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ABSTRACT: Direct C—H bond arylation is a highly effective method for synthesizing arylated heteroaromatics. This method reduces
synthetic steps and minimizes the formation of impurities. We report an air and moisture-stable iminopyridine-based a-diimine nickel
(1) complex for direct C5-H bond arylation of thiazole derivatives. Under low catalyst loading and performing the reactions at lower
temperatures (80 °C) under aerobic conditions, we produced mono- and diarylated thiazole units. Competition experiments and
density functional theory calculations (DFT) revealed that the mechanism of C—H activation in 4-methylthiazole involves

electrophilic aromatic substitution.
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INTRODUCTION

Synthetic organic chemistry has dramatically evolved to
create modern synthetic tools for manufacturing valuable
(hetero)aryl compounds in organic electronics and drug
discovery.r® Direct C—H bond arylation of heteroaromatics
through transition metal catalytic systems has recently drawn
significant attention.>® 7 Compared to traditional Negishi,
Suzuki, or Stille cross-coupling for making (hetero)aryl
compounds, direct arylation offers atom-economical and facile
synthetic methods.> ® 181° Consequently, this synthetic tool has
emerged as the most desirable technique for synthesizing small
molecules, and building blocks containing five-membered
heteroaromatics including thiazoles.®1% 18 20-21 Aryted thiazoles
have been cited for using in organic field-effect transistors
(OFETSs),? organic solar cells (OSC),% and organic light-
emitting diodes (OLEDs).* Also, they have manifested
promising outcomes in drug discovery and development
regarding the structure-activity relationships.> 242

Compared to other transition metal-catalyzed systems,
palladium-based systems for direct C—H bond arylation have
been extensively studied over the last decade, %10 20-21. 2425, 27-38
However, the environmental and financial costs associated with
the Pd systems have led the research community to explore
more sustainable choices. Accordingly, Ni-based systems are
gaining popularity because of their reduced toxicity and cost.**-
43 Nonetheless, many Pd and Ni-catalyzed systems are air- and
moisture sensitive.t’: 24 29-30, 40-42, 44 NMoreover, both Pd and Ni-
systems often require in situ catalyst generation from expensive
precursors.?® 3% 444 Eyrthermore, these systems greatly suffer
from high catalyst loading (5-10 mol%),2+2> 31 40-42. 44 |onger
reaCtiOﬂ tlme (12736 h)’12-13, 15, 20, 24-25, 27-29, 38-40, 44 hlgh
temperature (100-150 °C),0-13 15 20-21, 24, 27-29, 38-42, 44 g time-
consuming ligand synthesis.”

Our group has successfully applied o-diimine Ni(ll)
complexes in Suzuki-Miyaura,* and carbon-sulfur cross-
coupling® for synthesizing various building blocks and small
molecules. In continuation of our efforts, we report herein the
first application of iminopyridine-based a-diimine Ni(II) in

direct C—H bond arylation of thiazole having various reactive
functionalities were applied for synthesizing biheteroaryl and n-
conjugated poly(hetero)arenes. In an attempt to understand how
the nickel catalytic system works on direct arylation of thiazole,
DFT calculations were done.
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Scheme 1. Synthesis of the a-diimine Ni(II) Complex

RESULTS AND DISCUSSION

Synthesis and Characterization of a-Diimine Nickel (I1)
Complex. The synthesis of the complexes and ORTEP
diagrams are shown in Scheme 1. N-(2-ethylphenyl)-1-
(pyridin-2-yl)methanimine (X) was synthesized from 2-
pyridinecarboxaldehyde and 2-ethylaniline using a previously
reported procedure.®® For the Ni(ll) complex, Ni-X,
NiCl,(DME) was reacted with two equivalents of X. Ni-
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X exhibits a distorted octahedral geometry with two chlorine
atoms and four nitrogen atoms from two diamine ligands
directly coordinating with the nickel center. No isomers were
observed for the crystal structures. Crystal data collection, unit
cell representations, selected bond angles, and distances are
provided in the supporting information.

Optimization of Reaction Conditions in Direct C-H Bond
Arylation. For this purpose, the reaction of 4-methylthiazole
(2a), and 2-bromonaphthalene (3b) was analyzed with 0.1
mol% of Ni—X for obtaining the most suitable base, solvent and
acid combination at 40 °C for 6 h (Table 1). In the first twelve
experiments (Table 1, entries 1-12), we employed pivalic acid
(PivOH) and altered the base and solvent to optimize the
conditions. Subsequently, an additional two experiments were
performed with benzoic acid; however, the yields did not
improve for either catalytic system. Ni—X afforded the best
yields using KsPO, and DMF (Table 1, entry 2). (See ESI).

Table 1. Optimization of the base, solvent, and acid.2

Ni-X (0.1 mol%) N—
N Br solvent, base g e
@ . L -
S * '
2a 3b CD1

6 h, 40 °C In Air
entry base solvent acid yield (%)°
1 K2CO3 DMF PivOH 51
K3PO4 DMF PivOH 68
3 NaOH DMF PivOH 43
4 K2CO3 H20 PivOH 34
5 K3PO4 H20 PivOH 40
6 NaOH H20 PivOH 57
7 K2CO3 MeCN PivOH 58
8 K3POs MeCN PivOH 42
9 NaOH MeCN PivOH 19
10 K2CO3 1,4-dioxane PivOH 53
11 K3POs 1,4-dioxane PivOH 47
12 NaOH 1,4-dioxane PivOH 56
13 K3PO4 DMF PhCOOH 53
14 NaOH MeCN PhCOOH 48
@Reaction  conditions:  4-methylthiazole (1.5 ~mmol), 2-

bromonaphthalene (1 mmol), base (1.5 mmol), 0.1 mol% of Ni-X,

solvent (6 mL), PivOH (0.2 mmol) for 6 h at 40 °C under aerobic

conditions. PYields as isolated from column chromatography.

Another set of experiments was carried out to optimize the
reaction time, temperature, and catalyst loading (Table 2).
Keeping the catalyst loading at 0.1 mol%, three experiments
were performed at 60, 80, and 100 °C for six hours (Table 2,
entries 1-3). The yields for Ni—X increased by raising the
temperature from 40 to 80 °C; however, they decreased at 100
°C (Table 2, entries 1-3). Increasing the catalyst loading to 0.3
mol% did not improve the yield for Ni—X (Table 2, entry 5).
Variations on reaction time were performed for Ni—X, and the
optimal reaction time was six hours. Ultimately, the best yields
were recorded using catalyst loading of 0.2 mol% for six hours
at 80 °C (Table 2, entry 8). No background reactivity was

observed  without employing the
complex/ligands under the used conditions.

synthesized  Ni

Table 2. Optimization of time, concentration of complex, and
temperature.?

N

B i \
&'\f = OO NiX, DMF, KiPO, & O
) “ In Air
2a 3b

cD1
entry time (n'jélﬁ;’ ) temp (°C) yield (%)°
1 6 0.1 60 76
2 6 0.1 80 85
3 6 0.1 100 78
4 6 0.2 80 91
5 6 0.3 80 82
6 8 0.2 80 78
7 4 0.2 80 80
8 6 0 80 0
@Reaction  conditions:  4-methylthiazole (1.5  mmol), 2-

bromonaphthalene (1 mmol), base (1.5 mmol), Ni-X, solvent (6 mL),
and PivOH (0.2 mmol) under aerobic conditions. PYields as isolated
from column chromatography.

Evaluation of catalytic performance. Arylated thiazoles are
essential building blocks found in biologically active natural
products, drug molecules, agrochemicals, and novel optical
materials.?*?% Here, 12 compounds with thiazole units were
synthesized applying the optimized reaction conditions
(Scheme 2). Different aryl and heteroaryl bromides, including
nitrile, acetyl, nitro, and alkoxy functionalities, were introduced
for making the heteroaryl or biheteroaryl compounds.
Activation of the catalytic systems on aryl dibromides was also
applied to a couple with two units of thiazole. Sterics, at least
in the case of introducing bulky naphthalene and anthracene
units for making the compound CD1 and CD2 (Scheme 2), was
not observed as a problem in direct arylation. In terms of
electronics, both the electron-donating group (EDG) and
electron-withdrawing group (EWG) on the aryl halide, as well
as heteroaryl halide, were tolerated (CD3 to CD8). We tried
applying the optimized reaction conditions to thiazole (2b) and
ethyl thiazole-4-carboxylate (2c), but CD11 and CD12 were
formed at 100 °C for 12 h and 24 h, respectively. The decrease
in the activity of the catalytic reaction conditions prompted us
to continue the substrate scope with the direct arylation of 4-
methylthiazole.

Pi-conjugated poly(hetero)arenes are widely studied
functional materials for electrochromic and optoelectronic
device fabrication.®® Here, we have explored our catalytic
systems to synthesize m-conjugated  poly(hetero)aryl
compounds through double direct C—H bond arylation of aryl
bromides (CD11 to CCD13). Anthracene is a valuable
supramolecular building block that provides a low electronic
bandgap in OLED applications.*® The bulky anthracene unit
was successfully incorporated to form CD13. Thiazoles prefer
direct arylation on C2 and C5 positions.”" Regarding these
optimized conditions, we only observed the C5 selectivity of
thiazole derivatives upon direct C—H bond heteroarylation (see
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Figure S14 in Sl), as observed in other studies, including the
electrophilic palladation at C5 of thiazoles.1726:29-3

Scheme 2. Evaluation of catalytic performance.?
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2Heteroaryl (1.5 mmol), halide (1 mmol), DMF (6 mL), KsPO,4 (1.5 mmol),
0.2 mol% of Ni-X, PivOH (0.2 mmol) for six hours at 80 °C. Yields as
isolated from column chromatography.

Competition Experiment. In the electrophilic metallation,
the transition metal attacks the most nucleophilic site of the
arene, resulting in the Wheland o-complex. Carbocationic in
nature of the Wheland o-complex can be hastened by EDG and
suppressed by (EWG) at C4 of thiazole derivatives in this case
because the former provides more stability similar to an
electrophilic aromatic substitution EAS. A competition study™
was then conducted among 2a, 2b, and 2c to support whether
electrophilic metalation occurs in the nickel-catalyzed direct
arylation procedure presented. The kinetics experiment resulted
in relative rates of 2:1:0.1 for CD1:CD9:CD10. These results
show that arylation is the fastest using 2a (with EDG) and the
slowest with 2c (with EWG) at C4, which suggests the
possibility of electrophilic addition as the mechanism involved.

Scheme 3. Competition experiment.
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Mechanistic Studies of C—H activation in 4- methylthlazole
using DFT Calculations: We investigated the energy required
for pre-activation of iminopyridine-based a-diimine nickel(IT) (Ni—
X) by two main possible pathways: a) Ni%Ni''-based pathway and

b) Ni'/Ni'V pathway. Under the Ni%Ni'-based pathway, we
explored the possibility of removing the usually labile chloride
ligands as Cl2 to generate Ni>~AC#, referred as the (Ni%Ni" (A)
mechanism in Figure 1). Our calculations suggest that a pre-
activation energy of 60.3 kcal mol is required to form Ni>-ACA
from Ni—X. Thus, this pathway was deemed unfeasible. The
corresponding reaction energy profile and cartesian coordinates of
the calculated intermediates and transition states for Ni%Ni'' (A)
are provided in the Sl.

Next, for the Ni'/Ni'V based pathway, there are two possibilities
for the pre-activation. First, we tested a mechanism where Ni—X
loses the two chloride ligands as chloride ions (termed Ni'/Ni'V(B)
mechanism, Figure 1) with Ni"-ACP® as an active catalyst.
Alternately, we tested the formation of Brookhart-type a-diimine
nickel (II) active-catalyst (Ni"-AC®) (termed Ni'/Ni'V (C)
mechanism, Figure 1). Our results indicate that the Ni'-ACB
based mechanism requires 21.4 kcal mol™ to form the active
catalyst, whereas the Ni'"~ACC results in uphill energy of 7.9 kcal
mol™! compared with Ni-X. Thus, the Ni'/Ni'V(B) mechanism was
also deemed unfeasible and will not be considered for further
calculations. The detailed investigation of the subsequent steps in
the Ni'/Ni'V (C) mechanism with Ni'=ACC as the active catalyst
was explored further based on the initial catalyst activation. The
relative zero-point-corrected energies (AE in kcal mol™)
calculated with PBEQ-D3(BJ)/def2-TZVP (SMD: DMF) level
of theory and structures for the proposed mechanism are shown
in Figure 2, setting the Ni''-=ACF structure as the reference (0.0
kcal mol™). The proposed mechanism is a combination of three
processes, namely, the oxidative addition of 2-
bromonaphthalene onto the Ni'"-ACC® complex, the C—H bond
activation in 2a, and last, a reductive elimination to form the
arylated 2a. The calculated reaction profile connecting the
minimum energy structures for the lowest energy mechanism is
presented in Figure 2.

Oxidative Addition. The reaction proceeds with the
oxidative addition of 2-bromonaphthalene starting from the
Ni""-ACC active catalysis, which adopts a distorted square
planar geometry. The Co—Br bond in 3b is activated via
transition state TS-OA by overcoming an activation barrier of
28.6 kcal mol™. The cleavage of the Ca—Br bond leads to the
formation of Ni(IV) complex (IM1) with a reaction energy of
14.5 kcal mol. Analysis of the electronic structures of Ni''—
ACC and IM1 to determine the oxidation states in these
complexes is presented in the SI (Tables S5 and S6).

C-H Bond Activation. A ligand exchange between the Br~
anion and the PivO™ anion further leads to a highly exergonic
process forming IM2 (~12.2 kcal mol™). In the subsequent step,
4-methylthiazole reacts with the IM2 to replace the pivalate
ligand. The nickel catalyst acts as an electrophile, and there are
two potential nucleophilic sites, i.e., C2 and C5, on 2a. We
investigated the pathways associated with the attack of the
nickel catalyst as an electrophile on 2a at C2 (Pathway C2, in
violet) and C5 (Pathway CS5, in green) sites. Next, the
electrophilic attack on 2a produces the linkage isomers
IM3(C2) and IM3(C5) along Pathway C2 and Pathway CS5,
respectively. These isomers resemble the Wheland o-
complexes. IM3(C5) is 4.5 kcal mol™ more stable than
IM3(C2). Analysis of the electronic structures (Tables S5, and
S6) of IM3(C2) and IM3(CS5) complexes is presented in the SI.
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Figure 3. Optimized structure representing the initial part of the reaction of 2a with the nickel-catalyst for the formation of IM3(C2)
(a), electron donor Fukui function, f~(r), on 0.001 a.u electron density isosurface for 2a in (a) (b), Optimized structure representing
the initial part of the reaction of thiazole with the nickel-catalyst for the formation of IM3(C5) (c), and electron donor Fukui function,

f~(r), on 0.001 a.u. electron density isosurface for 2a in (c) (d).

In the next step, the proton can be abstracted by PivO™ from
either C2 or C5. The deprotonation proceeds through an
electrophilic aromatic substitution mechanism involving
transition states TS-DP(C2) along Pathway C2 and TS-DP(C5)
along Pathway C5. TS-DP(C5) is 6.0 kcal mol™ more stable
than TS-DP(C2). The energy diagram indicates that an
electrophilic attack by the nickel catalyst over C5 is kinetically
favored over an attack on C2. The deprotonation leads to
intermediates IM4(C2) and IM4(C5), where IM4(C2) is more
stable than IM4(C5) by 4.7 kcal mol™'. The deprotonation step
remains the rate-determining step for both pathways, with
barrier heights of 36.0 kcal mol! and 30.0 kcal mol' for
Pathway C2 and Pathway CS5, respectively.

The local electrophilicity of 2a can be investigated using a
Fukui function analysis. The Fukui function is a useful DFT
local reactivity descriptor. It has been used in several previous
studies,’* especially for systems that involve intermolecular
electron exchange reactions. We investigated the distribution of
the electron donor Fukui function for 2a in the presence of the
nickel catalyst and PivO~ (Figure 3) in two different
orientations corresponding to the initial steps of the reaction
between 4-methylthiazole and the nickel catalyst for the
formation of IM3(C2) and IM3(C5) (see Figure 3, (a) and (c)).
Figures 3 (b) and (d) show the distribution of values of the
electron donor Fukui function f~(r) on 0.001 a.u. electron
density isosurface for both structures. Figures 3 (b) and (d)
indicate that C5 is a preferred site for an electrophilic attack
than C2.

Reductive Elimination. The final step corresponds to
reductive elimination. IM4(C2) and IM4(C5) produce the
heteroarylation products via transition states TS-RE(C2) and
TS-RE(C5), respectively. TS-RE(C2)/TS-RE(C5) involves
the formation of the C—C bond between the C2/CS5 of 2a and Ca
of the naphthalene ligand. The reaction barriers for TS-
RE(C2)/TS-RE(C5) are 11.5 kcal mol™ and 10.3 kcal mol™!
with respect to intermediates IM4(C2)/IM4(C5). Finally, after
the C—C bond formations, the CD1 is released, coupled with the
regeneration of Ni"~AC. Both processes are endothermic with

the release of 52.4/53.4 kcal mol™ along Path C2/Path C5 with
respect to TS-RE(C2)/TS-RE(C5). Based on our calculations,
the reaction energy profile suggests that the primary product for
the reaction of 2a and 3b is CD1 formed along Path CS5.

CONCLUSIONS

In summary, we have created a Ni-catalytic system that
utilizes an iminopyridine-based a-diimine Ni(Il) complex. This
system enables the direct C—H bond arylation of multiple
thiazole derivatives, even under low-temperature aerobic
conditions and with a catalyst loading as low as 0.1 mol%. Our
catalytic system selectively arylates the C5 position of thiazoles
to generate heteroaryl compounds with diverse reactive
functionalities. We investigated the underlying mechanism of
this selectivity by carrying out a competition experiment, which
showed that the reaction was accelerated by electron-donating
groups (EDGs) on thiazole. In contrast, electron-withdrawing
groups (EWGs) delayed the reaction. The study found that the
direct reaction between 4-methylthiazole and 2-
bromonaphthalene has a high yield of 91% when using specific
reaction conditions (80 °C temperature, air, and DMF as the
solvent). As a result, we conducted a thorough mechanistic
study using DFT-based methods to investigate the direct C2-H
/C5-H bond arylation of 4-methylthiazole using an
iminopyridine-based a-diimine nickel(Il) complex. The
possible pathways for C5-H with Ni'"-ACC as the active
catalyst for C2-H /C5-H bond activation were explored, and
we compared the corresponding rate-determining steps. The
reaction mechanisms comprised three major processes:
oxidative addition, C2—H /C5—-H bond activation, and reductive
elimination. The formation of the rate-determining TS for the
formation of the 4-methyl-2-(naphthalen-2-yl)thiazole via C2
atom activation was found to be higher in energy than that of
C5, which indicates higher regioselectivity of the catalyst
towards C5 atom of 4-methylthiazole, and a higher yield of the
final product, i.e., 4-methyl-5-(naphthalen-2-yl)thiazole. This
prediction is consistent with the experimentally observed
results. Further, the analysis of the condensed Fukui function of
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4-methylthiazole provided further insights on the mechanism
and indicated a more facile electrophilic attack over C5 than
that over C2 of 4-methylthiazole, by the nickel catalyst.

GENERAL MATERIALS AND METHODS

Experimental methods: All reagents were purchased from
Sigma-Aldrich or Fisher Scientific and employed without
additional purification unless otherwise specified. *H NMR and
13C NMR spectra were collected using a 500 MHz Bruker
AVANCE Il spectrometer with chloroform as the reference
solvent. Synthesized a-diimine complexes were characterized
by elemental analysis using a Thermo FLASH 2000 CHN
elemental analyzer. For collecting the MS (EI) data, a Waters
ACQUITY UPLC M-Class was employed. All the reactions
except for the synthesis of the a-diimine complexes were
performed in the air atmosphere.

Single-Crystal XRD Data Characterization. A Bruker
Kappa D8 Quest CPAD diffractometer equipped with an
Incoatec microfocus Mo Ka radiation source, Oxford
Cryosystems cooler, and Photon 100 CMOS detector (A =
0.71073 A) was utilized for acquiring the single-crystal X-ray
diffraction data. Bruker APEX3 graphical interface and Bruker
SAINT were applied to achieve data reduction and cell
refinement. Moreover, Bruker XPREP and SADABS were used
to estimate the space group and multi-scan absorption
correction, respectively. To solve and refine the structure,
SHELXTL (intrinsic phasing method)® and SHELXL20177°
were applied, respectively. The pubICIF and ORTEP-3 were
used for the preparation of the crystallographic Information File
(CIF).

Synthesis of Iminopyridine Ligand N-(2-ethylphenyl)-1-
(pyridin-2-yl)methanimine X). The ligand X was
synthesized by adopting a previously published procedure.*® In
a one-neck 100 mL flask, 2-pyridinecarboxaldehyde (3.0 mL,
0.032 mol) and 2-ethylaniline (3.88 g, 0.032 mol) were mixed
with anhydrous MgSO4 (120 mg, 1 mmol), and DMF (40 mL)
as a solvent. The reaction mixture was stirred for ten hours at
room temperature. After that, three extractions were performed
with 40 mL of ethyl acetate and 40 mL of distilled water. After
drying the ethyl acetate layer with anhydrous MgSO., the crude
product was obtained by concentrating with the rotary
evaporator. The final pure product was collected by employing
silica gel column chromatography using n-hexane as an eluent.
The product was isolated as dark-orange oil (Yield = 5.24 g,
77.9%). MS (EI) m/z [M + H]" = 211.0104 (calculated for
CisH1N2, 211.0139). 'H NMR (500 MHz, CDCls, 300 K): 6
(ppm): 8.70 (d, J = 4.15 Hz, 1H), 8.55 (s, 1H), 8.25 (d, J =7.85
Hz, 1H), 7.78 (t, J = 7.65 Hz, 1H), 7.34 (t, J = 6.05 Hz, 1H),
7.19-7.27 (m, 3H), 7.02 (d, J=7.35Hz, 1H), 2.83 (g, J = 7.45
Hz, 2H), 1.22 (t, J = 7.55 Hz, 3H).

Synthesis of the Iminiopyridine Bis-Ligated Nickel(11)
Complex (Ni-X). Complex Ni-X was synthesized by adopting
a previously published procedure.* NiCl,(DME) (219.72 mg, 1
mmol) was transferred to a one-neck 50 mL flask having a
magnetic stirrer. The flask was purged with nitrogen before
adding the ligand 2-ethyldiimine (420.56 mg, 2 mmol)
dissolved in dichloromethane (20 mL). After stirring at room
temperature for 24 hours, the precipitated solid was filtered and
washed with petroleum ether (40 mL) and hexane (40 mL). The
pure product was isolated as a light green solid after drying
under vacuum for 24 hours (Yield = 480.17 mg, 87.3%).

Elemental analysis: calculated for C,sH2sCIN4Ni: C, 61.13; H,
5.13; N, 10.18. Found: C, 61.23; H, 5.01; N, 10.27. Acetonitrile
was used as a solvent for growing the single crystal for XRD
analysis. A saturated solution of the complex was formed, and
it was slowly evaporated over one week. Crystal size: 0.18 x
0.16 x 0.16 mm?; crystal shape: fragment; crystal color: yellow.

General Procedure for Nickel-Catalyzed Direct
Arylation. All the reactions were performed in the air
atmosphere. A 25 mL one-neck round bottom flask was
equipped with a condenser. For the single direct arylation, the
reaction setup was maintained with heteroaryl derivative (1.5
mmol), aryl bromide (1 mmol), DMF (6 mL), KsPO4 (1.5
mmol), 0.2 mol% of Ni-X, and PivOH (0.2 mmol). The reaction
mixture was stirred for six hours at 80 °C. For the double Direct
arylation with bis-halogenated aromatics, the reaction setup was
maintained with heteroaryl derivative (2.5 mmol), aryl bromide
(1 mmol), DMF (6 mL), KsPO4 (3 mmol), 0.4 mol% of Ni-X,
and PivOH (0.4 mmol). The reaction mixture was stirred for six
hours at 80 °C. For the double direct arylation with mono-
halogenated aromatics, the reaction setup was maintained with
heteroaryl derivative (1 mmol), aryl bromide (2.5 mmol), DMF
(6 mL), KsPO4 (3 mmol), 0.4 mol% of Ni-X, and PivOH (0.4
mmol). The reaction mixture was stirred for six hours at 80 °C.
After that, the reaction mixture was cooled to room temperature,
and it was poured into a 100 mL beaker containing 40 mL of
water. Three extractions were carried out with 20 mL of ethyl
acetate and 20 mL of distilled water. The ethyl acetate layer was
dried over anhydrous MgSO, and concentrated through rotary
evaporation to obtain the crude product. The pure product was
obtained by either precipitation or using silica gel (200—300
mesh) column chromatography.

4-methyl-5-(naphthalen-2-yl)thiazole (CD1). Purified via
silica gel column chromatography using n-hexane and ethyl
acetate as eluents in a ratio of 10:1 (v/v). Colorless oil. Yield:
205.1 mg, 91%. MS (El) m/z [M + H]* = 226.0121 (calculated
for C14H11NS, 226.0187). *H NMR (500 MHz, CDCls, 300 K):
d (ppm): 8.73 (s, 1H), 7.91—7.86 (m, 4H), 7.56 — 7.51 (m, 3H),
2,61 (s, 3H). *C NMR (500 MHz, CDCls, 300 K), 6 (ppm):
150.56, 148.85, 133.32, 132.71, 132.08, 129.42, 128.48,
128.40, 128.07, 127.80, 127.16, 126.76, 126.61, 30.93. H and
13C NMR spectra are consistent with previous reports.*’

5-(anthracen-9-yl)-4-methylthiazole (CD2). Purified via
silica gel column chromatography using n-hexane and ethyl
acetate as eluents in a ratio of 10:1 (v/v). Light yellow solid.
Yield: 239.5 mg, 87%. MS (El) m/z [M + H]" = 276.0219
(calculated for CisHi3NS, 276.0226). 'H NMR (500 MHz,
CDCls, 300 K): 6 (ppm): 9.03 (s, 1H), 8.57 (s, 1H), 8.06 (d, J =
8 Hz, 2H), 7.66 (d, J = 8.5 Hz, 2H), 7.51 — 7.44 (m, 4H), 2.16
(s, 3H). *C NMR (500 MHz, CDCls, 300 K), 5 (ppm): 152.99,
152.55, 131.84, 131.44, 128.80, 128.76, 126.60, 125.93,
125.92, 124.67, 15.50.

4-(4-methylthiazol-5-yl)benzonitrile (CD3). Purified via
silica gel column chromatography using n-hexane and ethyl
acetate as eluents in a ratio of 10:1 (v/v). Light brown oil. Yield:
144.02 mg, 72% (Ni X-1). MS (EI) m/z [M + H]* = 201.0101
(calculated for CiiHsN2S, 201.0069). *H NMR (500 MHz,
CDCI3, 300 K): & (ppm): 8.74 (s, 1H) 7.69 (d, J = 10 Hz, 2H),
7.54 (d, J = 5 Hz, 2H), 2.55 (s, 3H). *C NMR (500 MHz,
CDCls, 300 K), ¢ (ppm): 151.63, 150.08, 136.90, 132.56,
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130.17,129.77, 118.50, 111.58, 16.39. H and **C NMR spectra
are consistent with previous reports.®

1-(4-(4-methylthiazol-5-yl)phenyl)ethan-1-one (CD4).
Purified via silica gel column chromatography using n-hexane
and ethyl acetate as eluents in a ratio of 10:1 (v/v). Light yellow
oil. Yield: 154.11 mg, 71%. MS (EI) m/z [M + H]" = 218.0109
(calculated for CioH11NOS, 218.0127). *H NMR (500 MHz,
CDCls, 300 K): 6 (ppm): 8.70 (s, 1H), 7.97 (d, J = 5 Hz, 2H),
7.50 (d, J = 10 Hz, 2H), 2.59 (s, 3H), 2.54 (s, 3H). *C NMR
(500 MHz, CDCls, 300 K), & (ppm): 197.28, 151.17, 149.59,
136.83, 136.22, 130.90, 129.29, 128.77, 26.64, 16.38. 'H and
13C NMR spectra are consistent with previous reports.*®

5-(4-methoxyphenyl)-4-methylthiazole (CD6). Purified via
silica gel column chromatography using n-hexane and ethyl
acetate as eluents in a ratio of 10:1 (v/v). Light yellow solid.
Yield: 135.33 mg, 66%. MS (EI) m/z [M + H]* = 206.0119
(calculated for Ci1H11NOS, 206.0126). *H NMR (500 MHz,
CDCls, 300 K): 6 (ppm): 8.50 (s, 1H), 7.24 (d, J = 5 Hz, 2H),
6.84 (d, J = 10 Hz, 2H), 3.71(s, 3H), 2.39 (s, 3H). *C NMR
(500 MHz, CDCls, 300 K), ¢ (ppm): 159.33, 149.64, 147.85,
131.69, 130.46, 124.12, 114.12, 55.25, 15.93. *H and *C NMR
spectra are consistent with previous reports.?*

4-methyl-5-(2-methylpyrimidin-5-yl)thiazole (CD8).
Purified via silica gel column chromatography using n-hexane
and ethyl acetate as eluents in a ratio of 10:1 (v/v). Colorless
oily liquid. Yield: 139.46 mg, 73%. MS (El) m/z [M + H]" =
192.0128 (calculated for CoHgNsS, 192.0113). *H NMR (500
MHz, CDCls, 300 K): § (ppm): 8.77 (s, 1H), 8.70 (s, 2H), 2.77
(S, 3H), 2.52 (s, 3H). 3C NMR (500 MHz, CDCls, 300 K), ¢
(ppm): 167.55, 156.51, 151.89, 150.78, 124.65, 123.64, 25.89,
15.99.

1-(5-(4-methylthiazol-5-yl)thiophen-2-yl)ethan-1-one
(CD7). Purified via silica gel column chromatography using n-
hexane and ethyl acetate as eluents in a ratio of 10:1 (v/v). Light
brown solid. Yield: 173.94 mg, 78%. MS (El) m/z [M + H]* =
224.0135 (calculated for C10HeNOS,, 224.0117). *H NMR (500
MHz, CDCls, 300 K): & (ppm): 8.65 (s, 1H), 7.60 (d, J = 4 Hz,
1H), 7.12 (d, J =4 Hz, 1H), 2.63 (s, 3H), 2.53 (s, 3H). *C NMR
(500 MHz, CDCls, 300 K), ¢ (ppm): 190.43, 151.09, 150.81,
144.20, 141.83, 132.85, 127.55, 125.16, 26.65, 17.03.

4-methyl-5-(4-nitrophenyl)thiazole (CD5). Purified via
silica gel column chromatography using n-hexane and ethyl
acetate as eluents in a ratio of 10:1 (v/v). Colorless oil. Yield:
167.22 mg, 76%. MS (EI) m/z [M + H]* = 221.0121 (calculated
for C10HsN20,S, 221.0167). *H NMR (500 MHz, CDClI3, 300
K): 6 (ppm): 8.76 (s, 1H), 8.25 (d, J = 10 Hz, 2H), 7.59 (d, J =
10 Hz, 2H), 2,57 (s, 3H). 3C NMR (500 MHz, CDCls, 300 K),
J (ppm): 151.89, 150.46, 147.14, 138.88, 129.87, 129.81,
124.09, 16.48. *H and *C NMR spectra are consistent with
previous reports.?

5-(naphthalen-2-yl)thiazole (CD9). Purified via silica gel
column chromatography using n-hexane and ethyl acetate as
eluents in a ratio of 10:1 (v/v). Yellow solid. Yield: 166.9 mg,
79%. GC-MS m/z [M + H]" = 192.0128 (calculated for
CoHoN3S, 192.0113). 'H NMR (500 MHz, CDCls, 300 K): 6
(ppm): 8.85 (s, 1H), 8.25 (s, 1H), 8.07 - 7.87 (m, 4H), 7.75 -
7.53 (m, 3H),. *C NMR (500 MHz, CDCls, 300 K), § (ppm):
152.73, 139.84, 133.98, 133.56, 129.40, 128.97, 128.53,

128.27, 127.35, 127.05, 126.40, 125.22. 'H and '3C NMR
spectra are consistent with previous reports.’

4-ethyl-5-(naphthalen-2-yl)thiazole carboxylate (CD10).
Purified via silica gel column chromatography using n-hexane
and ethyl acetate as eluents in a ratio of 10:1 (v/v). Yellow solid.
Yield: 84.99 mg, 30%. MS (EI) m/z [M + H]" = 226.0121
(calculated for C;4H; NS, 226.0187). 'H NMR (500 MHz,
CDCl3, 300 K): J (ppm): 8.82 (s, 1H), 7.86 — 7.91 (m, 4H), 7.61
—7.53 (m, 3H), 4.32 (q, 2H), 1.25 (t, 3H). '*C NMR (500 MHz,
CDCl;, 300 K), J (ppm): 164.26, 161.98, 151.44, 147.75,
147.48, 141.38, 133.40, 132.74, 130.97, 129.52, 128.59,
127.79,127.51, 127.08, 126.72, 61.42, 14.13.

1,4-bis(4-methylthiazol-5-yl)benzene (CD11). Pure
product was obtained by precipitation method. n-hexane was
added to a concentrated dichloromethane solution followed by
filtering and washing with n-hexane. Light red solid. Yield:
236.67 mg, 87%. MS (EI) m/z [M + H]"=273.0112 (calculated
for C14H12N>S,, 273.0147). 'H NMR (500 MHz, CDCl3, 300 K):
é (ppm): 8.70 (s, 2H), 7.50 (s, 4H), 2.58 (s, 6H). *C NMR (500
MHz, CDCls, 300 K), J (ppm): 150.64, 149.00, 131.71, 131.36,
129.62, 16.32. 'H and '*C NMR data are consistent with the
reported literature. '’

4,4'-bis(4-methylthiazol-5-yl)-1,1'-biphenyl (CD12). Pure
product was obtained by precipitation method. n-hexane was
added to a concentrated dichloromethane solution followed by
filtering and washing with n-hexane. Light red solid. Yield:
278.46 mg, 80% MS (EI) m/z [M + H]" = 349.0061 (calculated
for C20H16N2S2, 349.0097). 'H NMR (500 MHz, CDCls, 300 K):
o (ppm): 8.71 (s, 2H), 7.68 (d, J = 10 Hz, 4H),7.54 (d, /=10
Hz, 4H), 2.60 (s, 6H). *C NMR (500 MHz, CDCl;, 300 K), §
(ppm): 150.54, 148.87, 139.93, 131.65, 131.46, 129.90, 127.42,
16.37.

9,10-bis(4-methylthiazol-5-yl)anthracene (CD13). Pure
product was obtained by precipitation method. n-hexane was
added to a concentrated dichloromethane solution followed by
filtering and washing with n-hexane. Light orange solid. Yield:
319.98 mg, 86%. MS (EI) m/z [M + H]" = 373.0169 (calculated
for C2H6N>S,, 373.0132). 'H NMR (500 MHz, CDCl3, 300 K):
J (ppm): 9.06 (s, 2H), 7.74 - 7.71 (m, 4H), 7.47 — 7.45 (m, 4H),
2.23 (s, 3H), 2.19 (s, 3H). *C NMR (500 MHz, CDCls, 300 K),
o (ppm): 153.23, 153.20, 152.76, 152.66, 131.49, 126.54,
126.39, 15.61, 15.54.

Competition experiment. The comparison of the yields of
the reactions of the 4-substituted thiazoles was done. The
reaction conditions were identical to the one used above, but the
reaction time was kept to eight hours. Both the thiazole and
ethyl 4-thiazolecarboxylate had very small yields, so GCMS
was used to determine the ratio of the biaryl compound and the
aryl bromide.

Computational and Theoretical Methods. All calculations
were performed with the Gaussianl6 software package®.
Optimized structures of stationary points were illustrated with
ChemCraft!2, Geometry optimizations were performed at the
PBEOQ-D3(BJ)/def2-SVP level 565758 Transition state structures
were obtained using the intrinsic reaction coordinate °° (IRC)
method. Frequency calculations were performed on all
stationary points, no imaginary frequencies were observed for
the minima, and a single imaginary frequency corresponding to
the reaction coordinate was found for all transition states (TSs).
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Dimethyl formamide solvation was calculated based on the gas-
phase optimized structures with single point calculations at the
PBEO-D3(BJ)/def2-TZVP level using the SMD?® implicit
solvent model (¢ = 37.219). Condensed Fukui function
calculations were obtained based on the PBEO/def2-SVP results
using the Multiwfn?® package. Orbital composition analysis of
4-methylthiazole is carried out using Multiwfn®> program with
the natural orbital method. The plot of the HOMO for 4-
methylthiazole is performed by mapping the corresponding
cube obtained on 0.005 a.u. electron density isosurface using
ChemCraft software!?.

The Fukui function is a useful reactivity indicator that can
predict  chemical properties  like  regioselectivity,
electrophilicity, and nucleophilicity. The Fukui function is
defined as a partial derivative of the total electron density within
a molecule with N number of electrons at the constant external
potential v(r):%:%

= (%7, €

oN

Two Fukui functions can take two forms f*(r)and f~(r)
depending on the change in the electron density. The Fukui
function after an addition of an electron in a molecule is
represented as f*(r), and the change in the electron density
after losing the electron is represented as f~(r).
Mathematically, f*(r)and f~(r) in the condensed-to-atom
form can be approximated by:%8

fr) = py+1— pPn @
f~(r) = py— Pn-1 3

where py , pv+1 @nd py_, are the electron densities of the
molecule with N, N+1 and N-1 electrons at a frozen molecular
geometry, respectively. The local reactivity of atoms within a
molecule can be compared using condensed f*(r) and f~(r)
functions. A larger local f*(r) function on an atom denotes its
larger susceptibility to a nucleophilic attack (or its
electrophilicity). Similarly, a larger local f~(r) function
denotes its larger susceptibility to an electrophilic attack (or its
nucleophilicity).
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