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The development of regiodivergent methods that allow access to different structures from a single
substrate through intramolecular processes is crucial for accelerating new molecule discovery, as well
as making processes more sustainable and efficient in terms of waste production and economy. In
this study, we report a novel regiodivergent cyclization procedure to access two distinct azapolyaro-
matic regioisomers from 2-alkynylazobenzenes. The key to achieving this regiodivergence lies in the
presence or absence of a gold catalyst. The irradiation with visible light of 2-alkynylazobenzenes in
the presence of a Ir photocatalyst affords 11H-indolo[1,2-b]indazoles, whereas under similar con-
ditions with AuCls, indazolo[2,3-alquinolines are produced. Control experiments and DFT calculations
suggest that both transformations operate through different reaction mechanisms: the formation of
11H-indolo[1,2-blindazoles involves a radical mechanism, whereas the formation of indazolo[2,3-al
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quinolines appears to proceed predominantly through a polar mechanism. This transformation
enables the one-step conversion of simple 2-alkynylazobenzenes into diverse azapolyaromatic struc-
tures via an intramolecular visible light-promoted process, holding significant potential for new nitro-
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Introduction

Regiodivergent reactions represent a significant advancement
in organic chemistry, offering the ability to produce different
regioisomeric products from a single substrate under varying
conditions. This versatility not only enhances the efficiency of
synthetic routes by minimizing the need for multiple starting
materials but also contributes to the sustainability of chemical
processes by reducing waste and energy consumption. The
ability to selectively access different structural isomers
expands the chemical space available for new molecule discov-
ery, facilitating the development of novel compounds with
potential applications in pharmaceuticals, materials science,
and agrochemicals. Thus, the development and understanding
of regiodivergent reactions are crucial for advancing both the
practical and theoretical aspects of modern organic synthesis.
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Fused polycyclic (hetero)aromatic scaffolds are an essential
class of compounds in organic chemistry characterized by
their complex and rigid structures. These scaffolds are highly
valued for their unique electronic properties serving as core
structures in a wide range of functional materials, including
organic semiconductors,’ dyes,> and light-emitting diodes®
and in a wide range of biologically active compounds,* so that
the exploration and synthesis of these scaffolds continue to
drive innovation in both materials science and drug discovery,
highlighting their broad applicability and importance.

11H-Indolo[1,2-b]indazoles and indazolo[2,3-a]quinolines
are two distinct classes of azapolyaromatic compounds with
unique structural properties and potential applications.
Indolo[1,2-b]indazoles are potent inhibitors of DNA topoi-
somerases I and II> but have been relatively unexplored. In
contrast, indazoloquinolines, with their extended conjugated
system, are used in fluorescence materials, such as OLED
devices,® or as photocatalysts.” Quinolines are prevalent
scaffolds in pharmacology, found in over 600 natural pro-
ducts, mainly alkaloids.® Both natural and synthetic quino-
lines exhibit a wide range of biological activities, including
antifungal, antibacterial, antioxidant, anticancer, and anti-
malarial properties.” Despite their medicinal relevance and
extensive investigation,'® the fusion of quinolines with the
indazole core to obtain indazolo[2,3-a]quinolines has been
scarcely reported.

This journal is © the Partner Organisations 2024
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Indolo[1,2-blindazoles were first synthesized serendipi-
tously by Wilshire in 1973"" and later explored for their reactiv-
ity and bioactivity.'” Various methodologies, including palla-
dium and copper-catalyzed intramolecular C-N bond for-
mation™® at high temperatures and Rh(mi)-catalyzed dehydro-
genative annulation,'* have been developed to synthesize these
compounds. Additionally, the synthesis of these compounds
can be achieved through a 1,4-dilithio intermediate formed by
reacting 2-phenyl-2H-indazole with n-BuLi and trapping it with
an acyl chloride."® Initially, indazolo[2,3-a]quinolines were syn-
thesized in 1980 by Zurawel and Mitsuo.'® These compounds
have been explored through various methodologies, including
PPh;-mediated reductive cyclizations of 2-(o-nitrophenyl)qui-
nolines,'” aryne [3 + 2] dipolar cycloadditions,'® the Pd-cata-
lyzed tandem cross-coupling of 2-(o-iodophenyl)-2H-indazoles
with organozinc reagents'® as well as Rh(u)-catalyzed regio-
selective C-H functionalization of 2-aryl-2H-indazoles with

alkynes,* a-diazo carbonyl compounds,* cyclic enones®* or
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Fig. 1 (a) Approaches to synthesize 11H-indolo[1,2-blindazoles, inda-
zolo[2,3-alquinolines and 5,6-dihydroindazolo[2,3-alquinolines.  (b)
Photoreactivity of azobenzenes. (c) Photoreactivity of 2-alkynylazoben-
zenes. (d) Visible light-mediated regiodivergent synthesis of 11H-indolo
[1,2-blindazoles, indazolo[2,3-alquinolines and 5,6-dihydroindazolol[2,3-
alquinolines from 2-alkynylazobenzenes.
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p-ketosulfoxonium ylides.”® Additionally, rhodium-catalyzed
cyclizations of azobenzenes*® and 2-phenyl-2H-indazoles®®
with vinylene carbonate via C-H bond activation have also
been reported (Fig. 1a). These efforts have expanded the
scope and synthetic accessibility of indazolo[2,3-a]quinolines,
allowing for the exploration of new applications for these
compounds. Dihydroindazolo[2,3-a]quinolines can be syn-
thesized via the Povarov reaction and a tandem process invol-
ving visible light-promoted intramolecular N-N bond for-
mation using choline chloride/CuCI*® or ruthenium complex
(Fig. 1a).”

Azobenzenes are ubiquitous molecules that play a central
role in both fundamental and applied science. Initially investi-
gated as dyes®® their applications have expanded significantly
into fields such as medicine, textiles, food, cosmetics as well
as chemical sensing, organic transistors, and cell signaling.>
Nowadays, research on azobenzenes is primarily centered on
their  trans-cis  photoisomerization and remarkable
photostability.>**' However, despite the growing interest in
their photoisomerization properties, their application as syn-
thetic intermediates in photo-induced reactions to form
complex molecules remains underexplored. Since the 1960s,
few examples have shown azobenzenes irradiated with UV or
visible light to transform their scaffold. Most involve difunctio-
nalization of the N=N bond without forming nitrogen-con-
taining heterocycles.’> A few examples involve forming
complex molecules as seven-membered 1,3,2-diazaborepin het-
erocycles®® or carbazoles®* (Fig. 1b).

These examples highlight the potential of azobenzene reac-
tivity under visible light irradiation for synthesizing nitrogen-
containing heterocycles. Recently, our group reported a study
on the heterodifunctionalization of 2-alkynylazobenzenes
exclusively promoted by visible light, without the use of any
transition metals or photocatalysts, describing oxyamination,
sulfenoamination and diamination reactions (Fig. 1c).>* This
process exhibited excellent regioselectivity across a broad
range of substrates and was characterized by its broad scope,
simple set up, and mild reaction conditions.

We hypothesized that 2-alkynylazobenzenes could be
engaged in additional bond-forming events in the presence of
metal transitions and/or photocatalysts, thereby expanding the
synthetic utility of these visible light-promoted processes.
Consequently, we aimed to design cascade reactions that
would enable the highly controlled synthesis of azapolyaro-
matic structures from 2-alkynylazobenzenes (Fig. 1d). First, we
decided to test the reactivity of a 2-alkynylazobenzene 1a by
irradiating it with visible light in the presence of a photo-
catalyst. Our goal was to generate a reactive species of 2-alkyny-
lazobenzene by the photocatalyst and visible light, to induce
cyclization and form a 2H-indazole intermediate. This inter-
mediate of radical nature could then undergo an additional
cyclization with a phenyl ring through a subsequent C-C bond
forming event.

Second, we speculated that the presence of a metal complex to
activate the alkynyl moiety could lead to the formation of a
3-alkenyl-2H-indazole intermediate. This intermediate would then

Org. Chem. Front, 2024, 11, 6974-6988 | 6975
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evolve to form an additional C-C bond, generating a new ring of
different size, as previously observed for similar compounds.*®

Herein, we present the realization of these concepts through a
regiodivergent strategy for synthesizing 11H-indolo[1,2-blinda-
zoles and indazolo[2,3-a]quinolines from 2-alkynylazobenzenes
via intramolecular processes under photoredox conditions
(Fig. 1d). To elucidate the nature of the productive reaction inter-
mediates involved in these transformations, we conducted
control experiments, mechanistic probes, and DFT calculations,
the results of which will be presented. Our mechanistic studies
suggest that different pathways operate depending on the pres-
ence or absence of AuCl; in the reaction medium. The ability to
selectively synthesize these scaffolds from a common precursor
demonstrates the versatility of modern synthetic methods. This
provides valuable tools for synthesizing complex scaffolds from
simple starting materials and expanding the catalogue of sustain-
able methodologies for organic synthesis that utilize visible light
to promote transformations.

Results and discussion

Initially, (E)-1-(2-(hex-1-yn-1-yl)phenyl)-2-phenyldiazene (1a)
was selected as a benchmark substrate to explore its photoreac-
tivity. We began our investigation by studying the reactivity of
this substrate using 5 mol% of AuCl; and 2 mol% of Ir[dF(CF;)
ppylo(dtbpy)PFs in MeCN at room temperature, irradiated with
a blue LED (40 W) (Scheme 1).

Under these conditions, a mixture of four cyclization pro-
ducts was obtained: alongside indolo[1,2-b]indazole 2a, 5,6-
dihydroindazolo[2,3-a]quinoline 3a, indazolo[2,3-a]quinoline
4a and 3-alkenyl-2H-indazole 5a were formed. 2a, 3a, and 4a
result from the formation of a C-N bond and a C-C bond,
generating two five-membered rings for 2a and one five-mem-
bered ring and one six-membered ring for compounds 3a
and 4a in a single reaction step. Considering this result, we
decided to optimize the synthesis of compounds 2a, 3a,
and 4a to selectively obtain different azapolycycles from
2-alkynylazobenzenes.

Firstly, our focus shifted to optimizing the formation of
compound 2a. A control experiment conducted without the
gold(m) catalyst resulted in 2a being the major product, which
was isolated by column chromatography with a 34% yield
(Table 1, entry 1). Next, we investigated the effect of the photo-
catalyst by testing various organometallic and organic photoca-
talysts (Fig. 2). Among the Ir(m) organometallic photocatalysts,

CsHz

? C3.H7

A AuClj (5 mol%)
Ir[dF(CF3)ppyla(dtbpy)PF ¢ (2 mol%)
2N
N MeCN (0.1 M) CaH; CaH7
Blue LED (40 W)
" -0

Scheme 1 Initial experiment.
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Table 1 Optimization of reaction conditions for 2a

CaHo

AN

Photocatalyst (2 mol%)

Solvent (0.1 M), 24 h

Blue LED (W)

1a 2a
Entry Blue LED (W) Photocatalyst Solvent Yield® (%)
1 40 PC1 MeCN 34
2 40 PC2 MeCN 47
3 40 PC3 MeCN 62
4 40 PC4 MeCN 33
5 40 PC5 MeCN 15
6 40 PC6 MeCN 34
7 40 PC7 MeCN 24
8 40 PC3 Acetone 72
9 40 PC3 MeOH g
10 40 PC3 DCE 85
11 50 PC3 DCE 85
12 100 PC3 DCE 86

“Isolated yields after column chromatography on silica gel. ? A was iso-
lated with 90% yield.

X
F ZNCF, X X
Ir[dF(CF3)ppy](dtbpy)PFe X =F, Ir(dFppy); PC2
Pt X=H, Irppy)s  PC3 Ar = 4-MeO-Ph

[Cu(dap)eICi
PC4

ACZIPN 3DPAFIPN

X=PFs PC5 PC6 PC7 PC9
X=Cl PC8

Ru(bpy)sXz Rhodamine B

Fig. 2 Some of the photocatalysts tested in this work.

Ir(dFppy); offered a yield of 47% (Table 1, entry 2), while Ir
(ppy)s delivered a significantly improved yield of 62% (Table 1,
entry 3). In contrast, photocatalysts derived from Cu(1) and
Ru(n) resulted in lower yields (Table 1, entries 4 and 5).
Organic photocatalysts from the xanthene family (Table S1t)
as well as acridinium and 4CzIPN photocatalysts did not yield
better results (Table 1, entries 6 and 7). Based on these find-
ings, Ir(ppy)s was selected for further optimization studies.
Regarding the solvents, acetone provided a better outcome
than MeCN, yielding a 72% yield (Table 1, entry 8). Using

This journal is © the Partner Organisations 2024
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MeOH as a solvent favoured the formation of 3-(1-methoxypen-
tyl)-2-phenyl-2H-indazole (A) with no indolo[1,2-b]indazole 2a
detected (Table 1, entry 9).*> DCE emerged as the optimal
solvent, achieving an 85% yield (Table 1, entry 10). Finally,
the reaction was performed under irradiation with 50 or 100
W (Table 1, entries 11 and 12). No significant changes in the
reaction were observed at 50 W and increasing the intensity
to 100 W did not improve the yield or affect the reaction
time.

With the optimized reaction conditions in hand, a scale-up
experiment was conducted, increasing the scale tenfold

View Article Online

Research Article

(1 mmol) with compound 1a. The corresponding product 2a
was isolated with a similar yield after purification by column
chromatography (Scheme 2).

To demonstrate the versatility and robustness of our
method for synthesizing indolo[1,2-b]indazoles 2 via C-N
and C-C bond formation from 2-alkynylazobenzenes 1, we
set out to explore the substrate scope. A series of 2-alkynyla-
zobenzenes 1, with different modifications on both aromatic
rings and the alkynyl chain, were subjected to the optimized
reaction conditions. The method achieved moderate to very
good yields across a broad range of functional groups, with

Z odte PC3 (2 mol%) Ce
@ N DCE (0.1 M), 24 h
Blue LED (40 W) SN
1 2
Ar'

AHB 4H9

2a, 83% (74%)*

2b, 52%

CqHo CaHo
COMe COMe
oo ol
iy o

4H9

2e, 74%

2g, 67%" 2h, 60% 2i,87% 2j, 72%
C4Hg CaHo CiHg C4Hg
OMe 0COMe NMe,
Oroe s oI o Oroe
SN SN <N
2k, 64% 21, 43%° 2m, 52% 2n, 35%°¢
Ar? Alkyne
C4Hg CqHo TIPS
MeO,C e O
s s
\ =N
20, 63%" 2p. 70% 2q, 66%° 2t, 27%¢ 2u, 65%° 2v, 72%
C4He é\v
(t‘ O = gy N?@
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2r, 84%"° 2s, 65%°

Current limitations
Ho

s @(©

Scheme 2 Scope for the reaction from 2-alkynylazobenzenes 1 to indolo[1,2-blindazoles 2. @ Reaction was carried out at 1 mmol scale. © Reaction
time: 48 h. € Yield based on recovered starting material. ¢ Reaction time: 72 h. ®Reaction time: 7 days.
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substitutions on both the para and the meta positions of Ar’
being well tolerated (Scheme 2). Different halogen atoms
were introduced at these positions, resulting in moderate
yields (2b-2d). For 2c and 2d, the formation of the C-C bond
exclusively occurred at the position of the aromatic ring with
the azo group and halogen in the ortho position.
Nitrogenated electron-withdrawing groups were successfully
incorporated: a cyano group in the para position yielded 2e
with a 74%, and a nitro group in the meta position gave 2f
with 45% yield. Carbonylated electron-withdrawing groups
such as ketones and esters (2g and 2h), were introduced in
the para position with good yields. A disubstituted substrate
with ester groups delivered 2i with a very good yield.
Electron-donating groups were also evaluated: a methyl
group at the para position produced 2j successfully while an
amide group led to a 64% yield of 2k. Strong and weak oxyge-
nated electron-donating groups gave moderate yields for 21
and 2m, with lower yields generally due to the formation of
byproducts 3a and 4a. Nitrogenated electron-donating groups
at the para position were also tested, but the reaction with a
dimethylamino group did not achieve complete conversion
after 7 days, yielding 2n with a 35% yield. Further testing on
the aromatic ring Ar* and the alkynyl chain showed good
results. A chlorine atom at position 8 yielded 20 with a 63%
and an ester group at position 9 yielded 2p with a 70% yield.
Methyl groups at positions 9 and 10 resulted in good and
very good yields, respectively (2q and 2r), although with
longer reaction times (48 hours). A trifluoromethyl group at
position 9 gave 2s with a 65% yield and the structure was
confirmed by X-ray diffraction.”” With a bulky protecting
group as triisopropylsilyl group on the triple bond, the reac-
tion achieved 70% conversion after 7 days isolating 2t with
27% yield. Deprotection of the triisopropylsilyl ether group
with TBAF and subsequent cyclization under standard con-
ditions led to decomposition, likely due to the low stability
of (E)-1-(2-ethynylphenyl)-2-phenyldiazene and the extended
reaction time. Introducing cycloalkyl groups, a cyclohexyl
group (2u) yielded 65%, while a cyclopropyl group (2v) gave a
72% yield. A chlorine atom in the alkynyl chain was compati-
ble, providing 2w with a 62% yield. Incorporating a phenyl
group into the alkynyl chain or a p-methoxyphenyl group
directly linked at the triple bond gave the corresponding pro-
ducts 2x and 2y, respectively, in similar good yields. With
substrates containing substitutions in the ortho position of
Ar' with fluorine, bromo or methyl groups, the corres-
ponding indolo[1,2-b]indazoles 2 were not obtained, instead
starting material, decomposition and dehalogenation pro-
ducts were recovered.

To investigate the mechanism of this reaction, experi-
ments were designed to produce 2a by deviating from stan-
dard conditions. When the reaction was carried out without a
catalyst, a 33% yield of the product was observed. The role of
light during the process was also evaluated. In the absence of
light, the formation of 2a was not observed, indicating its
crucial role in this transformation. The reaction proceeds
exclusively under light irradiation (Fig. 3a). Next, the reaction
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was conducted in the presence of a radical quencher. Using
2,6-di-tert-butyl-4-methylphenol (BHT), the resulting radical
intermediate formed after the C-N bond formation was
trapped, and compound 6 was isolated with a 39% yield. This
result indicates the likely involvement of radical species
along the reaction pathway. When the reaction was carried
out with (E)-1-(hex-1-yn-1-yl)-2-styrylbenzene, after 36 hours
of irradiation, only isomerization of the double bond was
observed, yielding a 1: 3.5 E: Z ratio. This result suggests that
the excitation of the azo group by the photocatalyst triggers
the reaction (Fig. 3b).

Next, two deuteration experiments were conducted. In the
first, the reaction was performed using deuterated dichlor-
oethane to determine whether deuterium incorporation
into the product occurred via hydrogen transfer from the
solvent to the substrate (Fig. 3c). In this case, product 2a was
isolated with an 81% yield, and no deuterium incorporation
was observed. Subsequently, (E)-1-[2-(hex-1-yn-1-yl)phenyl]-2-
(phenyl-ds)-diazene (1a-ds) was synthesized, and under stan-
dard reaction conditions, the corresponding deuterated com-
pound 2a-ds; was formed with a 67% yield and 97% deutera-
tion (Fig. 3d). This suggests that during the reaction, a hydro-
gen atom from the aromatic ring Ar* migrates to the five-mem-
bered ring.

Analysis of the reaction progress by 'H NMR revealed that
(2)-1a is generated during the reaction. The reaction profile,
monitored by nuclear magnetic resonance spectroscopy, indi-
cates that a photo-stationary equilibrium of the cis-trans
isomers of 1a is reached at 10 minutes. The concentration of
both isomers decreases during the reaction, while the product
yield increases. After 7 hours, a 10% formation of indazole 5a
was observed (Fig. 3e).

To gain deeper insight into the mechanism operating in
this transformation, DFT calculations were conducted
(Fig. 32). The initial step, the formation of the 2-phenyl-2H-
indazole intermediate II from the radical cation I generated by
activating 1a with the Ir catalyst, is both kinetically and
thermodynamically favorable (AG* = +5.5 kecal mol™ and AG =
—5.3 keal mol™). Subsequently, two distinct mechanistic path-
ways can be proposed. The first pathway involves cyclization to
form the C-C bond, leading to intermediate III, followed by a
1,2-intramolecular hydrogen migration to furnish intermediate
IV. The second pathway considers the 1,5-intramolecular
hydrogen migration occurs before C-C bond formation. The
formation of the C-C bond is favored by 6.3 kcal mol™" over
the 1,5-intramolecular hydrogen migration, making the first
pathway more likely. The formation of intermediate III from II
via C-C bond formation has a kinetic barrier of AG* =
+6.8 keal mol™" and is highly thermodynamically favored (AG
= —22.8 kcal mol ™). The subsequent 1,2-intramolecular hydro-
gen migration is the rate-determining step, with a kinetic
barrier of AG* = +12.4 keal mol ™.

Following the experimental and computational investi-
gations above, we propose a plausible mechanism (Fig. 3f).
The reaction likely begins with the activation of the Ir catalyst
by visible light absorption, forming an excited Ir species. This

This journal is © the Partner Organisations 2024
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dinate profile of the reaction to synthesize indolo[1,2-blindazole 2a from (E)-1-(2-(hex-

1-yn-1-yl)phenyl)-2-phenyldiazene 1a. All calculations were
[l details). The energy values are given in kcal mol™.

bond is then formed by the attack of a nitrogen atom on a

the alkyne group, producing the radical cation II of

the indazole intermediate. Next, the C-C bond formation
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occurs to generate intermediate III, followed by a 1,2-hydrogen
atom transfer. Finally, a second SET process closes the cata-
lytic cycle, forming compound 2a.

The next goal was to optimize the reaction conditions for
obtaining indazolo[2,3-a]quinolines 4. The benchmark sub-
strate for optimization was again 1a. An experiment was con-
ducted using 2-alkynylazobenzene 1a (0.2 mmol), with AuCl,
(5 mol%) and Ir[dF(CF;)ppyl,(dtbpy)PFs (2 mol%) in MeCN
(0.1 M), irradiated with blue light (40 W) for 24 hours (Table 2,
entry 1). In this case, 2H-indazole 5a was the main product
with a 45% yield, while 5,6-dihydroindazolo[2,3-a]quinoline 3a
and indazolo[2,3-a]quinoline 4a were minor products, yielding
20% and a 5%, respectively, as determined by 'H NMR.
Increasing the blue LED potency to 80 W (Table 2, entry 2)
reduced the yield of 2H-indazole 5a to 27% yield, with a corres-
ponding increase in the yields of 3a and 4a to 29% and 10%,
respectively. When the irradiation was further increased to 100
W, the temperature rose to 70 °C (Table 2, entry 3). Under
these conditions, no 2H-indazole 5a was observed. Instead, a
50% yield of 5,6-dihydroindazolo[2,3-a]quinoline 3a and a
30% yield of indazolo[2,3-a]quinoline 4a were detected by "H
NMR. Next, different gold(m) catalysts were tested. AuBr;
showed promising results, furnishing 49% yield of 3a and 24%
yield of 4a (Table 2, entry 4). In contrast, Au(OAc); was less
effective, providing only a 29% yield of 3a with negligible
amounts of 4a (Table 2, entry 5). A copper(i) catalyst, Cu
(MeCN),BF, was also evaluated (Table 2, entry 6). Despite
achieving a 17% yield of 4a, the overall results did not show
significant improvement. After testing several catalysts, no sub-
stantial improvements were observed.*® Copper (PC4) and
ruthenium (PC8) photocatalysts predominantly produced 5a
(Table 2, entries 7 and 8). In contrast, using 2DPAFIPN (PC9)

Table 2 Optimization of reaction conditions for 4a
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shifted the major product to 3a (Table 2, entry 9). Other sol-
vents were tested, DCE yielded only 30% yield of 3a and traces
of 4a, whereas acetone produced a mixture of 3a and 4a with
yields of 15% and traces, respectively (Table 2, entries 10 and
11). Notably, no presence of 5a was detected in both
experiments.

Recognizing that both 3-alkenyl-2H-indazole 5a and 5,6-
dihydroindazolo[2,3-a]quinoline 3a are likely intermediates,
further experiments with extended reaction times or enhanced
blue LED power were conducted. These conditions achieved
complete conversion, with longer reaction times favouring the
formation of indazolo[2,3-a]quinoline 4a. However, increased
reaction times also led to higher decomposition of the
compounds. To improve the yield of 4a, the addition of an
oxidant was tested to oxidize 5,6-dihydroindazolo[2,3-a]quino-
line 3a into the corresponding indazolo[2,3-a]quinoline 4a.
(Diacetoxyiodo)benzene initially yielded exclusively 4a but with
low yield (Table 2, entry 12). Other oxidants as NBS, IBX,
cyclooctene and MnO, were tested but no improvement in the
yields of 4a were obtained (Tables S3 and S4t). Given DDQ’s
effectiveness as an oxidant, we tried adding it after 24 hours of
irradiation and filtering the mixture over silica. Although this
resulted in complete oxidation to 4a, the yield was only 32%
yield and the formation of decomposition byproducts (Table 2,
entry 13). To minimize decomposition and promote oxidation,
we added only 1.2 equivalents of DDQ, used 1,4-dioxane as the
solvent for the second reaction step, and reduced the blue LED
irradiation to 80 W. Under these conditions, 4a along with 3a
were isolated by column chromatography with a yield of 53%
(Table 2, entry 14).

Instances of photocatalyzed dehydrogenations have been
documented through distinct mechanisms, including the

©\/C3H7 Catalyst (5 mol%)
PC (2 mol%)
N"N\© Solvent (M)
Blue LED, 24 h
1a 3a 4a 5a
Entry Blue LED (W) Catalyst PC Solvent Oxidant (2 equiv.) 3a“ (%) 4a“ (%) 5a% (%)
1 40 AuCly PC1 MeCN — 20 5 45
2 80 AuCl, PC1 MeCN — 29 10 27
3 100 AuCl; PC1 MeCN — 50 30 —
4 100 AuBr; PC1 MeCN — 49 24 —
5 100 Au(OAc), PC1 MeCN — 29 Traces —
6 100 Cu(MeCN),BF, PC1 MeCN — 38 17
7 100 AuCl; PC4 MeCN — — —
8 100 AuCl; PC8 MeCN — 25 Traces
9 100 AuCly PC9 MeCN — 38 5
10 100 AuCl, PC1 DCE — 30 Traces —
11 100 AuCly PC1 Acetone — 15 Traces —
12 100 AuCl, PC1 MeCN PhI(OAc), 0 18 —
13 100 AuCly PC1 MeCN DDQ 0 32 —
145 100 AuCl, PC1 MeCN DDQ 7 46 —

“Yields calculated by 'H NMR, using dibromomethane as internal standard. ” Reaction was performed in two steps: (i) AuCl; (5 mol%), Ir[dF
(CF3)ppy,](dtbpy)PF¢ (2 mol%), MeCN (0.1 M), Blue LED (100 W), 70 °C, 24 h. (ii) DDQ (1.2 equiv.), 1,4-dioxane (0.1 M), Blue LED (80 W), 50 °C,
24 h. “Isolated yield (3a + 4a) by column chromatography.
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generation of hydrogen gas, which increases the pressure in
the reaction vessel.’* Our reaction conducted in a 5 mL
pressure Schlenk, led to the hypothesis that the liberated H,
increased the pressure, potentially slowing the reaction rate.

View Article Online

Research Article

To address this, we modified the set up. Initially, the reaction
was carried out in a round-bottom flask with a balloon punctu-
red through the septum, resulting in significant hydrazine for-
mation, indicating decomposition of the starting material.

i) AuCl; (5 mol%), PC1 (2 mol%)
MeCN (0.1 M), Blue LED (100 W)
70°C, 24 h

ii) DDQ (1.2 equiv.)
1,4-dioxane (0.1 M)
Blue LED (80 W), 50 °C, 24 h

Il

3Kidk (1.4:1), 34%

CO,Me
3aeldae (1:1), 44%

F
4ab (22%)

Ph

O
N

4af (39%)

4ak, R = Br (16%)
4am, R = Me (20%)

4an (24%)

CO,Me
312, 51%

= _@;Sé“

3m®, 85%

3agP®, 76%

Scheme 3 Scope for the reaction from
2 Conditions: AuClz (5 mol%), PC1 (2 mol%),
Blue LED (100 W), 70 °C, 24 h.

This journal is © the Partner Organisations 2024

2-alkynylazobenzenes 1 to 5,6-dihydroindazolo[2,3-alquinolines 3 and indazolo[2,3-alquinolines 4.
MeCN (0.1 M), Blue LED (30 W), 25 °C, 24 h. ® Conditions: AuCls (5 mol%), PC1 (2 mol%), MeCN (0.1 M),

Org. Chem. Front, 2024, 1, 6974-6988 | 6981


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qo01606h

Open Access Article. Published on 28 October 2024. Downloaded on 12/5/2025 7:32:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

Conducting the reaction in a Schlenk tube improved the
outcome, yielding a 3:10 ratio of 5,6-dihydroindazolo[2,3-a]
quinoline 3a to indazolo[2,3-a]quinoline 4a, but trace hydra-
zine still indicated ongoing decomposition. We then used a
pressure Schlenk for the first 24 hours, ensuring full conver-
sion of the starting material to 3a and 4a, followed by transfer-
ring the mixture under argon to a Schlenk tube for another
24 hours of irradiation. This afforded only indazolo[2,3-a]qui-
noline 4a, but with a low 'H NMR yield of 27%, suggesting
further decomposition.*® Finally, performing the entire reac-
tion in a pressure Schlenk with periodic pressure releases
resulted in a 5:4 ratio of 3a and 4a, indicating incomplete
conversion. After optimizing the reaction conditions to obtain
indazolo[2,3-a]quinoline 4a, the scope of the reaction was
explored (Scheme 3). A variety of 2-alkynylazobenzenes 1, with
modifications on the aromatic rings and alkynyl chain, were
evaluated. The corresponding indazolo[2,3-a]quinolines 4 were
obtained in synthetically useful yields. Products without sub-
stitution (3a/4a) or with halogens in Ar', such as bromine in
the para position (3b/4b) or fluorine in the ortho position (3e/
4e), were isolated with yields ranging from 30-51%. The struc-
ture of 4b was confirmed by X-Ray diffraction.>” When a fluo-
rine atom was present in the meta position, a mixture of the 2-
and 3-substituted products (3d/4d and 3d'/4d’) was obtained
with yields of 18 and 29%, respectively. Electron-donating
groups also assessed. A methyl group or
N-methylacetamide gave the corresponding products in moder-
ate yields (3k/4k and 31/41). Modifications on the aromatic ring
Ar® were also evaluated. Compounds with a chlorine atom in
position 9 and a methyl group in position 7 were isolated with
yields of 34 and 55%, respectively (3p/4p and 3s/4s).
Modifications to the alkynyl chain were also explored.
2-Alkynylazobenzene 1x, with a chlorine atom at the end of the
alkyl chain, delivered 3x/4x with a 42% yield.*® The introduc-
tion of an extra phenyl group directly conjugated with the
indazolo[2,3-a]quinoline core enabled the exclusive isolation
of the desired compound 4aa with a 41% yield. Due to this
result, we investigated the scope using a benzyl substituent on
the alkynyl moiety. With a fluorine substituent on Ar' in the
ortho position relative to the azo group, the tetracycle 4ab
could be isolated in pure form, albeit with a low yield. The
substrate 1ac, with the fluorine atom in the meta position rela-
tive to the azo group, under standard reaction conditions, led
to a mixture of compounds 4ac and 4ac’ with 24% and 23%
yields, respectively. Substrates with acetyl or methyl substitu-
ents on Ar', or methyl groups in positions 7 and 8 on Ar?,
resulted in moderate yields of 4ad-4ai. Given the exclusive
selectivity for forming 4 with a benzyl substituent on the
alkynyl fragment, we decided to study the variability of substi-
tuents on this aromatic ring. Substrates with electron-with-
drawing groups like bromine and electron-donating groups
like methyl and methoxy in different positions allowed the
exclusive isolation of compounds 4aj-4an with yields between
15% and 26%. Selective isolation of compound 3j with a yield
of 51% allowed confirmation of its structure by X-ray diffrac-
tion.?” This example, along with substrate 1ae, demonstrates

were
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that selective formation of 3 can be achieved by modifying the
alkynyl fragment when the substrate presents two CO,Me
groups on Ar'. Given these results, the synthesis of starting
substrates with other electron-withdrawing groups in the meta
position, such as nitro and bromo substituents was proposed
to selectively obtain 5,6-dihydroindazolo[2,3-a]quinolines 3.
However, the synthesis of these substrates was not successful.
Surprisingly, when the aromatic ring Ar' has a dimethylamino
group, high yields of compounds 3m and 3ag were obtained
regardless of whether the alkynyl fragment had an alkyl or aro-
matic group. The results from this scope study suggest that the
reaction selectivity is strongly influenced by the electronic
nature of the substituents.

To gain a deeper understanding of the reaction, experi-
ments were designed to synthesize 4a by deviating from stan-
dard conditions (Fig. 4a). When the reaction was performed
without AuCl;, the yield was 18% for 3a and traces of 4a, with
34% of the mixture identified as indolo[1,2-b]indazole 2a. This
outcome highlighted the lack of selectivity in the absence of
gold(m). In a second experiment without the photocatalyst, the
yield was 34% (3a + 4a), with no other products detected.
These results suggest that the yield decreases primarily
during the formation of the 3-alkenyl-2H-indazole 5, rather

Control experiments

a CgH C4H
7 CM standard o e
conditions N '—/
D O
SN N
1a 3a 4a
Entry Deviation 3a+4a, Yield (%)?

1 None 46

2 No AuCly 18°

3 No PC 34

4° No light 0

54 No light 0°

6 BHT (5 equiv.) 42

7 1,3-Pentadiene (5 equiv.) 40

?1solated yields by column chromatography. ® 34% yield
of 2a was isolated. °r.t. 990 °C. © 68% yield of 5a was
isolated

5a as reaction intermediate

C3H7
AuCl; (5 mol%) Cattr C°H7
PC1 (2 mol%)
@ MeCN (01 M)
Blue LED (100 W)
70°C, 24 h
Entry Deviation 3a:4a, Yield® (%) 3a:4aratio
1 None 52 13
2 No PC1 50 13
3 No Au, No PC1 55 31
2NMR yield using dibromomethane as internal standard
Deuteration experiment
(4
é CsHy CaHy D C3H7D
D Standard e e
N D conditions f N O D * f N O D
N N
D D g D g D
D
3a-ds 3a-d; +4a-dg 3a-ds +4a-ds
Fig. 4 (a) Control experiments. (b) Reactions with 5a. (c) Deuteration
experiment.
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than during the subsequent C-C bond formation to gene-
rate the 5,6-dihydroindazolo[2,3-a]quinoline 3a. When the
reaction was carried out in the dark conditions at room
temperature, no conversion to the desired product was
observed. Similarly, a reaction conducted in the dark at
90 °C yielded no traces of 3a or 4a but resulted in a 68%
yield of 3-alkenyl-2H-indazole 5a. Next, a control experiment
with a radical scavenger was performed by adding 5 equiva-
lents of BHT to the standard reaction conditions for both
steps. This resulted in a mixture of 3a and 4a in a 2.3:1
ratio with a 42% yield. A similar result was obtained when
1,3-pentadiene, a known triplet quencher, was used."!
Notably, no traces of 1a or 5a were detected, confirming the
involvement of a polar mechanism for the first part of the
reaction. However, the ratio of 3a to 4a suggested that the
oxidation from 3a to 4a might involve a radical pathway.

To prove that 5a is an intermediate in the reaction pathway,
3-alkenyl-2H-indazole 5a (0.02 mmol), AuCl; (5 mol%) and Ir
[dF(CF;)ppy].(dtbpy)PFs (2 mol%) were dissolved in MeCN and
irradiated with a blue LED (100 W) for 24 hours. This pro-
duced a 52% yield of N-heterocycles 3a and 4a. In absence of
PC1, the yield and the 3a: 4a ratio were similar to the previous

hv 4a
DDQ
1a S, 1a" (Sy) /

It
H CsHy

C-N
bond formation

C|3AU H

CsH;  1,2-hydride

shift

TSv.vi
AG¥ =+3.2

TSin
AG¥ =+20.0

} 3a
hv
AuCl Ir
AUC|3 3 Ba /< ;/‘
A hv
< \"
AuCly X Ir
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experiment. Another reaction, without AuCl; and PC1, pro-
duced 3a and 4a with a 55% yield and a 3:1 ratio. These
results support the assumption that both Au(m) and Ir(m) cata-
lysts promote the formation of 5a and that 5a is likely an inter-
mediate in the reaction (Fig. 4b). They also indicate that the
intramolecular cyclization to form the six-membered ring is
exclusively promoted by visible light.

To determine whether the hydrogen at position 6 in 4a ori-
ginated from the aromatic ring of 3a, (E)-1-[2-(hex-1-yn-1-yl)
phenyl]-2-(phenyl-ds)-diazene (3a-ds) was subjected to the
standard reaction conditions. After purification by column
chromatography and analysis of the 'H NMR spectra and
HRMS, a mixture of four products with the same polarity was
observed: 5,6-dihydroindazolo[2,3-a]quinolines 3a-d, and
3a-ds, and indazolo[2,3-a]quinolines 4a-d, and 4a-ds (Fig. 4c).
This result suggests the possibility of simultaneous intra-
molecular and intermolecular hydrogen migrations from the
aromatic ring to position 6 of 3a. Due to the overlapping
signals in the "H NMR and the inability to separate the pro-
ducts by column chromatography, the ratio of the products
could not be determined. However, HPLC analysis provided
approximate relative concentrations of each compound, with

1,2-hydride
shift

TSvivi
AG* =+12.6

Fig. 5 Mechanistic proposal and DFT calculations. All calculations were conducted at M06/6-311g(d,p)/IEFPCM (solvent = MeCN)/Au (SDD) level of

theory (see ESI+ for full details). The energy values are given in kcal mol™.
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4a-d, being the major product and 3a-d, and 3a-ds; as the
minor ones, each with almost the same relative ratio.>®

Based on the control experiments, it seems that two mecha-
nisms are operating in the formation of indazolo[2,3-a]quino-
lines 4. DFT calculations were conducted to further investigate
the proposed mechanism. A plausible mechanistic hypothesis
has been proposed to rationalize the dual gold photoredox
catalyzed transformation of 2-alkynylazobenzenes 1 into inda-
zolo[2,3-a]quinolines 4. This hypothesis suggests an initial
excitation of 1a generating the first singlet which by coordi-
nation of AuCl; to the alkynyl moiety, generating intermediate
I. Next, the formation of a C-N bond (TS not found) generates
the indazole intermediate II. Next, a 1,2-hydride shift occurs,
generating intermediate III, with a transition state of AG* =
+20 kcal-mol™.** The elimination of AuCl; produces 3-alkenyl-
2H-indazole 5a, which can cyclize to 3a in the presence of
light. Finally, DDQ facilitates the oxidation of 3a, yielding the
desired indazolo[2,3-a]quinoline 4a. A secondary mechanism
involving the Ir(m) catalyst may start with the coordination of
AuCl; to the alkynyl moiety, followed by a single-electron trans-
fer (SET) from the Ir(in) catalyst to intermediate IV. This forms
radical anion V and oxidizes Ir(ur) to Ir(wv). Radical anion V can
then react with the triple bond, forming the C-N bond and
giving rise to radical intermediate VI through a low-barrier
transition state (AG* = +3.2 kcal mol™). A 1,2-hydride shift
with a transition state energy of +12.6 kcal mol™" delivers inter-
mediate VIL. This intermediate undergoes a SET process with
the Ir(iv) catalyst, oxidizing to intermediate III and reducing
the iridium catalyst, thus closing the photocatalytic cycle.
Intermediate III can then evolve to 5a, closing the gold cata-
lytic cycle (Fig. 5).

Conclusions

In conclusion, this study demonstrates the efficacy of a novel
regiodivergent cyclization procedure for transforming 2-alkyny-
lazobenzenes into two distinct azapolyaromatic regioisomers.
By manipulating the presence or absence of a gold catalyst and
utilizing visible light irradiation, we achieved selective syn-
thesis of 11H-indolo[1,2-b]indazoles and indazolo[2,3-a]quino-
lines. The mechanistic insights provided by control experi-
ments and DFT calculations reveal that these transformations
proceed through different pathways, with radical and polar
mechanisms being predominant. This methodology not only
enhances the structural diversity of azapolyaromatic com-
pounds but also offers a more sustainable and efficient
approach for the discovery and synthesis of new molecules.
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