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Davis—Beirut Reaction: A Photochemical Brgnsted Acid
Catalyzed Route to N-Aryl 2H-Indazoles
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Tantillot, Makhluf J. Haddadin*, Mark J. Kurth®1
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95616, United States

*Department of Chemistry, American University of Beirut, Beirut, Lebanon

Abstract

The Davis—Beirut reaction provides access to2H-indazoles from aromatic nitro compounds.
However, N-aryl targets have been traditionally challenging to access due to competitive alternate
reaction pathways. Previously, the key nitroso imine intermediate was generated under alkaline
conditions, but as reported here, the photochemistry of o-nitrobenzyl alcohols empowered
Brgnsted acid catalyzed conditions for accessing N-aryl targets. Anilines and alkyl amines give
different outcomes under optimized conditions; the proposed mechanism was studied using
quantum chemical calculations.
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Nitrogen-containing heterocycles are medicinal chemistry and natural product staples, and
the indazole core forms the backbone of a variety of biologically important molecules,
having shown analgesic,! antiviral,2 antichasic, antitumor,* and anticancer properties.?
Indeed, indazole derivatives are privileged among nitrogen heterocycles and they anord
access to the corresponding indazolones,® another family of biologically relevant
compounds.52P Typically, indazoles and indazolones are synthesized with the N-N bond
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already in place, sometimes with the aid of transition metal catalysts,” using the Cadogan
cyclization,® or via redox manipulation strategies.®

The Davis—Beirut reaction (DBR) is a redox neutral method for the conversion of o-
nitrobenzyl amines to 2H-indazoles.1% The formation of an N—-N bond is a key step in the
DBR, hut this reaction poorly accommodates reactions with anilines to form the
corresponding N-aryl products (Scheme 1A),11 even though the N-N bond forming reaction
between anilines and aryl nitroso groups is well established in the Mills reaction.12 In many
cases, C—N bond cleavage is favored over N=N bond formation when anilines are used in
the DBR.110.13 This issue likely arises from the fact that the Mills reaction is acid catalyzed
while the DBR is typically carried out under alkaline conditions. This limitation has been
disappointing because it significantly impacts the substrate scope of the DBR. We
speculated that the presence of a Bransted acid would significantly impact the reactivity of
nitroso intermediates 2 and 3 (Scheme 2), enabling Mills-like N—N bond formation. The
traditional DBR is, unfortunately, incompatible with Brgnsted acids because KOH is used to
generate the nitroso species. However, our group recently demonstrated that the key nitroso
imine intermediate can be generated in situ under photochemical conditions4 in aqueous
PBS solution and subsequently intercepted by primary amines (Scheme 2).1%> Kambel6 and
Chen” more recently reported similar photo-chemical methods leading to indazolones, but
it should be noted that accessing N-aryl products using their methods remains problematic.
Development of these photochemical methods gave us the experimental flexibility required
to study the highly reactive nitroso intermediates under Bragnsted acid catalysis (Scheme
1B).

When we treated 1 equiv of o-nitrobenzyl alcohol, 1 equiv of aniline, catalytic amounts of
H,S04, and IPrOH in a quartz test tube with >365 nm light!8 for 24 h, indazole 5 was
obtained in 61% yield. We were delighted by this result because secondary alcohols have
never been successfully incorporated using this chemistry due to their reduced
nucleophilicity relative to MeOH or EtOH.19 Indeed, exploiting the nonreactivity of iPrOH
with nitroso imines was central in the strategy we previously employed for direct indazolone
synthesis via the DBR.11P Incorporating N-aryl and O-isopropyl substituents into this
heterocyclic framework represents the most challenging substitution pattern for the DBR.

After optimizing the reaction (see Supporting Information [SI]; Table S1 for details), the
substrate scope was explored (Figure 1). EtOH, MeOH, cyclopentanol, and 2-
methoxyethanol provided indazoles (6-9) in excellent yields, but allyl/propargyl alcohol and
m-cresol failed to give indazoles 10a/10b and 11, respectively. When carried out in tert-
butanol, indazole 12 was not obtained. Instead, N-aryl indazolone 12a (64%; 12b in 71%
from p-anisidine) was formed, either by addition of H,O instead of tert-butanol to 57 (see
Figure 4) or by acid-mediated hydrolysis of indazole 12 (see Sl for additional discussion).
Obtaining 12a and 12b represents a major improvement over other direct methods for A-aryl
indazolone synthesis (see Scheme 1A).110.15-17 \While p-aminopyridine did not give 13,
naphthalen-2-amine successfully gave 14 in 75% yield. Comparing 15 vs 16 highlights the
role of reactive intermediate steric demands, while comparing 18 vs 19a/19b/20 highlights
substrate electonic effects on reaction outcome. Due to the short reaction time and limited
UV exposure, starting material aryl halides did not undergo bond scission during the course
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of the reaction;1>17 the successful preparation of indazoles 21-26 demonstrates the
tolerance of various halogens. While p-iodoaniline and n+chloroaniline give the
corresponding indazoles in good yield (77% and 75%, respectively), the use of o- and
bromoaniline resulted in lower yields (36% and 43%, respectively). Finally, when the
synthesis of 5 was performed on a 300 mg scale, an 82% yield was obtained.

Intramolecular DBRs are expected to give polycyclic indazoles when anilines with tethered
alcohols are used due to intramolecular incorporation of the alcohol nucleophile (Figure 2).
20 However, since alkoxy indazoles are also known to undergo hydrolysis to indazolones
when treated with a Brensted acid, it was not straightforward to predict the outcome under
acid-mediated reaction conditions.?! Indeed, when 27 was reacted with 1 in 'PrOH, indazole
28 and indazolone 29 were obtained in 23% and 25% yields, respectively. With the
realization that the synthesis of 29 traditionally required a three-step sequence (N-alkylation,
DBR, then KI/A),5¢ we attempted to improve the yield of the indazolone product by
screening additional solvents: DCM, THF, and DMF. While both DCM and THF gave
complex mixtures, DMF gave indazolone 29 in 73% yield; subsequent reactions were
performed in parallel using both 'PrOH and DMF. Using 30 in the reaction gave 6-5-7-6
fused indazole 31 in 87% and 61% yields in iPrOH and DMF, respectively; indazolone 32
was not formed in either solvent. When secondary alcohol 33 was employed as a substrate,
the reaction gave 37% of indazole product 34 and 0% of the indazolone product 35 (IPrOH
as solvent). When DMF was used as the solvent, 13% of 34 and 0% of 35 were obtained.
While using fert-butyl alcohol in the intermolecular reaction exclusively gave indazolone
12a/12b, using tertiary alcohol-containing substrate 36 surprisingly only gave fused indazole
product 37 in 64% with 'PrOH and 86% with DMF. Even though r7+cresol did not
participate in the intermolecular example to give 11, the reaction of 2-aminophenol (39) as a
substrate with 1 in iPrOH gave the desired 6—-5-5-6 fused indazole 40, albeit in only 15%
yield due to the formation of 41 (39%) as a side product. When the reaction was carried out
in DMF, the yield of 40 slightly increased to 28%. The surprising lack of formation of 38 led
us to wonder whether indazolone 29 arose via an acid-mediated process from polycyclic
indazole 28 or from direct cyclization at the hemiaminal stage (Figure 4; Pathway A).

Furthermore, as the problems with electron-rich anilines foreshadowed, employing
butylamine instead of aniline failed to provide the corresponding indazole product (Scheme
3). When 0.5 equiv of butylamine was used, a complex mixture was obtained. In contrast,
using 1 equiv of butylamine gave 2H-indazole N-oxide 42 in 21% yield3 and using 2 equiv
of butylamine gave indazolone 43 in 63% yield.1®

To set the stage for constructing a mechanistic model for this reaction, a better
understanding of the interactions of 3 and Brgnsted acid was needed. Since nitroso imine 3
has the potential to be protonated at the nitroso oxygen, nitroso nitrogen, or imine nitrogen,
we used quantum chemical calculations to study all three cases (Figure 3). Structures were
optimized with the PCM(DMS0)-M06-2X/6-31+G(d,p)?2 and PCM(DMSO)-B3LYP-
D3(BJ)/6-31+G(d,p)23 density functional theory (DFT) methods. The geometries of the
lowest energy conformers for each structure were optimized with DFT after systematic
conformational searches were performed using Spartan10 (see Sl for details). At
equilibrium, protonation of the imine nitrogen is clearly favored over protonation of the
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nitroso group at either N or O: 45 was thermodynamically favored over 44 by 31.6 kcal/mol
and over 46 by 12.3 kcal/mol.

There are three known productive pathways leading to different heterocycles from the same
nitroso intermediates (Figure 4): Pathway A leads to indazolones, 1P Pathway B leads to 2H-
indazole N-oxides,13 and Pathway C leads to 3-alkoxy 2H-indazoles.1911 We studied all
three pathways to understand the divergent reactivity between alkyl and aryl amines. First,
Pathway B reaction energetics for both N-alkyl and N-aryl analogues were examined and
ring closure to give the corresponding 2H-indazole N-oxide was found to be kinetically
feasible at room temperature for both substrates, although the N-aryl case has a higher
barrier (Figure 4; Pathway B).13 The 2H-indazole N-oxide product from this cyclization is
thermodynamically downhill in both cases, but less so for the aryl case. Consequently, ring
opening back to the nitroso imine is more likely with N-aryl substrates.

Next, we examined ring closure reactions for hemiaminals and hemiaminal ethers (Figure 4,
Pathways A and C). For the N-alkyl analogues, all modes of cyclization are predicted to be
kinetically feasible at room temperature, but Pathways A and C have higher predicted
barriers than Pathway B. In addition, charge separated N—N cyclization intermediates 53 and
66 are predicted to be formed in uphill processes. After the ring closing events for Pathways
A and C, we expect that solvent-assisted proton transfer leads to the neutral cyclization
products (54 and 67, which are thermodynamically downhill).

For N-aryl analogues, we failed to identify any productive transition state structures for
Pathways A and C. We also were unable to locate 49 or 62 as minima on the potential
energy surface; i.e. their N-N bonds are prone to barrierless cleavage. To estimate the
diffculty of such an N-N cyclization, we optimized the geometries of 49 and 62 while
constraining the N-N distance (1.558 A). Their relative energies exceed 20 kcal/mol,
suggesting that their formation is neither kinetically nor thermodynamically favorable. We
also considered the possibility of a concerted but asynchronous reaction that combines the
cyclization and internal proton transfer events, thereby avoiding the formation of the charge
separated cyclized species, but predicted barriers exceeded 27 kcal/mol for both Pathways A
and C for the N-aryl analogues (see Sl for details). In all cases examined, cyclizations for A-
alkyl analogues had lower barriers and were more exergonic.

Based on our calculations, it is reasonable to expect that N— N bond formation from
hemiaminal intermediates is not responsible for the N-aryl indazolones presented in Figures
1 and 2. Instead, they must be derived from Brgnsted acid catalyzed indazole
rearrangements. Indeed, the computational results lead us to suggest that N-N bond
formation generally proceeds via Pathway B for N-aryl substrates. The proposed
mechanistic model for the work described here is represented by 1 — 2 — 48 — 55 — 57
— indazole, where 2 — 48 — 55 and 57 — indazole are catalyzed by the Brgnsted acid.
This mechanistic model is fully consistent with the poor performance of alkyl amines
because their nucleophilicity enables competing Pathway A. We tested this proposed
mechanistic model by subjecting N-oxide 42 to the optimized reaction conditions in MeOH,
which provided the expected 3-methoxy-2H-indazole product in 50% yield, whereas
previously heat was required for this transformation.13 Although using an aryl N-oxide
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would have been preferred, they could not be isolated without significant decomposition due
to their ring opening back to nitroso imine.13

Our results clarify the role of the Brgnsted acid in this transformation. Since the predicted
equilibrium suggests that the formation of 2 H4-indazole A-oxide is not being catalyzed and
catalyzing {PrOH addition to nitroso imine is also not predicted to be productive for
accessing the 3-isopropoxy 2H-indazoles, the most reasonable role of Brgnsted acid in this
reaction is as follows. First, it catalyzes aniline’s condensation with nitroso benzaldehyde 2
to give nitroso imine 55. Second, when alcohol reacts with 55 to give unproductive
hemiaminal ether 61, the Bronsted acid accelerates C—O bond cleavage/C=N bond formation
to regenerate nitroso imine 55, which gives 55 additional opportunities to cyclize to A-oxide
57. Bransted acid also catalyzes the reaction of alcohol solvent with N-oxide 57 to deliver 3-
alkoxy 2H-indazole by protonating at the oxygen of 57. Thus, in contrast to our initial
hypothesis vis-a-vis the Mills reaction, N-N bond formation is not Brgnsted acid catalyzed
in this reaction. Indeed, the originally discovered Davis—Beirut reaction involves base-
mediated conversion of 58 to 3-alkoxy 2H-indazole; i.e., N—N bond formation does not
require a Bronsted acid.

In summary, the photochemistry of 1 unlocks previously incompatible reaction conditions
for the DBR; the consequence is greatly improved DBR flexibility and synthetic utility.
Inter- and intramolecular examples were both probed experimentally, and the mechanistic
model of this Brgnsted acid catalyzed reaction was studied using quantum chemical
calculations. A Bragnsted acid facilitates the reaction, but it does not directly catalyze N—-N
bond formation. Rather, it catalyzes formation of 2 to 55 and conversion of 57 to alkoxy 2 H-
indazole.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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N-Aryl 2H-indazole synthesis. Reaction conditions: ThermalSpa photolysis of o-nitrobenzyl

alcohol (0.5 mmol, 1 equiv), aniline (0.25 mmol, 0.5 equiv), alcohol solvent (10 mL),

H,SO4 (10 fL), 1t, 4 h. Isolated yields are reported. @ 300 mg scale reaction.
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Figure 3.
Different modes of nitroso imine protonation.
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A. Previouly challenging N-aryl targets
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Scheme 1.

N-Aryl Targets via the DBR
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Generating Key Intermediates /n Situ
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0.5 equiv
butylamine complex mixture
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OH  iProH
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\_butylamine ©i‘<\N
43: 63%
Scheme 3.

Reactivity of Alkyl Amines
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