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Abstract

 As a result of pursuing dehydrating condensation reagents, 
which can be stably stored at room temperatures, easy to handle, 
and highly reactive, it was found that aromatic carboxylic 
anhydrides can be used as versatilely highly functional reagents. 
Reaction by using TFBA or BTFBA with a Lewis acid catalyst 
can be one of the most powerful protocols for carbon-oxygen 
bond formation, which enable the synthesis of the desired 
carboxylic esters and lactones in good yields. Furthermore, 
the use of MNBA or DMNBA with a nucleophilic catalyst 
under basic conditions enables convenient preparation of acid-
sensitive carboxylic esters, lactones, and amides. In addition, the 
use of PMBA or benzoic anhydride with an asymmetric catalyst 
realizes the kinetic resolution of racemic secondary alcohols and 
racemic 2-arylpropionic acids, resulting in the establishment of 
a novel synthetic method for optically active carboxylic esters, 
secondary alcohols, and 2-arylpropionic acids.

1. Introduction

	 To	synthesize	organic	substances	efficiently	in	an	artificial	
way, it is required to develop convenient methods for forming 
(1) carbon-carbon bonds; (2) carbon-hydrogen bonds; (3) 
carbon-oxygen bonds; and (4) carbon-nitrogen bonds with high 
selectivities. With a rapid advancement of organic synthesis 
over the past twenty years, more and more excellent chemical 
conversion methods have been developed. The establishment 
of the “acyclic stereocontroled synthesis”, such as the allylation 
reaction or the aldol reaction, which forms carbon-carbon bonds 
with regio- and stereoselectivity, made it possible to build 
the basic carbon framework of complex organic molecules 
possessing molecular weights of over 1,000 in recent years. 

With regards to carbon-hydrogen bonds formation, owing to 
progress in asymmetric hydrogenation reactions, etc., optically 
active molecules with their absolute configurations controlled 
have been obtained. However, compared to the remarkable 
advances in the studies of (1) and (2), there has been no 
significant progress until now in the development of novel 
reactions forming (3) and (4). Under these situations, we tried to 
discover	a	series	of	efficient	novel	carbon-hetero	element	bonds	
forming reactions by using “aromatic carboxylic anhydrides” 
as condensation reagents. Since these reactions proceed under 
mild conditions without using harmful substances, such as 
heavy-metal salts, they are flexible methods for the synthesis 
of molecules with less environmental burden and can form 
the carbon-hetero element bond at any desired position with 
high selectivity. In the present article, we introduce a series 
of our research results, which have been performed over the 
past several years covering the range from development to the 
applications.

2. Discovery of the condensation reaction using 
“aromatic carboxylic anhydrides” 

 While researching the chemistry of silyl enol ethers, we 
studied on silyl esters of carboxylic acids and focused on their 
effectiveness as acylating reagents. First, we discovered a novel 
reaction, wherein, in the presence of a Lewis acid catalyst, a 
nucleophilic substitution reaction occurs between carboxylic 
silyl esters (electrophile) and an alkyl silyl ether (nucleophile) to 
afford the corresponding carboxylic ester in high yield (Scheme 
1).1 However, this reaction is a direct transesterification of a 
carboxylic silyl ester to a carboxylic ester required heat with a 
process of transformation of a siloxy group to an alkoxy group.
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 At this stage, we decided to reinvestigate an alternative 
method for the preparation of carboxylic esters using different 
reagents under milder conditions.
 Acetyl chloride and benzoyl chloride, for example, 
are frequently used for the acylation of alcohol, and acetic 
anhydride is also used as a reagent suitable for acetylation. On 
the other hand, aromatic carboxylic anhydrides have especially 
poor reactivity, therefore, they are rarely used for the direct 
benzoylation of alcohol. Thus, we assumed that with the less 
reactive property of benzoic anhydride as an acyl donor, the 
corresponding aliphatic carboxylic esters can be selectively 
obtained from aliphatic carboxylic silyl esters and alkyl silyl 
ethers (Scheme 2).
 First, an acyl transfer reaction proceeds smoothly between 
aliphatic carboxylic silyl esters and aromatic carboxylic 
anhydrides. Next, part of the mixed anhydride generated rapidly 
disproportionates into two kinds of symmetrical acid anhydrides, 
therefore, three kinds of acid anhydrides in total must be rapidly 
put in the equilibrium mixture state in the reaction system. Since 
the reactivity of acid anhydrides in general becomes higher 
in the order of symmetrical aromatic carboxylic anhydride < 
symmetrical aliphatic carboxylic anhydride < mixed anhydride, 
it is assumed that the most reactive mixed anhydride will react 
preferentially with a nucleophile. Furthermore, if the reactivity 
of the aliphatic carboxylic acid moiety in the mixed anhydride is 
higher than that of the aromatic carboxylic acid moiety, an alkyl 

silyl ether must attack preferentially the aliphatic acyl moiety to 
afford the corresponding aliphatic carboxylic ester along with 
the elimination of aromatic carboxylic silyl ester. 
 In fact, when trimethylsilyl ether of 4-phenyl-2-butanol 
was added to a mixed anhydride prepared in advance from 
acetic acid trimethylsilyl ester and benzoic anhydride by using 
TiCl2(ClO4)2 as a Lewis acid catalyst, the desired ester A was 
obtained in 90% yield, along with the undesired ester B (1%) 
generated by the direct reaction of benzoic anhydride and the 
trimethylsilyl ether (Table 1, Entry 1). The result revealed that 
in	the	first	stage	of	the	reaction,	conversion	to	mixed	anhydride	
from benzoic anhydride proceeded smoothly, and the formation 
rate of benzoic ester was much slower than that of aliphatic 
acid ester. When the same experimental procedure using other 
anhydrides available was carried out, interesting results were 
obtained as described in Entries 2–4. Though pivalic anhydride 
or trifluoroacetic anhydride are useful reagents for preparing 
mixed anhydrides in peptide synthesis, they are not suitable for 
this condensation reaction. For example, in the reaction using 
the anhydrides, a considerable amount of the undesired esters B 
(pivalic	ester	or	trifluoroacetic	ester)	is	unexpectedly	generated	
as a byproduct (Entries 2 and 3). On the other hand, as Entry 
4 shows, the transesterification of pivalic acid trimethylsilyl 
ester using benzoic anhydride afforded A in excellent yield, 
which revealed that aliphatic acid esters are in general formed 
preferentially over benzoic esters under the conditions.
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3. Esterification reaction using 4-trifluoromethyl 
benzoic anhydride (TFBA)2

 In order to develop synthetic methods applicable to intra-
molecular condensation, it is required to design synthetic 
protocols giving the target products in high yields from nearly 
equimolar amounts of two starting materials. Furthermore, 
for the purpose of enhancing the yields of cyclized products, 
it is essential to develop a novel synthetic method for esters 
with perfect chemoselectivity. Thus, we tried to increase 
both the yield and chemoselectivity by introducing various 
substituents on aromatic rings in the dehydrating condensation 
reagents (Table 2). For example, comparing Entry 1 with 
Entries 4–6 shows that the introduction of an electron-
withdrawing group to the 4-position of the aromatic ring 

enhances the chemoselectivity. In particular, the reaction using 
4-trifluoromethylbenzoic anhydride (TFBA) afforded almost 
perfect selectively of the desired aliphatic carboxylic ester with 
no generation of benzoic ester by NMR detection. Furthermore, 
as Entries 2 and 3 show, the introduction of chlorine to the 
2-position of the aromatic ring produced the same or a little less 
selectivity. On the other hand, in the case of using substituted 
benzoic anhydrides possessing a methoxy or a methyl group, 
the selectivities were reversed, affording preferentially the 
undesired benzoic esters over the desired aliphatic carboxylic 
esters (Entries 7–10). From these results, it was found that the 
introduction of a strong electron-withdrawing group to the 
4-position of an aromatic ring was effective; in particular, TFBA 
with	a	trifluoromethyl	group	functioned	best	as	a	condensation	
reagent.

A B

1

2

3

4

5

6

7

8

9

10

98

89

68

60

93

91

95

91

90

97

H

2-Cl

2,6-Cl2

4-Cl

4-F

4-CF3

4-MeO

2-MeO

2-Me

2,6-Me2

(1.1 eq.)

TiCl2(ClO4)2

(20 mol%)
CH2Cl2, rt

O

O

16 / 1

13 / 1

3.5 / 1

32 / 1

49 / 1

>200 / 1

1 / 1.6

1 / 24

1 / 1.8

1 / 32

O

XnXn

A / BEntry Yield / %Xn

R1 OTMS

O
+

OR2R1

O
+

R1 = Ph(CH2)2

R2 = Ph(CH2)3

(1.1 eq.) (1.0 eq.)

OR2

O

Xn
R2OTMS

Table 2

R1 = Me, iPr, iBu, tBu, 
        Ph(CH2)2

R2 = Ph(CH2)3, 
        Ph(CH2)2CHCH3

TFBA

Sn(OTf)2

(1-10 mol%)
or

[TiCl2(OTf)2]
CH2Cl2, rt

92-99%

R1 OTMS

O
+

OR2R1

O

(1.1 eq.) (1.0 eq.)

O

O

O

CF3F3C

4-Trifluoromethylbenzoic Anhydride (TFBA)

R2OTMS

Scheme 3



5

 Next, we examined the versatility of this esterification 
promoted by Lewis acids, such as Sn(OTf)2 and TiCl2(OTf)2. As 
a result, it was found that isobutyric acid, isovaleric acid, pivalic 
acid, and 3-phenylpropionic acid trimethylsilyl esters rapidly 
react with alkyl trimethylsilyl esters to afford the corresponding 
carboxylic esters almost quantitatively (Scheme 3). Furthermore, 
in	the	presence	of	TFBA,	the	esterification	proceeded	to	afford	
the target compounds in 90% or more yield even with less than 
1 mol% of a Lewis acid.
 The synthesis of high-purity conjugated carboxylic esters 
could	be	achieved	as	an	application	example	of	the	esterification	
method. α,β-Unsaturated esters, such as crotonic acid, senecioic 
acid and angelic acid ester, carry a fear of isomerization under 
basic conditions, which causes the troublesome generation of side 
products. In contrast, only the target products can be selectively 
obtained	in	esterification	by	using	TFBA	(Scheme	4).2b

 Furthermore, it is noted that TFBA is also effective for 
the synthesis of active esters, such as nitrophenol esters and 
benzenethiol esters,2b,3 substituted anilides,4 and aromatic 
ketones5 (Scheme 5). In addition, this method is also effective 
for introducing a formyl group to indole rings as well as 
traditional	methods	such	as	 the	Gattermann−Koch	reaction	or	
the Vilsmeier reaction. Thus, we succeeded in developing an 
effective method for preparing 3-formylindole directly from 
formic acid (Scheme 6).6

4. Lactonization reaction of silyl esters of 
ω-siloxycarboxylic acids using TFBA7

	 It	is	unexpectedly	difficult	to	apply	a	condensation	method	
into intra-molecular reactions. In fact, although more and 
more new synthetic methods have been reported, there are 
only few reports on effective lactone synthesis so far. This 
is attributed to the difficulties in the reaction design which 
can enhance intra-molecular reactions under low substrate 
concentrations as well as the development of novel reagents 
which can activate either a carboxyl group or hydroxyl group 
selectively. The effective methods for solving these problems 
to enable the synthesis of natural products are as follows: (1) 
the	Mukaiyama−Corey	method	(S-pyridylester method); (2) the 
Mukaiyama method (onium salt method); (3) the Masamune 
method (thiol ester activation method); (4) the Yamaguchi 
method (2,4,6-trichlorobenzoyl chloride/Et3N/DMAP method); 
and	(5)	the	Steglich−Keck	method	(DCC/DMAP·HCl	method).	
However, all methods must be performed in general at high 
temperatures under high-dilution conditions so that the intra-
molecular reaction proceeds much preferentially over the inter-
molecular reaction. Under such conditions, reactions using 
unstable substrates sometimes afford the desired cyclized 
products in poor yields. We attempted lactonization of the silyl 
derivative of ω-hydroxycarboxylic acid with the expectation 
that the carboxyl moiety would be selectively activated by the 
treatment with TFBA, resulting in rapid ring closing of the 
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generated mixed anhydride. As a result, the chemoselective 
activation was fortunately achieved, which revealed that 
the mixed anhydride initially generated from silyl ester of 
ω-siloxycarboxylic	acid	and	TFBA	was	 rapidly	cyclized	 to	
afford the corresponding large-sized lactones (Scheme 7). 
This method makes it possible to prepare 13-membered or 
more large-sized lactones, accompanying a very little amount 
of the corresponding 26-membered or large-sized dilactones. 
Furthermore, the activities of the Lewis acid catalysts were 
enhanced in the order of Sn(OTf)2 < TiCl2(SbF6)2 < TiCl2(OTf)2 
< TiCl2(ClO4)2.

5. Condensation reaction of free carboxylic acids 
and alcohols by using TFBA and its analogs8

 In the aforementioned reaction, it was required to 
prepare silyl derivatives in advance from carboxylic acids and 
alcohols. In order to develop a more convenient method, we 
screened various aromatic carboxylic anhydrides as effective 
dehydrating reagents. Although at first, there was a problem 
that some catalysts were deactivated during the reactions 
proceeded,	resulting	in	deteriorated	yields,	we	finally	obtained	
the desired carboxylic esters in excellent yields by using 
3,5-bis(trifluoromethyl)benzoic	anhydride	(BTFBA)	possessing	
stronger electron-withdrawing rings than TFBA (Scheme 8).
 Furthermore, the intra-molecular dehydration condensation 
of a free hydroxycarboxylic acid by using 3 equivalents of 
trimethylchlorosilane afforded the desired macrolactone in good 
yield similar to that obtained by the silyl ester method.8b,9 Under 
the optimized reaction conditions, commercially available 
TFBA can be used for the lactonization instead of BTFBA. In 
particular, the cyclization reaction of 12-hydroxystearic acid 
proceeds smoothly even with 1 mol% of Lewis acid to afford 
the corresponding 13-membered lactone in 83% yield (Scheme 
9).
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 In addition, the macrolactonization reaction by using the 
Group 4 metal triflate, Hf(OTf)4 as the Lewis acid proceeded 
smoothly in the presence of TFBA to afford the corresponding 
lactones. Furthermore, it is notable that even medium-
sized ring molecules can be obtained with this method. For 
example, the synthesis of the 8-membered lactone moiety of 
Cephalosporolide D was successfully achieved by applying this 
method (Scheme 10).10
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 Taking these results into account, we conducted further 
examinations on the substituent effect at the 2-position on the 
aromatic rings, expecting the steric interference around the 
carbonyl group to improve the chemoselectivities. In Entries 
5–7, we attempted the synthesis of carboxylic esters by using 
substituted benzoic anhydrides possessing electron-donating 
groups, such as a methyl group or a methoxy group, at the 
2-position or both the 2- and 6-positions. These reactions 
showed favorable chemoselectivities on the whole, reducing the 
yield of the side product B to 1% yield or less. However, due 
to the decreased reactivities, this condition turned out to be still 
insufficient	for	lactonization.	Furthermore,	as	shown	in	Entries	
8 and 9, in the reactions using aromatic anhydrides possessing 
chlorines at both the 2- and 6-positions, the generation of the 
mixed	anhydrides	and	esterification	proceed	smoothly,	however,	
the chemoselectivities were not improved compared with 
that obtained by using TFBA. These results revealed that it is 
important for a higher reaction rate that the aromatic rings of 
anhydrides have electron-withdrawing groups, and on the other 
hand, high chemoselectivity appears when the electron-donating 
group is introduced to 2-position of the aromatic rings. Based 
on the consideration of these tendencies, we devised 2-methyl-
6-nitrobenzoic anhydride (MNBA), expecting that by using it, 
both reactivity and chemoselectivity will be improved enough to 
be applied to intra-molecular reactions. When we used MNBA, 
which was prepared from 2-methyl-6-nitrobenzoic acid, in 
the previous model reaction, it was found that the desired 
condensation reaction proceeded rapidly with no generation of 
the side product, 2-methyl-6-nitrobenzoic ester (Entry 10).
 We have been continuously investigating the synthesis 
of natural products, applying the MNBA method into inter- 
and intra-molecular condensation reactions using various 
substrates. In many cases, desired compounds can be obtained 
in much higher yields than other existing synthetic methods, 
which	verifies	the	substrate	generality	of	our	method.	As	shown	
below, the total synthesis of antibacterial Botcinic Acid was 
successfully achieved by using MNBA (Scheme 11).12

7. Lactonization reaction using MNBA and its 
analogue11b,13

 Since we found the optimized conditions for efficient 
inter-molecular condensation by using MNBA, we also 
applied this methodology to intra-molecular condensations. 
The experimental procedure only requires a slow addition 
of a solution of ω-hydroxycarboxylic acid to a solution 
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DMAP at room temperature with a syringe pump. Under these 
reaction conditions, the generation of the mixed anhydride 
(MA) proceeds continuously and gradually to produce the 
corresponding lactone. Therefore, the concentration of MA is 
always low in the solution during the reaction, which produces 
a highly-diluted condition enhancing the monomer selectivity. 
Moreover, the activation of MA can be achieved at room 
temperature,	 instead	of	under	reflux	conditions,	which	gives	a	
simpler procedure and prevents the degradation of substrates by 
the nucleophilic catalysts. It is noted that we succeeded in the 
synthesis of the 9-membered lactone moiety of 2-Epibotcinolide, 
the first presumed compound of Botcinin E by applying the 
MNBA method (Scheme 12).14

 When the MNBA method was used for the preparation 
of the aglycon of Erythromycin A, the desired 14-membered 
lactone was obtained in quantitative yield.15 According to the 
previous reports on the synthesis of aglycons of Erythromycin 
A, it is known that the efficiency of cyclization differs with 
combinations of protecting groups introduced to the seco acid, 
a precursor. As shown in Scheme 13, the lactonization of the 
seco acid, which has a configuration suitable for ring closing, 
rapidly proceeds at room temperature to produce quantitatively 
the aglycon moiety of Erythromycin A within a short time. 
It is noteworthy that even 20 mol% of DMAP, an activator, 
is sufficient for the lactonization. The cyclization reaction 
of the starting material possessing a structure similar to the 
seco acid, which has been believed not to afford the desired 
lactone, however, the lactonization using MNBA under heating 
conditions yielded satisfactory amount of the desired lactone.
 This method is applicable to the synthesis of more large-
sized lactones. For example, a seco-acid was successfully 
converted into the corresponding 25-memered α-oxylactone. 
This intermediate lactone was finally deprotected to afford 
2-hydroxytetracosanolide, a defensive salivary secretion of 
soldier termites (Scheme 15).16
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 Furthermore, after screening aromatic carboxylic 
anhydrides possessing a variety of electron-withdrawing 
groups, it was found that by using 2,6-dimethyl-4-nitrobenzoic 
anhydride (DMNBA), which has methyl groups at the 2- and 
6-positions and a strong electron-withdrawing group at the 
4-position, the corresponding carboxylic esters and lactones can 
be obtained in good yields nearly equivalent to those obtained 

using MNBA. Since the reactions by using MNBA and DMNBA 
generally proceed under mild conditions, successful cyclization 
of seco acid possessing multiple hydroxyl groups tends to be 
attained with regioselectivity. As shown below, synthetic musk 
compound, (9E)-Isoambrettolide was successfully obtained in 
66% yield in three steps, starting from non-protected Aleuritic 
Acid (Scheme 16).17
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8. Development of pyridine N-oxide catalyst 
DMAPO possessing activity superior to DMAP

 The combination of MNBA and DMAP makes it possible to 
synthesize carboxylic amides from carboxylic acids and amines. 
However, the application of this method to peptide coupling can 
not be practical due to potential racemization. After screening 
suitable nucleophilic catalysts alternating with DMAP under 
basic conditions, it was found that 4-dimethylaminopyridine 
N-oxide (DMAPO), which has been used in the synthesis of 
organophosphates, could be applied effectively for peptide 
coupling. For example, the reaction of Z-Gly-Phe with Val-OMe 
affords the corresponding peptide without racemization (Scheme 
17).18

 From these results, it was found that DMAPO is an excellent 
catalyst for lactonization by using aromatic carboxylic anhydrides 
as condensation reagents. As shown below, in the total synthesis 

of Octalactin A, an antineoplastic marine lactone, a catalytic 
amount	of	DMAPO	(2–10	mol%)	functioned	efficiently	for	the	
formation of the 8-membered ring moiety to afford the desired 
intermediate in up to 90% yield (Scheme 18).19

 The MNBA/DMAPO method was also successfully 
introduced into the formation of large-size macrolactones 
(Scheme 19).13b,16,20 As shown below, the total synthesis of 
the defensive salivary secretion of termites was successfully 
achieved by combining MNBA and DMAPO, affording 
the corresponding monohydroxylactone in good yield with 
perfect regioselectivity. In general, it is known that seco acid, 
which has a less substituted long chain, tends to have a stable 
linear conformation, which prevents the lactone formation. 
Therefore, it is noteworthy that by using our method, the desired 
macrolactone was successfully obtained in excellent yield (77%). 
On the other hand, when we compared the result with that 
obtained by using the Yamaguchi method, the latter yield was 
only 29% (Scheme 20).
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9. Development of asymmetric esterification using 
aromatic carboxylic anhydrides as condensation 
reagents21-23

 In the previous sections, achiral nucleophilic catalysts 
were used as promoters. Taking into consideration further 
application to asymmetric synthesis, we decided to screen 
chiral nucleophilic catalysts alternating with DMAP. 
(+)-Benzotetramisole [(R)-BTM]24 popularized recently 
by Birman et al. turned out to be an excellent asymmetric 
catalyst which meets our purpose. By combining it with our 
dehydrating	coupling	method,	the	enantioselective	esterification	
can be achieved. In fact, in the presence of 4-methoxybenzoic 
anhydride (PMBA) or benzoic anhydride, the reaction of a 

racemic secondary benzylic alcohol with an achiral carboxylic 
acid afforded the corresponding (R)-carboxylic ester and (S)-
secondary alcohol with excellent enantiomeric excesses (Scheme 
21).21

 The kinetic resolutions of 1-(α-naphthyl)-1-ethanol and 
1-(β-naphthyl)-1-ethanol with (R)-BTM and benzoic anhydride 
were successfully carried out with excellent s-values, 55 and 
43, respectively (Scheme 22). Here, the s-value is a factor 
representing the reaction rate ratio between two enantiomers. In 
general, if the s-value is more than 20, the kinetic resolution can 
be practically useful. For example, in the reaction of racemic 
1-(α-naphthyl)-1-ethanol, the (R)-ester was successfully 
obtained in 50% yield (90% ee). Furthermore, the remaining 
(S)-alcohol could be also recovered in 47% yield (89% ee).
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 By this novel asymmetrical catalysis, it can be possible 
to establish a new method for the kinetic resolution of racemic 
carboxylic acids. After screening achiral alcohols suitable 
for this purpose, bis(α-naphthyl)methanol was found to be 
the most effective nucleophile. In fact, when the reaction of 
racemic 2-arylpropionic acid with bis(α-naphthyl)methanol in 

the presence of PMBA or benzoic anhydride was carried out, 
the asymmetric dehydration reaction proceeded smoothly to 
afford the target (R)-carboxylic ester in high yield with high 
enantiopurity, along with the remaining (S)-2-phenylpropionic 
acid with moderate enantioselectivity (Scheme 23).22

 The compounds possessing the 2-arylpropionic acid 
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moiety as a basic structure are widely used as Non-Steroidal 
Anti-Inflammatory Drugs (NSAIDs). We also succeeded in 
establishing a new synthetic method which provides optically 
active NSAIDs and the ester derivatives in high selectivities 
(Scheme 24).22 In addition, the resulting bis(α-naphthyl)methyl 
ester group is easily cleaved under conventional hydrogenation 
conditions without any loss of optical purity. Therefore, the 
obtained chiral carboxylic esters can be regarded as suitable 
precursors of the free carboxylic acids.
 Furthermore, we succeeded in the development of (S)-
β-Np-BTM, a novel nucleophilic catalyst, optimized for the 
kinetic resolution of racemic α-arylpropionic acids. The use 
of (S)-β-Np-BTM enabled the effective kinetic resolution of 
racemic naproxen, which finally led to (S)-naproxen, an anti-
inflammatory	substance	with	high	optical	purity	(Scheme	25).22

 The plausible reaction pathway for the kinetic resolution 
of racemic carboxylic acids can be illustrated as follows 
(Scheme 26): The transacylation between benzoic anhydride 
and racemic carboxylic acids rapidly proceeds in the presence 
of a nucleophilic catalyst under basic conditions to produce the 
racemic mixed anhydride (MA), a key intermediate, which is 
temporarily formed. Among the two enantiomers, the mixed 
anhydride [(R)-MA] generated from the (R)-carboxylic acid 
is preferentially activated by (R)-BTM, and then it reacts with 
bis(α-naphthyl)methanol to afford the corresponding (R)-
carboxylic acid ester selectively. On the other hand, the mixed 
anhydride [(S)-MA] generated from the (S)-carboxylic acid 
remains unreacted, and is eventually hydrolyzed to afford 
the (S)-carboxylic acid. To support the predicted mechanism 
above, we determined the preferable two transition states  
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(R)-ts and (S)-ts, which were derived from (R)- and (S)-
carboxylic acids, respectively, by using the density functional 
theory (DFT) calculations at the B3LYP/6-31G*//B3LYP/6-
31G* level. The comparison of the energies of these transition 
states revealed that the energy of (R)-ts is lower than that of 
(S)-ts. As illustrated in Scheme 27, due to the steric repulsion 
between the methyl substituent at the α-position of (S)-ts and 
the phenyl group at the C-2 position of the BTM moiety, the 
stability of (S)-ts decreases and the desired (R)-carboxylic ester 
is selectively obtained. Thus, we have disclosed the reaction 
mechanism and the origin of the enantio-discrimination in the 
asymmetric condensation reaction by using computational 
chemistry.

10. Conclusion

 In summary, we outlined briefly the development of the 
dehydration condensation reactions which have been studied in 
our	laboratory.	It	is	clarified	that	aromatic	carboxylic	anhydride,	
which is a stable and easy-to-handle compound at room 
temperature, functions as a highly reactive coupling reagent 

in combined use with an adequate catalyst. The combination 
of acidic catalysts with TFBA or BTFBA, or the combination 
of nucleophilic catalysts with MNBA or DMNBA under 
basic conditions is suitable for the formation of carboxylic 
esters and lactones. Both TFBA and MNBA are commercially 
available, we encourage you to try them. On the other hand, 
DMAPO, a novel catalyst also functions effectively. DMAPO 
is also commercially available as a hydrate form, and can be 
used after a dehydration procedure such as sublimation. The 
catalytic ability of DMAPO is higher than that of DMAP, and 
it is noteworthy that by using DMAPO, various peptides can 
be prepared without significant racemization. Furthermore, 
in the asymmetric coupling of free carboxylic acids and 
alcohols, PMBA or benzoic anhydride functions as an effective 
dehydrating condensation reagent.23 The combined use of them 
with an asymmetric catalyst (R)-BTM or (S)-β-Np-BTM made 
it easy to obtain a variety of optically active esters, carboxylic 
acids, and alcohols. 
 Finally, we would appreciate it if many researchers could 
use and evaluate the methodologies, and we hope that our 
research results will be helpful in the progress of synthetic 
organic chemistry.
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Contribution Related Compounds
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