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Alkynes are important building blocks and synthons for the
construction of a variety of interesting and useful molecules.!!
Since the discovery of the formation of benzene from
acetylene by Berthelot? and Reppe etal.,” this formal
[24242] cyclotrimerization has become an elegant method
for the generation of benzene derivatives and polycyclic
aromatic compounds, and several metal catalysts have been
developed for this reaction.! We recently synthesized a new
cycloadduct 3a, which is formed from diphenylacetylene (2a)
in the presence of a palladium catalyst (Scheme 1). To the
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Scheme 1. Metal-catalyzed cyclotrimerizations of alkyne 2a.

best of our knowledge, this is the first example of a tricyclic
[5.5.6]-fused skeleton generated by the trimerization of
diarylalkynes.! Herein, we describe the systematic optimiza-
tion of this reaction and the applicability of this method to
several alkynes.

Exhaustive studies of the reaction conditions for the
synthesis of cycloadduct 3a from diphenylacetylene (2a)
showed that the palladium catalyst, the organophosphine,
water, benzoquinone (BQ), and Cu(OAc),-H,O all play key

[*] Prof.Y.-T. Wu, Y.-T. Chang, C.-C. Shin, T.-C. Wu, C.-C. Tai, T.-H. Cheng
Department of Chemistry, National Cheng Kung University

No. 1 Ta-Hsueh Rd., 70101 Tainan (Taiwan)

Fax: (- 886) 6274-0552

E-mail: ytwuchem@mail.ncku.edu.tw

Prof. M.-Y. Kuo, W.-S. Liu

Department of Applied Chemistry, National Chi Nan University
No. 1 University Rd., 54561 Puli, Nantou (Taiwan)
Metal-Catalyzed Reactions of Alkynes. Part I1l. This work was
supported by the Landmark Project of National Cheng Kung
University and the National Science Council of Taiwan (NSC 96-
2113M-006-008-MY2). We also thank Prof. S.-L. Wang and C.-Y.
Chen (National Tsing Hua University, Taiwan) for the X-ray structure
analyses. Part Il Y.-T. Wu, W.-C. Lin, C.-J. Liu, C.-Y. Wu, Adv. Synth.
Catal. 2008, 350, 1841.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200802560.

i A

Angew. Chem. 2008, 120, 10039 -10042

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1: Optimization of reaction conditions for the preparation of 3a."!

Entry Catalyst Additives (equiv) Base Yield [%]
1 Pd(OAc), PPh; (0.5) K,CO; 320
2 Pd(OAc), PPh; (0.5) K,CO; 4led
3 Pd(OAc), PPh, (0.5) K,CO, oleel
4 Pd(OAc), - K,CO,4 39

5 Pd(OAc), PCy, (0.25) K,CO, 32

6 Pd(OAc), PCy, (0.5) K,CO, 68

7 Pd(OAc), PCy, (0.5) K,CO; 1360
8 Pd(OAc), PCy, (0.75) K,CO, 67

9 Pd(OAc), PCy, (0.5) - 60
10 Pd(OAc), PCy, (0.5) Na,CO; 67
1 Pd(OAc), PCy; (0.5) NaOAc or NEt; 51
12 [Pd(PPh;,),] PCy, (0.5) K,CO; 67
13 Pd/C PCy, (0.5) K,CO; 23
14 [PACl,(PCys);]  PCy; (0.5) K,CO; 56

[a] Reaction was carried out in a thick-walled sealable tube. The amounts
of catalysts, oxidants, additives, and base are relative to alkyne 2a. Pd
catalyst (5 mol%), Cu(OAc),-H,O (1.0 equiv), BQ (0.5 equiv), base
(1.0 equiv), water, and CH;CN were used in this reaction. [b] 1,2,3,4-
Tetraphenylnaphthalene (16 %) was also obtained. [c] Most of the alkyne
2a remained. [d] In the absence of BQ. [e] In the absence of Cu-
(OAC),-H,0. [f] In the absence of water.

roles in this reaction (Table 1). In the absence of any one of
them, 3a was only obtained in very low yield.

Pd(OAc), and [Pd(PPh;),] were found to be the most
efficient catalysts in this reaction. PCy; was determined to be
the best reagent for the reaction; PPh; led not only to the
desired product, but also to 1,2,3,4-tetraphenylnaphthalene.’
It was necessary to use half an equivalent of PCy; to get the
optimal yield (Table 1, entries 1, 5, 6, and 8). The use of a
carbonate base slightly improved the yield of the reaction,
whereas triethylamine or NaOAc inhibited the formation of
3a (Table 1, entry 11). Under the optimized conditions, the
desired product 3a was obtained in 68 % yield, along with
trace amounts of by-product 1a (Table 1, entry 6). Crystals of
3al were grown from CH,Cl,/MeOH, and the structure was
determined by X-ray diffraction analysis. The phenyl groups
at positions C8 and C8a in 3a adopt a trans configuration and
the torsional angle between the cyclopentadienyl and benzo
planes is approximately 34°. The overcrowded and nonplanar
structure causes this compound to exhibit unusual photo-
physical properties (see below).

The reactivity of several alkynes was examined under the
optimized conditions (Table 2). Alkynes 2b-2m underwent
the cyclotrimerization to generate 3 in moderate to excellent
yields (28-85 % ). The lowest yield was obtained for 3g, which
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Table 2: Preparation of tricyclic adducts 3 from alkynes 2.
5 mol % Pd(OAc),,
0.5 equiv BQ,
0.5 equiv PCy;
1 equiv Cu(OAG)yH,0 Al

Ar—— r
2 3 equiv K,CO5 H,0,
CH,CN,110°C,36h AT Af
R1
Ar= EQRz
R3

Entry Alkyne R R? R? Product 1/3%  Yield [%]"
1 2a H H H 3ald 5:95 68
2 2b H Me H 3bl 13:87 72
3 2c H CF, H 3¢ 4:96 59
4 2d H F H 3d49 11:89 77
5 2e H tBu H 3el 5:95 40
6 2f H OMe H 3fd 8:92 51
7 2g H CO,Me H 3g 9:91  28H
8 2h Me H H 3h 6:94 78
9 2i OMe H H 3i 4:.96 70
10 2j Me F H 3jd 9:91 71
1 2k Me H Me 3k 8:92 65
12 21 OMe H OMe 3l 0:100 85
13 2m OMe OMe OMe 3md 19:81 82

[a] The ratios were determined from the '"H NMR spectra of the products,
which were obtained after purification by simple chromatography. [b] The
combined yields for isomers 1 and 3. [c] Separation from 1 by
crystallization from CH,Cl,/MeOH. [d] Separation from 1 by chromatog-
raphy. [e] 30% 2g was recovered.

was isolated together with 30% of the starting material
(Table 2, entry7). In general, by-products 1 were also
produced in small amounts under these reaction conditions,
but they can be removed by either careful chromatography or
crystallization. The three 3,3'-disubstituted diarylethynes 2h—
2j furnished only one regioisomer (Table 2, entries 8-10)."
The structures of 3h and 3i can be assigned on the basis of the
crystal structures of 3j and 3k* and their 2D NMR spectra.
It was also determined that sterically congested di(2-tolyl)-
ethyne and heteroaryl acetylenes, such as di(2-thiophenyl)-
ethyne and di(3-pyridinyl)ethyne, did not form the desired
product under these conditions.!'”)

The possibility of crossed cycloadditions between differ-
ent alkynes was also investigated. The reaction of 2a with
dialkylalkynes 4 in our catalytic system produced cyclo-
adducts 5 and 6 (Scheme 2)."" Other tricyclic regioisomers of
6 were not observed in appreciable amounts. Unfortunately, a
mixture of 1,8-bis(phenylethynyl)naphthalene and alkyne 2a
did not furnish the desired product, but 7,8,9,10-tetraphenyl-
fluoranthene (7) was obtained in 65 % yield.'"”

Ph—=—=—ph Pd(OAc), Ph Ph
2a BQ, PCy; Ph R ph O

Cu(OAc),H,0 Q

Re— R Kzgogcnzo Ph R R &
o Ph Ph
4a (R=nPr) 110°C, 36 h
4b (R = nBu) R = nPr 5aa (27%) 6aa (40%)
nBu 5ab (18%) 6ab (36%)

Scheme 2. Crossed cycloadditions between alkynes 2a and 4.
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[D2g]-3a (R = H)
[D3o]-3a (R = D)

It was determined that cycloadduct 3a is not generated
from a rearrangement of hexaphenylbenzene (1a). When 1a
was heated in the presence of our catalytic system, it
remained unchanged. Moreover, when a control experiment
was carried out with deuterium oxide, instead of water, [D;]-
3a was obtained in 62% yield with 70 % isotopic purity.!'>!4!
Further study of the reaction with [D,y]diphenylacetylene
([Dyg)-2a) in water gave a mixture of [D,]-3a and [D5y]-3ain
a ratio of approximately 75:25."%) These results indicate that
the majority of the hydrogen atoms at position C8 in 3a come
from the external water, but some of them (ca.25%) are
provided by the phenyl ring in 2a (see Scheme 3, route B).'®

Based on literature precedent and the above control
experiments, a proposed mechanism was formulated
(Scheme 3). The reaction of an active Pd" species with three
molecules of alkyne 2a generates 1-palladacycloheptatriene
8,181 which can either undergo a reductive elimination to
form hexaphenylbenzene (1a)'"” or can be reduced to Pd"
complex 9 by PCy,.*" Intermediate 9 subsequently rearranges

2 Cu(OAc),

\]<>l\ Ph
\
\Ph
Pd° ¥ Pd(OAc), \(

2 Cu(OAc) +2 OAc™

Ph Ph

2 OAc”
Ph
= “Rd(OAc),
Ph—™\. , ~Ph
Ph g Ph
PCy;
+
Ac,0O
+
OPCy;
Ph
Ph
Z>pd!
Ph—™\.  —"Ph
Ph 9 Ph
wteB Ph 0 O /
Ph
Ph - R Ph
Pd" 1,2-or15shit ph—f R “Ph
R =nPr, nBu Pd' 15

Scheme 3. Proposed mechanism for the formation of cycloadduct 3 a.
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to a Schrock-type carbene complex 10,”!! in which the
carbene metal atom is electrophilic and the carbene carbon
atom is nucleophilic.”??! Protonation of the carbene carbon
atom with water leads to the formation of o-complex 11,
which produces complex 13 by intramolecular electrophilic
palladation® and subsequent deprotonation (route A).
Alternatively, the carbene complex 10 could cyclize to yield
the zwitterionic intermediate 12 (route B). An intramolecular
proton shift or reaction with water would then furnish 13. The
steric repulsion in 12 or 13 can be minimized when the two
phenyl groups adopt a trans configuration. Reductive elim-
ination of 13 gives the desired product 3a and a Pd" species.
The active Pd" complex can eventually be regenerated by
oxidation with Cu(OAc),H,O and BQ.” However, the
formation of 6 should occur via key intermediates 15, which
could be generated from 14 by a 1,2- or 1,5-shift, as is
observed in other cyclopentadiene derivatives.”® This re-
arrangement is likely promoted by the steric repulsion
between the palladium-carbene moiety and the phenyl
group at C5 in 14.

Compound 3a is virtually nonfluorescent in dichloro-
methane or THF, but is highly luminescent in the solid state
(or crystal). To quantify this aggregation-induced emission,””)
a solution of 3a (ca. 10°M) in a mixture of THF and water
was excited at 372 nm."!' A dramatic change in the fluores-
cence intensity and relative quantum yield (&) could be
observed as the amount of water in the solution was increased
(Figure 1). The @ value of a solution of 3a in THF/water (10/
90, W90) is about 70 times higher than in pure THF (WO0).
Moreover, the size of the particles plays a key role in their
luminescent properties. In a mixture of THF and water
(ca. 1:2), 3a aggregates to form spherical nanoparticles with a
mean diameter of approximately 10-30 nm."! The aggrega-
tion of these molecules can efficiently inhibit the nonradiative
vibration and rotation of phenyl groups, and thus enhance the
luminescence.’””” As with other compounds that exhibit
aggregation-induced emission,”’"! 3a could potentially be
used as a sensor for detecting organic solvents.

In summary, we have developed a new and versatile
synthetic method for the preparation of highly substituted
8,8a-dihydrocyclopenta[a]indenes 3 in one pot by the cyclo-
trimerization of diarylalkynes. Compound 3a displays an
aggregation-induced emission with a strong blue fluores-

lvi =
0.24 % 032 %

=

Figure 1. Aggregation-induced emission of 3a (ca. 107°m) in a THF/
water mixture under illumination with UV light (365 nm). Quantum
yields of 3a were investigated at an excitation wavelength of 372 nm,
and quinine sulfate was used as the standard (@ =0.546)."
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cence. Further studies of the photophysical and electrolumi-
nescence properties of functionalized derivatives of 3 are
currently underway, as these molecules may potentially find
use as organic light-emitting diodes (OLEDs).*!

Experimental Section

Preparation of 3a: A mixture of alkyne 2a (200 mg, 1.12 mmol), PCy;
(157 mg, 0.56 mmol), Cu(OAc),H,O (224 mg, 1.12 mmol), benzo-
quinone (61.0mg, 0.56 mmol), Pd(OAc), (12.5mg, 55.6 umol),
K,COj; (155 mg, 1.12 mmol), H,O (1 mL), and acetonitrile (3.5 mL)
in a thick-walled pyrex tube was purged with nitrogen for 5 min. The
sealed tube was kept in an oil bath at 110°C for 36 h. After cooling the
mixture to room temperature and filtration over celite, the solvent of
the filtrate was removed under reduced pressure. The residue was
subjected to chromatography on silica gel with hexane/CH,Cl, (12:1)
as the eluent to afford a mixture of 1a and 3a as a yellow solid
(136 mg, 68 %, 1a/3a=ca. 5:95). By-product 1a could be removed by
either crystallization from CH,Cl,/MeOH or precipitation from
diethyl ether. A suitable crystal of 3a (m.p. 194-195°C) for X-ray
diffraction analysis was grown from CH,Cl,/MeOH. 'H NMR
(300 MHz, CDCl): 6 =5.15 (s, 1H), 6.66 (d, *J=6.6 Hz, 2H), 6.81
(d, %/ =5.8 Hz, 2H), 6.86-6.90 (m, 3H), 7.05-7.15 (m, 12H), 7.21-7.26
(m, 7H), 7.41 (d, >/ =7.0 Hz, 2H), 7.50 ppm (d, *J=5.8 Hz, 1H);
BC NMR (75.5 MHz, CDCl,, plus DEPT): 6 =57.0, 78.3, 122.2, 125.6,
126.2,126.4,126.5 x 2, 126.82, 126.83,127.1 x 2, 127.3,127.4,127.6 x 2,
127.7, 128.0x4, 128.1x2, 1282x2, 129.6x2, 129.7x2, 129.9x2,
135.2, 1354, 135.7, 136.3, 140.3, 141.6, 142.4, 147.8, 148.7, 153.7,
157.5 ppm (one CH carbon atom cannot be observed because of
signal overlap); EIMS (70 eV), m/z (%): 534 (100) [M*]; HRMS (EI)
caled for C,,Hjy: 534.2347; found: 534.2343. Elemental analysis calcd
(%) for Cy,Hs, (534.7): C 94.34, H 5.66; found: C 94.19, H 5.66.
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