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Abstract. A palladium-catalyzed ligand-free carbonylation
reaction has been developed for the synthesis of indenones.
Under CO atmosphere, this cascade reaction proceeded
smoothly to provide the desired indenones in moderate to
excellent yields with good functional-group compatibility.
The mechanistic investigations suggested the in situ
formation of palladium nanoparticles and this transfor-
mation was driven by a controlled reaction sequence of
alkyne insertion followed by carbonylation and annulation
to form the indenone framework.

Keywords: palladium-catalyzed; ligand-free;
carbonylation; indenones.

Indenones, widely existing in natural products and
synthetically bioactive molecules,® have attracted
considerable synthetic interests and a number of methods
have been developed including intramolecular cyclization,
21 two-component annulation®4 and a few examples of
three-component annulation.[*?l However, most of starting
substrates of intramolecular cyclization were not readily
commercially available and therefore suffered from
multiple-step syntheses or narrow substrate scopes. Up to
now, researches of efficient methods for preparation of
indenones mainly have focused on two-component
annulation, including transition-metal-mediated
cyclization,Bl B9 radical cyclization,™ Friedel-Crafts-
type cyclization and so on. Among them, the preferred
strategies are Rh[® or Pd[l catalyzed annulation of alkynes
with ortho-functionalized arenes(Scheme 1, a), which are
usually time-requiring multiple functional transformation
and thus less efficiency in a synthetic sequence. Therefore,
it would be appealing if the introduction of carbonyl
functional group of indenones through CO insertion rather
than tedious pre-carbo-functionalized arenes. In the past
decades, transition-metal-catalyzed carbonylation reactions
have become a powerful tool for the direct construction of
a wide variety of carbonyl-containing compounds. CO is
employed as a  less expensive, atom-economical and
readily available C1 feedstock in a broad range of
industrial chemical processes. In 1997, Murai’s group*?d
reported a method for the preparation of indenones by

Rus(CO).-catalyzed carbonylation reaction of aromatic
imines and olefins (5 atm. of CO, Scheme 1, b, eq.1).
Chatani’s group®! reported a Rh-catalyzed three-
component carbonylative cyclization of alkynes with 2-
bromophenylboronic acid leading to indenones by CO
insertion in 2007. And later, Morimoto's group*?! reported
a similar reaction by decarbonylation of formaldehyde and
sequential carbonylation in 2009 (Scheme 1, b, eq. 2).
Although palladium-catalyzed carbonylation reactions
have been well studied and employed to manufacture a
range of important industrial products, the m-acidic CO
binding to palladium resulting in the difficulty of oxidative
addition to aryl halides and also remarkably decrease the
catalytic efficiency because of the formation of palladiun.
black. To overcome the inherent limitation of these
carbonylation reactions, most of the processes havz
utilized the ligands to keep the catalytic activity and
lifetime of catalysts.l*”l Thus, development of a ligand-free
palladium-catalyzed  carbonylation  reaction  under
atmospheric pressure remains a challenge. Herein, we
disclosed the first report on the construction of in denones
by a ligand-free Pd-catalyzed  multi-component
cyclocarbonylation of o-bromoaryl iodides with alkynes
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Scheme 1. Construction of Indenones
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under ambient pressure of CO (Scheme 1, c¢). In this
cascade transformation, three new carbon—carbon single
bonds were formed in one operation and thus a simple and
efficient protocol for the construction of the indenone
framework was established by readily available substrates.
In an initial attempt, commercially available o-
bromophenyl iodide (1a) and diphenylacetylene (2a) were
chosen for the exploration of this palladium-catalyzed
cyclocarbonylation reaction under a balloon CO
atmosphere. In the presence of Pd(CH3CN).Cl/dppp (1,3-
bis(diphenylphosphaneyl)propane) as the catalyst, KOAc
as the base and PivOH as an additive in 1,4-dioxane at 100
°C for 24 h, to our delightfulness, it was found that 13% of
the desired indenone (3aa) was observed. This preliminary
result inspired us to further optimize this novel
carbonylation reaction. Subsequently, the effects on the
reaction with various factors, such as palladium catalyst
precursors, ligands, bases and so on, were carefully
examined. Unfortunately, no improved result was
obtained.*3l Among the experimental results, it was noted
that 12% of 3aa was achieved in a reaction in the absence
of ligand (Table 1, entry 1), together with the observation
of quite a lot of palladium black. This result strongly
suggested that ligands might be unnecessary in the reaction.
Therefore, our efforts were devoted to seeking an
appropriate condition, which can prevent the formation of
palladium black, in other words, some additives were
needed to stabilize the potential Pd(0). Accordingly, the
yield of 3aa was significantly improved to 80% when 1
equiv. of tetra-n-butyl ammonium bromide (TBAB) was
introduced to the reaction system (Table 1, entry 3). Again,
the bases and the solvents were screened another time but
no improvement anymore (Table 1, entries 4-11). In the
investigation of palladium sources (Table 1, entries 12-15),

Table 1. Screen of Reaction Conditions 2
Ph

o
Br Pd, ligand /
base, additive
+ + CO -2as€, addiive
@[I H solvent, 100 °C OQ Ph
Ph 24 h Ph

1a 2a 3aa

entry [Pd] base additive solvent  yield (%)

Pd(CH4CN),Cl,
Pd(CH4CN),Cl,
Pd(CH4CN),Cl,
Pd(CHCN),Cl,

Na,CO3 / 1,4-dioxane 12
Na,CO; PEG-400 1,4-dioxane n.d.
Na,CO; TBAB 1,4-dioxane 80
K,CO; TBAB 1,4-dioxane 57
Pd(CH3CN),Cl,  Cs,CO; TBAB
Pd(CHsCN),Cl,  KsPO,  TBAB
Pd(CH3CN),Cl, KOAc TBAB
Pd(CH3CN),Cl,  Na,CO; TBAB DMF trace

1,4-dioxane n.d.
1,4-dioxane 65

1,4-dioxane 6

- A A a2
ry © ©® N O oA W N =
a » w N 5O

Pd(CHsCN),Cl,  Na,CO; TBAB DMSO nd.
Pd(CH3CN),Cl, Na,CO; TBAB toluene 62
Pd(CHsCN),Cl,  Na,CO; TBAB CH5CN 74

Pd(OAc), Na,CO; TBAB  1,4-dioxane 21
PdCI,(PPh3), Na,CO; TBAB  14-dioxane  n.d.
PdCl, Na,CO; TBAB  1,4-dioxane 84
Pd(dba), Na,CO; TBAB 1,4-dioxane 74

16° PdCl, Na,CO; TBAB 1,4-dioxane 95

17¢ PdCl, Na,CO3 TBAB  1,4-dioxane 99 (97°)

2 Reaction conditions: 1a (0.5 mmol), 2a (0.25 mmol), Pd
(10 mol%), base (0.75 mmol), additive (0.25 mmol) under
CO (balloon) in solvent (2 mL) at 100 °C for 24 h. The
yields were determined by GC with naphthalene as the
internal standard. 80 °C. ¢ 1 mL of solvent. d 2 equiv. of
Na,COs. ¢ isolated yield.

10.1002/adsc.201901309

PdCl, exhibited a marginal higher yield (85%, Table 1,
entry 14). Surprisingly, the yield of 3aa was further
improved to 95% when reducing the solvent from 2 mL to
1 mL (Table 1, entry 14 versus entry 16), and almost all
diphenylacetylene (2a) was quantitatively converted into
indenone 3aa as decreasing the base of Na,COs loading
from 3 equiv. to 2 equiv. (Table 1, entry 16 versus entry
17). Thus, a highly efficient Pd-catalyzed three-component
carbonylation reaction was successfully established and the
optimal reaction conditions were summarized as following:
the reaction was carried out with o-bromophenyl iodide
(1a, 2 equiv.), diphenylacetylene (2a, 1 equiv.), PdCl; (10
mol%), Na,COs (2 equiv.) and TBAB (1 equiv.) under a
balloon CO atmosphere in 1,4-dioxane (1 mL) at 100 °C
for 24 h. With this optimal procedure, up to 97% of
indenone 3aa was isolated.

The optimized reaction conditions were then applied to
extend the generality of this newly established cascade Pd-
catalyzed three-component transformation. A variety of
alkynes were subjected to the reactions with o-
bromophenyl iodide (1a) under CO atmosphere. The
results were summarized in Table 2. The diarylacetylenes
bearing either electron-donating groups, such as, Me (3ab),
OMe (3ac, 3ah), t-Bu (3ad) or electron-withdrawing
groups, such as, CFsz (3ae), F (3af), Cl (3ag) at para- or
meta- position were well tolerated and proceeded smoothly
to afford the corresponding products in good to excellent
yields (78%-98%) (Scheme 2) and no obvious electron
effect of the substituents were observed from these
experimental results. However, the diarylacetylenes with
groups at ortho-position, such as, OCHj3; (3ak), CFs (3al)
afforded the corresponding indenones in low yields, which
indicating a significant steric effect, and owing to the small
steric profile of Cl and F, the ortho-chloro- and fluoro-
substituted diphenylacetylene could be unexpectedly well
tolerated and the corresponding indenone product 3ai anu
3aj were obtained in good vyield (95% or 72%). It was
noteworthy that 1,2-di(2-thiophenyl)ethyne was an effecti-
ve substrate for the transformation and produced the
corresponding product 3am in 77% yield. This result was
extremely attractive because the thiophene contained
motifs are widely used as the functionalized organic
materials with their characteristic properties, while the
syntheses of this type compounds have remained challenge
in many transition-metal-catalyzed reactions where the
catalysts can be usually deactivated by sulfur. Furthermore,
a dialkylacetylene, 4-octyne, was also applied to the
procedure, providing the annulation product 3an in good
yield (84%). However, in the case of diethyl but-2-
ynedioate, no product obtained in the reaction. Some
unsymmetrical internal alkynes were also tested in the
reaction, except phenylethyne that no desired product
obtained, all unsymmetrical alkynes gave the mixture of
regio-isomers (3ao, 3ap, 3aq, 3ar). For trimethylsilyl
phenylacetylene, a mixture 3ao was isolated in 71% yield,
and the ratio of two regio-isomers was 6.5:1, indicating the
impact of steric hindrance on regioselectivities. The
unsymmetrical alkyne bearing methyl and phenyl groups
also gave a mixture of regio-isomers (3ap), the ratio of
which was 5:1. Interestingly, if o-bromophenyl iodide (1a)
was replaced by o-chlorophenyl iodide, the corresponding
product of 3aa was obtained in 70% yield. However, no

This article is protected by copyright. All rights reserved.
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3aa obtained for 1,2-dibromobenzene, and only 10% yield
of 3aa obtained for 1,2-diiodobenzene.

Table 2. Scope of alkyne substrates ?

o
Br PdCl,, TBAB Y/
+ R—=Rr —NaC0s R
| * 1,4-dioxane
100 °C, 24h,
Balloon CO

3ab 98% 3ac 83‘7 3 d 7a°/
70°/° 10"/d

w &v’;

3ag 82"/

MeO 3C
o <:F3

3a| trace

3ae 83% 3af 79"/

Cl
O

O

3ai 95%

3aj 72%

){}
el o‘(‘

3a0 71% (6.5 : 1)

3ak 27%

3am 77%

3aq 87% (1: 1.5)

3ar 72% (1.25 : 1)

@ Reaction conditions: 1la (0.5 mmol), 2 (0.25 mmol),
PdCl, (0.025 mmol), Na,COs; (0.5 mmol), TBAB (0.25
mmol), 1, 4-dioxane (1 mL) at 100 °C for 24h under CO
(Latm balloon). Isolated yield. ® o-bromophenyl iodide (1a)
was replaced by 1,2-dibromobenzene. ¢ o-bromophenyl
iodide (1a) was replaced by o-chlorophenyl iodide. ¢ o-
bromophenyl iodide (l1a) was replaced by 1,2-
diiodobenzene.

Successively, the scope of various substituted o-
bromophenyl iodides with diphenylacetylene (2a) were
examined under the optimized conditions. As shown in
Table 3, the catalytic system could tolerate a variety of
functional substituents on o-bromophenyl iodide and gave
the corresponding indenones in moderate to excellent
yields (60%-99%). Except for the extremely electron-
withdrawing NO; group (3fa), the electron nature of the
substituents on the phenyl ring had no evidently effect on
the reaction (3ba, 3ca, 3da, 3ea, 3ga, 3ha, 3ia, 3ja), and
the lower yields of 3ka and 3la could be attributed to their
steric hindrance.

During our initial reaction conditions screening, it was
found that the presence of the ligands did not favor to
fulfill the three-component transformation. While without
the ligands, the reaction could provide a comparable

10.1002/adsc.201901309

desired product together with the observation of Pd-black.
Interestingly, introducing TBAB crucially changed the
reaction. This result was reminiscent of literature reports
that quaternary ammonium salts facilitated the formation

Table 3. Scope of o-bromophenyl iodide derivatives 2

PdCl,, TBAB )/

Br
N N
i Na,CO. i
R __NapbM3
@I * Ph—=—Ph 1,4-dioxane R _— Ph

100 °C 24h

3ba 99% 3ca 89% 3da 95% 3ea 86 /n

O,N H,CO0C ¢
o T Oo " 00 "
F Cl
3ga96% Ph 3ha 94% Ph 3ia 87%Ph

3fa 62% Ph

o o o
/ F / ]
CL T (D
FsC
Ph FPh F Ph

3ja 95% 3ka 60% 3la 70%

2 Reaction Conditions: 1 (0.5 mmol), 2a (0.25 mmol),
PdCl; (0.025 mmol), Na,COs3 (0.5 mmol), TBAB (0.25
mmol), 1, 4-dioxane (1 mL) at 100 °C for 24 h under CO
(balloon). Isolated yield.

and stabilization of Pd nanoparticles.[*4.06] We speculated
that the Pd" precursor was in situ reduced into Pd° as
nanoparticles. To verify the assumption, both mercury and
ligand poisoning studies!*>®1 were conducted. Either

Br

lpdo co /EZ Ph Ph cycllzatlon ‘ Ph
e
i

Pd 3ca

B pgi co _CO_cyclization O’ Ph
F
Path B Ph 3ha Ph

—194.64

— 19464

| |

1o 100 90
f1 (ppm)

Scheme 2. Mechanistic Investigations
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addition of 10 equiv. of Hg or 40 mol% of PPhs to the
reaction mixture,*®l no product was found under the
standard condition, which suggested that TBAB stabilized
palladium nanoparticles might the true catalyst.
Furthermore, it was no doubted that oxidative addition of
C-I bond to palladium nanoparticles to form arylpalladium
intermediate was the first step in the catalytic cycle.
However, which step occurred first between carbonylation
or alkynes insertion (Scheme 2, path A and path B)?
According the product structure presented in Table 3, path
B sounded more reasonable. For example, using 1h as the
substrate, path A and path B would give different product
3ca and 3ha respectively, and only 3ha obtained in the
reaction. Both 3ca and 3ha were known compounds and
easily identified with 3C NMR spectrum (Scheme 2).

With the above evidence, a proposed reaction
mechanism was then figured out in Scheme 3. In the prese-
nce of CO and TBAB, Pd'" precursor was reduced to Pd°
nanoparticles firstly, followed by the oxidative addition of
C-1 bond to form the intermediate A. Subsequently, alkyne
insertion generated the intermediate B, and on the surface
of nano-Pd® cluster, C-Br converted to C-Pd bond by
oxidative addition to form the intermediate C. Finally, the
catalytic cycle completed by a sequence of CO insertion
and reductive elimination to afford the desired indenone
and regenerate the active catalyst.

Pd"
o CO+ TBAB#V
[l A :
T ’ @
=

B r
Co//

Scheme 3. Proposed reaction mechanism

In summary, we have successfully developed an
appealing approach for the construction of indenones via a
ligand-free palladium-catalyzed three-component
carbonylation reaction by using commercially available o-
bromophenyl iodide derivatives and internal alkynes as
substrates under a balloon CO atmosphere. This newly
developed methodology is able to accommodate a variety
of substrates and affords the anticipated products in
moderate to excellent yields. This reaction may become a
useful alternative approach for the synthesis of acridones
derivatives. The desired indenones can be obtained in short
reaction steps when such substrates are readily available.
This cascade strategy provides the potential application in
the field of medicinal chemistry and material science.

Experimental Section

General Procedure for the Synthesis of Indenones

10.1002/adsc.201901309

To an oven dried Schlenk tube containing PdCl; (4.4 mg,
10 mol %), TBAB (80.6 mg, 0.25 mmol), Na,CO;3 (53.0
mg, 0.5 mmol) and diphenylacetylene (44.6 mg, 0.25
mmol). A balloon filled with CO was connected to the
Schlenk tube via the side tube and purged 3 times. Then o-
bromoiodobenzene (141.0 mg, 0.5 mmol) was added to the
tube. 1, 4-dioxane was then added to the tube via a syringe.
The Schlenk tube was heated at 100 °C for 24h and then
cooled to room temperature. After the balloon gas was
released carefully, the reaction was quenched by water and
extracted with ethyl acetate three times. The combined
organic layers were dried over anhydrous Na,SO. and
evaporated under vacuum. The desired products were
obtained in the corresponding yields after purification by
flash chromatography on silica gel with hexane/ethyl
acetate.
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