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Graphical abstract 

 

 

Reported herein is the first example of heterogeneous palladium catalyzed C(sp3)-H bonds arylation by a 

transient-ligand-directed strategy.  

 

ABSTRACT 

 

Reported herein is the first example of heterogeneous palladium catalyzed C(sp3)-H bonds arylation by a transient-ligand-directed strategy. Using supported 

palladium (metallic state) nanopariticles as catalyst, a wide range of aryl iodides undergo the coupling with various o-methylbenzaldehyde derivatives to 

assemble a library of highly selective and functionalized o-benzylbenzaldehydes. The stability of the catalyst was easily recovered four runs without significant 

loss of activity. The XPS analysis of the catalyst before and after reaction indicated that the reaction might be carried out by a catalytic cycle starting with Pd0 
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In the past several decades, significant progress has been made in the formation of C−C bonds through the direct functionalization of 

C−H bonds catalyzed by homogeneous transition-metal catalyst [1]. Transition metal catalysts, in particular palladium, have become a 

powerful strategy to directly access complex molecules [2]. Compared with a great deal of C(sp2)-H functionalization reactions, 

selective C(sp3)-H functionalization poses a unique set of challenges due to its additional conformational degrees of freedom and the 

absence of stabilizing π−orbital interactions with the metal center [3]. Several strategies for C(sp3)–H functionalization have been 

described using an adjacent directing group (DG) to locate a catalyst in an appropriate spatial arrangement [4]. Through coordination of 

a directing group to palladium, the proximity effect can often override the inherent steric/electronic preferences and ultimately realize 

the site-selectivity of C(sp3)–H bond functionalization. But this strategy requires the additional two steps for their stoichiometric 

installation and removal of the directing ligands on substrates which reduce the overall efficiency of the reaction process (Scheme 1a). 

Very recently, the concept of transient directing groups (TDG) has emerged. During the reaction, TDG is covalently bound to the 

substrate, coordinated with the metal center for site-selective C(sp3)-H functionalization, and finally released, the product was formed 

simultaneously (Scheme 1b) [5]. Catalyzed by palladium, Yu [6], Hu [7] and Ge’s groups [8] described C(sp3)–H arylation of aldehydes 

or ketones with α-amino acids, acetylhydrazone and β-amino acid as TDG, respectively. One thing all these reports have in common is 

using iodobenzenes as arylation reagents and transient imines as ‘next generation’ directing groups.  
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Considering the expensive price and high toxicity of palladium catalyst, heterogeneous palladium catalyst coordinated with transient 

directing strategy is a highly attractive protocol owing to its chemical economic and environmentally benign fashion. In recent years, 

higher order Pd species-supported palladium nanoparticles (PdNPs) has proven to be a highly selective and efficient heterogeneous 

catalyst for C-H bond functionalization reactions [9]. Our previous work has also confirmed that the Pd(OAc)2 could be replaced by 

Pd0/γ-Al2O3 catalyst in C(sp2)-H functionalization reactions [10]. But aiming to accomplish the heterogeneous palladium catalyzed 

C(sp3)-H functionalization reaction using a TDG, two basic problems should be solved: 1) Considering the catalytic mechanism (via 

Pd0/PdII/PdIV or PdII/PdIV catalytic cycle), which valence supported PdNPs catalyst is proper to the reaction; 2) Another fundamental 

obstacle is that the superstoichiometric quantities of Ag salt were necessary to abstract iodide of iodobenzenes [11] which will generate 

a great deal of AgI precipitate, leading to the hard recovery of catalyst by simple precipitation method.  

 

 
Scheme 1. The development of C(sp3)-H arylation. 

Herein, we reported, for the first time, a supported metallic state PdNPs catalyzed C(sp3)-H bonds arylation by a transient directing 

strategy (Scheme 1c). The PdNPs supported on four various oxide powders, including γ-Al2O3, ZnO, Sm2O3 and NiO, were prepared by 

the modified impregnation-reduction method [10] (details are deposited in Supporting information) and applied to the C(sp3)–H bond 

arylation of 2-methylbenzaldehyde 1a with 4-iodoanisole 2a using acetohydrazide as TDG, AgTFA as oxidant. After 48 h of refluxing 

in AcOH-HFIP (v/v, 3:1) in the presence of 3wt% Pd/γ-Al2O3, 3wt% Pd/ZnO, 3wt% Pd/ Sm2O3 and 3% Pd/NiO, the mono-arylation 

product 3aa was isolated in yields of 75%, 33%, 50% and 69%, respectively (Table S1 in Supporting information). This result clearly 

indicated that the heterogeneous catalysis by a transient directing strategy was a feasible route. The higher activity of PdNPs on γ-Al2O3 

was for the reason that γ-Al2O3 had a large surface area and open porosity which could enable a high dispersion of the PdNP catalyst 

[12]. Compared with our catalyst, commercial 5wt% Pd/C showed lower catalytic performance. Other TDG, such as glycine, L-alanine, 

L-valine, and 2-aminoisobutyric acid, showed much lower activity for this heterogeneous catalytic coupling reaction. A control 

experiment was carried out in the absence of TDG, which gave no product, suggesting TDG is vital in this reaction (details are 

deposited in Supporting information). 

With optimized conditions in hand, the scope of aryl iodides was first studied. As shown in Table 1, para-, meta-, and ortho- 

substituted substrates were chosen to examine the effect of steric hindrance on this reaction. The results clearly indicated that both para- 

and ortho-substituted aryl iodides (2a with 2b) could obtain the corresponding products in similar yields. There is also no clear 

difference in yields for the para- and meta-substituted aryl iodides (2h and 2i). These results suggested that steric hindrance could not 

significantly affect the reaction. The reaction can tolerate various functional groups, including alkoxy, alkyl, halogen (F, Br and Cl), 

acyl, ester, trifluoromethyl, and nitro group. Notably, bromo-substituted aryl iodides afforded the corresponding products in the best 

yield, preserving the halogen groups for further synthetic elaborations via cross coupling reactions. 

 

Table 1 

The scope of aryl iodides. a
 

 
Entry Iodobenzene Product Yield (%)b 

1 
2a  3aa 

75 

2 
2b  

3ab 

70 
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3 
2c  3ac 

53 

4 
2d  3ad 

49 

5 
2e  3ae 

77 

6 
2f  3af 

66 

7 
2g  3ag 

84 

8 
2h  3ah 

58 

9 

2i  3ai 
48 

10 
2j  3aj 

56 

11 
2k  3ak 

56 

12 

2l  3al 
43 

13 
2m  

3am 

41 

a Reaction conditions: o-methyl benzaldehyde 1a (0.10 mmol), iodobenzene 2 (0.30 mmol), 3 wt% Pd/ γ-Al2O3 (25 mg), acethydrazide (0.03 

mmol), AgTFA (0.3 mmol), AcOH: HFIP =3:1 (2.0 mL).  
b Isolated yield. 

 

The scope of o-methylbenzaldehydes with different substituent groups was next explored using 4-iodoanisole 2a as the arylation 

reagent (Table 2). o-Methylbenzaldehydes bearing substituents at all the positions of benzene ring underwent C-H arylation with 2a to 

provide the products in moderate yields. However, the use of a sterically hindered 3-substituted o-methylbenzaldehydes led to a reduced 

yield (entries 2 and 7). These results indicated that steric hindrance of o-methylbenzaldehydes could significantly affect this reaction. 

Both electron-withdrawing (1b-1e) and electron-donating substituents (1f-1m) were tolerated in the heterogeneous C(sp3)-H activation 

reaction, and their reactivities did not show a significant difference. 
 

 

Table 2 

The scope of o-methylbenzaldehydes with different substituent groups. a 

 
Entry Aldehyde Product Yield (%)b 

1 

1b 3ba 

55 
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2 

1c 3ca 

30 

3 

1d 3da 

41 

4 

1e 3ea 

39 

5 

1f 3fa 

62 

6 

1g 3ga 

59 

7 

1h 3ha 

30 

8 

1i 3ia 

49 

9 

1j 3ja 

50 

10 

1k 3ka 

51 

11 

1l 3la 

63 

12 

1m 3ma 

52 

a Reaction conditions: o-methyl benzaldehydes 1 (0.10 mmol), 4-iodoanisole 2a (0.30 mmol), 3 wt% Pd/ γ-Al2O3 (25 mg), acethydrazide (0.03 

mmol), AgTFA (0.3 mmol), AcOH: HFIP = 3:1 (2.0 mL).  
b Isolated yield. 
 

To investigate the practical application of this newly heterogeneous catalytic reaction in organic synthesis, we conducted a gram-

scale reaction of 1a (1g) with 2a in the presence of 3 wt% Pd/γ-Al2O3 catalyst, and isolated the desired product 3aa in 70% yield 

(Experimental section in Supporting information). As we can see, even though the reaction scale was magnified up to 83 times, ideal 

synthetically yields still could be obtained. 

We also examined the possibility of recycling the PdNPs catalyst in the reaction of o-methylbenzaldehyde 1a with 4-iodoanisole 2a. 

After each reaction cycle, the centrifugated deposit was washed with ammonia aqueous to get rid of AgI precipitate. As shown in Fig. 1, 

although the catalytic performance of the PdNPs did not declined apparently after 3th recycle, but the yield of desired product dived to 

47% in 5th recycle. 

 
Fig. 1. Recyclability of the catalyst. 

In order to get valence state information of Pd on the catalyst surface, the fresh and used (after 1th recycle and after 5th recycle) 3 wt% 

Pd/γ-Al2O3 catalysts were tested by XPS analysis (Fig. 2). It is showed that PdNPs on the support consisted of metallic Pd, as indicated 

by the Pd0 peak at a binding energy for 335.54 eV of Pd 3d5/2 and 340.76 eV of Pd 3d3/2 over fresh catalyst, 335.58 eV of Pd 3d5/2 and 

340.82 eV of Pd 3d3/2 over used catalyst [13]. There was no significant change in the quantity of the active Pd0 species in the Pd/γ-Al2O3 

catalyst before and after the reactions. Hence, the small decrease in the isolated yield of the arylation product in the recycling 
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experiments was probably not due to deactivation of the active catalytic species, but attributed to some loss of the nanomaterial in the 

recovery process. Meanwhile, this result indicated that the PdNPs-catalyzed C(sp3)-H bonds functionalization reaction was performed 

via a catalytic cycle that began with Pd0. The inference is same as Hu’s proposed mechanism [7]. But the XPS signal appeared at 

binding energies for 338.37 eV of Pd 3d5/2 and 343.76 eV of Pd 3d3/2 over after 5th recycle catalyst. This result indicated that the 

metallic state palladium was fully oxidized to PdII species and it will inevitably affect the catalytic performance of nano-catalyst. 

 
Fig. 2. (a) XPS spectra of fresh and used (after 1th recycle) 3 wt% Pd/γ-Al2O3; (b) XPS spectra of used (after 5th recycle) 3 wt% Pd/γ-Al2O3. 

The amounts of Pd loading in the samples were determined by atomic absorption spectrophotometer (AAS), and the Pd content of the 

fresh catalyst is approximately 3 wt% (Table 3). The used catalyst cycled one times had almost same Pd loading (2.96 wt%) compared 

with the fresh catalyst. 
 

Table 3. 

Characterization results of AAS of catalysts. 

Samples Pd loading (wt%) 

γ-Al2O3 - 

3 wt% Pd/γ-Al2O3(fresh) 3.02 

3 wt% Pd/γ-Al2O3 (after 1th recycle) 2.96 

 

The transmission electron microscopic (TEM) pictures of the fresh and used (after 1th recycle) 3 wt% Pd/γ-Al2O3 catalysts are given 

in Fig. 3. The PdNPs of fresh and used catalysts were both well dispersed and had narrow size distributions. The Pd particle size was 

measured and found to be 1.99 nm and 3.72 nm for fresh and used catalysts, respectively. The used catalyst had a larger Pd particle size 

but PdNPs still distributed evenly on the γ-Al2O3 surface, and no apparent agglomeration was observed. 

  

 
 

Fig. 3. TEM images of 3 wt% Pd/γ-Al2O3: (a) fresh catalyst; (b) used (after 1th recycle) catalyst; (c, d) The size distributions of fresh and used 

catalysts were obtained from TEM images by counting >200 isolated palladium particles in the images of a sample. 

 

We have carried out two experiments to determine the heterogeneity of the catalyst. At first, we removed the catalyst by filtration 

over Celite from the model reaction and measured the palladium content in solution by ICP-MS. The palladium content of the reaction 

mixture was found to be 2.0 ppm, demonstrating that trace Pd metal on the solid supported surface leached into the reaction medium. 

Then, to demonstrate that the trace palladium in the reaction mixture is not the source of catalytic activity, a hot filtration test of the 

model reaction mixture was executed and GC data are given in Table 4. The results indicated that the substrate turnover ceases after 

filtration. This is intended to preclude the possibility of homogeneous catalysis. Overall, the PdNPs catalyzed C(sp3)-H activation have 

the advantage over homogeneous methods, which requires additional steps to furnish the desired product. 

 

Table 4 

The results of hot filtration test. 
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Time (h) Conversion (%) a 

0 0 

2 32.12 

4 (after hot filtration) 32.51 

a GC data. 

 

Based on the commonly accepted mechanism from the literature, the proposed reaction pathway is shown in Scheme 2. Initially, 

aldehyde reacts with acetohydrazide to form acetohydrazone I, which serves as a directing group in the next step. Then, bidentate 

coordination of the acetohydrazone moiety in I to the supported palladium nanoparticles occurs to form the chelated cyclometalated Pd-

complex II. Then AgTFA/AcOH-promoted oxidation of Pd0 into the intermediate III [7], and subsequently, PdII activates the ortho 

C(sp3)-H bond to generate cyclopalladated intermediate IV and HOAc. Then, oxidative addition of intermediate IV and aryl iodide 

takes place to form intermediate V [14]. The iodide of intermediate V was captured by AgTFA to generate AgI precipitate and then it 

undergoes reductive elimination to obtain intermediate VI. Subsequently, intermediate VI is decomposed to intermediate VII along 

with the Pd0 species to complete the catalytic cycle [7]. Intermediate VII is hydrolyzed to the desired product 3 and acetohydrazide. 

 
Scheme 2. Proposed mechanism. 

In summary, it was found for the first time that heterogeneous palladium catalyzed C(sp3)-H bonds functionalization reaction by a 

transient directing strategy. Using 3 wt% Pd/γ-Al2O3 as heterogeneous catalyst and acetohydrazide as TDG, a broad scope of o-

methylbenzaldehydes react with various para-, meta-, and ortho-substituted aryl iodides to synthesize the corresponding mono-arylation 

product in yields up to 84%. Also, the reaction can tolerate various functional groups, including alkoxy, alkyl, halogen (F, Br and Cl), 

acyl, ester, trifluoromethyl, and nitro group. The catalyst can be readily recovered and reused for four cycles without significantly losing 

activity. The practicality of this study opens new avenues for heterogeneous Pd-catalyzed C−H functionalization chemistry. 
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