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a-Aminocyclopropanecarboxylic acid (ACC) and its derivatives are widely distributed in the plant
kingdom, fulfilling diverse roles ranging from regulation of plant life cycles to defensive mechanisms.
The sterically constrained structure of ACC has proven invaluable in the design of numerous drugs,
particularly hepatitis C virus (HCV) NS3/4A protease inhibitors. Indeed, ACC has been instrumental
in the development of multiple generations of potent HCV treatments, with ongoing efforts focused
on further improvements and refinements. The inherent steric constraints of these derivatives present
a significant challenge for their synthesis, especially in enantiomerically pure form. This article pro-
vides a comprehensive overview of synthetic methodologies reported in the literature for the prepa-
ration of ACC and its derivatives. The synthetic strategies discussed herein are organized based on
key transformations, including dialkylation of nucleophilic glycine equivalents, cyclopropanation of
carbenoid glycine equivalents, and addition reactions to dehydroamino acids. Particular emphasis
is placed on asymmetric approaches that enable the preparation of these tailor-made amino acids in
enantiomerically pure form. Furthermore, aspects of Self-Disproportionation of Enantiomers (SDE)
relevant to enantioselective catalysis are highlighted. By compiling these methodologies, we aim to
provide a comprehensive resource and a source of inspiration for researchers in synthetic and medi-
cinal chemistry, as well as drug discovery.

Key words: Amino Acids, Pharmaceuticals, Cyclopropane, Chirality, Synthesis, Nucleophilic Gly-
cine Equivalents, Carbenoid Glycine Equivalents, Dehydroamino Acids, Self-Disproportionation of
Enantiomers (SDE).
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INTRODUCTION.

Amino acids represent a pinnacle of mo-
lecular design. Their orthogonal amino and
carboxylic acid functionalities enable virtual-
ly infinite polymeric peptide structures, while
diverse side chains can introduce a vast array
of additional functional groups, facilitating
non-bonding electrostatic or lipophilic/hydro-
philic interactions. Furthermore, the inherent
chiral stereogenic center adds another dimen-
sion of molecular complexity in three-dimen-
sional space. Early pharmaceutical applica-
tions of amino acids primarily involved dietary
supplements and medical nutrition therapy for
conditions such as malnutrition and metabolic
disorders [1-4]. However, with advancements
in biochemical research, amino acids became
central to the development of hormonal the-
rapies, exemplified by insulin synthesis, which
revolutionized diabetes treatment. Moreover,
peptide-based drugs, derived from amino acids,
pioneered new classes of antibiotics, enzyme
inhibitors, and vaccines [5-8].

In contemporary pharmaceutical science,
amino acids play a pivotal role in biologic
drugs (biopharmaceuticals), targeted ther-
apies, and synthetic medicinal compounds
(small-molecule pharmaceuticals). A signifi-
cant breakthrough, representing a paradigm
shift in drug design, has been the strategic uti-
lization of modified, tailor-made amino acids
in place of their natural counterparts [9-15].
These custom-engineered amino acids can be
rationally designed to enhance drug stability,
solubility, and absorption, thereby optimizing
biological efficacy and enabling more precise
targeted delivery [15-21].

The asymmetric synthesis of a-amino acids
(a-AAs) remains an exciting and crucial area
of research, fueled by ever-evolving scientific
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and practical imperatives [22-41]. Within this
broad field, sterically constrained a-AAs are of
particular pharmaceutical significance, as their
restricted side-chain chi(x)-dihedral angles af-
ford exquisite control over molecular interac-
tions with biological target receptors [42-51].
A prominent class within this category is the
a,B-methano-a-AAs family (Fig. 1), character-
ized by an a-quaternary carbon atom embed-
ded within a highly rigid cyclopropane ring.
This unique structural motif represents the apex
of steric and conformational constraint among
a-AAs [52, 53]. Notably, certain members of
this family are naturally occurring compounds
(vide infra) [54-58]. For instance, 1-aminocy-
clopropanecarboxylic acid (ACC) (1), along
with its 2-methyl (2, 3) and 2-ethyl (4, 5) de-
rivatives, have been identified as constituents
of plant proteins [59-62]. The intriguing bio-
logical properties of the ethyl derivatives 4 and
5 have spurred the development of even more
conformationally restricted tailor-made 2-vinyl
analogues, such as compound 6. Intriguingly,
despite being stereochemically equivalent to 5,
compound 6 exhibits a (1R,2R) absolute configu-
ration as dictated by CIP priority rules [63, 64].

Currently, 1-amino-2-vinylcyclopropane-1-
carboxvylic acids have emerged as crucial phar-
macophoric elements in the design of next-ge-
neration hepatitis C virus (HCV) NS3/4A pro-
tease inhibitors [65]. As detailed in the corre-
sponding section (vide infra), vinyl derivatives
of 1-aminocyclopropanecarboxylic acids have
profoundly impacted the HCV pharmaceutical
landscape, contributing to the development of
over a dozen therapeutic agents. Given the sig-
nificant and ongoing socioeconomic impact of
1-aminocyclopropanecarboxylic acids on the
pharmaceutical industry, a comprehensive re-
view of the available synthetic methodologies
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is both timely and essential. A critical analysis
of these approaches will facilitate the assess-
ment of their respective advantages and limi-
tations, thereby guiding future advancements
in this important field. Considering the inhe-
rently multidisciplinary nature of the chemis-
try, biological properties, and pharmaceutical
applications of cyclopropane-derived a-amino
acids, this review is anticipated to be of broad
interest to graduate students and professionals
across diverse disciplines, including organic,
bioorganic, and medicinal chemistry, bio-
chemistry, pharmacology, virology, and drug
design, as well as process chemists within the
pharmaceutical and chemical industries, and
clinical researchers.

CO,H CO,H D,COzH
>< “NH, § “NH,

1 (1525) 2 (1S2R) 3
CO,H CO,H LOH
{y {% -
(1525) 4 (1R2S) 5 (1R2R) 6

Fig. 1. Family of 1-aminocyclopropane carboxy-
lic acids.

NH

M

H

7§C02H
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R = Me (norcoronatine)7
Et (coronatine) 8

HNT N7

HO,C” 'NH,

camosadine 9

Naturally occurring I-aminocyclopropane-
carboxylic acids and their derivatives.

As discussed in the previous section, ACC 1
(Fig. 1), norcoronamic acid (2), allo-norcoro-
namic acid (3), allo-coronamic acid (4), and
coronamic acid (5) are widely distributed in
the proteins of higher plants, where they play
specific defensive roles [54-62, 66-69]. ACC 1
is particularly notable for its role in the in vivo
production of ethylene, a vital plant hormone
that regulates key processes throughout the
plant’s seasonal life cycle. Ethylene influences
germination, growth, leaf and flower senes-
cence, fruit ripening, and the plant’s response
to various environmental stresses, ensuring
adaptability and survival.

As shown in Fig. 2, ACC 1 serves as a key
structural unit in natural products such as
polycyclic alkaloids, including norcoronatine
(7, R = Me) and coronatine (8, R = Et). These
compounds, isolated from certain pathovars
of Pseudomonas syringae, play a crucial role in
plant-pathogen interactions. Norcoronatine 7
and coronatine 8 exhibit significant biological
activity, primarily as jasmonate mimics. They
can interfere with plant hormone signaling
pathways, contributing to the pathogen’s viru-
lence by suppressing plant defense responses
and promoting disease development [70-73].

cottoquinazoline D10

Fig. 2. Natural products containing residue of ACC 1.
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Carnosadine 9, a guanidino-substituted de-
rivative of ACC 1, isolated from the red alga
Grateloupia carnosa, represents an interesting
divergence from other ACC-derived natural
products like norcoronatine 7 and corona-
tine 8. This naturally occurring compound is
notable for its structural uniqueness, specifi-
cally the incorporation of a guanidine substi-
tuent, which introduces a strongly basic center
and the potential for different types of mole-
cular interactions compared to the alkyl-sub-
stituted cyclopropanes. While its full functio-
nal profile is still being elucidated, the presence
of a guanidino group suggests its involvement
in various biochemical pathways, potentially
influencing enzyme activity and physiological
regulation in ways distinct from other ACC
derivatives. [74, 75].

Cottoquinazoline D 10, a complex quina-
zoline alkaloid containing a residue of ACC
1, belongs to the fumiquinazoline family, a
significant class of natural products primar-
ily isolated from marine and fungal sources
known for their structural diversity and bio-
logical activities. Cottoquinazoline D 10 itself
has demonstrated promising antimicrobial,
cytotoxic, and enzyme-inhibitory proper-
ties, aligning with the broader pharmaceuti-
cal interest in fumiquinazolines as a source
of bioactive compounds. The presence of the
ACC 1 unit within this polycyclic scaffold un-
derscores the importance of this constrained
amino acid in the biosynthesis of structurally
complex and biologically active natural pro-
ducts [76-78].

1-Aminocyclopropanecarboxylic Acid Deriva-
tives: Essential Pharmacophores for Next-Gene-
ration HCV NS3/4A Protease Inhibitors.

Viral infectious diseases pose significant
challenges to treatment. Recent high-profile
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examples include the COVID-19 pandemic
and the Ebola virus epidemic in West Africa
[79-81]. While the hepatitis C virus (HCV)
may not currently dominate alarming head-
lines, its impact on global health remains
significant, causing substantial liver-related
morbidity and mortality. The World Health
Organization estimates that nearly 170 million
individuals worldwide are living with chronic
HCV infection, with approximately 3.5 million
new cases occurring annually and 350,000 to
500,000 deaths each year attributed to HCV-re-
lated liver diseases [82]. A crucial turning point
in HCV treatment was the development of the
first generation of direct-acting antiviral drugs,
including the tailor-made a-amino acid-de-
rived NS3/4A protease inhibitors boceprevir
11 [83] and telaprevir 12 [84] (Figure 2). These
drugs marked a significant step forward in
combating this persistent viral infection. The
first-generation direct-acting antiviral drugs
boceprevir 11 and telaprevir 12, although a
significant step forward in their time, were vo-
luntarily withdrawn from the market by Merck
and Vertex in 2015. This decision reflected the
clinical superiority and improved tolerability
of subsequently developed all-oral direct-act-
ing antiviral regimens, which have funda-
mentally altered the landscape of Hepatitis C
treatment.

Boceprevir 11 and telaprevir 12 are all-tai-
lor-made amino acid-based drugs, specifically
a tri- and tetrapeptide, respectively. Interes-
tingly, both feature cyclopropane rings, a struc-
tural motif that also connects them to the se-
cond-generation direct-acting ACC 1 contain-
ing antiviral drugs asunaprevir 13 (Fig. 4) [85],
simeprevir 14 [86], paritaprevir 15 [87], and
vaniprevir 16 [88], all of which received FDA
approval for HCV treatment around 2015.
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Fig. 3. The first-generation direct-acting antiviral drugs boceprevir 11 and telaprevir 12.
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While these compounds 13-16, being di- or
tripeptides, share some structural similarities
with the earlier drugs boceprevir 11 and tela-
previr 12, a key distinguishing feature in their
design is the significant conformational con-
straint imposed by the residue of ACC 1 often
integrated within three distinct types of mac-
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Fig. 4. The second-generation ACC 1 derived antiviral drugs.

rocyclic motifs [89]. The rapid and successful
development of these four drugs 13-16 repre-
sents a remarkable achievement in a relatively
short timeframe, underscoring the power of
rational drug design. However, the full phar-
maceutical potential of ACC 1 and its diverse
array of derivatives remains largely untapped
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and ripe for further exploration. The unique
steric and conformational properties impart-
ed by the cyclopropane ring in ACC 1 offer a
powerful tool for modulating molecular inter-
actions and pharmacokinetic profiles, suggest-
ing a wealth of opportunities for the design of
novel therapeutics beyond HCV treatment.
What is particularly noteworthy is the cur-
rent development pipeline, featuring numerous
novel drug candidates incorporating the ACC 1
moiety. To illustrate the chemical architecture of
current-generation HCV treatment drugs, we
have selected neceprevir 17 [90], danoprevir 18
[91], glecaprevir 19 [92], and GS-9256 20 [93].
Chemically, these compounds are peptidomi-
metics that share a central hydroxyproline core
and ACC 1 as key structural elements. Addi-

H 900
N/A

jj,\o
o

N
H

o .
glecaprevir 197,

Vv L

tional steric constraints, enabling more precise
biological interactions, are introduced through
macrocyclic bridges and bulky aromatic groups.
Furthermore, these structures are stereochemi-
cally complex, possessing an average of five or
more stereogenic centers and existing as single
enantiomers [94], highlighting the critical im-
portance of the precise three-dimensional posi-
tioning of all functional groups. Notably, these
structures also strategically incorporate fluorine
[95-97] for fine-tuning their biopharmaceutical
properties and metabolic stability, underscoring
the significant role of fluorine in modern phar-
maceutical design [98-100]. Finally, as exempli-
fied by GS-9256 20, the application of phos-
phorus analogs of carboxylic acids represents a
growing trend in drug design [101-103].

GS-9256 20

Fig. 5. Recent antiviral drugs incorporating ACC 1 and fluorine substitution.
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Given the widespread occurrence of ACC
and its derivatives in natural products, coupled
with the remarkable success of ACC-based
compounds in the design of numerous HCV
drugs, it is reasonable to expect that the syn-
thesis of ACC has garnered significant atten-
tion. The extensive body of synthetic metho-
dologies will be classified in the subsequent
sections based on the mode of ACC skeleton
construction.

Successive di-alkylation of nucleophilic gly-
cine equivalents

The first synthesis of racemic vinyl-ACC 23
was reported in 1981 by a group of biochemists
studying the biological mechanism of ethylene
production in plants [104]. The procedure was
based on the alkylation of the starting Schiff
base 21, derived from glycine methyl ester and

Br/\/\/ Br

LDA/THF

N
~
NZ NS 78 °C

21

Ph._N_ COMe

benzaldehyde (Scheme 1). The vinyl-cyclopro-
pane ring was formed in a key step, involving
an intermolecular S 2 alkylation followed by
intramolecular S 2’ cyclization of glycine Schiff
base 21 with trans-1,4-dibromo-2-butene.
A notable aspect of this approach is the high
stereochemical control: the S 2-S 2° dialkyla-
tion of glycine derivative 21 proceeded with
complete relative stereochemistry, yielding the
diastereomerically pure intermediate 22, which
was then converted to the free amino acid 23
via acidic hydrolysis. The reactions were con-
ducted under homogeneous conditions using a
strong base (LDA) in THF at low temperature.
This § 2-S 2 dialkylation sequence proved to
be a synthetically general and concise route to
the vinyl-ACC skeleton, and has been employed
in many subsequent studies.

@ HQN COQH
H

22 | 23 |

Scheme 1. Synthesis of vinyl-ACC 23 via S 2-S 2’ dialkylation of Schiff base 21.

This approach was thoughtfully designed
for large-scale synthesis, with careful conside-
ration of the cost structure [105], reaction
simplicity, and operational convenience [106—
108]. For the construction of the vinyl-ACC
framework, the authors selected the straight-
forward S 2-S 2’ dialkylation sequence. The
reaction of glycine ethyl ester Schiff base 24
(Scheme 2) with trans-1,4-dibromo-2-butene
was systematically studied using a variety of
bases and solvents. It was found that aprotic
solvents were essential for high diastereose-
lectivity. In particular, the reaction conducted

https://ucj.org.ua

in toluene with lithium tert-butoxide as a base
yielded the desired cyclopropane 25 with vir-
tually complete diastereomeric purity. After
Schift base deprotection and simple purifica-
tion by several extractions, diastereomerically
pure racemic 26 was converted into Boc-pro-
tected vinyl-ACC ethyl ester 27 in 65-70%
overall yield. Enzymatic resolution of diaste-
reomerically pure ethyl ester 27 using Alcalase
proceeded with very high enantioselectivity,
producing a mixture of (1S,2R)-28, as a free
acid, and (1R,25)-29, as an ethyl ester.
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Ph._ N__CO,Et base/solvent
24
Boc,O ﬁ CO,Et
0C2 r e 2
TBME Boc Alcalase
27 |

N_ COsEt 0 H,N_ CO,Et
25 | 26 |
N COH H
Boc” j\> 2 BOC/N,‘ COzEt
‘ +
H '/| H\‘
28 29 |

Scheme 2. Enzymatic approach for preparation of enantiomerically
pure derivatives 28 and 29.

In general, enzymatic resolutions of steri-
cally constrained a-amino acids are challeng-
ing [109-111] as most natural enzymes are
sterically sensitive and adapted to the typical
structure of a-unsubstituted amino acids.

Enantioselective adaptation of the S 2-S 2’
dialkylation sequence strategy, employing a
chiral phase transfer catalyst (Scheme 3) [112,
113]. Extensive efforts to refine the catalyst’s
structure ultimately led to the breakthrough
discovery of the catalyst 32, with the benzylic
moiety substitution proving essential—its un-
substituted benzyl counterpart 31 delivered a
mere 2% ee of 30. With catalyst 32, the syn-
thesis of 30 achieved an impressive 77% enan-

Br
Ph._N.__CO,Et NaOH/toluene

Cat.

24 30

tiomeric excess (ee) and 78% yield, marking a
significant advancement. However, meticulous
control over reaction conditions was crucial—
water content and sodium hydroxide selection
played pivotal roles in minimizing undesirable
byproducts, particularly ester saponification.
Notably, pin-milled NaOH with fine particle
size (~30 um) ensured complete conversion
within 24 hours at 0°C, whereas commercial
powdered NaOH led to extended reaction
times and diminished yields. These findings
underscored the profound impact of precise
reagent selection and process optimization in
achieving superior synthetic outcomes.

AA~Br Ph N, COEL Cat.

%fa@

R=H 31
R:CF332

Scheme 3. Enantioselective synthesis of vinyl-ACC 30 under PTC conditions.
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It is important to note that the isolation and
purification of product 30 in this study relies
on column chromatography procedures, which
are known to be associated with the pheno-
menon of Self-Disproportionation of Enanti-
omers (SDE)—a widely reported occurrence
in chiral amines and amino acid derivatives
subjected to achiral column chromatography
[114-116]. As a result, unless a dedicated SDE
study on compound 30 is conducted, the re-
ported stereochemical outcome [112, 113]
should be regarded as tentative.

The elegant chemical transformation of gly-
cine ethyl ester Schift base 21 with alkylating
reagent 33 is illustrated in Scheme 4 [117]. The
four-carbon framework of 33 contains three
electrophilic sites with distinct reactivity, enab-

ling a stepwise alkylation cascade. The reaction
proceeds under operationally convenient con-
ditions, employing NaH as the base. The first
two alkylation steps follow a typical S 2-S 2
sequence, yielding intermediate 34. Subsequent
neutralization of the reaction medium, followed
by re-exposure to basic conditions using K,COs,
initiates the third and final alkylation, culminat-
ing in the formation of the sterically constrained
bicyclic architecture 35. Most notably, the use of
enantiomerically pure (S)-33 efficiently trans-
mits stereochemical information, directing the
configuration of two newly formed stereogenic
centers. As a result, the process affords the dia-
stereomerically pure intermediate (2S,3R)-34,
ultimately leading to the final product (2S,35)-
35 with exceptional stereochemical fidelity.

Cl
0 (é)w
=Q_~ )
O// @) thN '\\C02Me 1.H H CO-H
Ph. _N__ CO,Me () 33 \D 2.KyCO;  Na™ 72
/\\\“ 3He
21 Na/DME ~ Cl
(2S,3R) 34 (25,39)35

Scheme 4. Asymmetric synthesis of bicyclic ACC derivative 35.

Asymmetric synthesis of a-amino acids via
Ni(II) complexes of glycine Schiff bases, such
as those of type 36, represents a well-estab-
lished and widely used methodology (Sche-
me 5) [118-121]. Homologation of the gly-
cine moiety within chiral Schiff base 36 can be
achieved through various reactions, including
aldol [122-125], Michael [126-129], and Man-
nich [130-132] additions, as well as alkyl ha-
lide alkylation [133, 134], including reactions
with sterically constrained derivatives [135,
136], dialkylation [137-139], and bisalkylation
[140] reactions. Therefore, the application of

https://ucj.org.ua

the Ni(II) complex 36 holds significant poten-
tial for the preparation of ACC derivatives. In
this context, the Ni(II) complex of Schiff base
(R)-36, readily prepared from glycine, Ni(II)
acetate or chloride, and an (R)-proline-deri-
ved ligand 41 [141, 142], was reacted with
trans-1,4-dibromo-2-butene under solid-li-
quid phase-transfer catalysis (PTC) conditions
[143, 144], using solid NaOH in the presence
of tetrabutylammonium iodide (TBAI). This
PTC alkylation yielded a mixture of mono-
alkylated products 37 and 38 in a 4:1 ratio,
with an overall yield of 79% [145, 146].
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Scheme 5. Asymmetric synthesis of vinyl-ACC 42 via proline-derived chiral Schiff base 36.

The relatively low diastereoselectivity at
this stage was inconsequential, as both dia-
stereomers 37 and 38 were utilized in the sub-
sequent intramolecular alkylation. The S 2
alkylation was accomplished by treating the
resulting mixture with sodium tert-butoxide,
affording the target vinylcyclopropanes 39
and 40 in a 9:1 ratio and a 73% yield. Notably,
the direct one-pot sequential S 2-S 2’ dialky-
lation of 36 under homogeneous conditions
in N,N-dimethylformamide (DMF) did not
produce the desired products 39 and 40, sug-
gesting that these conditions are too harsh for
the reagents and intermediates, which possess
multiple reactive centers. Following chromato-
graphic separation, the diastereomerically pure
major product 39 was treated with 1 N HCI,
resulting in the decomplexation of the Ni(II)
complex and the formation of chiral ligand 41,
along with the desired vinyl-ACC 42. The chi-
ral ligand 41 was recycled and used to gene-
rate new batches of the starting glycine Schiff
base Ni(II) complex 36. The target vinyl-ACC

36

42 was isolated using a cation exchange resin.

Chiral glycine Schift base Ni(II) complex
36 was also employed in the highly diastereo-
selective synthesis of norcoronamic acid (2)
(Scheme 6) [147]. A key feature of this reaction
is that both starting compounds—the Ni(II)
complex of Schift base 36 and the correspond-
ing ester—are chiral and possess matching (S)
absolute configurations. This double asymmet-
ric induction leads to complete diastereose-
lectivity in the formation of the cyclopropane
ring. Consequently, the product 43 required
no additional purification before being disas-
sembled to yield the target norcoronamic acid
(2) and chiral ligand 41. Interestingly, attempts
to use the racemic sulfate resulted in a 1:1 ratio
of the corresponding diastereomers, indicating
no significant kinetic resolution in the alkylat-
ing reagent. It should be noted that noticeable
kinetic resolution was observed in the alkyla-
tion of chiral Schiff base Ni(II) complexes of
type 36 with racemic a-alkylbenzyl bromides
[49, 148].
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Scheme 6. Asymmetric synthesis of norcoronamic acid (2) via chiral Schiff base 36.

The synthetic potential of Ni(II) complex-
es derived from glycine chiral Schiff bases in
the field of asymmetric AA synthesis has dri-
ven the development of next-generation de-
rivatives designed for large-scale preparation
of tailor-made AAs with enhanced efficiency
[149-151]. For example, informed by exten-
sive crystallographic data [152], Ni(II) com-
plex 44 (Fig. 6) was strategically engineered
with chlorine atoms to optimize its perfor-
mance in asymmetric transformations [153,
154]. This complex has demonstrated remar-
kable efficiency in dynamic kinetic resolution

Cl

(5)(5)-44

(S)(S)-45

of racemic AAs [155, 156]. Similarly, Ni(II)
complex 45, featuring two elements of chirali-
ty, has shown exceptional selectivity in alky-
lation and aldol addition reactions, benefiting
from double asymmetric induction, where
central and axial chirality are stereochemical-
ly matched [121]. Meanwhile, Ni(II) complex
46 [157, 158] has emerged as the most effective
catalyst in processes governed by second-order
asymmetric transformation control [159], fur-
ther expanding the potential of Ni(II)-based
systems in complex synthetic applications.

(Sc)(Sn)-46 (S)-47

Fig. 6. New generation Ni(II) complexes of chiral nucleophilic glycine equivalents.

Ni(II) complex 47, derived from C,-sym-
metric bis(naphthyl)amine [160-162], holds
significant potential for the asymmetric syn-
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thesis of AAs. Its application in the synthesis of

vinyl-ACC derivatives is illustrated in Scheme

7 [163].

37




ORGANIC CHEMISTRY

CUTTING-EDGE STRATEGIES IN THE ASYMMETRIC SYNTHESIS OF a-AMINOCYCLOPROPANE CARBOXYLIC ACIDS:

ESSENTIAL SCAFFOLDS FOR DRUG DISCOVERY.

After extensive experimentation, it was de-
termined that the two-step S 2-S 2’ dialkyla-
tion of the glycine moiety in 47 was best car-
ried out using a two-step approach. First, the
reaction was performed under phase transfer
catalysis (PTC) conditions with the corre-
sponding dibromide, employing 30% aqueous
NaOH in the presence of TBAI, yielding pro-
duct 48 as the major diastereomer (70:30 ra-
tio). Without purification, the diastereomeric
mixture was then treated with sodium tert-bu-
toxide, leading to the cyclopropane-cyclized
Ni(II) complex 49 with an 83% overall yield
and exceptional diastereoselectivity (99.5%
de)—highlighting the superior stereocon-

NaOH/H,0
TBAI, CH,Cl,

87%

trolling properties of 47 compared to the pro-
line-derived complex 36.

Product 49, without further purification,
was subsequently disassembled by treatment
with 1N HC], affording free vinyl-ACC 42 and
chiral ligand 50, which were efficiently sepa-
rated via simple extraction. Vinyl-ACC 42 was
further purified using a cation exchange resin.

Notably, ligand 50 is highly stable and not
prone to racemization under typical organic
synthesis conditions, making it virtually indefi-
nitely recyclable and reusable. In this regard, the
application of ligand 50 presents a more eco-
nomical and practical approach—even surpass-
ing the efficiency of enantioselective catalysis.

Cl ($)(R,35)-49

99.5
1 % de
E HO._O
N’ + R
: ».w\
J\ H,NTN/
NH O
Ph (1R25)-42
Cl  ($)-50

Scheme 7. Asymmetric synthesis of vinyl ACC 42 via Ni(II) complex of Schift base
derived from axially chiral ligand 50.

This synthetic sequence was carried out
using 33 g of Ni(II) complex 47, yielding 4.5 g
of vinyl-ACC 42. The process demonstrates a
virtually complete stereochemical outcome, a
fully recyclable chiral source, and operational
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simplicity, ensuring convenient and efficient
reaction conditions. Moreover, the proven
scalability of Ni(II) complex chemistry further
supports its potential for broad synthetic ap-
plications.
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(Diphenylmethylene)aminoacetonitrile 51
represents another type of nucleophilic glycine
equivalent, utilized in the synthesis of ACC 1
via a dialkylation sequence. The cyclopro-
pane ring was efficiently formed under PTC
conditions using 1,2-dibromoethane as the
electrophilic agent, in the presence of sodium

B

Br/\/ T
PTC

Ph YN\/CN NaOH/BnNEt;Cl

Ph -
51

[ ] O [ ]

e CN___CO,-1-Bu l/\ o« CN
base

53 .

54

hydroxide as a base [164-166]. Subsequent
acidic hydrolysis removed the Schiff base and
CN protecting groups in 52, yielding the tar-
get compound ACC 1. Notably, this approach
is remarkably straightforward and well-suited
for large-scale synthesis.

Ph. _N_ CN H,N_ _CO,H
Y H
i X
52 1
CO,-t-Bu tl);dé\gSCl H,N_ _CO,H
OH 2. KO-t-B A
. -[-DU
3. HCI S5

Scheme 8. Preparation of ACC 1 via dialkylation of (diphenylmethylene)aminoacetonitrile 5
and synthesis of allo-norcoronamic acid 55 via dialkylation of isocyanoacetate 53

Isocyanoacetates are highly versatile re-
agents in amino acid synthesis, exhibiting
unique reactivity due to their electron-with-
drawing isocyanide and ester functional
groups. Their ability to serve as nucleophilic
glycine equivalents makes them particularly
valuable for the tailored construction of amino
acids via alkyl halide alkylations and various
addition reactions [167-171]. For example,
the alkylation of isocyanoacetate 53 with pro-
pene oxide proceeds efficiently in the presence
of butyl lithium at -78 °C, yielding product
54 with an excellent yield (>90%). Subsequent
mesylation of the hydroxyl group in 54 is fol-
lowed by a second alkylation step that induces
cyclopropane ring formation. A final hydroly-
tic cleavage of the isonitrile and ester protect-
ing groups affords ACC 55 with an overall yield
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of approximately 50%. Notably, this cyclization
protocol strongly favors the stereochemistry of
allo-norcoronamic acid, with the major dia-
stereomer comprising over 85% of the product
[172,173].

An intriguing example of intramolecular
alkylation within the proline framework is il-
lustrated in Scheme 9. Naturally occurring
and properly protected hydroxyproline 56 was
treated with CBr4/PPhs, facilitating the stereo-
selective substitution of the hydroxyl group
with a bromine atom. The resulting interme-
diate 57 was then exposed to harsh reaction
conditions, utilizing an excess of a strong base
in THF at —78 °C, forcing the formation of an
extremely sterically constrained bicyclic sys-
tem 58, consisting of four- and three-mem-
bered rings. Remarkably, despite significant
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steric strain, the process achieved a respectable
yield. Most notably, this cyclization reaction
proceeded in a highly stereoselective manner,

converting (S)-configured hydroxyproline 56
into the (2R,3R)-bicyclic system 58 with im-
pressive selectivity [174].

HO/,' Br 5
mcon e CBry, PPh; mCone LiHMDS  HO,C (™
N S N &
‘BOC 78% Boc >50% Boc”
(5)-36 (8)-57 (2R 3R)-58

Scheme 9. Preparation of bicyclic ACC 58 from hydroxy proline 56.

Another example of intramolecular cycliza-
tion of amino acid derivatives, resulting in the
formation of a cyclopropane ring, is presented
in Scheme 10. In this case, the w-carboxy group
in properly protected glutamic acid 59 was sub-
stituted with a bromine atom, and the resulting
compound 60 underwent intramolecular cycli-
zation. The formation of the three-membered
ring was achieved using NaH in THF at -78 °C.

HOZC\/YCOzMe Br\/\rCOzMe

—_—

HN.
COan

59 60

It should be noted that the application of two
equivalents of NaH was necessary, as one mole
of the base was used to ionize the N-H bond.
The cyclization proceeded cleanly at the a-car-
bon, with no products of N-alkylation observed.
Following cyclization, hydrolysis of the ester
group and deprotection of CO,Bn using hydro-
gen over a palladium catalyst afforded the target
compound, ACC 1 [175-178].

1. NaH

THF

H,N__CO,H

HN.
COzBH

2. NaOH K

3.Hy/PdC 1

Scheme 10. Preparation of ACC 1 via intramolecular cyclization of glutamic acid derivative 60.

Alkyl 2-nitroacetates as carbenoid glycine
equivalents.

Reactions between carbenes and alkenes
represent one of the most widely utilized ap-
proaches for constructing cyclopropane rings
[179]. In this context, compounds 61 and 62
(Fig. 7), each contributing a single carbon
atom to the three-membered ring and carrying
amino and carboxyl groups, can be regarded
as suitable carbenoid glycine equivalents for
the synthesis of tailor-made ACC derivatives.
However, the precursors of carbenes 61 and
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62—such as the corresponding diazo com-
pounds—are highly unstable, requiring strong-
ly electron-withdrawing or aromatic substi-
tuents directly attached to the carbene carbon.
Consequently, nitroacetates 63 may serve as
generalized carbenoid glycine equivalents. The
synthesis of ACC derivatives via carbenes 63
will thus necessitate an additional step invol-
ving chemo-selective reductive transformation
of the nitro group into the requisite amino
group [180, 181].
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[ BN ] ( BN
PN
Ph” N7 TCOAk  RNT COAK 0N O COLAlK
61 62 63

Fig. 7. Carbenoid glycine equivalents.

For example, the cyclopropanation reaction
has been extensively studied using various dia-
zoesters 64 (Scheme 11). The yields are gene-
rally high, while the diastereoselectivity varies
significantly and is strongly influenced by the
nature of the alkyl ester group [182]. The for-
mation of the frans isomer 65 is typically fa-
vored over the cis diastereomer 66, though the
ratio is clearly dependent on the steric bulk of

the ester alkyl group—highest for methyl and
lowest for tert-butyl. The nitro group was ef-
ficiently reduced to the corresponding amino
functionality using either zinc or indium in the
presence of hydrochloric acid [183]. Notably,
this procedure can be carried out on a scale ex-
ceeding 250 g without any loss in yield or ste-
reoselectivity.

Z>Ph Ph
N
g Phy(OAC), I>,c02R * oCOR R Yield65 66
O,N~ "CO,R %  trans sic
64 (CH2C12,4hrs NOz Me 78 91 9
ambient temp. 65 u 66 Rt 80 88 12
[H] iPr 78 75 25
Ph tBu 81 55 45
[H] = Zn/HCl 75% Y>,COZR i>,COZR
WHCH 72% NH,
68

Scheme 11. Rh-catalyzed cyclopropanatlon of nitrodiazoesters with styrene, followed
by the reduction of the nitro group to an amino group.

Intramolecular cyclopropanation of mole-
cules containing both unsaturated and a-nit-
rodiazoester functionalities has been success-
tully carried out (Scheme 12) [184]. Rhodium
complexes derived from bulky carboxylate li-
gands, such as rhodium bis(1-adamantanecar-
boxylate) dimer (Rh,(OCOAd),), achieved the
highest yields of cyclopropanation products.
Treatment of nitrodiazoester 69, bearing a
substituted unsaturated moiety, with a catalytic
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amount (0.5%) of rhodium catalyst prepared
with adamantyl carboxylate in dichloromethane
at mild heating (40°C) for about four hours re-
sulted in the formation of a bicyclic product 70
with good isolated yields. As expected, higher
yields (95%) were observed for products with
minimal steric hindrance and ring strain (n =
3, R = H). Notably, in all cases studied, only a
single diastereomer containing NO, and R in
the bridged position was isolated.
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0]
N, R
o R Ph,(OCOAd) 0 NO,
02N N CH2C12 ~4 hrs (
n >
0 R R = H, Me n R
70

Scheme 12. Rh-catalyzed intramolecular cyclopropanations.

Cyclopropanation via nitrodiazoacetate
reactions, as precursors to carbenoid glycine
equivalents, can be successfully carried out in
a catalytic enantioselective manner. As shown
in Scheme 13, the enantioselective cyclopro-
panation of ethyl a-nitrodiazoacetate 71 with
terminal olefins is efficiently catalyzed by the
chiral porphyrin-based cobalt(II) complex 72
[186—-188]. The reaction proceeds in normal
hexane at temperatures ranging from 0 °C to
ambient conditions over a 24-hour period.
This process enables the enantioselective for-
mation of the corresponding cis isomer 73,
wherein the nitro group and R are positioned
cis relative to each other. While yields and
enantioselectivities are generally high, the ste-

N, 72 R
I + N 0 s COR
R (1-5mol %) >,
ON" COEL n-hexane NO,
71 73

R = 4-Me-Ph, 3-NO,Ph, 4-1-Bu-Ph, 4-CI-Ph,
n-Bu, CHzCHz-Ph, COzMe, COzEt, CONMCZ

reochemical outcomes were not confirmed via
SDE tests. Specifically, enantioselectivity data
was obtained after product purification by co-
lumn chromatography, followed by high-va-
cuum drying—potentially allowing for SDE
effects via achiral chromatography [189-191]
and sublimation [192-194]. Notably, when R is
an aryl substituent, enantioselectivity reaches
approximately 90% ee, whereas alkyl and car-
bonyl derivatives exhibit enantioselectivities in
the range of 75-88% ee. Reported yields vary
significantly, ranging from 42% to 92%, high-
lighting the need for a more precise and sys-
tematic study of these cyclopropanation reac-
tions.

Scheme 13. Enantioselective chiral Co-complex catalyzed cyclpropanation reactions.
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Another example of enantioselective cyc-
lopropanation, specifically involving (Z)-1,2-
disubstituted olefins and nitrodiazoacetates,
is presented in Scheme 14 [195]. The catalyst
used in this synthesis, bis-oxazoline 75, fea-
tures two distinct substituents (Me and Bn) on
the carbon bridging the two moieties and has
been demonstrated as a preferred catalyst for
enantioselective cyclopropanation of disubsti-
tuted olefins with diazoesters [196]. Treatment
of (Z)-olefins 74 and ethyl nitrodiazoacetate
71 with copper complexes of bis-oxazoline 75

resulted in the formation of products 76, with
moderate yields and exhibiting excellent dia-
stereoselectivity (>99:1) and enantioselectivity.
Medium-range chemical yields combined with
high enantioselectivity often indicate the mani-
festation of SDE effects [197-199]. This me-
thod is quite versatile, as the substituent R can
be either an aryl group or an olefinic residue
and can be further extended to cyclic alkenes.
The only notable limitation of this approach
is the requirement for the corresponding
(Z)-olefins.

N2 Bn
2 X KR 45 (5mol %) )>/COZR O\%Qro
O,N CO,E AgSbF 2, .
) HEt 850k . NO, Ph Q/{\I N|\8~Ph
71 74 benzene 76 P}f 75 Ph
R Ph 4-Br-Ph 4-Me-PhPh b-styryl

yield (%) 56 59 59 65

ee (%) 95 97 97 85

Scheme 14. Chiral Cu-complex catalyzed enantioselective cyclopropanation
using nitrodiazoacetates and (Z)-1,2-disubstituted olefins.

As noted above (vide supra), diazo com-
pounds rapidly decompose under standard
conditions in the absence of stabilizing elec-
tron-withdrawing substituents [200]. As dis-
cussed in this text, nitrodiazoacetates serve
as excellent reagents for various cyclopropa-
nation reactions. The search for alternative
approaches led to the discovery of a method
utilizing the corresponding phenyliodonium
derivatives [201], which are formed in situ
from nitroesters and phenyliodonium acetate
[202-204]. This approach exhibits reactivity
remarkably similar to Rh-catalyzed cyclopro-
panation with nitrodiazoacetates, suggesting
the intermediate formation of identical metal—
carbene species. As illustrated in Scheme 15,

https://ucj.org.ua

ethyl nitroacetate 77 and an excess (5 eq.) of
olefin are treated with PhI(OAc), (1.1 eq.) and
Rh,(Piv), (0.5 eq.) in dichloromethane at am-
bient temperature, yielding cyclopropanation
products 78 with good yields (>80%). These
reactions are highly robust and can be per-
formed in near-open-air conditions, under-
scoring the practicality of this approach. The
Ar group can be either a substituted phenyl
or a naphthyl moiety, and the methodology
extends to cis-disubstituted and cyclic olefins,
further enhancing its versatility and synthetic
value. It is proposed that the reaction proceeds
via in situ formation of phenyliodonium deri-
vatives 79, followed by the generation of ruthe-
nium-—carbene species 80.
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PhI(OAc), R

Rh,(OPiv) CO.R

O,N /\C02Et + /\Ar 2 4 "’NOZ

- CH,Cl, -8

l PhI(OAc), N V

Ph

Il" [Rh] [Rh]
O,N” “COEt  pp; O,N )J\COQEt

79 80

Scheme 15. Rh-Catalyzed approach for cyclopropanation reaction of nitroacetates
and olefines via phenyliodonium derivatives.

The enantioselective catalytic version of this
reaction can be achieved using chiral bisoxa-
zoline ligands in combination with copper(I) as
the metal catalyst. As illustrated in Scheme 16
[205-207], methyl nitroacetate 81 reacts with an
excess (5 eq.) of terminal olefin in the presence
of PhI=0 (1.1 eq.), AgSbF, (2.4 mol%), Na,CO,
(2.3 eq.), CuCl (2 mol%), and either chiral bi-
soxazoline 82 or 84, leading to the formation
of cyclopropanation products 83 or 85, respec-
tively. The reactions are carried out in benzene
at ambient temperature for approximately two
hours. The reported chemical yields and stereo-
chemical outcomes are generally favorable. The
substituent R on the olefin counterpart can be a
mono-substituted phenyl or naphthyl ring, or a
vinyl group. Unfortunately, SDE tests were not
conducted [208-210], and the enantiomeric
purity values were obtained only after product
isolation, purification via column chromatog-
raphy, and subsequent drying under high vacu-
um. Interestingly, the variability in the reported
enantioselectivity is difficult to rationalize based
on differences in the electronic or steric proper-
ties of substituents such as Me, MeO, Cl, or even
t-Bu groups situated in the remote para-position
of the phenyl ring, far from the reaction center.
However, these substituents do contribute to
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variations in the physicochemical properties of
the products, affecting their SDE profiles under
achiral chromatography conditions and their
volatility (sublimation) [211-213].

An alternative approach for generating an
in situ carbenoid glycine equivalent is present-
ed in Scheme 17. In this method, the oxalic
acid-derived compound 86, which contains an
activated carbonyl group, reacts with P(OEt);
in chloroform under reflux conditions, yield-
ing cyclopropanation product 89 with mode-
rate efficiency and reasonably good diastereo-
selectivity governed by the stereogenic center
of the starting azetidinone 86 [214]. The re-
action proceeds via interaction between the
amide carbonyl of 86 and P(OEt)s, leading to
the formation of betaine intermediate 87. This
intermediate stabilizes through the elimina-
tion of PO(OEt),, generating free carbene 88,
which subsequently undergoes intramolecular
cyclopropanation by reacting with terminal
olefin residues. The resulting diastereome-
ric mixture of products can be separated via
column chromatography, affording the major
diastereomer with a yield of 42%. Despite the
relatively low-to-moderate yields, this metho-
dology has been employed for the synthesis of
various carbacepham analogs [215].
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PhI=O -
82 .\\COZMG
1
CuC D‘Noz
benzene 83
P /\
+ =
02N COZMC R PhI=O R
84 cuc
81 u b,cone
benzene “NO,
85
OT><WO R Ph 4-Me-Ph 4-/Bu-Ph  4-Cl-Ph
X yield %) 79 78 79 45
N h ee (%) 93 95 90 91

ee (%)

R 4-Me-Ph 4-MeO-Ph 4-Cl-Ph

Ph g P
OMO
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Ph g4  Ph
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Scheme 16. Cu-Catalyzed enantioselective catalytic cyclopropanation of nitroacetates
and olefines via phenyliodonium derivatives.

OAc O > O_
;ZLO P(OEY); :
N

Y, CHCL,

O

86

87

—_—

- PO(OEY), N—.

OAc
% 0
N
ﬁlf O-P(OEt);
o) ®

ol

88 89

Scheme 17. Cyclopropanation reaction via in situ generation of carbenoid
glycine equivalent using P(OEt).,.

Fischer dialkylaminocarbenes are known to
react with olefins to form cyclopropane rings
[216]. The application of these reagents as car-
benoid glycine equivalents for the synthesis
of ACC derivatives is illustrated in Scheme 18
[217]. First, the Fischer dialkylaminocarbene
complex 92 is prepared from alkyl 2-(dime-
thylamino)acrylate, a dehydroalanine deri-
vative 90, and reagent 91. Next, the Fischer
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complex 92 is treated with an excess (4 eq.) of
terminal olefin in refluxing toluene, yielding
cyclopropane product 93 with variable efh-
ciency (40-70%) but consistently high diaste-
reoselectivity (~95/5). However, the primary
limitation of this approach is that it only allows
for the preparation of ACC derivatives featu-
ring a dimethylamino group.
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:<0Me

(CO)sCr PN R

91 Ph s ZR W>,C02R

Me;)N™ "COAKk = 7 Me,N~ ~CO,Alk “"NMe,
90 92 R = Ar, Alk 93

Scheme 18. Application of Fisher dialkylaminocarbene complex
in cyclopropanation reactions with olefines.

Cyclopropanation of dehydroamino acids.

As discussed in Scheme 18, dehydroalanine
derivatives can be transformed into corres-
ponding carbenoid glycine equivalents, con-
tributing one carbon atom in cyclopropana-
tion reactions with alkenes. This strategy can
also be reversed, allowing dehydroalanine to
act as an olefin, contributing two carbon atoms
in reactions with carbenes [218-220]. A simp-
le example of this alternative approach is the
reaction shown in Scheme 19, where proper-
ly protected (Z)-dehydrotryptophan 94 reacts
with diazomethane to yield the spiro cyclopro-

0
2
N™ “ph CH,N,
N\
N Et,0
Ac 94

Ac

panation product 95 as a single diastereomer,
albeit with a relatively low yield (34%). The
reaction proceeds overnight at ambient tem-
perature in diethyl ether. The use of (E)-de-
hydrotryptophan also affords the correspond-
ing diastereomer of 95 with excellent diaste-
reoselectivity. Cycloaddition product 95 can
be conventionally converted into free amino
acid 96 via acidic hydrolysis [221]. Notably,
tailor-made tryptophan derivatives are parti-
cularly useful for studying peptide folding and
peptide-peptide interactions [222-224].

O o
i, i
N//k Ph H® { NH;
N
95 H 96

Scheme 19. Cyclopropanation of dehydrotryptophane with diazomethane.

This method can be extended to the use of
substituted diazomethanes for the synthesis of
ACC derivatives featuring multiple substitu-
ents on the cyclopropane ring. One notewor-
thy example is illustrated in Scheme 20 [225].
In this approach, trifluoromethyldiazomethane
reacts with a series of dehydroamino acids 97,
enabling the preparation of various tailor-made
B-amino acids 99 constrained by a trifluoro-
methylcyclopropane moiety [226]. The reac-
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tions of dehydroamino acids 97 with 2,2,2-tri-
fluorodiazoethane are conducted in acetonitrile
at 80 °C over two days, yielding cyclopropana-
ted products 98 with efficiencies ranging from
47% to 87% and excellent diastereoselectivity
(>95/5). The substituent R on the cyclopropane
ring can be either an alkyl or aryl group, high-
lighting the versatility of this approach. Free
amino acids 99 are obtained from products 98
via simple conventional hydrolysis.
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Scheme 20. Cyclopropanation of dehydroamino acids with 2,2,2-trifluorodiazoethane.

Mechanistically, the reactions of dehydro-
amino acids with diazomethane derivatives
proceed via a [3+2] cycloaddition, resulting
in 1-pyrazoline intermediates. The subsequent
ring contraction is facilitated by electron-with-
drawing groups and, in some cases, requires
heating of the reaction mixture [227,228].

For example, the cyclopropanation of the
phosphorus analog of dehydroalanine 100
with substituted diazomethanes leads to the
formation of unusually stable pyrazoline inter-
mediates 101, which are reported as solid com-
pounds that can be stored at low temperatures
(5 °C) for months without signs of decomposi-
tion [229]. However, upon heating in refluxing

toluene, compounds 101 undergo the expected
ring contraction, ultimately yielding the tar-
get aminocyclopropanephosphonic acids 102
after subsequent hydrolysis. This approach is
broadly applicable, as the substituent R on the
starting diazomethane can be either an alkyl or
aryl group. The yields range from 63% to 90%,
with excellent diastereoselectivity (>99/1) for
aryl derivatives but low (~55/45) for aliphatic
ones. The synthesis of tailor-made aminophos-
phonic acids has attracted significant attention
due to their diverse applications in medicinal
chemistry, enzyme inhibition, and peptide en-
gineering [230-233].

a) tluene 0
N’/N NHCHO reflux R Y)/OH
R-CHN, ® ,: ) “OH
(MeO),0P” "NHCHO EGO R PO(OMe), b)H .,/NH
100 101 102 -

Scheme 21. Synthesis of aminocyclopropanephosphonic acids.

While diazo compounds are highly effective
reagents for cyclopropanation reactions, their
preparation and handling present inherent
challenges. This has driven the need for safer
and more efficient alternatives, leading scien-
tists to develop new reagents. One such dis-
covery is tosylhydrazones, which have proven
particularly successful in cycloaddition reac-
tions with dehydroamino acids [234]. In this
approach, properly protected dehydroalanine
103 (Scheme 22) reacts with metalated to-
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sylhydrazone 104 in the presence of a cataly-
tic amount of a phase-transfer catalyst [235],
yielding cyclopropane 105 with high diastere-
oselectivity. The major stereoisomer features
aryl and amine groups positioned trans to each
other. The reaction is conducted in toluene at
40 °C for 60 hours with 5 mol% of BnNEt;Cl
as the phase-transfer catalyst, producing 105
with yields ranging from 50% to 72%. The tar-
get ACC 106 is obtained via simple hydrolysis
of the cyclization products 105.

47




ORGANIC CHEMISTRY

CUTTING-EDGE STRATEGIES IN THE ASYMMETRIC SYNTHESIS OF a-AMINOCYCLOPROPANE CARBOXYLIC ACIDS:

ESSENTIAL SCAFFOLDS FOR DRUG DISCOVERY.

Ts
CO,Me Ng BnNEsCl
N
NHBoc J ®N . toluene
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103 104

0 ® 0
;X\\OMe H A ;\‘\\OH

A NHBoc A NH,
105 106

Scheme 22. Cyclopropanation of dehydroamino acids using diazo compounds
generated from metalated tosylhydrazone.

This approach, initially utilizing metalated
tosylhydrazones as precursors to diazo com-
pounds, was modified to incorporate non-me-
talated tosylhydrazones derived from ketones,
as illustrated in Scheme 23. In these reactions,
protected dehydroalanine derivatives 107 are
treated with aromatic ketone-derived tosyl-
hydrazones 108 in the presence of 20 mol%
of a phase-transfer catalyst in toluene. A key
distinction from previous conditions is the re-
quirement for a strong base, Cs,COs (2 eq.),
and an elevated reaction temperature (90 °C).

Ts
COMe \n  BaNEGCl
N B ———
NHAc | CSQCO3
Ar)\ toluene
107 108

The resulting cyclopropanation products 109
are obtained with good yields (~80%) and
high stereoselectivity (~85/15) [236]. Given
the strong interest in synthesizing phosphorus
analogs of tailor-made amino acids [237-239],
this approach was further applied to the prepa-
ration of phosphonate derivatives 110 using
2-aminophosphonates 100 (Scheme 21) and
ketone-derived tosylhydrazones 108. The cor-
responding phosphonates 110 were isolated
with similar yields but of significantly lower
diastereomeric purity 52/48.

O 0]

\I\)/OH
%)\ OMe /" %, ~OH
“NHBoc

Ar Ar "NHz
109 110

Scheme 23. Cyclopropanation reactions using non-metalated ketone-derived tosylhydrazones.

This methodology, cyclopropanation of
dehydroamino acids using in situ generated
diazo compounds from tosylhydrazones can be
applied for catalytic enantioselective synthesis
of ACC derivatives. For example, application
of porphyrin-based Co(II) catalyst type of 72
(Scheme 13) [240]. The reported stereochemi-
cal outcome is rather variable with diastereo-
selectivity in the range of 70/30 and enantio-
selectivity being even more disperse between
40 and 90% most likely as a result of the SDE
[241-243].

48

The application of nonactivated hydrazones
for the cyclopropanation of dehydroamino
acids is illustrated in Scheme 24 [244]. In this
method, hydrazone 108 is added dropwise to a
solution of PhIO at ambient temperature, ge-
nerating the corresponding diazo compound
in situ. This reactive intermediate subsequent-
ly undergoes cyclopropanation with protected
dehydroalanine 111, yielding ACC derivatives
112 in nearly quantitative amounts.

For unsymmetrical hydrazones 108, the dia-
stereoselectivity of product 112 formation is
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moderate, with a ratio ranging between 4:1
and 5:1. Nonetheless, this approach is entire-
ly metal-free, offering remarkable safety and

_NH,

)
COBU o o R/I\R
NHAc 108
111

R

enhancing its synthetic value as a viable alter-
native to metal-mediated methodologies.

@) @)
\‘\\ OBn @® R \\\\ OH
NHAc — = R NH,
112 113

Scheme 24. Cyclopropanation of dehydroamino acid derivatives using diazoalkanes
generated in situ from nonactivated hydrazones.

1,1-Dihaloalkanes are well-established as
one-carbon unit donors in the cyclopropana-
tion with dehydroamino acids mediated by
chromium salts [245, 246]. The reactions of
dehydroamino acid derivatives 114, illustrated
in Scheme 25, are typically carried out in ether
using 10 mol% Cr(II) salts and 1.5 eq. Mn,
maintained at 0 to -10 °C for 24 hours. To in-
duce enantioselectivity, chiral diamine ligands
116 capable of metal chelation are employed.
The substituent R can be a para-substituted
phenyl, naphthyl, or alkyl group. When com-

RrCHBr,
PhthN 115 PhthN"
NPh,
114 CrClyMn 117
116

paring dichloroalkanes with dibromo deri-
vatives 115, the former exhibit slower reaction
rates but yield products 117 with high efficien-
cy (~90%). Diastereoselectivity strongly favors
the formation of products 117 with R and ami-
no groups positioned cis to each other, achiev-
ing excellent selectivity (>20/1) in most repor-
ted cases [247]. The enantioselectivity of these
reactions varies, ranging from 73% to 94% ee.
However, the SDE tests [248-250] have not
been conducted to validate the reported ste-
reochemical data.

R F3C CF3

&

~

NPh,
116

—NH HN—

Scheme 25. Catalytic enantioselective cyclopropanation of dehydroalanine
derivatives with 1,1-dihaloalkanes.

Substituted sulfonium ylides can also serve
as effective one-carbon unit donors in the cyc-
lopropanation of dehydroamino acids. As il-
lustrated in Scheme 26, dehydroalanine deri-
vative 118 undergoes reaction with ylides 119

https://ucj.org.ua

in a highly polar solvent such as acetonitrile or
DMEF [251]. To generate the reactive species
from carbonyl-stabilized ylides 119, potassium
carbonate has been found to provide excellent
yields (>90%) and diastereoselectivity (>99/1)
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for cyclopropanation products 120. For ylides
119 semi-stabilized by aromatic groups, cesi-
um carbonate proved more effective, yielding
products with a stereochemical outcome simi-
lar to that of carbonyl-stabilized ylides 119.
In contrast, ylides 119 stabilized by alkene
groups require tBuOK as a base, resulting in

JL - S ~~ R R/ | (0]
PhthN~ ~CO,Et o ' S\)L
Br = 119 0 @ NEt,
118 PhthN B@
T

lower yields (79%) and compromised diaste-
reoselectivity (9.3/1). The reaction can also be
conducted using chiral sulfonium ylide 121 in
acetonitrile with tBuOK, providing access to
scalemic products 120 with high diastereose-
lectivity (up to 90%) and yields (80%).

R = CONEt, CO,Et, COPh; Ph, 4-NO,-Ph, 4Me-Ph, CH=CH-SiMe;

Scheme 26. Application of stabilized sulfonium ylides for cyclopropanation
of dehydroalanine derivatives.

An interesting example of the use of bro-
moacetates as one-carbon unit donors in the
cyclopropanation of dehydroamino acids is il-
lustrated in Scheme 27 [252, 253]. The process
begins with the quaternization of the tertiary
nitrogen in chiral amine 122 via reaction with
the corresponding bromoacetate. The resul-
ting quaternary salt 123 is then treated with
Cs,CO; to remove hydrogen bromide, gene-
rating ylide 124, which subsequently engages
in a Michael addition-type reaction with de-

=
OMe %
N

hydroalanine 125 to form the stabilized in-
termediate 126. The ensuing cyclization of
intermediate 126 yields the amino diester 127,
while regenerating chiral amine 122, allow-
ing it to re-enter the reaction cycle. Tertiary
amine is employed in amounts ranging from
1 to 20 mol%. The reactions are conducted in
acetonitrile at 80 °C for 24 hours. The chemical
yields and enantioselectivity of this cyclopro-
panation exceed 90%; however, the SDE tests
were not performed [254].

)
® @
Br” ~CO,-t-Bu e, R3N5\CO2_[_B”base R3;N”CO,--Bu_~
Br
2 122 =NR, 123 124
Et0,C” “NBoc, BUOCo. ® HO,C,
125 (-Bu-0,C_~0.CO,Er B0 ‘ H ,
®NR3NB0c2 122 Boc,N' “CO,-1-Bu H,N' “CO,

126

127 128H

Scheme 27. Application of bromoacetates as one-carbon unit donors
in the cyclopropanation of dehydroalanine.
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Another method for the asymmetric syn-
thesis of fluorinated ACC is illustrated in
Scheme 28 [255]. This approach is based on
the Reformatsky reaction of fluorodibromo-
acetate 129 with properly protected dehydro-
alanine 128. The reaction is conducted in THF
at -20 °C, yielding ACC derivative 130, with
the fluorine atom positioned beta to the ami-
no group. The process begins with the forma-
tion of the Reformatsky reagent [256], where
one of the bromine atoms in 129 is substitu-
ted with Zn, stabilizing it as an enolate. This

MCOZC
128

0 0
),
. O»\;N»\ CBnf O»_ N ) FA

JLNBoc2 0
i-Pr

129

intermediate then undergoes Michael-type
addition to dehydroalanine 128, followed by
cyclization, which involves substitution of the
second bromine atom. Chiral oxazolidinones
are preferred chiral auxiliaries in asymmetric
synthesis, known for providing exceptional
stereocontrol in Michael addition reactions
[257-259]. As a result, the diastereoselectivity
of this addition—cyclization sequence is excel-
lent, exceeding 9:1, with diastereomers readily
separable by column chromatography.

A\\COZMC

NBoc,
THF

S
i-Pr

130

Scheme 28. Synthesis of ACC derivatives via Reformatsky-
Michael-cyclization sequence.

Finally, an example of photocatalyzed cyclo-
propanation is illustrated in Scheme 29. This
photocatalyzed radical addition-ring-closing
sequence of alkyl halide-derived radicals pro-
vides a general method for synthesizing func-
tionalized cyclopropanes [260-262]. To gene-
rate the corresponding radical from dichlo-
romethane, the reaction is performed in DMF

under green LED light (525 nm), with zinc
(3 eq.) as the reducing agent, NH4Cl (1 eq.),
and vitamin B, as the photocatalyst. Under
these conditions, the dehydroalanine deriva-
tive 131 undergoes clean cyclopropanation,
yielding product 132 with 92% efficiency. Sub-
sequent acidic hydrolysis of 132 affords the
target ACC 1 [263].

CH,CCl,
green LEDs
vitamin B, y H@ y
BnO,C NHBoc
ZII/NH4C1 BocHN CO2BH —_— HQN COzH
131 DMF 132 1
Scheme 29. Photocatalyzed cyclopropanation of dehydroalanine
with dichloromethane.
https://ucj.org.ua 51
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CONCLUSIONS. The synthesis of a-amino-
cyclopropane carboxylic acids (ACC) has
evolved into a well-established and sophis-
ticated field. The extensive body of research
offers a diverse range of methodologies, pro-
viding multiple approaches for tailoring ACC
derivatives to meet specific physicochemical,
reactivity, and functional versatility require-
ments. While some of the methods reviewed
here hold historical significance, others repre-
sent groundbreaking advancements in modern
synthetic strategies developed over the past
decade. Despite this progress, certain ACC de-
rivatives still pose considerable synthetic chal-
lenges. Notably, ACC variants with multiple
substitutions on the cyclopropane ring remain
underexplored in existing literature. The stra-
tegies discussed in this work center around the
amino acid core and methods for construct-
ing the cyclopropane ring around it. The key
pathways for increasing structural complexity
include: dialkylation of nucleophilic glycine
equivalents, cyclopropanation of carbenoid
glycine equivalents, and addition reactions to
dehydroamino acids. These routes compre-
hensively cover all documented methodologies
and are relatively balanced in their representa-
tion across published studies.

ACC derivatives are an exceptional sub-
class of tailor-made amino acids, seamlessly
integrating the unique electronic and steric
properties of their highly constrained cyclo-
propane ring. Beyond their presence in biolo-
gically significant natural compounds, their
role in drug design continues to expand, so-
lidifying their importance in medicinal che-
mistry. Given that pharmaceutical applications
demand enantiomerically pure derivatives,
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asymmetric synthesis remains a central focus
in this field. Several promising methodolo-
gies—such as chiral auxiliary-assisted asym-
metric synthesis and catalytic enantioselective
approaches—offer operational convenience
and high stereochemical fidelity, making them
viable for large-scale preparation of enantio-
merically pure ACC derivatives. However, one
aspect that remains insufficiently explored is
the self-disproportionation of enantiomers
(SDE) in ACC compounds. Based on compari-
sons with other amino acids, ACC derivatives
are expected to exhibit a significant degree of
SDE, particularly under achiral chromatogra-
phy conditions. As a result, integrating simu-
lated moving bed (SMB) chromatography with
SDE principles represents the most practical
solution for obtaining enantiomerically pure
compounds [94, 264]. Furthermore, given the
regulatory importance of chiral drug charac-
terization, investigating the SDE behavior of
biologically active compounds [249, 265-267]
is essential for meeting US FDA requirements
for chiral drug submissions [268-270]. Since
sterically constrained amino acids serve as
fundamental building blocks in biological, me-
dicinal, and pharmaceutical sciences, synthetic
advancements in ACC derivatives are expected
to grow substantially in the coming years.
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I
NMEPEQOBI CTPATEFIi ACUMETPUYHOI0
CUHTE3Y a-AMIHO-LINKIONPONAH-

KAPBOHOBWX KUCIOT:
KNK040BI CTPYKTYPHI ENEMEHTU ANA
PO3POBJIEHHA NIKAPCbKWX MPEMNAPATIB.

Aniuist Bzopex”, [[3anvninv Xanv?,
Taiizo Ono’, Kapen JI. Knixa®,
Hanienv Bexxep’, Beit Yncan®,
Baoum A. Conowonrox™

! Incmumym ximii, Ynisepcumem

imeni Ana Koxanoscvkozo 8 Kenvysx,

8ys. Yuisepcumemcoxa 7, 25-406 Kenvue,
IHonvua;

2 [J3sHCyCoK Uil YeHmp CnibHO20
IHHOBAYiTiHO20 edheKMUBHO20 NepepobeHHs
ma 8UKOPUCMAHHSA IiICOBUX Pecypcis,
XimiKo-mexHono2iuHuil Koneox,
Hanxkincokuti nicomexuiuHuii ynieepcumem,
Hanxin 210037, Kumati;

* HaujioHanvHuil iHcmumym nepedosux
npomucnosux Hayx i mexuonoeiti (AIST),
2266-98, Anazaxopa, Hlumowioami,
Mopiama-ky, Hazos, 463-8560, Anonis;

* Hayxo80-0ocnioHuii yeHmp,

Apuep [lenienc Mioneno, eyn. H. bpaws Konedx
Po, 1001, [exetimep, Inninoiic 62521, CIIA.;

* Biooin ¢papmayesmuuroi ma nikapcokoi ximil,
DapmayesmuqHuLl iHCMumym,

Binvuuii ynisepcumem bepnina,
Kvowirsin-/lyize-llImpace 2+4, 14195 bepnin,
Himeuuuna;

¢ Ximiunuti paxynomem, YHieepcumem
Maccauycemca 6 bocmowi, Bocmon, Maccauy-
cemc 02125, Cnonyueni Illmamu Amepuxm;

7 IKEPBACKE, Backcvka Haykosa ¢yHoayis,
eyn. Mapis [liac de Xapo 3, IInow,a bizkas,
48013 binv6ao, Ichanis
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a- AMiHOLIMK/IONIPOITaHKapOOHOBA ~ KUCIOTA
(ACC) ra 1 moxigHi IIMPOKO MOUIMPEHi B poc-
JIMHHOMY LIAPCTBi, BMKOHYIOYM Pi3HOMaHITHI
byHKIT — Bif perynAuii >KUTTeBUX IMKIIB poc-
JIMH 0 MeXaHi3MiB 3axucTy. CTepuaHO oOMexe-
Ha cTpyKTypa ACC BUABUIACA Ha/I3BMYAITHO KO-
PUCHOIO Y pO3pO0/IeHHI YMC/IeHHNUX TiKapChKIX
3aco0iB, 30kpema iHribiTopiB mporeasu NS3/4A
Bipycy remarutry C (HCV), i sirpama kao4oBy
POJIb Y CTBOPEHHI KiZTbKOX NOKOJiHb e(eKTNB-
Hux npenapari nporu HCV, i3 Tpusanumu fo-
CIIiMKeHHAMM W00 IXHBOI'O ITO[AJIBIIOrO BHO-
ckoHaneHH:. Bractusi ACC crepnyHi o6MesxeH-
HsA CTBOPIOIOTH 3Ha4Hi TPYAHOLLi y IXHbOMY CUH-
Te3i, 0COONMMBO Y €HAaHTIOMEPHO 4MCTill popmi,
[0 pOOUTH aCUMETPUYHI METOAM LIeHTPaIbHOI0
TEMOIO JOC/IIKEeHb. Y Lill CTATTi IPEACTaBIEHO
KOMIIJIEKCHUI OIJISAN, CMHTETUYHIMX METOJIOMOTil
nnsa orpumanHa ACC Ta ii IOXiIHMX, 3TPyIOBa-
HUX 33 K/IIOYOBMMM II€PETBOPEHHAMMU, 30Kpe-
Ma [ianKiTyBaHHA HYyK/IeO(iTbHUX IOXiJHIX
DIIVHY, LUK/IONpPOIIaHYBaHHA KapOeHOITHMX
€KBiBaJICHTiB IJIIIMHY Ta peaklii NpUeSHaHHA
Io ferigpoaMiHokucioT. OKpemuil akLeHT 3po-
0/1eHO Ha e€HaHTIOCETeKTMBHUX CTPATETifX, 10
IO3BO/AIOTb OTPUMYBATK I crenudivi ami-
HOKNCIOTH Y BUCOKIiil uncroTi. Kpim Toro, pos-
IJIAHYTO acCIeKTV CaMOJVICIIPOIOPLiOHYBaHHsA
eHantiomepiB (SDE), ski BifirpaioTp BakIuBy
porb B enantioselective catalysis. O6’egnyroun mi
METOMOJIOTil, M) IIparHeMO HaJaTV BUYEPITHUI
pecypc mnd JOCHiIHUKIB Y CMHTETUYHIN Ta Me-
AVYHIT XiMii, a TAKOX y ramysi po3poOneHH -
KapCbKMX IIpeIapariB, CIPUAIOYN MTOJATbIIOMY
Iporpecy B Lill BaXMBiil cdepi.

KnrouoBi cmoBa: aminokmcnorn, dapma-
LIeBTMKA, IMKIONPOINAH, XipaJabHICTb, CUHTES,
HYK/1Teo(dinbHi ekBiBaZeHTN IMLMHY, KapbeHo-
IMHI eKBiBaJIeHTU IMiIVHY, [eTifpoaMiHOKNC-
JIOTY, CaMOJUCIIPONOPLIIOHYBaHHA €HaHTioMe-
pis (SDE).
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