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A B S T R A C T   

We report here a base free copper(I) catalyst for the selective aerobic oxidation of primary alcohols to their 
corresponding aldehydes and various diols to their corresponding lactones or lactols. In the presence of the in situ 
generated Cu(I)-catalyst with 2,2′-dipyridylamine (dpa) as a ligand and 2,2,6,6-tetramethylpiperdine-N-oxyl 
(TEMPO) as a persistent radical, the oxidation reaction proceeds under true aerobic conditions, at ambient 
temperature, utilizing air as the oxidant and without added base. High catalytic activity without over oxidation 
was achieved for numerous primary alcohols (aliphatic, allylic, benzylic and diols) with different substitution 
patterns. The catalyst’s stability is unique among reported Cu(I)-catalysts. It is not moisture or air sensitive, and 
is capable of e.g. oxidizing aliphatic and benzyl alcohols in a water/acetonitrile solution in moderate or in 
quantitative yield (> 99%) in 3 h.   

Introduction 

A fundamental and important transformation in chemistry is the 
selective oxidation of alcohol to aldehyde [1–6]. Although numerous 
methodologies have been reported for the synthesis of aldehydes, truly 
green catalytic oxidation reactions, according to the principles of green 
chemistry, that utilize air as an oxidant, are the most desirable, because 
they are safe and produce only water as a by-product [7–15]. Amongst 
others, copper-based catalysts, especially when combined with persis
tent radicals (such as 2,2,6,6-tetramethylpiperdine-N-oxyl (TEMPO)) 
and organic base (often N-methylimidazole (NMI)), have proven to be 
very effective in aerobic oxidation reactions [16–25]. The optimized 
conditions of these aerobic oxidations depend highly on the addition of a 
ligand, often used are bipyridines (5 mol% Cu-salt, 5 mol% bipy, 5, mol 
% TEMPO, 10 mol% NMI, 1 mmol alcohol) or Schiff bases (4 mol% 
Cu-salt, 4 mol% Schiff base, 5, mol% TEMPO, 10 mol% NMI, 1 mmol 
alcohol) [24,26]. In addition to the ligand, these Cu-catalysts require a 
large amount of additional organic base, such as imidazole (NMI), for 
optimal activity and stability [12,27–30]. The base is understood to 
assist the catalytic cycle through the deprotonation of the alcohol sub
strate, thus enhancing the substrate coordination to the Cu-center. It is 
further postulated, that the added base (NMI), as a weakly coordinating 

ligand, stabilizes reactive monomeric Cu(I) structures and enhances 
activation of molecular oxygen [29,31]. Over the last two decades, these 
catalysts have been under intensive studies, although there has been a 
lot of progress, the biggest challenge in the development of copper-based 
oxidation catalysts remains: how to combine the high reactivity of Cu 
(I)-catalysts with the high stability of Cu(II)-catalysts [15]. While Cu 
(II)-catalysts are water stable, they are limited to only benzylic and 
other π-activated alcohols [32–40]. Contrariwise, Cu(I)-catalysts can 
oxidize even aliphatic alcohols, but their use is limited due to their air 
and moisture sensitivity. However, due to their highly reactive nature, 
Cu(I)-catalyst species are interesting for aerobic oxidation reaction [12]. 

Herein we report a novel Cu(I)-catalyst for the base free catalytic 
aerobic oxidation of various primary aliphatic and benzylic alcohols to 
their corresponding aldehydes. In addition to its high catalytic activity, 
its stability is unique among Cu(I)-catalysts. It is not moisture or air 
sensitive, and it can be prepared in situ without inert atmosphere tech
niques and is capable of e.g. oxidizing π-activated alcohols in an aqueous 
mixture in quantitative yields. 

Experimental 

Commercially available compounds were purchased from Sigma- 
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Aldrich except 4-fluoroaniline (from fluorochem) and benzyl alcohol 
(from abcr) and used without further purification unless otherwise 
stated. The 1H, 13C, HSQC and HMBC NMR spectra were recorded on a 
Bruker Avance NEO 400 MHz spectrometer. GC-FID analyses were 
performed on Agilent Technologies 7890B GC equipped with 5977B 
MSD, using an Agilent HP-Ms-5-UI (30 m, 0.25 mm, 0.25 µm) column or 
GC–MS with an Agilent Technologies 6890 N GC equipped with 5973 
MSD, using an Agilent HP-Ms-5-UI (30 m, 0.25 mm, 0.25 µm) column. 
The oxidation products were identified via GC–MS by comparison with 
commercial samples. The yield determinations were conducted with the 
GC-FID using calibration curves with acetophenone or 1,2-dichloroben
zene as an internal standard. For the in situ IR measurements a Mettler 
Toledo ReactIRTM 15 was used with a 6.3 mm AgX DiComp as the probe. 

Oxidations 

Oxidation reactions were performed in 3 mL MeCN or in a mixture of 
2 mL MeCN and 1 mL H2O solutions at room temperature under open air 
conditions. The reaction was set up by adding 2.5 mol% of copper(I) 
iodine, 2.5 mol% of ligand, 3 mL solvent, 4 mol% of TEMPO and 1 mmol 
of alcohol into a 20 ml test tube, which was equipped with a magnetic 
stir bar. The reaction was stirred at 1500 rpm for 1 h, 3 h or 24 h 
depending on the substrate. After the reaction, the reaction solution and 
an internal standard (acetophenone 40 µL or 1,2-dichlorobenzene 40 µL, 
see ESI for more information) were diluted with EtOAc (50 mL). GC 
samples (1.5 mL) were prepared by filtrating the solution through a 
layer of silica gel (1 cm thick). The yields were determined using GC-FID 
with calibration curves and identified using GC-MS and/or 1H/13C/ 
HMBC/HSQC NMR. 

Results and discussion 

Our group previously demonstrated that CuI is a highly beneficial 
copper source for the preparation of oxidation catalysts; CuI has a 
unique tendency to favor an oxidation state of +1 [26,41,42]. Although 
redox stability has a potentially detrimental effect on catalytic activity, 
by modifying Schiff base-type bidentate ligands, we have successfully 
developed a highly active oxidation catalysts based on CuI [26,30]. 
Recently we turned our focus to 2,2′-dipyridylamine (dpa) as a ligand. 
As a classic ligand that has been known for more than 100 years, dpa is 
of particular interest in coordination chemistry for its ability to act as a 
polyvalent ligand [43–46]. 

When mixed in a 1:1 ratio in HPLC grade (non-dried) acetonitrile 
(MeCN), dpa and CuI initially forms a yellow solution, which slowly 
turns green. This suggests that a Cu(I)-complex is formed (Scheme 1). 

ESI-MS measurements were able to identify the presence of two different 
Cu(I)-complexes, one with a 1:1 ratio for dpa and Cu(I)-iodide 
([(C10H9N3)Cu]+ (exact mass 234.0079 m/z)) and the one with a coor
dinated MeCN molecule on the Cu(I)-dpa complex ([(C10H9N3)(C2H3N) 
Cu]+ (exact mass 275.0339 m/z)) (See supporting information for more 
details). 

When the substrate and 2,2,6,6-tetramethylpiperidine-N-oxyl 
(TEMPO) are added, the system becomes catalytically active, seen by 
the change in color back to yellow. The oxidation reaction proceeds 
under truly aerobic conditions, utilizing atmospheric oxygen as an 
oxidant at ambient temperatures and pressures. Furthermore, there is no 
need for a base to proceed. 

We theorize, that dpa, as a polyvalent ligand, will be able to increase 
the electron density at the Cu center, resulting in a more nucleophilic Cu 
species that promotes oxidation activity. This effect has been previously 
observed, when addition of base (typically NMI) yields a vastly 
improved activity [12,29]. The new catalyst is capable of selectively and 
rapidly oxidizing primary aliphatic and benzylic alcohols to aldehydes 
and diols are selectively oxidized to the corresponding lactols or lactones 
without over oxidation. 

By using non-dried MeCN as the reaction medium and optimized 
reaction conditions (air as an oxidant, 4 mol% TEMPO, 2.5 mol% CuI, 
2.5 mol% dba, 1 mmol alcohol, 3 ml MeCN and no added base), the 
catalyst tolerates high substrate loadings, as shown with 1-octanol 
(Table 1 entry 1, 1a and 1b). In addition, the blank experiments using 
Cu(II)Cl2 or CuI alone gave only 2% and 7% yield in the oxidation of 
benzyl alcohol, respectively (see supporting information Table S1). 

In MeCN, the substrate scope is expanded to aliphatic primary al
cohols, which can be selectively oxidized under aerobic conditions 
(Table 1). No over oxidation is detectable, even when double or triple 
bonds are present in the substrates (Table 1 entry, 3–7, 11, 12 and 15). 
We were even able to oxidize diols selectively to form lactols and lac
tones (Table 1 entry 20–23). Surprisingly 1,5-pentanediol (Table 1 entry 
23) yields a lactol not lactone, since this TEMPO assisted catalyst is not 
able to oxidize secondary alcohols, that are present in the lactone 
forming step. Similarly, also a valuable morpholine derivate (4-phe
nylmorpholin-2-ol) is formed from the oxidation of N-phenyl
diethanolamine (Table 1, entry 22). As shown in Table 1 (Table 1, 
entries 8–10, 14, 16–23) alcohols containing heteroatoms in various 
positions can be oxidized with excellent or at least moderate catalytic 
activity. 

With this stable, easy-to-handle Cu(I)-iodide ligand system, we were 
able to quantitatively oxidize benzyl alcohol while using even a water/ 
MeCN mixture as a reaction medium (see Table 2, entry 3). This is a new 
and exceptional finding, as previously only Cu(II)-catalysts have been 
reported to be capable of oxidizing alcohol in the presence of water and 
an external base. [38] With a reaction time of 3 h, benzyl alcohol was 
fully converted to aldehyde with no over oxidation (Table 2, entry 2). 

It is noteworthy that doubling the amount of alcohol, in the oxidation 
reaction is even more efficient in a water/MeCN mixture than using pure 
MeCN as a solvent (Table 2, entry 5, 6). At substrate loads greater than 2 
mmol, the aldehyde yield decreases in both solvents (Table 2, entry 7, 
8). We were even able to use acetone as the reaction medium, but the 
long reaction times and open-air oxidation protocols may limit to the 
usefulness of this choice of solvent (Table 2, entry 4). 

To gain further understanding for the catalytic system in water/ 
MeCN mixture, we followed the oxidation of benzyl alcohol to aldehyde 
via in situ IR (Figs. 1A and B). While initially showing minor activity 
during the first 45 min, the aldehyde signal at 1705 cm-1 rapidly grows 

Scheme 1. In situ synthesis of the Cu(I)-iodide-2,2′-dipyridylamine (dpa) 
catalyst. UV–vis shows that the Cu-complex is in the oxidation state I. (See 
supporting information for more details.). 
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Table 1 
Selective aerobic oxidation of primary alcohols with CuI-dpa under open air and at RT.  
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after this point (Fig. 1B). Although the reason remained ambiguous, the 
required incubation explains the need of extended reaction time (3 h) for 
high yield oxidations. 

The substrate scope is expandable also beyond the benzylic alcohols. 
Geraniol, as an example of π-activated alcohols, is oxidized in quanti
tative yields to citral (Table 1, entry 4a). As examples of primary 
aliphatic alcohols, Citronellol gave 57% yield for the corresponding 
aldehyde (Table 1, entry 7a) and 1-octanol gave 49% yield of 1-octanal 
(Table 1, entry 1c). Compared to benzyl alcohol, lower yields with 
aliphatic alcohols in the presence of water are associated with a slower 
start of the reaction and lower reaction rates. 

The limits of the catalyst stability also come into play; by signifi
cantly extending the reaction times, water can immobilize the catalyst 
(and thus prevent higher yields). Overall, the aerobic oxidation of pri
mary benzyl alcohols to the corresponding aldehyde in the aqueous 
mixture is an indication of the stability and the reactivity of this new 
catalytic system based on the dpa-Cu(I)-complex (see supporting infor
mation). Adding to this, no oxidation of benzylic alcohol was observed 
when using a Cu(II)-salt in the same conditions (see supporting infor
mation Table S1 entry 1a). Accordingly, the need of Cu(I) as the initial 
oxidation state of the catalyst is essential. 

We propose the following mechanism for this aerobic oxidation 
based on Hoover et al. work and our previous work [26,30,31,47]. In the 

beginning, in MeCN as a solvent, we have a Cu(I)-complex (supported by 
our ESI-MS findings, see supporting information) with one dba ligand 
coordinated to the Cu). The in situ measured UV–vis data confirms this 
oxidation state (see supporting information). Whereas the Cu 
(I)-complex is seemingly stable in MeCN, in the water/MeCN solutions 
the Cu(II)-signal is formed during the addition of the water. The dimeric 
complex between steps I to II is marked in square brackets, because the 
structure is hypothetical, as we cannot detect this species by UV–vis, 
ESI-MS, or in situ IR measurements (Scheme 2). 

In the presence of TEMPOH/TEMPO in step II a Cu(II)-OH complex is 
formed. We can clearly identify it with UV–vis measurements in the 
water/MeCN mixture, but it remains transparent in MeCN solution. 
Upon addition of the alcohol substrate (step III to IV), the UV–vis signal 
shows a Cu(I)-signal in both solvent systems, which indicates the high 
turnover of the reaction towards the aldehyde and the reaction proceeds 
most likely via a transient intermediate with a coordinated alkoxide. In 
step IV, TEMPO participates by assisting the hydride abstraction from 
the alkoxide and the original Cu(I)-catalyst is regenerated together with 
formed aldehyde and TEMPOH. 

Conclusion 

In summary, we here present a new base free aerobic oxidation 
catalyst using the highly active Cu(I)/Cu(II)-catalytic system. It is not 
moisture or air sensitive, and it is able to selectively oxidize primary 
alcohols, including aliphatic, allylic, benzylic and diols to their corre
sponding aldehydes. This catalyst was studied by ESI-MS, UV–vis and in 
situ IR to gain a deeper understanding of its mechanistic function during 
the oxidation reaction. Moreover, the results reported here highlight the 
novelty of the system, since the Cu(I)-dpa-catalyst works for the aerobic 
oxidation even in a water/MeCN mixture: aliphatic primary alcohols are 
oxidized in moderate yield, and π-activated alcohols in quantitative 
yield. The aerobic oxidation of aliphatic primary alcohols is unpresented 
in aqueous mixtures. 
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Table 2 
Aerobic oxidation of benzyl alcohol to benzaldehyde under open air and at RT.  

Entry Yield of benzyl aldehydea Solvent 

1 > 99% (100%) MeCN b 

2 > 99% (100%) MeCN c 

3 > 99% (100%) MeCN:H2O (2:1)c 

4 > 99% (100%) Acetone c 

5 56% (56%) MeCN d 

6 96% (96%) MeCN:H2O (2:1) d 

7 55% (55%) MeCN e 

8 56% (56%) MeCN:H2O (2:1) e  

a Yield calculated with GC-FID calibration curves (see supporting informa
tion), in parentheses the total conversion. 

b 5 mol% TEMPO, 5 mol% CuI, 5 mol% dba, 10 mol% NMI, 1 mmol alcohol, 3 
mL solvent, 1 h. Reaction conditions:  4 mol% TEMPO, 2.5 mol% CuI, 2.5 mol% 
dba, 3 mL solvent, 3 h:. 

c 1 mmol alcohol. 
d 2 mmol alcohol. 
e 3 mmol alcohol. 

Fig. 1. In situ IR of the aerobic oxidation of benzyl alcohol in 3 h under open air and at RT with 4 mol% TEMPO, 2.5 mol% CuI, 2.5 mol% dba and 1 mmol alcohol. A) 
The whole spectra of the oxidation B) Zoom of the aldehyde-peak at 1705 cm-1. 
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