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Abstract. n-Bu4NI/K2S2O8 mediated transformylation from 
p-anisaldehyde to primary amides is reported. The 
mechanistic studies suggest the reaction occurs via a single 
electron transfer pathway. Based on the DFT electronic 
structure calculations of various reaction pathways, the most 
plausible mechanism involves the formation of a phenyl 
radical cation and an arenium ion as the key intermediates. 
It represents the first example where p-anisaldehyde is 
employed as a formyl source via a non-metal mediated Csp2-
Csp2 bond cleavage.  

Keywords: n-Bu4NI/K2S2O8 mediated; transformylation; 
single electron transfer reaction; N-formyl imide; Csp2-
Csp2 bond cleavage 

 

The cross dehydrogenative coupling reactions mediated by 

either iodine catalysts[1] or potassium persulfate[2] have attracted 

great attention from chemists. These metal free transformations 

are distinct from the traditional transition metal catalysis for 

their green chemistry features such as sustainability and 

environmental compatibility. Furthermore, these reactions in 

general take place via single electron transfer mechanism 

pathways which are distinct from the traditional transition 

metal catalysis, and often render novel chemical reactivities 

that the classical transition metal catalysis does not 

accommodate.  

Formyl imides are the key intermediates in the synthesis of 

natural products such as lansiumamides A and B, alatamide,[3] 

pantothenic acid and CJ-15,801,[4] and pharmaceutical 

intermediates such as dienamides[5] and enamides[6] (Figure 1).  

 

 

Figure 1. Natural Products and Pharmaceutical 

Intermediates Synthesized via Formyl Imides.   

Many methods have been developed for the synthesis of 

formyl imides.[7-12] Most of them employ the strategy of direct 

N-formylation of amides, including direct treatment with acetic 

formic anhydride,[7] sequential treatment with n-butyl lithium 

and N-formylbenzotriazole,[3,6b] converting amides to amidines 

by N,N-dimethylformamide dimethyl acetal followed by 

propylphosphonic acid anhydride mediated hydrolysis,[8] 

transition metal[9] or N-heterocyclic carbene/carbene 

derivatives[10] catalyzed N-formylation of amides via 

hydrosilylative reduction of carbon dioxide, N-

bromosuccinimide-mediated addition-elimination between 

amides and N,N-dimethylformamide,[11] and N-formylation by 

iodine and ammonium persulfate mediated activation of 

DMSO.[12]  
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During the course of studying the non-metal mediated cross 

dehydrogenative coupling reaction of amides and aldehydes, 

we observed a n-Bu4NI/K2S2O8 mediated transformylation 

reaction from p-anisaldehyde to primary amides. The reaction 

involves a Csp2-Csp2 carbon-carbon bond cleavage between the 

aldehyde carbon and the phenyl ring of the p-anisaldehyde. It 

is worth noting that it differs from the well-known Dakin 

oxidation[13] process in terms of both the reaction mechanism 

and products. Inspired by the unprecedented reactivity, we have 

carried out a thorough study on the transformylation. Herein, 

we report the details of the new reaction.   

At the beginning of the investigation, we attempted a cross 

dehydrogenative coupling between aldehydes and amides by 

iodine catalyzed oxidative acylation, expecting the formation 

of an imide. We chose p-anisaldehyde and benzamide as the 

model substrates. No reaction took place in the absence of 

either K2S2O8 or n-Bu4NI (Table 1, entries 1 and 2). On the 

other hand, a transformylation reaction occurred in the 

presence of 10 mol% of n-Bu4NI and 2 equivalents of K2S2O8, 

and N-formylbenzamide 1a was obtained in a 67% yield in 

anhydrous CH3CN (Table 1, entry 3). Other iodine reagents 

such as n-Et4NI, I2, KI, N-iodosuccinimide (NIS), PhI, 

phenyliodine(III) diacetate (PIDA), and Dess–Martin 

periodinane (DMP) either afforded mediocre yields or 

completely failed in the reaction (Table 1, entries 4 to 10). 

Other tetrabutylammonium halides (n-Bu4NCl and n-Bu4NBr) 

were also examined in the reaction and only resulted in a 13% 

and 29% yield of 1a (Table 1, entries 11 and 12). The reaction 

failed in most of the solvents screened, except tetrahydrofuran 

(THF) which afforded 1a in a 17% yield (Table 1, entry 13). 

An 80% yield of 1a was obtained when 20 mol% of n-Bu4NI 

was added (Table 1, entry 17). The yield of 1a dropped to 41% 

when only one equivalent of K2S2O8 was added (Table 1, entry 

18). On the other hand, the yield was slightly enhanced to 82% 

when three equivalents of K2S2O8 were added (Table 1, entry 

19). In addition, 1a was obtained in a 49% yield when K2S2O8 

was replaced by (NH4)2S2O8 (Table 1, entry 20). A similar 

chemical yield (52%) of 1a was obtained even in the absence 

of n-Bu4NI, when (NH4)2S2O8 was employed (Table 1, entry 

21). The reaction time was not optimized, but we later found 

that the yield of 1a reached a maximum after approximately 6 

hours. 

Table 1. Reaction Condition Optimization for the 

Transformylation from p-Anisaldehyde to Benzamide.[a] 

 

Entry Halogen reagent 

(10 mol%) 

Solvent Yield[b] 

1[c] n-Bu4NI CH3CN NR 

2 - CH3CN NR 

3 n-Bu4NI CH3CN 67% 

4 n-Et4NI CH3CN 14% 

5 I2 CH3CN 0% 

6 KI CH3CN 0% 

7 NIS CH3CN 0% 

8 PhI CH3CN 0% 

9 PIDA CH3CN 0% 

10 DMP CH3CN 0% 

11 n-Bu4NCl CH3CN 13% 

12 n-Bu4NBr CH3CN 29% 

13[d] n-Bu4NI THF 17% 

14 n-Bu4NI DMSO 0% 

15  n-Bu4NI DCE 0% 

16  n-Bu4NI DMAC 0% 

17[e] n-Bu4NI CH3CN 80% 

18[f] n-Bu4NI CH3CN 41% 

19[g] n-Bu4NI CH3CN 82% 

20[h] n-Bu4NI CH3CN 49% 

21[h] - CH3CN 52% 

[a] General procedure: The iodine catalyst (0.1 mmol, 10 mol%), K2S2O8 

(2.0 mmol, 2.0 equiv), benzamide (1.0 mmol, 1.0 equiv), p-anisaldehyde 

(1.2 mmol, 1.2 equiv), and solvent (7 mL) were added to a 20 mL glass vial 

sealed with a pressure relief cap. The reaction mixture was stirred at 80 °C 

for 24 h. [b] Isolated yields after column chromatography. [c] No K2S2O8 

was added. [d] The reaction was carried out at 66 °C. [e] n-Bu4NI (0.2 

mmol, 20 mol%) was added. [f] One equivalent of K2S2O8 (1.0 mmol) was 

added. [g] Three equivalents of K2S2O8 (3.0 mmol) were added. [h] Two 

equivalents of (NH4)2S2O8 were added instead of K2S2O8.  

Inspired by the novel transformylation reaction, we further 

inspected the reaction between benzamide and various 

aromatic aldehydes employing the optimized reaction 

conditions listed in entry 17 of Table 1. All the aryl aldehydes 

containing an electron-donating group at either the para or the 

ortho position of the formyl group, such as o-anisaldehyde, p-

tolualdehyde, 4-hydroxybenzaldehyde, 2-

hydroxybenzaldehyde and thiophene-2-carbaldehyde, all 

exclusively led to the sole transformylation product 1a (Table 

2, entries 2-6). Among all the aryl aldehydes tested, p-

anisaldehyde afforded the highest yield. On the other hand, m-

anisaldehyde yielded a mixture of 1a and the cross 

dehydrogenative coupling product imide 2a (Table 2, entry 7). 

It is worth noting that benzaldehyde reacted with benzamide 

mainly afforded the imide 2b (Table 2, entry 8) with only a 

trace amount of N-formylbenzamide 1a. 

Table 2. n-Bu4NI/K2S2O8 Mediated Transformylation from 

Electron-rich Aromatic Aldehydes to Benzamide.[a]  
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Entry Aldehyde Yield/1a[b] Yield/2[b] 

1 p-anisaldehyde 80% 0% 

2 o-anisaldehyde 78% 0% 

3 p-tolualdehyde 57% 0% 

4 4-

hydroxybenzaldehyde 

22% 0% 

5 2-

hydroxybenzaldehyde 

13% 0% 

6 thiophene-2-

carbaldehyde 

26% 0% 

7[c] m-anisaldehyde 16% 21%/2a  

8[c] benzaldehyde trace 79%/2b 

[a] General procedure: n-Bu4NI (0.2 mmol, 20 mol%), K2S2O8 (2.0 mmol, 

2.0 equiv), benzamide (1.0 mmol, 1.0 equivalent), aldehyde (1.2 mmol, 1.2 

equiv), and CH3CN (7 mL) were added in a 20 mL glass vial sealed with a 

pressure relief cap. The reaction mixture was stirred at 80 °C for 24 h. [b] 

Isolated yields after column chromatography. [c] n-Bu4NI (0.1 mmol, 10 

mol%) was added, while the amounts of the other reagents were the same 

as the general procedure.   

The scope of the amide substrates in the transformylation 

was then examined employing p-anisaldehyde as the formyl 

source. The reaction displayed a good substrate compatibility 

and the corresponding formyl imides were obtained in 

moderate to good yields (Table 3). Aromatic amides bearing 

either electron-donating groups such as methyl (1b-d) and 

methoxy (1e) or electron-withdrawing groups such as ester (1f) 

and fluoro (1g) were all well accommodated, though in general 

higher yields were obtained in the former cases.  Steric 

hindrance seemed to be detrimental to the transformylation as 

a much lower yield was obtained from ortho-methylbenzamide 

(1d), comparing to the para- or meta-methylbenzamide (1b-c). 

Aliphatic amides also gave excellent yields (1j, 1k). In 

addition, α,β-unsaturated formyl imides were successfully 

synthesized (1h, 1i) in moderate to good yields. The former (1h) 

was a key intermediate in the synthesis of lansiumamides A and 

B.[3] Subsequently, the scope was extended to heterocyclic 

amides, thiophene-2-carboxamide and furan-2-carboxamide. 

Both worked and gave the anticipated products in 60% (1m) 

and 33% yield (1n), respectively. The transformylation to the 

secondary amide, N-methylbenzamide, however, failed under 

the reaction conditions and the amide starting material was 

fully recovered.  

Table 3. n-Bu4NI/K2S2O8 Mediated Transformylation from p-

Anisaldehyde to Various Primary Amides.[a],[b] 

 

  

 

  

 

 
 

 

 
 

 

  

 

 
 

 

  

 

[a] General procedure: n-Bu4NI (0.2 mmol, 20 mol%), K2S2O8 (2.0 mmol, 

2.0 equiv), amide (1.0 mmol, 1.0 equiv), p-anisaldehyde (1.2 mmol, 1.2 

equiv), and CH3CN (7 mL) were added in a 20 mL glass vial sealed with a 

pressure relief cap. The reaction mixture was stirred at 80 °C for 24 h. [b] 

Isolated yields after column chromatography.  

We also carried out a gram scale transformylation reaction 

between p-anisaldehyde and benzamide, and N-

formylbenzamide (1a) was obtained in a 76% yield (Scheme 1; 

for the detailed experiment procedures, see the Supporting 

Information).  

 

 
 

Scheme 1. n-Bu4NI/K2S2O8 Mediated Transformylation from 

p-Anisaldehyde to Benzamide on Gram Scale.  
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In order to gain more insights into the transformylation, we 

conducted the following study. Considering phenyl formate 

was a known formylation reagent,[14] we therefore examined 

the reaction between benzamide and 4-methoxyphenyl 

formate. It turned out no reaction occurred under the optimized 

conditions and both starting materials were fully recovered 

after 24 hours (Scheme 2, Eq 1).  In addition, we carried out the 

oxidation of p-anisaldehyde under the optimized conditions, 

which almost exclusively led to 4-methoxybenzoic acid 

(Scheme 2, Eq 2). We therefore ruled out the possibility for the 

formylation of benzamide by 4-methoxyphenyl formate. We 

further examined the coupling reaction between 4-

methoxybenzoic acid and benzamide, but both starting 

materials were fully recovered after 24 hours (Scheme 2, Eq 3). 

Previous studies indicated that the combination of n-Bu4NI and 

K2S2O8 was a radical initiator.[15] In the presence of either three 

equivalents of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 

(TEMPO) or 2,6-di-tert-butyl-4-methylphenol (BHT), the 

transformylation reaction was completely suppressed (Scheme 

2, Eq 4). Furthermore, the LC-MS analysis detected the 

formation of p-methoxyphenyl sulfate anion in the reaction 

mixture (Scheme 2, Eq 5). It is worth noting that in the presence 

of a stoichiometric amount of benzamide the transformylation 

takes place almost exclusively and only a trace amount of 4-

methoxybenzoic acid, the oxidation product of p-anisaldehyde, 

was observed. The transformylation is probably kinetically 

more favorable than the oxidation under the current optimized 

conditions. 

 

Scheme 2. Control Experiments Carried Out for the 

Mechanism Study. 

In order to gain more insights into the reaction mechanism, 

we also completed DFT calculations (see the Supporting 

Information for details). The calculated DFT reaction 

enthalpies reflected the endo- and exothermicity for each 

elementary step, from which the probable rate-limiting step(s) 

may be singled out. The identified endothermic steps (i.e., the 

homolysis of peroxydisulfate anion, and the oxidation of p-

anisaldehyde to a phenyl cation radical A by a sulfate anion 

radical, see Scheme 3) are consistent with the fact that the 

reactions only start at an elevated temperature (80 ℃). Based 

on our experimental data, DFT calculations and the previous 

literature reports,[16] a plausible mechanism is depicted in 

Scheme 3. The reaction between n-Bu4NI and K2S2O8 results in 

the more soluble bis(tetrabutylammonium) peroxydisulfate, 
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 5 

which undergoes homolytic cleavage generating sulfate anion 

radical at an elevated temperature. The sulfate anion radical is 

a well-known strong oxidant,[2] which oxidizes p-anisaldehyde 

to a phenyl cation radical (A). A second equivalent of sulfate 

anion radical adds to the ipso position of the formyl group 

forming an arenium ion (1-formyl-4-methoxycyclohexa-3,5-

dien-2-ylium-1-yl sulfate) B, which is stabilized by the 

electron-donating para-methoxy group. A subsequent 

nucleophilic acyl substitution between B and amide takes place 

at the formyl group leading to the formyl imide (1) and 4-

methoxyphenyl hydrogen sulfate (3).   

 

Scheme 3. Proposed Mechanism for the n-Bu4NI/K2S2O8 

Mediated Transformylation from p-Anisaldehyde to Primary 

Amides.  

In summary, a transformylation from p-anisaldehyde to 

primary amides is developed with inexpensive and 

environmentally friendly reagents, n-Bu4NI and K2S2O8. A 

series of N-formyl imides were readily synthesized in moderate 

to good yields by the strategy. A sulfate radical anion initiated 

single electron transfer mechanism is proposed with a phenyl 

radical cation and a sigma complex as the key intermediates. 

DFT calculations support the thermodynamic analysis of the 

proposed mechanism. The novel Csp2-Csp2 bond cleavage via 

a single electron transfer mechanism reported herein may 

provide insights to the Csp2-Csp2 bond activation of similar 

aryl-Csp2 bonds. Further investigation on how to make use of 

the 4-methoxyphenyl hydrogen sulfate and apply the 

transformylation strategy to the synthesis of new compounds 

via C-N and C-C bond coupling are undergoing in our group 

and will be reported in due course.  

 

Experimental Section 

General Procedure for the Preparation of Imides (1) via 
N-Acylation of Aldehydes with Amides. 

An oven dried 20 mL glass reaction vials was charged with 
amide (1.0 mmol, 1.0 equiv), aldehyde (1.2 mmol, 1.2 
equiv), tetrabutylammonium iodide (0.2 mmol, 73.8 mg), 
potassium persulfate (2.0 mmol, 540.6 mg), and anhydrous 
acetonitrile (7 mL). The reaction mixture was sealed with a 
pressure relief cap and stirred at 80 °C for 20 h. The reaction 
mixture was diluted with 20 mL of ethyl acetate and washed 
with saturated aqueous NaHCO3 solution (20 mL). The 
aqueous phase was extracted with diethyl ether (2 × 15 mL). 
The combined organic layers were dried over anhydrous 
MgSO4 and concentrated using a rotary evaporator under 
reduced pressure (20 mmHg). The residue was purified by 
flash column chromatography on silica gel (eluent: 
hexanes/ethyl acetate) to afford the corresponding product. 
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Anisaldehyde to Primary Amides 
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