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Abstract: A new organocatalytic process of cyclotrimerization of
the aliphatic and aromatic acetylenic ketones was developed. The
reaction catalyzed by DMAP in the presence of 2,4-pentanedione
gave 1,3,5-trisubstituted benzenes in almost quantitative yields
under very mild conditions. 2,4-Pentanedione was used as a co-
catalyst to promote the reaction efficiently, particularly for aiphatic
acetylenic ketones.
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Cycloaddition of alkynes to generate benzene derivatives
has been a key part of contemporary organic synthesis
since the discovery of annulation of three acetylene mole-
cules by Bertholet in 1866. Although transition-metal-
catalyzed cyclotrimerization of alkynes has made great
advances,! the regioselectivity of the process can still be
troublesome.? Some metal-free catalytic methodologies
for synthesis of 1,3,5-triaroylbenzenes have been devel-
oped from cyclotrimerization of aromatic acetylenic ke-
tones.® Unfortunately, these reactions provide moderate
yields in toluene under reflux conditions, and they cannot
be applied to trimerization of aliphatic acetylenic ke-
tones.* The rapid, efficient and regioselective generation
of highly substituted benzenes is still a challenge in syn-
thetic chemistry.®

1,3-Dicarbonyl derivatives constitute important synthetic
intermediates, used as nucleophilic or electrophilic spe-
ciesin avariety of synthetic transformations.® Recently,
we reported phosphine-catalyzed a-C-addition of 1,3-di-
carbonyl compounds to acetylenic ketones.”® Moderate
yields of the desired products 2 were obtained under our
reaction conditions. In an effort to improve the yields, we
utilized 10 mol% 4-dimethylaminopyridine (DMAP), in
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place of Ph,P, asLewis baseto catalyze a-addition of 2,4-
pentanedione to 3-butyn-2-one. It was surprising to find
that 1,3,5-triacetylbenzene (3a) was obtained in 94%
yield at room temperature after two hours (Scheme 1).
2,4-Pentanedione did not take part in the reaction. Actual-
ly, 2,4-pentanedione functioned as a co-catalyst to acti-
vate the cyclotrimerization of 3-butyn-2-one. To the best
of our knowledge, thisisthefirst example of 3-dicarbonyl
derivative used as organocatalyst to promote a reaction.
Herein we describe the cyclotrimerization of acetylenic
ketones catalyzed by DMAP in the presence of 2,4-pen-
tanedione in almost quantitative yields under very mild
conditions.

We first performed the reaction using different quantities
of 2,4-pentanedione. Treatment of 3-butyn-2-one with 50
mol% 2,4-pentanedione and 10 mol% DMAP in CH,CI,
for four hours at room temperature gave 3ain 95% yield
(entry 2, Table 1). When the reaction was carried out us-
ing 20 mol% 2,4-pentanedione, alittle lower yield (80%)
was obtained in prolonging the reaction time (18 h). How-
ever, no reaction took place when the mixture of 3-butyn-
2-one and 10 mol% DMAP in the absence of 2,4-pen-
tanedione was stirred for 24 hours. The results showed
that 2,4-pentanedione was crucial for this cyclotrimeriza-
tion, which might serve as a co-catalyst to activate the re-
action. Then, several other B-dicarbonyl compounds, in
place of 2,4-pentanedione, were tested in this reaction. It
was found that they could also catalyze the reaction. But
2,4-pentanedione proved to be the most efficient additive
to produce the target. For example, the use of 1-phenyl-
butane-1,3-dione B as a co-catalyst gave alow yield of 3a
(59%), along with a complex mixture of unidentified
products. B-Keto ester C and ethyl acetoacetate D gave
the desired product in comparableyields of 91% and 70%,

DMAP (10 mol%)

CH,Cly, 1., 2 h

94% o

3a



216 Q.-F. Zhou et &.

LETTER

Tablel Cyclotrimerization of 3-Butyn-2-one Catalyzed by a L ewis Base and an Additive

A

O O o O O O O O o O
)J\/U\ ph)J\/U\ ph)J\/U\oEt )]\/U\OEt EIOMOE'(
B C D E

OH O

s

Entry Catalyst Additive (mol%) Solvent Time (h) Yield (%)?
1 DMAP A (100) CH,Cl, 2 94
2 DMAP A (50) CH,Cl, 4 95
3 DMAP A (20) CH,Cl, 18 80
4 DMAP - CH,Cl, 24 0
5 DMAP B (50) CH,Cl, 4 59
6 DMAP C (50) CH,Cl, 6 91
7 DMAP D (50) CH,Cl, 6 70
8 DMAP E (50) CH,Cl, 12 92(53)P
9 DMAP F (50) CH,Cl, 2 81¢
10 DMAP G (50) CH,Cl, 2 89¢
11 DMAP A (50) Toluene 4 91
12 DMAP A (50) THF 4 93
13 DMAP A (50) DMF 4 76
14 DMAP A (50) DMSO 4 40
15 Pyridine A (50) CH,Cl, 4 67
16 Et,N A (50) CH,Cl, 4 50
17 DABCO A (50) CH,Cl, 4 45
18 DBU A (50) CH,Cl, 4 0

aYield after purification by silicagel chromatography.
b Reaction for 4 h.

¢Yield of product 4.

dYield of product 5.

respectively. Although a longer reaction time was re-
quired to ensure the conversion in the presence of diethyl
malonate E, the product 3a was obtained in 92% yield
after stirring 12 hours at room temperature. However, no
desired product was obtained when malononitrile was
used in the system. These results imply that the cyclotri-
merization reaction proceeds smoothly in the presence of
a B-dicarbonyl compound. Because B-dicarbonyl com-
pounds exist predominantly as the enol tautomer in non-
polar solvents, it appears likely that an acidic proton of an
enol hydroxyl group functions as Brgnsted acid to cata
lyze the reaction. Recently, the use of small organic mol-
ecules as catalysts has attracted considerable attention in
reaction methodology development. It was reported that
phenol and BINOL worked as Bransted acid to promote
the BaylisHillman reaction of enones with aldehydes
efficiently.® Unfortunately, when cyclotrimerization of 3-
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butyn-2-one was carried out using phenol F or 2-hydroxy-
acetophenone G as a Bransted acid catalyst, no desired
product 3a was observed, but rather conjugate addition
products 4 and 5 were obtained in 81% and 89% yields,
respectively (Scheme 2). The choice of the solvent had an
effect on the reaction. Toluene and THF were suitable sol-
vents, and gave 3a in 91% and 93% yields, respectively.
The use of amore polar solvent, suchasDMF and DM SO,
gave the desired product in arelatively lower yield.

(0] o
DMAP (10 mol%)
)J\ Aro/\)J\

la 4 ArOH = phenol (81%)
5 ArOH = 2-hydroxy-
acetophenone (89%)

ArOH, CH,Cly, r.t., 2 h

Scheme 2 Conjugate addition of ArOH to 1a promoted by DMAP
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The nature of the tertiary amine was shown to be impor-
tant for the success of the reaction.® The reaction cata-
lyzed by 10 mol% pyridine in the presence of 50 mol%
2,4-pentanedione as a co-catalyst could afford the desired
product in 67% yield. When using Et;N or 1,4-diazabi-
cyclo[2,2,2]octane (DABCO) asal ewisbase catalyst, the
desired product 3a was obtained in alow yield, along with
a complex mixture of unidentified products. However,
when the reaction was carried out using DBU as aLewis
base, no product was found. Asshown in Table 1, DMAP
proved to be an extraordinary catalyst for the reaction,
giving the product in excellent yield. Thus, we had estab-
lished the optimal reaction conditions for this reaction
using 10 mol% DMAP as a Lewis base catalyst and 50
mol% 2,4-pentanedione as a co-catalyst to perform the
reaction in CH,CI, at room temperature.

Table2 Cyclotrimerization of Acetylenic Ketones Catalyzed by
DMAP and 2,4-Pentanedione

O (o}
0} DMAP (10 mol%)
)‘\ 2,4-pentanedione (50 mol%) R R
R X CH,Cly, 1.
1 O R
3
Entry R Time(h) Product Yield (%)
1 Me 4 3a 95
2 PhCH,CH, 4 3b 96
3 Ph 2 3c 98
4 4-F-CeH, 2 3d %8
5 4-Cl-CgH, 2 3e 98
6 4-Br-CgH, 2 3f 97
7 4-NO,-CeH, 2 39 97
8 4-Me-CgH, 2 3h 98
9 4-MeO-CH, 2 3i 98
10 1-Naphthyl 2 3 95

aYield after purification by silicagel column chromatography.

With these resultsin hand, a variety of acetylenic ketones
was submitted to the reaction. These results were summa-
rized in Table 2.1° |t was observed that all of the reactions

2,4-pentanedione

DMAP, CH2C|2, r.t.

(0] )O
.
Ph)\\\ ‘\\\

Scheme 3 Cross-reaction of acetylenic ketones

proceeded smoothly under the mild conditions to afford
the corresponding products in amost quantitative yields.
The results exhibited the scope with respect to a range
of aiphatic and aromatic acetylenic ketones. Aromatic
acetylenic ketones showed higher reactivity in the cyclo-
trimerization reaction than aliphatic acetylenic ketones,
and could produce 1,3,5-triaroylbenzenes in the absence
of 2,4-pentanedione. For example, the reaction of 1-phen-
ylprop-2-yn-1-onewith 10 mol% DMAP in the absence of
2,4-pentanedione at room temperature for five hours
could give the corresponding product 3c in 29% vyield.
While 3c was abtained in 98% yield when the reaction
was carried out using 2,4-pentanedione as co-catalyst for
two hours. Substitution of an electron-withdrawing group
or an electron-donating group on the aromatic ring of the
substrates resulted in no obvious effect on the reaction
yields. But it should be noted that no product was ob-
served when a [-substituted acetylenic ketone was
submitted to this reaction under our typical conditions,
which might be due to the steric effect. Therefore, we had
developed an efficient and mild methodology for cyclo-
trimerization of terminal acetylenic ketones to synthesize
1,3,5-trisubstituted benzenes in excellent yields.

To extend the scope of thisreaction, cross cyclotrimeriza-
tion of two different acetylenic ketones was investigated
(Scheme 3). The cross-reaction of but-3-yn-2-one (0.3
mmol) and 1-phenylprop-2-yn-1-one (0.3 mmol) per-
formed at room temperature for four hoursin the presence
of 2,4-pentanedione (0.3 mmol) and DMAP (0.06 mmol)
gave products 6 (0.071 mmol, 47%), 7 (0.038 mmol, 12%)
and 3c (0.028 mmol, 28%) along with a small amount of
3a. Alternately, treatment of but-3-yn-2-one with two
equivalents of 1-phenylprop-2-yn-1-one could provide
products 6 (68%) as the major product, 7 (15%) and 3c
(14%).

On the base of our results, a plausible mechanism for the
cyclotrimerization of acetylenic ketones is outlined in
Scheme 4. DM AP acts as a nucleophilic promoter to ini-
tiate the reaction and produce zwitterionic intermediate
10. The intermediate 10 adds to a second acetylenic ke-
tone to form 11, which istransferred into 12 by conjugate
addition to athird acetylenic ketone. The intermediate 12
would then undergo cyclization, followed by eimination
of DMAP o give product 3. Therole of 2,4-pentanedione
may serve as Brgnsted acid to activate the conjugate
addition step during the reaction. The proton of the enolic
hydroxyl group on the enol of 2,4-pentanedione may
coordinateto the carbonyl oxygen of an acetylenic ketone,

(0] o fe) 0
Ph Ph
+ + 3a + 3c
o (@) Ph
6 7
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Scheme 4 Plausible mechanism for the cyclotrimerization reaction

which is endowed with high acceptor capability in conju-
gate addition. The mechanistic details of this reaction
need further investigation.

In summary, we have described anew and simple organo-
catalytic process of cyclotrimerization of acetylenic ke-
tones. The reaction was catalyzed by DMAP as Lewis
base in the presence of 2,4-pentanedione. Both aliphatic
and aromatic acetylenic ketones reacted smoothly under
mild conditions, affording 1,3,5-trisubstituted benzenes
with excellent yields. 2,4-Pentanedione was used as co-
catalyst to promote this annulation efficiently. Efforts are
underway to ascertain the scope and limitations of this
reaction.
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Typical Procedure.

A round-bottomed flask, equipped with a stirring bar, was
charged with 2,4-pentanedione (0.15 mmol) and acetylenic
ketone (0.3 mmol) dissolved in CH,Cl, (2 mL) followed by
DMAP (0.03 mmol). Thereaction wasrun at r.t. for the
indicated time (monitored by TLC). The reaction was
concentrated under reduced pressure on arotary evaporator
and purified by silicagel chromatography using PE-EtOAc
(10:1to 3:1).

Compound 3a: *H NMR (300 MHz, CDCl,): § =8.63 (s, 3
H), 2.64 (s, 9 H) ppm. 3C NMR (75 MHz, CDCl,): § =
196.7, 138.0, 131.8, 26.9 ppm. IR (KBr): v = 1690, 1227
cm . HRMS (El): m/z caled for C;,H;,05 [M]*: 204.0786;
found: 204.0791.

Compound 3b: *H NMR (300 MHz, CDCl,): 6 =8.56 (s, 3
H), 7.25-7.10 (m, 15 H), 3.31 (t, J= 7.5 Hz, 6 H), 3.03 (t,
J=7.5Hz, 6 H) ppm. *C NMR (75 MHz, CDCl,): § =
197.9, 140.8, 137.8, 131.3, 128.7, 128.6, 126.4, 40.8, 30.1
ppm. IR (KBr): v =1694, 1162 cm™. HRMS (El): m/zcacd
for CyH4,04 [M]*: 474.2195; found: 474.2192.

Compound 6: *H NMR (300 MHz, CDCl,): § = 8.49 (d,
J=15Hz 2H),829(d,J=15Hz 1H),7.76 (d,J=7.6
Hz, 4 H), 7.57-7.54 (m, 2 H), 7.47-7.42 (m, 4 H), 2.63 (s, 3
H) ppm. 3C NMR (75 MHz, CDCl,): & = 195.4, 193.9,
137.4, 136.4, 135.4, 133.8, 132.2, 131.5, 129.0, 127.6, 25.8
ppm. IR (KBr): v = 1691, 1662, 1242 cm™. HRMS (El):
m/z caled for C,,H 605 [M]*: 328.1099; found: 328.1092.
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