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The direct synthesis of amides by insertion into the C–H bond of

aldehydes is shown to be a practical procedure through application

of cheap, readily available catalysts generated in situ from

copper(I) halides and pyridine.

The synthesis of amides is of fundamental importance in the

fields of biological, medicinal and materials chemistry.1 In

principle, the condensation of a carboxylic acid with an amine

offers a near perfect synthesis of amides, since the only

by-product is water. In practice, ‘‘activation’’ of the carboxylic

acid is usually required, introducing an extra step, additional

by-products and, in some cases, synthetic complications in the

activated intermediates.2 In this regard, the establishment of

synthetically practical methods for amide bond synthesis

that are conceptually different to the condensation approach

continues to be actively pursued.3,4

Attracted by successes in C–H bond activation using

metal–nitrenoid species,4–9 we reasoned that it might be

possible to develop the direct insertion of a nitrenoid into

an aldehyde C–H bond. In an initial communication we

demonstrated proof of principle.4We showed that a ruthenium(II)

porphyrin catalyst chemoselectively mediated the reaction of a

wide range of aldehydes with TsNQIPh to give N-acylsulfon-

amides. The second proof of concept stage of our programme

has aimed to establish this new procedure as both synthetically

useful and mechanistically well-defined. Our discovery that

inexpensive and readily available simple pyridyl complexes

of copper(I) halides formed in situ effect high yielding syn-

thesis of amides from aldehydes by rate limiting insertion

into the aldehyde C–H bond is reported herein.10 It

remains to extend the range of nitrene sources to permit

structural variation not just in the acyl–carbon substituent,

but also in the N-substitutent and this is the subject of ongoing

studies.

Reports from our groups and others suggested that use of

TsNQIPh or TsNClNa�3H2O (chloramine-T trihydrate) as

nitrene transfer agents and copper(I) salts as catalysts had

promise in realising our goals.5–9 We selected isovaleraldehyde

1a and TsNQIPh as the model substrate and nitrene transfer

agent, respectively.

Table 1 shows our initial evaluation of copper salts as

catalysts. The comparison of copper(I) and copper(II) triflates

led us to select a range of copper(I) salts (entries 1–2). We

selected readily available copper(I) halides and copper(I)

acetate at different loadings of TsNQIPh (entries 3–7), of

which copper(I) iodide and 2 equiv. of TsNQIPh emerged as

clearly superior (entry 3).

In view of recent work showing a pyridyl-copper(II) complex

could efficiently mediate alkene aziridination with N-tosyloxy-

carbamates,6d we next proceeded to screen a range of N-based

ligands shown in Fig. 1 in our test reaction with 1a. Entries

8–24 in Table 1 summarises the results of this study.

Pleasingly, with CuOTf as the copper salt, pyridine emerged

as the best of the ligands examined (entries 8–20). Returning to

the range of copper salts used in entries 1–7 in Table 1

confirmed that an increase in the yield of the product was

Table 1 Screening of copper(I) and copper(II) salts and ligandsa

Entry Catalyst Ligand Yield (%)

1 CuOTf — 50
2 Cu(OTf)2 — 36
3 CuI — 87
4b CuI — 56
5 CuBr — 43
6 CuCl — 18
7 CuOAc — 43
8 CuOTf Pyridine 85
9 CuOTf Bipyridine 60
10 CuOTf Terpyridine 45
11 CuOTf Phenylenediamine 39
12 CuOTf Ethylenediamine 37
13 CuOTf A 13
14 CuOTf B 28
15 CuOTf C 38
16 CuOTf D 52
17 CuOTf E 37
18 CuOTf F 72
19 CuOTf G 12
20 CuOTf H 60
21 Cu(OTf)2 Pyridine 54
22 CuI Pyridine 97
23 CuBr Pyridine 87
24 CuCl Pyridine 80

a All reactions were carried out in the presence of powdered 4 Å MS in

CH2Cl2 for 18 h. The catalyst:1a : TsNQIPh molar ratio was 1 : 10 : 20

for entries 1–3 and 5–7, and catalyst : ligand : 1a : TsNQIPh molar

ratio was 1 : 2 : 10 : 20 for entry 9; 1 : 1 : 10 : 20 for entries 10–20; and

1 : 4 : 10 : 20 for entries 8 and 21–24. b Reaction conducted with

1 equiv. of TsNQIPh.
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also found in all cases with the addition of 40 mol% of

pyridine (entries 8 and 21–24). Once again, CuI was found

to give the best result and afford 2a in 97% yield (entry 22),

comparable to that obtained for the analogous reaction of 1a

with TsNQIPh catalysed by ruthenium(II) porphyrin.4

We next sought to challenge our method with an aromatic

aldehyde substrate and selected benzaldehyde 1b (Table 2).

Under our optimised conditions with 10 mol% of CuI and 40

mol% of pyridine, this was found to lead to a high conversion

but also to significant formation of the imine byproduct 3b

(entry 1).3f Table 2 shows how this byproduct formation could

be eliminated or minimised through two strategies. The first

was by employing slow addition of aldehyde (entries 2–3). The

second was by switching the nitrene transfer reagent to

chloramine-T trihydrate (entries 4–5). In these latter reactions,

CuCl was found to be more effective than CuI, giving 2b in 93%

yield, comparable to that obtained for analogous ruthenium(II)

porphyrin-mediated reaction of 1b with TsNQIPh.4

We were now ready to assess the substrate scope of our new

procedure (Table 3). All the aldehydes in Table 3 were assessed

with either TsNQIPh (2 equiv.), pyridine (40 mol%) and

CuI (10 mol%) in CH2Cl2 or with TsNClNa�3H2O (2 equiv.)

and CuCl (10 mol%) in MeCN.

The results were very pleasing. For most alkyl aldehydes and

electron-rich aromatic aldehydes, excellent yields of the

N-acylsulfonamide were found (entries 1–6 and 11–13). Useful

product yields were also observed with electron deficient aromatic

aldehydes, furfuraldehyde and aldehydes where competing

aziridination was a potential problem (entries 7–10 and 14).

In addition, the product yields obtained for reactions of 1c–j

and 1m–p were found to be comparable to those afforded

(68–99%) in the analogous Ru-catalysed reactions.4 The only

substrates screened that failed in our procedure were the

carbaldehydes of thiophene and pyrrole (entries 15–16).

We then moved on to the mechanistic component of our

research; all the mechanistic studies reported here were carried

out with the TsNQIPh/CuI system.

First, we investigated the possibility that the amidation

reaction proceeded via an intermediate. Imines 3 were

observed in some of our reactions (see Tables 2 and 3) and

are plausible intermediates, as are oxaziridines 4. However, no

N-acylsulfonamide was formed when authentic samples of

either 3b or 4b11 (depicted in Fig. 2) were exposed to either

PhIQO or PhI(OAc)2 as oxidant under our standard reaction

conditions. Additionally, when benzaldehyde labelled with 13C

at the aldehyde position was used as substrate, the progress of

the reaction could be monitored by 13C NMR spectroscopy.

Two major signals were observed in aliquots taken from the

reaction mixture, namely the labelled benzaldehyde starting

material 13C-1b decreasing in intensity and labelled amide

product 13C-2b increasing in intensity. All these data are

consistent with direct conversion of aldehyde to amide.

Fig. 1 N-Based ligands examined in this study.

Table 2 Optimisation of the reaction conditions for 1ba

Entry Nitrene source Catalyst

Yield (%)

2b 3b

1 TsNQIPh CuI 75 25
2b TsNQIPh CuI 83 5
3c TsNQIPh CuI 60 8
4d TsNClNa�3H2O CuI 27 —e

5d TsNClNa�3H2O CuCl 93 —e

a All reactions were carried out in the presence of powdered 4 Å MS

for 18 h with catalyst : pyridine : 1b : TsNQIPh molar ratio =

1 : 4 : 10 : 20 in CH2Cl2.
b Addition of 1b over 2 h. c Addition of 1b

over 4 h. d Reaction conducted for 18 h with catalyst :1b :TsNClNa�3H2O

molar ratio = 1 :10 : 20 in MeCN. e Not determined.

Table 3 Copper(I)-catalysed amidation of 1c–ra

Entry 1, R 2, Product Yield (%)

1 n-Hexyl 2c 95
2 Et 2d 81
3 i-Pr 2e 81
4 Cyclopropyl 2f 98
5 Cyclopentyl 2g 96
6 Cyclohexyl 2h 96

7 2i 65

8b 2j 62

9b p-BrC6H4 2k 64c

10 p-ClC6H4 2l 47c

11 p-MeC6H4 2m 93c

12b p-MeOC6H4 2n 99c

13b 1-Naphthyl 2o 99
14 2-Furyl 2p 64
15 2-Thienyl 2q —d

16 2-Pyrrolyl 2r —d

a All reactions were carried out in the presence of powdered 4 Å MS

for 18 h with CuI : pyridine : 1 : TsNQIPh molar ratio= 1 : 4 : 10 : 20 in

CH2Cl2 at rt. b Reaction conducted with CuCl, TsNClNa�3H2O and

MeCN in place of CuI, TsNQIPh, py, 4 Å MS and CH2Cl2.
c Trace

amounts of the corresponding imine also detected by 1H NMR

analysis of the crude mixture but not isolated. d No reaction with

either CuI/TsNQIPh or CuCl/TsNClNa�3H2O based on 1H NMR

and TLC analysis.

Fig. 2 Amidation intermediates 4b and 5.
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The beneficial effect of added pyridine led us to consider the

possibility that N-tosyliminopyridine 5 shown in Fig. 2 was an

intermediate nitrene transfer agent.12 Once again, we were able

to prepare an authentic sample of 5 and demonstrate that it

was not competent as a nitrene source under our reaction

conditions. Nor could 5 be observed when pyridine, TsNQIPh

and CuI were combined in the absence of aldehyde. We

therefore assume that the role of pyridine is as a ligand.

Given that direct reaction of an in situ formed copper

nitrenoid species with the aldehyde appeared likely, we

speculated that this occurred via rate determining insertion

into the aldehyde C–H bond. This mechanism predicts deuterium

incorporation into the amide product, that is formation of

RCONDTs. Indeed, this was observed with the ruthenium-

catalysed version of the reaction we communicated earlier.4

Reaction of benzaldehyde-a-d1 with TsNQIPh, copper(I)

iodide and pyridine under standard conditions led to 56%

deuterium incorporation (cf. 76% with ruthenium).4

We therefore proceeded to measure the deuterium kinetic

isotope effect for this reaction with 1b and benzaldehyde-d6
as the test substrates. Analysis by LCMS gave a kH/kD
value of 3.8. This is clearly indicative of rate determining

carbon–hydrogen bond cleavage. The value of 3.8 is similar to

that we reported for copper catalysed nitrenoid insertion into

dibenzyl ether,7 which we explained by an asynchronous

concerted mechanism13 shown in Fig. 3. If this is the case, the

transition state could resemble that depicted in Fig. 3 where

N–H bond formation is further advanced than C–N bond

formation.

In conclusion, we have developed a straightforward

procedure for the amidation of a wide range of aldehydes.

The catalysts are inexpensive and extremely simple to form

in situ from copper(I) halides and pyridine. The reaction

appears to proceed by rate determining insertion of a

copper–nitrenoid species into the carbon–hydrogen bond of

the aldehyde. For the synthesis of N-acylsulfonamides 2, the

new procedure should be considered as highly practical.

Additionally, the free amide adduct can be accessed via a

simple tosyl deprotection step, for example, with Mg powder

in MeOH at room temperature. Extension of the method to

other nitrogen substitutents is the subject of the next stage of

our programme.
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Fig. 3 Tentative mechanism for Cu(I)-catalysed amidation of

aldehydes with TsNQIPh.
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