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Totally different functionalization and construction as two fundamental synthetic protocols have long been
applied to furnish azaarene variants. Here, a novel radical-based functionalization-oriented construction
strategy by exploiting the electronic properties of azaarenes and the high reactivity of radicals is
developed. Under a photoredox catalysis platform, the robust ability of such an artful combination of
functionalization with construction is disclosed in the synthesis of valuable 3-azaarene-substituted
densely functionalized pyrroles. In addition to the ability to use the readily accessible feedstocks, the
high synthetic efficiency and the good functional group tolerance, the substrate scope is broad (81
examples) resulting from the capability to flexibly replace the types of azaarenes and other substituents.
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other C-substituents, many construction strategies have been
developed, and most of them are operative in introducing only
an extra substituent.'¥® Notably, rare examples have been

Introduction

Nitrogen-containing aromatic heterocycles (azaarenes) are
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ubiquitous in natural products, pharmaceuticals, functional
materials, catalysts and ligands, and notably, a number of these
valuable compounds often possess at least two linked azaarenes
in their structure. As an example, pyrroles connected with
imine-bearing azaarenes at the 3-position through a C-C bond
are the privileged structural motifs of an enormous variety of
bioactive molecules and chemosensors (Scheme 1a).* Structur-
ally, the representative molecules A-F robustly indicate that
distinct azaaryl groups and substituents as well as diverse
substitution patterns would endow various important applica-
tion potentials for such special pyrrole derivatives. To date,
several direct functionalization examples via coupling pyrroles
and derivatives with azaarene-based substrates have been
described by Buchwald, Ellman and Bergman et al., which
represent efficient approaches to afford simple 3-azaarene-
substituted pyrroles.”> To provide more complex variants with
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addition to tedious multistep chemical transformations, these
methods lack the ability to flexibly tune the azaarene and
substituent types.**™”

For more than a century, the prominent importance of
pyrrole derivatives in many scientific and industrial fields has
inspired numerous direct synthetic methodologies, especially
those involving three classical protocols: the Knorr, Paal-Knorr
and Hantzsch reactions.* However, these methods have not yet
been used to assemble valuable highly functionalized 3-azaaryl
pyrroles. This dilemma is likely attributable to the challenge in
the synthesis of viable starting substrates or incompatible
reactivity when the corresponding functional groups are
replaced by azaarenes. Accordingly, we envisaged exploring the
viability of directly triggering transformations by exploiting the
electron-deficient properties of these azaarenes and performing
radical pathways, which have been verified to be a powerful
functionalization tool for the synthesis of azaarene derivatives
owing to the demonstrated considerable potential of using
simple azaarene-containing feedstocks and their high reac-
tivity.>” To this end, we were intrigued in taking advantage of
versatile radical addition to alkenylazaarenes® and using a-
amino radicals as the reaction partners (Scheme 1b). In addi-
tion to having a robust ability to undergo addition to these inert
alkenes,” a-amino radicals can be facilely generated from
abundant o-amino acid derivatives’*® through sustainable
photoredox catalysis.” Moreover, o-amino radicals might serve
as bis-nucleophilic C-N fragments.*>'* As such, if
alkenylazaarene-based substrates could further accept the
addition of the nucleophilic amine moiety within a-amino
radicals after the first radical addition step, formal [3 + 2]
cycloaddition would afford the precursors of pyrroles; through
subsequent oxidative aromatization, the desired pyrroles
should be achieved.

Herein, we report the development of a sequential redox-
neutral radical addition, cyclization and aerobic oxidative
aromatization reaction of N-aryl a-amino acids with 2-azaarene-
substituted 1,3-enynes under visible light-driven photoredox
catalysis (Scheme 1c). By using a dicyanopyrazine-derived
chromophore (DPZ) as the sensitizer,"* this novel radical-
based functionalization-oriented construction strategy offers
a direct, efficient and modular approach to construct a variety of
densely functionalized 3-azaarene-based pyrroles in high yields
and with a broad substrate scope.

Results and discussion

We set out our investigation by exploring the model reaction
between N-phenyl glycine (1) and 2-(2-enynyl)pyridine (2) with DPZ
as the photoredox catalyst (Scheme 2 and Table 1). Mechanisti-
cally, the photoactivated DPZ [E(S*/S" ™) = +1.42 V vs. SCE, E5y =
—1.07 Vvs. SCE in CH;CN]" could oxidize 1 (E, = +0.52 vs. Ag/AgCl
in CH3CN) via outer-sphere single-electron transfer (SET) to
furnish a-amino radical 3 (Scheme 2). 1,3-Enyne 2 is a conve-
niently available compound and has been extensively used to
synthesize indolizines.”* We conceived that radical 4 would be
readily formed via the addition of a-amino radical 3 to the olefin
moiety of 2, which could be further reduced by DPZ*~ to complete
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Scheme 2 Working hypothesis.

the photoredox catalytic cycle. After protonation of the resulting
anion 5, the desired electrophilic functional group, ie., allene 6,
would be generated. A putative challenge in this scenario is the
direct generation of an alkyne from 5, given that the poor electron-
withdrawing capability of pyridine would impede the deprotona-
tion of the alkyne intermediate. Notably, since the allene of 6 is not

Table 1 Optimization of the reaction conditions®

7\
| DPZ (0.5 mol%) =

oy Scoon ety
o
2 N 25°C, 3 Wblue LED Pen
N 2 under argon, 14 h \ .
then under air Ph

Entry Additive (equiv.) Solvent Yield” (%)
1 No additive THF 0

2 (PhO),P(O)OH (0.2) THF 15

3 (PhO),P(O )OH (0.2) CH,Cl, 14

4 (PhO),P(O)OH (0.2) CHCI, 10

5 (PhO),P(O)OH (0.2) Toluene/CH;CN 0

6 (PhO),P(O)OH (0.2) DMSO Trace
7 K,CO5/Na,HPO, (1.0) THF 0

8 NaH,PO, (1.0) THF 20

9 HOAc (1.0) THF Trace
10 TFA/TfOH/TsOH (1.0) ~ THF 0

11 NaH,PO, (1.0) THF/CH,CI, (1 : 1) 52

12 NaH,PO, (1.0) THF/DCE (1 : 1) 93

13 NaH,PO, (1.0) THF/CH,CN (1:1) 36

14 NaH,PO, (1.0) THF/DMSO (1: 1) 52

15 LiH,PO, (1.0) THF/DCE (1 : 1) 86

16 NaH,PO, (0.5) THF/DCE (1: 1) 84

¢ Reactions were performed with 1 (0.015 mmol), 2 (0.01 mmol), and
DPZ (5.0 x 10> mmol) in solvent (0 3 mL) at 25 °C within 14 h and
then purification was conducted. ® The yield was determined by GC
using dodecane as an internal standard. HOAc = acetic acid. TFA =
trifluoroacetic acid. TfOH = trifluoromethanesulfonic acid. TsOH = p-
toluenesulfonic acid. DCE = 1,2-dichloroethane.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a terminal olefin, the ability to accept intramolecular addition by
the amine moiety remains elusive.” If it is feasible, this aza-
Michael addition can offer zwitterion 7, which would further
lead to 8’ and/or the key intermediate 8 after proton transfer. This
process is putatively crucial, since tautomerization of the exocyclic
double bond of 8 potentially constitutes a formidable challenge
owing to the weak activation ability of pyridine. Oxidative aroma-
tization of 8 would finally furnish the target pyrole 9.

With these considerations in mind, we first attempted the
transformation using only 0.5 mol% DPZ in THF as the solvent
at 25 °C and under irradiation with a 3 W blue LED (entry 1,
Table 1). It was found that only a small amount of E-2 trans-
formed to its Z-configuration. Given the recognized activation
capability of Brensted acids in radical additions to alkenyla-
zaarenes,* 20 mol% diphenylphosphate was tested; while the
conversion was rather poor (approximately 20%), GC-MS anal-
ysis suggested that the desired product 9 with intermediates 8
and/or 8’ was obtained (entry 2).'* Subsequent careful exami-
nation also revealed that oxidative aromatization could work
smoothly when the reaction mixture was exposed to the
ambient atmosphere, and after approximately 10 minutes, only
product 9 was detected,"® of which the isolated yield was
determined to be 15%. Solvent evaluation was performed next
(entries 3-6). A lower yield was obtained when using CH,Cl, and
CHCl;, and toluene, CH;CN and DMSO could not produce
adduct 9. The use of stoichiometric diphenylphosphate was
futile to improve the yield. As such, a variety of bases and acids
with 1.0 equivalents were examined (entries 7-10). The results
showed that only weakly acidic NaH,PO, led to a slightly
increased yield (20%, entry 8). When using the strong Brensted
acids, i.e., TFA, TfOH and TsOH, no reaction was found (entry
10), which is most likely due to the generation of insoluble
pyridinium salts from 1 with acids, thus hampering the reaction
proceeding. Subsequently, a series of mixed solvents were
evaluated (entries 11-14); this evaluation was engaged in
enhancing the solubility of NaH,PO, in the reaction system. To
our delight, 9 was obtained in 93% yield when using mixed
THF/CH,Cl, in a 1: 1 ratio as the solvent system (entry 12). A
similar acidic inorganic salt, LiH,PO,, was then used instead of
NaH,PO,, and a good yield was achieved (86%, entry 15). When
the amount of NaH,PO, was reduced to 0.5 equivalents, an 84%
yield of 9 was obtained (entry 16). Finally, several control
experiments on the effect of distinct reaction parameters were
carried out, and the results supported that DPZ, NaH,PO,,
visible light and an oxygen-free environment were indispens-
able for this transformation."”

To examine the scope of this radical-based functionalization-
oriented construction strategy, optimal conditions were first
evaluated with a wide range of N-aryl/benzyl glycines and 2-
azaarene-substituted 1,3-enynes for the synthesis of N-aryl/
benzyl-3-azaaryl pyrroles containing two other substituents at
the 2- and 4-positions (Table 2). With respect to the reactions of
N-aryl glycines with 2-(2-enynyl)pyridine (2), products 9-16 were
obtained in 79 to 96% yields. Electron-donating substituents on
the N-aryl ring of glycines (10-13) were beneficial to chemo-
selectivity, presenting good to excellent yields. Moreover,
although electron-withdrawing groups attenuated reactivity,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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introducing an extra electron-donating substituent could afford
products 13 and 15 with equally satisfactory results. It is worth
mentioning that the method was also effective for the glycine
derivative (14), which contains a tert-butyl on the ortho-position
of the N-phenyl group, offering high steric hindrance. N-Benzyl
glycine was then evaluated for reaction with 1,3-enyne 2; since
DPZ could not trigger the transformation, another decarbox-
ylative method using Ir[dF(CF;)ppyl.(dtbbpy)PF, as the photo-
redox catalyst and stoichiometric caesium carbonate was
utilized,” leading to the corresponding product 17 in 90% yield.
Subsequently, the reactions between N-phenyl/PMP (para-
methoxy-phenyl)glycine and various 2-(2-enynyl)pyridines that
contain diverse aromatic, fused aromatic, heteroaromatic and
alkyl substituents on the alkyne and olefin were carried out,
leading to a series of 3-(2-pyridyl)pyrroles bearing 2-benzyl/4-
phenyl (18-26), 2-alkyl/4-phenyl (27-37), 2-benzyl/4-(hetero)
aryl (38-49), 2-alkyl/4-(hetero)aryl (50-51), 2-benzyl/4-alkyl (52~
53) and 2-alkyl/4-alkyl (54) in 43-92% yields. In addition to the
broad substrate scope, the success of flexibly integrating several
complex bioactive molecules, such as vitamin E (36), adapalene
(37), and estrone (43), onto the 2- or 4-position of the pyrrole
ring, as well as the high yield of product 35, which features an
allyl, further robustly underscores the generality and good
functional group tolerance of this catalytic system. Notably, the
method could collect four distinct aromatic heterocycles into
a molecule (e.g., 48 and 49), which always represents an
attractive but highly challenging task in pyrrole and even
heterocyclic chemistry. Finally, by using 1,3-enynes bearing
other azaaryl groups at the 2-position, a range of valuable but
difficult-to-access pyrroles were obtained in 69-86% yields, in
which multifarious azaarenes, including 4-chloro-2-pyridyl (55),
5-chloro-2-pyridyl (56), 2-quinolyl (57), 1-isoquinolyl (58), 2-
pyrazinyl (59), 6-chloro-3-pyridazinyl (60), 2-thiazolyl (61) and 2-
benzothiazolyl (62), were successfully introduced onto the 3-
position of pyrroles. Among them, the terminal alkyne (55) was
demonstrated to be compatible, providing an efficient pathway
to assemble a methyl group on the 2-position of such important
pyrroles.

We next attempted the direct construction of fully
substituted pyrroles by using a variety of N-aryl/benzyl o-
substituted ¢-amino acids as reaction partners (Table 3). It was
found that diverse alkyl (63, 64, 73-84 and 89), benzyl (65) and
aryl groups (66-72, 85-88) were successfully introduced onto
the last remaining positions of the obtained pyrroles in Table 2,
thus leading to a series of attractive densely functionalized 3-
azaarene-based pyrroles 63-89 in 39 to 88% yields. A strong
ability to flexibly alter substituents was perfectly exhibited,
given that the diversity of the newly recommended substituents
from a-amino acids was perfectly tolerant of the multiformity of
the other three substituents derived from various tested 2-
azaarene-substituted 1,3-enynes in Table 2. The attempt to
integrate such fully substituted pyrroles into bioactive mole-
cules was also successful; a representative product 76 was ob-
tained in 61% yield. In addition to the ability to embed different
imine-containing azaarenes at the 3-position (e.g., products 81-
88), notably, the method was verified to be a powerful tool to
precisely deliver attractive pyrroles that concentrate four

Chem. Sci., 2021, 12, 6543-6550 | 6545
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Table 2 Substrate scope of reactions between N-aryl/benzyl glycines and 2-azaarene-substituted 1,3-enynes®
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28: Ar = PMP, 92% yield

29: Ar = Ph, 88% yield
30: Ar = PMP, 86% yield
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53 61% yield 54: 68% yield
N/\w
Ph, A N
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N7 Bn I\
| N~ Bn
Ph \
Ph
61: 73% yield 62: 77% yield

% The reaction was performed on a 0.1 mmol scale. Yields were determined based on the isolated material after chromatographic purification.
% 2.0 mol% Ir{dF(CF;)ppyl,(dtbbpy)PFs and 1.0 equiv. of Cs,CO; were used at 30 °C for 60 h.  DCE was used as the solvent for 60 h.

different (87 and 88) as well as five partially identical (72) and 7\ N 7\

even totally distinct (86) aromatic heterocycles. Furthermore, RN nephihalere (6.0 sauiv) AN

adduct 89, an analogue of cytokine inhibitor F (Scheme 1), 4 N\ n i ( N\ - )
could be synthesized when using a 1,3-enyne that features %"7 o “_Mlmm

a nitrile group-substituted olefin.

= I DPZ (0.5 mol%) 7\
Et N NaH,PO, (1.0 equiv) Ph, =N
LINPN /\
N oo 2N CHyCOCH;THF = 1:1 - - (1)
N 3x3 W blue LEDS, 25 °C \
Ph Ph 48 h, then purification PMP
4.5 mmol 3.0 mmol (0.844 g) 64: 82% yield

(1.096'g)

6546 | Chem. Sci, 2021, 12, 6543-6550

To further reveal the synthetic utility of this radical-based
sustainable method, fully substituted pyrrole 64 was synthe-
sized on a 3.0 mmol scale, and a similar yield was obtained (eqn
(1)). It is worth mentioning that we attempted to directly use o-
amino acids to react with these 1,3-enynes, but no reaction was
detected, although many possible reaction conditions were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Substrate scope of reactions between N-aryl/benzyl o-
branched amino acids and 2-azaarene 1,3-enynes®

R? Ar DPZ (0.5 mol%) Ar
RN S NaH,PO, (1.0 equiv) R3 =\

COOH  +

| | CH,COCH, THF = 1:1 1\ R
3 W blue LED, 25 °C RENY

R 36-48 h, then purification rla ’

7\ 7\ 7\

N N

73: 80% yield® 74:84% yle!d

75: 76% yield

Ph, /_ \ 7\
N =N
I\ .
Me’ ’i‘ n N
Ph ;!.,

79: 63% yieldd

76: 61% yield 77: 75% yield"

N
7\
Ph, _‘N>
/\
Me N Bn
e

81: 39% yield

86: 81% yield

87: 70% yield

88: 83% yield

89: 43% yield

“The reaction was performed on a 0.1 mmol scale. Yields were
determined based on the isolated material after chromatographic
purification. b Trifluoroacetic acid 1nstead of NaH,PO, was used.
¢ LiH,PO, instead of NaH,PO, was used. ¢ DCE as the solvent for
60 h. “THF/DCE (1:1) as the solvent. 2.0 mol% Ir[dF(CFs)
ppylo(dtbbpy)PFs and 1.0 equiv. of Cs,CO; were used in THF/DCE
(1 :1) as the solvent at 30 °C and under irradiation with 3 x 3 W blue
LEDs. ¢ 2.0 mol% Ir[dF(CF;)ppy],(dtbbpy)PF, and 1.0 equiv. of Cs,CO;
were used in THF/acetone (1:1) as the solvent at 25 °C and under
irradiation with 3 x 3 W blue LEDs.

applied; the lack of reaction was likely due to the infeasibility of
generating a-free amine-substituted alkyl radicals from these
feedstocks. In this context, the method cannot escape the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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limitation that all products must have an N-substituent on the
pyrrole ring, which is derived from N-protected a-amino acids.
Although these products should have diverse potential impor-
tant applications, we still anticipated obtaining unprotected
pyrroles, further expanding the utility of this synthetic strategy.
To this end, treatment of N-benzyl pyrrole 17 with sodium and
naphthalene was carried out, and to our delight, the desired
product 90 was readily obtained in 84% yield (eqn (2)).

N
| Me / \
LSS DPZ (0.5 mol%) N Bn
PP ~coon s P NaH,PO, (1 equiv.) Ph
X % yiel
H N on DCE:THF = 1:1 41:58% yield (3)
Me 25°C, 3 W blue LED Z Ph
under argon, 36 h ~ | //
then under air N
NHPMP
Me

91: 17% yield, 1:1 dr

Z | = Ph DPZ (0.5 mol%) ~ | Pz o @

.5 Mol%);
SN Z NaH,PO, (1 equiv.) Sh Z =\
+ Mé
NHPVP DCE:THF = 1:1 NHPMP I\ (4)
259C, under argon N Bn
Me w or wio 3 W blue LED Me Ph
36h
91 No reaction 91: recovered 41: 0% yield

In previous works,”**** we demonstrated that N-aryl a-amino

acids can be oxidized by photoactivated DPZ (¥*DPZ). The Stern-
Volmer experiment also showed no measurable luminescence
quenching of *DPZ by 1,3-enyne 2. Accordingly, the trans-
formations should be triggered by the reductive quenching of
*DPZ with N-aryl a-amino acids, thus leading to a-amino radi-
cals (Scheme 2). With respect to the subsequent processes,
notably, the transformation of product 41 provided several
important revelations. As shown in eqn (3), in addition to 41, 91
as a by-product was obtained in 17% yield. Furthermore, 91
could not continue to transform to pyrrole 41 under the estab-
lished reaction conditions, even when adding an extra 1.0
equivalent of K,COj3, Cs,CO; or KOH to carry on deprotonation
(eqn (4)). The results suggest that the a-amino radicals would
first attack the olefin moiety of 1,3-enynes and that the
produced allenes (6, Scheme 2) should be the key intermediates.
In addition, the formation of stable alkynes is a competitive
reaction in the transformations.

To further understand the plausible mechanism of this
multistep tandem reaction, we carried out density functional
theory (DFT) calculations to study the representative reaction;
the results are given in Table 1, and the DFT-calculated reaction
energy profiles are illustrated in Fig. 1 (see the ESIf for
computational details). The catalytic cycle is initiated by the
excitation of the photocatalyst DPZ to DPZ*, which subse-
quently oxidizes 1 through an outer-sphere single-electron
transfer to give a-amino radical 3. Radical 3 undergoes addi-
tion to 2 (TS1), leading to activated radical 4 with a quite low
barrier (AAG” = 2.4 keal mol™"), and the high exergonicity
(19.3 kecal mol™') indicates that this step is kinetically and
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thermodynamically favourable. It should be noted that the spin
density in radical 4 is delocalized on carbon C1 (0.64) and
carbon C2 (0.28). Then, radical 4 could be further reduced by
DPZ'~ to complete the photoredox catalytic cycle and generate
anion 5. From anion 5, we considered two plausible reaction
pathways invoking the protonation of either the C1 site or C2
site by acidic NaH,PO,. The calculations indicate that the
protonation of the C1 site via TS2 (AG = —16.7 kcal mol ') is
more favourable than the protonation of the C2 site via TS2' (AG
= —14.6 kcal mol "), which could also be supported by the more
negative charge on C1 (—0.273) than C2 (0.175). Therefore, the
C1 site on anion 5 prefers to be protonated by NaH,PO, through
a barrierless transition state TS2 to give allene intermediate II
with NaHPO, anion. Considering the acidic solution in this
reaction, the generated NaHPO, anion could easily abstract
a proton (from carboxylic acid) in the solution and convert to
NaH,PO,. Subsequently, the intramolecular aza-Michael addi-
tion of an amine -NH- to the allenyl group occurs via the five-

View Article Online
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membered ring transition state TS3 with an energy barrier of
15.8 keal mol ™", which is the rate-determining step of the full
catalytic cycle, leading to the zwitterionic intermediate IV
(Scheme 2). The next step is [1,3]-proton transfer from ammo-
nium ions to the C1 or C2 negative site through TS4-1 (AAG =
8.5 kcal mol™') or TS4-2 (AG = 10.0 kcal mol ") assisted by
NaH,PO, to give intermediate VI or isomer V, and NaH,PO, acts
as a proton shuttle to assist the proton transfer. As depicted in
Fig. 1, the energy barrier of TS4-1 is 1.5 kcal mol™", slightly
lower than that of TS4-2; thus, both intermediates V and VI
could be generated under this reaction condition. In addition, V
could further convert to VI through the 1,3-proton transfer
transition state TS5 assisted by NaH,PO,, the natural pop-
ulation analysis (NPA) charge results indicate that the C1
(—0.152) site possesses more charge than the C2 (0.020) site,
which is the driving force for the tautomerization of interme-
diate V to VI. Finally, the oxidative aromatization of VI leads to
the production of pyrrole 9.

——Side pathway——

7
AG(sol) = I . |
(kcal/mol) Ny ph. 28028
2 = y 6 1
NN Ph
N NH 0.64
Ph Ph P
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Pho b 4
N
3 TS1 = 2
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Fig. 1 Gibbs free energy profiles of the tandem radical addition, cyclization and aerobic oxidation of N-substituted a-amino acids with 2-
azaaryl-1,3-enynes. The NPA charge and spin density are given in parentheses (in blue and red, respectively). Relative free energies and distances

are given in kcal mol™ and A, respectively.
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Conclusions

In summary, we have developed a general, expedient and effi-
cient photoredox catalytic synthetic method to access valuable
3-imine-containing azaarene-substituted highly functionalized
pyrroles. Readily accessible and abundant a-amino acids and 2-
azaarene-substituted 1,3-enynes were verified to be viable
feedstocks. Through smoothly experiencing tandem redox-
neutral radical addition, cyclization and aerobic oxidative
aromatization, the transformations led to a variety of pyrroles
bearing three and four substituents at the carbon positions in
high yields (up to 96%). In addition to the good functional
group tolerance, the excellent merits include the robust capa-
bility to flexibly replace the types of both azaarenes and
substituents. The linchpin of this success is exploitation of the
electron-withdrawing properties of azaarenes and the highly
reactive radical pathway, which creates a new synthetic strategy
for azaarene derivatives, that is, radical-based
functionalization-oriented construction, an ingenious combi-
nation of functionalization with construction. Moreover,
control experiments and theoretical studies via DFT calcula-
tions not only suggested a plausible mechanism with respect to
the reaction pathways but also indicated the important role of
NaH,PO, in protonation and cyclization. We anticipate that this
versatile radical-based strategy will encourage the development
of more efficient and modular methods to offer known and
unprecedented important multi-azaarene derivatives.
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