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Abstract

The Co(II) complex of the D2h-symmetric amidoporphyrin 3,5-DitBu-IbuPhyrin, [Co(P1)], has

proven to be an effective metalloradical catalyst for intermolecular amination of C(sp2)–H bonds

of aldehydes with fluoroaryl azides. The [Co(P1)]-catalyzed process can employ aldehydes as the

limiting reagents and operate under neutral and non-oxidative conditions, generating nitrogen gas

as the only byproduct. The metalloradical aldehydic C–H amination is suitable for different

combinations of aldehydes and fluoroaryl azides, producing the corresponding N-fluoroaryl

amides in good to excellent yields. A series of mechanistic studies support a stepwise radical

mechanism for the Co(II)-catalyzed intermolecular C–H amination.

Introduction

Amides represent a class of common functional groups in organic chemistry and exist

ubiquitously as key functional and structural motifs in a broad range of important

compounds such as natural products, synthetic drugs and polymeric materials.1 Many

methods have been established for constructing amide functionalities, including the

traditional condensation of carboxylic acids and derivatives with amines,1d transition metal-

catalyzed cross-coupling of aryl and alkyl halides with amides,2 direct amidation of alcohols

and esters with amines,3 and other approaches.4 As a new development in the field, amide

synthesis based on amination of aldehydic C–H bonds via metal-catalyzed nitrene insertion

has attracted recent interest due to the wide availability of aldehydes and the advent of new

nitrene sources.5 Several transition metal-based catalysts, such as Rh,5e Ru,5f Fe5g,5h and

Cu5i complexes, have been shown to be effective in catalyzing C(sp2)–H amination of

aldehydes with iminoiodinanes and their in-situ variants as nitrene sources, generating N-
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sulfonylcarboxamides.6 In view of their many attributes such as structural diversity, wide

availability and ease of synthesis, organic azides have been actively pursued as alternative

nitrene sources for metal-catalyzed C–H amination.7 To date, only phosphoryl azides8 have

been recently demonstrated as effective nitrene sources for Ru-catalyzed amination of

aldehydic C–H bonds, forming N-acylphosphoramidates.9–10 Other more common organic

azides such as aryl azides7c, 11 have not been demonstrated in a catalytic process. It would

be synthetically attractive if N-aryl amides could be prepared directly from aldehydes by

catalytic aldehydic C–H amination with aryl azides.

N-Fluoroaryl amide functionalities have been incorporated into many synthetic molecules

with demonstrated biological activity and pharmaceutical importance.12 Representative

examples include insulin-like growth factor-I (IGF-1) receptor GSK1904529A (I),13 sirtuin-

activating compound (STAC) (II),14 androgen receptor (AR) agonist (III)15 and others

(Figure 1). In addition, N-fluoroaryl amides have been recently demonstrated as effective

directing groups for palladium-catalyzed C–H functionalization.16 The existing synthetic

methods for N-fluoroaryl amides typically rely on traditional condensation reactions of

carboxylic acids or their derivatives with fluoroanilines. Due to the poor nucleophilicity of

polyfluoroanilines, these reactions often suffered from low yields and poor substrate scope,

limiting their wide application for preparation of N-fluoroaryl amide derivatives.17

Undoubtedly, a catalytic process based on the C–H amination of aldehydes with fluoroaryl

azides would be particularly attractive for the synthesis of N-fluoroaryl amides. However,

fluoroaryl azides, which can be conveniently prepared from readily available fluoroanilines,

are a class of common aryl azides that have not been previously applied for catalytic C–H

amination, including aldehydic C–H amination.18

As stable metalloradicals with well-defined open-shell doublet d7 electronic structure,

cobalt(II) complexes of porphyrins, [Co(Por)], have shown to be effective metalloradical

catalysts for amination of different types of C–H bonds with various azides.19–20 Recently,

Co(II)-based metalloradical catalysis (MRC) was successfully applied for asymmetric olefin

aziridination with fluoroaryl azides as effective nitrene sources.21 The Co(II)-catalyzed

aziridination was believed to proceed through Co(III)-nitrene radical A as the key

intermediate (Figure 2), which undergoes radical addition to olefin, followed by 3-exo-tet

radical cyclization.21 As a further application of the concept of MRC, we anticipated the

possibility of a Co(II)-based catalytic process for aldehydic C–H amination with fluoroaryl

azides if the Co(III)-supported fluoroaryl nitrene radical A is capable of H-atom abstraction

from aldehydes to generate Co(III)-amido complex B, followed by acyl radical substitution

(Figure 2). As a result of our studies in this direction, herein we wish to report an effective

catalytic system based on Co(II)-MRC that enables selective amination of aldehydic C–H

bonds with fluoroaryl azides for amide formation. The Co(II)-based metalloradical

amination is suitable for a wide range of aldehydes and can also utilize different fluoroaryl

azides, producing the corresponding N-fluoroaryl amides in good to excellent yields. In

addition to using aldehydes as the limiting reagent and generating N2 as the only byproduct,

the new MRC system is highlighted with a practical protocol that operates under neutral and

non-oxidative conditions, permitting high tolerance of other functionalities.
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Results and Discussion

Initially, we examined the reaction of benzaldehyde (1a) with pentafluorophenyl azide (2a)

using Co(II) complexes of different D2h-symmetric amidoporphyrins as the catalysts. We

were delighted to find that the catalyst [Co(P1)] (P1 = 3,5-DitBu-IbuPhyrin)22 gave the

desired amide 3aa in 56% yield in the solvent of benzene (Table 1, entry 1). Subsequent

experiments with various solvents revealed that chlorobenzene was the optimal medium for

the catalytic reaction, producing the desired product in 77% yield (Table 1, entries 2–6).

Low conversion was observed at lower reaction temperature, possibly due to the

coordination of the aldehyde to the cobalt center (Table 1, entry 7).23 When [Co(TPP)]

(H2TPP = 5,10,15,20-tetraphenylporphyrin) was used as the catalyst, it gave no obvious

reaction (Table 1, entry 8), indicating the important role of the possible N–H---F hydrogen

bonding as depicted for the Co(III)-supported fluoroaryl nitrene radical A (Figure 2).21 As

expected, no reaction occurred without a catalyst (Table 1, entry 9).

Under the optimized conditions, we then investigated the scope of aldehyde substrate for the

catalytic amination by [Co(P1)] with pentafluorophenyl azide (2a). As shown in Table 2,

this [Co(P1)]-based MRC system was found to be suitable for a broad range of aldehydes

with different steric and electronic properties, including aromatic, heteroaromatic, and

aliphatic aldehydes as well as α,β-unsaturated aldehydes. For example, aromatic aldehydes

with various electron-donating substituents, including alkyl, alkoxy, and alkylthio groups,

could be effectively used as substrates, yielding the desired N-fluoroaryl amides in high

yields (Table 2, entries 1–7). It is notable that the easily oxidizable alkylthio functionality

was well tolerated because of the neutral and nonoxidative conditions of this metalloradical

process (Table 2, entry 5). Interestingly, the Co(II)-based radical amination was shown to be

highly chemoselective toward aldehydic C–H bonds in the presence of other C–H bonds,

including benzylic, allylic and aliphatic C–H bonds (Table 2, entries 6–7 and 21–22 and 24).

As well, electron-poor aromatic aldehydes, such as cyano-, nitro-, and ester-substituted

benzaldehydes, could be smoothly aminated in good yields under the MRC system (Table 2,

entries 8–10). Moreover, various halogenated benzaldehydes, including the highly sterically

demanding 2,6-dibromobenzaldehyde, could be aminated by the Co(II)-MRC system to

generate the corresponding N-fluoroaryl halobenzamides (Table 2, entries 11–13), the aryl

halide units of which may be further functionalized via palladium-catalyzed amidation.2 In

addition to benzaldehyde derivatives, both naphthyl and anthracenyl aldehydes could be

employed as the substrates for the amination process (Table 2, entries 14 and 15). Like

aromatic aldehydes, heteroaromatic aldehydic C–H bonds could also be aminated. For

example, furanyl, pyrrolyl, and indolyl substituted amides could be readily produced in good

yields (Table 2, entries 16–20). Importantly, aldehydes with free N–H group could also be

used in the transformation, albeit in lower yields compared to that of N-Boc-protected

aldehydes (Table 2, entries 17 vs. 18 and entries 19 vs. 20). Aliphatic aldehydes, such as

valeraldehyde and cyclopropanecarbaldehyde, also gave the desired products in satisfying

yields (Table 2, entries 21 and 22).24 It is worthy to mention that no obvious

decarbonylation or ring-opening products were observed, indicating fast rate of the last step

of radical substitution. Vinyl aldehydes, such as cinnamaldehyde and perillaldehyde, could

produce the corresponding amides without affecting the C=C double bonds (Table 2, entries
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23 and 24). Even for substrates containing terminal aromatic C=C and C≡C bonds, the

aldehydic C–H amination was still dominated (Table 2, entries 25 and 26). The priority of

aldehydic C–H amination over C=C aziridination was further demonstrated by the

competition reaction of benzaldehyde (1a) and styrene (1a′) with azide 2a (eq 1). Under the

same reaction conditions, the yield of the amide 3aa was found to be double that of aziridine

3a′a (eq 1).21 It is worth mentioning that the metalloradical amination could be readily

scaled up, as demonstrated with the gram-scale synthesis of amide 3ba in 79% yield.

(1)

In addition to pentafluorophenyl azide, the [Co(P1)]-based metalloradical catalytic system

could effectively enable aldehydic C–H amination with other haloaryl azides (Table 3). As

exemplified with p-anisaldehyde (1b), various fluoroaryl azides, including monofluoro-,

difluoro-, trifluoro-, and tetrafluoroaryl azides (2b–f), were found to be effective nitrene

sources for the metalloradical amination process, giving the corresponding amides in good

yields (Table 3, entries 1–5). Fluoroaryl azide with other substituents such as

bromotetrafluorophenyl azide (2g) was also a suitable nitrene source for the transformation

(Table 3, entry 6). Similar to that of azide 2g, 4-tetrafluoropyridinyl azide (2h) produced the

corresponding amide in a high yield as well (Table 3, entry 7). Interestingly, 2,6-

dichlorophenyl azide (2i) and 2-pyrimidine azide (2j) could also function as nitrene sources

for this type of catalytic transformation, but in much lower efficiency (Table 3, entries 8 and

9). However, 3,4,5-trifluorophenyl azide,21 without ortho-fluorine substituents, gave only

trace amount of the desired product under the same condition, again indicating the

importance of the possible hydrogen bonding in the catalytic process (Figure 2).25

Increasing evidence supports that Co(II)-based metalloradical C–H amination and related

olefin aziridination reactions with azides undergo a stepwise radical mechanism involving

unusual Co(III)-nitrene radical intermediates, which are fundamentally different from

metallonitrene intermediates associated with the widely studied Rh2- and Cu-based closed-

shell systems.19–20 Accordingly, the current catalytic process of intermolecular aldehydic

C–H amination with fluoroaryl azides is supposed to undergo a similar stepwise radical

mechanism (Figure 2). To obtain direct evidence for the proposed mechanism, we first

sought to measure the deuterium kinetic isotope effect (KIE) for the reaction of

benzaldehyde (1a) with pentafluorophenyl azide (2a) by [Co(P1)] (Scheme 1). Since

differentiation between protonated (3aa) and deuterated (3aa–d) products by 1H-NMR was

problematic for a direct competition experiment between aldehydes 1a and 1a–d due to the

acidity of the resulting amide group, indirect competition experiments between them with

the use of 4-methylbenzaldehyde (1h) as a reference were conducted to address the issue

(Scheme 1). Through separate measurements of kH/kR and kD/kR, the KIE (kH/kD) was

derived to be 10.2. This high degree of primary intermolecular KIE is consistent with the
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proposed mechanism involving the hydrogen-atom abstraction by the key Co(III)-nitrene

radical intermediate A (Figure 2).

(2)

(3)

(4)

(5)

To gain insights on the resulting acyl radical intermediate and its subsequent substitution

reaction in the Co(II)-catalyzed process (Figure 2), phenylacetaldehyde (1z′) was employed

as the amination substrate since the corresponding phenylacetyl radical is a known acyl

radical clock.5a,26 Under the standard conditions, the catalytic reaction of 1z′ afforded N-

benzylpentafluoroaniline (4) in 14% yield in addition to the expected aldehydic C–H

amination product 3z′a in 36% yield (eq 2).27 The formation of compound 4 is attributed to

the decarbonylation of the initially generated acyl radical to give benzyl radical, followed by

its substitution reaction with the Co(III)-amido complex. The fact that the amide 3z′a was

found to be the major product also suggests that the rate of the last step of radical

substitution is greater than that of decarbonylation of the phenylacetyl radical, which is 5.2 ×

107 s−1.26 This result is consistent with the extremely low barrier for the radical substitution

suggested from the previous computational studies.19 To provide further proof for the

existence of the acyl radical intermediate, catalytic amination of aldehyde 1b with azide 2a
was carried out in the presence of an excess amount of radical trapping agent TEMPO (eq

3). While the amination product 3ba was still formed as the major product in 67% yield, the

corresponding acyl radical was successfully trapped to give compound 5 in 24% yield. In the
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absence of either catalyst [Co(P1)] (eq 4) or azide 2a (eq 5), no reaction was observed,

indicating that TEMPO alone could not trigger the formation of 5.

While the mechanistic studies evidently support the proposed radical mechanism and

validate the genuine radical character of the Co(III)-nitrene radical intermediate A (Figure

2), the less than unity value of kH/kR in the competition experiment between benzaldehyde

and 4-methylbenzaldehyde (Scheme 1) suggests that the radical intermediate A has some

degree of electrophilicity. To verify the electrophilic radical nature of the intermediate A, we

carried out systematic competition experiments using a selected set of para-substituted

benzaldehydes with wide-ranging electronic properties for their amination reactions with

pentafluorophenyl azide. The results revealed a strong linear correlation between the

log(kX/kH) and the Hammett constants (σp)28 of the para-substituents with a negative slope

of −0.867 (Figure 3).29 This trend signifies the electronic influence of the radical C–H

amination with fluoroaryl azides by [Co(P1)], which is also well reflected in the results

summarized in Table 2. The strong electron-withdrawing effect of the fluoroaryl group is

likely responsible for the electrophilic radical reactivity profile of the catalytic system.

Conclusions

In summary, we have demonstrated that [Co(P1)] is an effective catalyst for C–H amination

of aldehydes with fluoroaryl azides via metalloradical catalysis. The Co(II)-based

metalloradical amination system represents the first example of aldehydic C–H amination

with aryl azides as the nitrene source. The [Co(P1)]-catalyzed process, which can be

operated under neutral and non-oxidative conditions without the need of any additives,

proceeds effectively with the use of aldehydes as the limiting reagent and tolerates various

functionalities. The resultant N-fluoroaryl amides may find a myriad of potential

applications. Efforts are underway to expand the Co(II)/azide-based radical amination

system for other types of C–H bonds, including asymmetric intermolecular C–H amination.
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Figure 1.
Selected examples of biologically active N-fluoroaryl amides.
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Figure 2.
Proposed pathway for C–H amination of aldehydes with fluoroaryl azides via [Co(Por)]-

based metalloradical catalysis.
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Figure 3.
Correlation of log(kX/kH) versus σp plot for amination of para-substituted benzaldehydes

with pentafluorophenyl azide by [Co(P1)].
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Scheme 1.
Double Competition Experiments for Measurement of the Kinetic Isotope Effect (KIE).
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Table 1

Amination of Benzaldehyde (1a) with Pentafluorophenyl Azide (2a) Catalyzed by [Co(Por)]a

entry catalyst temp (°C) solvent yield (%)b

1 [Co(P1)] 80 PhH 56

2 [Co(P1)] 80 PhCl 77

3 [Co(P1)] 80 4-CF3C6H4Cl 71

4 [Co(P1)] 80 PhF 56

5 [Co(P1)] 80 hexane 69

6 [Co(P1)] 80 ClCH2CH2Cl 65

7 [Co(P1)] 40 PhCl trace

8 [Co(TPP)] 80 PhCl trace

9 - 80 PhCl NRc

a
All reactions were carried out with 1.0 equiv. of aldehyde (0.2 M) and 1.2 equiv. of azide using 3 mol % [Co(Por)] as catalyst.

b19F-NMR yields.

c
NR = no reaction.
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Table 2

[Co(P1)]-Catalyzed C–H Amination of Various Aldehydes with Pentafluorophenyl Azide (2a)a,b

a
All reactions were carried out in PhCl using 3 mol % of [Co(P1)] as catalyst with 1.0 equiv. of aldehyde (0.2 M) and 1.2 equiv. of azide for 24 h

at 80 °C.

b
Isolated yields.

c
At 100 °C.

d
Small amounts of aziridine and unidentified compounds were observed by NMR.
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Table 3

[Co(P1)]-Catalyzed Amination of p-Anisaldehyde (1b) with Various Aryl Azidesa,b

a
All reactions were carried out in PhCl using 3 mol % of [Co(P1)] as catalyst with 1.0 equiv. of aldehyde (0.2 M) and 1.2 equiv. of azide for 24 h

at 80 °C.

b
Isolated yields.

c
At 100 °C.

d
The yield was based on 1H NMR.
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