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Natthakorn Uppatam : C-O BOND FORMATION ON C-5 OF 2,4-DIAMINOPYRIMIDINES. Advisor:
Asst. Prof. Worawan Bhanthumnavin, Ph.D. Co-advisor: Prof. Tirayut Vilaivan, Ph.D.

This work aims to find a robust oxidation condition that can efficiently convert 2,4-
diaminopyrimidines to its C5-hydroxylated derivative. Although Boyland-Sims oxidation of these
substrates has been reported, this procedure suffers low vyield and poor reproducibility. The
conditions for Boyland-Sims oxidation of 2,4-diaminopyrimidines were thus re-optimized. The
parameters that could affect the yields of the 5-hydroxy products were investigated using 2,4-diamino-
6-ethylpyrimidine as a model compound. The reactions were performed at 0.10 mmol scale of the
starting pyrimidine. The vyields of the products were monitored by 'H NMR spectroscopy with
reference to an internal standard. The reaction was reproduced at larger scale employing the
optimized condition. The 5-hydroxylated products were obtained in satisfactory yields (43-58%) from
the oxidation of 2,4-diaminopyrimidines without substituent or with an electron-donating alkyl group
such as ethyl and isopropyl group at the C-6 position. However, the same conditions gave no
oxidation product with electron-deficient 2,4-diaminopyrimidines bearing chloro or trifluoromethyl
group at the C-6 position. Oxidation of the electron-deficient 2,4-diaminopyrimidines was further
studied using other oxidants. The electron-deficient 6-trifluoromethyl substituted analogue was
selected as a model compound, since the trifluoromethyl group facilitates reaction monitoring using
"F NMR technique. The reactions were performed at 0.05 mmol scale of the fluorinated pyrimidine
substrate with various oxidants. The expected C5-hydroxylated product was not obtained from the
oxidation of 2,4-diamino-6-trifluoromethylpyrimidine under various conditions. However, side products
such as the N-oxide and the 5-halogenated products were isolated and fully characterized. Therefore,
this work has provided the optimized conditions for Boyland-Sims oxidation of 2,4-diaminopyrimidines
and demonstrated that this oxidation is only suitable for electron rich 2,4-diaminopyrimidines. At
present, oxidation of electron-deficient substrates still remains challenging, and could not be achieved
by any methods.
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CHAPTER |
INTRODUCTION

1.1 Pyrimidine

Pyrimidines are heterocyclic aromatic compounds containing two nitrogen
atoms at positions 1 and 3 of its six-membered rings. Several pyrimidine derivatives
including uracil, thymine and cytosine are biologically important as nucleotide bases

in nucleic acids (Figure 1.1).

o) 0 NH,
4
N e HNTY HNJE/ N)j
2 kN/ i O)\N O)\N O)\N
H H H
pyrimidine uracil thymine cytosine

Figure 1.1 Structure of pyrimidine and pyrimidine nitrogenous bases.

In addition, pyrimidine ring is found in many natural products such as vitamin
B; (thiamine) and alloxan. It is also found in many synthetic biologically active
compounds such as barbituric acid and barbital which are used as hypnotics,’

bacimethrin and sparsomycin which are used as antibiotics*> (Figure 1.2).

(0] (0] 0]
\/\2\N+ NH NH
/g N /go 0 N/go
vitamin B4 alloxan barbituric acid barbital
(thiamine)
Ch
TR
bacimethrin sparsomycin

Figure 1.2 Natural and synthetic pyrimidine-containing compounds.



Pyrimidine-containing compounds have been of considerable interest due to
theirs biologically effects, therapeutic potential and flexibility to derivatize at various
positions. They are also well-known as biologically active compound possessing

broad spectrum of pharmacological effects. Various analogs of pyrimidines have been

9 11-12

reported with antibacterial,*® antiallergic,” antitumor,®® antifungal,’® antipyretic,

12-14

anti-inflammatory,**** antitubercular,’” and antimalarial'® activities. In addition to this,

pyrimidine derivatives have been found to act as calcium channel blockers'’ and

also possess potential central nervous system (CNS) depressant activities.'®*?

1.2 Pyrimidine-based Antimalarial

Malaria is an infection caused by Plasmodium parasites which are transmitted
to human through the bite of infected female Anopheles mosquitoes. There are only
six Plasmodium species that are known to infect human. The most ferocious and
predominant species that causes the infection is Plasmodium falciparum, with more
than 200 million cases and 445,000 death in 2016.%°

Plasmodium falciparum dihydrofolate reductase (DHFR) is an important target
of antimalarial drug. DHFR is an enzyme which catalyzes the reduction of
dihydrofolate to tetrahydrofolate. The de novo biosynthesis of folates which is
catalyzed by DHFR in the presence of thymidylate synthase (TS) is indispensable in
Plasmodium species as it is needed in DNA biosynthesis (Figure 1.3).! Inhibition of
DHFR interferes with the DNA biosynthesis leading to the death of the Plasmodium

parasites.



dihydrofolate reductase z
(DHFR) J\j/ | j\/”
N (o}
H

H
HoN__N__N

hid \ H ° 3

HN p N 0" 0 Tetrahydrofolate
N 0]

o § : .
f6) . Serine
Dihydrofolate o - HZNYN N

Glycine

ZT
O

deoxythymidine monophosphate

(dTMP)
/ deoxyuridine monophosphate

DNA biosynthesis (dUMP) Methylenetetrahydrofolate

Figure 1.3 The role of dihydrofolate reductase (DHFR) in biotransformation of dUMP
to dTMP.

Cycloguanil — a metabolite of the biguanidine proguanil (Figure 1.4)% - was
identified as a potent dihydrofolate reductase inhibitor. It has long been used
clinically in the treatment of malarial infection. In 1951, Falco and co-workers
reported a series of 2d-diaminopyrimidines with antimalarial  activity.?
The structure-activity relationship study revealed that the activity was enhanced
when the alkyl group was introduced at the 6-position of 2,4-diaminopyrimidine. The
activity was also enhanced when the phenyl group at the 5-position of
2,4-diaminopyrimidine was substituted in the para-position by halogen or nitro
groups. Pyrimethamine (PYR) (Figure 1.4) which is a derivative of
2,4-diaminopyrimidine containing p-chlorophenyl and ethyl groups at the 5- and 6-
positions, respectively, was reported as a potent inhibitor that showed the highest
inhibition against malarial DHFR. However, the clinical efficacy of both cycloguanil
and pyrimethamine has been compromised due to the mutations in the
Plasmodium falciparum DHFR gene which led to antifolate resistance.*

Due to the observed resistance, other cycloguanil derivatives were further
developed as an antifolate-based antimalarial.?>?® The triazine derivative, WR99210

(Figure 1.4), possessed high activity against both wild-type and PYR-resistant mutant



strains of Plasmodium falciparum. However, it was found to possess severe
gastrointestinal toxicity and had low bioavailability.

In 2012, Yuthavong and co-workers reported a pyrimidine derivative P65
carrying a flexible alkoxy side chain similar to WR99210 (Figure 1.4) as a new DHFR
inhibitor.?” This compound showed potency against Plasmodium falciparum DHFR
and showed high bioavailability in rats. The enhanced bioavailability was thought to
be due to the lower pK, (basicity) of the diaminopyrimidine compared to the
dihydrotriazine ring of cycloguanil. Further structural optimization leads to P218
(Figure 1.4) — a potent DHFR inhibitor with capability of binding to both wild-type and
quadruple mutant Plasmodium falciparum DHFRs. It showed good selectivity
between malarial and human enzymes as it did not efficiently bind to human DHFR.

P218 is currently under phase | clinical trials.?®

NH “ H H H NH c e 7
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Cycloguanil Proguanil Pyrimethamine (PYR) WR99210
NH, Cl OH
o o NH,
N T o o o
)\\ P N TN
HoN™ °N Cl ..
cl H,N™ °N
P65 P218

Figure 1.4 Pyrimidine-based malarial dihydrofolate reductase (DHFR) inhibitors.

Additionally, some related derivatives of 2,4-diaminopyrimidine were found to
possess inhibition activity against leishmanial DHFR. These compounds also consisted
of the 2,4-diaminopyrimidine core structure with 5-alkoxy and 6-alkyl substituents

similar to P65 and P28 (Figure 1.5).%
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Figure 1.5 A series of 24-diaminopyrimidine derivatives as leishmanial DHFR

inhibitors.

1.3 Synthesis of 2,4-Diaminopyrimidine-based DHFR Inhibitors
2,4-Diaminopyrimidine-based ~ DHFR  inhibitors  consisted  of  the
2,4-diaminopyrimidine core structure, an alkyl group at the position 6 and an aryl
substituted alkoxy side-chain at the position 5. 2,4-Diaminopyrimidines could be
generally synthesized from the cyclo-condensation between guanidine and a
1,3-dicarbonyl compound followed by chlorination with phosphoryl chloride.
The chloro could be converted to amino group by treatment with ammonia

(Figure 1.6).°9*

0 cl NH,
HNJ]\ %, NZ | L NZ |
A HzN)\\N R HZNJ\\N R

Figure 1.6 Synthesis of 2,4-diaminopyrimidine starting from guanidine and

acetoacetate ester.



Preparation of DHFR inhibitors bearing an alkoxy substituent such as P65 or
P218, it typically involved functionalization of 2,4-diamino-5-hydroxypyrimidines.
The 5-hydroxypyrimidines could be obtained by direct C-H oxidation of
2,4-diaminopyrimidines, most frequently by the Boyland-Sims oxidation which
employed persulfate as oxidant. This procedure typically gave low vyields of
the 5-hydroxylated products. However, other oxidation methods such as oxidation

with organic peroxide or aromatic hydroxylation might be applied.

1.3.1 Boyland-Sims Oxidation of 2,4-Diaminopyrimidines

The Boyland-Sims oxidation is a reaction between an aromatic amine and
persulfate anion in aqueous basic solvent to produce ortho-aminoaryl sulfate.
The mechanism involved a nucleophilic attack of the amine on the peroxide oxygen
to produce directly an intermediate aryl hydroxylamine-O-sulfonate after which
rearranges to zwitterionic intermediate the ortho sulfate. The hydrolysis of

ortho sulfate intermediate gives ortho hydroxy aryl amine as a product (Figure 1.7).%
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aryl hydroxylamine-O-sulfonate
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0=S=0 OH

I
hydrolysis NR;
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Figure 1.7 Reaction mechanism of Boyland-Sims oxidation.



The Boyland-Sims oxidation was reported to be compatible with several
aromatic amine substrates. A significant disadvantage to the reaction is the low yield
which is typically less than 50%, even though the peroxydisulfate anion is always
completely consumed.****

The Boyland-Sims oxidation of 2,4-diaminopyrimidine was first attempted by
Hull in 1956 It was reported that unsubstituted 2,4-diaminopyrimidine was
successfully oxidized to 2,4-diamino-5-hydroxypyrimidine in 47% overall yield using
ammonium persulfate in an aqueous sodium hydroxide solution. Additionally,

the derivative of 2,4-diaminopyrimidine with 6-methyl substituent was similarly

oxidized in 58% overall yield under the same conditions (Figure 1.8).

NH, NH,
1) (NH4)2S20g, NaOH
N H ) (NH4)2S,0g, Na = N OH
| 2) HCl, reflux |
— ~
HZNJ\N R HzN)\N R
47%,R =H
58%, R= CH3

Figure 1.8 Oxidation of 2,4-diaminopyrimidines with ammonium persulfate.

1.3.2 Other C5-oxidations of 2,4-Diaminopyrimidine Derivatives

Some derivatives of 2,4-diaminopyrimidine have been reported to be
successfully converted to 2,4-diamino-5-hydroxypyrimidines under alternative
conditions. In 1975, McCall and Tenbrink reported the oxidation of 2,4-diamino-6-
piperidinnopyrimidine using benzoyl peroxide. It was reported that the benzoate
ester of 2,4-diamino-6-piperidinnopyrimidine was obtained in 48% and 21% yield in
acetic acid and dichloromethane, respectively. Then, the ester was subsequently
hydrolyzed with a base to afford 2,4-diamino-5-hydroxy-6-piperidinnopyrimidine in
60% yield (Figure 1.9).° They suggested that piperidine ring at the 6-position
facilitated the C-5 oxidation since the electron density on the pyrimidine ring was

increased by the presence of three strong electron-donating groups.



NH»
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Figure 1.9 Oxidation of 2,4-diamino-6-piperidinnopyrimidine using benzoyl peroxide.

In 1994, Cabaj and co-workers proposed the preparation of pyrimidinyl
5-acetate ester under mild conditions, employing bromine-mediated nucleophilic
addition-elimination in the presence of acetate salts.”” The electron-rich pyrimidine
with pyrrolidine and piperidine substituents at the positions 2, 4, and 6 gave 71%
yield of the ester product, which was subsequently hydrolyzed to give
5-hydroxypyrimidine. However, the corresponding C-5 brominated pyrimidine was
obtained in 81% instead under the same conditions when the pyrimidine was

substituted with electron-withdrawal chloro group at the position 5 (Figure 1.10).
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Figure 1.10 Bromine-mediated nucleophilic addition of 2,4-diaminopyrimidines.



1.3.3 Aromatic Hydroxylation
As the 2,4-diaminopyrimidines possess an aromaticity, direct hydroxylation
might be applied in order to afford 2,4-diamino-5-hydroxypyrimidine. In 1975, Kovacic
and co-workers propose an oxygenation of aromatic compounds such as benzene,
chlorobenzene and anisole employing benzoyl peroxide and molecular iodine as
oxidants.”® The benzoate ester product was obtained in 25-87% along with iodinated

side products (Figure 1.11).

Py

o]
benzoyl peroxide, |, OH
R > R
MeCN
62%,R=H
25%, R = ClI

87%, R = OCHj

Figure 1.11 Aromatic oxygenation of aromatic compound using benzoyl peroxide and

molecular iodine.

Recently in 2013, Yuan and co-workers proposed the direct aromatic
hydroxylation using phthaloyl peroxide.” The aromatic C-H bond was oxidized
directly through the reverse-rebound mechanism, leading to the hydroxylated
products with excellent selectivity and no over-oxidation was observed (Figure 1.12).
They also demonstrated that the method could be applied to various substituted

aromatic compounds carrying a broad range of functional groups.
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Figure 1.12 Direct aromatic hydroxylation using phthaloyl peroxide through the

reverse-rebound mechanism.*’

Several metal-catalyzed hydroxylations of aryl halide to afford hydroxylated
aromatic compounds were also reported, but the halogenated aromatic substrates
must be prepared as an intermediate before being converted to the hydroxylated
products.””* These conditions required ligands and some additives to perform the

reaction along with transition metal salts as catalysts.

1.4 Objectives

2,4-Diamino-5-hydroxypyrimidine is an important precursor for the synthesis
of 2,4-diaminopyrimidine-based dihydrofolate reductase (DHFR) inhibitors. The
common route to prepare the 5-hydroxypyrimidine from 2,4-diaminopyrimidine is to
directly oxidize at the C-5 position using persulfate oxidation (also known as Boyland-
Sims oxidation) which usually gives low yields of the hydroxylated products. This
research aimed to develop the the C-5 oxidation of 2,4-diaminopyrimidines further in
order to improve the yield of 2,4-diamino-5-hydroxypyrimidines. The Boyland-Sims
oxidation of 2,4-diaminopyrimidine will be optimized and applied to various 2,4-
diaminopyrimidine substrates to explore the scope of the reaction. Alternative
oxidation methods such as oxidation with organic peroxide or aromatic hydroxylation
will also be explored. The success of this improved oxidation would be useful for
development of novel 2,4-diaminopyrimidine antifolates with better activities and

bioavailability in the future.



CHAPTER Il
EXPERIMENTAL

2.1 Materials and Chemicals

All reactions were performed in oven-dried glassware. All reagent grade
chemicals for the synthesis in this work were purchased from Acros, Merck,
Sigma-Aldrich, TCl, or Fluorochem and were used without further purification.
Laboratory g¢rade organic solvents from RCl Labscan were used for column
chromatography and thin-layer chromatography. Unless otherwise specified,
analytical grade organic solvents from Burdick&ackson and RCl Labscan were used
for reaction set ups. The progress of the reactions was monitored by thin layer
chromatography (TLC) performed on Merck D.C. silica gel 60 F,s4 0.2 mm precoated
aluminium sheets and visualized using UV light (254 nm) or potassium permanganate.
Column chromatography was performed on Merck 70-230 mesh ASTM silica gel.
Solvents for NMR experiments were purchased from Cambridge Isotope Laboratories

or Euriso-top.

2.2 Instruments and Equipments

The weight of all chemical substances was determined on an AND GR-200
electrical balance. Evaporation of solvents was carried out on Blchi Rotavapor R-200
equipped with a Blchi Heating Bath B-490 and a Bichi Recirculating Chiller B-740.

Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker
Avance 400 NMR spectrometer operating at 400 MHz for 'H NMR experiments,
377 MHz for F NMR experiments and 100 MHz for *C NMR experiments using
deuterated dimethylsulfoxide (DMSO-dy), deuterium oxide (D,O), and deuterated
chloroform (CDCls) as solvents. The chemical shift (0) are reported in parts per
million (ppm) relative to tetramethylsilane signal (&, = 0.00 ppm) employing residual
protonated signal of deuterated solvent as a reference. Coupling constants (J) were

reported in hertz (Hz). Multiplicities were abbreviated as followed: s = singlet, d =
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doublet, dd = doublet of doublet, t = triplet, g = quartet, m = multiplet, and br =
broad.

Mass spectra were obtained by Matrix Assisted Laser Desorption/lonization
Time-of-Flight (MALDI-TOF) mass spectrometry on a Bruker Daltonics Microflex Mass
Spectrometer. The instrument was equipped with a nitrogen laser to desorb and
ionize the samples. A stainless steel target was used as the substrate on which the
samples were deposited. Samples were prepared as solutions in micromolar
concentration in methanol, and d-cyano-4-hydroxycinnamic acid (CCA) was utilized
as the matrix. Exact masses of some fluorinated compounds were elucidated by High
Resolution Electrospray lonization Quadrupole Time-of-Flight (ESI-QTOF) mass

spectrometry operating on a Bruker MicrOTOF Q-ll Mass Spectrometer.
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2.3 Synthesis of 2-Amino-4-chloro-6-ethylpyrimidine

+
NH, o0 O EtOH POCI;
A e Y e O
H-N NH (0) reflux ~ reflux _
2 2], H,NT N H,NT N

Figure 2.1 Synthesis of 2-amino-4-chloro-6-ethylpyrimidine.

Guanidine carbonate (20.0 mmol, 1.801 ¢) and methyl propionylacetate (40.0
mmol, 5.206 ¢) were dissolved in ethanol (20 mL). The mixture was refluxed for
48 hours. The white precipitate of 2-amino-6-ethyl-4(3H)-pyrimidinone was filtered
with suction, dried and allowed to use in the next step without further purification.
Phosphoryl chloride (8 mL) was added to the dried solid (5.455 g) and the reaction
mixture was refluxed at 100°C until the starting material was completely consumed
as monitored by TLC. After the reaction mixture was cooled down to room
temperature, the solution was added dropwise to a cold saturated sodium hydrogen
carbonate solution to destroy the excess POCl;. The pale-yellow solid was filtered
with suction and washed with cold water and allowed to dry, affording the title
compound. (4.286 g, 76% yield). 'H NMR (400 MHz, DMSO-d,) & (ppm): 1.15 (t, 3H),
2.50 (g, 2H), 6.56 (s, 1H), 6.98 (brs, 2H); >)C NMR (100 MHz, DMSO-d,) & (ppm): 12.3,
29.8, 106.9, 160.0, 163.4, 174.6. MS (MALDI-TOF): m/z calculated for CgHgN5Cl 157.041
[M™], found 157.609. 'H and >C NMR data are consistent with literature.**
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2.4 Synthesis of 2,4-Diamino-6-ehthylpyrimidine (1a)

cl NH,
N)ﬁ\/ _aaNHg N7
| 80°C |
— —
HzN)\N HZN)\N
1a

Figure 2.2 Synthesis of 2,4-diamino-6-ehthylpyrimidine (1a).

To a 50 mL stainless steel high pressure reaction vessel, 2-amino-4-chloro-6-
ethylpyrimidine (30 mmol, 4.175 g) and aqueous ammonia solution (30% wt/vol., 20
mL) were added. The mixture was stirred at 80°C until the starting material was
completely consumed. The ammonia was then removed under reduced pressure,
and the solid was filtered and allowed to dry, affording compound 1a as a pale-
yellow solid (3.399 g, 82%). 'H NMR (400 MHz, DMSO-dy) O (ppm): 1.15 (t, 3H), 2.43 (q,
2H), 5.79 (s, 1H), 6.96 (brs, 2H), 7.40 (brs, 2H); *C NMR (100 MHz, DMSO-d,) & (ppm):
11.3, 25.0, 94.0, 156.0, 157.0, 165.2. MS (MALDI-TOF): m/z calculated for CgHioNg
138.090 [M*], found 138.588. 'H and *C NMR data are consistent with literature.*
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2.5 Synthesis of 2-Amino-4-chloro-6-isopropylpyrimidine

- o) Cl
+ COs* o o
NH, EtOH HN POCI3 N
H NJ\NH ’ NO/\ reflux PN | reflux P
2 2], HoN™ N HoN™ N

Figure 2.3 Synthesis of 2-amino-4-chloro-6-isopropylpyrimidine.

Guanidine carbonate (15.0 mmol, 1.351 ¢) and ethyl isobutyrylacetate (20.0
mmol, 3.164 g) were dissolved in ethanol (10 mL). The mixture was refluxed for 48
hours. The white precipitate of 2-amino-6-isopropyl-4(3H)-pyrimidinone was filtered
with suction, dried and allowed to use in the next step without further purification.
Phosphoryl chloride (5 mL) was added to the dried solid (1.446 g) and the reaction
mixture was refluxed at 100°C until the starting material was completely consumed
as monitored by TLC. After the reaction mixture was cooled down to room
temperature, the solution was added dropwise to a cold saturated sodium hydrogen
carbonate solution to destroy the excess POCl;. The pale-yellow solid was filtered
with suction and washed with cold water and allowed to dry, affording the title
compound (0.841 g, 25% yield). 'H NMR (400 MHz, DMSO-dy) & (ppm): 1.16 (d, 6H),
2.75 (m, 1H), 6.57 (s, 1H), 7.00 (brs, 2H); "°C NMR (100 MHz, DMSO-dy) & (ppm): 21.2,
35.0, 105.7, 160.2, 163.3, 178.3. MS (MALDI-TOF): m/z calculated for C;H;oN5Cl
171.056 [M*], found 171.587. 'H and *C NMR data are consistent with literature.*
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2.6 Synthesis of 2,4-Diamino-6-isopropylpyrimidine (2a)

Cl NH,
N7 aq. NH3 NTX
I > I
Yz 80°C Yz
HzN)\N HZN)\N
2a

Figure 2.4 Synthesis of 2,4-diamino-6-isopropylpyrimidine (2a).

To a 50 mL stainless steel high pressure reaction vessels, 2-amino-4-chloro-6-
isopropylpyrimidine (5.5 mmol, 0.841 ¢) and agueous ammonia solution (30%
wt/vol,, 10 mL) were added. The mixture was stirred at 80°C until the starting
material was completely consumed. Ammonia was then removed under reduced
pressure, and the solid was filtered and allowed to dry, affording compound 2a as a
pale-yellow solid (0.574 g, 77%). 'H NMR (400 MHz, DMSO-d) & (ppm): 1.21 (d, 6H),
2.75 (m, 1H), 5.88 (s, 1H), 7.55 (brs, 2H), 7.95 (brs, 2H); *C NMR (100 MHz, DMSO-d,) &
(ppm): 20.2, 31.3, 92.5, 156.6, 161.5, 165.3. MS (MALDI-TOF): m/z calculated for
C;HoNg 152106 [M*], found 152.588. 'H and ®C NMR data are consistent with

literature.®
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2.7 Synthesis of 2-Amino-4-chloro-6-trifluoromethylpyrimidine

. CO4%~ 0 cl
NH o O EtOH POCI5, EtsN
ol AR ey e
H,N NH, Fs;C O/\ reflux )\\ | MeCN, reflux )l\ _
H,NT N7 CF

3 H2N N CF3
Figure 2.5 Synthesis of 2-amino-4-chloro-6-trifluoromethylpyrimidine.

Guanidine carbonate (24 mmol, 4.324 ¢) and ethyl-4,4,4-trifluoroacetoacetate
(20 mmol, 3.682 g) were dissolved in ethanol (20 mL). The mixture was refluxed for
48 hours. The solvent was evaporated and ethanol (10 mL) was further added. The
white solid was filtered off. The solution was then concentrated and purified by flash
column chromatography on silica gel (50% methanol in ethyl acetate) to afford 2-
amino-6-trifluoromethyl-4(3H)-pyrimidinone as a white solid (3.538 g). Acetonitrile
(20 mL) was then added to dissolve the solid, followed by triethylamine (30 mmol,
3.421 g). Phosphoryl chloride (7 mL) was then added dropwise to the mixture. The
reaction mixture was further refluxed until starting material was completely
consumed monitored as by TLC. The solvent was removed under reduced pressure.
The residue was gradually transferred into cold saturated sodium hydrogen
carbonate solution to destroy the excess POCl;. The yellow solid was filtered with
suction and washed with cold water and allowed to dry, affording the title
compound (3.859 g, 98% yield). '"H NMR (400 MHz, DMSO-dy) & (ppm): 7.11 (s, 1H),
7.76 (brs, 2H); °C NMR (100 MHz, DMSO-dj,) & (ppm): 104.7 (q, *Jer = 2.9 Hz), 120.1 (q,
Yer = 276.2 Hz), 156.6 (q, 2Jer = 34.9 Hz), 162.4, 163.4; F NMR (377 MHz, DMSO-d,) O
(ppm): —69.4. MS (MALDI-TOF): m/z calculated for CsHsN;ClF5 196.997 [M'], found
197.673. 'H and >C NMR data are consistent with literature.”*
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2.8 Synthesis of 2,4-Diamino-6-trifluoromethylpyrimidine (4a)

Cl NH,
. NH
I 80°C I
— ~
HZNJ\N CF,4 HZNJ\N CF;
4a

Figure 2.6 Synthesis of 2,4-diamino-6-trifluoromethylpyrimidine (4a).

To a 50 mL glass pressure tube, 2-amino-d-chloro-6-trifluoromethylpyrimidine
(19.5 mmol, 3.859 g) and ammonia solution (30% wt/vol., 20 mL) were added. The
mixture was stirred at 80°C until the starting material was completely consumed. The
excess ammonia was then removed under reduced pressure, and the residual solid
was filtered, wash with water and allowed to dry, affording compound 4a as a pale-
yellow solid (3.079 g, 89%). 'H NMR (400 MHz, DMSO-dy) & (ppm): 6.05 (s, 1H), 6.43
(brs, 2H), 6.86 (brs, 2H); *C NMR (100 MHz, DMSO-d,) & (ppm): 90.9 (g, *Jer = 3.4 Hz),
121.2 (q, Yer = 2745 Hz), 153.7 (q, s = 32.8 Hz), 163.7, 165.0; F NMR (377 MHz,
DMSO-d,) & (ppm): =70.0. MS (MALDI-TOF): m/z calculated for CsHsNgF5 178.047 [M'],
found 178.625. HRMS (ESI-QTOF): m/z calculated for CsHsN4F5 179.0545 [M-H'], found
179.0538.
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2.9 Synthesis of 2,4-Diamino-6-ehthyl-5-pyrimidyl Hydrogen Sulfate (1b)

NH, NH,

NH,4)2S20g, 3 M NaOH
N)ﬁ\/ (NH4);8,05, 3 M Na N OSOsH
| room temp., overnight |
Z Z
HZN)\N HZN)\N
1a 1b

Figure 2.7 Synthesis of 2,4-diamino-6-ehthyl-5-pyrimidyl hydrogen sulfate (1b).

To a 25 mL round-bottom flask immersed in an ice bath, 2,4-diamino-6-
ethylpyrimidine (1a, 3.0 mmol, 0.414 ¢) was dissolved in 3 M sodium hydroxide
(7.50 mL). Ammonium persulfate (3.3 mmol, 0.753 g) was gradually added and the
mixture was stirred at room temperature overnight. The reaction mixture was then
cooled down to 0°C and acidified with concentrated hydrochloric acid. The yellow
precipitate was filtered with suction and allowed to dry, affording compound 1b
(0.457 g, 65% yield). "H NMR (400 MHz, DMSO-d,) & (ppm): 1.15 (t, 3H), 2.62 (g, 2H),
7,19, (brs, 1H), 7.29 (brs, 2H), 8.34 (brs, 1H), 11,79 (br, 1H); °C NMR (100 MHz, DMSO-
dg) O (ppm): 11.6, 20.6, 123.2, 148.8, 153.0, 161.5.
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2.10 Synthesis of 2,4-Diamino-6-isopropyl-5-pyrimidinyl Hydrogen Sulfate (2b)

NH, NH,
NTX (NH4)2S20g, 3 M NaOH N7 OSO3H
)l\ Yz room temp., overnight )l\ =
H2N N H2N N
2a 2b

Figure 2.8 Synthesis of 2,4-diamino-6-isopropyl-5-pyrimidinyl hydrogen sulfate (2b).

To a 25 mL round-bottom flask immersed in an ice bath, 2,4-diamino-6-
isopropylpyrimidine (2a, 3.0 mmol, 0.456 ¢) was dissolved in 3 M sodium hydroxide
(7.50 mL). Ammonium persulfate (3.3 mmol, 0.753 g) was gradually added and the
mixture was stirred at room temperature overnight. The reaction mixture was then
cooled down to 0°C and acidified with concentrated hydrochloric acid. The pale-
yellow precipitate was filtered with suction and allowed to dry, affording compound
2b (0.498 g, 67% yield). "H NMR (400 MHz, DMSO-d,) & (ppm): 1.18 (d, 6H), 3.43 (m,
1H), 7.23 (pbrs, 1H), 7.31 (brs, 2H), 8.39 (brs, 1H), 11.57 (br, 1H); “C NMR (100 MHz,
DMSO-d,) O (ppm): 19.5, 25.9, 92.7, 122.2, 153.4, 161.8.
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2.11 Synthesis of 2,4-diamino-5-pyrimidinyl Hydrogen Sulfate (3b)

NH NH,
NH4)>S,0g, 3 M NaOH
N)j (NH4)2S208 a NTX OSO3H
| room temp., overnight |
= —
HzN)\N HZNJ\N
3a 3b

Figure 2.9 Synthesis of 2,4-diamino-5-pyrimidinyl hydrogen sulfate (3b).

To a 25 mL round-bottom flask immersed in an ice bath, 2,4-
diaminopyrimidine (3a, 3.0 mmol, 0.330 g) was dissolved in 3 M sodium hydroxide
(7.50 mL). Ammonium persulfate (3.3 mmol, 0.753 ¢) was gradually added and the
mixture was stirred at room temperature overnight. The reaction mixture was then
cooled down to 0°C and acidified with concentrated hydrochloric acid. The pale-
yellow precipitate was filtered with suction and allowed to dry, affording compound
3b (0.357 g, 58% yield). 'H NMR (400 MHz, DMSO-d,) & (ppm): 7.47 (brs, 2H), 7.65 (brs,
1H), 7.67 (s, 1H), 8.38 (brs, 1H), 11.44 (br, 1H); *C NMR (100 MHz, DMSO-dy) & (ppm):
126.2, 130.6, 162.6, 160.7.
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2.12 Synthesis of 2,4-Diamino-5-hydroxy-6-ethylpyrimidine (1c)

NH, NH,
N)\IojosH conc. HCI NN OH
| |
pZ pZ
HZNJ\N HZNJ\N
1b 1c

Figure 2.10 Synthesis of 2,4-diamino-5-hydroxy-6-ethylpyrimidine (1c).

To a 10 mL round-bottom flask, 2,4-diamino-6-ethyl-5-pyrimidinyl hydrogen
sulfate (1b, 0.457 g, 1.95 mmol) was dissolved in concentrated hydrochloric acid (5.0
mL). The reaction mixture was refluxed at 100°C for 1 hour. The mixture was
neutralized with sodium hydrogen carbonate and a few drops of ammonia solution
until pH 7. The brown precipitate was filtered and allow to dry, affording compound
1c (0.243 g, 81% vyield). "H NMR (400 MHz, DMSO-d,) & (ppm): 1.11 (t, 3H), 2.48 (q,
2H), 6.21 (brs, 2H), 6.92 (brs, 2H); *C NMR (100 MHz, DMSO-d,) O (ppm): 12.1, 22.0,
125.3, 147.3, 154.7, 158.8. MS (MALDI-TOF): m/z calculated for C4H;oN,O 154.086 [M*],
found 154.594.
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2.13 Synthesis of 2,4-Diamino-5-hydroxy-6-isopropylpyrimidine (2c)

NH> NH>

NTX OSO3H conc. HCI NTX OH
HzN)l\N/ HzN)l\N/
2b 2c

Figure 2.11 Synthesis of 2,4-diamino-5-hydroxy-6-isopropylpyrimidine (2c).

To a 10 mL round-bottom flask, 2,4-diamino-6-isopropyl-5-pyrimidinyl
hydrogen sulfate (2b, 0.498 ¢, 2.0 mmol) was dissolved in concentrated hydrochloric
acid (5.0 mL). The reaction mixture was refluxed at 100°C for 1 hour. The mixture was
neutralized with sodium hydrogen carbonate and a few drops of ammonia solution
until pH 7. The brown precipitate was filtered and allow to dry, affording compound
2c (0.291 g, 86% yield). "H NMR (400 MHz, DMSO-dy) & (ppm): 1.14 (d, 6H), 3.28 (m,
1H), 6.62 (br, 2H), 7.22 (br, 2H); C NMR (100 MHz, DMSO-d,) & (ppm): 20.2, 26.1,
124.1, 154.5, 159.5. MS (MALDI-TOF): m/z calculated for C;H;,N4O 168.101 [M*], found
168.627.
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2.14 Synthesis of 2,4-Diamino-5-hydroxypyrimidine (3c)

NH, NH,

N )TOSOSH conc. HCI N )TOH
| |
Pz pZ
H2N)\N HzN)\N
3b 3c

Figure 2.12 Synthesis of 2,4-diamino-5-hydroxypyrimidine (3c).

To a 10 mL round-bottom flask, 2,4-diamino-5-pyrimidinyl hydrogen sulfate
(3b, 0.498 g, 2.0 mmol) was dissolved in concentrated hydrochloric acid (5.0 mL). The
reaction mixture was refluxed at 100°C for 1 hour. The mixture was neutralized with
sodium hydrogen carbonate and a few drops of ammonia solution until pH 7.
The brown precipitate was filtered and allow to dry, affording compound 3c (0.163 g,
75% yield). 'H NMR (400 MHz, DMSO-ds) & (ppm): 7.09 (s, 2H), 7.26 (s, 1H), 7.85 (brs,
2H); >C NMR (100 MHz, DMSO-d,) & (ppm): 122.1, 129.9, 152.4, 159.6. MS (MALDI-
TOF): m/z calculated for C4H¢N,O 126.054 [M], found 126.461.
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2.15 General Procedure for Boyland-Sims Oxidation of 2,4-Diamino-6-
ethylpyrimidine (1a)

To a round-bottom flask containing 2,4-diamino-6-ethylpyrimidine (1a, 13.8
mg, 0.10 mmol) and the specified amount of ammonium persulfate, solvents were
added. The mixture was stired at room temperature overnight. After solvent
removal, 1,3,5-trimethoxybenzene (5.5 mg, 0.03 mmol) was added to the residue as
an internal standard. The residue was dissolved in DMSO-ds, and the yields of the
2,4-diamino-6-ethyl-5-pyrimidinyl hydrogen sulfate (1b) were determined by 'H NMR.
The isolated pyrimidinyl hydrogen sulfate (1b, 23.4 mg, 0.10 mmol) was dissolved in
concentrated hydrochloric acid (300 pL) in a round-bottom flask to perform
hydrolysis reaction. The mixture was refluxed at 100°C for 1 hour. After solvent
removal, 1,3,5-trimethoxybenzene (5.5 mg, 0.03 mmol) was added to the residue as
an internal standard. The residue was dissolved in DMSO-d,, and the vyields of the
2,4-diamino-5-hydroxy-6-ethylpyrimidine (1c) were determined by 'H NMR.

2.16 Synthesis of Phthaloyl Peroxide

O 0]

CI N82003'1.5H202 O

Cl CH,Cl, 0]

) @)

Figure 2.13 Synthesis of phthaloyl peroxide.

To a solution of phthaloyl dichloride (1.015 g, 5 mmol) in dichloromethane (15
mL), sodium percarbonate (1.178 g, 7.5 mmol) was added. The mixture was stirred
vigorously at room temperature for 3 hours. The reaction mixture was filtered
through Celite and concentrated to afford the title compound as a white solid (0.343
g, 42%). 'H NMR (400 MHz, CDCls) & (ppm): 8.03 (dd, J = 5.7, 3.3 Hz, 2H), 8.29 (dd, J =
5.7, 3.3 Hz, 2H); °C NMR (100 MHz, CDCly) 8 (ppm): 123.7, 130.2, 136.4, 162.0. 'H and

>C NMR data are consistent with literature.®



26

2.17 Synthesis of p-Nitrobenzoyl Peroxide

NO
o o \H/©/ 2
1. H2 2, ether
.0
/©)J\ T oNaoH /©)J\O I
O,N

Figure 2.14 Synthesis of p-nitrobenzoyl peroxide.

To a cold solution of p-nitrobenzoyl chloride (1.8556 g, 10 mmol) in diethyl
ether, hydrogen peroxide (665 pL, 30% wt. in H,0, 5.85 mmol) was added dropwise
over 10 minutes, followed by 5 M NaOH (5 mL) over 20 minutes. The white
precipitate was filtered with suction and washed with water. The solid was
recrystallized from hot toluene, affording the title compound as a pale-yellow solid
(1.362 g, 82%). "H NMR (400 MHz, CDCls) & (ppm): 8.28 (d, J = 8.7 Hz, 2H), 8.40 (d, J =
8.7 Hz, 2H); >C NMR (100 MHz, CDCls) & (ppm): 124.1, 130.6, 131.1, 151.4, 161.1. 'H

and >C NMR data are consistent with literature.*
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2.18 Synthesis of 2,4-Diamino-6-trifluoromethylpyrimidine-3-N-oxide (4d)

NH, NH,

1) Phthaloyl peroxide, TFE _o +
N™ TNTY
)I\ P 2) K,CO3, MeOH, H,0 )I\ _
H,N~ "N” “CF,4 H,N™ "N~ “CF,
4a 4d

Figure 2.15 Synthesis of 2,4-diamino-6-trifluoromethylpyrimidine-3-N-oxide (4d).

A suspension of 2,4-diamino-6-trifluoromethylpyrimidine (4a, 0.249 ¢. 1.4
mmol) and phthaloyl peroxide (0.345 ¢, 2.1 mmol) in trifluoroethanol (2 mL) was
heated to 50°C and stirred under N, atmosphere for 8 hours. After the solvent was
removed under reduced pressure, the residue was dissolved in methanol solution
(5.5 mL, 75% vol. in water), follow by addition of potassium carbonate (0.774 ¢, 5.6
mmol). The reaction mixture was stirred at room temperature for 12 hours. The
mixture was extracted with ethyl acetate (3x10 mL). The organic layer was washed
with brine and dried over magnesium sulfate. After the solvent was removed, the
crude mixture was purified by column chromatography using 10% methanol in
dichloromethane as eluent, affording compound 4d as a pale-yellow solid (0.124 g,
46%, Ri = 0.21, 5% methanol in dichloromethane). 'H NMR (400 MHz, DMSO-d;) &
(ppm): 6.50 (s, 1H), 7.74 (br, 4H); >C NMR (100 MHz, DMSO-dy) & (ppm): 91.1 (q, *Jecr =
3.3 Hz), 121.0 (q, Yer = 273.9 Hz), 139.8 (q, “Jcr = 35.2 Hz), 152.5, 153.9; “°F NMR (377
MHz, DMSO-dg) & (ppm): -68.7. HRMS (ESI-QTOF): m/z calculated for CsHgN,OF5
195.0488 [M-H'], found 195.0486.



28

2.19 Synthesis of 2,4-Diamino-5-chloro-6-trifluoromethylpyrimidine (4e)

NH>
1) Phthaloyl peroxide, HOAc
N/ifiL\ R AOH NG
| 2) sat. NaHCOj3 (aq), MeOH | |
_ _ _
A HZN/L\N CF, H, A

N~ N” CF,

4a 4c 4e
(not obtained)

Figure 2.16 Synthesis of 2,4-diamino-5-chloro-6-trifluoromethylpyrimidine (4e).

A suspension of 2,4-diamino-6-trifluoromethylpyrimidine (4a, 0.365 g. 2.0
mmol) and phthaloyl peroxide (0.492 g, 3.0 mmol) in acetic acid (6 mL) was heated
to 50°C and stirred for 8 hours. After acetic acid was removed under reduced
pressure, methanol (6 mL) and saturated solution of sodium hydrogen carbonate (2
mL) were added. The reaction mixture was stirred further for 12 hours. The mixture
was extracted with ethyl acetate (3x15 mL). The organic layer was dried over
magnesium sulfate. After solvent removal, the crude mixture was purified by column
chromatography using 5% methanol in dichloromethane as eluent, resulting as a
pale-yellow solid of by-product d4e (0.070 g, 18%, Rf = 0.38, 5% methanol in
dichloromethane) instead of the desired product 4c. 'H NMR (400 MHz, DMSO-dy) O
(ppm): 6.63 (s, 2H), 7.21 (br, 2H); *C NMR (100 MHz, DMSO-d,) & (ppm): 97.6, 120.8 (g,
Yer = 277.6 Hz), 148.8 (g, Yer = 32.4 Hz), 160.8, 161.4; "’F NMR (377 MHz, DMSO-d)
O (ppm): —66.2. HRMS (ESI-QTOF): m/z calculated for CsHsN4CIF5 213.0149 [M-H'],
found 213.0143.
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2.20 Synthesis of 2,4-Diamino-5-bromo-6-trifluoromethylpyrimidine (4f)

NH, NH, NH»
N)ﬁ\ 1) NaOAc, Br, N N)jOH . N)iBr
HzN)l\N/ CF3 7 et Moot HzN)l\N/ CF3 HzN)l\N/ CF3
4a 4c 4f

(not obtained)

Figure 2.17 Synthesis of 2,4-diamino-5-bromo-6-trifluoromethylpyrimidine (4f).

To a flask containing 2,4-diamino-6-trifluoromethylpyrimidine (4a, 0.178 g, 1.0
mmol), dichloromethane (1 mL) was added, followed by sodium acetate (0.279 g, 3.4
mmol) and liquid bromine (52 pL, 1.0 mmol) at 0°C. The reaction mixture was slowly
warmed to room temperature and stirred for 8 hours. After the solvent was
removed, methanol (3 mL) and a saturated solution of sodium hydrogen carbonate
(1 mL) were added. The reaction mixture was stirred further for 12 hours. The
mixture was extracted with ethyl acetate (3x10 mL). The organic layer was dried over
magnesium sulfate. After solvent removal, the crude mixture was purified by column
chromatography wusing 5% methanol in dichloromethane as eluent, affording
compound 4f as a pale-yellow solid (0.276 g, 93%, R; = 0.42, 5% methanol in
dichloromethane) instead of the desired product 4c. 'H NMR (400 MHz, DMSO-dy) O
(ppm): 6.66 (s, 2H), 7.12 (br, 2H); >C NMR (100 MHz, DMSO-dy) & (ppm): 85.5, 120.8 (q,
Yer = 279.4 Hz), 150.9 (q, Yer = 32.6 Hz), 161.3, 162.2; *’F NMR (377 MHz, DMSO-d)
O (ppm): —66.1. HRMS (ESI-QTOF): m/z calculated for CsHsN4BrFs 256.9644 [M-H'],
found 256.9648.
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2.21 Synthesis of 2,4-Diamino-5-iodo-6-trifluoromethylpyrimidine (4g)

NH»>
1) p-nitrobenzoyl peroxide, I,, MeCN OH I
NI X NI X + NI X
2) sat. NaHCOj3; (aq), MeOH
7 7 7
A AN oFs TN
4c

(not obtained)

Figure 2.18 Synthesis of 2,4-diamino-5-iodo-6-trifluoromethylpyrimidine (4g).

A suspension of 2,d-diamino-6-trifluoromethylpyrimidine (4a, 0.178 ¢, 1.0
mmol), p-nitrobenzoyl peroxide (0.498 ¢, 1.5 mmol), and iodine (0.076 g, 0.3 mmol)
in acetonitrile (10 mL) was heated to 90°C and stirred for 8 hours. After acetronitrile
was removed under reduced pressure, methanol (3 mL) and a saturated solution of
sodium hydrogen carbonate (1 mL) were added. The reaction mixture was stirred
further for 12 hours. The mixture was extracted with ethyl acetate (3x10 mL). The
organic layer was dried over magnesium sulfate. After solvent removal, the crude
mixture was purified by column chromatography using 5% methanol in
dichloromethane as eluent, affording compound 4g as a yellow solid (0.188 ¢, 62%,
Re = 0.49, 5% methanol in dichloromethane) instead of the desired product 4c. 'H
NMR (400 MHz, DMSO-dy) & (ppm): 6.59 (s, 2H), 6.97 (br, 2H); C NMR (100 MHz,
DMSO-d,) & (ppm): 56.6, 121.0 (g, Yer = 279.4 Hz), 154.9 (q, “Jcr = 31.8 Hz), 162.2,
164.6; F NMR (377 MHz, DMSO-d,) & (ppm): =65.8. HRMS (ESI-QTOF): m/z calculated
for CsHsNgIF5 304.9506 [M-H'], found 304.9492.
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2.22 General Procedure for Oxidation of 2,4-Diamino-6-
trifluoromethylpyrimidine

To a vial containing 2,4-diamino-6-trifluoromethylpyrimidine (4a, 8.9 mg, 0.050
mmol), different oxidants, additives and solvents were added. The mixture was
stirred at various temperatures and durations. After solvent removal, the residue was
hydrolyzed with a mixture of methanol and saturated solution of sodium hydrogen
carbonate. The mixture was stirred at room temperature for 8 hours. After solvent
evaporation, trifluoroacetamide (5.7 mg, 1.0 equiv., 0.050 mmol) or trifluorotoluene
(7.3 mg, 1.0 equiv.,, 0.050 mmol) were added to the crude mixture as internal
standards followed by DMSO-d;. The yields of the product(s) were determined by "“F
NMR.

2.23 General Procedure for Reduction of N-Oxides

To a 2 mL glass vial containing 2,4-diamino-6-trifluoromethylpyrimidine (4a,
8.9 mg, 0.050 mmol) and phthaloyl peroxide (24.6 mg, 0.150 mmol), aqueous acetic
acid (HOAc:H,O = 2:1 ,150 pL) was added. The reaction was stirred at room
temperature for 8 hours. After solvent removal, the residual crude product was
heated with phenylboronic acid (0.15 or 0.25 mmol) in dichloroethane (150 pL) or
zinc dust (0.10 mmol), and ammonium formate (0.15 mmol) in methanol (150 uL) for
8 hours. After the solvent was evaporated, trifluorotoluene (7.3 mg, 1.0 equiv., 0.050
mmol) was added to the residual crude as internal standard followed by DMSO-d.

The yields of the product(s) were determined by *F NMR.
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2.24 General Procedure for Reaction of Halogenated 2,4-Diamino-6-
trifluoromethylpydimidine with Tetrabutylamsnmonium Hydroxide

To a solution of 2,4-diamino-5-chloro-6-trifluoromethylpydimidine (4e, 10.6
mg, 0.05 mmol), 2,4-diamino-5-bromo-6-trifluoromethylpydimidine (4f, 12.9 mg, 0.05
mmol), or 2,4-diamino-5-iodo-6-trifluoromethylpydimidine (4g, 15.2 mg, 0.05 mmol)
in dimethylformamide (150 plL), aqueous tetrabutylammonium hydroxide solution
(97 pL, 0.15 mmol) was added. The reaction mixture was heated to 150°C for 8
hours. After the solvent was evaporated, trifluorotoluene (7.3 mg, 1.0 equiv., 0.050
mmol) was added to the residual crude as internal standard followed by DMSO-d.

The yields of the product(s) were determined by *F NMR.



CHAPTER IlI
RESULTS AND DISCUSSION

3.1 Boyland-Sims Oxidation of 2,4-Diaminopyrimidines

Boyland-Sims oxidation of 2,4-diaminopyrimidines consists of two steps.
Firstly, the pyrimidine substrate reacts with a persulfate anion under basic conditions
to generate a pyrimidinyl hydrogen sulfate intermediate. The hydrogen sulfate group

will be converted to a hydroxy group by acid hydrolysis (Figure 3.1).

NH, NH, NH,

N7 (NHy4)28,0g, NaOH‘ N7 OSOzH H* N7 OH
P LIANS M

H,N” N7 R H,NT N7 R H,N” N7 R

Figure 3.1 The two steps of Boyland-Sims oxidation of 2,4-diaminopyrimidines.

To study the Boyland-Sims oxidation of 2,4-diaminopyrimidines, 2,4-diamino-
6-ethylpyrimidine (1a) was chosen as a model substrate. The model compound was
successfully synthesized in three steps starting from guanidine carbonate and methyl
propionylacetate using the reported conditions from literature® and was obtained in
62% overall yield. The white solid initially obtained from cyclo-condensation
between the two starting materials was the corresponding 2-amino-6-ethyl-4(3H)-
pyrimidinone. The solid was converted to the corresponding 4-chlorinated 2-
aminopyrimidine intermediate by treating with phosphoryl chloride (POCLs). Then the
chloro group was converted to an amino group by heating with aqueous ammonia
solution under high pressure, resulting in 2,4-diamino-6-ethylpyrimidine (1a) as a

pale-yellow solid (Figure 3.2).
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white solid
Cl NH,
POCI .NH
—3> N™ X L, N)i/
I 80°C I
reflux — 7
H,oN N HZNJ\N
pale-yellow solid 1a, 62%

pale-yellow solid

Figure 3.2 Synthetic route of 2,4-diamino-6-ethylpyrimidine (1a).

To investigate the parameters that affect the Boyland-Sims oxidation and to
optimize the conditions, the reactions were performed at 0.10 mmol scale of 2,4-
diamino-6-ethylpyrimidine (1a) with various parameters including: equivalents of
ammonium persulfate, types and concentrations of base, and volumes of solvents.
All reactions were performed overnight (ca 15 hours) at room temperature (ca 30°C).
Then, the yields of the pyrimidinyl hydrogen sulfate were calculated using *H NMR
spectroscopy compared to an internal standard (1,3,5-trimethoxybenzene, 0.03
mmol) added to the residue after solvent removal prior to the addition of DMSO-d.
The signals at 3.70 and 6.09 ppm from the methoxy group and aromatic protons of
the internal standard were used as references. The yield was calculated by
integrating the signal at 1.15 ppm from the methyl group of 2,4-diamino-6-ethyl-5-
pyrimidinyl hydrogen sulfate (1b) (Figure 3.3a). The authentic compound 1b was
spiked into the solution to confirm the identity of the desired product (Figure 3.3b).
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Figure 3.3 '"H  NMR spectra of the crude reaction mixture and 1,3,5-

trimethoxybenzene as an internal standard before (a) and after (b) spiking of 2,4-

diamino-6-ethyl-5-pyrimidinyl hydrogen sulfate (1b).

3.1.1 Effect of Equivalent of Ammonium Persulfate

The model compound, 2,4-diamino-6-ethylpyrimidine (1a), was allowed to
react with various equivalents of ammonium persulfate in 3 M sodium hydroxide
solution as summarized in Table 3.1. The NMR vyield of 2,4-diamino-6-ethyl-5-
pyrimidinyl hydrogen sulfate (1b) from the previously reported conditions® using 1.5
equivalents of ammonium persulfate in 300 pL of 3 M NaOH was 35% as determined
based on the internal standard (entry 3). Too high amounts of the oxidant negatively
affected the yield of the product. When the amount of ammonium persulfate was
increased to 2.0 and 3.0 equivalents, the yield of the pyrimidinyl hydrogen sulfate 1b
significantly dropped to 25% and 10%, respectively (entries 4-5). This might be due
to the formation of N-oxide species which could not dissolve in deuterated dimethyl
sulfoxide. The N-oxide species could possibly be generated by the attack of nitrogen

atom on the pyrimidine ring to the oxygen atom of persulfate anion. Additionally, the
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N-oxide species are often found in the oxidation of pyrimidines using organic
peroxides as oxidants.*’

On the other hand, lowering the amount of ammonium persulfate to 1.1
equivalents raised the yield to 49% (entry 2). However, when the amount of the
oxidant was further reduced to 1.0 equivalent, the yield of the product was slightly

decreased (entry 1).

Table 3.1 Boyland-Sims oxidation of 2,4-diamino-6-ethylpyrimidine (1a) with various

equivalents of ammonium persulfate.

NH NH,
N)j\/ (NH4)2S,05, 3 M NaOH N)\IojOSH
HZN)I\N/ room temp., overnight HZN)I\N/
1a 1b
equiv. of Concentration Volume of Conversion Yield
Entry (NH,),S,04 of base (M) base (uL) (%)° (%)°
1 1.0 3 300 100 a5
2 1.1 3 300 100 49
3 1.5 3 300 100 35
a4 2.0 3 300 100 25
5 3.0 3 300 100 10

*Yields and conversions were determined by 'H NMR spectroscopy with 1,3,5-

trimethoxybenzene as internal standard.

3.1.2 Effect of Concentration and Type of Base
The reactions of the model compound 1a with 1.5 equivalents of ammonium
persulfate were performed in various volumes of solvent and concentrations of
sodium hydroxide solution as summarized in Table 3.2. Lowering the volume of
solvent did not significantly affect the yields of the pyrimidinyl hydrogen sulfate
product 1b (entries 1-3) comparing to the reaction under standard conditions

(entry 4). Increasing volume of solvent might improve the solubility of the pyrimidine
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substrate and led to higher yield of the desired product (entries 5-6). When the
concentration of sodium hydroxide was reduced to 2 M, the substrate might be more
soluble. The yield was higher than the reaction performed under standard conditions
but not very significant (entry 7). However, the higher concentration of sodium
hydroxide decreased solubility of the substrate. Even though the starting material
was not completely consumed, the yield of the desired product was increased to
45% (entry 8).

In addition, the type of base was also varied. With the same concentration,
reaction in lithium hydroxide solution, a lower yield of the pyrimidinyl hydrogen
sulfate 1b was obtained compared to the reaction in sodium hydroxide solution
(entry 9). The yield of the desired product sharply increased to 47% when potassium
hydroxide was used, but the substrate was poorly soluble in aqueous potassium
hydroxide solution and led to incomplete consumption of the starting material (entry
10). The yield of the product significantly dropped to 22% when the reaction was
performed in higher concentration of potassium hydroxide (entry 11).

The reactions were also performed with 1.1 equivalents of ammonium
persulfate as this amount of the oxidant gave the highest yield of the desired
product. The reactions gave lower yields of the pyrimidinyl hydrogen sulfate 1b
compared with the reaction under standard conditions since the high concentration
of bases decreased the solubility of the starting material. The yields of the product
were observed at 31% in 5 M sodium hydroxide solution and 15% in 5 M potassium
hydroxide solution. The starting material was not completely consumed in both

reactions (entries 12-13).
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Table 3.2 Variation of concentrations and bases for Boyland-Sims oxidation of 2,4-

diamino-6-ethylpyrimidine (1a).

NH, NH>
N)ﬁ\/ 1.5 equiv. (NH4),S,04, base N)\Ioj%H

HzN)I\N/ room temp., overnight HzN)I\N/

1a 1b

Concentration Volume of Conversion Yield
Entry Base
of base (M) base (uL) (%)° (%)°

1 3 100 NaOH 100 36
2 3 150 NaOH 100 36
3 3 200 NaOH 100 37
4 3 300 NaOH 100 35
5 3 400 NaOH 100 40
6 3 500 NaOH 100 42
7 2 300 NaOH 100 a0
8 5 300 NaOH 96 a5
9 3 300 LiOH 100 32
10 3 300 KOH 89 a7
11 5 300 KOH 72 22
12° 5 300 NaOH 85 31
13° 5 300 KOH 65 15

%Yields and conversions were determined by 'H NMR spectroscopy with 1,3,5-

trimethoxybenzene as internal standard. °1.1 equivalents of ammonium persulfate.

3.1.3 Hydrolysis of 2,4-Diamino-6-ethyl-5-pyrimidinyl Hydrogen Sulfate
The hydrogen sulfate intermediate, 2,4-diamino-6-ethyl-5-pyrimidinyl
hydrogen sulfate (1b), was refluxed with concentrated hydrochloric acid for 1 hour to
afford 2,4-diamino-5-hydroxy-6-ethylpyrimidine (1c). The reaction was performed at
0.10 mmol scale of the starting material. The yield of the final hydroxypyrimidine

product 1c was determined by "H NMR spectroscopy using 1,3,5-trimethoxybenzene
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as an internal standard. The NMR yield of compound 1c was 96% and the starting

material 1b was completely consumed (Figure 3.4), indicating a practically

quantitative hydrolysis reaction.
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Figure 3.4 'H NMR spectra of (a) the reaction mixture of the pyrimidinyl hydrogen

sulfate 1b before hydrolysis and (b) the hydroxypyrimidine 1c from hydrolysis and

1,3,5-trimethoxybenzene as an internal standard.

The hydrolysis process was also reproduced at preparative scale (1.0 mmol)

of the starting material 1b. The hydroxypyrimidine 1c was obtained in 81% isolated

yield as a brown solid. It should be noted that some loss of the product was

inevitable due to partial solubility of 1c in water.
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3.1.4 Substrate Scope

The Boyland-Sims oxidation of 2,4-diamino-6-ethylpyrimidine (1a) was
reproduced at a larger scale (3.0 mmol) employing the condition that gave the
highest yield (Table 3.1 entry 2, 1.1 equivalents of ammonium persulfate in 3 M
sodium hydroxide solution). The pyrimidinyl hydrogen sulfate 1b was obtained in
65% as a pale-yellow solid. The hydrolysis of compound 1b gave the product 1c in
81%. The overall yield was 53% which was higher than the yield obtained from the
reaction under the previously reported conditions (35%).%

The conditions were also applied to the derivatives of 2,4-diaminopyrimidines
with different substituents at C-6 position. 2,4-Diaminopyrimidine (3a) and 2,4-
diamino-6-chloropyrimidine (5a) were purchased from the commercial sources and
were used without further purification. 2,4-Diamino-6-isopropylpyrimidine (2a) was
synthesized in a similar fashion to 2,4-diamino-6-ethylpyrimidine (1a) starting from
guanidine carbonate and ethyl isobutyrylacetate under the previously reported
conditions.”® The pale-yellow solid of the pyrimidine 2a was obtained in 19% overall

yield (Figure 3.5).

white solid

Cl NH,
POC|3 N AN aq. NH3 N X
_— = —_—
| . |
— 80°C —
reflux HzN)\N HzN)\N

pale-yellow solid 2a,19%
pale-yellow solid

Figure 3.5 Synthetic route of 2,4-diamino-6-isopropylpyrimidine (2a).

2,4-Diamino-6-trifluoromethylpyrimidine  (4a) was  also  successfully

synthesized starting from guanidine carbonate and ethyl-4,4,4-trifluoroacetoacetate.
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The synthesis procedure to prepare the pyrimidine 4a was modified since the
trifluoromethyl group is an electron withdrawing group and increases the lipophilicity.
The electron withdrawing effect of the trifluoromethyl group also facilitates the
substitution of the 4-chloropyrimidine intermediate with ammonia under relatively
mild conditions. The product 4a was obtained as a pale-yellow solid in 82% overall

yield (Figure 3.6).

N Cos™ O 0 i
NH EtOH
)J\ ° ¥ )J\/U\ N HN |
H,N~ “NH, F3C 0 reflux )\\
2 H,N N CF3
white solid
Cl NH,
POCIg, EtzN .NH
#, N L» N~
MeCN, reflux | . 80°C )I\ _
HoN N CF3 H5N N CF3

yellow solid 4a, 87%
pale-yellow solid

Figure 3.6 Synthetic route of 2,4-diamino-6-trifluoromethylpyrimidine (4a).

The 2,4-diaminopyrimines (2a-5a) were oxidized in order to afford the
corresponding hydroxypyrimidine products using the same conditions that was
optimized for the oxidation of 2,4-diamino-6-ethylpyrimidine (1a) as summarized in
Table 3.3. 2,4-Diamino-5-hydroxy-6-isopropylpyrimidine  (2c) was  successfully
obtained in 58% overall yield as a brown solid. The yield of 2,4-diamino-5-
hydroxypyrimidine (3c) was partially lost due to its solubility in water and was
obtained in 43% overall yield. Even though two hydrogen atoms that could
potentially be oxidized (C-5 and C-6) are present on 2,4-diaminopyrimidine (3a), the
5-hydroxypyrimidine 3¢ was regioselectively obtained in which only the C-5 position
was oxidized. Unfortunately, the two electron-deficient 2,4-diaminopyrimidines
included in this study namely 2,4-diamino-6-trifluoromethylpyrimidine (4a) and 2,4-
diamino-6-chloropyrimidine (5a) could not react to give the desired oxidation

product.



Table 3.3 Substrate scope for Boyland-Sims oxidation of 2,4-diaminopyrimidines.

NH, NH, NH,
NTX 1.1 eq. of (NH4)2S,0g, 3 M NaOH N OSO3H conc. HCI N OH
)l\ P room temperature, overnight P reflux, 1 hour )I\ P

H,N” N7 R H,N” N7 R H,N” N7 R

a b c

Isolated Yields of Isolated Yields Overall
Substrate
compound b of compound ¢ Isolated Yield
NH, NH, NH,
NN N)ﬁ/\oiom NN -OH
PR P P
~ ~ ~
H,NT N H,N” N H,N” N 5304
la 1b 1c
65% 81%
NH, NH, NH,
NN NN 0S0sH NS -OH
| | |
~ — ~
HZNJ\N HZN)\N HZN)\N
58%
2a 2b 2c
67% 86%
NH2 NH2 NH2
NN NN OSOaH NN OH
P = L
~ b ~
HoN N HoN N
H2N N 2 2 43%
3a 3b 3c
58% 75%
NH, NH, NH,
NN NN -OSO:H NN OH
)‘\ = )‘\ = )I\ Pz
H.N N CF H,oN N CF .
2 ’ ’ ’ HaN™ N™ CFs no reaction
da ab ac
[0)
0% 0%
NH> NH; NH,
NN N)\IososH NN OH
| | |
HNT N el HZN)\N cl HzN)\N/ cl ,
no reaction
5a 5b 5c
0% 0%
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3.2 Oxidation of 2,4-Diamino-6-trifluoromethylpyrimidine

Since electron-deficient  2,4-diaminopyrimidines including 2,4-diamino-6-
trifluoromethylpyrimidine (4a) and 2,4-diamino-6-chloropyrimidine (5a) could not be
oxidized by ammonium persulfate as oxidant to give the desired hydroxypyrimidines,
oxidation of electron-deficient 2,4-diaminopyrimidines was further studied with other
oxidants. 2,4-Diamino-6-trifluoromethylpyrimidine (4a) was chosen as a model
compound since the trifluoromethyl group in this fluorinated pyrimidine facilitates
reaction monitoring in a quantitative fashion using '’F NMR technique. The reactions
were performed at 0.05 mmol scale of the starting materials with various oxidants,
additives, solvents, temperature and time with the aim to afford 2,4-diamino-5-
hydroxy-6-trifluoromethylpyrimidine  (4c) (Figure 3.7). The intermal standard
(trifluoroacetamide or trifluorotoluene) was added to the crude reaction product
with the same equivalent to the starting material. Then the vyields of the product
were calculated by integrating the signal relative to the internal standard from *°F

NMR spectra.

NH, NH,
N)j oxidation conditions; N)\IOH
I I
= =
HZN)\N CF, HZN)\N CF,4
4a 4c

Figure 3.7 Oxidation of 2,4-diamino-6-trifluoromethylpyrimidine (4a) to afford 2,4-
diamino-5-hydroxy-6-trifluoromethylpyrimidine (4c).

Initially, 2,4-diamino-6-trifluoromethylpyrimidine (4a) was allowed to react
under the previously reported direct C-H oxidation of aromatic compounds using
phthaloyl peroxide.® Phthaloyl peroxide was simply prepared in one step starting
from phthaloyl dichloride and sodium percarbonate. The fluorinated pyrimidine

substrate was expected to react with phthaloyl peroxide to give the corresponding
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phthaloyl ester. The ester was subsequently hydrolyzed to afford the
hydroxypyrimidine 4c (Figure 3.8).

o

o
NH, ©f’té NH, NH,
NN o N (o) hydrolysis NN OH
A | 0 A~
7
HoN™ “N™ “CF HZN)\N/ cF, O TOH
4a

Figure 3.8 The proposed oxidation of 2,4-diamino-6-trifluoromethylpyrimidine (4a)
using phthaloyl peroxide.*

The F NMR spectrum of the crude reaction product and the internal
standard, trifluoroacetamide, showed three major signals (Figure 3.9). The singlet
signals at -75.4 and -70.0 ppm correspond to the internal standard and the starting
pyrimidine 4a, respectively. An unknown F NMR signal was also observed at -68.7
ppm. The reaction was reproduced at a larger scale of starting material (1.4 mmol) in
order to characterize the product that gave the signal at —-68.7 ppm. Instead of the
expected hydroxylation product 4c, a pale-yellow solid which was subsequently
identified as 2,4-diamino-6-trifluoromethylpyrimidine-3-N-oxide (4d) by NMR and
mass spectroscopy was isolated in 0.124 ¢ from 1.4 mmol of the starting pyrimidine.
It should be noted that the 2,4-diaminopyrimidine-3-N-oxides were previously

obtained from the oxidation of 2,4-diaminopyrimidine with organic peroxide.*”*®
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3.2.1 Boyland-Sims Oxidation of 2,4-Diamino-6-trifluoromethylpyrimidine
(4a)

Due to the failure of the Boyland-Sims oxidation of 4a under the optimized
conditions obtained from 2,4-diamino-6-ethylpyrimidine (l1a), the reaction was re-
optimized using 4a as substrate at 0.05 mmol scale using ammonium persulfate in
aqueous sodium hydroxide as oxidant. The substrate was allowed to react with the
oxidant under various conditions as summarized in Table 3.4. The reaction under
the previously reported conditions® using 1.5 equivalents of ammonium persulfate
in 150 pL of 3 M sodium hydroxide solution led to complete consumption of the
starting material (entry 1). However, a new signal of an unidentified species at -73.5
ppm was observed without any signals of the hydroxypyrimidine (4c) and the N-oxide
(4d). The signal of the desired product 4c was still not observed when the
concentration of the substrate was reduced (entry 2) or the concentration of sodium
hydroxide was increased (entry 3). Replacing sodium hydroxide with potassium
hydroxide also did not yield the hydroxypyrimidine (entry 4). As the trifluoromethyl
group increased the lipophilicity of the pyrimidine substrate, organic solvents such as
acetonitrile, acetone, dimethylformamide, and dimethyl sulfoxide were employed as
co-solvents to improve the solubility of the starting material. However, none of these
conditions yielded the desired product. It should be noted that the addition of
organic solvents might decrease the solubility of ammonium persulfate and led to
the lower conversion of the starting material (entries 5-8).

The reaction was also performed in a weaker base such as a 30% wt/vol
aqueous ammonia solution, but the result was similar (entry 9). The reaction
performed under an inert atmosphere with the aim to avoid suppression of the
radical pathway by molecular oxygen also did not yield the desired product
(entry 10). Variation of the amount of ammonium persulfate also gave no expected
product but caused decomposition of the starting material. The lower equivalents of
oxidant (1.2 equivalents) decreased the decomposition, while higher equivalents of
oxidant (2.0 equivalents) led to complete consumption of the starting material

(entries 12-13).
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Table 3.4 Oxidation of 2,4-diamino-6-trifluoromethylpyrimidine (4a) with ammonium

persulfate

NH,
N7 X 1) (NH4)2S,0g, Solvent, r.t., overnight . N7 OH
)l\ _ 2) conc. HCI. reflux )l\ _
H,N" "N~ CF,
4c

4a
no reaction
Conversion Yield
Entry Solvent
(%)° (%)°
1 3 M NaOH 96 0
2° 3 M NaOH 100 0
3 6 M NaOH 74 0
il 3 M KOH 100 0
5 6 M NaOH:MeCN = 1:1 ar 0
6 6 M NaOH:Acetone = 1:1 34 0
7 6 M NaOH:DMF = 1:1 26 0
8 6 M NaOH:DMSO = 1:1 96 0
9 NHs in H,O (30% by mass) 100 0
10° 3 M NaOH 98 0
11 3 M NaOH (1.2 equiv. of (NH4),S,0g) 87 0
12 3 M NaOH (2.0 equiv. of (NHg),S,05) 100 0

3300 uL of solvent, reaction under N, atmosphere, “ields and conversions were

determined by "’F NMR spectroscopy with trifluoroacetamide as internal standard.

The Boyland-Sims oxidation of 2,4-diamino-6-trifluoromethylpyrimidine (4a)
was reproduced in larger scale of the starting material with the aim to isolate and
identify the product. The reaction was performed at 1.00 mmol scale of the starting
material using the conditions in Table 3.4 entry 1. The pyrimidinyl hydrogen sulfate

product was not obtained after the pyrimidine substrate was treated with
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ammonium persulfate in aqueous basic solution. The reaction mixture was then
concentrated and allowed to reflux with concentrated hydrochloric acid. The
residual crude reaction product after solvent removal was dissolved in deuterium
oxide (D,0) and characterized by NMR spectroscopy. The signal of an unidentified
product was observed at -75.4 ppm in F NMR. This is the same signal was
previously observed at -73.5 ppm when the F NMR spectra was recorded in
DMSO-ds. The unidentified product gave two singlet signals in 'H NMR and four
signals in °C NMR suggesting that the pyrimidine substrate might be decomposed to

a four-carbon compound (Figure 3.10).
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Figure 3.10 NMR spectra of crude product from the oxidation of 2,4-diamino-6-
trifluoromethylpyrimidine with ammonium persulfate. (a) 'H NMR (b) *C NMR and (c)
F NMR spectra.
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3.2.2 Oxidation of 2,4-Diamino-6-trifluoromethylpyrimidine (4a) with
Various Oxidants
Since the Boyland-Sims oxidation did not successfully yield the expected
hydroxypyrimidine product 4c, various other oxidants were screened as summarized
in Table 3.5. Firstly, the reported direct C-H oxidation conditions®® using phthaloyl
peroxide as oxidant was applied. The fluorinated substrate was oxidized by phthaloyl
peroxide in trifluoroethanol (TFE) to give the N-oxide 4d in 38% without showing any
sign of the desired product 4c was not observed (entry 1). Similar results were
obtained when benzoyl peroxide and p-nitrobenzoyl peroxide were employed as
oxidants in acetic acid. The major product in both cases was the N-oxide which was
obtained in 13% and 68%, respectively (entries 2-3). p-Nitrobenzoyl peroxide bearing
the electron-withdrawal nitro group gave high yield of the N-oxide. It also showed
the highest reactivity comparing to the other peroxides. Oxidation with other organic
oxidants such as diacetoxyiodobenzene (PIDA) and [bis(trifluoroacetoxy)iodo]benzene
(PIFA) were also attempted. Although the fluorinated pyrimidine substrate was
partially consumed, the expected hydroxypyrimidine and the N-oxide were not

obtained (entries 4-5).
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Table 3.5 Oxidation of 2,4-diamino-6-trifluoromethylpyrimidine (4a) with various

oxidants
NH, NH, NH,
Nl)j 1) oxidants, solvents, 50°C., 8 h;' Nl)\/EOH . _O\ltll)j
2) sat. NaHCO3 (aq), MeOH
HZN)\N/ CF4 HZN)\N/ CF4 HZN)\N/ CFsy
4a 4c 4d
(not obtained)
Yield
Conversion
Entry Oxidant Solvent (%)°
(%)°
4c 4d
1 Phthaloyl peroxide TFE 66 0 38
2 Benzoyl peroxide HOACc 15 0 13
3 p-Nitrobenzoyl peroxide HOAC 68 0 68
4 PIDA HOAC 29 0 0
5 PIFA HOAC 74 0 0
6°¢  NaOAc (3.4 equiv.), Br, (1.0 equiv.) DCM 100 0 8
7°9 NH.OAc (3.4 equiv.), Br, (1.0 equiv.)  MeCN 78 0 0

*Yields and conversions were determined by "F NMR spectroscopy with
trifluoroacetamide as internal standard. "Reaction was set up at 0°C then left at room
temperature. “20% vyield of 2,4-diamino-5-bromo-6-trifluoromethylpyrimidine (4f).
944% vyield of 2,4-diamino-5-bromo-6-trifluoromethylpyrimidine (4f)

The reaction was also performed under the reported conditions using sodium
acetate and liquid bromine.?” The substrate was completely consumed resulting 8%
yield of the N-oxide (entry 6) and 20% of an unknown product which gave the '°F
NMR signal at —-66.1 ppm. The signal of the unknown product was increased to 44%
when replacing sodium acetate in dichloromethane with ammonium acetate in
acetonitrile, but the starting material was not completely consumed (entry 7). The
reaction was repeated in a larger scale and the unknown product was isolated as a

pale-yellow solid. It was fully characterized and identified as 2,4-diamino-5-bromo-6-
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triftuoromethylpyrimidine (4f) (Figure 3.11). It should be noted that bromination at C-
5 position was more favored since the pyrimidine ring was deactivated by electron-
withdrawal trifluoromethyl group. In addition to this, the brominated pyrimidine was
reported to be a product under these conditions in literature when 6-

chloropyrimidine was used as a starting material.*’

NH,

NH,
1) NaOAc, B K
Nl)j ) NaOAc, Br _ O\F\rll)j . Nl)\IBr
2) sat. NaHCOg3; (aq), MeOH
7 — —
A HzN)\N CF,4 HZN)\

N~ CF,4

4a 4d 4f

Figure 3.11 Reaction of 2,4-diamino-6-trifluoromethylpyrimidine with sodium acetate

and liquid bromine.

The reaction of 2,4-diamino-6-trifluoromethylpyrimidine (4a) with organic
peroxides including: phthaloyl peroxide, benzoyl peroxide, and p-nitrobenzoyl
peroxide were further attempted with the aim to afford 2,4-diamino-5-hydroxy-6-
trifluoropyrimidine (4c). Firstly, the reactions were performed using organic peroxides
in various solvents as summarized in Table 3.6. The reactions were performed at 0.05
mmol scale of the starting material 4a using 1.5 equivalents of organic peroxides
including phthaloyl peroxide, benzoyl peroxide and p-nitrobenzoyl peroxide as

oxidants.



53

Table 3.6 Oxidation of 2,4-diamino-6-trifluoromethylpyrimidine (4a) with organic

peroxides.

NH, NH, NH, NH,

1) Oxidants, Solvents, 50°C, 8 h o
N)j N OH . O‘N X . N7 Cl
| 2) sat. NaHCOj3 (aq), MeOH | | |
/ / ~ ~
)\ HZNJ\N CF3 HZNJ\N CF3 )\
4c

HoNT N7 CF,

4a 4d 4e
(not obtained)
Conversion Yield (%)°
Entry Oxidant Solvent
(%)? 4c 4d 4e°
1 Phthaloyl peroxide TFE 66 0 38 2
2 Phthaloyl peroxide HFIP 57 0 16 6
3 p-Nitrobenzoyl peroxide IRE 71 0 19 0
a4 Benzoyl peroxide HOAC 15 0 13 0
5 p-Nitrobenzoyl peroxide HOAC 68 0 68 0
6° p-Nitrobenzoyl peroxide HOAC 100 0 29 0
7 Phthaloyl peroxide HOAC 63 0 a0 21
8"  Phthaloyl peroxide HOAC 99 0 2 22
9° Phthaloyl peroxide HOAC 95 0 18 15
10 Phthaloyl peroxide HOAc 74 0 47 4
11 Phthaloyl peroxide PPA 70 0 25 1
12 Phthaloyl peroxide DCM 71 0 0 0
13 Phthaloyl peroxide DCE 66 0 0 0
14 Phthaloyl peroxide Toluene 68 0 15 0
15 Phthaloyl peroxide THF 55 0 0 1
16 Phthaloyl peroxide iPrOH 49 0 2 5
17 Phthaloyl peroxide DMF 88 0 0 aq
18 Phthaloyl peroxide DMSO 38 0 0 0

“%Vields and conversions were determined by F NMR spectroscopy with
trifluoroacetamide as internal standard. 3.0 equivalents of oxidants. “Reaction at
room temperature overnight. “Acetic acid was further dried with molecular sieve.

“Chlorination by the residual chloride ion in phthaloyl peroxide.
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The starting pyrimidine 4a was oxidized by phthaloyl peroxide and gave the
N-oxide 4d in 38% and 16% vyield in both fluorinated solvents employed,
trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP), respectively (entries 1-2).
The signal of the N-oxide 4d was observed in F NMR spectra along with the major
signal of an unknown product at —66.2 ppm. The yield of the unknown product
increased to 21% when the reaction was performed in acetic acid (entry 7). The
reaction was repeated in larger scale using the conditions shown in Table 3.6 entry 7
(1.5 equivalents of phthaloyl peroxide in acetic acid). The pale-yellow solid of
another product was isolated in 18% and 16% in 2.0 and 5.0 mmol scales of the
starting trifluoromethylpyrimidine, respectively. It was fully characterized by NMR and
mass  spectrometry  and  was identified as  2,4-diamino-5-chloro-6-
triftuoromethylpyrimidine (4e). With benzoyl peroxide and p-nitrobenzoyl peroxide as
oxidants in trifluoroethanol or acetic acid gave only the N-oxide as a product
(entries 3-6). No chlorinated pyrimidine 4e was observed. This led us to propose that
the chlorine atom might originate from the residual chloride ion from the synthesis
of phthaloyl peroxide from phthaloyl dichloride.

The oxidation of the 2,4-diamino-6-trifluoromethylpyrimidine substrate 4a was
further performed under various conditions. Increasing the equivalents of phthaloyl
peroxide led to complete disappearance of the starting material, but the chlorinated
pyrimidine 4e was still observed as a major product (entry 8). The reaction in acetic
acid at room temperature overnight gave lower yields of both the N-oxide and the
chlorinated pyrimidine, although the starting material was almost completely
consumed. (entry 9). The reaction was also performed in acetic acid which was
further dried with molecular sieve (entry 10). In this case, the yield of the
chloropyrimidine was reduced, but the N-oxide was observed as a major product.
Replacing acetic acid with propionic acid (PPA) resulted in a lower yield of the
N-oxide (entry 11). It should be noted that using polar solvents might increase the
solubility of the residual chloride ion the system and led to chlorination of the
pyrimidine substrate.

Other organic solvents including dichloromethane (DCM), dichloroethane

(DCE), toluene, tetrahydrofuran (THF), isopropanol (iPrOH), dimethylformamide (DMF),
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and dimethyl sulfoxide (DMSO) were also tested with the phthaloyl peroxide
oxidation (entries 12-18). The N-oxide was obtained in 15% and 2% yield when using
toluene and isopropanol as a solvent, respectively. The chlorinated pyrimidine was
obtained in less than 5% yield since the residual chloride ion had possessed low
solubility in these organic solvents. However, the desired hydroxypyrimidine 4c could

still not be obtained.

3.2.2.1 Addition of Water

The reactions were also performed in dilute acetic acid using phthaloyl
peroxide as the oxidant by adding water to the reaction mixture as summarized in
Table 3.7. The quantities of water did not affect the yield of products. The reactions
with 1.5 equivalents of phthaloyl peroxide did not yield the hydroxypyrimidine 4c
but gave the N-oxide 4d in 57-65%. However, a new ’F NMR signal was observed at
-65.3 ppm in 15-18% (entries 1-5). Increasing the equivalents of phthaloyl peroxide
affected the yield of a new product. However, the yield was decreased when the

reactions were performed at higher temperature or left overnight (entries 6-9).
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Table 3.7 Oxidation of 2,4-diamino-6-trifluoromethylpyrimidine (4a) with phthaloyl

peroxide in dilute acetic acid.

NH, NH,
OH o.*
N + N™ +
)l\ I~ )l\ Pz
H,N” N7 CF, H,N” N7 CF,
NH,
phthaloyl peroxide, HOAc/H,0. 4c 4d
N (not obtained)
)|\ _ Temp., Time
H2N N CF3 NH2 NH2

i N)jCI ) _O\ﬁ)jCI
P P

H,N™ "N “CF, HoN™ "N “CF,
4e 4h
Time Temp. Conversion Yield (%)°
Entry HOAc:H,O

(h.) (°0) (%)* 4c  4d 4e° 4h°

1 4:1 8 rt. 95 0 64 5 17
2 3:1 8 rt. 93 0 63 6 16
3 2:1 8 rt. 93 0 57 5 18
4 1:1 8 rt. 83 0 65 5 15
5 2:1 overnight > 88 0O 58 3 17
6° 2:1 8 rt 95 0 3 3 72
7° 2:1 8 50 100 0 12 3 46
g° 2:1 8 80 100 0 11 3 50
9° 2:1 overnight hie 100 0 34 0 43

%ields and conversions were determined by F NMR spectroscopy with
trifluorotoluene as internal standard. 3.0 equivalents of phthaloyl peroxide.

“Chlorination by the residual chloride ion in phthaloyl peroxide.

Since the addition of water increased solubility of the residual chloride ion in
phthaloyl peroxide and also increased the reactivity of the oxidant, the signal of
chloropyrimidine N-oxide 4h was observed as the major product at -65.3 ppm in
YF NMR spectra. The chloropyrimidine N-oxide 4h was not isolated but it was

directly reduced to the chloropyrimidine 4e using the previously reported reduction
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conditions for N-oxides.”® The chloropyrimidine N-oxide 4h was generated in situ
from 0.05 mmol of the starting pyrimidine 4a using the conditions shown in Table 3.7
entry 6 and reduced by zinc dust/ammonium formate or phenylboronic acid as
shown in Table 3.8. The chloropyrimidine 4e was obtained in higher yield after the
reaction crude from the oxidation with phthaloyl peroxide was reduced. Using of
phenylboronic acid as a reductant gave the higher yield of the chloropyrimidine 4e.
Increasing equivalent of phenylboronic acid could yield the chlorinated pyrimidine
de in 34% with the complete consumption of the starting pyrimidine (entry 2).
However, some starting material 4a was recovered when using 3.0 equivalents of
phenylboronic acid or zinc dust/ammonium formate as reductants (entries 1 and 3).
It could be due to the reduction of N-oxide 4d to the starting pyrimidine 4a since
the pyrimidine substrate was consumed in 95% by the oxidation with phthaloyl

peroxide (Table 3.7, entry 6).

Table 3.8 Reduction of the chlorinated 2,4-diamino-6-trifluoromethylpyrimidine-3-N-

oxide.
NH; NH;
N)j Phthaloyl peroxide Reduction O + )ICl \ CI
l 7 C/H2
HZN)\N CF4 roAeto H,N Fs HZN)\ CF4
4a 4d
Equiv. of  Conversion Yield (%)°
Entry Reductants
Reductant (%)>° 4d 4e° 4h"
1 Phenylboronic acid 3.0 92 10 25 12
2 Phenylboronic acid 5.0 100 0 34 12
3 Zn dust 2.0
84 3 15 34
HCOONH,4 3.0

“%Vields and conversions were determined by F NMR spectroscopy with
trifluorotoluene as internal standard. °Conversions based on 2d-diamino-6-
trifluoromethylpyrimidine (4a). © Chlorination by the residual chloride ion in phthaloyl

peroxide.
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3.2.2.2 Addition of Radical Initiators

Radical initiators  including molecular iodine (0.3 equiv.) and
azobisisobutyronitrile (AIBN) (0.1 equiv.) were added to the reaction with the aim to
promote the formation of free radicals from the organic peroxides and might force
the reaction to proceed through a radical mechanism. The reactions were heated in
150 pL of acetonitrile using 1.5 equivalents of organic peroxides and radical initiators
as additives as shown in Table 3.9. The reaction without any radical initiators did not
yield the product and the starting pyrimidine was partially decomposed (entries 1-3).
The reaction under the reported conditions® in the presence of iodine did not yield
the hydroxypyrimidine 4c or N-oxide 4d. However, the "F NMR signal of the product
was observed at —-65.8 ppm (entries 4-6). This product was later isolated from the
reaction in larger scale using p-nitrobenzoyl peroxide as oxidant and was confirmed
to be 2,4-diamino-5-iodo-6-trifluoromethylpydimidine (4g) by NMR and mass
spectroscopy. AIBN was also used as a radical initiator. The expected
hydroxypyrimidine product 4c was still not obtained, but the N-oxides was obtained
in 4% when using p-nitrobenzoyl peroxide as oxidant (entries 7-9). Additionally, the
reactions were allowed to proceed under irradiation of incandescent light (30 W,
2080 lm) in order to generate radicals from the organic peroxides. Although the
substrate was partially consumed, only the N-oxide 4d was observed when using

benzoyl peroxide or p-nitrobenzoyl peroxide as oxidants (entries 10-12).
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Table 3.9 Oxidation of 2,4-diamino-6-trifluoromethylpyrimidine (4a) with organic

peroxides in acetonitrile.

H

NH, ~ NH NH,
Nl)ﬁ\ 1) Oxidants, Additives, MeCN, 90°C, 8 h Nl)joH . O\I:rll N . Nl)ﬁil
A oo e, e oo HzN)\N/ CFs HZN)\N/ CF4 HzN)\N/ CF4
4c 4g

4a 4d
(not obtained) (entries 4-6)
Conversion  Yield (%)
Entry Oxidants Additive

(%)? 4c 4d 4g

1 Phthaloyl peroxide - 62 0 0 0
2 Benzoyl peroxide > 36 0 0 0
3 p-Nitrobenzoyl peroxide - 40 0 0 0
a4 Phthaloyl peroxide I 87 0 0 36
5 Benzoyl peroxide I 38 0 0 28
6  p-Nitrobenzoyl peroxide 3 98 0 o 73
7 Phthaloyl peroxide AIBN 63 0 0 0
8 Benzoyl peroxide AIBN 35 0 0 0
9  p-Nitrobenzoyl peroxide AIBN 82 0 aq 0
10°  Phthaloyl peroxide - 54 0 0 0
11°  Benzoyl peroxide - 52 0 17 O
12°  p-Nitrobenzoyl peroxide - 62 0 16 O

“%ields and conversions were determined by F NMR spectroscopy with

trifluoroacetamide as internal standard. "Reactions under incandescent light.

3.2.3 Attempt to Convert the Halogenated Trifluoromethylpyrimidines to
the Desired Product
As  2,4-diamino-5-chloro-6-trifluoromethylpydimidine  (4e),  2,4-diamino-5-
bromo-6-trifluoromethylpydimidine (af), and 2,4-diamino-5-iodo-6-
trifluoromethylpydimidine (4g) were obtained from the reactions, these side products
were treated with aqueous solution of tetrabutylammonium hydroxide (TBA-OH) with

the aim to convert the halogen to the hydroxy group through nucleophilic aromatic
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substitution. Unfortunately, the iodinated trifluoromethylpyrimidine (4g) was almost
completely converted back to the starting 2,4-diamino-6-trifluoromethylpyrimidine
(4a). Similar reaction employing from the brominated trifluoromethylpyrimidine (4f)
as the substrate also gave the starting pyrimidine 4a in 49% yield, while no reaction
was observed when the chlorinated trifluoromethylpyrimidine (4e) was employed as

the starting material (Table 3.10).

Table 3.10 Reaction of halogenated 2,4-diamino-6-trifluoromethylpydimidine with

tetrabutylammonium hydroxide.

NH2 NH2 NH2
TBA-OH (40% in H,0)
9y Ny
DMF, 150°C
HQNJ\N/ CFs HZN)\N/ CFs HZN)\N/ CFs
4e, X=ClI 4c 4a
4f, X=Br (not obtained)
4g, X=I|
Conversion Yield (%)?
Entry  Substrate
(%)? 4c 4a
1 de 14 0 0
2 af 50 0 49
3 4g 98 0 97

“%ields and conversions were determined by “F NMR spectroscopy with

trifluorotoluene as internal standard.

The reaction probably occurred through the attack of hydroxide ion to the
halogen atom on the pyrimidine ring to generate the electron-deficient pyrimidine
anion as the leaving group. Then, the anion abstracted a proton from water to afford
2,4-diamino-6-trifluoromethylpyrimidine  (4a) as the product (Figure 3.12).
Noteworthily, the iodinated substrate gave the highest yield of the product since C-I
(209 kJ/mol) bond is weaker than C-Br (280 kJ/mol) and C-Cl (397 kJ/mol) bonds.”!
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NHz NH, NH,
NP O N \‘/\H_@H NI
AL~ - Al - Ao

HN" N7 CF, HN" N7 CF, HN" N7 CF,

4a

Figure 3.12 Plausible mechanisms of the reaction of halogenated 2,4-diamino-6-

triftluoromethylpydimidine with tetrabutylammonium hydroxide.

3.3 Summary

2,4-Diaminopyrimidines could be oxidized to 2,4-diamino-5-
hydroxypyrimidines through Boyland-Sims oxidation using ammonium persulfate in
aqueous basic solvent. However, the persulfate oxidation could only be applied with
2,4-diaminopyrimidines without substituent or with electron-donating alkyl group at
the C-6 position. The electron-deficient 2,4-diaminopyrimidines bearing chloro or
triftuoromethyl group at the position C-6 could not undergo the Boyland-Sims
oxidation.

Oxidation of the trifluoromethylated 2,4-diaminopyrimidine is highly desirable
since the trifluoromethyl group has been frequently employed in drug discovery due
to its ability to improve biocavailability of the drug.®* The success of the improved
oxidation would be useful for development of novel 2,4-diaminopyrimidine
antifolates with better activities and bioavailability. Unfortunately, when the
oxidation of 2,4-diamino-6-trifluoromethylpyrimidine as a representative electron-
deficient pyrimidine was attempted with various oxidants, the expected 2,4-diamino-
5-hydroxy-6-trifluoromethylpyrimidine was not obtained. It still remains challenging

to find out the method to oxidize such the electron-deficient pyrimidines.



CHAPTER IV
CONCLUSION

2,4-Diamino-5-hydroxypyrimidines could be obtained from Boyland-Sims
oxidation of 2,4-diaminopyrimidine. The pyrimidine substrate was firstly converted to
a pyrimidinyl hydrogen sulfate intermediate using ammonium persulfate in aqueous
basic media followed by hydrolysis to afford the hydroxypyrimidine. This procedure
suffers low yield and poor reproducibility. In this work, the conditions for Boyland-
Sims oxidation of 2,4-diaminopyrimidines were optimized using 2,4-diamino-6-
ethylpyrimidine as a model compound. The parameters that could affect the yield of
the hydroxylated product were also investigated. The vyield of the product as
calculated from 'H NMR with internal standard decreased with increasing equivalents
of ammonium persulfate. The concentration of substrate did not affect the yield
significantly. The solubility of the pyrimidine substrate decreased with increasing
concentration of the base and this led to incomplete reaction. For the base, sodium
hydroxide gave better yields than potassium hydroxide and lithium hydroxide,
respectively. The Boyland-Sims oxidation of 2,4-diamino-6-ethylpyrimidine was
reproduced at 3 mmol scale using the optimized conditions (1.1 equivalents of
ammonium per sulfate in 3 M sodium hydroxide solution) and gave the desired
hydroxylated product in 53% overall yield. The same conditions were also applied to
other 2,4-diaminopyrimidine derivatives bearing different substituents at C-6 position.
The  hydroxypyrimidine  was  obtained in  satisfactory  vyields  from
2,4-diaminopyrimidine without substituent or with isopropyl group at the C-6
position. Unfortunately, the electron-deficient 2,4-diaminopyrimidines bearing chloro
or trifluoromethyl group at the C-6 position could not undergo the Boyland-Sims
oxidation.

Oxidation of the electron-deficient 2,4-diaminopyrimidines was further studied
using 2,4-diamino-6-trifluoromethylpyrimidine as a model compound. Oxidation of
the trifluoromethylated pyrimidine substrate was attempted with various oxidants

under different conditions. The Boyland-Sims oxidation of the fluorinated pyrimidine
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was re-optimized and did not yield the expected hydroxylated product. Oxidation
with organic peroxides such as phthaloyl peroxide, benzoyl peroxide, and p-
nitrobenzoyl peroxide did not yield the expected hydroxypyrimidine but gave 2,4-
diamino-6-trifluoromethylpyrimidine-3-N-oxide as a major product. 2,4-Diamino-5-
chloro-6-trifluoromethylpyrimdine was observed when using phthaloyl peroxide as
the oxidant. The chlorine atom might originate from the residual chloride ion from
the synthesis of phthaloyl peroxide from phthaloyl dichloride. The 5-chlorinated
pyrimidine was obtained in higher yield when using polar solvents such as acetic
acid. The N-oxide of the chloropyrimidine was observed when using phthaloyl
peroxide in aqueous solution of acetic acid and this could be reduced back to the
chloropyrimidine by heating with phenylboronic acid. Addition of radical initiators
such as AIBN or molecular iodine with the aim to induce the reaction to proceed
through a radical mechanism did not gave the expected hydroxypyrimidine. However,
the 5-brominated and 5-iodinated pyrimidines were obtained from the reaction
involving liquid bromine and molecular iodine, respectively. Conversion of the
C5-halogenated pyrimidines to the hydroxypyrimidine was also attempted, but the
starting 2,4-diamino-6-trifluoromethylpyrimidine was obtained instead.

The scope of oxidation of 2,4-diaminopyrimidines to 2,4-diamino-5-
hydroxypyrimidines is therefore still limited to electron rich 2,4-diaminopyrimidines.
Oxidation of electron-deficient 2,4-diaminopyrimidines still remains challenging,
especially the trifluoromethylated 2,4-diaminopyrimidine which is highly desirable
since the trifluoromethyl group has been frequently employed in drug discovery due
to its ability to improve bioavailability of the drug. Thus, the success of this improved
oxidation in the future would be useful for development of novel 2,4-

diaminopyrimidine antifolates with better activities and bioavailability.
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Figure A-1 'H NMR spectrum of 2-amino-4-chloro-6-ethylpyrimidine.
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Figure A-2 °C NMR spectrum of 2-amino-4-chloro-6-ethylpyrimidine.
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Figure A-3 'H NMR spectrum of 2,4-diamino-6-ehthylpyrimidine (1a).
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Figure A-4 °C NMR spectrum of 2,4-diamino-6-ehthylpyrimidine (1a).
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Figure A-5 "H NMR spectrum of 2-amino-4-chloro-6-isopropylpyrimidine.
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Figure A-6 °C NMR spectrum of 2-amino-4-chloro-6-isopropylpyrimidine.
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Figure A-7 "H NMR spectrum of 2,4-diamino-6-isopropylpyrimidine (2a).
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Figure A-8 °C NMR spectrum of 2,4-diamino-6-isopropylpyrimidine (2a).
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Figure A-10 >C NMR spectrum of 2-amino-4-chloro-6-trifluoromethylpyrimidine
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Figure A-11 *F NMR spectrum of 2-amino-4-chloro-6-trifluoromethylpyrimidine.
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Figure A-12 'H NMR spectrum of 2,4-diamino-6-trifluoromethylpyrimidine (4a).
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Figure A-13 >C NMR spectrum of 2,4-diamino-6-trifluoromethylpyrimidine (4a).
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Figure A-14 ’F NMR spectrum of 2,4-diamino-6-trifluoromethylpyrimidine (4a).
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Figure A-15 'H NMR spectrum of 2,4-diamino-6-ehthyl-5-pyrimidyl hydrogen sulfate
(1b).
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Figure A-16 °C NMR spectrum of 2,4-diamino-6-ehthyl-5-pyrimidyl hydrogen sulfate
(1b).
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Figure A-17 'H NMR spectrum of of 2,4-diamino-6-isopropyl-5-pyrimidinyl hydrogen

sulfate (2b).
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Figure A-18 >C NMR spectrum of of 2,4-diamino-6-isopropyl-5-pyrimidinyl hydrogen

sulfate (2b).
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Figure A-19 'H NMR spectrum of 2,4-diamino-5-pyrimidinyl hydrogen sulfate (3b).
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Figure A-20 °C NMR spectrum of 2,4-diamino-5-pyrimidinyl hydrogen sulfate (3b).
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Figure A-21 'H NMR spectrum of 2,4-diamino-5-hydroxy-6-ethylpyrimidine (1c).
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Figure A-22 °C NMR spectrum of 2,4-diamino-5-hydroxy-6-ethylpyrimidine (1c).
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Figure A-23 'H NMR spectrum of 2,4-diamino-5-hydroxy-6-isopropylpyrimidine (2c).
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Figure A-24 >C NMR spectrum of 2,4-diamino-5-hydroxy-6-isopropylpyrimidine (2c).
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Figure A-25 'H NMR spectrum of 2,4-diamino-5-hydroxypyrimidine (3c).
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Figure A-26 °C NMR of 2,4-diamino-5-hydroxypyrimidine (3c).
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Figure A-27 'H NMR spectrum of 2,4-diamino-6-trifluoromethylpyrimidine-3-N-oxide

(4d).
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Figure A-28 °C NMR spectrum of 2,4-diamino-6-trifluoromethylpyrimidine-3-N-oxide

(ad).
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Figure A-29 F NMR spectrum of 2,4-diamino-6-trifluoromethylpyrimidine-3-N-oxide
(4d).
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Figure A-30 'H NMR spectrum of 2,4-diamino-5-chloro-6-trifluoromethylpyrimidine
(de).
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Figure A-31 >C NMR spectrum of 2,4-diamino-5-chloro-6-trifluoromethylpyrimidine
(de).
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Figure A-32 F NMR spectrum of 2,4-diamino-5-chloro-6-trifluoromethylpyrimidine
(de).
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Figure A-33 'H NMR spectrum of 2,4-diamino-5-bromo-6-trifluoromethylpyrimidine

(4f).
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Figure A-34 °C NMR spectrum of 2,4-diamino-5-bromo-6-trifluoromethylpyrimidine
(4f).



—-66.10

NH,

)l\ =

H,NT N7 CFs

T T T T T T T T T
150 100 50 0 =50 -100 <150 -200 -250 -300

Figure A-35 °F NMR spectrum of 2,4-diamino-5-bromo-6-trifluoromethylpyrimidine
(4f).
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Figure A-36 'H NMR spectrum of 2,4-diamino-5-iodo-6-trifluoromethylpyrimidine (4g).
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Figure A-37 °C NMR spectrum of 2,4-diamino-5-iodo-6-trifluoromethylpyrimidine (4g).
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Figure A-38 '’F NMR spectrum of 2,4-diamino-5-iodo-6-trifluoromethylpyrimidine (4g).
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