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Abstract

The first theoretical investigation on NHC-catalyzed [4+1] cyclization of (Z)-N'-hydroxybenzimidamide
and p-chlorobenzaldehyde was provided by our DFT calculation. Via deprotonation of triazole salt
precursor, the free N-Heterocyclic Carbene (NHC) catalyst was initially generated. Then, via rapid carbene
addition to aldehyde followed by proton transfer, the breslow intermediate was afforded and further
converted to acyl azolium under oxidation acting as electrophile in the following. Subsequently, with
additional amidoxime, the nucleophilic substitution occurs with its nucleophile group leading to ester
intermediate. After elimination of recovered HNHC, ester undergoes aza-ring closure and dehydration
to construct five-membered aromatic heterocyclic structure of target 3,5-disubstituted 1,2,4-oxadiazole
product. The proton transfer affording breslow intermediate of step 3 is determined to be rate-limiting
for the whole process.
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Introduction

As a class of five-membered heterocyclic compound containing nitrogen, 1,2,4-oxadiazole
has been widely used in pharmaceutical industry due to significant structure and unique
property. This heterocycle structure in ataluren can treat Duchenne muscular dystrophy, cystic
fibrosis nonsense mutation and in tioxazafen as nematicide against parasitic nematode [1,2].
In addition, 1,2,4-oxadiazole skeleton was identified as core structural unit in natural alkaloid
such as liquid crystal, energetic and luminescent materials [3-6]. Owing to the significance, the
synthesis of 1,2,4-oxadiazole has emerged recently involving reaction between amidoximes
and carboxylic acid derivatives and carboxylic acids activated by reagents. Kaboudin reported
an efficient method for synthesis of 1,2,4-oxadiazoles in water [7]. Movassagh developed
one-pot synthesis of 3,5-disubstituted 1,2,4-oxadiazoles from nitriles mediated by K,PO, [8].
Tolmachev discovered expanding synthesizable space of disubstituted 1,2,4-oxadiazoles [9].
Sharonova gave facile room-temperature assembly of 1,2,4-oxadiazole core from amidoximes
and carboxylic acids [10]. However, these approaches require harsh reaction condition of high
temperature and complex purification with low yield and limited substrate scope.

N-Heterocyclic Carbenes (NHCs) are well-known effective organic catalysts in
constructing oxygen and nitrogen-containing heterocycle. In this field, Zhang researched
asymmetric synthesis of y-lactams under low-loading N-heterocyclic carbene catalysis [11].
Kowalska achieved harnessing indole-derived hydrazones for enantioselective synthesis
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of pyrroloindolones via NHC-catalyzed formal [3+2]-cyclo-
addition [12]. Wu obtained N-heterocyclic carbene-catalyzed
[3+3] annulations to access dihydropyrano [3,2-b] pyrrol-5-ones
[13]. There was also [3+3] annulation of enals and oxindole-
derived enals with 2-aminoacrylates, enantioselective synthesis
of dihydrothiopyranones of 2-bromoenals with (3-oxodithioesters
and preparation of 4,6-disubstituted a-pyrone [14-16]. When it
comes to five-membered aromatic heterocycle, the construction
of 2-aminofuran-3-carbonitriles via cascade stetter-y-ketonitrile
cyclization, 2-aryl indoles,
cross-couplings of azides and LUMO-activated unsaturated acyl
azoliums and substituted imidazoles from aryl methyl ketones and
benzylamines has also been achieved via NHC catalysis [17-20].
This progress offers novel insights to heterocyclic synthesis. Among
constructing 1,2,4-oxadiazole, Saadati
realized manganese oxide nanoparticles supported on graphene
oxide as nanocatalyst from aldehydes [21]. Basak gave convenient
one-pot synthesis of 2,4,6-triarylpyridines using graphene oxide
as metal-free catalyst with dual catalytic activity [22]. Since few

1,2,3-triazoles via intermolecular

conventional methods

reports documented NHC catalysis for heterocycle, Fu group has
done many researches such as NHC catalyzed desymmetrization
of N-Cbz glutarimides and oxidation of aldehydes to esters [23,24].

The latest breakthrough was NHC-catalyzed [4+1] cyclization
of (Z)-N'-hydroxybenzimidamide and p-chlorobenzaldehyde [25].
Although 3,5-disubstituted 1,2,4-oxadiazole was synthesized, how
free N-heterocyclic carbene was generated from selected triazole
salt precursor? What's the concrete process to form key breslow
intermediate involving carbene addition and proton transfer?
How acyl azolium acts as electrophile undergoing nucleophilic
substitution followed by aza-ring closure and dehydration
producing target product?

Computational Details

Structures were optimized at M06-2X/6-31G(d) level with
GAUSSIANO9 [26]. Among various DFT methods [27], M06-2X

-]

_OH

functional has smaller deviation between experimental and
calculated value than B3LYP hybrid functional [28,29]. With
6-31G(d) basis set, it can provide best compromise between time
consumption and energy accuracy. It was also found to give accurate
results for stepwise (2+2) cycloaddition, enantioselective (4+3)
and Diels-Alder reaction [30,31]. Together with good performance
on noncovalent interaction, it is suitable for this system [32-34]. To
obtain Zero-Point Vibrational Energy (ZPVE), harmonic frequency
calculations were carried out at M06-2X/6-31G(d) level gaining
thermodynamic corrections at 298K and latm in acetonitrile
(CH,CN). At M06-2X/6-311++G(d,p) level, the solvation-corrected
free energies were obtained using Integral Equation Formalism
Polarizable Continuum Model (IEFPCM) [35-39] on M06-2X/6-
31G(d)-optimized geometries. NBO procedure was performed with
Natural Bond Orbital (NBO3.1) obtaining lone pair and bond to
characterize bonding orbital interaction and electronic properties
[40-42]. Using Multiwfn_3.7_dev package [43].

Results and Discussion

Themechanismwasexploredfor NHC-catalyzed[4+1] cyclization
of (Z)-N'-hydroxybenzimidamide 1 and p-chlorobenzaldehyde 2
leading to 3,5-disubstituted 1,2,4-oxadiazole 3 (Scheme 1). As is
illustrated by black arrow of Scheme 2, first, the deprotonation of
triazole salt precursor generates free NHC catalyst. Then, the rapid
carbene addition to aldehyde 2 together with proton transfer gave
key breslow intermediate which further converted to acyl azolium
acting as an electrophile in the following. Next, the nucleophilic
substitution occurs with nucleophile group in amidoxime 1. Finally,
ester intermediate is obtained after the elimination of HNHC,
which undergoes aza-ring closure and dehydration within the
reaction system to construct five-membered aromatic heterocyclic
structure of target product 3. Figure 1 listed schematic structures
of optimized TSs in Scheme 2. Table 1 gave activation energy for all

Cl
2

CH;CN, .

steps.
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Scheme 1: NHC-catalyzed [4+1] cyclization of (Z)-N'-hydroxybenzimidamide 1 and p-chlorobenzaldehyde 2 leading to
3,5-disubstituted 1,2,4-oxadiazole 3.
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Scheme 2: Proposed reaction mechanism of NHC-catalyzed [4+1] cyclization of 1 and 2 to build 3. TS is named
according to the two intermediates it connects.
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Figure 1: Relative Gibbs free energy profile in solvent phase starting from complex i0, i2, i4, C (bond lengths of
optimized TSs in A).

Table 1: The activation energy (in kcal mol!) of all reactions

in gas and solvent.

TS AG*,, AGE,,
ts-i01 14.0 16.7
ts-i23 10.7 9.7
ts-i3A 255 29.8
ts-i45 26.9 25.9
ts-Ci6 26.8 28.6
ts-i67 23.6 20.1

Triazole salt deprotonation/carbene addition/proton
transfer

In step 1, the deprotonation of triazole salt precursor denoted
as 10 occurs via ts-i01 with the activation energy of 16.7kcal mol™*
endothermic by 4.7kcal mol™ producing free NHC catalyst binding
with HF and BF, in i1 (black dash line of Figure 1). The transition
vector corresponds to proton H1 on methyl group of cations
captured by F of BF, anion denoted as C1--H1--F along with
concerted breaking of B---F (1.56, 1.01, 2021 A). Once HF molecule
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is generated, other two parts formed are also neutral BF, and NHC
with lone electron pair located on C1 reactive for next step. Then,
the intermediate i2 binding NHC and aldehyde 2 is taken as new
starting point of next two steps (red dash line of Figure 1). The
rapid carbene addition to 2 takes place via ts-i23 with reduced
activation energy of 9.7kcal mol? exothermic by -8.9kcal mol? in
step 2. The transition vector is simple involving C1::-:C2 bonding
and resultant elongation of C2-01 from double to single (1.86, 1.26
A) (Figure S1a). The intermediate B is stable with typical C1-C2
single bond. The subsequent proton transfer is required to afford

th {angstroms)
o 1) 1.
] a4 . [-.] .

it
(=]

E:l:ln_EI
= w

key breslow intermediate A. Via ts-i3A in step 3, the activation
energy is increased to be 29.8kcal mol-1 continuously exothermic
by -12.4 kcal mol’. From detailed atomic motion of transition
vector, the proton H2 shifts from C2 to O1 that is C2:--H2:--:01 as
well as enhanced C1-C2 from single to double (1.17, 1.34, 1.43 A)
(Figure S1b). With formal hydroxyl 01H2 and C1=C2 double bond,
the breslow intermediate A is delivered, which further converted
to acyl azolium B under oxidation acting as an electrophile in the
following. After removing H2, C2-01 contracted as double bond
with recovered C1-C2 single one in B (Table S1).
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Figure S1: Evolution of bond lengths along the IRC for (a) ts-i23, (b) ts-i3A, (c) ts-i45, (d) ts-Ci6 and (e) ts-i67 at MO6-
2X/6-311++G(d,p) level.
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Table S1: Calculated relative energies (all in kcal mol
1. relative to isolated species) for the ZPE-corrected
Gibbs free energies (AGgas), Gibbs free energies for all
species in solution phase (AG_)) at 298 K by M06-2X/6-
311++G(d,p)/ /M06-2X/6-31G(d) method and difference
between absolute energy.

Species AG, AG,, cusen)
i0 0.00 0.00
ts-i01 14.03 16.67
il 7.53 4.71
nhc+2 0.00 0.00
i2 -2.67 -6.21
ts-i23 8.07 3.45
i3 -9.26 -15.14
ts-i3A 16.26 14.66
A -12.93 -18.60
nhc+2-h+1 0.00 0.00
i4 0.52 -3.34
ts-i45 27.46 22.52
i5 5.26 0.03
1+2-2h 0.00 0.00
C -2.95 -6.41
ts-Ci6 23.85 22.17
i6 -1.23 -4.59
ts-i67 2241 15.51
i7 -9.07 -13.48
1+2-2h-h2o0 0.00 0.00
3 1.57 3.04

Nucleophilic substitution/aza-ring closure/dehydration

Next, acyl azolium B and additional amidoxime 1 afford
intermediate i4 as new starting point of step 4. With nucleophile
hydroxyl 02H3 of 1, the nucleophilic substitution proceeds via ts-
i45 with activation energy of 25.9kcal mol! slightly endothermic
by 3.4kcal mol? giving intermediate i5 (blue dash line of Figure
1). The transition vector suggests facile cleavage of C1---:C2 single
bond driven by linkage of C2-02 and transferring of H3 from 02
to C1 (1.65, 1.98, 2.1, 1.12 A) (Figure Sic). Clearly, the carbene
catalyst is readily recovered with C1-H3 as HNHC detaching from
the system. After the elimination of HNHC, ester intermediate C is
obtained as new starting point of next two steps (magenta dash line
of Figure 1). C undergoes aza-ring closure via ts-Ci6 with increased
activation energy of 28.6kcal mol? endothermic by 1.8kcal mol™
in step 5. The transition vector is complicated not only including
linkage of C2:-:N2, proton transfer N2---H4:--01 but stretching of
€2-01 from double to single (2.2, 1.63, 1.22, 1.32 A) (Figure S1d).
The 5-membered ring is yielded with typical C2-N2, C2-01 single
bond and hydroxyl 01H4 in intermediate i6. At last, in step 6, i6
undergoes dehydration within the reaction system via ts-i67 with
reduced activation energy of 20.1kcal mol? exothermic by -7.1kcal
mol! yielding intermediate i7 (Table S2).

Table S2: The activation energy (local barrier) (in kcal mol-
1) of all reactions in the gas, solution phase calculated with
MO06-2X/6-311++G(d,p)/ /M06-2X/6-31G(d) method.

TS AG",, AG*,,
ts-101 (159i) 14.0 16.7
ts-i23 (188i) 10.7 9.7
ts-i3A (17571) 25.5 29.8
ts-i45 (1067i) 26.9 25.9
ts-Ci6 (400i) 26.8 28.6
ts-167 (17461) 23.6 20.1

The transition vector suggests a second apparent proton H5
transfer from N2 to 01, concerted shortening of C2-N2 from single
bond to double and cleavage of C2-01 (1.28, 1.27, 1.39, 1.77 A)
(Figure S1e). The outcome contains formation of C2=N2 double
bond and H,0 molecule leaving from the system. Finally, the target
product 3,5-disubstituted 1,2,4-oxadiazole 3 is constructed as a
five-membered aromatic heterocyclic structure. Comparatively,
the proton transfer affording breslow intermediate in step 3 is
determined to be rate-limiting for NHC-catalyzed [4+1] cyclization
producing 3,5-disubstituted 1,2,4-oxadiazole.

Conclusion

In summary, the first theoretical investigation was provided by
our DFT calculation on NHC-catalyzed [4+1] cyclization reaction
between (Z)-N'-hydroxybenzimidamide and p-chlorobenzaldehyde.
The free N-Heterocyclic Carbene (NHC) catalyst was initially
generated from deprotonation of triazole salt precursor. Then, the
key breslow intermediate was afforded via rapid carbene addition
to aldehyde followed by proton transfer. The acyl azolium was
further given under oxidation acting as electrophile in the following.
Next, with additional amidoxime, the nucleophilic substitution
occurs with its nucleophile group leading to ester intermediate.
After the elimination of recovered HNHC, ester undergoes aza-
ring closure and dehydration within the reaction system to build
five-membered aromatic heterocyclic structure of target product
3,5-disubstituted 1,2,4-oxadiazole. The proton transfer affording
breslow intermediate in step 3 is determined to be rate-limiting for
this NHC-catalyzed [4+1] cyclization.
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