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ABSTRACT: Chiral dihydrobenzoxazinones and dihydroquinoxalinones R
serve as essential building blocks for pharmaceuticals and agrochemicals. ‘
Here, we report short chemoenzymatic synthesis routes for the facile ~"+"o
preparation of these complex heterocycles in an optically pure form. These
synthetic routes involve a highly stereoselective hydroamination step
catalyzed by ethylenediamine-N,N’-disuccinic acid lyase (EDDS lyase).
This enzyme is capable of catalyzing the asymmetric addition of various
substituted 2-aminophenols to fumarate to give a broad range of substituted

NH,

H |\
N__O NH,

—
3 One-Pot
R\

Dihydroquinoxalinones
ee up to > 99%
Overall yield 72-78%

Dihydrobenzoxazinones
ee up to>99%
Overall yield 23-63%

N-(2-hydroxyphenyl)-L-aspartic acids with excellent enantiomeric excess

(ee up to >99%). This biocatalytic hydroamination step was combined with an acid-catalyzed esterification—cyclization sequence to
convert the enzymatically generated noncanonical amino acids into the desired dihydrobenzoxazinones in good overall yield (up to
63%) and high optical purity (ee up to >99%). By means of a similar one-pot, two-step chemoenzymatic approach, enantioenriched
dihydroquinoxalinones (ee up to >99%) were prepared in good overall yield (up to 78%) using water as solvent for both steps.
These chemoenzymatic methodologies offer attractive alternative routes to challenging dihydrobenzoxazinones and
dihydroquinoxalinones, starting from simple and commercially available achiral building blocks.

KEYWORDS: asymmetric synthesis, biocatalysis, dihydrobenzoxazinones, dihydroquinoxalinones, heterocycles

hiral dihydrobenzoxazinones (DHBs) and dihydroqui-

noxalinones (DHQs) are ubiquitous scaffolds that serve
as important precursors for a broad range of pharmaceuticals,
fungicides, and herbicides.'* ™™ For example, compounds A—D
are important medicinal agents containing a DHB or DHQ_
pharmacophore with promising therapeutic efficacy (Figure 1).
Compound A, a pyruvate kinase activator, can enhance the
lifetime of red blood cells,” while compound B finds use as a
hypocholesterolemic agent.sa'b Compounds C and D contain a
DHAQ _scaffold and find potential application in the treatment
of leukemia® and HIV-1, respectively (Figure 1)."") Conven-
tional chemical strategies for the preparation of chiral DHBs
involve the synthesis from optically pure amino acid precursors
(Figure 2a),” in situ generation of ketenes followed by a highly
stereoselective [4 + 2] cycloaddition with o-benzoquinone
imides (Figure 2b),°*" and catalytic asymmetric hydrogenation
(Figure 2¢).”*™" Optically enriched DHQs are synthesized via
coupling of chiral amino acids (or the corresponding esters)
with o-nitroaryl bromides/iodides or o-nitroaryl fluorides in the
presence of catalytic Cu(I)® or base,”™" respectively, followed
by a reduction—cyclization sequence (Figure 2d), asymmetric
reduction starting from corresponding imine substrates (Figure
2e),'% " and, finally, a difficult solid-phase synthesis employing
numerous steops starting from o-nitro-benzenesulfonyl chloride
(Figure 2f)."™ With current synthesis routes often suffering
from limitations such as the use of chiral starting materials,
heavy metals, multiple steps, and harsh reaction conditions,
there is a necessity to investigate alternate asymmetric
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synthesis methods that are possibly greener, more sustainable,
and more step-economic.

Here, we report chemoenzymatic methodologies for the
asymmetric synthesis of DHBs and DHQs from retrosyntheti-
cally designed substrates. These approaches highlight a highly
enantioselective carbon—nitrogen bond-forming step catalyzed
by ethylenediamine-N,N’-disuccinic acid (EDDS) lyase and
provide alternative synthetic choices for the preparation of
difficult DHB and DHQ products.

EDDS lyase from Chelativorans sp. BNC1 promotes the
reversible deamination of (S,S)-EDDS to give ethylene
diamine and two molecules of fumarate.'' We have previously
demonstrated that this enzyme accepts a broad range of
amines, ranging from linear and cyclic aliphatic amines to
aromatic amines and hydrazines, in the stereoselective
hydroamination of fumaric acid, leading to the corresponding
N-substituted aspartic acids.'**” Inspired by the extensive
substrate scope of EDDS lyase, we envisaged that 2-
aminophenol and o-phenylenediamine could potentially be
used as non-native amine substrates in the EDDS-lyase-
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Figure 1. Bioactive molecules containing a chiral dihydrobenzoxazinone (a, pyruvate kinase activator; b, hypocholesterolemic agent) or
dihydroquinoxalinone (c, leukemia agent; d, HIV-1 agent) scaffold.
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Figure 2. Methods toward the synthesis of chiral dihydroquinoxalinones and chiral dihydrobenzoxazinones. (Ia) SnAr reaction—reduction—
cyclization sequence. (Ib) [4 + 2] cycloaddition. (Ic) Brensted-acid- or Ru/Ir-catalyzed reduction. (Id) Cu' coupling—reduction—cyclization
sequence. (Ie) Rh or Lewis base/acid or Brensted-acid-catalyzed reduction. (If) 8-step synthesis protocol. (Ila) EDDS-lyase-catalyzed
stereoselective synthesis of substituted aspartic acids using fumarate and 2-aminophenols or o-phenylenediamines as substrates. (IIb) HCI assisted
ring closure of the intermediate amino acid products into the desired DHQs. (IIc) p-TsOH assisted esterification and ring closure of the
intermediate amino acid products into the desired DHBs.
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Table 1. Chemoenzymatic Synthesis of DHBs

HOZC\/\
CO,H 0.0
N 2 oM p-TsOH X Ot
R R R W N
= NH, EDDS lyase ZSNH step 2P H “ o
step 1° HO,C
2 CO,H
1a-1i 3a-3i 4a-4i
OH Cl OH OH 3
‘ OEt OEt OEt
1 (S) (S) (S)
NH NH NH ;
., HO,C.__J-, HO,C_J-,
HOC ‘CO,H 2 CO,H 2 CO,H

3a, conv. 92% ° 3b, conv. 82% ° 3c, conv. 85% °©

yield 73%¢ yield 72%° yield 66%¢
NH NH NH
H " HO.C HO,C .
OZCQ ‘CO,H COzH 2 ‘CO,H

3d, conv. 79% ©
yield 53%¢

3e, conv. 75%°
yield 53%¢

3f, conv. 86% ° :
yield 72% ¢ :

F
/@[OH OH @[OH
Cl NH NH NH
HO,C . HO,C .
HO,C 2 \) 'COLH 2 \) ‘COM

3h, conv. 86% °
yield 76% ¢

"'CO,H

3g, conv. 66% ©
yield 49% ¢

3i, conv. 67% °©
yield 52% ¢ 3

4a, yield 86%
>99% ee, (S) of

4b, yield 77%
>99% ee, (S) &f

OEt
(S)

de, yield 69% "

OEt
(S)

4h, yield 70%
90% ee (S) &9

4c, yield 84%
>98% ee, (S) &f

OEt
(S)

4, yield 85%,
>86% ee (S) *f

OMe
(S)

4aa, yield 72%
>99% ee (S) &f

4d, yield 67%
>99% ee (S) ©9

4g, yield 46%
>99% ee, (S) of

“The reaction mixture (40 mL) consisted of fumaric acid (2, 100 mM), 2-aminophenol substrate (1a—1i, 25 mM, except 1g = 10 mM), and EDDS
lyase (0.05 mol % based on 2-aminophenol) in 50 mM NaH,PO,/NaOH (pH 8.5, argon flushed), with DMSO (5%) as cosolvent at room
temperature. A S-fold excess of 2 (instead of an excess of amine) was used, facilitating product purification and avoiding enzyme inhibition as a
result of high phenol substrate concentration. “Stoichiometric amount of p-TsOH in toluene/EtOH [1:1, MeOH for 4aa), reflux (24 h) under a
nitrogen atmosphere (after 16 h, ethanol was removed, and reaction mixture reﬂuxed in anhydrous toluene for additional 8 h). “Conversions were
measured by comparing "H NMR signals of substrates and matching products. “Isolated yield following cation-exchange chromatography. “The
enantiomeric excess (ee) was established by chiral HPLC using chemically prepared racemic standards. FThe absolute configurations were assigned
as S by comparing the elution pattern of chemically prepared racemic standards and corresponding enzymatic products against prev10usly reported

chiral HPLC data. #The absolute configuration was tentatively assigned as S based on analogy and in line with chiral HPLC data.

hChiral HPLC

separation could not be achieved. Cyclization could not be achieved for 3i.

catalyzed asymmetric hydroamination reaction to give the
corresponding amino acid products, which can then possibly
be cyclized to obtain the desired DHB and DHQ heterocycles
(Figure 2).

We started our investigations by testing whether EDDS lyase
can accept 2-aminophenol (la, Tabel S1) as an unnatural
substrate in the hydroamination of fumarate. Interestingly,
EDDS lyase accepted 1a as a substrate, giving the resultant N-
substituted aspartic acid product 3a (Table 1) with out-
standing conversion (92%) and in respectable yield (73%).
Pleasingly, the enzyme also accepted a variety of substituted 2-
aminophenols (1b—1i, Table S1) in the hydroamination
reaction, yielding the desired amino acids 3b—3i (Table 1)
with good conversion (66—86%) and in moderate to good
isolated yield (49—76%). EDDS-lyase did not process the 2-
aminophenols 1j—1o (Table S1).

11423

Although the biocatalytic preparation of the N-substituted
aspartic acids 3a—3i already shortens the synthesis of such
medicinally important synthons by several steps,'
to explore these compounds as precursors for the synthesis of
more complex and pharmaceutically relevant chiral DHBs.'*™"
Toward this end, we first tried to optimize the conditions for
acid-catalyzed cyclization in water to give the corresponding
enantiopure DHB from precursor 3a. However, all the acidic
conditions we tested (HCl, H,SO,, TFA, etc.) with varying
temperatures (0—100 °C) gave either uncyclized starting
material or multiple unidentified side products. To aid
cyclization and purification, we then esterified amino acid 3a
using standard esterification conditions (SOCL,, cat. HCl in
MeOH/EtOH) and obtained the corresponding ester product
in quantitative yield. However, subsequent cyclization in the
same solvent did not result in the final cyclized DHB.
Therefore, we dissolved the ester product in a high-boiling

we aimed

https://doi.org/10.1021/acscatal.2c03008
ACS Catal. 2022, 12, 11421-11427
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Figure 3. Chemoenzymatic synthesis of DHQs. Reagents and conditions: (a) The reaction mixture (40 mL) consisted of fumaric acid (2, 100
mM), diamine substrate 1p or 1q (25 mM), and EDDS lyase (0.05 mol % compared to diamine) in buffer (50 mM NaH,PO,/NaOH, pH 8.5,
argon flushed), with DMSO (5%) as cosolvent at room temperature. A 5-fold excess of 2 (instead of an excess of amine) was used, accelerating
product purification and avoiding enzyme inhibition as a result of high diamine substrate concentration. (b) Fuming HCI (1.6 mL) was used to
adjust pH to 1 at 0 °C, and the reaction was continued for 3 h at room temperature. (c) Isolated yield after reverse-phase chromatography. (d) The
enantiomeric excess (ee) was determined by HPLC on a chiral stationary phase using racemic standards. The absolute configuration of Sp was
assigned S using chiral HPLC by comparison with an authentic reference compound, and for 5q based on analogy and in comparison with chiral

HPLC data of a chemically synthesized racemic reference.

solvent (toluene) to assist ring closure and obtained the final
product 4a in good isolated yield (81%) in the presence of
stoichiometric amounts of p-TsOH. We then reasoned that if
we use p-TsOH in the first esterification step in a toluene/
ethanol mixture [1:1], we could get to the final product in a
single esterification—cyclization step. Although the starting
material was consumed after 18 h of refluxing conditions, we
observed that the isolated compound was always a diester
product, which is likely because of transesterification of the
unstable cyclic 4a in the presence of excess ethanol. Based on
this data, after 16 h of reflux, ethanol was removed in vacuo and
then the reaction mixture reheated in dry toluene until we
reached full conversion to the desired DHB product 4a, which
was obtained in good isolated yield (86%).

Next, the optimized conditions for DHB formation were
successfully used for the esterification—cyclization of the
isolated amino acid intermediates 3a—3h to produce the
desired heterocycles 4a—4h in moderate to good isolated yield
(46—86%). Unfortunately, using the same conditions, we
could not achieve the conversion of 3i into 4i. Analysis of the
chemoenzymatically produced DHBs 4a—4h by chiral HPLC,
using chemically prepared racemic standards (see the
Supporting Information), demonstrated that these heterocycles
have excellent enantiopurity (up to >99% ee), possessing the S
configuration, which is fully consistent with the well-
characterized enantioselectivity of EDDS lyase."* As such,
we have established a straightforward two-step chemo-
enzymatic route for the asymmetric preparation of enantioen-
riched DHBs in good overall yield (23—63%) and with high
enantiopurity (up to >99% ee). Furthermore, the amino acid
precursors 3a—3i, which are synthesized in one enzymatic step,
can be used as chiral synthons for pharmaceutically active
compounds.'**

Having established the two-step chemoenzymatic synthesis
of enantiopure DHBs, we envisioned that a similar synthetic
strategy could be used to produce biologically active
DHQs.'#""'%'* To provide proof-of-concept for this strategy,

11424

we tested diamines 1p and 1q (Table S1) as non-native
substrates for EDDS lyase. To our delight, EDDS lyase
accepted these substrates in the hydroamination of fumarate to
give the desired N-substituted aspartic acid products with high
conversions. Next, we investigated if we could perform the
intramolecular cyclization in one-pot to give the corresponding
DHQ_without isolating the intermediate amino acid. Toward
this end, after completion of the enzymatic reaction (48 h), the
reaction mixture was adjusted to 1 M hydrochloric acid with
fuming HCI, giving the desired DHQ product (Sp or Sgq,
Figure 3) at room temperature in 3 h with good isolated
overall yield (78% and 72%, respectively). Chiral HPLC
examination, using chemically prepared reference compounds
(see the Supporting Information), demonstrated that these
products are highly enantioenriched (up to >99% ee), having
the S configuration. Notably, EDDS lyase is able to accept a
range of substituted aromatic diamines (1r—1y, Table S1) in
the hydroamination of fumarate yielding the corresponding
aspartic acid derivatives, potentially enabling the chemo-
enzymatic preparation of diverse DHQ synthons. The
diamines 1z—1zd (Table S1) were not accepted as alternative
substrates by the enzyme.

In conclusion, we developed convenient chemoenzymatic
procedures for the rapid asymmetric synthesis of DHBs and
DHQs from retrosynthetically designed substrates. These
complex heterocycles were obtained with excellent conversion,
good isolated yield, and high optical purity (up to >99% ee). It
is important to note that, at higher concentrations (>100 mM)
of both 2-aminophenols and diamines, we observed precip-
itation of the enzyme. In future work, we therefore aim to
enhance the stability of EDDS lyase by directed evolution,
improving its synthetic potential and enabling practical
synthesis of DHBs and DHQs at a large scale. In addition,
we intend to enlarge the arylamine scope of EDDS lyase by
structure-guided protein engineering to access a broader range
of enantiopure building blocks, leading to more complex and
pharmaceutically important N-containing heterocycles. Cur-

https://doi.org/10.1021/acscatal.2c03008
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rent work in our group focuses on screening a large panel of
EDDS lyase homologues for obtaining new biocatalysts for
asymmetric hydroaminations using bulky arylamines that are
not accepted by wild-type EDDS lyase. The results of this
database mining approach will be reported in due course.
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