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Cu;0 nanoparticle catalyzed synthesis of diaryl tetrazolones and investigation of their solid-

state properties.

Thomas E. Reason, Benjamin Goka, Jeanette A. Krause?, Abelline Fionah,” Elsayed M. Zahran?,

and Sundeep Rayat'*
"Department of Chemistry, Ball State University, Cooper Physical Science Building, Muncie, IN
47304 - 0445, USA.

‘Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221-0172, United States

Abstract

An efficient and versatile method for the synthesis of 1,4-diaryl tetrazolones 1 is reported
which involves C-N coupling of aryl tetrazolones 2 with aryl boronic acids 3 in the presence of
Cu20 nanoparticles under an oxygen atmosphere and DMSO as solvent. The reaction tolerates a
variety of electron donating and electron withdrawing substituents on both substrates and produces
the desired 1,4-diaryl tetrazolones 1 in moderate to good yields. In the crystal lattice, the molecules
exhibit 7..7 stacking interactions between the adjacent layers as well as weak through-space
electrostatic C-H...O interactions involving the pendant rings and tetrazolone carbonyl. 1-(4-
Methoxyphenyl)-4-(3-tolyl)-1,4-dihydro-5H-tetrazol-5-one 1bk and 1-(3-fluorophenyl)-4-(4-
methoxyphenyl)-1,4-dihydro-5H-tetrazol-5-one 1be, differing only in the presence of one group
(methyl or fluoro), exhibited an identical pattern of noncovalent interactions in the solid-state.

Hirshfeld surface analyses has also been performed to visualize intermolecular interactions.
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Introduction

Tetrazolone is an important structural motif with broad significance in medicine,
agriculture, and material science. In medicine, tetrazolone derivatives are found to be rho-kinase
inhibitors,! monoacylglycerol acyltransferase type 2 inhibitors,” fatty acid synthase inhibitors,?
cannabinoid receptor 2 agonists,* 02C-adrenoreceptor antagonists,” B3 adrenergic receptor
agonists.® As a result, many tetazolone based drugs have been patented for cardiovascular, smooth
muscle, neuropathological, autoimmune, fibrotic, and inflammatory diseases as well as for
treatment of cancer, obesity, diabetes and sexual dysfunction.!® Recently, the tetrazolone scaffold
has been recognized as a carboxylic acid bioisostere’ as the substitution of a -COOH group in a
marketed anti-hypertensive drug, with a tetrazolone ring, produced a more potent analog. In
agriculture, tetrazolone is one of the key motifs used for the design of effective fungicides®,

%19 and insecticides.!" 2 In materials chemistry, the parent tetrazole ring has been

herbicides
widely utilized in the design of coordination compounds and metal organic frameworks (MOFs).!3-
15 However, tetrazolones have not received much attention in this area. For example, eight
complexes of unsubstituted tetrazolone with alkali and alkaline earth metals have been recently

reported as high energy materials.'®!7 Two complexes of 1-methyl-5-tetrazolone with silver and

palladium are known,'® where the ligand binds to the metal ion at N4.

Most of the aforementioned work has focused on N-aryl,” N,N-dialkyl,'®> 2° N-aryl-N-
alkyl,® %% 2! and N-aryl-N-triazole'' derivatives of tetrazolones. On the other hand, reports on N, N-
diarylated tetrazolones (or 1,4-diaryl tetrazolones) are limited. For instance, our group reported
antiproliferative activity of 1,4-diaryl tetrazolones against L1210 leukemia and SK-BR-3 breast

cancer cell lines in-vitro.?> Recently, a few N,N-diarylated tetrazolones have been patented for
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pesticidal use.?®> Quast and coworkers investigated the photodecomposition of 1,4-diaryl

tetrazolones which results in the loss of dinitrogen and leads to the formation of benzimidazoles.**

25

The dearth of investigations on N, N-diarylated tetrazolones may be attributed to the lack of
robust and versatile synthetic techniques to obtain these target compounds. Previously, we have
reported the synthesis of these compounds through a Cu(OAc): mediated coupling of aryl
tetrazolones with aryl boronic acids in the presence of pyridine and ambient air.>?> However, the
reaction required a stoichiometric amount of the Cu catalyst and suffered from long reaction times
and poor yields. Improved synthetic methods to obtain 1,4-diaryl tetrazolones are desirable to

explore the applications of these structures in various fields.

Reports on the crystal structure of tetrazolones are also limited.!" 2632 Yet, knowledge of
the solid-state packing of these compounds is critical due to their significance (a) in medicinal
chemistry where the physical and chemical properties of an active pharmaceutical ingredient are

33.34 a5 well as (2) in materials chemistry where the noncovalent

dependent on its crystalline form,
interactions between the neighboring molecules are the driving force in the assembly of
unorganized molecules in solution into organized supramolecular architectures in the solid state.'
Thus, understanding the crystalline structure of N, N-diarylated tetrazolones would be valuable in

designing pharmaceuticals with better efficacy and functional materials with predictable

topologies.

In this article, we report an improved method to synthesize 1,4-diarylated tetrazolones
which involves Cu20 nanoparticle-catalyzed aerobic oxidation of aryl tetrazolones and aryl

boronic acids. We also report X-ray crystallographic analyses on select compounds in order to
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provide insight into the nature of the intermolecular interactions responsible for the extended

packing observed in the solid-state.
Results and Discussion

Han and coworkers have reported that Cu2O catalyzed aerobic oxidation of the aryl
tetrazoles with a variety of hetero(aryl) boronates in DMSO and in the absence of a base leads to
the production of 2,5-diaryl tetrazoles.*> We evaluated this procedure to synthesize 1,4-diphenyl-
1,4-dihydro-5H-tetrazol-5-one 1aa via the coupling of phenyl tetrazolone 2a*® with phenyl boronic
acid 3a (Table 1). To our delight, 1aa was formed in 3.5 hours and in 80% yield (entry 2), a
significant improvement over the previous method?”> which utilized a stoichiometric amount of
Cu(OAc): and required 44 hours of reaction time to produce 1aa in 62% (entry 1). Solvent effects
on this reaction were also investigated. Previous reports on the Cu-catalyzed cross coupling of
tetrazoles with boronic acids have shown that DMSO is critical for success of the reaction. It is
believed that the catalytic cycle involves coordination of copper to DMSO.?” The coordination of
DMSO to copper moieties to enhance catalytic potential has been documented for other
reactions.*® 3 It is reasonable to hypothesize that a similar catalytic cycle is involved in the N-
arylation of phenyl tetrazolone 2a with phenyl boronic acid 3a. Replacement of DMSO with
sulfolane, a structurally similar and a greener alternative, formed 1aa in modest yield after 48
hours (entry 3). Increased reaction time and decreased the yield of 1aa in this case may be
attributed to the steric bulk of the sulfolane which could hinder its coordination to the copper.
Substituting DMSO with ethanol, a polar protic solvent, produced only a trace amount of product
after 48 hours as determined by TLC (entry 4), further emphasizing the coordination effect of the

DMSO.
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Nanoparticle catalysts show significantly enhanced reactivity and selectivity compared to
their bulk form due to large surface area to volume ratio,***? thus prompting us to investigate the
effect of the size of Cu20 nanocubes on the catalytic activity and reaction yields. Controlled low
temperature hydrothermal approaches were used to prepare three different sizes of CuxO
nanostructures: 100, 300 and 800 nm.** * Electron microscopy images were obtained to
characterize the size and morphology of the Cu20 cubes prepared by the various procedures (See

Figure S1).

Table 1. Optimization of reaction conditions®

2a 3a 1aa
Entry [Cu] Size mol% Solvent  Time (h) Yield (%)
1 Cu(OAc)2? amorphous 150% CH2Cl2 44 62
2 Cu20 amorphous 5% DMSO 3.5 80
3 Cu20 amorphous 5% Sulfolane 48 45
4 Cu20¢ amorphous 5% EtOH 48 trace®
5 Cu20 100 nm 5% DMSO 1 53
6 Cu20 300 nm 5% DMSO 2 83
7 Cu20 800 nm 5% DMSO 2 62
8 Cu20 300 nm 2.5% DMSO 1.5 46
9 Cu207¢ 300 nm 5% DMSO 24 trace®
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“Reaction conditions unless otherwise indicated: 2 (1.0 mmol), 3 (2.0 mmol), and Cu20 in DMSO
(8 mL) at 100 °C; Reaction conditions: 2 (1.5 mmol), 3 (3.0 mmol), pyridine (3.0 mmol, 2 equiv),
Cu(OAc)2 (2.3 mmol), molecular sieves (3A, 0.8 g) in DCM (30 mL) stirred at room temperature

in air; “Reaction carried out at 60 °C and at “room temperature; “from TLC.

The different sizes of nanoparticles studied (entries 5 — 7) showed a decrease in overall
reaction time (<2 h) compared to the amorphous Cu20 (entry 2). However, only the 300 nm Cu20
nanocubes produced yields commensurate with the amorphous catalyst (entries 2 & 6), while the
100 and 800 nm nanoparticles (entries 5 & 7) resulted in decreased product yields. The reason for
the limited activity of the 100 nm nanoparticles is not understood at this time. It may be due to the
different oxidation state of the copper on the surface of the catalyst, however, further investigations
are needed to verify this hypothesis. From these results, it was determined that 300 nm Cu20
nanoparticles would be best to use for the formation of 1,4-diaryl tetrazolones. Using the 300 nm
Cu20 nanocubes, we also examined a lower catalyst loading (2.5 mol%) for coupling of 2a and
3a, but the yield suffered greatly compared to the meager half an hour reduction in the reaction
time (entry 8). The reaction at room temperature produced only trace amounts of 1aa after 24h
(entry 9), as indicated by the TLC, which suggested that temperature plays an important role in the
efficiency of this reaction. Note that Han et al. have shown that reaction of 5-phenyltetrazole with

t.35

boronic acid in the absence of Cu20 catalyst did not produce any product.”” We expected a similar

outcome for the reaction of 2a with 3a.

After the optimized conditions were determined, we set out to examine the scope of aryl
tetrazolones 2 and a variety of boronic acids 3 (Table 2). Phenyl tetrazolone 2a reacted with aryl
boronic acids substituted with an electron-donating ethoxy group at the para and meta positions

to give 1lab and 1ac in 60% and 87% yield, respectively (entries 2 and 3). The coupling reaction
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also tolerated the presence of a weakly-deactivating fluoro group at the para and meta positions
of the phenylboronic acid and produced 1ad and 1ae in excellent yields (entries 3 and 4). Note
that these compounds were prepared in 60% and 21% yields, respectively, after many hours using
the Cu(OAc)2 method.?? In comparison, the ortho substitution of the weakly-deactivating fluoro
and bromo groups produced only trace amounts of tetrazolones 1af and 1ag after several hours,
which may be attributed to steric hindrance encountered during coordination to copper in the
catalytic cycle (entries 6 and 7). It is worth noting that 1ag can be produced in 54% yield after
60h using the Cu(OAc)2 method.?? The presence of moderately and weakly electron-withdrawing
carboxylic acid and nitro groups required prolonged reaction times and a messy extraction that led
to loss of the product and thus, reduced yields of 1ah and 1ai (46 — 48%, entries 8 and 9). The
versatility of this method was also examined for a heteroaryl boronic acid, specifically the 3-
pyridyl boronic acid which produced 1aj in moderate yield (51%, entry 10) upon reaction with 2a

after 24 hrs.

Next, we examined the N-arylation of substituted phenyl tetrazolones with boronic acids.
Our work revealed that 2b substituted with an electron-donating para methoxy group underwent
coupling with phenyl boronic acid substituted with weakly activating (-Me) and deactivating
groups (m-F and p-F) to give the corresponding 1,4-diaryl tetrazolones 1bk, 1bd and 1be in 80%
yield (entries 11 —13). Similarly, the reaction of phenyl tetrazolone 2¢ decorated with an electron-
withdrawing nitro group with 3,5-dimethoxyphenyl- and (4-(diphenylamino)phenyl) boronic acids

31 and 3m was also successful and afforded both 1cl and 1em in 77% yield (entries 14 and 15).

Table 2. C-N coupling of aryl tetrazolones 2 with aryl boronic acids 3¢
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(HO),B-Ar?
: X
1 ~Ar2
AN N-H 300 nm Cu,0 NPs N" “N-Ar
N=N O5 balloon N=N
DMSO, 100°C
2 1
Entry Compound Structure Time (h) Yield (%)
R
1 1aa N 2(44%) 83(62%)
"\I:N’N’@
AR
2 lab N OEt 2 60
N=N'N’®
o OFt
3 lac . 1.5 87
l]\ltN'
x
4 lad N : 2(24%) 81(60%)
N:N'N@/
o F
5 lae N @ 2(77%) 76(21%)
l\\l:N'
o R
6 laf N%N,@ 72 Trace*©
l\\l:N'
o Br
7 lag NJ(N'@ 48 (60%?) Trace® (54?%)
l\\IIN'
x
8 lah N CO,H 4 244 48
N:N’NO
o)
9 1ai 4254 46
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(0]
10 1aj QNJ( = 24 51
"\1=N'N{N>
MeO\©\ 0 CH3
11 1bk N @ 2(96) 80(16)
NEN
MeO
TR
12 1bd R .
N

1
N=pn

MeO o F
13 1be @NJAN @ 2(48) 80(23%)
NIN

O:N 0 OMe
14 1l A 2.5 77
NiN
OMe

O,N Q
1 @ P 2.
5 lcm N/[<N/©/N 5 77

“Reaction conditions unless otherwise indicated: 3 (1.0 mmol), 4 (2.0 mmol), and Cu20 in DMSO
(8 mL) at 100 °C. Reaction conditions: 3 (1.5 mmol), 4 (3.0 mmol), pyridine (3.0 mmol, 2 equiv),
Cu(OAc)z (2.3 mmol), molecular sieves (34, 0.8 g), in DCM (30 mL) stirred at room temperature
in air; ‘from TLC; “Exact reaction time could not be determined due to limited access to the

laboratory due to COVID-19 restrictions.

Electrostatic Potential Calculations. We were successful in obtaining single crystals of six of
the synthesized compounds which includes 1aa, 1ac, 1ad, 1bk, 1be and 1cl. To understand the
intermolecular interactions in the solid-state of these compounds, the structures were optimized at

the M062X/6-311G* level of theory using Gaussian 09 package of programs.* The molecular
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electrostatic potentials (MESP) plots and surface minima (Vs,min) were calculated and visualized
using GaussView.*® The MESP analysis shows that the greatest degree of negative charge (red
region) is concentrated at the carbonyl oxygen and to a lesser extent near the N=N unit of the
tetrazolone ring in these molecules, while positive charge (blue region) is concentrated at the

centroid of the tetrazolone (Figure 1).

laa lac lad

Figure 1. Molecular electrostatic potentials at 0.001 a.u. iso-surface of electron density for 1aa,
lac, 1ad, 1bk, 1be and 1cl, calculated at M062X/6-311G*. The MESP values of the surface

minima (Vs, min) at the selected points are in kcal/mol.

X-ray crystallography. The molecular structure diagrams and crystal data refinement details of
laa, lac, 1ad, 1bk, 1be and 1cl are given in Figures S2-S8 and Tables S1-S7. 1aa crystallized
from dichloromethane in the tetragonal P4 space group as six independent molecules in the
asymmetric unit. In contrast, 1ac, 1ad, 1bk, 1be and 1cl crystallize as one independent molecule

in the more common monoclinic or orthorhombic crystal systems. 1be crystallized as either a

10
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monoclinic C-centered polymorph from methanol (1bemeon) or a primitive monoclinic polymorph
from acetonitrile (1bemecn). As expected, the individual rings in all the complexes are planar. The
laa pendant phenyl rings vary in dihedral angle relative to the central tetrazolone core (0.7(2)-
19.7(2)°) with most molecules showing a slight twist in the position of the phenyl rings with
respect to each other rather than a more planar or bowed molecular backbone (Figure S2). The
molecular structure of 1ac obtained in acetonitrile, shows small deviations from planarity, 2.43(8)°
and 2.87(8)°, between the central ring and the substituents, giving the molecular backbone a planar
geometry (Figure S3). 1ad obtained from methanol crystallizes in the centrosymmetric space
group Pnma with a slightly bowed arrangement between the central heterocycle and the pendant
aryl rings (dihedral angle = 15.79(6)°) (Figure S4). A slight twisting adopted by the peripheral
rings relative to each other is observed in 1bk and both polymorphs of 1be (Figures S5-S7) with
dihedral angles clustered about 13 — 15° while 1cl (Figure S8) shows more variation (8.9(1) and
17.1(1)°). All single crystal structures were overlayed that further show that the molecules exhibit
different ring orientations associated with the pendant phenyl or substituted aryl moieties that can

be described as twisting or bowing relative to the tetrazolone ring (Figure S5).

While the molecular structures of these complexes are rather straightforward, of interest
are the extended stacking and intermolecular interactions. Examination of the extended packing
structure of 1aa revealed a layered stacking motif along the c-axis with varying tilt angles between
the planes, however no identifiable structure-directing noncovalent interactions were observed.
Inspection of the unit cell of 1ac, revealed weak electrostatic C-H...O interactions involving an
aromatic C-H of the 3-ethoxyphenyl moiety with the oxygen of a neighboring ethoxy group
(2.52A) as well as the C-H of the phenyl group with the oxygen of a neighboring tetrazolone ring

(2.57A). An overall slipped n-r interaction between adjacent layers is observed with a 3.33A

11
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distance between the stacked planes and a long distance (>4A) between tetrazolone centroids

(Figure 2).

Figure 2. Left: C-H...O intermolecular interactions in the crystal lattice of 1ac; right:

interplanar stacking arrangement.

As deduced from the calculations, molecules 1ad, 1bk and 1be pack by utilizing the
electrostatic interaction between the positive and negative regions of the heterocycle. The negative
potential encompassing the carbonyl oxygen of 1ad is attracted to the positive potential at the
center of the tetrazolone, a C=0...N4Ceentroid interaction distance of 2.90A is observed giving rise

to a staircase motif in the solid state (Figure 3).

Figure 3. Intermolecular interactions in the crystal lattice of 1ad.

12
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1bk exhibits a n-n stacking motif with a least squares distance of 3.04A, consistent with
other complexes in this study (Figure 4). While the extended packing geometry may approximate
a herringbone motif, the individual stacks support weak C-H...O interactions between neighboring
methyl groups and either a methoxy or carbonyl oxygen atom (C-Hme..Oome = 2.70A, C-

Home...O=C = 2.53A) rather than with the tetrazolone heterocyclic N4C core.

Figure 4. Interplanar (left) and intermolecular interactions (right) between molecules of 1bk in

the crystalline lattice.

Two polymorphs of 1be result from methanol (1bemeon) or acetonitrile (1bemecn)
crystallization (Figure 5). The noncovalent interactions observed for 1bemeon approximate those
of 1bk, namely a n-7 stacking of 3.02A between the adjacent stacked planes and individual stacks
held via C-H...F interactions involving the pendant aromatic rings. A somewhat longer, ©t-7t
stacking interaction, 3.12A, is seen for 1bemecn with a tetrazolone N4Ceentroid. . .N4Ceentroid distance
of 3.84A indicative of a very weak, inefficient electrostatic attraction. One can conclude that the
placement of the molecules is dictated by the C-H...O and C-H...F interactions rather than

tetrazolone ring interactions for both crystals of 1be.
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Figure 5. Comparison of the interplanar separations (top) and C-H...O intermolecular

interactions (bottom) for the polymorphs 1bemeon (left) and 1bemecn (right).

1cl adopts a slipped pattern that has a large stacking distance and tetrazolone centroid-to-
centroid ring separation (3.27A and 3.90A, respectively), reminiscent of distances observed in 1ac.
This presumably is due to the steric requirements of two -OMe substituents on one of the rings as
well as the twisted, non-planarity of the molecular backbone. Each molecule interacts with six
neighboring molecules (Figure 6) via through-space interactions of the type (1) C-Hmethoxy...O=C,
(2) C-Hmethoxy...Onitro and (3) the aromatic C-H of a nitrophenyl ring with a methoxy oxygen
(Figure 6). These C-H...O interaction distances fall in a narrow 2.5-2.7A range indicative of

similarly weak electrostatic forces influencing the packing geometry of the molecules in the lattice.

14
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Figure 6. C-H...O interactions (distances in the 2.5 — 2.7A range) present between molecules in

the crystalline lattice of 1cl.

Hirshfeld surface analysis. Hirshfeld surface analysis*’ of the structures of laa, lac, lad,
1bemecn, 1bemeon, 1bk and 1cl revealed that predominantly surface contacts were typical van der
Waals interactions. As might be expected, the majority are H...H contacts and will not be
discussed further. Inspection of the surfaces of the molecules showed several regions on each
molecule with significant, or slightly significant contacts (Figure 6). These contact regions,
highlighted as “red” spots on the Hirshfeld surface map, are mainly between aromatic hydrogen
atoms and either oxygen or nitrogen atoms (Table 3). Other significant contacts were between
tetrazole nitrogen atoms and carbon atoms on neighboring molecules. For the six independent
molecules in 1aa, C...C intermolecular contacts also showed signs of close approach. This is not
unexpected given the m-stacking present in the lattice. This is also true for lac and 1bewmecn.
However, 1bemeon did not show any significant C...C interactions. Similarly, 1ad, 1bk and 1cl
had no dominant C...C contacts. Surprisingly, the surface map for 1¢l was relatively devoid of any

significant interactions. For the fluorinated compounds 1bemecn and 1bemeon, fluorine impacts

15
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the Hirshfeld surface and plays a role in many of the very close contacts observed in these two
polymorphs. Figures depicting the molecules surrounding the core molecule or molecules that

contribute to these interactions can be found in the supporting information Figures S6 — S12.

laa lac

1bemecn

1bemeon 1bk

1cl

Figure 6. Hirshfeld surface maps of laa, 1ac, lad, 1beyecn, 1beseon, 1bk and Icl. Close

contacts are represented as red spots.

16
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Table 3. Hirshfeld surface analysis. Percent contribution to surface area contacts.”

Molecule O-H N-H CC C-N C-0 F-H F-N
laa 1l 5.4 17.7 5.0 - - - -
laa?2 8.6 13.6 4.6 - - - -
laa 3 8.4 13.5 5.5 - - - -
laa 4 7.7 15.1 5.0 - - - -
laa 5 6.8 16.0 5.2 - - - -
laa 6 8.4 14.9 4.9 - - - -
lac 9.8 10.2 5.0 - - - -
1ad - 2.7 1.7 - - - -
1bemecn 12.2 6.0 9.2 3.7 - 15.4 4.4
1bemcon 12.1 4.7 - 2.9 13.6 - -
1bk 11.7 4.3 - 2.7 - - -
1cl 30.9 5.6 - - - - -

9Contacts are given as inversion percentages. A dash indicates this is not a significant

contribution to the strong interactions in a given molecule.

Conclusions

We have reported an improved method for the synthesis of 1,4-diaryltetrazolones via C-N
coupling of aryl tetrazolones and aryl boronic acids in the presence of Cu2O nanoparticles under
an oxygen atmosphere in DMSO as a solvent. This protocol provides substantial improvement
over the previous method?? as it uses relatively low catalyst loading, does not involve a base,
requires short reaction times and produces higher yields. The reaction is generally insensitive to
the nature and position of the substituents on the aryl tetrazolone or boronic acid, except in the
case of ortho substituted aryl boronic acids where only a trace product was observed, possibly due

to the steric hindrance encountered in coordination to the Cu during the catalytic cycle.’’ Due to

17
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the relatively mild conditions, this method may be explored for its suitability in the formation of

C-N bonds using other N-H containing motifs such as amines, amides, imidazoles, and indoles.

Furthermore, this is the first study that reports X-ray crystal structure analyses of 1,4-
diaryltetrazolones. Our work revealed the presence of m..m stacking interactions between the
adjacent layers in five of the seven structures. The assembly of molecules is further directed by
weak electrostatic C-H...O interactions involving the neighboring pendant rings as well as the
tetrazolone carbonyl and the pendant rings. Single crystals of 1bk and 1bewmcon, differing only in
the presence of a p-methyl or p-fluoro group, respectively, displayed an identical pattern of
noncovalent interactions in the solid-state. In case of 1bemecn and 1bemeon, Hirshfeld surface
analyses showed that fluorine plays a role in many of the very close contacts observed in these two
polymorphs. We believe that the knowledge gained from this work, would stimulate further
investigations on the crystal packing of this important class of compounds with potential to impact

a variety of fields including medicinal, agricultural and materials chemistry.
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