O [ i The Journal of Organic Chemistry
Subscriber access provided by UNIV OF WATERLOO

Bu4NI Catalyzed Radical Induced Regioselective N-Alkylations
and Arylations of Tetrazoles Using Organic Peroxides/Peresters

Suresh Rajamanickam, Chitranjan Sah, Bilal Ahmad Mir, Subhendu Ghosh,
Garima Sethi, Vinita Yadav, Sugumar Venkataramani, and Bhisma K. Patel

J. Org. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.joc.9b02875 « Publication Date (Web): 07 Jan 2020
Downloaded from pubs.acs.org on January 8, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 65

oNOYTULT D WN =

The Journal of Organic Chemistry

Bu NI Catalyzed Radical Induced Regioselective N-Alkylations and

Arylations of Tetrazoles Using Organic Peroxides/Peresters

Suresh Rajamanickam,’ Chitranjan Sah,* Bilal Ahmad Mir," Subhendu Ghosh, Garima Sethi,?
Vinita Yadav," Sugumar Venkataramani,** and Bhisma K. Patel*

TDepartment of Chemistry, Indian Institute of Technology Guwahati, Guwahati-781039, India
IDepartment of Chemical Sciences, Indian Institute of Science Education and Research
(ITSER) Mohali, Sector 81, SAS Nagar, Knowledge City, Manauli-140306, India
¥School of Chemical Sciences, Department of Chemistry, Central University of Haryana,
Haryana-123031, India
Fax: (+91)361-26909762, E-mail: patel@iitg.ac.in

RECEIVED DATE (will be automatically inserted after the manuscript is accepted).

o

—_— 9 5
0.22 N
‘ o '
N N
O )<CH3 ~

s v
w—om _ BugNI| _
R = (1°) alkyl (8 examples)
B”“N' (20 mol /) 1100°C| R = Aryl (14 examples)
&G 100 °C, CHyCN 2 ples)
9o N=N

: e ’ 12 examples o noA
> M o NN
thermodynamic low transition (y)favorable R™ 0" "Bu
y -
stability state barrier spln densit

9 N2.Regioselectivity

= (2°
O DFT studies o Peroxides / perester as alkyl & aryl source R = (2°) alkyl (6 examples)

R = (3°) alkyl (6 examples)

ABSTRACT: A BuyNlI-catalyzed regioselective N?>-methylation, N?-alkylation and N?-arylation of
tetrazoles have been achieved using fert-butyl hydroperoxide (TBHP) as the methyl, alkyl diacyl
peroxides as the primary alkyl, alkyl peresters as the secondary and tertiary alkyls and aryl diacyl
peroxides as the arylating sources. These reactions proceed without pre-functionalization of tetrazole
and in the absence of any metal catalysts. Here, peroxides serve the dual role of oxidants as well as
alkylating or arylating agents. Based on DFT calculations, it was found that spin density, transition
state barriers (kinetic control) and thermodynamic stability of the products (thermodynamic control)

play essentials roles in the observed regioselective during N-alkylation. This radical-mediated process

is amenable to a broad range of substrates and provides products in moderate to good yields.

1

ACS Paragon Plus Environment


mailto:patel@iitg.ernet.in

oNOYTULT D WN =

The Journal of Organic Chemistry Page 2 of 65

INTRODUCTION

Nitrogen center radicals (NCRs) are far less explored than the carbon center radicals due to the
absence of an operationally simple process for their generations. Most of the NCRs are generated
under a harsh and potentially explosive reaction conditions.! Historically, Hofmann-Loffler-Freytag
reaction produce NCR via the homolytic cleavage of a N-halogen bond, forming an intramolecular
C—N bond by abstracting a y-hydrogen atom.? Very recently, a NCR is generated via a photo-induced
cleavage of a N—-X bond (where X = halogen or oxygen).?> Even though, these processes are milder but
are not economical. Thus, the search for alternative protocols for the direct conversion of N-H bonds
in general and azoles in particular, to their corresponding NCRs under a mild condition is challenging.
Transformation of azole N-H into a NCR and trapping it with appropriate coupling partners would
lead to valuable target molecules. Barring a single report on the functionalization of an amide with an
azole, there is no other report on nitrogen center azole radicals.*

Tetrazole based N-heterocyclic compounds have been investigated extensively owing to its usage in
biology, pharmaceuticals, and material sciences.> Tetrazoles have found applications as ligands,® in
agriculture as herbicides, and fungicides’ and as a stabilizer in photography.® Due to their similar pKa
values, they serve as metabolically stable bioisosteres of carboxylic acid surrogates in medicinal
chemistry.® For example, biphenyl tetrazoles are key intermediates for the preparation of multibillion-
dollar angiotensin-II receptor antagonist, a class of high blood pressure agents such as valsartan,
losartan, candesartan, and irbesartan (Figure 1).!°+d Whereas, pemirolast is an antiallergic, and
azosemide is a diuretic drug (Figure 1).19%f In the above-mentioned drugs, the tetrazole moiety is
present in its free NH form. Among tetrazole derivatives, N—alkylated tetrazoles are important
synthetic targets as they are found in bioactive compounds, chemical intermediates, and energy-
intensive materials.!! Recently, a N—methylated tetrazole core, tedizolid phosphate (Sivextro) has been
approved by the US FDA for the treatment of acute bacterial skin and skin structure infections caused
by susceptible gram-positive pathogens, including MRSA (Methicillin-Resistant Staphylococcus
Aureus), MSSA (Methicillin-Sensitive Staphylococcus Aureus), VRE (Vancomycin-Resistant
Enterococci) and Hi (Haemophilus influenza) bacterial strains (Figure 1).!? Similarly, N-arylated
tetrazoles HM30181 derivatives are potent and selective inhibitors of breast cancer resistance protein

(BCRP/ABCG2) (Figure 1).13
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Figure 1. Representative biologically active tetrazole containing molecules.

The classical method for the synthesis of N-alkylated tetrazole is via the nucleophilic substitution
reaction of tetrazole with an alkyl halide in the presence of a base. Due to the existence of two
isomeric forms viz. 5-phenyl-1H-tetrazole or N’ (1x) and 5-phenyl-2H-tetrazole or N (1) (Scheme 1,
Table 1) the selective alkylation of tetrazole is highly challenging as it is reported to give a mixture of
regioisomeric products.!?de14ab The silylated or stannylated derivatives of tetrazoles are alkylated
regioselectively using chloroformates or cyanoformates via the in situ generated urethanes, which
rearranges to a N-alkyl product with concurrent loss of carbon dioxide.!* Regioselective metal-fee
alkylation of tetrazole is accomplished using cheap and readily available methylarenes,!4d< ethers!4c-g
via oxidative couplings. On the other hand, the regioselective N?-arylation of tetrazole has been carried
out by coupling tetrazole with an aryl boronic acid under Cu catalysis.!> Alternatively, a Cu(II)-
catalyzed N-arylation is accomplished by coupling pre-functionalized tetrazoles such as N-
tributylstannyl or its N-sodium salt with a diaryliodonium salt. While the former gave a single
regioisomer (N?-arylation), the latter yielded a mixture of regioisomers.'® No doubt the metal-catalyzed
reactions are advantageous but are not always appreciated in the synthesis of pharmaceuticals, owing
to the difficulties in the removal of traces of transition-metal residues from the final product.
Therefore, it is essential to develop a regioselective metal-free protocol for the N-arylation of tetrazole.
Recently, tert-butyl hydroperoxide (TBHP),!” diacyl peroxides,!82-d and alkyl perester!3®f have been
utilized for various alkylation procedures. TBHP has been successfully employed as an oxidant cum
methyl source for the oxidative esterification of benzylic alcohols, aryl carbaldehydes, and aryl

carboxylic acids {Scheme 1(i)}.!7
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Scheme 1. Radical Mediated Alkylation Strategies
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Alkyl radicals are generated from diacyl peroxides via the homolytic cleavage of peroxide bond

followed by the extrusion of carbon dioxide (CO,). These alkyl radicals are trapped with various

reacting partners leading to useful products. Several fluoroalkanes have been prepared by treating

diacyl peroxides with N-fluorobenzene sulfonimide under thermal or photochemical conditions.!8?

Synthesis of 2-alkyl benzothiazoles has been accomplished via a Fe-catalyzed decarboxylative C—H

alkylation of benzothiazoles using diacyl peroxides {Scheme 1(ii)}.!%® A radical-mediated coupling

between a tetrazole and a N,N-dialkyl formamide leads to an exclusive formation of a N?-alkylated

tetrazole without giving any traces of N'-alkylation {Scheme 1(iii)}.* Thus, it would be interesting to

investigate whether regioselective N?-alkylation of tetrazole can be achieved using TBHP as the

methyl and diacyl peroxides/peresters as the alkyl sources.
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RESULTS AND DISCUSSION

We initiated our exploration by examining the reaction between an aryl tetrazole (1) and zer#-butyl
hydroperoxide (TBHP) in decane (5—6 M) (3 equiv), in the presence of tetrabutylammonium iodide
(BuyNI) (20 mol %) at 100 °C in DMSO. Interestingly, the reaction provided a N—methylated product
in 39% vyield (Table 1, entry 1), which is based on mass spectrometry and IR, 'H and *C NMR
spectroscopic analysis of the product (1a). However, whether the product obtained is a N! or a N?
isomer it could not be ascertained. Incidentally, the reported melting point of the methylated N'-isomer
i.e., 1-methyl-5-phenyl-1H-tetrazole is 103—104 °C, whereas, the N?-isomer i.e., 2-methyl-5-phenyl-
2H-tetrazole (1a) melts at 49—50 °C.!°2 The melting point of the isolated compound was found to be
50-52 °C, which is in close agreement with the reported methylated N’-isomer. Further, all the
spectroscopic data (IR, '"H and '3C NMR) of the isolated compound (1a) is in agreement with the
literature reported one, thereby confirming its structure to be a N’>-isomer, i.e., 2-methyl-5-phenyl-2H-
tetrazole (1a).'°®¢ To obtain a satisfactory yield of the product (1a) various important reaction
parameters such as solvents, catalysts, methylating source, and the temperature was tuned. By
switching the oxidant from TBHP (in decane) to an aqueous TBHP (aq TBHP) (70% in water) (3
equiv) an improvement in the yield (47%) of (1a) was observed (Table 1, entry 2). Some other
commercially available oxidants such as di-tert-butyl peroxide (DTBP) and tert-butyl peroxybenzoate
(TBPB) were also examined under identical reaction conditions. While DTBP failed to give any trace
of the product, the oxidant TBPB provided only 19% yield of (1a) along with numerous side products
(Table 1, entries 3 and 4). The reaction was found to be extremely solvent dependent. As can be seen
from Table 1, solvents such as DMF, DCE, MeOH were detrimental to the reaction (Table 1, entries
5-7). Pleasingly, the use of acetonitrile (CH3;CN) provided the desired methylated product (1a) in 60%
yield (Table 1, entry 8). The reaction proceeds better in solvents such as (CH;),SO, CH3CN (Table 1,
entries 2 and 8). Thus, it is possible that the methyl group present in (CH3),SO or CH3;CN might be
serving as the possible source of the methyl group in the product (1a). To ascertain this, two reactions
were carried out independently in deuterated DMSO-ds and CD;CN solvents under otherwise identical
reaction conditions (Table 1, entries 9 and 10). However, the isolated N-methyl tetrazole (1a) was
found to be devoid of any deuterated methyl (CDs) group, thereby suggesting neither the DMSO nor
CH;CN as the possible source of the methyl group. Thus, the methyl group is originating from the

oxidant TBHP in this reaction. The reaction when performed in normal acetonitrile provided a low
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yield of the product (1a) (41%) possibly because of the quenching of radicals by the dissolved oxygen
in acetonitrile (Table 1, entry 11).

oNOYTULT D WN =

Table 1. Screening of the Reaction Conditions®?

H‘N—N\ N:N‘N_H Methyl _Catalyst N:N\N-CH
< N SN Source  Solvent SN s
dN = d (Oxidant) Temp °C
(1%) M (@) (1a)
entry oxidant catalyst solvent yield (%)
(equiv) (mol %)
1 dec. TBHP (3)  BuyNI (20) DMSO 39
2 aq TBHP (3) BuyNI (20) DMSO 47
3 DTBP (3) BuyNI (20) DMSO n.d.
4 TBPB (3) Bu,NI (20) DMSO 19
5 aq TBHP (3) BuyNI (20) DMF n.d.
6 aq TBHP (3) BuyNI (20) DCE n.d.
7 aq TBHP (3) BuyNI (20) MeOH n.d.
8 aq TBHP (3) BuyNI (20) CH;CN 60
9 aq TBHP (3) BuyNI (20) DMSO-ds 45
10 aq TBHP (3) BuyNI (20) CD;CN 59
11¢  aq TBHP (3) BuyNI (20) CH;CN 41
12 aq TBHP (3) BuyNF (20) CH;CN n.d.
13 aq TBHP (3) BuyNCl1 (20) CH;CN 19
14 aq TBHP (3) Bu,NBr (20) CH;CN 26
15 aq TBHP (3) KI (20) CH;CN 50
16 aq TBHP (3) Nal (20) CH;CN 42
17 aq TBHP (3) I, (20) CH;CN n.r.
18 aq TBHP (2) BuyNI (20) CH;CN 53
19 aq TBHP (4) BuyNI (20) CH;CN 62
20 aq TBHP (3) BuyNI (10) CH;CN 48
21 aq TBHP (3) BuyNI (30) CH;CN 62
224 aq TBHP (3) BuyNI (20) CH;CN 47
23¢  aq TBHP (3) BuyNI (20) CH;CN 61
24 aq TBHP (3) -- CH;CN n..
25 -- BuyNI (20) CH;CN n.r.

“Reaction conditions: 5-phenyl-2H-tetrazole (1) (1 mmol), solvent (2 1
100 °C under degassed condition. “Isolated yield after 8 h. °N
acetonitrile without dried and degassed (AR grade). YAt 90 °C. ¢At 11
n.d. = not detected. n.r. = no reaction.

Next a genre of quaternary ammonium salts such as BuyNF, BuyNCI and Bu,NBr were tested, but
all were found to be ineffective compared to BuyNI for this transformation (Table 1, entries 12—14).
Other inorganic iodo salts such as KI and Nal when used in lieu of BuyNI, gave the product (1a) in

50% and 42% yields respectively, whereas I, failed to give any product (Table 1, entries 15—-17). By

ACS Paragon Plus Environment
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decreasing the quantity of aqg TBHP from 3 to 2 equivalents, the product (1a) yield dropped from 60 to
53% but remained practically unchanged (62%) when 4 equivalents of TBHP was used (Table 1,
entries 18 and 19). Similarly, by decreasing the quantity of catalyst BusNI loading from 20 to 10 mol
%, marginally reduced the yield (48%) of (1a) whereas, a higher catalyst loading (30 mol %) did not
improve the yield any further (Table 1, entries 20 and 21). On decreasing the reaction temperature (90
°C), the yield of (1a) dropped to 47% but an increase in the temperature (110 °C), there was no
significant improvement in the product yield 61% (Table 1, entries 22 and 23). Control experiments
carried out in the absence of the catalyst (BuyNI) or oxidant (TBHP), failed to provide the desired
product (1a) (Table 1, entries 24 and 25). After several optimizations (Table 1), it was found that a
combination of aqueous TBHP (3 equiv), BuyNI (20 mol %) at 100 °C in CH3CN solvent was found to
be the most optimum for this N-methylation protocol (Table 1, entry 8).

Having established an optimized reaction condition, we set out to investigate the substrate scope of
this metal-free regioselective N-methylation of aryl tetrazoles and the results are summarized in
Scheme 2. This methodology was found to be highly successful for electron-neutral tetrazole (1) and a
biphenyl tetrazole (2) providing their N-methylated tetrazoles (1a) and (2a) in 60% and 66% yields,
respectively (Scheme 2). Similarly, aryl tetrazoles bearing electron-donating groups such as p-CHj (3),
p-OCHj; (4), p-tert-butyl (5) and m-OCHj (6) on the phenyl moiety of the tetrazole reacted smoothly to
provide the expected products (3a, 61%), (4a, 59%), (5a, 64%) and (6a, 60%) in modest yields.
Moderately electron-withdrawing halo substituents namely, p-Br (7), p-Cl (8), and o-Cl (9)
irrespective of their position of attachments in the phenyl ring remained unaffected giving their N-
methylated products (7a, 65%), (8a, 66%) and (9a, 61%). Further synthetic elaborations such as
Suzuki coupling, Buchwald—Hartwig amination can be carried out at these halo sites of the products
(7a—9a), if desired. The compound (7a) was crystallized from a supersaturated solution of chloroform
by the slow evaporation method. The structure of the product (7a) and its regioselectivity has been

unambiguously confirmed by X-ray crystallography (Scheme 2) (see the Supporting Information).
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Scheme 2. Substrate Scope for N-Methylation

of Aryl Tetrazoles*”
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“Reaction conditions: aryl tetrazole (1 mmol), BuyNI (20
mol %) and aq TBHP (a) (3 equiv) at 100 °C in CH;CN (2
mL) under degassed condition. “Isolated yields after 8 h.
“Isolated yield reported for 8 mmol (1.53 g) scale. %4-(2H-
tetrazol-5-yl)benzaldehyde was wused as the starting
material with 5 equivalents of aq TBHP. ¢5-(4-
methylbenzyl)-2H-tetrazole was used as starting material
with 5 equivalents of ag TBHP, 30 mol % of BuyNI. /1H-
benzo[d][,2,3]triazole (1 mmol), BusNI (30 mol %) and
aq TBHP (a) (4 equiv) at 120 °C in CH;CN (2 mL) under
degassed condition for 12 h.
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Aryl rings of tetrazole possessing strongly electron-withdrawing substituents such as p-CF; (10) and

p-NO, (11) delivered the corresponding N-methylated products (10a, 70%) and (11a, 73%) in good

yields. To evaluate the potential and scope of this radical-induced N-methylation reaction, (11) and (a)
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were reacted on 8 mmol scale (1.56 g), which provided 67% of the product 2-methyl-5-(4-
nitrophenyl)-2H-tetrazole (11a) (Scheme 2). Tetrazole possessing an electron-withdrawing formyl
group (12) was found to be extremely sensitive to the reaction. Under the standard reaction condition
i.e., using 3 equivalents of TBHP, the expected N-methylated tetrazole was associated with
peresterification at the aldehydic site and less than 10% yield of the product (12a) could be isolated.
Such esterification of aldehydes using TBHP is well documented in the literature.?’ By increasing the
quantity of TBHP to 5 equivalents, the N-methylated peresterified product (12a) was isolated in 53%
yield. The formation of product (12a) supports a radical-mediated reaction pathway. It is well known
that the aryl methyl groups are susceptible to oxidation under TBHP condition.'#d¢ But in the substrate
(3), the methyl group remained intact and the alkylation took place at the tetrazole N—H site. This is
because all the three equivalents of TBHP are used up during this transformation. Interestingly, a
benzylic tetrazole viz. 5-[(4-methylphenyl)]-2H-tetrazole (13), when reacted with TBHP (a) gave N-
methylated product (13'a) with concurrent oxidation at the benzylic position (Scheme 2).

To ascertain nature of the mechanism, when a reaction of 5-phenyl-2H-tetrazole (1) with TBHP (a)
was performed in the presence of a radical quencher 2,2,6,6-tetramethylpiperidine N-oxide (TEMPO)
(b) (2 equiv) under an identical reaction condition, only traces (9%) of N>-methylated tetrazole (1a)
was Isolated. However, the formation of a O-methylated TEMPO adduct (ab) could be detected by
HRMS analysis of the reaction mixture (Scheme 3A). This trapping experiment confirms the
generation of a methyl radical from TBHP in the medium. The use of cumene peroxide (c¢) in lieu of
tert-butyl hydroperoxide (TBHP) may provide either a methylated tetrazole (1a) or a phenylated
tetrazole (In) (Scheme 3B). Interestingly, the treatment of cumene peroxide (¢) with 5-phenyl-2H-
tetrazole (1) provided an equimolar mixture of N?-methylated product (1a) and acetophenone (c'’)
without giving any trace of N?>-phenylated product (1n) (Scheme 3B). This observation suggests that
the cleavage of a methyl radical from the intermediate 2-phenyl-2-propoxy radical is more favorable as
it generates a stable secondary benzylic radical.?! On the other hand, cleavage leading to a phenyl
radical would leave behind a less stable isopropoxy radical, which is unfavorable. Next, a reaction of
5-phenyl-2H-tetrazole (1) was carried out with another radical scavenger 1,1-diphenylethylene (DPE)
(d) (Scheme 3C). The reaction provided a 1,1-diphenyl-2-(5-phenyl-2H-tetrazol-2-yl)ethan-1-o0l (1d) in
60% isolated yield. Thereby confirming the generation of nitrogen centered radical from tetrazole

during the reaction.
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Scheme 3. Control Experiments to Confirm the Radical Nature of the Reaction
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In order to understand the origin of regioselectivity in tetrazole, computations have been performed
at DFT level. A preliminary potential energy surface (PES) scan calculations by varying the
N=C—-C=C dihedral angle of phenyl tetrazole in the increments of 10° revealed a planar structure as
minima for both the isomeric tetrazoles 5-phenyl-2H-tetrazole (1) and 5-phenyl-1H-tetrazole (1x) as
well as their corresponding radical isomers (1’ and 1x') (Figure 2a).>?* Indeed, the generation of
radicals from N?-H-tetrazole (1) and N/-H-tetrazole (1x) were expected to give two distinguishable N-
centered radicals (1") and (1x’) via homolytic cleavage of N—H bonds. However, both of these lead to
the same tetrazole radical (1’), which was basically a m-radical (indistinguishable) (Figure 2). This was
further confirmed by inspecting the spin density and singly occupied molecular orbital (SOMO) (vide
infra) [(Figure 2 (d)]. The scan showed maxima at 90 degrees for all the three species viz. (1), (1x) and
the radical (1"), and the rotational energy barriers were estimated to be 5.4, 3.6 and 15.6 kcal/mol,
respectively. The higher rotational barrier about N=C—-C=C for radical (1’) also favor a coplanar
orientation of the tetrazole ring relative to the phenyl ring (Figure 2). The true minima for each species
have been optimized based on the PES scan calculations, and the resulting structures were further used
for the estimation of bond dissociation energies (BDE).??*. The N-H BDE value corresponding to
homolytic bond scission was found to be 97.2 and 99.5 kcal/mol for (1x) and (1), respectively.
Presumably, the steric release between N—H (tetrazole) and the ortho C—H (phenyl) in (1x) could be
responsible for lowering in BDE (Figure 2b).
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33 radical 1’ (isovalue 0.05). (All the computations have been
34 performed at (U)B3LYP/cc-pVTZ level of theory).

In order to obtain further insights into regioselectivity, spin densities have been inspected for the V-
40 centered radicals 1’ (Figure 2c). The spin densities in the radicals also confirmed that the spin is
42 delocalized over the m-orbitals. Interestingly, the spin density was found to be more localized at the N?-
44 centered radical (1) (0.22) compared to the N'-centered radical (1x") (-0.03) (Figure 2¢). Once again,
the SOMO of the tetrazolyl radical (1’) confirmed the n-radical character of it (Figure 2d). The larger
spin density accounts for the higher reactivity at the N?-site than at the N'-in tetrazole. This could be

49 one of the reasons for the regioselective product formation at the N? position.

52 Apart from spin density (Figure 2c), the regioselectivity at N’-tetrazolyl (1') compared to N’-
tetrazolyl (1x") can also be explained on the basis of activation barriers for the reactions. In this regard,

55 the transition states have been computed for the alkylation reaction with TBHP at N’- and N?-positions

58 11
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of the tetrazolyl radical (1’). Computations predicted a barrier of 38.0 kcal/mol for the N'-methylation,
whereas for the N>-methylation it is 32.6 kcal/mol. Further, the N°-methylated product (1a) is both
kinetically and thermodynamically more favored than the N’-methylated product (1xa) by 5.4 and 6.1
kcal/mol, respectively (Figure 3, Table 2). The lower energy barrier for N>-methylation of (1’) is due to
marginal entropy preference as well as lower enthalpy contribution, which is also consistent with its
positive spin density value (0.22) at the N?-center (Figure 3). The thermodynamic stability of the N?-
methylated product can be due to the release of the steric factor arising between the methyl group and

the phenyl C—H at the ortho position.

e
= - ©
4] o
~
= TSy 4a
)
5 32.6
[
w

< o 9

la g
-52.7
Figure 3. Energy profile in the N’- and N?-methylation of tetrazole radical (1') with TBHP (All the reactants, products and transition
states have been optimized at (U) B3LYP/cc-pVTZ level of theory).

After demonstrating the compatibility of a variety of aryl and alkyl tetrazoles and understanding the
N?-regioselectivity, other heterocycles possessing NH sites such as pyrrole (14), indole (15),
benzimidazole (16) and benzotriazole (17) were tested (Scheme 2). All these azoles failed to give any
N-methylated products even in a trace. To understand the failure behind N-methylation for these N-

heterocycles (14—17) and N’-regioselectivity of tetrazole (1), it is essential to understand the detailed

mechanism of N-methylation.

12
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Scheme 4. Proposed Mechanism for N—Methylation of Aryl Tetrazole

N=N HsC~ “CH |
B / 3 3 N N H
H N P 4 HsC_0
1) OH Ph \
(1a) —me\\’\‘l HsC
. . _c\of
Q BUO H,0 s Ly
(" CH o :
‘BUOO NEANSERS CHj
N" ¢l-CHs CHa (a1)
):N 0y “CHs
t . ‘O—
BUOH="" 5,00H PH (1) H/ol(a) O-H

Initially, the oxidation of iodide (I") by TBHP (a) afforded a tert-butoxyl radical, iodine and a
hydroxyl anion (Scheme 4, red arrows). The in situ generated iodine reacts with another molecule of
TBHP and hydroxyl ion to generate a tert-butylperoxy radical and a molecule of water (Scheme 4,
green arrows).>3 Any one of these radicals can abstract a hydrogen atom from the tetrazole N—H (1), to
provide a persistent nitrogen-centered radical (1’). In order to obtain additional insights, computations
have been performed for the H-abstraction reactions in creating NCR from the 5-phenyl-2H-tetrazole
(1) and 5-phenyl-1H-tetrazole (1x) using iodine atom and fert-butoxy radical. Based on the results, we
predicted a very low barrier for the H-abstraction by fert-butoxyl radical (1.9 kcal/mol) in the case of
(1) (Figure S5).2* Based on the barriers, it is very clear that the hydrogen abstraction is most likely
happened through the fert-butyloxy radical as indicated in the Scheme 4 (See computational details in
the SI-Figure S5). The concerted reaction between the tetrazolyl radical (1’) with TBHP led to a N-
methylated product (1a) along with the formation of a molecule of acetone and an OH radical. Apart
from this, possible concerted mechanism between the tetrazolyl radical and TBHP in the regioselective
methylation, an alternative pathway through Amethyl scission from the tert-butoxyl radical (a’)
leading to the fragments acetone and methyl radical, followed by a radical recombination step to the
regioselective product has also been considered (Scheme 4). The barrier for such fragmentation of tert-
butoxyl radical has been estimated to be 11.8 kcal/mol (Figure S7). However, our attempts in locating
the corresponding transition states for the recombination step or a conceted “/methyl scission—radical
coupling” reaction were unsuccessful. The OH radical so generated may abstract a proton from the
tetrazole to generate a tetrazolyl radical (1), which may participate in the further reaction (Scheme 4,
magenta arrow).

In yet another control experiment, TBHP was treated with TEMPO (in the absence of TBAI) in

CD;CN under an identical reaction conditions in a sealed tube. The 13C NMR of the crude reaction
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mixture confirmed the generation of a TEMPO methyl adduct (ab, Scheme S1) and acetone which was
ascertained by the appearance of a carbonyl signals at 210.4 ppm. Thus, instead of a tetrazole radical
(1") the persistant radical TEMPO can also abstact a CH; group from the TBHP either via a concerted
fashion (black arrows) or via fmethyl scission pathway (in the gray rectangle box). Thus, we
concluded that both the concerted reaction between NCR and the TBHP, as well as the radical
combination between the NCR and methyl radical formed through a fmethyl scission of ‘BuQ/ tert-
butoxyl radical (in the grey rectangular) might equally be plausible pathways (Scheme 4). Furthermore,
the factors such as lower barrier (kinetic favourability), higher spin density (higher reactivity) and less
steric factor (thermodynamic favourability) lead to higher regioselectivity in the N?-alkylation.

Having understood the regioselective N?-methylation in aryl tetrazoles the next objective is to find
out the reason for the unsuccessful N- methylation for azoles (14—17) (Scheme 2). The spin density,
activation barriers and thermodynamic stability of the products for all these N-heterocycles (14-17)
were calculated at (U)B3LYP/cc-pVTZ level of theory. Based on the calculations, we concluded that
all the three factors viz. high electron spin density around the nitrogen atom, lower activation barrier
and higher thermodynamic stability of the products were found to be responsible for the N-alkylation.
A negative spin density of -0.13 at the nitrogen center for the pyrrolyl radical (14") suggests a complete
n—delocalization of radical electron, which enhances the stability and lowers the reactivity.?* Despite
having a moderately positive spin density values of 0.27, 0.13/0.42, and 0.20/0.47, at different nitrogen
centers for the N-centered indolyl (15’), benzimidazolyl (16’), and benzotriazolyl (17') radicals,
respectively (Figure 4). The reactions failed in all these cases. Presumably, the delocalization of the
spin (or the radical character in the fused ring system) along with a higher reaction barrier may hinder
the reactivity in all these cases. In this regard, we compared the activation barriers for the N-

methylation of all these species have also been estimated computationally (Table 2).
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Figure 4. Spin densities and SOMO of various azole radicals 14'-18’ (Computations are performed at (U)B3LYP/cc-pVTZ level of
theory; The MOs are rendered at an isovalue 0.05).

A high activation barrier of 51.1 and 42.7 kcal/mol, respectively were computed for indolyl (15")
and benzimidazolyl (16") radicals compared to a barrier of 32.6 kcal/mol for N*-tetrazolyl radical (1'),
which could be the reason behind their reluctance to participate in the reaction. As can be seen from
Table 2, all the anticipated products 14a—17a showed higher stability relative to their respective
reactants indicating thermodynamically favorable reactions. In spite of favorable spin density 0.20 and
high thermodynamic stability (-53.3), benzotriazolyl radical (17’) failed to react under the present
reaction condition, which can be due to higher activation barrier (35.2 kcal/mol) compared to N*-
tetrazolyl (1') (32.6 kcal/mol). Interestingly, by carrying out the reaction at a higher temperature (120
°C) and high catalyst loading (30 mol %) leads to 42% of the product (17a). A radical-mediated
oxidative imidation of ketones with saccharin (18) has been achieved using a combination of TBHP
and BuyNI.»¢ A higher positive spin density value 0.73 of saccharin encouraged us to test the
feasibility of similar N-methylation on saccharin (18). Interestingly N-methylation of saccharin (18)
(Scheme 2) could be accomplished in 68% yield under the standard reaction condition. For this

reaction, obtaining the kinetic barrier through the location transition state failed even after multiple
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attempts. However, the larger spin density value (0.73) at the N-centre of saccharin radical (18') and

the inspection of its SOMO confirmed a more localization of the radical character at the N-center that

can be attributed to its higher reactivity.

Table 2. Computed thermodynamic and kinetic parameters corresponding to the N-methylation

reactions using TBHP for the various N-heterocycles.

reactant produc thermodynamic kinetic parameters®%-
t parameters®®
relativ
e AG° E, AG* AH? AS*
energy
1")-N? (1a) —52.7 -57.6 32.6 422 329 -31.0
an-m (1xa) —46.6 —51.2 38.0 48.0 383 -32.6
a4 (14a) -42.0 —47.0 50.3 60.1 50.7 317
(15" (15a) -38.9 —43.3 511 61.9 51.6 -34.6
(16") (16a) —47.3 -51.5 42.7 52.9 43.1 -32.9
a7 (17a) -53.3 -57.5 352 45.7 354 -34.4
(18" (18a) -50.9 -61.0 - - - -

“The thermodynamic (between products and reactants) and kinetic (between transition states and the reactants)
parameters, were calculated at (U)B3LYP/cc-pVTZ level of theory; ?All the energy values are expressed in kcal/mol;

¢AS* values are expressed in cal/mol.K.

So far, we have delineated the N-methylating capability of commercially available tert-butyl

hydroperoxide as the methyl source. Unfortunately, the higher alkyl analogs of similar reagents for

ethylation, propylation etc. are neither commercially available nor they can be easily synthesized. One

of the reagents, 2-hydroperoxy-2-methylpentane (e) is commercially available, which can be the

source of both methyl and propyl radicals. Assuming similar stability of their corresponding alkyl

(methyl or propyl) radicals there is 2/3rd probability of methylation and 1/3rd probability of

propylation (Scheme 5). Can this reagent deliver regioselective propylation (if the radical stability is

higher than the methyl radical) under the present reaction condition? When 5-phenyl-2H-tetrazole (1)

was treated with 2-hydroperoxy-2-methylpentane (e) in lieu of TBHP under an otherwise identical

condition provided both N-methylated (1a, 20%) and N-propylated (1e, 43%) products (Scheme 5).
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Scheme 5. Regioselective Alkylation using Unsymmetrical Peroxide®?

HsC CH3
HiC (e) BuyNI N /N
+ (20 mol %) moI %)
N:N\ 8 h, 100 “8h, 100°C
~ N=H  CHLCN
N
(1) (1a, 20%) (e, 43%)

“Reaction conditions: 5-phenyl-2H-tetrazole (1) (1
mmol), BuNI (20 mol %) and 2-hydroperoxy-2-
methylpentane (e) (3 equiv) at 100 °C in CH3CN (2 mL)
under degassed condition. *Isolated yields after 8 h.

The success of this N-alkylation reaction is in general dependent on the generation of nitrogen
centered radicals (NCR), as well as alkyl radicals. The higher homologs of alkyl radicals can be
generated via the homolytic cleavage of a diacyl peroxide followed by the extrusion of carbon dioxide
(CO,).'%¢ The long-chain N-alkylation of tetrazoles could be achieved by minor modification of the
just established methylation protocol (Scheme 2). When the reaction was carried out using 1
equivalent of diacyl peroxide i.e., dihexanoyl peroxide (f), it provided 56% yield of (1f) (Scheme 6).
However, the yield improved up to 74% using two equivalents of the peroxide (f). Many of the
diacylperoxides are commercially not available and can be prepared by treating alkyl carboxylic acids
with DCC, H,0,, DMAP in methylene chloride.?® It would be advantageous if the same can be
generated in situ. Thus, in a one-pot strategy all diacyl peroxide precursors (hexanoic acid, DCC,
H,0,, DMAP), tetrazole and TBAI were added in a 1:1 mixture of DCM and CH3;CN and the reaction
was allowed to proceed. The reaction did not give any trace of the N-alkylated product (1f). In another
approach initially diacyl peroxide i.e., dihexanoyl peroxide (f) was generated in situ via a DCC
mediated dehydrative condensation with hydrogen peroxide, which was used directly after simple
filtration (without further purification). It leads to the formation of product 2-pentyl-5-phenyl-2H-
tetrazole (1f) in 61% yield, which is 13% lower than when pure isolated peroxide (f) was used. Thus,
we have used pure isolated diacylperoxides throughout the reaction. After few optimization reactions,
it was found that the use of hexanoic peroxyanhydride (f) (2 equiv) and BuyNI (20 mol %) was
necessary to achieve a decent yield (74%) of the N?-alkylation (pentanylation) of aryl tetrazole (1f).

The results of various other alkylations are portrayed in Scheme 6.
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Scheme 6. Substrate Scope for N-Alkylation of Aryl Tetrazoles*”

N= N N:N\
\ N-H )K 0. R BuaNI(20 mol %) ~ N=R
—_—
T CHaCN (2 mL) N
o) 100°C, 6 h
(1,5, 10, 19, 20) (F-i) (1£-1i, 5i, 10i, 19i, 20i)
N=N
|
N\
@ O D - m
(1, 56%
(“f, 74% (1g, 750/) 1h 79%)
(1f, 61%)?
N i
N* N\ !
d:N :5 -
(1i,80%) g, HaC F.C. H.C (10i, 89%)
HsC - (1i, 73%)° (5i, 34%) ’ ’

(19i, 82%) (20i, 74%) o, 77%)

“Reaction conditions: aryl tetrazole (1 mmol), BuyNI (20
mol %) and alkyl diacyl peroxide (2 equiv) at 100 °C in
CH3;CN under degassed condition (2 mL). “Isolated yield
after 6 h. “One equivalent of dihexanoyl peroxide was used.
4In situ generated dihexanoyl peroxide, simply filtered
used for the reaction without purification. ¢Isolated yield
reported for 8 mmol (1.17 g) scale. /2-phenylacetic
peroxyanhydride was used as the starting material.

Treatment of alkyl peroxyanhydrides, such as octanoic (g), decanoic (h) and dodecanoic (i) with 5-
phenyl-2H-tetrazole (1) smoothly afforded their anticipated N?-heptanyl (1g, 75%), N?>-nonyl (1h,
79%) and N*-undecanyl (1i, 80%) products (Scheme 6). To further explore the synthetic potential of
this peroxyanhydrides mediated regioselective N?-alkylation strategy, a variety of substituted aryl
tetrazoles were investigated. Aryl tetrazoles substituted with electron-releasing group on para-position,
namely p-tert-butyl (5), and electron-withdrawing p-CF; (10) groups, all successfully provided their
corresponding N?-undecylated products (5i, 84%), and (10i, 89%) in good yields. A 5-(naphthalen-2-
yl)-2H-tetrazole (19) with dodecanoic peroxyanhydride (i) gave the targeted compound (19i) in
synthetically useful yield (82%) (Scheme 6). Further, a meta-methyl substituted tetrazole successfully
provide its N?-undecanyl product (20i) in 74% yield. Judging from the trends in the yields of all the
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preceding set of substrates in Scheme 6, long chain alkyl peroxyanhydrides delivered higher yields
than short chain alkyl peroxyanhydrides. In an attempt to synthesize N>-benzylated tetrazole following
a similar strategy, tetrazole (1) was reacted with 2-phenylacetic peroxyanhydride (j), which failed to
give any benzylated product. Under the reaction condition, the 2-phenylacetic peroxyanhydride
decomposed to give a benzyl 2-phenylacetate (J) product (Scheme 6). Such decomposition of 2-

phenylacetic peroxyanhydride (J) is well documented in the literature.?’

After multiple attempts, secondary and tertiary alkyl diacyl peroxides could not be prepared as they
tend to decompose even under extreme care.’® On the other hand, Hongli Bao group have used
secondary and tertiary alkyl peresters as 2° or 3° alkyl radical synthons in various systems instead of
peroxides, as they are relatively easier to synthesize.'*¢ Interestingly, the reaction between 5-phenyl-
2H-tetrazole (1) and tert-butyl 2-ethylhexaneperoxoate (k) under the optimized reaction condition
smoothly provided secondary N’-alkylated tetrazole (1k). To demonstrate the versatility of this
regioselective N?-alkylation a variety of tetrazoles were tested. As can be seen from Scheme 7, aryl
tetrazoles bearing electron-donating (p-OMe) (4) and electron-withdrawing [0-Cl (9), p-CF; (10), and
p-NO, (11)] substituents afforded their corresponding products (4k, 71%), (9k, 73%), (10k, 82%), and
(11k, 85%) in good to excellent yields. Apart from aryl tetrazoles, a thiophene attached tetrazole i.e.,
5-(thiophen-2-yl)-2H-tetrazole (21) also underwent N?-alkylation with perester (K) giving the
corresponding product (21Kk) in 74% yield (Scheme 7). After regioselective installation of a secondary
alkyl group onto aryl tetrazoles, we wish to install tertiary alkyl groups. Under the identical reaction
conditions treatment of fert-butyl-2,2-dimethylpropaneperoxoate (1) with phenyl tetrazole (1) furnished
the corresponding N?-t-butylated product (11) in 87% yield. Two other tetrazoles, one possessing an
EDG, p-OMe (4) and another an EWG group p-NO, (11), both successfully underwent ¢-butylation at
the N?-position giving products (41) and (111) in 81% and 92% yields, respectively. Following this
strategy, a tricyclic adamantyl group was successfully incorporated into a variety of aryl tetrazoles (1),
(10), and (11) providing tertiary N?>-adamantyl tetrazoles (1m, 85%), (10m, 89%), and (11m, 90%),
respectively (Scheme 7).
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Scheme 7. Substrate Scope for N-Secondary and Tertiary Alkylation of Aryl Tetrazoles“?

N= N N:N\
\ N'H )k O. _cH BuyNI (20 mol %) - N=R
XCHS CH5CN (2 mL) N
CH3 3 100°C,6h
(1, 4,9-11, 21) (k-m) (1k, 4k, 9k—11k, 21k)

(11, 41, 111, 1m, 10m, 11m)

:? @5 @%

(1K, 77%) (4K, 71%) (9K, 73% )
(10k, 82%) (11k, 85%) (21K, 74%)
(11K, 74%)c
N=N CH;,
CHs p
N T N—éCH sy CCHs
3 CHs CHs
CHs
HsCO O,N
(1, 87%) (41, 81%) (111, 92%)
OZ: 85%) (10m, 89%) O2N (11m, 90%)

“Reaction conditions: aryl tetrazole (1 mmol), Bu,NI (20
mol %) and tert-butyl alkylperoxoate (2 equiv) at 100 °C in
CH;CN under degassed condition (2 mL). ®Isolated yield
after 6 h. Isolated yield reported for 8 mmol (1.53 g) scale.

A Pd(Il) catalyzed ortho-arylation of directing arene has been successfully demonstrated using
aroyl peroxyanhydride via a decarboxylative radical pathway.?® After the efficacious alkylation using
alkyl peroxyanhydrides ((RCO),00) (Scheme 6) and taking cues from the ortho-arylation, we were
encouraged to attempt various N?-arylation using a number of aroyl peroxyanhydrides. Employing
benzoic peroxyanhydride (n) as the aryl surrogate, its reaction with 5-phenyl-2H-tetrazole (1) under
the optimized reaction condition afforded the N?-phenyl substituted tetrazole (1m) in a satisfactory
yield of 61% (Scheme 8). Similarly, aryl tetrazoles bearing various electron-donating p-CHj (3), m-
OMe (6) and electron-withdrawing p-Br (7), o-Cl (9), p-CF;5 (10), and p-NO, (11) groups, all lead to
their regioselective N?>-phenylation products (3n, 58%), (6n, 54%), (7n, 62%), (9n, 56%), (10n, 65%),
and (11n, 67%) in modest yields, when treated with benzoic peroxyanhydride (n) (Scheme 8). Besides,
aryl tetrazoles, 5-(thiophen-2-yl)-2H-tetrazole (21) also smoothly underwent coupling with benzoic
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peroxyanhydride (m) exhibiting good compatibility providing the product (21n) in 63% yield. A di-

substituted 5-(2-bromo-4-methylphenyl)-2H-tetrazole (22)

reacted successfully with benzoic

peroxyanhydride (n) giving its N-phenylated tetrazole (22n).

Scheme 8. Substrate Scope for N-Arylation of
Aryl Tetrazoles®’

N:N

\ N N
— N=H i BusNI (20 mol %) S\ ‘.
N o Ao OTAF CHaCN (2 mL)
o 100°C, 6 h

(1,3,6,7, (n-s) (1n, 3n, 6n, 7n, 9n-11n,
9-11, 21, 22) 21n, 22n, 10-1s)
©/(1Ln 61%) /©/: 58%) Q/(:n 54%)
(1n, 54%)°

OCH;

N:N\ Cl :N :
) !
| @*
Br (7n, 62%) (9n, 56%) F3C (10n, 65%)

Sy \ N /@/g\ ,
/©/11Ln 67%) (21n 63%) H,c 22n, 58%)

& OCHj —Qj%czH5
©/j:o 54%) ©/\1p 53%) d\ (19, 57%)

G PO S
(1r, 60%) (1s, 61%)

“Reaction conditions: aryl tetrazole (1 mmol), BuyNI (20

(1s CCDC 1897066)

mol %) and diaryl acyl peroxide (2 equiv) at 100 °C in
CH;CN under degassed condition (2 mL). “Isolated yield
after 6 h. ‘Isolated yield reported for 10 mmol (1.46 g
scale).

this protocol, a diverse array of aryl

peroxyanhydrides

To further demonstrate the synthetic utility of
(0-s)

were examined. Benzoic

peroxyanhydrides bearing electron-releasing groups, such as o-methyl (0), p-methoxy (p), and p-ethyl

(q) all reacted competently with 5-phenyl-2H-tetrazole (1), furnishing their respective N?-arylated

products (10, 54%) (1p, 53%) and (1q, 57%) in modest yields. The scope of this decarboxylative N-

arylation reaction was further extended to benzoic peroxyanhydrides possessing electron-withdrawing
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halogen functionality such as p-F (r) and p-Br (s) both lead to their respective arylation products (1r)
and (1s) in 60 and 61% yields (Scheme 8). The compound (1s) was crystallized from a supersaturated
solution of chloroform by the slow evaporation method. Here also, the N? regioselectivity of the
arylation product (1s) was unequivocally confirmed by X-ray crystallographic analysis (Scheme 8)
(see the Supporting Information). As can be seen from Scheme 8, no absolute correlation could be
drawn from the yields of the product obtained with the presence of either electron-donating or
electron-withdrawing groups present in any of the reacting partners.

To gain insight into the reaction pathway of this N?-regioselective alkylation and arylation, a series
of control experiments were conducted. At first, to ascertain the nature of the mechanism, a reaction
between 5-phenyl-2H-tetrazole (1) and dodecanoic peroxyanhydride (i) under the standard condition
was performed in the presence of radical scavenger 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO,
1.2 equiv). The TEMPO-undecanyl adduct (bi, 72%) along with 15% of the N>-undecanylated product

(1i) was isolated {Scheme 9 (D)}. This result confirms the radical nature of the reaction.

Scheme 9. Control Experiments to Confirm the Radical Nature of the Reaction

N-NH CyiHoy ~ TEMPO (b C”H23
o (@ equ C11H23
N N . d  BuN@mmol) N /N
0 CHCNGBmL) . T
o= 100 °C, 4 h
Cq1H23
(1) () (1. 15%)  (bi, 72%)

In general, the oxidation of (I") with benzoyl peroxide (n) leads to a benzoate anion (PhCOO") and a
phenyl hypoiodate (PhCOOI).3%> To check the active role of benzoate anion (PhCOO~) and phenyl
hypoiodate (PhCOOI) in the reaction, four different reactions were carried out. A reaction of 5-phenyl-
2H-tetrazole (1), with a stoichiometric amount of benzoate anion (sodium benzoate) and iodine in
DMSO (in CH3CN sodium benzoate is insoluble) failed to provide the desired product (1n) thereby
suggesting benzoate ion not to be the active species in the reaction {Scheme 10 (E)}. However,
reactions between the in situ generated phenyl hypoiodate (PhCOOI) or acyl hypoiodate
(C11H3COO0I)312d ypon treatment with 5-phenyl-2H-tetrazole (1) provided the phenylated product
(In) and undecylated product (1i) {Scheme 10 (F—H)} thereby implying the active involvement of

hypoiodate species.
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Scheme 10. Control Experiments to Confirm Involvement of Hypoiodate Species

Ph
V4
' ‘ N—N
N__N
il s _Dbmso) NN €
100°C, 121
(1n, 00%)
Ph
4
COOAg cool N-N
N
I, (1.0 equiv) N (1)CHCN) Yy F)
CCly (2 mL) 100 °C, 5 h
(u) v)
(1n, 42%)
Ph
OHN|(11 iv) ol P
al (1.1 equiv NN
'BUOCI (1.1 equiv) . (1) CHsCN_ Z
O AN A rt to 100 °C ---(G)
CH4CN (4 mL) 6h
rt, 20 mins
w v
W) V) (1n, 53%)
Ci1Has
N-N
'BuOCI (1.1 equiv) v
OYOH Nal (1.1 equiv) |Ox-O' |, (1)CHseN NN
CyqHos CH3CN (4 mL) CyqHgs| o 100°C === (H)
rt, 20 mins 6h
(y) ()
(1i, 53%)

Naked phenyl radicals are not stable enough to participate in this reaction. It is possible that the
reaction may proceed either via a decarbonylation or a decarboxylation path. Accordingly, two
additional controlled experiments were carried out to ascertain the mechanistic path Failure to detect
carbon monoxide by PdCl,-PMA strip test rule out any decarbonylation path (Figure S1, see the
Supporting Information).3!sf On the other hand, the evolution of CO, as confirmed by lime water test
(Figure S2, see the Supporting Information) suggest a decarboxylation path. To reassertain, the
possible decarboxylation path, 5-(m-tolyl)-2H-tetrazole (20) was treated with benzoic peroxyanhydride
(m) and BuyNI at a lower temperature (80 °C). After 4 h the reaction was stopped and an intermediate
(20n’) was isolated in 73% yield, which was confirmed to be 5-(m-tolyl)-2H-tetrazol-2-yl benzoate
(20n’). When the isolated product (20n’) was further heated at 100 °C in acetonitrile for 3 h, it
provided the product 2-phenyl-5-(m-tolyl)-2H-tetrazole (20mn) in 51% yield with concurrent evolution
of CO, thereby confirming a decarboxylative path {Scheme 11 (I)}. Based on the results of control

23

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry Page 24 of 65

experiments (Schemes 9-11) and cues from the literature,’?! a plausible mechanism has been

proposed as depicted in Scheme 12.

Scheme 11. Control Experiments to Confirm the Decarboxylation Path

Ph

Ph .O .Ph
N=NH

/N O
S Bu4NI (20 mmoI) | CHiON _
:< CH4CN (20 mL) 100°C, 3h "'(')
80°C, 4h
CH3 (

(20) (20n 73%) 20n 51%)

So far as the phenylation using benzoyl peroxide is concerned, a mechanism as shown in Scheme
12 is proposed. The oxidation of iodide (I") by benzoyl peroxide (n) afforded a benzoate anion (IV)
and a hypoiodate species PhCOOI (V). Formation of a similar intermediate has been proposed by
Tokumaru, K.3% Subsequently, the in situ generated PhCOOI (V) collapse to PhCOO (VI) and iodine
radicals. Similar homolytic cleavage is well documented in the literature’? The iodine radical then
abstract the tetrazole N—H to furnish a persistent nitrogen-centered radical (20’) and releasing a
molecule of HI. The liberated HI reacts with the benzoate anion (IV) to provide benzoic acid (w) as the
byproduct, liberating the I~ for the subsequent cycle. The coupling between the tetrazole nitrogen
radical (20’) and a PhCOO radical (VI) would form a 5-(m-tolyl)-2H-tetrazol-2-yl benzoate
intermediate (20n'). When the reaction was carried out at a lower temperature (80 °C) it was possible
to isolate and characterize the intermediate (20m'). But at a higher temperature (100 °C) the
intermediate (20n') undergoes extrusion of carbon dioxide leading to the formation of product (20n).
For understanding whether this observation is controlled by the kinetic or thermodynamic factors,
computations have been attempted at the estimation of barriers. However, the transition state could not
be located even after several attempts. On calculating the energy difference between the product of
decarboxylation reaction with respect to the intermediate (20n'), we estimated a value of -57.4

kcal/mol indicating a high thermodynamic favorability of the product (20n).
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Scheme 12. Proposed Mechanism for Radical Induced N—-Arylation of Aryl Tetrazole
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In this manuscript, we have provided a solution to the long-standing problem of regioselective N?-
alkylation, and arylation of tetrazoles, which is otherwise associated with the formation of a mixture of
N' and M?-isomers. This is achieved via the generation of nitrogen centered radical (NCR) in the
presence of iodides and organic peroxides/peresters. Here, the organic peroxides/peresters serve the
dual role of oxidants and alkyl or aryl sources. While zert-butyl hydroperoxide (TBHP) is the source of
methyl group, alkyl diacyl peroxides as the primary alkyl, alkyl peresters as the secondary and tertiary
alkyls and aryl diacyl peroxides as the arylating sources. These reactions proceed under a metal-free
condition without the requirement of any pre-functionalization. Based on the control experiments
carried out a concerted radical mechanism has been proposed. Barring an aldehyde functionality that
forms a perester with peroxide several other functional groups are well-tolerated giving products in
modest to good yields. The experimental findings, in particular the regioselectivity in the N2-alkylation
and the proposed mechanism have been confirmed by several control experiments, and also supported
by the computations. Through DFT calculations, the estimated spin density, activation barriers for the
reactions and thermodynamic parameters of the reactants and products clearly demonstrated the

involvement of both kinetic and thermodynamic control in the regioselectivity.
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EXPERIMENTAL SECTION

General information:

All the reagents were commercial grade and purified according to the established procedures. All
the reactions were carried out in oven-dried glassware under a degassed atmosphere. Highest
commercial quality reagents were purchased and were used without further purification unless
otherwise stated. Aryl tetrazoles were prepared according to the literature procedure.?32b Reactions
were monitored by thin layer chromatography (TLC) on a 0.25 mm silica gel plates (60F,s4) visualized
under UV illumination at 254 nm. Organic extracts were dried over anhydrous sodium sulfate
(NaySO4). Solvents were removed using a rotary evaporator under reduced pressure. Column
chromatography was performed to purify the crude product on silica gel 60—120 mesh using a mixture
of hexane and ethyl acetate as eluent. All the isolated compounds were characterized by 'H, 3C{'H}
NMR and IR spectroscopic (HRMS-spectrometric) techniques. NMR spectra for all the samples were
recorded in deuterochloroform (CDCIls) or deuterated dimethyl sulfoxide (DMSO-d6). 'H, 3C{'H}
were recorded in 600 (151) or 400 (101) MHz spectrometer and were calibrated using
tetramethylsilane or residual undeuterated solvent for 'TH NMR, deuterochloroform for 3C NMR as an
internal reference {Si(CHj3)4: 0.00 ppm or CHCl;s: 7.26 ppm for 'H NMR, 77.16 ppm for 3C NMR or
(CH3),SO: 2.50 ppm for 'H NMR, 39.52 ppm for 3C NMR}. '"F NMR was calibrated using
hexafluorobenzene as internal standard. The chemical shifts are quoted in J units, parts per million
(ppm). '"H NMR data is represented as follows: Chemical shift, multiplicity (s = singlet, d = doublet, t
= triplet, q = quartet, p = pentat, m = multiplet, br = broad, dd = doublet of doublet, tt = triplet of
triplet), integration and coupling constant(s) J in hertz (Hz). High resolution mass spectra (HRMS)
were recorded on a mass spectrometer using electrospray ionization-time of flight (ESI-TOF)
reflection experiments. FT-IR spectra were recorded in KBr or neat and reported in frequency of
absorption (cm!). Compounds (7a) and (1s) both were crystallized from a supersaturated solution of
chloroform by the slow evaporation method. [Caution: peroxides are potentially explosive, so any

peroxide involved reaction (as product or substrate) should be carried out with precautions!]
Computational Details:

All the geometrical optimization for reactants, products and their corresponding transition states have
been performed at density functional theory with B3LYP3# functional using cc-pVTZ3#¢ basis set.

The optimized geometries have been verified to minima/transition state3*d¢ by frequency calculations
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(i.e., Zero and one imaginary frequency corresponding to minima and transition state, respectively)and
the energies have been corrected for zero-point energy.’* For obtaining true minima; potential energy
surface scan calculation have been performed by varying the N=C—C=C dihedral angle at every 10
degrees. Bond dissociation energy (BDE), transition state barrier and spin density calculations have
been performed for the better understanding of regioselectivity. All these calculations were performed

using Gaussian 09 suite of program.342
General Procedure for the Synthesis of Alkyl Diacylperoxide (f=h).

These alkyl peroxides can be prepared following the literature procedure.?® However, we have
adopted the following modified procedure: To a 100 mL round bottom flask, the corresponding alkyl
carboxylic acid (hexanoic acid) (1.16 g, 10 mmol, 1 equiv) was charged with an efficient magnetic
stirring bar and diluted with methylene chloride (20 mL). The reaction vessel was immersed into a low
temp bath (-15 °C). Then 1.2 equivalent of hydrogen peroxide (30% aqueous solution) (1.36 g, 1.22
mL) and 4-(dimethylamino)pyridine (0.12 g, 0.1 equiv) were added sequentially. After 15 minutes of
stirring a solution of N,N'-dicyclohexylcarbodiimide (DCC, 2.47 g, 1.2 equiv) in methylene chloride
(25 mL) was added dropwise into the reaction mixture. The resulting mixture was allowed to stir
continuously for 3 h. Then, the crude reaction mixture was directly loaded into a short silica column
and purified using methylene chloride as the eluent to afford 1.52 g of hexanoic peroxyanhydride (f)
(66% yield).

General Procedure for the Synthesis of perester (k—m).

These alkyl peroxides can be prepared following the literature procedure.!®¢ However, we have
adopted the following modified procedure: To a 100 mL round bottom flask, the corresponding alkyl
carboxylic acid (2-ethylhexanoic acid) (2.88 g, 20 mmol, 1 equiv) was charged with an efficient
magnetic stirring bar and diluted with methylene chloride (25 mL). The reaction vessel was immersed
into a low temp bath (-15 °C). Then 0.1 equivalent of 4-(dimethylamino)pyridine (0.24 g, 2.0 mmol)
and 70% aq TBHP (24 mmol, 1.2 equiv) were added sequentially. After 15 minutes of stirring a
solution of N,N'-dicyclohexylcarbodiimide (3.09 g, 15 mmol, 0.75 equiv) in methylene chloride (25
mL) was added dropwise into the reaction mixture. The resulting mixture was allowed to stir

continuously for 3.5 h. Then, the crude reaction mixture was directly loaded into a short silica column
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and purified using 3% of ethyl acetate in hexane as the eluent to afford tert-butyl 2-
ethylhexaneperoxoate (k) (2.80 g, 65% yield).

General Procedure for the Synthesis of Aryl Diacylperoxide (0—s).

These compounds can be prepared following the literature procedure as reported.>>* However, we
have adopted the following modified procedure: To a 25 mL round bottom flask hydrogen peroxide
(0.58 mL, 0.57 equiv, 30% aqueous solution) and sodium hydroxide (0.51 g, 1.27 equiv) were added in
an ice bath for 20 minutes with vigorous stirring to generate sodium hydroperoxide. Separately, in
another 100 mL round bottom flask was charged with 4-methoxybenzoyl chloride (1.70 g, 10 mmol,
1.0 equiv) and diethyl ether (30 mL). Then, the reaction mixture was immersed into a low temperature
ice bath (-10 °C). The generated sodium hydroperoxide was added dropwise to the flask containing 4-
methoxybenzoyl chloride over a period of 20 minutes and was allowed to stir for two hours. The
resulting white precipitate was collected, washed sequentially with water (3 x 10 mL) and diethyl ether
(3 x 10 mL). The solid product was recrystallized from cold acetone and water (1:3 v/v, 10 mL)

provided 2.57 g of 4-methoxybenzoic peroxyanhydride (p) (85% yield).

General Procedure for the Synthesis of 2-Methyl-5-phenyl-2H-tetrazole (1a) from 5-Phenyl-2H-
tetrazole (1).

To an oven-dried Schlenk tube equipped with a magnetic stir bar 5-phenyl-2H-tetrazole (146 mg, 1
mmol, 1.0 equiv), tetrabutylammonium iodide (BuyNI) (74 mg, 20 mol %), acetonitrile (2 mL) and an
aqueous solution of TBHP (70%) (a) (411 pL, 3 equiv) was slowly added using a micropipette at room
temperature. The resulting reaction mass was degassed using the freeze-pump-thaw method. Then the
reaction mass was brought to room temperature. Maintaining the inert atmosphere, it was transferred to
an oil bath and the temperature was raised to 100 °C from room temperature by increasing the
temperature at the rate of 5 °C per minute and maintained for 8 h. The reaction mixture was removed
from the oil bath and cooled to room temperature. The solvent acetonitrile was removed under reduced
pressure. The reaction mixture was admixed with ethyl acetate (3 x 10 mL) and transferred into a
separating funnel. The ethyl acetate layer was washed sequentially with 5% solution of sodium
thiosulphate (2 x 10 mL) and brine solution (1 x 10 mL). The combined organic layer was dried over
anhydrous Na,SO,, filtered and concentrated in vacuo. After the removal of the solvent, the crude

product so obtained was purified over a column of silica gel using 5% ethyl acetate in hexane as the
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eluent afforded pure 2-methyl-5-phenyl-2H-tetrazole (1a) (96 mg, yield 60%). The identity and purity

of the product were confirmed by spectroscopic analysis.

General Procedure for the Synthesis of 2-Pentyl-5-phenyl-2H-tetrazole (1f) from 5-Phenyl-2H-
tetrazole (1).

To an oven-dried Schlenk tube, charged with a stirring bar were added 5-phenyl-2H-tetrazole (1)
(146 mg, 1 mmol, 1.0 equiv), tetrabutylammonium iodide (BusNI) (74 mg, 20 mol %), and hexanoic
peroxyanhydride (f) (460 mg, 2 mmol, 2 equiv). The reaction mass was degassed using a vacuum
pump. Then dry and degassed acetonitrile (2 mL) was added to the reaction. Maintaining the inert
atmosphere, the reaction mixture was heated at 100 °C for 6 h. After completion of the reaction. The
reaction mixture was cooled to room temperature. The acetonitrile was removed from the reaction
mixture using a rotary evaporator under reduced pressure. Then, the reaction mass was diluted with
ethyl acetate (3 x 10 mL) and transferred to a separating funnel. The ethyl acetate layer was washed
sequentially with 5% solution of sodium thiosulphate (2 x 10 mL) and brine solution (1 x 10 mL). The
combined organic layer was dried over anhydrous Na,SO,, filtered and concentrated in vacuo. After
removal of the solvent, the crude reaction mixture was purified over a column of silica gel using 4%
ethyl acetate in hexane as the eluent afforded pure 2-pentyl-5-phenyl-2H-tetrazole (1f) (160 mg, yield
74%). The identity and purity of the product were confirmed by spectroscopic analysis.

General Procedure for the Synthesis of 2-(heptan-3-yl)-5-phenyl-2H-tetrazole (1k) from 5-
Phenyl-2H-tetrazole (1).

To an oven-dried Schlenk tube, charged with a stirring bar were added 5-phenyl-2H-tetrazole (1)
(146 mg, 1 mmol, 1.0 equiv), tetrabutylammonium iodide (BuyNI) (74 mg, 20 mol %), and tert-butyl
2-ethylhexaneperoxoate (k) (432 mg, 2 mmol, 2 equiv). The reaction mass was degassed using a
vacuum pump. Then dry and degassed acetonitrile (2 mL) was added to the reaction. Maintaining the
inert atmosphere, it was transferred to an oil bath and the temperature was raised to 100 °C from room
temperature by increasing the temperature at the rate of 5 °C per minute and maintained for 6 h. After
completion of the reaction, the reaction mixture was cooled to room temperature. The acetonitrile
solvent was removed from the reaction mixture using a rotary evaporator under reduced pressure.
Then, the reaction mass was admixed with ethyl acetate (2 x 25 mL) and transferred to a separating
funnel. The ethyl acetate layer was washed sequentially with 5% solution of sodium thiosulphate (2 x

30 mL) and brine solution (1 x 20 mL). The combined organic layer was dried over anhydrous
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Na,SOy, filtered and concentrated in vacuo. After removal of the solvent, the crude reaction mixture
was purified over a column of silica gel using 2% ethyl acetate in hexane as the eluent to afforded pure

2-(heptan-3-yl)-5-phenyl-2H-tetrazole (1k) (188 mg, yield 77%).

General Procedure for the Synthesis of 2,5-Diphenyl-2H-tetrazole (1n) from S5-Phenyl-2H-
tetrazole (1).

To an oven-dried Schlenk tube, charged with a stirring bar were added 5-phenyl-2H-tetrazole (1)
(146 mg, 1 mmol, 1.0 equiv), tetrabutylammonium iodide (BuyNI) (74 mg, 20 mol %), benzoic
peroxyanhydride (n) (484 mg, 2 mmol, 2 equiv). The reaction mass was degassed using a vacuum
pump. Then dry and degassed acetonitrile (2 mL) was added to the reaction. Maintaining the inert
atmosphere, the reaction mixture was heated at 100 °C for 6 h. The reaction mixture was cooled to
room temperature. The acetonitrile was removed from the reaction mixture using a rotary evaporator
under reduced pressure. Then, the reaction mass was admixed with ethyl acetate (30 mL) and
transferred to a separating funnel. The ethyl acetate layer was washed sequentially with 5% solution of
sodium thiosulphate (2 x 15 mL) and brine solution (1 x 10 mL). The combined organic layer was
dried over anhydrous Na,SO,, filtered and concentrated in vacuo. After removal of the solvent, the
crude reaction mixture was purified over a column of silica gel using 6% ethyl acetate in hexane as the
eluent afforded pure 2,5-diphenyl-2H-tetrazole (1n) (135 mg, yield 61%). The identity and purity of
the product were confirmed by spectroscopic analysis.

Gram scale procedure for the synthesis of (11a).

To an oven-dried 100 mL Schlenk round bottom flask equipped with a magnetic stir bar 5-(4-
nitrophenyl)-2H-tetrazole (11) (1.53 g, 8 mmol, 1.0 equiv), tetrabutylammonium iodide (BusNI) (591
mg, 1.60 mmol), acetonitrile (20 mL) and an aqueous solution of TBHP (70%) (a) (3.3 mL, 3 equiv)
was slowly added using a micropipette at room temperature. The resulting reaction mass was degassed
using the freeze-pump-thaw method. Then the reaction mass was brought to room temperature.
Maintaining the inert atmosphere, it was transferred to an oil bath and the temperature was raised to
100 °C from room temperature by increasing the temperature at the rate of 5 °C per minute and
maintained for 10 h. The reaction mixture was removed from the oil bath and cooled to room
temperature. The solvent acetonitrile was removed under reduced pressure. The reaction mixture was
admixed with ethyl acetate (2 x 80 mL) and transferred into a separating funnel. The ethyl acetate layer

was washed sequentially with 5% solution of sodium thiosulphate (2 x 80 mL) and brine solution (1 x
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80 mL). The combined organic layer was dried over anhydrous Na,SO,, filtered and concentrated in
vacuo. After removal of the solvent, the crude product so obtained was purified over a column of silica
gel using 6% ethyl acetate in hexane as the eluent afforded pure 2-methyl-5-(4-nitrophenyl)-2H-
tetrazole (11a) (1.10 g, yield 67%).

Gram scale procedure for the synthesis of (1i).

To an oven-dried 100 mL Schlenk round bottom flask, charged with a stirring magnetic bar 5-
phenyl-2H-tetrazole (1) (1.17 g, 8 mmol, 1.0 equiv), tetrabutylammonium iodide (BuyNI) (591 mg, 1.6
mmol), and dodecanoic peroxyanhydride (i) (6.38 g, 16 mmol, 2 equiv). The reaction mass was
degassed using a vacuum pump. Then dry and degassed acetonitrile (20 mL) was added to the reaction.
Maintaining the inert atmosphere, it was transferred to an oil bath and the temperature was raised to
100 °C from room temperature by increasing the temperature at the rate of 5 °C per minute and
maintained for 7 h. After completion of the reaction. The reaction mixture was cooled to room
temperature. The acetonitrile solvent was removed from the reaction mixture using a rotary evaporator
under reduced pressure. Then, the reaction mass was admixed with ethyl acetate (2 x 60 mL) and
transferred to a separating funnel. The ethyl acetate layer was washed sequentially with 5% solution of
sodium thiosulphate (2 x 40 mL) and brine solution (1 x 50 mL). The combined organic layer was
dried over anhydrous Na,SO,, filtered and concentrated in vacuo. After removal of the solvent, the
crude reaction mixture was purified over a column of silica gel using 3% ethyl acetate in hexane as the

eluent to afforded pure 5-phenyl-2-undecyl-2H-tetrazole (1i) (1.76 g, yield 73%).

Gram Scale Procedure for the Synthesis of (11k).

To an oven-dried 100 mL Schlenk round bottom flask, charged with a stirring magnetic bar 5-(4-
nitrophenyl)-2H-tetrazole (11) (1.53 g, 8 mmol, 1.0 equiv), tetrabutylammonium iodide (BuyNI) (591
mg, 1.60 mmol), tert-butyl 2-ethylhexaneperoxoate (k) (3.46 g, 2 equiv). The reaction mass was
degassed using a vacuum pump. Then dry and degassed acetonitrile (20 mL) was added to the reaction.
Maintaining the inert atmosphere, it was transferred to an oil bath and the temperature was raised to
100 °C from room temperature by increasing the temperature at the rate of 5 °C per minute and
maintained for 7 h. After completion of the reaction, the reaction mixture was cooled to room
temperature. The acetonitrile solvent was removed from the reaction mixture using a rotary evaporator
under reduced pressure. Then, the reaction mass was admixed with ethyl acetate (2 x 60 mL) and

transferred to a separating funnel. The ethyl acetate layer was washed sequentially with 5% solution of
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sodium thiosulphate (2 x 40 mL) and brine solution (1 x 50 mL). The combined organic layer was
dried over anhydrous Na,SO,, filtered and concentrated in vacuo. After removal of the solvent, the
crude reaction mixture was purified over a column of silica gel using 2% ethyl acetate in hexane as the
eluent to afforded pure 2-(heptan-3-yl)-5-(4-nitrophenyl)-2H-tetrazole (11k) (1.71 g, yield 74%).
Gram scale procedure for the synthesis of (1n).

To an oven-dried Schlenk tube, charged with a stirring bar were added 5-phenyl-2H-tetrazole (1)
(1.46 g, 10 mmol, 1.0 equiv), tetrabutylammonium iodide (BuyNI) (731 mg, 2 mmol, 0.2 equiv),
benzoic peroxyanhydride (n) (4.84 g, 20 mmol, 2 equiv). The reaction mass was degassed using a
vacuum pump. Then dry and degassed acetonitrile (20 mL) was added to the reaction mixture.
Maintaining the inert atmosphere, it was transferred to an oil bath and the temperature was raised to
100 °C from room temperature by increasing the temperature at the rate of 5 °C per minute and
maintained for 7.5 h. The reaction mixture was cooled to room temperature. The acetonitrile solvent
was removed from the reaction mixture using a rotary evaporator under reduced pressure. Then, the
reaction mass was admixed with ethyl acetate (2 x 50 mL) and transferred to a separating funnel. The
ethyl acetate layer was washed sequentially with 5% solution of sodium thiosulphate (2 x 40 mL) and
brine solution (1 x 40 mL). The combined organic layer was dried over anhydrous Na,SOy,, filtered and
concentrated in vacuo. After removal of the solvent, the crude reaction mixture was purified over a
column of silica gel using 6% ethyl acetate in hexane as the eluent afforded pure 2,5-diphenyl-2H-

tetrazole (1n) (1.20 g, yield 54%).

Procedure for free radical trapping experiments (bi).

To an oven-dried Schlenk tube equipped with a magnetic stirring bar 5-phenyl-2H-tetrazole (1) (146
mg, 1 mmol, 1.0 equiv), tetrabutylammonium iodide (BuyNI) (74 mg, 20 mol %), lauroyl peroxide (i)
(797 mg, 2 equiv) and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (b) (312 mg, 2 equiv) was
added at room temperature. The reaction mass was degassed using a vacuum pump. Then dry and
degassed acetonitrile (5 mL) was added to the reaction mixture. Maintaining the inert atmosphere, it
was transferred to an oil bath and the temperature was raised to 100 °C from room temperature by
increasing the temperature at the rate of 5 °C per minute and maintained for 4 h. The reaction mixture
was cooled to room temperature. The acetonitrile solvent was removed from the reaction mixture using
a rotary evaporator under reduced pressure. Then, the reaction mass was admixed with ethyl acetate (2
x 20 mL) and transferred to a separating funnel. The ethyl acetate layer was washed sequentially with

5% solution of sodium thiosulphate (2 x 20 mL) and brine solution (1 x 20 mL). The combined organic
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layer was dried over anhydrous Na,SO,, filtered and concentrated in vacuo. After removal of the
solvent, the crude reaction mixture was purified over a column of silica gel using 2% ethyl acetate in
hexane as the eluent afforded pure 2,2,6,6-tetramethyl-1-(undecyloxy)piperidine (bi) (448 mg, yield
72%).

Hexanoic peroxyanhydride (f).'%¢

o) Colorless oil (1.52 g, 66% yield); 'H NMR (600 MHz, CDCls): &
(I)J\/\/\CH3 2.41 (t,J = 7.5 Hz, 4H), 1.75-1.66 (m, 4H), 1.40—1.28 (m, 8H), 0.89
(@] CH

T (t, J= 7.0 Hz, 6H); BC{'H} NMR (151 MHz, CDCl3): §169.4, 31.2,

@]

30.1, 24.6, 22.3, 13.9.
Octanoic peroxyanhydride (g):'%¢
Colorless oil (2.29 g, 80% yield); '"H NMR (400 MHz, CDCl;): &

OJ\/\/\/\CH 242 (t, J = 7.5 Hz, 4H), 1.77-1.66 (m, 4H), 1.43-1.22 (m, 16H),

7 3

OTl/\/\/\/CHS 0.88 (t, J = 6.8 Hz, 6H); 3C{'H} NMR (101 MHz, CDCly): &
O 169.4, 31.7,30.2, 29.0, 28.9, 25.0, 22.7, 14.2.

Decanoic peroxyanhydride (h):

Gummy (2.98 g, 87% yield); '"H NMR (400 MHz, CDCls): 62.42 (t,
OJ\/\/\/\/\CH J=17.5 Hz, 4H), 1.76-1.66 (m, 4H), 1.41-1.21 (m, 24H), 0.87 (t, J =
O\n/\/\/\/\/CH3 6.9 Hz, 6H); 3C{'H} NMR (101 MHz, CDCl;): 6 169.4, 32.0, 30.2,

© 29.5,29.3,29.2,29.1, 25.0, 22.8, 14.2.
tert-Butyl 2-ethylhexaneperoxoate (k):
o Colorless liquid (2.80 g, 65% yield); '"H NMR (600 MHz, CDCls): &
HSC/\/j)J\O/O*gEZ 2.16-2.09 (m, 1H), 1.56-1.47 (m, 2H), 1.44-1.38 (m, 1H), 1.35 (m,
HsC CHs 1H), 1.19 (s, 9H), 1.16-1.11 (m, 4H), 0.79 (t, J = 7.5 Hz, 3H), 0.74
(t, J = 6.9 Hz, 3H); BC{'H} NMR (151 MHz, CDCls): 6173.7,
83.1,45.2,32.0,29.7, 26.4, 25.7, 22.6, 14.0, 12.0.
tert-Butyl 2,2-dimethylpropaneperoxoate (1):1%¢
Colorless liquid (1.95 g, 56% yield); 'TH NMR (600 MHz, CDCl;): 6

(@]
H3C%J\O/O\'<CH3 1.29 (s, 9H), 1.23 (s, 9H); *C{'H} NMR (151 MHz, CDCly): &
HsC CH
3% CH, CHy ° 175.3, 83.6, 39.0, 27.4, 26.3.
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tert-Butyl adamantane-1-carboperoxoate (m):'5¢

White solid (2.52 g, 50% yield); 'H NMR (600 MHz, CDCLy): 1.9

O
EB)%/O*CH?’ (s, 3H), 1.92 (s, 6H), 1.72-1.65 (m, 6H), 1.28 (s, 9H); 3C{!H} NMR
CH
CHy (151 MHz, CDCLy): 5174.4, 83.5, 41.3, 39.0, 36.5, 28.0, 26.3.

2-Methylbenzoic peroxyanhydride (0).:?°

White solid (1.98 g, 73% yield); '"H NMR (400 MHz, CDCly): &
&P 0 7(@ 7.94 (d, J = 7.8 Hz, 2H), 7.48 (t, J = 7.6 Hz, 2H), 7.34-7.27 (m,
O  CHy 4H), 2.63 (s, 6H); BC{'H} NMR (101 MHz, CDCL): & 164.3,

140.6, 133.3, 131.9, 130.5, 126.1, 125.5, 21.2.

4-Methoxybenzoic peroxyanhydride (p):*°
White solid (2.57 g, 85% yield); 'H NMR (400 MHz, CDCls): &

OCH,
O
J@)ko/op 8.03 (d, J = 9.0 Hz, 4H), 6.98 (d, J = 9.0 Hz, 4H), 3.88 (s, 6H);
0 BC{'H! NMR (101 MHz, CDCLy): & 164.5, 163.1, 132.1, 117.9,
114.3,55.7.

H-CO

4-Ethylbenzoic peroxyanhydride (q):>%"

o White solid (2.50 g, 84% yield); '"H NMR (400 MHz, CDCl;): &
AR

0 ) 7(© 7.99 (d, J = 8.2 Hz, 4H), 7.32 (d, J = 8.2 Hz, 4H), 2.72 (q, J = 7.6
Q)LO/ 1 Hz, 4H), 1.26 (t, J = 7.6 Hz, 6H); 3C{'H} NMR (101 MHz,
CaHs CDCLy): 51633, 151.5, 130.1, 128.5, 123.2,29.2, 15.2.
4-Fluorobenzoic peroxyanhydride (r):%’
. White solid (2.23 g, 80% yield); 'H NMR (400 MHz, CDCl;): &
@)OLO/OW(@ 8.08-8.12 (m, 4H), 7.20 (t, J = 8.6 Hz, 4H); 3C{IH} NMR (101
. 0O MHz, CDCl;): 6166.7 (d, J = 257.6 Hz), 162.2, 132.7 (d, J = 9.7
Hz), 121.9 (d, J = 3.1 Hz), 164.4 (d, J = 22.4 Hz); 1%F NMR (377
MHz, CDCLy): —102.3.

4-Bromobenzoic peroxyanhydride (s):?°

Br White solid (3.25 g, 81% yield); '"H NMR (400 MHz, CDCl;): &
(0]
O\”/©/ 7.92 (d, J = 8.5 Hz, 4H), 7.66 (d, J = 8.5 Hz, 4H); B3C{'H} NMR
o
o) (101 MHz, CDCl,): 6162.5, 132.5, 131.3, 129.9, 124.5.
Br
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5-Phenyl-2H-tetrazole (1):3%
- White solid (1.3 g, 89% yield); 'H NMR (400 MHz, DMSO-dy): &
©—<\ A 8.05-8.02 (m, 2H), 7.64-7.59 (m, 3H); BC{IH} NMR (101 MHz,
DMSO-dg): 6155.4,131.3,129.5, 127.1, 124.2.
5-([1,1'-Biphenyl]-4-yl)-2H-tetrazole (2).:3%¢
Nep White solid (1.65 g, 74% yield); '"H NMR (600 MHz, DMSO-dg): ¢ 8.13
N/I{JH (d, J=8.3 Hz, 2H), 7.93 (d, J = 8.3 Hz, 2H), 7.77 (d, J = 7.9 Hz, 2H), 7.52
(t, J = 7.5 Hz, 2H), 7.43 (t, J = 7.3 Hz, 1H); BC{'H} NMR (101 MHz,
DMSO-dg): 6155.1, 142.7, 138.9, 129.1, 128.2, 127.6, 127.5, 126.8, 123.1.
5-(p-Tolyl)-2H-tetrazole (3).:3%
White solid (1.14 g, 71% yield); 'TH NMR (400 MHz, DMSO-dg): 6 7.93
HBC©_<\N,,QH (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 2.39 (s, 3H); 3C{'H} NMR
(151 MHz, DMSO-dy): 0 155.2, 141.3, 130.0, 126.9, 121.3, 21.1.
5-(4-Methoxyphenyl)-2H-tetrazole (4):3%¢
No,  White solid (1.16 g, 66% yield); 'H NMR (600 MHz, DMSO-dq): 67.98
H3CO©_<\N,NH (d, J = 8.6 Hz, 2H), 7.16 (d, J = 8.6 Hz, 2H), 3.84 (s, 3H); 3C{'H} NMR
(151 MHz, DMSO-dg): 6161.5, 128.7, 114.9, 55.5.
5-(4-(tert-Butyl)phenyl)-2H-tetrazole (5):3%¢
HaC Ney, White solid (1.48 g, 73% yield); 'H NMR (400 MHz, DMSO-dg): 6 7.96
H;ij—®—<\N/,hH (d, J = 8.3 Hz, 2H), 7.62 (d, J = 8.3 Hz, 2H), 1.31 (s, 9H); *C{'H} NMR
(151 MHz, DMSO-dg): 6155.1, 154.1, 126.8, 126.3, 121.4, 34.8, 30.9.
5-(3-Methoxyphenyl)-2H-tetrazole (6):3¢
White solid (1.25 g, 71% yield); '"H NMR (600 MHz, DMSO-dy): 67.62 (d,
©_<\Nt'n“ J=17.7 Hz, 1H), 7.58 (s, 1H), 7.52 (t, J = 8.0 Hz, 1H), 7.16 (d, J = 8.3 Hz,
N 1H), 3.85 (s, 3H); 3C{'H} NMR (151 MHz, DMSO-d): & 159.8, 155.3,
130.6, 125.5, 119.2, 117.0, 112.1, 55.4.
5-(4-Bromophenyl)-2H-tetrazole (7):3%
New White solid (1.80 g, 80% yield); 'H NMR (400 MHz, DMSO-dg): 57.98 (d,
Br@_ﬂrn‘m J = 8.6 Hz, 2H), 7.82 (d, J = 8.6 Hz, 2H); *C{'H} NMR (151 MHz,
DMSO-dy): 6155.1, 132.5, 128.9, 124.8, 123.6.
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5-(4-Chlorophenyl)-2H-tetrazole (8):33"
- White solid (1.50 g, 83% yield); 'H NMR (600 MHz, DMSO-dj): 58.05 (d,
cl \-RH J = 85 Hz, 2H), 7.69 (d, J = 8.5 Hz, 2H); 3C{IH} NMR (151 MHz,
DMSO-ds): 6154.9, 136.0, 129.6, 128.8, 123.2.
5-(2-Chlorophenyl)-2H-tetrazole (9).3%¢
White solid (1.46 g, 81% yield); '"H NMR (400 MHz, DMSO-dy): 67.81 (d, J
@_<N>N = 7.6 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.64 (t, J = 7.7 Hz, 1H), 7.56 (t, J =
7.5 Hz, 1H); 3C{'H} NMR (151 MHz, DMSO-dq): & 153.6, 132.7, 132.1,
131.8, 130.5, 127.9, 124.2.
5-(4-(Trifluoromethyl)phenyl)-2H-tetrazole (10).3%
White solid (1.82 g, 85% yield); 'H NMR (600 MHz, DMSO-ds): 68.23 (d, J
Ney = 8.0 Hz 2H), 7.95 (d. J = 8.0 Hz, 2H); *C{'H} NMR (151 MHz, DMSO-
NANH  d): 5155.4, 1311 (q, J = 32.16 Hz), 128.5, 127.8, 1263 (d, J = 3.6 Hz),
123.8 (q, J=272.55 Hz); '°F NMR (565 MHz, DMSO-ds): 6 —61.45.
5-(4-Nitrophenyl)-2H-tetrazole (11):33¢
_ White solid (170 g, 89% yield); 'H NMR (400 MHz, DMSO-dq): 5845 (d, J
ON \N:EH — 8.9 Hz, 2H), 8.30 (d, J = 8.9 Hz, 2H); 3C{'H} NMR (101 MHz, DMSO-
de): 0155.5,148.6, 130.7, 128.1, 124.5.
4-(2H-Tetrazol-5-yl)benzaldehyde (12):3%¢
\ White solid (1.20 g, 69% yield); 'H NMR (400 MHz, DMSO-dg): &10.09 (s,
OHC \N:EH 1H), 8.26 (d, J = 8.1 Hz, 2H), 8.11 (d, J = 8.2 Hz, 2H); 3C{'H} NMR (151
MHz, DMSO-dy): 6192.6, 174.5,172.0, 137.5, 130.3, 127.5.
5-(4-Methylbenzyl)-2H-tetrazole (13):33
N White solid (1.29 g, 74% yield); 'H NMR (600 MHz, DMSO-ds): 6 7.14 (bs,
. mNﬂ 4H), 4.22 (s, 2H), 2.26 (s, 3H); BC{'H} NMR (151 MHz, DMSO-dy): &
155.9,136.5, 133.4, 129.7, 128.9, 29.0, 21.1.

FsC
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5-(Naphthalen-2-yl)-2H-tetrazole (19):33¢
White solid (1.16 g, 76% yield); '"H NMR (400 MHz, DMSO-dy): & 8.66 (s,
s 1H), 8.14 (m, 2H), 8.11-8.07 (m, 1H), 8.05-7.98 (m, 1H), 7.64 (m, 2H);
BC{'H} NMR (101 MHz, DMSO-dg): 6 155.7, 133.9, 132.6, 129.2, 128.6,
127.9,127.8,127.2,127.0, 123.7, 121.6.
5-(m-Tolyl)-2H-tetrazole (20):33¢
- White solid (1.20 g, 75% yield); 'H NMR (400 MHz, DMSO-dq): 57.86 (s,
@N’NH 1H), 7.82 (d, J = 7.7 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 7.37 (d, J = 7.5 Hz,
HaC 1H), 2.38 (s, 3H); 3C{IH} NMR (101 MHz, DMSO-dq): & 155.5, 138.9,
132.0, 129.4,127.5, 124.2, 124.1, 21.0.
5-(Thiophen-2-yl)-2H-tetrazole (21):3%
White solid (1.08 g, 71% yield); 'H NMR (600 MHz, DMSO-dj): 57.89

N~
N =N
Q_QN,,QH (d, J = 4.7 Hz, 1H), 7.80 (d, J = 2.8 Hz, 1H), 7.32 — 7.27 (m, 1H);
BC{H} NMR (151 MHz, DMSO-dg): & 151.4, 130.3, 129.2, 128.5,
125.4.

5-(2-Bromo-4-methylphenyl)-2H-tetrazole (22):
White solid (1.77 g, 74% yield); 'H NMR (600 MHz, DMSO-d): 67.70
N=N (s, 1H), 7.59 (d, J= 7.7 Hz, 1H), 7.39 (d, J = 7.1 Hz, 1H), 2.38 (s, 3H);
BC{'H} NMR (151 MHz, DMSO-dy): & 154.5, 143.2, 133.8, 131.6,
128.8, 123.4, 121.5, 20.5.
2-Methyl-5-phenyl-2H-tetrazole (1a):'%
White solid (96 mg, 60% yield); R¢=0.27 (0.5:9.5 EtOAc : hexane, Silica gel);

Br

=N
v N-CH, mp 50-52 °C; 'H NMR (600 MHz, CDCLy): §8.14 (d, J = 7.8 Hz, 2H), 7.49 (t,
N

J = 7.1 Hz, 3H), 4.41 (s, 3H); BC{'H} NMR (151 MHz, CDCl;): 6 165.4,
130.5, 129.1, 127.5, 126.9, 39.6; IR (KBr): 3071, 2956, 2926, 2853, 1718,
1449, 1190, 1048, 923, 792, 694 cm™!; HRMS (ESI-TOF) m/z: [M + H]" Calcd
for CgHyoN4 161.0822; Found 161.0821.
5-([1,1'-Biphenyl]-4-yl)-2H-tetrazole (2a):'%
-y White solid (156 mg, 66% yield); R = 0.21 (0.5:9.5 EtOAc : hexane, Silica
/@/K\N/N‘C"b gel); mp 140-142 °C; '"H NMR (600 MHz, CDCl;): 68.21 (d, J= 8.3 Hz, 2H),
Ph
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7.73 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 7.3 Hz, 2H), 7.47 (t, J = 7.7 Hz, 2H), 7.39

(t, J = 7.4 Hz, 1H), 4.42 (s, 3H); 3C{H} NMR (151 MHz, CDCly): § 165.2,

143.2, 140.4, 129.0, 127.9, 127.7, 127.4, 127.3, 126.4, 39.7; IR (KBr): 3030,

2959, 2923, 1623, 1541, 1465, 1415, 1049, 847, 717, 643 cm'; HRMS (ESI-

TOF) m/z: [M + H]* Calcd for C4H;3N4 237.1135; Found 237.1137.
2-Methyl-5-(p-tolyl)-2H-tetrazole (3a):'%

White solid (106 mg, 61% yield); R¢= 0.25 (0.5:9.5 EtOAc : hexane, Silica
=N
N\ ,\N—CH3 gel); mp 105-107 °C; '"H NMR (600 MHz, CDCls): 6 8.02 (d, J = 8.1 Hz,
N
2H), 7.30 (d, J= 7.9 Hz, 2H), 4.39 (s, 3H), 2.42 (s, 3H); *C{'H} NMR (151
H5;C

MHz, CDCl;): 6 165.5, 140.6, 129.8, 126.9, 124.7, 39.6, 21.6; IR (KBr):
3028, 2959, 2924, 2854, 1618, 1471, 1459, 1182, 1173, 1002, 844, 754, 677
cm'; HRMS (ESI-TOF) m/z: [M + H]* Caled for CoH{ N4 175.0978; Found
175.0980.
5-(4-Methoxyphenyl)-2-methyl-2H-tetrazole (4a).:'%
NN White solid (112 mg, 59% yield); R¢ = 0.15 (2:8 EtOAc : hexane, Silica
J@/L\N/N‘CHs gel); mp 85-87 °C; 'H NMR (600 MHz, CDCls): §8.07 (d, J = 8.9 Hz, 2H),
HsCO 7.01 (d, J = 8.8 Hz, 2H), 4.38 (s, 3H), 3.87 (s, 3H); BC{!H} NMR (151
MHz, CDCl;): 6 165.3, 161.4, 128.4, 120.1, 114.4, 55.5, 39.6; IR (KBr):
3098, 2962, 2841, 1709, 1611, 1458, 1256, 1177, 1028, 846, 752, 611, 538
cm’'; HRMS (ESI-TOF) m/z: [M + HJ" Calcd for CoH;{N4,O 191.0927;
Found 191.0932.
5-(4-(tert-Butyl)phenyl)-2-methyl-2H-tetrazole (5a):
White solid (138 mg, 64% yield); Ry = 0.28 (0.5:9.5 EtOAc : hexane, Silica
N\:'\f\N-CH3 gel); mp 88-90 °C; 'H NMR (600 MHz, CDCl;): §7.99 (d, J = 8.6 Hz, 2H),
/©/kN 7.44 (d, J = 8.5 Hz, 2H), 4.32 (s, 3H), 1.29 (s, 9H); 3C{'H} NMR (151
tBu MHz, CDCl;): 6 165.4, 153.8, 126.7, 126.0, 124.6, 39.6, 35.0, 31.4; IR
(KBr): 3030, 2954, 2924, 2864, 1470, 1320, 1119, 1002, 843, 730, 682 cm"
I HRMS (ESI-TOF) m/z: [M + H]" Calcd for C,H7N4 217.1448; Found
217.1447.
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5-(3-Methoxyphenyl)-2-methyl-2H-tetrazole (6a):

N=N,
~ ,N_CH3
N

OCH;

White Solid (114 mg, 60% yield); R¢=0.21 (1.0:9.0 EtOAc : hexane, Silica
gel); mp 80-82 °C; 'H NMR (600 MHz, CDCls): 67.73 (d, J= 7.6 Hz, 1H),
7.68 (s, 1H), 7.40 (t,J=7.9 Hz, 1H), 7.02 (dd, J = 8.3, 2.1 Hz, 1H), 4.41 (s,
3H), 3.89 (s, 3H); *C{'H} NMR (151 MHz, CDCl3): 6 165.3, 160.1, 130.2,
128.7, 119.4, 117.0, 111.5, 55.6, 39.6; IR (KBr): 3072, 2960, 2839, 1723,
1592, 1523, 1472, 1438, 1359, 1320, 1246, 1186, 1125, 1038, 859, 800,
754, 724, 688 cm’!; HRMS (ESI-TOF) m/z: [M + H]" Calcd for CoH{;N,O
191.0927; Found 191.0933.

5-(4-Bromophenyl)-2-methyl-2H-tetrazole (7a):'%

N=N,

~ ,N_CHg
N
Br

White solid (155 mg, 65% yield); Ry = 0.28 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 125-127 °C; 'H NMR (600 MHz, CDCls): 6 8.01 (d, J =
8.5 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 4.40 (s, 3H); *C{'H} NMR (151
MHz, CDCl;): 6 164.6, 132.3, 128.41, 126.4, 124.8, 39.7; IR (KBr):
3033, 2951, 2918, 2850, 1605, 1442, 1135, 1015, 836, 745, 683 cm;
HRMS (ESI-TOF) m/z: [M + H]" Caled for CgHg””BrN, 238.9927;
Found 238.9928.

5-(4-Chlorophenyl)-2-methyl-2H-tetrazole (8a).:'%

N=N,

S /N\CH
/©/‘\N 3
Cl

White solid (128 mg, 66% yield); R¢ = 0.26 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 107-109 °C; '"H NMR (600 MHz, CDCls): 6 8.08 (d, J =
8.6 Hz, 2H), 7.47 (d, J = 8.6 Hz, 2H), 4.40 (s, 3H); *C{'H} NMR (151
MHz, CDCl;): 6 164.6, 136.5, 129.4, 128.2, 126.0, 39.7; IR (KBr): 3032,
2949, 2851, 1601, 1515, 1453, 1361, 1198, 1091, 1009, 863 cm''; HRMS
(ESI-TOF) m/z: [M + H]' Caled for CgHg*CIN, 195.0432; Found
195.0438.

5-(2-Chlorophenyl)-2-methyl-2H-tetrazole (9a).:'%

N=N

: | N=-CH
\N 3
Cl

Colorless oil (118 mg, 61% yield); R¢ = 0.27 (0.5:9.5 EtOAc : hexane,
Silica gel); '"H NMR (600 MHz, CDCls): 67.88 (d, /= 7.4 Hz, 1H), 7.47
(d, J=17.6 Hz, 1H), 7.37-7.30 (m, 2H), 4.38 (s, 3H); BC{!H} NMR (151
MHz, CDCl;): 6 163.6, 133.2, 131.5, 131.3, 131.0, 127.1, 126.6, 39.8;
IR (KBr): 3033, 2985, 2920, 2851, 1605, 1446, 1198, 1031, 844, 711,
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640 cm!'; HRMS (ESI-TOF) m/z: [M + H]' Caled for CgH7*°CINy
195.0432; Found 195.0434.
2-Methyl-5-(4-(trifluoromethyl)phenyl)-2H-tetrazole (10a).'%

White solid (160 mg, 70% yield); R¢ = 0.26 (0.5:9.5 EtOAc : hexane,
N=N

/©/‘\\N'N-CH3 Silica gel); mp 114-116 °C; 'H NMR (600 MHz, CDCl;): 68.27 (d, J =
8.1 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 4.43 (s, 3H); 3C{'H} NMR (151
FaC MHz, CDCly): 6 164.2, 132.2 (q,J=32.8 Hz), 130.8, 127.1, 126.0 (q, J
= 3.8 Hz), 123.9 (q, /=273 Hz), 39.7; "F NMR (377 MHz, CDCl;):
—65.908; IR (KBr): 3039, 2967, 2923, 2860, 1756, 1463, 1427, 1326,
1161, 1133, 1068, 1016, 851, 764, 723, 594 cm™'; HRMS (ESI-TOF)
m/z: [M + H]* Calced for CoHgF3N4 229.0696; Found 229.0699.
2-Methyl-5-(4-nitrophenyl)-2H-tetrazole (11a):'%
=N White solid (150 mg, 73% vyield); R¢ = 0.14 (0.5:9.5 EtOAc : hexane,
/@/‘QN/N\CH(% Silica gel); mp 170-172 °C; '"H NMR (600 MHz, CDCl3): & 8.39-8.32
ON (q, J = 9.0 Hz, 4H), 4.46 (s, 3H); BC{!H} NMR (151 MHz, CDCl;): 6
163.6, 149.0, 133.4, 127.8, 124.4, 39.9; IR (KBr): 3097, 3089, 3040,
2915, 2847, 1605, 1514, 1456, 1311, 1193, 1008, 864, 769, 690 cm';
HRMS (ESI-TOF) m/z: [M + H]J" Calcd for CgHgNsO, 206.0673; Found
206.0674.
tert-Butyl 4-(2-Methyl-2H-tetrazol-5-yl)benzoperoxoate (12a):
Gummy, (146 mg, 53% yield);Rs = 0.51 (1:9 EtOAc : hexane, Silica
- N\:I\T\N‘CHg gel); 'TH NMR (600 MHz, CDCl;): ¢ 8.27 (d, J= 8.3 Hz, 2H), 8.10 (d, J
P = 8.3 Hz, 2H), 4.46 (s, 3H), 1.46 (s, 9H); *C{'H} NMR (CDCls, 101
© MHz): 6 164.3, 164.0, 132.0, 129.9, 129.3, 127.0, 84.4, 39.8, 26.4; IR
(KBr): 2985, 2924, 2848, 1746, 1617, 1456, 1181, 1018, 1005, 865, 690
cml; HRMS (ESI-TOF) m/z: [M + H]" Caled for C3H7N405 277.1295;
Found 277.1293.
(2-Methyl-2H-tetrazol-5-yl)(p-tolyl)methanone (13'a):
White solid (115 mg, 57% yield);Rs = 0.5 (3:7 EtOAc : hexane, Silica

AN gel); mp 83-85 °C; 'H NMR (600 MHz, CDCl;): 6 8.24 (d, J = 8.2 Hz,
N—CHs
\.
HsC N 2H), 7.30 (d, J = 8.0 Hz, 2H), 4.46 (s, 3H), 2.41 (s, 3H); BC{'H} NMR

40

ACS Paragon Plus Environment



Page 41 of 65

oNOYTULT D WN =

The Journal of Organic Chemistry

(CDCl;, 151 MHz): ¢ 182.1, 163.0, 145.6, 133.0, 130.9, 129.5, 40.1,
22.0; IR (KBr): 3048, 2921, 2855, 1657, 1596, 1449, 1360, 1228, 1170,
1033, 916, 837, 710, 656, 474 cm™'; HRMS (ESI-TOF) m/z: [M + H]*
Calcd for C;oH;1N4O 203.0927; Found 203.0928.

1-Methyl-1H-benzo[d][1,2,3]triazole (17a):%

Reddish oil (56 mg, 42% yield); (56 mg, 42% yield); Ry = 0.42 (3:7
EtOAc : hexane, Silica gel); 'H NMR (600 MHz, CDCl;): 68.02 (d, J =
8.4 Hz, 1H), 7.51-7.44 (m, 2H), 7.34 (t, J = 8.0 Hz, 1H), 4.27 (s, 3H);
BC{'H} NMR (151 MHz, CDCl;): 6 146.1, 133.6, 127.4, 123.9, 120.1,
109.2, 34.3; IR (KBr): 3055, 2919, 2858, 1606, 1452, 1380, 1265, 1198,
1108, 1019, 732, 586 cm!; HRMS (ESI-TOF) m/z: [M + H]" Caled for
C7H8N3 134.0713; Found 134.0715.

2-Methylbenzo[d]isothiazol-3(2H)-one 1,1-dioxide (18a).:3%"

Q0

7

S\
N_CH3

)

Acetophenone (C"'):

)

©)J\CH3

White solid (134 mg, 68% yield); R¢ = 0.11 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 131-133 °C; 'H NMR (600 MHz, CDCl;): 68.07 (d, J =
7.4 Hz, 1H), 7.94 (d, J=7.5 Hz, 1H), 7.88 (t, /= 7.4 Hz, 1H), 7.84 (t, J
= 7.5 Hz, 1H), 3.28 (s, 3H); BC{'H} NMR (151 MHz, CDCl;): §158.9,
137.8, 134.8, 134.5, 127.8, 125.3, 121.2, 23.4; IR (KBr): 3094, 2920,
2852, 1738, 1463, 1320, 1178, 1057, 973, 889, 784, 676, 590 cm';
HRMS (ESI-TOF) m/z: [M + H]" Caled for CsgHgNO;S 198.0219; Found
198.0220.

Colorless liquid (152 mg, 42% yield); R¢= 0.44 (0.5:9.5 EtOAc : hexane,
Silica gel); 'H NMR (600 MHz, CDCls): 6 7.96 (d, J = 7.2 Hz, 2H), 7.57
(t, J=7.4 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 2.61 (s, 3H); BC{'H} NMR
(151 MHz, CDCls): 6 198.4, 137.2, 133.3, 128.7, 128.4, 26.8; IR (KBr):
3063, 2927, 1763, 1685, 1600, 1415, 1359, 1266, 1156, 1025, 997, 760,
691 cm'; HRMS (ESI-TOF) m/z: [M + H]" Calcd for CgHyO 121.0648;
Found 121.0654.
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1,1-Diphenyl-2-(5-phenyl-2H-tetrazol-2-yl)ethan-1-ol (1d):*

White solid (205 mg, 60% yield); Ry = 0.26 (1:9 EtOAc : hexane, Silica
gel); mp 113—115 °C; '"H NMR (600 MHz, CDCl3): 6 8.15 (dd, J = 6.7,
3.0 Hz, 2H), 7.47 (dd, J = 5.0, 1.7 Hz, 3H), 7.39-7.31 (m, 6H), 7.18 (dd,
J=6.8, 29 Hz, 4H), 4.83 (d, J = 7.5 Hz, 2H), 3.90 (t, J = 7.6 Hz, 1H)
(3.90 (t), D,O exchangeable); BC{!H} NMR (151 MHz, CDCL;): &
164.5, 139.2, 130.7, 129.0, 128.8, 128.6, 128.3, 127.1, 127.0, 78.8, 69.2;
IR (KBr): 3433, 3397, 3059, 3033, 1942, 1600, 1464, 1447, 1409, 1367,
1307, 1193, 1084, 1013, 748, 735, 693 cm’'; HRMS (ESI-TOF) m/z: [M
+ H]J* Caled for C,;H9N4O 343.1553; Found 343.1561.

5-Phenyl-2-propyl-2H-tetrazole (le):

=N
N\ ,\N\/\CH3
[ j/ N

Colorless liquid (80 mg, 43% yield); R¢= 0.36 (0.5:9.5 EtOAc : hexane,
Silica gel); 'TH NMR (600 MHz, CDCls): 6 8.15 (d, J = 8.1 Hz, 2H),
7.51-7.44 (m, 3H), 4.62 (t, J = 7.1 Hz, 2H), 2.10 (h, J = 7.3 Hz, 2H),
1.00 (t, J = 7.4 Hz, 3H); BC{'H} NMR (151 MHz, CDCls): § 165.2,
130.4, 129.0, 127.7, 126.9, 54.9, 23.1, 11.1; IR (KBr): 3070, 2967, 2932,
2879, 1528, 1451, 1385, 1354, 1185, 1071, 1027, 807, 787, 732, 693 cm"
I, HRMS (ESI-TOF) m/z: [M + H]* Caled for C;oH;3N4 189.1135; Found
189.1139.

2-Pentyl-5-phenyl-2H-tetrazole (1f):

Colorless liquid (160 mg, 74% yield); Ry = 0.46 (0.5:9.5 EtOAc :
hexane, Silica gel); 'TH NMR (600 MHz, CDCl;): 6 8.17 (d, J = 6.6 Hz,
2H), 7.53-7.45 (m, 3H), 4.66 (t, J = 7.2 Hz, 2H), 2.11-2.04 (m, 2H),
1.43-1.33 (m, 4H), 0.92 (t, J = 7.0 Hz, 3H); BC{'H} NMR (151 MHz,
CDCl): 6165.1, 130.3, 129.0, 127.6, 126.9, 53.3, 29.2, 28.6, 22.1, 14.0;
IR (KBr): 3130, 2924, 2854, 1625, 1546, 1465, 1400, 1328, 1161, 1128,
1066, 1014, 853, 764, 726, cm™!; HRMS (ESI-TOF) m/z: [M + H]* Calcd
for C;pH 7N, 217.1448; Found 217.1453.
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1

2

2 2-Heptyl-5-phenyl-2H-tetrazole (1g):

5 Colorless liquid (183 mg, 75% yield); Ry = 0.36 (0.5:9.5 EtOAc :
6 NIV N .

7 N /N CH; hexane, Silica gel); 'H NMR (400 MHz, CDCls): ¢ 8.15 (d, J = 8.0 Hz,
g 2H), 7.48 (m, 3H), 4.64 (t, J = 7.2 Hz, 2H), 2.06 (p, J = 7.3 Hz, 2H),
10 1.41-1.22 (m, 8H), 0.88 (t, J = 6.9 Hz, 3H); *C{'H} NMR (101 MHz,
12 CDCl): 6165.2,130.3, 129.0, 127.7, 126.9, 53.4, 31.7, 29.5, 28.7, 26.5,
13

14 22.6, 14.1; IR (KBr): 3069, 2930, 2861, 1743, 1529, 1456, 1359, 1194,
" 1035, 924, 787, 732, 695 cnr!; HRMS (ESI-TOF) m/z: [M + H]* Caled
:I|§73 for C14H21N4 2451761, Found 245.1765.

19 2-Nonyl-5-phenyl-2H-tetrazole (1h):

20

21 Colorless liquid (215 mg, 79% yield); Ry = 0.24 (1:9 EtOAc : hexane,
;g Silica gel); 'H NMR (400 MHz, CDCL;): 6 8.15 (d, J = 7.9 Hz, 2H),
24 NN‘NM 7.53-7.44 (m, 3H), 4.64 (t, J = 7.2 Hz, 2H), 2.06 (p, J = 7.2 Hz, 2H),
25 ¥ H-C

2 ’ 1.37-1.24 (m, 12H), 0.87 (t, J = 6.8 Hz, 3H); *C{'H} NMR (101 MHz,
27

28 CDCls): 6165.2, 130.3, 129.0, 127.7, 127.0, 53.4, 31.9, 29.5, 29.4, 29.3,
gg 29.0, 26.5, 22.8, 14.2; IR (KBr): 3071, 2927, 2858, 1743, 1529, 1456,
31 1359, 1282, 1195, 1034, 924, 732, 694 cm™'; HRMS (ESI-TOF) m/z: [M
32

33 + H]J* Calcd for C1cH,5N4 273.2074; Found 273.2077.

34

35 5-Phenyl-2-undecyl-2H-tetrazole (1i):

g? N—N Colorless liquid (240 mg, 80% yield); Ry = 0.24 (1:9 EtOAc : hexane,
38 NN e Silica gel); '"H NMR (600 MHz, CDCly): 6 8.15 (d, J = 6.6 Hz, 2H),
39 3

40 7.51-7.46 (m, 3H), 4.64 (t, J = 7.2 Hz, 2H), 2.05 (p, J = 7.2 Hz, 2H),
ph 1.30-1.37 (m, 4H), 1.29-1.21 (m, 12H), 0.87 (t, J = 7.0 Hz, 3H);
p BC{H} NMR (151 MHz, CDCl;): & 165.1, 130.3, 129.0, 127.6, 126.9,
45 53.3, 32.0, 29.7, 29.6, 29.5, 29.45, 29.41, 29.0, 26.5, 22.8, 14.2; IR
46

47 (KBr): 3071, 2924, 2855, 1748, 1638, 1451, 1355, 1242, 1194, 1068,
P 921, 784, 729, 691 cm-l; HRMS (ESI-TOF) m/z: [M + HJ* Caled for
g? C1sH9N4 301.2387; Found 301.2386.

52
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5-(4-(tert-Butyl)phenyl)-2-undecyl-2H-tetrazole (5i):

N-Nﬁ;ﬁ

N__N

H,C
3~ CH;

CHs

White solid (299 mg, 84% yield); Ry = 0.26 (1:9 EtOAc : hexane, Silica
gel); mp 46—48 °C; 'H NMR (600 MHz, CDCls): ¢ 8.07 (d, J = 8.4 Hz,
2H), 7.51 (d, J = 8.4 Hz, 2H), 4.63 (t, J = 7.2 Hz, 2H), 2.04 (p, J=7.1
Hz, 2H), 1.36 (s, 9H), 1.31-1.16 (m, 16H), 0.87 (t, J = 7.0 Hz, 3H);
BC{'H} NMR (151 MHz, CDCl;): 6 165.1, 153.6, 126.7, 125.9, 124.8,
53.3, 35.0, 32.0, 31.6, 29.7, 29.6, 29.53, 29.50, 29.4, 29.0, 26.5, 22.8,
14.3; IR (KBr): 2926, 2858, 1750, 1690, 1621, 1464, 1364, 1269, 1196,
1144, 1038, 844, 766, 725, 561 cm’'; HRMS (ESI-TOF) m/z: [M + H]*
Calcd for C,,H37N4 357.3013; Found 357.3014.

5-(4-(Trifluoromethyl)phenyl)-2-undecyl-2H-tetrazole (10i):

CF3

White solid (328 mg, 89% yield); Ry = 0.6 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 51-53 °C; '"H NMR (600 MHz, CDCl3): ¢ 8.28 (d, J = 8.1
Hz, 2H), 7.75 (d, J = 8.2 Hz, 2H), 4.67 (t, J = 7.2 Hz, 2H), 2.07 (p, J =
7.2 Hz, 2H), 1.39-1.34 (m, 4H), 1.29-1.22 (m, 12H), 0.87 (t, /= 7.0 Hz,
3H); BC{'H} NMR (151 MHz, CDCl;): 6163.9, 132.1 (q, J = 32.6 Hz),
131.0, 127.4, 126.0 (q, J = 3.75 Hz), 124.0 (q, J = 272.4 Hz), 53.6, 32.0,
29.7, 29.6, 29.49, 29.46, 29.44, 29.0, 26.5, 22.8, 14.3; ’F NMR (565
MHz, CDCl;): —62.84; IR (KBr): 2919, 2852, 1468, 1429, 1328, 1164,
1132, 1069, 850, 762, 726, 597, 510 cm™'; HRMS (ESI-TOF) m/z: [M +
H]" Calcd for Ci9H,gF3N4 369.2261; Found 369.2268.

5-(Naphthalen-2-yl)-2-undecyl-2H-tetrazole (19i):

,!\l\l}l
—N

P

N

White solid (287 mg, 82% yield); R¢ = 0.20 (1:9 EtOAc : hexane, Silica
gel); mp 52-54 °C; 'H NMR (400 MHz, CDCl;): 6 8.69 (s, 1H), 8.22
(dd, J = 8.6, 1.6 Hz, 1H), 7.95 (d, J = 8.8 Hz, 2H), 7.90-7.84 (m, 1H),
7.56-7.50 (m, 2H), 4.67 (t,J = 7.2 Hz, 2H), 2.13-2.04 (m, 2H), 1.25 (bs,
16H), 0.87 (t, J = 6.8 Hz, 3H); BC{'H} NMR (101 MHz, CDCl;): 6
165.3, 134.3, 133.4, 128.8, 128.7, 128.0, 127.2, 126.8, 126.7, 125.0,
124.1, 53.4, 32.0, 29.7, 29.6, 29.5, 29.46, 29.41, 29.0, 26.5, 22.8, 14.2; IR
(KBr): 3051, 2919, 2852, 1464, 1404, 1358, 1268, 1237, 1199, 1044,
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951, 834, 763 cm'; HRMS (ESI-TOF) m/z: [M + H]" Calcd for C5,H3 1Ny
351.2543; Found 351.2547.

5-(m-Tolyl)-2-undecyl-2H-tetrazole (20i):

CH3

Colorless liquid (233 mg, 74% yield); R¢=0.58 (0.5:9.5 EtOAc : hexane,
Silica gel); '"H NMR (400 MHz, CDCl3): 6 7.98 (s, 1H), 7.94 (d, J= 7.7
Hz, 1H), 7.37 (t, J= 7.6 Hz, 1H), 7.27 (d, J= 6.9 Hz, 1H), 4.63 (t,J=7.2
Hz, 2H), 2.43 (s, 3H), 2.05 (p, /= 7.2 Hz, 2H), 1.25 (s, 16H), 0.87 (t, J =
6.9 Hz, 3H); BC{'H} NMR (101 MHz, CDCl3): ¢ 165.3, 138.7, 131.1,
128.9, 127.6, 127.5, 124.1, 53.3, 32.0, 29.7, 29.6, 29.5, 29.45, 29.41,
29.01, 26.5, 22.8, 21.5, 14.2; IR (KBr): 2956, 2928, 2857, 1660, 1471,
1529, 1465, 1450, 1355, 1194, 1046, 1027, 789, 732, 693 cm'!; HRMS
(ESI-TOF) m/z: [M + HJ" Caled for C9H3; N4y 315.2543; Found
315.2550.

Benzyl 2-phenylacetate (J):%¢

moﬁ

Gummy (349 mg, 77% yield); Ry = 0.42 (0.5:9.5 EtOAc : hexane, Silica
gel); '"H NMR (600 MHz, CDCl;): ¢ 7.36-7.15 (m, 10H), 5.06 (s, 2H),
3.60 (s, 2H); *C{'H} NMR (151 MHz, CDCl;): 6 171.6, 135.9, 134.0,
129.4, 128.7, 128.67, 128.4, 128.3, 127.3, 66.8, 41.5; IR (KBr): 3076,
2970, 2935, 1768, 1602, 1505, 1415, 1233, 1161, 999, 848, 749, 686 cm"
; HRMS (ESI-TOF) m/z: [M + H]" Caled for CsH;sO, 227.1067;
Found 227.1069.

2-(Heptan-3-yl)-5-phenyl-2H-tetrazole (1k):

Colorless liquid (188 mg, 77% yield); Ry = 0.59 (0.6:9.4 EtOAc :
hexane, Silica gel); 'H NMR (600 MHz, CDCl;): §8.14 (d, J = 6.8 Hz,
2H), 7.48-7.40 (m, 3H), 4.71 (tt, J = 9.5, 4.7 Hz, 1H), 2.11-2.03 (m,
2H), 1.99-1.91 (m, 1H), 1.88 (m, 1H), 1.29-1.16 (m, 3H), 1.07-0.97 (m,
1H), 0.81 (t, J = 5.6 Hz, 3H), 0.79 (t, J = 5.8 Hz, 3H); BC{'H} NMR
(151 MHz, CDCl3): 6165.0, 130.2, 128.9, 127.9, 126.9, 67.2, 34.4, 28.3,
28.1, 22.3, 13.9, 10.5; IR (KBr): 3065, 2935, 2868, 1453, 1351, 1279,
1184, 1030, 928, 931, 788, 731, 695, 514 cm’!; HRMS (ESI-TOF) m/z:
[M + H]J" Calcd for C14H,1N4 245.17607; Found 245.1759.
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2-(Heptan-3-yl)-5-(4-methoxyphenyl)-2H-tetrazole (4k):

H3C
N=N

~ _N
(YN
H,CO

H5;C

Colorless liquid (162 mg, 71% yield); Ry = 0.42 (0.6:9.4 EtOAc :
hexane, Silica gel); 'H NMR (600 MHz, CDCl3): §8.06 (d, J = 8.8 Hz,
2H), 6.97 (d, J = 8.8 Hz, 2H), 4.69 (tt, J = 9.5, 4.8 Hz, 1H), 3.84 (s,
3H), 2.09-2.01 (m, 2H), 1.97-1.90 (m, 1H), 1.87 (m, 1H), 1.33-1.15
(m, 3H), 1.07-0.97 (m, 1H), 0.80 (m, 6H); 3C{'H} NMR (151 MHz,
CDCl;): 6 164.8, 161.2, 128.4, 120.5, 114.3, 67.1, 55.5, 34.5, 28.3,
28.2, 22.3, 14.0, 10.6; IR (KBr): 2938, 2868, 1614, 1460, 1249, 1176,
1029, 935, 837, 763, 535 cm™!; HRMS (ESI-TOF) m/z: [M + H]* Calcd
for C;5H»3N40 275.1866; Found 275.1865.

5-(2-Chlorophenyl)-2-(heptan-3-yl)-2H-tetrazole (9k):

Colorless liquid (204 mg, 73% yield); R¢ = 0.52 (0.6:9.4 EtOAc :
hexane, Silica gel); 'H NMR (600 MHz, CDCl3): §7.89 (d, J= 7.0 Hz,
1H), 7.54-7.43 (m, 1H), 7.38-7.30 (m, 2H), 4.75 (tt, J = 9.5, 4.8 Hz,
1H), 2.11-2.03 (m, 2H), 1.99-1.92 (m, 1H), 1.92-1.86 (m, 1H), 1.31—
1.18 (m, 3H), 1.07-0.99 (m, 1H), 0.80 (m, 6H); *C{'H} NMR (151
MHz, CDCl;): 6 163.1, 133.2, 131.4, 131.0, 130.8, 127.0, 126.9, 67.3,
34.4, 28.3, 28.0, 22.2, 13.9, 10.5; IR (KBr): 3068, 2949, 2865, 1596,
1450, 1345, 1182, 1035, 937, 824, 746, 662, 466 cm™'; HRMS (ESI-
TOF) m/z: [M + H]* Calcd for C4H,(CIN, 279.1371; Found 279.1369.

2-(Heptan-3-yl)-5-(4-(trifluoromethyl)phenyl)-2H-tetrazole (10k):

H;C
N=N 3

< N
N
FaC

H3C

Colorless liquid (256 mg, 82% yield); Ry = 0.5 (0.4:9.6 EtOAc :
hexane, Silica gel); "TH NMR (600 MHz, CDCls): 58.28 (d, J = 8.1 Hz,
2H), 7.73 (d, J = 8.2 Hz, 2H), 4.76 (tt, J = 9.5, 4.8 Hz, 1H), 2.13-2.06
(m, 2H), 1.96 (m, 2H), 1.29-1.21 (m, 3H), 1.09-0.98 (m, 1H), 0.82 (m,
6H); BC{'H} NMR (151 MHz, CDCly): § 163.8, 131.97 (q, J = 32.46
Hz), 131.2, 127.2, 125.9 (q, J = 3.62 Hz), 124.0 (q, J = 272.25 Hz),
67.5, 34.4, 28.3, 28.1, 22.2, 13.9, 10.5; IF NMR (565 MHz, CDCl;):
—62.82; IR (KBr): 2956, 2870, 1462, 1321, 1165, 1126, 1065, 934,
851, 766, 598, 462 cm'; HRMS (ESI-TOF) m/z: [M + H]" Calcd for
CisHy0F3N4 313.1635; Found 313.1633.
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2-(Heptan-3-yl)-5-(4-nitrophenyl)-2H-tetrazole (11k):

Light yellow solid (246 mg, 85% yield); Ry = 0.48 (0.6:9.4 EtOAc :
hexane, Silica gel); mp 42—44 °C; 'H NMR (600 MHz, CDCls): &
8.33-8.28 (m, 4H), 4.75 (tt, J = 9.5, 4.8 Hz, 1H), 2.11-2.02 (m, 2H),
2.01-1.94 (m, 1H), 1.91 (m, 1H), 1.30-1.17 (m, 3H), 1.06-0.96 (m,
1H), 0.80 (m, J = 7.3 Hz, 6H); BC{'H} NMR (151 MHz, CDCl3): §
163.2, 149.0, 133.8, 127.8, 124.3, 67.7, 34.4, 28.3, 28.1, 22.3, 13.9,
10.5; IR (KBr): 3098, 2935, 2864, 1604, 1518, 1456, 1338, 1105,
1035, 935, 854, 731, 687, 501 cm'!'; HRMS (ESI-TOF) m/z: [M + H]*
Calcd for C14H;0N50, 290.1612; Found 290.1607.

2-(Heptan-3-yl)-5-(thiophen-2-yl)-2H-tetrazole (21k):

Colorless liquid (185 mg, 74% yield); Ry = 0.56 (0.6:9.4 EtOAc :
hexane, Silica gel); 'H NMR (600 MHz, CDCls): §7.77 (dd, J = 3.6,
1.0 Hz, 1H), 7.41 (dd, J = 5.0, 1.0 Hz, 1H), 7.11 (dd, J = 4.9, 3.7 Hz,
1H), 4.69 (tt, J = 9.5, 4.8 Hz, 1H), 2.10-2.00 (m, 2H), 1.97-1.90 (m,
1H), 1.84-1.89 (m, 1H), 1.33-1.15 (m, 3H), 1.05-0.97 (m, 1H), 0.81
(m, 6H); BC{'H} NMR (151 MHz, CDCls): § 161.1, 129.6, 128.0,
127.76, 127.72, 67.4, 34.4, 28.3, 28.1, 22.3, 14.0, 10.6; IR (KBr):
3098, 2955, 2868, 1571, 1468, 1386, 1344, 1223, 1182, 1033, 967,
934, 846, 706, 572 cm’'; HRMS (ESI-TOF) m/z: [M + H]* Calcd for
C1oHgN4S 251.1325; Found 251.1321.

2-(tert-Butyl)-5-phenyl-2H-tetrazole (11):%¢

Colorless liquid (176 mg, 87% yield); Ry = 0.53 (0.6:9.4 EtOAc :
hexane, Silica gel); 'H NMR (600 MHz, CDCl): 5 8.20 (dd, J = 7.8,
1.6 Hz, 2H), 7.55-7.45 (m, 3H), 1.84 (s, 9H); BC{'H} NMR (151
MHz, CDCl): 6 164.6, 130.1, 128.9, 128.0, 126.9, 64.0, 29.5; IR
(KBr): 3070, 2984, 1453, 1369, 1312, 1194, 1028, 926, 789, 731, 694,
595, 514 cm’'; HRMS (ESI-TOF) m/z: [M + H]" Caled for C;H;sNy
203.1291; Found 203.1294.
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2-(tert-Butyl)-5-(4-methoxyphenyl)-2H-tetrazole (41):

Colorless liquid (188 mg, 81% yield); Rf = 0.39 (0.6:9.4 EtOAc :
hexane, Silica gel); 'H NMR (600 MHz, CDCl;): §8.06 (d, J = 8.9 Hz,
2H), 6.96 (d, J= 8.8 Hz, 2H), 3.83 (s, 3H), 1.75 (s, 9H); BC{'H} NMR
(151 MHz, CDCl;): 6 164.5, 161.1, 128.4, 120.6, 114.3, 63.8, 55.5,
29.5; IR (KBr): 2983, 2935, 2838, 1614, 1542, 1459, 1368, 1303,
1248, 1182, 1109, 1028, 838, 763, 638, 535 cm!; HRMS (ESI-TOF)
m/z: [M + H]" Calcd for C;,H7N,40 233.1397; Found 233.1395.

2-(tert-Butyl)-5-(4-nitrophenyl)-2H-tetrazole (111):

White solid (227 mg, 92% yield); R¢ = 0.52 (0.6:9.4 EtOAc : hexane,
Silica gel); mp 166—168 °C; 'H NMR (600 MHz, CDCls): 5 8.38 (s,
4H), 1.85 (s, 9H); BC{'H} NMR (151 MHz, CDCl;): § 162.8, 148.8,
133.9, 127.7, 124.3, 64.7, 29.5; IR (KBr): 3103, 2922, 2855, 1602,
1509, 1457, 1332, 1195, 1101, 1030, 856, 729, 599, 497, 437 cm’!;
HRMS (ESI-TOF) m/z: [M + H]J" Calcd for C;;H4NsO, 248.1142;
Found 248.1144.

2-(Adamantan-1-yl)-5-phenyl-2H-tetrazole (Im):3%¢

White solid (238 mg, 85% yield); Ry = 0.26 (0.2:9.8 EtOAc : hexane,
Silica gel); mp 87-89 °C; 'H NMR (400 MHz, CDCl;): 68.13 (dd, J =
7.6, 2.0 Hz, 2H), 7.47-7.40 (m, 3H), 2.37 (d, J = 3.4 Hz, 6H), 2.32—
2.20 (m, 3H), 1.80 (t, J = 3.2 Hz, 6H); 3C{'H} NMR (151 MHz,
CDCly): 6164.3, 130.1, 128.9, 128.1, 126.9, 64.0, 42.3, 36.0, 29.5; IR
(KBr): 3055, 2913, 2855, 1449, 1361, 1311, 1179, 1104, 1015, 838,
692, 510 cm™'; HRMS (ESI-TOF) m/z: [M + HJ" Caled for Ci7H,1Ny
281.1761; Found 281.1758.

2-(Adamantan-1-yl)-5-(4-(trifluoromethyl)phenyl)-2H-tetrazole (10m) 3%

N=N

\

N /N
o
FsC

o

White solid (310 mg, 89% yield); Ry = 0.43 (0.2:9.8 EtOAc : hexane,
Silica gel); mp 122—-124 °C; 'H NMR (600 MHz, CDCl;): §8.31 (d, J
=8.2 Hz, 2H), 7.76 (d, J = 8.4 Hz, 2H), 2.42 (d, /= 3.2 Hz, 6H), 2.37—
2.30 (m, 3H), 1.85 (t, J = 3.3 Hz, 6H); C{'H} NMR (151 MHz,
CDCl): 6163.2,131.86 (q, J = 32.62 Hz), 131.5, 127.2, 125.92 (q, J =
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1

2

431 3.7 Hz), 124.08 (q, J = 272.41), 64.4, 42.4, 35.9, 29.5; 19F NMR (565
5 MHz, CDCly): —62.78; IR (KBr): 2921, 2858, 1544, 1461, 1419, 1320,
3 1163, 1110, 1060, 1013, 846, 767, 599, 456 cm’'; HRMS (ESI-TOF)
g m/z: [M + H]* Calcd for CgH»oF3N4 349.1635; Found 349.1630.

1 (1) 2-(Adamantan-1-yl)-5-(4-nitrophenyl)-2H-tetrazole (11m) 3%

12 White solid (293 mg, 90% yield); Ry = 0.48 (0.2:9.8 EtOAc : hexane,
12 N\: hf‘N Silica gel); mp 186—188 °C; 'H NMR (600 MHz, CDCls): & 8.38-8.34
" Q/k N (m, 4H), 2.42 (d, J = 3.2 Hz, 6H), 2.38-2.30 (m, 3H), 1.79 (t, J = 3.2
1; ON Hz, 6H); *C{'H} NMR (151 MHz, CDCl;): 5 162.5, 148.8, 134.0,
19 127.7, 124.3, 64.7, 42.4, 35.9, 29.5; IR (KBr): 3105, 2914, 2853, 1514,
;? 1451, 1335, 1184, 1099, 1017, 853, 734, 684, 509 cm'; HRMS (ESI-
- TOF) m/z: [M + H]* Caled for C,;HyNsO, 326.1612; Found
;‘5* 326.1609.

26 2,5-Diphenyl-2H-tetrazole (In):!>¢

;573 N White solid (135 mg, 61% yield); Ry = 0.67 (0.5:9.5 EtOAc : hexane,
> _ ;N© Silica gel); mp 102-104 °C; 'H NMR (600 MHz, CDCLy): 58.16 (d, J
2; @ N = 8.0 Hz, 2H), 8.13 (d, J = 7.4 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.59—
33 7.52 (m, 3H), 7.48 (t, J = 7.7 Hz, 2H); BC{'H} NMR (101 MHz,
22 CDCly): 5 165.4, 137.1, 130.7, 129.79, 129.76, 129.1, 127.3, 127.2,
g? 120.0; IR (KBr): 3015, 2924, 2851, 1620, 1592, 1530, 1495, 1447,
38 1367, 1214, 1014, 918, 762, 678 cm’'; HRMS (ESI-TOF) m/z: [M +
4313 H]* Caled for Ci3Hi N, 223.0978; Found 223.0977.

2; 2-Phenyl-5-(p-tolyl)-2H-tetrazole (3n):1>¢

ji N White solid (137 mg, 58% yield); R¢ = 0.65 (0.5:9.5 EtOAc : hexane,
45 - ,\N\Q Silica gel); mp 94-96 °C; 'H NMR (400 MHz, CDCl;): 68.20 (d, J =
j? Q/kN 7.4 Hz, 2H), 8.14 (d, J = 8.1 Hz, 2H), 7.57 (t, J = 7.6 Hz, 2H), 7.49 (t, J
P HsC — 7.4 Hz, 1H), 7.33 (d, J = 7.9 Hz, 2H), 2.4 (s, 3H); "C{IH} NMR
g? (101 MHz, CDCl;): §165.5, 140.9, 137.1, 129.78, 129.77, 129.7, 127.1,
52 124.5,119.9, 21.7; IR (KBr): 3057, 2918, 2848, 1736, 1582, 1552, 1489,
gi 1470, 1447, 1310, 1274, 1198, 1092, 1068, 1016, 965, 875, 805, 725,
o
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687 cm’!'; HRMS (ESI-TOF) m/z: [M + H]® Caled for C;4H3Ny4
237.1135; Found 237.1138.

5-(3-Methoxyphenyl)-2-phenyl-2H-tetrazole (6n):

OCH;

White solid (136 mg, 54% yield); Ry = 0.40 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 79-81 °C; 'H NMR (400 MHz, CDCls): 68.20 (d, J= 7.7
Hz, 2H), 7.86 (d, J = 7.6 Hz, 1H), 7.80 (s, 1H), 7.58 (t, J = 7.7 Hz, 2H),
7.51 (t,J=7.4 Hz, 1H), 7.44 (t, J= 8.0 Hz, 1H), 7.03-7.06 (m, 1H), 3.92
(s, 3H); BC{'H} NMR (101 MHz, CDCl;): 6 165.3, 160.2, 137.1, 130.2,
129.8, 128.5, 120.0, 119.6, 117.1, 111.9, 55.6; IR (KBr): 3065, 3046,
2934, 2839, 1615, 1499, 1465, 1174, 1019, 907, 879, 752 cm’!; HRMS
(ESI-TOF) m/z: [M + HJ" Caled for Ci4H;3sN4O 253.1084; Found
253.1085.

5-(4-Bromophenyl)-2-phenyl-2H-tetrazole (7n):1>¢

N=N

"0
/@/‘\N
Br

White solid (186 mg, 62% yield); R¢ = 0.61 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 112-114 °C; 'H NMR (600 MHz, CDCl;): 68.19 (d, J =
7.8 Hz, 2H), 8.13 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.58 (t, J
= 7.8 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H); BC{'H} NMR (151 MHz,
CDCl;): 6164.5,136.9, 132.4, 129.9, 129.8, 128.7, 126.2, 125.1, 120.0;
IR (KBr): 3072, 2954, 2921, 2856, 1597, 1493, 1470, 1454, 1412, 1272,
1216, 1174, 1077, 1008, 994, 833, 751, 696, 676 cm’!; HRMS (ESI-
TOF) m/z: [M + H]* Calcd for C13H;(7°BrN, 301.0083; Found 301.0086.

5-(2-Chlorophenyl)-2-phenyl-2H-tetrazole (9n):37

N=N,
)
N
Cl

White solid (143 mg, 56% yield); R¢ = 0.58 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 72—74 °C; '"H NMR (400 MHz, CDCl;): 68.14 (d,J=17.9
Hz, 2H), 8.02-7.96 (m, 1H), 7.51 (t, J= 7.4 Hz, 3H), 7.44 (t,J = 7.4 Hz,
1H), 7.40-7.34 (m, 2H); *C{'H} NMR (101 MHz, CDCl;): & 163.6,
137.0, 133.4, 131.6, 131.4, 131.1, 129.9, 129.8, 127.1, 126.5, 120.1; IR
(KBr): 3065, 2932, 2853, 1726, 1590, 1549, 1454, 1274, 1263, 1119,
1071, 1043, 779, 705, 688 cm™'; HRMS (ESI-TOF) m/z: [M + H]" Calcd
for C13H;**CIN, 257.0589; Found 257.0593.
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2-Phenyl-5-(4-(trifluoromethyl)phenyl)-2H-tetrazole (10n):

N=N

-
o
FsC

White solid (189 mg, 65% yield); R¢ = 0.64 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 111-113 °C; 'H NMR (600 MHz, CDCl;): 68.39 (d, J =
8.1 Hz, 2H), 8.22 (d, /= 7.8 Hz, 2H), 7.80 (d, J = 8.2 Hz, 2H), 7.60 (t, J
= 7.8 Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H); BC{'H} NMR (101 MHz,
CDCly): 6 164.1, 136.9, 132.4 (q, J = 32.7 Hz), 130.6, 130.0, 129.8,
127.4, 126.0 (q, J = 273.3 Hz), 120.0; 'F NMR (377 MHz, CDCl3): ¢
—62.90; IR (KBr): 3067, 2916, 1596, 1499, 1425, 1384, 1325, 1210,
1160, 1065, 1015, 991, 920, 854, 765, 728, 685 cm'!; HRMS (ESI-TOF)
m/z: [M + H]" Calcd for C;4HoF3N4 291.0852; Found 291.0859.

5-(4-Nitrophenyl)-2-phenyl-2H-tetrazole (11n):37"

White solid (179 mg, 67% yield); R¢ = 0.37 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 199-201 °C; '"H NMR (400 MHz, CDCls): 6 8.45 (d, J =
9.0 Hz, 2H), 8.39 (d, J=9.0 Hz, 2H), 8.21 (d, /= 7.9 Hz, 2H), 7.61 (t,J
= 7.5 Hz, 2H), 7.55 (t, J = 7.3 Hz, 1H); BC{'H} NMR (151 MHz,
CDCl;): 6163.5, 149.2, 136.8, 133.2, 130.3, 130.0, 128.0, 124.4, 120.1;
IR (KBr): 3103, 2920, 2851, 1601, 1519, 1494, 1452, 1423, 1339, 1218,
1105, 1021, 861, 763, 730, 695, 680 cm™'; HRMS (ESI-TOF) m/z: [M +
H]* Calcd for C13H;(N50O, 268.0829; Found 268.0831.

2-Phenyl-5-(thiophen-2-yl)-2H-tetrazole (21n):3’¢

Yellow solid (144 mg, 63% yield); Ry = 0.55 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 132—-134 °C; '"H NMR (400 MHz, CDCl;): 6 8.15-8.19
(m, 2H), 7.91 (dd, J = 3.6, 1.1 Hz, 1H), 7.59-7.54 (m, 2H), 7.52-7.46
(m, 2H), 7.18 (dd, J = 5.0, 3.7 Hz, 1H); 3C{'H} NMR (101 MHz,
CDCl): 6 161.5, 136.9, 129.84, 129.81, 128.9, 128.4, 128.2, 120.0; IR
(KBr): 3107, 3067, 2923, 2852, 1594, 1571, 1493, 1463, 1374, 1226,
1204, 1003, 848, 763, 674 cm'; HRMS (ESI-TOF) m/z: [M + H]" Calcd
for C;1HgN,4S 229.0542; Found 229.0546.
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5-(2-Bromo-4-methylphenyl)-2-phenyl-2H-tetrazole (22n):

Br N=N
w0
@“
HaC

White solid (183 mg, 58% yield); R¢ = 0.43 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 99-101 °C; '"H NMR (600 MHz, CDCl;): ¢ 8.10-8.13
(m, 2H), 7.78 (d, J = 7.9 Hz, 1H), 7.50 (s, 1H), 7.48 (t, /= 7.9 Hz, 2H),
7.40 (t, J= 7.4 Hz, 1H), 7.15-7.19 (m, 1H), 2.31 (s, 3H); BC{'H} NMR
(151 MHz, CDCl;): 6 164.3, 142.2, 137.0, 134.8, 131.5, 129.8, 129.7,
128.5, 125.4, 121.9, 120.0, 21.1; IR (KBr): 3067, 3045, 2915, 2851,
1609, 1596, 1499, 1471, 1457, 1351, 1218, 1205, 1078, 1016, 992, 825,
755, 701, 678 cm’'; HRMS (ESI-TOF) m/z: [M + H]" Calcd for
C14H12,°BrNy 315.0240; Found 315.0241.

5-Phenyl-2-(o-tolyl)-2H-tetrazole (10):'>*

N=N,

\ /N
N
HaC

White solid (87.3 mg, 54% yield); R¢ = 0.59 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 48-50 °C; '"H NMR (400 MHz, CDCl;): ¢ 8.24-8.27 (m,
2H), 7.67 (d, J = 8.0 Hz, 1H), 7.56-7.48 (m, 3H), 7.48-7.37 (m, 3H),
2.44 (s, 3H); BC{'H} NMR (101 MHz, CDCls): 6 165.1, 136.6, 133.2,
132.0, 130.6, 130.5, 129.1, 127.4, 127.1, 127.0, 125.4, 18.9; IR (KBr):
3048, 2923, 2854, 1580, 1494, 1457, 1362, 1284, 1207, 1011, 756, 726,
693 c¢cm’!; HRMS (ESI-TOF) m/z: [M + HJ" Caled for C;4H; 3Ny
237.1135; Found 237.1138.

2-(4-Methoxyphenyl)-5-phenyl-2H-tetrazole (1p). ">

White solid (134 mg, 53% yield); R¢ = 0.40 (0.5:9.5 EtOAc : hexane,
Silica gel); mp 100—102 °C; '"H NMR (400 MHz, CDCl5): 6 8.24 (dd, J =
7.8, 1.8 Hz, 2H), 8.11 (d, J = 9.1 Hz, 2H), 7.55-7.48 (m, 3H), 7.07 (d, J
= 9.1 Hz, 2H), 3.90 (s, 3H); BC{'H} NMR (101 MHz, CDCl3): 6 165.1,
160.6, 130.6, 130.5, 129.1, 127.5, 127.1, 121.6, 114.8, 55.8; IR (KBr):
3013, 2923, 2850, 1595, 1512, 1454, 1258, 1182, 1020, 830, 725, 692
cm™'; HRMS (ESI-TOF) m/z: [M + H]J" Caled for C4H;3N40 253.1084;
Found 253.1089.

2-(4-Ethylphenyl)-5-phenyl-2H-tetrazole (1q):

N=N

Orange solid (143 mg, 57% yield); Ry = 0.67 (0.5:9.5 EtOAc : hexane,

‘N\Q\/CHS Silica gel); mp 39—41 °C; 'H NMR (400 MHz, CDCl;): ¢ 8.25 (dd, J =

> /
©/I\N
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7.8, 1.8 Hz, 2H), 8.10 (d, J = 8.6 Hz, 2H), 7.51 (dd, J = 5.5, 3.5 Hz, 3H),
7.39 (d, J = 8.6 Hz, 2H), 2.75 (q, J = 7.6 Hz, 2H), 1.30 (t, J = 7.6 Hz,
3H); BC{'H} NMR (101 MHz, CDCls): & 165.2, 146.3, 135.0, 130.6,
129.2, 129.1, 127.5, 127.2, 120.0, 28.7, 15.5; IR (KBr): 3038, 2963,
2929, 2867, 1513, 1453, 1285, 1211, 1013, 835, 730, 693 cm™'; HRMS
(ESI-TOF) m/z: [M + HJ" Caled for C;sH;sNy 251.1291; Found
251.1293.
2-(4-Fluorophenyl)-5-phenyl-2H-tetrazole (Ir).37¢
White solid (144 mg, 60% yield); R¢ = 0.63 (0.5:9.5 EtOAc : hexane,
\N,\N\Q\F Silica gel); mp 129-131 °C; 'H NMR (600 MHz, CDCl;): 6 8.23 (dd, J =
: 7.8, 1.5 Hz, 2H), 8.18 (dd, J = 9.0, 4.6 Hz, 2H), 7.52 (dt, J = 13.8, 4.5
Hz, 3H), 7.26 (t, J = 8.5 Hz, 2H); BC{!H} NMR (101 MHz, CDCl;): &
165.5, 163.1 (d, J = 251.2 Hz), 133.1, 130.8, 129.1, 127.2, 121.9 (d, J =
8.7 Hz), 116.8, 116.7; 'F NMR (377 MHz, CDCl;): 6-102.30; IR
(KBr): 3087, 2924, 1598, 1506, 1451, 1362, 1288, 1229, 1154, 1071,
836, 726, 689 cm’!'; HRMS (ESI-TOF) m/z: [M + H]" Calcd for
Ci3HoFN4 241.0884; Found 241.0889.
2-(4-Bromophenyl)-5-phenyl-2H-tetrazole (1s).37¢
N White solid (184 mg, 61% yield); Ry = 0.6 (0.1:9.5 EtOAc : hexane,
\N/\N\Q\Br Silica gel); mp 121-123 °C; 'H NMR (600 MHz, CDCl;): 6 8.23 (dd, J =
: 7.7, 1.8 Hz, 2H), 8.07 (d, J = 8.9 Hz, 2H), 7.69 (d, J = 8.9 Hz, 2H), 7.59—
7.42 (m, 3H); BC{'H} NMR (151 MHz, CDCls): § 165.5, 135.9, 133.0,
130.8, 129.1, 127.2, 127.0, 123.6, 121.3; IR (KBr): 3054, 2923, 2856,
1547, 1481, 1446, 1282, 1084, 1023, 967, 773, 721, 693 cm'!; HRMS
(ESI-TOF) m/z: [M + HJ" Caled for Cj3H;¢”°BrNy 301.0083; Found
301.0091.
2,2,6,6-Tetramethyl-I-(undecyloxy)piperidine (bi):33
Colorless liquid (448 mg, 72% yield); R = 0.6 (0.2:9.8 EtOAc :

CHs
! CHs o hexane, Silica gel); 'H NMR (600 MHz, CDCls): 6 3.68 (t, J = 6.7

~A” N TN TN TNV
iy Hz, 2H), 1.50—1.45 (m, 2H), 1.44-1.37 (m, 4H), 1.33-1.19 (m, 18H),

1.11 (s, 6H), 1.06 (s, 6H), 0.85 (t, J = 7.0 Hz, 3H); 3C{'H} NMR
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(151 MHz, CDCL): & 77.1, 59.8, 39.8, 33.2, 32.1, 29.88, 29.79,
29.78,29.76, 29.5, 28.9, 26.6, 22.8, 20.3, 17.3, 14.3; IR (KBr): 2923,
2857, 1459, 1365, 1254, 1132, 1041, 962, 714, 586, 507 cml;
HRMS (ESI-TOF) m/z: [M + HJ* Caled for CaoHpNO 312.3261;
Found 312.3258.

5-(m-Tolyl)-2H-tetrazol-2-yl benzoate (20n'):

CH3

Gummy (205 mg, 73% yield); Ry = 0.58 (0.5:9.5 EtOAc : hexane, Silica
gel); 'TH NMR (600 MHz, CDCls): ¢ 8.15 (dd, /= 7.8, 1.7 Hz, 2H), 7.97
(s, 1H), 7.94 (d, J= 7.7 Hz, 1H), 7.57-7.51 (m, 3H), 7.42 (t, J = 7.6 Hz,
1H), 7.36 (d, J = 7.6 Hz, 1H), 2.46 (s, 3H); BC{'H} NMR (151 MHz,
CDCl3): 0164.9, 164.6, 139.1, 132.7, 131.8, 129.2, 129.1, 127.6, 127.1,
124.2, 124.1, 123.9, 21.5; IR (KBr): 3065, 2929, 2856, 1724, 1592,
1547, 1447, 1274, 1122, 1084, 1028, 964, 774, 729, 689, 449 cm’!

2-Phenyl-5-(m-tolyl)-2H-tetrazole (20n).:

N=N,
w0
N

White solid (77 mg, 51% yield); Ry = 0.64 (0.5:9.5 EtOAc : hexane,
Silica gel); 'TH NMR (600 MHz, CDCls): 0 8.17 (d, J= 7.6 Hz, 2H), 8.06
(s, 1H), 8.03 (d, /= 7.7 Hz, 1H), 7.54 (t, J=7.8 Hz, 2H), 7.47 (t,J= 7.4
Hz, 1H), 7.39 (t, /= 7.6 Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 2.43 (s, 3H);

o BC{IH} NMR (151 MHz, CDCly): & 165.4, 138.9, 137.0, 131.5, 129.8,
129.7, 129.0, 127.7, 127.1, 124.3, 119.9, 21.5; IR (KBr): 3067, 2920,
2857, 2343, 1599, 1488, 1206, 1072, 999, 913, 803, 757, 987 cm’;
HRMS (ESI-TOF) m/z: [M + H]* Caled for Ci4H,3N4 237.1135; Found
237.1137.
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