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4-(Dimethylamino)pyridine (DMAP) and 4-pyrrolidinopyri- 
dine (PPY) are known to catalyze the acylation of alcohols with 
acid anhydrides and to increase the rate of acylation by a factor 
of lo4.' Recently, Vedejs et al. reported tributylphosphine as 
a similar catalyst for the acylation of alcohols.* Although the 
mechanism of tributylphosphine catalysis is not yet the 
remarkable catalytic activity of these basic and nucleophilic 
catalysts can be interpreted by assuming the formation of ion 
pair intermediates such as N-acyl-4-(dimethylamino)pyridinium 
carboxylates. Besides the above catalysts, protic or Lewis acid 
is also known to catalyze the acylation of alcohols with acid 
anhydrides. Nevertheless, there is still great demand for acid 
catalysts to generate esters under mild  condition^.^-^ We 
anticipated that acid catalysts exist which have extremely strong 
catalytic potential similar to that of the basic catalysts (DMAP, 
Bu~P) ,  and we therefore investigated the possibility of develop- 
ing new classes of stable acylation catalysts that are insensitive 
to protic substances like alcohols and carboxylic acids. This 
communication reports a new, practical, and very general 
approach to esters which is based on the use of a stable Lewis 
acid catalyst for acylation of alcohols with acid anhydrides or 
mixed anhydrides. 

At first, we searched for various Lewis acids (1 mol %) which 
promote the model reaction of sec-phenethyl alcohol (1 equiv) 
with acetic anhydride (3 equiv) in dichloromethane. Among 
several stable metal triflates screened, we found scandium triflate 
to be quite e f fe~t ive :~  the reaction proceeded even at 0 "C in 
the presence of scandium triflate, while the reaction almost did 
not proceed in the presence of lanthanide triflate at 0 "C. 
Although other Lewis acids such as BF3-Et20, SnCL, Tick, 
etc. were also screened, scandium triflate proved the most 
effective catalyst for the present reaction. 

The effect of solvents in the acetylation of 2-0ctanol(l equiv) 
with acetic anhydride (1.5 equiv) under the influence of 1 mol 
% of scandium triflate is shown in Table 1. Under these 
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Table 1. 
Acetylation of 2-Octanol with Acetic Ahydride 

Solvent Effect on Scandium Triflate Catalyzed 

7SH13 Ac20 (1.5 equiv), Sc(0TQ3 ( lmol%) ySH13 

/\OH solvent +OAc 

conditns" and results: 
temp ( " 0 ,  time (h), conversn (%)b solvent 

CH$N -20,2, '95 
CHsNOz 
toluene or CC14 
CH& or THF 
CHC13 

0, 2 ,  < 5  - 23, 0.5, >95 
0 , 2 ,  ' 5  - 23, 1, '95 
0 , 2 ,  '5 - 23,2,  '95 
0, 2, 0, - 23, 23 ,52  

a A solution of 2-octanol (0.4 M) was used. The conversion was 
determined by 'H NMR analysis of the crude product. 

Table 2. Comparison of Catalysts in the Acylation of Menthol 
with Acid Anhydrides 

ACZO (PhCO),O 
(1.5 equiv) (3equiv) 
catalyst catalyst n (1 mol%) A (lOmoi%) 

- 1  I - I  I I t  

Y "'OAc CH3CN 0 OC 
A 

acetylation" 
conversn,b benzoylation" 

92 (reacn time, min) catalyst conversn,b % 

'95 (15 min) WOTO3 ' 95 
75 (55 min) DMAPEt3N (3 equiv) ca. 15' 

DMAP 23' 
B u ~ P  88' 

a A solution of 1 (0.25 M) was used. b T h e  conversion was 
determined by 'H NMR analysis of the crude product. See ref 2a. 

conditions, the reaction proceeded faster in acetonitrile than in 
other organic solvents. Interestingly, the reaction was very slow 
in chloroform even at 23 "C. 

Following our demonstration of the remarkable catalytic 
activity of scandium triflate, three catalysts, DMAP, Bu3P, and 
Sc(OTf)s, were compared for the acetylation and benzoylation 
of menthol (1) under identical conditions. The results are 
summarized in Table 2. It was noted that Sc(OTf)3 was not 
deactivated by the carboxylic acid byproduct of acylation. 
Vedejs and Diver have reported that the DMAP/Et3N acetylation 
is ca. 10-fold faster than the Bu3P/Et3N reaction, and the 
acetylations by both catalysts under amine-free conditions are 
somewhat slower than with Et3N presentVza Taking the experi- 
mental results independently reached by Vedejs' group and ours 
into consideration, we might conclude that Sc(OTf), was the 
most effective acylation catalyst. 

To explore the generality and scope of the above scandium 
triflate catalyzed acylation, the reaction was examined with 
various structurally diverse alcohols and acid anhydrides.* The 
results are summarized in Table 3. The high catalytic activity 
of scandium triflate was usable for acylating not only primary 
alcohols but also sterically-hindered secondary or tertiary 
alcohols with various acid anhydrides. Surprisingly, tertiary 
alcohols were easily acetylated under very mild conditions. In 
the acetylation of 2-methy1-2-dodecano1, elimination byproducts 

(8) The following simple procedure illustrates the scandium triflate 
catalyzed acetylation of menthol. To a mixture of menthol (938 mg, 6 "01) 
and acetic anhydride (849 pL, 9 mmol) in acetonitrile (24 mL) was added 
dropwise an acetonitrile solution (60 pL, 0.006 mmol, 0.1 M) of commercial 
scandium triflate, which was unpurified, at room temperature. After stirring 
at room temperature for 1 h, the solution was quenched with aqueous sodium 
hydrogen carbonate, and the product was extracted with ether. The organic 
layers were dried over magnesium sulfate, filtrated, and concentrated in 
vacuo to afford the crude product, which was sufficiently clean. Further 
purification was done by column chromatography on silica gel (1.17 g, 
98% isolated yield). 
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Table 3. Sc(OTfl3-Catalyzed Acylation of Alcohols with Acid 
Anhydrides 

entry alcohol (RC0)20 Sc(OT0, condition yield * 
(quiv) (mol%) ( C h )  (%) 

Communications to the Editor 

1 PhCH2CHzCH20H 2 A c ~ O  (1.5) 0.1 It, 1 >95 

2 PhMeCHOH A ~ ~ o ( 1 . 5 )  0.1 It,  1 9 5  

3 A ~ ~ o ( 1 . 5 )  0.1 It, I >95 
(EtCO),O (1.5) 1.0 0, 1 >95 

(f-BuCO)zO (1.5) 1.0 It, 1 >95 
6 (PhC0)20 (3.0) 1.0 R,20 >95 

1 4 
5 

I OH Ac20 (3.0) 1.0 R. 1 56(39)L  
8 AczO(5.0) 1.0 0. 0.8 85 (9Y 
9 $C9H19 AczO(5.0) 1.0 -20, 5.5 94 ( I ) <  

10 A c ~ O  (5.0) [DMAP(I.O)] R, 5.5 < 1 (0)' 

I 1  en Ac20(5.0) 1.0 -20, 5 91 (9)' 

AczO 0.5 -50-43, 1 66 (59 1: q C g H , 9  AC20 2.0 -45, 1 76(14)' 

14 A c ~ O '  2.0 -20. 2.5 68 (8y 

I5 J AC,o= 1.0 -40, 1.3 >95(<1)' 

16 q: Ac20(3.0) 1.0 -20, 0.5 >95 

17 E I U ~ B ;  AczO(1.5) 1.0 n. I >95 

a Unless otherwise noted, an acetonitrile solution of substrate (0.25 
M) was used. Unless otherwise noted, the isolated yield by column 
chromatography on silica gel is indicated. The isolated yield of olefins, 
which are produced by the elimination of the acetoxy group, is indicated 
in parentheses. DMAF', 1.0 mol %, was used in place of Sc(0Tf) 3. 
e Acetic anhydride as a solvent was used in place of acetonitrile. f The 
chemical yield of primary acetates, which are produced by the 1,3- 
migration of the acetoxy group, is indicated in parentheses. It was 
determined by 'H NMR analysis of the crude product. 

were produced together with the desired acetate (entry 7). When 
the reaction was carried out in the presence of excess acetic 
anhydride at as low a temperature as possible, the relative 
amount of acetylation only increased and the eliminations of 
hydroxy and acetyl groups were effectively prevented (entry 
9).9 For more acid-sensitive substrates such as allylic or 
benzylic tertiary alcohols, the reaction successfully proceeded 
using acetic anhydride as a solvent at as low a temperature as 
possible (entries 12-15). In most cases of DMAP-catalyzed 
acetylation of tertiary alcohols, it is necessary to use more than 
10 mol % of DMAP and an excess of amine at conditions of 
high concentration (entry 9 vs entry lO).I 

On the basis of the above results that the benzoylation (entry 
6 in Table 3) of menthol with benzoic anhydride was relatively 
slow in comparison with the acylation using other aliphatic 
carboxylic acid anhydrides (entries 3-5 in Table 3), we 
developed a convenient esterification between alcohols and 
carboxylic acids promoted by a catalytic amount of Sc(0Tf)j. 

The esterification between alcohols and aliphatic acids in the 
presence of an equimolar amount of benzoic anhydride would 
smoothly proceed if mixed anhydride were generated from 
aliphatic carboxylic acid and benzoic anhydride in the presence 
of a catalytic amount of SC(OT~)~ .~~ , 'O  Actually, menthyl acetate 
was obtained in 85% yield with 99% chemoselectivity from 
menthol and acetic acid by the following experimental proce- 
dure: after a mixture of 2.0 equiv of acetic acid and 1.5 equiv 
of benzoic anhydride in acetonitrile was stirred in the presence 

(9)It was ascertained by independent experiments that 3 and the 
corresponding acetate were gradually eliminated in the presence of Sc- 
(oTn3. 

Table 4. 
with Carboxylic Acids 

Scandium Triflate Catalyzed Esterification of Alcohols 

Sc(OTfl3 (I mol %) @-N02C&&0)20 (1.5 equiv) 
R I O H  + R+O,H ---__________--- - 

MeN02, ff (1 equiv) (1.1 equiv) 
R ~ C O ~ R '  + ~-NO,C,H,CO,R' 

5 6 

conversn (%)b 

entry R'OH R'COzH time (h) 5 6 

1 2  EtC02H 2 '95 0 
2 i-PrCOzH 3 >95 0 

2 295 0 3 1  EtCOzH 
89 0 4c EtC02H 3 

5 i-PrCOzH 2 '95 <1  
6 (E)-MeCH=CMeC02H 2 '95 0 
7 t-BuCOzH 3 295 0 
8 3  EtCO2H 2 d d  
9 2,6-dimethyl- i-PrCOZH 3.5 >95 0 

90 0 10 r-BuCOzH 4 
1 1 e  4 EtC02H 12.5 86 2 

phenol 

a Room temperature. Isolated yield by column chromatography on 
silica gel. 1 equiv of p-nitrobenzoic anhydride was used. Although 
the esterification certainly proceeded, the acyloxy group of the ester 
produced was gradually eliminated under the same conditions. e 10 
mol% of scandium triflate and 2.0 equiv of propanoic acid were used. 

of 5 mol % of Sc(OTf)3 at room temperature for 12 h, menthol 
was added to the solution precooled to 0 "C and stirred at the 
same temperature for 10 h. In order to find the most suitable 
anhydride as additive, the phenyl ring substituent effect of 
benzoic anhydride was examined. The result was that a benzoic 
anhydride having an electron-withdrawing group such as a nitro 
group at the para position gave good reactivity and high 
chemoselectivity. In the reaction using p-nitrobenzoic anhy- 
dride, nitromethane was more effective than acetonitrile as a 
solvent with respect to its solubility. Several examples of the 
present esterification are demonstrated in Table 4. This method 
gave excellent results for the reaction between various alcohols 
except for tertiary alcohols and aliphatic carboxylic acids. It 
is noteworthy to point out that the experimental procedure is 
extremely simple and facile: only 1 mol % of Sc(OTQ3 is 
employed at room temperature in a mixed solution of alcohols, 
carboxylic acids, and p-nitrobenzoic anhydride to afford the 
desired esters in high yield without preparing mixed anhydrides 
beforehand. 

In summary, we have demonstrated that scandium triflate, 
which is commercially available, is a practical and useful Lewis 
acid catalyst for acylation of alcohols with acid anhydrides and 
esterification between alcohols and carboxylic acids in the 
presence of p-nitrobenzoic anhydride because of its remarkable 
catalytic potential (reaction conditions: 0.1-2 mol % of catalyst, 
below room temperature). The present method is especially 
attractive for large-scale synthesis (menthol (20 mmol), Ac2O 
(30 mmol), CH3CN (20 mL), Sc(OTf)3 (0.002 mmol), room 
temperature, 1 h, 99% acetate after chromatography). Further 
studies on the application of the present reaction and its 
mechanism are in progress." 
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