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Abstract. In this review, the synthesis and chemical properties of 1,2- and 1,3-azolyl, triazolyl, azinyl
glyoxylates, and their fused derivatives are surveyed. Common synthetic approaches rely on the direct Friedel-
Crafis acylation, metalation-glyoxylation, or heterocyclization reactions, and the choice of the most
appropriate method depends on the nature of the heterocyclic substituent and the position of the ketoester
moiety. The chemical behavior of hetaryl glyoxylates is mainly defined on the highly electrophilic properties
of the ketone fragment that can participate in most typical chemical transformations, often chemoselectively
(e.g. reduction, formation of oximes, imines, and hydrazones, addition of organometallic reagents,
condensations, olefination, or deoxofluorination). Heterocyclizations of hetaryl glyoxylates is also outlined,
which can occur at the ketone, ester, or both moieties (i.e. as 1,2-CC-bis-electrophiles) providing important
heterocyclic chemotypes.
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1. Introduction

This review covers the synthesis and chemical transformations of 1,2- and 1,3-azolyl, triazolyl, and
azinyl a-oxoesters, also known as a-ketoesters, 2-oxoacetates, or glyoxylates. The presence of 1,2-dicarbonyl
bis-electrophilic moiety enables a wide scope of mostly selective reactions and numerous possibilities for the
preparation of functionalized heterocycles. The most common transformations of hetaryl glyoxylates are
related to the ketone reactivity: reductions, condensations, preparation of imines and oximes, addition of
Grignard reagents, alkenylations, deoxofluorinations, and heterocyclization reactions, where one carbon atom
of the glyoxylate moiety becomes a part of the resulting heterocycle bearing an ester functional group (Figure
1). The oxoester reactivity includes reductions and heterocyclizations when both carbon atoms become a part
of the heterocycle, which is represented by formal [4+2] cyclization with binucleophiles (e.g. 1,2-diamines),
condensations with amides, three-component condensations with amines and aldehydes, efc. The least
common type of chemo- and regioselective reactions relies on the ester reactivity, which is represented by
hydrolysis, amination, and heterocyclizations, where one carbon atom of the a-oxoester becomes a part of
heterocycle bearing an acyl substituent.

Heterocyclizations of hetaryl glyoxylates are of special interest since they allow the construction of
organic molecules bearing two or more heterocyclic fragments (Scheme 1). For example, this transformation
was implemented into the preparation of hetaryl-substituted quinoxalines used as photoinitiators and
fluorescence sensors.!
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Ketone reactivity: selective reduction, formation of oximes
and imines, condensations, addition of Grignard reagents,
olefination, deoxofluorination, heterocyclizations

Oxoester reactivity: reduction, heterocyclizations other

Ester reactivity: hydrolysis, amination, heterocyclizations reactions
Figure 1. Synthetic potential of heterocyclic a-oxoesters.
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Scheme 1. Heterocyclizations of hetaryl glyoxylates: an approach to compounds with two or more
heterocyclic fragments.

Moreover, heterocyclic o-oxoesters can be used in a range of other important reactions, e.g. aldol
condensation, Paal-Knorr and Fischer indole syntheses, Friedlander, Pfitzinger, and Pictet-Spengler reactions,
Dieckmann, reductive aza-Wittig, and Baylis-Hillman cyclizations, as well as [2+2]-, [3+2]-, and
[4+2]-cycloadditions, etc.

2. Synthesis of 1,2-azolyl glyoxylates and their fused analogs

Examples of direct acylation of 1,2-azoles 1 with oxalic acid derivatives are limited in the literature.
Thus, the synthesis of ethyl 2-(1-alkyl-1H-pyrazol-4-yl)-2-oxoacetates 2 by electrophilic acylation with ethyl
oxalyl chloride at the C4-position was described (Scheme 2).57
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) 90 °C, 24 h N 2, R=Et, 65%

R4 R R=i-Pr, 27%

Scheme 2. Synthesis of ethyl 2-(1-isopropyl-1H-pyrazol-4-yl)-2-oxoacetates 2.

2-(Isothiazol-5-yl)-2-oxoacetates 4 were obtained from 5-bromoisothiazoles 3 via metalation followed
by acylation with diethyl oxalate in 34-45% yield (Scheme 3).%

Br 2. (CO,Et),, Et,O,-70 °C 'S R=H, 45%
o R=Me, 34%
Scheme 3. Synthesis and reactions of 2-(isothiazol-5-yl)-2-oxoacetates 4.

R R
m 1. n-Buli, THF, Et;0,-70°C ) \\_ CO.Et 4,
N, N
S
3

The sequence of metalation-acylation was also successfully applied to the synthesis of pyrazole-5-yl
glyoxylates 6 from 1-methyl-4-(phenylethynyl)-1H-pyrazole 5 (Scheme 4).°

Ph—=—_ N
S CN 1. n-BuLi, THF, -70 °C — N
- N
5 ~  2.(COzMe); 90% MeO,C 5 6
Scheme 4. Preparation of (pyrazol-5-yl)oxoester 6.
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The corresponding benzo analogs have been scarcely reported in the literature. In particular, they were
obtained by acylation of 1-benzyl-3-iodo-1H-indazoles 7 at the C3-position via metalation with
di(2,2-dimethyl-2-phenylethyl)lithium cuprate [(Nphyl)>CuLi] and subsequent reaction of 8 with ethyl oxalyl
chloride to give indazolyl glyoxylates 9 (Scheme 5).!°

1 . o}
2 R | (Nphyl);CuLi, 2 R" Cu(NphyhLi | R T\-cokt
\©\/\<N THF - Et,0 \©\/\<N CIC(O)CO.Et R \N R1=COZEL RZ:H’ 82%
N (3:;6‘//‘/-)’ N NMP, rt, 1 h N R1=H, R2=OMe, 82%
7B rt30min Bn 8 Bn®  Ri=H, R, 82%
Scheme 5. Synthesis of ethyl 2-(1-benzyl-1H-indazol-3-yl)-2-oxoacetates 9.

One of the most often-used methods for the synthesis of 1,2-azol-5-yl glyoxylates rely on the oxidation
of side chains. For example, oxidation of a-hydroxyesters 10 with MnO,!! or CrOs!'? was applied for the
synthesis of isoxazol-5-ylglyoxylates 11 (Scheme 6). Oxidation of 2-(1H-pyrazol-3-yl)acetates 12 with
selenium dioxide gave glyoxylates 13 (Scheme 7).13

,  MnO, CHCly, rt . , 11a, R'=R?=Me, 70%
TN\ COR" R1=cl, R2= Me, 86% mcozR 11b, R'=OMe, R%=Me, 71%

- 2 o
N-G' OH cro, HOAc, 100°C,2h N0 © e, R=Ph, R =Et 91%
10 1 11d, R"=Br, R2=Et, 80%

Scheme 6. Synthesis of 3-substituted isoxazole-5-ylglyoxylates 11.

. o

\ CO,Et SeOzr,ezyll‘r)l(dme, COLEt
2N D a— )
RN R'=2,4-Cl,CeH; R2N N

R'12 R2=4-CICgH, R 13, 78%
Scheme 7. Synthesis of glyoxylates 13.

R1

Similarly to the case of thiophene derivatives, oxidation of 2-(4-arylthio)-2-(isoxazol-5-yl)acetate 14 by
treatment with Cu(OAc), was carried out to obtain glyoxylate 11a in 42% yield (Scheme 8).'*

SAr Cu(OAc), o
N COMe HoAc, 80 °C, 48 h \M COMe
N-O14 Ar=4-BrCgH,, 42%  NO1Ta

Scheme 8. Synthesis of methyl-2-(3-methylisoxazol-5-yl)-2-oxoacetate 11a.

An important synthetic approach to pyrazol-4-yl glyoxylates 16 included the condensation reaction of
appropriate CCC-bis-electrophiles (for example B-aminovinylglyoxylate 15) with hydrazine hydrate,'
phenylhydrazine,'®!” or z-butylhydrazine hydrochloride (¢-BuNHNH,-HC1)!” (Scheme 9). The formation of
the corresponding hydrazones from the target glyoxylates has also been described under the reaction
conditions in the case phenylhydrazine.!>!8 A similar approach was used to synthesize isoxazolyl glyoxylates.

O

o O
R'NHNH, EtO.C
EtO,C” N "COEt - Y
R=H, EtOH, rt, 30 min (75%) gto,c— N
15 NMe,  R=Ph, EtOH, rt, 30 min (71%) 16 R
R=t-Bu, EtOH, reflux, 1 h (79%)

Scheme 9. Synthesis of pyrazole-4-yl glyoxylates 16.
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When non-symmetric CCC-bis-electrophile 17 was used, it was possible to adjust the regioselectivity of
condensation depending on the reaction conditions, which was shown by the synthesis of glyoxylate 18 and
regioisomeric ketone 19 (Scheme 10).!” The method was also extended to aromatic ketones of benzene series.

o o NH,OH HCI o o
Ar%COzEt pyridine, MeCN, t, 21, Etozcﬁm + Afﬁj\
17 NMe,  fofy et 1 h AN E0,C N
Ar=0,NC¢H, 23 : 77 ratio, 76% 18 19
Scheme 10. Condensations of non-symmetric CCC-bis-electrophile 17 for the synthesis
of isoxazolyl glyoxylate 18 and regioisomeric ketone 19.

B-Hydrazinoenaminone 20 can undergo intramolecular cyclization at either of the two carbonyl groups
with the formation of glyoxylate 21 and its regioisomer 22 (Scheme 11).3

o o P '
EtO,C
Acom _mo. } ) ﬁﬁ
N NHPR  reflux, 5h N Eto,c N

0, 1 1
20 H 40% 219,209 Pn 22,18% Ph
Scheme 11. Non-selective cyclization of B-hydrazinoenaminone 20.

A method for the synthesis of isoxazole-4-yl glyoxylates includes the condensation of chloroxime 23
and acetylpyruvate 24 resulting in the formation of trisubstituted isoxazole 25 in 73% yield (Scheme 12).2°

COEt Mm P

o ° 7 7 "COft Et0,CH{  COEt
N__ EtONa, EtOH,0°C I N

HO 23 73% o 25

Scheme 12. Synthesis of isoxazol-4-ylglyoxylate 25 from chloroxime 23.

A similar approach based on the use of acetylpyruvate 24 was also described for the synthesis of
pyrazol-4-yl glyoxylate 27 from trifluoro-N-(4-methoxyphenyl)-acetohydrazonyl bromide 26. In this case,
glyoxylate 27 was formed together with regioisomeric product 28 in a 1:1 ratio in 75% overall yield (Scheme
13).20

O 02 0 o
FsC_Br CF CF
s s MCOzEt EtOzCﬁ/_\( ’ ﬁ/—\( ’
ArHNN NaOEt, EtOH N'N + EtO.C N'N
26 75%, 27:28=1:1 27 Ar 28 Ar

Scheme 13. Reaction of acetylpyruvate 24 and hydrazonyl bromide 26.

1,3-Dipolar cycloaddition was successfully used for the synthesis of pyrazol-3-yl glyoxylate 31 starting
from ethyl 3-diazo-2-oxopropanoate 29 and dimethyl acetylene carboxylate 30. (3-Methoxyphenyl)maleimide
32 could also be used in the reaction with 29 to obtain the bicyclic pyrazoline 33 (Scheme 14).%!

Cyclization of (2-(phenyldiazenyl)phenyl)acrylate 34 proceeded in the presence of [Cp*RhCL]»
(Cp*=pentamethylcyclopentadienyl) and Cu(OAc): and gave indazole 35 (Scheme 15).2% A similar method is
based on the intermolecular reaction of azobenzenes 36 and acrylates providing products 37 (Scheme 16).2

3. Chemical transformations of 1,2-azolyl glyoxylates and their fused analogs
Reductive removal of the carbonyl group in the molecules of 1,2-azolyl glyoxylate 2a was reported; the
reaction was performed by the action of Et3SiH in TFA to give 38 (Scheme 17).% Other examples of the
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reduction of pyrazolyl glyoxylates to the corresponding pyrazolyl acetates were also described in the

literature %!

10,C

0
E

E‘OZC*Q{OZMe MeO,C—=—CO,Me 30 2:0 _/32
N{ \ MeOH, reflux, 40 h

) MeOH, reflux, 20 h
N COMe 70% 20 N2 60%
Ar=3-MeOC4H,

31
Scheme 14. Synthesis of pyrazole-3-yl glyoxylates 31 and 33 from 3-diazo-2-oxopropanoate 29.

N

©/\N1Ph [CP*RClsl, CuOAd), [ | N-Ph
ZCOoMe (CHzChy, 120130 °C o
MeO,C~ O

34 24 h, 83%
Scheme 15. Synthesis of indazolyl glyoxylate 35 from (2-(phenyldiazenyl)phenyl)acrylate 34.

R3 Z>CO.Me R3

R2 [Cp*RhCly], N, )
N- , Cu(0A9)z, O, N R® 37, R'=R2=R%=H, 81%
N R3 R'=R%=F, R%=H, 74%

©/ R (cH.CN, o
R 36 130°C, 24 h MeO,C R'=R2=OMe, R3=Me, 63%

Scheme 16. Synthesis of indazolyl glyoxylates 37 from azobenzenes 36.

(0]
Et;SiH, TFA D CO,Et
i-Pr‘N_NJA COEL g5 o0 16 60% NNDA ?
N= 2a 38
Scheme 17. Synthesis of ethyl 2-(1-isopropyl-1H-pyrazol-4-yl)acetate 38.

P

Oxime formation is illustrated for isoxazolyl glyoxylates 11 (Scheme 18).!"* Hydrolysis of compound
39 (R=Br) resulted in formation of glyoxylic acid 40 that was transformed to amino acid 41 by reductive

amination.'*

OH
O._CO,Me Ne COMe O._CO,H NHyH,0, H,N__CO,H
NH,OHHCI HCI, H,O Na,S,03
70 > > 70 > 70
H MeOH, e 50°C,5h =N THF, MeOH, =N

=N _
reflux N R=Br, 86% By H,0, 8 days, 39% Br
11 R=OMe,ClIBr R 39,78-92% 40 M
Scheme 18. Synthesis and some chemical transformations of oximes 39.

R

Meanwhile, oximation of compound 1le with O-alkylated hydroxylamines,
O-methylhydroxylamine, led to the formation of Z/E-isomers 42 and 43 (Scheme 19).2°

MeO

Cl 0 . Cl Cl -
)4 NH,OMe HCI, WN . WN OMe
NG coMe MISO,NaOH  N.g" ‘i e N-g'  coMe
MeOH, 0 °C 42, 35% 43, 26%

11e
Scheme 19. Oximation of glyoxylate 11e with O-methylhydroxylamine.

The synthetic utility of compounds 4 was shown via their transformation into the corresponding oximes

44, the reduction of one of which was carried out for the synthesis of a-amino ester 45 (Scheme 20).3

e.g.
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O._CO,Et HoN.COgE AcHN._CO,Et
NHZOHHCI, ACzo, HOAc

gf‘ MeOH, NaOH, g $ zncol46°C (S

h 1 h (R=Me) N

45, 100%

t,3h
R=H, 100%; R=Me, 92%
Scheme 20. Synthesis and reactions of 2-(isothiazol-5-yl)-2-oxoacetates 4.

R

Interestingly, reaction of glyoxylate 21 with hydrazine dihydrochloride without the addition of alkali
resulted in the removal of the ketone group leading to derivative 46, with the side formation of bis-hydrazone
47 (Scheme 21).'8 Under similar conditions, the reaction with phenylhydrazine led to the formation of standard
hydrazone 48.

PhHN-N EtO.C COEt N=\ COE
/_QCOzEt PhNHNHHCI /_Co NoH,2HCI N/’_Q A
/ I —— /] — > N ;
N, EIOH, reflux, N/} Etod, N N}_%N'Ph

N o Ph
Ph 48 100, 74% oy oq ACT0h Te g4 47 EtOC N

Scheme 21. The reaction of pyrazol-4-ylglyoxylate 21 with hydrazines.

A series of 1H-pyrazolo[3,4-d]pyridazine-4-carboxylates 49 was synthesized via the condensation of
pyrazolyl-4-oxoesters 16 with hydrazine and its derivatives (Scheme 22).!3!7 This transformation is also
known for 25 for the preparation isoxazoles 50 (Scheme 23).2° As in the case of the corresponding glyoxylates
derived from the five-membered heterocycles with one heteroatom, 1,2-azolyl glyoxylates 16 and 25 served
as CCCC-bis-electrophiles due to the presence of an additional ester group.

COEt NHoNHH»-0 or CO,Et

1= 2=
PN ACICGHMNHNH NN 49 RI=Bu RP=H, 87%
LN THOA EoH ~ N LN R'=Ph,R=H, 84%

EtOC 16 NR1 reflux, 12 h I 'Rt R'=Ph, R?=4-CICcH, 69%

Scheme 22. Synthesis of 1 H-pyrazolo[3,4-d]pyridazine-4-carboxylates 49.

FIOL N NoH,H,0 i N
e 2H4Ho HN =Ny
EtOsz;E< EtOH, it, 10 min N A~
0,
O 25 65% EO.C 50

Scheme 23. Preparation of isoxazolo[3,4-d[pyridazine-4-carboxylate S0.

4. Synthesis of 1,3-azolyl glyoxylates and their fused analogs

The direct electrophilic Friedel-Crafts acylation at the C2 position of 1,3-azoles was demonstrated for
the first time by the synthesis of 2-(imidazolyl)-2-oxoacetate S54a, which was obtained from
N-methylimidazole using triethylamine as a base in average yield of 45%.23-26 A comprehensive study of these
transformations was performed by our group to find that the addition of ethyl oxalyl chloride within 20 min to
a solution of imidazole N-methylimidazole S1a in CHxCl; at 20 °C led to the formation of a precipitate, i.e.
ionic product 52a, likely originating from N3-acylation of imidazole (Scheme 24).27 Further addition of
Hiinig's base (i-ProNEt) to the reaction mixture led to the dissolution of the precipitate and formation of a clear
solution presumably containing compound 53a. After additional stirring of the reaction mixture at rt for 12 h,
the target imidazolyl glyoxylate S4a was obtained in a high yield (95%). It was concluded that the presumable
pathway of this reaction is the initial C2-deprotonation of the N3-acylated intermediate 52a with the formation
of the ylide S3a. Intermediate 53a then undergoes the acyl group transfer from the nitrogen atom to the C2
position.
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)il EtO,C EtO,C acyl group "
[ N%H CI” COosEt 4\:%7 i-ProNEt 2:0 transfer [ el
N CH,Cl,, [NXH -20°C [N)C’ —20°C 1020 °C, COLEt
-20° [ 12 h, 959
51a 20 °C, 20 min I §2a | 53a , 95% 54a

Scheme 24. Acylation of N-methylimidazole S1a with ethyl oxalyl chloride.

The method worked well for a series of substituted imidazoles and their benzo analogs 51 to give the
corresponding imidazol-2-ylglyoxylates 54 in 83-96% yield (Scheme 25).

o
N e N
!y CI” " CO,Et g\’ﬁ\ o]
4 Y.
o3 2 X)\(

& i-PrNEt, CH,Cly, -20 °C, R COEt
5lak 20minto 20°C, 12 h 54a_k
N N N N
N N rON N . imi
| CO.Et | CO.Et | CO.Et | Copt N-methylimidazoles
84a, 95% 54b, 95% 54c, 96% 54d, 91%
N N N N
/\. 0 Iy 0 '\ 0O [\ 0
N~ N L ¢ N N-alkyl / alkenyl
CO,Et N CO,Et
By COEt H 2 Bn COEt K\ €02 imidazoles
5de, 85% | s4f, 83% 549, 90% 54h, 85%
_____ B

CO,Et CO,Et
M 2 Né} 2 @ N O N-arylimidazoles and
N
| CO,E

N N da
D\ 54i, 85% m 54j, 92% ; benz[dJimidazoles
O,N CF, Z>CF, 54k, 91%

Scheme 25. Acylation of N-substituted imidazoles 51 with ethyl oxalyl chloride.

The acylation of 4-methylthiazole S1m and benzo[d]thiazole 51n proceeded with the predominant
formation of target products S4m and 54n with moderate yields of 45% and 51%, together with some side
products.?” These results indicate that the activity of the carbonyl group in azolyl glyoxylates 54 and steric
effects have a significant influence on the overall yield of products and the possibility of side processes. In
particular, the carbonyl group of thiazole derivatives S4m and 54n (and corresponding intermediates 53m and
53n) is more reactive towards nucleophiles as compared to that of imidazolyl counterparts S4a-k (53a-k)
(Scheme 26). In turn, increased activity led to the considerable contribution of the side processes with the
participation of either primarily formed zwitterionic intermediates of type 53 or target compounds 54.%

jjj\ (benzojthiazoles
CI” “CO,Et N N
ﬁ»N _ 2= 2/ e @_ 30O
3 ProNEt, CHoCly, 20 °C, g s
S 20 minto 20 °C, 12 h CO,Et CO,Et
51m and 51n 54m, 45% 54n, 51%

Scheme 26. Acylation of (benzo)thiazol-2-ylglyoxylates S4m and 54n.

Our group also described the synthesis of fused imidazolyl glyoxylates 56, which relied on the acylation
of imidazo[ 1,2]heterocycles 55a-h with varied electronic properties (Scheme 27).28 Thus, acylation with ethyl
oxalyl chloride was carried out by refluxing in 1,4-dioxane in the case of imidazo[1,2-a]pyridines 55a and
55b, as well as imidazo[2,1-b][1,3]thiazoles S55e and S55f. At the same time, the acylation of
imidazo[1,2-aJpyrimidines S5¢ and 55d required prolonged refluxing of the starting compounds in xylene.
The conversion of imidazo[1,2-a]benzimidazoles 55g and 55h in 1,4-dioxane was successful for the synthesis
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of glyoxylates 56g and S6h with average yields of 40-50%, amd better results (75-85% yield) were also
achieved by carrying out the reaction in refluxing xylene. Thus, the following order of substrate reactivity was
observed in the acylation reaction of compounds 55: imidazo[2,1-b]thiazoles > imidazo[1,2-a]benzimidazoles
> imidazo[1,2-a]pyridines > imidazo[1,2-a]pyrimidines. The reactivity of heterocycles with a phenyl
electron-withdrawing substituent was comparable to or lower than that of methylated analogs.

YN
R COzEt éN /R
x 1 4-dioxane or xylene, 4- dloxane or xylene, CO,Et
O's6

reflux, 7-8 h
1, 4-dioxane N xylene N
Ot oul B S o
§6a,76% O O 56b, 71% O COZEtl s6c, 73% 0 COE! sgd, 68% 0’ OO

! Pr Pr
Ol O
S-—N S-N 3 <N “N
@{ G{Ph ; % N
s6e,79% o COE! sgf 20 oF COEL | 56g 85%° COEt 56h, 75%° CO,E
Scheme 27. Acylation of fused imidazo[1,2]heterocycles S5a-h.

In a similar manner, the reaction of 1H-imidazo[l,2-a]purin-9-one 57 with oxalyl chloride in the
presence of triethylamine followed by methanolysis leads to the formation of glyoxylate 58 in 67% yield
(Scheme 28).%°

gy © CO,Me
1.(COCI),, Et:N, THF, 1t,5h BN
<\ | 3 - < NN
k 2. MeOH, THF, 1t, 15 min N Ng\N
N 57 67% | 58

Scheme 28. Synthesis of imidazo[1,2-a]purinyl glyoxylate 58.

Other electrophilic reactions included the ipso-substitution of silyl groups, which, however, proceeded
with low yields in the case of 4- or 5-substituted 2-(trimethylsilyl)oxazoles 59 to give 60 (Scheme 29).30:3!

RN CIC(0)CO,Me, benzene, reflux_ R!_N  co,Me
IO\%TMS R'=Me, R?=H, 30-32% (2 h) IO\H
R? © 59 R'=HR?=Ph 23% 3h) R O 60

Scheme 29. ipso-Electrophilic substitution for the synthesis of oxazol-2-ylglyoxylates 60.

A similar transformation was disclosed for C2-trimethylsilyl-substituted thiazole 61; product 62 was
formed in higher yield (76%) as compared to oxazoles (Scheme 30).3>34

N ° CO,Me
[ \%TMS 1. (COCI),, benzene, 80 °C,2 h [ 2
2. MeOH, Et;N 76% o 62

Scheme 30. Preparation of methyl 2-(thiazol-2-yl)-2-oxoacetate 62.

At the same time, the synthesis of 1,3-thiazol-5-yl glyoxylate 64 also relied on the ipso-electrophilic
substitution of 5-(trimethylsilyl)thiazole 63 providing product 64 in 51-61% yield (Scheme 31).35-3¢
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/>_TMS CIC(O)COAEL ~  COsE
80°C,1.75-2h L
®6a 51-61% S Qe

Scheme 31. Synthesis of ethyl-2-ox0-2-(thiazol-5-yl)acetate 64.

An alternative approach towards 1,3-azolyl glyoxylates is the metalation followed by a reaction with
dialkyl oxalates. The method was used for the parent and methylated 2-bromothiazoles 65 for the preparation
of 54m and 66 (Scheme 32).37 Higher yields of 66 were achieved by using THF instead of Et,O.

RON 1. n-BulLi, Et,0, 70 °C }R=H, 47% R
\[ Y—Br 2.(COEt), -70to 60 °C, 1 h | R=Me, 53% ENHCOZH
S 1. n-BuLi, THF, —60 °C, 30 min}R=H 720 s o 66 R=H
65 2. (COEt),, —60 to —40 °C ’ 54m, R=Me

Scheme 32. Metallation-acylation to obtain (thiazol-2-yl)oxoacetates 54m and 66.

The synthesis of imidazol-5-yl glyoxylates 69 was based on the reactions of iodoimidazoles 67a,b with
organocuprates (Table 1, Entries 1 and 2) or metalation of 68a,b with LDA or n-BuLi (Entries 3 and 4)
followed by acylation with oxalic acid derivatives. In addition to that, examples of carbonylation reactions of
halogenated 1,3-azoles in the presence of PACl>(PPhs), have been mentioned in the literature.

Table 1. Synthesis of (1H-imidazol-5-yl)-2-oxoacetates 69.

g 67, )?\ R3
Rz_«NI R=R*l X" “CORS R2¢']
N—gs 68, N\ COR°
R'"  R%=R’%H R o 69
n. | Starting R! R |R*|RY R | X Conditions Yield | Ref
material %
1 67a CHOEt | H | I | I | Et| Cl 1. (NPhyl)2CuLi(1.2 equiv.), 74 | 39
THF-Et;O-NMP (8:2:1, v/v/v),
2 67b Ts -78 OC’ 0.5-1h 76
2. CIC(O)COzEt, rt, 30 min
3 68a Me SPh| H | H | Me | OMe 1. LDA, DME-Et;0, hexane, 41 40
—78t0 0 °C, 1.25 by
2. (CO:Me)y, 1t, 3 h
4 68b | CH2OMe | SPh | H | H | Me | OMe | 1. n-BuLi, THF, hexane, -78 °C, L h | 66 | 41
2. (CO2Me),, THF, 78 °C, 1.25 h

Aside from methods based on the direct introduction of glyoxylate moiety into the heterocyclic scaffold,
other known approaches to 1,3-azolyl glyoxylates include oxidation of the methylene group of the
corresponding hetaryl acetates. For example, reaction of ethyl 2-(thiazol-2-yl)acetate 70 with #-butyl
hydroperoxide in the presence of N-iodosuccinimide (NIS) led to the in situ formation of the corresponding
glyoxylate 66. The latter product was introduced into the cyclization reaction with primary amines for the
synthesis of imidazo[5, 1-b]thiazole-7-carboxylates 71 (Scheme 33).4?

WA

R= alkyl S
(hetyaryl 71 CO.Et
Scheme 33. Synthesis of imidazo[S,l-b]thlazoles 71 via the in situ generations of glyoxylates 66.

[2\)_\ t-BuOOH, NIS [I: >_<
70

co,Et PMF, 1,18 h c:o Et
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The synthesis of regioisomeric 1,3-azol-3-yl glyoxylates also involved the oxidation of thiazol-4-yl
acetates 72 to the corresponding glyoxylates 73 (Table 2). Oxidative cleavage of oxime 74 was reported to
give glyoxylate 75 (Scheme 34).4

Table 2. Synthesis of 2-substituted (thiazol-5-yl)-2-oxoacetates 73.

(o]
N 2 conditions
R C0aR® comdtony | No Ao
5 < |
72 5 73

n. | R! R? | Conditions Yield % | Ref.
1 | NHC(O)H Et | N-hydroxyphtalimide, Os, Co(OAc),, HOAc, 40 °C, 16h | 21 | 44
2 Mn(OAc), KMnOs, HOAc N.A. |45
3 | NHC(O)CHCl | Et | 1,4-dioxane, HOAc, 110-115 °C,4 h 63 46
4 | 4-CICsH4 Me | SeOs, xylene, reflux, 8 h 53 47
N\ NOH FeSO,7H0, BnSeOH NP

| |
HzN)\SM Coyet  EtOH, reflux, 48 H2NJ\S75 COEt
Scheme 34. Synthesis of ethyl 2-(2-aminothiazol-5-yl)-2-oxoacetate 75.

Construction of the heterocyclic ring with simultaneous incorporation of the glyoxylate group is also
possible for the 1,3-diazole series. In particular, condensation of pyrid-2-yl-substituted aminoester 76 with
diethyl-2-oxomalonate resulted in the of 2-(imidazo[ 1,5-a]pyridine-3-yl) glyoxylate 77, albeit in low yield of
15% (Scheme 35).4

CO,Et i COF
_ NQH EtO,C” “COEt [F 17 N
> /)
! 2 EtOH, reflux, 6 h > NK/N
76 15% 77 o COsEt

Scheme 35. Synthesis of imidazo[1,5-a]pyridine-derived glyoxylate 77.

The synthesis of 1,3-azolyl-5-glyoxylates 82 was also achieved by the condensation of
1,1,3,3-tetramethylguanidine 78, bromopyruvate 79, and aryl- or acyl isothiocyanates 80 and 81, respectively
(Scheme 36).4-% A related example included formation of bis(thiazol-5-yl)glyoxylate 84 in the condensation
of compound 83 and bromopyruvate 79 (Scheme 37).%!

NH o RN=C=§ MeoN N R=Ph (84%),4-MeOC¢H, (84%),
Iy + T e _80.81 g6 ) N PhC(O) (92%),4-MeCgHC(O) (93%),

MeoN" "NMe,  EtO,C acetone, rt s~ "NHR  2.CICH,C(O) (67%),t-BuC(O) (65%),
78 79 O 82 4-O,NCgH,C(O) (58%)

Scheme 36. Synthesis of 2-(2-amino-4-(dimethylamino)thiazol-5-yl)-2-oxoacetates.

(@\ g Q\
Br

| |

| | EtO,C N N

an N N\ __DMF  _ HN "NH
/& % 2. Et;N, DMF, MW SAN N)\S
L\l S S '\i 50 °C, 10 min of io
71%
Me.N 83 NMe; CO.Et 8 Eto,C

Scheme 37. Synthesis of bis(thiazol-5-yl)glyoxylate 84.
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Condensation of aryl amidoximes 85 with dimethyl acetylene dicarboxylate 30 proceeded through a
Claisen-type rearrangement step, followed by pyrolytic decarboxylation (Scheme 38).5? It is worth noting that
imidazolinone glyoxylates 87 (existing in equilibria with tautomers 86) were evaluated as central nervous
system depressants. A similar method for the assembly of thiazoles 88 included condensation of acetylpuruvate
24 with PhI(OH)OTs and then thiourea (Scheme 39).3!

--0 o)
OH O )-COMe O  )-COMe R'=R*=R’=H,68%
N+ NH, = R'=Cl, R%=R%=H, 63%
R3 MeO,C—=CO,Me 30 Ny NH Ny NH R'=Me, R2=R%= H, 41%
A R R R'=R2=H, R®Me, 59%
1 R? ” i R'=R%=Me, R3=H, 48%
R

85 R' 86 R' 87 R'=R*=OMe, R*=H, 52%

Scheme 38. Synthesis of imidazole-5-ylglyoxylates 86.

o O 1. PhI(OH)OTs, MeCN, reflux, 45 min N
)l\/chone 2. Thiourea, reflux, 4 h MeOoC /s»\NHz
24 3.aq NaHCO,, 1, 2 h 78% 88
Scheme 39. Synthesis of methyl 2-(2-amino-4-methylthiazol-5-yl)-2-oxoacetate 88.

Reductive ring opening of fused isoxazole-5-carboxylates 89 for the synthesis of 4-aminoimidazoles 90
with the glyoxylate fragment at the C5-position was also described in the literature (Scheme 40).%

N__N  R'=Me, R2=H, H,, Pd/C, EtOH, tt, 2.5 h, 99% NH;
R« T 0O  RI=Et R®=Me, Hy, PdIC, EtOH, 11,2h, 99% .4 j\WCOzEt
N R'=Et, R2=Me, diglyme, reflux, 23 h, 66% )

R'gg CO,Et r? ©90
Scheme 40. Reductive ring opening of imidazo[4,5-c]isoxazole-3-carboxylates 90.

5. Chemical transformations of 1,3-azolyl glyoxylates and their fused analogs
5.1. Functional group interconversions

As compared to pyrroles, furanes, and thiophenes, the scope of chemical transformations of 1,3-diazolyl
glyoxylates was studied to a lesser extent. The reported chemical transformations include the reduction of 73a
(i.e. for the synthesis of 91, Scheme 41), as well as oxime formation from 92 with O-substituted
hydroxyamine 93 carried out in the presence of HOAc in refluxing EtOH providing derivative 94 (Scheme
42).54

_ NaBH, _
COZ'\,Ie 1 4-dioxane, ,4-dioxane, < > < COZMe
-10°C,2h

Scheme 41. Synthes1s of 2-(2-(4 chlorophenyl)thlazol-4-yl)-2-hydr0xyacetate 91.

o o
0 NH  HOAc, EtOH MQANH
N \ c, NHBoc
EtOzCkE S—NHBoc NHBoc ~ofiux 4 h
s 53%
HN© o EtOzC fNHBoc

Scheme 42. Oximation of thiazol-4-ylglyoxylate 92 with hydroxylamme 93.
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Another example is the olefination of glyoxylate 96 with methylene diphosphonate in the presence of
KHMDS. It was established that a higher E/Z selectivity is observed for pentafluorophenyl ester 95 as
compared to ethyl ester to give product 96 in 41% yield (Scheme 43).5°

N ©  (MeO),(O)P-_P(O)(OMe), NN/
PhsC-'S” CO,R KAMDS, THF, 0°C.1h PhaCy s’ COR
H 95 R=Et,C4Fs (41%) H 9

Scheme 43. Olefination of glyoxylate 95.

PO(OMe),

Deoxofluorination of 1,3-azolyl glyoxylates 54 has been studied thoroughly by our group. Mild reaction
conditions, which includes the use of a 2.5-fold excess of morpholinosulfur trifluoride (morph-DAST) in
CH,Cl, at rt (Scheme 44, Method A4),’® were suitable only for about a third part of the studied glyoxylates to
give the corresponding difluoroacetates 97b, 97m, and 97p in 90-96% yields. In all other cases, the conversion
of the starting glyoxylates 54 was incomplete (up to 55% of starting material remained intact). The
deoxofluorination reaction in refluxing benzene (Scheme 44, Method B) was effective, and resulted in the
formation of the target difluoroacetates 97 in good to high yield (75-96%). It was established that using the
corresponding 7-butylglyoxylates was unfruitful for the formation of deoxofluorinated products using any of
the above methods; decomposition of the starting materials was observed instead. A possibility of synthetic
modifications of difluoroacetates of the general formula 97 was demonstrated by mild alkaline hydrolysis with
NaOH in H>O-MeOH with subsequent treatment with HCI (to obtain carboxylic acids), reaction with NH3 in
H>O-MeOH (to give amides) followed by treatment with POCl; in pyridine (for the synthesis of nitriles), as
well as reduction with NaBH4 in THF-methanol (4:1 v/v) (to synthesize gem-difluorinated alcohols).

A 1. Morph-DAST, CH.Cl,, 0 °Cto rt o
0 2.aq NaHCO3, 5 °C R [ j
A N
R™CO,Et  B:1.Morph-DAST, CgHg, reflux ~ R” “COEt -
54a-d,g.m—p 2.aq NaHCO3;, 5 °C 97 Morph-BAST

N N N N N g
B [y F Iy F Iy F /N
[N)\H: C'/(N)\H: Br/ql)\H: NC/[N)\H: [N)\H:

I COEt I COEt I COEt | COkEt pgn COEt
97a,94% (B) 97b,90% (4)  97c, 75% (B) 97d,83% (8) 979, 95% (B)

N N N N

o Oy O oy

s EF S q)\kF [s)\f F

97m, 96% (4) 97n, 87% (B) 970,73% (B)  97p, 94% (A)
Scheme 44. Synthesis of 1,3-diazolyl difluoroacetates 97.

Known synthetic transformations of imidazo[1,2]hetaryl glyoxylates 56 also include reactions with
NaBH,, NaOH, and NH,OH (Scheme 45).2% Depending on the amount of the reducing agent, reduction of
glyoxylates with NaBH4 led to the formation of a-hydroxyesters 98 (0.35 equiv. of NaBH4) or 1,2-diols 99
(1.2 equiv. of NaBH4). Alkaline hydrolysis of glyoxylates 56 in the presence of NaOH was used for the
synthesis of glyoxylic acids 100, while the reaction with hydroxylamine hydrochloride in the presence of a
base resulted in the formation of the corresponding oximes 101.

5.2. Heterocyclizations

The wuse of azol-2-yl-glyoxylates in condensation reactions with ethylene diamines and
1,2-diaminobenzenes (o-phenylenediamines) is a powerful tool for the synthesis of corresponding
5,6-dihydropyrazin-2-ones and quinoxalin-2-ones via the NCCN+CC cyclization.’” In particular,
ethylazol-2-yl-glyoxylates 54 reacted in MeCN at rt with unsubstituted o-phenylenediamine 102 for the
synthesis of 3-azolyl-1H-quinoxalin-2-ones 103 in high yields (92-98%, Scheme 46). The method also worked
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well for symmetrically substituted o-phenylenediamines 104a-d as the nucleophilic components to give 105
(Scheme 47),%7 as well as imidazo[ 1,2 ]hetaryl glyoxylates 56 as bis-elecrophiles in reactions with 102 (for the
preparation of 106, Scheme 48) and ethylenediamine 107 for the synthesis of 108 (Scheme 49).28

_N N NaBH 4 N
N_/ R NaOH N/ R (0.35 equiv) N/ )R
82-89% 52-53%
CO,H CO,Et
C100 Css HO'gg = 02t

HoNOH-HCI, AcO/ NaBH s&%
0,
91-94% (1.2 equiv)
e ae
7~CO,Et
HO~ 2 HO
N1o1 99 OH

Scheme 45. Reactions of imidazo[1,2]hetaryl glyoxylates 56 with NaBH4, NaOH, and NH>OH
(for the structures of compounds 56, see Scheme 27).

OFt o. N
H>N
\\’I 2 :@ MeCN Nﬁj:\N@
20°C,12h \ X
92-99% 103

[*QL@ i\ @ ML@ [ oy Gy

103a, 95% 103b 98% 103e 92% 103f 94% 1039, 95%
Q Q Q Q
N>_2‘NH N NH N NH N NH
I: \ @[ D | > @[ D
N N N N s N s N
103h, 94% 103k, 99% 103m, 97% 103n,98%

Scheme 46. Synthesis of 3-azolyl-1H-quinoxalin-2-ones of general formula 103.

Ot . o N R
wl 2 j@[ _meon j@(
R 20 °C,12h 8 = N R
N s4a 104 84-95% N_
THIJ@:;QJEQ}
Q/N 105a « 105b N_ 105¢c 105d

Scheme 47. Condensation of glyoxylate 54a with 4,5-disubstituted o-phenylenedlammes 104a-d.

Furthermore, azol-2-yl-glyoxylates S4a, 54f, S4g, and 54k reacted with 1,2-diaminocyclohexane (109,
as a ca. 1:1 mixture of cis- and trans-diastereomers) to give the corresponding hexahydroquinazolin-2-one
110, which was precipitated from the reaction mixture exclusively as trans-diastereomers due to the plausible
epimerization during the formation of Schiff base intermediates (Scheme 50).5

A  method for the synthesis of pyridazinones relied on the condensation of
ethyl3-hydrazinyl-3-oxopropanoate with hetaryl glyoxylate 64 to give intermediate 111 that was transformed
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into the corresponding 6-azolyl pyridazin-3-one 112 in 82% yield upon treatment with NaOAc in DMF
(Scheme 51).3¢

NH; E/\V/N/
102 N
\I’ @ o}
NH
°r MeCN, reflux N" N
e ’ —
CO,Et coget MR e
56a e 106

Scheme 48. Condensation of glyoxylates S6a and 56e with o-phenylenediamine 102.

S~ =N

Sy e
MeCN, reflux

CO,Et 67%

/

s6e O 108 \\,NH
Scheme 49. Condensation of glyoxylate S6e with ethylenediamine 107.

HoN 0
D _ MeCN _ ;
"
HoN

oo 20°C,12h %/
40-85%
54afgk cis : trans =111 R 110

;L O j O @J\N\O N NO

&N 110a, 40% v\ 110f, 85% Ngn 1109, 48% @ N 110k, 45%
Scheme 50. Reaction of azol-2-yl-glyoxylates 54 with 1,2-diaminocyclohexane 110
(relative configurations are shown).

OEt

o)
Et0,C._0O HoN. choza EtOzCJL E0,¢. Ly
H;, Et0,C_N ﬂ K
7S DMSO, TFA DMF, 150 °c, HO
N=/ 70°C, 16 h g 05-2h s
64 84% 1M1 N~/ 82% 12 N~/

Scheme 51. Synthesis of 6-azolylpyridazin-3-ones 112.

A similar approach includes the formation of hydrazones 113 from 1,3-azolyl glyoxylates 64 or 66,
which was used for the synthesis of the corresponding 6-(1,3-azolyl)-pyridazin-3-ones 114 (Table 3)33-36-58
The heterocylization step involved the use of ethyl 3-chloro-3-oxopropanoate in 1,4-dioxane and then sodium
ethylate.

A two-step organocatalytic approach to the preparation of 4-azolyl-(2H)-pyridazin-3-ones 116 from
ethyl-azol-2-yl glyoxylates 54 was described by our group. For this purpose, condensation of glyoxylates 54
with acetone in the presence of catalytic amounts of proline and TFA led to the formation of the corresponding
1,3-azolyl aldols 115 in high yields of 93-98% (Scheme 52).% The second step in the proposed scheme was
the cyclization of aldols 115 by heating in acetic acid in the presence of a three-fold excess of hydrazine
hydrate to form the target pyridazinones 116 in 85-98% yield.
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Table 3. Synthesis of 6-azolylpyridazin-3-ones 114.

1. EtO,C._C(O)CI o
2 1,4-di N 2
E10,C.O A R®NHNH,, EOH, 80 °C INRT 00 oléngeml:z FOL R
R'  or B RINHNH,(COH),, FOCN 5 EtoNa, EtOH,  HO N
640166  NaOAC. EtOH, 80 °C R'113 1t 20 min R' 114
n | R R Method | Yield % of 113 | Yield % of 114
|
1 Py 71 81
2 Sl |8 70 54
3 A | B 57 42
4 | B
N
4 <31£ M 75 63
+ | B
5 64 q/ 91 70
6 F~ )| 4 35 75
Cl
7 . C s | 4 47 75
8 Py 38 36
@) 4~ | B
9 g)\;\ A 75 74
4 | B
0 96 M 75 79

o Q
o
ﬁ uoEt s SZF N )% Nat Hzo&
: N X
X Y proline, TFA, 20 °C OH =0 HOAc

54 93-98% 115 85-98%
O (@] N
N OFEt N ™\ OEt I OFt

/ 4 )

Q‘ C|/q,\ [ C\l °
I OH)=O I OH)=O Bu OH =0 HOH
115a, 95% 115b, 97% 115e, 94% Il 115¢, 94%

Q

N okt [l;l OFt @—lﬂ A okt Z—l\\l okt
N N N S
Bn OH =0 I OH /=0 I OH)=O OH =0
1159, 96% 115h, 93% 115k, 98% 115m, 97%

(e} N ]
N N N

£ NH Cl/[\ NH £ NH » NH

NN NT N g LN NN

]

116a, 90% 116b, 95% 116e, 85% 116f, 95%

N Q N Q @—N Q Z—N Q
[\ NH '» NH ) NH ! NH

N NN NN SN

Bn \

1169, 93% 116h, 90% 116k, 96% 116m, 98%

Scheme 52. Synthesis of 4-azolyl-(2H)-pyridazin-3-ones 116 from glyoxylates 54.
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Other examples of heterocyclizations with 1,3-azolyl glyoxylates include intramolecular cyclization of
derivative 117 that was used to synthesize 2-aminothieno[3,2-d]thiazole-5,6-dicarboxylate 118 in 93% yield
(Scheme 53),% as well as a reaction of glyoxylate 69 with 2-(1H-indol-3-yl)acetamide 119 for the synthesis
of diarylmaleimides 120 (Scheme 54).4

O

CO,Et
N CO,Et Et;N {

H2N—<S . MeOH, reflux, 15 min HQN%’ | )—COMe
117 57 ST coMe 93% 118 57 S

Scheme 53. Synthesis of 6-ethyl-5-methyl-2-aminothieno[ 3,2-d|thiazole-5,6-dicarboxylate 118.

H

o) N
O 7 N t—BAuOK, DMF, O R
eOJS'/(B\ + NH, 4AMS, 40 °C = N
4 N SPh \ R=Me (a), 88% | »—SPh
R N N

= 0,
c0ab N 1g RECH:OMe (b), 0%

Scheme 54. Synthesis of diarylmaleimides 120.

Condensations of 1,3-azolyl glyoxylates bearing an amino group at the adjacent position with active
methylene compounds was used for the synthesis of various 5H-imidazo[4,5-b]pyridine-5-ones.®! In details,
ethyl  2-(4-amino-1H-imidazol-5-yl)-2-oxoacetates 90 reacted with  [-ketoesters to form
imidazo[4,5-b]pyridine-5-ones 121 (Scheme 55). Notably, the formation of an alternative regioisomer, e.g.
fused pyridinedicarboxylate 122, was not observed.

NP Ne
R3}O)C._CO-Et N N—
COEt ———~ "~ 3
RQJ\‘S\( “xylene, reflux RQ’«N\ ¢/ “COR RZJ\’N\ ¢/ ~CO,Et
R1  COEt R1 COsEt
121 122, not observed

Scheme 55. Reaction of imidazolyl glyoxylates 90 with B-ketoesters.

Similarly, reaction of glyoxylate 90a with ethyl 3-amino-3-oxopropanoate resulted in the formation of
compounds 123 and 124 (Scheme 56), while the reaction with phenacetyl chloride proceeded as N-acylation,
and after treatment with EtONa, exclusive formation of the seven-membered derivative 126 (instead of the
six-membered regioisomer 127) was observed via the formation of 125 (Scheme 57).

H
N U N-° N °
)\/K\WCOZEt HoN" > OFt /2‘ \ /~CONH, * ) e
N xylene, reflux N N NH
Bt © g0a £ COEt 123, 78%  Et ¢ 124, 7%
Scheme 56. Reaction of glyoxylate 90a with ethyl 3-amino-3-oxopropanoate.
Ph
NH o< HN ¢ P
BnC(O)CI NH EtONa, Ph
/A‘S\KCOEt ()N\ N J AN J~pn
CgHs, /4 COoEt EtOH, ) OH N
65% N o reflux L0 gt COoEt
0a Bt Y25 86% 126 127, not observed

Scheme 57. The reaction of glyoxylate 90a with phenacetylacetyl chloride.
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6. Synthesis and chemical transformations of triazolyl glyoxylates

In contrast to the direct electrophilic acylation of imidazoles, the analogous reaction of
1-methyl-1H-1,2,4-triazole 128 with ethyl oxalyl chloride led to the formation of a complex mixture of
products containing mainly compounds 129, 130, and 131 (Scheme 58).27 A mixture of compounds 130 and
131 was transformed into alcohol 132 upon acidic hydrolysis. The formation of by-products observed with
thiazoles may be related to the high activity of the carbonyl group in product 129 or the corresponding
intermediate.?’

o

N
;N +~~N "N-N -
N oot N WO . N LN N
'f i-ProNEt, CH.Cl,, | COoEt I'RO CO,Et MeOH, P
128 ~20°C,20min 129, 40% 130,R=H  reflux, 1h 25

t020°C, 12 h (isolated yield) 131, R=C(O)CO,Et 25%
Scheme 58. Acylation of triazole 128 and synthesis of bistriazolylmethanol 132.

The synthesis of 2-oxo-2-(1H-1,2,3-triazol-5-yl)acetates 136 was based on the azide-alkyne click
reaction of copper acetylides 133 with azides 134 and alkyl oxalyl chlorides 135. This transformation was
described for the case of arylacetylenes and benzyl azides as the substrates and led to 1,2,3-triazol-5-yl
glyoxylates 136 in high yields (77-91%, Scheme 59).663

o R O R =Ph,p-Tol,4-MeOC gHy,2-FCqHs,
1 oy + RTN. + _PhCl 3-FCgHy,4-CIC4H,,CH,=CMe n-Bu;
RI=—Cu ™ R* Ns "o ool Tman N7 COR
2 ’ - = - -
133 134 135 77.91% N Nsz 136 R“=Ph,p-Tol,4-O ,NCgH4,naphtyl,

CH(OMe),,n-octyl; R=Me Et
Scheme 59. Synthesis of 1,2,3-triazol-5-ylglyoxylates 136.

Also, methyl cinnamate 137 reacted with PhNj3 in the presence of DBU to form the diphenyl derivative
138 in 74% yield (Scheme 60).5*

0
0 PhN;, DBU
P e, (N coge
Ph CO,Me CHCI;, 80 °C, 36 h
137 74% pi Ph 138

Scheme 60. Synthesis of 2-(1,5-diphenyl-1H-1,2,3-triazol-4-yl)-2-oxoacetate 138.

Finally, reaction of (3-ethoxy-2,3-dioxopropyl)dimethylsulfonium bromide 139 with sodium azide and
benzaldehyde in DMSO served as a method for the synthesis of triazolyl glyoxylate 140 in 95% yield (Scheme
61).9

0
JOK/ . g PhCHO, NaNs, L-proline Ph>_2LCozEt
Eto,c” 5% DMSO, rt, 20 h NN
139 95% H 140

Scheme 61. Synthesis of ethyl 2-oxo-2-(5-phenyl-2H-1,2,3-triazol-4-yl)acetate 140.

Azol-2-yl-glyoxylate 129 was condensated with 1,2-diaminobenzene 102 for the synthesis of the
corresponding 3-azolyl-1H-quinoxalin-2-one 141 in high yield (Scheme 62).%

7. Synthesis of azine-derived glyoxylates
As might be expected, electrophilic acylation has not used for the synthesis of electron-poor
azine-derived glyoxylates. Instead, metalation followed by acylation has been typically involved. A
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representative example includes the synthesis of 2-oxo-2-(pyridine-3-yl)acetates 143 via metalation of 142
upon action of n-BuLi or LDA (Table 4).

OEt

o)
ij\[ HoN j@ MeCN J j@
<\N 20°C,12h <\

N 120 102 92% NS 141
Scheme 62. Synthesis of 3-(1-methyl-1H-1,2,4-triazol-5-yl)quinoxalin-2(1H)-one 141.

Table 4. Synthesis of pyrid-3-yl glyoxylates 143.

R? 1. Metalating agent, R? O
) e, [ oo
RNTR 142 2 (COFY2 - °TRIONTR! 143
n. | R! R? R? Metalating agent | Solvent | Yield % | Ref.
1 |H NHCO»z-Bu | H n-BuLi/TMEDA | Et.O 51 61,66,67
2 | NHCOqt-Bu | H H n-BuLi/TMEDA | Et,O 50 68,69
3|F H F LDA THF 58 70
4 | OMe H B-naphtyl | #-BuLi or LDA | THF N.A. 71

Directed ortho-metalation was one of the most promising methods for the introduction of glyoxylate
moiety into the pyridine core. Thus, when #-butyl-2-(1H-imidazol-1-yl) glyoxylate was used as an acylating
agent 145 for lithiated 2,6-difluoropyridine 144 for the preparation of 146, the reaction was accompanied by
the formation of the side product 147 of nucleophilic addition to the carbonyl group of pyridyl glyoxylate
(Scheme 63).72

CO,t-Bu  LDA, THF,

| \/ + O=<N~\ Zy;lghe;gne /(j\)\cozt Bu + &
F"N"F %/\N - - SUmin CO,t-Bu
144 145 146 55% F~ "N °F 147, 28%
Scheme 63. Synthesis of 3-(difluoropyridyl)glyoxylate 146.

3-Acylaminopyridine 148 was selectively metalated at the y-position with n-BuLi in the presence of
TMEDA. Further reaction with ethyl oxalate resulted in the selective formation of pyridyl-4-glyoxylate 149
(Scheme 64).® Meanwhile, the synthesis of 2-oxo-2-(pyridine-2-yl)acetates 151 typically relied on the
metal-halogen exchange of 150 followed by the interaction of the organometallic species thus formed with
ethyl oxalate (Table 5).

H 1. n-BuLi, TMEDA, Et,0, 78 °C EtO,C_O N
N. R? - %H , R'=H, R%=t-Bu, 43%
‘ AN

to 10 °C, 15 minto 2.5 h
X \W ’ N__R 1= 24| 0
@/ O 2. (COEt), Et,O, 78 °C R =CF3, R*=t-Bu, 13%

! 1= 2= | 0
RON s tort,1.5h RN 1490 R'=CF3, R*=Ot-Bu, 1%

Scheme 64. Synthesis of 2-oxo0-2-(pyridine-4-yl)acetates 149.

This approach was extended to other isomeric glyoxylates, which was demonstrated by the synthesis of
2-0x0-2-(pyridine-3-yl)acetates 153 from 152 (Table 6).

The metalation-acylation of 3-bromo-4,6-dichloro-2,5-dimethylpyridine 154 was performed for the
preparation of derivative 155 using the “turbo-Grignard” reagent (;PrMgCl-LiCl) in THF at —20 °C (Scheme
65).”® Another example of regioselective glyoxylate formation is the reaction of 3-bromo-2-methoxypyridine
156 with Mg in THF and then with di-z-butyl oxalate (35% yield of product 157) (Scheme 66).”
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Table 5. Synthesis of 2-oxo0-2-(2-pyridyl)acetates 151.

An alternative approach to the regioselective synthesis of pyridine-a-oxoesters 159 was based on the
reaction of pyridine trialkylstannanes 158 with an acylating agent in benzene (Scheme 67).3° The formation
of corresponding decarbonylated esters 160 was
2,6-bis(trimethylstannyl)pyridine 161 proceeded with the formation of the corresponding glyoxylate 159a
bearing ester group (35% yield) and pyridine-2,6-dicarboxylate 160a in 11% yield (Scheme 68).

g

Scheme 67. Synthesis of 2-0x0-2-(pyr1d1ne- -yl)acetates 159 from trialkylstannates 158.

BN

X“ON”8nR;

158

Scheme 68. Synthesis of 2-oxo0-2-(pyridine-2-yl)acetate 159a from bis-trialkylstannate 161.

T
cl N/ 154

THF, 20 °C

o
clI” N7

Scheme 65. Synthesis of methyl 2-(4,6-dichloro-2,5-dimethylpyridine-3-yl)-2-oxoacetate 155.

155

g 1.Mg, THF
A
(:[ 2. (COzt:Bu), THE. ¢ CO,t-Bu
N OMe -78°C,2h =
156 35% N OMe 157

Scheme 66. Synthesis of -butyl 2-(2-methoxypyridine-3-yl)-2-oxoacetate 157.

CIC(O)COzEt
benzene

rt, 30 min

Me3Sn

also observed. Furthermore,

A CIC(O)COLE \ D

)‘\/:L PCOCOE Eo, N CcoEt Y
N""Snie, benzene. I 2
161 ft, 30 min 159a, 35%

DR
EtO,C” "N~ “CO,Et

160a, 11%

CO,Et]
Yoo X met;Iatirig Z\zgentY \ X
= solvent N COzEL
150 N° Br o 151
Substituent Metalating agent | Solvent Temperature, °C | Product | Yield % | Ref.
X=H, Y=H i-PrMgCl THF 34 °C 151a 65 73
X=H, Y=F i-PrMgCI-LiCl | THF 1. 0-20 °C; 151b 47 74
2.-78°Ctort
X=(CH,=CMe»), Y=H | n-BuLi THF, hexane | —78 °C 151c 63 75
Table 6. Synthesis of 2-oxo0-2-(3-pyridyl)acetates 153.
RhBr met;il(t)iriEgtlzgent RZ\L/Y?\CO Et
RON"R14sz  HF R3IN/ R 153
n. |R'|R? | R} Metalating agent | Temperature, °C Yield % | Ref.
1 |H|H H n-BuLi 1. -78°C;2.0°Ctort | 15 76
2 H|F |H i-PrMgCI-LiC1 | 1.0°Ctort; 2) =78 °C | 47 74
3|H|H |C] n-BuLi 1.-78°C; 2. -78 °C | N.A. 71
4 |Cl | H | OMe | i-PrMgCl 1.0°Ctort; 2. -5°C | 77 77
Cl PrMgCI-LiCl, Cl O
CIC(0)CO,Me COMe

the reaction of

R=Me, X=CO,Et (159a, 49%, 160a, 10%)
R=Me, X=C(O)Ph (159b, 55%, 160b, 24%)
R=n-Bu, X=H (159¢, 19%, 160c, 61%)
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Metalation of 2,6-dichloropyrazine 162 occurred at the C3-position upon the action of
2,2,6,6-tetramethylpiperidinyllithium in THF at —78 °C; after reaction with diethyl oxalate, product 163 was
obtained in 54% yield (Scheme 69).8! 5-Bromo-2,4-dimethoxypyrimidine 164 was glyoxylated at the C5
position through the intermediate formation of Grignard reagent in 50% yield of product 165 (Scheme 70).”°

N._Cl . N._Cl
\[ j 1. LITMP, THF, -78 °C \[ L{
2.(CO.Et); 54% CO,Et
1 62 163 O
Scheme 69. Synthesis of ethyl 2-(3,5-dichloropyrazin-2-yl)-2-oxoacetate 163.

OMe OMe
Ne 1. Mg, THF _ N=  CO,tBu
MeO—<\ )—Br 2. (COzt- B5lé)°§° THF, -78 °C MeO—<\ p
164 O 165

Scheme 70. Synthesis of -butyl-2-(2,4-dimethoxypyrimidin-5-yl)-2-oxoacetate 165.

(Quinolin-2-yl)-z-butylcarboxamide 166 was selectively lithiated at the C3-position, and further reaction
of the ensuing organolithium derivative with ethyl oxalate led to the formation of quinoline-3-yl glyoxylate
167 in 29% yield, which was used for the preparation of fused derivative 168 (Scheme 71).7°

~ ) o 1.Py-2-Ac
@(j\ 1. n-BuLi, THF, ~10°C, 3 h oo, KOH

N” NH 2. (COE),, THF, 78 °C . 2. HOAc

rpuNo ©020°C,30min oo N /’}‘\\H 65%
166 167 £Bu” YO

Scheme 71. Preparation of quinoline-3-yloxalate 167 by directed ortho-metalation of 166.

4-Chloro-3-iodo-2-methylquinoline 169 was transformed into B-glyoxylate 170 upon treatment with
CuBrSMe: and i-PrMgCl (Scheme 72).3?

cl CuBrMe,S, i-PriMgClI cl o
CIC(O)CO,Et
N (90, : Ny CO,Et
| | THF,-20°C tort, 30 min |
N 79% N
169 170

Scheme 72. Synthesis of ethyl 2-(4-chloro-2-methylquinolin-3-yl)-2-oxoacetate 170.

A similar transformation was described for the 3-bromoquinoline derivative, which was transformed
into glyoxylate in 47% yield.®3 Another way to introduce the glyoxylate moiety into azine heterocyclic core
have been disclosed for the case of triazines and quinoxalines. In particular, the synthesis of 1,3,5-triazine
derivatives 174 (Scheme 73)% and 2-(3-chloroquinoxalin-2-yl)-2-oxoacetates 177 (Scheme 74) was achieved
by using C-deprotonated acetal 172 as the nucleophile that was arylated with 171 and 175 and then subjected
to the deprotection step of derivatives 173 and 176 thus formed.

R2 HMPTA, LDA, R? OMe
N OMe/l( THF, ~78°C_ N>=N ComMe 2MHCI N>=N
—N R30,C o OMetor, 216 h )\—N/ co.r3 M 20 min >\—N/ CO-R3
R 171 172 1737777 40-86% g1 o 77
R'=OMe,OPh,Cl; R2=OMe,OPh,NMe ,,NEt,, R®=Me, i-Pr
Scheme 73. Synthesis of 1,3,5-triazine glyoxylates 174.
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OMe
CI Ll 12 JQO Me COR
RO,C”O” “OMe_ Ao<ome 2MHCI_ N
OMe N o)
N C| HMPTA, LDA, THF, oorme 1t 20 min )
~78°Ctort, 2 16h 2% R=Me, 60% NZCl
178 N 176 R=i-Pr, 90% 177

Scheme 74. Synthesis of 2-(3-chloroquinoxalin-2-yl)-2-oxoacetates 177.

Several examples of palladium-catalyzed double carbonylations providing a-/y-pyridyl®>#¢ and
a-quinolyl®’ glyoxylates 180, 182, and 185, respectively, have also been reported in the literature (Scheme
75). In the case of 2-iodopyridine 181 and 2-iodoquinoline 184, the glyoxylates were obtained as minor
products with the corresponding esters 183 and 186 as major ones. At the same time, pyridyl-4-glyoxylates
179a,b were major products in the case of the double carbonylation of 178.

I CO (90 atm), ROH, E;N, QR 17¢a R=i-Pr, O _OR 180a, R=i-Pr,
N, Pdy(dba)s, (PCys), O 70% (50%) , 5 30%
|

| | TCH,Cl,, 50 °C,

X
N - | 179b, R=s-Bu 180b, R=s-Bu,
178 22-48h N™  72% (55-60%) 28%
~ CO (90 atm), s-BuOH, E3N, X
(1 Pesabar, eypnongy (L T T osa
N” ™1 90 Pa, 50-70 °C, 140 h 182

o
181 (77-78% conversion) 43 16% (5% isolated yield) 183, 62-65%

CO (70 atm), s-BuOH

N EtN, PACI(PCys) -
m claT, PAbirYsly + ~_Os-Bu
N1 CH.Cl, 70°C, Os-Bu N

184 70 atm, 72 h 185, 229% © 186, 78%©
Scheme 75. Palladium-catalyzed double carbonylations of iodides 178, 181, and 184.

Ethyl 2-diazo-2-(pyridyl)acetates 187 can be transformed into the corresponding glyoxylates 188 with
N-oxide moiety upon action of dimethyldioxirane (Scheme 76).88

NI \H Q:NQ 3,3-dimethyldioxirane O_N+ O
Z  CO,Et acetone, 0 °C, 42 min (§ H CO,Et
187 99% 188
Scheme 76. Reaction of ethyl 2-diazo-2-(pyridinyl)acetates with dimethyldioxirane 187.

The straightforward oxidation of the methylene group of pyridinyl-2-acetates 189 (Table 7)% and
isoquinoline-1-acetate 190 (Scheme 77) could be applied for the synthesis of glyoxylates 151a and 191 without
reaction at the azine nitrogen atom.® For this purpose, mild oxidants were applied, e.g. Cul-O,, SeO>.

Table 7. Oxidation of alkyl-2-(pyridine-2-yl)acetates 189.

Sy aat
oxidan
NANACOR o PN COR

solvent, conditions

189 O 151a
R Reagents Solvent Conditions Yield % | Ref.
Me |Cul, O, -BuOAc 100 °C, 24 h 83 91
Et TEMPO, di-z-butyl peroxide, I» (cat.) 1,2-Cb,CéHs | 120 °C,24h 20° 92
SeO2 1,4-dioxane | 100 °C, 12 h 73 93
-Bu | Cul, trimethylacetic acid, O DMSO 65 °C 89 94

2 Ethyl-2-(pyridine-2-y1)-2-((2,2,6,6-tetramethylpiperidin-1-yl)oxy)acetate (25%) was formed.
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MeO MeO
A Se0, ~
MeO N 1,4-dioxane, MeO =N
reflux, 1 h
190 “COMe  ggis 191 07 CO,Me
Scheme 77. Synthesis of methyl-2-(isoquinolin-1-yl)-2-oxoacetate 191.

Other examples of the synthesis of oxoesters 193 and 195 consist in the oxidation reaction of hydroxy
esters of pyridine 192 (Scheme 78) and quinoline-N-oxide 194 (Scheme 79).%¢

HO.__CO,Et O._CO,Et

CrO3 2Py
Y| CHCht,40mn 2
MeO” SN~ 192 9% Meo” SN~ 193

Scheme 78. Synthesis of ethyl 2-(2-methoxypyridine-4-yl)-2-oxoacetate 193.

OH MnO, o
R, N CHCl3, 24h R, N
R N R=OMe, 77% Ri N¥

& 194 & 195

Scheme 79. Synthesis of 3-(2-methoxy-2-oxoacetyl)-2-methylquinoline-1-oxide 195.

Another method is the oxidative conversion of 3-ethynylpyridine 196 into glyoxylate 153a, which
proceeded in the presence of 2-picolinic acid and oxygen at rt upon blue-LED irradiation (Scheme 80).7

MeOH, 2-picolinic acid, fo)

Pz
~7 Cul, O5, MeCN
| N7 COoMe
N7 blue LEDs, it, 12h || _
196 80% N 153a

Scheme 80. Synthesis of glyoxylate 153a from 3-ethynylpyridine 196.

Oxidative cleavage of dithioorthoester 199 with sodium perborate in HOAc was used for the preparation
of pyrid-2-yl glyoxylate 200. The synthesis of 199 included Claisen-type reaction of picolinate 197 with
2-methoxy-2,2-bis(methylthio)ethenone and subsequent Pummerer rearrangement of 198 (Scheme 81).%

NHBoc NHBoc NHBoc NHBoc
y MeSCH.S(O)Me / . TFAA,
7 N _ NaH _ byridine NaBO3 \ N
o DMF, 65% O CH2C|2 O ACOH
MeO -0 then MeONa ~ 40%
197 198/ 85% 199\

Scheme 81. Synthesis of methyl 2-(6-(N-Boc-amino)pyridine-2 -yl)-2-0x0acetate 200.

The reaction of tetrahydrothiophenylidene derivatives 201a,b with oxone was used for the preparation
of fused pyrid-3-yl glyoxylates 202a,b (Scheme 82).° It was also possible to synthesize 2-pyridyl glyoxylate
151a from O-protected cyanohydrin 203 via LDA-promoted rearrangement (Scheme 83).'%

Cb il £ oo gy T % ove br-
z. _ _OXOM® _ cpe. ‘R =
N = H,O,MeOH N
U N~ ©202 So%
N 201a,b a: R=4-MeCgHy, 88% (2 h) F (18 h)

Scheme 82. Synthesis of fused pyrid-3-yl glyoxylates 202.
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[ LDA N @
N Oy OB THF, 781020 °C N? OFt
203CN O 60% 151a O

Scheme 83. Synthesis of pyrid-2-yl glyoxylate 151a.

Other methods for the synthesis of azinyl glyoxylates are based on the construction of the heterocyclic
ring. Thus, the synthesis of ethyl 2-oxo-2-(quinoxalin-2-yl)acetates 206a,b and 207a,b from
3,5-difluoro-2-nitrophenylazide 204 via the formation of benzo[c][1,2,5]oxadiazole 1-oxide 205 was
described. The latter derivative was involved in the reaction with acetyl and benzoylpyruvates to give
quinoxaline glyoxylates (Scheme 84).1!

C 6 o o] o o

: o w
F]@ O PhMe F\/ C/:Né M @Nfcozﬂ + @ENIACOZH
F Nt o BN ©20 FROR, N”"R206a, R=Me, 33% ~~ "N R 207a, R=Me, 14%
204 NN 205 reflux, 18 h 206b, R=Ph, 14% o 207b, R=Ph, 15%

Scheme 84. Synthesis of ethyl-2-ox0-2-(quinoxalin-2-yl)acetates 205a,b and 207a,b.

Another approach included the condensation of benzamidine 208 with CCC bis-electrophiles, e.g.
diethyl 3-((diethylamino)methylene)-2,4-dioxopentanedioate 15, for the preparation of derivative 209
(Scheme 85).102:103

Q9 NH, EtoH CO.Et
_ N COJEt
EtO,C CO.Et + Ph<X CF ——— 2
z )‘\f‘\ 2 NH, reflux, 24 h Ph—( :\§_§
15 “NEt, 208 79% O 209

Scheme 85. Synthesis of 5-(2-ethoxy-2-oxoacetyl)-2-phenylpyrimidine-4-carboxylate 209.

The scope of the method was extended to a number of other a-acyl-B-aminovinylglyoxylates 210, which
led to the formation of pyrimidine glyoxylates 211 along with isomeric 4-acylpyrimidine-5-carboxylates 212
via the condensation with 208 (Scheme 86).!%4

o o N COzEt

NH,
R COfEt + Ph— o 2COuMeCN COEL 4
| NH, reflux 1h Ph% Y 5 212

210 "NEt, 208 0-84% 211

211 as the onIy product: R=CF3 (50%);
212 as the only product: R=4-MeCgH, (86%),4-MeOCgH, (78%),4-FCgH,4 (82%) thien-2-yl (70%);
212 as the major product: R=Ph (84%, 211:212=1:10),4-BrCgH, (81%, 211:212=1:5),
4-CICgH, (72%, 211:212=1:10), 4-O,NCgH, (78%, 211:212=1:2), benzofuran-2-yl (81%, 211:212=1:3)

Scheme 86. Reaction of a-acyl-B-aminovinyl glyoxylates 210 with benzamidine 208.

10. Chemical transformations of azine-derived glyoxylates

Deoxofluorination reaction is applicable for the six-membered heterocyclic glyoxylates. The reported
examples included reaction of parent pyridyl-2-glyoxylate 151a with Deoxo-Fluor® or
MesNF-KF-1,1'-sulfonylbis(1 H-imidazole) for the synthesis of a,a-difluoroacetate 213 (Scheme 87).73105

Other interesting synthetic transformations of azinyl glyoxylates include the organocatalytic
cross-benzoin condensation of glyoxylate 153a and 3-phenylpropanal 214 in the presence of organocatalyst
215 for the preparation of derivative 216 (Scheme 88).7°

Intriguing results were obtained in the photochemical reaction of pyrid-2-yl glyoxylate 151a with
tetramethylethylene 217 (Scheme 89).!% Normally, a product of the classical Paterno-Biichi reaction (oxetane
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218) was obtained. In the presence of a Lewis acid, however, the Prins-type reaction was observed to give
derivatives 219 and 220.

Deoxo-FIuor®,
» PhMe, 70°C, 79% [|
N _COXt — —— =5 _CO.Et
N (o] N
o) or NP\ &N FF
I/ 3 !

151a 213
Me,NF, KF, HCO,H,
DMF, rt, 4 h, 73%

Scheme 87. Synthetic approaches to hetaryldifluoroacetate 151a from the corresponding glyoxylate 213.

o Ph_~0(214) Ph o}
ProNEt, 4 AMS, CH,Cly, rt
NCOZEt 2 22 o —COEt
2 o/\FN_+ | | OH
N 1s2a NN CoFs N 216
_ 0, 0,
L BF 215 89% (ee 77%)

Scheme 88. An example of cross-benzoin condensation at the carbonyl group.

[IN(dF(CF 3)ppy) o(dtbbpy)][BAr] [

blue LED, MeCN, 16 h N N4
[ 44% 218 CO,M
> — e

N7 COMe + H=(217 Y(OTf)3, then 2

©151a [Ir(dF (CF3)ppy) o(dtbbpy)IIBATE] [~ ] oH ~ ]
blue LED, MeCN, 16 h N Z * °N
51% MeO-C 219 MeO,C OH 220

Scheme 89. Reaction of methyl-2-oxo-2-(pyridine-2-yl)acetate 151a with tetramethylethylene 217.

Finally, condensation of methyl pyridine-4-yl glyoxylate 221 (as a 1,2-CC-bis-electrophile) with
2-aminophenol 222 (as an NCCO-binucleophile) providing benzo[b][1,4]oxazine derivative 223 was
described in the literature (Scheme 90).'97

2N:© MeOH, 40 °C, 5 h

38%

MeO O 221 222 O O 223
Scheme 90. Synthesis of 3-(pyrid-4-yl)-2H-benzo[b][ 1,4]oxazin-2-one 223.

9. Conclusions

Heterocyclic a-oxoesters (also known as heterocyclic o-ketoesters, hetaryl-2-oxoacetates, or hetaryl
glyoxylates) are interesting polyfunctional substrates due to the presence of activated ketone and ester
moieties, which could be selectively transformed to other functional groups. It is not surprising therefore that
heterocyclic glyoxylates have become very important derivatives in common and modern synthetic and
medicinal chemistry.!%

While the simplest mono-heteroatom five-membered hetaryl glyoxylates (that has been
well-documented in the literature and surveyed in Part I of this review'?), 1,2- and 1,3-azolyl glyoxylates
represent a slightly less studied type of heterocycles. The known methods for their synthesis were mainly
based on the metalation-glyoxylation sequence or the construction of the heterocyclic fragment (via
1,3-dipolar cycloadditions, click reactions, condensations etc.). In the case of 1,3-azolyl glyoxylates (i.e.
imidazoles, thiazoles, and their fused analogs), the direct electrophilic acylation with alkyl oxalyl chlorides
developed by our group can be a method of choice for the preparation of C2-isomeric compounds.
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Only a few examples of triazolyl glyoxylates have been known at the moment; their synthesis usually
relied on heterocyclization reactions.

Azinyl glyoxylates have been also reported relatively scarcely in the literature. The most common
synthetic approach to their preparation included C—H or C—Hal metalation, followed by treatment with dialkyl
oxalates.

Typically, the chemical behavior of hetaryl glyoxylates corresponds to their electronic properties of
highly electrophilic ketones; this type of reactivity is prevalent, e.g. reduction, formation of oximes, imines,
and hydrazones, organometallic reagent addition, condensation, olefination, or deoxofluorination. Selective
reactions at the ester group are less common being limited by hydrolysis and amide formation. Many reactions
occur at both functional groups; some transformations involve atoms of the heterocyclic ring or side chains of
the parent glyoxylate. In this view, heterocyclizations with ketoesters acting as 1,2-CC-bis-electrophiles are
especially interesting for the preparation of pyrazines, quinoxalines, benzo[b][1,4]oxazines, and other
heterocycles.
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