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Acyl-, aroyl-, and heteroaroyl-acetic esters 6a-f and 8a-l are prepared by reactions of 1-acylbenzo-
triazoles 1a-k with acetoacetic esters 5 or 7a,b in the presence of sodium hydride followed by
regioselective deacetylation. Similar C-acylation/deacetylation of acetylacetone and benzoylacetone
affords â-diketones 10a-d and 13a-c, respectively.

Introduction

â-Keto esters and â-diketones have been important
intermediates in organic synthesis since the discovery of
the Claisen condensation more than a century ago.1a-i

Familiar general syntheses of â-diketones and â-keto
esters include (i) acylation of ketones or carboxylic esters
by acyl halides or esters2a-d and (ii) acylation of acety-
lacetone or ethyl acetoacetate and their substituted
derivatives by acyl halides or esters followed by base-
promoted cleavage of a carbonyl group.3a-c The above
methods offer many useful synthetic procedures, but
some acyl halides, such as 3-phenyl-2-propynoyl chloride
and 2-pyridoyl chloride, are quite tedious to synthesize,
store, and handle and therefore are often prepared in
situ. Moreover, â-keto ester and â-diketone anions are
ambident; thus, when acetylacetone or ethyl acetoacetate
are reacted with electrophiles such as acyl chlorides in
the presence of base, both C- and/or O-acylation can
occur. For example, under phase-transfer conditions,
acylation of acetylacetone and of ethyl acetoacetate with
acetyl chloride and benzoyl chloride yielded O-acylated

enol esters in 83-98% yields.4a-c The nature of the
solvent, electrophile, metal counterion, reaction temper-
ature, and structure of the substrate influence the
chemoselectivity of such acylations.5

Benzotriazole is a good leaving group and has been
used extensively as a novel synthetic auxiliary.6a-c Gen-
erally, 1-acylbenzotriazoles 1 are more stable than acid
chlorides and can be used in many N-,7a-d C-,8a-c and
O-acylation reactions9a,b (Scheme 1).

We now show that C-acylations of acetoacetic esters
by 1-acylbenzotriazoles, followed by spontaneous deacety-
lation, lead to useful preparative methods for acyl-, aroyl-,
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and heteroaroyl-acetic esters. Similar treatment of ac-
etonyl ketones affords a variety of â-diketones.

Results and Discussion

1-Acylbenzotriazoles 1a-n were readily prepared by
treating carboxylic acids either (i) in THF with 1-(meth-
ylsulfonyl)-1H-1,2,3-benzotriazole in the presence of tri-
ethylamine under reflux overnight7bor (ii) with thionyl
chloride and benzotriazole at 25 °C.10

Condensation of the corresponding enolates of ethyl
acetoacetate 5 (Scheme 2, A) with 1-acylbenzotriazoles
1a-f at rt for 14 h, followed by cleavage of the acetyl
group in situ with an aqueous solution of ammonium
chloride and ammonium hydroxide under reflux and in
the presence of benzotriazole moiety gave â-keto esters
6a-f in 58-85% yields. No O-acylation or other byprod-
ucts were detected.

The structures of the known â-keto esters 6a,11 6b,12

6c,13 6d,14 6e,15 and 6f 6 are supported by comparison of
their melting points and spectroscopic data with litera-
ture reports and, in some cases, by 1H/13C NMR data

together with microanalyses. The 1H NMR spectra of
6a-f show new sets of singlets at δ 3.43-4.86 assigned
to the R-methylene protons, and the 13C NMR spectra
show signals at δ 45.3-49.2 corresponding to the R-me-
thylene carbons. While some 1H and 13C signals for enol
forms in the tautomeric mixtures 6a-f are not visible or
overlap with those of their keto forms, singlets at δ 4.98-
6.61 in 1H NMR spectra and signals at δ 86.6-89.9 in
13C NMR spectra are assigned to the olefinic hydrogens
and their respective carbons and clearly indicate the
presence and relative quantity of the corresponding enol
forms. An exception is 6d, for which the 13C signal of the
R-methine carbon was not observed. In nearly all cases,
the keto forms of the â-keto esters 6 predominate in the
keto-enol tautomeric mixtures in CDCl3 solution. An
exception, however, is 6e, where at 20 °C in CDCl3

solution the enol:keto ratio is 3:2, probably due to the
strong electron-withdrawing effect of the pyridyl group
(Scheme 2,A). This assignment and tautomeric preference
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SCHEME 2

a Products were recovered as mixtures of keto/enol tautomers as evidenced by 1H NMR in CDCl3. b Determined by 1H NMR of products
6. c Products were recovered almost entirely in keto form with the exception of 8b and 8k, where the percentage of the enol form was 7%
for 8b and 100% for 8k as determined by 1H NMR in CDCl3. d Quenched with silica gel.
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is in accord with the results of previously reported
theoretical and experimental studies.17

Transformations analogous to those described above
also succeeded with other R-acetyl carboxylic esters.
Thus, â-keto esters 7a and 7b were similarly converted
into 8a-g and 8h-k, respectively in 51-76% isolated
yields (Scheme 2B).

The keto structures of the known 8a,18 8c,19 8f,20 8j,21

and novel 8b,d,e,g-i,l are confirmed by their 1H/13C
NMR data. The 1H NMR spectra for each of 8a-g show
two sets of quartets between δ 3.51 and 4.71 assigned to
R-methine protons and OCH2 protons and for 8h-j,l
triplets between δ 4.41 and 4.62 corresponding to R-me-
thine protons. The 13C NMR signals for 8a-j,l at δ 47.3-
57.4 correspond to tertiary carbons of the keto forms. The
only enol form detected as a minor tautomer among 8a-
j,l was in 8b (7% enol in CDCl3 solution), for which δH )
12.80 (OH) and δC ) 94.6 (the disubstituted olefinic
carbon) were found. Unlike 8a-j,l ethyl (Z)-2-benzyl-3-
hydroxy-5-phenyl-2-penten-4-ynoate 8k exists entirely in
the enol form in CDCl3 solution. Thus, the 1H NMR
spectrum of 8k shows two singlets at δ 3.80 and 12.40,
corresponding to the two methylene protons in the benzyl
group and hydroxy group in the enol form, respectively,
and 13C NMR shows a signal at δ 108.4, assigned to the
disubstituted olefinic carbon. This assignment is in
accord with previously reported experimental studies.22

Analogous transformations also worked smoothly with
acetylacetone 9 (Scheme 3). Thus, reaction of 9 with 1a
produced both the expected â-diketone 10a (55%) pre-
dominately in the enol form (in CDCl3) and dibenzoyl-
methane 1123 (18%) as a byproduct of a double reaction

in which both acetyl groups were replaced by benzoyl.
Reaction of 9 with 2 equiv of either 1c or 1g gave
symmetrical â-diketones 10b and 10c in almost quanti-
tative yields. Reaction of 9 with a mixture of 1 equiv of
1c and 1 equiv of 1d yielded unsymmetrical â-diketone
10d in 52% yield and two byproducts 10b and 1224 in 23
and 24% yields, respectively.

The enol structures of the known â-diketones 10a,25a,b

10b,26 and 10c27 and the novel 10d are supported by 1H/
13C NMR spectra, which show a set of singlets at δ 6.18-
6.81 corresponding to the R-olefinic protons and signals
at δ 92.1-96.7 assigned to the R-olefinic carbons.28 All
the â-diketones 10a-d contained the corresponding keto
forms as minor tautomers. The minor keto structures
were characterized by 1H singlets between δ 4.1 and 4.57
and 13C NMR signals between δ 50 and 54.7, and the
relative amounts were estimated by 1H NMR.

An analogous transformation was successful with
1-benzoylacetone 10a which, on reaction with 1-acylben-
zotriazole 1l produced the expected â-diketone 13a in
62% yield almost entirely in the enol form. Reaction with
1d gave 13b in 61% yield and two byproducts 11 and 12
in 17 and 15% yields, respectively. Similarly, reaction
with 1g produced 13c (61%) (Scheme 4).

The structures of the known products 13a,29 13b,30 and
13c31a,b are supported by microanalyses and 1H/13C NMR
data, which show 1H singlets between δ 6.37 and 6.77
and 13C signals at δ 92.7-96.2 corresponding to enol
forms.28 Compounds 13a and 13b contained the corre-
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SCHEME 3

a Products were recovered in mixtures of enol/keto tautomers as evidenced by 1H NMR in CDCl3. b Determined by 1H NMR of products
10a-d. c Byproduct 11 was isolated in 18% yield. d Byproducts 10b and 12 were isolated in 23 and 24% yields, respectively.
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sponding keto forms as the minor tautomers in CDCl3

solution, but no keto form was detected in 13c. The keto
structures of 13a and 13b were characterized by 1H
singlets between δ 4.28 and 4.48 and 13C signals between
δ 51 and 50.0.

When the reaction of 9 with 1a was quenched with
dilute hydrochloric acid, 10a (57%) and 11 (16%) were
again obtained in yields similar to those showed in
Scheme 3, together with 1-(1H-1,2,3-benzotriazol-1-yl)-

1-ethanone 149a (21%, Scheme 5), but no 1-(2H-1,2,3-
benzotriazol-2-yl)-1-ethanone was detected. Formation
and isolation of 1-(1H-1,2,3-benzotriazol-1-yl)-1-ethanone
14 suggests an intermolecular benzotriazole-mediated
acylation/deacetylation process to give 10a, 11, and 14,
which is similar to one previously reported13 (path 1 of
Scheme 5). Presumably, formation of 11 in reactions of
10a with 1d or 1g (Scheme 4) followed path 2 of Scheme
5 and formation of 12 and 10c followed path 3 of Scheme

SCHEME 4

a Products were recovered in mixtures of enol/keto tautomers as evidenced by 1H NMR in CDCl3. b Determined by 1H NMR of products
13a-c. c Byproducts 11 and 12 were isolated in 17 and 15% yields respectively. d Byproducts 11 and 10c were isolated in 16 and 15%
yields, respectively.

SCHEME 5
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5. In these cases, however, debenzoylation took place,
instead of deacetylation.

Attempts to capture the postulated C-acylated inter-
mediates 16 (Scheme 6) by shortening the reaction time
to 2-3.5 h and avoiding the hydrolysis step by quenching
with silica gel failed. Under these conditions, the main
isolated intermediates were O-acylated (E)-enol esters
15a-e in 27-36% yields.

A possible explanation for the formation of 15a-e, but
not the C-acylated intermediates 16, is that formation
of the O-acylated (E)-enol esters is less sterically hindered
than formation of C-acylated intermediates. This is
supported by formation of C-acylated products 8c-g and
8k,l, which have relatively small acyl groups when the
reactions were also quenched with silica gel (Scheme 2B).
Presumably, in some cases, e.g., (E)-enol ester 15c and
keto ester 8j, kinetically favored O-acylation products 15
gradually convert to their corresponding C-acylation
intermediates 16, which in the presence of benzotriazole
moiety form the thermodynamically stable C-acylation
products 8. Similarly, during the preparation of keto ester
8l, the corresponding O-acylation product 15 was isolated
and characterized by 1H NMR with a reaction time of 3
h; however, with a reaction time of 14 h, only 8l was
isolated.

The spectral and analytical data of the novel 15a-e
confirm their (E)-enol ester structures. Thus, 1H NMR
for 15a,b show typical homoallylic coupling constants of
1.5 Hz for two olefinic methyl groups. Each 1H NMR
spectrum of the remaining three enol esters 15c-e
displays a triplet between δ 2.29 and 2.46 and a slightly
broadened singlet between δ 3.48 and 3.66 corresponding
to the olefinic methyl and the methylene of benzyl groups,
respectively. The (E)-configuration of 15a-e is supported
by the fact that no NOE enhancement was found between
the two olefinic methyl groups of 15a,b or the methyl
and the benzyl groups of 15c-e. Olefinic carbons were
also detected in the 13C spectra of 15a-e at δ 117.0-
121.8 and 156.7-157.6, consistent with previously re-
ported experimental studies32

In summary, a simple procedure for the preparation
of acetoacetic esters and R-acetyl ketones has been
developed by treatment of starting acetoacetic esters or
R-acetyl ketones with 1-acylbenzotriazoles in the presence
of sodium hydride, followed by hydrolysis. The advantage

of this method includes the following: (i) most acylben-
zotriazoles are stable to storage over months; (ii) the use
of acylbenzotriazoles offers mild reaction conditions and
operational ease and, more importantly, O-acylation is
greatly reduced; and (iii) acetoacetic esters and R-acetyl
ketones are obtained in good to excellent yields. The
approach offers efficient, one-pot methodology for func-
tional group interchange by acylation, aroylation, or
heteroaroylation of R-acetyl ketones or acetoacetic esters
followed by deacetylation. The method is probably most
valuable when it is desirable to avoid using the corre-
sponding acid chlorides.

Experimental Section

General Methods and Materials. Melting points were
determined on a hot-stage apparatus and are uncorrected.
NMR spectra were recorded in CDCl3 with TMS as the internal
standard for 1H (300 MHz) or CDCl3 as the internal standard
for 13C (75 MHz), unless otherwise specified. Elemental and
mass spectrometry analyses were performed by Analytical
Laboratories, Department of Chemistry, University of Florida.
All reactions were carried out under an atmosphere of nitro-
gen. Anhydrous THF was obtained by distillation immediately
prior to use, from sodium/benzophenone ketyl. Column chro-
matography was performed with S733-1 silica gel (200-425
mesh).

General Procedure for the Preparation of â-Keto
Esters 6a-f. To a stirred solution of ethyl acetoacetate 5 (0.66
g, 5 mmol) in THF (30 mL) was added NaH (60%, 0.27 g, 5.5
mmol) at rt, and stirring was continued for 40 min under
nitrogen. Each 1-acylbenzotriazole (1a-f: 5 mmol) in THF (30
mL) was then added by syringe at room temperature, and the
resulting mixture was stirred at room temperature for 14 h
under nitrogen. Water (22 mL), ammonium chloride (0.88 g,
16.5 mmol), and ammonium hydroxide (28.8%, 0.21 mL) were
added to the mixture, which was then heated under reflux for
1 h. The mixture was acidified to pH 5 with 0.05 N HCl (∼50
mL) and then extracted with AcOEt (3 × 50 mL). The
combined organic phase was washed with water (2 × 50 mL)
and dried over anhydrous MgSO4. Removal of solvents under
reduced pressure and purification of the residue by column
chromatography on silica gel gave the corresponding pure
â-keto esters 6.

General Procedure for the Preparation of r-Monoalkyl-
Substituted â-Keto Esters 8a,b,h-j. To a stirred solution
of ethyl R-monosubstituted acetoacetate 7a or 7b (5 mmol) in
THF (30 mL) was added NaH (60%, 0.20 g, 5 mmol for 8a,b,h,i;
0.27 g, 6.6 mmol for 8j) at room temperature, and stirring was
continued for 40 min under nitrogen. Each 1-acylbenzotriazole
(1c,f,d,g,a: 5 mmol) in THF (30 mL) was added by syringe at
room temperature, and the resulting mixture was stirred for(32) Zhao, L.; Lu, X. Org. Lett. 2002, 4, 3903-3906.

SCHEME 6

a 1-Phenylcyclopropyl. b 2-(2-Phenylethyl)phenyl.
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14 h under nitrogen. Water (22 mL), ammonium chloride (0.88
g, 16.5 mmol), and ammonium hydroxide (28.8%, 0.21 mL)
were added to the mixture, which was then heated under
reflux for 1 h. The mixture was worked up in the same method
as for 6 to give the corresponding pure â-keto ester 8.

General Procedure for the Preparation of r-Monoalkyl-
Substituted â-Keto Esters 8c-g,l and r-Benzyl-â-enol
Ester 8k. To a stirred solution of ethyl R-monosubstituted
acetoacetate 7a or 7b (5 mmol) in THF (30 mL) was added
NaH (60%, 0.20 g, 5 mmol) at room temperature, and stirring
was continued for 40 min under nitrogen. Each 1-acylbenzo-
triazole (1d,g,h,a,j,i,k: 5 mmol) in THF (30 mL) was added
by syringe at room temperature, and the resulting mixture
was stirred for 3-14 h. A small amount of silica gel was added
to the reaction mixture and THF was removed under reduced
pressure. The residue was purified by column chromatography
on silica gel to give the corresponding R-monoalkyl-substituted
â-keto esters 8c-g,l and R-benzyl-â-enol ester 8k.

General Procedure for the Preparation of â-Diketones
10a-d. To a stirred solution of the acetylacetone 9 (0.51 g, 5
mmol) in THF (30 mL) was added NaH (60%, 0.2 g, 5 mmol
for 10a; 0.4 g, 10 mmol for 10b-d) at room temperature, and
stirring was continued for 40 min under nitrogen. Each
1-acylbenzotriazole (1a, 5 mmol; 1c, 10 mmol; 1g, 10 mmol;
1c, 5 mmol, + 1d, 5 mmol) in THF (30 mL) was added by
syringe at room temperature, and the resulting mixture was
stirred for 14 h under nitrogen. Water (22 mL), ammonium
chloride (0.88 g, 16.5 mmol), and ammonium hydroxide (28.8%,
0.21 mL) were added to the mixture, which was then heated
under reflux for 1 h. The same workup was followed as for 6
to give the corresponding products 10.

General Procedure for the Preparation of â-Diketons
13a-c. To a stirred solution of 1-benzoylacetone 10a (0.81 g,
5 mmol) in THF (30 mL) was added NaH (60%, 0.27 g, 6.6

mmol) at rt, and stirring was continued for 40 min under
nitrogen. Each 1-acylbenzotriazole (1k,d,g: 5 mmol) in THF
(30 mL) was added by syringe at room temperature, and the
resulting mixture was stirred at room temperature for 14 h
under nitrogen. Water (22 mL), ammonium chloride (0.88 g,
16.5 mmol), and ammonium hydroxide (28.8%, 0.21 mL) were
added to the mixture, which was then heated under reflux for
1 h. The same workup was followed as for 6 to give the
corresponding products 13a-c.

General Procedure for the Preparation of O-Acylated
Enolates 15a-e. To a stirred solution of ethyl R-monosub-
stituted acetoacetate 7a or 7b (5 mmol) in THF (30 mL) was
added NaH (60%, 0.20 g, 5 mmol) at room temperature, and
stirring was continued for 40 min under nitrogen. Each
1-acylbenzotriazole (1m,n,a,c: 5 mmol) in THF (30 mL) was
added to the yellow suspension by syringe at room tempera-
ture, and the resulting mixture was stirred for 2-3.5 h. A
small amount of silica gel was added to the reaction mixture,
and THF was removed under reduced pressure. The residue
was purified by column chromatography on silica gel using a
mixture of hexanes/chloroform (3/1 f 1/1, v/v) as an eluant to
give the corresponding product 15 as a colorless oil.
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