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Abstract: Iron-doped single-walled carbon nanotubes
(Fe/SWCNTs) represent an efficient and new hetero-
geneous reusable catalyst for the acylation of a varie-
ty of alcohols, phenols, carboxylic acids and amines
with acid chlorides or acid anhydrides under solvent-
free conditions. The reactions of various primary,
secondary, tertiary, and benzylic alcohols, diols, phe-

nols, as well as aromatic and aliphatic amines give
acylated adducts in good to excellent yields.
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Introduction

The presence of the amino groups and phenolic/alco-
holic hydroxy group in a wide spectrum of biological-
ly active compounds necessitates the manipulation of
the chemical reactivity of these functional groups
during the synthesis of multifunctional synthetic tar-
gets possessing one or more of these groups. The pro-
tection of phenols, alcohols and amines as their acy-
lated derivatives is a straightforward approach due to
the feasibility of regeneration of the parent com-
pound by nucleophilic deprotection. Theprotection of
alcohols, phenols, acids and amines by acetyl chloride
or acetic anhydride is often necessary during the
course of various transformations in a synthetic se-
quence, especially in the construction of polyfunc-
tional molecules such as carbohydrates, steroids, nu-
cleosides and natural products.[1,2] Acylation reactions
are frequently used in the preparation of drug candi-
date molecules and comprise 12% of the total chemi-
cal reactions involved in the synthesis of drugs.[3] Acy-
lation is normally achieved by treatment with anhy-
drides or acid chlorides in the presence of a suitable
catalyst. Various activators employed for this purpose
include the nucleophilic 4-(N,N-dimethylamino)pyri-
dine,[3] Bu3P,[4] and other catalytic systems such as
CoCl2,

[5a] TaCl5,
[5b] ZnCl2,

[5c] ZrCl4,
[5d] InCl3,

[5e]

AlACHTUNGTRENNUNG(HSO4)3,
[5f] copper(II) chloride/palladium(II) chlor-

ide,[5g] I2,
[5h,i] , nitrophenylboronic acid,[5j] and poly-

tungstic acid.[5k] Recently, the use of many triflates

and perchlorates has also been reported, for example,
scandium ACHTUNGTRENNUNG(III) triflate,[6a] bismuth ACHTUNGTRENNUNG(III) triflate,[6b] cop-
per(II) triflate,[6c] indium ACHTUNGTRENNUNG(III) triflate,[6d] aluminum-ACHTUNGTRENNUNG(III) triflate,[6e] cerium ACHTUNGTRENNUNG(III) triflate,[6f] gadolinium ACHTUNGTRENNUNG(III)
triflate,[6g] erbium ACHTUNGTRENNUNG(III) triflate,[6h] LiClO4,

[7a] CuClO4,
[7b]

Mg ACHTUNGTRENNUNG(ClO4)2,
[7c] Fe ACHTUNGTRENNUNG(ClO4)3,

[7d] Zn ACHTUNGTRENNUNG(ClO4)2·6 H2O,[2e] and
perchloric acid/silica.[7e] Other catalysts such as
montmorillonite,[7f] benzenesulfonamide,[8a]

La ACHTUNGTRENNUNG(NO3)3·6H2O,[8b] ZnO,[8c] yttria-zirconia,[8d]

trichloro ACHTUNGTRENNUNGisocyanuric acid,[8e] Nafion-H,[8f] and N-
hetero ACHTUNGTRENNUNGcyclic carbenes,[8g,h] have also been used for the
acetylation of alcohols.

Recent efforts for the development of various cata-
lysts such as phosphomolybdic acid,[8i] TiCl3ACHTUNGTRENNUNG(OTf),[8j]

cobalt(II) salen complex,[8k] highlight the importance
of heteroatom acylation.

Although there are currently a number of methods
available, these methods suffer from one or more dis-
advantages, such as long reaction times, lack of gener-
ality, the use of halogenated solvents and hazardous
materials. For example, 4-(N,N-dimethylamino)pyri-
dine is highly toxic, Bu3P is flammable (flash point:
37 8C)[10c,d] and air-sensitive, perchlorates are explo-
sive,[9] triflates are expensive, moisture sensitive,[7a,c]

and some of them are applicable only to alcohols and
phenols.[2e,7a] Many catalysts need special conditions
for their preparation [BiACHTUNGTRENNUNG(OTf)3, Nafion-H, yttria-zir-
conia, N-heterocyclic carbenes] or are a potential
health hazard.[10a] RuCl3 also has some disadvantages
such as its high expense and the need for longer reac-
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tion times and extremely dry reaction conditions.[12a]

In many cases, the reported acylation methodologies
are applicable to alcohols only and are not suitable
for acid-sensitive substrates.[5f,6b] Some methods re-
quires the use of an excess amounts of acylating
agent.[6b,7e] Despite many acylation methods, only a
few of the known methods are capable of offering
truly economic and practical acylation transforma-
tions across a broad spectrum of alcohol, phenol and
amine substrates. Many of these methods work well
on primary or secondary alcohols only and fail to pro-
tect tertiary alcohols or less reactive phenols.[6b,8i] A
few of these methods (such as metal triflates) also
suffer from side reactions such as dehydration and re-
arrangement and might not be fully compatible for
the acylation reactions with substrates bearing acid-
sensitive groups.[2e,7e,10b]

Thus, there is a continuing and increasing demand
for new catalysts that could help overcome the above-
mentioned challenges.

Heterogeneous reagent systems have many advan-
tages such as simple experimental procedures, mild
reaction conditions and the minimization of chemical
wastes as compared to their liquid phase counter-
parts.[11]

In continuation of our interest in the application of
heterogeneous reagent systems in organic synthesis,[11]

we herein report a practical, facile and selective pro-
tocol for the acylation of alcohols, phenols, acids and
amines in the presence of a catalytic amount of iron-
doped single-walled carbon nanotubes (Fe/SWCNTs)
without use of any additives and solvent at room tem-
perature (Scheme 1)

Results and Discussion

Optimization of Acylation Reaction

A simple and new acetylation methodology based on
the use of iron-doped single-walled carbon nanotubes
(Fe/SWCNTs) as the catalyst has been developed,
which could represent an improvement in efficiency
and convenience over previously reported proce-ACHTUNGTRENNUNGdures.[5f,6b,7e]

To find out the efficiency of Fe/SWCNTs as a gen-
eral acylation catalyst for phenols bearing electron-
deficient groups; 4-nitrophenol was selected as a

model substrate and treated with acetyl chloride
(Table 1). When the reaction was carried out in the
absence of catalyst, the starting material remained un-
changed (Table 1, entry 1).

The use of indium ACHTUNGTRENNUNG(III) chloride, aluminum ACHTUNGTRENNUNG(III)
chloride, iron(II) chloride, zinc(II) chloride as Lewis
acid catalysts, did not provided satisfactory yields
(Table 1, entries 2–5). In the presence of a-Fe2O3, acy-
lation occurred not only at the OH group but also at
the aromatic ring to give 2-acetyl-4-nitrophenyl ace-
tate from 4-nitrophenol in 35% yield (Table 1,
entry 7).

The reaction did not proceed when single-walled
CNTs and multi-walled CNTs (MWCNTs) were em-
ployed, (Table 1, entries 8 and 9), whereas the yield of
acylation product increased to 96% by the addition of
Fe/SWCNTs (0.04 g, 2.8 mol%).

Notably, the catalytic activity of Fe/SWCNTs under
the present conditions was shown to be superior to
that of iron ACHTUNGTRENNUNG(III) chloride, which is known to be an ef-
ficient nanocatalyst for solvent-free acylations
(Table 1, entries 11 vs. 7).[10e]

The optimum amount of nanocatalyst loading in
the acetylation of 4-nitrophenol, was found to be
0.04 g (2.8 mol%), (Table 1, entry 11). By lowering
the catalyst loading to 0.02 g (1.4 mol%), the desired
product was obtained in lower yield while with an in-
crease of the catalyst loading to 0.06 g (4.2 mol%) no

Scheme 1.

Table 1. Investigation of various catalyst in the acetylation
of 4-nitrophenol (1 mmol), acetyl chloride (1 mmol) at room
temperature under solvent-free conditions in 30 min.

Entry Catalyst Yield [%][a]

1 none 0
2 InCl3 (2.8 mol%) 61
3 AlCl3 (2.8 mol%) 8
4 FeCl2 (2.8 mol%) 5
5 ZnCl2 (2.8 mol%) 0
6 FeCl3 (2.8 mol%) 80
7 Fe2O3 (2.8 mol%) 35[b]

8 pure SWCNTs (0.04 g) 0
9 pure MWCNTs (0.04 g) 0
10 nano-Fe (2.8 mol%) 45
11 Fe-doped SWCNTs (0.04 g, 2.8 mol%) 96[c]

12 Fe-doped SWCNTs (0.02 g, 1.4 mol%) 80
13 Fe-doped SWCNTs (0.06 g, 4.2 mol%) 95

[a] Determined by 1 H NMR analysis.
[b] Acylation occurred not only at the OH group but also at

the ortho position to the OH group on the aromatic ring
to give 2-acetyl-4-nitrophenyl acetate.

[c] The reaction was completed after 15 min.
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significant effect in terms of reaction rate and isolated
yield of product was observed (Table 1, entries 12 and
13).

To obtain optimum reaction conditions, a range of
polar and non-polar solvent were surveyed (Table 2,
entries 1–6). The best rate of acetylation was observed
when the reaction was carried out under neat condi-
tions (Table 2, entry 7). Also, attempts for the acetyla-
tion of 4-nitrophenol with acetic anhydride in the
presence of Fe/SWCNTs resulted in failure.

Characterization of Fe/SWCNTs

In this experiment, the Fe/SWCNTs were directly ob-
served by means of scanning electron (SEM) and
transmition electron microscopic (TEM) images as
shown in Figure 1 and Figure 2. Arrays of SWCNTs
doped with Fe nanoparticles are observed according
to the microscopic images.

Spectroscopic techniques such as FT-IR and Raman
spectrometry were also employed for further charac-
terization of Fe/SWCNTs. To characterize the Fe/
SWCNTs, the nanotube sample was mixed with about
a 100-fold amount of KBr powder. The FT-IR spec-

trum of an Fe/SWCNT sample is shown in Figure 3.
According to the FT-IR spectrum, the strong peak at
around 3433 cm�1 is related to the O�H bond, where-
as the peaks at around 1616 cm�1 are related to the
carbonyl groups. Also, the Raman spectrum of the
catalyst is shown in Figure 4. A radial breathing mode
(RBM) vibration at 260 cm�1 show that the radius of

Table 2. Investigation of solvent effect for acetylation of 4-
nitrophenol (1.0 mmol) based on Fe/SWCNTs (2.8 mol%,
0.04 g) and CH3COCl (1.0 mmol) at room temperature.

Entry Solvent Time [h] Yield [%]

1 CH3CN 5 15
2 PhCH3 5 10
3 CH2Cl2 5 25
4 EtOAc 4 10
5 CHCl3 4 30
6 dioxane 5 10
7 – 15 min 96[a]

[a] In the absence of solvent.

Figure 1. SEM image of Fe/SWCNTs.

Figure 2. TEM image of Fe/SWCNTs.

Figure 3. FT-IR spectrum of Fe/SWCNTs.

Figure 4. Raman spectrum of Fe/SWCNTs.
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the Fe/SWCNTs is about 3 nm. Also, the peak at
1350 cm�1 (D-band) reveals the doping of the
SWCNTs with iron nanoparticles[12a–d] The Raman
spectrum exhibits a tangential mode (1450–1650 cm�1)
and a disorder mode (1250–1350 cm�1), the ratio of
which indicates the defect extent of SWCNTs.[12e]

Fe/SWCNTs-Catalyzed Acylation of Phenols and
Alcohols

Encouraged by our preliminary results, we subjected
a series of alcohols and phenols to acylation under

the optimized conditions with the Fe/SWCNTs cata-
lyst as summarized in Table 3. The described method-
ology illustrates a very simple acylation procedure,
with wide applicability, extending the scope to benzyl-
ic, primary, secondary, tertiary, alcohols. Sterically
hindered and electron-deficient phenols are efficiently
acylated under similar conditions. Excellent results
were obtained in each case affording the correspond-
ing acetylated derivatives of the alcohols and phenols
in 80–98% yields after 8–120 min at room tempera-
ture under solvent-free conditions. Acetyl chloride
was preferred over the corresponding acetic anhy-
dride. The reaction with the acid anhydride was too

Table 3. Fe/SWCNTs (0.04 g, 2.8 mol%) catalyzed acylation of alcohols and phenols (1.0 mmol) using acid chlorides
(1.0 mmol).

Entry Substrate Acylation
reagent[a]

Product Time [min] Yield [%][b]

1 2-BrC6H4OH CH3COCl 1 20 94

2 2-OMeC6H4OH CH3COCl 2 15 98

3 2-NO2C6H4OH CH3COCl 3 30 88

4 CH3COCl 4 12 95

5 3-MeC6H4OH CH3COCl 5 15 92

6 CH3COCl 6 12 90

7 3-FC6H4OH CH3COCl 7 15 89

8 CH3COCl 8 10 98
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Table 3. (Continued)

Entry Substrate Acylation
reagent[a]

Product Time [min] Yield [%][b]

9 4-BrC6H4OH CH3COCl 9 20 94

10 4-ClC6H4OH CH3COCl 10 20 98

11 4-t-BuC6H4OH CH3COCl 11 18 94

12 4-NO2C6H4OH CH3COCl 12 15 96

13 1-naphthol CH3COCl 13 8 95

14 2-naphthol CH3COCl 14 10 93

15 C6H5OH CH3COCl 15 18 98

16 CH3COCl 16 30 81[c]

17 4-MeOC6H4OH CH3COCl 17 15 96

18 CH3COCl 18 48 90[d]

19 CH3COCl 19 40 89[d]
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Table 3. (Continued)

Entry Substrate Acylation
reagent[a]

Product Time [min] Yield [%][b]

20 CH3COCl 20 40 88[d]

21 CH3COCl 21 35 87[d]

22 CH3COCl 22 70 84[e]

23 CH3COCl 23 120 88

24 CH3COCl 24 20 83

25 CH3COCl 25 15 89

26 CH3COCl 26 10 97[f]

27 CH3COCl 27 30 89

28 CH3ACHTUNGTRENNUNG(CH2)10CH2OH CH3COCl 28 15 91

29 CH3COCl 29 60 80

30 CH3COCl 15 73+ 21
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Table 3. (Continued)

Entry Substrate Acylation
reagent[a]

Product Time [min] Yield [%][b]

31 4-MeOC6H4OH 30 25 90

32 4-ClC6H4OH 31 28 92

33 CH3ACHTUNGTRENNUNG(CH2)10CH2OH 32 25 86

34 120 trace

35 120 trace

36 4-MeOC6H4OH 33 30 90

37 4-MeOC6H4OH 34 20 89

38 4-MeOC6H4OH 35 12 94

39 4-MeOC6H4OH ClCH2COCl 36 25 81

40 4-MeOC6H4OH 37 28 87
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slow to have practical application. The reactions were
clean and fast and the products were isolated mostly
in excellent yields after simple work-up using a short
pad of silica gel if necessary. No competitive Fries re-
arrangement was observed for phenolic sub-ACHTUNGTRENNUNGstrates.[13a,d] Phenolic compounds containing both elec-
tron-deficient and electron-donating groups (Table 3,
entries 1–17) were acylated equally efficiently under
these reaction conditions. We have observed that both
1-hydroxynaphthalene and 2-hydroxynaphthalene
were also acylated in excellent yields (Table 3, en-
tries 13 and 14). 4-Nitrophenol (entry 12) and 2-naph-
thol (entry 14) were converted into the corresponding
acetate derivatives much more quickly than the pro-
cedure reported previously (15 min vs. 5 h and 10 min
vs. 3 h, respectively).[13b,c] Acylation of 1,8-dihydroxy-ACHTUNGTRENNUNGanthraquinone at room temperature was, however,
sluggish; it could be completely acylated in an oil
bath at 70 8C (Table 3, entry 16). Both primary and
secondary alcohols react very well (Table 3, en-
tries 22–28) and hindered tertiary alcohol (Table 3,
entry 29) is also acylated smoothly without any side
product detected. No selectivity between primary and
secondary hydroxy groups was observed (Table 3,
entry 30). Our results show that acetylation of a-hy-
droxyphosphonates with acetyl chloride under the re-
action conditions required a higher temperature to
obtain a high yield and also during the reaction no
C�P bond cleavage was observed (Table 3, entries 18–
21).[8j] The reaction of benzoin and 2,2’-[ethane-1,2-
diylbis ACHTUNGTRENNUNG(oxy)]diethanol was slow under similar condi-
tions (Table 3, entries 23 and 41). Successful acyla-
tions using both cholesterol and optically active sub-
strates were performed by using 1.2 equivalents of
acetyl chloride, 0.04 g of Fe/SWCNTs (2.8 mol%) at
room temperature under solvent-free conditions with
excellent yield (Table 3, entry 22). To access the feasi-
bility of applying this method in a preparative scale,

we carried out the acylation of benzyl alcohol with
acetyl chlorides on a 100-mmol scale in the presence
of the heterogeneous catalyst. As expected, the reac-
tion proceeded similar to the case in a lower scale
(Table 3, entry 26). Selective acetylation of one hy-
droxy group in the presence of the other one is a fre-
quent synthetic problem. The chemoselectivity of the
system was studied by competitive acetylation of an
equimolar mixture of benzyl alcohol and phenol.
Indeed, a mixture of benzyl alcohol and phenol fur-
nished only the expected benzyl acetate on reaction
with 1.0 equivalent of acetyl chloride (Scheme 2,
Table 3, entry 30)

Reported catalytic benzoylation reactions of func-
tional groups such as OH are more limited in number
than their corresponding acetates in the literature.
The catalytic activity of Fe/SWCNTs for the benzoyla-
tion of alcohols and phenols with benzoyl chloride
and their derivatives was also studied. Different ben-
zoylation reactions of alcohols and phenols were
cleanly completed after a short period and the yields
were excellent (Table 3, entries 31 and 32 and 36-40).
A primary alcohol could be benzoylated very well,
(Table 3, entry 33) whereas the secondary and tertiary

Table 3. (Continued)

Entry Substrate Acylation
reagent[a]

Product Time [min] Yield [%][b]

41 38 120 80

[a] Acylation reagent (1 equiv.) for each OH function was used.
[b] Isolated yields.
[c] The corresponding monoacetate was prepared and the reaction was carried out at 70 8C.
[d] The reaction was carried out at 90 8C.
[e] The reaction was carried out with 1.2 equiv. acetyl chloride.
[f] The reaction was carried out on a 100-mmol scale.

Scheme 2.
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Table 4. Fe/SWCNTs (2.8 mol%, 0.04 g) catalyzed acylation of amines (1.0 mmol) using acid anhydrides (1.0 mmol) at room
temperature.

Entry Substrate Acylation reagent[b] Products Time [min] Yield [%][b]

1 ACHTUNGTRENNUNG(CH3CO)2O 39 20 98

2 ACHTUNGTRENNUNG(CH3CO)2O 40 15 91

3 ACHTUNGTRENNUNG(CH3CO)2O 41 15 89

4 ACHTUNGTRENNUNG(CH3CO)2O 42 20 89

5 ACHTUNGTRENNUNG(CH3CO)2O 43 18 85

6 ACHTUNGTRENNUNG(CH3CO)2O 44 10 91

7 ACHTUNGTRENNUNG(CH3CO)2O 45 10 90

8 ACHTUNGTRENNUNG(CH3CO)2O 46 20 81

9 ACHTUNGTRENNUNG(CH3CO)2O 47 25 84

10 ACHTUNGTRENNUNG(CH3CO)2O 48 20 83

11 ACHTUNGTRENNUNG(CH3CO)2O 49 18 94

12 ACHTUNGTRENNUNG(CH3CO)2O 50 10 91

13 ACHTUNGTRENNUNG(CH3CO)2O 51 30 90
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Table 4. (Continued)

Entry Substrate Acylation reagent[b] Products Time [min] Yield [%][b]

14 ACHTUNGTRENNUNG(CH3CO)2O 52 40 89

15 ACHTUNGTRENNUNG(CH3ACHTUNGTRENNUNG(CH2)3CH2CO)2O 53 20 79

16 54 30 81

17 55 15 91[c]

18 56 40 87[d]

19 57 20 88

20 58 20 88

21 59 15 90

22 60 18 90

23 ACHTUNGTRENNUNG(CH3CO)2O 61 20 94

[a] Acylation reagent (1.0 equiv.) for each NH or NH2 function was used.
[b] Isolated yields.
[c] Acylation reagent is malonyl dichloride.
[d] The reaction was carried out at 90 8C.
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alcohols failed (Table 3, entries 34 and 35). Acid-sen-
sitive alcohols are also reacted in high yield without
the formation of any side product (Table 3, en-
tries 17–21).

Fe/SWCNTs-Catalyzed Acylation of Amines

The catalytic activity of Fe/SWCNTs was also investi-
gated in the acylation of amines into the correspond-
ing amides derivatives. By our procedure, both ali-
phatic and aromatic amines with activating and deac-
tivating groups were transformed into the correspond-
ing acetamides derivatives in good yields under the
identical reaction conditions (Table 4). It is significant
to note that in these reactions, acid anhydrides were

preferred over acid chlorides because amines reacted
very rapidly with acid chlorides at room temperature,
which makes it difficult to monitor the reactions. The
conversion of aniline into acetanilide on a 100-mmol
scale (Table 4, entry 1) proceeded just as well as the
1-mmol scale reaction. All the amines reacted very
rapidly within 10–40 min with acid anhydrides. Acyla-
tion of aromatic amines containing both electron-do-
nating as well as electron-deficient groups (Table 4,
entries 1–13, 15 and 16) and aliphatic amines (Table 4,
entries 14, 18, 21 and 22) were efficient and fast. The
strongly deactivated nitro- and cyanoanilines afforded
the corresponding acetamides within 15–20 min, re-
spectively in excellent yields (Table 4, entries 2, 4 and
5). This procedure also was successfully used for syn-
thesis of bis-amides 55 as potential HIV-1 integrase

Table 5. Fe/SWCNTs (2.8 mol%, 0.04 g) catalyzed acylation of aromatic acids (1.0 mmol) using benzoyl chlorides
(1.0 mmol).

Entry Substrate Acylation reagent[a] Products Time [min] Yield [%][b]

1 62 85 90

2 63 58 90

3 64 60 86

4 65 75 86

5 66 100 84

6 67 90 81

7 68 80 81

8 69 100 90

9 70 90 89

[a] Acylation reagent (1 equiv.) for each OH function was used.
[b] Isolated yields.
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inhibitors affording 91% yield at 90 8C within 15 min
while the reaction between two moles of aniline and
diethyl malonate at 185 8C after 5.5 h produced prod-
uct 55 in 72% yield (Table 4, entry 17).[14] An impor-
tant feature of this procedure is the survival of a vari-
ety of functional groups such as ethers, nitro, hydroxy,
halides, cyanide groups, etc. under the reaction condi-
tions. Acid-sensitive substrates such as 4-cyanoanili-
ne[11g,h] also reacted in high yield without the forma-
tion of any side product (Table 4, entries 5 and 20).

The reactions of amines with acetic anhydride were
so fast in comparison to those of the phenols and
acids that the selective protection of an amine in the
presence of phenols and benzoic acids appeared to be
a distinct possibility (Table 4, entries 7, 9 and 10). It is
noteworthy that coumaryl azacrown ethers can be
acylated by the present method indicating mildness of
the reaction conditions (Table 4, entries 14 and 18).

Fe/SWCNTs-Catalyzed Acylation of Carboxylic Acids

Another remarkable characteristic of this method is
that aromatic acids with activating and deactivating
groups as well as alcohols, phenols and amines were
transformed into the corresponding anhydride deriva-
tives in good yields under the reaction conditions
(Table 5).

Acid anhydrides are one of the most important
classes of reagents used in organic synthesis. They are
the preferred reactive acid derivatives for the prepa-
ration of amides, esters and peptides.[15] Furthermore,
the use of acid anhydrides does not require any acid
scavengers unlike the case with acid chlorides.

Investigation of Reusability of Fe/SWCNTs

Next, the reusability of Fe/SWCNTs was investigated.
After the first use of Fe/SWCNTs in the acetylation
of benzyl alcohol (Table 3, entry 33), the recovered
catalyst was successfully used in 10 subsequent runs
without any significant loss in the catalytic activity
under similar experimental conditions (Table 6). No
pretreatment step was used, although the recovered
catalyst was washed with 10 mL of ethyl acetate to
remove traces of the previous reaction mixture and
dried before the next cycle.

Comparison of the Catalytic Efficiency of Fe/
SWCNTs with Literature Methods

A comparison of the catalytic efficiency of Fe/
SWCNTs with selected previously known catalysts is
collected in Table 7 to demonstrate that the present
protocol is indeed superior to several of the other
protocols.

The Fe/SWCNTs-catalyzed acylation of 2-naphthol
with a stoichiometric amount of CH3COCl proceeded
smoothly at 25 8C and after 10 min the desired com-
pound was obtained in 93% yield, while the use of
Al2O3 for the preparation of same product requires a
considerably prolonged reaction time (16 h) (Table 7,
entry 1).

Additionally, the present protocol is effective in
causing complete acetylation of 1-naphthol in less
than 8 min. The same transformation requires 12 h for
completion by using zirconium oxychloride
(ZrOCl2·8H2O) as catalyst (Table 7, entry 2).

Using the present protocol the acylation of menthol
is completed in less than 20 min with an 83% isolated
yield. Most of the other listed methodologies suffer
from limitations such as prolonged reaction times
(e.g., HBFO4/SiO2), elevated temperatures (e.g.,
yttria–zirconia-based Lewis acid), excess reagents
[e.g., Bi ACHTUNGTRENNUNG(OTf)3] or use of hazardous materials (e.g.,
DMAP/Et3N/CH3CN) (Table 7, entry 3).

As a further example, p-nitrophenol was acetylated
efficiently with the use of Fe/SWCNTs, while p-nitro-
phenol did not produce any desired product in the
presence of Al2O3.

[16a] On the other hand, although
the acetylation of this substrate under cobalt(II) salen
complex is equally effective, however, it requires the
use of a large excess (5 equiv.) of acetic anhydride to
provide the corresponding acetate[8k] (Table 7,
entry 4).

It was also observed that the present methodology
is suitable for the acylation of tertiary alcohols. The
acetylation of tertiary alcohols is considered as one of
the most difficult transformations due to the large
steric hindrance around the tertiary hydroxy group.[16f]

The present protocol allows the acetylation of a terti-
ary alcohol such as 2-methyl-1-phenylpropan-2-ol at
25 8C in 80% yield. It is of interest to note that no
elimination adducts were observed.

Applying ZnCl2 and DMAP as catalyst for the
same substrate requires the use of 10 equivalents of
acylating reagent and more than 20 h for completion.
When the acetylation of 2-methyl-1-phenylpropan-2-
ol was performed in the presence of pyridinium p-tol-
uenesulfonate (PPTS) no reaction was observed and
the starting alcohol remained unaffected.[16i] (Table 7,
entry 5).

Table 6. Reusability of Fe/SWCNTs (2.8 mol%, 0.04 g) in
the acetylation of benzyl alcohol (1.0 mmol) with acetyl
chloride (1.0 mmol).

Run no. 1 2 3 4 5 6 7 8 9 10

Yield [%][a] 97 97 97 97 96 96 94 94 90 90
Time [min] 10 10 10 10 15 15 15 15 20 25

[a] Isolated yields.
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Conclusions

In conclusion, we have demonstrated a new, efficient,
chemoselective and simple procedure for the acetyla-
tion of alcohols, phenols, amines, and carboxylic acids
by use of a catalytic amount of Fe/SWCNTs as cata-
lyst at room temperature under very mild conditions.

No competitive Fries rearrangement was observed for
phenolic substrates.[13a,d] Furthermore, an alcohol can
be acylated in the presence of phenols with very high
selectivity. Secondary and tertiary alcohols did not ex-
perience any competitive dehydration. The significant
features of this method include its ease of operation,
high efficiency, mild conditions and chemoselectivity,

Table 7. Comparison of protocols for the acylation of 2-naphthol, 1-naphthol, menthol, 4-nitrophenol and 2-methyl-1-phenyl-
propan-2-ol.

Entry Substrate Reagent/catalyst Solvent Acylating agentACHTUNGTRENNUNG(equiv.)
TimeACHTUNGTRENNUNG[min]

Temperature
[oC]

Yield
[%]

Ref.

1 Zn ACHTUNGTRENNUNG(ClO4)2·6 H2O
solvent-
free

ACHTUNGTRENNUNG(CH3CO)2O (1) 10 25–30 90 [2e]

ZrOCl2 8 H2O CH2Cl2 PhCOCl (5) 1260 25 98 [16b]

Al2O3 solvent-
free

CH3COCl (1) 960 25 90 [16a]

ZnCl2-SiO2 CH3CN ACHTUNGTRENNUNG(CH3CO)2O (1) 390 80 83 [16d]

ZnO solvent-
free

CH3COCl (1) 30 25 91 [8c]

Fe/SWCNTs solvent-
free

CH3COCl (1) 10 25 93 –

2 ZnO
solvent-
free

CH3COCl (1) 120 60 86 [16e]

ZrOCl2 8 H2O CH2Cl2 CH3COCl (2) 720 25 97 [16b]

Fe/SWCNTs solvent-
free

CH3COCl (1) 8 25 95 –

InCl3 neat ACHTUNGTRENNUNG(CH3CO)2O (1) 45 25 70 [5e]

HBFO4/SiO2 solvent-
free

ACHTUNGTRENNUNG(CH3CO)2O (1) 360 25 83 [16c]

HClO4/SiO2 solvent-
free

CH3CO2H (2) 360 25 97 [7e]

Bi ACHTUNGTRENNUNG(OTf)3 Neat ACHTUNGTRENNUNG(CH3CO)2O (5) 90 reflux 97 [16f]

3 DMAP/Et3N CH3CN ACHTUNGTRENNUNG(CH3CO)2O
(1.5)

55 0 75 [16f]

yttria-zirconia-based Lewis acid solvent-
free

CH3CO2H (1) 180 125 91 [16 g]

ZnO solvent-
free

PhCOCl (1) 60 25 84 [8c]

Fe/SWCNTs solvent-
free

CH3COCl (1) 20 25 83 –

ZrOCl2 8 H2O CH2Cl2 CH3COCl (1.5) 360 25 97 [16b]

HClO4/SiO2 solvent-
free

ACHTUNGTRENNUNG(CH3CO)2O (1) 480 25 90 [7e]

Zn ACHTUNGTRENNUNG(ClO4)2·6 H2O solvent-
free

ACHTUNGTRENNUNG(PhCO)2O (1) 2 80 100 [2e]

cobalt(II) salen complex neat ACHTUNGTRENNUNG(CH3CO)2O (5) 45 50 99 [8k]

Al2O3 solvent-
free

PhCOCl (1) – – – [16a]

4 Fe/SWCNTs solvent-
free

CH3COCl (1) 12 25 90 –

ZnCl2 CH2Cl2
ACHTUNGTRENNUNG(CH3CO)2O
(10)

1200 25 90 [16f]

5 DMAP pyiridine ACHTUNGTRENNUNG(CH3CO)2O
(10)

1440 25 60 [16f,h]

pyridinium p-toluenesulfonate
(PPTS)

ACHTUNGTRENNUNG(CH3CO)2O (1) 2 MW 0 [16i]

Fe/SWCNTs solvent-
free

CH3COCl (1) 60 25 80 �
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which may prove widely useful in organic synthesis.
The catalyst is also suitable for large-scale acetylation,
and it is useful for industrial applications. Current ef-
forts in our research group are aimed to expand the
application of Fe/SWCNTs for catalyzed organic reac-
tions.

Experimental Section

Instrumentation, Analyses and Starting Materials

General information: NMR spectra were recorded on a
Bruker Avance DPX-250 (1H NMR 250 MHz and 13C NMR
62.9 MHz) spectrometer in pure deuterated solvents with
tetramethylsilane as an internal standard. Chemical shifts
(d) are reported in ppm, and coupling constants (J) are in
Hz. The following abbreviations are used to explain the
multiplicities: s= singlet, d= doublet, t= triplet, q= quartet,
m= multiplet. IR spectra were obtained using a Shimadzu
FT-IR 8300 spectrophotometer. Mass spectra were deter-
mined on a Shimadzu GCMS-QP 1000 EX instrument at 70
or 20 eV. Melting points were determined in open capillary
tubes in a B�chi-535 circulating oil melting point apparatus.
Scanning electron micrographs were observed by SEM in-
strumentation (XL-30 FEG SEM, Philips, at 20 KV). Trans-
mission electron microscopy (TEM, CN-10, Philips, at 100
KV) was used for observation of TEM images. The purity
determination of the substrates and reaction monitoring
were accomplished by TLC on silica gel PolyGram SILG/
UV254 plates or by a Shimadzu gas chromatograph (GC-
10 A) instrument with a flame ionization detector using a
column of 15% Carbowax 20 M Chromosorb-w acid washed
60–80 mesh. Column chromatography was carried out on
short columns of silica gel 60 (70–230 mesh) in glass col-
umns (2–3 cm diameter) using 15–30 gram of silica gel per
one gram of crude mixture. Chemical materials were either
prepared in our laboratories or were purchased from Fluka,
Aldrich and Merck Companies.

The following compounds obtained in this paper are
known compounds: 2-bromophenyl acetate[8k] (1), 2-
methoxy ACHTUNGTRENNUNGphenyl acetate[18] (2), 2-nitrophenyl acetate[19] (3),
2,4-dimethylphenyl acetate[20] (4), 3-tolyl acetate[21] (5), 3,5-
dimethylphenyl acetate[22] (6), 3-fluorophenyl acetate[23] (7),
4-benzylphenyl acetate[24] (8), 4-bromophenyl acetate[25a] (9),
4-chloroACHTUNGTRENNUNGphenyl acetate[25b] (10), 4-tert-butylphenyl acetate[8i]

(11), 4-nitrophenyl acetate[26] (12), naphthalen-1-yl acetate[6e]

(13), naphthalen-2-yl acetate[27] (14), phenyl acetate[6e] (15),
8-hydroxy-9,10-dioxo-9,10-dihydroanthracen-1-yl acetate[28]

(16), 4-methoxyphenyl acetate[29] (17), (4-chlorophenyl)(di-ACHTUNGTRENNUNGethoxyphosphoryl)methyl acetate[30a] (18),
(diethoxyphosphoryl) ACHTUNGTRENNUNG(p-tolyl)methyl acetate[30a] (19),
(diethoxyphosphoryl) ACHTUNGTRENNUNG(m-tolyl)methyl acetate[30a] (20),
(diethoxyphosphoryl) ACHTUNGTRENNUNG(phenyl)methyl acetate[30a] (21), acetic
acid 10,13-dimethyl-17-octyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclo-
penta[a]phenanthren-3-yl ester[31] (22), acetic acid 2-oxo-1,2-
diphenylethyl ester[30b] (23), (1R,2R,5R)-2-isopropyl-5-meth-
ylcyclohexyl acetate[32] (24), 1-phenylethyl acetate[33] (25),
benzyl acetate[32] (26), 2-nitrobenzyl acetate[34] (27), acetic
acid dodecyl ester[35] (28), 2-methyl-1-phenylpropan-2-yl ace-
tate[32] (29), 4-methoxyphenyl benzoate[36] (30), 4-chloro-

phenyl benzoate[36] (31), dodecyl benzoate[37] (32), 4-
methoxy ACHTUNGTRENNUNGphenyl 2-chlorobenzoate[38] (33), 4-methoxyphenyl
2-phenylacetate[39] (34), 4-methoxyphenyl 4-methylben-
zoate[40] (35), phenyl 2-chloroacetate[41] (36), 4-methoxy-
phenyl thiophene-2-carboxylate[42] (37), 3,6,9,12-tetraoxa-18-
azabicycloACHTUNGTRENNUNG[12.3.1]octadeca-1(18),14,16-triene-2,13-dione[43]

(38), N-phenylacetamide[26] (39), N-(2-cyanophenyl)-ACHTUNGTRENNUNGacetamide[44] (40), N-(4-bromophenyl)acetamide[43] (41), N-
(4-nitrophenyl)acetACHTUNGTRENNUNGamide[26] (42), N-(4-cyanophenyl)acet-ACHTUNGTRENNUNGamide[45] (43), N-(2-chlorophenyl)acetamide[46] (44), N-(3-
hydroxyphenyl)acet ACHTUNGTRENNUNGamide[47a] (45), N-(4-acetylphenyl)acet-ACHTUNGTRENNUNGamide[47b] (46), 2-acetamidobenzoic acid[48] (47), 5-acetami-
do-2-hydroxybenzoic acid[49] (48), N-(3-bromophenyl)acet-ACHTUNGTRENNUNGamide[50] (49), N-o-tolyl ACHTUNGTRENNUNGacetamide[51] (50), N,N-diphenylacet-ACHTUNGTRENNUNGamide[26] (51), N-phenylhexanamide[52] (53), N-phenylcyclo-
hexanecarboxamide[53] (54), N,N’-diphenylmalonamide[14]

(55), N-phenylbenz ACHTUNGTRENNUNGamide[54] (57), N-(4-cyanophenyl)benz-ACHTUNGTRENNUNGamide[55] (58), N-butylbenzamide[56a] (59), morpholin-4-yl-
phenylmethanone[47b] (60), N-benzylacetamide[56b] (61), ben-
zoic anhydride[57a] (62), 4-nitrophenyl phenyl anhydride[57b]

(63), 2-chlorophenyl phenyl anhydride[58] (64), 4-chlorophen-
yl phenyl anhydride[59a] (65), 4-methylphenyl phenyl anhy-ACHTUNGTRENNUNGdride[59b] (66), 2-naphthyl phenyl anhydride[60] (67), 4-me-
thoxyphenyl 4-nitrophenyl anhydride[60] (68), p-methoxyben-
zoic anhydride[59] (69), 4-nitrophenyl anhydride[59] (70)

Synthesis of Fe/SWCNTs

In this study, Fe/SWCNTs were synthesized by the chemical
vapor disposition (CVD) method via deposition of carbon
vapors at high temperature (1300 8C) inside a quartz tube in
a thermal furnace under an inert atmosphere of argon.
Acetylene was selected as the source of SWCNTs. Carbon
vapors were then deposited on iron nanoparticles, synthe-
sized with the CVD method 17 through the decomposition of
ferrocene (~14% molar percentage).

The synthesized Fe/SWCNTs were then purified from any
amorphous carbon or bulky nanomaterials such as ful-
lerenes, and activated carbon in an on-line system by a hy-
drogen and oxygen etching process, ultraviolet (UV) and
microwave irradiaton. The amounts of iron nanoparticles
doped on SWCNTs were controlled by optimization of the
concentration of ferrocene and the flow rate of argon.

General Procedure for Solvent-Free and Rapid
Acetylation of Phenols, Alcohols, Carboxylic Acids
and Amines with Acid Chlorides or Acid Anhydrides
using Fe/SWCNTs

To a mixture of Fe/SWCNTs, (0.04 g, 2.8 mol%) and an acid
chloride or anhydride (1.0 mmol), alcohol, phenol or amine
or carboxylic acid (1.0 mmol) was added. The reaction mix-
ture was stirred with a mechanical stirrer for a certain
period of time as required to complete the reaction (moni-
tored by TLC) at room temperature. The solid mass (Fe/
SWCNTs) was then eluted with ethyl acetate (20 mL), and
the ethyl acetate extract was then washed with an aqueous
solution of sodium bicarbonate and dried over anhydrous
sodium sulfate. Evaporation of solvent furnished, in practi-
cally pure form, the corresponding product. The identity of
these compounds was easily established by comparison of
their 1H NMR spectra with those of authentic samples.
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7-Acetyl-16-methyl-5,6,7,8,9,10-hexahydro-2H,18H-
chromenoACHTUNGTRENNUNG[7,8-b][1,4,7,10,13]dioxatriazacyclopentadecine-
3,11,18 ACHTUNGTRENNUNG(4H,12H)-trione (52): Compound 52 was obtained as
colourless solid; yield: 89%, after purification by plate chro-
matography, eluted with n-hexane/ethanol (10/3). Com-
pound 52 : mp 278–280 8C; IR (KBr); u=3403, 3373, 2938,
1715, 1674, 1640, 1606, 1535, 1109, 1020, 560 cm�1; 1H NMR
(250 MHz, CDCl3): d= 2.00–2.20 (m, 3 H), 2.40 (d, 3 H, J=
1.0 Hz), 3.38–3.72 (m, 8 H), 4.560–4.78 (m, 4 H), 6.21 (s, 1 H),
6.84 (d, 1 H, J=8.2 Hz), 6.9 (s, 1 H), 7.37(d, 1 H, J=8.2 Hz),
8.16 (s, 1 H); 13C NMR (62.9 MHz, DMSO-d6): d= 18.2, 21.6,
22.2, 45.5, 46.5, 49.06, 49.8, 68.3, 72.8, 73.3, 109.7, 110.1,
111.9, 120.9, 137.7, 149.1, 151.8, 153.5, 165.7, 167.1, 168.8,
171.5; MS: m/z (%)=419 (M+ +2, 1.6), 418 (M+ +1, 3.7),
417 (M+, 4.6), 374 (4.8), 346 (6.4), 306 (34.9), 249 (22.7), 232
(30.1), 205 (38.4), 176 (13.4), 155 (24.1), 113 (55.7), 85
(80.2), 56 (100.0); anal. calcd. for C20H23N3O7 (417.15): C
57.55, H 5.55; found: C 57.51, H 5.58.

7-Benzoyl-16-methyl-5,6,7,8,9,10-hexahydro-2H,18H-
chromenoACHTUNGTRENNUNG[7,8-b][1,4,7,10,13]dioxatriazacyclopentadecine-
3,11,18 ACHTUNGTRENNUNG(4H,12H)-trione (56): Compound 56 was obtained as
colourless solid; yield: 87%, after purification by plate chro-
matography, eluted with n-hexane/ethanol (10/3). Com-
pound 56 : mp 278–280 8C; IR (KBr): u= 3515, 3423, 3226,
1741, 1694, 1664, 1622, 1602, 1368, 1219, 1105, 1100, 843,
554 cm�1; 1H NMR (250 MHz, CDCl3): d= 2.43 (d, 3 H, J=
1.0 Hz), 3.64–3.75 (m, 8 H), 4.37 (s, 2 H), 4.85 (s, 2 H), 6.20
(s, 1 H), 6.88 (d, 1 H, J=8.75 Hz), 7.26–7.43 (m, 7 H), 8.07 (s,
1 H); 13C NMR (62.9 MHz, CDCl3): d=18.8, 30.9, 37.1, 67.9,
73.6, 108.6, 113.4, 116.2, 120.7, 121.4, 126.5, 130.1, 135.5,
152.3, 166.6, 174.8; MS: m/z (%) =480 (M+ +1, 1.5), 479
(M+, 2.0), 422 (0.8, 1.4), 396 (3.0), 374 (3.8), 345 (3.1), 306
(3.3), 287 (4.4), 249 (6.1), 232 (7.5), 173 (15.3), 105 (100.0),
77 (49.8), 56 (32.7); anal. calcd. for C25H25N3O7 (479.17): C
62.62, H 8.26; found: C 62.65, H 8.21.
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