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A well-defined heterogeneous palladium catalysgpgene oxide grafted with PdCwas
prepared and found to be an effective catalysttiier C-C, C-N coupling of hetero aryl
sulfonates with aryl boronic acids, terminal alkgnamines, respectively, leadingthe desire
coupling products in moderate to excellent yiellse catalyst was characterized by XRD,

ICP. It is worthy noting thatstbitalyst offers a number of advante

such as high stability and negligible metal leaghiih also retaingood activity for at least fi\
successive runs without any additional activati@atment, showing better performance th
the well-known commercial Pd/C catalysts. Téggproach would be very useful from a prac

2009 Elsevier Ltd. All rights reserved

1. Introduction

During the past decades, homogeneous palladiunai#iysis
was used as one of the most efficient tactics fopara-carbon
and carbon—heteroatom bond formations. Couplingti@as like
the Heck-, Suzuki-, and Buchwald- type provided omeg-s
methods for the assembling of complex structufés.

Palladium (Pd) catalyzed C-C and C-N coupling readti
have been of strategic importance since they défst reaction
rates, high turnover frequency, good selectivityd ahigh
production yield in various synthetic protocols®**
Heteroaromatic compounds are important constitueihéswide
range of natural products, pharmaceuticals, anel ¢lmemicals,
hence methods for their functionalization are ghhinterest™
% |n the Pd-catalyzed Suzuki coupling reactions| smfonates
are a class of interesting and practical altereatto aryl halides,
because they are more easily to handle and usuefly
expensive than the corresponding aryl halides. Homyewey!
sulfonates are generally less reactive in the nuet@lyzed
coupling reactions than the corresponding aryl ritis, and
thus, much harsher reaction
accordingly®**

Despite the remarkable utility of Pd catalysts irgamic
synthesis, the use of homogenous Pd catalysts d&s Ibmited

conditions were adopterf1

to a narrow application area since their high casd @he
difficulties to purify and reuse after chemical ctans. >
Tedious separation and recycling of the palladiatalyst are
major drawbacks of the homogeneous catalysts.
Immobilization of homogeneous catalysts onto adsslirface
can be a method of reformation, which may facilitate
separation of the catalyst from the reaction prtgjugnd make
the reutilization of the catalyst possible in nulki subsequent
cycles. For decades, enormous efforts in this fiedde made to
immobilize known catalysts onto various separablganic,
inorganic or hybrid supporterd* such as activated carbofi,
polymers,*”* glass polymer composite¥, zeolites,™* silica, **
** molecular sieves:®*® clays, **® carbon nano tube§® zinc
ferrite, ® graphene®® and sulfonated grapherf& Unfortunately,
the supported Pd complex catalysts often suffemfreduced
activity, inferior selectivity, and other problerssich as metal
leaching and high preparation complexity.

Recently, for catalysis studies, chemically exfigéagraphene
oxide (GO) °® has attracted extensive attention
heterocatalysis due to their unique two-dimensiastalictures,
uge surface areas, tunable electrical propertied ather
excellent propertied™ ¥ Many transition metals, such as Ag,
Pd,%"®8 pt,% and Au,*were surported on GO and prepared as
heterocatalysts for organic reactions.

in
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Heterobiaryl compounds, with prevalent structuralifadh
many pharmaceuticals and other biologically actvalecules,
have been a focus for all the time in the develapgmef
heterocyclic synthesi§? In particular, organic molecules with
pyrimidine scaffolds are widely used in medicatidand also as
important precursors in the synthesis of othervagiies.”**" In
1990s, derivatives of the dihydropyrimidinthione (D¥W)Pwere
found their potential value as calcium antagor(isigure 1),04
antagonists, hypotensor, anticarcinogen, é&fc.***% Hence
increasing efforts were devoted upon the synthddiscoDHPM
derivatives and their reactivity.

NO,
Cl
o} o o jj)\
E10” ) Rt PIO” N nMe
Me™ N O NH, Me” N o Me
H H
(a) Amlodipine (b) Dihydropyrimidine calcium channel blocker

Figure 1. (@) Amlodipine, a calcium channel blocker of dityglyridine™;
(b) Dihydropyrimidine calcium channel blockers
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oxygen. The peak ath2= 39.8°is characteristic for Pd (Il) with
face centered cubic structure, suggesting thaPthis composed
of crystalline nanostructures on graphene.
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Figure 2. The XRD spectra of (a) Graphite, (b) GO, (c) GGERd

More recently, we have developed an approach to C2-

substituted and functionalized pyrimidines, by sraupling
reactions of pyrimidin-2-yl sulfonates under milonditions and

Figure 3 shows the FTIR spectra of graphite, GO, and GO
PdCL. It can be seen that the obvious change was existed

rapid procedure®”** Nonetheless, this homogenous palladium graphite and graphite oxide. After being oxidizete peak at

catalysis owned numerous drawbacks, especially hiigke cost,

and non-reusability. Based on the pioneering wankthis area,
herein, we report a facile and efficient methodntoniobilize Pd
(II) complexes on GO in aqueous suspension. We fehaicthis

catalyst can afford high catalytic activities fbetC-C and C-N
cross-coupling reactions of pyrimidin-2-yl sulfoest with

arylboronic acids, terminal alkynes and anilinee @atalyst has
been found to be stable and recyclable in thesdersgs and the
conversions in the case of a variety of substréi@ge been
found to be good in its presence.

2. Results and discussion

2.1 Synthesis and characterization of the catalyst

GO was prepared by chemical oxidation and exfoliatbn
natural graphite under acidic conditions accordittg the
improved Hummer's method® Subsequently, 1.0 g the GO and
0.2 g PdC] were mixed with 20 mL of de-ionized water, stirred
at r.t. for 3 h. Despite the low solubility of Pd@ water, cation
exchange took place overnight. The suspension wasated by
centrifugation, washed with de-ionized water (3 x 20) mnd
acetone (3 x 20 mL), dried in a vacuum oven atG€or 4 h and
gently powdered was obtained. The palladium contenGO-
PdClL was determined by means of inductively coupledrpéas
equipped with atomic emission spectrometry (ICP-AES)
amounted to be 2.86 wt % (0.27mmol/g).

In order to understand the structural propertiegraphite, GO

and GO-PdGl XRD measurements were performed (Figure 2).

The graphite powder presents a typical sharp difrapeak at
20 26.3°, which is characteristic for (002) refleat in
graphite, corresponding d-spacing of 0.33 nm .Upxidation,

A broad peak at®= 9.3° was observed with a d-spacing of 0.95
nm, corresponding to the (002) reflection of GO. Timease in
d-spacing is due to the insertion of(Hmolecules and various
oxygen functional groups in the AB-stacked grapbheets!®

1% |n GO-PdC), the intensity of the peak at 9.3° significantly
decreased, and an obvious peak @t=221.4° appeared. It is
reasonable to consider that the reduced peak ityeins GO
resulted from Pd was conjugated onto the GO with surface

3400cm' became broadened, which was the typical stretching
vibration peak of —OH in —COOH. 1720 ¢rand 1398 cm that

are ascribed to the C=0 stretching vibrations of COgpblips
and the O-H deformation vibrations of tertiary C-Ot25
cm* that are related to the O—H deformation vibratioh$1,0
groups, 1049 ci and 868 cmi that are indexed to the
characteristic peaks of epoxy groups and peroxideps-%" %
The results provided direct evidences for the ssefoé
oxidation of graphite. For GO-PdClthe peak corresponding to
oxygen functional groups significantly decreasedisappeared.
This is relatively consistent with the XRD data, where Pd*
reacts with surface oxygen, and the corresponding Xie&k
intensity was reduced.

(¢) GO-PdCI,

Transmittance(%)
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Figure 3. The FTIR spectra of (a) Graphite, (b) GO, (c) GEER.
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We examined the detailed electronic configuratiohsGO-
PdCL complex using X-ray photoelectron spectroscopy (XPS)
measurements. (Figure 4) The peaks at 342.80 e\33nd3 eV

were assigned to the binding energy of;Bshnd Pdys» in
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Figure 4. The XPS spectra of (a) GO, (b) GO-P4CI
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PdClL respectively; it was found to 0.75 eV and 0.87 eV
decrease in GO-PdCtomplex, which are originated from R¢,
and Pd,s, of Pd'. The results show the coordination or ionic
bonds are formed in PdGkith GO.

The morphologies of the Graphite, GO and GO-Rd@re
found out by scanning electron microscopy (SEM-EDGd
transmission electron microscopy (TEM). The SEMg(Fe 5)
and TEM (Figure 6) image (a, Figure 5; a, Figurargjicated
stacking of multilayer in Graphite structure. Aftereity
oxidized, the sheet morphology with typical wrinkleé GO is
clearly observed in the TEM and SEM images of GOF{gure
5; b, Figure 6). And then in Figure 5 (c) and Figéréc), no
obvious aggregated Pd particle on the surface of GG w
observed. Furthermoréhe EDS mapping images (d, Figure 5)
revealed that a homogeneous distribution of Pd onds@,then
the EDX of GO and GO-Pdg@Was texted (e and f, Figure 5); the
presence of oxygen elements was confirmed, whicicated the
successful oxidization of the graphite (e, Figuyeahd Figure 5
(f) revealed that the presence of Pd on the sud&€&O. This is
relatively consistent with the XRD and FTIR data.
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Figure5. SEM image of (a) Graphite, (b) GO, (c) GO-Pd@) the corresponding EDS mapping of Pd; andebX spectrum of (e) GO, (f) GO-PdCI
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2.2 Coupling reactions of pyrimidin-2-yl sulfonates with

arylboronic acids

The catalytic performance of the prepared catahysts

systematically examined through Suzuki couplingtieas. As a
model, the coupling reaction of ethyl 4-methyl-Gepkl-2-

(tosyloxy)pyrimidine-5-carboxylate 1&) with phenylboronic
acid Qa) was studied (Table 1). Firstly, 1,4-dioxane wassemo
as the solvent, and the ligands as well as the besge
evaluated, respectively (entries 1-7). It seemg #Rh and

(2.0 equiv. ), catalyst (Pd 2.86 wt %), solventr(b), 110°C, 18 h.
blsolated yield oBa by column chromatography.

To expand the scope of substrates, we further exaihiine
GO-Pd catalyst for the Suzuki coupling reactionsvafious
pyrimidin-2-yl sulfonatesX) with different phenylboronic acids
(2) under the optimized conditions (Table 2). Notabilyere
was not any obvious trend or difference in readcyivi
between the systems of varied electronic effects.

KsPO, were the suitable ligand and base to give theArylboronic acids with electron-donating (Me- and Mg@nd

corresponding coupling produgg in 87% vyield (entry 2). The
yield declined when 2,2’-oxybis(2,1-
phenylene)bis(diphenylphosphane) (DPE-Phos) was asdle
ligand (entry 1). However, an increase in the crasspling
reactivity was observed with CsG@GGas base under similar
conditions (entry 5). Other bases including NaOAc, TBAB,
K,CO; and NaF provided poor conversion (entries 3-4,.6-8)
Further optimization of conditions was achievedtfur solvent.
Among the different solvents that were studied, loeldg were
obtained in toluene, C&N and CC] (entries 8-10). In the
controlling experiments, no reaction occurred withiigand or
GO, indicating their indispensible roles in the teat (entries
14, 15). Tests upon the catalyst amount suggektgd?0 mg of
the GO-PdGl catalyst was enough to afford the high yield & th
product (compare entry 2 with entry 11, 12). Moralkat added
did not obviously accelerate the reaction in furtfentry 13).
Thereby, the appropriate condition is optimizedpgsmidin-2-

yl sulfonatela (0.25 mmol), arylboronic acida (0.375 mmol),
KsPQ, (2.0 equiv.), PPh(20 mol %), 20 mg of GO-PdLI
catalyst (Pd 2.86 wt %), stirred in 5 mL 1,4-dioxaatel10°C
for 18 h.

Table 1. Optimized conditions for the coupling of pyrimidR-yl
sulfonates with arylboronic acidd.

electron-withdrawing groups (Cl-) were well toleratedt(ies 2-
6), and satisfactory yields were obtained. Additibnathe
arylboronic acids with eithep-substituted (entry 2) om-
substituted (entry 3) methyl group afforded thessrooupling
products in 85% and 88% yields, respectively. On oliger
hand, sterically hindered substituents on the arglbic acids
impacted on the reaction. For example, the reagfiovolving 2-
methylphenylboronic acid2¢l) gave the corresponding product
3d only in 72% vyield (entry 4). As expected, electdeficient
1-naphthylboronic aci®g was also a suitable reaction partner
(entry 7).

In addition to arylboronic acids, several pyrimidiryl
sulfonates were used as starting compounds in thetioe.
These substituted pyrimidin-2-yl sulfonates, begrifiuoro,
chloro, bromation, methyl, and methoxyl groups, war®othly
converted to the corresponding products in highdgiéentries 8-
15). Fortunately, the catalytic system can be uUsedelective
coupling of sulfonates groups keeping halogen fonetities
intact with only3j, 3k, 3l produced, respectively (entries 10-12).
To our delight, all reactions took place smoothlytwthe desired
coupling products3 isolated in moderate to excellent yields.
Additionally, sulfonates of pyridine derivatives wealso tested
under this catalytic system, leading to moderatetty for the
corresponding produc® and3o (entry 14, 15).

o B(OH), 0 Table 2. Suzuki coupling reactions of pyrimidin-2-yl sutfates with
EO~ NN + Catalyst, Ligands Eo” AN arylboronic acidg®,
N J\ Base, Solvent - | R! R’
Me N~ "OTs Me N
B(OH
1a 2a 3a o (OH), o
N GO-PdCl,, PPhs, K5PO,
. . =z + 2) 3, A3y =
Entry Catalyst Base Ligand Solvent  Yield [ EtO ~ JN\ o0 110°, 1 4-dioxane, 18 h EtO _ N
i Me” N7 0Ts R Me” N =
1 GO-PdCJ (20 mg) KPO, DPE-Phos dioxane 72% | _
R'=H, Me, OMe, F, Cl, Br ‘\Rz
2 GO-PdC!(20 mg) KPO, PPh dioxane 87% L 2 R=Me OMecCl 3
Arylboronic
3 GO-PdC} (20 mg) NaOAc PPh dioxane 10% Entry Sulfonate y o Product Yield®
acl
4 GO-PdCJ (20 mg) TBAB PPh dioxane trace
5 GO-PdC4 (20 mg) CsCO; PPh dioxane 52% o B(OH), o)
6 GO-PAC} (20 mg) KCO; PPh dioxane 1 N BTl 87%
~ J\ Me N)\©
7 GO-PdCJ (20 mg) NaF PPh dioxane Me™ "N” "OTs 2a
la
8 GO-PdCJ (20 mg) KPO, PPh toluene 8% 3a
9 GO-PdC{ (20 mg) KPO, PPh CH,CN trace B(OH), o
10 GO-PAGi(20mg)  KPO, PPh ccl 2 la @ 85%
11 GO-PdC} (10 mg) KPO, PPh dioxane 63% Me NJ\@\
2b
12 GO-PdC} (15 mg) KPO, PPh dioxane 71% 3b
13 GO-PdC} (30 mg) KPO, PPh dioxane 89%
B(OH), °
14 GO (20 mg) KPO, DPE-Phos dioxane o™ NN
3 la o 88%
15 GO-PdC} (20 mg) KPO, dioxane Me NJU
2c

I Reaction conditionia (0.25 mmol),2a (1.5 equiv. ), ligands (20 or 6 mol %), base
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@ Reaction conditionst (0.25 mmol)2 (1.5 equiv. ), PPH(20 mol %), GO-PdGI(20 mg,
Pd2.1 mol %) KsPO, (2.0 equiv. ), stirred in 5 mL 1,4-dioxane at £0) 18 h.

Mlsolated Yield of producs.

2.3 Coupling reactions of pyrimidin-2-yl sulfonates with
terminal alkynes

Subsequently, as a model reaction, the couplingticea of
pyrimidin-2-yl sulfonate 1a) with phenyl acetylene4f) was
studied. Firstly, the reaction conditions were sdd{Table 3).
Our previous optimized condition®’ were applied to the
bimetallic catalytic system, using a combination @D-PdC}
(20 mg, Pd 2.86 wt %) and Cul (10 mol%), PP mol%), and
Et:N (2.0 equiv.) in 1.4-dioxane (5 mL) at 110 °C f#8 A.
Unfortunately, it provided poor yield of produba (entry 1).
Further study showed that this low yield remained wbepper
(I) thiophenecarboxylate (CuTC) was adopted instefidCul
(entry 2). And then, the choice of ligand was critita the
success of the reaction, when 2-(dicyclohexylpheph
2,4’ ,6'-triisopropylbiphenyl (X-Phos) was screened ligand,
38% of conversion was detected (entry 3). Finatlyour delight,
the yield was dramatically increased to 86 % wheRQ was
chosen as a base (entry 5).

Table 3. Optimization of the conditions of pyrimidin-2-ydulfonates
with terminal alkynes?.

o]
o x )
\@ GO-PdCly, [Cu], Ligand, Base EtO = ‘N
EtO” 7N " 1 4-dioxane, 110°C, 48 h X,
N J\ ! ' ’ Me’ N N
Me’ N OTs

1a 4a 5a

Entry [cu] Base Ligands Yield !
1 Cul EgN PPh 7%
2 CuTC EtN PPh 8%
3 CuTC EfN X-Phos 38%
4 CuTC KCOs X-Phos 56%
5 CuTC KPO, X-Phos 86%

[l Reaction conditionda (0.25 mmol),4a (0.38 mmol), GO-PdGI (20 mg, Pd2.1
mol %), CuTC (10 mol %), KPO, (2.0 equiv. ), X-Phos (6 mol %), 1,4-dioxane (5)mL
110°C, 48 h.

"l 1solated yield oBa by column chromatography.

On the basis of the results described above, we @aciude
that GO-PdGl can be a fine catalyst for this type of Sonogashir
coupling reactions between pyrimidin-2-yl sulfonatesd
terminal alkynes. To extend the scope of this feacsystem,
more substrates were examined under the optimizeditgmns
(Table 4). The catalysts displayed nearly 100% selectiwatihe
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products. As the similar result with Suzuki reactiche
Sonogashira reaction is relatively insensitive he electronic
characteristics of the substituent groups. And alisgrates can
be converted into the corresponding products irkat yields.

Table 4. Sonogashira coupling of pyrimidin-2-yl sulfonateish alkynes'®,
R'

GO-PdCly, CuTC, X-Phos, KsPO,

E0” Y ON °
J 110°C, 1,4-dioxane, 48 h
Me \N)\OTS
S
1 4 "= H, Me, OMe, F, Br 5 X
R2
Entry Sulfonate Alkyne Product Yield ™
o
A
o EtO !
1 Et0” & JN\ Mo SN 86%
Me” SN~ OTs 4a
la 5a
\ i =
) 1a NGty EO JN\ 87%
Me’ N N
4b -~ n-CeHis
5b
o
y
Et0” N
3 1a | 89%
" Me' N AN
5¢c
% o
EtO /IN
4 1a Me” SN 84%
4d
5d
o o
° Et0” ¢ N b = LN o0%
- J\ Me N)\
Me” N7 OTs n-Cettia
1b 5e
cl a
o 0
6 4b Et0” Y ON 89%
Et0” 7 N " \NJ\
L IO
Me” N7 OTs m-Cettia
1e 5f

l{lReaction conditionst (0.25 mmol) 4 (1.5 equiv. ), GO-PdGI20 mg, Pd 2.1 mol %),
CuTC (10 mol%), KPO, (2.0 equiv. ), X-Phos (6 mol %), 1,4-dioxane (5)mL10°C, 48
h.

Plsolated yield of produds.

2.4 C-N Coupling reactions of pyrimidin-2-yl sulfonates with
anilines

In addition to C-C coupling,
nucleophiles in the C-N coupling reactions. The lgéitaactivity
was investigated in the model reaction of pyrimidigt
sulfonate {a) with aniline 6a) (Table 5). The controlling
experiments and the effect of varying base, agdnli on
conversions suggest that the combination $#® (as base) and

PPh (as ligand) (entry 6) gives the most efficient Niation
product7a (81% yield in 24 h).

Table5. Optimization of the conditions of the C-N coupdineactiond?.

GO-PdCl,, Ligand, Base

H,N
e

)
e
Me \N)\H

EtO f JN\ T a-dioxane, 110°C, 24 h
Me N™ "OTs
1a 6a 7a
Entry Base Ligands Yield !

1 DBU PPR 0%
2 EgN PPh 0%
3 KoCOs PPh 0%
4 CsCO; PPh 0%
5 KsPO, - 44%
6 KPO, PPh 81%

[ Reaction conditiond1a (0.25 mmol),6a (0.38 mmol), GO-PdGI(20 mg, Pd2.1
mol %), PPR (20 mol %),, kPO, (2.0 equiv. ), 1,4-dioxane (5 mL), 130, 24 h.

"l 1solated yield o7a by column chromatography.

To evaluate the scope of C-N catalytic system, westigated
the coupling reactions by treating various pyrimi@tyl
sulfonates with different anilines (Table 6). Hightadgtic
activities were observed for the pyrimidin-2-yl suates and
both electron-rich and electron-poor anilines, @&ffiog the
corresponding N-arylation compounds in good to denel
yields (entries 2-4). In particularp-toluidine, which has
discernible steric- encumbrance, afforded the spwading
product7c in low yields (entry 3). For all the anilines exaed,
the reaction tolerated a variety of anilines caritej an electron-
withdrawing group (CI) (entry 6) as well as an elestdmnating
group (OMe) (entry 5) on the phenyl ring, and gaimailar
yields.

Table 6. Scope of the C-N coupling reactiots
R1

NH.
° 2
S
NP . B GOOPdCIz PPhs, K5PO, ,
J\ 2 110°C, 1,4-dioxane, 24 h TR
N R2

Me N OTs
R'=H, Me, OMe, F, CI
1 6 R2 = Me, CI, Ar 7
Arylboronic "
Entry Sulfonate » Product Yield®
aci

anilines were used as

NH,
o )
towl w Ty £y
S Me™ N N

Me N~ "OTs 6a
la
NH,
(o]
2 la B0 N Q/ 79%
Me’ \N)\H
NH,
o
3 la EtO = IN Ij 49%
Me’ \N)\N
6c H
7c



NH,
o o B(OH), o
Cl
4 la Et0” N 82% / N GO-PdCl,, PPhs, K3PO, .
NP /©/ Eto IN 110°C, 1,4-dioxane, 18 h EtO |N
Cl Me” N7 N X, )\ N
H Me’ N OTs Me N
6d 7d )\©
OMe OMe 1a 2a 3a
Q 100
5 2 6a 8% | &—*—*—+ 4 |28
EtO Z>N EtO ~ "N r
< M LS 80 | |24
Me” "N OTs Me™ N” N 70 f |,
ic 7e S 60} X
cl cl S 50 | 116 g
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1l Reaction conditions: Reaction conditiors(0.25 mmol),6 (1.5 equiv. ), PPh(20
mol %), GO-PdGJl (20 mg, Pd2.1 mol %, KsPO, (2.0 equiv. ), stirred in 5 mL 1,4-
dioxane at 116C, 24 h.

Plisolated yield of product.

Figure 7. Recycling test of GO-Pd&for Suzuki reaction.

2.5 Recycling of the catalyst

An important point concerning the use of heterogaseo Pd’3d,,
catalysts is its lifetime, particularly for indusir and
pharmaceutical applications. The recycling expenimewere
performed with the Suzuki coupling reaction betwetyles-
methyl-6-phenyl-2-(tosyloxy)pyrimidine-5-carboxyafla) and
phenylboronic acid2a) as the model substrates, under the same
reaction conditions as described above. After cotigrief each
running, the mixture was cooled to room temperatang, then
the catalyst was separated by centrifugation, and washed,
dried and replaced in the reaction vessel to bel usethe
sequential running. The reaction progress was miauitby TLC,
and the conversion and product selectivity were feseby GC
analysis (Figure 7).

The catalyst was used repeatedly for 5 times and tes —
examined by ICP-AES analysis within very narrow scope — 1 T + T + T T T 7 1
(2.86% to 2.75%) to observe its palladium conténly 128 348 344 34z . ?40 338 338 s34
parts per billion palladium was detected in the tieacphase, Binding Energy (eV)

(ICP-MS) indicating quite a slender metal leachiofy the Figure 8. XPS spectra of the reused wool-Pd complex catalyst
catalyst during the reactions. (Figure 7).

Intensity (cps)

S

UM, EHT =5.00 v WD =13.3 mm Mag=20.00 K X Signal=SE2 : 5um
Figure9. (a) SEM image of the reused catalyst (after treuBiureaction), (b) the corresponding EDS mappihBd (c) the corresponding EDX spectrum.
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To further investigate the reused catalyst, XPS wmagsl@yed photocatalyst was conducted by an energy-disper¥ivay
to characterize. Figure 8 showed the Pd 3d spectfirthe spectrometer (EDX) attached to the scanning electron
reused catalyst. It can be seen that a doubldiorchemically microscope. Column chromatography was generallyopad
different Pd entities, with peak binding energies386.22 eV  on silica gel (200-300 mesh) and TLC analyses wenelucted
(Pd 3ds,) and 340.60 eV (Pd 3d,), which confirmed the on silica gel GF254 plates.
presence of Pdin the reused catalyst. The XPS results indicated4.3 General procedures for the Suzuki coupling reactions of
that Pd (0) was formed during the catalytic reactiins was in pyrimidin-2-yl sulfonates with arylboronic acids
an agreement with the previous repétt. Pyrimidin-2-yl sulfonatel (0.25 mmol), arylboronic Aci®
Subsequently, the reused catalyst was again exanbyed (0.375 mmol), KPQ, (2.0 equiv.), PPh(20 mol %), 20 mg of
SEM-EDX, and the image indicated that the surfacephmogy GO-PdC} catalyst (Pd 2.86 wt %) were added to a 15 mL
of the recycled catalyst did not show any signiftoetmange even  Schlenk tube, and was then evacuated and purgedhitittyen
after 5 reaction cycles (Figure 9), showing a gdadikty of the gas for four times sequentially; then 5 mL 1,4-dio& in was

GO-PdC} catalyst during the Suzuki coupling reaction. added by a syringe under nitrogen atomospherentkeeire was
2.6 Hot filtration test then stirred at 118C for 18 h. After completion, the catalyst was
In order to further evaluate the palladium leachifghe GO- separated by centrifugation, and the mixture wadecot room

PdCl catalyst as well as the catalytic contributions tbé temperature, quenched by addition of saturated cagudlHClI
leached palladium, we carried out the hot filtratiests upon the (3 mL), and extracted with diethyl ether (3 x 5 mLhe organic
C-C coupling reaction. The test was operated betwiden  solvents were combined and washed with aqueous NaOH (2
coupling reaction ofla and 2a under standard conditions. The mmol/ mL, 2 mL), brine, and then dried with anhydsou
reaction mixture was stirred for 6 hours and filtene order to magnesium sulfate, filtered and concentrated unéeiuced
remove the heterogeneous catalyst (the conversi8i%); then  pressure. The residue was purified by silica gelurol
the mixture was stirred for another 18 hours. However, chromatography with a mixture of ethyl acetate aptrgbeum
further reaction was detected. This result indicatieat any ether as eluent. The product was analyzed by GC-MSMR
leaching of active species into solution was indigant. analysis. The conversion and selectivity were detechusing

GC analysis. All the prepared compounds are knownvegre

3. Conclusion compared with authentic samplés.

We have achieved the preparation of a reactivectet, and  4.3.1 Ethyl 4-methyl-2,6-diphenylpyrimidine-5-carboxylate (3a).
recyclable GO-PdGl catalyst. This catalyst exhibited high White solid; m.p. 66-67 °C'H NMR (400 MHz, CDCJ): =
enrichment towards the reactants as well as exceltdivity for ~ 8.62- 8.59 (dd) = 2.8 Hz, 6.4 Hz, 2H), 7.81-7.79 (m, 2H), 7.54-
a wide scope of C-C/C-N cross-coupling reactionsaddition, ~ 7-92 (M, 6H), 4.28-4.22 (4, = 7.2 Hz, 2H), 2.75 (s, 3H), 1.14-

— 3 . S—
the GO-PdGl showed an improved stability in the coupling 1.61805% ‘]1%5750'_';63';)2 pi’g;%g'\”\fgg(zlgol'\gﬂrij%)%o%‘l

reactions of pyrimidin-2-yl sulfonates with arylboio acids, 128.73, 128,58, 128.52, 128.49, 123.41, 61.8, 24368 ppm
terminal alkynes and aryl amines. Further exploratof the o R o o T '

heterogeneous catalyst developed by the organictioeain ~ 4.3.2 Ethyl 4-methyl-6-phenyl-2-p-tolylpyrimidine-5-carboxylate

other useful catalytic transformations is activalydergoing in  (3b). White solid; m.p. 61-63 °CH NMR (400 MHz, CDC)):
our laboratory, = 8.49-8.47 (dJ = 8.2 Hz, 2M), 7.79-7.77 (m, 2H), 7.54-7.46 (m,

3H), 7.33-7.31 (dJ = 8.1 Hz, 3H), 4.26-4.21 (d,= 7.2 Hz, 2H),

4. Experimental section 2.72 (s, 3H), 2.46 (s, 3H), 1.12-1.10J& 7.2 Hz, 3H) ppm™*C
NMR (100 MHz, CDC)): & = 168.52, 165.34, 163.68, 163.61,
4.1 Chemicals 141.49, 138.33, 134.42, 130.01, 129.33, 128.72,5128.28.48,

All starting materials and reagents were commercially 123.12, 61.83,22.72,21.61, 13.70 ppm.

available and used without further purification wsletherwise  4,.3.3 Ethyl 4-methyl-6-phenyl-2-m-tolyl pyrimidine-5-carboxylate
noted. Solvents were purified and dried by standasthods (3c). White solid; m.p. 69- 71 °CH NMR (400 MHz, CDC)): &
prior to use. All products have been previously reggb and = 8.27-8.29 (dJ = 7.4 Hz, 2H), 7.69-7.67 (dd,= 6.5 Hz, 3.1
characterized. All known products gave satisfactamglgical ~ Hz, 2H), 7.42-7.39 (m, 3H), 7.33-7.290t= 7.9 Hz, 1H), 7.25-

o dina toth £ Slitorat o 7.23(t,J = 7.5 Hz, 1H), 4.16-4.11 (4. = 7.2 Hz, 2H), 2.62 (s,
éi;ggf:ﬁg” Ing to the reported literature walue 3H), 2.38 (s, 3H), 1.02-0.99 (.= 7.2 Hz, 3H) ppm.l%C NMR

(100 MHz, CDC}): 6 = 168.42, 165.31, 163.84, 163.28, 138.22,

All reactions were conducted under nitrogen atmospléth 138.14, 137.02, 131.79, 129.91, 129.14, 128.53 422825 .83
a dual-manifold Schlenk tube and in oven-driedl@se unless 15333 61.67, 22.90, 21.53, 13.59 ppm. ’ '

otherwise noted. All NMR spectra are recorded on MERTUR S
(400 MHz for'H NMR, 100 MHz for’®C NMR) spectrometers; 4.34 Ethyl 4-mgthy|-6-phe1y|-2°-o-tolylpyr|m|d|ne5-carboxy|ate

: . . . (3d). White solid; m.p. 77-78 °CH NMR (400 MHz, CDC)): &
chemical shifts are expressed in ppdon(ts) relative to TMS  * 7.87-7.79 (m, 1H), 7.73-7.57 (m, 2H), 7.46- 7.33 Gh)
signal as internal reference in CRGBas chromatography (GC) 7357 19 (m 3|’_|) 416 .(ci =72 Hz ’2H) 263 (s SIH) 255 (s
analysis was performed on a Shimadezu GC-2010 eqlipie  3H), 1.03 (t,J = 7.2 Hz, 3H) ppm“C NMR (100 MHz, CDG)):
a 15 m x 0.53 mm x 1.pm RTX-1 capillary column and a § = 168.36, 166.75, 165.00, 163.12, 137.93, 1371&7,.45,
oxyhydrogen flame detector. ICP-AES were measuredRé® 131.31, 130.55, 129.97, 129.65, 128.48, 128.39,982922.77,

Advantage. XPS measurement was recorded on PHI57081.86, 22.78, 21.32, 13.66 ppm.

photoelectron spectrometer. Binding energy was nedeto G 4.35 Ethyl 2-(4-methoxyphenyl)-4-methyl-6-phenyl pyrimidine-5-
(284.80 eV). FTIR spectroscopy patterns were obtamvedn  carboxylate (3¢). White solid; m.p. 57-59 °C'H NMR (400
FT/IR-660 Plus system (Jasco, Tokyo, Japan). Thepks were  MHz, CDCL): § = 8.49-8.39 (m, 2H), 7.72-7.60 (m, 2H), 7.46-
mixed with KBr powders and pressed into a disk siatdbr 7.32 (m, 3H), 6.95-6.85 (m, 2H), 4.11 = 7.2 Hz, 2H), 3.79
FTIR measurement. The morphologies of the catalste (S, 3H), 2.59 (s, 3H), 0.99 (8 = 7.2 Hz, 3H) ppm:°C NMR
examined with field emission scanning electron nicopy (FE- (100 MHz, CDCY): & = 168.54, 165.23, 163.53, 163.40, 162.13,

SEM, Ultra Plus, Carl Zeiss). Elemental analysis tog



141.51, 138.41, 134.4, 130.34, 129.82, 128.39,522113.79,
61.63, 55.33, 22.84, 13.63 ppm.

4.3.6 Ethyl 2-(4-ch|oropheny|)-4-methy|-6-phen¥l pyrimidine-5-
carboxylate (3f). White solid; m.p. 84-86 °C.H NMR (400
MHz, CDCk): 3 = 8.51-8.36 (m, 2H), 7.80-7.56 (m, 2H), 7.52-
7.29 (m, 5H), 4.13 (q) = 7.2 Hz, 2H), 2.61 (s, 3H), 1.01 &~
7.2 Hz, 3H) ppm.*C NMR (100 MHz, CDC)): & = 168.25,
165.48, 163.63, 162.64, 138.04, 137.29, 135.59,0030129.96,
128.70, 128.44, 128.41, 123.52, 61.80, 22.80, 18064.

4.3.7 Ethyl 4-methyl-2-(naphthal en-l-yl)-6—phengl pyrimidine-5-
carboxylate (3g). White solid; m.p. 83-85 °CH NMR (400
MHz, CDCL): § = 8.62-8.60 (m, 1H), 8.06 (dd,= 7.2, 1.2 Hz,
1H), 7.89 (d,J = 8.2 Hz, 1H), 7.87-7.80 (m, 1H), 7.77-7.65 (m,
2H), 7.59-7.31 (m, 6H), 4.18 (d,= 7.2 Hz, 2H), 2.69 (s, 3H),
1.05 (t,J = 7.2 Hz, 3H) ppm=C NMR (101 MHz, CDC)): & =
168.26, 166.35, 165.29, 163.53, 137.85, 135.41,0634.30.96,
130.73, 130.06, 129.58, 128.55, 128.42, 126.85,862325.70,
125.16, 123.18, 109.69, 61.93, 22.86, 13.67 ppm.

4.3.8 Ethyl 4-methyl-2-phenyl-6-p-tolylpyrimidine-5-carboxylate
(3h). White solid; m.p. 66-67 °CH NMR (400 MHz, CDCJ): &

= 8.60-8.38 (m, 2H), 7.60 (d,= 8.1 Hz, 2H), 7.46-7.35 (m, 3H),
7.23-7.17 (m, 2H), 4.16 (d,= 7.2 Hz, 2H), 2.60 (s, 3H), 2.34 (s,
3H), 1.06 (tJ = 7.2 Hz, 3H) ppm**C NMR (100 MHz, CDCJ):

8 = 168.63, 165.14, 163.59, 163.34, 140.23, 1371&%.30,
130.91, 129.17, 128.58, 128.44, 128.41, 123.14726122.81,
21.38, 13.73 ppm.

4.3.9 Ethyl 4-(4-methoxyphenyl }-G-methyl -2-phenyl pyrimidine-5-
carboxylate (3i). Colorless oil.”"H NMR (400 MHz, CDCJ): é =
8.54-8.43 (m, 2H), 7.77-7.62 (m, 2H), 7.45-7.36 (id),3%.88 (d,
J = 8.8 Hz, 2H), 4.15 (¢ = 7.2 Hz, 2H), 3.72 (s, 3H), 2.56 (s,
3H), 1.05 (t,J = 7.2 Hz, 3H) ppm**C NMR (100 MHz, CDGJ):

& = 168.72, 164.98, 163.36, 162.53, 161.17, 1371130.82,
130.32, 130.01, 128.44, 128.36, 122.68, 113.80666155.24,
22.71,13.73 ppm.

4.3.10 Ethyl 4-(4-fluorophenyl)-6-methyl-2-phenyl pyrimidine-5-
carboxylate (3j). White solid; m.p. 85- 86 °CH NMR (400
MHz, CDCL): & = 8.46 (dd,J = 6.8, 3.0 Hz, 2H), 7.77-7.62 (m,
2H), 7.48-7.33 (m, 3H), 7.11-7.06 (m, 2H), 4.16 J&; 7.2 Hz,
2H), 2.61 (s, 3H), 1.06 (] = 7.2 Hz, 3H) ppm™C NMR (100
MHz, CDCL): & = 168.33, 165.46, 165.20, 163.65, 162.71,
162.28, 136.97, 134.28, 131.10, 130.58, 130.50,582828.50,
123.16, 115.66, 115.44, 61.84, 22.82, 13.74 ppm.

4.3.11 Ethyl 4-(4-chlorophenyl)-6-methyl-2-phenyl pyrimidine-5-
carboxylate (3k). White solid; m.p. 83-84 °C!H NMR (400
MHz, CDCL): & = 8.52-8.41 (m, 2H), 7.69-7.59 (m, 2H), 7.47-
7.34 (m, 5H), 4.16 (q] = 7.2 Hz, 2H), 2.62 (s, 3H), 1.07 {t=
7.2 Hz, 3H) ppmC NMR (100 MHz, CDGCJ): & = 168.15,
165.55, 163.66, 162.31, 136.81, 136.56, 136.36,2031.29.85,
128.73, 128.63, 128.52, 123.19, 61.92, 22.79, 18pm.

4.3.12 Ethyl 4-(4-bromopheny|)-6-methy|-2-phen¥l pyrimidine-5-
carboxylate (3). White solid; m.p. 87-89 °C.H NMR (400
MHz, CDCk): & = 8.50 (m, 2H), 7.78 (dl = 8.4 Hz, 2H), 7.47-
7.37 (m, 5H), 4.19 (q) = 7.2 Hz, 2H), 2.63 (s, 3H), 1.06 &~
7.2 Hz, 3H) ppmC NMR (100 MHz, CDGCJ): & = 168.52,
165.39, 163.06, 137.14, 137.00, 131.02, 128.94,872828.60,
128.49, 127.78, 127.18, 127.16, 123.22, 61.82,822.8.72 ppm.

4.3.13 Methyl 4-methyl-2,6-diphenyl pyrimidine-5-carboxylate
(3m). White solid; m.p. 123-12%. 'H NMR (400 MHz, CDC)):
8 = 8.57-8.55 (m, 2H), 7.77-7.76 (m, 2H), 7.51-7.48 @Hi),
3.72 (s, 3H), 2.68 ppm (s, 3HJC NMR (100 MHz, CDCJ): =
169.03, 165.46, 163.77, 163.40, 138.10, 137.10,0631.30.07,
128.63, 128.54, 128.49, 128.35, 123.00, 52.53 22pn.

4.3.14 2-Phenylpyridine (3n). Colorless oil*H NMR (400 MHz,
CDCL): & = 8.62 (d,J = 4.6 Hz, 1H), 7.97-7.87 (m, 2H), 7.73-
7.59 (m, 2H), 7.42-7.32 (m, 3H), 7.24-7.12 (m, 1H) ppie
NMR (100 MHz, CDCJ): 5 = 157.33, 149.50, 139.17, 136.85,
128.97, 128.72, 126.88, 122.08, 120.59 ppm.

9
4.3.15 5-nitro-2-phenylpyridine (30). White solid; m.p. 121-
122 °C."H NMR (400 MHz, CDC)): 6 = 9.45 (d,J = 2.4 Hz,
1H), 8.47 (ddJ = 8.8, 2.7 Hz, 1H), 8.12-8.02 (m, 2H), 7.87 1d,
= 8.8 Hz, 1H), 7.57-7.46 (m, 3H) ppi’C NMR (100 MHz,
CDCly): 8 = 162.29, 145.16, 142.82, 136.98, 131.90, 130.88,
129.10, 127.66, 120.00 ppm.

4.4 General procedures for the Sonogashira coupling
reactions of pyrimidin-2-yl sulfonateswith terminal alkynes
Pyrimidin-2-yl sulfonatel (0.25 mmol), terminal alkyné
(0.375 mmol), KPO, (2.0 equiv.), PPh(20 mol %), 20 mg of
GO-PdC} catalyst (Pd 2.86 wt %) and CuTC (10 mol %) were
added to a Schlenk tube. The tube containing theunei of
substrates was evacuated and purged with nitrogefogdsur
times. Then, 5 mL 1,4-dioxane was added by a syringger
nitrogen atomosphere, and the reaction mixture viaed at
110 °C for 48 h. After completion, the catalyst vgaparated by
centrifugation, the mixture was cooled to room terapee,
quenched by addition of saturated aqueous@H3 mL), and
extracted with diethyl ether (3 x 5 mL). The orgas@vents
were combined and washed with aqueous NaOH (2 mmol/mL, 2
mL), brine, and then dried with anhydrous magnessutfate,
filtered and concentrated under reduced pressure. résidue
was purified by silica gel column chromatography with
mixture of ethyl acetate and petroleum ether a®rgluThe
product was analyzed by GC-MS or NMR analysis. The
conversion and selectivity were determined using @alyais.
All the prepared compounds are known and were compeited
authentic sample&’

441 Ethyl 4-methyl-6-phenyl-2-(phenylethynyl)pyrimidine-5-
carboxylate (5a). White solid; m.p. 161-162 °CH NMR (400
MHz, CDCL): & = 7.70-7.66 (m, 4H), 7.48-7.39 (m, 3H), 7.38-
7.27 (m, 3H), 4.22- 4.17 (d,= 8.0 Hz,, 2H), 2.67 (s, 3H), 1.06
(t, J= 8.0 Hz, 3H) ppm*C NMR (100 MHz, CDC}) & = 167.53,
165.59, 164.08, 152.38, 137.19, 132.85, 132.54,403@.30.01,
129.91, 129.52, 128.75, 126.53, 128.38, 128.17,192421.25,
88.53, 88.09, 61.98, 22.47, 13.48 ppm.

442  Ethyl  4-Methyl-2-(oct-1-ynyl)-6-phenyl pyrimidine-5-
carboxylate (5b). Yellow oil. "H NMR (400 MHz, CDCI3):5 =
7.63—7.49 (m, 2H), 7.47-7.28 (m, 3 H), 4.10X¢, 7.2 Hz, 2 H),
2.54 (s, 3 H), 2.40 (] = 7.3 Hz, 2 H), 1.65-1.53 (m, 2 H), 1.43—
1.33 (m, 2 H),1.28-1.19 (m, 4 H), 0.97Jt 7.2 Hz, 3 H), 0.81
(t, J = 6.7 Hz, 3H) ppm*C NMR (100 MHz, CDCI3):5 =
167.58, 165.39, 163.91,152.27, 137.18, 130.06,4428.28.25,
123.95, 91.65, 79.93, 61.87,31.25, 28.70, 27.8%2222.43,
19.41, 13.99, 13.53 ppm.

443 Ethyl 2-(3,3-Dimethyl but-1-ynyl)-4-methyl-6-
Phenylpyrimidine~5-carboxy|ate (5¢). White solid; m.p. 98-99 °C.
H NMR (400 MHz, CDC}): 8 = 7.57-7.36 (m, 2H), 7.46-7.25
(m, 3H), 4.10 (gJ = 7.2 Hz, 2H), 2.54 (s, 3H), 1.30 (s, 9H), 0.97
(t, J = 7.2 Hz, 3H) ppm-"C NMR (100 MHz, CDC}) & = 167.61,
165.29, 163.90, 152.51, 137.33, 129.99, 128.43,202823.94,
98.45, 78.87, 61.82, 30.38, 27.90, 22.52, 13.5h.pp

444 Ethyl 4-Methyl-6-phenyl-2-(p-tolylethynyl)pyrimidine-5-
carboxylate (5d). Yellow oil. '"H NMR (400 MHz, CDC})): & =
7.65-7.56 (m, 2H), 7.51 (d, = 8.0 Hz, 2H), 7.45-7.33 (m, 3H),
7.10 (d,J = 7.9 Hz, 2H), 4.12 (o) = 7.2 Hz,, 2H), 2.58 (s, 3H),
2.30 (s, 3H), 0.99 (1] = 7.2 Hz, 3H) ppm™*C NMR (100 MHz,
CDCly) 8 = 167.57, 165.54, 164.05, 152.47, 140.17, 137.20,
132.65, 130.16, 129.13, 128.54, 128.29, 124.00,09189.07,
87.66, 61.96, 22.61, 21.63, 13.58 ppm.

445 Ethyl  4-Methyl-2-(oct-1-ynyl)-6-p-tolyl pyrimidine-5-
carboxylate (5€). Yellow oil. "H NMR (400 MHz, CDCJ): 5 =
7.48 (dd,J = 8.2, 2.0 Hz, 2 H), 7.18-7.14 (m, 2H), 4.13 (dd&;
7.2, 2.9 Hz, 2H), 2.52 (d} = 2.5 Hz, 3 H), 2.42-2.37 (m, 2H),
2.31 (d,J = 2.6 Hz, 3H), 1.64-1.54 (m, 2 H), 1.38 (dd;s 13.1,
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6.4 Hz, 2H),1.28-1.16 (m, 4H), 1.05-1.01 (m, 3H), 06829
(m, 3 H) ppm“C NMR (100 MHz, CDGJ): § = 167.83, 165.15,
163.72, 152.25,140.42, 134.27, 129.17, 128.28,802301.41,
80.03, 61.86, 31.27,28.71, 27.92, 22.50, 22.4535119.43,
14.00, 13.64 ppm.

446 Ethyl 4-(4-Chlorophenyl)-6-methyl-2-(oct- 1-
ynyl)pyrimidine-5-carboxylate (5f). Brown oil. '"H NMR (400
MHz, CDCL): & = 7.58-7.45 (m, 2H), 7.42-7.31 (m, 2H), 4.11—
4.17 (m, 2H), 2.54 (d] = 1.2 Hz, 3H), 2.40 () = 7.3 Hz, 2H),
1.65-1.54 (m, 2H), 1.43-1.34 (m, 2H), 1.28-1.19 (H), 4.07—
1.03 (m, 3H), 0.85-0.76(m, 3H) ppMC NMR (100 MHz,

Tetrahedron

NMR (101 MHz, CDCJ): 6 = 168.28, 167.24, 165.70, 158.53,
138.30, 137.63, 129.75, 128.60, 128.29, 127.95,3P2720.40,
117.25, 61.30, 22.88, 13.52 ppm.

455 Ethyl 4-(4-methoxyphenyl)-6-methyl-2-
(phenylamino)pyrimidine-5-carboxylate (7€). Claybank oil, *H
NMR (300 MHz, CDCJ) 6 = 7.56 (d,J = 10.1 Hz, 1H), 7.34 (d,
J = 8.5 Hz, 4H), 7.06-6.95 (m, 2H), 6.72 {t= 7.4 Hz, 1H),
6.68-6.61 (m, 2H), 3.88 (d,= 7.1 Hz, 2H), 3.52 (s, 3H), 2.24 (s,
3H), 0.80 (t,J = 7.1 Hz, 3H).*C NMR (75 MHz, CDC)) =
168.90, 166.83, 164.88, 161.05, 158.78, 139.26,8030.29.77,
128.75, 122.55, 119.27, 116.67 , 113.75, 61.302&522.83,

CDCly): & = 167.43, 165.64,162.59, 152.33, 136.52, 135.59,13.75 ppm.

129.73, 128.75, 123.84, 92.04, 79.86,62.07, 3R9A&5, 28.72,
27.90, 22.56, 22.45, 19.44, 14.01,13.67 ppm.

45 General procedures for the C-N coupling reactions of
pyrimidin-2-yl sulfonates with anilines

Pyrimidin-2-yl sulfonatel (0.25 mmol), aniliness (0.375
mmol), KsPO, (2.0 equiv.), PPh(20 mol %), 20 mg of GO-
PdC}, catalyst (Pd 2.86 wt %) were added to a 15 mL S&hlen
tube, and was then evacuated and purged with nitrggerfor
four times sequentially; then 5 mL 1,4-dioxane irsvealded by
a syringe under nitrogen atomosphere; the mixture then
stirred at 116C for 24 h until the reaction was completed. After
cooling the mixture to room temperature, the catalwas
separated by centrifugation, and the liquid was ghed with
saturated NECI aqueous solution (3 mL), and extracted with
ethoxyethane (3 x 5 mL). The organic solvents wemkined
and washed with aqueous NaOH (2 mmol/mL, 2 mL), bine,
then dried with anhydrous magnesium sulfate, fitter@nd
concentrated under reduced pressure. The crudeugiradas
purified by silica gel column chromatography, eigtiwith a
mixture of ethyl acetate and petroleum ether. Trapct was

analyzed by GC-MS or NMR analysis. The conversion and

selectivity were determined using GC analysis. Adl firepared

compounds are known and were compared with authenti

samples® %

451 Ethyl 4-methyl-6-phenyl-2-(phenylamino)pyrimidine-5-
carboxylate (7a). Colourless oil.'H NMR (400 MHz, CDCJ) &
=7.71 (s, 1H), 7.61-7.45 (m, 4H), 7.38-7.27 (m, 3H)8 (t,J =
7.9 Hz, 2H), 6.92 (dd] = 11.4, 4.2 Hz, 1H), 4.00 (d,= 7.1 Hz,
2H), 2.46 (s, 3H), 0.87 (1 = 7.1 Hz, 3H)**C NMR (101 MHz,

CDCly) 6 = 168.41, 167.17, 165.73, 158.71, 139.01, 138.52,9,

129.60, 128.71, 128.23, 127.96, 122.57, 119.16,9B1651.19,
22.88, 13.46 ppm.

452 Ethyl 4-methyl-6-phenyl-2-(p-tolylamino)pyrimidines-5-
carboxylate (7b). Brown oil,"H NMR (400 MHz, CDCJ) & 7.67
(s, 1H), 7.64-7.56 (m, 2H), 7.50 (ddi= 8.3, 1.5 Hz, 2H), 7.42
(dd,J =4.3, 2.6 Hz, 3H), 7.10 (d,= 7.5 Hz, 2H), 4.12-4.06 (m,
2H), 2.55 (d,J = 1.8 Hz, 3H), 2.30 (s, 3H), 0.99-0.95 (m, 3H).
¥C NMR (101 MHz, CDG)) 5 =168.48, 167.17, 165.76, 158.79,
138.62, 136.38, 132.19, 129.55, 129.22, 128.21,9627119.42,
116.64, 61.15, 22.91, 20.70, 13.47 ppm.

453 Ethyl 4-methyl-6-phenyl-2-(o-tolylamino)pyrimidine-5-
carboxylate (7c). Brown oil,'H NMR (400 MHz, CDC)) & =
8.07 (d,J = 8.1 Hz, 1H), 7.61-7.46 (m, 2H), 7.35 (dd&s 5.1, 1.8
Hz, 3H), 7.20-7.10 (m, 2H), 6.97 (d#i= 8.5, 11.1 Hz, 2H), 4.02
(9,d=7.1Hz, 2H), 2.47 (s, 3H), 2.26 (s, 3H), 0.91&, 7.1 Hz,
3H).®C NMR (101 MHz, CDG)) & = 168.51, 167.26, 165.88,
159.09, 138.59, 136.98, 130.40, 129.63, 128.30,9827126.50,
121.51, 117.02, 61.23, 22.92, 18.16, 13.53 ppm.

454 Ethyl 2-(4-chlorophenylamino)-4-methyl -6-
phenyl pyrimidine-5-carboxylate (7d). Colourless oil.'"H NMR
(400 MHz, CDCY) 4 =7.97 (s, 1H), 7.71-7.57 (m, 2H), 7.56-7.47
(m, 2H), 7.41 (dJ = 5.8 Hz, 3H), 7.24-7.17 (m, 2H), 4.11 gq:
7.1 Hz, 2H), 2.55 (s, 3H), 0.98 (dd,= 7.7, 6.6 Hz, 3H):"C

2.
a.

456 Ethyl 4-(4-chlor ophenyl)-6-methyl-2-
(phenylamino)pyrimidine-5-carboxylate (7f). White solid, m.p.
129-130°C, *H NMR (300 MHz, CDCJ) & = 7.54 (s, 1H), 7.46-
7.27 (m, 4H), 7.19-7.14 (m, 2H), 7.09-7.04 (m, 2HRB766.75
(m, 1H), 3.98-3.86 (m, 2H), 2.42-2.26 (m, 3H), 0.92740(m,
3H).*C NMR (75 MHz, CDCJ) & = 168.38, 167.60, 164.61,
158.92, 139.08, 137.15, 136.02, 129.62, 128.93,652822.98,
119.50, 116.97, 61.52, 23.12, 13.78 ppm.
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1. General

All starting materials and reagents were commdycalailable and used without further
purification unless otherwise noted. Solvents wewefied and dried by standard methods
prior to use. All products have been previouslyorggd and characterized. All known
products gave satisfactory analytical data cornedpgy to the reported literature values.

All reactions were conducted under nitrogen atmesplwith a dual-manifold Schlenk
tube and in oven-dried glassware unless otherwasedn All NMR spectra are recorded on
MERCURY (400 MHz for'H NMR, 100 MHz for**C NMR) spectrometers; chemical shifts
are expressed in ppnauhits) relative to TMS signal as internal referemeeCDCkL. Gas
chromatography (GC) analysis was performed on en&téezu GC-2010 equipped with a 15
m x 0.53 mm x 1..um RTX-1 capillary column and a oxyhydrogen flaméed®r. ICP-AES
were measured on IRIS Advantage. XPS measuremerst ngaorded on PHI5702
photoelectron spectrometer. Binding energy was rmede to Gs (284.80 eV). FTIR
spectroscopy patterns were obtained on an FT/IRFBGS system (Jasco, Tokyo, Japan). The
samples were mixed with KBr powders and pressed mtdisk suitable for FTIR
measurement. The morphologies of the catalyst weaenined with field emission scanning
electron microscopy (FE-SEM, Ultra Plus, Carl Zgis&€lemental analysis of the
photocatalyst was conducted by an energy-dispebsivey spectrometer (EDX) attached to
the scanning electron microsco@alumn chromatography was generally performed lcasi
gel (200—-300 mesh) and TLC analyses were conduacteslica gel GF254 plates.
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2. Experimental details and characterization datadr all compounds

2.1 The GO-PdC} was prepared following these proceduresGO was prepared by
chemical oxidation and exfoliation of natural graphunder acidic conditions according to
the improved Hummer’s method Subsequently, 1.0 g the GO and 0.2 g RPd@re mixed
with 20 mL of de-ionized water, stirred at r.t. 8. Despite the low solubility of PdGh
water, cation exchange took place overnight. Tlepaasion was separated by centrifugation,
washed with de-ionized water(3 x 20 mL) and ace{@me 20 mL), dryed in a vacuum oven
at 40°C for 4 h and gently powdered was obtained. Thiagiaim content in GO-Pdgivas
determined by means of inductively coupled plasnomipped with atomic emission
spectrometry (ICP-AES) and amounted to be 2.86 wt %

2.2 General procedures for the Suzuki coupling redions of pyrimidin-2-yl sulfonates
with arylboronic acids (eq S1) Pyrimidin-2-yl sulfonatel (0.25 mmol), arylboronic Aci@
(0.375 mmol), KPO, (2.0 equiv.), PPh(20 mol %), 20 mg of GO-Pdgtatalyst (Pd 2.86
wt %) were added to a 15 mL Schlenk tube, and tivaxs €vacuated and purged with nitrogen
gas for four times sequentially; then 5 mL 1,4-@dio& in was added by a syringe under
nitrogen atomosphere; the mixture was then stiatetl0°C for 18 h. After completion, the
catalyst was separated by centrifugation, the mextwas cooled to room temperature,
guenched by addition of saturated aqueougKB mL), and extracted with diethyl ether (3
x 5 mL). The organic solvents were combined anchedsvith aqueous NaOH (2 mmol/ mL,
2 mL), brine, and then dried with anhydrous magmassulfate, filtered and concentrated
under reduced pressure. The residue was purifiesdliog gel column chromatography with a
mixture of ethyl acetate and petroleum ether asrglurhe product was analyzed by GC-MS
or NMR analysis. The conversion and selectivityeveetermined using GC analysis. All the
prepared compounds are known and were comparedautitientic samples.

O Ar o A
EtO N ArZ. GO-PdCl,, PPh;, K3PO EtO =N S1
| A ’ B(OH), Di . 1103(‘ is h4 | AL 2
Me”™ "N~ "OTs 1oxane, z Me™ "N” TAr
1 2 3

2.3 General procedures for the Sonogashira couplingeactions of pyrimidin-2-yl
sulfonates with terminal alkynes (eq S2)Pyrimidin-2-yl sulfonatel (0.25 mmol), terminal
alkyne 4 (0.375 mmol), KPO, (2.0 equiv.), PPh(20 mol %), 20 mg of GO-Pdgtatalyst
(Pd 2.86 wt %) and CuTC (10 mol %) were added Szldenk tube. The tube containing the
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mixture of substrates was evacuated and purgednititiigen gas for four times. Then, 5 mL
1,4-dioxane was added by a syringe under nitrogem@sphere, and the reaction mixture
was stirred at 110 °C for 48 h. After completidme tatalyst was separated by centrifugation,
the mixture was cooled to room temperature, quehdhe addition of saturated aqueous
NH4CI (3 mL), and extracted with diethyl ether (3 xniL). The organic solvents were
combined and washed with agueous NaOH (2 mmol/minL?, brine, and then dried with
anhydrous magnesium sulfate, filtered and conctsatrander reduced pressure. The residue
was purified by silica gel column chromatographythwa mixture of ethyl acetate and
petroleum ether as eluent. The product was analyge&C-MS or NMR analysis. The
conversion and selectivity were determined usingda@lysis. All the prepared compounds
are known and were compared with authentic samples.

O Ar O Ar

= -PdClI TC, X-Phos, K3P EtO =N
EtO)Y\JN\ . /R GO-PdCly, CuTC, 0s, K3POy J?(i <
Me” N 0Ts Dioxane, 110 °C, 48 h Me™ "N™ ™
R
1 4 5

2.4 General procedures for the C-N coupling reactizs of pyrimidin-2-yl sulfonates
with anilines (eq S3) Pyrimidin-2-yl sulfonatel (0.25 mmol), anilines (0.375 mmol),
K3POy (2.0 equiv.), PPh(20 mol %), 20 mg of GO-Pdg&tatalyst (Pd 2.86 wt %) were added
to a 15 mL Schlenk tube, and was then evacuategamged with nitrogen gas for four times
sequentially; then 5 mL 1,4-dioxane in was added lsyringe under nitrogen atomosphere;
the mixture was then stirred at 1%0 for 24 h until the reaction was completed. Afteoling
the mixture to room temperature, the catalyst vegmasated by centrifugation, and the liquid
was quenched with saturated MH aqueous solution (3 mL), and extracted with
ethoxyethane (3 x 5 mL). The organic solvents wemmbined and washed with aqueous
NaOH (2 mmol/mL, 2 mL), brine, and then dried wathhydrous magnesium sulfate, filtered
and concentrated under reduced pressure. The pradact was purified by silica gel column
chromatography, eluting with a mixture of ethyl e and petroleum ether. The product was
analyzed by GC-MS or NMR analysis. The conversiot selectivity were determined using
GC analysis. All the prepared compounds are knownah \@ere compared with authentic
samples.
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O Ar 0O Ar

EtO | =N + Arz\ GO-PdClz, Ppha, K3PO4 EtO | >N 5 S3
Me N/)\OTS NH Dioxane, 110 °C, 24 h Me N/)\N.Ar
H
1 6 7

2.5 Procedures for the hot filtration test Pyrimidin-2-yl sulfonatela (0.25 mmol), phenel
boronic acid2a (0.375 mmol), KPO, (2.0 equiv.), PPh(20 mol %), 20 mg of GO-Pdg£l
catalyst (Pd 2.86 wt %) were added to a 15 mL $¢htabe, and was then evacuated and
purged with nitrogen gas for four times sequengdhen 5 mL 1,4-dioxane in was added by
a syringe under nitrogen atomosphere; the mixtwae then stirred at 11 for 6 h. Sample
was taken from the mixture, and was analyzed by GiPLhe mixture was then filtrated to
remove the catalyst, and was stirred at 3@COfor another 18 h. Finally the mixture was
analyzed by HPLC. As a result, 37% of prod®eat was detected by HPLC, and this
proportion remained after the catalyst was remowemgjgesting that no reaction occurred
without the catalyst.
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Copies of the NMR Spectra for Products

Ethyl 4-methyl-2,6-diphenylpyrimidine-5-carboxylate (3a)
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Ethyl 4-methyl-6-phenyl-2-p-tolylpyrimidine-5-carboxylate (3b)

§56°0
mnm.oW
L6E°0

BIEZ—
8BGE—

Si0p

E£60'F
kb vw
BEl'Y

Lals
oog h%
89E°4
64872
2yas
vmm.m/
mmm.mw‘
20974

0se'3
04 mv

Fooe

Fsie
Fesz

=00Z

S0z |

bgaz
veel

Eeal

1.0 0.5 0.0

45|

95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 50 45 4.0 35 30 25 20

10.0

1 {ppm)

69°El—

65712~
gz

LL19—

L84
S0 .\..\.v
4BL e

60EC
mwmm_‘/
6b'8C
298¢
LEBEL
ABBT L
mmvm_.._\.

EEBEL
ir _.“__.\

E9°€81
vmmm_‘w..
_.mmm_.\.
mwmm_.

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
1 {ppm)

210

S8



Ethyl 4-methyl-6-phenyl-2-m-tolylpyrimidine-5-carboxylate (3c)
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Ethyl 4-methyl-6-phenyl-2-o-tolylpyrimidine-5-carboxylate (3d)
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Ethyl 2-(4-methoxyphenyl)-4-methyl-6-phenylpyrimidine-5-carboxylate (3e)
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Ethyl 2-(4-chlorophenyl)-4-methyl-6-phenylpyrimidine-5-carboxylate (3f)
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Ethyl 4-methyl-2-(naphthalen-1-yl)-6-phenylpyrimidine-5-carboxylate (39)
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Ethyl 4-methyl-2-phenyl-6-p-tolylpyrimidine-5-carboxylate (3h)
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Ethyl 4-(4-methoxyphenyl)-6-methyl-2-phenylpyrimidine-5-carboxylate (3i)
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Ethyl 4-(4-fluorophenyl)-6-methyl-2-phenylpyrimidin e-5-carboxylate (3j)
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Ethyl 4-(4-chlorophenyl)-6-methyl-2-phenylpyrimidine-5-carboxylate (3k)
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Ethyl 4-(4-bromophenyl)-6-methyl-2-phenylpyrimidine-5-carboxylate (3I)
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Methyl 4-methyl-2,6-diphenylpyrimidine-5-carboxylate (3m)
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2-Phenylpyridine (3n)
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5-nitro-2-phenylpyridine (30)
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Ethyl 4-methyl-6-phenyl-2-(phenylethynyl)pyrimidine-5-carboxylate (5a)
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Ethyl 4-Methyl-2-(oct-1-ynyl)-6-phenylpyrimidine-5-carboxylate (5b)
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Ethyl 2-(3,3-Dimethylbut-1-ynyl)-4-methyl-6-phenylpyrimidine-5-carboxylate (5c)
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Ethyl 4-Methyl-6-phenyl-2-(p-tolylethynyl)pyrimidin e-5-carboxylate (5d)
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carboxylate (5e)

Ethyl 4-Methyl-2-(oct-1-ynyl)-6-p-tolylpyrimidine-5
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Ethyl 4-(4-Chlorophenyl)-6-methyl-2-(oct-1-ynyl)pyrnmidine-5-carboxylate (5f)
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Ethyl 4-methyl-6-phenyl-2-(phenylamino)pyrimidine-5-carboxylate (7a)
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Ethyl 4-methyl-6-phenyl-2-(-tolylamino)pyrimidines-5-carboxylate (7b)
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Ethyl 4-methyl-6-phenyl-2-(o-tolylamino)pyrimidine-5-carboxylate (7¢)
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Ethyl 2-(4-chlorophenylamino)-4-methyl-6-phenylpyrimidine-5-carboxylate (7d)
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Ethyl 4-(4-methoxyphenyl)-6-methyl-2-(phenylamino)grimidine-5-carboxylate (7€)
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Ethyl 4-(4-chlorophenyl)-6-methyl-2-(phenylaminojpyidine-5-carboxylate (7f)
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