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Abstract: Pyrroles, ubiquitous bioactive heterocy-
cles in nature, are readily prepared via a palladium-
catalyzed oxidative annulation of cyclic trans-enam-
ines to various internal alkynes in the absence of
a directing group.
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The synthesis of N-heterocycles is an important field
of research because of their prevalence in natural
products and drugs."! Of the N-heterocycles, pyrroles
are well-known five-membered nitrogen-containing
heterocycles that form the structural scaffold of many
pharmaceuticals,” therefore, they are often used as
structural elements in medicinal chemistry. For exam-
ple, Atorvastatin (A) (Figure 1), marketed by Pfizer
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Figure 1. Examples of pyrrole pharmaceuticals.
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under the trade name Lipitor, is a member of the
drug class known as statins, used for lowering blood
cholesterol.”! Lamellarin D (B) has been found to be
cytotoxic to a wide range of cancer cell lines, and is
also a potent inhibitor of human topisomerase 160."
Zomepirac (C) is an orally effective non-steroidal
anti-inflammatory drugs (NSAID) that has antiopy-
retic actions.”) Compound (D) was identified as an
anti-cancer drug candidate.!

A number of methods have been reported for the
synthesis of pyrroles. The traditional methods are
Knorr," Paal-Knorr,® and Hantzsch reactions.”] Al-
though these methods are very helpful in assembling
pyrrole molecules, they exhibit some significant draw-
backs (e.g., low availability of starting materials, low
compatibility of functional groups, multiple synthetic
steps, and harsh reaction conditions), which have
largely limited their applications. However, the high
value of the pyrrole scaffold in medicinal chemistry
has still driven organic chemists to continue develop-
ing novel synthetic methods to prepare differentially
substituted pyrroles. Aside from traditional methods,
one of the most attractive modern approaches for the
direct synthesis of substituted pyrroles is the transi-
tion metal-catalyzed annulation reaction.'“!"!! Specifi-
cally, the groups of Glorius,'? Fagnou,land Acker-
mann!" have independently reported Rh(III)- or
Ru(II)-catalyzed oxidative couplings using a directing
group (DG) for aryl C—H bond functionalization fol-
lowed by insertion of an internal alkyne leading to
various substituted pyrroles (Scheme 1a).'">'! In this
article, we wish to disclose a new synthetic approach
through a direct Pd(II)-catalyzed oxidative coupling
of trans-enamines with internal alkynes in the absence
of DG [Eq. (2)].

In connection to our group’s continued interest in
developing efficient and direct palladium-catalyzed
C—H functionalization strategies,"”’ we decided to
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Scheme 1. Strategies involving C—H functionalization for the
preparation of pyrroles. a) Directing group-assisted ap-
proach; b) No directing group-assisted approach.

employ Pd(OAc), as the catalyst to explore the direct
annulation reaction of enamines!”® with alkynes. As
shown in Eq. (1), no reaction happened even when
a less bulky enamine was used (R'=H; NB: no di-
recting group on N atom) (see the details in Support-
ing Information). Surprisingly, both cis/trans (3-enami-
no esters exhibited poor reactivites even if they use-
fully considered as more active nucleophiles [Eq. (1):
R=H, R'=CO,Et; <5%]. We considered whether
the substrate reactivity is largely affected by both the
geometry and the steric hindrance of nucleophiles. To
test our hypothesis, a trans- and a less sterically hin-
dered 4-aminocoumarin la was synthesized and ap-
plied to the annulation reaction. Initially, a number of
oxidants was screened. As shown in Table 1, oxidants
were identified to be a critical factor in the process.
The reaction only occurred in the presence of a stoi-
chiometric amount of oxidant AgOAc or Cu(OAc),
at 100°C (entries7 and 8, 24% and 23% yield,
2.0 equiv., respectively). To further improve the effi-
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Table 1. Optimization of reaction conditions.

(@]
NH, Ph Ph o
oxidant, Ph N
0" "0 Ph solvent, T "C H
1a 2a 3aa
Entry  Oxidant Solvent Temp. Time 3aa
[°C] (h] [%]"
1 el DMAE 100 12 ]
2 AgOAc DMA 100 12 24
3 CuCl, DMA 100 12 —d
4 PhI(OAc), DMA 100 12 ]
5 Oxones DMA 100 12 —
6 BQ! DMA 100 12 ]
7 DDQ DMA 100 12 —a
8 Cu(OAc), DMA 100 12 23
9 Cu(OAc), DMSO 100 12 71
10 Cu(OAc), NMP! 100 12 32
11 Cu(OAc), MeCN 100 12 17
12 0, DMA 100 12 28
13 0, DMSO 100 12 97
14 0, DMSO  r.tU 72 45
15 Cu(OAc), DMSO r.tl 72 91
16 Cu(OAc),/0," DMSO rtl 72 90

(o) Reaction conditions: 1a (0.2mmol, 1.0equiv.), 2a
(0.6 mmol, 3.0 equiv.), Pd(OAc), (10 mol%), oxidant
(2.0 equiv.), DMSO (1 mL), 100°C.

[ Tsolated yield.

[l No oxidant.

[l No desired product was detected.

] 1,4-Benzoquinone.

1 2,3-Dichloro-5,6-dicyanobenzoquinone.

el Dimethylacetamide.

(1 Methylpyrrolidone.

1 Cu(OAc), (20 mol%) and O, balloon.

il Room temperature.

cacy of this reaction, various solvents (e.g., DMA,
NMP, MeCN and DMSO) were examined (Table 1,
entries 9-11), whereupon it was discovered that only
DMSO afforded a good chemical yield in 12h
(entry 11, 71%). Having the optimized oxidant, Cu-
(OAc),, and solvent, DMSO, in hand we then investi-
gated the effect of temperature. Pleasingly, a high
chemical yield was afforded at room temperature
even though a longer reaction time was required
(entry 15, 91%, 72h). However, a stoichiometric
amount of Cu(OAc), as oxidant was still used. Taking
into account the factors of the environment and costs
we tested a mixed oxidant of Cu(OAc), (20 mmol% )
and O, (balloon) in the light of oxygen’s green and
sustainable features.'”*! Gratifyingly, a high chemical
yield was afforded by using a catalytic amount of
Cu(OAc), (20 mol%) and an O, ballon at room tem-
perature (entry 13, 90%, 72h). We speculate that
oxygen plays a very important role in here. Firstly,
oxygen can itself work as an oxidant to directly recy-

Adpv. Synth. Catal. 0000, 000, 0—0


http://asc.wiley-vch.de

Palladium-Catalyzed Oxidative Annulation via C—H/N—H Functionalization

Advanced
Synthesis &
Catalysis

Table 2. Scope of 4-aminocoumarins.[?!

AN AN Pd(OAC)2
oo Cu OAc),, O,
h DMSO, .t R
2a 3aa-la

o) (0] (0]
Ph o Ph 1) Ph o)
7\ o B\ on A\
Ph N
N H N

Me Et
3aa, 90% 3ba, 89% 3ca, 99%

TN

3da, 92% 3ea, 72% 3fa, 89%

o 3 Q
Ph o Ph o Ph o
. . [\
N N OMe FPh™EN cl

3ga, 79% cl 3ha, 95% 3ia, 97%
o) o] o)
Ph Ph
(0} Me (0] Ph o)
o 7\ 7\ T\
N Ph— N Ph O
H H Me N
Me
3ja, 60% 3ka, 96% 3la, 98%

(2] Reaction conditions: 1a-1 (0.2 mmol, 1.0equiv.), 2a
(0.6 mmol, 3.0 equiv.), Pd(OAc), (10 mol%), Cu(OAc),
(20 mol% ), DMSO (1.0 mL), room temperature and O,
balloon.

cle the palladium catalyst by oxidizing Pd(0) to
Pd(II). Secondly, oxygen can regenerate the oxidant
Cu(OAc), by oxidizing the Cu(I) species to Cu(II).*

Under the optimal reaction conditions, various 4-
amino-2H-chromen-2-ones were surveyed (Table 2).
Reactions of 4-amino-2H-chromen-2-ones 1a-l having
electron-withdrawing or electron-donating groups
proceeded efficiently with moderate to excellent
yields (60-99%).”" To further indicate the generality
and potential of our approach, we then investigated
different alkynes 2. Table 2 and Table 3 show a broad
substrate tolerance among internal alkynes. In gener-
al, electron-rich symmetrical alkynes gave high reac-
tion yields (Table 3, 3ab-ac, 3af-ah, room tempera-
ture) while electron-deficient systems were less facile
(Table 3, 3ad and 3ae, 80°C). Heteroaryl and aliphatic
alkynes were also tolerated (3aj and 3ak). When
asymmetrical internal alkynes were employed, two re-
gioisomers were usually observed (Table 4, 3al-aq, r.r.
~1:1 to 2:1).”?! In the event that the internal alkynes
were highly electron deficient (2r and 2s), only one
regioisomer formed by following Markovnikov’s rule
in the alkyne addition step (Table 4, 3ar and 3as).
However, when dimethyl acetylenedicarboxylate (2t)
was used as the alkyne, the reaction failed (3at,
<5%).

To our delight, N-protected 4-aminocoumarin (1m)
underwent the Pd-catalyzed oxidative annulations
with good reactivity [Eq. (3), 60%]. Importantly, this
compatibility also extended to -enaminones (1n-o),
as evidenced by the synthesis of 3na and 3oa with
good yields under standard conditions [Eq. (4), 85%
and 80%, respectively]. As heterocyclic molecules
show dramatically different bioactive and electronic
properties, we also tried to expand our reaction to

\( o
NH Ph o
Ph Pd(OAc), A\
\ 0,
+ // (10 mol%) ' Ph N 3)
Cu(OAc), (2.0 equiv.)
Y Ph DMSO, 120 °C H/
1
m 2a 3ma, 60%
NH; Ph 0
y Ph
+ // standard conditions R /\ (4)
R
d o) Ph 80°C, 48 h R N’ Ph
H
1n-o 2a R = Me, 3na, 85%
e R=H, 302,80% .
0 Ph
Ph OMe KOH, Mel PhI(OAC), PY
I DMSO - UV (366 nm) 07 'NH O )
Ph N 80 °C 1,4-dioxane AN Ph
H 86% 87% 2
HO 0o
4 5
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Table 3. Scope of symmetric alkynes.[?!

o}
NH
2 R’ R? 0
X n / Pd(OAc), 0\
oo R? Cu(OAcp, 0, R'™Ny
DMSO, r.t. H
1a 2b-k 3ab-ak
MeQ cl
2 3 ) 9 &) 3
(e} le) (e}
y O Oy O
Me O H MeO O N cl H
3ab, 94% 3ac, 95% 3ad, 86%!"!
W
o}
A\
Oy
FsC H
3ae, 80%M

Me

3ah, 93% 3ai, 62% 3aj, 60%!"! 3ak, 63%0!

Me

[l Reaction conditions: 1a (0.2 mmol, 1.0 equiv.), 2b—k (0.6 mmol, 3.0 equiv.), Pd(OAc), (10 mol%), Cu(OAc), (20 mol%),
DMSO (1.0 mL), room temperature and O, balloon.
[l Reaction temperature: 80°C.

Table 4. Scope of asymmetric alkynes.”)

o)
NH, R! R2 o
SN Pd(OAc),
v Y Mop, TS
Cu(OAc),, O, RNy
o0 R2 DMSO, r.t. H
1a 2l-q 3al-at
d (e}
S | o
/ \ / \ 7\
O Q [y
O N
3al, 88%, (r.r. ~ 3:2)ll 3am, 92%, (r.r. ~ 2:1)l9 3a0, 81%P1(r.r. ~ 1:1) 3ap 83%0 (r.r. ~ 2:1)1
0
EtOOC o)
/ \ / \ 7\
O O O EtOOC EtOOC N
H
3aq, 85%, (r.r.~2:1) 3ar, 70%°! 3as, 40%! 3at, <5%

[l Reaction conditions: 1a (0.2 mmol, 1.0 equiv.), 2l-q (0.6 mmol, 3.0 equiv.), Pd(OAc), (10 mol%), Cu(OAc), (20 mol%),
DMSO (1.0 mL), room temperature and O, balloon.

] Reaction temperature: 80°C.

[l Ratio of regioisomers (r.r.).
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construct some other useful frameworks. Upon treat-
ment of product 3aa with KOH and Mel in DMSO at
80°C for 1 h, the highly functionalized pyrrole 4 was
obtained in 86% yield [Eq. (5)]. Additionally, the
photolysis of 3aa was also accomplished in the pres-
ence of iodobenzene diacetate under UV light,
smoothly affording the C-2 functionalized coumarin
5.1 Interestingly, most products 3 showed fluores-
cence in toluene within a range of 350450 nm (for
details see the Supporting Information).

To further understand the electronic effects of sub-
stituents, two comparative experiments were conduct-
ed (Scheme 2). Electron-rich 4-aminocoumarin 1d
and electron-deficient 1g exhibit similar reactivity
(Scheme 2, 3da:3ga=4:3). However, electron-rich
alkyne 2¢ was more favoured in the oxidative annula-
tion process than electron-deficient alkyne 2d
(Scheme 2, 3ac:3ad =8:1).

On the basis of known transition metal-catalyzed
C—H functionalization/oxidative annulation reactions,
we propose two possible mechanisms (Scheme 3). For

path a, the formation of pyrrole 3 presumably com-
mences with the palladation of 4-aminocoumarin 1la
to yield the palladium intermediate 6 (Scheme 3).
This is followed by syn-addition of the intermediate 6
to an internal alkyne 2a to generate the vinylpalladi-
um intermediate 7. Finally, intramolecular palladation
of 7 will lead to the formation of the palladacyclohex-
ene intermediate 8, which subsequently undergoes re-
ductive elimination to yield the coumarin-fused pyr-
role 3. Alternatively, alkyne 2 is initially activated by

palladium(II) which acts as a Lewis acid,” and subse-
quent aminopalladation® of alkyne 2 could occur to
form the intermediate 9 (Scheme 3, path b), which
generates the intermediate 10 by an acid-promoted
electrophilic aromatic palladation and subsequent
proton abstraction.’! The intermediate 10 then un-
dergoes reductive elimination to give the expected
product. The resulting palladium(0) is additionally
oxidized to palladium(II) to complete this catalytic
cycle.

Ph o)
Pd(OAc), 7
1d + 1g+ 2a errveresrw
g Cu(OAc),, O, TN
DMSO, r.t.
OM
3da 3ga=43
Pd(OAc), O
1a+ 2c+ 2d —_—— o
Cu(OAc),, O, / \
DMSO, rt. O O
3ac:3ad = 8:1
Scheme 2. Competition experiments.
NH,
L
Ph R1 (6] (0] R!
Ph 1a PdL, 2
HNS |||-—-Pd<n> NH | 2 NH, | R
PdL, ) Pl
X R2 Pathb | Patha ©\)I R? Ny R!
o” "0 (X o]
9 0] Pd(ll) 6
l [O]
Ph Pd(0)
Pd(0) ——
Ph
HN TS
L m
RZ7NN
o” "0 H
10 3

Scheme 3. Plausible mechanism.
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In summary, we have developed an efficient synthe-
sis of highly substituted pyrroles. The method utilizes
simple and readily available enamines and alkynes,
and employs direct Pd(II)-catalyzed oxidative annula-
tion. A mechanistic investigation of pyrrole-forming
reaction established a viable catalytic cycle. The mild
nature of the reaction (room temperature was used in
most of the pyrrole syntheses) should facilitate its
practical application in settings that feature multiple
labile functional groups. The significance of the pyr-
role scaffold as structural element should also render
this method attractive for both synthetic and medici-
nal chemistry.

Experimental Section

Typical Procedure

4-Aminocoumarin l1a (0.2 mmol), diphenylacetylene 2a
(0.6 mmol), Pd(OAc), (0.02mmol) and Cu(OAc),
(0.04 mmol) were added into DMSO (2 mL). The mixture
was stirred at r.t. under O, atmosphere for 72 h. The crude
product was purified by column chromatography on silica
gel eluted by EtOAc/hexane=1:4 to afford the desired
product 3aa as a white solid; yield: 90%. 'HNMR
(500 MHz, DMSO-d,, 298 K): 6=12.80 (s, 1H), 8.37-8.17
(m, 1H), 7.56-7.20 (m, 13H); *C NMR (125 MHz, DMSO-
ds, 298 K): 0=157.74, 151.61, 135.78, 133.88, 133.55, 131.49,
131.07, 129.24, 128.82, 128.18, 128.09, 127.14, 124.39, 122.11,
121.09, 117.00, 113.86, 107.29, 40.73, 40.46, 40.18, 39.90,
39.62, 39.35, 39.07; HR-MS (ESI): m/z=338.1177, calcd. for
[C,:H;sNO,+H]*: 338.1176.
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