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The pyrimidine scaffold represents an important pharmacophore endowed with a wide range of
pharmacological activities according to the specific decoration of the heterocycle. This perspective
article will briefly outline the most interesting approaches recently reported for the synthesis of highly

functionalized pyrimidine derivatives.

1. Introduction

Nitrogen-containing heterocycles are widely distributed in nature
and are essential to life, playing a vital role in the metabolism of all
living cells. Among these, pyrimidines represent one of the most
prevalent heterocycles found in natural products such as amino
acid derivatives (willardiine, tingitanine),' vitamins (vitamin B1),?
antibiotics (bacimethrin, sparsomycin, bleomycin),® alkaloids
(heteromines, crambescins, manzacidins, variolins, meridianins,
psammopemmins efc.),* and toxins.

From a synthetic point of view, the first pyrimidine derivative
(alloxan) was obtained as early as 1818, by Brugnatelli, oxidizing
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uric acid with HNO;.¢ In 1848, a second pyrimidine synthesis was
pioneered by Frankland and Kolbe, who heated propionitrile with
metallic potassium to give a pure product (2,6-diethyl-5-methyl-4-
pyrimidinamine)’, while in 1878 Grimaux prepared barbituric acid
by condensation of malonic acid with urea. The latter procedure
has been later named after Pinner who gave the name to the
pyrimidine scaffold and was the first to understand the chemical
nature of this structure.

Over the years, the pyrimidine system turned out to be an
important pharmacophore endowed with druglike properties
and a wide range of pharmacological activities depending on
the decoration of the scaffold. A few illustrative examples of
pyrimidine derivatives active as inhibitors of HIV,* HCV,? CDK,"
CB2,"" VEGFR" and Adenosine A1/A2a/A3" are reported in
Fig. 1. Due to the long-lasting interest in pyrimidine derivatives
as potential drugs, the synthetic community has dedicated much
effort to the investigation of new approaches to those derivatives.
Accordingly, we will try to give an overview of the most interesting
synthetic strategies recently reported for the generation of highly
functionalized pyrimidines.
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Fig. 1 Selected examples of recently reported pyrimidine derivatives with an interesting pharmacological profile.

2. Convergent approaches

As summarized in Scheme 1, the most interesting approaches
developed so far for the convergent synthesis of highly func-
tionalized pyrimidines can be classified according to the nature
of the fragments that are joined together during the closure
of the pyrimidine nucleus. The Pinner synthesis (path A, 1,6/
3.,4-bond forming) represents the most common approach and
the heterocyclization usually involves a double condensation with
elimination of water, alcohol or hydrogen halide. In recent years,
several interesting Pinner-like aproaches have been developed:
Karpov and Miiller reported the employment of alkynones
(B-keto aldehydes’ synthetic equivalents) in a three-component
one-pot pyrimidine synthesis (Scheme 2)."* The coupling of
acid chlorides (1) with terminal alkynes (2) under modified
Sonogashira conditions (Et;N used in stoichiometric amount)
followed by the addition of aminium or guanidinium salts (4)
in the presence of sodium carbonate gave the 2,4-disubstituted or
2.,4,6-trisubstituted pyrimidines 5. Terminal ethynyl ketones 3 are
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Scheme 1 Synthetic approaches for the synthesis of the pyrimidine
scaffold.
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Scheme 2 Muiiller’s synthesis of 2,4-disubstituted and 2.,4,6-trisubstituted
pyrimidines.

highly reactive, base sensitive species that do not need to be
isolated under the modified Sonogashira conditions and can be
reacted directly in the second step to give the desired pyrimidine
derivatives. Alternatively, (trimethysilyl)ethynyl ketones (R, =
SiMe;) can be prepared following the same procedure and isolated
due to their higher stability. These isolated intermediates can be
cyclized to give the pyrimidinones 5 (R, = H) in a two step
protocol.®

Bagley et al. published a microwave assisted condensation of
readily available alkynones'® 6 with an excess of the hydrochloride
salt of substituted amidines 7 (Scheme 3)."” After cooling and
filtration, the 2.4,6-trisubstituted pyrimidines 8 were obtained in
a short time, with high yield and often with no need of further
purification. The same group also reported a microwave assisted
synthesis of 2,6-disubstituted pyrimidines 8 in a one-pot tandem
oxidation—heteroannulation reaction starting from propargylic
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Scheme 3 Bagley’s synthesis of 2,6-disubstituted and 2.4,6-trisubstituted
pyrimidines.

alcohol 9 (Scheme 3): in situ oxidation with MnO, provided the
corresponding alkynones 11 which immediately reacted with the
substituted amidines 10 driving the reaction to completion. In
the absence of the bidentate nucleophile, only traces of the
alkynones 11 were recovered.'®

In 2005, Kiselyov reported an efficient one-pot approach for
the synthesis of 2,4,6-trisubstituted and 2,4,5,6-tetrasubstituted
pyrimidines 18 (Scheme 4). Reaction of alkyl- or benzyl-
phosphonates 13 with aryl nitriles 12 formed unstable aza-Wittig
species 14 which were converted into o, 3-unsaturated imines 16 by
reaction with aromatic aldehydes 15. The latter intermediates were
converted into the desired pyrimidine derivatives after nucleophilic
attack by a bidentate nuclophile 17, usually guanidine or amidine.
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40 °C to reflux Any
18 6h 16
22-60%

Scheme 4 Kiselyov’s synthesis of 2.4,6-trisubstituted and 2,4,5,6-
tetrasubstituted pyrimidines.

Apart from a very old strategy reported by Eilingsfeld et al. in
1968,% the synthetic approach defined by Path B (1,2/2,3-bond
forming) count for very few examples in the literature. Recently, the
Palacios group reported an interesting approach for the synthesis
of 4,5-dihydro-2-pyrimidinones 23 in which the key step was
represented by the aza-Michael addition of substituted amines to
1-azadienes (Scheme 5).2' Starting from the o-ketophosphonate
18, enamines 22 were obtained in a multicomponent reaction:
addition of the phosphazene 20 (generated in situ) to a solution of
18 afforded the B,y-unsaturated iminophosphonate intermediate
21 which, by addition of substituted amines, gave the enamines 22.
The latter compounds were then cyclized by reaction with triphos-
gene in the presence of triethylamine to give the phosphonylated
pyrimidinones 23.

Ar-N=PMe; (20)
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18 21
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R 87-90% H
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Ar = p-NO,-Ph

Scheme 5 Palacios’s synthesis of 1,3,4,6-tetrasubstituted pyrimidinones.

A versatile synthetic approach following Path C (1,2/
3,4-bond forming) has been reported by the Deniaud group:
the S-methyl diazadienium iodide 24 was cyclized by reaction
with isocyanates or isothiocyanates in basic medium to give the
corresponding N 1-substituted derivatives 25 (Scheme 6).2 This
approach worked well for aromatic isocyanates/isothiocyanates
and sugar-isothiocyanates while, in the case of alkyl isocyanates,
a two step protocol was necessary in order to cyclize the linear
intermediate by addition of a strong base (NaH). A wide range
of pyrimidine derivatives and corresponding nucleosides were also
obtained by further elaboration of the heterocyclic ring.

SMe RNCX SMe
0 ®
R EtsN, CH,Cl, N7 |
NMe, "t 418h X)\l}l
24 32-80% R 25
R= Alkyl, aryl
sugar
X=8,0

Scheme 6 Deniaud’s synthesis of 1,4-disubstituted pyrimidines.

A nice approach for the synthesis of trisubstituted or tetra-
substituted pyrimidines following Path D (3,4/4,5-bond forming)
has been recently reported by Sakai ef al. which generated the
pyrimidine scaffold by condensation of an acetal with vinyl
amidines 30 (Scheme 7).2* The latter compound was obtained
in a one-pot procedure reacting functionalized silane 26 with
benzonitrile 27 in the presence of butyllithium to obtain the

n-BuLi Li+
- SiMe; THF X
26 —
+ 70°C, 1 h Ph N .SiMe;
PhCN H
27
ArCN (29)
90% | THF
MezNCR (OEt), rt,2h
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Ph” N7 Ar
80 97% 30
R = H, Me, OEt
ve Ar= 4-I\C/IeO-Ph, 4-Me,N-Ph
- / 4-Cl-Ph, Ph
x= =7

Scheme 7 Sakai’s synthesis of 2,5,6-trisubstituted pyrimidines and
2,4,5,6-tetrasubstituted pyrimidines.
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l1-azaallyl anion intermediates 28 that were converted in the desired
amidines 30 by reaction with aromatic nitriles 29. In the final step,
the substituted amidines were cyclized by heating with different
N,O-acetals, with or without the presence of additives depending
on the acetal employed, to give highly functionalized pyrimidine
derivatives 31.

Among the synthetic approaches following Path E (3,4/
5,6-bond forming) a few interesting procedures can be mentioned.
The protocol developed by the Muchowski group is based on the
thermal [4n+27] cycloaddition reaction of 1,3-diazadienes with
electron deficient acetylenes (Scheme 8).2* Both 1-substituted (34,
36) and 1-unsubstituted (32) 1,3-diaza-1,3-butadienes containing
a leaving group at position 4 have been prepared as stable species
and used in the heterocyclization step. The thermally sensitive
N1-Boc protected 1,3-diazadienes 32 were converted into the
2,5-disubstituted or 2,4,5-trisubstituted pyrimidines 33 by heating
with ethyl propiolate (R, = H) or dimethyl acetylenedicarboxylate
(DMAD) (R, = COOE?) respectively. Alternatively, the stable
N1-unprotected 1,3-diazadienes 34 and 36 can be reacted with
ethyl propiolate or DMAD to give the corresponding 2,5,6-
trisubstituted or 2,4,5,6-tetrasubstituted pyrimidines 35 and 37,
respectively.?
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R, = H, COOMe R, = H, Me, Ph

Scheme 8 Muchowski’s synthesis of 2,5-disubstituted-; 2,5,6-trisubsti-
tuted and 2,4,5,6-tetrasubstituted pyrimidines.

A second synthetic procedure following Path E was reported
by Martinez et al.*® This method requires the activation of the
carbonyl moiety of esters or ketones 38 with trifluoromethanesul-
fonic anhydride (Tf,0) followed by nucleophilic addition of two
equivalents of nitriles 39 (Scheme 9). Treatment of 38 with Tf,0 is
believed to give an alkoxy(trifloxy)carbenium ion which is trapped
by the first equivalent of nitrile affording the nitrilium intermediate
40 which then reacts with a second molecule of nitrile to give
the pyrimidines 42. This simple one-step procedure facilitated
the preparation of 2,4,6-trisubstituted or 2,4,5,6-tetrasubstituted
pyrimidines.

An interesting approach for the synthesis of pyrimidine-5-
carbonitriles 46,48 and pyrimidine-5-carboxylates 47 was reported
by Krechl et al*” Reacting the imidates 43 and the isocyanates 44
for 24 hours at room temperature or 50 °C (depending on the
nature of R, and R;), the N-substituted aminocarbonylimidates
45 were obtained after recrystallization. Treatment of the latter
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=—R; (39
N 209 | o X
38 1,0, CH,Cl, o ®lR
rt,24h TIO™ 40 °
39
R2
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R1rN Ry
A 3075%

R3 N™ "R;
42 o

Ry =H, Alkyl

R, = Alkyl, aryl, O-alkyl, O-aryl

Rs = Alkyl, aryl

Scheme 9 Martinez’s synthesis of 2,4,6-trisubstituted and 2,4,5,6-tetra-
substituted pyrimidines.

intermediate respectively with malonitrile, methyl cyanoacetate
and diethyl malonate in the presence of a base, afforded the highly
functionalized pyrimidine derivatives 46—48 (Scheme 10).
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HNZ R CN NH,
1 R
+ rt.or50°C "2NH OMe NaOMe/MeOH RZ\N OV
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Scheme 10  Krechl’s synthesis of 3,5,6-trisubstituted pyrimidines.

Among the synthetic approaches following Path F (1,2/
5,6-bond forming), Ghosez et al. published a practical three-
component synthesis of substituted pyrimidinones based on a
hetero Diels—Alder reaction between 2-azadienes 51 and activated
nitriles 52 (Scheme 11).*® In an optimized protocol, the imi-
noethers 49 and the acid chlorides 50 were reacted in the presence
of triethylamine to give substituted 2-azadiene intermediates 51

OSiMeyt-Bu
R,CH,COCI (50) N R
t-BuMeZS|\N Et;N ,rnU\q
U | ROTTRy *
R, 07 R, Toluene,rt ® o
49 51 EtsNH Cl
Ry=H, Me 1. Filtration
R, = H, alkyl, halogen 2.N=—R; (52)
R3 = p-Tos, CCl; CO,Et Toluene, 85 °C
R, = i-Pr, Et
R
R S H
HN | 2 NZ R,
-949 R
R1)\\N Ry A94% | BTSN 0siMe B
54 “7 53

Scheme 11  Ghosez’s synthesis of 2,6- and 5,6-disubstituted pyrimidines.
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which were converted into the desired pyrimidines 54 by heating in
the presence of the appropriate nitriles 52. This one-pot procedure
requires the removal of the triethylamine hydrochloride and excess
triethylamine before the addition of the dienophile in order to
minimize the formation of decomposition products.

A mild single-step pyrimidine synthesis following Path F has
been developed by Movassaghi et al. and is based on the trapping
of highly activated amide derivatives 57 with weakly nucleophilic
nitriles 58 to give 2,5,6-trisubstituted and 2,4,5,6-tetrasubstituted
pyrimidine derivatives 60 (Scheme 12).% Activation of the amides
55 with triflic anhydride and addition of 2-chloropyridine to the
resulting imidoyl triflates 56 was envisioned to give the highly
electrophilic 2-chloropyridinium adducts 57. Addition of the
nitriles 58 to the latter intermediate and loss of 2-CIPyr-TfOH
affords nitrilium triflate salts 59, which undergo annulation to give
the desired pyrimidine derivatives 60. A wide range of nitriles and
amides were shown to be compatible with this chemistry giving
access to highly functionalized and also enantiopure products.

R, 0 R, Tfoe@ Ro
iR TR0 | HSASRs | 2ckpyr H\Nl)\/RG:
R1/g0 55 R1)|\0Tf R1)\ /ﬁ(j orf

%6 o 87

- 2-CIPyr-TfOH H N=—R,
Ry = aryl, alkyl, cycloalkyl, (58)
heterocycles, O-alkyl

R, = H; Ry = Aryl Re ™ I R2
2=H Ry =
- et | N)\/[RS -TfOH N)\/Rs
R, \ = Heterocycles, | - |
R; carbocycles R1)\N/ R, 59-94% R1)\N®\\60Tf
A
R4 = aryl, alkyl, cycloalkyl 60 59 R4

heterocycles -

Scheme 12 Movassaghi’s synthesis of 2,5,6-trisubstituted and 2,4,5,6-
tetrasubstituted pyrimidines.

A series of convergent approaches that do not fit in the classifica-
tion reported at the beginning of this chapter can be mentioned as
alternative procedures for the synthesis of substituted pyrimidines.

The Ley group reported a simple and scaleable route for
the preparation of 2,5,6-trisubstituted-4-aminopyrimidines: treat-
ment of a neat sample of aliphatic or aromatic nitriles 61 with a
catalytic amount (5 mol%) of potassium zerz-butoxide at 165 °C
via microwave irradiation (three cycles of 15 min each) gave the
4-aminopyrimidines 62 after a simple filtration from the reaction
mixture (Scheme 13).%°

NH,
: R
w2 T
MW, 165 °C R\)\N/ R

62

3 x 15 min
76-98%

R = alkyl, aryl
heteroaryl

Scheme 13 Ley’s synthesis of 2,5,6-trisubstituted pyrimidines.

Kakiya et al. reported an efficient approach to the synthesis of
2,4,6-trisubstituted pyrimidines 69, the reaction of a,o-dibromo
oxime ethers 63 with a variety of Grignard reagents (Scheme 14).3!
Using 2.2 equivalents of the Grignard reagents at —42 °C
and warming up the reaction mixture to room temperature,
the pyrimidines 69 were obtained in moderate to good yields.

MeO“IN RMgBr Meo“|N MeO\N,MgBr
Br
Ar Br Ar Ar/ngr
63 Br 64 MgBr
J RMgBr
MgBr
Ar N MeOmN
A I
’ -~ ri
S Ar R A’)\(
rooh 66 es R
OMe 67
Ar Ar
f\N fN Ar = Ph, substitutd-Ph,
1 — 2-furyl
5, L
AN R | 8580% A N/)\R R = alkyl, vinyl, ary!
68 OMe 69

Scheme 14 Kakiya’s synthesis of 2,4,6-trisubstituted pyrimidines.

Mechanistically, after an initial Br—Mg exchange, alkylation at
the o-position of the carbenoid gave the intermediate 65 which
cyclized and then reacted with 64 to give the intermediate 68. Ring
opening, and final 6m-pericyclic ring closure with elimination of
methanol, gave the desired pyrimidines 69.

Recently, Blangetti et al. exploited the reactivity of o,f-
unsaturated acetals for a one-pot three component synthesis
of pyrimidines (Scheme 15).** Reacting crotonaldehyde acetal
70 with 2 equivalents of nitriles 71 in the presence of the
Schlosser’s superbase (LIC-KOR) afforded the desired 2.,4,5,6-
tetrasubstituted pyrimidines 75. Initial metalation and addition
of the first molecule of nitrile gave the N-metalketimine 72 which,
upon addition of a second molecule of nitrile, cyclization and
spontaneous oxidation, gave the pyrimidines 75.

LIC-KOR [ 7
BOQ = ACN@|FONAF | 1 B0
- J . N~ M*
Etd THF,-78°C | A" SN"M* | THF, -78°C | or” SN Nar
70
72
=z
B0y, 1) H0*
- g Z 2)air ox
Ar = Ph, 4-Me-Ph, 4-pyridinyl Ar N Ar
4-MeO-Ph, 4-CF3-Ph 75 65-81% |

Scheme 15 Blangetti’s synthesis of 2,4,5,6-tetrasubstituted pyrimidines.

Another synthetic strategy formally belonging to path A but
not employing a bidentate nucleophile (characteristic of the
Pinner-like approaches) has been recently developed by Rossi
et al. (Scheme 16).** Aza-Wittig condensation of the N-triphenyl-
phosphoraniliden-benzamidine 76 with o,B-unsaturated aldehy-
des 77 gave the azatriene intermediates 78 which, after electrocyclic
ring closure and oxidation, afforded the 2,5-disubstituted or 2,4,5-
trisubstituted pyrimidines 79.

3. Pyrimidine functionalization

Complementary approaches for the synthesis of substituted
pyrimidines involve the use of recent advances in cross-coupling
chemistry or direct functionalization of a preformed pyrimidine

This journal is © The Royal Society of Chemistry 2009
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Scheme 16 Rossi’s synthesis of 2,5-disubstituted and 2,4,5-trisubstituted
pyrimidines.

scaffold in order to access those derivatives otherwise difficult to
obtain using the convergent approaches described in the previous
section.

The Knochel group has recently reported an efficient procedure
allowing the direct functionalization of all positions of the pyrim-
idine ring via successive regio- and chemoselective magnesiation
followed by trapping with specific electrophiles (Scheme 17).%

E,
) >
|
oW o
80 81

1) TMPMgCI - LiCl J

1) TMPMgCI - LiClI

2)E,®

Es=1, Br, Q\
CF

3

2)E® E, = C, SMe, SiMe,
E; = PhCO, allyl,
E Es PhCHOH
x-B 1) TMPMGCI - LICI N
/,\i pZ )l\ =
B~ N E, 2 E.® Br” "N” TE,
83 70-95% 82

Scheme 17 Multiple functionalization of pyrimidines via subsequent
magnesiation and trapping with electrophiles.

Starting from the simple 2-bromopyrimidine 80, reaction with
1.1 equivalents of TMPMgCI-LiCl led to the 4-magnesiated
species which was then trapped with various electrophiles (E,)
to give the 4-substituted compound 81. A second magnesia-
tion/trapping sequence occurred selectively at the C6 position
allowing the generation of different 4,6-disubstituted derivatives
82. The last available position (C5) can be functionalized with
the electrophiles E; following the same magnesiation/trapping
protocol to give 4,5,6-trisubstituted compounds 83. Finally, the
bromine at position 2 can be submitted to a Negishi or a
Sonogashira reaction to give 2,4,5,6-tetrasubstituted pyrimidines.

With the aim of generating a diversity-oriented library of
pyrimidine derivatives for pharmaceutical purposes, our research
group has been long working on the functionalization of easily ac-
cessible pyrimidinones. Functionalization of the C5 position was
obtained via a direct microwave assisted iodination: irradiation
of a series of pyrimidinones and pyrimidine nucleosides 84 with
N-iodosuccinimide at 200 W gave the desired 5-iodo derivatives
85 after only 3 minutes (Scheme 18). The latter intermediates
were then converted into the corresponding 5-substituted or
4,5-disubstituted derivatives applying a microwave-enhanced
Sonogashira protocol.’ Irradiation of the 5-iodo derivatives 85
with the appropriate alkyne in the presence of Et;N, PdCL,(PPh,),
and Cul for 5 minutes at 40 °C gave respectively the bicyclic
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Scheme 18 Pyrimidinone functionalization via microwave-assisted
iodination and Sonogashira coupling.

derivatives 86 (using propargyl alcohol) or the 5-alkynyl deriva-
tives 87 (using trimethylsilyl acetylene or 2-propynylbenzene).
Another example of the versatility of simple pyrimidinones in
the diversity-oriented synthesis of anti-HIV drugs is reported
in Scheme 19. Starting from the readily available compound
88, selective tosylation in C4 afforded the key intermediate 89
which was used as starting material of a combinatorial protocol:
nucleophilic substitution at C4 with different amines, dehydration
at C6 with sodium hydride and finally sulfur-oxidation with Oxone
afforded a small library of 2,4,6-trisubstituted pyrimidines 91.%
Biological evaluation of this library led to the identification of
a promising anti-HIV inhibitor endowed with an unprecedented
mechanism of action.*® Further functionalization at the C2 and
C6 positions was also accessible: oxidation of 90 with Oxone and
subsequent nucleophilic displacement with sodium hydrosulfide
afforded the 2-thiol intermediate which was converted into
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Scheme 19 Combinatorial functionalization of simple pyrimidinones.
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2-benzylthio derivatives 92 via microwave assisted alkylation.*
In addition, by heating the sulfone 92 with an excess of amine, it
was possible to obtain compound 93 after a preliminary Michael
addition on the vinyl group followed by nucleophilic displacement
in C2.

Conclusions

This perspective article has attempted to highlight the recent
development in the synthesis of highly functionalized pyrim-
idines which represent a privileged scaffold for the identification
of pharmacologically active compounds. The complementarity
of convergent approaches and direct functionalization of the
pyrimidine scaffold facilitates the generation of a wide range of
functionalized pyrimidine derivatives.
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