor) = 17.9 min. The ee was determined to be 
86.7% by chiral HPLC analysis using racemic standard (Figure S19).

(S)-2-(4-fluorophenyl)-5-carboxylpyrazolidin-3-one [(S)-11f]
White solid. 9 mg (19% yield). 1H NMR (500 MHz, DMSO-d6): δ 
12.95 (brs, 1H), 7.79 – 7.77 (m, 2H), 7.20 (t, J = 9.0 Hz, 2H), 6.61 (brs, 
1H), 4.24 (dd, J = 8.6, 5.9 Hz, 1H), 2.98 (dd, J = 16.4, 8.6 Hz, 1H), 
2.75 (dd, J = 16.4, 5.9 Hz, 1H). Chiral HPLC conditions C: CHIRAL-

PAK AD-RH column with isocratic MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile 
phase with a flow rate of 0.5 mL/min, rt, UV detection at 260 nm, tR (S, major) = 11.2 min, 
tR (R, minor) = 13.9 min. The ee was determined to be 97.7% by chiral HPLC analysis using 
racemic standard (Figure S20).

(S)-2-(4-chlorophenyl)-5-carboxylpyrazolidin-3-one [(S)-11g]
White solid. 28 mg (23% yield). 1H NMR (500 MHz, DMSO-d6): δ 
13.03 (brs, 1H), 7.79 (d, J = 8.9 Hz, 2H), 7.41 (d, J = 9.0 Hz, 2H), 
6.59 (brs, 1H), 4.26 (d, J = 8.7 Hz, 1H), 2.99 (dd, J = 16.5, 8.5 Hz, 1H), 
2.76 (dd, J = 16.5, 5.8 Hz, 1H). HRMS (ESI+): calcd. for C10H10N2O3Cl 

[M+H]+: 241.0374, found: 241.0372. Chiral HPLC conditions F: CHIRALPAK AD-RH 
column with isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile phase with a flow 
rate of 1.0 mL/min, rt, UV detection at 260 nm, tR (S, major) = 9.8 min, tR (R, minor) 
= 13.3 min. The ee was determined to be 88.7% by chiral HPLC analysis using racemic 
standard (Figure S21).
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(S)-2-(4-bromophenyl)-5-carboxylpyrazolidin-3-one [(S)-11h]
White solid. 42 mg (29% yield). 1H NMR (500 MHz, DMSO-d6): δ 
13.02 (brs, 1H), 7.74 (d, J = 9.0 Hz, 2H), 7.54 (d, J = 9.0 Hz, 2H), 
6.58 (brs, 1H), 4.25 (brs, 1H), 2.98 (dd, J = 16.5, 8.5 Hz, 1H), 2.76 (dd, 
J = 16.6, 5.9 Hz, 1H). HRMS (ESI+): calcd. for C10H10N2O3Br [M+H]+: 

284.9869, found: 284.9868. Chiral HPLC conditions F: CHIRALPAK AD-RH column with 
isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile phase with a flow rate of 
1.0 mL/min, rt, UV detection at 260 nm, tR (S, major) = 14.6 min, tR (R, minor) = 20.8 min. 
The ee was determined to be 89.6% by chiral HPLC analysis using racemic standard (Figure 
S22).

(S)-2-(4-methylphenyl)-5-carboxylpyrazolidin-3-one [(S)-11j]
Light yellow solid. 28 mg (25% yield). 1H NMR (500 MHz, DMSO-
d6): δ 13.00 (s, 1H), 7.65 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.3 Hz, 2H), 
6.51 (s, 1H), 4.22 (dd, J = 8.6, 5.9 Hz, 1H), 2.95 (dd, J = 16.4, 8.6 Hz, 
1H), 2.74 (dd, J = 16.4, 5.9 Hz, 1H), 2.26 (s, 3H). HRMS (ESI+): 

calcd. for C11H13N2O3 [M+H]+: 221.0921, found: 221.0918. Chiral HPLC conditions G: 
CHIRALPAK AD-RH column with isocratic MeCN/H2O (25%, v/v, 0.1% formic acid) 
as mobile phase with a flow rate of 0.5 mL/min, rt, UV detection at 260 nm, tR (S, major) 
= 11.0 min, tR (R, minor) = 14.6 min. The ee was determined to be 95.2% by chiral HPLC 
analysis using racemic standard (Figure S24).
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III) Chiral HPLC analysis

HPLC condition A: Nucleosil Chiral-1 column (250 x 4 mm, 5 μm) with 0.5 mM 
CuSO4 aqueous solution as mobile phase at a flow rate of 1.0 mL/min, 60 °C, UV detec-
tion at 260 nm.

HPLC condition B: Nucleosil Chiral-1 column (250 x 4 mm, 5 μm) with 0.5 mM 
CuSO4 aqueous solution as mobile phase at a flow rate of 1.2 mL/min, 60 °C, UV detec-
tion at 260 nm.

HPLC condition C: CHIRALPAK AD-RH column (150 x 4.6 mm, 5 μm) with isocratic 
MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase at a flow rate of 0.5 mL/min, rt, 
UV detection at 260 nm.

HPLC condition D: CHIRALPAK AD-RH column (150 x 4.6 mm, 5 μm) with isocratic 
MeCN/H2O (15%, v/v, 0.1% TFA) as mobile phase at a flow rate of 0.25 mL/min, rt, UV 
detection at 260 nm.

HPLC condition E: CHIRALPAK AD-RH column (150 x 4.6 mm, 5 μm) with isocratic 
MeCN/H2O (20%, v/v, 0.1% formic acid) as mobile phase at a flow rate of 1.0 mL/min, rt, 
UV detection at 260 nm.

HPLC condition F: CHIRALPAK AD-RH column (150 x 4.6 mm, 5 μm) with isocratic 
MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile phase at a flow rate of 1.0 mL/min, rt, 
UV detection at 260 nm.

HPLC condition G: CHIRALPAK AD-RH column (150 x 4.6 mm, 5 μm) with isocratic 
MeCN/H2O (25%, v/v, 0.1% formic acid) as mobile phase at a flow rate of 0.5 mL/min, rt, 
UV detection at 260 nm.
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Figure S2. Chiral HPLC analysis of enzymatic product 8a using HPLC conditions A.
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Figure S3. Chiral HPLC analysis of enzymatic product 8c using HPLC conditions A.
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Figure S4. Chiral HPLC analysis of enzymatic product 8d using HPLC conditions B.



312 CHAPTER 7

Figure S5. Chiral HPLC analysis of enzymatic product 8e using HPLC conditions A.
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Figure S6. Chiral HPLC analysis of enzymatic product 8f using HPLC conditions A.
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Figure S7. Chiral HPLC analysis of enzymatic product 8g using HPLC conditions B.
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Figure S8. Chiral HPLC analysis of enzymatic product 8h using HPLC conditions B.
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Figure S9. Chiral HPLC analysis of enzymatic product 8i using HPLC conditions A.
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Figure S10. Chiral HPLC analysis of enzymatic product 8j using HPLC conditions A.
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Figure S11. Chiral HPLC analysis of enzymatic product 8k using HPLC conditions A.
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Figure S12. Chiral HPLC analysis of enzymatic product 8l using HPLC conditions B.
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Figure S13. Chiral HPLC analysis of enzymatic product 8m using HPLC conditions B.
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Figure S14. Chiral HPLC analysis of enzymatic product 8n using HPLC conditions B.
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Figure S15. Chiral HPLC analysis of chemoenzymatic product 11a using HPLC condition C.
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Figure S16. Chiral HPLC analysis of chemoenzymatic product 11b using HPLC condition D.
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Figure S17. Chiral HPLC analysis of chemoenzymatic product 11c using HPLC condition C.
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Figure S18. Chiral HPLC analysis of chemoenzymatic product 11d using HPLC condition C.
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Figure S19. Chiral HPLC analysis of chemoenzymatic product 11e using HPLC condition E.
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Figure S20. Chiral HPLC analysis of chemoenzymatic product 11f using HPLC condition C.
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Figure S21. Chiral HPLC analysis of chemoenzymatic product 11g using HPLC condition F.
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Figure S22. Chiral HPLC analysis of chemoenzymatic product 11h using HPLC condition F.
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Figure S23. Chiral HPLC analysis of chemoenzymatic product 11i using HPLC condition C.
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Figure S24. Chiral HPLC analysis of chemoenzymatic product 11j using HPLC condition G.
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1. Summary

Optically pure functionalized aspartic acids are highly valuable as tools for biologi-
cal research and as core structures in pharmaceuticals, nutraceuticals, and agrochemi-
cals.1–5 Despite their broad applications, the direct asymmetric synthesis of functionalized 
aspartic acids remains a challenge. The aim of our research was to develop novel and effi-
cient biocatalytic methodologies for the direct stereoselective synthesis of chiral functional-
ized L-aspartic acid derivatives. In this thesis, our work mainly focused on (i) chemoenzy-
matic asymmetric synthesis of C-3 substituted aspartic acids using MALs (Part 1, Chapters 
2-4); and (ii) biocatalytic asymmetric synthesis of N-substituted aspartic acids applying 
EDDS lyase (Part 2, Chapters 5-7).

Part 1 (Chapters 2-4): 

Chemoenzymatic synthesis of C-3 substituted aspartic acids  
using MAL-L384A

C-3 substituted aspartic acids, exemplified by the complex amino acid L-TFB-TBOA 
(Figure 1), are privileged compounds for investigating the roles governed by excitatory 
amino acid transporters (EAATs) in glutamatergic neurotransmission.3,6 The wide-spread 
use of L-TFB-TBOA stems from its high potency inhibition of EAATs and the lack of off-tar-
get binding to glutamate receptors. However, one of the main challenges in the evaluation of 
L-TFB-TBOA and its derivatives is the laborious synthesis of these compounds in optically 
pure form. In Chapter 2, we report an efficient and step-economic chemoenzymatic route 
involving MAL-L384A as the biocatalyst that gives access to enantio- and diastereopure 
L-TFB-TBOA and its derivatives (de >98%, ee >99%) at multigram scale (Figure 1).6 We 
managed to construct L-TFB-TBOA using only 9 steps with 6% overall yield, starting from 
commercially available dimethyl acetylenedicarboxylate. Compared with the previously 
reported 20-step synthesis of L-TFB-TBOA, this is a dramatic reduction in step count with 
fewer than half the steps. 

Inspired by the potential of the aspartic acid scaffold for the development of EAATs inhibi-
tors, we report in Chapter 3 a series of novel aspartic acid derivatives with (cyclo)alkyloxy 
and (hetero)aryloxy substituents at the C-3 position that were synthesized using MAL-
L384A as the biocatalyst (Figure 1).4 Remarkably, all these aspartic acid derivatives were 
found to be potent non-substrate pan inhibitors of the EAATs with IC50 values ranging from 
0.49 to 15 μM. Previously prepared L-TFB-TBOA and its analogues were also shown to be 
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potent EAATs inhibitors, with IC50 values ranging from 5-530 nM (Figure 1). In addition, 
we developed two unique hybrid inhibitors of EAATs, which displayed considerably lower 
IC50 values at EAATs (11-140 nM) than those displayed by the respective parent molecules 
(Figure 1). We propose that our hybridization strategy could advance future design and 
development of more potent EAAT inhibitors.

In Chapter 4, we present the design, synthesis and biological evaluation of inhibitors of 
prokaryotic aspartate transporter GltTk with photo-controlled activity, enabling the remote, 
reversible, and spatiotemporally resolved regulation of transport.7 Based on the known 
inhibitor L-TFB-TBOA, seven inhibitors comprising a photoswitchable azobenzene moiety 
were designed and synthesized using a key stereoselective enzymatic step (Figure 1). 
The compounds p-MeO-azo-TBOA and p-HexO-azo-TBOA showed the best photochem-
ical properties, in which nearly full conversion from trans to cis isomer can be achieved 
upon irradiation. The largest difference in inhibitory activity was observed for p-MeO-azo-
TBOA; the trans isomer (IC50 = 2.5 ± 0.4 μM) is 3.6-fold more active compared to the cis 
isomer (IC50 = 9.1 ±1.5 μM). This 3.6-fold difference in activity was used to demonstrate 
that by irradiation the transporter function can be switched on and off reversibly. Notably, 
p-HexO-azo-TBOA shows no difference in activity between cis and trans isomers, even 
despite the large structural change. Therefore, these compounds give insight into the rela-
tion between structure and binding to GltTk, providing important structural guidance in the 
rational design of new photo-controlled glutamate transporter inhibitors. 

Figure 1. Functionalized aspartic acids as glutamate transporter inhibitors.
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Part 2 (Chapters 5-7):

Biocatalytic synthesis of N-substituted aspartic acids  
using EDDS lyase

The fungal natural product aspergillomarasmine A (AMA) was recently identified as a 
potent and selective inhibitor of metallo-β-lactamases and a promising co-drug candidate 
to fight antibiotic resistant bacteria.2 In Chapter 5, by using a biocatalytic retrosynthesis 
approach, we demonstrate that EDDS lyase can be applied as biocatalyst for asymmetric 
synthesis of the natural products toxin A, AMA and AMB, as well as various related amino-
carboxylic acids (Figure 2).8 This enzyme shows remarkably broad substrate promiscuity, 
and excellent regio- and stereoselectivity, allowing the selective addition of a wide variety of 
amino acids to fumarate. Only less sterically hindered terminal amino groups of the start-
ing substrates functioned as the nucleophile in the enzymatic additions, providing insight 
into the regioselectivity of this enzyme. In addition, we also report a two-step chemoenzy-
matic cascade route for the rapid diversification of enzymatically prepared aminocarboxylic 
acids by N-alkylation in one pot. As such, our (chemo)enzymatic methodology provides a 
useful alternative route to complex aminocarboxylic acid products, as exemplified by the 
synthesis of the natural products toxin A (1 step, 52% yield), AMA (4 steps, 10% yield), and 
AMB (one-pot, 2 steps, 22% yield).

In Chapter 6, we present the asymmetric synthesis of various N-cycloalkyl-substituted 
L-aspartic acids using EDDS lyase and MAL-Q73A as biocatalysts (Figure 2).9 Pleasingly, 
EDDS lyase shows broad non-natural substrate promiscuity accepting various homo- and 
heterocycloalkyl amines in the stereoselective hydroamination of fumarate. A set of valu-
able N-cycloalkyl-substituted L-aspartic acids were synthesized with excellent stereoselec-
tivity (ee >99%), including those with interesting heterocyclic substituents that might allow 
ring opening and further derivatization. This biocatalytic methodology offers an alternative 
synthetic choice to prepare difficult N-cycloalkyl-substituted amino acids. 

In Chapter 7, we demonstrate that EDDS lyase can also be applied as biocatalyst for the 
asymmetric synthesis of (S)-N-arylated aspartic acids (Figure 2). This enzyme shows a 
remarkably broad substrate scope, enabling the addition of a variety of arylamines to fuma-
rate with high conversions, yielding the corresponding N-arylated aspartic acids in good 
isolated yields and with excellent enantiomeric excess (ee >99%). In contrast to previously 
reported chemical strategies for preparation of enantioenriched N-arylated α-amino acids, 
such as metal-catalyzed N-arylation10–12 or hypervalent iodine chemistry13, which mainly 
depend on extending the free amino group of the starting chiral α-amino acids (or their 
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esters), our biocatalytic method starts with a prochiral α,β-unsaturated acid (fumarate) 
and creates the Cα-stereocentre of the target N-arylated amino acids in a single asymmetric 
step with excellent stereocontrol. Furthermore, we discovered that EDDS lyase can accept a 
wide range of arylhydrazines in the hydroamination of fumarate, yielding the correspond-
ing N-(arylamino)-substituted aspartic acids with high conversions and in good isolated 
yields. Subsequently, these enzymatic products could undergo a smooth acid-catalyzed 
cyclization to give the synthetically challenging chiral pyrazolidin-3-one derivatives with 
excellent enantiomeric excess (ee >99%, Figure 2). In addition, we successfully combined 
the EDDS lyase-catalyzed biotransformation and acid-catalyzed cyclization into one pot, 
thus providing a rather simple two-step chemoenzymatic route for the rapid synthesis of 
optically pure pyrazolidin-3-ones with good overall isolated yields.

In summary, EDDS lyase has a very broad nucleophile scope, accepting a wide variety of 
structurally distinct amines for stereoselective addition to fumarate, providing enzymatic 
access to various aminocarboxylic acids including the natural products toxin A, AMA and 
AMB, N-cycloalkyl-substituted aspartic acids, as well as difficult N-arylated aspartic acid 
derivatives and substituted pyrazolidin-3-ones (Figure 2). As such, EDDS lyase nicely com-
plements the rapidly expanding biocatalytic toolbox for asymmetric synthesis of nonca-
nonical amino acids.

Figure 2. Biocatalytic applications of EDDS lyase.



340 CHAPTER 8

2. Future perspectives

In the first part (Chapters 2-4) of this thesis, we describe the design, chemoenzymatic syn-
thesis and biological evaluation of C-3 substituted aspartic acid derivatives as glutamate 
transporter inhibitors to probe neurotransmission. In Chapter 2, we present a convenient 
multigram-scale asymmetric synthesis of the highly potent EAATs inhibitor L-TFB-TBOA. 
Most importantly, cheap and quick access to several grams of L-TFB-TBOA allowed our 
collaborators to start in vivo experiments to investigate the therapeutic potential of this 
potent glutamate transporter inhibitor. Hopefully, L-TFB-TBOA will prove to be an impor-
tant lead compound for the development of new drugs to treat various diseases that involve 
malfunction of glutamate transport in human beings. In Chapter 3, we report two unique 
hybrid compounds which were shown to be highly potent non-selective EAATs inhibi-
tors. Work is in progress to convert these hybrid compounds into light-controlled gluta-
mate transporter inhibitors by introducing a photoswitchable azobenzene moiety at the 
C-4 position. The detailed functional and structural characterization of these photoswitch-
able inhibitors is expected to reveal new insights in the transport mechanism and dynamics 
of glutamate transporters. In Chapter 4, we demonstrate the remote, reversible and spatio-
temporally resolved regulation of prokaryotic aspartate transporter GltTk by using p-MeO-
azo-TBOA as photo-controlled inhibitor with UV-light irradiation. In future work, it would 
be interesting to apply tetra-ortho-substituted azobenzenes as photoswitches in the design 
and synthesis of new azo-TBOA-based inhibitors for human glutamate transporters. This 
would allow photoswitching under visible or red light, which might provide an increased 
tissue-penetration depth and reduced phototoxicity.14 

In the second part (Chapters 5-7) of this thesis, we describe the remarkably broad biocata-
lytic applications of EDDS lyase for the asymmetric synthesis of various valuable N-substi-
tuted aspartic acids. In Chapter 5, we report a one-pot two-step chemoenzymatic method 
for the rapid synthesis of AMB and related aminocarboxylic acids, which is an important 
class of metallo-β-lactamases (MBLs) inhibitors. In future work, it would be very useful to 
prepare a library of AMB derivatives as potential MBLs inhibitors to fight antibiotic resist-
ant bacteria by further exploring the synthetic potential of this biocatalytic methodology. 
Inspired by recently published work that identified EDDS as an effective MBLs inhibitor 
via a Zn-chelating mechanism15, we have prepared a number of EDDS derivatives with 
different diamine linkers between two succinic acid moieties using EDDS lyase as biocat-
alyst (Figure 3). Work is in progress to evaluate the newly prepared EDDS derivatives as 
potential MBLs inhibitors.



341

C
H

A
PT

ER
 8

. 
Su

m
m

ar
y 

an
d 

Fu
tu

re
 P

er
sp

ec
tiv

es
   

   
   

   
   

   
   

   
   

   
   

   
   

 

Figure 3. Enzymatic synthesis of EDDS derivatives. aConditions and reagents: fumaric acid (60 mM), 
diamine (10 mM) and EDDS lyase (0.05 mol% based on diamine) in buffer (50 mM NaH2PO4/NaOH, 
pH 8.5), rt, 48-96 h. bIsolated yield after ion-exchange chromatography.

In Chapter 6 and Chapter 7, we present the EDDS lyase-catalyzed asymmetric synthesis of 
various (S)-N-cycloalkyl-substituted and (S)-N-arylated aspartic acid derivatives, respec-
tively. In future work, it would be interesting to prepare (R)-N-substituted aspartic acids 
through enzymatic kinetic resolution of racemic N-substituted aspartic acids using whole 
cells expressing EDDS lyase and fumarase (driving the EDDS lyased-catalyzed reversible 
deamination to completion, Figure 4). In contrast to the large nucleophile scope (amine 
scope) of wild-type EDDS lyase, the enzyme was found to be highly specific for fuma-
rate, with other α,β-unsaturated carboxylic acids not being accepted as alternative electro-
philes.16 In future work, we will focus our attention on extending the electrophile scope of 
EDDS lyase by computational design and structure-guided protein engineering. If success-
ful, engineered EDDS lyase could potentially be used for the preparation of a wide variety 
of β-amino acids, which are important drug precursors. 

Figure 4. Enzymatic kinetic resolution of racemic N-substituted aspartic acids
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3. Nederlandse Samenvatting

Optisch zuivere gefunctionaliseerde asparaginezuren zijn zeer waardevol als gereedschap 
bij biologisch onderzoek en als kernstructuur van medicijnen, voedingssupplementen en 
landbouwchemicaliën.1–5 Ondanks hun brede toepasbaarheid is de asymmetrische synthese 
van gefunctionaliseerde asparaginezuren nog steeds lastig. Het doel van ons onderzoek was 
om nieuwe, efficiënte, biokatalytische methodes te ontwikkelen voor de stereoselectieve 
synthese van chirale gefunctionaliseerde L-asparaginezuurderivaten. In dit proefschrift was 
ons werk voornamelijk gefocust op (i) de chemo-enzymatische asymmetrische synthese 
van C-3 gesubstitueerde asparaginezuren met behulp van MALs (Deel 1, hoofdstukken 
2-4); en (ii) de biokatalytische asymmetrische synthese van N-gesubstitueerde asparagine-
zuren gebruikmakend van EDDS lyase (Deel 2, hoofdstukken 5-7). 

Deel 1 (Hoofdstukken 2-4)

Chemo-enzymatische synthese van C-3 gesubstitueerde 
asparaginezuren door MAL-L384A
C-3 gesubstitueerde asparaginezuren, geïllustreerd door het complexe aminozuur L-TFB-
TBOA (Figuur 1), zijn gunstige stoffen voor onderzoek naar de rol van excitatoire ami-
nozuur transporters (EAATs) in de glutaminezuur-gecontroleerde neurotransmissie.3,6 Het 
wijdverbreide gebruik van L-TFB-TBOA komt voort uit zijn hoge remmingspotentie van 
EAATs en de lage mate van off-target binding aan glutamaatreceptoren. Echter, één van de 
belangrijkste moeilijkheden bij het onderzoek met L-TFB-TBOA en derivaten daarvan is 
de moeizame synthese van deze stoffen in optisch zuivere vorm. In Hoofdstuk 2 rappor-
teren we over een efficiënte en stap-economische chemo-enzymatische route, gebruikma-
kend van MAL-L384A als biokatalysator, voor de synthese van enantio- en diastereozuiver 
L-TFB-TBOA en derivaten daarvan (de >98%, ee >99%) op multi-gram schaal. Het lukte 
om L-TFB-TBOA te synthetiseren in slechts 9 stappen, met een uiteindelijke opbrengst van 
6%, startend met het commercieel verkrijgbare dimethyl acetyleendicarboxylaat. In ver-
gelijking met de reeds gepubliceerde 20-stap synthese, is dit een zeer grote reductie in het 
aantal stappen.

Geïnspireerd door het potentieel van asparaginezuur als bouwsteen voor de ontwikkeling 
van EAAT remmers, rapporteren we in Hoofdstuk 3 over een serie van nieuwe asparagine-
zuurderivaten met (cyclo)alkyloxy en (hetero)aryloxy substituenten, gesynthetiseerd met 
MAL-L384A als biokatalysator (Figuur 1).4 Opmerkelijk was dat al deze asparaginezuur-
derivaten potente niet-substraat EAAT pan-remmers bleken te zijn, met IC50 waarden van 
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tussen de 0.49 en 15 µM. De eerder gesynthetiseerde L-TFB-TBOA and L-TFB-TBOA ana-
logen bleken ook potente EAAT remmers te zijn met IC50 waarden tussen de 5 en 530 nM 
(Figuur 1). Verder hebben we twee unieke hybride EAAT remmers ontwikkeld die aan-
zienlijk lagere IC50 waarden lieten zien (11-140 nM) in vergelijking met de respectievelijke 
stoffen waarvan ze zijn afgeleid. We stellen dat onze hybridisatie-strategie kan bijdragen aan 
toekomstig ontwerp en ontwikkeling van meer potente EAAT remmers. 

In Hoofdstuk 4 presenteren we het ontwerp, de synthese en de biologische evaluatie van 
remmers van de prokaryote aspartaat transporter GltTK met licht-gecontroleerde activi-
teit, hetgeen op afstand zorgt voor de reversibele en spatiotemporele regulatie van trans-
port.7 Gebaseerd op de bekende remmer L-TFB-TBOA, werden zeven remmers ontworpen 
en gesynthetiseerd die onder andere bestonden uit foto-isomeriserende azobenzeen-groe-
pen, gebruikmakend van een belangrijke stereoselectieve enzymatische stap (Figuur 1). 
De stoffen p-MeO-azo-TBOA en p-HexO-azo-TBOA hadden de beste fotochemische 
eigenschappen, waarbij bijna volledige conversie van de trans naar de cis-isomeer kan 
worden bereikt door middel van irradiatie. Het grootste verschil in remmende activiteit 
werd gevonden voor p-MeO-azo-TBOA; de trans-isomeer (IC50 = 2.5 ± 0.4 μM) is 3.6-keer 
meer actief in vergelijking met de cis-isomeer (IC50 = 9.1 ±1.5 μM). Dit 3.6-voudige verschil 
in activiteit werd gebruikt om te laten zien dat door middel van irradiatie de transpor-
ter-functie reversibel aan- en uitgezet kan worden. Het is opmerkelijk dat p-HexO-azo-
TBOA geen verschil laat zien in activiteit tussen de cis en de trans-isomeer, ondanks het 
grote structurele verschil. Deze stoffen geven dus inzicht in de relatie tussen structuur en 
de binding aan GltTK, hetgeen belangrijke structurele aanwijzingen geeft voor het rationele 
ontwerp van nieuwe licht-gecontroleerde remmers van glutamaat transporters.

Figuur 1. Gefunctionaliseerde asparaginezuren als remmers van glutamaattransporters
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Deel 2 (Hoofdstukken 5-7)

Biokatalytische synthese van N-gesubstitueerde asparaginezuren 
gebruikmakend van EDDS lyase
Het in schimmels gevonden natuurlijke product aspergillomarasmine A (AMA) werd 
recentelijk ontdekt als potente en selectieve remmer van metallo-β-lactamases en een 
mogelijk veelbelovend co-medicijn voor de bestrijding van antibiotica-resistente bacte-
riën.2 In Hoofdstuk 5, gebruikmakend van een biokatalytische retro-synthese aanpak, laten 
we zien dat EDDS lyase gebruikt kan worden als biokatalysator voor de asymmetrische 
synthese van de natuurlijke producten toxine A, AMA en AMB en voor verschillende gere-
lateerde aminocarbonzuren (Figuur 2).8 Dit enzym laat een opmerkelijk brede substraat 
promiscuïteit zien, met excellente regio- en stereoselectiviteit, hetgeen de selectieve additie 
van een grote variatie van aminozuren aan fumaraat mogelijk maakt. Alleen de minder 
sterisch gehinderde eindstandige aminogroepen van de substraten acteerden als nucleofiel 
in de enzymatische addities, hetgeen inzicht geeft in de regioselectiviteit van dit enzym. 
Verder rapporteren we over een twee-stap chemo-enzymatische cascade route voor de 
snelle diversificatie van enzymatisch gesynthetiseerde aminozuren via N-alkylatie in één 
pot. Als zodanig is onze (chemo-)enzymatische methodologie een bruikbare alternatieve 
route naar complexe aminocarbonzuur producten, geïllustreerd door de synthese van de 
natuurlijke producten toxine A (1 stap, 52% opbrengst), AMA (4 stappen, 10% opbrengst) 
en AMB (één pot, 2 stappen, 22% opbrengst). 

In Hoofdstuk 6 presenteren we de asymmetrische synthese van diverse N-cycloalkyl-ge-
substitueerde L-asparaginezuren gebruikmakend van EDDS lyase en MAL-Q73A als bio-
katalysator (Figuur 2).9 EDDS lyase heeft een aangenaam brede onnatuurlijk substraat 
reikwijdte, en accepteert diverse homo- en heterocycloalkyl amines voor de stereoselec-
tieve hydroaminatie van fumaraat. Een set van waardevolle N-cycloalkyl-gesubstitueerde 
L-asparaginezuren kon worden gesynthetiseerd met excellente stereoselectiviteit (ee >99%), 
waaronder een aantal producten met interessante heterocyclische substituenten die moge-
lijk kunnen worden gebruikt voor ringopening en verdere derivatisering. Deze biokataly-
tische methodologie biedt een alternatieve synthetische optie voor de bereiding van lastige 
N-cycloalkyl-gesubstitueerde aminozuren.

In Hoofdstuk 7 demonstreren we dat EDDS lyase ook kan worden toegepast als biokata-
lysator voor de asymmetrische synthese van (S)-N-gearyleerde asparaginezuren (Figuur 
2). Dit enzym laat een opmerkelijk brede substraat reikwijdte zien, hetgeen de additie van 
diverse arylamines aan fumaraat met hoge conversies mogelijk maakt, waarbij de cor-
responderende N-gearyleerde asparaginezuren met goede opbrengst en met excellente 
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enantiomere verrijking (ee >99%) kunnen worden verkregen. In tegenstelling tot vorige 
gerapporteerde chemische strategieën voor de synthese van enantio-verrijkte N-aryl α-ami-
nozuren10-12, zoals metaal-gekatalyseerde N-arylatie of hypervalente jodium chemie13 die 
hoofdzakelijk uitgaan van het uitbreiden van de vrije aminogroep startend met chirale 
α-aminozuren (of -esters), start onze biokatalytische methode met een pro-chiraal α,β-on-
verzadigd carbonzuur (fumaraat) en vormt het Cα-stereocentrum van het uiteindelijke 
N-gearyleerde aminozuur in een enkele asymmetrische stap met excellente stereocontrole. 
Verder hebben we ontdekt dat EDDS lyase een grote reeks van arylhydrazines kan gebrui-
ken in de hydroaminatie van fumaraat, hetgeen de corresponderende N-(arylamino)-ge-
substitueerde asparaginezuren oplevert met hoge conversies en met goede opbrengsten. 
Vervolgens konden deze enzymatische producten, via een zuur gekatalyseerde cyclisatie-
reactie, worden omgezet in de chemisch lastig te synthetiseren chirale pyrazolidine-3-one 
derivaten met excellente enantiomere overmaat (ee >99%, Figuur 2). Daarnaast konden we 
de EDDS lyase-gekatalyseerde biotransformatie combineren met de zuur gekatalyseerde 
cyclisatie in één pot en op die manier een relatief simpele twee-stap chemo-enzymatische 
route voor de snelle synthese van optisch zuivere pyrazolidine-3-ones met goede uiteinde-
lijke opbrengsten realiseren. 

Samenvattend laat EDDS lyase een zeer brede nucleofiele substraat reikwijdte zien en accep-
teert het een brede variëteit aan structureel verschillende amines voor de stereoselectieve 
additie aan fumaraat, hetgeen de enzymatische synthese van diverse aminocarbonzuren, 
waaronder de natuurlijke producten toxine A, AMA en AMB, en N-cycloalkyl-gesubsti-
tueerde pyrazolidine-3-ones mogelijk maakt (Figuur 2). Als zodanig is EDDS lyase een 
aangename toevoeging aan de snel uitbreidende biokatalytische mogelijkheden voor de 
asymmetrische synthese van onnatuurlijke aminozuren. 

Figuur 2. Biokatalytische toepassingen van EDDS lyase.
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