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ABSTRACT: The high demand for new and efficient routes toward synthesis of nitrogen-containing heterocyclic scaffolds has inspired organic

chemists to discover several methodologies over recent years. This perspective highlights one standout approach, which involves the use of

pyridotriazoles and related compounds in denitrogenative transformations. Readily available pyridotriazoles undergo ring-chain isomerization

to produce uniquely reactive o-diazoimines. Such reactivity, enabled by metal catalysts, additives, or visible light irradiation, can be applied in

transannulation, insertion, cyclopropanation, and many other transformations.

1. Introduction

N-containing heterocyclic frameworks are ubiquitous in drugs,
dyes, and high-performance materials.' Pyridines, fused pyridines,
and other heterocyclic scaffolds possessing bridgehead nitrogens are
important moieties present in several biologically active molecules
and natural products.” Due to the broad and emergent applications
of these families of molecules, new, efficient, and general methods
for their synthesis are in constant demand. Several strategies involve
the use of triazoles as nitrogen sources for synthesis of fused N-het-
erocyclic and carbocyclic compounds.® Those employing N-sul-
fonyl-1,2,3-triazoles have emerged in the past few years, and are
summarized elsewhere.* This perspective will focus on denitrogena-
tive transformations of pyridotriazoles and related compounds. This
reaction class stands out as a single-step process featuring high effi-
ciency and atom economy, as the only byproduct is molecular nitro-
gen.

Pyridotriazoles are essential building blocks in pharmaceutical
chemistry and material science.™* They are readily available either
through the reaction of pyridine-2-yl- acetates with 4-acetamidoben-
zenesulfonyl azides, or the oxidative N-N coupling of in-situ gener-
ated hydrazones from ketones.®

Cyclic triazoles are known to undergo ring-chain isomerization.”
Particularly, pyridotriazole 1 in solution will undergo reversible ring-
chain isomerization (Scheme 1) to produce diazo compound 2,° or
vice-versa.” The equilibrium of this isomerization can be influenced
by reaction conditions, particularly by solvent and temperature.
However, a crucial factor in shifting the equilibrium toward the open
or closed isomer is the substitution pattern around the ring, specifi-
cally at C7.% For instance, introducing a halogen atom (R' = Cl) at
this position shifts the equilibrium to the right, likely due to the non-
bonding repulsion between the lone pairs of electrons at halogen
atom with those at the nitrogen atom in the peri position of 1
(Scheme 1)." Computational studies by Bao group showed that the
formation of the diazo tautomer 2 occurs readily, and even slightly
exothermically, when R' = F.*

Scheme 1. Ring-Chain Isomerism of Pyridotriazoles
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In 2007, Gevorgyan group disclosed the use of pyridotriazoles as
stable precursors for rhodium carbenes." It was shown that pyrido-
triazole 3b, which exists in equilibrium with pyridyl diazo compound
2b viaring-chain isomerism, reacted with rhodium catalyst to release
molecular nitrogen and form rhodium carbene 4b."” Formation of
the latter was confirmed by its smooth Si—H insertion reaction™ with
triethylsilane to produce the corresponding product §b (Scheme 2).
Not surprisingly under the reaction conditions, pyridotriazoles 3a
and 3b showed completely different reactivity, as no reaction was
observed with 3a. This further illustrates the governing effect of the
C7 substituent on the open-close form equilibrium between 3 and 2.

Scheme 2. Rhodium(II)-Catalyzed Si—H Insertion
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2. Transannulation of Pyridotriazoles

2.1 Rhodium-Catalyzed Transannulation



Species 4 are unique as they possess inherently electrophilic rho-
dium carbene moiety alpha to a nucleophilic imine group. Ge-
vorgyan and co-workers first uncovered remarkable reactivity of
these species in transannulation reaction with alkynes and nitriles to-
ward synthesis of indolizines and imidazopyridines from readily
available and inexpensive pyridotriazoles."

Initially, transannulation reaction of pyridotriazole 3b with phe-
nyl acetylene in the presence of rhodium acetate yielded a mixture of
the [2+1] and [3+2] cycloaddition products 6a and 7a, respectively
(Scheme 3). Upon re-submission of isolated cyclopropene 6a to the
reaction no isomerization of the latter into indolizine 7a was ob-
served, thus pointing out on independent mechanisms for formation
of 6 and 7. Notably, employment of more electrophilic Rh:(pfb)s,
led to the highly chemoselective formation of indolizine 7a in 78%
yield. Under the optimized reaction conditions, pyridotriazole 3b re-
acted smoothly with different aryl alkynes and enynes to give indoliz-
ines 7 in good to excellent yields. However, the reactions with ali-
phatic alkynes were much less efficient.

Scheme 3. Rhodium(II)-Catalyzed Transannulation with Aryl
and Alkenyl Acetylenes
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Next, Gevorgyan group demonstrated efficient synthesis of N-
fused imidazopyridines through the transannulation of pyridotria-
zoles 3 with nitriles 8 (Scheme 4). Electronically different aryl,
alkenyl, and alkyl nitriles proven to be capable reaction partners for
pyridotriazoles 3 to produce the corresponding N-fused imidaz-
opyridines 9 in moderate to good yields even in the presence of less
electrophilic rhodium acetate catalyst. Diversely substituted pyrido-
triazoles such as 3-methoxycarbonyl, 3-aryl, 7-Br, and 7-OMe re-
acted well under these reaction conditions.

Two alternative mechanisms were proposed by the authors for
this transannulation reaction (Scheme 5). According to the path a,
pyridotriazole 3 reacts with rhodium catalyst via its in-situ generated
open form 2 to form the rhodium carbene species 10, followed by a
direct nucleophilic attack™ of an alkyne or nitrile to produce the in-
termediate ylide 11. A subsequent cyclization leads to the corre-
sponding products 7 or 9 via zwitterionic intermediates 12 (Scheme
S, path a). Alternatively (path b), upon [2+2] cycloaddition of tho-
dium carbene 10 with alkyne or nitrile, a rhodacyclobutene 13 is
produced, which could also be formed from the cyclization of 11."
Ring opening of rhodacyclobutene 13 would produce rhodium car-
bene species 14, which, upon 6m-electrocyclization and a subse-
quent

Scheme 4. Rhodium(I1)-Catalyzed Transannulation with Ni-
triles
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reductive elimination, would yield the corresponding products 7
or 9. As previously stated, even though cyclopropene 16 was ob-
served from [2+1] cycloaddition of pyridotriazole 3 with alkynes in
the presence of rhodium(II) acetate, path c could be ruled out as no
isomerization 167 was observed.

Scheme 5. Proposed Mechanism for Rhodium(II)-Catalyzed
Transannulation
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Next, Gevorgyan group reported a two-step method for a re-
giodivergent synthesis of 1,2- and 1,3-disubstituted indolizines from
pyridotriazoles 3 and terminal alkynes.'® At the first step, an efficient
access to a variety of 3-iminocyclopropenes 6 was readily achieved
in the presence of Rha(S-DOSP), (Scheme 6). This intermediate
could be then subjected to the copper catalyst to selectively obtain
1,2-disubstituted indolizines 17 (Scheme 6a). Alternatively, using
rhodium(I) catalyst, selective formation of 1,3-disubstituted indoliz-
ines 18 could be achieved (Scheme 6b). These protocols are



remarkably regiodivergent, as regioisomeric indolizines 17 and 18
were obtained with >99% selectivity. These protocols are quite gen-
eral with respect to the electronic nature of cyclopropenes used.

Scheme 6. Regiodivergent Synthesis of N-fused Heterocyclic
Compounds
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The authors proposed the following mechanisms for the re-
giodirvergent cycloisomerizations of cyclopropenes 6 into indoliz-
ines 17 and 18 (Scheme 7). For the rhodium-catalyzed method,
upon ring opening of cyclopropene the most substituted rhodium
carbene 19 forms."” A nucleophilic attack by the nitrogen lone pair
would then lead to a zwitterionic intermediate 20. A subsequent
elimination of the rhodium would furnish the 1,3-regioisomeric
product 18. Alternatively, in the presence Cu(I), formation of the
less substituted copper carbene 21, followed by its cyclization to
zwitterionic intermediate 22 occurs,'’* ¢
1,2-regioisomeric product 17. The authors confirmed that isomeric
carbenes 19 and 21 are not interconverted through the cycloaddi-
172174 gince no crossover product

eventually leading to the

tion/cycloreversion equilibrium,
was observed upon addition of S equiv. of the alkyne. Alternatively,
regioisomers 17 and 18 could arise from the reductive elimination
of aza-metalacyclic carbene intermediates 23 and 24.

Scheme 7. Proposed Mechanisms for the Regiodivergent
Cu(I)- and Rh(I)-Catalyzed Synthesis of Substituted Indoliz-
ines
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Later, Lee group expanded the transannulation chemistry to syn-
thesis of 3-alkenyl indolizines by employing 1,3-dienes (Scheme
8).” In this one-pot three-step protocol, pyridotriazoles 3 reacted
with 1,3-dienes 25 in the presence of rhodium catalyst via [2+1]"
cycloaddition reaction to produce cyclopropane 27. The latter,
upon Pd-catalyzed cycloisomerization produced dihydroindolizine
28 (Scheme 8a). A subsequent oxidation with MnO: lead to 3-
alkenyl indolizines 26. Under these conditions, pyridotriazoles 3 re-
acted very well with electronically different 1,3-dienes (E)-25 to pro-
duce 3-alkenyl indolizines 26 in moderate to good yields (Scheme
8b).

Scheme 8. Rh- and Pd-Catalyzed Synthesis of 3-Alkenyl In-
dolizines
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2.2 Copper-Catalyzed Transannulation

Previously developed transannulation methods relied on rho-
dium catalysis, which required C7-substituted pyridotriazoles as
precursors for the o-imino diazo compounds.'" ' Gevorgyan group
reported a copper-catalyzed expansion of this reaction under aerobic
conditions (Scheme 9).”° This methodology does not require substi-
tution at the C7 position, employment of electron-deficient pyrido-
triazoles, and use of expensive rhodium(1I) catalysts. Employment
of this method allowed to efficiently produce indolizines 30 with
electronically diverse aryl acetylenes 29. Aliphatic and heteroaro-
matic alkynes also reacted well, which was not possible under the



previously reported rhodium-catalyzed conditions.'" Most notably,
unsubstituted pyridotriazoles (R', R* = H) turned out to be the com-
petent substrates for this reaction as well.

Scheme 9. Cu-Catalyzed Transannulation
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The following mechanism was proposed for the copper-catalyzed
transannulation of pyridotriazoles into indolizines (Scheme 10a).
First, terminal acetylene 29 reacts with the copper catalyst to gener-
ate copper acetylide 31, which upon reaction with diazo compound
2 generates the copper-carbene complex 33 (path a). The latter
could also be generated by the reaction of copper carbene 32 and
alkyne 29 (path b). Next, a migratory insertion of the alkynyl group
into the carbene 33 would produce intermediate 34.* Generation of
intermediate 37 from 34 could occur via a nucleophilic attack of the
pyridine nitrogen at the triple bond, likely activated by the electro-
philic copper complex.” On the other hand, the in-situ generated
propargylic intermediate 35 or allenic intermediates 36 could also
lead to the formation of 37, protodecupration of which would de-
liver indolizine product 30. Importantly, no reaction was observed
when copper acetylide 31a and pyridotriazole 3¢ were subjected to
the reaction conditions without copper catalyst (Scheme 10b). This
suggests that electrophilic copper’ (Cu(MeCN)4PF) is indeed re-
quired for activation of the triple bond during the cyclization step
(34—37).

Scheme 10. Proposed Mechanism for Cu-Catalyzed Transan-
nulation of Pyridotriazoles with Alkynes

10a; Proposed mechanism

RP-= 4

29

10b; control experiments
P O CO,Et
N no Cu Z NF
+ Cu———Ph

- N\,\j’N toluene, 130 °C SN
Ph

3c 31a 301
no reaction

In continuation of their work on the synthesis of N-heterocyclic
structures via transannulation chemistry, the Gevorgyan group re-
ported assembly of diverse polycyclic frameworks via the copper-
catalyzed intramolecular transannulation reaction (Scheme 11).”
Pyridotriazoles 38 tethered with internal alkynes participate well in
this intramolecular transannulation reaction to produce in a single
step the corresponding tri-, tetra-, and pentacyclic fused indolizines
39 in moderate to good yields, (Scheme 11a). Interestingly, it was
uncovered that this reaction can also be catalyzed by Lewis acids,
such as In(OTf); and TIPSOT (Scheme 11b).



Scheme 11. Cu-Catalyzed Intramolecular Transannulation
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Copper-catalyzed intramolecular transannulation was proposed
to proceed through the in-situ generated copper carbene intermedi-
ate 41 (Scheme 12), which upon a [3+2] cycloaddition reaction
would produce indolizine 39." The latter could also be formed via a
direct [2+1] cycloaddition to produce the cyclopropene intermedi-
ate 42, followed by cycloisomerization.'® Another pathway could in-
volve carbene alkyne metathesis™ of the copper carbene intermedi-
ate 43. The Lewis acid-catalyzed version was envisioned to operate
via the cationic intermediate 45, which could be formed through the
denitrogenative cyclization of a Lewis acid adduct 44. A subsequent
cyclization with the loss of the metal would produce indolizine 39.
Alternatively, a nucleophilic attack of the oi-imino carbon at the
Lewis acid-activated triple bond could form intermediate 46. Extru-
sion of dinitrogen, followed by the aza-Nazarov-type cyclization pro-
duces 48, which upon metal loss would deliver the indolizine prod-
uct 39.

Scheme 12. Mechanism of Cu- and Lewis Acid-Catalyzed Intra-
molecular Transannulation
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In 2016, Adimurthy and co-workers reported aerobic copper-cat-
alyzed transannulation of pyridotriazoles with benzylamines into
aza-heterocyclic compounds.* Pyridotriazoles 3 reacted efficiently
with different substituted benzyl amines to produce the imidaz-
opyridines 49a-h in high yields (Scheme 13a). Heteroaromatic and
cyclic amines reacted well, however no reaction was observed with
aza-heterocyclic or aliphatic amines. o-Amino acids reacted
smoothly with pyridotriazoles 3 in a decarboxylative manner to pro-
duce the corresponding products 49i-m in high yields (Scheme
13b).

Scheme 13. Cu(I)-Catalyzed Transannulation with Benzyla-
mines and o-Amino acids
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It was proposed that in the presence of copper catalyst, the car-
bene intermediate 32 forms (Scheme 14).>** A migratory insertion
of the latter with the N-H bond of benzylamine generates pyridine
50. The following consecutive single electron transfer events would
produce benzylic cation §3,”” which exists in equilibrium with aza-
allene 54. A subsequent cyclization-oxidation would furnish imidaz-
opyridine 49.



Scheme 14. Proposed Mechanism of Cu(I)-Catalyzed Transan-
nulation with Benzylamines and o.-Amino acids
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2.3 Cobalt-Catalyzed Transannulation

Recently, Chattopadhyay group reported a cobalt(II)-catalyzed
radical transannulation and cyclopropanation reactions.”® Employ-
ment of pyridotriazoles or 2-(diazomethyl)pyridines in the presence
of Co(TPP) catalyst and alkyne partners resulted in the synthesis of
N-containing heterocycles (Scheme 15). The in-situ generated N-
tosylhydrazones underwent transannulation with various substi-
tuted aryl, heteroaryl, and alkyl alkynes in the presence of Co(TPP)
to produce the indolizines 57 in good to excellent yields (Scheme
15a). In a similar fashion, the use of alkenes in place of alkynes pro-
vided substituted cyclopropanes 58 in high yields and good diastere-
oselectivity (Scheme 15b). The potential application of this radical
transannulation was demonstrated in two-step synthesis of (+)-
monomorine 59 (Scheme 15c¢).

Scheme 15. Co(II)-Catalyzed Transannulation and Cyclopro-
panation
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Control experiments showed TEMPO-trapping products 60 in
the absence of alkyne, and a complete shut down if the reaction in
the presence of phenylacetylene (Scheme 16a). Based on these data,

the following radical mechanism was proposed (Scheme 16b). The
produced in-situ N-tosylhydrazone $6” upon exposure to the base
produces pyridotriazole 61, which exist in equilibrium with o-imino
diazo compounds 62. The latter would be converted into the o-
Co"-pyridyl radical intermediate 63 in the presence of Co"(TPP)
catalyst.”” A radical addition to phenylacetylene would produce -
Co"-vinyl radical intermediate 64. A subsequent cyclization would
produce indolizine 57. Alternatively, formation of indolizine could
result from the ring expansion of cyclopropene intermediate 65, ob-
tained via radical recombination process. However, based on the fact
that this intermediate was never observed in the reaction mixtures,
the authors ruled out this pathway.

Scheme 16. Proposed Mechanism of Co(II)-Catalyzed Radical
Transannulation
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2.4 Lewis Acid-Catalyzed Transannulation

The Adimurthy group reported a general metal-free transannula-
tion reaction of pyridotriazoles for synthesis of imidazopyridines.*
The authors utilized BF;-OEt; as a Lewis acid catalyst, and pyridotri-
azoles 3 as precursors for 0t-imino diazo compounds 4 (Scheme 17).
It is believed that coordination of BF:-OEt: to pyridine nitrogen
atom stabilizes the open forms of pyridotriazole 67 and its vinyl dia-
zonium form 68. In one scenario, a direct [3+2] cycloaddition (path
a) of benzonitrile generates intermediate 69, which upon elimina-
tion of dinitrogen and BFs produces imidazopyridine 66 (Scheme
17a). Alternatively, an intramolecular nucleophilic addition of inter-
mediate 70 and a subsequent elimination of BF; delivers the product
(path b). Pyridotriazoles reacted well with electron-donating, with-
drawing, and neutral aromatic and heteroaromatic nitriles. Notably,
aliphatic nitriles are also competent substrates for this transfor-
mation (Scheme 17b).



Scheme 17. BF;-OEt;-Catalyzed Transannulation
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Later, the same group extended this protocol for reactions of elec-
tron-rich arenes. Thus, transannulation of pyridotriazoles was suc-
cessful in the presence of catalytic amounts of In(OTf); and tri-
fluoroacetic acid as an additive.’ A somewhat unusual mechanism
was proposed by the authors, that involved indium-carbene interme-
diate 73, which was generated from In(OTf)s and pyridotriazoles 3
(Scheme 18a). Next, insertion of electron-rich arenes onto the in-
dium-carbene™ leads to the metallated aza-Nazarov type intermedi-
ate 74.**% Upon elimination of In(OTf)s under acidic conditions,
the biscationic intermediate 75 is produced.****It was reasoned that
at high temperature, the phenyl ring in this sterically congested in-
termediate would come close to the pyridine ring to generate inter-
mediate 76 via C—H amination. The pyridoindole 72 is produced
upon a subsequent proton loss. DFT calculations supported the pro-
posed mechanism.

Scheme 18. In(OTf);-Catalyzed Transannulation
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2.4 Bronsted Acid-Mediated Transannulation

Xu and Dong proposed an unusual synthesis of pyridoindoloin-
dolizines through a Bronsted acid-mediated transannulation.* It is
likely that TsOH stabilizes diazo-diazonium intermediates 7980,
which upon nucleophilic attack of 7-azaindole (77) produce inter-
mediate 81 (Scheme 19a). A subsequent cyclization with the loss of
TsOH generates 82. An oxidation with AIBN completes synthesis of
pyridoindoloindolizine 78. As exemplified in the Scheme 19b, this
Bronsted Acid-mediated transannulation is quite general with re-
spect to pyridotriazole and pyridoindole components used.

Scheme 19. PTSA-mediated Transannulation
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3. Pyridotriazole Insertion
3.1 Rhodium-Catalyzed N—H Insertion

In 2014, Gevorgyan group reported the rhodium-catalyzed N-H
insertion reactions of pyridotriazoles.* Various 2-picolylamine de-
rivatives 83 were obtained from the corresponding pyridotriazoles
and NH-containing amides, anilines, amines and enamines in the
presence of Rhy(esp)s catalyst (Scheme 20a). After developing the
N-H insertion reaction with various amides, a formal transannula-
tion using a combination of Brensted acid with rhodium-catalyst was
accomplished. This one-pot protocol allows for efficient synthesis of
a wide variety of imidazopyridines possessing alkyl-, aryl-, benzyl,
and alkenyl substituents at the C3 position of heterocycle (Scheme
20b).



Scheme 20. Rhodium-Catalyzed N—H Insertion
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The authors proposed that thodium carbenes 4 formed from the
in-situ generated o.-imino diazo compounds, react with amides to
form an ylide intermediate 85 (Scheme 21). Regeneration of the
rhodium catalyst produces 2-picolylamines 83. An acid-assisted in-
tramolecular dehydrative condensation furnishes imidazopyridine
product 84.

Scheme 21. Rhodium-Catalyzed N—H Insertion Mechanism
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3.2 Metal-Free C(sp’)—N Bond Formation

Recently, Alami and Hamze reported interesting metal-free
C(sp*)—N bond formation of pyridotriazoles with weakly nucleo-
philic aniline derivatives (Scheme 22a).” Based on control experi-
ments, it was proposed that first water reacts with o-imino diazo
compounds 2 to produce diazonium intermediate 88. Next, the nu-
cleophilic substitution by bromine from TBAB (tetrabutylammo-
nium bromide) produces benzyl bromide 89, which upon alkylation
of amine and a subsequent dehydrobromination delivers the reac-
tion product 87. Different pyridotriazoles reacted well under these
conditions with diversely substituted anilines to produce the pyridyl
alkyl amines 87 in good to excellent yields (Scheme 22b).

Scheme 22. Metal-Free C(sp*)—N Bond Formation
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3.3 Rhodium(III)-Catalyzed C—H Insertion

In 2018, Strassert and Glorius reported rhodium(III)-catalyzed
directing group-assisted C—H activation of pyridine derivatives 91
followed by reaction with pyridotriazoles 3 toward synthesis of fused
fluorescent scaffolds 92(Scheme 23).* In this protocol, the pyridine
moiety plays a dual role, by acting as a directing group in the C-H
activation step, as well as a nucleophile at the cyclization step. The
fluorescent properties of the obtained molecules and their com-
plexes with metal salts were studied.

Scheme 23. Rhodium (IIT)-Catalyzed C—H Insertion
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The proposed mechanism starts with the reversible coordination
of cationic rhodium with 2-phenyl pyridine 91 to produce via C-H
activation a cationic rhodacycle 93 (Scheme 24). Next, it reacts with
the diazo compound 4, which upon release of dinitrogen produces
carbene intermediate 94. A migratory insertion of pyridyl carbene
leads to 95, which undergoes protoderhodation to afford 96. A nu-
cleophilic addition of pyridine at the activated carbonyl group of the
ester produces 97. A subsequent elimination of alcohol and the cat-
alyst yields the reaction product 92.



Scheme 24. Proposed Mechanism of Rhodium(I1I)-Catalyzed
C—H Insertion
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Later, the Lee group reported related sulfoximine-directed C—H
functionalization method,” which provides expeditious access to
1,2-benzothiazines from the corresponding sulfoximines and pyri-
dotriazoles in the presence of Rh(III) catalyst and sodium acetate
(Scheme 25a). Mechanistically, this reaction (Scheme 25b) follows
similar path with that of the above mentioned method (Scheme 24).
A variety of 1,2-benzothiazines were efficiently synthesized via this
domino C-H activation/cyclization/elimination protocol from
readily available sulfoximines and pyridotriazoles.

Scheme 25. Rhodium (IIT)-Catalyzed C—H Insertion with Sul-
foximines
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The Dong group expanded this chemistry to the Rh(III)-
catalyzed C—H activation of N-phenylbenzimidamides, followed by
a subsequent coupling with pyridotriazoles/cyclization to access the
corresponding 3H-indoles 106 (Scheme 26).* Recently, Xu group
reported that N-acetyl substituted sulfonamide 107 derivatives un-
der similar conditions produce the C—H insertion product 108 ex-
clusively (Scheme 27).*

Scheme 26. Rhodium (IIT)-Catalyzed C—H Insertion with N-
Phenylbenzimidamides
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Scheme 27. Rhodium (III)-Catalyzed C—H Insertion with N-
Acetyl Substituted Sulfonamides
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3.4 Copper-Catalyzed P(O)—H Insertion

In 2018, Shen group reported denitrogenative synthesis of phos-
phorylated picolyl derivatives via the C—P bond formation.” As pro-
posed in Scheme 28a, the formed copper carbene 111 reacts with
109’, the P-OH tautomer of 109 (P(O)—H) to produce 112, which
after 1,2-phosphorous migration (113) and protodecupration deliv-
ers the reaction products 110. Under these conditions, various H-
phosphonates, H-phosphinates, and H-phosphine oxides reacted
well with pyridotriazoles to efficiently produce 2-picolylphosphoryl
derivatives (Scheme 28b).




Scheme 28. Copper(II)-Catalyzed P(O)—H Insertion
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3.4 Metal-Free Nucleophile Insertion Reactions

Very recently, Dehaen reported an acid-mediated metal-free in-
sertion reaction of methoxylated triazoloisoquinolines into weakly
nucleophilic Nu—H bonds.* This method operates via an acid-me-
diated denitrogenative ring-opening of triazoloisoquinoline 114,
followed by the trapping with weak nucleophiles (Scheme 29). C-
nucleophiles, arenes and heteroarenes such as veratrole, naphtha-
lene, and thiophene in the presence of HBF4-OEt: produced mix-
tures of regioisomers (115a-c). Conversely, reaction with N-me-
thyl-indole produced a single regioisomer (115d) exclusively
(Scheme 29a) in the presence of triflic acid TfOH. Unlike their non-
polar counterparts, polar nucleophiles, such as amines, alcohols, and
thiols smoothly reacted in the presence of triflic acid TfOH under
slightly modified conditions to give the corresponding products
116a-e in good yields (Scheme 29b). The authors commented on
importance of a methoxy substituent at the isoquinoline moiety,
which is crucial for a facile ring opening step.

Scheme 29. Acid-Mediated Nucleophilic Insertions
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4. Miscellaneous Reactions of Pyridotriazoles

Hong reported the palladium-catalyzed arylation of alkyl-substi-
tuted pyridotriazoles with aryl bromides.* Interestingly, two differ-
ent products were obtained from the same starting material, depend-
ing on the choice of the base used (Scheme 30). In the presence of
potassium carbonate, the reaction leads to the C3-arylation products
118 mostly possessing an exo-methylene fragment. However, under
modified semi-one pot conditions employing potassium fert-butox-
ide, C3 and C7-arylation products 119 were produced in high yields
(Scheme 30b).

Scheme 30. Palladium-Catalyzed Arylation
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Based on the control experiments, the authors proposed the fol-
lowing mechanism (Scheme 31a). Initially, the ‘BuOK-promoted
palladium-catalyzed C—H arylation of pyridotriazole occurs at the
C7-position to produce 120. Next, the nickel salt enables ring-open-
ing of pyridotriazoles and stabilizes the diazo compounds through
the coordination with the pyridine nitrogen atom (121). The palla-
dium carbene complex 122 is subsequently formed from the reac-
tion of intermediate 121 with Pd(1I), which is generated via the ox-
idative addition with aryl halides. Then, 122 undergoes aryl migra-
tory insertion, followed by the p-hydride elimination to give the ex-
ocyclic double bond containing compounds 119. The endocyclic
product 118h originates from the 1,2-hydride shift of C7-methoxy
diazo compound 118h’, without the need for palladium catalysis, to
afford the pyridyl styrene derivative (118h”). Finally, Heck reaction
leads to the corresponding product 118h (Scheme 31b).



Scheme 31. Proposed Mechanism for Palladium-Catalyzed Ar-
ylation
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Xu and Hu reported a formal [4+1] cycloaddition of pyridotria-
zoles with propargyl alcohols for synthesis of pyridyl-substituted 2,5-
dihydrofuran derivatives 125 (Scheme 32).” In this reaction, pro-
pargyl alcohol 124 reacts with rhodium carbene to form the oxo-
nium ylide 126, which is in equilibrium with rhodium enolate 127.
The following intramolecular nucleophilic addition of the C-enolate
at the triple bond of alkyne in the S-endo-dig fashion produces zwit-
terion 128, which upon protoderhodation delivers the reaction
product 125 (Scheme 32a). Moderate to high yields of pyridyl sub-
stituted 2,5-dihydrofurans were obtained using this method
(Scheme 32b). In the case of secondary and tertiary alcohols, the re-
action led to the formation of allene products 125g-h, which was ex-
plained via [2,3]-sigmatropic rearrangement from the oxonium ylide
126. Notably, Rha(esp )2 was the only selective catalyst toward dihy-
drofurans 12S5. Employment of other rhodium sources, such as
Rhy(OAc)s, Rha(oct)s,as well as copper and palladium catalysts, led
to mixtures of O—H insertion (129), [2,3]-sigmatropic rearrange-
ment (130), and formal [4+1] cycloaddition products (125).

Scheme 32. Rh-Catalyzed [4+1] Cycloadditions
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Adimurthy reported oxidation of pyridotriazoles into arylated
benzoyl pyridines 131,* which was achieved through palladium-cat-
alyzed C—H arylation, and silver-mediated aerobic oxidation of read-
ily available pyridotriazoles and haloarenes (Scheme 33a). Io-
doarenes produced higher yields compared to their bromo-and
chloro- counterparts (131a-c). Later, the same group reported the
acetoxylative version of this reaction using acetic anhydride as a sol-
vent.” Interestingly, both the acetyl and acetoxy groups of acetic an-
hydride were incorporated in the molecule to form the 2-oxo-1-phe-
nyl-1-(pyridin-2-yl)propyl acetate 132. Aryl- and naphthyl-substi-
tuted pyridotriazoles smoothly underwent this reaction to produce
132 in good yields (Scheme 33b).

Scheme 33. Pd-Catalyzed Aerobic Oxidation
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Product formation was proposed to occur via following sequence
(Scheme 34a). Upon initial Pd-catalyzed directed C—H arylation,
the diazo compound 134 is formed, which is converted to silver car-
bene 135. The latter upon oxidation (136) produces 6-aryl 2-ben-
zoyl pyridines 131. The acetylacetoxylation reaction was proposed

O
132d, 65%

to occur via the formation of palladium carbene 137 (Scheme 34b).



The following reaction with acetic anhydride would generate the
ylide intermediate 138, which presumably via acyl group migration
and reductive elimination of palladium-catalyst produces 132. Sim-
ilarly to Hong’s method described above,* the pyridotriazole moiety
plays a dual role both as a directing group for the C-H functionali-
zation and as a carbene precursor. The Driver group also reported
conversion of pyridotriazoles into picolyl alcohol derivatives under
heating with HCl or AcOH.¥

Scheme 34. Pd-Catalyzed Oxidation Mechanism
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Shen reported the metal-free method for C—C bond formation of
pyridotriazoles with boronic acids toward substituted picolines
(Scheme 35a).*" a-Diazopyridine 141, generated from pyridotria-
zole upon heating reacts either with boronic acid 139 (path a), orin-
situ generated boroxine 139’ (path b). Upon nucleophilic addition
of 141 or 144 at the boron species, zwitterionic borates 142 or 145
are formed. A subsequent denitrogenative 1,2-R shift (143, 146),
followed by protodeboration deliver the reaction product 140.
Commercially available aryl and alkyl boronic acids reacted well with
pyridotriazoles under these metal-free conditions to efficiently pro-
duce secondary and tertiary substituted picolines.

Scheme 35. Metal-Free C—C Bond Formation
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Very recently, Rostovskii group disclosed an interesting rhodium-
catalyzed reaction of pyridotriazoles 147 with azirines 148 to afford
1-(2-pyridyl)-2-azabuta-1,3-dienes 150 (Scheme 36).> First, the
thermally generated rhodium carbene reacts with azirine 148 to
form diazatriene 149, which upon reversible 1,6-electrocyclization
delivers non-aromatic pyridopyrazine 150. This protocol was found
to be efficient for synthesis of 1H-pyrazino[ 1,2-a]quinoline and 4H-
benzo[4,5]oxazolo[3,2-a]pyrazine 150b-c. The configuration of
the C=C bond of the diazatriene 149 was found to be an important
thermodynamic factor for the position of the equilibrium between
149 and 150.

Scheme 36. Rh-Catalyzed Dearomative Cyclization
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S. Photolysis of Pyridotriazoles
5.1 UV-Mediated Decomposition of Pyridotriazoles

Formation of carbenes 152 under the UV photodecomposition of
quinoline- and isoquinoline-based pyridotriazoles 151 was reported
by Wentrup group in 1986 (Scheme 37).” Later, Tomioka applied
UV-irradiation for the matrix photolysis of 3-methoxy carbonyl-
1,2,3-pyridotriazoles into ketenes 156 (Scheme 38).** The for-
mation of ketenes was explained by the ring opening of pyridotria-
zoles 153a upon light irradiation (> 300 nm) to form the diazo com-
pound 154, and then carbene 155, which underwent Wolff rear-
rangement® into ketene 156 (Scheme 37). Later, Wentrup group
observed similar ketene and other side products from light irradia-
tion of pyridotriazoles 153b, ¢ (Scheme 38a).* However, in the case



of ester derivative 153a, ketene 158 was observed as the major prod-
uct, likely through an intramolecular C—H insertion of OCHj via sin-
glet carbene intermediate 155a followed by fragmentation of the
formed propiolactone 157 into ketene 158 and formaldehyde 159.
The latter observation was supported by DFT calculations.” Tidwell
group reported formation of the ylide 160 upon photolysis of 3-
pyridyl substituted pyridotriazoles™ (Scheme 38b).

Scheme 37. Photolysis of Quinoline Triazoles
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Scheme 38. Photolysis of 3-Substituted Pyridotriazoles
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Zimmerman group utilized the UV-generated carbene intermedi-
ate from pyridotriazole 161 for cyclopropanation of cyclopentadi-
ene 162, which was employed as solvent to give a mixture of exo-
and endo products 163 in moderate yield (Scheme 39). All these
photolysis reactions described above were carried out under UVC
and UVB irradiations.

Scheme 39. Cyclopropanation of Pyridotriazoles

ol - o — BITIRRIY,
NN /\ /\
" &) (S

163-exo 163-endo
exo:endo (4:1)
35%

161 162

5.2 Visible Light-Induced Transformations of Unactivated
Pyridotriazoles

Recently, Gevorgyan group reported UVA light-induced denitro-
genative transformations of unactivated pyridotriazoles at room
temperature,” which were inspired by the observed sufficient ab-
sorption of pyridotriazoles at 390 nm (Scheme 40). Upon irradia-
tion at 390 nm, 3-aryl pyridotriazoles 164 underwent ring-chain
isomerization to produce a-diazoimines 165, which upon loss of di-
nitrogen were converted into carbene species 166.°' The latter was
efficiently utilized in several synthetic transformations. Thus, under
these metal-free conditions, arylation of pyridotriazoles with bo-
ronic acids in the presence of KxCOjs was accomplished. Different
3-aryl pyridotriazoles 164 reacted smoothly with a number of aryl

and alkenyl boronic acids 167 to deliver triarylmethanes 168 in
good to excellent yields at room temperature (Scheme 40b).

Scheme 40. Visible Light-Induced Transformations of Unacti-
vated Pyridotriazoles
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In addition to arylation reactions, 3-aryl pyridotriazoles under-
went other visible light-induced transformations, such as X-H
(O-H, N-H and CO,—H) insertion reactions of alcohols, amines
and carboxylic acids without any additives or catalysts, to produce
heteroatom substituted benzylpyridine derivatives 169 (Scheme
41a). Furthermore, 3-aryl substituted pyridotriazoles also reacted
with a variety of alkenes deliver the corresponding [2+1] cyclopro-
panation products 170 (Scheme 41b). Employment of this method
for synthesis of biologically important molecules has been demon-
strated. This method, however, is limited to C-3 aryl-substituted pyr-
idotriazoles, which have adequate absorption at 390 nm. Other de-
rivatives, such as 3-methyl pyridotriazoles, which are transparent in
that area, did not react under these conditions at all. Overall, this
method allows for efficiant formation of a broad spectrum of com-
pounds from pyridotriazoles at room temperature in regular glass-
ware without utilizing transition metals, Lewis acids, or harsh reac-
tion conditions.

Scheme 41. Visible Light-Induced X—H Insertion and Cyclo-
propanation of Unactivated Pyridotriazoles

Ar
“ R3-XH P RN 7 A
N Ar -~ _— ~
N Ph-H (0.1 M) N N~N‘N Ph-H (0.1 M) N R4
X\R3 390 nm LEDs, RT 390 nm LEDs, RT
12-16 h 12-16 h
169 X =0, NR, CO, 164 170

41a; X-H insertion: selected examples (e + 41b: cyclopropanation: selected examples

Q W O o oy
L OET TO

169a, 60%  169b, 74% 169c, 60%

170b, 90%

170a, 75%
d.r:9:1

d.r.>20:1

6. Synthesis of Indoles from Benzotriazoles

In 2009, Nakamura group reported the palladium-catalyzed deni-
trogenative synthesis of polysubstituted indoles from N-aroyl-1,2,3-



benzotriazoles and internal alkynes (Scheme 42).® 2-Iminoben-
zenediazonium species 174, formed under thermal decomposition
of benzotriazoles 171,% experiences oxidative addition with palla-
dium into intermediates 175/175’(Scheme 42b). A subsequent mi-
gratory insertion of internal alkyne 172 leads to palladacycle 176,
and after reductive elimination delivers indole 173. High reaction
temperature (130° C) was mandatory to induce ring opening of the
benzotriazoles. Both the electron-withdrawing group on the N1-
atom and the slightly electron-donating group at R” helped stabiliz-
ing the in-situ generated 2-iminobenzenediazonium species 174. A
variety of benzotriazoles and internal alkynes smoothly reacted un-
der these conditions to deliver the polysubstituted indoles 173 in
moderate to good yields (Scheme 42b). Expectedly, in the case of
unsymmetrical internal alkynes, a mixture of regioisomers 173¢ was
observed. Terminal alkynes such as phenyl acetylene yielded only
traces amount of product, and N-acetyl substituted benzotriazole
did not react at all. Very recently, Tang published a review on this
topic.®

Scheme 42. Pd-Catalyzed Synthesis of Polysubstituted Indoles
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Conclusions

In this perspective, we have described the recent develop-
ments on denitrogenative transformations of pyridotriazoles. Suita-
bly substituted pyridotriazoles undergo ring-chain isomerization to
generate the a-diazoimines. The latter can then be trapped or stabi-
lized by transition metal catalysts, or Lewis and Bronsted Acids, to
generate the more reactive carbene species, which display diverse re-
activity. Pyridotriazoles are surrogates of 1C and (aza)-3C synthons
for transannulation, cyclopropanation, insertion followed by rear-
rangement, and other miscellaneous reactions with suitable nucleo-
philes, for synthesis of variety of N-containing heterocyclic com-
pounds and beyond. Pyridine-containing biologically important het-
erocyclic cores can now easily be accessed from the corresponding
pyridotriazoles in a one-pot fashion without loss of efficiency, which
is a considerable improvement over existing methods. Pyridotria-
zoles are readily available from pyridyl ketones or aldehydes and hy-
drazines, as well as from other precursors.

Regardless of a substantial progress made, this chemistry still has
room for further development. Some drawbacks include the require-
ment to utilize activated pyridotriazoles or harsh reaction conditions
to induce the ring-opening and generate the reactive a-diazoimines.

Recently, these limitations have been partially overcome by using
visible light irradiation conditions at room temperature without any
additives. In addition, stereoselective denitrogenative transfor-
mations of pyridotriazoles and related compounds are hugely under-
developed. We are hopeful that this methodology once fully devel-
oped, will find its broad applications in synthetic and medicinal
chemistry.
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