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Abstract: Suzuki coupling reaction has been often used for the preparation of a diverse set of
substituted pyrimidines. In this study, the Suzuki coupling of 2,4-dichloropyrimidines with aryl and
heteroaryl boronic acids was investigated. A thorough screening of reaction conditions and the use of
microwave irradiation led to a very efficient and straightforward synthetic procedure providing C4-
substituted pyrimidines in good to excellent yields. Short reaction time (15 min) and extremely low
catalyst loading (0.5 mol%) are the main advantages of our tetrakis(triphenylphosphine)palladium(0)
catalyzed microwave-assisted procedure, which could be used for quick and low-cost regioselective
preparation of substituted pyrimidine rings.

Keywords: cross-coupling; Suzuki; palladium; pyrimidines; synthesis; microwave-assisted

1. Introduction

Substituted pyrimidine rings as scaffolds are of great interest for medicinal chemists
being a part of many biologically active compounds [1,2]. The pyrimidine moiety is present
in many natural compounds [3] (e.g., nucleic acids, alkaloids, folic acid, etc.) as well
as synthetic analogs and also in approved drugs on the market, e.g., anticancer [4-6],
antiviral [4,7], antibacterial [8], antilipidemic [9], anti-inflammatory [3,10], and antimalar-
ial agents (Figure 1). Large number of synthetic methods have been described for the
preparation of pyrimidine-based compounds [11-16]. Cyclocondensation between guani-
dine, amidine or thiourea derivatives and 1,3-diketones or 1,3-diesters is the most classical
method for the synthesis of the main pyrimidine core [15,17], whereas one of the approaches
to prepare substituted pyrimidine rings is via halogenated pyrimidines [18-20], which are
greatly commercially available. The most common reactions involving various halogenated
pyrimidines are cross-coupling reactions since pyrimidine ring is an electron-deficient aro-
matic system being far more reactive in comparison with analogous benzene halides [17,20].
Halogenated pyrimidines are thus very convenient substrates for substantial assortment
of nucleophilic aromatic substitutions. Suzuki coupling of halogenated pyrimidines with
boronic acids has been a commonly used approach for the preparation of a diverse set of
substituted pyrimidines [20].

Polyhalogenated pyrimidines are commonly used substrates in cross-coupling reac-
tions since each substituent could be added sequentially to a pyrimidine ring due to the
intrinsic differences in reactivity at different positions [21-24]. In case of commonly used
and commercially available 2,4-dichloropyrimidines, the regioselectivity preference in a
Suzuki cross-coupling reaction was observed for C4-position due to the favored oxidative
addition of palladium into the C4-chlorine bond [22,24,25]. Some anomalies have been
observed, favoring C2 position over C4, mainly due to the steric reasons when additional
substituents are present at other positions, i.e., C5 [24]. In the publication from Anderson
and Handy in 2010, efficient synthesis of diarylated pyrimidines via regioselective double
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Suzuki coupling of 2,4-dichloropyrimidine was presented [21]. Similarly, the reaction
occurred at the C4-position when 2,4-dichloropyrimidine or 2,4,6-trichloropyrimidine were
coupled with alkenyl-boronic acids [26].
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Figure 1. Representative drugs with pyrimidine moiety on the market: anticancer (e.g., imatinib [6]), antiviral (e.g.,

zidovudine [7]), antibacterial (e.g., trimethoprim [8]), antihyperlipidemic (e.g., rosuvastatin [9,27]), antihypertensive

(e.g., minoxidil), and antimalarial (e.g., pyrimethamine).

The aim of our study was to develop a quick, efficient, and regioselective syn-
thetic procedure for substituted pyrimidines at position C4 from readily available 2,4-
dichloropyrimidines via Suzuki coupling with a diverse set of aryl and heteroaryl boronic
acids. The selection of appropriate solvents, catalysts, and reactions conditions (tempera-
ture, time) was systemically performed. Last, but not least, the optimal procedure was also
transferred to a microwave reactor and further optimization (i.e., temperature, reaction
time catalyst loading) was carried out.

2. Results

One of the most straightforward approaches to prepare substituted pyrimidines is via
Suzuki coupling of halogenated pyrimidines with boronic acids [20,21]. There have been a
variety of studies performed in order to propose the reaction mechanism underlaying the
Suzuki-Miyaura coupling, consisting of several key steps. The initial pre-catalyst activation
allows the formation of Pd(0) species. In the second step, during oxidative addition of aryl
halide to the palladium center, the insertion of metal atom into the Cjps, and halide (X)
bond occurs and the complex [aryl-Pd(II)(L,)-X] forms, where L represents the potentially
bound ligand to the palladium centre, with n ranging from 1 to 4 [28]. Then the oxygen-
containing nucleophile (either hydroxide from base followed by addition of boronic acid
RB(OH);, or boronate RB(OH)3~) replaces the halide group at palladium, which is later
followed by transmetalation leading to the formation of aryl-Pd(II)(L,)-R species. The final
step includes reductive elimination of a product aryl-R with newly formed C-C bond, and
regeneration of Pd(II) to Pd(0) [29]. In this study, Suzuki cross-coupling reaction between
commercially available 2,4-dichloropyrimidine (1) and phenylboronic acid (2) was used as
a model reaction to select appropriate catalyst, catalyst loading, solvent(s), and optimal
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reactions conditions (temperature, time). Our first attempt was to systemically screen the
most common solvents used in Suzuki coupling reactions. Based on previous studies [21],
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)s) along with potassium carbonate
K,COj3 as a base was selected as the starting catalytic system (Scheme 1).

N
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Scheme 1. Suzuki coupling of 2,4-dichloropyrimidine (1) with phenylboronic acid (2) as our model reaction.

A good selection of appropriate solvent for cross-coupling reactions is imperative. The
screening of most common solvents for cross-coupling reactions (i.e., H,O, MeOH, THF,
DME 1,4-dioxane, isopropanol, ethylene glycol) was performed at a room temperature (r.t.)
and higher temperatures (60-100 °C), with yields determined by LC-MS being obtained
after 1 h, 2 h, and 24 h (see Supporting Information, Table S1). The highest yields were
obtained for less polar solvents, like isopropanol (64%) and 1,4-dioxane (72%), contrary
to polar H,O, MeOH, DMF, and ethylene glycol, which corresponds to the observation
made by Miyaura about Pd(PPh3), [30]. The choice of solvent (therefore its boiling point)
defines the maximum operating temperature [31]. On the set of less polar solvents THF,
isopropanol, and 1,4-dioxane with boiling points of 66 °C, 83 °C, and 101 °C, respectively,
we confirmed that higher temperatures vastly improve the yield of reaction due to the high
activation barriers reagents need to overcome for successful coupling. The C2 side product
was formed in less than 8%, which is consistent with the literature reports [24].

We decided to repeat the reaction in four best solvents (i.e., THF, DMF, 1,4-dioxane and
isopropanol) and isolate the pure product 3 by column chromatography. The isolated yields
are presented in Table 1. The highest yield of 71% was obtained for non-polar 1,4-dioxane,
which has been reported to complement Pd(PPhs), [30], thus we decided to proceed with
further optimization in this solvent.

Table 1. The isolated yield of product 3 after Suzuki coupling of 2,4-dichloropyrimidine (1) with
phenylboronic acid (2) in four selected solvents.

Entry Solvent Temperature (°C) Yield (%) 12
1 THF 60 38
2 DMF 100 31
3 1,4-dioxane 100 71
4 isopropanol 80 52

1 Reaction conditions: 1 (149 mg, 1.0 mmol), solvent (7 mL), K,COj (415 mg, 3.0 mmol), 2 (122 mg, 1.0 mmol),
Pd(PPhs), (58 mg, 0.05 mmol, 5 mol%), heating (60, 80 or 100 °C), 24 h. 2 Isolated yield of 3 after extraction and
column chromatography.

In a continuation of our study, we screened the most common commercially avail-
able palladium catalysts for this type of reaction. Tris(dibenzylideneacetone)palladium(0)
(Pdpadbagz) was not efficient for this type of reaction as has already been observed [32,33],
whereas as an adduct with chloroform (Pdydbas - CHCI3) and together with tri-tert-
butylphosphonium tetrafluoroborate (TTBP - HBF,) as a ligand it gave 35% and 23%
yield, respectively (Table 2, entries 1-3). With bis(triphenylphosphine)palladium(II) chlo-
ride (PdCl,(PPhs);) similarly low yield of 36% was achieved (Table 2, entry 4). Further
we screened palladium(Il) acetate (Pd(OAc);) in combination with three different ligands,
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namely tricyclohexylphosphine (PCys3), triphenylphosphine (PPh3), and triphenylphos-
phine bound of divinylbenzene (PPh; on DVB), with yields not significantly improved
(Table 2, entries 5-7). According to the mechanism proposed, Pd(Il) pre-catalysts have to
be reduced to Pd(0) prior to their involvement in oxidative addition. It has been reported
that trimeric Pd(OAc); is more susceptible to reduction in its monomeric form, whose
formation has been shown to be proportional to the dipole moment of the solvent used [34].
In our screening, 1,4-dioxane with low dipole moment of only 0.45 D was used, which
might be the reason for lower yields of Suzuki coupling with Pd(OAc),. Solid-supported
catalysts represent an attractive approach in the field of green organic chemistry, since they
can often be recycled without loss of activity, in addition to the products and solution waste
remaining free from metal contamination [35]. Despite several successful applications in
Suzuki-Miyaura coupling [36-38], no product was formed when palladium on multiwall
carbon nanotubes was used as a catalyst. Additionally, the screening was performed on a
set of classic and solid-supported catalysts Pd(OAc), with PPh; and Pd(OAc), with PPhs on
DVB, respectively, with the latter exhibiting inferior catalytic ability and yield in our model
reaction. Only one catalyst ([1,1’-Bis(diphenylphosphino)ferrocene]dichloropalladium(II),
in complex with dichloromethane (Pd(dppf)Cl, - CH,Cly) led to a higher yield of 70%
(Table 2, entry 8), which could be due to its ability (i.e., wide bite-angle P-Pd-P) of driving
very effective reductive elimination [39]. Since there was no improvement compared to
Pd(PPh3), (Table 2, entry 9), all further reactions were performed with Pd(PPh3)s.

Table 2. Catalyst screening for Suzuki coupling of 1 with 2.

: oy 1,2
Entry Catalyst (ligand) 1h Y1e21c111( ) sah Selectivity Ratio 3:4 3
1 szdba3 0 0 2 /
2 Pdydbaj - CHCl3 15 21 35 5
3 Pdydbas (TTBP - HBF,) 10 11 23 11.5
4 PdCl,(PPhs), 12 17 36 45
5 Pd(OAc); (PCy3); 10 12 26 13
6 Pd(OAc), (PPh3); 28 37 46 10
7 Pd(OAc);, (PPh3 on DVB), 15 22 27 7
8 Pd(dppf)Cl, - CH,Cl, 26 38 70 (63) + 10
9 Pd(PPhs), 29 41 72 (71) 4 9

1 Reaction conditions: 1 (75 mg, 0.50 mmol), 1,4-dioxane (3.5 mL), K,CO;3 (207 mg, 1.50 mmol), 2 (61 mg,
0.50 mmol), 5 mol% of a catalyst (10 mol% of a ligand), 100 °C, 1-24 h. 2 Determined by LC-MS. 3 Determined by
LC-MS after 24 h reaction time. * Isolated yield of 3 after extraction and column chromatography.

One parameter was screened additionally after selection of the appropriate catalyst, i.e.,
temperature (see Supporting Information, Table S2). Lowering the temperature significantly
reduced the yield, thus all further reactions were performed at 100 °C.

After the first optimization process, we decided to further upgrade the reaction
procedure with the aim to improve the yields and shorten the reaction time by performing
it in a microwave reactor. We started with the solvent scan, where H,O due to favorable
dielectric constant for microwave heating was added in different proportions to THF or
1,4-dioxane. With this experiment, where total solvent volume was 6 mL, we tried to find
the optimal solvent ratio (v/v) to obtain the highest yield of 3 and as little as possible of any
side products (Table 3). Generally, the yield of 3 was improved, when H,O was present
in the reaction mixture, with the peak at solvent ratio 1:1 or 2:1 in the favor of non-polar
solvent for THF and 1,4-dioxane, respectively (Table 3, entries 1 and 8). In addition to
possessing dipole moment, the presence of water is also beneficial due to increased amount
of hydrophilic boronates RB(OH)5™ [31]. Overall, solvent mixture of 1,4-dioxane and H,O
in ratio 2:1 appeared to be the most optimal, with 80% yield.
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Table 3. Solvent mixture screening for Suzuki coupling of 1 with 2.
Non-Polar Ratio Non-Polar vs. Polar . oy 12
Entry Solvent Polar Solvent Solvent (v/0) Yield (%)
1 THF H,O 1:1 53
2 THF H,0 2:1 23
3 THF H,O 3:1 20
4 THF H,O 5:1 13
5 THF H,O 9:1 14
6 THF / / 21
7 1,4-dioxane H,O 1:1 45
8 1,4-dioxane H,O 2:1 80
9 1,4-dioxane H,O 3:1 59
10 1,4-dioxane H,O 5:1 58
11 1,4-dioxane H,O 9:1 24
12 1,4-dioxane / / 21

1 Reaction conditions: 1 (75 mg, 0.50 mmol), solvent(s) (6 mL), K,CO3 (207 mg, 1.50 mmol), 2 (61 mg, 0.50 mmol),
Pd(PPhs)4 (17.3 mg, 0.015 mmol, 3 mol%), MW, 100 °C, 20 min. 2 Yield for 3, determined by LC-MS.

A scan of minimal solvent volume of 1,4-dioxane/ H,O (2:1) was performed (see
Supporting Information, Table S3). Initial total volume of 6 mL in addition to 4.5 mL were
found as the most suitable, while the yield significantly decreased when smaller solvent
volumes were used. All further experiments were performed in total volume of 6 mL.
Microwave-assisted reaction conditions, i.e., temperature and time, were further evaluated.
First, the reaction mixture was subjected to temperature scan ranging from 60 °C to 140 °C
with the interval of 20 °C (Table 4). The temperature of 100 °C appeared to be the most
optimal leading to 80% yield. Higher temperatures (i.e., 120 °C and 140 °C, entries 7 and
10, respectively) did not improve the yield, since the side product 2,4-diphenylpyrimidine
was formed. Additionally, time of the reaction was monitored for temperatures equal or
above 100 °C. Reaction time of 15 min at 100 °C (yield 81%, entry 4) was found as equally
efficient as 20 min. Therefore, these conditions were used for all further reactions.

Table 4. Temperature and time screening for Suzuki coupling of 1 with 2.

Entry Temperature [°C] Time [min] Yield (%) /2
1 60 20 12
2 80 20 60
3 100 20 80
4 100 15 81
5 100 10 59
6 100 5 46
7 120 20 60
8 120 10 61
9 120 5 66
10 140 20 56
11 140 5 61

1 Reaction conditions: 1 (75 mg, 0.50 mmol), 1,4-dioxane (4 mL), H,O (2 mL), K,CO;5 (207 mg, 1.50 mmol), 2
g g

(61 mg, 0.50 mmol), Pd(PPhs)4 (17.3 mg, 0.015 mmol, 3 mol%), MW, temperature, time. > Yield for 3, determined

by LC-MS.

To investigate the optimal amount of catalyst needed for the microwave-assisted
Suzuki coupling, we performed the scan of catalyst loading, ranging from 5 mol% to 0.05
mol%. Contrary to the results from the experiments, performed in a flask, the minimal
amount of catalyst needed for microwave-assisted reaction was only 0.5 mol% (Table 5),
with lower amounts shown to be insufficient for all starting material to react.
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Table 5. Screening of Pd(PPhs)4 loading for Suzuki coupling of 1 with 2.

Entry Catalyst loading (mol%) Yield (%) 12
1 5 68
2 3 65
3 2 59
4 1 62
5 0.5 71
6 0.2 61
7 0.05 48
8 without catalyst 0

1 Reaction conditions: 1 (75 mg, 0.50 mmol), 1,4-dioxane (4 mL), H,O (2 mL), K,COj3 (207 mg, 1.50 mmol),
2 (61 mg, 0.50 mmol), Pd(PPhz)4 (0-5 mol%), MW, 100 °C, 15 min. 2 Determined by LC-MS.

A scale-up of the model reaction on proposed reaction conditions has further been
performed. The reaction was performed on 4.0 mmol scale of starting reagents, with
obtained yield of 3 being 53%, and 30% of 1 still remaining unreacted in the reaction
mixture. Therefore, we prolonged the microwave reaction time for 5 min to 20 min and
improved the yield of 3 to 74%, with only 19% of 1 still being present in the reaction mixture.
Taken together, we can conclude that our microwave-assisted procedure is also suitable for
production of aryl pyrimidines on larger scales.

With the optimal conditions being determined, the scope of several aryl and heteroaryl
boronic acids was investigated (Table 6). On the series of methoxyphenyl boronic acids,
different substituent positions on the aromatic ring were evaluated (products 26, 27, and 28);
however, no significant effect on the yield and selectivity was found between ortho, meta or
para position of a methoxy group. Therefore, we preferentially focused on meta-substituents
in the following reactions. Overall, the main product was consistently the 4-substituted
2-chloropyrimidine, with little or usually none of 2-substituted 4-chloropyrimidine being
formed during the reaction. Several different substituents were screened for and it was
noticed that yields of phenylboronic acids with electron-withdrawing groups on meta
position (30 to 33) were rather high and comparable to the model reaction (3). Other
boronic acids with carboxylic and electron-donating groups (i.e., amino group) led to lower
yields. As expected, the naphthyl boronic acid (product 37) displayed similar yield to our
model reaction with phenylboronic acid 2 (3).

Some heteroaryl boronic acids were also screened, with the reaction being selective
and successful for both furanylboronic acids (38 and 39) with comparable yield. However,
the coupling of 2,4-dichloropyrimidine with thiophen-2-boronic acid failed due to the
sulphur poisoning of the palladium catalyst [40]. Furthermore, in case of pyridinylboronic
acids, the reaction was also unsuccessful.

The microwave-assisted procedure for formation of 4-phenylpyrimidines was fur-
ther screened on the series of differently substituted 2,4-dihalogenopyrimidines (Table 7).
Despite chloroarenes being generally inert to oxidative addition, some electron-deficient
heteroaryl chlorides (i.e., 2,4-dichloropyrimidines) are enough reactive for successful cross-
coupling reactions [30]. Interestingly, the coupling of 2 with 2,4-dibromopyridine (19)
did not offer improved yield (product 40) and the formation of a side product 2-phenyl-
4-bromopyrimidine was neither increased. The substitutions on the position 6 of 2,4-
dichloropyrimidine (19-25) with electron-withdrawing and electron-donating groups did
not significantly affect the yield of the reaction (e.g., 43 and 45 with electron donor sub-
stituent versus 42 with electron withdrawing group), with the exception of 41 and 46,
which led to lower yields of 27% and 54%, respectively. Thus, we wanted to improve the
yield of 41. The addition of 3 mol% of Pd(PPhgz), significantly improved the formation of 41,
leading to 45% yield. Interestingly, the reaction of 2 with 2,4-dichloro-6-methoxypyrimidine
(23) led to the production of both isomers 2-chloro-4-methoxy-6-phenylpyrimidine (44A)
and 4-chloro-6-methoxy-2-phenylpyrimidine (44B) with no selectivity between them.
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Table 6. Microwave-assisted Pd(PPh3),-catalyzed Suzuki coupling of aryl and heteroaryl boronic

acids with 1.
1
N\\(Cl oy Pd(PPhy), (0.5 mol%), K,CO, IN\ c
N B . - _N
R° "OH 1,4-dioxane/H,0O (2/1)
MW, 100 °C, 15 min R
1 2,5-18 3,26-39
N. _Cl
N _Cl N. _CI N Cl X N_. _Cl
Y g T 4 Y
O\
O/
O\
3 (79%) 26 (76%) 27 (72%) 28 (77%) 29 (75%)
N_ _Cl N. .Cl N_ _Cl N_ _Cl N_ _Cl
Y S Y Y Y
NO, CN CHO COOMe COOH
30 (79%) 31 (83%) 32 (70%) 33 (62%) 34 (55%)
N_ _Cl N_ _Cl N_ _Cl
S S S
Z 0
NH,
F
35 (55%) 36 (62%) 37 (87%) 38 (50%) 39 (66%)

Reaction conditions: 1 (75 mg, 0.50 mmol), 1,4-dioxane (4 mL), H,O (2 mL), K;COj3 (207 mg, 1.50 mmol), boronic
acid (0.50 mmol), Pd(PPhs)4 (2.9 mg, 0.0025 mmol, 0.5 mol%), MW, 100 °C, 15 min. Isolated yields after extraction
and column chromatography are presented.

Taken together, the reaction is less susceptible to different substitutions on aryl
boronic acids, with most of them giving high yield and selectivity at coupling with 2,4-
dichloropyrimidine. Since one of the major obstacles in coupling with heteroaryl chlorides
is their potentially insufficient electron-deficiency, substitutions on the scaffold have im-

mense effect on the outcome of Suzuki-Miyaura cross-coupling reactions.



Catalysts 2021, 11, 439

8 of 16

Table 7. Microwave-assisted Pd(PPh;3)4-catalyzed Suzuki coupling of 2,4-dihalogenopyrimidines
with 2.

R
OH = N
SN L Pd(PPhy), (0.5 mol%), K,CO, it
| “OH . g SNTOX
X \NJ\X ©/

1,4-dioxane/H,0O (2/1)
MW, 100 °C, 15 min

X=C], Br X=Cl, Br
1, 19-25 2 3, 40-46
N__Cl _N__Br FC._ _N__Cl HOOC. N._ _Cl N__Cl
T Y S S o
_N _N _N _N _N
3(79%) 40 (48%) 41 (27%) 42 (92%) 43 (78%)

H,N_ _N._ _Cl
Y
7 N L\(G 2

44A (34%) 44B (36%) 45 (84%) 46 (54%)

Reaction conditions: 2,4-dihalogenopyrimidine (0.50 mmol), 1,4-dioxane (4 mL), H,O (2 mL), K,CO3 (207 mg,
1.50 mmol), 2 (61 mg, 0.50 mmol), Pd(PPhsz)4 (2.9 mg, 0.0025 mmol, 0.5 mol%), MW, 100 °C, 15 min. Isolated
yields after extraction and column chromatography are presented.

3. Materials and Methods
3.1. Chemistry and Chemical Characterization of Compounds

The reagents and solvents were purchased from commercial sources (Sigma-Aldrich,
St. Louis, MO, USA; Acros Organics, Antwerp, Belgium; Alfa Aesar, Haverhill, MA, USA;
TClI, Tokio, Japan) and used without further purification. The microwave-assisted reactions
were performed using an Anton Paar Monowave 200 microwave reactor (Anton Paar
GmbH, Graz, Austria). Flash column chromatography was performed on Merck silica gel
60 (mesh size, 70-230), using the indicated solvents. Monitoring of the purification was
done by thin-layer chromatography on silica-gel plates (Merck DC Fertig-platten Kieselgel
60 GFj54, Merck, Darmstadt, Germany) and visualized under UV light. Yields refer to
the purified products or were determined by LC-MS, as stated, and were not optimized.
All of the melting points were determined on a Reichert hot-stage apparatus, and are
uncorrected. 'H and 3C NMR spectra were recorded at 295 K in CDCl3 or DMSO-d; on
a Bruker Avance III NMR spectrometer equipped with a Broadband decoupling inverse
'H probe. The coupling constants (]) are in Hz, and the splitting patterns are designated
as: s, singlet; d, doublet; dd, double doublet; td, triple doublet; t, triplet; dt, double triplet;
ddd, double of doublet of doublet; and m, multiplet. High-resolution mass measurements
were performed on Exative™ Plus Orbitrap Mass Spectrometer (Thermo Fischer Scientific,
Inc., Waltham, MA, USA). Monitoring of the reactions and determination of purities of
the assayed compounds were done by Liquid Chromatography Mass Spectrometry (LC-
MS) on Agilent 1260 Infinity II LC System (Agilent Technologies, Santa Clara, CA, USA)
equipped with quaternary pump and a variable wavelength detector, coupled to ADVION
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Expression CMSL Mass Spectrometer (Advion Inc., Ithaca, NY, USA). A Waters xBridge
BEH C18 column was used (4.6 mm x 150 mm, 3.5 um) at 40 °C, with a flow rate of
1.5 mL/min, injection volume of 10 pL, detection at 254 nm and an eluent system of: A,
1% of CH3CN and 0.1% of HCOOH in ddH;0O; B, CH3CN. The following gradients were
applied: 0-1 min, 25% B; 1-6 min, 25% — 98% B; 6-6.5 min, 98% B; 6.5-7 min, 98% — 25%
B; 7-10 min, 25% B.

'H and '3C NMR spectra are available in the Supplementary Material related to
this manuscript.

3.2. General Procedure for Solvent Screening (Table 1)

2,4-dichloropyrimidine 1 (149 mg, 1.0 mmol) was dissolved/ suspended in the selected
solvent (3.5 mL), where the air (oxygen) was displaced with argon before use. Then
potassium carbonate K;COj3 (415 mg, 3.0 mmol), phenylboronic acid 2 (122 mg, 1.0 mmol),
and 5 mol% of tetrakis(triphenylphosphine)palladium(0) Pd(PPhs)s (58 mg, 0.05 mmol)
were added and stirred under argon atmosphere at selected temperature (i.e., 60, 80, or
100 °C). After 24 h, the reaction mixture was extracted with EtOAc, brine, and dried over
anhydrous NaySOj. Solvents were removed under reduced pressure, the remaining solid
was purified using flash column chromatography with EtOAc/n-Hex as an eluent.

3.3. General Procedure for Catalyst Screening (Table 2)

1 (75 mg, 0.5 mmol) was dissolved in 1,4-dioxane (3.5 mL), where the air (oxygen) was
displaced with argon before use. Then K,COs3 (207 mg, 1.5 mmol), 2 (61 mg, 0.5 mmol),
and 5 mol% of a selected catalyst (0.05 mmol) with 10 mol% of a ligand where applicable
were added and stirred under argon atmosphere at 100 °C.

50 uL of reaction mixture was diluted with 950 uL of internal standard solution
(prepared by 102 mg of acetanilide in 100 mL of CH3CN). The sample was further diluted
(1/10) with CH3CN and filtered to obtain the final sample for LC-MS analysis.

In case of Pd(dppf)Cl,-CHCl, and Pd(PPhs)s as catalyst, after 24 h, the reaction
mixture was extracted with EtOAc, brine and dried over anhydrous Na;SOy. Solvents were
removed under reduced pressure, the remaining solid was purified using flash column
chromatography with EtOAc/n-Hex as an eluent.

3.4. General Procedure for Catalyst Screening—Use of Palladium on Multiwall Carbon Nanotubes

1 (75 mg, 0.5 mmol) was dissolved in 1,4-dioxane (3.5 mL), where the air (oxygen) was
displaced with argon before use. Then K,COs3 (207 mg, 1.5 mmol), 2 (61 mg, 0.5 mmol),
and 0.2 mol% of palladium on multiwall carbon nanotubes (10.6 mg, 0.11 mg, 1.0 uM) was
added and stirred under argon atmosphere at 100 °C.

50 uL of reaction mixture was diluted with 950 uL of internal standard solution
(prepared by 102 mg of acetanilide in 100 mL of CH3CN). The sample was further diluted
(1/10) with CH3CN and filtered to obtain the final sample for LC-MS analysis.

3.5. General Procedure for Solvent Mixture Screening (Table 3)

1 (75 mg, 0.5 mmol) was dissolved in a mixture of THF or 1,4-dioxane and H,O (total
6 mL), where the air (oxygen) was displaced with argon before use. Then K,COj3 (207 mg,
1.5 mmol), 2 (61 mg, 0.5 mmol), and 3 mol% of Pd(PPhs)4 (17.3 mg, 0.015 mmol) were
added and stirred under argon atmosphere. The reaction mixture was then stirred for
20 min at 100 °C in a microwave reactor.

50 uL of reaction mixture was diluted with 950 uL of internal standard solution
(prepared by 102 mg of acetanilide in 100 mL of CH3CN). The sample was further diluted
(1/10) with CH3CN and filtered to obtain the final sample for LC-MS analysis.

3.6. General Procedure for Temperatuer and Time Screening (Table 4)

1 (75 mg, 0.5 mmol) was dissolved in a mixture of 1,4-dioxane (4 mL) and H,O
(2 mL), where the air (oxygen) was displaced with argon before use. Then K,COj3 (207 mg,
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1.5 mmol), 2 (61 mg, 0.5 mmol), and 3 mol% of Pd(PPh3)s (17.3 mg, 0.015 mmol) were
added and stirred under argon atmosphere. The reaction mixture was then stirred at
several different temperatures (i.e., 60, 80, 100, 120, and 140 °C) in a microwave reactor for
a specified amount of time (i.e., 5, 10, 15, and 20 min).

50 uL of reaction mixture was diluted with 950 uL of internal standard solution
(prepared by 102 mg of acetanilide in 100 mL of CH3CN). The sample was further diluted
(1/10) with CH3CN and filtered to obtain the final sample for LC-MS analysis.

3.7. General Procedure for Catalyst Loading Screening (Table 5)

1 (75 mg, 0.5 mmol) was dissolved in a mixture of 1,4-dioxane (4 mL) and H,O
(2 mL), where the air (oxygen) was displaced with argon before use. Then K,CO3 (207 mg,
1.5 mmol), 2 (61 mg, 0.5 mmol), and appropriate amount of Pd(PPhs)4 (i.e., 0.05,0.2,0.5, 1,
2,3, and 5 mol%) were added and stirred under argon atmosphere. The reaction mixture
was then stirred for 15 min at 100 °C in a microwave reactor.

50 uL. of reaction mixture was diluted with 950 uL of internal standard solution
(prepared by 102 mg of acetanilide in 100 mL of CH3CN). The sample was further diluted
(1/10) with CH3CN and filtered to obtain the final sample for LC-MS analysis.

3.8. General Procedure for Scale-Up

1 (600 mg, 4.0 mmol) was dissolved in a mixture of 1,4-dioxane (10 mL) and H,O
(5 mL), where the air (oxygen) was displaced with argon before use. Then K,CO3 (1.656 g,
12.0 mmol), 2 (488 mg, 4.0 mmol), and 0.5 mol% of Pd(PPhs), (23.12 mg, 0.02 mmol) were
added and stirred under argon atmosphere. The reaction mixture was then stirred for a
specified amount of time (i.e., 15, 20 min) at 100 °C in a microwave reactor.

50 uL of reaction mixture was diluted with 950 uL of internal standard solution
(prepared by 102 mg of acetanilide in 100 mL of CH3CN). The sample was further diluted
(1/10) with CH3CN and filtered to obtain the final sample for LC-MS analysis.

3.9. General Procedure for Screening of Boronic Acids (Table 6)

1 (75 mg, 0.5 mmol) was dissolved in a mixture of 1,4-dioxane (4 mL) and H,O
(2 mL), where the air (oxygen) was displaced with argon before use. Then K,CO3 (207 mg,
1.5 mmol), appropriate boronic acid (0.5 mmol), and 0.5 mol% of Pd(PPhs)s (2.9 mg,
0.0025 mmol) were added and stirred under argon atmosphere. The reaction mixture was
then stirred for 15 min at 100 °C in a microwave reactor. Afterwards, reaction mixture
was extracted with EtOAc, brine, and dried over anhydrous Na;SO4. Solvents were
removed under reduced pressure, the remaining solid was purified using flash column
chromatography with EtOAc/n-Hex as an eluent.

3.10. General Procedure for Screening of 2,4-Dihalogenopyrimidines (Table 7)

Appropriate 2,4-dihalogenopyrimidine (0.5 mmol) was dissolved in a mixture of 1,4-
dioxane (4 mL) and H,O (2 mL), where the air (oxygen) was displaced with argon before
use. Then K;COj3 (207 mg, 1.5 mmol), 2 (61 mg, 0.5 mmol), and 0.5 mol% of Pd(PPh3),
(2.9 mg, 0.0025 mmol) were added and stirred under argon atmosphere. The reaction
mixture was then stirred for 15 min at 100°C in a microwave reactor. Afterwards, reaction
mixture was extracted with EtOAc, brine, and dried over anhydrous Na,SO4. Solvents
were removed under reduced pressure, the remaining solid was purified using flash column
chromatography with EtOAc/n-Hex as an eluent.

3.11. Analytics of the Synthesized Compounds

2-chloro-4-phenylpyrimidine (3): white solid, Mp 86-87 °C (lit. 84-86 °C [41]); 'H NMR
(400 MHz, CDCl3): & (ppm) = 7.48-7.54 (m, 3H), 7.64 (d, ] = 5.3 Hz, 1H), 8.07-8.10 (m, 2H),
8.63 (d, ] = 5.3 Hz, 1H); 13C NMR (100 MHz, CDCl3): & (ppm) = 115.27, 127.55, 129.25,
132.04, 135.17, 159.95, 161.99, 167.30; HRMS (ESI+) m/z calc. for C1oHgN,Cl [M + H]*
191.0371, found 191.0369; HPLC fz = 6.41 min; Rf = 0.43 (EtOAc/n-Hex, 1:2, v/v).
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4-chloro-2-phenylpyrimidine (4): white solid, Mp 72-73 °C (lit. 73-74 °C [42]); 'H NMR
(400 MHz, CDCl3): & (ppm) = 7.23 (d, ] = 5.2 Hz, 1H), 7.48-7.52 (m, 3H), 8.43-8.46 (m, 2H),
8.67 (d, ] = 5.2 Hz, 1H); *C NMR (100 MHz, CDCl3): § (ppm) = 119.45, 128.66, 128.81,
131.68, 136.23, 158.39, 161.70, 165.71; HRMS (ESI+) m/z calc. for C1oHsN,Cl [M + H]*
191.0371, found 191.0371; HPLC tg = 7.09 min; Rf = 0.55 (EtOAc/n-Hex, 1:2, v/v).

2-chloro-4-(2-methoxyphenyl)pyrimidine (26): Yield: 76%; white solid; Mp 53-54 °C; 'H
NMR (400 MHz, CDCls): 6 (ppm) = 3.92 (s, 3H), 7.00-7.04 (m, 1H), 7.11 (td, J; = 1.1 Hz,
J2=7.6Hz, 1H),7.48 (ddd, J1 =18 Hz, ]J2=7.4 Hz, J]3 = 8.4 Hz, 1H), 7.97 (d, ] = 5.3 Hz, 1H),
8.09 (dd, J; = 1.8 Hz, ], = 7.8 Hz, 1H), 8.57 (d, ] = 5.3 Hz, 1H) as reported [43]; 1*C NMR
(100 MHz, CDCl3): 6 (ppm) = 55.76, 111.65, 120.21, 121.43, 124.53, 131.47, 13.86, 158.32,
159.05, 161.31, 165.82; HRMS (ESI+) m/z calc. for C1oH;oN,OCI [M + H]* 221.0476, found
221.0476; HPLC tr = 6.41 min; Rf = 0.36 (EtOAc/n-Hex, 1:4, v/v).

2-chloro-4-(3-methoxyphenyl)pyrimidine (27): Yield: 72%; white solid; Mp 68-70 °C (lit.
83-86 °C [44]); 'H NMR (400 MHz, CDCl3): § (ppm) = 3.90 (s, 3H), 7.09 (ddd, J; = 0.9 Hz,
J» =2.6 Hz, [3 = 8.2 Hz, 1H), 7.42 (t, ] = 8.0 Hz, 1H), 7.63 (d, | = 5.3 Hz, 1H), 7.61-7.67
(m, 2H), 8.64 (d, ] = 5.3 Hz, 1H); 3C NMR (100 MHz, CDCl3): § (ppm) = 55.67, 112.61,
115.48, 118.06, 119.92, 130.29, 136.64, 159.97, 160.41, 161.99, 167.17; HRMS (ESI+) m/z calc.
for C1oH1oN,OCI [M + H]* 221.0476, found 221.0476; HPLC tg = 6.34 min; Rf = 0.24
(EtOAc/n-Hex, 1:4, v/v).

2-chloro-4-(4-methoxyphenyl)pyrimidine (28): Yield: 77%; white solid; Mp 106-108 °C (lit.
137-140 °C [44]); 'H NMR (400 MHz, CDCl3): & (ppm) = 3.89 (s, 3H), 6.99-7.03 (m, 2H),
7.57 (d, ] = 5.3 Hz, 1H), 8.06-8.10 (m, 2H), 8.56 (d, ] = 5.3 Hz, 1H); 3C NMR (100 MHz,
CDCl): 6 (ppm) = 55.65, 114.32, 114.63, 127.57, 129.30, 159.58, 161.90, 162.96, 166.79; HRMS
(ESI+) m/z calc. for C11H19ON,Cl1 [M + HJ* 221.0476, found 221.0476; HPLC g = 6.30 min;
Rf = 0.18 (EtOAc/n-Hex, 1:4, v/v).

2-chloro-4-(m-tolyl)pyrimidine (29): Yield: 75%; white solid; Mp 74-75 °C; 'H NMR
(400 MHz, CDCl3): 5 (ppm) = 2.45 (s, 3H), 7.34-7.38 (m, 1H), 7.40 (t, ] = 7.5 Hz, 1H), 7.64
(d, ] =5.3 Hz, 1H), 7.84-7.87 (m, 1H), 7.92-7.94 (m, 1H), 8.62 (d, ] = 5.3 Hz, 1H); 3C NMR
(100 MHz, CDCl3): & (ppm) = 21.59, 115.38, 124.72, 128.18, 129.16, 132.87, 135.18, 139.16,
159.88, 161.98, 167.56; HRMS (ESI+) m/z calc. for C11H1oN>Cl [M + H]* 205.0527, found
205.0529; HPLC tg = 6.87 min; Rf = 0.35 (EtOAc/n-Hex, 1:3, v/v).

2-chloro-4-(3-nitrophenyl)pyrimidine (30): Yield: 79%; yellow solid; Mp 123-125 °C; 'H
NMR (400 MHz, CDCl3): 6 (ppm) =7.74 (t, ] = 8.0 Hz, 1H), 7.76 (d, ] = 5.2 Hz, 1H), 8.41
(ddd, J; =1.1Hz, ], =22Hz, J3 =82 Hz, 1H), 8.48 (ddd, J; = 1.1 Hz, ], =1.8 Hz, J3 = 7.8 Hz,
1H), 8.76 (d, ] = 5.2 Hz, 1H), 8.93 (t, ] = 1.9 Hz, 2H) as reported [45]; 1*C NMR (100 MHz,
CDCl3): b (ppm) = 115.46, 122.46, 126.40, 130.48, 133.26, 136.96, 149.01, 160.77, 162.37,
164.64; HRMS (ESI+) m/z calc. for C1oH;0,N3Cl [M + HJ* 236.0221, found 236.0221; HPLC
tg = 6.33 min; Rf = 0.17 (EtOAc/n-Hex, 1:2, v/v).

3-(2-chloropyrimidin-4-yl)benzonitrile (31): Yield: 83%; pale pink solid; Mp 180-182 °C;
'H NMR (400 MHz, CDCl3): & (ppm) = 7.64-7.68 (m, 1H), 7.68 (d, ] = 5.2 Hz, 1H), 7.83
(dt, J; =14 Hz, [, = 7.7 Hz, 1H), 8.33 (ddd, J; = 1.2 Hz, ], = 1.9 Hz, |5 = 8.0 Hz, 1H),
8.41 (t, ] = 1.8 Hz, 1H), 8.74 (d, ] = 5.2 Hz, 1H) as reported [46]; 1*C NMR (100 MHz,
CDCl3): 6 (ppm) = 113.84, 115.31, 118.10, 130.23, 131.18, 131.56, 135.00, 136.47, 160.70,
162.34, 164.79; HRMS (ESI+) m/z calc. for C;1H7N3C1 [M + H]* 216.0323, found 216.0323;
HPLC tg = 5.97 min; Rf = 0.17 (EtOAc/n-Hex, 1:2, v/v).

3-(2-chloropyrimidin-4-yl)benzaldehyde (32): Yield: 70%; white solid; Mp 120-122 °C; H
NMR (400 MHz, CDCl3): 6 (ppm) =7.70 (t, ] =7.7 Hz, 1H), 7.74 (d, ] = 5.3 Hz, 1H), 8.05 (dt,
J1=14Hz, |, =7.6 Hz, 1H), 8.38 (dt, J; = 1.5 Hz, J,=7.7 Hz, 1H), 8.58 (t, | = 1.8 Hz, 1H),
8.71(d, ] = 5.1 Hz, 1H), 10.12 (s, 1H); 1*C NMR (100 MHz, CDCl3): § (ppm) = 115.40, 128.63,
130.11, 132.71, 133.13, 136.22, 137.19, 160.45, 162.17, 165.78, 191.58;, HRMS (ESI+) m/z calc.
for C11HgON,Cl1 [M + H]* 219.0320, found 219.0322 as reported [47]; HPLC fg = 5.61 min;
Rf = 0.32 (EtOAc/n-Hex, 1:1, v/v).

Methyl 3-(2-chloropyrimidin-4-yl)benzoate (33): Yield: 62%; white solid; Mp 108-110 °C;
'H NMR (400 MHz, CDCl3): & (ppm) =3.97 (s, 3H), 7.61 (t, ] = 7.8 Hz, 1H), 7.72 (d, ] = 5.3 Hz,
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1H), 8.20 (dt, J; =14 Hz, J, =7.8 Hz, 1H), 8.34 (ddd, J; =1.2 Hz, [, =19 Hz, J3 = 7.9 Hz, 1H),
8.68 (d, ] = 5.3 Hz, 1H), 8.69-8.70 (m, 1H) as reported [48]; 13C NMR (100 MHz, CDCl3): &
(ppm) = 52.58, 115.42, 128.57, 129.52, 131.30, 131.88, 132.86, 135.61, 160.28, 162.13, 166.24,
166.43; HRMS (ESI+) m/z calc. for C1oH190,N,Cl [M + H]* 249.0425, found 249.0424; HPLC
tg = 6.29 min; Rf = 0.25 (EtOAc/n-Hex, 1:2, v/v).

3-(2-chloropyrimidin-4-yl)benzoic acid (34): Yield: 55%; white solid; Mp 196-198 °C; 'H
NMR (400 MHz, DMSO-dg):  (ppm) =7.49 (t, ] = 7.7 Hz, 1H), 8.12-8.16 (m, 3H), 8.72-8.74
(m, 1H), 8.76 (d, | = 5.3 Hz, 1H), 1H from COOH is exchanged as reported [47]; 13C NMR
(100 MHz, DMSO-dg): b (ppm) = 116.07, 128.19, 128.28, 132.80, 133.70, 140.01, 160.51, 161.08,
166.51, 169.84; HRMS (ESI-) m/z calc. for C11HgO,N,C1 [M — HJ™ 233.0123, found 233.0122;
HPLC tg = 4.96 min; Rf = 0.14 (DCM/MeOH, 9:1, v/v).

3-(2-chloropyrimidin-4-yl)aniline (35): Yield: 55%; yellow solid; Mp 120-122 °C (lit.
137-138 °C [49]); 'H NMR (400 MHz, CDCl3): § (ppm) = 3.86 (s, 2H), 6.85 (ddd, J; = 1.0 Hz,
J» =24Hz, J3 =79 Hz, 1H), 7.28 (t, ] = 7.9 Hz, 1H), 7.38 (ddd, J; =1.0 Hz, J, = 1.8 Hz,
J3=7.9 Hz, 1H), 7.48 (t,] = 2.0 Hz, 1H), 7.60 (d, ] = 5.3 Hz, 1H), 8.61 (d, ] = 5.3 Hz, 1H); 13C
NMR (100 MHz, CDCl3): & (ppm) = 113.67, 115.41, 117.61, 118.60, 130.15, 136.21, 147.37,
159.83, 161.86, 167.51; HRMS (ESI+) m/z calc. for C1oHgN3Cl [M + H]* 206.0480, found
206.0478; HPLC tg = 3.35 min; Rf = 0.23 (EtOAc/n-Hex, 1:1, v/v).

2-chloro-4-(4-fluorophenyl)pyrimidine (36): Yield: 62%; white solid; Mp 101-103 °C; 'H
NMR (400 MHz, CDCl3): 6 (ppm) = 7.18-7.24 (m, 2H), 7.61 (d, | = 5.3 Hz, 1H), 8.10-8.15
(m, 2H), 8.64 (d, ] = 5.3 Hz, 1H); 1*C NMR (100 MHz, CDCl;): & (ppm) = 114.91, 116.47 (d,
Jc-r =22.0 Hz), 129.82 (d, Jc.r = 8.9 Hz), 131.37, 160.06, 162.07, 162.25 (d, Jc.r = 253.3 Hz),
166.62; HRMS (ESI+) m/z calc. for C1oHyN,CIF [M + H]* 209.0276, found 209.0278; HPLC
tg = 6.44 min; Rf = 0.31 (EtOAc/n-Hex, 1:3, v/v).

2-chloro-4-(naphthalen-2-yl)pyrimidine (37): Yield: 87%; white solid; Mp 114-116 °C; 'H
NMR (400 MHz, CDCl;): § (ppm) = 7.54-7.62 (m, 2H), 7.79 (d, | = 5.3 Hz, 1H), 7.88-7.92
(m, 1H), 7.95-8.01 (m, 2H), 8.15 (dd, J; = 1.9 Hz, ], = 8.6 Hz, 1H), 8.65-8.67 (m, 1H), 8.68 (d,
] =5.3 Hz, 1H); 13C NMR (100 MHz, CDCl3): § (ppm) = 115.49, 123.78, 127.08, 127.95, 128.19,
128.40, 129.17, 129.38, 132.42, 133.26, 135.17, 160.01, 162.10, 167.27; HRMS (ESI+) m/z calc.
for C14H 9N, Cl1 [M + HJ* 241.0527, found 241.0528 as reported [50]; HPLC tg = 7.31 min;
Rf = 0.28 (EtOAc/n-Hex, 1:3, v/v).

2-chloro-4-(furan-2-yl)pyrimidine (38): Yield: 50%; white solid; Mp 67-69 °C; 'H NMR
(400 MHz, CDCl3): b (ppm) = 6.61 (dd, J; = 1.7 Hz, J, =3.5 Hz, 1H), 7.39 (dd, J; = 0.7 Hz,
J» =3.5Hz, 1H), 7.53 (d, ] = 5.2 Hz, 1H), 7.63 (dd, J; = 0.7 Hz, J, = 1.7 Hz, 1H), 8.58 (d,
J = 5.2 Hz, 1H) as reported [51]; 13C NMR (100 MHz, CDCl3): & (ppm) = 113.10, 113.13,
114.58, 146.24, 150.52, 158.11, 159.92, 161.76; HRMS (ESI+) m/z calc. for CsHgON,Cl1 [M +
HJ* 181.0163, found 181.0163; HPLC g = 5.03 min; Rf = 0.27 (EtOAc/n-Hex; 1:4, v/v).

2-chloro-4-(furan-3-yl)pyrimidine (39): Yield: 66%; grey solid; Mp 62-64 °C (lit. 87—
89 °C [52]); 'H NMR (400 MHz, CDCl3): § (ppm) = 6.90 (dd, J; = 0.9 Hz, ], = 1.9 Hz, 1H),
7.32(d, ] = 5.1 Hz, 1H), 7.52-7.55 (m, 1H), 8.21-8.23 (m, 1H), 8.55 (d, ] = 5.2 Hz, 1H); 13C
NMR (100 MHz, CDCl3): § (ppm) = 108.36, 115.06, 124.41, 144.77, 144.88, 159.67, 161.91,
161.98; HRMS (ESI+) m/z calc. for CsHsON,Cl1 [M + H]* 181.0163, found 181.0161; HPLC
tgr = 5.29 min; Rf = 0.18 (EtOAc/n-Hex, 1:4, v/v).

2-bromo-4-phenylpyrimidine (40): Yield: 48%; white solid; Mp 68-70 °C (lit. 85-87 °C [20];
'H NMR (400 MHz, CDCl3): § (ppm) = 7.49-7.55 (m, 3H), 7.69 (d, ] = 5.3 Hz, 1H), 8.07-8.10
(m, 2H), 8.57 (d, ] = 5.3 Hz, 1H); 3C NMR (100 MHz, CDCl3): § (ppm) = 115.67, 127.58,
129.28, 132.08, 135.13, 153.79, 159.73, 167.13; HRMS (ESI+) m/z calc. for C;oH7BrN, [M +
H]J* 234.9865, found 234.9869; HPLC tg = 6.45 min; Rf = 0.38 (EtOAc/n-Hex, 1:2, v/v).

2-chloro-4-phenyl-6-(trifluoromethyl)pyrimidine (41): Yield: 27%; pale yellow solid; Mp
47-49 °C; 'TH NMR (400 MHz, CDCly): § (ppm) = 7.54-7.63 (m, 3H), 7.96 (s, 1H), 8.15-8.18
(m, 2H); *C NMR (100 MHz, CDCl3): & (ppm) = 100.13, 111.06, 120.08 (q, Jc.r = 274.1 Hz),
127.93,129.55, 133.14, 133.78, 134.25, 169.84; HRMS (ESI+) m/z calc. for C11HyN,CIF; [M +
HJ* 259.0244, found 259.0250; HPLC tg = 7.51 min; Rf = 0.60 (EtOAc/n-Hex, 1:4, v/v).
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2-chloro-6-phenylpyrimidine-4-carboxylic acid (42): Yield: 92%; appearance; Mp > 300 °C;
'H NMR (400 MHz, DMSO-dy): & (ppm) = 7.51-7.58 (m, 3H), 8.13-8.16 (m, 2H), 8.29 (s, 1H),
1H from COOH is exchanged; *C NMR (100 MHz, DMSO-d¢): & (ppm) = 114.06, 127.24,
129.17,131.80, 134.90, 160.30, 165.40, 166.62, 168.53; HRMS (ESI-) m/z calc. for C11HgO,N,Cl
[M — H ] 233.0123, found 233.0121; HPLC tg = 5.29 min; Rf = 0.04 (DCM/MeOH, 9:1, v/v)

2-chloro-4-methyl-6-phenylpyrimidine (43): Yield: 78%; pale orange solid; Mp 42-44 °C;
'H NMR (400 MHz, CDCl3): 6 (ppm) = 2.60 (s, 3H), 7.48-7.55 (m, 4H), 8.06-8.08 (m, 2H) as
reported [53]; 1*C NMR (100 MHz, CDCl3): § (ppm) = 24.37, 100.13, 114.87, 127.55, 129.19,
131.75, 135.49, 166.96, 170.98; HRMS (ESI+) m/z calc. for C11H;oN,Cl [M + H]* 205.0527,
found 205.0528; HPLC tg = 6.60 min; Rf = 0.41 (EtOAc/n-Hex, 1:2, v/v).

2-chloro-4-methoxy-6-phenylpyrimidine (44A): Yield: 34%; white solid; Mp 88-90 °C; 'H
NMR (400 MHz, CDCl3): 6 (ppm) = 4.05 (s, 3H), 7.03 (s, 1H), 7.47-7.51 (m, 3H), 8.00-8.03
(m, 2H); 13C NMR (100 MHz, CDCl3): § (ppm) = 54.87, 102.05, 127.36, 129.06, 131.38, 135.62,
160.45, 167.10, 171.87; HRMS (ESI+) m/z calc. for C11H10ON,Cl [M + H]* 221.0476, found
221.0477; HPLC tg = 7.41 min; Rf = 0.62 (EtOAc/n-Hex, 1:2, v/v).

4-chloro-6-methoxy-2-phenylpyrimidine (44B): Yield: 36%; white solid; Mp 49-51 °C; 'H
NMR (400 MHz, CDCl3): é (ppm) = 4.11 (s, 3H), 6.66 (s, 1H), 7.47-7.54 (m, 3H), 8.42-8.46
(m, 2H); 13C NMR (100 MHz, CDCl3): & (ppm) = 54.44, 105.24, 128.62, 128.67, 131.59, 136.35,
161.10, 164.79, 170.77; HRMS (ESI+) m/z calc. for C11H190ON,Cl [M + H]* 221.0476, found
221.0475; HPLC tg = 7.96 min; Rf = 0.65 (EtOAc/n-Hex, 1:2, v/v).

2-chloro-6-phenylpyrimidin-4-amine (45): Yield: 84%; pale yellow solid; Mp 160-162 °C;
'H NMR (400 MHz, CDCI3): & (ppm) = 5.39 (s, 2H), 6.72 (s, 1H), 7.44-7.48 (m, 3H), 7.94-7.96
(m, 2H); 13C NMR (100 MHz, CDCl3): § (ppm) = 98.87, 127.20, 128.94, 131.05, 136.12, 161.13,
165.10, 166.03; HRMS (ESI+) m/z calc. for C1oHoN3Cl [M + H]* 206.0480, found 206.0477;
HPLC tg = 5.25 min; Rf = 0.43 (EtOAc/n-Hex, 1:1, v/v).

2-chloro-4-phenylquinazoline (46): Yield: 54%; white solid; Mp 91-92 °C (lit. 112-
114 °C [41]); 'H NMR (400 MHz, DMSO-dg): § (ppm) = 7.56-7.61 (m, 3H), 7.63 (ddd,
J1 =12Hz, [,=69 Hz, J3 =8.3 Hz, 1H), 7.77-7.82 (m, 2H), 7.95 (ddd, J; =14 Hz, [, =6.9 Hz,
J3 =8.4Hz, 1H), 8.06 (ddd, J; =0.7 Hz, J, = 1.2 Hz, 3 = 8.5 Hz, 1H), 8.14 (ddd, J; = 0.7 Hz,
J2 = 1.4 Hz, J3 = 8.4 Hz, 1H); 13C NMR (100 MHz, DMSO-dy): § (ppm) = 121.76, 127.64,
128.14, 128.26, 128.90, 130.28, 130.84, 135.02, 136.04, 153.16, 157.18, 171.84; HRMS (ESI+) m/z
calc. for C14H;oN,Cl [M + H]* 241.0527, found 241.0523; HPLC tg = 7.08 min; Rf = 0.29
(EtOAc/n-Hex, 1:5, v/v).

4. Conclusions

Substituted pyrimidine rings represent an attractive scaffold, which has been often
present in compounds with diverse biological activities. One of the most straightforward
routes for preparation of substituted pyrimidines are cross-coupling reactions with Suzuki
coupling being among them. In the present study we developed a quick, efficient, and
regioselective procedure for preparation of C4-substituted pyrimidines from commercially
available 2,4-dichloropyrimidines. A thorough screening of reaction conditions was per-
formed, with the microwave-assisted 15-min protocol offering regioselective C4-pyrimidine
substitution in good to high yields. Additionally, with only 0.5 mol% consumption of
tetrakis(triphenylphosphine)palladium(0) catalyst, the environmental impact of the reac-
tion is negligible. The scope of the reaction was investigated on several aryl and heteroaryl
boronic acids and substituted 2,4-dihalogenopyrimidines, with most of them being readily
amenable for Suzuki-Miyaura coupling. We believe that our microwave-assisted proce-
dure bears significant potential for the rapid preparation of regioselective C4-substituted
pyrimidines with high yields and most importantly extremely low catalyst loading.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ catal11040439/s1, Additional description of procedure optimization (Solvent screening,
Temperature screening, Screening of the solvent volume for microwave-assisted Suzuki coupling
between 1 and 2); 'H NMR and 3C NMR spectra of compounds.
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