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S1. Additional experimental data 

Table S1. Catalytic activities of Pd precatalysts 1a,d, and Pd(OAc)2 in the arylation of 3a with bromo- and 

iodoarenes in the presence of TBAB
а
. 

 

Entry Precatalyst Ar-Br 
GC-MS 
yield of 

5 
Entry Precatalyst Ar-I 

GC-MS 
yield of 

5 

1 1d 

 

5aa 
(99%) 

10 1d 

 

5aa 
(99%) 

2 1a 

 

5aa 
(90%) 

11 1a 

 

5aa 
(92%) 

3 
Pd(OAc)2 + 

TBAB  

 

5aa 
(98%) 

12 
Pd(OAc)2 + 

TBAB 

 

5aa 
(98%) 

4 1d 

 

5p 
(99%) 

13 1d 

 

5p 
(99%) 

5 1a 

 

5p  
(90%) 

14 1a 

 

5p 
(92%) 

6 
Pd(OAc)2 + 

TBAB 
 

 

5p  
(98%) 

15 
Pd(OAc)2 + 

TBAB 

 

5p 
(98%) 

7 1d 

 

5ab 
(98%) 

16 1d 

 

5t (99%) 

8 1a 

 

5ab 
(90%) 

17 1a 

 

5t (94%) 

9 
Pd(OAc)2 + 

TBAB 

 

5ab 
(98%) 

18 
Pd(OAc)2 + 

TBAB 

 

5t (98%) 

[a] 
Ketone 3a (60.1 mg, 0.5 mmol), corresponding aryl halide 4g-j (0.5 mmol), Bu

t
ONa (1 mmol), toluene (2 mL), precatalyst (1 mol% of Pd compound), 

TBAB (16.1 mg, 0.05 mmol, 10 mol%) were heated at 110 
o
C within 5 h. 
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Table S2. Extended data on catalytic activities of Pd and Ni precatalysts in the arylation of ketones 3a,b with 
chlorobenzene 4a

а
. 

 

En
try 

Keto
ne 

[M]-salt 
(mol. %)

b,c
 

Base Solvent Proligand (mol%)
c
 

Temp 
[ºC] 

Time 
[h] 

C
d
 [%] 

GC-MS yield [%] 

5a 5b 9 

1 3a Pd(OAc)2 (1) Bu
t
ONa toluene IPr • HCl (2) 110 5 99 94   

2 3a Ni(OAc)2 (5) Bu
t
ONa toluene IPr • HCl (10) 110 24 89 86   

3 3a NiSO4 (5) Bu
t
ONa toluene IPr • HCl (10) 110 24 64 52   

4 3a Ni(Cp)2 (5) Bu
t
ONa toluene IPr • HCl (10) 110 24 2 0   

5 3a Ni(AcAc)2 (5) Bu
t
ONa toluene IPr • HCl (10) 110 24 91 80   

6 3a NiCl2Py2 (5) Bu
t
ONa toluene IPr • HCl (10) 110 24 95 91   

7 3a NiCl2Py2 (5) Bu
t
ONa 1,4-Dioxane IPr • HCl (10) 100 24 2 trace   

8 3a NiCl2Py2 (5) Bu
t
ONa THF IPr • HCl (10) 70 24 3 trace   

9 3a NiCl2Py2 (5) Bu
t
ONa IPrOH IPr • HCl (10) 80 24 2 0   

10 3a NiCl2Py2 (5) Bu
t
ONa DMA IPr • HCl (10) 110 24 7 trace   

11 3a NiCl2Py2 (5) Bu
t
OK toluene IPr • HCl (10) 110 24 84 71   

12 3a NiCl2Py2 (5) KOH toluene IPr • HCl (10) 110 24 2 0   

13 3a NiCl2Py2 (5) Cs2CO3 toluene IPr • HCl (10) 110 24 45 trace   

14 3a NiCl2Py2 (5) K2CO3 toluene IPr • HCl (10) 110 24 2 0   

15 3a NiCl2Py2 (5) NaH toluene IPr • HCl (10) 110 24 5 trace   

16 3a NiCl2Py2 (5) Bu
t
ONa toluene IPr • HCl (10) 115 24 98 90   

17 3a NiCl2Py2 (5) Bu
t
ONa toluene IPr • HCl (10) 100 24 84 80   

18 3a NiCl2Py2 (10) Bu
t
ONa toluene IPr • HCl (20) 110 24 96 91   

19 3a NiCl2Py2 (5) Bu
t
ONa toluene IPr • HCl (5) 110 24 62 59   

20 3a NiCl2Py2 (2.5) Bu
t
ONa toluene IPr • HCl (5) 110 36 53 49   

21 3a NiCl2Py2 (5) Bu
t
ONa toluene IPr*OMe • HCl (10) 110 24 97 92   

22 3a NiCl2Py2 (2.5) Bu
t
ONa toluene IPr*OMe • HCl (5) 110 24 84 80   

23 3b Pd(OAc)2 (1) Bu
t
ONa toluene IPr • HCl (2) 110 5 49  46 1 

24 3b Pd(OAc)2 (1) Bu
t
ONa 1,4-Dioxane IPr • HCl (2) 100 5 81  71 3 

25 3b Pd(OAc)2 (1) Bu
t
ONa THF IPr • HCl (2) 70 5 64  62 0 

26 3b Pd(OAc)2 (1) Bu
t
ONa toluene IPr • HCl (2) 80 5 94  87 0 

27 3b Pd(OAc)2 (0.1) Bu
t
ONa toluene IPr • HCl (0.2) 80 24 12  10 0 

28 3b Pd(OAc)2 (0.1) Bu
t
ONa toluene IPr*OMe • HCl (0.2) 80 24 99  90 3 

29 3b Pd(OAc)2 (0.1) Bu
t
ONa toluene IPr*OMe • HCl (0.3) 80 24 99  91 2 
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30 3b Pd(OAc)2 (0.1) Bu
t
ONa toluene IPr*OMe • HCl (0.05) 80 36 45  42 0 

31 3b Pd(OAc)2 (0.05) Bu
t
ONa toluene IPr*OMe • HCl (0.1) 80 36 99  84 2 

32 3b Pd(acac)2 (1) Bu
t
ONa toluene IPr • HCl (2) 80 5 49  46 0 

33 3b PdCl2Py2 (1) Bu
t
ONa toluene IPr • HCl (2) 80 5 41  27 0 

34 3b NiCl2Py2 (5) Bu
t
ONa toluene IPr • HCl (10) 110 24 10  2 0 

35 3b NiCl2Py2 (5) Bu
t
ONa toluene IPr*OMe • HCl (10) 110 24 8  4 0 

[a]
 Reaction conditions: PhCl (0.5 mmol), propiophenone 3a (0.5 mmol) or acetophenone 3b (0.75 mmol), base (1 mmol), solvent (2 mL). 

[b] 
OAc – acetate, 

acac – acetylacetonate, Cp – cyclopentadienyl anion, Py – pyridine. 
[c]

 Relative to PhCl. 
[d] 

Conversion of 4a. 



5 
 

 

 
Figure S1. Photos of mixtures of 0.05 mmol of Ni precatalyst [NiCp2 (1), complex 2a (2), complex 2c (3), 

complex 2d (4), complex 2h (5)] with Bu
t
ONa (0.5 mmol) in toluene (2 ml): freshly prepared mixture at room 

temperature (a); after 5 min of heating at 110
o
C (b); after 30 min of heating at 110

o
C (c). 

 

  
Figure S2. Photos of mixtures of Pd and Ni precatalysts (0.1 mmol) with ButONa (0.5 mmol):  NiCl2 

before (a) and after (b) heating at 110
o
C within 10 h; Pd(OAc)2 before (c) and after (d) heating at 110

o
C 

within 10 h. 
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Figure S3. Kinetic plot of the yield of compound 5a in the reaction of propiophenone 3a with PhI 

catalyzed by Pd(OAc)2 at 50 °C. Reaction conditions: ketone 3a (0.5 mmol), PhI (0.5 mmol), Bu
t
ONa (1 

mmol), toluene (2 mL), Pd(OAc)2 (0.5∙10
-2

 mmol, 1 mol), TBAB (0.05 mmol). 
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S2. Hg-poisoning experiments 

The Hg poisoning experiments were performed to evaluate the credibility of Hg-poisoning 

experiments, the so-called mercury test (Hg-drop test), to the ketones α-arylation reaction. The mercury test 

was widely used for a long time as a rapid method for distinguishing truly homogeneous molecular catalysis 

from nanoparticle metal catalysis. The method is based on the assumption that metallic mercury should 

selectively poison M(0) nanoparticles and should be inert toward molecular metal complexes [1-3]. Inhibition 

of a catalytic reaction in the presence of metallic mercury is typically considered as evidence of a 

nanoparticle catalysis mechanism. In contrast, the absence of a significant effect of mercury on the metal-

catalyzed reaction is accepted as a sign of a homogeneous catalysis mechanism. 
One may assume that the mercury test may be used to elucidate the nature of the metal active 

species (molecular complexes or nanoparticles) in the Pd- and Ni-catalyzed reactions of ketone α-arylation. 

However, the credibility of the mercury test was recently subjected to criticism [4-7]. It was found that 

the mercury test may be generally inadequate as a method for distinguishing between homogeneous and 

cluster/nanoparticle catalysis mechanisms for the following reasons: (i) the general and facile reactivity of 

molecular metal complexes toward metallic mercury and (ii) the very high and often unpredictable 

dependence of the test results on the operational conditions [4]. 

The effects of Hg loadings, temperature, and solvent on the yields of propiophenone arylation 

products under Pd and Ni catalysis are presented in Tables S3 and S4, correspondingly.  
First of all, let us consider the effect of mercury loadings on the yields of 5a in the reaction with 

chlorobenzene in toluene catalyzed by complex 1d at various temperatures (Table S3, entries 9-11, 20-22, 

23-25). The observed effect of mercury poisoning at 110 °C (entries 9-11) is quite low: the yield of 5a 

decreases from 99% without Hg to 87% with 300 mol eq Hg loaded and to 85% with 2000 mol eq Hg loaded. 

Because the effect of Hg is low, the homogeneous molecular Pd/NHC catalysis mechanism can be 

concluded from the test results. However, at a lower temperature, the effect of mercury is quite high. At 90 

°C (entries 20-22) the yield decreases from 93% in the absence of Hg to 35% in the presence of 2000 mol 

eq Hg. At 70 °C (entries 23-25) the effect of mercury is even higher: the yield decreases from 80% (without 

Hg) to 41% (300 mol eq Hg) and to 12% (2000 mol eq Hg). So, the opposite conclusion that Pd 

nanoparticles operate as active centers follows from the experiments performed at 90 °C and 70 °C. It 

seems to be very doubtful that the homogeneous molecular Pd/NHC catalysis mechanism dominates at 110 

°C whereas the heterogeneous Pd nanoparticle catalysis mechanism dominates at 90 °C and 70 °C for the 

same quite stable Pd/NHC complex 1d in the reaction of the same reagents in toluene. These experiments 

clearly demonstrate the unreliability of the mercury test for distinguishing the nature of Pd active 

particles in the Pd/NHC catalyzed ketone α-arylation reaction. 
Further, let us consider the effect of the mercury poisoning on the yields of the arylated product in the 

Pd catalyzed reaction with iodobenzene (Table S3, the rightmost column). The effect of the mercury is very 

low, regardless of the Pd precatalyst. So, it may be concluded that the same molecular species operate as 

active centers, whereas very different Pd precatalysts (Pd(OAc)2, low-stable Pd/NHC complex 1a, and quite 

stable Pd/NHC complex 1d with bulky NHC ligand) were used. 

Finally, experiments on the Hg poisoning of Ni/NHC catalyzed arylation of propiophenone can be 

discussed (Table S4). Even small amounts of mercury result in significant inhibition of the reaction both with 

PhI and PhCl. It should be concluded from the Hg poisoning experiments that the Ni nanoparticle catalysis 

mechanism dominates in the arylation reactions catalyzed by Ni/NHC complexes containing bulky NHC 

ligands. This conclusion contradicts the results of experiments with the preliminary decomposition of the 

precatalysts (see Table 1 in the article, entries 18, 19, Method B) and to experiments with the use of 

ligandless Ni precatalysts (Table 1 in the article, entries 20, 21), and most of the literature data [8-13]. 

Overall, the results presented in Tables S3 and S4 demonstrate the general unreliability of the 

mercury test for distinguishing between homogeneous and nanoparticle catalysis mechanisms in the 

ketone α-arylation reaction.  
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Table S3. Effects of Hg loading and other reaction conditions on the yields of propiophenone arylation 

products under catalysis with various Pd precatalysts. 

 

Entry 
[Pd]-

precetalyst 
Temp, °C Solvent Hg, eqb Time, h 

GC-MS Yield, 5, % 

X=Cl, 
R=H 

X=Br 
R=Me 

X=I,  
R=H 

1  Pd(OAc)2 110 Toluene 0 2 0 92 99 

2  Pd(OAc)2 110 Toluene 300 2 0 22 98 

3  Pd(OAc)2 110 Toluene 2000 2 0 20 90 

4  1a 110 Toluene 0 2 0 87 94 

5  1a 110 Toluene 50 2 0 60 93 

6  1a 110 Toluene 100 2 0 52 95 

7  1a 110 Toluene 300 2 0 18 87 

8  1a 110 Toluene 2000 2 0 3 89 

9  1d 110 Toluene 0 2 99 92 99 

10  1d 110 Toluene 300 2 87 89 98 

11  1d 110 Toluene 2000 2 85 91 98 

12  1d 100 Dioxane 0 2 92 94 91 

13  1d 100 Dioxane 300 2 68 87 94 

14  1d 100 Dioxane 2000 2 56 81 91 

15  Pd(OAc)2 90 Toluene 0 2 0 91 94 

16  Pd(OAc)2 90 Toluene 50 2 0 65 91 

17  Pd(OAc)2 90 Toluene 100 2 0 48 92 

18  Pd(OAc)2 90 Toluene 300 2 0 24 87 

19  Pd(OAc)2 90 Toluene 2000 2 0 11 90 

20  1d 90 Toluene 0 2 93 93 95 

21  1d 90 Toluene 300 2 86 94 96 

22  1d 90 Toluene 2000 2 35 92 94 

23  1d 70 Toluene 0 2 80 91 89 

24  1d 70 Toluene 300 2 41 93 88 

25  1d 70 Toluene 2000 2 12 92 89 

[a]Reaction conditions: ArX (0.5 mmol), propiophenone (0.5 mmol), ButONa (1 mmol), toluene (2 mL), [Pd]-precatalyst (0.005 mmol), magnetic stirrer 

rotation rate was 1000 rpm. [b] Mol eq Hg relative to the amount of Pd precatalyst. 
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Table S4. Effects of Hg loading and other reaction conditions on the yields of propiophenone arylation 

products under catalysis with Ni/NHC complexes. 

 

Entry [Ni]-precatalyst Temp, °C Solvent Hg, eqb Time, h 
GC-MS Yield, 5, % 

X=Cl X=I 

1  2g 110 Toluene 0 24 63 84 

2  2g 110 Toluene 300 24 20 18 

3  2g 110 Toluene 2000 24 12 10 

4  2h 110 Toluene 0 24 82 91 

5  2h 110 Toluene 50 24 54 41 

6  2h 110 Toluene 100 24 20 17 

7  2h 110 Toluene 300 24 21 25 

8  2h 110 Toluene 2000 24 18 24 

[a]Reaction conditions: ArX (0.5 mmol), propiophenone (0.5 mmol), ButONa (1 mmol), toluene (2 mL), [Ni]-precatalyst (0.015 mmol), magnetic stirrer rotation 

rate was 1000 rpm. [b] Mol eq Hg relative to amount of Ni/NHC precatalyst. 
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S3. Quantitative poisoning experiments 

The methodology of quantitative poisoning (quantitative kinetic poisoning) developed by the Finke 
group is used for determining the nature of catalyst active species and distinguishing between molecular and 
cluster/nanoparticle mechanisms in transition metal catalysis [1-6]. The method is based on the use of 
nonselective poisons capable of strong binding with active centers of various catalyst species. Distinguishing 
between truly homogeneous and cluster/nanoparticle catalysis is based on the amount of the poison 
required for complete inhibition of catalytic activity. The quantity of the poison << 1 eq. (usually ~0.02-0.2 
eq.) per metal amount signifies cluster/nanoparticle catalysis, whereas quantity ≥ 1 eq. indicates molecular 
catalysis [7]. The logic of the method is based on the assumption that nanoparticles contain only a fraction of 
active metal atoms on the surface, whereas molecular complex requires at least a stoichiometric amount of 
poison to be completely deactivated [5, 8]. Quantitative kinetic poisoning includes determining the catalytic 
reaction rates in the presence of various amounts of catalyst poison (starting from the substoichiometric 
amounts) and building plots of the relative rate (rate in the presence of poison/rate in the absence of poison) 
vs equiv of added poison in which the x-intercept of the linear extrapolated portion of the data implies the 
amount of poison required to totally poison the active catalyst. 

To the best of our knowledge, quantitative kinetic poisoning was never used before for studying 
Pd/NHC-catalyzed ketone α-arylation. Therefore, we tested several typical catalyst poisons to find the poison 
suitable for quantitative kinetic poisoning experiments (Table S5). Among the studied poisons, only CS2 
demonstrated reasonable results, whereas other poisons were inefficient (Table S5). Therefore, CS2 was 
selected as the poison for quantitative kinetic poisoning experiments. 

The quantitative kinetic poisoning experiments were performed for the reaction of propiophenone 3a 
arylation by iodobenzene 4c catalyzed with complex 1a and Pd(OAc)2 (Figure S4). The plots “relative rate 
versus relative CS2 loading” are quite similar and show that only ~0.2 mol eq of CS2 is required for almost 
complete suppressing of the arylation reaction. These results point to the high probability that small Pd 
aggregates (more probably, Pd clusters) play an important role of active centers in the studied catalytic 
systems. It is noteworthy that a flatter graph is observed in the case of Pd/NHC precatalyst 1a (Figure S4, a) 
than in the case of palladium acetate (Figure S4, b). This can speak in favor of the cocktail-type character of 
the Pd/NHC catalytic system and the slight contribution of molecular NHC-connected Pd complexes into 
catalysis. 

Of course, these results can be considered as preliminary only. This question deserves a special in-
depth study, which is beyond the scope of this work. 

 

 Table S5. Effect of various catalytic poisons on the yield of compound 5aa. 

Precatalyst, (1 mol%)  Poison, (eq) GC-MS Yield, 5a, % 

1a none 99 

1a CS2 (0.1) 65 

1a CS2 (0.5) 0 

1a CS2 (1.0) 0 

1a PPh3(1.0) 30 

1a 1,10-Phenantroline (0.5) 99 

1a 1,10-Phenantroline (1) 99 

1a N(Et)3 (0.5) 99 

1a N(Et)3 (1.0) 99 

1a PhSH (0.5) 99 

1a PhSH (1.0) 99 

Pd(OAc)2 CS2 (0.5) 0 

[a]Reaction conditions: PhI (0.75 mmol), propiophenone (0.5 mmol), ButONa (1 mmol), toluene (2 mL), [Pd]-precatalyst (0.005 mmol), 70 ˚C, within 2 h, Mol 

eq of poison relative to the amount of Pd precatalyst. 
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Figure S4.  The plots of relative rate of compound 5a formation vs relative quantity of CS2 loaded (mol 

CS2 per a mol of Pd catalyst) in the reaction between propiophenone (3a) and iodobenzene (4c) catalyzed 

by the complex 1a (a) and Pd(OAc)2 (b). The reaction rates were determined by the initial-rate method over 

the course of 0.5 h; the xintercept is 0.21 ± 0.01 (a), 0.21 ± 0.01 (b). Reaction conditions: PhI (5 mmol), 

propiophenone (0.5 mmol), Bu
t
ONa (1 mmol), toluene (2 mL), [Pd]-precatalyst (0.005 mmol), 70 °C. 
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S4. ESI-MS study of reaction mixtures 

 

Figure S5. ESI-MS spectra of complex 1a decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene (for all ESI-MS spectra in the present study, in case of signal overlap 
or low intensity, only plausible identification of the ions may be suggested). 



14 
 

 
Figure S6. ESI-MS spectra of complex 1b decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S7. ESI-MS spectra of complex 1c decomposition products formed in the reaction of arylation of 
propiophenone with chlorobenzene. 
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Figure S8. ESI-MS spectra of complex 1d decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S9. ESI-MS spectra of complex 1e decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S10. ESI-MS spectra of complex 1f decomposition products formed in the reaction of arylation of 
propiophenone with chlorobenzene. 
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Figure S11. ESI-MS spectra of complex 1g decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S12. ESI-MS spectra of complex 1h decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S13. ESI-MS spectra of complex 2a decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S14. ESI-MS spectra of complex 2b decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S15. ESI-MS spectra of complex 2c decomposition products formed in the reaction of arylation of 
propiophenone with chlorobenzene. 
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Figure S16. ESI-MS spectra of complex 2d decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S17. ESI-MS spectra of complex 2e decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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Figure S18. ESI-MS spectra of complex 2f decomposition products formed in the reaction of arylation of 
propiophenone with chlorobenzene. 
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Figure S19. ESI-MS spectra of complex 2g decomposition products formed in the reaction of arylation 
of propiophenone with chlorobenzene. 
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S5. Electronic microscopy study 

 

   

 

Figure S20. TEM images of Pd particles and their size distribution (below) trapped from reaction 

mixtures 15 min after reaction start (a), 60 min after reaction start (b), 180 min after reaction start (c). 

Reaction conditions: precatalyst 1a (0.005 mmol), chlorobenzene (0.5 mmol), propiophenone (0.5 mmol), 

ButONa (1 mmol), toluene (2 mL), 110 °C. 

 

 

   

 

Figure S21. TEM images of Pd particles and their size distribution (below) trapped from reaction 

mixtures 15 min after reaction start (a), 60 min after reaction start (b), 180 min after reaction start (c). 

Reaction conditions: precatalyst 1d (0.005 mmol), chlorobenzene (0.5 mmol), propiophenone (0.5 mmol), 

ButONa (1 mmol), toluene (2 mL), 110 °C. 
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Figure S22. TEM images of Pd particles and their size distribution (below) trapped from reaction 

mixtures 15 min after reaction start (a), 60 min after reaction start (b), 180 min after reaction start (c). 

Reaction conditions: Pd(OAc)2 (0.005 mmol), TBAB (0.05 mmol), chlorobenzene (0.5 mmol), propiophenone 

(0.5 mmol), ButONa (1 mmol), toluene (2 mL), 110 °C. 

 

   

Figure S23. TEM images of nanoparticles and their size distribution (below) trapped from reaction 

mixtures 15 min after reaction start (a), 60 min after reaction start (b), 180 min after reaction start (c). 

Reaction conditions: precatalyst 2a (0.015 mmol), chlorobenzene (0.5 mmol), propiophenone (0.5 mmol), 

ButONa (1 mmol), toluene (2 mL), 110 °C. 
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Figure S24. TEM images of nanoparticles and their size distribution (below) trapped from reaction 

mixtures 15 min after reaction start (a), 60 min after reaction start (b), 180 min after reaction start (c). 

Reaction conditions: precatalyst 2h (0.015 mmol), chlorobenzene (0.5 mmol), propiophenone (0.5 mmol), 

ButONa (1 mmol), toluene (2 mL), 110 °C. 

 
  

 

 

Figure S25. TEM images of nanoparticles trapped from reaction mixtures 1 min after reaction start, 

using 1a(a), 1d(b), Pd(OAc)2(c) 2a(d), 2h(e) as precatalyst. Reaction conditions: 0.005 mmol of Pd-

precatalyst or 0.015 mmol of Ni-precatalyst, chlorobenzene (0.5 mmol), propiophenone (0.5 mmol), 

ButONa (1 mmol), toluene (2 mL), 110 °C. 
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S6. NMR spectra 

 

Figure S26. 
1H NMR spectrum of compound 2e (CDCl3, 300 MHz) 
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Figure S27. 

13C NMR spectrum of compound 2e (CDCl3, 75 MHz) 
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Figure S28. 
1H NMR spectrum of compound 5a (CDCl3, 300 MHz) 
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Figure S29. 

13C NMR spectrum of compound 5a (CDCl3, 75 MHz) 
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Figure S30. 

1H NMR spectrum of compound 5b (CDCl3, 300 MHz) 
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Figure S31. 

13C NMR spectrum of compound 5b (CDCl3, 75 MHz) 
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Figure S32. 

1H NMR spectrum of compound 5c (CDCl3, 300 MHz) 
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Figure S33. 

13C NMR spectrum of compound 5c (CDCl3, 75 MHz) 
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Figure S34. 

1H NMR spectrum of compound 5d (CDCl3, 300 MHz) 
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Figure S35. 

13C NMR spectrum of compound 5d (CDCl3, 75 MHz) 
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Figure S36. 

1H NMR spectrum of compound 5e (CDCl3, 300 MHz) 
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Figure S37. 

13C NMR spectrum of compound 5e (CDCl3, 75 MHz) 
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Figure S38. 
1H NMR spectrum of compound 5f (CDCl3, 300 MHz) 
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Figure S39. 

13C NMR spectrum of compound 5f (CDCl3, 75 MHz) 
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Figure S40. 

1H NMR spectrum of compound 5g (CDCl3, 300 MHz) 
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Figure S41. 
13C NMR spectrum of compound 5g (CDCl3, 75 MHz) 
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Figure S42. 

1H NMR spectrum of compound 5h (CDCl3, 300 MHz) 
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Figure S43. 

13C NMR spectrum of compound 5h (CDCl3, 75 MHz) 
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Figure S44. 

1H NMR spectrum of compound 5i (CDCl3, 300 MHz) 
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Figure S45. 

13C NMR spectrum of compound 5i (CDCl3, 75 MHz) 
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Figure S46. 

1H NMR spectrum of compound 5j (CDCl3, 300 MHz) 
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Figure S47. 

13C NMR spectrum of compound 5j (CDCl3, 75 MHz) 
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Figure S48. 

1H NMR spectrum of compound 5k (CDCl3, 300 MHz) 
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Figure S49. 

13C NMR spectrum of compound 5k (CDCl3, 75 MHz) 
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Figure S50. 

1H NMR spectrum of compound 5l (CDCl3, 300 MHz) 
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Figure S51. 

13C NMR spectrum of compound 5l (CDCl3, 75 MHz) 



57 
 

 
Figure S52. 

1H NMR spectrum of compound 5m (CDCl3, 300 MHz) 
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Figure S53. 

13C NMR spectrum of compound 5m (CDCl3, 75 MHz) 
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Figure S54. 

1H NMR spectrum of compound 5n (CDCl3, 300 MHz) 
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Figure S55. 

13C NMR spectrum of compound 5n (CDCl3, 75 MHz) 



61 
 

 
Figure S56. 

1H NMR spectrum of compound 5o (CDCl3, 300 MHz) 
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Figure S57. 

13C NMR spectrum of compound 5o (CDCl3, 100 MHz) 
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Figure S58. 

1H NMR spectrum of compound 5p (CDCl3, 300 MHz) 
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Figure S59. 

13C NMR spectrum of compound 5p (CDCl3, 75 MHz) 
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Figure S60. 

1H NMR spectrum of compound 5q (CDCl3, 300 MHz) 
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Figure S61. 

13C NMR spectrum of compound 5q (CDCl3, 75 MHz) 
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Figure S62. 

1H NMR spectrum of compound 5r (CDCl3, 300 MHz) 
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Figure S63. 

13C NMR spectrum of compound 5r (CDCl3, 75 MHz) 
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Figure S64. 

1H NMR spectrum of compound 5s (CDCl3, 300 MHz) 
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Figure S65. 

13C NMR spectrum of compound 5s (CDCl3, 75 MHz) 
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Figure S66. 

1H NMR spectrum of compound 5t (CDCl3, 300 MHz) 
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Figure S67. 

13C NMR spectrum of compound 5t (CDCl3, 75 MHz) 



73 
 

 
Figure S68. 

1H NMR spectrum of compound 5u (CDCl3, 300 MHz) 
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Figure S69. 

13C NMR spectrum of compound 5u (CDCl3, 75 MHz) 
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Figure S70. 

1H NMR spectrum of compound 5v (CDCl3, 300 MHz) 
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Figure S71. 

13C NMR spectrum of compound 5v (CDCl3, 75 MHz) 
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Figure S72. 

1H NMR spectrum of compound 5w (CDCl3, 300 MHz) 
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Figure S73. 

13C NMR spectrum of compound 5w (CDCl3, 75 MHz) 
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Figure S74. 

1H NMR spectrum of compound 5x (CDCl3, 300 MHz) 
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Figure S75. 
13C NMR spectrum of compound 5x (CDCl3, 75 MHz) 
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Figure S76. 

1H NMR spectrum of compound 5y (CDCl3, 300 MHz) 
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Figure S77. 

13C NMR spectrum of compound 5y (CDCl3, 75 MHz) 
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Figure S78. 

1H NMR spectrum of compound 5z (CDCl3, 300 MHz) 



84 
 

 
Figure S79. 

13C NMR spectrum of compound 5z (CDCl3, 75 MHz) 
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Figure S80. 

1H NMR spectrum of compound 6a (CDCl3, 600 MHz) 
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Figure S81. 

13C NMR spectrum of compound 6a (CDCl3, 150 MHz) 
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Figure S82. 

1H NMR spectrum of compound 7b (CDCl3, 300 MHz)  
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Figure S83. 

13C NMR spectrum of compound 7b (CDCl3, 75 MHz)  


