
S1 

 

Supporting Information 

 

 

Mechanistic Aspects of Pincer Nickel(II)-Catalyzed C‒H Bond 

Alkylation of Azoles with Alkyl Halides   

 

Ulhas N. Patel,
†,ǁ

 Shailja Jain,
‡
 Dilip K. Pandey,

†,ǁ 
Rajesh G. Gonnade,

§
 Kumar Vanka,

‡
 

and Benudhar Punji
*,†,ǁ

  

 

†
Organometallic Synthesis and Catalysis Group, Chemical Engineering Division, 

‡
Physical and Materials 

Chemistry Division, and 
§
Centre for Material Characterization, CSIR–National Chemical Laboratory (CSIR–

NCL), Dr. Homi Bhabha Road, Pune 411 008, India.  
ǁAcademy of Scientific and Innovative Research (AcSIR), New Delhi 110 020, India 

 

*
E-mail: b.punji@ncl.res.in 

 

 

 

 

 

 

 

 

 

 

 



S2 

 

Contents 

 

  Page # 
 

1. Procedure for Alkylation/Radical Clock Experiments S3 

2. Procedure for Rate Order Determination S4 

3. Procedure for Isotope Labelling Experiments S9 

4. Controlled Reactivity and Resting State Study of Catalyst 1 S10 

5. Procedure for Reactivity Study of (QNNNMe2)Ni(2-benzothiazolyl) (5a) S12 

6. Electronic Effect Study  S13 

7. X-ray Structure Determination S13 

8. DFT Calculations S15 

9. References S16 

10. 1H and 13C NMR Spectra S18 

 

 

 

 

 

 

 

 

 

 

 

 



S3 

 

1. Procedure for Alkylation/Radical Clock Experiments 

 Synthesis of 2-(but-3-en-1-yl)benzo[d]thiazole (4ac). To a flame dried screw cap tube 

equipped with magnetic stir bar was introduced catalyst 1 (0.009 g, 0.025 mmol), LiOtBu 

(0.081 g, 1.012 mmol), NaI (0.149 g, 1.00 mmol), benzothiazole (2a; 0.068 g, 0.503 mmol) 

and cyclopropylmethyl bromide (3c; 0.135 g, 1.00 mmol) inside the glove box. To the above 

reaction mixture, 1,4-dioxane (2.0 mL) was added under argon atmosphere and the resultant 

reaction mixture was stirred at 120 oC in a preheated oil bath for 16 h. At ambient 

temperature, the reaction mixture was quenched with distilled water (5 mL) and neutralized 

with 2N HCl (0.5 mL). The crude product was then extracted with ethyl acetate (15 mL x 3). 

The organic extract was dried over Na2SO4 and the volatiles were evaporated in vacuo. The 

remaining residue was purified by column chromatography on silica gel (petroleum 

ether/EtOAc: 50/1). Yield: 0.024 g, 25%. 1H-NMR (500 MHz, CDCl3): δ = 7.97 (d, JH–H = 

8.2 Hz, 1H, Ar–H), 7.83 (d, JH–H = 7.9 Hz, 1H, Ar–H), 7.45 (td, JH–H = 8.2, 1.1 Hz, 1H, Ar–

H), 7.35 (td, JH–H = 8.2, 1.2 Hz, 1H, Ar–H), 5.91 (ddt, JH–H = 17.1, 10.4, 6.7 Hz, 1H), 5.14 

(qd, JH–H = 17.1, 1.5 Hz, 1H), 5.05 (qd, JH–H = 10.4, 1.5 Hz, 1H), 3.22 (t, JH–H = 7.8 Hz, 2H, 

CH2), 2.67-2.62 (m, 2H, CH2). 
13C-NMR (100 MHz, CDCl3): δ = 171.4 (Cq), 153.3 (Cq), 

136.5 (CH), 135.3 (Cq), 126.1 (CH), 124.9 (CH), 122.7 (CH), 121.6 (CH), 116.4 (CH2), 33.8 

(CH2), 33.5 (CH2). HRMS (ESI): m/z calcd for C11H11NS+H+ [M+H]+ 190.0685, found 

190.0684. The analytical data were in accordance with those reported in the literature.S1,S2 

 Synthesis of 2-(cyclopentylmethyl)benzo[d]thiazole (4ad). To a flame dried screw 

cap tube equipped with magnetic stir bar was introduced catalyst 1 (0.009 g, 0.025 mmol), 

LiOtBu (0.081 g, 1.012 mmol), NaI (0.112 g, 0.75 mmol), benzothiazole (2a; 0.068 g, 0.503 

mmol) and 6-bromo-1-hexene (3d; 0.122 g, 0.748 mmol) inside the glove box. To the above 

reaction mixture, 1,4-dioxane (2.0 mL) was added under argon atmosphere and the resultant 

reaction mixture was stirred at 120 oC in a preheated oil bath for 16 h. At ambient 
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temperature, the reaction mixture was quenched with distilled water (10 mL) and neutralized 

with 2N HCl (0.5 mL). The crude product was then extracted with ethyl acetate (15 mL x 3). 

The organic extract was dried over Na2SO4 and the volatiles were evaporated in vacuo. The 

remaining residue was purified by column chromatography on silica gel (petroleum 

ether/EtOAc: 50/1). Yield: 0.058 g, 52%. 1H-NMR (500 MHz, CDCl3): δ = 7.95 (d, JH–H = 

8.2 Hz, 1H, Ar–H), 7.82 (d, JH–H = 8.2, Hz, 1H, Ar–H), 7.43 (td, JH–H = 7.3, 1.2 Hz, 1H, Ar–

H), 7.32 (td, JH–H = 7.5, 1.2 Hz, 1H, Ar–H), 3.10 (d, JH–H = 7.3 Hz, 2H, CH2), 2.45-2.34 (m, 

1H, CH), 189-1.82 (m, 2H, CH2), 1.72-1.63 (m, 2H, CH2), 1.61-1.53 (m, 2H, CH2), 1.36-1.26 

(m, 2H, CH2). 
13C-NMR (100 MHz, CDCl3): δ = 171.9 (Cq), 153.3 (Cq), 135.3 (Cq), 125.9 

(CH), 125.0 (CH), 122.6 (CH), 121.5 (CH), 40.7 (CH), 40.5 (CH2), 32.7 (2C, CH2), 25.2 (2C, 

CH2). HRMS (ESI): m/z calcd for C13H15NS+H+ [M+H]+ 218.0998, found 218.0997. The 

analytical data were in accordance with those reported in the literature.S3 

 

2. Procedure for Rate Order Determination 

 The rate order of the alkylation reaction with various reaction components was 

determined by the initial rate method. The data of the concentration of the product vs time 

(min) plot was fitted linear with Origin Pro 8. The slope of the linear fitting represents the 

reaction rate. The order of the reaction was then determined by plotting log(rate) vs log(conc) 

for a particular component.  

 Representative Procedure: Rate Order Determination on Benzothiazole (Figure S1 

and Figure 3). To determine the order of the alkylation reaction on benzothiazole, initial rates 

at different initial concentrations of benzothiazole were recorded. The final data was obtained 

by averaging the results of three independent experiments for same initial concentration. In 

standard experiment, a Teflon-screw cap tube equipped with magnetic stir bar was introduced 

catalyst 1 (0.02 mmol, 0.01 M), LiOtBu (0.048 g, 0.6 mmol), 1-iodooctane (0.11 mL, 0.60 
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mmol, 0.30 M), specific amount of benzothiazole (as shown in Table S1), n-dodecane (0.04 

mL, 0.17 mmol, internal standard), and 1,4-dioxane (appropriate amount) was added to make 

the total volume 2.0 mL. The reaction mixture was then heated at 100 oC in a pre-heated oil 

bath. At regular intervals (10, 15, 20, 30, 45, 60 min, etc.), the reaction vessel was cooled to 

ambient temperature and an aliquot of sample was withdrawn to the GC vial. The sample was 

diluted with acetone and subjected to GC analysis. The concentration of the product 4aa 

obtained in each sample was determined with respect to the internal standard n-dodecane.  

 

Table S1. Rate of Alkylation Reaction at Different Initial Concentrations of 

 Benzothiazole   

Experiment Amount of 
Benzothiazole (g) 

Initial Conc. of 
Benzothiazole [M] 

Initial Rate [Mmin-1] x 10-4 

1 0.054 0.2 5.729  

2 0.081 0.3 5.500  

3 0.108 0.4 4.705  

4 0.162 0.6 3.705  
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Figure S1. Time-dependent formation of 4aa at different initial concentrations of 

benzothiazole.  
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Rate Order Determination on 1-Iodooctane (Figure S2). To determine the order of the 

alkylation reaction on 1-iodooctane, the initial rates at different initial concentrations of 1-

iodooctane were recorded. The final data was obtained by averaging the results of three 

independent experiments for same initial concentration. 

 Representative procedure of rate order determination was followed, employing 1 (0.01 

M), benzothiazole (0.2 M), LiOtBu (0.3 M), and n-dodecane (0.085 M) and specific amount 

of 1-iodooctane (as shown in Table S2) in 1,4-dioxane. 

 

 

Table S2. Rate of Alkylation Reaction at Different Initial Concentrations of 1-

Iodooctane 

Experiment Amount of 1- 
iodooctane (g) 

Initial conc. of 1- 
iodooctane [M] 

Initial rate [Mmin-1] x 10-4 

1 0.144 0.3 5.729  

2 0.240 0.5 6.573  

3 0.336 0.7 6.000  
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Figure S2. (A) Time-dependent formation of 4aa at different initial concentration of 1-

iodooctane. (B) Plot of log(rate) vs log(conc. 1-iodooctane).  
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Rate Order Determination on Catalyst (Figure S3 and Figure 2): To determine the order of 

the alkylation reaction on catalyst, the initial rates at different concentrations of catalyst were 

recorded. The final data was obtained by averaging the results of three independent 

experiments for same initial concentration. 

 Representative procedure of rate order determination was followed, employing 

benzothiazole (0.2 M), 1-iodooctane (0.3 M), LiOtBu (0.3 M), and n-dodecane (0.085 M) and 

specific amount of catalyst (as shown in Table S3) in 1,4-dioxane. 

 

Table S3. Rate of Alkylation Reaction at Different Concentrations of Catalyst 1   

Experiment Amount of 1 (g) Initial Conc. of 1 [M] Initial Rate [Mmin-1] x 10-4 

1 0.00285 0.004 1.87 

2 0.00713 0.010 5.73 

3 0.00998 0.014 10.60 

4 0.01426 0.020 15.00 
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Figure S3. Time-dependent formation of 4aa at different initial concentrations of catalyst 1. 
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Rate Order Determination on LiO
t
Bu (Figure S4): To determine the order of the alkylation 

reaction on LiOtBu, the initial rates at different initial concentrations of LiOtBu were 

recorded. The final data was obtained by averaging the results of three independent 

experiments for same initial concentration. 

 Representative procedure of rate order determination was followed, employing 0.01 M 

Cat 1 (0.01 M), benzothiazole (0.2 M), 1-iodooctane (0.3 M), and n-dodecane (0.085 M) and 

specific amount of LiOtBu (as shown in Table S4) in 1,4-dioxane. 

 

Table S4. Rate of Alkylation Reaction at Different Initial Concentrations of LiO
t
Bu   

Experiment Amount of  

LiOtBu (g) 

Conc. of  

LiOtBu [equiv] 

Initial Rate [Mmin-1] x 10-4 

1 0.016 0.5 6.463  

2 0.032 1.0 6.818  

3 0.048 1.5 5.729 

4 
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Figure S4. (A) Time-dependent formation of 4aa at different initial concentrations of 

LiOtBu. (B) Plot of log(rate) vs log(equiv. LiOtBu).  
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3. Procedure for Isotope Labelling Experiments 

 Procedure for Proton/Deuterium Cross-over Experiment: A flame-dried screw-

capped tube equipped with magnetic stir bar was charged with 6-ethoxy benzothiazole (0.036 

g, 0.2 mmol), 2-D-benzothiazole (0.028 g, 0.2 mmol) and LiOtBu (0.032 g, 0.4 mmol) under 

argon atmosphere. To the reaction mixture 1,4-dioxane (1.0 mL) was added and reaction 

mixture was heated at 100 oC for 15 min. At ambient temperature, the reaction mixture was 

diluted with H2O (15 mL) and extracted with ethyl acetate (20 mL x 3). The combined 

organic layers were dried over MgSO4 and the solvent was evaporated in vacuo. The 

remaining residue was purified by column chromatography on silica gel (petroleum 

ether/EtOAc 100/1→50/1) to obtain 6-ethoxy-2-H/D-benzothiazole (90% with 46% D) and 

2-H/D-benzothiazole (80% with 50% D).  

 

 Procedure for Determination of Equilibrium Isotope Effect (EIE): Representative 

procedure of rate measurement was followed, employing 1 (0.007 g, 0.02 mmol), LiOtBu 

(0.048 g, 0.6 mmol), 2-H-benzothiazole (0.054 g, 0.404 mmol) or 2-D-benzothiazole (0.055 

g, 0.404 mmol), 1-iodooctane (0.144 g, 0.6 mmol), n-dodecane (0.17 mmol, internal 

standard), and 1,4-dioxane (required amount to make concentration of 2a or [2-D]-2a as 0.2 

M). The data’s were collected till 60 min. The final data was obtained by averaging the 

results of two independent experiments. The initial rate obtained for the coupling of 2-H-

benzothiazole with 1-iodooctane is 0.5729 x 10-3 Mmin-1, whereas the rate for the coupling of 

2-D-benzothiazole with 1-iodooctane is 0.5917 x 10-3 Mmin-1 (Figure S5). Therefore, the 

kH/kD = 0.5729 x 10-3 / 0.5917 x 10-3 = 0.97. 
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Figure S5. Time-dependent formation of product 4aa from the reaction of 2-H-benzothiazole 

(2a) or 2-D-benzothiazole ([2-D]-2a) with 1-iodooctane.    

 

4. Controlled Reactivity and Resting State Study of Catalyst 1 

 Reaction of (
Q
NNN

Me2
)NiCl with 1-iodooctane. A J-Young NMR tube was charged with 

catalyst (QNNNMe2)NiCl (0.010 g, 0.028 mmol), LiOtBu (0.0034 g, 0.042 mmol), 1-

iodooctane (0.008 g, 0.034 mmol) and p-xylene (0.005 mL, 0.041 mmol; internal standard), 

and toluene-d8 was added into it. The NMR tube was heated in a pre-heated oil bath at 100 oC 

for different time intervals, and the reaction was analyzed by 1H NMR. The catalyst 1 and 1-

iodooctane were remained unreacted even after 16 h. 

 Reaction of (
Q
NNN

Me2
)NiCl with benzothiazole. A J-Young NMR tube was charged 

with catalyst (QNNNMe2)NiCl (0.020 g, 0.056 mmol), benzothiazole (0.0076 g, 0.056 mmol), 

mmol), LiOtBu (0.007 g, 0.084 mmol) and p-xylene (7 uL), and toluene-d8 (0.5 mL) was 



S11 

 

added into it. The progress of the reaction was then analyzed by 1H NMR (at room 

temperature or after heating at 100 oC). The NMR run of the reaction progress is given in 

Figure S6.   
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Figure S6. NMR run for the reaction of complex (QNNNMe2)NiCl (1) with benzothiazole in 

the presence of LiOtBu.    

 

 

  

 

 

 

N S

N

Ni NN Me

Me a'

(5a)

N

Ni NN

Cl

(1)

Me

Me a



S12 

 

 Procedure for Resting State Study of Catalyst (
Q
NNN

Me2
)NiCl. A J-Young NMR tube 

was charged with catalyst (QNNNMe2)NiCl (0.015 g, 0.042 mmol), benzothiazole (0.028 g, 

0.21 mmol), 1-iodooctane (0.05 g, 0.21 mmol), LiOtBu (0.017 g, 0.21 mmol), mesitylene 

(0.005 mL, 0.036 mmol), and toluene-d8 (0.5 mL) was added into it. The NMR tube was 

heated in a pre-heated oil bath at 100 oC for different time intervals, and the reaction was 

analyzed by 1H NMR to detect the presence of nickel species. After 15 min and 30 min of 

heating, the major nickel species observed was complex (QNNNMe2)Ni(2-benzothiazolyl) (5a) 

in 80% and 75%, respectively. This suggests that the nickel complex (QNNNMe2)Ni(2-

benzothiazolyl) (5a) is most likely the resting state of the catalyst 1.  

5. Procedure for Reactivity Study of (
Q

NNN
Me2

)Ni(2-benzothiazolyl) (5a) 

 Reaction of (
Q
NNN

Me2
)Ni(2-benzothiazolyl) with 1-iodooctane. A J-Young NMR tube 

was charged with (QNNNMe2)Ni(2-benzothiazolyl) (0.012 g, 0.026 mmol), 1-iodooctane 

(0.0063 g, 0.026 mmol), LiOtBu (0.002 g, 0.026 mmol) and p-xylene (0.005 mL, 0.041 

mmol). To the above reaction mixture toluene-d8 (0.5 mL) was added under an argon 

atmosphere and the resultant reaction mixture was heated at 100 oC for 10 h. At ambient 

temperature, the 1H NMR analysis of the crude mixture shows the formation of alkylated 

product 4aa in 86% yield. The same reaction in the absence of base LiOtBu afforded the 

coupled product 4aa in 75% yield.       

 Reaction of (
Q
NNN

Me2
)Ni(2-benzothiazolyl) with 6-bromo-1-hexene. A J-Young NMR 

tube was charged with (QNNNMe2)Ni(2-benzothiazolyl) (0.015 g, 0.033 mmol), 6-bromo-1-

hexene (0.008 g, 0.033 mmol), NaI (0.005 g, 0.033 mmol) and p-xylene (0.005 mL, 0.041 

mmol). To the above reaction mixture toluene-d8 (0.5 mL) was added under argon 

atmosphere and the resultant reaction mixture was heated in a pre-heated oil bath at 120 oC 

for 16 h. At ambient temperature, the 1H NMR analysis of the crude mixture shows the 

formation of alkylated product 2-(cyclopentylmethyl)benzo[d]thiazole (4ad) in 68% yield.   
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6. Electronic Effect Study 

 Reaction rates of intermediates 5b or 5c with 1-iodooctane: A J-Young NMR tube 

was charged with complex 5b (0.0329 mmol, 0.067 M) or 5c (0.0329 mmol, 0.067 M), 1-

iodooctane (0.006 mL, 0.0329 mmol, 0.067 M) and p-xylene (0.005 mL, 0.081 M), and 

toluene-d8 (0.5 mL) was added into it. The reaction mixture was then heated at 100 oC in a 

pre-heated oil bath. At regular intervals (15, 30, 45, 60, 75 min), the reaction mixture was 

cooled to ambient temperature and 1H NMR was recorded. The concentration of the product 

4ba (or 4ca) obtained was determined by 1H NMR with respect to the internal standard p-

xylene. The final data was obtained by averaging the results of two independent experiments. 

The data of the concentration of the product vs time (min) plot was fitted linear with Origin 

Pro 8 (Figure 5). 

 

7. X-ray Structure Determination 

 X-ray intensity data measurements of compound 5a was carried out on a Bruker 

SMART APEX II CCD diffractometer with graphite-monochromatized (MoKα= 0.71073 Å) 

radiation at 130(2) K. The X-ray generator was operated at 50 kV and 30 mA. A preliminary 

set of cell constants and an orientation matrix were calculated from three sets of 12 frames 

(total 36 frames). Data were collected with ω scan width of 0.5° at eight different settings of 

ϕ  and 2θ with a frame time of 10 sec keeping the sample-to-detector distance fixed at 5.00 

cm for all the compounds. The X-ray data collection was monitored by APEX2 program 

(Bruker, 2006).S4 All the data were corrected for Lorentzian, polarization and absorption 

effects using SAINT and SADABS programs (Bruker, 2006). SHELX-97 was used for 

structure solution and full matrix least-squares refinement on F
2.S5 Hydrogen atoms were 

placed in geometrically idealized position and constrained to ride on their parent atoms. 

CCDC-1568732 (5a). 
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Table S5. Crystal Data and Structure Refinement of Complex 5a 

 

Empirical formula C24H20N4NiS 

Formula weight 455.21 

Temperature, K 130(2) 

Cryst. Syst. Monoclinic 

Space group P 21/c 

a (Å) 10.875(4) 

b (Å) 7.847(3) 

c (Å) 23.182(8) 

α (°) 90 

β (°) 98.508(6) 

γ    (°) 90 

V (Å3) 1956.5(11) 

Z 4 

ρ cald. Mg/m3 1.545 

ɛ (mm-1) 1.118 

F (000) 944 

Crystal size (mm) 0.32 x 0.27 x 0.22  

θ (min, max) (°) 1.776, 24.999 

R(int) 0.1315 

Independent reflections 3439 

Completeness to θ 97.1 % 

Max. and min. transmission 0.791, 0.716 

Data / restraints / parameters 3439 / 30 / 273 

GOF on F2 1.064 

R1, wR2 (I>2σ(I)) 0.0875, 0.1930 

R1, wR2 (all data) 0.1508, 0.2246 
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8. DFT Calculations 

Computational Details 

 
All the calculations in this study have been performed with density functional theory 

(DFT), with the aid of the Turbomole 7.1 suite of programs,S6 using the PBE functional.S7 

The TZVPS8 basis set has been employed. The resolution of identity (RI),S9 along with the 

multipole accelerated resolution of identity (marij)S10 approximations have been employed 

for an accurate and efficient treatment of the electronic Coulomb term in the DFT 

calculations. Solvent correction were incorporated with optimization calculations using the 

COSMO model,S11 with 1,4-dioxane (ε = 2.25) as the solvent. The values reported are ∆G 

values, with zero point energy corrections, internal energy and entropic contributions 

included through frequency calculations on the optimized minima with the temperature taken 

to be 298.15 K. The translational entropy term in the calculated structures was corrected 

through a free volume correction introduced by Mammen et al.S12 This volume correction is 

to account for the unreasonable enhancement in translational entropy that is generally 

observed in computational soft wares. Harmonic frequency calculations were performed for 

all stationary points to confirm them as a local minima or transition state structures.  

 In order to understand the negative order of the reaction in excess of benzothiazole, we 

have calculated the possibility of the reaction of (QNNNMe2)Ni(benzothiazolyl)(iodide) (B) 

with the lithium benzothiazole complex. As shown in Figure S7, the reaction is exothermic by 

37.6 kcal/mol (∆E). This reaction would lead to the formation of a dormant species E, 

because the species formed is octahedral, with no space available for reaction with the 

incoming octyl radical (the chemistry of which has been discussed in Figure S7). This, 

therefore, explains why the reaction order is negative in excess of benzothiazole.  
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Figure S7. Reaction of intermediate B with benzothiazolyl lithium. 
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