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The review discusses the use of the Dimroth rearrangement in the synthesis of condensed pyrimidines which are key structural fragments
of antiviral agents. The main attention is given to publications over the past 10 years. The bibliography includes 107 references.
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The Dimroth rearrangement represents the isomerization
of heterocycles which involves relocation of two

introduced in 1963 by D. J. Brown and J. S. Harper.°

The Dimroth rearrangement is catalyzed by acids,”* bases
(alkali),”" is accelerated by heat or light.'"'? Numerous
factors affect the course of the Dimroth rearrangement in  Figure 1. General schematic representation of the two types of
heterocyclic systems: 1) the degree of aza-substitution in  the Dimroth rearrangement.

X” "XHR

heteroatoms in heterocyclic systems or in their substituents Type
via the processes of ring opening and ring closure. This B’/A X B’/A _N,
rearrangement can be subdivided into two types: relocation (a) H é <N == H CI:\ M F
of heteroatoms within the rings of condensed systems " E “p""E
(Type I) and migration of exo- and endocyclic heteroatoms
in heterocyclic systems (Type II) (Fig. 1). The second type XH —E
of rearrangement, a particular case of which is the iso- )3
merization of 1-substituted 2-imino-1,2-dihydropyrimidines b A A R\E — ,?\I/%[
to 2-substituted aminopyrimidines by the action of bases B\C/ N B\C/ NH
(amidine rearrangement), is more common. H H H 2

The rearrangement bearing the name of Dimroth was
first observed by B. Rathke on a triazine derivative, but he A [\I=F\
did not provide any explanation for this phenomenon.' In ©) !|3/’ = v — B,/A\(X
1909, O. Dimroth proposed a mechanism for the HC\\D/N\,\]’ HE< NH
rearrangement of triazole.” The generality of this process D~
for pyrimidines was recognized in the mid-1950s,>* and
later it turned out that this is an even more general process Type II
characteristic of many nitrogen-containing heterocyclic
systems.” The term "Dimroth rearrangement” was Q . Q

i XH Pz
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Scheme 1
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rings (more nitrogen atoms in the ring facilitates a
nucleophilic attack);" 2) pH of the reaction medium (affects
the rate of the rearrangement);'* 3) the presence of electron-
withdrawing groups (facilitates the opening of the ring);"
4) the thermodynamic stability of the starting compound
and the product.”” The nature of functional groups,
electronic and steric effects also affect the possibility of the
Dimroth rearrangement and its course.'*'*"®

Despite the fact that the specific route by which the
Dimroth rearrangement takes place depends on many
factors, in general, three fundamentally different stages can
be identified: 1) formation of an adduct by an attack of the
heterocyclic ring by a nucleophile, 2) electrocyclic ring
opening in the adduct followed by rotation around the
single bond, and 3) closure of the ring with the
participation of other structural units. In total, these stages
are known as the ANRORC mechanism (addition of
nucleophile, ring opening, and ring closure). If the
rearrangement occurs as a result of heating or irradiation,
the first step is electrocyclic opening of the ring followed
by ring closure. The presented mechanism illustrates the
rearrangement of 2-imino-1-methyl-1,2-dihydropyrimidine
(1-methylpyrimidin-2(1H)-imine) into 2-(methylamino)-
pyrimidine'® (Scheme 1).

Primary information on the Dimroth rearrangement can
be obtained from reference books on name reactions,”**'
whereas review articles devoted to its individual aspects
provide more detailed information. There is, for example, a
1998 review article by Fujii and Itaya concerned with the
rearrangement of adenine derivatives.”” Other reviews on
this topic date from 1965-1998 and require substantial
additions,” " as do sections in the review articles by
L'abbé®® and by Maiboroda and Babaev.”” More recent
advances in the Dimroth rearrangement are reflected in
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relatively recent reviews.”'>" Their authors have clearly
demonstrated that although the Dimroth rearrangement is
old, it is not obsolete.

An analysis of the literature over the past 10 years has
identified several studies that were not included in the 2017
review on the Dimroth rearrangement.*® In addition, in the
last three years, a number of new publications have been
published on the synthesis of a wide variety of heterocyclic
systems, namely, 2-aminoimidazolotriazoles (2-substituted
triazoles),3 ! [1,2,4]triazolo[1,5-a]pyridines,32 7,8,9,10-tetra-
hydro[1,2,4]triazolo[5,1-a][2,7]naphthyridines,” [1,2,4]tri-
azolo[1,5-d][1,2,4]triazines,* 4-diazo-1,4-dihydroisoquinolin-
3(2H)-ones,” 2-sulfido-1,2,3,5-tetrahydro-4H[1,2]oxazolo-
[4',5"5,6]pyrano[2,3-d][1,3,2]diazaphosphinines,”® and thieno-
[2,3-d][1,3,2]diazaphosphorin-6-thione 2-sulfides®” relying
the Dimroth rearrangement, indicating its enormous potential.

This review is devoted to methods for the synthesis of
benzo- and hetero-annulated pyrimidine derivatives which
are the structural basis of many biologically active
compounds and drugs with antiviral activity based on the
Dimroth rearrangement. The synthesis methods are
grouped depending on the type of the starting heterocyclic
systems undergoing rearrangement. Before proceeding to
the methods of synthesis, let us briefly analyze condensed
pyrimidine derivatives with antiviral activity.

Benzo-annulated pyrimidine derivatives shown in
Figure 2, namely, 4-sulfanylquinazolines 1a,b exhibit an
inhibitory effect against the tobacco mosaic virus (TMV),*
2,4-disubstituted quinazoline derivatives 2a,b containing
amide fragments show high inhibitory activity against
influenza A/WSN/33 virus (HIN1).** Pyrimidine derivative
3 (BIX-01294), which is known as a methyltransferase
inhibitor, entered the ranks of the most effective published
Ebola virus inhibitors after a virtual screening.*

o
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Figure 2. Benzo-annulated pyrimidine derivatives (quinazolines) with antiviral activity.
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Figure 3 shows the structures of a number of hetero-
annulated pyrimidine derivatives with antiviral activity:
pyrrolo[2,3-d]pyrimidin(on)e(s), thieno[2,3-d]pyrimidines,
purines, and pyrazolo[3.,4-d]pyrimidines. Pyrrolo[2,3-d]-
pyrimidines 4a—c show excellent activity as effective

inhibitors of bovine viral diarrhea virus (BVDV),"
compounds 5-8 show high antiviral activity against
rotavirus Wa strain and Coxsackievirus B4.* Compound
7b is the most effective of all tested compounds against the
Wa strain of rotavirus and Coxsackie B4 virus which
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Figure 3. Hetero-annulated pyrimidine derivatives with antiviral activity.
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makes it a lead compound in the search for antiviral drugs
active against both viruses. Non-glutamate derivatives of
4-[2-(2-amino-4-0x0-4,7-dihydro-3 H-pyrrolo[2,3-d|pyrimidin-
3-yl)ethyl]benzamide 9 (R = NH,) show antiviral activity
4-7 times higher than the structurally similar drug
pemetrexed against Newcastle disease virus (NDV) which
belongs to the paramyxoviruses family. Among the studied
compounds 9, compounds 9a,b exhibit the highest antiviral
activity.* Thienopyrimidine derivatives 10a,b and 11a—c
exhibit inhibitory activity against hepatitis C virus (HCV).*
Purine 12 exhibits an inhibitory effect (ICsy 1.9 puM,
selectivity index 58) against dengue virus (DENV),*
purine 13 possesses good activity (ICsy 0.4—13 uM) against
80% of the 47 tested rhinovirus serotypes.*® Aristeromycin
(14) and its 6'-fluorinated analogs 15a,b are active against
RNA viruses such as Middle East respiratory syndrome
coronavirus (MERS-CoV), severe acute respiratory
syndrome coronavirus (SARS-CoV), Zika virus (ZIKV),
and Chikungunya virus (CHIKV)."* 6'6'"-Difluoro-
aristeromycin (15¢) exhibits strong antiviral effect against
MERS-CoV.* Phosphoramidate prodrug 16 demonstrates
high broad-spectrum antiviral activity.”* 6'-B-Fluoro-
homoaristeromycin (17) exhibits antiviral activity (ICsy
0.12 pM) against Chikungunya virus.*” Nucleotide and
nucleoside analog drugs famciclovir and vidarabine are
used to treat herpes simplex viruses (HSV) and varizella
zoster virus (VZV),” while adefovir and tenofovir are
medications against chronic viral hepatitis B.”> S-Acyclic
nucleosides of pyrazolo[3,4-d]pyrimidine derivatives 18a,b
are active against herpes simplex virus type 1 (HSV-1),”'
pyrazolo[3,4-d|pyrimidines with the thiophene substituent
19a-d exhibit high inhibitory activity against
Coxsackievirus B3 (ICsy 0.063-0.089 pM) and moderate
activity against enterovirus 71 (ICs 0.32-0.65 uM).*>*

Compounds with antiviral activity were also found
among hetero-annulated pyrimidine derivatives containing
a bridgehead nitrogen atom. For example, imidazo[1,2-a]-
pyrimidine 20 exhibits specific activity against cyto-
megalovirus (CMV),”* [1,2,4]triazolo[1,5-a]pyrimidine 21
is active in inhibiting hepatitis B virus surface antigen
HBsAg,” preladenant (22) (Fig. 4), known as a selective
inhibitor of 2a-adenosine receptors and used in the
treatment of Parkinson's disease, exhibits high inhibitory
activity against Zika virus.”

Rearrangement of condensed heterocyclic systems
containing five-membered rings
with two nitrogen atoms

A special feature of aza-heterocycles such as imidazo-
[1,2-a]pyrimidines is that they can undergo the Dimroth
rearrangement under appropriate reaction conditions. This
transformation is described as the migration of heteroatoms
in heterocyclic system 23 with changes in the ring structure
(compound 24) or without them (compound 23'") (Fig. 5),
and this is often an unwanted side reaction that usually
occurs in basic media. Many factors influence the
propensity of aza-heterocycles to undergo the Dimroth
rearrangement. Typically, decreasing the n-electron density
of the condensed 6-membered ring increases the rate of the
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Preladenant (22)

Figure 4. Hetero-annulated pyrimidine derivatives with a bridge-
head nitrogen atom possessing antiviral activity.

rearrangement. Thus, aza-substitution in the imidazo[1,2-a]-
pyrimidine system with the formation of the corresponding
imidazo[1,2-a]pyrimidine 23 leads to an easier nucleophilic
attack at position 5 (Fig. 5); the same is observed in the
imidazo[1,2-a]pyridine system with electron-withdrawing
substituents. As a result, 2-phenylimidazo[1,2-a]pyridine
does not undergo rearrangement under alkaline conditions;
however, the same ring system undergoes rearrangement in
the presence of electron-withdrawing substituents such as
the nitro group at the C-6 or C-8 position.® The
rearrangement rate depends on pH of the reaction medium,
and the ratio of the products usually depends on the nature
of the substituents.>" For the rearrangements described for
the imidazo[1,2-a]pyrimidine system,">”” % the use of
hydrolytic™® or haloform reaction conditions is
typical.”””® The Dimroth rearrangement can also occur
under acidic conditions or upon photoactivation in other
aza-heterocycles, especially in triazolo[4,3-a]pyrimidines
and triazolo[4,3-c]pyrimidines, although such transforma-
tions were not observed in imidazo[l,2-a]pyrimidine
system.

Mechanistic aspects of the rearrangement including
some important kinetic parameters, electronic and steric
factors have been described (Guerret et al.),” identifying
the minimum characteristics of aza-heterocycles to
undergo the Dimroth rearrangement. In this study, the
authors acknowledge the possibility of H,O recruitment by
other mechanisms, such as 1,4-addition or tautomerism, but
conclude that their data best support a mechanism
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Figure 5. The proposed mechanism of the Dimroth rearrangement
in the imidazo[ 1,2-a]pyrimidine ring under basic conditions.



Chemistry of Heterocyclic Compounds 2021, 57(4), 342-368
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involving a nucleophilic attack on the C-5 atom with the
opening of the pyrimidine ring as shown in Figure 5.
Russell et al. has shown®' that the reactions of ethyl
6-arylimidazo[1,2-a]pyrimidine-2-carboxylates 25a—c¢
obtained from 2-amino-5-iodopyrimidine (26a) by
condensation with ethyl bromopyruvate to form 6-iodo-
imidazo[1,2-a]pyrimidine-2-carboxylate 27 at the first step
and its subsequent Suzuki cross coupling with variously
substituted arylboronic acid derivatives, depending on the
amidation method, either lead to amides of imidazo[1,2-a]-
pyrimidine-2-carboxylic acid 28a—¢ (Scheme 2, route a), or
via intermediates 29a—c¢ to isomeric imidazo[l,2-a]-
pyrimidine-3-carboxylic acid amides 30a—e (route b). In
this case, the direct amidation of the ethyl ester of
6-arylimidazo[1,2-a]pyrimidine-2-carboxylic acid 25a
leads to the formation of the corresponding 2-carboxylic

Scheme 3
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acid amides 28a—c (route a). However, when an alternative
route was used for this purpose involving hydrolysis of
esters 25a—c with subsequent amidation of the resulting
carboxylic acids 29a—c, the formation of imidazo[1,2-a]-
pyrimidine-3-carboxylic acid amides 30a—e (route b) as a
result of the Dimroth rearrangement took place. Obviously,
isomerization should occur either at the hydrolysis step or
at the amide formation step, and the step of ester hydrolysis
proceeding under aqueous basic conditions is more likely
for this process.

The authors of a study®' performed a thorough analysis
of structures 25a—c and 29a—c using a set of NMR methods,
including >N-labeled derivatives 34¢,d, 35b, 36b and
'N-labeled derivatives 34a,b, 35a, 36a of imidazo[1,2-a]-
pyrimidines specially synthesized from compounds 31-33
for this purpose (Schemes 3 and 4). As a result, it was
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Scheme 4
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shown that Dimroth rearrangement actually occurs at the
hydrolysis step and not at the amidation step.

Rozentsveig et al.®® synthesized the products of nucleo-
philic addition to the azomethine group, N-[2,2-dichloro-
1-(hetarylamino)-2-phenylethyl]sulfonamides 39 and 40 in
good yields by the reaction of 2-aminopyrimidines 37 with
N-(2,2-dichloro-2-phenylethylidene)arenesulfonamides 38
(Scheme 5), as well as showed that the latter easily cyclize,
including in sifu, to form imidazo[1,2-a]pyrimidin-3-yl-
sulfonamides 41 and 42 in the presence of NaOH, while the
expected isomeric imidazo[1,2-a]pyrimidin-2-ylsulfon-
amides 41' and 42' are not formed (Scheme 6). The
formation of annulated heterocyclic imidazo[1,2-a]-

pyrimidin-3-ylsulfonamide derivatives 41 and 42 is
explained by the Dimroth rearrangement.
Scheme 5
H Cl Cl
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DMF, rt NN

|
10 h (for 40) 1J\KkF3
37

R2

39 Ar = Ph, 4- C|C6H4 4- M806H4 39 (60—91%) 12 examp/es

R'=H, Me, Cl;R*=H; R®=H, Me 40 (25-90%), 6 examples
40 Ar = Ph, 4-CICgHa, 4-MeCgHa
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The formation of compounds 41 and 42 can proceed via
the heterocyclization of adducts 39 and 40 to intermediate
imidazopyrimidines 41' and 42' which undergo further
isomerization to the final heterocycles 41 and 42 in
accordance with the Dimroth rearrangement mechanism
(Scheme 7). It should be noted that, based on the presented
data, this type of isomerization proceeds in the opposite
direction: in the presence of a base, 3-aminoimidazo-
[1,2-a]pyrimidines undergo isomerization to 2-amino-
imidazo[1,2-a]pyrimidines. This reaction is one of the
methods for the preparation of 2-aminoimidazo[l,2-a]-
pyrimidine derivatives.”
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Rearrangement of condensed heterocyclic systems
containing five-membered rings
with three nitrogen atoms

Wang's group showed® that [1,2,4]triazolo[4,3-c]-
pyrimidine derivatives 44 formed in situ as a result of
oxidative cyclization of (6-chloropyrimidin-4-yl)hydra-
zones 43 by the action of iodobenzene diacetate in CH,Cl,
undergo Dimroth rearrangement with the formation of
[1,2,4]triazolo[1,5-c]pyrimidines 45 in moderate (in the
case of using propionaldehyde hydrazones) and high (in the
case of using substituted benzaldehyde and furfural
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Scheme 8
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hydrazones) yields (Scheme 8). It was found that the
rearrangement of triazole 44 into compound 45, although
very slow, occurs spontaneously. The process can be
catalyzed by HCI. In one case, pure [1,2,4]triazolo[4,3-c]-
pyrimidine 44a (R' = Me, R* = Ph) was isolated in 90%
yield, which was then dissolved in EtOH and stirred at
room temperature. After a day, the formation of [1,2,4]-
triazolo[1,5-c]pyrimidine 45a (R' = Me, R* = Ph) was
observed, while isomerization was complete after 10 days,
as evidenced by a shift in the signal of the methyl group in
the "H NMR spectrum from 2.39 ppm (compound 44a) to
3.04 ppm (product 45a). Since compounds 44 are usually
unstable compared to their [1,5-c]-analogs 45, isolation of
the starting [1,2,4]triazolo[4,3-c]pyrimidine intermediates
had no preparative value.

The accepted mechanism of the Dimroth rearrangement
incorporates protonation of the nitrogen atom of
pyrimidine derivative 44 with the formation of intermediate
A (44-H"), ring opening (intermediate B), tautomerization

with the H-shift (intermediate C) in the 1,2,4-triazole ring,
ring closure (intermediate D), and deprotonation to
isomeric [1,2,4]triazolo[ 1,5-c]pyrimidine 45 (Scheme 9).

Thus, the authors of a study® proposed a general and
convenient method for the synthesis of new derivatives of
[1,2,4]triazolo[1,5-c]pyrimidines. The process has several
advantages, including good yields, ease of operation,
environmental benignness, relatively short reaction times,
and the possibility to use a wide range of substrates which
makes it a useful and attractive process for the synthesis of
structurally diverse triazolopyrimidines.

Chernyshev and Astakhov showed® that 3-amino-
2-benzyl[1,2,4]triazolo[4,3-a]pyrimidinium chlorides 46a—c
obtained by brief heating of 1-benzyl[1,2,4]triazole-3,5-
diamine (47) with 1,3-diketones 48a,b or 1,1,3,3-
tetramethoxypropane (48¢) undergo the Dimroth rearrange-
ment with the formation of 2-amino[1,2,4]triazolo[1,5-a]-
pyrimidines 49a—c (Scheme 10).

Song and Son demonstrated® that 3-arylthieno[3,2-¢]-
[1,2,4]triazolo[4,3-c]pyrimidines 52  obtained from
compounds 50 and 51 by heating under reflux in EtOH in
the presence of NaOAc isomerize into thermodynamically
more stable compounds 53 via sequential ring opening and
closure as a result of a Dimroth-type rearrangement
(Scheme 11, method I). For example, the reaction of thieno-
[3,2-e][1,2,4]triazolo[4,3-c]pyrimidine 52a (R = H, 1 equiv)
with NaOAc (2 equiv) in EtOH under reflux for 5 h led to
only a single product, compound 53a (R = H) in 76%
yield. In particularly, each isomer 52 and 53 was
distinguished by their '"H NMR spectra. For example, the
most prominent peak in the spectrum of compound 52a
was observed at 9.02 ppm as a singlet attributed to the
pyrimidine proton, while a similar singlet in the spectrum
of isomer 53a was observed downfield at 9.27 ppm. The
relatively downfield region of the pyrimidine proton in the

Scheme 9
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R! R2 R! R2 2 ) R
R +
H* s H /+| H 1,3]-H ,/C
44 N)t'lr\(N N N/QN +|N| HN/\<N - MN
~./ ~. 7/ -/ X (
A (44-H") B c
1
R e ’ .
S VS A Y v E,N\>_ 2
| N \>_ 2 + R H*
NN / — R ~ -
C|)\/5L” C|MN Cl)\/l\ N
D
Scheme 10
NH; , R% N, R?
R HCl 1
N= N_/Ph + J\ R Vi N/\< _/ Vi N/N\
)Q ) R "R2 EtOH, A, 30 min ~ )Q ; EtOH, A, 48 h N )% >_NH2
HNT N RZSNT N of — PhCH,CI N
47 48aR'=H,R?=Ac 2
bR'=Cl, R? = Ac 46aR'=H, R? = Me (36%) 49a R1 H, R? = Me (84%)
¢ R'= H, R? = CH(OMe), bR'=Cl, R? = Me (31%) b R'=Cl, R? = Me (79%)
cR'=RZ=H (44%) cR'=RZ=H (45%)

348



Chemistry of Heterocyclic Compounds 2021, 57(4), 342-368

Scheme 11 LR
X
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a 3. PhI(OAC),, rt ! \ _NaOAc_ HN
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(from 52) )
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spectrum of thieno[3,2-e][1,2,4]triazolo[4,3-c]pyrimidine
52a can be explained by the proximity of the nitrogen atom
rearranged in the triazole ring. In order to obtain
convincing evidence of the exact structure of compounds
53, product 53a (R = H) was compared® with an authentic
sample obtained by an alternative method (Scheme 11,
method II) developed for the synthesis of imidazole and
pyrazole analogs of tricyclic compounds 53 which
confirmed the formation of products 53 from compounds
52 by the Dimroth rearrangement. The transformation of
thieno[3,2-e][1,2,4]triazolo[4,3-c]pyrimidines 52 into isomers
53 is similar to the rearrangement of [1,2,4]triazolo[4,3-a]-
pyrimidines in alkali into isomeric [1,2,4]triazolo[1,5-a]-
pyrimidines.”'*®® This rearrangement is also consistent
with the rearrangement of thieno[3,2-¢][1,2,4]triazolo[4,3-c]-
pyrimidin-5(1H)-ones,” pyrazolo[4,3-e][1,2,4]triazolo[4,3-c]-
pyrimidines, and 1,4-disubstituted [1,2,4]triazolo[4,3-a]-
quinazolin-5(4H)-ones.”"’" Thus, a convenient and reliable
method for the synthesis of 2-arylthieno[3,2-e][1,2,4]tri-
azolo[1,5-c]pyrimidines by the rearrangement of 3-arylthieno-
[3,2-€][1,2,4]triazolo[4,3-c]pyrimidines was developed.

Lauria's group showed’” that the reaction of 3-phenyl-
benzo[4,5]thieno[2,3-¢][1,2,3]triazolo[ 1,5-a]pyrimidin-5(4H)-
one (54a) with ethyl 4-bromobutyrate in DMF in the
presence of K,CO; proceeds with the formation of, in
addition to the expected product 55 (in low yield), a linear
isomer 56 as the main product” (Scheme 12). This is not
unexpected since the known rearrangement of (pyrrolo)-
indolo[1,2,3]triazolo[1,5-a]pyrimidines 57 actually occurs.
Pyrimidines 57 are converted under basic conditions into
linear isomers 58 via the Dimroth rearrangement’*’
(Scheme 13).

The linear isomer 56 was hydrolyzed by the action of
NaOH in EtOH-H,O to give the corresponding inter-
mediate 59. Derivative 60 was obtained by the reaction of
carboxylic acid 59 with histamine in the presence of 3-(3-di-
methylaminopropyl)-1-ethylcarbodiimide and 4-dimethyl-
aminopyridine” (Scheme 14).

In the reaction of the angular tetracyclic compound 54b
with 1-bromo-3-chloropropane in DMF in the presence of
K,CO;, along with the formation of the expected
chloropropyl derivative 61, rearrangement was again

Scheme 12
0] 0]
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N=N N=N EtOzc’G )3
54a 55 (26%) 56 (70%)
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Scheme 14
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Figure 6. Annulated thieno[2,3-¢][1,2,3]triazolo[1,5-a]pyrimidines
with good antitumor activity (for compound 64, the negative decimal

0 : . R

. logarithm of molar concentration which inhibits the growth of 50%

T 1;4-D|oxane, DMAP, EDC S -N of cells (pGlsy) equals 4.73-6.74; for compound 65 pGls, equals

0°C,thenrt, 2 h | N N 5.03.6.80
2. Histamine, Et;N, 50°C, 12 h ~ 03-6.80).
N
0% HN\\Yw Ph In this case, derivatives of 1,2-dihydroquinazolin-4(3H)-
3 one 68 were obtained in good yields. The position and

O, b

N nature of the substituent in the phenyl ring of arylaldehydes

does not affect the yields of quinazolinones, despite the fact
that benzaldehydes with nitro and methoxy substituents
observed with the competitive formation of the linear  with radically different electronic effects on the aromatic
isomer 62 as the main product. As a result of heating  system were used. Heteroaromatic aldehydes 69 also easily
compound 62 in l-methylpiperazine under reflux, reacted with o-aminonitrile 66a (R' = H, R* = NO,) to form

derivative 63" was obtained (Scheme 15). quinazolinones 70a,b in 72 and 77% yields, respectively
(Scheme 16).
Scheme 15
Scheme 16
(0]
K,CO
1-bromo-3 i:hlo?o RA CN anIz' R2
- -~ propane (1.2 equiv) NH
DMF, A, 5 h + Ri—cHo Y L
e R NH, (1.2 equi 1 3
2 (1zeav) \ehon R N R
Q 66 (1 equiv) 67 R®= Ar 68 (67-80%), 12 examples
S N-N 69 R3 = Hetaryl 70a (72%)
. N= | N b (77%)
\ / ) Ph
ol /Q) 68 R'=H, Cl; R? = H, NOp; R® = 4-MeOCgHy, 4-HOCgHj, 4-CICgH,
3 3-0,NCgHg, 4-O5NCgHy4; 70 a R' = H, R? = NO,, R® = 2-furyl
61 (15%) 62 (67%) b R'=H, R? = NO,, R3= 2-pyridinyl
Q A possible reaction mechanism involves the addition of
S N-N the amino group of o-aminonitrile 66 to the carbonyl group
1-Methylpiperazine ~ N= | <N of aldehyde 67 to form intermediate A. The hydroxy group
A2h \_/ A bh in intermediate A intramolecularly attacks the nitrile group
20% (\Ny )3 (the Pinner reau:tion)77 to form benzoxazine B which then
_N \) undergoes the Dimroth rearrangement to form the final
Me 63 product 68 (Scheme 17).
Scheme 17

In conclusion, the obtained experimental data

contributed to the synthesis of new linear isomers of ~ NH Dimroth

derivatives of benzo- and pyridine-annulated thieno[2,3-e]- 66 2 N Pinner rearrange-

i - imidi i . ti ment
[1,2.,3]tr1azol(.)[!,5 a]pyrimidines 60 gnd 63 possessm% A QOH reaction o " 63
antitumor activity, analogs of angular isomers 64 and 65 67 R3 )(

(Fig. 6). HNTS, N W
A B
Rearrangement of condensed heterocyclic systems
C(?ntai.ning six-membered rings The use of iso- and terephthalaldehydes 71a,b in this
with nitrogen and oxygen atoms reaction affords the corresponding bisquinozalinones
Li et al.”® developed an efficient Lewis acid catalyzed  72a,b’® (Scheme 18).
condensation of aromatic o-aminonitriles 66 with aromatic The group of Mansoor”™ developed a novel simple,

aldehydes 67 in DMF under reflux as a convenient method  efficient and solvent-free method for the synthesis of
for the synthesis of 1,2-dihydroquinazolin-4(3H)-ones 68.  derivatives of 5-aryl-7-methyl-2-(2-ox0-2H-chromen-3-yl)-
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Scheme 18
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4-0x0-4,5-dihydro-3 H-chromeno|[2,3-d]pyrimidine-6-carbo-
xylic acid ethyl esters 73 which is based on the conden-
sation of 2-amino-4-aryl-3-cyano-6-methyl-4 H-pyran-5-carbo-
xylic acid ethyl esters 74 with coumarin-3-carboxylic acid
(75) in the presence of pentafluorophenylammonium
triflate as an inexpensive organocatalyst (Scheme 19). This
method is distinguished by high yields, environmental
friendliness, simplicity of execution, short reaction time,
and ease of product isolation.

To explain the formation of compound 73a (R = H) by
the condensation reaction, a mechanism was proposed that
involves, first, the protonation of coumarin-3-carboxylic
acid (75) by pentafluorophenylammonium triflate as a
Bronsted acid to form cationic intermediate C. Next, as a

Scheme 19

PFPAT (5 mol %)

_—

80°C,5-7h

R = H, 4-Hal, 4-Me, 4-OMe,
4-NO,, 4-NMe,, 3-OH

73
10 examples

result of amidation of intermediate C with 2-amino-4H-
pyran derivative 74a (R = H), intermediate product D is
formed. In the next step, the nitrile group of intermediate D
is protonated, followed by a cycloaddition reaction with the
formation of intermediate product E. Subsequently, the
addition of pentafluorophenylamine with ring opening to
intermediates F and G and the following ring closure of
intermediate G leads to the formation of intermediate H.
This intermediate is converted to product 73a (R = H) as a
result of deprotonation (Scheme 20). Interestingly, the
formation of compound 73a obtained as a result of
condensation of coumarin-3-carboxylic acid (75) with
2-amino-4H-pyran derivative 74a confirms the reaction
mechanism which is occasionally described in the literature
as the Dimroth rearrangement.>”

Scheme 20
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HO =z _— 7 4+ EtO
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Davoodnia's group revealed® that the reaction of
2-amino-4-aryl-7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4 H-
chromene-3-carbonitriles 76 with an excess of aliphatic
carboxylic acids 77a,b in the presence of POCI; leads to
new 2-alkyl-5-aryl-8,8-dimethyl-8,9-dihydro-3 H-chromeno-
[2,3-d]pyrimidine-4,6(5H,7H)-diones 78a—h in high yields
(Scheme 21). The optimal conditions for the reaction are
heating of 2-amino-4-aryl-7,7-dimethyl-5-o0x0-5,6,7,8-tetra-
hydro-4H-chromene-3-carbonitriles 76 in an excess of
AcOH (77a) under reflux in the presence of POCI; as a
chlorinating agent for 150 min. A decrease in the reaction
temperature to 100°C led to a decrease in the product yield
from 90 to 78%, all other parameters being equal. For
comparison, the synthesis of compound 78a was also
carried out using SOCI,. Under these conditions, product
78a was obtained in 82% yield. Therefore, all subsequent
synthesis reactions of compounds 78b—h were carried out
in the presence of POCI; at reflux in AcOH (77a) or
propanoic acid (77b).

Scheme 21
O Ar
CN o] POClI;
| v M —
Me RTOH A
Mé O~ "NH,

76 77aR = Me

bR =Et

78a Ar = Ph, R = Me (90%)
b Ar = Ph, R = Et (85%)
¢ Ar = 3-O;NCgHy4, R = Me (82%)
d Ar = 3-O;NCgHgy, R = Et (80%)
e Ar = 4-CICgH4, R = Me (87%)
f Ar = 4-CICgH,4, R = Et (86%)
g Ar = 4-MeCgHy, R = Me (88%)
h Ar = 4-MeCgHy, R = Et (87%)

The proposed mechanism for the formation of
compounds 78 includes the tandem intramolecular Pinner
reaction and the Dimroth rearrangement. Chlorination of
carboxylic acid 77 with POCI; leads to the formation of

Scheme 22

acyl chloride I which reacts with starting compound 76 to
form intermediate J. This compound undergoes an
intramolecular Pinner reaction and subsequent Dimroth
rearrangement, as a result of which the final product 78% is
formed via oxazine intermediate K (Scheme 22).
Davoodnia's group®' also synthesized some 9-alkyl-12-aryl-
10,12-dihydro-11H-benzo[f]chromeno[2,3-d]pyrimidin-
11-ones 79 via the intramolecular Pinner reaction of
3-amino-1-aryl-1H-benzo[f]chromene-2-carbonitriles 80 with
aliphatic carboxylic acids 77a,b in the presence of POCI;
followed by the Dimroth rearrangement (Scheme 23).

Scheme 23

98
0~ “NH,

79a Ar = 3-BrCqH,, R = Me (86%)
b Ar = 2-CICgHy, R = Me (93%)
¢ Ar = 4-CICgHy, R = Me (87%)
d Ar = 4-FCgHg, R = Me (91%)
e Ar = 3-BrCgHa, R = Et (88%)
f Ar = 2-CICgH,, R = Et (87%)
g Ar = 4-CICgH,, R = Et (89%)

In terms of the sequence of transformations, the
mechanism of formation of tetracyclic compounds 79a—g is
identical to the mechanism of formation of compounds
78a-h* as shown in Scheme 22. The synthesized
compounds 79a-g were tested for antibacterial activity
against B. cereus, S. aureus, S. epidermidis, S. enterica
subsp. enterica, and E. coli. All compounds inhibited the
growth of the tested bacteria at a concentration of 5 mg/ml.
Compound 79e with the lowest values of the minimum
inhibitory concentration and the minimum bactericidal
concentration against B. cereus was comparable to
tetracycline and ampicillin, the current standards against
this bacterium.®’

X
R O .
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I :
O
Me | o | N/)\R
Meé S8 BRA
O Ar O
NH2<—> | | NH —> 78
Me o~ >N-
Me \\\




Chemistry of Heterocyclic Compounds 2021, 57(4), 342-368

Li et al.*¥ group developed a method for the synthesis of
2,3-dihydropyrimido[4,5-d]pyrimidine,  catalyzed by
N-heterocyclic carbene (NHC-PPIm — in this case, it was
generated by concentrating an aqueous solution of
1,3-dipropylimidazolium hydroxide) method of synthesis
of 2,3-dihydropyrimido[4,5-d]pyrimidin-4(1H)-ones 81
based on the three-component reaction of 2-(ethoxy-
methylene)malononitrile (82), guanidines 83 (or amidines
84), and ketones 85 (or aldehydes 67)% (Scheme 24). This
highly efficient method incorporates a cascade of
transformations such as the Michael reaction, cyclization,
isomerization, aromatization followed by nucleophilic
attack and the Dimroth rearrangement. The method avoids
the use of expensive reagents and multistep processes. A
series of ketones 85 (or benzaldehydes 67) and guanidines
83 (or amidines 84) were investigated (Scheme 24).
Theoretically, various carbonyl compounds could adversely
affect this reaction due to steric hindrance and ring loading,
but the reactions of all carbonyl compounds with guanidine
83a (R’ = NH,) led to products 81 in good and high yields
(75-92%); reactions with N,N-dimethylguanidine 82b
(R’ = NMe,) also led to the corresponding compounds 81
in good yields (79-86%). To broaden the scope of this one-
pot methodology, a specific series of guanidines 83
(compounds 83¢ (R* = NHPh), 83d (R’ = NHMe), 83e
(R’ = NHE)) and amidines 84 (compounds 84a (R* = Me),
84b (R’ Ph)) was chosen, and the corresponding
compounds 81 were obtained in good or high yields (75—
92%). These results illustrate the versatility of the NHC-
PPIm catalyst and the advantages of this one-pot method.

Scheme 24
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R "R? 81 (75-92%), 19 examples
67,85

H, Me, Et; R = Me, Et, n-Pr, i-Pr, Ph; R' + RZ =
R3-NH2 NMe,, NHPh, NHMe, NHEt, Me, Ph

R1

As for the reaction mechanism, 2-(ethoxymethylene)-
malononitrile (82) enters into the Michael addition reaction
with guanidines 83 (or amidines 84) as the first step,
followed by cyclization, isomerization, and aromatization
to the intermediate compound 4-aminopyrimidine-
S-carbonitrile 86. Nucleophilic attack of the Breslow
intermediate L at carbonitrile 86 leads to the formation of
compound M. Then, intermediate M releases NHC-PPIm
and forms 1,3-oxazine N which subsequently undergoes the
Dimroth rearrangement with the formation of the final
product 81% (Scheme 25).

Derivatives of the pyrimido[4',5":3,4]pyrazolo[1,2-D]-
phthalazine-4,7,12-trionic cyclic system 88 were obtained
by Davoodnia's group® by means of the reaction of

(CHy)s, (CHy2)g;
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3-amino-1-aryl-5,10-dioxo-5,10-dihydro-1H-pyrazolo[ 1,2-b]-
phthalazine-2-carbonitriles 87 with aliphatic carboxylic
acids 77a,b in the presence of POCl;, (Scheme 26).

Scheme 26
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| Ny CN + 77ab ———>
A, 1=15h
o NH,
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o Ar
NN
82-95% __NH
o N
R = Me, Et; Ar = Ph, 4-MeCgHy, 88 R
4-CICgHy, 3-O,NCgHy4 § examples

The reaction mechanism involves a cascade process
similar to the synthesis of compounds 78a—h™ (Scheme 22)
and 79a—g (Scheme 23)*' which is initiated by POCI; and
leads to the formation of acyl chloride I from the
corresponding carboxylic acid. Further, the nucleophilic
attack of the amino group in compounds 87 on the
activated carbonyl group of acyl chloride I leads to the
formation of intermediate O which then undergoes a
Pinner-type intramolecular cyclization with the formation
of the oxazine intermediate P. Intermediate P subsequently
undergoes the Dimroth rearrangement via intermediate Q
to form the final tetracyclic products 88 (Scheme 27).
Under these conditions, attempts to isolate intermediate
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Scheme 27
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R R
compounds were unsuccessful even after careful

monitoring of the reactions.

Rearrangement of condensed heterocyclic systems
containing six-membered rings
with two nitrogen atoms

Besson et al.”’ developed microwave-initiated conden-
sation of N-(4-aryl-2-cyano)-N,N-dimethylformamidines 89a,b
with anilines 90 as a useful and fast tool for the synthesis of
4-anilinoquinazolines 91a—c and 92 (Scheme 28). In the

O
Intramolecular N ( NH Dimroth
Pinner reaction | ) ) rearrangement
N
o ~(o
U N /\)]\
HO R P R OH
77 C

case of the reaction of compound 89b with aromatic amine
90a (R' = 4-NO,, R* = H) with the strong electron-
withdrawing nitro group, the process stops at the step of
formation of amidine 93 (Scheme 28).

The formation of compounds 94a,b upon condensation
of N-methylanilines 90b (R' = H, R* = Me) and 90c
(R' = 4-MeO, R* = Me) with imine 89b (Scheme 28)
confirms the reaction mechanism that has so far rarely been
described in the literature.*® The authors of the study”
suggest that aromatic amine 90 attacks the carbon atom of
N,N-dimethylamidine 89 which leads to elimination of
NHMe,. The intermediate aromatic amidine can then
cyclize into a quinazoline structure in which the endocyclic
and exocyclic nitrogen atoms are interchanged as a result
of the Dimroth rearrangement leading to 4-anilino-
quinazolines 91 and 92 (Scheme 29).

Scheme 28
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Scheme 30 OMe
Q/ OMe
N,N-Dimethylacetamide CN H,oN
CN 2
dimethyl acetal P M 90d HN
> _Me >
NH, MW, 115°C, 2 min N™ N MeCN-AcOH N
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L H Azixa (95) (55%, in 3 steps via 96 and 97)

Method I: AcOH, MW, 140°C, 6 h
Method II: AICI3 (1.5 equiv), NMP, MW, 200°C, 2 h

Besson's group proposed a short and effective route to
Azixa (EPi28495, MPC-6827), N-(4-methoxyphenylamino)-
N,2-dimethylquinazoline (95) (Scheme 30), which is a low
molecular weight microtubule formation inhibitor and has
been identified as a potent inducer of apoptosis.*®*®
Moreover, Azixa (95) is able to cross the blood-brain
barrier and accumulate in the brain.*® This property makes
Azixa (95) a good candidate for the treatment of primary
and metastatic brain tumors the therapy of which is
practically limited. The synthesis of 4-anilinoquinazoline
95 begins with the reaction of anthranilonitrile (66b) and
N,N-dimethylacetamide dimethyl acetal (Scheme 30).
Compared to the previously synthesized compounds 89a,b,
the synthesis of amidine 96 requires more energy due to
steric hindrance of the methyl substituents at the nitrogen
atom. However, it was obtained in high yield (90%) after
2 min of microwave irradiation at 115°C. Condensation of
4-methoxyaniline (90d) with amidine 96 under the
conditions described for the synthesis of products 91a—c
and 92 required a longer reaction time (30 min) to obtain
quinazoline 97 in 56% yield together with a significant
amount of byproducts. However, heating amidine 96 by
microwave irradiation in an MeCN-AcOH, 7:3 mixture
leads to a high yield (88%) of N-(4-methoxyphenylamino)-

(20%, in 2 steps via 96 (method 1))
(63%, in 2 steps via 96 (method 1))

2-methylquinazoline (97) which, after N-methylation,
transforms into Azixa (95) in 55% yield based on the
starting anthranilonitrile (66b) (Scheme 30).

Utilizing the Dimroth rearrangement, Smith et al.
proposed” an alternative route involving sequential
transformation of compounds 98-106 to obtain vandetanib
(107) (Schemes 31-33). Vandetanib (107), discovered by
AstraZeneca, is an orally available tyrosine kinase inhibitor
with activity against VEGFR/EGER/RET receptors and is
currently used for the treatment of medullary thyroid
cancer.””’ The 9-step method® (Schemes 31-33) made it
possible to synthesize vandetanib (107) in 7% yield
compared to the previously described 12-14-step methods
involving compounds 108-110 (Scheme 34), which afford
vandetanib (107) in 4-20% yield.”' ** This method is easily
carried out; chromatographic purification is required only
at the fourth step for product 102 (Scheme 31).

The proposed mechanism for the Dimroth rearrange-
ment is shown in Scheme 35.%

Proenga's group has shown® that the reactions of
anthranilonitrile (66b) and triethyl orthoformate (TEOF),
depending on the experimental conditions, lead to various
quinazoline derivatives in high and low yields both as
individual compounds and in the form of mixtures. For

Scheme 31
Meo@/‘:“ Benzyl bromide, K,CO3 Meo@/‘:“ HNOs, Ac,0 Kj[
: —_—
HO DM, 1t 18 BhO 0°Ctort, 18h
03 >99% 99 93%
NayS,0,4

NaHCO;, BusNCI

MeO]iICN
—
CH20|2, HQO, rn,2h BnO NH2 MW, 90 C, 15 min

0,
74% 101

DMF—DMA

jiji/\ -Me

87%
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Scheme 32 O/\OTS
MeO CN Boc™
102 — 1A . Me C2C0s
22N
Mw, 70°c HO N™ N MeCN, A, 3 h
45 min 103 Me 58%
9% F Br
MeO. CN HNI j
~___Me 4-Bromo-2-fluoroaniline MeO \
— o) N“ N . N
| i) 130°C, 1h | g
BOC/ 104 © 62% O/\O N
105
Boc/N
Scheme 33
F Br Fj©/5f
) g NabH(OAo N
105 l, MeO Sy aBH(OAc)3 MeO. SN
CH.Cly, 1t, 2 h | ) MeOH, CH.Cly, rt, 2 h | /)
83% O/\o N/ 84% O/\O N
HN 106 Me/N Vandetanib (Caprelsa™) (107)
Scheme 34 o occurs as a result of the Dimroth rearrangement of
MeO compound 111 (Scheme 36) which was confirmed by
NH, "H NMR spectroscopy. The reaction of 2-amino-4-chloro-
BnO NH, benzonitrile (66¢) with TEOF in EtOH under reflux in the
108 presence of AcOH as a catalyst proceeds within 3 days
with the formation of product 112b in 4% yield (entry 6).
l In this case, 88% of the original compound remains
unchanged. The reactions of anthranilonitrile (66b) and
MeO COH , steps MeO 8 steps TEOF in the presence of AcOH in EtOH or in MeCN at
]ij/ E— NH —>=_ 107  40°C for a long time (11 days) resulted in the formation of
HO BnO N/) mixtures of compounds 111 and 112a in a 1:2.4 molar ratio

109
110

example, compound 111 was isolated after stirring for
5 days at room temperature of an anthranilonitrile (66b) —
TEOF, 1:1 mixture in the presence of AcOH (Table 1,
entry 1). The use of petroleum ether as a solvent led to the
formation of compound 112a either by keeping at room
temperature for 5 days (entry 2) or by heating under reflux
for 30 min (entry 3). The formation of compound 112a

Scheme 35 Br

ﬁ/\Q

with the total yield of 14% (entry 4) and in a 1:1 ratio with
a total yield of 11% (entry 5), which in both cases were
difficult to identify.

The formation of compound 111 by the action of AcOH
can be explained if one assumes that intramolecular
cyclization of intermediate B (114-AcOH) obtained from
the intermediate product A (113-H") is hindered by the
close ionic interaction between amidinium and acetate
ions.”* Then, the cyano group becomes available for

NH Br
— " LY —
(P> F
-
RO N : OH,

-, .Me¢ —
"o M
104 Me
F Br
F F X
NH Br NH Kj/Br HN
—O Y =Y T
RO N"oH RO H&O RO N/)
105

Boc
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Table 1. The reaction of 2-aminobenzonitriles 66b,c and TEOF under different conditions

R=H
*+ HC(OEt); —> HoN N
I

\ N
NH2

66b R = H
cR=Cl

111

R N

'

A
HN

N

R 12aR=H
bR=Cl

Entry Reaction condit

ions

Product (yield, %)

(=) NV, B VS I N ]

66b—TEOF, 1:1, AcOH (13 ml/mmol 66b), room temperature, 5 days
66b—TEOF, 1:1, petroleum ether (1 m1/0.6 mmol 66b), AcOH (13 ml/mmol 66b), room temperature, 5 days
66b-TEOF, 1:1, petroleum ether (1 ml/0.2 mmol 66b), AcOH (13 ml/mmol 66b), reflux, 30 min
66b—TEOF, 1:1, EtOH (1 ml/mmol 66b), AcOH (13 ml/mmol 66b), 40°C, 11 days

66b—TEOF, 1:1, MeCN (1 ml/mmol 66b), AcOH (13 ml/mmol 66b), 40°C, 11 days

66c-TEOF, 1:2, EtOH (1 ml/0.2 mmol 66¢), AcOH (13 ml/mmol 66c¢), reflux, 3 days

111 (75)

112a (90)

112a (52)
111:112a = 1:2.4 (14)
111:112a = 1:1 (11)

112b (4)

nucleophilic attack by another anthranilonitrile molecule
(66b) leading to intermediate C. Intramolecular formation
of a bond between the nitrogen atom of the imino group
and the cyano group leads to intermediate D with a new
more basic aminopyrimidine fragment. The acetate ion
would now be preferentially stabilized by ionic interaction
with the amidine moiety in intermediate D' which would
lead to intramolecular cyclization with the formation of
compound 111. The nonpolar solvent will promote the

formation of a close ion pair ultimately responsible for the
main route. This can explain the high yield of the Dimroth
rearrangement product, compound 112a, obtained by
heating under reflux or prolonged stirring at room
temperature in petroleum ether of compound 111 in the
presence of a catalytic amount of acid (Scheme 36).

Han et al.”’ developed a new efficient and selective
divergent synthesis of furo- and pyrrolo[2,3-d|pyrimidine-
4(3H)-imino derivatives 117a—e and furo- and thieno[2,3-d]-

Scheme 36
~ B Me
N~ MeCO;
o/:\
HC(OEt)s @ @ H2N
66b ———  » CN . - - .
AcOH . HoN N\/NH
A (113-H) ji) NC
NC
B (114AcOH) -
r BN 4
NH \N
QOQHN H CN Q/_\Q (: H:jo
! ! N : 'HN__N Ny N :
— e — = N —
+ —Ac
\r N\\.ﬁNH N\\rN
H A !
CN CN CN .
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N N N H,0 e H
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pyrimidin-4-amines 118a—n based on compounds 115a—d
and 116a—f using microwave irradiation. The reaction used
readily available amines 116a—f and substituted
N,N-dimethylformamidines 115a—d. The optimal reaction
conditions for the synthesis of furo- and pyrrolo[2,3-d]-
pyrimidin-4-imino derivatives 117a—e were 110 or 140°C,
25-35 min, whereas for the preparation of structurally
different furo- and thieno[2,3-d]pyrimidines 118a—n —
180°C, 35 min (Table 2).

The proposed reaction mechanism” as shown in
Scheme 37 involves the Dimroth rearrangement. First, the

amino group of compound 116 attacks the carbon atom of
formamidine 115 to produce intermediate E. Then,
intramolecular ring closure takes place with the formation
of intermediate F followed by removal of HNMe, to give
product 117 (imino product 117 is the kinetic product).
After that, H,O attacks the pyrimidine ring as a nucleophile
and opens it with the formation of compound G in which
the amidine fragment is rotated by 180° in comparison with
the tautomeric form G'. Subsequent electrocyclization and
elimination of H,O from compound H leads to
thermodynamically stable product 118 (preferred at high

Table 2. The yields of furo- and pyrrolo[2,3-d]pyrimidine-4(3H)-imino derivatives 117a—e
and furo- and thieno[2,3-d]pyrimidin-4-amines 118a—n obtained by the reaction of nitriles 115a—d and amines 116a—f

N 2 NH _R®
R2 // R 3 R2 HN
+ H2NR3 _— / + /
R'
o /X\ NMe;  q1gaf  ACOH MW ) / )
(1.5 equiv)
115a—d 117a— 1 18a—
(1.0 equiv)
. . Product . . Product
Nitrile Amine (yield, %)=+ Nitrile Amine (yield, Yoys+*
4-MeOCgH,4 @NH 118a (88) 115b 116e 118i (80)
/ 115b o 118j (18)
M MeOCGH“'e\/\(&\ 116a C NH,
NMe;, o
115a
115a 116a 117a (69)*** 116f
11 118Kk (86
115a HO 118b (87) N 6b (86)
NH
O ad
S PN
116b N™ "NMe,
115¢
115a o 118¢ (53)
{ :@\ 115¢ 116t 1181 (68)
0 NH; 115¢ 116e 118m (77)
116¢
115¢ cl 118n (81)
115a MeO 118d (91)
\/\NH2 NH2
116d cl
115a cl 118e (62) 116g
cl 116a 117b (79)**
N
NH, Me //
7
Me \
1 =
Ge Cl NN e,
N 116a 118f(72)
4
ph— | cl
—
0" N e, 115d
115b 115d 116b 117¢ (81)**
115b 116b 118g (60) 115d 116¢ 117d (69)**
115b 116¢ 118h (51) 115d 116f 117e (54)**

* Yields of isolated and characterized products.

** Reaction conditions for compounds 118a—n: 180°C, 35 min.
**% Reaction conditions: 110°C, 25-35 min.

*4 Reaction conditions: 140°C, 25-35 min.
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Scheme 37
y
/_\ N rR' NH R!  NH .
AcOH 2 C:NHR3 _R
rﬁ R/u —’RZ/'J\Me T
116 n-Me XN\
l Hzo
115 E F
.R3 _R3 3
R N2 RN R! HN R HN T
\N,R |
— 2/ NH, —> SN —_— X
szf& i/ﬁ Aol mo e )
N XTSNTX X7 N VOH X7\
H H H \& N
G G' H 118
temperature). The same trend was observed even when  N,N-dimethylformamidines 124a—d  accelerated by

N-(2,6-dichlorobenzyl)pyrrole derivative 115d was used as
the starting reagent (Scheme 38).

Not only N,N-dimethylformamidines 115 but also their
condensed analogs undergo a similar reaction. For
example, Besson's group has shown® that the reaction of
N,N-dimethylformamidine 119, easily accessed from
3-aminofuro[3,2-b]pyridine-2-carbonitrile (120) by the
action of N,N-dimethylformamide dimethyl acetal (DMF—
DMA), with various aromatic amines and formamide
(which plays the dual role of the solvent and reagent) under
the conditions of microwave irradiation leads to pyrido-
[2',3"4,5]furo[3,2-d]|pyrimidines 121 and 122, respectively
(Scheme 39).

Besson's group was also the first to develop and
optimize an efficient method for the synthesis of benzo[b]-
thieno[3,2-d]pyrimidin-4-amines 125a—j, their pyrido
analogs 126 and 127 a—j, and pyrazino analogs 128a—j
based on compounds 123 and 124 a—d. N-Arylbenzo[b]-
thieno[3,2-d]pyrimidin-4-amines  125-128 b-j were
obtained by condensation of aromatic amines with

microwave irradiation. The latter were synthesized by the
reaction of thiophene derivatives 123 with DMF-DMA
(Scheme 40). The inhibitory activity of the end products
against five protein kinases (CDK5/p25, CK1d/e, GSK3a/p,
DYRKIA, and CLK1) was evaluated. A series of pyrido-
[3',2":4,5]thieno[3,2-d]pyrimidin-4-amine derivatives 126a—j
proved to be especially promising for the development of new
pharmacological inhibitors of kinases CK1 and CLK1.”

Shikhaliev's group showed” that the reaction of N'-(4-cyano-
1-phenyl-1H-pyrazol-5-yl)-N,N-dimethylformamidine (129)
with anilines 90 in AcOH under the conditions of
microwave irradiation results in the formation of
N-substituted 1-phenyl-1H-pyrazolo[3,4-d]pyrimidin-4-amines
130a—f (Scheme 41).

Dias et al.” developed novel and efficient methods for
the synthesis of N(1)- and C(6)-substituted adenines from
readily available 5-aminoimidazole-4-carboxamidines 131.
Condensation of these compounds with TEOF in the
presence of H,SO; led to the selective synthesis
of N(1)-substituted adenines 132. In this case, the reaction

Scheme 38 NH oM
e
Mg /\/OMe Me HNT
) ~)
115d + 116d — » + \N)
AcOH
MW, 35 min
90-140°C, 1170:1180 > 99:1 Cl 1170 1180
180°C, 1170:1180 = 96:4 (major) (minor)
210°C, 1170:1180 = 82:18
Scheme 39
N:\
—
RNH>,, AcOH / \ /N
Me MW, 118°C o
N NH N—-Me | 5-60 min 129 NR
= DMF-DMA N N= | T7T-97% 9 examples
S CN Mw,90°c [~
O 1Bmin N\ Y CN
o] N=\
120 99% NH,CHO [~ NN
119 ———— | /
MW, 170°C o
30 min NH;
900 122

WeoNee
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Scheme 40
NH,

O Do

X
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—_—
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125a X=CH, Y = CH (71%)
126a X =N, Y = CH (86%)
127a X=CH, Y =N (50%)
128a X =N, Y = N (99%)

CH (99%)

N (99%)

dX=N,Y =N (79%)

AcOH

RNH,

MW, 118°C

30-300 min
57-84%
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N=\ N=\
S NH SNTS NH
R R

125b-j 126b-j

. 5-90 min
15-120 min 68-99%
31-87%

N=\ N=\
L, G
NN NS

S R/NH N S /NH

127b-j 128b-j

125-128 b R = Ph, ¢ R = 4-MeOCgHy, d R = 3,4-(MeO),C¢H3, € R = 3,5-(Me0),CgH3, f R = 3,4,5-(MeO)3CgH,,

g R = 2-F-4-BrCgHj, h R = 3-O,N-4-HOC,

Scheme 41

Ph

130a Ar = 4-MeCgHy (71%)
b Ar = 4-(i-Pr)CgHg (72%)
¢ Ar = 4-MeOCgH, (82%)
d Ar = 3-MeOCgH, (83%)
e Ar = 2,4-Cl,CgH3 (78%)
f Ar = 3,4-Me,CgH3 (79%)

with neutral amidines 131 was preliminarily carried out
at room temperature in the presence of 1-4 equiv of
TEOF and a catalytic amount of H,SO,4 but the reaction
was very slow. When an excess of H,SO, (4 equiv) was
added, a fast reaction took place (reaction time 5—-10 min)
with the formation of white products which were easily
isolated by filtration and were identified as salts
132a-H,SO, (R' = 4-FC¢H,, R? = 4-MeOC¢H,, yields 64%)
and 132b-H,SO, (R' = 4-MeOC¢H,, R? = 4-MeC¢H,, yield
76%). The free bases, adenines 132, were obtained in situ
by treatment with DBU of the corresponding salts
132-H,SO4 (Scheme 42).

The formation of adenines 132 is explained by the
regioselective condensation of TEOF with the 5-amino
group of imidazoles 131 as depicted in Scheme 43. The
alternative condensation with the 4-carboxamidine group is
unfavorable due to the formation of an amidinium salt in
the presence of H,50,.%

Regioselective synthesis of C(6)-substituted adenines
133a-1 occurs when the same precursors 131 are reacted

Ha, IR = {@?,j R=ﬂZJ

Scheme 42

H,SO4
(4 equiv) R

TEOF \
N

N

N
S A
NH
132-H,S0,

MeCN
rt, 3-10 min

“R2 Ice bath N
30-87%

1 32
10 examples

NH
131 (1 equiv)

R' = (CHy),0H, Ph, 4-FCgHy, 4-MeCgHy, 4-MeOCgH,
R2 = CH,Ph, Ph, 4—FCGH4, 4-M9C6H4, 4—MeOCeH4

Scheme 43
1 1 E 1 E
R TEOF R\ _PH R\ PEt
N NS0 )
<\ | N 2 < H+ <\
N 72 R2 — EtOH / RZ / R2
NH, NH, NH,
131
HX
ﬁ _ ¢ w w
N\g2 —EtOH N N-g2
NH NH2X
132 132-HX

with N,N-dimethylformamide diethyl acetal (DMF-DEA)
in MeCN at 40°C. When the reaction was carried out for
1 day under these conditions, products 133a—i were isolated
in good and high yields (61-93%). C(6)-Alkyladenines
133j-1 were obtained using a one-pot two-step reaction of
imidazoles 134 with benzylamine or 2-methoxyethylamine.
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In the first step, imidazole 134 was reacted with an amine
and 1 equiv TFA at room temperature. Then, DMF-DEA
was added to the reaction mixture and the reaction was
continued overnight which led to the formation of adenines
133j-1in 48-86% yields” (Table 3).

Table 3. The yields of adenines 133a-1, obtained from imidazoles
131 and 134

R1
\
N- -NH2 DMF-DEA (2.0 equiv)
I H
N “R2 MeCN, 40°C, 1 day N\
NH (for 133a—i) Ri1
131 (1.0 equiv) N N\W
ST
N 7
) 1. R2NH, (1.2 equiv), TFA (1.0 equiv) HN._,
R R
N NH rt, 2 days 133a-1
N 2 2.DMF-DEA (2.0 equiv), 40°C, 1day f
S CN
N (for 133j1)
NH
134 (1.0 equiv)
Com- R! R? Yield, %
pound
133a 4-FCeH, CH,Ph 84
133b 4-MeOCgH, CH,Ph 78
133¢ 4-MeCgH, CH,Ph 88
133d 4-FCeH, 4-MeOCH, 83
133e CH,Ph Ph 91
133f CH,Ph 4-MeOC4H, 78
133g 4-MeOCgH, 4-HOCeH, 61
133h 4-FCeH, 3-CIC¢H, 91
133i Ph 4-MeOCH, 93
133 4-MeOCgH, (CH,),0OMe 73
133k 3-BrCqH, CH,Ph 86
1331 CH,CH(OH)CH,0H CH,Ph 48

The formation of exclusively C(6)-isomer 133 by this
route indicates regioselective condensation of DMF-DEA
with the free amino group of the 4-carboxamidine
substituent of imidazole 131°° as shown in Scheme 44.
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C(6)-Substituted adenines 133a—f can also be obtained
from N(l)-substituted adenines by the Dimroth
rearrangement in the presence of HNMe,” (Scheme 45).

Scheme 45
R! R’
\ \
NH N
N A TEOF NN
N ~R2 MeCN,rt N “R2
NH NH
131 132
R1
\_ N 133a(68%)
g . X b (80%)
HNMe (2.0-7.0 equiv) <\ | /?ﬂ ¢ (89%)
EtOH, 110°C N d (87%)
10—-20 min HN._, e (86%)
R™ £ (90%)
Ben Jannet et al.'” obtained the corresponding

ethoxymethyleneamino derivative 136 by the reaction of
5-aminopyrazole-4-carbonitrile 135 with TEOF'®' and
demonstrated that imidate 136 reacted at its two
electrophilic centers with aliphatic amines 116 to form
pyrazolopyrimidines 138a—c in two steps via intermediates
137a—c. In the first step, the condensation of imidate 136
with amines 116 in EtOH in the presence of a catalytic
amount of AcOH leads to intermediate compounds 137a—c
due to the nucleophilic attack of the amino group at the
imide carbon atom. In the second step, the isolated
amidines 137a—c¢ undergo intramolecular cyclization with
the in situ formation of intermediates I which are
isomerized to  thermodynamically  more  stable
pyrazolopyrimidine derivatives 138a—c via tandem base-
catalyzed opening and closure of the pyrimidine ring
(Scheme 46). This rearrangement corresponds to those
discussed in earlier studies.'”'" The reaction of
compounds 136 with aromatic amines 90 leads to N-aryl-
3-methyl-1-phenyl-1H-pyrazolo[3,4-d]|pyrimidin-4-amines
139a—d via the Dimroth rearrangement of the intermediate
compounds J' (Scheme 46).

Borrell's group'® developed two methods for the
synthesis of 2-arylamino-5,6-dihydropyrido[2,3-d]pyrimi-
din-7(8H)-ones 140a—e. One of them relies on a
multicomponent reaction between o,f-unsaturated ester
141, malononitrile (142), and arylguanidine 83 (obtained
preliminary from the carbonate salt) in the presence of



Chemistry of Heterocyclic Compounds 2021, 57(4), 342-368

Scheme 46 R
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R‘] COzMe 20-30 min R2 14000, MW, 30 min R2 NH
J/ 144a R'" = 2 6-Cl,CgH3, R? = H (88%) 143a R" = 2 6-Cl,CgH3, R? = H, R® = Ph (94%)
R 141 b R'=Me, R? = H (36%) b R = 2,6-Cl,C¢H3, R = H, R® = 4-CIC¢H, (97%)
¢ R'=H, R? = Me (40%) ¢ R'=Me, R? = H, R® = Ph (89%)
+ T d R"=H, R? = Ph (40%) dR"=H, R? = Me, R® = Ph (40%)
<CN eR'=H, R?=R®= Ph (35%)
CN
142 M 3
Os_N.__N._NHR
83, NaOMe Y NaOMe
N
MeOH, MW, 140°C, 30 min R' 7 MeOH, MW, 160°C, 40 min

R2

NHz

140a R' = 2,6-Cl,CgH3, R? = H, R® = Ph (20*, 87**, 72%***)
b R" = 26-Cl,CgH3, R? = H, R® = 4-CICgH,4 (19*, 79**, 67%***)

¢ R"=Me, R?=H, R%= Ph (11*, 88**, 28%***)
dR"=H, R? = Me, R® = Ph (20*, 87**, 14%***)
eR'=H,R?=R®=Ph (1%, 87", 27%"*)

NaOMe in MeOH, whereas the other is based on the
Dimroth rearrangement of 3-aryl-substituted pyrido-
pyrimidines 143a—e, formed during the treatment of
pyridones 144a—d with arylguanidines 83 in 1,4-dioxane,
into 2-arylaminopyridopyrimidines 140a—e upon heating in
MeOH in the presence of NaOMe (Scheme 47). For
comparison, the yields (for each step and the combined
yield) of a series of 2-arylamino-substituted pyrido-
pyrimidines 140a—e using both methods are shown in
Scheme 47.

* Multicomponent reaction.
** Yield based on 143.
***Yield over 3 steps.

Scheme 47 demonstrates that a) the total yields
of 4-amino-5,6-dihydropyrido[2,3-d]pyrimidin-7(8H)-ones
140a—e formed via 3-aryl-substituted pyridopyrimidines
143a-e, as a rule, are higher than those obtained as a result
of the multicomponent reaction; b) when the o,B-un-
saturated ester 141 has a substituent at the B-position (R?),
the yields are generally lower than when it is present at the
o-position (R'); and c¢) although the multicomponent
reaction gives lower yields than the three-step procedure, in
some cases it can be a good alternative as it allows the
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Scheme 48
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desired pyridopyrimidine 140 to be obtained in one step.
The proposed mechanism for the formation of compounds
143a and 140a'” is given in Scheme 48.

Rearrangement of condensed heterocyclic systems
containing six-membered rings
with nitrogen and sulfur atoms

Wu's group'® developed a highly selective and efficient
temperature-dependent chemodivergent method for the
synthesis of 4H-benzo[d][1,3]thiazin-4-ones and 2-thioxo-
2,3-dihydroquinazolin-4(1H)-ones from isothiocyanates
145 and isatins 146. The method incorporates a cascade of
oxidation and decarboxylation processes followed by
cyclization; carrying out the reaction at room temperature
gives rise to 2-amino-4H-benzo[d][1,3]thiazin-4-one
derivatives 147a-1 (Scheme 49), while derivatives of
2-thioxo-4(3H)-quinozalinones 148a-1 are formed at 80°C

(Scheme 50).

Scheme 49

TBHP, N82C03

As shown in Scheme 49, the use of halogenated (3-F,
3-Cl, 4-Cl, and 4-Br) isothiocyanatobenzenes 145 in the
synthesis of 4H-benzo[d][1,3]thiazin-4-ones 147a-1 leads
to target products 147b—e in good yields (71-86%). The
electron-withdrawing group (4-NO,) had a positive effect
on the reaction and the desired product 147f was obtained
in good yield (85%). Electron-donating groups (4-Me,
3-MeO) also led to the corresponding compounds 147g,h
in moderate yields (48 and 58%, respectively). Moreover,
3-isothiocyanopyridine underwent the reaction to form
product 147i in good yield (86%). As for the substituents in
the isatin fragment, electron-neutral and electron-donating
groups do not affect the course of the reaction since
products 147j—1 were obtained in good yields (80-89%) in
all of the variations of substituents.'*®

In the case of the synthesis of 2-thioxo-2,3-dihydro-
quinozalin-4(1H)-one derivatives 148a-1, the reactions of
isothiocyanatobenzenes containing halogen atoms and

d
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Scheme 50
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electron-withdrawing groups in the benzene ring proceeded
with the formation of the target products 148b—e in high
yields (65-78%). Electron-neutral and electron-donating
groups in different positions had a minor effect on the
yields of products 148b—e (51-65%). The sterically
hindered 2-isothiocyanatonaphthalene also reacted with the
formation of the target product 148i in 70% yield. In
addition, isatin derivatives with electron-neutral and
electron-donor groups showed good reactivity (compounds
148j-1, 72-81% yields)'* (Scheme 50).

A mechanism was proposed for the reaction of phenyl
isothiocyanates with isatins based on the results of the
following reactions of phenyl isothiocyanate (145a) with
anhydride 149 at different temperature conditions with the
formation of compounds 147a and 148a and treatment
of 2-(phenylamino)-4H-benzo[d][1,3]thiazin-4-one (147a)
with Na,CO; in DMSO at 100°C resulting in the Dimroth
rearrangement with the formation of compound 148a
(Scheme 51)."%

In the initial step of the process initiated by the
nucleophilic attack of fert-butylperoxy anion on isatin 146a
(R* = H), intermediate A is formed which is then converted
into anhydride 149 by a mechanism similar to the Baeyer—
Villiger oxidation. Then, cyclization of phenyl iso-
thiocyanate (145a) with anhydride 149 with simultaneous
decarboxylation leads to 2-(phenylamino)-4H-benzo[d]-
[1,3]thiazin-4-one 147a which in the presence of Na,CO;
at high temperature undergoes the Dimroth rearrangement
producing stable 2-thioxo-2,3-dihydroquinazolin-4(1H)-
one 148a'% (Scheme 52).
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In conclusion, a highly selective, base-catalyzed,
temperature-controlled method has been developed for the
synthesis of 4H-benzo[d][1,3]thiazin-4-ones and 2-thioxo-
2,3-dihydroquinazolin-4(1H)-ones. The method involves a
kinetically controlled tandem oxidation—cyclization process
with decarboxylation in the reactions of isothiocyanates
with isatins. Carrying out the reaction at room temperature
yields access to 4H-benzo[d][1,3]thiazin-4-ones, whereas
when the temperature is risen to 80°C, 2-thioxo-2,3-
dihydroquinazolin-4(1H)-ones can be obtained.'"

Wu et al.'”” employed 2-haloaryl isothiocyanates instead
of isothiocyanobenzenes in the reaction with commercially
available isatins resulting in the development of an efficient
method for the synthesis of 12H-benzo[4,5]thiazolo[2,3-b]-

364



Chemistry of Heterocyclic Compounds 2021, 57(4), 342-368

Scheme 52
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quinazolin-12-one derivatives without the use of transition
metals. A key step toward the synthesis of these
compounds is the Dimroth rearrangement.

As shown in Scheme 53, the electronic properties and
the position of the substituent on the phenyl ring of the
2-haloaryl isothiocyanate derivative 150 practically do not
affect the course of the reaction. Compounds with fluorine
atoms in positions 3, 4, and 6 react well forming target
products 151a—c in good yields (64-81%). The substituents
at position 6 of the phenyl ring lead to a slight decrease in

151c (81%, X = F)

N@ Re s il osts
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151d (61%, X = F) 151e (72%, X = Br)

161h (71%, X =F) 161i (66%, X =F)

yield which can probably be attributed to steric hindrance.
The presence of electron donor groups (4-MeO, 4-Me, and
5-Me) decreases the yields of products 151d—f (61-72%).
The use of other halogens as substituents in the starting
compounds 150 does not affect the course of the reaction
and does not decrease the yields of products 151g—i
(66-80%).'"7

Based on the above results and literature data, a possible
reaction mechanism was proposed using isatin 146a
(R* = H) and 1-fluoro-2-isothiocyanatobenzene (150a) as
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Scheme 54
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intermediate A as a result of a nucleophilic attack of the  properties, which has not yet been fully disclosed,

tert-butylperoxy anion followed by intramolecular
rearrangement with the formation of anhydride 149, an
oxidation product of the Baeyer—Villiger-type oxidation.
Cyclization of anhydride 149 with 1-fluoro-2-iso-
thiocyanatobenzene (150a) with decarboxylation gives
intermediate benzothiazinone 152. Then, the Dimroth
rearrangement of compound 152 occurs which is
interrupted by intramolecular aromatic nucleophilic
substitution to form intermediate C. Finally, intramolecular
amidation of compound D leads to product 151a'"
(Scheme 54).

To conclude, an analysis of the literature data made it
possible to draw conclusions on the importance of
pyrimidines and their condensed analogs and, in this
regard, the need to develop new methods for their
preparation, as well as the prospects of research of the
directions of their practical use. The Dimroth
rearrangement is a simple and efficient way of constructing
condensed pyrimidines, often in a one-pot manner, from
available starting reagents. An important positive aspect of
the Dimroth rearrangement is the variability of the starting
reagents which makes it possible to obtain various
condensed systems with the pyrimidine ring with various
substituents. At the same time, the dependence of the
regional orientation and selectivity of reactions on many
factors makes research in this direction interesting and
unpredictable. The potential of condensed pyrimidine
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guarantees in the future the constant interest of synthetic
chemists both in this class of compounds in general and in
methods of constructing the pyrimidine ring in combination
with other carbo- and heterocyclic rings using also the
Dimroth rearrangement. We hope that the systematization
of literature data on the synthesis of various condensed
pyrimidine analogs can serve as a foundation for the
development of approaches to the synthesis of both natural
compounds and their modified analogs with predictable
biological activity.
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