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Recent publications on the key preparation methods of the enantiomers of 2-aryloxy carboxylic acids are summarized and
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1. Introduction

Development of rational methods for the synthesis of
enantiomerically pure 2-aryloxy-substituted carboxylic
acids and their derivatives is of interest because of high
practical value of compounds of this class. These acids are
precursors or structural fragments of some agrochemicals
and physiologically active compounds (Fig. 1). It is well
known that biological activity depends on the configuration
of the chiral centre in the 2-aryloxy acid molecule.! =3 For

example, the R-isomer of lofexidine is 10 times as active as
its optical antipode. Nevertheless, both this compound and
lactisole, a sweet taste receptor inhibitor, are used in the
form of racemates.

2-Aryloxy carboxylic acid derivatives have a significant
synthetic potential as chiral (or prochiral) synthons. In
recent years, the range of stereoselective reactions with
participation of chiral reagents based on iodinated 2-aryl-
oxy carboxylic acids has continuously expanded.*~¢ Enan-
tiomerically pure 2-aryloxy acids also provide the basis for
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Figure 1. Biologically active 2-aryloxy acids and their derivatives.

the preparation of 2-hydroxy acids, which are used in
organic synthesis as chiral building blocks.”-8 Recently, we
have found %-1° that some 2-aryloxy acid derivatives can
serve as efficient chiral reagents for kinetic resolution (KR)
of racemic heterocyclic amines.

Therefore, the search for effective synthetic routes to
individual stereoisomers of 2-aryloxy carboxylic acids is a
relevant task. Meanwhile, despite the practical value of
these compounds and the importance of development of
synthetic routes to them, no analytical reviews on the
preparation of 2-aryloxy acids as single enantiomers have
yet been published. Various approaches to enantiomerically
pure 2-aryloxy acids are described in the literature, with a
large number of publications being devoted to enzymatic
reactions used to prepare stereoisomers of 2-aryloxy car-
boxylic acids.!!' =20 Nevertheless, non-enzymatic methods
are also important for the preparation of single enantiomers
of these compounds. This review is devoted to the achieve-
ments in the chemical synthesis of enantiomerically pure
2-aryloxy-substituted carboxylic acids and their derivatives.

Methods for the preparation of enantiomers of 2-aryl-
oxyalkanoic acids can be divided into three main groups
according to the type of substrate:

(1) syntheses from enantiomerically pure chiral precur-
Sors;

(2) syntheses from prochiral compounds with generation
of an asymmetric centre in the substrate molecule;

(3) resolution of racemic mixtures.

The following designations and abbreviations are used:

acac — acetylacetonate,

B — base,

C — conversion,

DIPEA — N,N-diisopropyl-N-ethylamine,

DKR — dynamic kinetic resolution,

dr — diastereomeric ratio,

EDCI — 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide,

ee — enantiomeric excess,

HBTM — homobenzotetramisole,

KR — kinetic resolution,

MS — molecular sieves,

MW — microwave radiation,

NaBARF — sodium tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate,

Naph — naphthyl,

NBD — norborna-2,5-diene,

PKR — parallel kinetic resolution,

PPAR — peroxisome proliferator-activated receptor,

PEA — 1-phenylethylamine,

rt — room temperature,

s — selectivity factor,

Tf — trifluoromethanesulfonyl (triflyl),

TMS — trimethylsilyl,

Ts — p-toluenesulfonyl (tosyl).

2. Synthesis from chiral precursors

The availability of enantiomerically pure 2-hydroxy carbox-
ylic acids, e.g., lactic and mandelic acids, and the possibility
of isolating them from natural sources make it possible to
synthesize the enantiomers of 2-aryloxy acids by replacing
the hydroxy group by a phenolic moiety (directly by the
Mitsunobu reaction or via sulfonylation followed by nucle-
ophilic substitution). Appropriate 2-halogen derivatives can
also serve as the starting compounds in the synthesis of
enantiomerically enriched 2-aryloxy carboxylic acids. The
key problem restricting the use of Sn2 nucleophilic sub-
stitution reactions for the preparation of compounds with
high enantiomeric purity is incomplete inversion of config-
uration of the chiral centre. Nucleophilic substitution reac-
tions often proceed under drastic conditions (in the presence
of strong bases at high temperature) and can be accompa-
nied by racemization and side reactions, for example,
elimination. For this reason, publications devoted to the
synthesis of enantiomers of aryloxy acids by Sn2 reactions
focus attention on the selection of the leaving group and
reaction conditions.

The approach based on displacement of the p-toluene-
sulfonate (tosylate, OTs) group in alkyl esters of O-sulfony-
lated (S)- and (R)-lactic acids by phenol in the presence of
excess CsF in DMF was used to prepare enantiomerically
pure (R)- and (S)-2-aryloxy esters 1a,b (Scheme 1).2! These
products are of interest as structural fragments of chiral
Bs-adrenergic receptor agonists, for example, compound
222

The reaction of O-trifluoromethanesulfonylated n-butyl
2-hydroxybutyrate (1.2 equiv.) with meta-substituted phe-
nol 3 gives biologically active (R)-2-aryloxy ester 4 (com-
mercial code K-13675), which is an peroxisome
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Scheme 1 Scheme 4
PhOH (3 equiv.), CO2Ak CO Me HO
- =
OTs OPh o' (R) CO2Et

(R)-or (S)-1a,b (77%)
Alk = Et (a), Me (b)

Structure 2
OH H

N
2 07" COH

proliferation receptor agonist (PPAR) (Scheme 2).2* The
nucleophilic substitution reaction was conducted in aceto-
nitrile in the presence of K»>COs; the target product was
formed in a quantitative yield with an enantiomeric excess
(ee) of 99%.

Scheme 2

OMe
__Ir
CO,Bu N o

(S) + //k a

—
Et” NOTf N“ O
3
Et
(R
0" “CO.Bu"
. O.__N
/©/O\/\/N
MeO 4(100%)

(a) K2COs3 (1.2 equiv.), MeCN; OTf is trfluoromethanesulfonate (triflate)

A broad range of 2-aryloxy esters (R)-1 with ee from
88.7% to 93.6% (according to chiral HPLC) were prepared
in 75% —95% yields by microwave (MW) assisted reactions
of ethyl (S)-O-tosyllactate with various phenols in the
presence of K>COj3 (Scheme 3).24

h
COLEL COLE Scheme 3
(S) + ArOH

Me”~ “OTs Me

K2CO3, MW
_— >
“OAr

1[75% —95%,
(88.7%—93.6%) ee]

Ar = Ph, 2-C|C6H4, 4-C|CGH4, 3-BFCGH4, 4-BFC6H4, 3-02NCGH4,
4-02NC§H4, 2-Me-4-C|CeH3, 3-Me-4-C|CeH3, 2,4-C|206H3,
3,4-Cl2CeHs, 3,5-Cl2CgHs3, 2,4-BroCeHs, 2,6-(Me0)2CgHs,
2,3,5-M93C6H2, 3,5-M62-4-C|CGH2

The nucleophilic displacement of the tosyloxy group of
methyl (S)-O-tosyllactate under the action of hydroquinone
is accompanied by inversion of configuration and affords
(R)-aryloxy ester 1c in 75% yield (Scheme 4).2> This

Q

5 (60%, >99% ee)
(a) NaOH, EtOH

F%

R) COLBuU"

(R)-aryloxy ester was used in the synthesis of compound
5 — the low-toxic enantiomerically pure herbicide Cyhalo-
fop-butyl.

In 2016, a new original approach was proposed 2 for the
preparation of enantiomers of aryloxy esters (R)-1d—g
(Scheme 5). The reaction of enantiomerically pure ethyl
L-lactate with carbon disulfide in the presence of sodium
hydride followed by treatment of the reaction product with
propargyl bromide affords xanthate 6, which reacts with
phenols to be converted to enantiomerically pure 2-aryloxy

esters. Compound 1g (Quizalofop-P-ethyl) is used as a
herbicide.
Scheme 5
CO,Et
COzEt b Me
» s Me - J\
e (S)//OH ArO\\\(R) COEt

siKs/\

(a) 1) CS2, NaH, THF; 2) HC=CCH_2Br; (b) ArOH, PhMe, A

R cl
Ar = <j (@), @ 7 o
CN Ne"Se

Cl
_N Cl
J Kj @
O N

A popular approach to the synthesis of 2-aryloxy
carboxylic acids from optically pure precursors consists in
the Mitsunobu reaction of single enantiomers of 2-hydroxy
esters with phenols. During this reaction, the stereo config-
uration of the 2-hydroxy ester moiety is inverted. However,
there are known examples where this reaction is accompa-
nied by partial racemization or even retention of config-
uration.?’”~2° The enantiomeric purity of 2-aryloxy
carboxylic acid derivatives obtained by the Mitsunobu
reaction does not receive adequate researchers’ attention.
Examples of using this reaction in the route towards
enantiomerically pure 2-aryloxy acids are presented below.

Among 2-aryloxy acids, special place is occupied by
iodo derivatives, which serve as chiral reagents and catalysts
in diverse redox processes. The key method for their
preparation is the Mitsunobu reaction involving 2-hydroxy
acids and phenols. Scheme 6 depicts the general approach
to the synthesis of iodinated 2-aryloxy acids 7. Derivatives
of 2-aryloxy acids 8 were prepared in a similar way. In all
cases, 2-aryloxy esters 9 were obtained by the Mitsunobu
reaction from 2-hydroxy esters and substituted phenols in

1d—g (35%—87%)
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(a) DIAD or DEAD, PPhs, THF; L: none, OAc; X = O, NH;
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|
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Structures 8

L: none, OAc

R' = Me, Pr', Bn; R?2 = H, Me,
F, CF3, 3,5-(F3C)2CsHs3;

R3 = OAIk, NHAIk, NHAr, NAIka,
N(cyclo-Alk)

@)

the presence of diethyl azodicarboxylate (DEAD) or diiso-
propyl azodicarboxylate (DIAD) and triphenylphos-
phine.30-47

The Mitsunobu reaction is often used to prepare single
enantiomers of physiologically active 2-aryloxy acid deriv-
atives such as serotonin receptor agonists; adrenergic recep-
tor agonists and antagonists; PPAR modulators;
phosphoinositide 3-kinase (PI3K) inhibitors; antiviral,
anti-inflammatory, antimicrobial and antiprotozoal agents;
and natural products.

The reaction of (R)-hydroxy ester 10 (96% ee) with
4-tert-butylphenol (1.5 equiv.) in the presence of di-tert-

Scheme 7
HO" COgEt
j ’
N xMe
\©j\ O (S) COH

O (S) COzEt _, .. _»

i N
NN

s

(S)-12 (50%, 93% ee)
(a) DBAD (1.5 equiv.), PPhs (2.1 equiv.), THF

butyl azodicarboxylate (DBAD) and triphenylphosphine
immobilized on a resin gives (S)-aryloxy ester 11
(Scheme 7).48 The overall yield of the product reaches 50%.

Ester 11 served as the starting compound for the
preparation of (S)-2-aryloxy acid 12, a selective PPARYy
agonist, with 93% ee (the total yield was 50% according to
HPLC).

The Mitsunobu reaction between benzyl ester (S)-13 and
substituted phenols (1.1 equiv.) resulted in the formation of
enantiomerically pure (R)-aryloxy esters 14 in 51% —58%
yields (Scheme 8).4° In all cases, the reaction was accom-
panied by the formation of benzyl tiglate (15). For p-ben-
zyloxy-substituted aryloxy ester 14a (R! = H, R? = OBn) as
an example, the absence of racemization during the Mitsu-
nobu reaction was shown by HPLC analysis [(R)-ester
ee > 99%].

H R2 R s
oo oL =
Et OH

13

Scheme 8

R2

> 0

[| Me
Bnomwo R Me
Et 15

14 (>99% ee)

(a) DIAD (1.2 equiv.), PPhs (1.2 equiv.), PhMe, 100 °C, 2—5 h;
R' = H, Me, OMe: R2 = H, CN, NO,, OBn, Me

The reaction of methyl (R)- and (S)-lactates with 2-(3-
nitrophenyl)phenol in the presence of DEAD and PPh;
afforded 2-aryloxy ester, which was allowed to react with
ethylenediamine in the presence of trimethylaluminium to
give imidazoline derivative 16, an a»-adrenergic receptor
agonist, as the (S)- or (R)-enantiomers in up to 54% yield
(Scheme 9).°° The optical purity of the products was >98%
according to HPLC and '"H NMR spectroscopy.

Scheme 9

O2N

NO> 4’
COzMe

J

(R)-or (

(a) 1) DEAD, PPhs, THF: 2) HoN(CH2)2NH,, MesAl, PhMe

The synthesis of related compounds 17a—e under sim-
ilar conditions was accompanied by the loss of enantiomeric
purity (Scheme 10). These compounds could be obtained in
an enantiopure form by fractional crystallization of their
dibenzoyl L- and D-tartrate salts.’! The (R)- and (S)-
enantiomers of biphenyline 17a (96% and 89% ee, respec-
tively) 32 and cyclomethyline 17b (~ 85% ee)>> were syn-
thesized by the Mitsunobu reaction in a total yield of up to
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Scheme 10
OH OAr H
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(a) 1) ArOH, DEAD or DIAD, PPhs, THF; 2) HaN(CH2)2NHz,
Me3Al, PhMe:

S ‘ HzC\
ey »e
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40%. The single isomers of biphenyline 17a were obtained
by fractional crystallization of (+)- and (—)-di-0,0’-(p-
toluoyl)tartrate salts.

Vartak and Crooks’* proposed a synthetic route
towards (R)-lofexidine, an ap-adrenergic receptor agonist
(Scheme 11). The initial displacement of the hydroxy group
in methyl (S)-lactate by 2,6-dichlorophenol via the Mitsu-
nobu reaction resulted in the formation of 2-aryloxy ester,
which was converted to amide 18; on treatment with
trimethyloxonium tetrafluoroborate and ethylenediamine,
the latter was converted to the target product. The overall
yield of (R)-lofexidine was 80% (~ 100% ee according to
polarimetric data).

OH Scheme 11
OH cl cl 4
P + -
Me (S) COsMe
Me R) C(O NHz
18 HN

(R)-Lofexidine

(a) 1) DEAD, PPhs, THF; 2) NHs, EtOH; (b) 1) MesOBF4, CHCly,
Et,0; 2) HaN(CH2)2NH2, MesAl, EtOH; 3) HCI (conc.), EtOH, Et,0

The individual (R)- and (S)-enantiomers of alkyl
2-(1-naphthyloxy)propionates 19, precursors of serotonin
receptor agonists 20, were synthesized from 2-hydroxy
esters in the presence of DBAD and PPhs in up to 95%

OH Scheme 12

OH DBAD, PPhs, THF
- "

COz2R

4 e

)VNHMe

COQR
19

R = Me (S), Et (R)

yields (Scheme 12).55 The optical purity of the target (S)-
and (R)-amines 20 was 97% and 92%, respectively.

The Mitsunobu reaction of enantiopure hydroxy esters
21 with substituted phenols resulted in the formation of
enantiomerically enriched 2-aryloxy esters in 40% —92%
yields; the products were used to synthesize a broad range
of PPAR agonists 22 (Scheme 13).56 38

Scheme 13
OH OAr OAr

IS SIS |

CO2R? CO2R? CO2H
21 22 (75%—99% ee)

(a) ArOH, DEAD or DIAD, PPh3, THF or PhMe; R?
R2 = Me, Et;

Ar =n (X = Hal, Alk, Ac, Ph, CHO, MeO),
X

Y

D -4

_C7H1s-n
‘ ' \ N

The same method was used to prepare a series of
compounds 23 possessing the properties of PPAR agonists
(Scheme 14).5° The optical purity of the intermediate
(S)-2-aryloxy ester 24 determined by chiral HPLC was 96%.

= Me, Pr", Bn;

(Y = H, Ak; Z = H, Alk, 2-F, 2-CF3, Ph),

Scheme 14

OH
/‘ﬂ" . /©/ DIAD, PPhs, THF
_— >
Bn (R) COzEt OHC
: _CHO : _CH=NOR
— . =

— 0 0
Bn"(s) COEt Bn(s) CO:H 23

24 (59%, 96% ee)
R =H, P

The appropriate enantiopure 2-hydroxy acids were
employed for the synthesis of amides 25, phosphoinositide
3-kinase a-isoform inhibitors using the Mitsunobu reaction
(Scheme 15).°° The enantiomeric purity of the resulting
amides was >97% according to supercritical fluid chroma-
tography (Chiralpak AS column); the overall yield of
compounds 25 reached 85%.

Optical isomers of 2-aryloxy acids are also formed upon
nucleophilic substitution in commercially available optically
pure 2-halocarboxylic acids on treatment with phenols or
phenoxide ions displacing the halogen atom. A considerable
obstacle hampering the use of this synthetic approach is
racemization during the reaction. Aikins et al.®' reported
nucleophilic substitution of the chlorine atom in (S)-2-
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Scheme 15

e 1

5 (97%—98% ee)
R = Me, Et

chloropropionic acid on treatment with (S)-ester 26
(Scheme 16). The authors studied the effects of the leaving
group, the base and reaction conditions on the yield and
isomeric purity of the target (R,S)-2-aryloxy acid 27. The
best results were achieved using NaH as a base in refluxing
THF or using Na in THF at 50 °C [diastereomeric excess
(de) of product (R,S)-27 was 97%]. Other conditions
resulted in a noticeable epimerization or a low yield of the
product. Crystallization of the (R)-1-naphthylethylamine
salt of (R,S)-acid 27 (97% de) increased de to 100%. Houpis
et al.%? used sodium trimethylsilyl oxide (TMSONa) as a
base in the nucleophilic substitution reaction. The reaction
was accompanied by complete inversion of configuration of
the chiral centre in the acid moiety; the yield of product
(R,S)-27 (de > 99%) was 87%. Acid 27 is a key intermediate
in the synthesis of PPAR agonist.

Scheme 16
COQPF'
Cl
Me /(S\COZH HO
(S) cozPr
I m -
HOC"(R) O
Et
(S).cozH
Me
HN /©/\orEt
IK& o
(0] 27
B is base

A method for the synthesis of enantiopure 2-alkyl-
substituted benzofuran-2-carboxylic acids 28 is based on
intramolecular nucleophilic substitution reaction of (S)-flu-
oroarenes 29 with fluorine being displaced by a hydroxy
group (Scheme 17).93 The cyclization does not affect the
chiral centre of 2-hydroxy acid. The resulting 2,3-dihydro-

Scheme 17
F
R NaH, DMF, PhMe R S)
_— N
LS HO.C™ Ny
HO.C™ =

OH

29 28

R = Et, Pri

benzofuran-2-carboxylic acids are precursors for the syn-
thesis of promising PPAR agonists.

Nucleophilic substitution of fluorine was used to pre-
pare intermediates for the synthesis of a number of chiral
heterocycles (Scheme 18).64 Esters 30 react with fluoroni-
trobenzenes in the presence of sodium hydride and
15-crown-5 to afford (R)-2-aryloxy esters 31, which were
converted to benzoxazepine 32 and benzoxazine 33 deriva-
tives.

Scheme 18
Et
R'0,C | wOH

O

©/Me
- *Q
R'0,C \\\\o
32

Et

O
. O O
N QO

H 33

Me (32-62%)

(a) NaH, 15-crown-5, THF; R" = Me, (—
= NO, pyrrol-1-yl; R® =

)-menthyl;
H, NO2; R* = H, Br, |

3. Synthesis from prochiral precursors

An important modern approach to the preparation of
enantiopure compounds is based on reactions accompanied
by the formation of an asymmetric centre in a prochiral
substrate. The unremitting interest in asymmetric catalysis
is caused by wide possibilities for modifying chiral catalysts
and relatively low cost of achiral substrates. Currently,
there are known catalysts and reagents for obtaining chiral
compounds in enantiopure form in high yields.®>=67 The
drawbacks of this approach are related to the facts that
chiral catalysts usually have a sophisticated structure and
are difficult to synthesize; furthermore, it is not always
possible to regenerate and reuse the catalysts. Product
purification from the catalyst may also be labour-consum-
ing, especially for metal complex catalysts.

Over the past 15 years, a considerable progress has been
achieved in the asymmetric synthesis of substituted carbox-
ylic acids, including 2-hydroxy acids and related com-
pounds.®®-79 Enantioselective hydrogenation of o,B-
unsaturated acids in the presence of transition metal-based
chiral catalysts has been studied most extensively. The
studied reactions include regio- and stereoselective hydro-
formylation of aryloxy alkenes and insertion of carbenoids
into the O —H bond of phenols.

In 2003, alumina-supported palladium was proposed as
a catalyst for asymmetric reduction of benzofuran-2-car-
boxylic acid (34) to give product 35 (Scheme 19).7!

Chirality was induced by cinchonidine (36). The influ-
ence of the reaction conditions on the yield and enantio-
meric purity of dihydro derivative (S)-35 was studied. The
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Scheme 19
A Hz, Pd/AI203, 36, PrOH (S)
COz2H COzH
o o]
34 35 (29%, 50% ee)

36

best results (29% yield, 50% ee) were obtained when the
reaction was carried out in isopropyl alcohol for 23 h at a
substrate 34 to catalyst ratio of 22: 1.

The catalytic complex based on ruthenium(1l) chloride
and commercially available diphosphine, (5)-2,2'-bis(diphe-
nylphosphino)-1,1’-binaphthyl [(S)-BINAP], was used for
enantioselective hydrogenation of o,B-unsaturated aryloxy
acids (Z£)-37 (R' = H) and (£)-38 (R! = Me) (Scheme 20).7?
The hydrogen reduction of these alkenes catalyzed by
[(S)-BINAP]JRuCl, gave rise to (S)-2-aryloxy acids 39
(R! = H) and 40 (R! = Me) (13 examples) in 65% —99%
yields and with 61% —95% ee (chiral HPLC data). Hydro-
genation of p-methoxyphenoxy-substituted 2,3-dimethyl-
crotonic acid 38a (R! = R?>= Me) was markedly less
stereoselective (32% ee).

COM ) COH Scheme 20
R1 _— e R1
OAr (S) "OAr
R2 R2
37,38 39, 40 [65% —99%,

(32% —94%) ee]

(a) Ha, [(S)-BINAP]RUCI, (20 mol.%), EtsN, MeOH; R! = H (37, 39),
Me (38, 40); R? = Me, n-CsH+1; Ar = Ph, 2-MeCgHa, 4-MeCgHa,
2-MeOC5H4, 4-MEOCGH4, 2-FCeH4, 4-FC(3H4, 2-C|C5H4, 3-BI’CGH4,
2-1CgHa, 3-1CeH4, 4-O2NCeHa;

l O PPh,

(S)-BINAP =

S

Hydrogenation of o,B-unsaturated acid 41 catalyzed by
0.5 mol.% [(R)-BINAP]RuCl, affords compound (R)-42 in
up to 99% vyield and with up to 94% ee (Scheme 21).73
Temperature rise and increasing pressure have an adverse
effect on the enantiomeric excess of the target product.
Decreasing amount of the catalyst does not affect the
optical purity of the product, but increases the reaction
time. Enantiomerically pure selective PPARYy modulator 43
was derived from 2-aryloxy acid (R)-42.

Chiral ruthenium(II) phosphine complex (R)-44 proved
to be an efficient catalyst for asymmetric hydrogenation of
2-aryloxycrotonic acids (Z)-37 (Scheme 22).74 The reduc-
tion of the double bond catalyzed by (R)-44 (0.5 mol.%)
resulted in the formation of (S)-aryloxybutyric acids 39 in
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Scheme 21

COH CO-H

-~ 0 Et (RO
Me _a, e >
OH OH
41 42
Et
(R)
COzH
—> FsCO N
V4
o cl
43
(@) Hz, [(R)-BINAP]RuUCI,, EtsN, MeOH

Scheme 22

COzH

Ha (100 atm), (R)-44, MeOH COzH
=
o Et'(s) OAr
Me
37 39 [90%, (65% —95%) ee]

Ar = Ph, 2-MeCaH4, 3-MeCeH4, 4-MeCsH4, 2-MeOCeH4, 2-C|CsH4,
4-C|CGH4, 4-BI’CGH4, 4'BU1C6H4, 3,5‘F2CGH3, 3,5'(F3C)2CGH31
2-Naph; Naph is naphthyl;

Ar
Q)

|
E> Ru(OAG).

I\
O

90% —93% yields [the conversion (C) reaches 100%] with
an optical purity of 65% —95% (chiral HPLC data). The
enantioselectivity of hydrogenation of 2-phenoxycrotonic
acid 37a (Ar = Ph) is comparable with that obtained earlier
using the [(S)-BINAP]RuCl, catalyst.”?> The stereoselecti-
vity of reduction depends on the structure of the aryl moiety
of the substrate. Indeed, hydrogenation of 2-o-tolyloxycro-
tonic (37b, Ar = 2-MeCgH4) and 2-(2-naphthyloxy)crotonic
(37c, Ar = 2-naphthyl) acids leads to lower ee of the
products (65% and 80%, respectively). Meanwhile, hydro-
genation of para- and meta-substituted acids is usually more
selective.

In the presence of catalyst (S,,S)-45, stereoselective
hydrogenation of quite a few (Z)-2-aryloxycrotonic and
(Z)-2-aryloxycinnamic acids 37 was carried out (26 exam-
ples, Scheme 23).7°

In relation to 2-phenoxycrotonic acid 37a (R! = Me,
R? = Ph), it was demonstrated that the presence of a base is
a necessary condition for the reaction to proceed; the best
result was attained with Cs,COs. The reduction leads to
(S)-2-aryloxy acids 39 in 88% —98% yield and with 96% —
99.8% ee (chiral HPLC). In the case of 2-phenoxyacrylic
acid 37d (R' = H, R? = Ph), the hydrogenation product has
83% ee. An increase in the length of the alkyl substituent at

(R)-44 = (Ar = 4-MeCgHa4)
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Scheme 23 Scheme 25
COH Ha, (50,5)45 COH COH  H, [Rh(NBD)CIl> (50),51  COH
% > Ph >
OR? ¢,C05, MeOH [ (S)OR? ZoPh CFsCHzOH Bn~ “OPh
R R
37 39 [88% — 98%, (83% —99.8%) ee] 49 (—)-52 (98%, 93% ee)

R' = H, Me, Et, Ph, 2-MeCgH4, 3-MeCgH4, 4-MeCgHa, 3-MeOCgHa,
4- MeOCsH4 3- FgcCsH4 4- FgcCeH4 1- Naph 2- Naph 2- furyl'
R2 Ph 3- MeCaH4, 4- MeC6H4, 4- MeOCGH4, 4- C|C6H4, 3- BrCeH4,
4- BUtCGH4, 3,5 F205H3, 2- Naph

BArg

(AI" = 3,5-BU1205H3,
Ar = CeFs)

the B-position of crotonic acid decreases the reactivity of the
substrate. Indeed, hydrogenation of 3-ethyl-2-phenoxy-
acrylic acid 37e (R! = Et, R? = Ph) gives only traces of the
target product.

Catalyst (S,,5)-45 was utilized for the enantioselective
reduction of benzopyran-2-carboxylic acids (46)7¢ and
2-aryloxy-3-methylcrotonic acids (38) 77 (Scheme 24).

@ﬁ =
COzH COzH

Scheme 24

47 [97% — 99%, (92% — 93%) ee]
CO2H COH
Me. =~ a 2
OAr > Py
Me ) OAr
38 40 [96% —99%, (93% —98%) ee]
' I(OAC)2
O, (COzH O//,, cone
. —>
PI" Prl
40a 48

(a) Hz, (Ss,S)-45, B, MeOH; R = H, 6-Me, 7-OMe, 6-F; Ar = Ph,
2-M9C6H4, 3-MeC6H4, 4-MeCGH4, 4-MGOC5H4, 2-|C6H4, 2-Naph

(S)-2-Aryloxy carboxylic acids 40 and 47 were obtained
in 96%—-99% yield and with 92% —98% optical purity.
2-lodophenoxy derivative of isovaleric acid 40a (Ar =
2-1C¢H4) with 95% ee served as the starting compound in
the synthesis of stereoselective oxidant 48.

Hydrogenation of 2-phenoxy-cis-cinnamic acid 49 in the
presence of rhodium complex 50 and ferrocene-based chiral
catalyst ChenPhos (51) was used to prepare (—)-2-aryloxy
acid 52 (93% ee) in 98% yield (Scheme 25).78

Solinas et al.’® investigated the regio- and stereoselective
hydroformylation of aryl vinyl ethers 53 catalyzed by chiral
Rh! complexes (Scheme 26).

The reaction of the ethers with carbon monoxide and
hydrogen produced 2-aryloxypropanals 54 (5 examples). It
was demonstrated that the chiral complex based on rho-
dium and (R,S)-BINAPHOS ligand (55) is the most efficient

NBD is norborna-2,5-diene;

§)
@_{Nl\ﬂe2

\

SO

51

Scheme 26

OW COJHz, (R,S)-55, Rh(CO)z(acac)

CH2

R2
53

1 1
CHO
- 1
HO
54 [(65% —80%) ee]

R' = H, Me, CI; R? = H, CI, OPh

CO d o

catalyst for this reaction. The hydroformylation afforded a
mixture of 2- and 3-substituted propanals 54 and 56 with a
conversion of 35% —56% (the yield is not indicated in the
original publication). The content of the target 2-substi-
tuted aldehydes 54 in the reaction products was 63% —71%,
while ee varied from 65% to 80% (according to GLC on a
chiral stationary phase).

Enantioselective insertion of carbenoids into the O—H
bonds of a broad range of phenols was reported.’? The
reaction of phenols with 2-diazo esters 57a,b in the presence
of ligand (S4,S,S)-58, copper(l) salt, sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (NaBARF) and molecu-
lar sieves (MS) furnished 2-aryloxy esters 1 and 59 (19
examples) in 62% —88% yields and with > 95% ee accord-
ing to chiral HPLC (Scheme 27).

This reaction was shown to afford predominantly
R-enantiomers of 2-aryloxy esters. The nature of the sub-
stituent in position 2 of diazo ester 57 has a strong influence
on the enantioselectivity of the carbenoid insertion. Indeed,
the reaction of unsubstituted phenol with ethyl 2-diazo-2-
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heme 27
CO,E COLE Scheme
A +rion > B
N,” “R2 R107 “R2
57a,b 1, 59 [68% — 87%,

(10.0% —99.6%) ee]

(@) — CuCl, (Sa,S,S)-58, NaBARF, MS, CH,Clz; R? = Me (57a, 1),
Ph (57b, 59); R' = Ph, 3-BrCgHa, 4-BrCsHa, 4-CICgHa, 2-MeCgHa,
3-M606H4, 4-|V|eCeH4, 4-BUtCGH4, 3-M6006H4, 4-MeOCsH4,
2-PthH4, 3-PhC5H4, 3-M902CC5H4, 2,4-M6206H3, 3,5-M62C6H3,
1-Naph, 2-Naph;

(S2,S,5)-58 =

phenylacetate 57b (R?> = Ph) was less stereoselective (10%
ee) than the reactions of the other compounds, while benzyl
2-diazobutyrate underwent only B-elimination under these
conditions. Meanwhile, the nature of substituents in the
phenol molecule has a slight effect on the stereochemical
outcome.

Spirobis(indanes)  (Sa,S5,5)-58 and (S.)-60 were
employed as catalysts of the intramolecular version of the
carbenoid insertion into the O—H bond of phenols
(Scheme 28).8!

Scheme 28

62 [86% —99%, (94% —98%) ee]

COzMe

(a) [Cu(MeCN)4]PFe, (Sa,S,S)-58 or (S2)-60, NaBARF, CHxCly;
n=1-3;R = H, F, Br, Me, OMe

F
— . >
= OMe
o
62a
Q
F
63 [(R,S,S,S)-nebivolol]
N
(Sa)-60 =

Osako er al®? studied the stereoselective carbenoid
insertion into the O—H bond of several phenols in the
presence of a copper(I) complex, chiral hydrogenated imi-
dazoindolephosphine 64 and 4 A molecular sieves
(Scheme 29). The reaction of phenols with phenyl 2-diazo-
propionate 57¢ gave (R)-2-aryloxy acids 65 in 15% —67%
yield and with 24% —91% ee (chiral HPLC). The highest
enantioselectivity (91% ee) was attained with o-cresol being
used as the substrate. Phenyl 2-diazopropionate reacted
with p-chloro- and p-trifluoromethyl-substituted phenols
to give products in lower yields and with lower stereo-
selectivity (64% and 24% ee, respectively).

Scheme 29
CO2Ph CuOT{, 64 CO2Ph
P +AOH —————
NoZ Me MS 4 A, CHCl, Me~ (R} OAr
57¢c 65 [15% —67%,

(24% —91%) ee]

Ar = Ph, 4-CICgH4, 2-MeCgH4, 4-MeCgH4, 4-ButCgH4, 2-MeOCgHy,,
3-MeOCegH4, 4-MeOCgH4, 2-PhCgH4, 4-PhOCgH4, 4-F3CCgHy,
1-Naph, 2-Naph;

O\ H

6a = PN

PBu}

Planar chiral paracyclophane derivatives (Sp)-66 were
tested as catalysts of the enantioselective insertion of ethyl
2-diazopropionate into the phenol O—H bond in the
presence of a copper(l) salt, NaBARF and 5 A molecular
sieves.®3 The highest ee (80%) for ethyl (S)-2-phenoxypro-
pionate (1a) was attained when isopropyl-substituted para-
cyclophane 66 (R = Pr') was used (Scheme 30).

Scheme 30
CO,Et s COLEt
+ PhOH —>
P ',
N7 "Me Me () OPh
57a 1a (65% —73%, up to 80% ee)

(a) CuCl, 66, NaBARF, MS 5 A, CH,Cl,

(R = Ph, 3,5-MexCgHj3, Pri)

Diazo esters 61 were converted to a number of cyclic
2-aryloxy esters 62 in 86%—99% yields and with
94% —99% ee. It was shown that the reaction mainly gives
R-enantiomers. Enantiomerically pure fluorinated ester 62a
(n=2, R=6-F, 96% ee) was used to obtain (R,S,S,S)-
nebivolol (63), a B-adrenergic blocker.

Le Maux et al.®* reported a similar enantioselective
insertion of carbenoids into phenols of various structures
in which chiral induction was accomplished by copper(l)
and copper(11) complexes with bicyclo bisoxazolines 67 and
68 (Scheme 31). The authors investigated the effects of
copper salt (nature of the anion and valence of the metal),
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heme 31 heme 33
CO,Alk s COAIk Scheme Scheme
+ ArOH —> . HO, ,CO-R?
= 1y, 2
N7 “Me A0~ “Me “ L2
57a,d (6]

1[<82%, (78% —94%) ee]

(a) Cu(OTf),, 67 or 68, NaBARF, MS, CH,Cly; 57: Alk = Et (a),
But (d); Ar = Ph, 2-MeCgH4, 3-MeCgH4, 4-MeCgH4, 2-FCgHa,
3-FCeH4, 4-FC6H4, 1-Naph;

R

(R = Ph, BU/, But)

the catalyst structure and the addition of NaBARF and
molecular sieves on the stereochemical outcome and the
product yield for the reaction of phenols with ethyl and tert-
butyl 2-diazopropionates 57a,d. The highest ee values of
2-aryloxy esters 1 (up to 94%) were attained using Cu(OTf),
as the source of copper in the presence of NaBARF and
molecular sieves.

The approach based on the reaction of palladium-con-
taining heterocycles 69, obtained from complexes 70, and
activated alkynes 71 was used to prepare enantiomerically
enriched 3,4-disubstituted benzopyran-2-carboxylates 72
(4 examples, Scheme 32).8° Ligand exchange in the dia-
stereomerically enriched (64% de) oxapalladacycle 70
under the action of triphenylphosphine gave compound 69
in 91% yield. The reaction of this product with alkynes 71
resulted in pyran ring formation, with ee of the products
being 32% —56% (chiral HPLC).

Scheme 32
N 3
MeN | ~PPhs  gi—=—pe
€2 PPhs Pd 1)
F\)d/NMez —_— COEt —
CH20|2
@i >< COAEt o CIGH,CH:Cl
0 69

- @fi
COzEt

72 [52% —72%, (32% — 56%) e€]

R' = Me, Bu™, Ph; R2 = CO,Me, CO5Et

The enantioselective Friedel - Crafts alkylation reaction
between B,y-unsaturated o-keto esters 73 and 1-naphthol
(74) or 2-naphthol (75) furnished 2-hydroxy-substituted
2-aryloxy esters 76 and 77 (17 examples, Scheme 33).8¢
The best results of stereoselective alkylation were achieved
using catalysts 78 and 79. The alkylation catalyzed by
(15,25)-78 and (1R,2R)-79 afforded (2S,4R)- and (2R.,4S)-
2-aryloxy esters, respectively. The assignment of configura-
tion of the reaction products was based on X-ray diffraction
data. The optical purity of chromanes 76 and 77 was

o Rt
a

76 (76% —89%)

77 (86% —90%)

(a) 78 or 79, Et,0; (b) 79, Et20;

R' = Ph, 3-MeCgHa, 2-FCgH4, 4-FCgHa4, 2-CICgHa, 4-CICgHa,
4-BrCgHa, 2-F-5-BrCeHs, 2-Br-5-FCgH3, 2-Naph, 2-furyl, 2-thienyl;
R2 = Me, Et, Bn;

79% —96%, and the diastereomeric ratio (dr) of the pro-
ducts varied from >20:1to 3:1.

Asymmetric alkylation of 1-naphthol (74) with a-keto
esters 73 in the presence of 2.5 mol.% catalyst 80 gave

chromanes 76 (86%—97% ee) in 62%—95% yield
(Scheme 34).87

Scheme 34

HO, ,CO.R?

OH
hore LI
]
/\/\C02R2 R

76 [62% — 95%,
(86%—97%) ee]

R' = Ph, 4-MeCeH4, 4-MeOCsH4, 2-FCGH4,
4-FC6H4, 4-C|C5H4, 4-BFCGH4, 2-F-5-BFC6H3,
2-Br-5-FCgH3, 2-Naph 2-furyl, 2-thienyl; R?2 = Me, Et;

/, ///

FsC CF3
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4. Preparation of 2-aryloxy carboxylic acid
enantiomers by resolution of racemates

4.1. Classical methods for resolution of racemic 2-aryloxy
carboxylic acids

One of the methods for preparation of enantiomerically
pure 2-aryloxy carboxylic acids is resolution of racemic
mixtures. According to this approach, first of all, it is
necessary to prepare diastereomeric salts, amides or esters
of racemic 2-hydroxy acids with appropriate chiral reagents
[e.g., a-phenylethylamine (PEA, 81)]. Then the diasterco-
mers are separated by non-stereospecific techniques (frac-
tional crystallization, chromatography). Lately, these
methods have found limited use due to low productivity
(repeated crystallizations and large amounts of solvents are
required) and the risk of optical purity loss during recovery
of the target compounds from diastereomers.

The enantiomers of 1,4-benzodioxane-2-carboxylic acid
(82) were isolated using (+)-dehydroabietylamine (83) as a
chiral resolving agent (Scheme 35).8% Amine 83 was already
applied for this purpose; however, the yield of the R-isomer
of the acid did not exceed 2%.8° The resolution of racemic
2-aryloxy acid 82 is based on different solubilities of the
salts formed by the S- and R-enantiomers with (+)-dehy-
droabietylamine in methanol under prolonged reflux. As a

0] a b
C[ l 2 82-(+)-83
0" CO:H (582 —5> (S)-82

82 [(67.2%—69.0% ee) (37%,
from the filtrate)] ee >99%)

Scheme 35

(R)-82
(76%, 99.2% ee)

(a) (+)-83-AcOH (0.6 equiv.), NaOH, MeOH; (b) 1) MeOH, A;
2) NaOH; 3) H*; cis crystallization from toluene

result, the R-enantiomer of acid 82, the salt of which is less
soluble, was isolated in 76% yield and with 99.2% ee. Acid
(S)-82 (ee >99%) was obtained in an overall yield of 37%
after isolation of the salt remaining in the filtrate and
recrystallization from toluene.

Pentafluorophenyl derivatives of deuterated mandelic
acid 84 are of interest as chiral solvating agents for 'H
NMR spectroscopy. A method proposed for preparing (+)-
and (—)-enantiomers of this compound is based on for-
mation of salts with (R)- and (S)-1-phenylethylamine (81)
(Scheme 36).°° After two recrystallizations and treatment of
salt 84-(R)-81 with 2 M HCI, 2-aryloxy acid (—)-84 was
isolated with an optical purity of 98% and in 14% yield.
The reaction of enantiomerically enriched (+ )-acid isolated
from the mother liquor with (S)-81 resulted in the formation
of salt 84-(S)-81; the (+)-acid was recovered from the salt
with 96% optical purity and in 27% yield. Acid (—)-84 was
employed as a chiral solvating agent for determining ee
values of a number of antimalarial drugs by 'H NMR
spectroscopy.

F Scheme 36
F F
o F, 84 (R-81 (—)-84
5 D LN . {(14%, 98% ee)
CO2H filtrate (+)-84
D D i c
D 84 (+)-84
27%, 96% ee
(
(a) (R)-81, crystallization from EtOH; (b) 2M HCI, EtOAc;
(c) 1) (S)-81, EtOH; 2) crystallization from EtOH; 3) 2M HCI, EtOAc

(R)-Pantolactone (85) was utilized for the resolution of
benzofuran-2-carboxylic acid derivative rac-86, an inter-
mediate on the synthesis of PPAR agonists 87
(Scheme 37).°! Esterification of acid rac-86 with enantio-
pure alcohol (R)-85 in the presence of 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDCI) gave a diastereomeric
mixture of esters (R,R)- and (S,R)-88. Chromatographic

Scheme 37
m/ Eg /@fj/a
Me OH
Me R 860 COzH
Et 4 (R,R)-88 (30%) (R)-
BnO 0" “Cco.H o ©
rac-86 (R)-85 (S)

[g Et

BnO O “coH
(S)-86

(S,R)-88 (34%)

(a) EDCI, CH2Clz; (b) NaOH, PrOH

COzH
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O% 10 O\‘/COQH Scheme 38

N Me
(R)-89
T c Pri,, Pri/o,/
o 0
| o 0
e, Oy ° Oﬁ/ko Me N \E/ko Me
o Me NS Me
Oy, O OYC%H (1R,28,5R,2'R)-90 (34%) (1R,28,5R,2'S)-90 (60%)
NN Me
89 iGN
rac-
p Ox0 O\:/J\N Me
X Me
(S,R)-91 (25%) (R,R)-91 (40%)
i d
N
(ONg¥e) O._-COH \o
X Me
Geiparvarin
(S)-89 (93%)

(a) 1) SOCIz, CHCI3, A; 2) L-menthol, EtsN, CHCl3, A; (b) 1) SOCI,, CHCl3, A; 2) (R)-81, CHCIs, A; (¢) NaOH, MeCN, H20, rt, 5 days;
(d) 8 MHCI, A
separation of these esters followed by alkaline hydrolysis of Scheme 39

single diastereomers afforded R- and S-enantiomers of
2-aryloxy acid 86. The configuration assignment for the
esters and the acids was based on X-ray diffraction study of
(S,R)-ester 88.

Racemic 2-aryloxy acid 89 was resolved by coupling
with optically pure L-menthol and (R)-1-phenylethylamine
[(R)-81] followed by fractional crystallization and hydroly-
sis of the pure diastereomers (Scheme 38).°2 Recrystalliza-
tion of ester 90 from ethanol produced the individual
diastereomer with S-configuration of the chiral centre in
the acid moiety (X-ray diffraction data) in an overall yield
of 60%. The menthyl ester of R-isomeric acid was isolated
from the filtrate in 34% yield. Alkaline hydrolysis of
diastereomers of esters 90 proceeded in 74% yield, with
the optical purity of the resulting isomers of acid 89 being
>98%. Amides (R,R)- and (S,R)-91 were isolated in 40%
and 25% yields, respectively, by fractional crystallization.
The acid hydrolysis of the S,R-diastereomer gave product
(S)-89 in 93% yield. Compounds (R)- and (S)-89 are
intermediates in the synthesis of analogues of
geiparvarin — a natural coumarin derivative.

Fumagalli et al.°3 reported the use of (R)-phenylethyl-
amine [(R)-81] as a chiral reagent for the resolution of
enantiomers of 1,4-benzodioxane-2-carboxylic acid (82)
(Scheme 39). The reaction of methyl ester 92 (R = Me)
with an excess of this amine in THF in the presence of
magnesium chloride gave a mixture of diastereomeric (R,S)-
and (R,R)-amides 93. Crystallization of the equimolar
mixture of (R,S)- and (R,R)-amides from toluene gave
amide (R,S)-93 in 70% yield (de > 98% according to
reversed-phase HPLC); both diastereomers of compound
93 were recovered from the filtrate by column chromatog-
raphy (de>99%). The overall yield of R,S-amide was 95%,
while that of the R,R-diastereomer was 80%. The acid
hydrolysis of amides gave the corresponding enantiomers
of acid 82 without racemization.

(R,R)-93

O(S) Y i

(R,S)-93 (70%, de >98%)

L, ™
O COzR

82,92

(R)-82
i (80%, 99% ee)

(S)-82
(100%, 98.5% ee)

(a) (R)-81, MgCl,, THF; R = H (82), Me (92)

4.2. Methods based on kinetic resolution of racemic
2-aryloxy carboxylic acids

Currently, non-enzymatic methods for the separation of
optical isomers are used more and more often in the practice
of organic synthesis. Among the most important methods is
optical kinetic resolution (KR). Over the past two decades,
KR has become a widely used modern method for the
preparation of enantiopure compounds.®* %5 Kinetic reso-
lution is based on the difference between the rates of
reaction of substrate enantiomers with a chiral resolving
agent or with some other compound under the action of a
chiral catalyst.?® The KR efficiency can be increased by
using a modification of the method, namely, dynamic
kinetic resolution (DKR), which implies in situ racemization
of the slowly reacting isomer. Provided that the racemiza-
tion rate is higher than the rate of the product formation
and that the reaction selectivity is high, the theoretical yield
of the enantiomerically enriched product amounts to
100%.97-9° One more way to increase the efficiency of KR
is parallel kinetic resolution (PKR). In this case, the racemic
substrate reacts with a reagent representing an equimolar
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mixture of quasi-enantiomers, that is, compounds with
similar structures but opposite stereo configurations.!00-101

The preparation of optical isomers of 2-aryloxyalkanoic
acids by means of KR is mainly accomplished using two
approaches. One approach is based on nucleophilic dis-
placement of halogen atoms in racemic esters of 2-halo
acids by phenols accompanied by DKR. Dynamic kinetic
resolution during nucleophilic substitution of halogen in
configurationally labile 2-halogenated acids is often used in
the synthesis of chiral 2-substituted carboxylic acids.!0?

The second approach implies the reaction of activated
racemic 2-aryloxy acid derivatives with chiral compounds
(alcohols, amines, imides) or achiral compounds in the
presence of chiral acyl transfer catalysts.

The dynamic kinetic resolution during nucleophilic sub-
stitution of bromine in 2-bromobutyric acid esters 94 was
used to prepare (R)-2-(p-chlorophenoxy)butyric acid (95),
exhibiting a hypolipidemic activity (Scheme 40).19% The
reaction of diastereomeric o-bromo esters 94 containing
N-substituted lactamide moieties with sodium 4-chloro-
phenoxide under various conditions affords 2-aryloxy acid
derivatives 96 with dr ranging from 70:30 to 98:2. Con-
ducting the reaction at 0 °C promotes higher dr values of
the products compared with the reaction carried out at
60 °C. Alkaline hydrolysis of diastereomerically enriched
ester 96a (96% de) yielded enantiopure acid (R)-95 (accord-
ing to polarimetric data).

An approach was proposed for the preparation of single
R- and S-enantiomers of 2-phenoxypropionic acid (97a). It
is based on diastereoselective PKR of pentafluorophenyl

Scheme 40
Q Me Cl
BrY\O)VR + _a,
I
Et 94 (6] ONa
ﬁ Me
(R)
. (6] O)\/R
©]
cl Et (0]

96 (72%—99%)

0
R)H N b o.(R)
Begec aalog o
o Et

ester 98 induced by a mixture of quasi-enantiomeric oxazo-
lidinones 99 and 100 taken in 1:1 ratio in the presence of
n-butyllithium (Scheme 41).1°4 The PKR furnished a mix-
ture of diastereomeric adducts syn-101-anti-101 (83:17
ratio, 62% yield) and syn-102—anti-102 (82:18, 54%
yield). Hydrolysis of compounds syn-101 and anti-101,
isolated in the diastereomerically pure form by flash column
chromatography, afforded single S- and R-enantiomers of
the target acid 97a, respectively.

A tetramisole derivative, (S)-homobenzotetramisole
[HBTM, (S)-103], was proposed as a chiral acylation
catalyst for the KR of racemic 2-substituted carboxylic

acids  (Scheme 42).195  Di(1-naphthyl)methanol  (104)
Scheme 42
O OH ‘ OAr OAr
(6] a
) SR R
(0] (0]
104 105
OAr % OAr o
- > = (0] R (R)
RT(S) |
SN g I

o)
Oo 97 [(61%—87%) ee]

106 [(80% —95%) ee]
(a) (S)-103 (0.05 equiv.),

@YN

(0.5 equiv.) reacted with symmetrical anhydrides 105 based
on racemic 2-aryloxyalkanoic acids in the presence of
diisopropylethylamine (DIPEA) as a base. The enantiose-
lective acylation gave predominantly the S-enantiomers of
esters 106 and the R-enantiomers of acids 97. The highest
selectivity (95% ee) was attained for dichlorophenoxy-sub-
stituted propionic acid 97b (R = Me, Ar = 2,4-Cl,C¢H3),
with the selectivity factor (s) being 74 and the conversion of
the corresponding substrate being 39% (the yield is not
indicated).!'3 The kinetic resolution of unsubstituted 2-phe-
noxypropionic acid anhydride giving tpmdvyt 97a was less

), DIPEA (1 equiv.), PhMe, 24 h

(S)-103 =

95 (86%) efficient (s = 42). With increasing size of the alkyl substitu-
(a) EtaN, (n-CgH13)aNI, THF; (b) LiOH, H,0, THF, 0 °C; ent in position 2 of anhydrides 105 (R = Et, Pri), the
R = NBn2, NMey, cyclo-N(CH>)s stereoselectivity of acylation also decreased; indeed, for
OPh Scheme 41
c ~_OH
syn-101 —> Me/\‘r
0] 0 0
I " ///\ b (S)-97a (91%)

Ph l[-\jI
(3[ Y=o b )ﬁo
(0]

OPh Ph 101

99 a
Fs + -
Me)\‘(oca 5 +
Pri //,,

100

OPh

OH

(o
anti-101 — Me ‘

(R)-97a (85%)

(a) Bu"Li, THF, —78 °C; (b) flash chromatography;
(C) H202, LiOH, CH2C|2
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R = Et, s =26, while for R =Pri, 5s=18.19 A minor
change in the structure of the acylation catalyst resulted in
a considerable decrease in the selectivity factor: s = 8.3
when using benzotetramisole (R)-107.10°

A two-step catalytic cycle was proposed for the acyla-
tion of alcohols with 2-substituted acid anhydrides in the
presence of a tetramisole derivative as the catalyst
(Scheme 43). In the first (fast) step, symmetrical anhydride
reacts with the catalyst (Cat) to give intermediate 1. In the
second (slow) step, this intermediate acylates the alcohol,
thus furnishing the product and regenerating the catalyst. In
the opinion of the authors, stereoselectivity of the reaction
is determined by the second step of the catalytic cycle,
because the stereochemical outcome is substantially affected
by the nature of alcohol used.!03- 107

Scheme 43
L g
Cat
OAr
R20OH
R
coz 2nd st l
A0 | nd step (slow)
1st step ( fast)
0 i
1
R? H o Cat R OR2
OAr OAr (S)-97
2 +
0}
ri
= OR?
OAr (R)-97

A possible model of the transition state (structure A)
arising during acylation of alcohol 104 with anhydrides of
2-substituted acids in the presence of (S)-homobenzotetra-
misole [(S)-103] is presented below.!03-107

This model is analogous to the transition state model
proposed previously for the KR of benzylic alcohols 108,109
and obeys the Felkin— Anh rule (structure B). Presumably,
an important role in the stereoselectivity for the studied
catalysts belongs to m-stacking.'%” This assumption is in line
with the results '97-199 of quantum chemical calculations of
the relative energies of transition states arising during the
stereoselective acylation.

Structures A, B

(.DH(1-Naph)2

HO_
Q H----0 HoO R
* (6] ﬂ
< 1 / X —O
WwWR N
H2BTM X
B

The kinetic resolution of 2-aryloxy acids 97 via acylation
of achiral alcohol 104 in the presence of tetramisole (R)-107
was described (Scheme 44, 19 examples).!!® The carboxyl
group of aryloxy acids was activated by pivalic anhydride
[(Bu'CO),0]. The KR gave (S)-2-aryloxy esters 106 with

Scheme 44

OAr ‘

OAr = OAr

> o 1
a OH
R)\‘/OH 2> RO - R/('Rﬁ(
o © ©
rac-97 (R)-97 [39% — 76%,

(30%—90%) ee]
106 [22% —50%,
(72% —96% ee)

(a) 104 (0.5 equiv.), (Bu'CO)20 (1.2 equiv.), DIPEA (1.8 equiv.),
(R)-107 (0.05 equiv.), THF, 24 h; R = Me, Et, Pr";

Ar = Ph, 2-MeCsH4, 3-MeCeH4, 4-MeCsH4, 2-C|CeH4, 3-C|CGH4,
4-CICgH4, 2,4-Cl2CgH3, 2,6-Cl2CeH3, 2-FCeHa, 2-BrCsHa,

2- MeOCsH4 2- OzNCsH4 2- PhCeH4 2- Me-4-C|CsH3, 1-Naph,

2- Naph i 7>N

)-107 =
72% —96% ee and acids (R)-97 with 30% —90% ee. The
stereoselectivity of acylation of alcohol 104 with mixed
anhydrides obtained from 2-aryloxy acids was shown to
considerably depend on the nature of substituents and the
pattern of substitution in the aromatic ring. The kinetic
resolution was more efficient for ortho-substituted acids
(s = 35—131) than for meta- and para-substituted homo-
logues (s = 14—17). The observed selectivity was higher in
the case of acids containing a bulky group in the ortho-
position (for R = Me and Ar = 2-BrCe¢H4, s = 110; for
R = Me and Ar = 2-PhCgHy4, s = 131). The product of
acylation of alcohol 104 with a sterically hindered isovaleric
acid derivative (R = Pri, Ar = 2-PhC¢Hy4) could not be
obtained under the given conditions, and the starting acid
was recovered in the racemic form.

A possible catalytic cycle of esterification of 2-aryloxy
acid with alcohol 104 in the presence of pivalic anhydride
and acyl transfer catalyst (R)-107 is shown in Scheme 45.110
Pivalic anhydride reacts with benzotetramisole (R)-107 to
give zwitter-ion 108. This intermediate reacts with racemic
2-phenoxy acid to afford mixed anhydride 109, which is
converted to the second intermediate 110 in the presence of
catalyst (R)-107. The acylation of di(1-naphthyl)methanol
(104) (0.5 equiv.) with N-acylbenzotetramisole salt 110
leads to enantiomerically enriched (S)-ester; presumably,
exactly this step determines the reaction enantioselectivity.
By treatment of the reaction mixture with 1 M hydrochlo-
ric acid, the unreacted mixed anhydride 109 is converted to
enantiomerically enriched (R)-2-phenoxypropionic acid
(97a). To explain the predominant formation of S-enantio-
meric esters in this reaction, quantum chemical calculations
were carried out for the relative energies of the transition
states arising upon the reaction of mixed anhydrides with
nucleophile 104 in the presence of catalyst (R)-107.110

The kinetic resolution via acylation in the presence of
benzotetramisole (R)-107 was employed to obtain enantio-
merically enriched (S)-lactate 111 (Scheme 46).''° Initially,
2-aryloxy acid 112 is converted to ester (S)-113 with 96% ee
and in 48% yield (s = 158). The oxidative elimination of the
aromatic group induced by cerium(IV) ammonium nitrate
(CAN) allows for isolation of the target lactate in 62%
yield, with the optical purity being retained.

The KR principle was implemented by Zhang et al.,'!!
who explored the catalytic alkylation of the N,N-diphenyl-
amide of 2-phenoxypropionic acid (114) (Scheme 47). The
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(1-Naph),HCO

HO Naph-1

H (S)
Naph 1
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Scheme 45

0
L

(0] But

I
S

Bu
\HPh

O\/\/But
S N
\‘r\) PR
N
Bu!CO;
108

(R)-110
L [ )
(0]
But— > . 0
b Seliaees
e
Me
(R)-107 (S)-109 rac-97a
+ t,
O‘ ﬁ Cat + Bu'COzH
Bu‘/\\O/\:/O
Me
H - (R)-109
R)
e Hot |
Me
(R)-97a
Scheme 46  reaction of starting racemic amide with allyl acetate in the
. MeO But OH presence of chiral catalyst 115 is stereoselective and results
MeO Bu \©i S OR in the formation of enantiomerically enriched alkylation
a, o) 2 Me/(%‘/ product 116 (93% ee) in 99% yield.
] z OR o Kinetic resolution occured during the Robinson annu-
Me” > OH Me™(s) I 11 (62%, 96% ee) lation of B-ketoesters 117 (Scheme 48).''2 The first step of
e annulation implies the stereoselective Michael reaction of
12 O B-ketoesters with methyl vinyl ketone in the presence of

113 (48%, 96% ee)

(a) 104 (0.5 equiv.), (BulCO),0, DIPEA, (R)-107 (0.05 equiv.),
THF, 24 h; (b) CAN, DMF, H20; R = CH(Naph-1)2

chiral catalyst 118. The Michael addition affords enantio-

Scheme 48

0
R I O‘
a
HaC 0
OPh oA OPh "7 R
L NPhy + Hc? >0 s NPh,
Me Me H
114 116 (99%, 93% ee) COzMe

(a) 115 (2 mol.%), [{Pd(CsHs)Cl}2] (1 mol.%), LIN(SiMes)z, LiCl, THF;

o]
o <]
N //’/pri

Fe
(0]
OH O

115

119 [(70% —83%) ee] 121 [(83%—99%) ee€]

(a) 118 (2 mol.% — 10 mol.%), m-xylene, 40 °C; (b) 120 (10 mol.%),
PhMe, A;

CF3




S.A.Vakarov, D.A.Gruzdev, G.L.Levit, V.P.Krasnov, V.N.Charushin, O.N.Chupakhin

1078

Russ. Chem. Rev., 2019, 88 (10) 10631080

merically enriched adducts 119 (70% —83% ee). In the
second step, adducts 119 undergo intramolecular aldol
condensation in the presence of catalyst 120 with elimina-
tion of water. Successive enantioselective transformations
gave products 121 in 53%—-72% yields and with
83% —99% ee.

The kinetic resolution of racemates as a result of
diastereoselective acylation is a convenient method for the
preparation of enantiomerically pure compounds.!'!3. 114
Originally, this method was used to isolate enantiomerically
pure amines,!'>~ 117 and recently it was applied to obtain the
R-isomer of 2-phenoxypropionic acid 97a.1°

The stereoselective acylation of heterocyclic aromatic
amines 122a,b with 2-phenoxy acyl chlorides 123 was
reported [Scheme 49, 6 examples, (R,S)/(R,R)-diastereomer
ratio is given].”

v Scheme 49
R PhM 20°C,6 h
v N J( rhvle, =4 ».oh
5 y\ PhO Cc(o)cl
Me 123
122a,b
Me
R %o
&N Y

+ (R*,R*)-124

Y
(R,S)-124 [(29% —69%), up t0 99.8:0.2 dr]

122:Y = F (a), H (b); R = Me, Pri, Bn

The reaction stereoselectivity was evaluated using the
following approach: a racemic amine was reacted with a
racemic acylating agent. This approach refers to mutual
kinetic resolution;''® in this case, the ratio of the resulting
diastereomeric products 124 is equal to the selectivity factor
s.119 It was ascertained that benzoxazines 122 react with
2-phenoxy acyl chlorides 123 stercoselectively, with the
selectivity factor reaching 499. These results formed the
ground for a method for enantiomeric enrichment of scale-
mic (R)-97a (96.5% ee).!° The reaction of chloride 123a
prepared from scalemic (R)-2-phenoxypropionic acid (97a)
with 0.15 equiv. of racemic difluorinated benzoxazine deriv-
ative 122a (Y = F) resulted in a mixture of diastereomeric
amides 124. Treatment of the unreacted chloride with a
sodium carbonate solution gave enantiopure target (R)-acid
97a (99% ee) (Scheme 50). The proposed approach demon-
strates the applicability of mutual KR (Ref. 118) for the
isolation of single enantiomers of a 2-aryloxy acid.

Scheme 50

1) PhMe

0@0(0)0 _
©/ Me

2) N32CO3, Hzo, MeCN
ok
123a (96.5% ee) Me

COZH
—
Me + 124

97a (76%, 99.6% ee)

More recently, amines 122a,b were used for the KR of
2-alkoxy acids and showed a moderate stereoselectivity (s of
up to 32).120

To clarify the mechanisms responsible for the stereo-
selectivity of acylation of 3-methylbenzoxazines 122a,b,
quantum chemical modelling of reactions of these amines
with 2-aryloxy acyl chlorides 123 was carried out
(Scheme 51).12!

Scheme 51

CH2Cl2, —20°C,6 h

NH ———M >

Ar0”*>C(0)C o *
Me
122a,b
Me o
— . N + (R,R)-124
Y,

)-124
Y = H, F; Ar = Ph, 4-O2NCeH4, 4-MeOCgsH4

The reaction of racemic benzoxazines 122 with racemic
reagents 123 in dichloromethane at —20 °C furnished
diastereomerically enriched amides 124, with the selectivity
factor varying from 20 to 85. The calculation of Gibbs
energy difference (AAG) between the diastereomeric tran-
sition states at the COSMO-CH»Cl»,-B3LYP-D3-gCP/
def2TZVP level of theory demonstrated good agreement
with experimental data. The calculated transition state
geometry unambiguously indicated a significant role of
aromatic interactions in the observed stereoselectivity,
since stabilizing m-stacking was found in the preferable
R,S-transition state.

5. Conclusion

Analysis of the published data demonstrates that enantio-
merically pure compounds, in general, and 2-aryloxy car-
boxylic acid derivatives, in particular, are finding more and
more extensive use in organic synthesis. The diversity of
applications of enantiomerically pure 2-aryloxy acids is
impressive, ranging from reagents for determining the
enantiomeric purity to intermediates in the synthesis of
valuable biologically active compounds and agrochemicals.

The data presented in the review demonstrate the
successful development of preparation methods for the
enantiomers of 2-aryloxy carboxylic acids, including both
traditional approaches to resolution of racemates and
asymmetric synthesis. The methods described in contempo-
rary publications make it possible to produce the target
acids with optical purity above 99%. It is important to note
that synthetic chemists have found approaches to enantio-
merically pure 2-aryloxy acids that require no sophisticated
or expensive reagents. However, applicability of one or
another approach considerably depends on the structure of
the target 2-aryloxy acid. It is not always possible to obtain
structurally similar compounds with equal efficiency. In
addition, the mechanisms of spatial selectivity of the reac-
tions are still obscure. In view of the high practical value of
many compounds of this class, one can state with confi-
dence that the development and study of rational pathways
towards enantiomerically pure 2-aryloxy carboxylic acids
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will

continue to attract attention of synthetic organic

chemistry professionals.

This review was prepared within the State Assignment
(themes No. AAAA-A19-119011790134-1 and No. AAAA-
A19-119012490007-8).
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