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Amide Functionalized Pyridine/Pyrimidine Chelating N-Heterocyclic
Carbene Palladium Complexes: Synthesis, Structure, and
Catalysis for C-5 Arylation of Imidazoles
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Abstract A series of N-alkylamide-N'"-pyridine/pyrimidine di-functionalized imidazolium salts were synthesized using amino
acids as starting material. The following direction metallation with Pd(OAc): in CH2Clz at room temperature produced
chelating N-heterocyclic carbene (NHC) palladium complexes with pyridine/pyrimidine coordinated. The structures have been
characterized by nuclear magnetic resonance (NMR), mass spectrum (MS) or elemental analysis (EA). The molecular
strucuture of pyridine chelating NHC palladium complex Sc¢ has been further characterized unambiguously by X-ray single
crystal analysis. Catalytic activity exploration of the complexes demonstrated their high efficiency towards the C-5 arylation of
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imidazole derivatives in dimethylacetamide (DMAc) with KOAc as base.
Keywords N-heterocyclic carbene; chelating; palladium complex; arylation of imidazoles

1 Introduction

N-Heterocyclic carbenes (NHCs) have evolved into one
of the most powerful tools in organic chemistry since the
successful isolation and characterization of the first stable
one by Arduengo and co-workers!!! in 1991. Duo to their
strong o-donor and comparatively weak m-acceptor abili-
ties, facilely modifiable steric and electronic properties,
and easy accessibility, NHCs have received intensive at-

tention as ligands and contributed extensively to organo-
metallic chemistry and homogeneous catalysis.”?! Various
stable NHC metal complexes have been synthesized and
utilized successfully to catalyze a number of organic
transformations.’! NHCs with N-arm containing heteroa-
tom donor (P, N, S, O, etc.) become chelating (sometimes
pincer) type ligands, which have interesting properties and
form metal complexes showing increased stability that are
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advantageous in catalysis.*! Chelating NHC metal (Pd, Ni,
Ir, Rh, and Ru) complexes containing CxucP, CnucS,
CrueN or CaucO efe. ligands have demonstrated outstand-
ing performance in the catalytic C—C, C—hetero bond
formation, hydrogenation, or C—H activation.l! Chelating
NHC-Pd catalyzed Mizoroki-Heck reaction has been in-
vestigated through different mechanistic pathways, and
density functional theory (DFT) studies have been per-
formed to better understand and improve the catalyst.[®
Palladium(Il) complexes supported by bis-NHC pincer
ligands have been applied to the electrochemical activation
of CO,.[" Palladium(IT) ligated with selenated NHC based
(SeCnucN ) type pincer has been reported to be efficient
catalyst for Mizoroki-Heck and Suzuki-Miyaura coupling
in water.'®) Thioether-functionalized magnetically retrieva-
ble NHC Pd complexes have been developed for Suzuki-
Miyaura coupling in Water.[’]

Arylated imidazoles constitute an important class of
compounds due to their diverse applications in pharmaceu-
ticals, drug candidates, and functional materials.['! Palla-
dium salts associated with sterically demanding and elec-
tron-rich phosphines, such as PPhs,['l PCy;,l'21 P(2-
furyl)s,l'¥ P(n-Bu)Ad,,[' dppb,I'S] X-phos,!'®! and Xant-
phos,['”) have been the most extensively studied systems to
obtain arylated imidazoles via direct arylations. However,
in most cases, high palladium loadings (usually 5~10
mol%) or sophisticated phosphine ligands (usually expen-
sive and unstable) are required. During the searching of
more effective protocol for the synthesis of arylated imid-
azoles by direct arylation, several types of NHC-palladium
complexes showing prominent application prospect have
been established. Lee and co-workers!'®! reported palladi-
um complexes with phosphines and NHC ligands for the
direct C5-arylation reaction between imidazoles and aryl
chlorides. Liu’s group!!! synthesized a series of bulky
Pd-PEPPSI complexes highly efficiently for the direct
C5-arylation of imidazoles with aryl bromides under aero-
bic conditions with low catalyst loading (<1 mol%). NHC
palladium complexes featuring tridentate CnucNOP"
CxucNSPU CayueNSel?! or SeCnucS?2 ligands have been
synthesized and showed promising research and applica-
tion value for the direct C5-arylation reaction between im-
idazoles and aryl bromides.

NHC ligand precursors bearing amido-, amide-, hydrox-
yl-, or carboxylate-functionalized N-substituents have been
reported to form NHC metal complexes featuring diverse
tunable structure and demonstrate excellent catalytic activ-
ity in C—C coupling reactions.’>?3] Our group have
synthesized a series of N-hydroxylalkyl functionalized
heteroaryl coordinated chelating NHC palladium com-
plexes featuring different N-arms, chelating rings or NHC
backbones from commercially available amino alcohols
conveniently (Figure 1, C1~C8). Catalytic exploration
demonstrated their high activity towards C—H activation,
C——C and C—P bond formation and the relationship be-
tween the structure and the activity. To further investigate
the effect of the N-arm on the structure and catalytic activ-
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ity, N-amides functionalized hetero aryl chelating NHC
palladium complexes were synthesized and their catalytic
activity towards arylation of imidazoles was studied.
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Figure 1 N-Hydroxylalkyl functionalized chelating NHC palla-
dium complexes we have synthesized

2 Results and discussion

2.1 Synthesis of N-amide-N'"-pyridine/pyrimidine di-
functionalized imidazolium salts

Through the continuous reaction of L-phenylalanine or
L-leucine with di-tert-butyl dicarbonate ((Boc),O), ami-
dation by diethylamine or pyrrolidine, and deprotection by
methanesulfonic acid, N,N-disubstituted L-phenylalanine
amides and L-leucine amides (2a~2d) were obtained. The
following reaction of 2a~2d with formaldehyde, glyoxal,
and ammonia chlorides in MeOH afforded imidazole am-
ides (3a~3d) in moderate yields (Scheme 1). The struc-
tures were characterized by NMR and MS analysis. Com-
pared to the starting amino acids, the additional aliphatic
proton signals appeared in the NMR spectra of 2a~2d
confirmed the successful amidation. The formation of im-
idazole amides 3a~3d was confirmed by NMR and MS
analysis.

N-Amide-N"-pyridine  di-functionalized imidazolium
salts (4a~4d) were obtained by heating a mixture of im-
idazole amides (3a~3d) and excessive 2-bromopyridine at
150 'C for 48 h. N-Amide-N'-pyrimidine di-functiona-
lized imidazolium salts (4e~4f) were obtained by heating
the mixture of imidazole amides (3¢~3d) and 2-chloro-
pyrimidine in toluene at 110 ‘C overnight (Scheme 1).
Purification by column chromatography produced the pure
products in moderate to high yields, which were character-
ized by NMR and MS analysis.

In the NMR spectra of 3a~3d, the resonances of
NCHN protons appeared at d 7.46, 7.58, 7.30 and 7.44,
respectively. While in compounds 4a~4f, the NCHN pro-
tons shifted significantly to 6 10.50, 10.49, 10.43, 11.57,
10.50 and 10.50, respectively, indicating the successful
formation of the imidazolium salts. Additional signals ap-
peared in the aromatic region, which can be attributed to
pyridine or pyrimidine substituents confirmed the for-
mation of N-amide-N'-pyridine/pyrimidine di-functiona-
lized imidazolium salts. The structures of the imidazolium
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Reaction conditions: (a) i) (Boc),0, ii) CDI, R';NH; (b) CH3SO3H; (c) HCHO, CHOCHO, NH,4CI, MeOH; (d) 2-bromopyridine or 2-chloro-pyri-

midine, 150 or 110 °C; (e) Pd(OAc),, CH.Cly, r.t.
Scheme 1

salts were further confirmed by MS analysis.

2.2 Synthesis of chelating NHC palladium com-
plexes

Direct metallation of imidazolium salts (4a~4f) by
Pd(OAc), in dichloromethane at room temperature pro-
duced the chelating NHC-Pd complexes (5a~5f) (Scheme
1). The structures of which were characterized unambigu-
ously by NMR and single-crystal X-ray diffraction studies.

Comparison of the 'H NMR spectra of Sa~5f with 4a~
4f showed the conspicuous disappearance of the NCHN
signals of imidazolium salts 4a~4f indicating the for-
mation of NHC metal complexes. In addition, the signals
of the pyridine proton adjacent to the nitrogen atom in
4a~4d appeared at J 8.66, 8.66, 8.63, 8.52, respectively,
while in complexes 5a~5d, the corresponding protons
down fielded obviously to 6 9.64, 9.63, 9.72, 9.67, sup-
porting the coordination of pyridine to the palladium. In
compounds 4e~4f, the two pyrimidine protons adjacent to
the nitrogen atom appeared as one doublets at 6 9.06 (4e~
4f), while in complexes 5e~5f, the adjacent protons ap-
peared magnetic unequally, with one shifted significantly
to 0 9.85 (5e) and 9.77 (5f), confirming the coordination of
pyrimidine to the palladium. In the '3C NMR spectra, ap-
pearance of additional signals in the aromatic region,
which should be attributed to the new Cearpenc-Pd reso-
nance, showed the formation of the NHC palladium com-
plexes. The structure of complexes S¢ has been further
characterized unambiguously by the single-crystal X-ray
diffraction studies.

Single crystals of Sc suitable for X-ray diffraction anal-
ysis were obtained from slow evaporation of a dichloro-
methane/hexane (V. V=1 : 1) solution of complex 5c.
The molecular structure was shown in Figure 2, with se-
lected bond lengths, bond angles and torsion angles listed
in the caption. The palladium atom adopts a slightly dis-
torted square-planar coordination bonded to NHC, pyridine
and two bromides, with the five membered chelating ring
exist as a nearly planar conformation. Similar to the
N-alkylhydroxyl substituted analogous, the N-amide sub-
stituent hangs freely.?4

The substitution pattern on the nitrogen atom has large
effect on the electronic and steric properties, and coordina-
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Synthesis of the imidazolium salts and chelating NHC palladium complexes

Figure 2 Molecular structure of complex 5¢ (50% displacement
ellipsoids)

Selected bond lengths (nm), angles (deg) and torsion angles: Pd(1)—C(6)
0.1986(9), Pd(1)—N(1) 0.2052(5), Pd(1)—Br(1) 0.24678(12), Pd(1)—
Br(2) 0.23849(12), N(2)—C(6) 0.1347(13), N(3)—C(6) 0.1357(14), N(2)
—C(7) 0.1387(14), N(3)—C(8) 0.1429(14), C(7)—C(8) 0.1323(19); C(6)
—Pd(1)—Br(1) 173.4(3), C(6)—Pd(1)—Br(2) 98.4(34), C(6)—Pd(1)—
N(1) 79.9(4), N(1)—Pd(1)—Br(1) 93.58(18), N(1)— Pd(1)— Br(2)
178.31(18), Br(1) — Pd(1) — Br(2) 88.10(4); Pd(1)-C(6)-N(2)-C(5)
0.3(13), Pd(1)-C(6)-N(2)-C(7) 180.0(9), Pd(1)-C(6)-N(3)-C(8) 178.9(10),
PA(1)-C(6)-N(3)-C(9) 1.4(18), N(1)-C(5)-N(2)-C(6) 1.3(13)

tion mode of the NHCs, hence leading to the formation of
different catalytic active species.**! Using DMAc as sol-
vent and KOAc as base, the catalytic activity of complexes
5a~5f and C1~C4 towards the reaction of 1,2-dimethyl-
imidazole and p-bromoacetophenone was tested (Table 1).
All the chelating NHC complexes tested showed moderate
to high efficiency, with the N-amides functionalized che-
lating NHC palladium complexes Sa~5f showed relative-
ly high yields than the corresponding N-alkylhydroxyl
functionalized analogous C1~C4 (Table 1, Entries 1~6,
8~11). Complex 5f was proved to be the best one.

In general, the pyrimidine chelating complexes (Se~5f)
(Table 1, Entries 5~6) displayed higher activities than the
pyridine chelating complexes (Sa~5d) (Table 1, Entries
1~4). This maybe tentatively attributed to the compara-
tively weak coordination ability of pyrimidine, which fa-
vors the formation of the catalytic active species. For com-
plexes having the same chelating structure, the N-amides
substituent showed some effect on the catalytic activity.
The complexes containing benzyl substituent (5S¢~ Sd)
(Table 1, Entries 3~4) showed slightly higher activity
than the iso-butyl substituted counterparts (Sa~5Sb) (Table
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1, Entries 1~2). Pyrrolidine amides functionalized com-
plexes (5b, 5d, 5f) (Table 1, Entries 2, 4, 6) showed higher
activity than the diethyl amide counterparts (5a, Sc Se)
(Table 1, Entries 1, 3, 5). This could be attributed to the
favorable steric effects of the pyrrolidine and benzyl
groups. Nearly full conversion was obtained when 2.0
mol% 5f was used and loading of 1.0 mol% 5f resulted in a
slightly decrease in the yield (Table 1, Entries 6~7).

Table 1 Catalytic activities comparison of complexes 5a~5f
and C1~C4

N NHC-Pd , KOAc
_f/N] * BFOCOCHB’ DMAc 140 °C
N\WCOCH3
ey
\
Entry* NHC-Pd (mol%) Yield®/%
1 5a (2.0) 65
2 5b (2.0) 79
3 5¢ (2.0) 74
4 5d (2.0) 81
5 5e (2.0) 76
6 5£(2.0) 99
7 5£(1.0) 87
8 C1(2.0) 55
9 C2(2.0) 67
10 C3(2.0) 57
11 C4 (2.0) 89

4 Reaction conditions: p-bromoacetophenone (1.0 mmol), 1,2-dimethylimida-
zole (1.7 mmol), KOAc (2.0 equiv.), DMAc (5.0 mL), 140 C, 18 h, nitrogen
atmosphere. ? Isolated yield.

Running the reaction of 1,2-dimethylimidazole and
p-bromoacetophenone as a model, the effect of solvent and
base on the reaction was screened briefly (Table 2). DMAc
was proved to be the proper solvent (Table 2, Entry 1).
Reaction in dimethyl sulfoxide (DMSO) or N,N-dimethyl-
formamide (DMF) produced a bit lower yields (Table 2,
Entries 2~3). Moderate yield was obtained in toluene, and
no reaction occurred in 1,4-dioxane or tetrahydrofuran
(THF) (Table 2, Entries 4~6). Among the bases used,
KOAc was proved to be the best (Table 2, Entry 1).
K>COs, K3P0423H,0, K3PO4 produced moderate yields
(Table 2, Entries 8~10). NaOAc afforded a low yield
(Table 2, Entries 7). No reaction occurred when Cs,CO3 or
NaH was used (Table 2, Entry 11~12).

Using KOAc as base, DMAc as solvent, complex 5f cat-
alyzed direct arylation of imidazoles by different aryl bro-
mides were explored (Table 3). Generally, a wide range of
S-arylated imidazole derivatives were obtained successful-
ly. Aryl bromides bearing electron-rich, electron-neutral,
or electron-poor substituents are tolerated in such trans-
formations, but the substituents showed obvious electronic
and steric effect on the reaction. Electron-withdrawing
substituents (COCH3, CHO, CN, CH2CN, CF3, F) in aryl

3750 http:/sioc-journal.cn/

Table 2 Screening of the solvent and base effect

N
— ] + Br«@»COCHg,
N
/
N\WCOCH3
D

\

Cat. 5f, base
solvent, 140 °C

Entry? Solvent Base Temp./'C  Yield”/%
1 DMAc KOAc 140 99
2 DMF KOAc 140 84
3 DMSO KOAc 140 90
4 Toluene KOAc 110 65
5 1,4-Dioxane KOAc¢ 110
6 THF KOAc 60
7 DMAc NaOAc 140 34
8 DMAc K2COs 140 61
9 DMAc K3PO4¢3H20 140 55
10 DMAc K5PO4 140 68
11 DMAc Cs2C03 140 0
12 DMAc NaH 140 0

© 2022 Chinese Chemical Society & SIOC, CAS

@ Reaction conditions: p-bromoacetophenone (1.0 mmol), 1,2-dimethylimida-
zole (1.7 mmol), 5f (2.0 mol%), base (2.0 equiv.), solvent (5.0 mL), 18 h,
nitrogen atmosphere. ? Isolated yield.

bromides were favorable for the reaction (Table 3, Entries
1~2, 4~10), and electron-donating substituents (CHs,
OCH3) resulted in lower yields (Table 3, Entries 12~16).
Similar reactions of 1-methylimidazole produced a bit
lower yields than reactions using 1,2-dimethylimidazole
(Table 3, Entries 1, 4~6, 18~21), indicating that elec-
tron-donating substituent in imidazole is favorable for the
reaction. o- or m-substituted aryl bromides gave inferior
results than their p-substituted counterparts (Table 3, En-
tries 1~2, 4~6, 12~13, 19~21), and no reaction oc-
curred when 0-COCH3, 0-CHj3, or 0-OCHj substituted aryl
bromides were used (Table 3, Entries 3, 14, 17). This
might be attributed to the high steric hindrance.

3 Conclusions

Using amino acids as starting material, a series of N-
alkylamide-N"-pyridine/pyrimidine di-functionalized im-
idazolium salts were synthesized. Direction metallation of
the imidazolium salts with Pd(OAc), in CH>Cl, produced
pyridine/pyrimidine coordinating chelating NHC palladi-
um complexes, with the N-alkylamide group hanging
freely. The structure has been characterized unambiguous-
ly by NMR and X-ray single crystal analysis. Catalytic
activity exploration showed that the complexes catalyze
the C-5 arylation of imidazole derivatives effectively when
using KOAc as base and DMAc as solvent. Further modi-
fication of the structure and properties of the chelating
NHC palladium complexes and their catalytic activity to-
wards other organic transformations are currently in pro-
gress in our laboratory.
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Table 3 Direct arylation of imidazoles by different aryl bromides

Cat 5f, KOAc NN
CH3/H_</ j ’ Br@ DMAG, 140 °C m R
CHyH 1\

Entry ¢ Imidazole Bromide Yield”/%
1 1,2-Dimethylimidazole p-BrCsH4COCH3 99
2 1,2-Dimethylimidazole m-BrCsH4COCH3 83
3 1,2-Dimethylimidazole 0-BrCsH4COCH3 0
4 1,2-Dimethylimidazole p-BrCsH4CHO 99
5 1,2-Dimethylimidazole m-BrCsH4CHO 84
6 1,2-Dimethylimidazole 0-BrC¢H4CHO 70
7 1,2-Dimethylimidazole p-BrCeH4sCN 96
8 1,2-Dimethylimidazole p-BrCeH4CH.CN 74
9 1,2-Dimethylimidazole p-BrCsHaCF3 91
10 1,2-Dimethylimidazole p-BrCeH4F 90
11 1,2-Dimethylimidazole CeHsBr 66
12 1,2-Dimethylimidazole p-BrCesHaCH3 54
13 1,2-Dimethylimidazole m-BrCsH4CH3 51
14 1,2-Dimethylimidazole 0-BrC¢H4CH3 0
15 1,2-Dimethylimidazole p-BrCsH4OCH3 49
16 1,2-Dimethylimidazole m-BrCsH4OCH3 56
17 1,2-Dimethylimidazole 0-BrC¢H4OCH3 0
18 1-Methylimidazole p-BrCsH4COCH3 92
19 1-Methylimidazole p-BrCsH4CHO 81

21 1-Methylimidazole m-BrCsH4CHO 70
22 1-Methylimidazole 0-BrC¢H4CHO 46

@ Reaction conditions: aryl bromides (1.0 mmol), imidazole (1.7 mmol), KOAc (2.0 equiv.), DMAc (5.0 mL), 140 °C, 18 h, nitrogen atmosphere. ? Isolated yield.

4 Experimental section

4.1 Instruments and reagents

NMR spectra were recorded at 25 ‘C on a 400 MHz
Bruker spectrometer. High resolution mass spectra
(HRMS) were obtained on a Thermo Scientific LTQ Or-
bitrap XL instrument using the ESI technique. All reagents
and solvents were purchased from commercial sources and
used as received unless otherwise stated.

4.2 Synthesis of N,N-disubstituted L-phenylalanine/
L-peucine tert-butyl ester amide (1a~1d)

NaHCOs; (0.84 g, 10 mmol) and Boc,O (2.62 g, 12
mmol) were added to a solution of L-phenylalanine/
L-leucine (10 mmol) in a mixture of THF (10 mL) and
H,O (30 mL) in an ice-bath. The mixture was then kept in
an ultrasonic cleaner at room temperature for 1.5 h before
ethyl acetate (40 mL) was added. The mixture was then
separated and the pH of the aqueous phase was adjusted to
2~3, before being extracted with CH,Cl, (20 mL X 3).
The CH,Cl, extracts were combined, dried and evaporated,
producing L-phenylalanine/L-leucine fert-butyl ester as
light yellow liquids.

A CHCl, (30 mL) solution of L-phenylalanine/ L-peu-
cine tert-butyl ester (10 mmol)) was cooled to 0 ‘C, then
CDI (1.62 g, 10 mmol) was added. The mixture was stirred
for 0.5 h before diethyl amine or pyrrolidine (20 mmol)
was added. The mixture was then stirred at room tempera-
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ture for 12 h before all the volatiles were evaporated. Puri-
fication of the residue by flash chromatography (silica,
V(pentane) : V(CH3;COOEt)=5 I 1~3 [ 1) produced
compounds la~1d.
(5)-2-NHBoc-N,N-diethyl-4-methylpentanamide  (1a):
Light yellow oil (2.23 g, 78%). 'H NMR (400 MHz,
CDCl3) o: 5.52 (d, J=9.3 Hz, 1H, NHBoc), 4.62 (td, J=
9.8, 3.7 Hz, 1H, COCH), 3.56~3.51 (m, 1H, NCH»),
3.42~3.37 (m, 2H, NCH»), 3.26~3.23 (m, 1H, NCH)),
1.74~1.73 (m, 1H, CH(CHs),), 1.60~1.53 (m, 1H,
CH,CH(CHs)y), 1.43 (s, 9H, C(CH3)3), 1.38~1.34 (m, 1H,
CH,CH(CHa3)y), 1.26 (t, J=7.1 Hz, 3H, NCH,CH3), 1.12
(t, J=7.1 Hz, 3H, NCH:CHs), 0.99 (d, J=6.6 Hz, 3H,
CH(CHs),), 0.94 (d, J=6.7 Hz, 3H, CH(CH3),); '*C NMR
(100 MHz, CDCl3) d: 172.0, 155.4, 78.8, 48.3, 42.9, 41.5,
40.1, 24.38, 23.29, 21.58, 14.36, 12.70; HRMS (ESI) caled
for C15H31N203 (M“‘H)Jr 2872329, found 287.2331.
(5)-2-NHBoc-4-methyl-1-(pyrrolidin-1-yl)pentan-1-one
(1b): Light yellow oil (2.30 g, 81%). 'H NMR (400 MHz,
CDCl3) 6: 5.26 (d, J=8.96, 1H, NHBoc), 4.44 (td, J=
3.94, 9.57 Hz, 1H, COCH), 3.69~3.63 (m, 1H, NCH>),
3.53~3.46 (m, 1H, NCH>), 3.42~3.36 (m, 2H, NCH,),
1.97~1.92 (m, 2H, NCH,CH>), 1.88~1.82 (m, 2H,
NCH:CH,), 1.74~1.65 (m, 1H, CH(CH3),), 1.52~1.31
(m, 11H, CH,CH(CHj3), and C(CHj3)3), 0.96 (d, J=6.52
Hz, 3H, CH(CHz3),), 0.91 (d, /=6.68 Hz, 3H, CH(CHz),);
3C NMR (100 MHz, CDCL) d: 171.5, 155.7, 79.4, 50.4,
46.3, 45.9, 42.6, 26.1, 24.6, 24.2, 23.5, 21.9; HRMS (ESI)
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caled for CisHaoN>O3 (M+H) " 285.2173, found 285.2175.

(S)-2-NHBoc-N,N-diethyl-3-phenylpropanamide  (1¢):
Colourless oil (3.04 g, 95%). '"H NMR (400 MHz, CDCls)
0: 720~7.14 (m, 5H, PhH), 5.51 (d, J/=8.92 Hz, 1H,
NHBoc), 4.71~4.65 (m, 1H, COCH), 3.50~3.41 (m, 1H,
PhCHb>), 3.06~2.87 (m, 5H, PhCH, and NCH,), 1.35 (s,
9H, (CHs);0), 0.97 (t, J/=7.1 Hz, 3H, CH,CH3), 0.89 (t,
J=17.1 Hz, 3H, CH,CH3); *C NMR (100 MHz, CDCl3) ¢:
170.7, 155.0, 136.7, 129.5, 128.2, 126.6, 79.2, 51.3, 41.5,
40.3, 28.2, 14.0, 12.7; HRMS (ESI) calcd for Ci3H20N>0;
(M-+H)" 321.2173, found 321.2171.

(8)-2-NHBoc-3-phenyl-1-(pyrrolidin-1-yl)propan-1-one
(1d): Colourless oil (2.87 g, 90%). 'H NMR (400 MHz,
CDCls) 0: 7.28~7.19 (m, SH, PhH), 5.54~5.52 (d, J=8.0
Hz, 1H, NHBoc), 4.62~4.56 (m, 1H, COCH), 3.45~3.30
(m, 3H, NCH,), 3.0~2.92 (m, 2H, PhCH,), 2.60~2.43
(m, 1H, NCH,), 1.76~1.68 (m, 2H, NCH>CH,), 1.66~
1.60 (m, 1H, NCH,CHy), 1.57~1.51 (m, 1H, NCH,CH>);
3C NMR (100 MHz, CDCl3) 6: 169.9, 155.1, 136.6, 129.4,
128.3, 126.8, 79.4, 53.6, 46.2, 45.6, 40.1, 28.3, 25.7, 24.0;
HRMS (ESI) caled for CisH»N,O3 (M+H)" 319.2016,
found 319.2017.

4.3 Synthesis of N,N-disubstituted L-phenylalanine/
L-leucine amides (2a~2d)

At room temperature, methanesulfonic acid (2 mL, 30
mmol) was added to a CH,Cl, (30 mL) solution of com-
pounds 1a~1d (10 mmol), and the mixture was kept stir-
ring for 0.5 h. NaOH aqueous solution (10%) was then
added until the pH of the mixture reached 11~12. The
mixture was separated and the aqueous phase was extract-
ed by CH>Cl, (20 mL X 3). The combined organic phase
was washed by brine, dried over Na;SOs, and evaporated.
Purification of the residue by flash chromatography [silica,
V(CH3;COOE) . V(EtOH)=4 . 1~2 : 1] produced com-
pounds 2a~2d.

(8)-2-amino-N,N-diethyl-4-methylpentanamide (2a):
Colourless oil (1.75 g, 94%). '"H NMR (400 MHz, CDCls)
0: 3.64~3.61 (m, 1H, COCH), 3.55~3.50 (m, 1H, NCH>),
3.41~3.34 (m, 1H, NCH>), 3.29~3.22 (m, 2H, NCH>),
1.87~1.84 (m, 1H, CH(CHs),), 1.67 (s, 2H, NH,), 1.42~
1.38 (m, 1H, CH>CH(CH3),), 1.35 ~ 1.32 (m, 1H,
CH,CH(CHs3)»), 1.21 (t, J=7.1 Hz, 3H, NCH,CH3), 1.12
(t, J=7.1 Hz, 3H, NCH,CH3), 0.95 (d, /=6.7 Hz, 6H,
CH(CHj3),); '3C NMR (100 MHz, CDCI5) d: 175.3, 49.4,
45.0, 41.3, 40.3, 24.7, 23.7, 21.5, 14.7, 13.0; HRMS (ESI)
caled for C1oH23N>O (M+H)" 187.1805, found 187.1807.

(S)-2-amino-4-methyl-1-(pyrrolidin-1-yl)pentan-1-one
(2b): Colourless oil (1.68 g, 91%). 'H NMR (400 MHz,
CDCl;) o: 3.42~3.34 (m, 3H, COCH and NCH>), 3.33~
3.23 (m, 2H, NCH,), 1.87~1.81 (m, 2H, NCH>CH>),
1.76~1.68 (m, 3H, NCH,CH, and CH(CH3),), 1.56 (s, 2H,
NH,), 1.26~1.21 (m, 2H, CH,CH(CHz3),), 0.81 (d, J=
6.60 Hz, 6H, CH(CH3),); '3C NMR (100 MHz, CDCI;) J:
174.4, 51.2, 45.9, 45.8, 44.4, 26.0, 24.5, 24.0, 23.5, 21.5;
HRMS (ESI) calcd for CioH2N.O (M+H) ' 185.1648,
found 185.1649.
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(8)-2-amino-N,N-diethyl-3-phenylpropanamide (2¢):
Colourless o0il (2.09 g, 95%). 'H NMR (400 MHz, CDCI;)
0: 7.31~7.19 (m, 5H, PhH), 3.76 (t, J/=7.04 Hz, COCH),
3.51~3.42 (m, 1H, PhCHy), 3.14~3.03 (m, 2H, PhCH;
and NCH»), 2.98~2.90 (m, 2H, NCH,), 2.75~2.70 (m,
1H, NCH»), 2.23 (s, 2H, NH>), 1.02 (t, J/=7.12 Hz, 3H,
CH,CH3), 0.98 (t, J=7.2 Hz, 3H, CH,CH3); 3C NMR
(100 MHz, CDCls) é: 173.9, 137.8, 129.3, 128.4, 126.6,
52.8, 43.1, 41.3, 40.5, 14.5, 12.8; HRMS (ESI) caled for
Ci3HaN,O (M+H) " 221.1648, found 221.1650.

(S)-2-amino-3-phenyl-1-(pyrrolidin-1-yl)propan-1-one
(2d): Colourless oil (2.01 g, 92%). 'H NMR (400 MHz,
CDCl3) o: 7.15~7.13 (m, 5H, PhH), 3.59 (t, /=7.24 Hz,
COCH), 3.30~3.17 (m, 3H, NCH,), 2.82~2.77 (m, 1H,
PhCHy), 2.69~2.60 (m, 2H, PhCH, and NCH>), 2.29 (s,
2H, NH>), 1.64~1.45 (m, 4H, NCH,CH,); '3*C NMR (100
MHz, CDCl;) ¢: 173.0, 137.7, 129.2, 128.3, 126.6, 55.0,
46.0, 45.7, 42.8, 25.8, 24.0; HRMS (ESI) calcd for
Ci3HioN,O (M+H) " 219.1492, found 219.1493.

4.4 Synthesis of imidazole amides (3a~3d)

A  mixture of N,N-disubstituted L-phenylalanine/
L-leucine amides (2a~2d) (60 mmol), ammonium chlo-
ride (3.21 g, 60 mmol) and MeOH (120 mL) was cooled in
an ice-bath. Aqueous HCHO solution (36%, 60 mmol) and
CHOCHO solution (40%, 60 mmol) were then added
dropwise. The mixture was then heated to 60 C for 5 h
and cooled to room temperature. The solvent was removed
by evaporation and the residue was dissolved in NaOH
solution (150 mL, 2 mol/L), and then extracted by CH,Cl»
(20 mL X 3). The combined organic phase was dried over
anhydrous Na;SOy, filtered and concentrated. Purification
of the residue by flash chromatography [silica,
V(CH3COOE?Y) : M(EtOH)=20 : 1~10 : 1] afforded the
pure products.

(S)-N,N-diethyl-2-(1 H-imidazol-1-yl)-4-methylpentan-
amide (3a): Colourless oil (8.40 g, 59%). 'H NMR (400
MHz, CDCl) ¢: 7.46 (s, 1H, Imidazole-H), 6.97 (s, 1H,
Imidazole-H), 6.86 (s, 1H, Imidazole-H), 4.86~4.82 (m,
1H, COCH), 3.28~3.12 (m, 4H, NCH,), 1.85~1.78 (m,
1H, CH,CH(CHz3),), 1.67~1.60 (m, 1H, CH,CH(CHz3),),
1.22~1.16 (m, 1H, CH(CHz3)»), 0.95 (dt, J/=12.3, 7.1 Hz,
6H, CH>CH3), 0.75 (dd, J=124.0 Hz, 6.60 Hz, 3H,
CH(CHs),); '3C NMR (100 MHz, CDCl;) §: 136.4, 129.0,
118.2, 54.5, 42.7, 42.0, 40.9, 24.2, 22.8, 21.6, 14.5, 12.6;
HRMS (ESI) caled for Ci3H2N;O (M+H)" 238.1914,
found 238.1915.

(5)-2-(1H-imidazol-1-yl)-4-methyl-1-(pyrrolidin-1-yl)-
pentan-1-one (3b): Colourless oil (8.19 g, 58%). 'H NMR
(400 MHz, CDCl3) o: 7.58 (s, 1H, Imidazole-H), 7.12 (t,
J=1.3 Hz, 1H, Imidazole-H), 7.04 (s, 1H, Imidazole-H),
4.84 (dd, J/=9.5, 5.6 Hz, 1H, COCH), 3.56~3.42 (m, 3H,
NCH,), 3.40~3.34 (m, 1H, NCH,), 2.05~1.91 (m, 3H,
CH,CH(CH3); and NCHCH»), 191 ~ 1.77 (m, 3H,
CH,CH(CHs), and NCH,CH,), 1.40 ~ 131 (m, 1H,
CH(CHs),), 0.91 (dd, J=19.9, 6.7 Hz, 6H); '*C NMR
(CDCl3, 100 MHz,) J: 167.2, 136.6, 129.4, 118.2, 56.7,
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46.4, 46.3, 42.1, 26.1, 24.3, 24.0, 22.9, 21.7; HRMS (ESI)
caled for Ci3H»N3O (M+H)" 236.1757, found 236.1759.

(S)-N,N-diethyl-2-(1 H-imidazol-1-yl)-3-phenylpropana-
mide (3¢): Colourless oil (11.07 g, 68%). 'H NMR (400
MHz,CDCls) ¢: 7.30 (s, 1H, Imidazole-H), 7.00~6.96 (m,
3H, Ph-H), 6.95 (s, 1H, Imidazole-H), 6.84~6.82 (m, 2H,
Ph-H), 6.77 (s, 1H, Imidazole-H), 4.94 (t, J=7.42 Hz, 1H,
COCH), 3.21~3.12 (m, 2H, Ph-CH, and NCH>), 3.05~
2.90 (m, 4H, Ph-CH; and NCH>), 0.81 (t, J=7.10 Hz, 3H,
CH,CH3), 0.63 (t, J=7.12 Hz, 3H, CH,CH3); '*C NMR
(100 MHz, CDCl3) d: 167.2, 136.3, 135.9, 128.9, 128.8,
128.4,126.9, 118.0, 77.9, 77.5,77.2, 57.7, 41.9, 40.9, 40.5,
14.1, 12.5; HRMS (ESI) caled for Ci6H2N;0 (M+H)"
272.1757, found 272.1759.

(S)-2-(1H-imidazol-1-yl)-3-phenyl-1-(pyrrolidin-1-yl)-
propan-1-one (3d): Colourless oil (10.34 g, 64%). 'H
NMR (400 MHz, CDCls) ¢: 7.44 (s, 1H, Imidazole-H),
7.29~7.26 (m, 3H, Ph-H), 7.16 (t, J=1.16 Hz, 1H, Imid-
azole-H), 7.08 (s, 1H, Imidazole-H), 7.06~7.03 (m, 2H,
Ph-H), 4.90 (t, J=7.96 Hz, 1H, COCH), 3.49~3.42 (m,
3H, Ph-CH; and NCH,), 3.23~3.16 (m, 3H, Ph-CH, and
NCH,), 1.87~1.78 (m, 4H, NCH,CH,); 3*C NMR (100
MHz, CDCL) 6: 166.4, 136.7, 136.1, 129.5, 129.0, 128.7,
127.2, 118.1, 60.3, 46.4, 46.3, 40.3, 26.0, 24.0; HRMS
(ESI) caled for Ci6HoN;0 (M+H) " 270.1601, found
270.1602.

4.5 Synthesis of amides pyridine di-functionalized
imidazolium bromides (4a—~4d)

A mixture of imidazole amides 3a~3d (5 mmol) and
2-bromopyridine (3 mL) was heated at 150 ‘C for 48 h. It
was then cooled to room temperature and added to diethyl
ether (30 mL) dropwise. The resulting deep yellow precip-
itate was collected and purified by flash chromatography
[silica, V(CH,CL,) : M(EtOH)=15 : 1~8 : 1] to produce
the pure products 4a~4d.

(S)-1-(1-diethylamino-4-methyl-1-oxopentan-2-yl)-3-
(pyridin-2-yl) imidazolium bromide (4a): Brown viscous
oil (1.40 g, 71%). 'H NMR (400 MHz, DMSO-ds) &:
10.50 (s, 1H, Imidazole-H), 8.66 (dd, J=5.2, 1.7 Hz, 1H,
Pyridine-H), 8.62 (t, J=2.0 Hz, 1H, Imidazole-H), 8.35 (t,
J=1.9 Hz, 1H, Imidazole-H), 8.23 (td, J/=7.8, 7.4, 1.8 Hz,
1H, Pyridine-H), 8.17 (d, J=28.1 Hz, 1H, Pyridine-H),
7.68~7.65 (m, 1H, Pyridine-H), 5.93 (dd, /=11.3, 3.6 Hz,
1H, COCH), 3.63 (dq, J=14.3, 7.0 Hz, 1H, NCH>), 3.44~
341 (m, 2H, NCH»), 3.24 (dq, J=13.9, 7.0 Hz, 1H,
NCH,), 2.39~2.25 (m, 1H, CH,CH(CH3),), 1.83~1.65
(m, 1H, CH,CH(CHj3),), 1.40~1.38 (m, 1H, CH(CHzs),),
1.24 (t, J=7.0 Hz, 3H, NCH,CHj3), 1.10~0.95 (m, 6H,
NCH>CH3 and CH(CH;)), 0.90 (d, J=6.6 Hz, 3H,
CH(CH3),); '3C NMR (100 MHz, DMSO-ds) J: 166.9,
149.6, 146.8, 141.0, 136.0, 125.8, 124.1, 119.3, 115.03,
58.2,42.2,41.1, 40.7, 24.7, 23.1, 21.5, 14.9, 13.1; HRMS
(ESI) caled for CisH27N4O [M — Br] "315.2179, found
315.2181.

(S)-1-(4-methyl-1-oxo-1-(pyrrolidin-1-yl)pentan-2-yl)-
3-(pyridin-2-yl) imidazolium bromide (4b): Brown viscous
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oil (1.32 g, 67%). '"H NMR (400 MHz, DMSO-ds) :
10.49 (s, 1H, Imidazole-H), 8.66~8.62 (m, 2H, Imidaz-
ole-H and Pyridine-H), 8.39 (s, 1H, Imidazole-H), 8.23~
8.17 (m, 1H, Pyridine-H), 7.68~7.64 (m, 1H, Pyridine-H),
5.88 (dd, J/=2.90, 11.50 Hz, 1H, COCH), 4.03~3.97 (m,
1H, NCH,), 3.52~3.41 (m, 1H, NCH>), 3.34~3.30 (m,
2H, NCH»), 2.33~2.26 (m, 1H, CH,CH(CH3),), 2.00~
1.79 (m, 5H, CH,CH(CH3), and NCH,CH,), 1.41~1.37
(m, 1H, CH(CHs)»), 0.99(d, J=6.52, 3H, CH(CH3),), 0.90
(d, J=6.60 Hz, 3H, CH(CH;),); *C NMR (100 MHz,
DMSO-ds) o: 165.8, 149.6, 146.8, 141.0, 135.9, 125.8,
124.2,119.1, 115.0, 60.0, 46.8, 46.5, 39.7, 26.1, 24.7, 24.1,
23.2, 21.3; HRMS (ESI) calcd for C;sH2sN4O [M—Br]+
313.2023, found 313.2025.

(S)-1-(1-diethylamino-1-ox0-3-phenylpropan-2-yl)-3-
(pyridin-2-yl) imidazolium bromide (4c¢): Brown viscous
oil (1.52 g, 71%). '"H NMR (400 MHz, DMSO-ds) ¢:
10.43 (s, 1H, Imidazole-H), 8.63 (dd, /=5.0, 1.8 Hz, 1H,
Pyridine-H), 8.56 (t, J=1.9 Hz, 1H, Imidazole-H), 8.30 (t,
J=1.9 Hz, 1H, Imidazole-H), 8.22~8.19 (m, 1H, Pyri-
dine-H), 8.14 (d, J=8.1 Hz, 1H, Pyridine-H), 7.64 (ddd,
J=17.5,49, 1.0 Hz, 1H, Pyridine-H), 7.40~7.31 (m, 2H,
Ph-H), 7.32~7.23 (m, 3H, Ph-H), 6.23 (t, J/=7.8 Hz, 1H,
COCH), 3.51 (d, J=7.7 Hz, 2H, PhCH>), 3.45~3.31 (m,
3H, NCH,), 3.23~3.14 (m, 1H, NCH,), 1.02 (t, J="7.32
Hz, 3H, CH,CH3,), 0.98 (t, J=7.32 Hz, 3H, CH,CH,); 3C
NMR (100 MHz, DMSO-ds) J: 166.1, 149.7, 146.6, 141.1,
135.7, 135.2, 129.8, 129.0, 127.8, 125.8, 123.9, 119.2,
114.9, 59.7, 42.3, 40.9, 39.0, 14.8, 13.0; HRMS (ESI)
caled for C2HasN4O [M—Br]349.2023, found 349.2021.

(8)-1-(1-0x0-3-phenyl-1-(pyrrolidin-1-yl)propan-2-yl)-
3-(pyridin-2-yl) imidazolium bromide (4d): Brown viscous
oil (1.41 g, 66%). 'H NMR (400 MHz, CDCl;) 6: 11.57 (s,
1H, Imidazole-H), 8.52 (dd, /J=4.9, 1.8 Hz, 1H, Pyri-
dine-H), 8.32 (t, J=1.9 Hz, 1H, Imidazole-H), 8.27~8.24
(m, 2H, Pyridine-H and Imidazole-H), 8.01 (td, J/=7.8, 1.8
Hz, 1H, Pyridine-H), 7.48~7.43 (m, 3H, Pyridine-H and
Ph-H), 7.32~7.23 (m, 3H, Ph-H), 6.64 (t, /=7.84 Hz, 1H,
COCH), 4.20~4.14 (m, 1H, NCH), 3.54~3.35 (m, 4H,
NCH; and PhCH;), 2.92~2.86 (m, 1H, PhCH,), 1.88~
1.75 (m, 2H, NCH,CHy), 1.70~1.60 (m, 2H, NCH,CH»);
3C NMR (100 MHz, CDCl3) d: 165.0, 149.1, 145.8, 140.5,
135.1, 133.3, 129.6, 128.8, 127.9, 125.1, 122.7, 117.9,
114.4, 60.6, 47.5, 46.4, 40.2, 25.8, 23.9; HRMS (ESI)
caled for CyHuN,O [M — Br] ©  347.1866, found
347.1865.

4.6 Synthesis of amides pyrimidine di-functionalized
imidazolium chlorides (4e~4f)

A mixture of imidazole amides 3¢~3d (5 mmol),
2-chloropyrimidine (0.69 g, 6 mmol,) and toluene (15 mL)
was heated at 110 C overnight. It was then cooled to
room temperature and the deep brown precipitate formed
was collected and purified by flash chromatography [silica,
V(CH,CLy) : V(EtOH)=15 : 1~8 : 1] to produce the pure
products 4e~4f.

(S)-1-(1-diethylamino-1-ox0-3-phenylpropan-2-yl)-3-
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(pyrimidin-2-yl) imidazolium chloride (4e): Brown viscous
oil (1.25 g, 65%). 'H NMR (400 MHz, DMSO-ds) &:
10.50 (s, 1H, Imidazole-H), 9.06 (d, J/=4.48 Hz, 2H, Py-
rimidine-H), 8.44 (s, 1H, Imidazole-H), 8.33 (s, 1H, Imid-
azole-H), 7.79 (t, J=4.32 Hz, Pyrimidine-H), 7.35~7.21
(m, 5H, Ph-H), 6.45 (t, J/=7.44 Hz, 1H, COCH), 3.50~
3.48 (m, 3H, Ph-CH, and NCH,), 3.40~3.36 (m, 2H,
NCH,), 3.23~3.15 (m, 1H, NCH,), 1.09~0.96 (m, 6H,
CHs); '3C NMR (100 MHz, DMSO-ds) 6: 166.1, 160.5,
152.5,136.7, 135.2, 127.8, 124.1, 123.0, 119.0, 59.5, 42.3,
40.8, 39.0, 14.8, 13.0; HRMS (ESI) calcd for CyH24NsO
[M—CI]" 350.1975, found 350.1977.

(S)-1-(1-ox0-3-phenyl-1-(pyrrolidin-1-yl)propan-2-yl)-
3-(pyrimidin-2-yl) imidazolium chloride (4f): Brown vis-
cous oil (1.13 g, 59%). '"H NMR (400 MHz, DMSO-dj) 6:
10.50 (s, 1H, Imidazole-H), 9.06 (d, J/=4.76 Hz, 2H, Py-
rimidine-H), 8.44 (s, 1H, Imidazole-H), 8.37 (s, 1H, Imid-
azole-H), 7.78 (t, J=4.72 Hz, Pyrimidine-H), 7.34~7.20
(m, 5H, Ph-H), 6.30 (t, J/=8.24 Hz, 1H, COCH), 3.98~
3.92 (m, 1H, NCHy), 3.54~3.52 (m, 2H, PhCH,), 3.33~
3.30 (m, 2H, NCH»), 3.21~3.17 (m, 1H, NCH), 1.84~
1.70 (m, 4H, NCH>CH,); '3C NMR (100 MHz, DMSO-dj)
0: 165.0, 160.6, 152.5, 136.7, 135.5, 129.7, 129.0, 127.7,
124.5, 123.0, 118.8, 61.9, 46.3, 37.7, 25.9, 24.1; HRMS
(ESI) caled for CyHxNsO [M— Cl] " 348.1819, found
348.1818.

4.7 Synthesis of chelating NHC palladium com-
plexes (5a~>5f)

A suspension mixture of imidazolium salt (4a~4f, 1.0
mmol) and Pd(OAc), (0.22 g, 1.0 mmol) in dry CH>Cl, (10
mL) was stirred at room temperature for 12 h. The solvent
was evaporated and purification of the residue by column
chromatography [silica, gradient elution, V(CH.Cl) :
V(acetone)=15 : 1~4 [ 1] produced the pure NHC palla-
dium complexes 5a~5f.

5a: Yellow solids (0.18 g, 31%). 'H NMR (400 MHz,
CDCl;) 0: 9.64 (dd, J=5.9, 1.6 Hz, 1H, Pyridine-H), 8.23
(m, 1H, Pyridine-H), 7.95 (d, J=2.4 Hz, 1H, Imidaz-
ole-H), 7.89 (d, J/=8.1 Hz, 1H, Pyridine-H), 7.60 (d, J=
2.3 Hz, 1H, Imidazole-H), 7.49~7.36 (m, 2H, Pyridine-H
and COCH), 3.76~3.67 (m, 1H, NCH,), 3.61~3.52 (m,
1H, NCH,), 3.47~3.33 (m, 2H, NCH>), 1.89 (t, J=7.2
Hz, 2H, (CH3),CHCH,), 1.62~1.52 (m, 1H, (CH3).CH),
1.30 (t, J/=7.0 Hz, 3H, CH.CH3), 1.14 (t, J=7.1 Hz, 3H,
CH,CH3), 1.04 (d, J=6.5 Hz, 3H, (CH3),CH), 0.95 (d, J=
6.6 Hz, 3H, (CH;3),CH); *C NMR (100 MHz, CDCls) &:
168.3, 157.1, 151.8, 151.0, 142.8, 123.3, 123.0, 115.8,
112.1, 58.6, 42.5, 42.3, 40.4, 25.2, 23.2, 22.6, 14.8, 12.7.
Anal. calcd for CisHz6BraN4OPd+0.25 CeHi4 (602.21): C
38.89, H4.94, N 9.30; found C 38.76, H4.71, N 9.58.

5b: Yellow solids (0.19 g, 33%). 'H NMR (400 MHz,
CDCl;) d: 9.63(dd, J=1.02, 5.78 Hz, 1H, Pyridine-H),
8.23~8.19 (m, 1H, Pyridine-H), 7.83 (d, /=2.28 Hz, 1H,
Imidazole-H), 7.75 (d, J=8.08 Hz, 1H, Pyridine-H), 7.57
(d, J=2.32 Hz, 1H, Imidazole-H), 7.43~7.39 (m,1H,
Pyridine-H), 7.31~7.27 (m, 1H, COCH), 4.26~4.21 (m,
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1H, NCH,), 3.54~3.44 (m, 3H, NCH;), 2.05~1.80 (m,
6H, (CH3);CHCH; and NCH,CH,), 1.55~1.43 (m, 1H,
(CH3),CH), 1.07 (d, J=6.52 Hz, 3H, CH3), 0.94 (d, J=
6.64 Hz, 3H, CH3); 3C NMR (100 MHz, CDCl) 6: 167.7,
157.5, 152.0, 150.9, 142.8, 123.4, 123.0, 1154, 111.8,
60.2, 47.3, 46.7, 41.4, 26.2, 25.1, 23.9, 23.3, 22.3. Anal.
caled for CisH24BroN4OPd+0.25 C¢Hy4 (600.18): C 39.02,
H 4.62, N 9.33; found C 39.28, H 4.41, N 9.47.

5c¢: Yellow solids (0.21 g, 34%). '"H NMR (400 MHz,
CDCl3) 6: 9.74 (dd, J=5.9, 1.6 Hz, 1H, Pyridine-H), 8.18
(td, J/=7.8, 1.7 Hz, 1H, Pyridine-H), 8.06 (d, /=2.4 Hz,
1H, Imidazole-H), 7.76~7.73 (m, 2H, Pyridine-H and
Imidazole-H), 7.68~7.64 (m, 1H, COCH), 7.46~7.44 (m,
2H, Ph-H), 7.42~7.38 (m, 1H, Pyridine-H), 7.30~7.21
(m, 3H, Ph-H), 3.44~3.14 (m, 6H, PhCH, and NCH,),
0.96 (t, J=7.04 Hz, CH3), 0.95 (t, J/=7.04 Hz, CH;); 13C
NMR (100 MHz, CDCls) o: 167.1, 157.0, 152.1, 151.2,
142.5, 134.5, 130.2, 128.5, 127.4, 123.2, 122.8, 115.8,
112.0, 42.7, 41.1, 40.9, 15.0, 12.6. Anal. calcd for
C21H24BroN4OPd (614.67): C 41.03, H 3.94, N 9.11; found
C41.42,H4.17,N9.01.

5d: Yellow solids (0.20 g, 32%). 'H NMR (400 MHz,
CDCl) 6: 9.67 (dd, J=5.9, 1.7 Hz, 1H, Pyridine-H), 8.17
(m, 1H, Pyridine-H), 8.05 (d, J=2.5 Hz, 1H, Imidaz-
ole-H), 7.73~7.69 (m, 2H, Pyridine-H and Imidazole-H),
7.66~7.62 (m, 1H, COCH), 7.42~7.40 (m, 2H, Ph-H),
7.37~734 (m, 1H, Pyridine-H), 7.30~7.23 (m, 3H,
Ph-H), 3.87~3.82 (m, 1H, NCH,), 3.40~3.23 (m, 4H,
NCH; and PhCHy), 2.97~2.94 (m, 1H, NCH,), 1.78~
1.74 (m, 2H, NCH,CHy), 1.66~1.58 (m, 2H, NCH,CH>);
13C NMR (100 MHz, CDCl;) é: 166.6, 157.7, 152.3, 151.1,
142.3, 134.3, 129.8, 128.6, 127.5, 123.2, 123.1, 115.1,
111.5, 60.4, 47.6, 46.3, 40.5, 26.0, 23.8. Anal. calcd for
C21H2,BroN4OPd (612.66): C 41.17, H 3.62, N 9.15; found
C41.53,H3.67,N 9.52.

Se: Yellow solids (0.23 g, 43 %). '"H NMR (400 MHz,
CDCls) d: 9.85 (dd, J=5.7, 2.2 Hz, 1H, Pyrimidine-H),
8.89 (dd, /=4.9, 2.2 Hz, 1H, Pyrimidine-H), 8.06 (d, J=
2.3 Hz, 1H, Imidazole-H), 7.77 (d, /=2.4 Hz, 1H, Imidaz-
ole-H), 7.59~7.52 (m, 2H, Pyrimidine-H and COCH),
7.45~7.43 (m, 2H, Ph-H), 7.32~7.22 (m, 3H, Ph-H),
3.48~3.18 (m, 6H, PhCH; and NCH»), 1.00 (t, J=7.16
Hz, 3H, CH;), 0.98 (t, J/=7.16 Hz, 3H, CH;); 3C NMR
(100 MHz, CDCls) ¢: 167.2, 160.6, 159.5, 156.6, 154.2,
134.4,130.1, 128.5, 127.4, 122.9, 120.0, 116.2, 57.7, 42.7,
41.2, 41.1, 14.8, 12.6. Anal. calcd for CyH»;C1,NsOPd
(526.76): C 45.60, H 4.40, N 13.30; found C 45.98, H 4.56,
N 13.15.

5f: Yellow solids (0.22 g, 42%). 'H NMR (400 MHz,
CDCly) d: 9.77 (dd, J=5.7, 2.2 Hz, 1H, Pyrimidine-H),
8.88 (dd, /=4.8, 2.2 Hz, 1H, Pyrimidine-H), 8.04 (d, J=
2.4 Hz, 1H, Imidazole-H), 7.75 (d, /=2.4 Hz, 1H, Imidaz-
ole-H), 7.57~7.48 (m, 2H, Pyrimidine-H and COCH),
7.39~7.37 (m, 2H, Ph-H), 7.30~7.20 (m, 3H, Ph-H),
3.90~3.85 (m, 1H, NCH,), 3.42~3.22 (m, 4H, PhCH,
and NCH3), 3.00~2.94 (m, 1H, NCH,), 1.81~1.62 (m,
4H, NCH,CH,); *C NMR (100 MHz, CDCl;) ¢: 166.5,
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160.7, 159.4, 156.5, 154.0, 134.2, 129.7, 128.6, 127.5,
123.2, 120.0, 116.0, 59.6, 47.3, 46.3, 40.5, 25.9, 23.9.
Anal. caled for CyH» CLNsOPd (524.74): C 45.78, H
4.03, N 13.35; found C 46.10, H 4.09, N 13.25.

4.8 General procedure for the C5-arylation of imid-
azole

A Schlenk tube containing aryl bromides (1.0 mmol),
imidazoles (1.7 mmol), base (2.0 mmol), NHC-Pd complex
as indicated in the text, and solvent (5§ mL) was stirred at
set temperature for 18 h under Ar. After cooling, the vola-
tiles were evaporated. Purification of the residue by flash
chromatography on silica gel [V(CH3;COOEt) : V(Et-
OH)=10 : 1) afforded the pure products, which were
characterized by '"H NMR and '*C NMR.

4.9 X-Ray diffraction studies

Crystals of Se¢ (CCDC 2104040) were obtained by re-
crystallization from CH,Cly/hexane (V' © V=1 1) at am-
bient temperature. The data were collected on a Xcalibur,
Eos, Gemini diffractometer with graphite monochromated
Cu Ka radiation (A=0.154184 nm). Using Olex2,* the
structure was solved with the Superflip?9! structure solu-
tion program using Charge Flipping and refined with the
ShelXLE7 refinement package using Least Squares mini-
misation.

Supporting Information The characterization data of
C-5 arylated imidazoles, NMR spectra of compounds 1~5
and C-5 arylated imidazoles. The Supporting Information
is available free of charge via the Internet at http://sioc-
journal.cn/.
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