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This article reviews the development of the asymmetric synthesis of tailor-made amino
acids conducted at Hamari Chemicals during the 10-year period 2013-2022.The discussion
is based on strategies such as direct chiral modification of unprotected amino acids via inter-
mediate formation of Ni(II) complexes and elaboration of chiral nucleophilic or electrophilic
glycine equivalents. The former approach includes, for example, second-order asymmetric
transformation, dynamic kinetic resolution, and inversion of chirality while the latter ap-
proach involves construction of the desired amino acid architecture using, for example, alky-
lation, aldol, Mannich, or Michael addition reactions as well as multistep procedures. Oper-
ational convenience, scalability, and practicality of the developed methods are emphasized.
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INTRODUCTION. Amino acids (AAs) are
a fundamental class of compounds that are in-
trinsically linked to the origin and evolution of
all recognized life forms. Since their structural
elucidation in the early 19" Century, AAs have
maintained a crucial role in advancing vari-
ous fields of health sciences and technology
[1]. A myriad of AAs have been obtained from
natural sources [2-16] while synthetic variants
have been engineered in research laboratories
[17-33]. To manage the extensive structural
diversity of AAs, workers have used several
classifications. These include distinctions such
as proteinogenic vs. non-proteinogenic, ge-
netically coded vs. non-coded, natural vs. syn-
thetic, common vs. uncommon, and usual vs.
unusual. These terms are frequently used in the
literature [34] and while these definitions pro-
vide some sense of structural identity, they can
be somewhat ambiguous and perplexing. In
this article, we have chosen to use the term ‘tai-
lor-made AAs; a definition proposed by Hruby
et al. [35]. This term emphasizes the intended
purpose of the AAs rather than their assumed
origin or perceived distinction.

Beyond fundamental scientific investigation,
the primary objective of medicinal chemistry
research in the realm of tailor-made AAs is to
engineer more selective and efficacious phar-

maceuticals. From a structural perspective,
AAs exemplify a form of molecular dichotomy,
facilitating the step-by-step synthesis of poly-
mers with unique, non-repeating sequences of
monomers. These polymers, known as peptides
for short length chains and proteins for longer
chains, perform numerous vital roles in living
organisms, including catalysis (enzymes), sig-
naling (hormones), and mechano-structural
functions [36-38]. In the context of contem-
porary drug discovery paradigms, tailor-made
AAs are essential components with their deriv-
atives increasingly appearing in newly marke-
ted pharmaceuticals [39-45]. In fact, over 30%
of small molecule drugs contain residues of tai-
lor-made AAs or their derivatives, such as ami-
no-alcohols and di-amines [46-60].

The asymmetric synthesis of AAs is a
well-established field that provides a plethora
of varied methodologies [17-33]. However, the
challenges of cost-effectiveness, operational
ease, and environmental impact continue to
evolve necessitating corresponding advance-
ments in synthetic techniques. A review of
the literature reveals that the synthesis of both
general and tailor-made AAs via Ni(II) comp-
lex intermediates, as shown in Scheme 1, has
emerged as the most prevalent and methodo-
logically superior approach [61-65].

R 1. direct chiral modification of unprotected AAs
H2N/§COOH
1 \ R
\N)YO R
N —
_Ni—© H2N/'\COOH
/ N\ 3 Scheme 1. General concept of
2

H,N~ > COOH
or

2. elaboration of chiral nucleophilic/electrophilic

glycine equivalent

https://ucj.org.ua

the preparation of tailor-made AAs
in enantiomerically pure form via
intermediate Ni(II) complex for-
mation.
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A particularly attractive feature of this me-
thodology is its practicality for the large-scale
preparations of pharmacologically important
AAs. At the outset, we envisioned two general
strategic approaches: 1. direct chiral modifica-
tion of unprotected AAs by way of means such
as second-order asymmetric transformation
(SOAT), dynamic kinetic resolution (DKR),
or inversion of chirality; and 2. elaboration of
chiral nucleophilic/electrophilic glycine equi-
valents, which involves constructing the de-
sired AA architecture starting from glycine us-
ing, for example, alkylation, aldol, Mannich, or
Michael addition reactions as well as multistep
procedures. Both approaches have their advan-

Tf,0, pyridine
_—

93%

1,3-dibromo-5,5-dimethylhydantoin,
AIBN

71%

86%

tages and shortcomings which will be noted in
the following sections for the particular sub-
sets of the strategies described herein.

Chiral tridentate ligands.

Hamari ligand.

From the standpoint of recyclability, hav-
ing a recoverable source of asymmetric infor-
mation of “indestructible” chirality is of great
interest. Among obvious candidates possessing
stable chirality, we considered (3Z,52)-2,7-di-
hydro-1H-azepine-derived axially chiral tri-
dentate ligand - the Hamari ligand - 13 (Sche-
me 2) [66] as a potential system.

NiCl,(DPPP),,
MeMgl

Cl (S)-13

quantitative, overall
yield for 3 steps 57%

Scheme 2. Synthesis of Hamari ligand 13.
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Commercially available enantiomerically
pure binaphthol 5 was converted to dimethyl
compound 7 via intermediate ditriflate 6 using
Kumada coupling of 6 with a Grignard rea-
gent. Subsequent bromination of 7 with 1,3-di-
bromo-5,5-dimethylhydantoin in ethyl acetate
afforded dibromide 8. This procedure reliably
afforded key compound 8 in 71% yield.

Taking advantage of the previously deve-
loped strategy of modular approach to the
design of chiral tridentate ligands [67-69], we
envisioned the use of modules 11 and 12 for
assembly of Hamari ligand 13. Formation of
the requisite azepine 9 by dialkylationof allyl
amine [70] with dibromide 8 and subsequent
removal of the allyl group to provide secondary
amine 10 was accomplished in moderate yield.
Alkylation of 10 with aminobenzophenone
module 11 proceeded quantitatively affording
Hamari ligand 13 after three steps in atotal
yield of 57%. The procedure was found to have
some disadvantages, though, notably being a
multistep reaction sequence and the necessity
for silica gel column purification, thus render-
ing this approach less attractive for large-scale
manufacturing.The alternative solution, with
application of module 12, turned out to be sig-
nificantly more attractive. The procedure was
carefully optimized and was able to be repro-
duced on a 500 g scale.

Soloshonok-Liu ligand.

The proline-derived ligand 14 (Scheme
3) - the Soloshonok-Liu ligand - bearing
three chlorine atoms in strategic positions
was developed in a collaboration between the
laboratories of Prof.s Soloshonok and Liu in
2014 [71,72]. It's phenomenal success for the
asymmetric synthesis of tailor-made AAs can
be attributed to its very high stereochemical

https://ucj.org.ua

preference. The strategic positioning of the
three chlorine atoms in 14 were rationally de-
duced based on critical analysis of numerous
crystallographic structures of the correspond-
ing Ni(II) complexes of various types of AAs
[73]. In particular, the aromatic stacking, par-
allel-displaced type of interactions between the
o-aminobenzophenone and the Pro-N-benzyl
rings was found to be of primary importance
in shaping the spatial arrangements of the cor-
responding Ni(II) complexes. The influence
of these aromatic interactions is very sensitive
to the position and nature of the substituents,
thereby determining the degree of parallel ori-
entation of the interacting aromatic rings [73].
A large-scale synthesis of ligand 14 has been
developed by Hamari [74].

The challenges of selectively alkylating a
zwitterionic substance, such as proline 15,
are 3-fold: first, selective alkylation on nitro-
gen; second, forming the zwitterionic product
under appropriate pH conditions; and third,
separating and isolating the product from the
large amount of potassium chloride formed in
the reaction. A thorough examination of vari-
ous conditions allowed us to determine that
isopropanol using 85% potassium hydroxide
pellets as the baseis an ideal system for the
N-benzylation of proline 15 with benzyl chlo-
ride 16. Upon completion of the alkylation
reaction, the addition of concentrated HCI
causes precipitation of KCI from the solution,
simplifying the isolation and purification of
the product 17 in greater than 90% yield. Simi-
lar to the previous step, the zwitterionic nature
of 17 significantly complicates the activation
of the carboxylic acid and subsequent amide
formation. Furthermore, aromatic amine 18 is
considerably electron deficient and requires a
highly activated electrophile to effect reaction.
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1) PCls
) NH, O
iProH Cl
Q—COZH + -
Q‘COZ Cl
16
cl cl
Cl N._ COH Cl
Ni(OAC)o(H20)s, 2 eq,
DBU, 5 eq,
C\ MeOH, 10 vol, C\
_N 68-70 °C, 21 h _N\ /O 0
O/\NH 0 N

s

St

Scheme 3. Synthesis of the Soloshonok-Liu ligand 14.

Previously, we reported [75,76] the use of
methanesulfonyl chloride and 1-methylimida-
zole/DMAP to form the acid chloride/mixed
anhydride, but the process proved to be prob-
lematic upon scaling up the reaction. Even
though proline has a low intrinsic tendency for
epimerization [77], we focused on finding as-
ingle reagent that would serve to activate the
carboxylic acidwithout the addition of base.
After an extensive search for reaction condi-
tions utilizing thionyl chloride orphosphorus
(V) chloride, we settled on the latter reagent
as it gave more consistent and reproducible re-
sults. Initial experiment susing dichlorometh-
ane as the solvent showed that wecould in-
deed prepare the desired product 14 using one
equivalent of PCI, without the addition of base.
Once again, this process allowed isolation
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of ligand 14 via simple filtration in over 80%
yield. Our next goal was to establish a meth-
od for the satisfactory preparation of Ni(II)
complex 19 on an industrial scale. The major
finding of our work was the application of the
relatively strong, but hindered, base 1,8-diaz-
abicyclo-[5.4.0]-undec-7-ene (DBU) which
met two important criteria, viz. chiral integrity
of the product and simplicity of isolation. In
particular, upon completion of the reaction,
the addition of aqueous acetic acid simulta-
neously neutralizes the reaction mixture and
causes precipitation of the enantiomerically
pure product 19 in near-quantitative yield and
in high purity. This procedure offered a prac-
tical advancement of the synthesis of Ni(II)
complexes (S)- and (R)-19 from bench scale to
multikilogram scale [78].
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R = alk, PhCH,
X=CI,F

R. Ry
N/ o o
/OTO N /T/
i M
N VRN
N O N IN
' DA®
21 X 22
X =H, Cl, NO,
R, Ry =H, alk
M = Ni, Pd, Cu

Fig. 1. Structures of novel axial chiral and N chiral (*) metal (II) complexes.

Our work on chiral HPLC resolution and
the kinetics of racemization of various novel
Ni(II) complexes was conducted in collabora-
tion with the group of Prof. Christian Roussel.
In particular, we successfully developed inno-
vative structural models of Ni(II) complexes of
type 20 (Figure 1) to probe and quantify the
rotational barriers about the Ar-C_bond of
the benzophenone moiety. We demonstrated
that axially chiral ortho-fluoro derivatives 20
are configurationally unstable due to relative-
ly unhindered rotation about the Ar-C bond.
By contrast, the configuration of the ortho-
chloro-substituted analogs 20 are effectively
indefinitely stable under ambient conditions
(t, from 4 to 216 centuries) [79]. In anoth-
er study, we described the design of a model
Ni(II) complex of a glycine Schift base pos-
sessing a nitrogen stereogenic center 21. Meas-
urement of its configurational stability using
HPLC revealed that the configurational stabil-
ity of the Ni(II)-coordinated nitrogen depends
heavily on the solvent, ranging from very un-
stable in polar solvents with ¢, s < 5 minutes to
highly stable in apolar solvents with ¢, s of the
order of a century [80]. We also investigated
configurational stability of a series of N chiral

https://ucj.org.ua

complexes 22 as a function of the substituents
as well as the nature of coordinating metal(II).
In general, electron-withdrawing substituents
led to decreased configurational stability. With
respect to the coordinating metal, the configu-
rational stability was found to increase from
Cu to Ni with Pd complexes the most stable
with ¢, s of 1.25 minutes, 7 hours, and 10 hours,
respectively [81]. The data is of great of theo-
retical and synthetic value suggesting avenues
for the rational design of a new generation of
complexes for the asymmetric synthesis of tai-
lor-made a-AAs [82].

Direct chiral modification of unprotected AAs.

SOAT.

SOAT is defined as a crystallization-in-
duced asymmetric transformation during
which the racemic mixture is converted into a
pure, less-soluble diastereomer [83-89]. This
approach has tremendous practical appeal for
large-scale synthesis as the target product can
be isolated and purified simply by filtration.
However, the major challenge associated with
SOAT is that diastereomers usually do not show
such dramatically distinct differences in pro-
perties such as crystallinity and solubility and
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furthermore, which, for organic compounds at
least, are rather unpredictable.

Rimantadine (24) (Scheme 4) was approved
for medical use in 1993 as an orally adminis-
tered antiviral drug. It is the most clinically ad-
vanced compound among adamantane-based

x

Br

chemotherapeutics developed for viral infec-
tions including influenza A, herpes simplex,
hepatitis C, and HIV [90-92]. It is relatively in-
expensive and readily commercially available
as a racemate as well as in both enantiomeric
forms [93-96].

NH

NH, O Br/\n/Br 0“>NH O NH ;
g0 —— U0 "
K2COs, K,CO3 O O
Cl 48 MeOH, Cl o5 MeCN,
> 95% > 95%

Cl (S)-25

Scheme 4. Synthesis and application of adamantyl-containing ligand 25 for the preparation
of enantiomerically pure, tailor-made-AAs via SOAT.

The therapeutic success of Rimantadine (24)
is attributed to the presence of the adamantyl
moiety — dubbed a “lipophilic bullet” — provid-
ing its derivatives with exceptional lipophilicity
allowing them to penetrate lipophilic domains,
including the blood-brainbarrier [97]. Taking
into account the unique lipophilicity of adaman-
tane, we assumed that this group can be used
to modify the physicochemical properties of
the corresponding Ni(II) complexes to conduct
SOAT-controlled preparation of diastereomeri-
cally pure products. Drawing on previous expe-
rience with various N-H type ligands [98,99],
we designed and prepared adamant ly-contain-
ing ligand 25 as presented in Scheme 4 [100].
Amide bond formation between benzophenone
18 and bromoacetyl bromide was accomplished
cleanly in acetonitrile in the presence of K,.CO,
to obtain 23 in quantitative yield. The subse-
quent alkylation of (S)-24 with 23 was conduct-
ed using K CO, giving rise to ligand (5)-25 in >
95% yield.
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As presented in Scheme 5, the reactions of
Rimantadine ligand (S)-25 and racemic AA 26
were conducted in methanol using 1.1 equiv-
alents of both 26 and Ni(NO,),-6H,O and 4
equivalents of K,CO,. After heating the reac-
tion mixture for about 2 hours at 70 °C, all four
possible diastereomers 27-30 were observed in
the reaction mixture. However, diastereomer
(SR R.)-30 was formed in noticeable excess
(~9:1:1:1). An important feature of this me-
thod is that under the basic conditions, all di-
astereomers 27-30 are interconvertible by the
step-wise inversion of the two labile stereoge-
nic centers. Therefore, under SOAT conditions,
one of the diastereomers can potentially arise
as the predominant entity. Depending on the
nature of AA 26, the precipitation of the major
diastereomer can occur either spontaneously
or it can be initiated by a gradual addition of
water. After precipitation, the diastereomeri-
cally pure product is usually obtained simply
by filtration in 60-90% yield [100].
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R._ _CO.H H, Hi,,
NH he PO OO
NH, i /Ni\
(rac)-26 © N R o >N N"R
O” °NH O ' KoCOs !
Ni(NO3),.6H,0, O O O O
K,COs
cl
& (5125
(ScSnRe)-27 (ScSnSc)-28

HCI/MeOH @

0” N IN R —> N IN"’R
,N__COOH
cl cl
(ScRyRc)-30 (ScRnSc)-29

Scheme 5. SOAT approach for the preparation of enantiomerically pure tailor-made AAs.

_-CO,H @

Hal a) Ar
N O O X
Ni(NO4),.6H,0,
chos SOAT

B B

C (sr32 N
/ Ar

¢/”\‘ HCI/MeOH O O
(S)-25
(SCRNRC)'33

COOH

o

A" (R)-34

_Z

Scheme 6.Tandem alkylation-SOAT protocol for the preparation
of phenylalanine-type tailor-made a-AAs.
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Our next goal in the area of SOAT was the
development of an advanced general process
for the preparation of tailor-made a-AAs via
tandem alkylation-SOAT. As presented in
Scheme 6, Rimantadine-containing ligand 25
was reacted with glycine and a Ni(II) salt to
assemble complex 32. For the first step of the
alkylation of 32, very mild phase-transfer con-
ditions were used [101] allowing the introduc-
tion of a side chain to the target a-AA. The se-
cond step utilized SOAT methodology afford-
ing nearly complete precipitation of the corre-
sponding (S_,R,R_)-configured diastereomer
33. Disassembly of 33 provided the target AA
34 as well as recovery of the starting Rimanta-
dine ligand 25 for reuse [102]. Due to the very
mild conditions of the first step, this approach

Ph
\f (rac)-Phe,
N\R NiCly,

L K,COs3,
O NH O reflux in MeOH
35
R=H, Me, Et, HCI/MeOH

nPr, Bn, Ph(CH5),

(R)- or (S)-Phe

is limited to the preparation of aromatic AAs,
such as phenylalanine and its various deriva-
tives. Nevertheless, this method is exceptional-
ly practical and of high synthetic value.

DKR

Another approach for the direct chiral
modification of unprotected AAs is DKR
[103-115]. Like SOAT, DKR requires efficient,
unimpeded interconverison of diastereomeric
species in the reaction mixture. However, in
contrast to SOAT, DKR is based on the ther-
modynamic stability of products. Our research
in DKR began with the design of ligands 35
(Scheme 7) derived from phenylethylamine,
one of the most inexpensive and readily availa-
ble chiral compounds [116-118].

Ph/,,’ Me Ph
R
“N. o__o NH
A /
4}\ /Ni‘ T Ph
0N N7 0 NH O

(ScRnSc)-36 60%

(ScSnRc)-37 30%

Scheme 7. Phenylethylamine-derived ligands for the DKR of unprotected tailor-made AAs.

As presented in Scheme 7, the reaction of
ligand 35 with rac-phenylalanine, Ni(II), and
base resulted in almost quantitative formation
of diastereomers 36 and 37 in a ratio of about
2 to 1. Compounds 36 and 37 can be isolated
by precipitation from the reaction mixture and
are separableby column chromatography. Then
either 36 or 37 can be disassembled to yield
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the enantiomerically pure AA as well allow-
ing for the recovery of ligand 35. Additionally,
the undesired diastereomer can be treated in
a methanol solution with base to convert it to
the desired diastereomer, e.g. 36 into 37 or vice
versa, followed by the chromatographic separa-
tion. The process can be repeated until all of the
product is converted into the desired diastere-
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omer to yield the desired (S)- or (R)-AA. Dias-
tereoselectivity in this method can be improved
by adding some structural rigidity to the ligand
design. For example, ligand 38 was successfully
used for the DKR of various AAs [119], includ-
ing fluorinated tailor-made derivatives [120].

The conceptual breakthrough inthe DKR
of unprotected AAs was made with the design
of Soloshonok-Liu ligand 14 (Scheme 3). As
shown in Scheme 8, ligand 14 reacts with va-
rious AAs under very mild conditions to pro-
duce the corresponding Ni(II) complexes 39
with diastereoselectivity>97:3 [121-125].

Cl Cl
cl )R\ Cl
HN"  COzH

Ni(OAC),(H,0)4, 2 €q,
C\N DBU, 5 eq, C\N\ 0__0
; MeOH, 10 vo, N T
/‘ 68-70 °C, 21 h O S N,
0 NH O 07N N R
Cl (S)-14 cl (S)-39

R
HZN/kCOzH

Scheme 8. DKR of unprotected tailor-made AAs using Soloshonok-Liu ligand 14.

Precipitation of the major product from
the reaction mixture affords virtually diastere-
omerically pure 39 which can be disassembled
under standard acidic conditions to release the
target AA along with recovery of the chiral li-
gand 14. The process is very clean as virtually
no byproducts are formed allowing the isola-
tion of complex 39 in yields >90%. DKR can be
applied to a great variety of tailor-made AAs
differing of structural types. The limitations,
however, include AAs containing w functio-
nal groups such as aliphatic CO,H, NH,, SH,
or OH.

Similar results for the DKR of unprotec-
ted AAs were also obtained using the Hamari

https://ucj.org.ua

ligand 13. As shown in Scheme 9, ligand 13
readily reacted with racemic AAs forming
complex 39 as the major diastereomer (>95:5)
[126,127].

The stereochemical outcome of DKR and
reaction limitations for ligands 13 and 14 are
very similar rendering these two chiral ligands
of high synthetic value for the preparation of
enantiomerically pure tailor-made AAs on a
large scale. It should be noted that proline-de-
rived ligand 14 is significantly less expensive in
comparison to 13. On the other hand, the chi-
rality of ligand 13 is resistant under the applied
conditions and therefore its recycling is amena-
ble without requiring additional purification.
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Cl R
Cl )\ cl
H,N~ “CO,H
NiCl,, 1.1 eq,
C\N K2CO03, 4 eq, g\
D

HoN CO,H

Ni(OAc)2(H20)4, 2 eq,
DBU, 5 eq,
MeOH, 10 vol,
68-70 °C, 21 h

CO,H

Scheme 9. DKR of unprotected tailor-made AAs using Hamari ligand 13.

Cl

NaOMe, 2 eq,
CD30D, 15 vol,
40-70°C,2h (S)(S)-40

@]

CD30D, 30 vol,
40-70°C, 23 h

=z
O

N /Of
put / N s
o ‘R
99% 2H o

O O O 98.7% de
4

o 2
Cl (SS)-40 96% “Ha
98.8% de
Scheme 10. Synthesis of tailor-made a-deutereo-AAs via DKR.

DKR has an additional synthetic advan- mics for obtaining essential data on in vivo AA
tage for the preparation of a-deutereo-AAs metabolism and protein turnover [139-140].
[128] as a special class of isotopically labeled While the asymmetric synthesis of a-deute-
compounds. Though the market for a-deute- reo-AAs has received due attention [141-151],
reo-AAs is relatively small, they have nume- optimal solutions with regards to the problems
rous applications in the mechanistic studies of selectivity, level of deuterium incorporation,
of various enzymes and biochemical processes and enantiomeric purity of the target AA shave
[129-138]. Furthermore, tailor-made a-deu- notyetbeen found. In this respect, the protocol
tereo-AAs play an indispensable role in the developed by us represents the most advanced
emerging area of clinical functional metabolo- procedure reported to date. As presented in
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Scheme 10, conducting DKR under the standard
conditions in deuterated methanol affords
product 40 in quantitative yield with 98.8%
diastereomeric excess (de) and 96% deuterium
incorporation at the a position. For most ap-
plications of a-deutereo-AA this is an accep-
table level and thus complex 40 can be disas-
sembled under the usual acidic conditions to
produce the target a-deutereo-AA. However, if
a very high level of deuterium incorporation is
required, for example for mechanistic kinetic
studies, an additional exposure of 40 to deu-
terated methanol in the presence of a stronger
base can be performed to produce 40 of ~99%
deuterium incorporation at the « position.

Elaboration of chiral nucleophilic or electro-
philic glycine equivalents.

Alkylation.

The alkylation of chiral glycine equivalents
is one of the most widely used approaches
for the asymmetric synthesis of tailor-made
AAs [152-154]. Both the Hamari ligand 13
and the Soloshonok-Liu ligand 14 have been
successfully used in our laboratories for the
large-scale preparation of tailor-made AAs.
As already pointed out above, one of the most
rapidly growing areas inmodern drug design is
the application of fluorinated residues as bio-
isosteres of naturally occurring molecular en-
tities. Based on considerations of the biologi-
cally relevant size, as cumulatively defined by
van der Waals (vdW) volume, A values, Taft
Es values, and biphenyl rotational interference
values [155-159], a trifluoromethyl group has
often been considered to be isosteric with an
isopropyl substituent. Although - CF, and -
iPr groups are clearly of different shape, they
are sterically much closer than to -Me, -Et,
and -tBu groups. As shown in Figure 2, the

https://ucj.org.ua

differences projected by several biphenyl ro-
tational interference values are relatively mo-
dest, suggesting steric mimicry between these
two groups and thereby fueling interest in the
synthesis of trifluoromethyl containing a- and
B-AAs [160]. Thus, 2-amino-4,4,4-trifluoro-
butanoic acid (41) can be used as a substitute
for leucine (42) in the de novo design of bio-
logically active peptides and peptidomimetics
[161-171].

F CO,H CO,H
ST Y i
VS. NH,

F NH,
41 42

—CF3 —iPr —CH3 —C,Hs —tBu
vdW volume (A%) 39.8 562 216 389 -
Taft Es value -240 -1.71 -1.24 -1.31 -2.70
A value (kcal/mol) 2.1 215 1.7 1.7 >45
BRIV* (kcal/mol) 121 126 9.7 - 183
BRBV** 105 111 74 87 154

(AGrot, kcal/mol)

*Biphenyl rotational interference value
**Experimental biphenyl rotational B value

Fig. 2. Bioisosteric relationships between -CF,
and -iPr groups in the context of using 2-amino-
4,4,4-trifluorobutanoic acid (41) as a substitute for
leucine (42) in drug design.

Responding to the high interest in triflu-
oro-AA 41, we selected this molecule as one of
our research targets. As shown in Scheme 11,
chiral glycine equivalent 19 was alkylated
with CF,CH,I to produce the target complex
(52S5)-43 as the major diastereomer with 97%
de [172,173]. Of note, usually the alkylation
of glycine Schifft base complexes derived from
ligands of type 14 is performed in the pre-
sence of a large excess of a base, usually 5-10
equivalents [174-177]. Consequently, it was an
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important finding that for large-scale synthe-
sis, the optimized conditions only required a
quite small excess of base (5 mol%). The same
stoichiometry was found to be optimal for the
alkylating reagent. Thus, only a 5 mol% ex-

cess of the trifluoroethyl iodide was sufficient
for optimal yields and stereochemical out-
come. Similar to trifluoro-AA 41, we prepared
(S)-2-amino-6,6,6-trifluorohexanoic acid 44
[178,179] and a-(octyl)glycine 45 [180].

cl cl
cl cl
FiC”
1.05 eq,
C\ KOH/MeOH,
1.05 eq, C\N 0 o
AN OO D N
Pl — - A /N' _CFs :
A P
o7 NN o” N O/\NH o
o (SF19 cl (S)(23)43 NH & (S 14
+(S)(2R)-43
4
CO,H COH
Fsc/\/Y 2 /\/\/\/Y 2
NH, NH,
44 -
Cl () cl o
Cl cl Cl
/ o
K/ z \\N
C\N\ 0._0 C\N\ S Ng© z
v N e N Ni - N N
H /NI\ R 3 /NI\ N A |
AT YD e
|
X
T ; C.
cl
cl  (S)-46 Cl Cl (PIM)-47 (S)-48

Scheme 11. Asymmetric synthesis of tailor-made AA via alkylation of a glycine complex.

Close attention to all aspects of the reac-
tion process and thorough examination of the
chemical entities in the reaction mixture al-
lowed us to isolate not only the usual dialky-
lation products 46, but also the previously
undetermined byproducts 47 and 48. Charac-
terizing these byproducts was instrumental in
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gaining a more complete understanding of the
reaction chemistry and in formulating more
conducive reaction conditions [181,182].

The installation of sterically constrained
tailor-madea-AAs into strategic positions of
peptide chains brings about noticeable confor-
mational restrictions of the corresponding ¢,
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¥, and y angles in the folded biologically ac-
tive three-dimensional structure [183-190].
In this regard, the synthesis and applications
of a,a-disubstituted AAs have received wide-
spread consideration [191,192]. Among the
highly interesting targets is a-(methyl)cysteine
(51) (Scheme 12), a quite rare, naturally occur-
ring quaternary AA isolated from blue-green
algae [193,194]. In particular, several natural

cl
cl
HS
C\N\ OO0 cI” s ph
IO - (R)-51
07N IN —
i (5140 (5)-51

products that contain ana-(methyl)cysteine
(51) fragment, such as mirabzoles [195, 196],
tantazoles [197], and thiangazoles [198, 199],
were found to possess promising antitumor
and anti-HIV-1 activities which provide con-
siderable motivationfor the development of
asymmetric synthesis and in-depth biological-
investigation of a-(methyl)cysteine (51).

""'CO,H

Scheme 12. Asymmetric synthesis of a-(methyl)cysteine (51).

As presented in Scheme 12, the synthe-
sis of 51 was accomplished by the alkylation
of alanine complexes 49 and 50 derived from
Hamari 13 and Soloshonok-Liu 14 ligands,
respectively [200]. It should be noted that the
alanine residue in complexes 49 and 50 can be
racemic as the reaction proceeds via formation
of the achiral intermediate enolate. Proline de-
rived complex 49 exhibited better stereochemi-
cal preference allowing the preparation of the
major diastereomer in 77% yield with 80% de.
The major product can be purified by column
chromatography and disassembled to provide
the target AA 51. Both enantiomers of 51 were
prepared with the same stereochemical out-
come.

https://ucj.org.ua

Another interesting example of tailor-made
AAs is 7-azatryptophan 52. AA 52 has been
widely used as a biological fluorescent probe
[201-204], an antiplasmodial compound
[205], and an inhibitorof checkpoint kinase 1
[206-208]. Although there have been several
reports on the synthesis of azatryptophanes
[209-215], the synthesis of 7-azatryptophan
52 has remained less developed, in particular,
by asymmetric synthesis. We demonstrated
that the synthesis of AA 52 can be effective-
ly realized via alkylation of a glycine complex
(Scheme 13).

As shown in Scheme 13, N-protected chlo-
ride 53 reacted with glycine complex 19 in the
presence of a strong base in DMSO affording
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alkylated product 54 as a single diastereomer
in 74% yield. Disassembly of 54 under aci-
dic conditions took place with simultaneous
removal of the Boc protecting groupproviding

Qjﬂ
N

the target AA 52 in 95% yield [216]. It should
be noted that chiral ligand 14 was also collec-
ted with 97% recovery for re-use.

7 CO,H
. N T N Hel 7 / 2
Ni >~ z i
N N4 7 N NH;

19 Cl

(S)-14
szs) -54

Scheme 13. Asymmetric synthesis of 7-azatryptophan
via alkylation of glycine-Ni(II)complex.

Scheme 14 illustrates various AAs synthe-
sized using Hamari ligand 13. The glycine-de-
rived complex 55 can be prepared quantita-
tively by treating ligand 13 with glycine and
a source of Ni(II), e.g. NiCl,, in methanol in
the presence of base. Any alkylating reagent
compatible with the reaction conditions can
be used to alkylate the glycine moiety in 55.
For instance, mono-, di-, or polysubstituted
benzyl chlorides/bromides provide excellent
alkylations. The substituents on the phenyl
ring only have a negligible effect on the ste-
reochemical outcome. Similarly, variously
substituted naphthyl derivatives and some
heterocyclic derivatives also produce excel-
lent results. Although inactivated alkyl hali-
des react more slowly, they still achieve the
same high stereochemical outcome, typically
around 95% de, with chemical yields exceed-
ing 90%. The alkylation products 56 can be
conveniently disassembled to yield the cor-
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responding AA and chiral ligand 13 which
can be easily recovered with uncompromised
enantiomeric purity [217].

Chiral glycine alkylation methodology
can also be used for the synthesis of bis-AA
(Scheme 15) [218, 219]. This particular class of
tailor-made AAs is frequently found in natu-
rally occurring peptides. For example, bis-AAs
play an important role in the structure of the
peptidoglycan cell walls of fungi and bacteria
and can act ascross linking elements to allow
for efficient control of thepeptide secondary
structure. Representative examples of natural-
ly occurring bis-AAs include diaminopimelic
acid [220,221] and dityrosine [222]. Further-
more, bis-AAs serve as a key structural unitin
the design of antibiotics that disrupt microbial
cell wall synthesis [223]. Due to their useful
biological properties and bio structural func-
tions, the synthesis of bis-A As has received sig-
nificant interest [224-231].
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(R)-57

Scheme 14. Asymmetric synthesis of various tailor-made AAs via alkylation
of glycine Ni(II) complex derived from Hamari ligand13.

cl
cl lof cl
cl o]

C\ Brw_ X< _-Br HaN.__CO,H
N 0.0 58 C\ \(
N 0._0_ N HCI

0N \lN ;\ /N|\ ) /X N/, I\N o B

or N N | H,N">COLH

O O O ‘ ‘ (S.5)-60

o (919 +

Cl (S,S,S,S)-59 Cl (S)-14

dr>97:3
. \‘\‘\ ‘ /\/

Scheme 15. Asymmetric synthesis of tailor-made bis-AAs via alkylation of a glycine Ni(II) complex.

As illustrated in Scheme 15, dibromides 58 yields of 59 are usually above 90% with diaste-
can react with two equivalents of glycine-Ni(II) reoselectivity >97:3. As expected, the reaction
complex 19 to afford di-alkylated 59. Despite proceeds via intermediate monoalkylated de-
some complexity of this process, the chemical rivatives which can be determined by TLC and,
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if necessary, isolated. This approach, though, is
limited to activated dibromides 58 such as ben-
zyl or allyl derivatives [232]. Attempts to use
inactivated alkyl halides require forcing condi-
tions leading to significant decomposition and
loss of stereochemical integrity. Disassembly of
59 under acidic conditions permits the isolation
of the target bis-AAs 60 as well as the recovery
of chiral ligand 14.

Aldol addition reactions.

Aldol addition to glycine equivalents is the
most convenient approach for the preparation
of a-amino-f-hydroxy AAs [233-237]. For ex-
ample, glycine Ni(II) complex 19 was shown
to react with various aldehydes and activated

Cl
Cl

Yo

0]
H
OMe
o
7 be |G

ketones [238-240]. The aldol reactions of 19
can be conducted under either kinetic con-
trol using a weak base or under thermody-
namic control using a strong base [241,242].
While the latter affords the corresponding al-
dol addition products with excellent levels of
diastereoselectivity at the a- and fS-positions
(> 98:2), the former proceeds only sluggishly
and with only a low degree of stereochemical
preference(~60:40) at the p-stereogenic car-
bon. Considering these inherently challeng-
ing synthetic limitations, we were interested to
know whether the stereochemical preference
could be improved when the aldol addition is
followed by transformation to irreversible pro-
ducts (Scheme 16) [243].

@%?

L CI (S2S,3S)-6 Cl (S2S,3S)-62
C\N (0] + C_\N
i N W z
NN OAN/
©/k o
Cl  (525,35)-63 o (525,35)-64

Scheme 16. Methodological study of the aldol addition-cyclization reaction cascade.
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As presented in Scheme 16, using the chi-
ral Ni(II) complex of glycine Schiff base 19 we
designed an addition-cyclization reaction cas-
cade to explore aspects of the kinetic triethyl-
amine-catalyzed formation of the correspond-
ing (825,35)-63 and (S)(2S,3R)-64 diastereo-
mers [243]. It was found that the final lactone
products rather reflected thermodynamic ste-
reocontrol due to much greater rates of the re-
versible aldol addition, products 61 and 62, vs.
a subsequent and irreversible cyclization step.
The observed 80:20 diastereoselectivity for (S)
(25,35)-63 and (S)(2S,3R)-64 in the reaction of
Ni(II) complex 19 constitutes an improvement
over the previously reported 60:40 ratio.

Cl C

|
o)
cl I
NS .
FsC~ N7 [< K
(Rs)-65 o (Seres
C\N O._0O« /OT
N MeCN, t, /\N k k
C

N

Mannich additions.

Mannich additions of chiral glycine equiva-
lents represent the most direct approach for
the preparation of «,f-bis-AAs [244-247]. In
the chemistry of Ni(II) complexes of glycine
Schift bases, Mannich additions are one of the
least studied reactions [248]. Nevertheless,
a,3-bis-AAs constitute an important class of
tailor-made AAs found in nature as structu-
ral motifs of biologically important molecules
[249, 250].

As illustrated in Scheme 17, we designed
a Mannich addition to investigate the case
of matching vs. mismatching diastereomeric
preferences between chiral complex 19 and
chiral Mannich acceptor 65 [251].

N/ ~ "H DBU N DBU,
I Ni H o ’ = Ni
P WA WR )< MeCN,rt, _A_ /
0" N IN S 6737% © N dr>97:3
0,
©/KPhCF3 o 68 63% oh
& (S2R 3RR,)-67 & (S)-19 & (S25,3SS,)-66
Cl +
; Cl
(VN oo
v N/ ~ H
TN L
0“>N N °s

Scheme 17. Mannich additions of the chiral Ni(II) complex of glycine Schiff base 19
with a chiral Mannich acceptor 65.
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It was intriguing to find that S-configured
Ni(II) complex 19 and N-tert-butylsulfi-
nyl-3,3,3-trifluoroacetaldimine 65 with an (S)
configuration have matching stereochemical
preferences resulting in the formation of pro-
duct 66 with virtually complete diastereose-
lectivity. The reaction of (S5)-19 with (R)-65 is
a case of mismatching stereochemical prefe-
rences and affords amixture of diastereomers
67 and 68 in a ratio of 37:63. These results
suggest that the stereocontrol of the Ni(II)
complex 19 prevails over the stereoselecti-
vity provided by imine 65. It is worth noting
that N-tert-butylsulfiny 1-3,3,3-trifluoroac-
etaldimine (65) is one of the most widely used
and exceptionally high stereocontrolling chiral
reagent for the asymmetric synthesis of amines
and AAs [252-256].

Cl

Cl

cl o

/\)J\OAnyl

69

C\N\ 0.0 K,COy, C\
YN :f iPrOH, 50 °C, N
A~ 10 h S Ni
(0] N N S

| 07N
Ph
& (S)K19

Cl

Michael additions.

Michael additions are of great synthetic va-
lue for the preparation of various types of tai-
lor-made AAs containing five carbon atoms in
their skeleton. These include, but are not limi-
ted to, glutamic acid, glutamine, pyroglutamic
acid, pyroglutamine, and proline [257-260].
The Michael addition of Ni(II)complexes
with various a,f-unsaturated carboxylic acid
derivatives has been one of the most prolific
avenues of this research area [261-264]. We
chose Michael addition for the synthesis of
(2S,35)-3-methylglutamine, one the key com-
pounds used in the total synthesis of cytotoxic
marine peptides callipeltin O and Q [265]. As
presented in Scheme 18, glycine Ni(II) com-
plex 19 was reacted with Michael acceptor 69
under specially designed conditions to keep
intact the allyl ester moiety [266].

Cl o Me
' _CO,H
6M HCI,  Allylo
THF, rt
(28,35)-71 NH3Cl

“ 5 steps

Ph o Me

‘' _CO,H
XanHN

(S2S,3S)-70 (28,3S)-72 NHFmoc

Scheme 18. Asymmetric synthesis of (25,3S)-3-methylglutamine via Michael addition.

The acidic disassembly of the major dia-
stereomeric product (5253S)-70 was also per-
formed under strictly controlled conditions
using THF as a solvent. Allyl ester hydrochlo-
ride 71 was subsequently transformed into the
target glutamine derivative 72 in five steps in-
volving protection-deprotection procedures.
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The substitution of phenylalanine (73, Fi-
gure 3) in endogenous peptides with a bulki-
er and more lipophilic -phenylphenylalanine
(diphenylalanine, DPA, 74) usually leads to im-
proved binding to the apolarsite of the targeted
receptors. DPA-modified peptides were found
to possess some encouraging biological pro-
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files in the areas of thrombin inhibitors [267,
268], angiotensin-converting enzyme (ACE)
inhibitors [269], HIV protease inhibitors [270],

bitors [271], y and § opioid receptors [272],
and other types of peptidic substrate-receptor
interactions [273-279].

UCJ N2 10 / Vol. 90

pain-related norepinephrine transporterinhi-

COH i]n

‘ NH, 2
74 @

Fig. 3. Phenylalanine (73) and its more lipophilic analogs.

Numerous advanced in silico studies have
generated structural profiles for hundreds of
tailor-made AAs with rationally designed size
control and vdW and electrostatic interactions
that influence peptide ligand binding affinity
with endogenous receptors [280-283]. 2-Ami-
no-4,4-bis-(phenylsulfonyl)butanoic acid (75)

is one of the promising structures featuring
enhanced steric bulk and lipophilicity. We en-
visioned that this molecule could be assembled
via Michael addition between glycine-Ni(II)
complex 19 and the specially designed vinyl-
disulfonyl Michael acceptor 76 (Scheme 19)
[284-287].

302 1) 6N HCI,
MeOH,
50 °C,2h @\
2) EDTA-2Na
- 0 : SO
) L MeCN, Y S0, Na,COs3, 2 CO,H
OAN ‘N TEA, 50 °C, /'\ 3 ,, Fmoc-OSu,
13 h 0N |N SO, H,0/MeCN S0z N._
—_—
P“ O O
78
Cl (5)-19 (S2S)-77 vield 99% +(S)-14

Cl

dr93:7

Scheme 19. Asymmetric synthesis of 2-amino-4,4-bis-(phenylsulfonyl)butanoic acid (75).

It was interesting to find that due to the high
electrophilicity of acceptor 76, the correspond-
ing Michael addition with glycine complex 19
can be conveniently conducted using triethyl-
amine as base. Optimization of the reaction

https://ucj.org.ua

conditions allowed for preparation of the dia-
stereomeric products with an excellent yield of
99% and high diastereomeric ratio (dr) of 93:7.
The major diastereomer 77 was transformed
into the corresponding Fmoc derivative 78
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of 2-amino-4,4-bis-(phenylsulfonyl)butanoic
acid (75) under standard conditions. As usual,
chiral ligand (S)-14 is able to be recovered and
purified for future applications [288].

3-Methyleneglutamic acid (79, Figure 4)
was reported as a racemic compound and test-
ed as a potential suicide inhibitor of pig heart
glutamate-aspartate transaminase [289,290].
Interestingly, (S)-4-methyleneglutamic acid
(80) is a naturally occurring compound
[291,292] and was prepared in enantiomerical-
ly pure form [293,294].

O
J\)J\(COZ HOJ\[(\rCOZH
NH,

Flg. 4. Structures of (S)-3-methyleneglutamic
acid (79) and (S)-4-methyleneglutamic acid (80).

We also examined the Michael addition be-
tween glycine Ni(II) complex 19 and Michael
acceptor 81 bearing a tosylate leaving group
(Scheme 20) [95]. Our goal was to prepare ad-
dition product 82 containing the correspond-
ing B-methyl-unsaturated AA. Quite unex-
pectedly, we isolated compound 83 as the ma-
jor product. This outcome was very welcome
as it allowed for the asymmetric synthesis of
(S)-3-methyleneglutamic acid (79) which was
previously unknown in enantiomerically pure
form.We reasoned that compound 82 under-
went base-catalyzed isomerization to 83 via
transition state 84. This mechanistic rational
is supported by the fact that using the same
method we were able to prepare fluoro-AA
85 via the expected addition-elimination se-
quence [295].

cl Cl
Cl Cl
”é/\cozEt
0 Me 81 C\N\ 0.0 C\N\ 0.0
; N{ o T . N7
o\ N chos, 0N N7 P CoLEt | KOs 07N N (\ CO,Et
| MeOH | MeOH |
Ph pr,Me Ph
c (S)-19 — (SS)-82 _| Cl (SS)-83
HCI
O l
eﬁ N OEt 0
CO,H =
HO _ ] CO,H
Q) /9) HO + (S)-14
CF; NH, H™I H NH
85 H ?
84 79

Scheme 20. Michael addition of glycine-Ni(II)complex with Michael acceptors
containing tosylate leaving groups.
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Organophosphorus derivatives are wide-
ly found in natural products, pharmaceuti-
cals, chiral ligands, and functional materials
[296-305]. Phosphorus-containing a-AAs are
an important class of tailor-made AAs that
have gained considerable attention in peptide
design strategies as they enhance stability to-
wards protease degradation and permit bioac-
tivity to be modulated [306-314]. Previously,

Cl

N /O (0] H
= /Nl - =
PN K,CO5 P
o~ N |N MeCN, ©
Ph 60 °C

c (S)-86

using Ni(II) complex chemistry, w-phosphorus
analogs of dicarboxylic AAs were prepared
by alkylation of a glycine chiral Schift base
complex with the corresponding phosphorus
alkyl halides [315]. We envisioned a different
approach based on the Michael addition of
dehydroalanine chiral Schift base complex 86
(Scheme 21).

HO:/|/O (I:I)
"/,/P\\R

HN
| R
Boc

(R)-89

(SR)8 +(S)-14

Scheme 21. Asymmetric synthesis of phosphorus analogs of AAs via Michael addition.

In sharp contrast to the previously dis-
cussed Ni(II) complexes representing nu-
cleophilic glycine equivalents, dehydroala-
nine derivative 86 [316,317] represents an
electrophilic alanine equivalent allowing ho-
mologation at the corresponding f3 position.
The addition reactions of Ni(II)complex 86
with nucleophiles 87 were conducted under
the usual nucleophilic conditions using me-
thanol as a solvent and K,CO, as base [318].
The Michael addition between dehydroala-
nine Ni(II) complex 86 and phosphorous nu-
cleophiles 87occurred very cleanly furnishing
products 88 in good yields and with excellent
diastereoselectivity. It should be noted that
the a configuration of the addition products
88 appears to be of an unusual (SR) config-
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uration, but this is simply due to the CIP
priority rules favoring the phosphorus atom
over the -CO,H group [319,320]. Complexes
88 were disassembled under the usual acid-
ic conditions and the target AAs were in situ
converted to the corresponding N-Boc deri-
vatives 89 along with the recovery of the chi-
ral ligand (§)-14.

Multistep procedures.

Described above are general methodolo-
gical approaches requiring one key step before
acquiring the target AA. In this section we
provide examples of multiple synthetic trans-
formations for the preparation of structurally
complex tailor-made AAs as exemplified by
the structures in Figure 5.
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N
N o) > OH
O" N Xeo,tBu
O R Me
R = alk (3S,4R) (2R,4R)-91

R = aryl, -CF3 (3S,45)-90

Fig. 5. Examples of products prepared using
Ni(II) complex methodology.

Thalidomide is a notorious drug due to the
monumental socio-scientific impact it had on-
nearly every sector of the healthcare industry
[321-324]. Nevertheless, in 1998 and 1999 the
US Food and Drug Administration approved
thalidomide for use in the treatment of erythe-
ma nodosum leprosum and multiple myeloma
[325]. Moreover, the clinical success of thalido-
mide led to the development and marketing of
several of its structural analogs [326-328]. The
Michael addition of glycine-Ni(II) complexes
were used as a key step in the asymmetric syn-
thesis of novel 4-substituted enantiomerically
stable analogs of thalidomide 90 [329,330].
Oxazolomycin A, isolated from the fermenta-
tion broth of Streptomyces sp., exhibits potent
antibiotic properties against various Gram-po-
sitive bacteria and Agrobacteriumtume faciens,
strong anticancer activity, as well as various
other antiviralactivities [331-339]. It was envi-
sioned that the pyroglutamate core unit, such
as compound 91 which possesses appropri-
ate functional groups at C-2 and C-3, can be
viewed as a synthetic intermediate in the total
synthesis of Oxazolomycin-type natural prod-
ucts. The first step in this process included the
Michael addition of achiral glycine Schift base
with a chiral «,f-disubstituted acrylate deriva-
tive for the preparation of the enantiomerically
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pure a,3-disubstituted pyroglutamic acid core.
A total of twelve reactions were utilized in the
synthesis of 91 with an overall yield of 10%
[340].

a, 3-Methano-AAs, or methanologs of a-AAs,
represent an extreme case of compounds con-
taining a severely conformationally restricted
cyclopropane ring [341, 342]. Remarkably, se-
veral cyclopropyl group-containing AAs, such
as 92-94 (Figure 6), are naturally occurring
compounds and have been isolated from va-
rious higher plants [343-351].

CO,H CO,H CO,H CO,H
M .
H,N HZN)y © H2N/1>/\ HoN' 1>/\
92 93 94 (2R,35)-95

Fig. 6. Naturally occurring and tailor-made a,-
methano-a-AAs.

The interest in methanologs of AAs results
from the discovery of a novel and very potent
class of hepatitis C virus NS3/4A protease in-
hibitors [352] containing (1R,2S)-1-amino-
2-vinylcyclopropanecarboxylic acid (95) as
a key structural feature. Thus, at least sixdif-
ferent drugs containing AA 95 are currently
being developed for the treatment of hepati-
tis C. For example, Simeprevir [353], Dano-
previr [354], Asunaprevir [355], Faldaprevir
[356], Ciluprevir, and Grazoprevir [357] all
have a fragment of acid 95 as a sulfonamide
derivative.

Given this profound interest in the phar-
maceutical applications of acid 95, we exami-
ned Ni(II) complex chemistry for the asym-
metric synthesis of this compound. The me-
thod developed by us is illustrated in Scheme
22 [358].
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Scheme 22. Asymmetric synthesis of Boc-protected
(1S,2R)-1-amino-2-vinylcyclopropanecarboxylic acid (99).

The synthetic sequence began with the se-
lective alkylation of glycine complex 19 with
dibromide 96. We found that the first mo-
no-alkylation reaction needed to be conduct-
ed under very mild phase-transfer conditions
using dichloroethane as the solvent at am-
bient temperature. The diastereoselectivity
of the first alkylation step is kinetically con-
trolled and affords product 97 as a mixture of
diastereomers in a ratio of 80:20, but unfor-
tunately it is not high yielding. However, the
ratio of diastereomers 97 is of no concern as
the next alkylation step occurs via deprotona-
tion of the a-stereogenic center. The second
intramolecular, alkylation-cyclization requires
very strong basic conditions giving rise to the
targeted, highly sterically constrained, cyclic
architecture. Product 98 was isolated in 75%
yield as a mixture of diastereomers 90:10. The
major compound with (1S,2R) configuration
was obtained diastereomerically pure by col-
umn chromatography. Disassembly of com-
pound 98 followed by four additional steps

https://ucj.org.ua

afforded the Boc-protected (1S,2R)-1-amino-
2-vinylcyclopropanecarboxylic acid (99) [358].
A similar reaction sequence was used for the
preparation of the (1S,2R) and (1R,2S) enantio-
mers of 1l-amino-2-vinylcyclopropanecarbo-
xylic acid starting from the glycine complex
derived from the Hamari ligand 13 [359]. Both
approaches provide for reliable access to this
pharmacologically important tailor-made AA.

3-Amino-2-hydroxyoctadecanoic acid (Ahod
100, Figure 7) is a common structural unit of
naturally occurring peptides Ralstonin A and
Ralstoamide A possessing chlamydospore-in-
ducing activity in fungus and moderatephyto-
toxicity in plants [360]. The total synthesis of
Ralstonin A and Ralstoamide A has not been
reported and synthetic work on these mole-
cules has been limited for a long time by the
preparation of selected fragments, in particu-
lar the 3-hydroxy-tyrosine fragment with var-
ious stereochemistries and functional group
protections [361-363]. Planning for the high-
ly anticipated structural confirmation and a
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structure—activity relationship study, we decid-
ed to focus on the preparation of Ahod AA 100
which is critically responsible for the lipophilic
properties of these naturally occurring peptides.

Fig. 7. The common structural fragment of
Ralstonin A and Ralstoamide A.

As presented in Scheme 23 [364], the syn-
thesis started with the alkylation of chiral
glycine equivalent 19 with alkyl iodide 101.

Cl Cl
Cl Cl

The reaction was conducted under the usual
strongly basic conditions at ambient tempera-
ture affording alkylation product 102 in high
chemical yield and with high diastereoselec-
tivity. Disassembly of diastereomerically pure
102 was followed by the esterification and pro-
tection of the amino group. The ester group in
103 was hydrolyzed using NaOH to yield 104,
which was reacted with reagent 105 to pro-
duce intermediate 106. Compound 106 was
treated with oxone in THF-methanol to pro-
vide keto-ester 107 in moderate yield. Finally,
reduction of the keto group in 107 gave rise to
two diastereomeric products, (25,35)-108 and
(2R,35)-108, obtained in yields of 39% and 29%,
respectively [120]. While the diastereoselecti-
vity of this step was low, the preparation of
both compounds fits well with the current re-
search goals of confirming the stereochemis-
tries of Ralstonin A and Ralstoamide A.

1. THF/HCI, o
2 SOCI,/MeOH,

Y owe

Boc)ZO

N N NH
/
| NaOH, DMF, Boc
Ph  yield 75%, (S)-103
de 90%
e NaOH,
cl o (S)-19 cl (S)S)-102 o yield 96%
© /
o oxone, CN CS o
OMe  THF/MeOH, | 105
13 Ny O yield 55% 1 NH _S 13 o OH
Boc” HATU, DIPEA,
Boc (5)-107 (S)-106 CH,Cly, 77% (S)-104
NaBH,,
MeOH
Me
M Scheme 23. Asymmetric synthesis of
the lipophilic AA found in Ralstonin A
Boc” Boc” and Ralstoamide A.

(25,35)-108 39% (2R,35)-108 29%
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CONCLUSIONS. In the field of the asym-
metric synthesis of AAs, only a few approaches
possess the practical characteristics attractive
to industry for large-scale pharmaceutical pro-
duction. The chemistry of Ni(II) complexes is
undoubtedly one of these promising methods.
As emphasized in this review, the simplicity of
the reaction conditions plays a crucial role in
the overall cost structure and commercial suc-
cess of chemical processes.

Depending on the structure of the target
AA, one may choose either direct chiral modi-
fication of unprotected AAs or the elaboration
of chiral glycine equivalents. Of particular
commercial interest are the methods we have
developed, which include SOAT, DKR, and
inversion of chirality. In the homologation
approach, construction of the desired AA ar-
chitecture can be efficiently achieved through
alkylation, aldol, Mannich, and Michael addi-
tion reactions.

We believe that Hamari’s contributions to
this field will be highly valued by practitioners
in both industrial and academic laboratories
and will be instrumental in future applications
of our methods for the preparation of com-
mercially marketed pharmaceuticals.
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cial support from the National Natu-
ral Science Foundation of China (No.
21761132021) and the Qing-Lan Pro-
ject of Jiangsu Province (for Han) and
IKERBASQUE, Basque Foundation
for Science (for Soloshonok).
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Y Wit cTarTi po3INIAHYTO PO3BUTOK acu-
METPUYHOTO CHMHTE3Yy CIIel[iaJIbHO CTBOPEHMX
aMiHOKICJIOT, TpoBefeHuit B KoMmnanii Hamari
Chemicals 3a 10-piunuit mepiox 3 2013 mo
2022 pik. O6roBopeHH: 6a3yeTbcs Ha CTpaTe-
TifiX, TaKUX 5K IpsiMa XipaibHa Mopudikarisa
HEe3aXMIIEHNX aMiHOKNUCIOT Yepe3 MpOMiKHe
yrBopenHs komiutekciB Ni(II) i pospobnenss
Xipa/lbHUX HYKIe0oQinbHUX ab0 eneKTpodinb-
HUX €KBiBaJIeHTiB rminuny. Ilepmmit mipxiz
BK/IIOYA€E, HANPUKIAJ, ACUMETPUYHY TpaHC-
dopmaLio Apyroro NopsApKy, AUHaMIiuHY Ki-
HETUYHY PO3IIIbHICTD Ta IHBEPCII0 XipaabHO-
CTi, TOAi AK APYruit MiAXig BKIIOYAE HOOYIOBY
6a)kaHOI apXiTeKTypy aMiHOKUCIIOT 3a JOIO-
MOIOI0, HallpMK/aZl, PeaKliiil aJKinyBaHHS,
aZbfo/bHNX, MaHHixXa uu Mixaensd, a TaKox
6araroctyninyacTux nponenyp. Haromorry-
€TbCA Ha 3PYYHOCTI B €KCIUTyaTallil, Macli-
TaOOBAHOCTI Ta MPAKTUYHOCTI pPO3pOOIEHNX
MEeTOJIiB.

KnrodoBi cnoBa: crienjialbHO CTBOpPEHi aMi-
HOKMC/TOTH; {U3aiTH i pO3poOIeHH MiKiB; ach-
MeTpMYHa TpaHCPOpMaIis APYroro NOPAAKY;
IVHaMiYyHa KiHeTMYHA pO3Ji/IbHICTD; iIHBEpCid
XipaZbHOCTI.
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