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ABSTRACT: A practical one-pot C−H formylation approach enabled by the relay catalysis of manganese(I) and iron(III) has been 

developed. The effect of the directing group exhibited that 2-pyrimidinyl was a suitable directing group to promote the C−H 

hydroxymethylation, and also compatible in the subsequent aerobic oxidation. This formylation reaction, in which water is the only 

byproduct, showed high selectivity and efficiency across a broad substrate scope. The use of non-noble transition metals to promote 

relay catalysis provides a practical and scalable approach to C−H formylation. The loading of the manganese(I) catalyst could be 

decreased to as low as 0.5 mol% on a 5-gram scale reaction. 
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Transition metal-catalyzed transformations have become 

ubiquitous in the functionalization and assembly of 

pharmaceuticals and materials.
1
 During the past few decades, 

noble metal complexes have been at the core of catalysis.
2
 In 

contrast, the application of non-noble transition metal-based 

complexes (e.g. iron and manganese), which are abundant in 

Earth's crust, inexpensive, and of low toxicity, unfortunately 

remains relatively scarce.
3
 Recent years have witnessed the 

significant progress, and catalysis based on non-noble 

transition metals has been increasingly developed in many 

fields, including C–H activation,
4
 modern oxidation,

5
 cross-

coupling,
6
 olefin functionalization reactions

7
 and so on. For 

example, instead of using complexes of 4d or 5d noble metals, 

C–H activation based on manganese, achieved by the groups 

of Kuninobu and Takai,
8
 Wang,

9 
Ackermann,

10 
our group

11 
and 

others,
12

 has been employed to promote a diverse range of 

transformations, and thus has attracted great attention.
13

 

The formyl group is an essential functional group in organic 

chemistry, which is ubiquitous in various natural products, 

pharmacologically active substances, and cosmetics.
14

 

Moreover, the formyl group can be easily transformed into 

many other functional groups.
15

 However, efficient 

methodologies for introducing formyl group into molecules 

are limited, especially those utilizing C–H bonds. Traditional 

Friedel–Crafts type C–H formylation reactions can be limited 

to electron-rich aromatic systems, and site-selectivity is 

dictated by electronic effects (Scheme 1a).
16

 In the 

Gattermann–Koch reaction, a Friedel–Crafts catalyst is used 

under forcing conditions with carbon monoxide (CO) and 

hydrochloric acid (HCl) to generate the key intermediate Int-A 

in situ, possessing a chlorine atom as a leaving group. Inspired 

by this formylation approach, we envisioned that intermediate 

Int-1, generated via manganese-catalyzed C–H activation of 1, 

would undergo nucleophilic addition to the formyl group in 2, 

to generate cyclic intermediate Int-2 (Scheme 1b). The 

formylation product could then be obtained by trans-β-

elimination from Int-2,
10d,11d

 in which site-selectivity could be 

conveniently controlled by a suitable directing group to  

 

Scheme 1. Envisioned transformations for the C-H 

formylation reactions 

overcome the inherent site-selectivity and reactivity of the 

aromatic substrates. To the best of our knowledge, a 

formylation methodology using C–H activation has not been 

reported so far. To achieve this approach, two significant 

challenges must be overcome: 1) The newly formed aldehyde 

3 might also serve as an electrophile which is reactive with 

Int-1 to form alcohols;
8a,9d

 2) The bidentate coordination to 

manganese in Int-2 could potentially stabilize this complex, 

and thus fail to undergo trans-β-elimination to deliver 3.
8a

 

Based on this initial concept, we started screening coupling 

partners 2 with N-(2-pyridyl)indole 1a as the standard 

substrate. When formic acid (2a) or methyl formate (2b) were 

employed using Mn(CO)5Br (10 mol%) as the catalyst in 

dioxane at 80 
o
C, no formylation product (3a) was detected, 

only recovering 1a in 80 and 92% yield, respectively (Table 1, 

entries 1 and 2). A p-nitrophenoxyl group, which has been 

applied as a good leaving group in NHC chemistry,
17

 did not 

favor the formation of the desired product 3a (Table 1, entry 

3). Other types of leaving groups, including S-, N-, or C-
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containing moieties were further studied, however similar 

results were observed (Table 1, entries 4-6).
18

 With these 

negative results in hand, we deduced that the trans-β-

elimination step from Int-2 may be, as anticipated, difficult to 

induce. As an alternative approach, we elected to use 

formaldehyde together with an external oxidant, instead of an 

internal leaving group. The reaction of 1a with formaldehyde 

would generate alcohol 4a as the intermediate, which could 

then be readily oxidized to aldehyde 3a in situ or afterwards. 

When the reaction was conducted with paraformaldehyde (3 

equiv) and BQ (1.2 equiv, BQ = 1,4-benzoquinone), the 

desired product 3a was observed in 4% yield, with alcohol 4a 

in 52% yield (Table 1, entry 7). No obvious improvement was 

achieved with additional Shvo-[Ru] (2 mol%) as a hydrogen 

transfer catalyst (Table 1, entry 8).
19

 The aerobic oxidation 

enabled by Fe(III)/TEMPO catalysis, which has emerged as a 

green and efficient method to oxidize alcohols to the 

corresponding aldehydes, was then examined.
20

 The reaction 
 

Table 1. Optimization of the reaction conditions
a 

 

Entry 2 ‘Oxidant’  

(equiv) 

Base (equiv) Yield 

of 3a 

(%)b 

Recove

ry 

of 1a 

(%)b 

1 2ac - Cy2NH (1.5) - 80 

2 2bc - Cy2NH (0.2) - 92 

3 2c - Cy2NH (1.5) - 99 

4 2d - Cy2NH (1.5) - 88 

5 2ed - Cy2NH (0.2) - 96 

6 2f - Cy2NH (1.5) - 77 

7 2gc BQ (1.2) Cy2NH (0.2) 4e 16 

8 2gc Shvo-[Ru] 

(0.02)+BQ 

(1.2) 

Cy2NH (0.2) 5f 22 

9 2gc [Fe]/TEMPO 

(0.15)g+air 

Cy2NH (0.2) 25h 18 

10 2gc [Fe]/TEMPO 

(0.15)g+air 

NaOAc (0.1) 43i - 

11 2gc [Fe]/TEMPO 

(0.15)g,j+air 

NaOAc(0.1) 78 

(75) 

- 

 
aThe reactions were carried out using 1a (0.2 mmol), 2 (1.5 

equiv.), [MnBr(CO)5] (10 mol%), and base in dioxane (1 mL) at 

80 oC for 5.5 h. bYields determined by 1H NMR analysis using 

mesitylene as the internal standard. Value in the parentheses is the 

isolated yield. c2 (3 equiv) was used. dThe reaction was conducted 

with additional ZnBr2 (0.5 equiv) at 100 oC. eHydroxymethylation 

product 4a was detected in 52% yield. f4a was detected in 50% 

yield. gFe(NO3)3
.9H2O (15 mol%) and TEMPO (15 mol%) were 

added afterwards, and the reaction was then stirred at room 

temperature for additional 6 h under open air conditions. h4a was 

detected in 40% yield. i4a was detected in 44% yield. jAdditional 

NaCl (15 mol%) was added. LG = leaving group. BQ = 1,4-

benzoquinone. Ts = p-toluenesulfonyl. 

gave the desired product 3a in 25% yield, with 40% yield of 

4a, by adding Fe(NO3)3
.
9H2O (15 mol%) and TEMPO (15 

mol%) for additional 6 h at room temperature under air. The 

yield of 3a was further improved to 43% yield by changing the 

base to NaOAc (10 mol%) (Table 1, entry 10). To our delight, 

the addition of NaCl (15 mol%) led to the formation of the 

desired product 3a in 75% yield (Table 1, entry 11).
20a

 It 

should be noted that the selective C–H formylation of indoles 

at 2-position cannot be achieved with previously reported 

methods, which due to their Friedel–Crafts mechanism lead 

only to the formylation at the 3-position.
16

 

With the optimal reaction conditions in hand, we began 

substrate scoping studies (Scheme 2). Functional groups, such 

as 5-CO2Me and 5-Br on the benzene ring were well tolerated 

to afford the corresponding products 3b and 3c in 84 and 77% 

yield, respectively. Electron-withdrawing groups, such as 6-Br 

and 6-F, were also compatible, leading to 3d and 3e in good 

yields. A survey of other directing groups showed that this 

approach works equally well with 2-pyrimidinyl (2-pym) as 

the directing group, as shown by the formation of 3f in 75% 

yield. However, a carbamoyl-based directing group failed to 

promote the transformation. It is noteworthy that substrate 1h 

with electron-donating 5-MeO group afforded the 

corresponding product 3h in 75% yield, with 2-pyrimidinyl as 

the directing group (for details, see Scheme 4). Finally, this C–

H formylation approach could be successfully extended to 

pyrrole, thiophene, benzothiophene, and benzofuran systems. 

 

Scheme 2. Substrate scope for the C–H formylation. The 

reaction was carried out using 1 (0.2 mmol), (CH2O)n (3 

equiv.), [MnBr(CO)5] (10 mol%), and NaOAc (10 mol%) in 

dioxane (1 mL) at 80 
o
C for 5.5 h, then Fe(NO3)3

.
9H2O (15 

mol%), TEMPO (15 mol%), and NaCl (15 mol%) were added 

into the reaction mixture, and the reaction was run for 

additional 6 h at room temperature under open air conditions. 
a
1g was recovered in 95% yield.

 

Given the fact that the hydroxymethyl group is also 

ubiquitous in many natural products, pharmaceuticals, and 

biologically active compounds,
21

 we then studied the substrate 

scope for the manganese(I)-catalyzed C‒H hydroxyl-

methylation reaction (Scheme 3). Pleasingly, the product 4 
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could be easily produced and isolated without requiring the 

use of a stoichiometric electrophilic quencher, such as 

silianes
8a

 or zinc reagents
9d

. The analogues substituted with 5-

CO2Me, 5-Br, 6-Br, 6-F, 5-MeO, and 4-CN groups all reacted 

smoothly. Functional groups, such as methyl, formyl, and 2-

ethoxy-2-oxoethyl groups at the 3-positon of the indole moiety 

were also nicely tolerated. (S)-Tryptophan derivative 1q gave 

the hydroxymethylated product 4q in 99% yield. Finally, 

pyrrole, thiophene, and benzothiophene, and benzofuran 

derivatives were also effectively employed in this protocol. 

However, only 15% yield of the hydroxymethylated product 

4r was obtained from 2-phenylpyridine. 

 

Scheme 3. Substrate scope for the C–H 

hydroxymethylation reaction. For detailed conditions, see SI. 

With electron-donating 5-MeO substituent at the benzene 

ring of indole, the reaction of 1h’ under the Mn(I) and Fe(III) 

relay catalysis afforded the formylation product 3h’ in only 15% 

yield, but with 71% formation of alcohol 4h’ (Scheme 4). It 

became evident that the 2-pyridyl directing group could 

promote the C‒H activation, but does not favor the aerobic 

oxidation of alcohol 4h’ to aldehyde 3h’. The loss of activity 

of the iron catalyst was postulated to be due to strong 

bidentate coordination and the formation of a stable inactive 

complex.
8a

 This problem could be overcome by replacing the 

2-pyridyl group with the slightly weaker coordinating 2-

pyrimidinyl directing group. Hence, the reaction of 1h 

afforded the corresponding product 3h in 75% yield. However, 

the even more weakly coordinating carbamoyl group failed to 

promote the C‒H hydroxymethylation reaction, as shown by 

the recovery of 1h’’ in 99% yield. Therefore, a suitable 

directing group is crucial for this transformation, especially for  

 

Scheme 4. The effect of directing groups. For detailed 

conditions, see SI. DG = directing group. 

those based on electron-rich systems. Similar results could be 

observed for other aromatic systems, such as thiophene and 

benzothiophene. 

Next, on a 5 gram-scale reaction, the catalyst loading of 

Mn(CO)5Br could be reduced to 5 mol%, and the formylation 

product 3f was isolated in 76% yield (Scheme 5). Encouraged 

by these results, we pushed the limits of catalyst loading 

further, and found that the C‒H formylation reaction of 1f 

could again be performed on a 5-gram scale to produce 3f in 

the same yield (76%), with only 0.5 mol% of Mn(CO)5Br. To 

the best of our knowledge, this is the lowest catalyst loading of 

[Mn(CO)5Br] catalyst reported in C‒H activation to date.
8-13,4k

 

 

Scheme 5. Scale-up synthesis of 3f from 1f. For detailed 

conditions, see SI. aC = 0.4 M. 

To gain a deeper insight into the mechanism of manganese(I)-

catalyzed C–H hydroxymethylation, the kinetic isotope effect 

(KIE) was determined from two parallel kinetic experiments to 

have a value of 1.03 (Scheme 6a).
22

 These results indicate that 

the C−H bond cleavage is not involved in the rate-determining 

step. Moreover, intermolecular competition experiments 

indicated that electron-rich indoles are more reactive in this 

transformation (Scheme 6b). Ruthenium(II) catalyst was also 

reported to promote the C−H hydroxymethylation 

reaction.
23,21b

 However, the combination of ruthenium(II) and 

iron(III) catalysis did not furnish the aldehyde, indicating the 

incompatibility of ruthenium(II) and iron(III) catalysis for a 

similar C−H formylation protocol (Scheme 6c). Finally, a 

robustness screen was applied to exhibit the functional group 

and heterocycle tolerance of this methodology (see the 

Supporting Information).
24

 

 

Scheme 6. Mechanistic Studies. 
a
Reaction conditions were 

employed as reported in ref. (24), then Fe(NO3)3
.9H2O (15 

mol%), TEMPO (15 mol%), and NaCl (15 mol%) were added 

into the reaction mixture, and the reaction was run for additional 6 

h at room temperature under open air. b1f was recovered. 
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In conclusion, we have developed a one-pot C−H 

formylation approach enabled by the relay catalysis of 

manganese(I) and iron(III) with high selectivity and efficiency 

(just 0.5 mol% Mn-catalyst on a 5-gram scale reaction). This 

relay catalysis proceeds via a sequential manganese(I)-

catalyzed C−H hydroxymethylation and iron(III)-catalyzed 

aerobic oxidation process, from which water was produced as 

the only byproduct. Paraformaldehyde, employed as C1 source 

in the reaction, is also of low-cost and easy to handle. The 

compatibility of manganese(I) and iron(III) catalysis was 

crucial to realize this one-pot transformation, which was used 

to formylate a broad scope of substrates, including indole, 

pyrrole, thiophene, benzothiophene, and benzofuran systems. 
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