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Recent Advances on Pyrrole Synthesis through
Different Annulation Modes

Xu, Xuetao® Chen, Jie* Ke, Junjie” Zhang, Kun“

Wu, Panpan™  Wang, Shaohua*”
(“ School of Biotechnology and Health Sciences, Wuyi University, Jiangmen, Guangdong 529020)
(® School of Pharmacy, Lanzhou University, Lanzhou 730000)

Abstract Pyrrole, as one of the most important heterocycles, broadly exists in various functional molecules ranging from
biological contexts to natural products, man-made bioactive molecules and functional materials. Such a fact has prompted the
methodology development toward the construction of such a structural unit. The recent advances on pyrrole synthesis are

summarized based on different cyclization modes.
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Pyrrole, as a basic five-membered aromatic heterocycle,
has been recognized as one of the most important hetero-
cycles due to its extensive utilities.!"™ Since its first detec-
tion by Runge in 1834 and structural confirmation by von
Bayer in the 1870s, pyrrole has been found not only in a
variety of biological contexts, but also in lots of natural
products, man-made bioactive molecules and functional
materials."'”! First of all, it is the basic component of a
series of porphyrin-derived pigments, like chlorophylls,
hemes and coenzyme F430, which are vital for nearly all
organisms (Figure 1).

Meanwhile, this heterocycle is also the key skeleton
moiety in many natural products mainly isolated from ma-
rine organisms, fungi, and bacteria exhibiting various bio-
logical activities. Some selected examples are shown in
Figure 2, such as lamellarin type!'"! of natural products and
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(+)-roseophilin''?! with good anticancer activities, cur-
vulamine!®! with Gram-positive and -negative antibiotic
activity, and synthetic challenging pyrrole-imidazole alka-
loid palau’amine!"*! and massadine!™ showing significant
immune suppressive activity and antifungal activity (Figure 2).

In the past several years, there were still a number of
natural products containing a pyrrole being isolated by
phytochemists, and some selected examples are listed in
Figure 3. Among them, 15'-oxoadenosceptrin and decar-
boxyagelamadin C, two special hybrid pyrrole-imidazole
alkaloids from the tropical sponge Agelass ceptrum, were
reported by Mufioz and Kock in 2016.1" In 2016, Tan and
co-workers isolated a unique indolizine alkaloid
curindolizine with potent anti-inflammatory action through
fungal cultivation.""”” Sinopyrines B—C, two new pyr-
role-bearing natural products from the family Menisper-
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Figure 1 Structures of chlorophylls, hemes and coenzyme F430

MeO lamellarin O (+)-roseophi|in curvulamine pa|au'amine massadine N'H2

Figure 2 Selected bioactive natural products with pyrrole skeleton
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Figure 3 Some representative natural products isolated during the past five years

maceae, were isolated by Tu and co-workers!"® from the sponge extract in 2019.

stems and rhizomes of Sinomenium acutum (Thumb.) The ubiquity and corresponding activities of pyrrole al-
Rehd. et Wils. Phallusialides A and B, two new pyr- kaloids also stimulate the use of pyrrole as one of the most
role-derived alkaloids showing antibacterial activity prevalent and privileged structural motifs for new func-
against methicillin resistant S. aureus and E. coli, has been tional molecule design leading to the development of vari-
isolated by Bugni and co-workers!'” from a marine- ous clinic drugs like Liptor for the treatment of high chol-
derived Micromonospora sp. Bacterium. Compound 1, a esterol, nonsquamous non-small cell lung cancer medicine
novel pyrrole-containing scalarane sesterterpenoid with Alimta, anti-inflammatory drug Tolmetin and anticancer
cytotoxicity against six human cancer cell lines, has also drug Sutent (Figure 4).

been isolated by Lee et al*® from the Scalarispongia
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Figure 4 Selected pyrrole containing clinic drugs

The significant importance of pyrrole has also been
prompting chemists’ continuous efforts to develop syn-
thetic methodologies toward the construction of such a
structural unit. Although there have been some review arti-
cles concerning the synthesis of pyrrole and its deriva-
tives,?'*?! and numerous novel synthetic methods have
been reported in the past five years. It is still necessary to
summarize the recent progress of pyrrole construction for
further advancement of such a research field and the dis-
covery of new functional molecules. Generally, pyrrole is
constructed through different cyclization modes, which can
be simply divided into five categories, i.e., annulation of
C4N1 unit, [4+1], [3+2], [3+1+1] and [2+2+1]. Ac-
cordingly, the recent progresses of pyrrole synthesis based
on above cyclization modes will be summarized.

1 Annulation of C4N1 unit

The annulation of C4N1 unit is one of the most direct
ways for pyrrole synthesis. Generally, since all the five
atoms required for constructing the five-membered ring
have been included in the substrates, most of methods are
focusing on the convenient introduction of substituents that
are either important for corresponding functional molecules
or readily for subsequent derivatization.

1.1 Ring isomerization

Isoxazole is a heterocycle that has been widely used to
construct pyrrole ring due to its special isomerization
property. In 2017, Khlebnikov and co-workers™™! reported
the first synthesis of pyrroles by isomerization of
4-vinylisoxazoles under mild reaction conditions with
cheap and available FeCl,*4H,0 as a catalyst in high yields
(Scheme 1). Under the activation of Fe catalyst, ring
opening of substrate would give a Fe-nitrene complex,
which could go through a 1,5-cyclization/isomerization to
afford the pyrrole product.
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FeCly» 4H,0

R? '

MeCN, 65 °C

/FeL O / FeL /FeL,,
J%/
2 =Ar, Et, C(?zMe 20 examples
R =Ar, 2-Th, ‘Bu up to 98% yield

X = OMe, NH,, pyrrolidin-1-yl

Scheme 1 Fe(II)-catalyzed ring isomerization

3,6-Dihydro-1,2-oxazines are another kind of heterocy-
cles used for the synthesis of pyrrole through ring contrac-
tion. Aiming to the development of a more environment
friendly strategy, Sawama group™ reported an efficient
and direct synthesis of pyrroles using 3,6-dihydro-1,2-
oxazines and a reusable heterogeneous copper on carbon
catalyst under neat heating conditions (Scheme 2). An
one-pot manner from nitroso dienophiles and 1,3-dienes
was also successful under the same conditions.

i
?r\?l S 0/\ _cuc _ < W ,
R‘I/ R1/N\/ R
19 examples
R" = aryl; R? = aryl, alkyl, Br up to 80% yield

Scheme 2 Ring contraction of 3,6-dihydro-1,2-oxazines

1.2 Direct cyclization

Homopropargyl amine is one of the most common sub-
strates for the pyrrole synthesis via direct cyclization.
Therefore, the current focus of such a strategy is how to
enhance the transformation efficiency during corresponding
cyclization. The introduction of an amido group during such
a ring formation process was realized by Reddy group'™
through a tandem heteropalladation/isocyanate insertion
cascade affording substituted furan/pyrrole-3-carboxamides
(Scheme 3).

'Irs
R! R® PdCl,, RNCO RN _R3
X \
NHTs  NayCOs, MeCN, 60 °C ,
R2 OH HN R
R", R2, R®=aryl; R = alkyl, aryl, Bn RO
SR RT=anyh R =alyl ary, 12 examples

Scheme 3 PdCl, mediated tandem heteropalladation/isocya-
nate insertion reaction

In 2018, Yan and co-workers®®® developed a metal-free
reaction to synthesize substituted sulfonylpyrroles from the
homopropargyl amines and sulfinic acids via tandem addi-
tion/cyclization in moderate to good yields, in which
tert-butyl nitrite (TBN) was employed as the oxidant for the
installation of the sulfonyl group (Scheme 4).

Chin. J. Org. Chem. 2021, 41, 206~228
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R! |
\/\ _R? 0 AcOH, TBN RI__N
N + — >

B R3/S\OH DCE, Ar, 100 °C m

R30,S
R" = Ph; R = aryl, alkyl, Bn; R® = aryl 2

34 examples
up to 90% yield

Scheme 4 Cyclization of homopropargylamines and sulfinic
acids

Inspired by the transformations of hydroxylamine deriv-
atives via the cleavage of N—O bond, Shen et al.*” re-
ported an iridium catalyzed fragmentation/cyclization of
N-butynyl 4,4-dimethylisoxazolidine-3,5-diones providing
substituted N-isobutyrylpyrroles (Scheme 5).

o) o]
O-N [Ir(coD)Cl], RI_N_
Ri_—_( >  EtOH, 140 °C, seal tube U
R2- R¥
1 LR2 = 21 examples
R' = aryl; R* = aryl, alkyl, H up to 83% yield

Scheme 5 Iridium-catalyzed fragmentation/cyclization cascade

In 2019, using enyne sulfonamides as substrates, Chen,
Zhu and co-workers®™ achieved a direct synthesis of fully
substituted formyl pyrrole derivatives under the catalysis of
IPrAuCl/AgNTf, (Scheme 6). During this process, an oxi-
dation of 3-methylene dihydropyrrole intermediate to
azafulvenium intermediate was proposed as the key step for
the formation of the final products.

Ts R?
R>-N H IPrAuCl/AgNTf,, DDQ R__N__R3
Rl—— MeOH/AcOH, DCE, N, 40 °C M
TS CHO
R2 R?
| R1 | |
Ts Ts
R" = aryl, alkyl 33 examples
R? = alkyl, Bn, H; R® = alkyl, aryl, Bn up to 75% yield

Scheme 6 Au-catalyzed cyclization of enyne sulfonamides

R%0,s M
N
CF
RO\ ) ° AgOOCCF;
<P
R2 Cone DMF, 80 °C R2
R', R? = aryl, alkyl; R® = aryl n
22 examples, up to 92% yield | |
! EWG = CFS —
R'_ N _CF, " R’
\ CsOPiv
R°0,8 COMe  DMF, 100 °C
RZ

R, R? = aryl, alkyl; R® = aryl
22 examples, up to 82% yield

Other than homopropargyl amine, propargyl amine is
another type of substrate that has been used in this reaction
mode, although it requires a suitable substituent on the
nitrogen atom. In the case of the substituent being a sub-
stituted vinyl moiety, an Au-catalyzed propargyl-Claisen
rearrangement/cyclization reaction of N-propargyl-N-vinyl
sulphonamides prepared by a base-mediated formal vinylic
substitution reaction of 2-bromoallyl sulfones was devel-
oped by Menon and co-workers® affording a series sub-
stituted pyrroles (Scheme 7). Moreover, the selectivity of
the cyclization pathway could be controlled by the catalyst,
and dihydropyridine products were obtained by using the
combination of Ph;PAuCl and AgSbF.

Using similar type of substrates, Wan and Xin er al.’"
achieved the selective synthesis of 2-trifluoromethyl-
5-(arylsulfonyl)methyl pyrroles and 2-trifluoromethyl-
4-(arylsulfonyl)methyl pyrroles from trifluoromethyl-
substituted 3-aza-1,5-enynes via a cyclization/sulfonyl-
migration cascade using AgOOCCF; and CsOPiv as cata-
lyst, respectively (Scheme 8). Additionally, alkylvinyl-
substituted pyrroles could be obtained from the substrates
with an ester group at the position of CF; group through aryl
sulfinic acid elimination under the promotion of Cs,COs.

R1
§02R2
I (JohnPhos)Au(CH5CN)SbFg N
\ /) SO,R®
SO,R3 CH,Cl,, 25 °C
N R!
2

SOR 15 examples

R' =H, aryl; RZ = CHj, Ph, p-Tol; R® = aryl up to 99% yield

Scheme 7 Au-promoted cyclization of N-propargyl-N-vinyl
sulphonamides

N-propargylic f-enaminones are another kind of sub-
strates applied to the pyrrole construction. In 2016, a strat-
egy using N-alkyl, N-propargylic f-enaminones as sub-
strates has been developed by Zhang and co-workers®" for
the synthesis of tetrasubstituted pyrroles in moderate to
good yields under the promotion of ‘BuOK (Scheme 9).

Interestingly, a simple replacement of the alkyl group on
nitrogen atom with hydrogen would lead to different results.
Using KOH as the promoter, Cui and co-workers™** ob-
served the formation of polysubstituted N-(2-pyridyl)-

'f'
RN _co,Me
CO,Me Cs,CO0; )/
THF, 80 °C \ COMe

EWG  EWG =CO,Me R?

R!, R® = aryl; R? = alkyl, Ph
16 examples, up to 90% yield

SO,R® n=1

Scheme 8 Silver or cesium catalyzed reaction of trifluoromethyl-substituted 3-aza-1,5-enynes
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R! R'" O
- ¥
J'\)L R Bk Y
N~ R2 DMF, r.t. N R?
Alkyl Alkyl
- ) 31 examples
R'=H, aryl; up to 74% yield

R? = alkyl; R® = aryl

Scheme 9 ‘BuOK-promoted annulation of N-propargylic -
enaminones

pyrroles, which were formed by the coupling of two in situ
generated intermediates (Scheme 10).

(o]
R1
1 2
0 I\ RN AR
R? ’
R'] N \N
| _koH | H

—
= N RZ CHCN R R2 \N/
H reflux x
R', R? = aryl oy _ o
| 4~ N7 TR? R
21 examples
up to 91% yield

Scheme 10 KOH-catalyzed cyclization of N-propargylic -
enaminones

In contrast, if ‘BuOK was used as the promoter, a selec-
tive cleavage of a C(CO)—C(sp”) bond would occur during
the cyclization reaction of N-propargyl p-enaminones,
which could give 2,3,4-trisubstituted pyrroles in moderate

to good yields (Scheme 11).5*
RZHh
7\
N R

0]

Ph
R1JK/|[ BUOK
—_—
CHCN, 50 °C

3
R2/\E i

H
R" = aryl, Me 25 examples
R2=H, aryl: R3 = aryl up to 87% yield

Scheme 11 ‘BuOK-mediated reaction of N-propargyl S-ena-
minones

In 2018, Lam’s group™* also reported a nickel- catalyzed

arylative cyclization of N-tosyl alkynamides affording
multisubstituted pyrroles with good yields, and this method
was applied for the formal synthesis of two boron-
dipyrromethenes and a known inhibitor of bovine cy-
clooxygenase and 5-lipoxygenase (Scheme 12).

(0]
R \/B\Ph
N
RE R
|| o) PPh, ligand Z/—g\

I+ R%B(OH)

Ni(OAc),+4H,0, TFE, 80 °C N~ R?
|

R
Ts
T_S 24 examples
R'=aryl ;
up to 93% yield

R2 = aryl, alkyl; R® = aryl
Scheme 12 Nickel-catalyzed cyclization of N-tosylalkyn-amide
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Based on their systematic studies on ynamines, Ye and
co-workers®®” developed a gold-catalyzed tandem cycliza-
tion of N-propargyl ynamides leading to a series of in-
deno[1,2-c]pyrroles in 2018 (Scheme 13). During this re-
action, a vinyl cation intermediate was proposed for the
second cyclization.

;
R _ " Aau©
H Rz_\_ | Au(ll N\
= 3AMS P
N DCE, rt. S
\
! w

R'= aryl, Me; R? = MeO, Me, F, Cl, Br; R® = Bs, Ts, Ms
Au(lll) = Dichloro(2-picolinato)gold(lll)

[Au] © R!
. _ R?
] A
R3/N Z g
16 examples
up to 85% vyield

Scheme 13  Gold-catalyzed tandem cyclization reaction

In 2019, Liu and Dong et al.®® published an organocat-
alytic cycloisomerisation of Z-1-iodo-4-N-methylbenzene-
sulfonyl-1,6-enynes to functionalized pyrroles in the pres-
ence of ‘BuOK. Based on some control experiments, a rad-
ical-type mechanism was proposed for this reaction
(Scheme 14).

Bu 'Bu
1 — 1
" R /_,} \_/ R
) I\ o
\ BUOK, THF, Ny, -10 °C N
'i' Ts
1_'5 10 examples
R'= aryl, alkyl up to 77% yield

Scheme 14 Organocatalytic cycloisomerization of Z-1-iodo-
4-N-methylbenzenesulfonyl-1,6-enynes

Besides above amine type of substrates, 1-alkynyl oxime
derivatives are also a kind of suitable starting materials for
the pyrrole synthesis. In 2016, using 1-(1-alkynyl)cyclo-
propyl oximes as the substrates, Shi and co-workers™”
disclosed a Pd(Il)-catalyzed tandem heterocyclization pro-
tocol for the synthesis of highly functionalized pyrroles
(Scheme 15). Since an intermolecular nucleophilic attack is
the key step for the pyrrole formation, diverse substituents
could be introduced through the use of different nucleo-
philes.

a-Diazo oxime ethers have been used for the construction
of a series of multisubstituted pyrroles by Xu and
co-workers®®*! affording products with good structural di-
versity (Scheme 16). Different from the work of Park,*” a
novel cascade process was proposed because of the pres-
ence of alkynyl moiety in the substrates.

Chin. J. Org. Chem. 2021, 41, 206~228
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I Pd(TFA), R3. N R4
R® NuH, r.t. or 80 °C A\
A\
R* Nu
NuH = RCO3H, ROH, TsNHBoc, CNCH,CO,Et 37 examples
R'=H, Ph, alkyl; R®=H, Me, Ph up to 96% yield

R*=aryl, Bn
when R =H, R®=H, Ac
when R? = Me, R® = Me

Scheme 15 Palladium-promoted cyclization of 1-(1-alkynyl)-
cyclopropyl oximes

OMe

MeO,C -0
NI 0 Cu(hfacac), M
_ =
R1)Yk0 _ DCE, 80 °C R R?
T /\RZ H
2

1 R2= 32 examples

R, R%=aryl, Me up to 93% yield

Scheme 16 Copper-catalyzed cyclization of propargyl o-imi-
nodiazoacetates

Following their research interests in chemical property
investigation of tertiary enamides, Wang, Tong and
co-workers* developed a practical method for the selec-
tive synthesis of pyrrole derivatives through an AICl;-
catalyzed cyclization/isomerization/dehydration aromatiza-
tion cascade of tertiaryenamides (Scheme 17). Additionally,
the selectivity of such a reaction could be switched by
simply using Sc(OTf); to give vicinal amino alcohol deriv-
atives.

1 R!
R _0
| J/ AlCl3 7\
RZON A o RN
,& 4 A MS, toluene, 50 °C ,&
R0 R0
R'=H, alkyl; 21 examples

R2, R3= aryl, alkyl up to 99% yield

Scheme 17 Aluminum-promoted cyclization of tertiary en-
amides

It is also noteworthy that non-arene nitrodienes have been
rarely used for the synthesis of pyrroles, despite the broad
utility of their analogues in the construction of indole type
of compound via the Cadogan-Sundberg approach. In 2017,
Karimi et al™" reported a Mo-catalyzed cyclization of
non-arene nitrodienes affording substituted pyrroles in the
presence of triphenylphosphine (Scheme 18). During this
reaction process, a nitrene intermediate was proposed based
on density functional theory (DFT) calculation.

R1 R1
MoO,(acac),, PPhs

I\
toluene, reflux Ar/Zj\Rz

N

H
8 examples
up to 64% yield

R'=H, Me
R2=H, Me, Et

Scheme 18 Molybdenum-catalyzed annulation of nitrodienes
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2 [4+1] mode

Formal [4+1] reaction mode is another very common
strategy for the construction of pyrrole ring, and normally
divided into two categories, i.e., N1 and C1 unit participated
cyclization modes, of which the first one is more frequently
used.

2.1 N1 unit participated mode

In the case of N1 unit related methods, it can reach back
to the classic Paal-Knorr cyclization. Nowadays, based on
the same cyclization strategy, corresponding methodology
development has been shifted to the in situ generation of
1,4-dicarbonyl intermediate and its surrogates.

Generally, oxidation of 1,4-diols represents one of the
most direct way to obtain 1,4-dicarbonyl precursors.
Compared with traditional oxidation conditions, catalytic
dehydrogenation of alcohols represent a sustainable way for
the synthesis of corresponding carbonyl compounds, and
have been used for the construction of pyrrole ring by sev-
eral research groups. In 2016, Milstein and co-workers'*
developed a cobalt pincer complexes catalyzed coupling
reactions of diols with amines via dehydrogenative coupling
to prepare substituted pyrroles in good to excellent yields.
And water and H, are the only by-products during this re-
action (Scheme 19).

OH R2

1 cat., NaHBEt;, ‘BuOK !
RY\)\R1 + R2NH, 2 RN _R!

toluene, 150 °C U

OH e ,
R"= CHs, Ph, H ' | N ! 15 examples
R2=alkyl, aryl, Bn  |cat = 7 | up to 93% yield

: HN-—-CoPBU, |
; /> :
: e :

Scheme 19 Cobalt pincer complexes promoted synthesis of
pyrroles

In 2018, using a sustainable nickel catalyst, Banerjee and
co-workers!*! reported a direct synthesis of N-substituted
pyrroles from 2-butene-1,4-diols or 2-butyne-1,4-diols with
aryl- and alkylamines (Scheme 20).

R2
HO, OH NiCl, L, Na,CO, |
>—=J + R2NH, - rRi__N
R toluene, 130 ~ 140 °C \@
R'= CHa, Ph, H L /\L/—\ | 35examples
RZ=alkylaryl,Bn | U7 Ny N7 | Upto90%yield

Scheme 20 Nickel-mediated pyrrole synthesis via a formal
[4+ 1] cyclization

Rearrangement reaction is another way to generate
1,4-carbonyl intermediates. In 2015, toward the construc-
tion of cyclopenta[b]pyrrole moiety, a common skeleton of
a series of bioactive molecules, Wang and co-workers*"
developed an Au(I)-catalyzed tandem reaction for the syn-
thesis of tetrahydrocyclopenta[b]pyrroles, from which a
potent anti-inflammatory agent was obtained (Scheme 21).
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During this process, a 1,4-dicarbonyl intermediate was
formed through a Meyer-Schuster/semipinacol rearrange-
ment cascade for the final cyclization. Leboeuf and
co-workers!*”! also described a one-pot reaction sequence to
generate similar types of products using 2-furylcarbinols
and anilines as substrates under the catalysis of Ca(NTf;),
and Cu(OTHf,), (Scheme 22).

R R?
PPh3AuCI, AgOTf s
R2 f f n-heptane, 80 °C R°NH,
Meyer-Schuster/ O Paal-Knorr N -
OHL semipinacol cyclization | R3-N\ A
R']

OH rearrangement R?

R = aryl, alkyl
R? = H, Ph; R = aryl, alkyl, Bn, propargy!

23 examples
up to 65% yield

Scheme 21 Au-catalyzed rearrangement/cyclization cascade
O _
R \\ =R, @ (1) Ca(NTf,),, ("Bu);NPFg
R2 (2) Cu(OTf),
OH
R3
—
N\ _N R
I / R', R? = aryl, alkyl, H; R® = aryl
o R2 R! = R* = alkyl, F, Cl, I, OMe, CO,Me, acetyl
28 examples
up to 98% yield

Scheme 22 One pot sequence between 2-furylcarbinols and
anilines for pyrrole construction

Shao and co-workers*® reported a Zn(OTH),-catalyzed
synthesis of 3-polyhydroxyalkyl-substituted pyrrole deriv-
atives via the coupling reaction between 1,2-cyclopro-
panated sugars and amines in 2015 (Scheme 23). The cor-
responding 1,4-dicarbonyl type of intermediate was gener-
ated by a Zinc-catalyzed ring opening of cyclopropane
moiety.

R
N
R, 2NOT: _zn@Th, _ \ /HO
+
< 2" CH,Cly, 40 °C , OBn
B

OBn n=0,1 BnO OBn
R = aryl, alkyl, Bn, propargyl, allyl 26 examples
Y Y propargy’. aly up to 93% yield

Scheme 23 Zinc-mediated cyclization process between 1,2-
cyclopropanated sugars and amines

Using carbohydrates and primary amines as substrates,
Koo and co-workers!*”! also published a one-pot conversion
method for the synthesis of pyrrole-2-carbaldehydes in the
presence of oxalic acid as promoter, and applied it to the
synthesis of 2-benzyl and 2-methylpyrrolo[1,4]oxazin-3-
one, lobechine and (—)-hanishin (Scheme 24).

Other than the strategies above, N1 unit related [4+1]
mode also could go through intermediates that have been
used in the [5+0] cyclization strategy. In 2015, a copper-
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FiR5itR
OH R
HO OH (COoH), X [lj IO
x RN Thuso s0c v
HO™ ~O '

- R = 15 examples

X=H,OH;R= 1, alkyl, Bn, 1, allyl -
aryl, alyl, Bn, propargyl &l o to 54% yield

Scheme 24 Oxalic acid promoted reaction of carbohydrates
and primary amines

catalyzed addition/cyclization cascade via a homopropargyl
amine intermediate was developed by Punniyamurthy et
al ™ affording 3-nitro substituted pyrroles in good yields
(Scheme 25).

R2 R?
Z Cu(OTf 1. N 2
2 u(OoTf)
oaN PR, e R
| THF, rt.
R! O,N
R', R% R®=aryl 22 examples
up to 90% yield

Scheme 25 Copper-catalyzed cyclization between 1,3-enynes
with aromatic amines

Using 3-en-1-ynamides as substrates, Ye and
co-workers!* exploited a gold-catalyzed [4+ 1] cyclization
with benzyl azides via a Nazarov cyclization of in situ
generated gold-carbene intermediate leading to a series of
2-aminopyrroles in moderate to good yields (Scheme 26).
Compared with known literature report, this reaction fea-
tures high flexibility and mild reaction conditions.

R3 R2
|
N. IPrAuNTf, /
= “Ms 4 RiN,————» [R N—R* |~
R2N 3AMS
R DCE, 60 °C LAU N—Ms
/
R' = H, alkyl; R2 = H, alkyl, aryl R®
R® = Ph, alkyl; R* = Bn, bromobenzyl
4
R R
r2__N_ K
U “Ms
R1
17 examples
up to 76% yield

Scheme 26 Gold-catalyzed cyclization of benzyl azides and
3-en-1-ynamides

Liu’s group has contributed a series of systematic studies
on functionalization of alkene/alkyne/enyne type of com-
pounds. As an part of their studies on nitrone involved
methodology development, Liu and co-workers®” de-
scribed a gold-catalyzed N,O-functionalization of 1,4-diyn-
3-ols with N-hydroxyanilines giving multisubstituted pyr-
roles (Scheme 27). This reaction shows very broad substrate
scope, and has been applied to the synthesis of a known
PED4 inhibitor. During this reaction, an oxygen transfer/
aza-Nazarov cyclization cascade of in situ generated
nitrone was proposed.
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[Auy RS
HHO RS hitrone Il O oxygen
N~ formation (Au]; ' _R® transfer R2 ( o
RO Z R X l /N\
R2 RZ R1 R5
R‘I
R' R®= aryl, alkyl, vinyl; R? = alkyl 38 examples
aryl, alkyl, vinyl; R”= alky up to 93% yield

R* = alkyl, H; R® = aryl

Scheme 27 Gold-catalyzed cyclization of 1,4-diyn-3-ols with

N-hydroxyanilines

2.2 C1 unit participated mode

As for the C1 unit related strategies, allylic amines or
propargyl amines are more often used substrates due to the
nucleophilicity of the corresponding nitrogen atom.

In 2015, Jun and co-workers®®® published a Rhodium(III)
catalyzed coupling reaction between allylamines and al-
kenes in the presence of AgOAc affording substituted pyr-
roles (Scheme 30). However, the alkene substrates are lim-
ited to alkenes possessing electron-withdrawing groups.

R4
R® N
1 4 CpRACly],, AgOAc  R®
R N/R + RS [Cp blo, Ag \M/\RS
| H =/ CH,CN, 80 °C
R2 R' R?
R'=Ph, Me, H; RZ, R® = Me, H 15 examples

up to 86% yield

R* = Bn, Ph, "Bu, H, PhCH,CH,
R5 = CO,Et, CO,Bu, CO,/Bu, CN

Following their research results on isoxazole based cy-
clization, Liu and co-workers”®" also developed a gold-
catalyzed [4+ 1] annulation reactions for the construction
of pyrrole core using 1,4-diyn-3-ols and isoxazoles as sub-
strates (Scheme 28). Based on the reaction results, an in-
teresting 1,2-alkyne migration was proposed for this trans-

Scheme 30
mines and alkenes

Rhodium and silver-catalyzed reaction of allyla-

In the same year, Sakai and co-workers™* developed a

highly efficient CuCl,-catalyzed [4+ 1] annulation of pro-

formation.

>_7/R4 IPrAuCI/AgOTf
/\ T DCE80C
R1—aryl alkyl; R2 aryl, alkyl, H
R3, R*=H, aryl, alkyl

RY{_O
RWO R _~
R1 N 2
\ / R
o
R2 2_H
31 examples

up to 98% yield

Scheme 28 Gold-promoted reaction of 1,4-diyn-3-ols and

isoxazoles

Subsequently, they further extended such a strategy to
4-methoxy-1,2-dienyl-5-ynes and anthranils, which could
go through a gold-catalyzed [4+ 1]-annulations to yield

1,2,3,5-tetrasubstituted pyrroles (Scheme 29).15%

R1
It 2
'f /N\ IPrAUCAGTFA [~
] OMe 3 = DCE 70°C

R1—aryl alkyl; R? = Cl, Br, Me, OMe, H 1Sexamp|es
R® = Cl, Br, Me, OMe, OAc, H; R*=H, Me  up to 76% yield

Scheme 29 Gold-catalyzed cyclization between 4-methoxy-

1,2-dienyl-5-ynes and anthranils

pargylamines with N,O-acetals leading to the generation of
polysubstituted pyrroles (Scheme 31). Based on this trans-
formation, they further developed a simplified version by
employing ethyl glyoxylate and pyrrolidine as
N,O-hemiacetal source, which could be converted to the
corresponding pyrroles with propargylamines under the
catalysis of copper(II) chloride.”” However, both substrate
scope and reaction yields were affected.

| | R3 R4 $2
N” CUC|2 R’I N RS
RONH © L. Ttoluene, 100°C A s
L MeO~ "R
R 20 examples
R'=alkyl, aryl, H; R? = aryl, Bu up to 91% yield

R3 = R* = Et, (CH,)s
R®= CO,Me, COPh, CONRy; NRZ = piperidinyl

2
| | Q CuCl,, piperidine Flz
1 * W OR toluens, 100°C . R<(\S-R?
- Wy
R2
R'=Ph, H; R2=aryl 15 examples
R3® = CO,Me, COPh up to 67% yield

Scheme 31 Copper catalyzed annulation of propargylamines

Using a-tosylamide allenes and alkynes as substrates,
Bickvall and co-workers®® successfully developed a
one-pot strategy for the synthesis of substituted pyrroles via
the catalysis of Pd(OAc), (Scheme 32). In the presence of
the tosylamide moiety, the first coupling reaction could
proceed regiospecifically toward the final cyclization.
Moreover, the chemoselectivity of this tandem reaction
could be controlled by the solvent used leading to the se-
lective synthesis of (Z)-tetrasubstituted olefins or 2,5-di-
hydropyrroles.
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Scheme 32 Palladium-promoted pyrrole synthesis between
a-tosylamideallenes and alkynes

Besides above amines, imine type of compound has also
been used in such a [4+ 1] cyclization mode. In 2016,
Arndtsen and co-workers®” reported a palladium-catalyzed
multicomponent reaction to generate polycyclic pyrroles
from alkyne-tethered imines, aryl iodides and CO (Scheme
33). This reaction utilized the dicarbonylative formation of
Miinchnone, which cyclized spontaneously with tethered
alkynes to give polycyclic pyrroles. Through the modifica-
tion of the reaction conditions, the authors also achieved the
selective introduction of two different aryl group (R’ and
R?) to the products.

R1
|
N 3
_p3 R
|I—R®+ CO \ /
R2 Pd(P'Bug), bo) R2
\ BUNCI, EINPr g1 _ gt B R2 = H, Me, Ph
. CH4CN, 40 °C R? = anyl
H _N/ 19 examples, up to 95% yield
I—R3 +|—R*
(1) Pd(P'Bus), R’
Cul, PBus N__R*
NEtPr,, CH,CN, r.t. \
(2) BuNCI, co,40°c  © R3
R'=Et,Bn;R2=H
R3 R*=aryl

8 examples, up to 72% yield

Scheme 33 Palladium-catalyzed reaction of imines, aryl io-
dides and CO

In 2017, Xiao and co-workers®™ reported a [4+1] cy-
cloaddition reaction of sulfurylides and «,f-unsaturated
imines for preparation of polysubstituted pyrroles through a
formal [4+ 1] cycloaddition/Elcb elimination/aromatiza-
tion process (Scheme 34). Such a reaction features simple
operation, high efficiency, mild and metal-free conditions,
and the readily available starting materials.

H
TCOZW ROC  ,  CFiCHOHrt e N__COR?
* \_—S\+ then EtONa, 40 °C \
R'0,C

30 examples
up to 98% yield

N R2
|

Ts
R'= Me, Et, Bn, ‘Bu; R? = aryl

R® = aryl, alkyl, OEt

Scheme 34 Cycloaddition reaction of sulfurylides and a,f-
unsaturated imines

Based on the special chemical property of isoxazole in
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pyrrole synthesis, Liu group®®” reported a [4+1] cycliza-
tion of isoxazoles and propiolate derivatives (Scheme 35).
This reaction should be initiated by a O-attack pathway to
the seven-membered intermediate followed by an intramo-
lecular cyclization/1,5-acyl shift/1,5-hydrogen shift to give
the substituted pyrroles.

; O
3 R [Au]
/}\ >_7/R IPrAuCI/AgNTf; ) X

" DCE s0°C N

I
3)\/4

R1 = aryl, alkyl R?
R?, R3 = alkyl
o H
N R2
XA\
—_—
R® o
R1
13 examples
up to 95% yield

Scheme 35 Gold-promoted cyclization of isoxazoles and pro-
piolate

Interestingly, the substituent pattern of isoxazoles affects
the reaction results clearly. If there was no substituent on the
isoxazole ring, 3,8-dicarbonylimidazo[1,2-a]pyridines
would be obtained.

3 [3+2] mode

Formal [3+2] mode is the most commonly used cy-
clization way for pyrrole synthesis due to the following
reasons. First, lots of combinations could propose for such a
reaction mode. Second, since only two substrates are in-
volved, corresponding reaction condition optimization is
relatively easy. Accordingly, recent work on this mode will
be introduced based on the structural feature of the sub-
strates.

3.1 Amine and related derivatives as substrates

As a big group of substrates for pyrrole synthesis, amine
and related derivatives are usually readily available.
Therefore, most of recent results were focused on the de-
velopment of new catalytic system.

In 2016, following their research results in the synthesis
of 2,3-disubstituted furans, Cheng and co-workers'®” re-
ported a tandem coupling/cyclization reaction between
methylene ketones and diethanolamines affording substi-
tuted pyrroles with a 2-hydroxyethyl at 1-position (Scheme
36). During this procedure, a coupling of two radical in-
termediates generated by a-hydrogen abstraction of two
substrates was proposed.

As mentioned in [4+1] mode section, catalytic dehy-
drogenation of alcohols, as an important and practical way
for the synthesis of carbonyl compounds, has received
considerable attentions in recent years, and also been ap-
plied to the construction of pyrrole ring through [3+2]
mode, of which the simplest retrosynthetic way is from the
combination of f-amino alcohol and substituted ethanol.
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Scheme 36 Fe-promoted cyclization reaction between meth-
ylene ketones and diethanolamines

Using this strategy, Shimizu and co-workers'®"! described
the synthesis of 2,5-disubstituted pyrroles via dehydro-
genative condensation of secondary alcohols and 1,2-amino
alcohols under the catalysis of Pt/C in 2016 (Scheme 37).

1
RjNH2+ /L PUC, KOBU s H R2
HO” “R2 diglyme, 125 °C U
HO gly \ /)
R'= alkyl, Ph 18 examples
R2 = alkyl, aryl up to 92% vyield

Scheme 37 Pt/C-catalyzed annulation of secondary alco-
hols and 1,2-amino alcohols

Based on their interest in metal-catalyzed sustainable
synthesis of heterocycles, Kempe and co-workers!®! re-
ported the first base-metal-catalyzed synthesis of pyrroles
from alcohols and amino alcohols (Scheme 38). The reac-
tion proceeds under mild conditions at manganese catalyst
loading as low as 0.5 mol%, and has a broad substrate scope
and attractive functional-group tolerance. Later on, Yul®”
and Balaraman'®” groups also published similar type of
cyclization reaction using their own pincer-type Ru(I)-
NNP complex and sulphur based SNS-cobalt(II) pincer
complexes as catalysts, respectively.

Ph
SN
HNT N7 NH
(i-Pr)P—Mn-—P(j-Pr), H
.R1 1. N 3
. RTOH HO oc” o Br RUR
\ + ¢
2 H,N” OR® ‘BUOK, 2-MeTHF, reflux "\ 7
R'= alkyl, aryl; R? = H, alkyl 29 examples
i y up to 93% yield

R3= alkyl, Ph, Bn

Scheme 38 Manganese-catalyzed pyrrole synthesis from al-
cohols and amino alcohols

As a continuation of Liu and Li group'® on gold-

catalyzed methodology development, a gold-catalyzed
synthesis of substituted pyrroles via a hydroamination/
cyclization cascade of a-amino ketones and alkynes was
reported in 2015 (Scheme 39). During the substrate scope
investigation, high regioselectivity was achieved by
choosing proper alkyne substrates, and it should be noted

Chin. J. Org. Chem. 2021, 41, 206~228

© 2021 Chinese Chemical Society & SIOC, CAS

that N-Ts and N-Bz protected aminoketones were not ap-
plicable to this reaction.

l'Bu SbFg
t +
Bu~p_au-NCMe

3
R - N
R3HN RN
+
f R“LO MgO, DCM, 100 °C M

R2 in seal tube RZ R4
l hydroamination -H20T
5, AuL R? R2 R

R
Oﬂ\(rv H o RKR* \
AutL cyclization HO N-p3
R4J\/N\R3 R4J\/N\R3 R4 +R

31 examples
1= C - R2 =

R" = aryl, °Pr, CO,Et; R —.H, CO,Et up to 94% yield
R3 = aryl; R* = aryl, alkyl, vinyl

Scheme 39 Gold-catalyzed cyclization of a-amino ketones and
alkynes

In 2016, a Lewis base-catalyzed [3 + 2] cyclization/
aromatization process was described by Tong and
co-workers (Scheme 40).! In such a tandem procedure,
2-aminoketone derivatives were used as N1C2 bisnucleo-
phile units to react with f'-acetoxyallenoate affording
2,3 4-trisubstituted pyrroles in moderate to good yields. Ad-
ditionally, when 1,4-dithane-2,5-diol was used as the bisnu-
cleophile partner, fully substituted thiophene-2-carbaldehyde
could be obtained through this reaction protocol.

R H

N
COBn 0o DABCO, Na,CO; O)\S_Z
B —— e
* RJ\/NHTS dioxane, 50 °C CO.B
OAc 2Bn
13 examples
R = aryl, alkyl up to 75% yield

Scheme 40 Lewis base-catalyzed cyclization protocol of 2-
aminoketones with f’-acetoxyallenoate

Enamine is also a very common C2NI1 unit used for
pyrrole synthesis, and a nucleophilic addition is normally
the first step for corresponding cyclization process. Among
the electrophiles, alkynes are used more often in the past
several years since the pioneering work of Stuart and Glo-
rius et a1 In 2015, inspired by the work of Yoshida,*”’
Hu and co-workers!”” developed a copper-catalyzed cy-
cloaddition of propargylic esters with f-enamino esters to
generate pyrroles in the presence of nonchiral P,N,N-ligand
(Scheme 41). During such a reaction, a Cu-allenylidene
intermediate was proposed for the key nucleophilic addition
step. A very similar reaction model under microwave irra-
diation was also reported by Cui and co-workers!’"! in 2016.

After developing a method on the synthesis of a-enamino
esters from a-amino acid esters, Xie and co-workers!’?
presented a oxidative coupling reaction between a-enamino
esters and activated alkynes under Cu(II)-promoted condi-
tions to form polysubstituted pyrroles in high yields
(Scheme 42). In this methodology, a-enamino esters were
used for the first time as the substrates for the synthesis of
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Scheme 41 Copper-catalyzed cycloaddition of propargylic
esters with f-enamino esters

polysubstituted pyrroles.

} CO,4R? Ar CO,R?
RTOC | NH; | Cu(OAc),, PdCl, l_g\ 2
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2 R3
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Scheme 42 Cu(Il)-promoted annulation of a-enamino esters
and activated alkynes

In 2016, Zhang and co-workers'”” reported a regioselec-
tive cobalt-catalyzed synthesis of pyrroles from enamides
and alkynes in the present of AgOTf and CuO (Scheme 43).
This synthesis system presented excellent substrate tolera-
tion and regioselectivity, and the carbon-carbon and car-
bon-nitrogen bonds were simultaneously constructed. In the
same year, Pawar and co-workers!”* also published a very
similar reaction using same strategy.

R1 R2 R3
CpCo(CO)l,, AgOTF, KOAC
HN + | | 279 : . 2 / 1
o s CuO, CF3CH,0H, air, 100°C R N R
R |
R' = H, aryl, CO,Me, cyclopropyl o5 Ac |
22 oy R3 = examples
R“ = aryl, "Pr; R® = H, aryl, alkyl, CO,Et up to 93% yield

Scheme 43 Cobalt-catalyzed cycloaddition of enamides and
alkynes

Using enamines and allenes as substrates, Deng and Luo
et al’ developed an I,-catalyzed tandem reaction afford-
ing polysubstituted pyrroles in moderate to excellent yields
through a Michael addition/oxidative annulation pathway
(Scheme 44). Especially, high regioselectivities could be
obtained when unsymmetric allenes were used.

Under the catalysis of I, an annulation between N-
methyl-N-[(E)-1-(methylsulfanyl)-2-nitro-1-ethenyl]amine
and pS-nitrostyrene was developed by Shanmugam and
co-workers (Scheme 45).7) Moreover, some of the pyrrole
products showed good activities against a panel of Gram
positive and negative infectious pathogens.
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R' = Et, Bn, aryl; RZ = aryl, alkyl;
R3 = OMe, OEt, OBn, O'Pr, O'Bu, Ph;
R* = Et, CO,Et, Bn, "Bu, aryl; R® = Me, Et

25 examples
up to 91% yield

Scheme 44 I,-catalyzed reaction between enamines and al-
lenes

R!

Me s NHMe R! NO,

SV e F&
55 °C SMe
O,
R1 = aryI

14 examples

up to 90% yield

Scheme 45  1,-catalyzed annulations of S-nitrostyrene

In 2015, Jin and co-workers!””! reported a K3POy-
catalyzed coupling reaction between propargyl amines and
activated alkynes affording multisubstituted pyrroles
(Scheme 46). This reaction went through a Michael addi-
tion/alkyne carbocyclization process. Interestingly, chang-
ing the base catalyst to CsF led to different pyrrole products
through a Michael addition/aza-Claisen rearrangement/
cyclization sequence. In 2017, a similar type of cyclization
reactions have also been described by Hua er al.’® using
silver catalyst.

R! R® CO,Me
> — g3 KsPO,
- +R*—=—=—CO,Me i\

HN DMSO, 120°C R R
R2 N
Mlchael addition R?

aromatizationT-H+

COZIVIealkyne CO,Me CO,Me
Ji carbocyclization b isomerization
+/

R' -aIkyI Ph, H; Rz-alkyl Bn

3 " 28 examples
R® =H, Ph; R* = H, Me, CO,Me

up to 81% yield
Scheme 46 K;POy-catalyzed cyclization between propargyl
amines and activated alkynes

Using propargylamines and ethyl vinyl ether as sub-
strates, Castagnolo and co-workers'””! developed a micro-
wave promoted enyne cross metathesis reaction giving
substituted pyrroles (Scheme 47). As the first enyne cross
metathesis reaction to form pyrroles, this one-pot procedure
also features high reaction speed and has been applied to the
synthesis of a natural alkaloid.
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Scheme 47 Rhodium-promoted annulation of propargyla-
mines and ethyl vinyl ether

In 2016, an efficient synthesis of multisubstituted pyr-
roles via a copper-catalyzed tandem three-component reac-
tion was developed by Wang and co-workers (Scheme
48).% In this reaction, an interesting nucleophilic addi-
tion/cyclization/aromatization cascade of very basic chem-
icals, i.e., aromatic alkenes/alkynes, trimethylsilyl cyanide
and N,N-disubstituted formamides, has been proposed with
the generation of the key a-aminonitrile intermediates.

R R
? i T3
1 X Cu(OTf),, DDQ
N s TMSON ¢ | e NG R
k \ ! neat or | '
R2~ 3 n-heptane/ R*--- 2
_ Et,NCOCHj3, 70 °C -
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i R2" . N “ “CNcycloaddition R'--
“R27" 29 examples
R' = alkyl, B, Ph: R? = H. alkyl, Ph up to 92% vyield

R3 = aryl, Bn; R* = H, Ph

Scheme 48 Copper-catalyzed three component reaction for
pyrrole synthesis

In 2019, Hu group®™’ described a 1,5-dizzabicyclo-
[5.4.0]undecen-5-ene (DBU)-promoted method for the
synthesis of pyrroles from a,f-unsaturated ynones and
N-substituted ethyl glycine ethyl ester hydrochlorides in
good yields (Scheme 49). This protocol is a transi-
tion-metal-free tandem Michael-addition/cyclization pro-
cess, which shows advantages of mild reaction conditions,
readily available starting materials and a wide scope of
substrates.

2
R CO,Et R
( (1) DBU, EtOH, r.t.
- NH HCl ° ()
) (2) DBU, DMSO, 140°C  gt0,c—"~\~ ~R?
RS0 R R
R' = alkyl, aryl, Bn; R = H, aryl, alkyl 30 examples
R3=H, alkyl, Ph, Bn, Boc up to 85% yield

Scheme 49 DBU-promoted annulation of ynones and N-sub-
stituted ethyl glycine ethyl ester

Chin. J. Org. Chem. 2021, 41, 206~228

© 2021 Chinese Chemical Society & SIOC, CAS

3.2 Isocyanides as substrates

Isocyanides are also one kind of popular substrate used
for pyrrole synthesis via [3+2] mode as N1C2 unit. In
2015, Yang and co-workers™ reported a silver-catalyzed
strategy to construct substituted-pyrroles from isocyanides
and chromones (Scheme 50). This reaction could produce
polysubstituted pyrroles in good yields through a Michael
addition/cyclization/isomerization process.

OH

o {0
| =z . <R2 Ag,CO3, K,CO;4 \. /
gty =
o ne  DMF, 100°C /N\ i
H
N+
2
F(ﬁ;ib HO
Michael addition/cyclization/isomerization
R' = H, alkyl, OMe, Ph, F, CI, Br uﬁloeggﬁgpﬁd

R? = CO,Me, CO,Et, Ph

Scheme 50 Silver-catalyzed cyclization of isocyanides and
chromones

Similar type of products could also be obtained by using
methyl isocyanoacetate and aurone analogues under transi-
tion-metal-free conditions (Scheme 51).*% This procedure
reported by Shao and co-workers could yield pyrroles in
excellent yields through a cycloadduct intermediate, and
features operational simplicity and atom economy.

R
— R £
> [
\_/
EWG NaoH o HO (0]
MeOH. rt. Ar =
NC MeOH, r.t. { WM )—Ar
N
EWG EWG
R =H, Me, OMe, Br 20 examples
EWG = CO,Me, Ts up to 99% vyield

Scheme 51 Cyclization between methyl isocyanoacetate and
aurone analogues

Different from above ring opening step for final aroma-
tization, a ring expansion of corresponding spirocyclic
intermediate was observed during a one-pot synthesis of 6-
to 8-membered pyrrololactams by Oh and co-workers
(Scheme 52)."*! This procedure was achieved through the
alkyne-isocyanide cycloaddition followed by a spontaneous
ring expansion of spiro-2H-pyrrole.

Using ethyl allenoates and activated isocyanides as sub-
strates, Yu and Lu e al.™®' developed a copper-catalyzed
cyclization reaction for the synthesis of substituted pyrroles
(Scheme 53). During this process, an interesting elimination
and re-addition of the EWG group was observed.
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Scheme 52 Copper-catalyzed alkyne-isocyanide cycloaddi-
tion/ring expansion reaction
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Scheme 53 Copper-catalyzed cyclization of ethyl alleno-
ates and activated isocyanides

Other than Yu’s results, a different cyclization pattern of
allenoates was reported by Zhao and co-workers®™® with the
use of PPh; as Lewis base catalyst (Scheme 54). During this
reaction, the 1,4-addition of PPh; to allenoates was the key
for such a reaction mode. Along with this reaction, they also
developed an Ag-catalyzed enantioselective cyclization of
activated isocyanides with allenoates to give 3H-pyrroles.

R1 COZRZ C02R2 s
hig —~ PPhs R’ R
§ T RN Thogae [\
R N~ R
R'= H, Bn, alkyl, allyl, CH,CO,Me H
R2 = Bn, alkyl; R® = H, Et 23 examples
R* = CO,Me, CO,Et, CO,'Bu, Ts up to 97% yield

Scheme 54 PPh;-promoted cyclization of allenoates with ac-
tivated isocyanides

In 2017, Bi, Fu and co-workers®” reported a silver-
catalyzed cascade reaction for the construction of pyrroles
from f-enaminones and isocyanoacetates (Scheme 55). In
this process, an unprecedented ring-opening of 2-imida-
zoline intermediate was firstly reported due to the EWGs on
the a-position of f-enaminone. A similar type of transfor-
mation was also reported by Zhao and co-workers™® using
isocyanoacetates, amines and 3-formylchromones as sub-
strates.

Other than the C2N1 unit, isocyanide has also been used
as CINI unit in [3+2] cyclization mode. In 2016, Xu,
Zhang, Liu and co-workers™ developed an expeditious
synthesis of pyrrolo[3,4-b]indoles through a cross-cyclo-
addition reaction between isocyanides and 2-isocyano-
chalcones (Scheme 56). In this practical procedure, two
different isocyanides could undergo heterodimerization and
subsequent [3+2]-cycloaddition/isomerization of the
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)_ CO,R N
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R = alkyl; R? = PMP, aryl; R* = Me, Et
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up to 91% yield

Scheme 55 Silver-catalyzed reaction of f-enaminones and
isocyanoacetates

1,4-diazabutatriene  intermediate  to

rolo[3,4-b]indoles.

(0]
R1_NC + @\/\)\
R3|_
L~
NC

generate  pyr-
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120 °C \ /

I,

R® 9
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| A N R2 - . / X N"/R’I
_ _c= =N—\ _ \ I
N= N
; H
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Scheme 56 Tandem cyclization of isocyanides and 2-iso-
cyanochalcones

In 2018, Jia and Li et al.®" also described a tandem re-
action for the synthesis of pyrrole-fused heterocycles using
Yb(OTf); and Ag,CO; as the cooperative catalysts. During
this reaction, three consecutive nucleophilic addition steps
between one enynone and two isocyanides would give the
key amine intermediate, which went through a sil-
ver-induced 5-endo-dig cyclization step to afford the final
product (Scheme 57).

3.3 Isoxazole, 2H-azirines and related derivatives as
substrates

Regarding pyrrole synthesis, isoxazole is one of typical
versatile synthons, and has been used as both N1 unit in
[4+1] mode and N1C2 unit in [3+2] mode. In 2015, a
novel gold-catalyzed synthesis of substituted 2-amino-
pyrroles via a formal [3+2] cycloaddition from isoxazoles
and ynamides was reported by Ye, Lu and co-workers
(Scheme 58).°"! This reaction involved an in situ generated
key a-imino gold carbene, which was formed from the
substrates through an atom-economic manner.

Interesting, changing the N-substituents of ynamides to
an oxazolidinone moiety led to the formation of fully sub-

stituted pyrroles in good yields (Scheme 59).1
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Scheme 57 Yb(OTY); and Ag,COjs-catalyzed cyclization of enynones and isocyanides

R2
| | N,O R3 (ArO)3PAuNTf2
N * >\_/T DCE, 80 °C Q/
PG/ \R1 R4 RS Ar = 2,4-di-tert-butylphenyl
RS= RS=H
24 examples 15 examples
up to 96% vyield up to 95% vyield
+
GP AuL GP
(?P AuL '1‘ ) N / -R3C02H H20
1—=N A2 e RV R2 o R4 N
R R* isomerization | cyclization / Np1
N — > N 44> R
o’+\Z/R4 o R 3 2
/ R RS R
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R' = Ph, Bn, alkyl; R? = Ph, styryl, °Pr; R® = H, Me, "Bu, Ph, OMe
R* = H, alkyl, aryl, styryl; R® = aryl, H, Me, "CqH,9, CO,Me

Scheme 58 Gold-catalyzed annulation between isoxazoles and ynamides

R'] O R2
Il N NS -R? _(ATO);PAUNTY,
o m_ S W
N7¢O " T DCE 80°C
10 Ar = 2,4-di-tert-butylphenyl
16 examples
R'= aryl, styryl; R? = Et, phenethyl up to 99% yield

R3 = alkyl, aryl, ester

Scheme 59 Gold-catalyzed cycloaddition between ynamides
and isoxazoles

Khlebnikov and co-workers™® also developed a one-pot

approach for the synthesis of methyl 4-aminopyrrole-
2-carboxylates from 5-methoxyisoxazoles and pyridini-
umylides via FeCl,/Et;N binary catalytic system followed
by hydrazinolysis (Scheme 60).

H
> (1) FeCly+4H,0 N 2
§ %R Et:N, 45 °C MeOZCM/R
2) NoHy+H,0, 45 °C
(2) NaHye H, R NH,
R1_ Me, aryl 9 examples
R = aryl up to 64% yield

Scheme 60 One-pot pyrrole synthesis from 5-methoxy-
isoxazoles and pyridiniumylides
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In 2016, Opatz and co-workers!®” provided a directing

method to synthesize tetrasubstituted pyrroles via a photo-
chemical one-pot procedure (Scheme 61). Different from
other literature reports, the key acylazirine intermediate was
generated by UV irradiation.

1
Co(acac), or CoCly,/ R

R? KO'Bu (R® = Me) o NH

N= O Co(OPr), (R3 = Et, Ph) | 3
L + R2 ~ R
0 DCM, hv, r.t.

R1 o R3
R'=Bu, aryl 18 examples
R?=H, Me, ary! up to 94% yield

Scheme 61 Photo induced cobalt-catalyzed cyclization of

isoxazoles and acetylacetone

In the same year, Kang and co-workers”® reported a
one-pot iridium-complex-catalyzed cyclization/aromatiza-
tion procedure for the synthesis of multiple substituted
pyrroles (Scheme 62). For the first time, instead of isoxa-
zoles, 2,3-dihydroisoxazoles were used along with chal-
cones as the substrates. Moreover, this protocol could also
be used to synthesize pyrrolidines and carbazoles.
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1 o2 o3 9 examples
R', R* = aryl; R° = Me, Et up to 92% yield

R* = aryl, CO,Me; R® = aryl, Me, OMe, styryl

Scheme 62 Iridium-catalyzed cycloaddition between 2,3-dihy-
droisoxazoles and chalcones

As a special derivative of isoxazole, Miinchnone has also
been used by chemists for the construction of pyrrole skel-
eton. Although good regioselectivity could be achieved
with the use of arylacetylene as another cyclization sub-
strate, the cyclization reaction with alkene was quite com-
plicated. To overcome such a drawback, Harrity and
co-workers®® developed an amine catalysed regioselective
cyclization between 1,3-oxa-zolium-5-olates and enamines
(Scheme 63). Different enamine substitution pattern could
lead to the corresponding pyrroles as single isomer. Fur-
thermore, such a reaction could also be carried out from
corresponding aldehydes in the presence of catalytic
amount of secondary amine like Bn,NH or piperidine.

CN%Rz 0;3@

N~ R?
° xylenes, 80 ~110°C  TgHN | ;
o0 o R
YZ_O 4 examplgs
o) /B — 3 up to 88% yield
2 R
l}l)\R N[ R3
TsHN < :
R’ H o I\ i
xylenes, 80 ~ 110 °C TsHN |Iq1
12 2
R"=Me; R“=Ph ) 4 examples
R3 = Ph, 4-CICgH,, "Bu, 'Pr up to 72% yield

Scheme 63 Amine catalyzed cyclization between Miinchnones
and enamines

In 2015, Shi and co-workers”” disclosed a Rh-catalyzed
cycloaddition of 2H-azirines with N-sulfonyl-1,2,3-triazoles
to produce pyrroles via rhodium aza-vinyl carbene inter-
mediates (Scheme 64). It was the first time for N-sulfonyl-
1,2,3-triazoles used as [C2] synthons in a formal cycload-
dition reaction. This protocol was successful used to the
total synthesis of URB447 and formal synthesis of

R! R4 NHR?

= N Rha(esp),

. — . /\
NeyN-R2 R® SR DCM,70°C  R* >\~ R
H
| Rnatesp, . T
R‘l \NRZ R1 = NHR2 R4 NHR2
=T T
R3 R4 R3AR4 R N R
18 examples
12 . R2 =
R'= aryl, nBU, R< = MS, BS, TS, SOQPh up to 92% yleld

R3 = alkyl, Ph; R* = H, Me, 4-CICgH,, CO,R

Scheme 64 Rhodium-catalyzed cycloaddition of 2H-azirines
with N-sulfonyl-1,2,3-triazoles
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Atorvastatin. Right after publication of this work, a very
similar strategy was also reported by Tang group.”™

A copper-catalyzed functionalization for the synthesis of
substituted pyrroles was developed by Adimurthy and
co-workers"” using ketones and vinyl azides under mild
conditions in the same year (Scheme 65). This protocol was
a straightforward and efficient method to afford pyrroles in
modest to excellent yields with broad functional group
tolerance.

H
R! Cu(OAc),*H,0 RN _R3
\n/\Rz . 3JL U(OAc),*Hy @
RN, DMF, 40°C

3
:g OI:IH
 “N- N2

R1= Me, aryl; R2, 3 =aryl 28 examples, up to 93% yield

Scheme 65 Copper-catalyzed annulation between ketones and
vinyl azides

Liu and co-workers!"™ also reported a gold-catalyzed

cycloadditions between ynamides and vinyl azides or
2H-azirines giving multisubtituted pyrroles (Scheme 66). In
this formal [3+2] cyclization procedure, the regioselectiv-
ity could be controlled by the use of a ester substituent on
2H-azirine ring. Almost at the same time, similar strategy
using vinyl azides has also been reported by Huang and
co-workers.!'"!)

Ns R* R!
iy EWG
R3 R4 \ AN N\ 5
R
LAUNTF,, 4 AMS, CH;NO,, 80°C g NH
R R'"=H, aryl, °Pr, styryl; R? = Me, Ph
R3- aryl, "Bu; R* = H, Me; EWG = Ms,Ts 13 examples
| | — = 1,3-bis(2,6-diisopropylphenyl) up to 68% yield
imidazol-2-ylidene 5
r2”EWG N CWE-N-R
AN 1
EtO,C R3 R~Z“NH
AUCIPPh3/AgNTf,, DCE, r.t. 4 —
R' = aryl, "Bu, °Pr, styryl, R? = Me sRexampingt
3 - npp- =
R = Ph, Me, "Pr; EWG = Ms up to 86% yield

Scheme 66 Gold-catalyzed cycloadditions between ynamides
and vinyl azides or 2H-azirines

In 2018, a Fe(II)-catalyzed radical cycloaddition between
2H-azirines and enamides yielding substituted pyrroles was
described by Guan and co-workers (Scheme 67).!'" The
radical cycloaddition reaction generated 31 substituted
pyrroles with up to 88% yield and good functional group
tolerance.

3.4 Cyclopropane and diazo type of substrate

Cyclopropane and diazo compounds are important pre-
cursors for the construction of cyclic molecules, and have
been used in the synthesis of pyrroles in recent years. In
2016, Gong and co-worker!'”®! described an unexpected
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R3=H Me up to 88% yield

Scheme 67 Fe(Il)-catalyzed cycloaddition of 2H-azirines and
enamides

domino reaction between alkyl 2-aroyl-1-chlorocyclo-
propanecarboxylates and acylhy- drazono esters to afford
2,3,5-trifunctionalized pyrroles in the presence of Cs,CO;
(Scheme 68). The reaction could be carried out under mild
basic conditions giving corresponding products with high
regioselectivity.

Ph
O >=0 Ar
Ar HN Cs,CO; o)
+ N —
%z CHsCN,80°c O/ \ 1

cl CO,R! ) o R H CO.R
R' = Me, Et, ‘Bu R 24 examples
R? = OEt, aryl up to 93% yield

Scheme 68 Cesium-promoted reaction of alkyl 2-aroyl-1-
chlorocyclopropanecarboxylates and acylhydrazono esters

A three-component reaction of donor-acceptor cyclo-
propanes, salicylaldehydes and ammonium acetate in
one-pot procedure was reported by Wang and
co-workers!"™ giving substituted pyrrole in good yields
(Scheme 69). Such a reaction went through a base-promoted
cyclopropane ring-opening/nucleophilic addition to in situ

generated 1imine intermediate/cyclization/isomerization
process.
NC
R1
/@[CHOACONW, Et;N —
° 2
cN R3 DMF, 120 CR3 H R
CO,Et oH
R', RZ=aryl;R®=H, Cl 18 examples
up to 90% yield

Scheme 69 Reaction of donor-acceptor cyclopropanes, salic-
ylaldehydes and ammonium acetate

In 2015, during their investigation of heterocycle syn-
thesis methods with ketimines through transition metal
catalysis, Yoshikai and co-worker'”! developed a cop-
per-catalyzed regioselective condensation reaction between
ketimines and a-diazo-f-ketoesters producing multisubsti-
tuted pyrroles in moderate to good yields (Scheme 70). This
reaction involves a nucleophilic addition/tautomerization/
cyclocondensation procedure, and features broad substrate
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scope and excellent functional group tolerance. Further-
more, its potential utility has been supported by the formal
synthesis of lamellarins D and G.

1 1 4
OIR JNjia/ Cu(tfacac),, 4 AMS H
+ 4

R . /\
Et0,C N, R2 toluene, 110 °C EtO,C N R2

RS

Cu(tfacac), cyclocondensation T
NR? RR R R?

RzJJ\/R4R3_N>{r—/R1 RZ\%\'}O

_— —_—
nucleophilic tautomerization /N

EtO,C” “[Cu] addition EtO,C O R COEt

R' = aryl, alkyl, CO,Et, H, Ph, alkyl, acryl 44 examples

R2 = aryl, alkyl; R® = aryl, alkyl, allyl; R* =H, Me, Ph yp to 94% yield

Scheme 70 Copper-catalyzed cyclization between ketimines
and o-diazo-f-ketoesters

Fischer carbene complexes are another important kind of
precursors for pyrrole synthesis. In 2015, Vazquez and
co-workers!'*! described a lithium diisopropylamid (LDA)
promoted cascade reaction between alkynyl Fischer car-
benes with a-imino glycine methyl esters for the synthesis
of 1,2,3,5-tetrasubstituted pyrroles (Scheme 71). This reac-
tion proceeded through a 1,4-addition/isomerization/ring
closure/demetalation cascade, which is different from the
common 1,3-dipole cyclization mode for corresponding
a-imino glycine methyl esters.

R1

RZ
MCO)s THF/LDA n
+ °N _THFILDA _ MeO,C~~~ ~OEt
=~ OEt o -78°C )
R! R2
o\
J1 ,4-addition
2 _
MeO,C N RE - MeOLC N R (OC)sM_ OEt
isomerization cyclization —_ %
= e ————————= R —»Rz/—N\ /
(OC)sM”~ ~OEt (OC)sM~ "OEt MeO,C R!
1 R2 = 21 examples
;'_RCr V?,ryl‘ alkyl up to 84% yield
Scheme 71  LDA-promoted annulation between alkynyl

Fischer carbenes with a-imino glycine methyl esters

As an extension of their work in a diazo oxime ether-
based pyrrole synthesis, Emmanuvel and co-workers!'"
reported a Rh-catalyzed synthesis of N-alkoxy pyrroles via
[3+2] cycloaddition between a-diazo oxime with vinyl
equivalents in 2017 (Scheme 72).

4 [3+1+1] mode

Frankly speaking, formal [3+141] cyclization should
be the least used mode for pyrrole synthesis.

In 2017, Mohammadi and co-workers!'” reported a
synthesis of pyrroles via a one-pot manner using aryli-
denmalononitrile, malononitrile and hydroxylamine hy-
drochloride as substrates (Scheme 73). Although the sub-
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Scheme 72 Rh-catalyzed annulation between o-diazo oxime
with vinyl equivalents

strate scope is not excellent, this method still features the
advantages of inexpensive starting material, short reaction
times, and solvent-free conditions.

A P
: GN KOH Ar N
| + <C + NH,OH HCl ——— \ /| NH,
CN” CN N
CN  NH,
8 examples
up to 90% yield

Scheme 73 Cyclization of arylidenmalononitrile, malono-
nitrile and hydroxylamine hydrochloride

As part of their studies related to isocyanides, Xu and Tan
et al" developed a copper-catalyzed formal [3+141]
cyclization reaction between a-acidic isocyanides and
nitrone leading to polysubstituted pyrroles (Scheme 74).
This method features operational simplicity, good func-
tional group tolerance, and might provide new insights for
isocyanide-related synthetic methodology development.

6 Cu(OAc),H,0, CsOAc 2
R1 /llL + CN/\002R2 CO,R
SF 5 Ph NMP, N, 80 °C
R?0,C R’
R' = aryl, alkyl 26 examples
R? = Me, Et, 'Bu up to 95% vyield

Scheme 74 Copper-catalyzed reaction between a-acidic iso-
cyanides and nitrone

5 [2+2+1] mode

The formal [2+2-1] cycloaddition mode like the clas-
sic Hantzsch pyrrole synthesis is another important way for
pyrrole synthesis. Since three units are involved, most of the
methods are multicomponent reactions, which can be di-
vided into two categories, i.e., C2+C2+NI1 and C2+
CIN1+CI1 versions.

5.1 C2+4+C2+N1 version

In the case of C2+ C2+ N1 version, two carbonyl
compounds with one amine compound is one of the most
common combination. Because stoichiometric amount of
oxidant is normally needed for such a reaction pattern,
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developing new synthetic methods with simpler operational
process and better sustainability is the main focus in recent
years.

In 2015, during their study upon vicinal tricarbonyl type
of compound, Doyle and co-workers!''”! reported a tandem
aldol/cyclization/aromatization reaction of 2,3-diketoesters,
ketones and amines using bezoic acid as the catalyst
(Scheme 75). This reaction could produce 5-vinyl-pyrroles
and 4-hydroxyindoles selectively by choosing monoketones
and cyclohexane-1,3-diones as substrates, respectively.
This metal-free process is consistent with green chemistry
principles with water as byproduct and can be easily scaled

up.

(0]
)J\ .--..  CO,R?
N AN »
benzoic acid '}l
toluene, 65 °C R3
R' = Me, Ph
R R? = Me, Et, Bn, Cy
o} R3 = aryl, alkyl
HO
+R*>~NH, | o 0 21 examples
HO o} up to 88% vield
R?0 OH
R* CO,R?
—
TFA, DCE, 65°C R* \
N R
R3
R1 Me, Ph; R? = Et, Bn
=aryl;R* = H, Ph
6 examples, up to 82% yield
Scheme 75 Bezoic acid-promoted annulation of 2,3-dike-

toesters, ketones and amines

Using 1,2-diarylethan-1-ones and benzoins as the sub-
strates, Lei and co-workers!''" provided a cross-dehydrative
aromatization for the generation of unsymmetrical tetraar-
yl-substituted pyrroles in 2016 (Scheme 76). Due to the
presence of a hydroxyl group in benzoin substrate, an
isomerization of the imine intermediate will give corre-
sponding aminoketone intermediate for following coupling
and cyclization transformations. Therefore, no extra oxidant
was needed like similar strategies. This strategy could
produce pyrroles in good to excellent yields through easy
operation in acetic acid and ammonium acetate system.

2 3
y R R
R\//[O i _ NH©Ac n
R2" H "ACOH, 100°C_ R N~ R
H
R', R R3 R*=aryl 23 examples
up to 98% yield

Scheme 76 Cyclization of 1,2-diarylethan-1-ones and benzo-
ms

In 2019, during their pursuit of a more environmentally
friendly strategy to construct pyrrole skeleton, the same
team also developed a practical protocol to synthesize pol-
ysubstituted pyrroles via electrooxidative annulation be-

tween amines and aldehydes or ketones (Scheme 77).[''?
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Although corresponding imine intermediates should be
prepared before the key annulation, this protocol presents
good functional group tolerance and scalability under mild
conditions.

RZ R?
2/ \§
C(H+)PtC) N
NaOAc, THF B3
RL _O R' = H; R? = aryl; R® = alkyl, aryl, Bn
\E + R3—NH, — 28 examples, up to 74% yield
R2
RZ R?
4AMS _ C(+)Pt(-)
dry MeOH NaOAc, THF _, | \__,
RS\ R
|
Bu”

R' =H, alkyl, aryl, CO,Me

R? = alkyl, aryl, Bn; R® = "Bu

11 examples, up to 56% yield
Scheme 77 Electrooxidative annulation between amines and
aldehydes or ketones

Following the seminal work of Jia,!''") Deng, Huang and
co-workers!''* described a copper-catalyzed aerobic system
of alkylamines and aromatic acetaldehydes to give substi-
tuted pyrroles in good to excellent yields (Scheme 78). This
facile ambient method presented advantages of mild condi-
tions and high atom-economy. In particular, the use of
copper catalyst, such a cyclization could go through
smoothly with oxygen as the oxidant.

(@]
|
Cu(OTf)z: air O O
R'NH, +
DMF, 40 °C
N
R? |
R'= alkyl, Bn R
R2_ H. OMe. ClI tBU 14 examples
’ T up to 91% yield

Scheme 78 Copper-catalyzed annulation of alkylamines and
aromatic acetaldehydes

Other than the carbonyl compound itself, its surrogate or
synthetic precursor has also been used as substrate for C2+
C2+NI version. One typical precursor is renewable alco-
hol, which could be transformed into corresponding car-
bonyl compound through the dehydrogenation reaction in
the presence of proper metal catalyst. Ideally, if such a
catalyst is also suitable for subsequent cyclization, a proper
synthetic will be developed. In 2017, Seayad and
co-workers!'"™ reported a [Cu(NHC)]-catalyzed three-
component coupling reaction of ketone, primary amine and
diol for the syntheses of substituted pyrroles (Scheme 79).
However, the regioselectivity of this cyclization for diol
substrate was not investigated.

Using the same strategy, El-Sepelgy, Rueping and
Cavallo et al!"' described a manganese-catalyzed synthe-
sis of pyrroles through the cyclization of ketones, amine,
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3 4
] R _O CuBr- R R
R'NH, + \f I S ——— M
R3 LiO'Bu, 140 °C R2 N RS
R' = Phenethyl, Bn, alkyl, aryl R
R? = alkyl, aryl; R® = H, alkyl 21 examples
R*=R®=H,Me,alkyl ___________________________, up to 95% yield

Scheme 79 [Cu(NHC)]-catalyzed cyclization of ketone, pri-
mary amine and diol

and diols in good yields (Scheme 80). This heteroconden-
sation cascade could be utilized under the air- and mois-
ture-stable catalyst system with water and hydrogen gas as
the byproducts. And for diol substrates with different sub-
stituents (R’#R?), the reaction also showed good regiose-
lectivity. Notably, it is the first report that proves the in-
volving of both acceptorless dehydrogenation and hydrogen
autotransfer processes in heterocycle synthesis.

2 3
Mn-1, KO'Bu R R
I * RONH, =
t-amyl alcohol, 135 CR1 R4
e, N
R', R? = alkyl, aryl | | Xy 1*Br R®
R3, R*=H, alkyl, aryl l N 136 e;iglplesld
5 - : | 1 Upto97% yie
R® = phenethyl, Bn, alkyl { Ph,P-—Mn-—PPh, !
i C” | |
! CcO |
: Mn-1 l

Scheme 80
amine, and diols

Manganese-catalyzed cyclization of ketones,

Applying silylenolate as the surrogate of carbonyl com-
pound, Kartika and co-workers!''”! developed a Bronsted
acid catalyzed expedient annulation reaction of two si-
lylenolates and primary amines affording tetrahydroindole
and tetrahydrocyclopenta[b]pyrrole derivatives (Scheme
81). Such a one-pot reaction was initiated by the formation
of corresponding silyloxyallyl cations followed by consec-
utive nucleophilic coupling with another silylenolate and
Paal-Knorr type of cyclization with primary amine to give
the final pyrrole compound.

4
OTBS , . R
R on XNOTBS py . TfOH, MeCN, rt N__gr2
* I \
n R3 then TsOH, r.t.
then R*NH,, reflux n R3
lH* n=12 R4NH2T
RZ__OTBS
otBS || OTBSR3 0 3

R
1
RmRz H* R1%R2
)n o )n O

R1OH _ R3]
n

R' =H, alkyl, aryl; RZ = H, aryl, alkyl
R3 =H, Ph, alkyl; R* = H, alkyl, aryl, Bn, Ph

46 examples
up to 84% yield

Scheme 81 Brensted acid catalyzed annulation of silylenolates
and primary amines
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Inspired by the coupling reaction between alkenes and
ketones for the synthesis of 1,4-dicarbonyl compounds,
Gong and co-workers!'"® developed a one-pot copper/
manganese co-catalyzed reaction to produce 1,2,5-trisubsti-
tuted pyrroles from styrenes, acetone and arylamines in the
presence of t-butyl hydroperoxide (TBHP), trifluoro-
methanesulfonate and sulfamic acid (Scheme 82).

R, . R®  TBHP, DBU, HSO3NH, R1Q\

\— NH, 60 °C |

R, R2=aryl R?

24 examples
up to 69% yield

Cu(OTf),, MnClys 4H,0

Scheme 82 Copper/manganese co-catalyzed reaction between
styrenes, acetone and arylamines

Besides carbonyl type of compound, alkenes or alkynes
are also used as the C2 units for pyrrole synthesis via [2+
2+1] mode.

In 2016, Tonks and co-workers reported a
Ti-catalyzed tandem reaction for the synthesis of multisub-
stituted pyrroles from alkynes and diazenes (Scheme §83).
This procedure was one special example of catalytic oxida-
tive formal [2+2+ 1] six-electron cyclization with a key
feature of the cleavage of N=N double bond in an aryl
diazene. However, in the case of unsymmetrical alkynes,
the regioselectivity of such a cyclization is not satisfactory.

[119]

R ||?3 Rl R
N pysCloTi(NPh)
2|+ Il ——— I N,
N PhCF3, 110 °C R N R
2
1R 3 ,IQs
R =H,alkyl 19 examples

R2 = Ph, TMS, alkyl
R3 = aryl, Bn, CO,/Pr

..............................

up to 85% yield

=Y R2 R2 R2
Ty S
'R2 1 !
'R '}l R R’ ,}, R’ ;
i R RO
| ;

Scheme 83 Ti-catalyzed cyclization between alkynes and di-
azenes

Later on, after extensive substrate investigation, the same
team successfully improved the chemo- and regioselectivity
of above tandem reaction by using silyl-substituted alkynes
with/without the assistance of a Lewis basic dative directing
group (Scheme 84)."*") Accordingly, a number of highly
substituted pyrroles with a silyl substituent could be ob-
tained with high chemo- and region-selectivities. Mean-
while, the existence of a silyl group paves way for further
derivatization.

In 2018, the same team also developed a formal [2+2+
1] coupling for synthesis of polysubstituted pyrroles from
azides and alkynes via Ti(II)/Ti(IV) redox catalysis with
good yields (Scheme 85).['2

The introduction of proper activating groups is also an
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R R? R R
I [py2Cl2Ti(NPh)],, PAN=NPh T
+
I PhCF3, 115 °C TMS™ >N~ TR?
™S R3 Bh
R"=H, TMS, alkyl, aryl, vinyl
R?, R®=aryl, alkyl

>50 examples

up to 92% vyield
up to 99% chemo- &

regio-selectivity

DG R’ ™S, R?
THF;3Til,(NPh)
[ I N
PhN=NPh, PhCF3, 60 °C GD >\ R
T™S R? Ph
DG = Lewis basic dative directing group 7 examples
R' = Me; R?=Ph up to 76% yield

up to >95% chemo- &
regio-selectivity

Scheme 84 Ti-catalyzed annulation of alkynes with phenyl
diazene

1 R® R2 RS
R, I (THF)3Tily(Ntol) 7
Ns g 3 2
CeDsBr, 115 °C R N R
R2 |
R1

R' = Ad, tol, Bn, "Dec

R2, R? = aryl, Ph, H, tol, TMS 14 examples

up to 94% yield

Scheme 85 Ti(Il)/Ti(IV) redox-promoted reaction between
azides and alkynes

alternative way to increase the reactivity of alkyne or alkene
moiety. One benefit of such a strategy is that better regi-
oselectivity is usually relatively easier to realize. In 2016,
Yi and co-workers!'*! disclosed a Pd(II)-catalyzed oxida-
tive cascade reaction for the regioselective synthesis of
1,2,3,4-tetrasubstituted pyrroles from amines, alkyne esters,
and alkenes (Scheme 86). Due to the used of alkyne esters,
corresponding enamine could be regioselectively generated
in situ and coupled with styrene type of alkene to give the
key intermediate, which would be converted to final pyrrole
through cyclization/aromatization. Using similar type of
strategy, Zhang and co-workers!'>) described a facile
Mn(OAc);-promoted oxidative cyclization reaction of al-
kenes, amines and alkyne esters to form 2,3-dihydro-
pyrroles.

4
COR® .,  PdOAc) R ,
R I |r K,S,0s, HOAC @ COR
{ + + —_— >
NH; CH4CN, 100 °C N—_,
R? /R
| "
R R4 R*  COR®
COR® 11
TPl [P COzRL,Z_&
re - | R?
N7 R2 RL 2 N
H H R R1
R' = aryl, alkyl 44 examples

R2 = H, CO,E, aryl, alkyl
R3 = Me, Et; R* = aryl

up to 95% yield

Scheme 86 Pd(II)-promoted cyclization of amines, alkyne
esters, and alkenes
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Changing the substrate combination to primary amine,
a-nitroepoxide and dialkyl acetylenedicarboxylate, Yu and
Zhang et al'"**! developed a facile reaction to synthesize
penta-substituted pyrroles under simple heating condition in
seal tube (Scheme 87). This reaction went through an in-
teresting epoxide ring opening denitro process to form
amino ketone intermediate, which reacted with dialkyl
acetylenedicarboxylate through an aza-Michael/aldol/
dehydration cascade to give final pyrrole product.

CO,R* R?>  CO,R*
MeOTf
A(Noz sRNH2+ || e )
sealed thbe, 80 °C R'>\~ ~CO,R*
CO,R* '
| R3NH2 ’ RS
s CO,R? T
, R , |‘| R'0,C CO.R?*
R' NH —/ R‘0,C  CO.R?*
OH_> H COR R3—N ( o— —
1 2 R3>—N |OH
R2 R R
LNOZ R1 R2 ; )
R = alkyl, aryl; R? = Me, Ph 16 Examp:zs
3= . R4 =
R® = Bn, aryl, alkyl; R" = Me, Et up to 91% yield

Scheme 87 Cyclization of primary amine, a-nitroepoxide and
dialkyl acetylenedicarboxylate

Based on similar strategy, the same team''*” demon-
strated a multi-component reaction of a-nitroepoxides,
amines and malononitrile to produce 2-amino-3-cyano-
pyrroles in the presence of K,CO; (Scheme 88).

o R2 CN
CN
K,CO

AN RN, (% 1M
R R2 cN MeOH,60°C  R'™ N7 "NHy
R' ="Pr, aryl; R? = Me, Et R?

= arvl. alkyl 16 examples

vl alky up to 88% yield

Scheme 88 K,COs;-mediated annulation of a-nitro epoxides,
amines and malononitrile

In 2015, Nair and co-workers''* reported a zirconocene

dichloride catalyzed cyclization for the synthesis of multi-
substituted pyrroles from amines, nitroalkenes and
p-dicarbonyl compounds (Scheme 89). The one-pot reac-
tion could proceed easily in ethanol medium with high
yields and no side products, and provided an alternative
choice for related methods under environmentally benign
conditions.

0
3 R4
i j\ _ CpaZiCl, R —

Et H, refl 2 5

RS O reriux R ITI R

R —ary| Bn; R? = Me, Ph, Pr " R’ |

3 4 _ examples
Es } meMaery::;Tlno ethoxy; R™ = aryl up to 78% yield

Scheme 89 Zirconocene dichloride-catalyzed cyclization of
amines, nitroalkenes, and fS-dicarbonyl compounds

5.2 C2+C1N1+C1 Version

For such a version, nitrile and isocyanide are usually
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chosen as CIN1 unit. In the case of nitrile as a CIN1 unit,
Xi and co-workers!'*”! developed a multicomponent domino
reaction for the synthesis of 2,3,4,5-tetrasubstituted pyrroles
from alkylnitriles, arylalkynes and MeOTf under metal-free
conditions (Scheme 90). As an extension of their study on
alkyltriflatemediated annulation, this reaction was also
initiated by the electrophilic addition of MeOTf to arylni-
trile giving nitrilium intermediate, which reacted with al-
kyne to provide alkenyl carbocation intermediate. The
corresponding alkenyl carbocation intermediate would go
through a 1,5-H shift/annulation/elimination/isomerization
to afford pyrrole intermediate, which reacted with another
nitrilium intermediate to give final pyrrole product upon
work up. This synthesis strategy showed high regioselec-
tivity with moderate to good yields. Additionally, the use of
diarylalkynes with electron-rich aryl groups would produce
isoquinolines instead.

R2 Ar
DCE, 60 °C
RI—=N + R? Ar+MeOTf—>R1/\ o
N
lMeOTf H R
2
R R'—=N-Me Twork
R " A limination/ g2
5 r. elimination/ R
Il Ar R+ 1.5-H shift |somer|zat|on
N T cychzatlon
Ve R'"”SN7
i 28 examples
1= L R2 = i n
R" = alkyl; R* = Me, 'Pr, "Bu, aryl up to 78% yield

Scheme 90 Cyclization of alkylnitriles, arylalkynes and Me-
OTf

Using isocyanide as CIN1 unit, Jiang and Wu ez al.!"*®

reported a palladium-catalyzed multicomponent reaction
for the synthesis of pyrrole derivatives from propargylic
carbonates and isocyanides (Scheme 91). This reaction

RY
NH
R! RS _R?*
R2 ; — R3, RA_N=0O Pd(PPh3),Cl,, PPh3, CsF /— N
X @ H,O, DMSO, r.t. R1
X = Br, OCOZMe <N

R' R2=H, Me: R®=alkyl, aryl, vinyl R O\
R* = alkyl; 33 examples up to 89% yield

R" R? R" R? R?""R!

R4 ° 84
|
NS AP oy Ne Ny [P\?\},R“

H,0 N Ré P

—_— R3 - —_— R3 \\N+

‘R
R Th0H R? L 1OH
Scheme 91 Palladium-promoted cyclization between propar-

gylic carbonates and isocyanides

http://sioc-journal.cn/ 225



BIKE

started with the formation of allene intermediate, which
went through isocyanide insertion and three consecutive
addition steps to produce key intermediate for final cy-
clization. Then a reductive elimination and subsequent
aromatization would give pyrrole product. Meanwhile, the
method could selectivity produce pyrrolone derivatives by
choosing different ligand and reaction temperature.

Almost at the same time, Zhu and Wang"'*! also devel-
oped a Pd-catalyzed multicomponent reactions to produce
polysubstituted pyrroles via a very similar mechanism
(Scheme 92). Using two different protic reagents, two types
of pyrrole skeletons could be obtained.

7\ 0
+R*OH R®HN" >N
_*ROA \
Pd(OAC),, ‘BuNH, r3 NHR?
. DCE,50°C  R'=aryl, alkyl
R R2 = H, Me, "Pr, Ph
R3 = alkyl; R* = alkyl, Ph, Bn
25 examples, up to 77% yield
R2” ~OBoc R?
+ H,0 R!
 E—
Pd(OAC),, ‘BuNH, , / 0
DCE,50°C  R°HN N NR3
R3
R' = aryl, alkyl; R? = H, Me, "Pr
R3=1Bu
9 examples, up to 69% yield

|| + R®—NC —

Scheme 92 Pd-catalyzed reactions of propargyl carbonates,
isocyanides, and alcohols or water

In 2017, Jiang, Wu and co-workers!"*” further developed
a palladium-catalyzed approach for synthesis of multisub-
stituted 3-amino pyrroles via three-component tandem re-
action (Scheme 93). This reaction was initiated with a dou-
ble isocyanide insertions of a Pd complex generated by Pd
catalyst and halide substrates. Next, a formal carbon-
palladium insertion of diazo intermediate derived from
N-tosylhydrazone substrate followed by f-hydrogen elim-
ination/cyclization/aromatization process to produce final
pyrrole product. Such a procedure showed advantages of

R2
1 NNHTs Pd(dba)s, ‘BUOK \
R+ RE-N=0 1 Gy RN
X ® R3 H0, CH5CN, 100 °C \ /
J RZ—NI-T R
R e R& R R?R:
N Pd N N
I R3J\ L P N |
R1J\|([Pd] L D e e e
N2 R RORS N-g2
35 examples
R' = aryl, styryl, phenylethynyl up to 85% yﬁeld

R? = alkyl; R® = aryl

Scheme 93 Palladium-promoted annulation of aryl halides,
N-tosylhydrazones, and isocyanides
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readily starting materials, high assembly efficiency, and
good functional group tolerance under mild reaction condi-
tions.

6 Conclusions

After the continuous efforts of synthetic chemists, the
development of methodologies for pyrrole construction has
made great progress. Due to the importance of pyrrole
skeleton, even in the past five years, a number of new
methods have been reported. Especially, under the promo-
tion of sustainable development and ideal synthesis, the use
of basic raw chemical and green inexpensive catalyst has
received considerable interests. It also should be noted that
the discovery of new functional molecules based on above
synthetic methods is still underdeveloped. Aiming to the
development of novel pyrrole-based functional molecules
via environmentally friendly and economically efficient
synthetic methods, we hope this review could give some
insights for researchers in related field.
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