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Abstract

In this study, we performed density functional theory calculations using the B3LYP, M052X, M062X, and APFD functionals to
investigate substituent effects on the mechanism of 1,3-dipolar cycloaddition, a classical and effective method for the synthesis
of heterocyclic compounds. The results showed that changing the substituents on the chloroxime compounds affects the energy
level of the highest occupied molecular orbital and consequently, the progress of the reaction. Finally, it provided an effective
idea for this kind of reaction in the design of organic synthesis and the necessary theoretical basis for revealing the course of
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1,3-Dipolar cycloaddition is a reaction that not only plays an important role in the synthesis of five-membered
heterocyclic compounds, but also has great significance in theoretical organic chemistry.!* Diversity-oriented
synthesis refers to a kind of forward synthesis that usually uses branching diffusion to focus on the diversity
and complexity of compounds with the aim of expanding the compound library from point to face.>” Because
this synthetic method can use combinatorial chemistry to synthesize similar compounds, the properties and
structure-activity relationship of the synthesized compounds can be easily studied.®Moreover, it hastens
the building of a library of natural products with diverse molecular skeletons, complex structures, and rich
chemical properties and facilitates the discovery of more lead compounds.’

To discover anti-tumor compounds with novel, molecularly diverse skeletons, several research groups have
joined the field of antitumor treatment. At present, in the context of drug resistance, the use of the 1,2.4-
oxadiazole skeleton has become a new direction in drug design.'%'3 Among the compounds with this skeleton,
3-aryl-5-(3-chlorothiophene-2-yl)-1,2,4-oxadiazole compounds have exhibited good activity for a few breast
and colon cancer cell lines and retained activity in experiments with mice.!* A series of novel triaryl-1,2,4-
oxadiazole derivatives synthesized by Miralinaghi et al. also showed good cytotoxic activity against the
MCF-7 tumor cell line (IC50 = 6.50 uM).'5 Gakh et al. developed a series of diaryl-5-amino-1,2,4-oxadiazole



derivatives as powerful tubulin inhibitors. The 4-position PhNH fragment on the aryl group of the compound
is the decisive pharmacophore of compound activity. Compounds DCP 10500071 and DCP 10500078 showed
particularly good activity against tubulin with IC50 values of 2.6 and 1.9 uM, respectively.!® Muraglia et al.
developed a series of 4-(3-(quinoline-2-yl1)-1,2 4-oxadiazole-5-yl) piperazine urea compounds for the treatment
of tumors with abnormal Hedgehog signaling pathway. Moreover, a structure-activity relationship study
confirmed that these compounds are particularly effective antagonists and show a certain antitumor activity
in mice.'” In addition, the 1,2,4-oxadiazole derivatives, BDM31343, BDM31381, and BDM41906, which were
designed by structure-activity relationship analysis, were found to be useful reagents for the treatment of
pulmonary tuberculosis. They have shown improved activity, through indirect in vivo experiments, and have
effectively overcome the resistance of pulmonary tuberculosis to ethylthioisoamide.'®19 In addition, a few
1,2,4-oxadiazole derivatives showed great potential in the treatment of Alzheimer’s disease. Specifically, these
drugs can prevent amyloid protein polymerization and related oxidative stress, resulting in neuroprotective
effects.?? Phidianidine has been synthesized and used to evaluate the neuroprotective effects of compounds
on SH-SY5Y cells by introducing it simultaneously with neurotoxic substances, such as AB 25-35, hydrogen
peroxide, and oxidized glucose. The results showed that phidianidine exhibited a good neuroprotective effect
in vitro and counteracted the effects of these neurotoxic substances.2!"?2 Indolone, as the main skeleton of
alkaloids, has always been considered by pharmaceutical chemists, especially in the development of new
therapeutic drugs.?*-2° Indolone derivatives have a good biological potential because of its various biological
activities,?% such as antibacterial, anti-tuberculosis, antioxidant, antihistamine, anti-HIV, anti-inflammatory,
anti-Parkinson, anti-diabetic, and antitumor activities.?” At present, several of these biological activities have
also been well studied. Through these studies, indolone can be modified more scientifically and reasonably,
and this will play a vital role in the development of effective drug therapy in the future.?® In addition,
the synthesis and properties of oxime compounds remains an important direction in pesticide research.?’
Therefore, by using the 1,3-dipolar compound, o -chlorobenzoxime, and compounds with both electrophilic
and aflinity sites, heterocyclic compounds with novel structures and natural products can be synthesized
by a simple and rapid method. However, details of the 1,3-dipolar cycloaddition mechanism of substituted
chloroxime compounds remains unclear because theoretical analysis of such reactions is rarely reported. In
view of the current research on the 1,3-dipolar cycloaddition mechanism, the purpose of this study was
to analyze the effect of substitution of chloroxime compounds by quantum chemical calculations combined
with thermodynamic and kinetic studies. The effects of different substituents on the liquid- and gas-phase
reaction mechanisms were explained.

In this study, the 1,3-dipolar cycloaddition product synthesized by multiple guiding methods was used as
the system. Using four different density functionals, BSLYP, M052X, M062X, and APFD, the 1,3-dipolar
cycloaddition mechanism was determined theoretically. In summary, we revealed the effects of different
chloroxime substituents on the 1,3-dipolar cycloaddition mechanism, which are consistent with the law of
organic reaction. Thus, our findings provide a theoretical explanation of experimental phenomena and
guidance for the development of new processes.

Computational Details

In this study, geometry optimization and vibrational analysis of a series of reactants, products, intermediates,
and transition states were carried out using the 6-31G(d) basis set and B3LYP, M052X, M062X, and APFD
functionals. The calculated results were analyzed, and the similarities and differences between these func-
tionals were determined. Studies of the reaction mechanism in the solution and gas phases and the search for
the transition states were performed using the Gaussian 09W D.01 9.0 program.3® Configuration optimiza-
tion of the reactants, products, intermediates, and transition states was carried out at the B3LYP/6-31G(d)
level. The reaction mechanism in solution was calculated at the BSLYP/6-31G(d) level using the intrinsic
reaction coordinate (IRC) and polarizable continuum model (PCM) methods. The curves of the bond angle,
bond length and energy of the transition state with the reaction coordinates are obtained. The vibrational
states of the optimized transition states, TS1-TS3, were analyzed to determine whether the force constant
matrix only has one negative eigenvalue and confirm the authenticity of the transition state. The vibration
mode corresponding to the eigenvector pointed to the corresponding reactants and products in the reaction.



And we used GaussView 5.0 to view the frontier orbitals of the molecules at the B3LYP/6-31G(d) level. The
transition state is searched and the vibration frequency is analyzed at the M062X/6-31G(d) level, and the
reaction intermediate and transition state can be determined by vibration analysis. We also carried out the
(IRC) analysis of the intrinsic reaction coordinates to determine whether the transition state can truly reflect
the relationship between the reactants and the products. Finally, the single-point energies of the stationary
points were calculated at the MP2/cc-pVTZ level, and the relevant thermodynamic data (zero-point energy
and Gibbs free energy) were obtained. The reactions of different substituted compounds and trends in the
activation energies (AE ,) during the reaction were compared and analyzed.

Results and Discussion

In this study, we initially used substituted chloroxime (1a —o ) and isatin (2a —e ) compounds as the raw ma-
terials. As indicated in the synthetic route shown in Scheme 1, novel polyheterocyclic 1,2,4-oxadiazolindolone
compounds were obtained in high yield in a one-step reaction under relatively mild reaction conditions with-
out using any metal catalyst. A total of 36 target compounds were synthesized with yields of 46-96%. The
proposed reaction mechanism is shown in Scheme 2. In addition, our research group has published our main
synthetic methods and related results (for specific synthetic methods and characterization, see Supporting
Information 1).3! To deeply and systematically study the details of the 1,3-dipolar cycloaddition mecha-
nism and effect of different substituents, we performed density functional theory calculations using various
functionals.

Scheme 1. Synthesis of heterocyclic 1,2,4-oxadiazolindolone compounds.
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Scheme 2. Proposed reaction mechanism of the synthetic route.
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Frontier orbital theory.

According to frontier orbital theory, similar to the valence electron interaction of a single atom, there
are also valence electrons, that is, the electrons in the frontier orbitals, in a molecular reaction. During



bonding, the frontier orbital will take precedence.??During 1,3-dipolar cycloaddition, the H and Cl atoms
leave reactantla to form intermediate 1la’ , while the H atom leaves2a to form intermediate 2a’ , The
frontier orbitals involved in cyclization are those of intermediates 1a’ and2a’ . Therefore, we determined the
frontier orbital energy difference between these intermediates. The lowest unoccupied molecular orbital 1
(LUMO; )-highest occupied molecular orbital 2 (HOMO2) and LUMO2-HOMO; energy differences between
isatin substituted with -H, -F, -OCH, -CH3s, or -Br and chloroxime compounds with different substituents
are shown in Tables 1 and Table S2.1-S2.4 of supporting information.

Table 1. Energy level differences between the lowest unoccupied molecular orbitals (LUMOSs) and highest
occupied molecular orbitals (HOMOs) of 1a’ —10’ and 2a’ .

Reactant R LUMO HOMO LUMO;-HOMO,; LUMO,-HOMO;
2a’ H 0.07888  -0.03095 / /

la’ Ph -0.04827 -0.23293 -0.01732 0.31181
1b’ p-CH3CsHy -0.04422  -0.22678 -0.01327 0.30566
1c’ m-CHzCeHy  -0.04469 -0.23028 -0.01374 0.30916
1d’ 0-CH3CgHy -0.04658 -0.22958 -0.01563 0.30846
le’ PhEt -0.04314 -0.22572 -0.01219 0.30460
1f’ p-OCH3CgH,  -0.04520 -0.22807 -0.01425 0.30695
1g’ p-FCgHy -0.04904 -0.23363 -0.01809 0.31251
1’ m-FCgHy -0.05706 -0.24011 -0.02611 0.31899
17’ 0-FCgHy -0.05488 -0.23648 -0.02393 0.31536
1j’ p-ClCgHy -0.05932  -0.23764 -0.02837 0.31652
1k’ m-ClCgHy -0.06043 -0.24262 -0.02948 0.32150
1r 0-CICgHy -0.05903 -0.23913 -0.02808 0.31801
1m’ p-BrCgHy -0.05962 -0.23642 -0.02867 0.31530
1n’ Thiophene -0.04608 -0.23110 -0.01513 0.30998
1o’ n-Pr -0.03354 -0.24335 -0.00259 0.32223

1,3 Dipolar cycloaddition reactions can be divided into three types: (1) those with the LUMO provided by the
1,3-dipole are collectively called LUMO-controlled reaction, (2) those with the HOMO provided by the 1,3-
dipole are collectively called HOMO-controlled reaction, and (3) those wherein both of the above conditions
occur are collectively called LUMO-HOMO controlled reaction. As can be seen in Tables 1, LUMO;-HOMO,
< LUMO5-HUMOyq; therefore, 1,3-dipolar cycloaddition requires symmetry matching between the LUMO
of the substituted chloroxime, which acts as the electron acceptor, and HOMO of the substituted isatin,
which acts as the electron donor. The interaction between the two compounds leads to the formation
of a o bond, which reduces the energy of the system. Because the 1,3-dipole provides the LUMO for a
LUMO-controlled reaction, a lower LUMO energy level for the chloroxime compound is more conducive to
the reaction. Analysis of the data in Tables 1 and Table S2.1-S2.4 indicates that the LUMO energy levels
of the substituted compounds increase in the order Ph < thiophene < n-Pr. Therefore, the LUMOs of
phenyl-substituted compounds are more conducive to the progress of the reaction, which is consistent with
the experimental results (For experimental data, see tablel and table S1).

When the chloroxime compound contains a substituted phenyl group, the LUMO energy level increases in
the order Br < Cl < F < H < OCH3 < CHj3 < Et, while the degree of difficulty of the reaction decreases
in the order Br > Cl > F > H > OCHs > CH3 > Et. According to the general law of organic pericyclic
reactions, an electron-withdrawing group reduces the LUMO energy level of the dienophile. A 1,3-dipole
substituted with an electron-withdrawing group has a lower LUMO energy level, which is consistent with
the calculated results. Among the electron-withdrawing groups, F, Cl and Br were used to reduce the
LUMO energy level of the reactant. On the other hand, the electron-donating groups OCHjs, CHs, and Et
increase the LUMO energy level of the reactant. F has a stronger electron-withdrawing effect than Cl and



Br. However, in the 1,3-dipole, the 2p orbital electron of F is conjugated to the benzene ring because being
in the same period, F and C have a similar 2p orbital radius. Consequently, the two orbitals can overlap
better, which strengthens conjugation but weakens the induced electron-withdrawing ability of F. However,
when the conjugate electron donor and induced electron-withdrawing abilities are combined, the latter is
still exhibited by the F substituent.

When the substituent is a halogen, substitution at the meta position leads to a lower LUMO energy level,
which is more conducive to the reaction, compared with substitution at the ortho or para position. When
the substituent is an alkyl group, the LUMO energy level increases in the order ortho < meta < para, that
is, having an ortho substituent is more conducive to the reaction. However, increasing the length of the alkyl
chain increases the LUMO energy level, which is not conducive to the reaction.

In this reaction system, isatin provides the HOMO. Analysis of the theoretical data indicates that the HOMO
energy levels of the different substituted compounds increase in the order Br < F < OCH3 < H < CHjs;.
According to the general law of organic pericyclic reactions, an electron-donating group increases the HOMO
energy level of dienes. Isatin compounds substituted with such a group have a higher HOMO energy level,
which is in good agreement with the above calculated results. In addition, the energy level difference between
LUMO; and HOMO4, also reflects the degree of difficulty of the reaction to a certain extent. However, in the
actual reaction, the degree of difficulty also depends on other factors, such as steric hindrance and symmetry
matching of the orbitals.

Subsequently, we calculated the LUMO and HOMO energy levels of intermediates 1a’ and 2a’ using the
6-31G(d) basis set and M052X, M062X, and APFD functionals (see Supporting Information 2 for details).
The results are in good agreement with the above conclusions, although there are a few differences in the
relative numerical value, which is within the range of experimental error. The values calculated using the
APFD functional are similar to those calculated using the B3LYP functional; however, those calculated using
MO052X and M062X functionals are different. This is mainly reflected in the higher LUMO energy level and
lower HOMO energy level. Because there is no reference value for comparison, it is impossible to determine
which functional is more suitable for calculations for this system. In terms of time consumption, using the
same calculation parameters for the same compound, the functionals that are similar are BSLYP and APFD
and M052X and M062X. However, the computing times using M052X and M062X are about twice as long as
that using BSLYP. In summary, the conclusions obtained from the calculations of the frontier orbital energies
for this system using the four functionals are completely consistent. Therefore, B3LYP is more economical
and efficient for batch calculation of these compounds.

Finally, at the B3LYP/6-31G(d) level, we used PCM with triethylamine as the solvent to calculate the
frontier orbital energy difference betweenla’ and 2a’ , and the results are shown in Table S2.5-S2.8 of
supporting information. Analysis of the data shows that the substituent effect is completely consistent with
that in the gas phase. This proves that the use of triethylamine as the solvent only has a minor effect on
the reaction. Specifically, the energy level difference for 1a’ in the solvent phase is basically close to that in
the gas phase. However, owing to the induced electron-withdrawing ability of triethylamine, the calculated
LUMO and HOMO energy levels of2a’ are slightly lower.

T'BB< ppee evepyd (AT).

The AG of each reaction was calculated at the BSLYP/6-31G(d) level, as shown in Table 2. The magnitude
of AG can be used to predict the difficulty or ease of the reaction. Among the phenyl, thiophene, and alkyl
substituents, the phenyl group is the most favorable for the reaction. On the other hand, the alkyl group is
not conducive to reaction progress, which is consistent with experimental data and the conclusion derived
from frontier orbital theory discussed in section 3.1. For chloroxime compounds containing a substituted
phenyl group, the AG and hence, difficulty, of the reaction, decreases in the order Et > H > OCH3 > F >
Cl > Br. Moreover, the effect of an ortho substituent is stronger than those of meta and para substituents,
which basically agrees with the relevant law of organic reaction.

The M052X, M062X, and APFD functionals were also used to calculate the AG of the 36 reactions (see



Supporting Information 3 for details). The AG values obtained using these three functionals are negative,
indicating that the reactions can occur in the standard gaseous state. The APFD functional takes less
computing time, although the AG regularity of each reaction is small. M052X and M062X calculations are
time consuming and yield similar AG values that are basically consistent with the general law of organic
reaction. For substituted lareactants, the AG and hence, difficulty, of the reaction increases in the order Ph
< thiophene < n-Pr. For chloroxime compounds containing a halogen-substituted phenyl group, the AG of
the reaction is lower, that is, substitution with F, Cl, Br, or other halides is more conducive to the reaction.
The effect is strongest when the substituent is in the ortho position. For reactant 2a , substitution with
OCHj; or other electron-donating groups is more conducive to the reaction. It can be concluded that ifla
contains an electron-withdrawing group, an electron-donating group on 2a is more conducive to the reaction.
According to the above analysis, the AG values calculated using B3LYP, M052X, and M062X are basically
consistent with the general law of organic reaction.

Table 2. AG of the reactions under gas-phase condition.

Reaction Product AG (kcal'mol!) Reaction Product AG (kcal-mol?)

la+2a 3a 0.60 1g+2b 3s 0.47
1b+2a 3b -1.17 la+2c 3t -0.53
lc+2a 3c 0.55 1b+2c 3u -2.16
1d+2a 3d -2.13 1d+2c 3v -3.12
le+2a Je 0.68 1g+2c 3w -0.48
1f+2a 3f -0.83 1li4+2c 3x -3.70
1g+2a 3g 0.67 la+2d 3y 0.64
1h+2a 3h 0.45 1b+2d 3z -0.48
li+2a 3i -2.52 1d+-2d 4a -2.18
1j+2a 3j 0.54 1g+2d 4b 0.70
1k+2a 3k 0.59 1h+-2d 4c 0.38
11+2a 31 -0.53 1i+2d 4d -2.56
1m+2a 3m 0.50 1j+2d 4e 0.58
1n+2a 3n 0.14 la+2e 4f 0.50
lo+2a 3o 1.51 1b+2e 4g -0.43
la+2b 3p 0.35 1d+2e 4h -2.26
1b+2b 3q -0.91 1g+2e 4i 0.70
1f+2b 3r -1.20 1j+2e 4j 0.63

The AG values were also calculated at the B3LYP/6-31G(d) level using PCM with triethylamine as the
solvent, and the results are shown in supporting information 3.1. The AG values of the reactions are
negative, indicating that the reactions occur spontaneously in triethylamine.

Reaction mechanism and transition states.

Scheme 3. 1,3-Dipolar cycloaddition of a-chlorobenzaldoxime and isatin.
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The reaction 1a + 2a - 3a , shown in Scheme 3, was taken as an example. Optimization was carried out
under gas- and liquid-phase conditions. The geometries of reactants 1la and2a , intermediates 1a’ , 2a’ ,
med1, and med2, transition states TS1, TS2, and TS3, and end product 3a were obtained.

Study of the liquid-phase reaction mechanism.

The Cartesian coordinates of the optimized structure of each stationary point in the liquid-phase reaction is
provided in Supporting Information 4.

Elementary reaction 1.

First, chloroxime compound 1la is activated in the presence of triethylamine to form the nitrile oxide in-
termediate, 1a’ , through transition state TS1. The geometry of each stationary point is shown in Figure
1.
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Figure 1. Geometries of the stationary points in the activation of la to intermediate 1a’ by triethylamine.

The dihedral angle C1(16)-C(12)-N(13)-O(14) in la is coplanar. N(13) has a strong induced electron-
withdrawing effect owing to its lone pair electrons, making the H atom of the hydroxyl group connected to it
acidic. Through activation by the triethylamine solvent, a weak organic base, the hydroxyl H atom leaves 1a
. The triethylamine N atom provides a lone pair electron, while the H atom provides an empty orbital. The
H atom migrates to triethylamine, resulting in an increase in the charge on the hydroxyl O atom. Because
the C(12)-N(13) double bond is adjacent to the Cl atom, the C—Cl bond polarity is relatively high. The
lone pair electrons on the N atom attack the C—N double bond, leading to sp hybridization and departure
of the Cl atom carrying the negative charge. The C(12)-N(13) bond is gradually shortened from 1.283 to
1.161 A and the N(13)-O(14) bond from 1.349 to 1.241 A. The intermediate 1,3-dipole, 1a’ , which has a
partial C-N double bond, is formed. The C(12)-N(13)-O(14) bond angle increases from 122.42° to 180.00°.
The charge on the N atom decreases, while that on the O atom increases, and the molecule as a whole has
no net charge.

Transition state TS1 was traced by IRC calculation, which confirmed that it is a first-order saddle point on
the potential energy surface of the reaction. TS1 leads from la to 1a’ , which is the reaction intermediate.
The AE , for this step is AE ,; = 22.1 keal-mol™*. Using the energy of the product, [1a’ +Et3NHCI], as the
reference, the energy level diagram of elementary reaction 1 was derived and is shown in Figure 2.



Total E nergy along IRC

s B A,
N
-tiszem | o o, 31‘3%‘
’“". u‘ ‘a a' ) ’ Q’O e, ‘4‘&‘
-1152.888 | 4” 1 o i . £
f e % 20.491
\ P
1152870 | L 3%
FoN B igsi )
s '5

P,
1182878 |- s Y

b
-1152.880 L ...-

'-.,. la+EtaN 1.4
= = la'+EGNHCI
1152.688 z [a+Et:N] 2 °

5 P ) va®d® %
1182890 | o X, b ‘a::‘a.
50%% 0% o7 %, 4,
L : oy

-1152.69% “'o.

Total Energy(Hartree)
Reactive energy (keal = mol)

L L 1 L L L L L ;
15 ) 5 [) 5 0 15 20 25

Intrinsic Reaction Coordinate Reaction coordinate

Figure 2. Intrinsic reaction coordinate (IRC) curve of TS1 and energy level diagram of elementary reaction
1.

Simultaneously, H(12) of isatin (2a ), which is connected to N(4), leaves in the presence of triethylamine,
leading to an increase in the charge on N(4). The C(3)-O(11) bond length increases from 1.213 to 1.236 A,
while the N(4)-C(5) bond is shortened from 1.404 to 1.379 A. The latter bond length is between that of a
C-N single bond and C-N double bond; thus, N(4)-C(5) has a partial double bond character. The N(4)—
C(3) bond is shortened from 1.380 to 1.358 A, while the C(3)-N(4)-C(5) bond angle changes from 112.08° to
106.46°. The negative charge on N(4) increases when intermediate 2a’ , which has a net negative charge, is
formed. Because of the strong electron-withdrawing effect of the carbonyl groups, the H atom on the amide
is more acidic. It leaves more easily and bonds to the N atom of the weak organic base, triethylamine. This
process occurs spontaneously without a transition state. The geometry of each stationary point is shown in
Figure 3.

Figure 3. Geometries of the stationary points in the formation of anion intermediate 2a’ from isatin (2a ).
Elementary reaction 2.

Nucleophilic addition occurs between intermediates 1a’ and2a’ . Electron-rich N(28) of 2a’ attacks C(6) of
the dipole intermediate, 1a’ , leading to the formation of intermediate med1 through transition state TS2.
The geometry of each stationary point is shown in Figure 4.
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Figure 4. Geometries of the stationary points in the nucleophilic addition of intermediates 1a’ and 2a’ .
Intermediate med1 is generated through transition state TS2.

During this reaction, the LUMO of 1a’ and HOMO of 2a’are close to each other and their symmetries
match, leading to an effective overlap, as shown in Figure 5.
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Figure 5. Overlapping lowest unoccupied molecular orbital of1a’ and highest occupied molecular orbital




of 2a’ .

The benzene ring of 1a’ rotates, and the C(16)-N(28)-0(29) bond angle decreases gradually from 180.00°.
C(6) of 1a’ and N(28) of 2a’ are close to each other, which facilitates their bonding. The reaction proceeds
through transition state TS2 at which the C(16)-N(28) distance is 2.050 A and the C(16)-N(28)-0(29) bond

angle is 147.96°. Finally, the C(16)-N(28) single bond forms with a bond length of 1.432 A and C(16)-N(28)—
0(29) bond angle of 117.76°.

IRC calculation proved that TS2 is a first-order saddle point in the potential energy surface of the reaction.
The AE ,for this step is AE .5 = 9.76 kcal-mol™*. For the IRC analysis of this process, different algorithms,
including HPC, LQA and GS2, were adopted to obtain more accurate reactant and intermediate structures,
and the number and size of steps were calculated. By comparison, it is concluded that when IRC is generated
for the same transition state with the same step number and step size, LQA takes the shortest time, GS2
takes the second place, HPC takes the longest time, and the number of steps does not converge easily in the
HPC algorithm. However, the use of LQA and GS2 algorithms can avoid such errors, because it does not
involve the problem of correction step size. The HPC algorithm has the highest accuracy and yields more
accurate reactants and products. The accuracy of GS2 is intermediate, while that of LQA is relatively poor.
Figure 6 shows the IRC curve obtained by combining the calcall keyword (stepsize = 5, maxpoint = 200)
with the HPC algorithm. With product 3a as the reference, the energy level diagram of elementary reaction
2 was obtained and is shown in Figure 6.
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Figure 6. Intrinsic reaction coordinate (IRC) curve of TS2 and energy level diagram of elementary reaction
2.

Elementary reaction 3.

The intramolecular reaction of intermediate med1, which was formed by elementary reaction 2, can occur
through the following two pathways.

Path 1: The electron-rich O atom of the nitroso group attacks the C atom on the Carbonyl directly, and
intermediate med1 is cyclized through the five-membered transition state, TS3’, to form intermediate med1-

1. The electron-rich O(14) atom of med1-1 is then protonated in solution to form product 3a , as shown in
Figure 7.

10



o ® ® @
2 9% 9% X /&?0 ek
w«-ﬂ"} —> 3 o0 LI e
"&Q‘ ‘Q‘q’ s ‘.aff f—d, ,*aq. > ,*5
ﬁ{* g 2 J‘éjy )‘ ?
med1 TS3' medl1-1 3a

Figure 7. Geometries of the stationary points in the intramolecular reaction of intermediate med1 to form
3a .

For path 1, we assumed that the HT in solution is not involved in the cyclization process. Although various
configurations were tested, the transition state of this process was not found using either the ts, gqst2, or gst3
method. The C(8)-0O(14) bond length was scanned flexibly. The structural changes and energy curve during
the scan are shown in Figures 8 and 9, respectively. The scan shows that as C(8) and O(14) become far away
from each other, the energy of the system continuously increases without reaching the highest point in energy.
When C(8) and O(14) are not bonded, the C(8)-N(7) bond is broken and a very unstable 8-membered ring
system is formed. At the same time, after the structure of intermediate med1-1 is optimized, the C(8)-O(14)
bond breaks and cannot form a stable five-membered ring, which proves that med1-1 is unstable under these
conditions. Therefore, path 1 cannot occur, and it was hypothesized that HT participates in the formation
of the five-membered ring.
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Figure 8. Geometries of the stationary points in the unassisted cyclization.

11



Scan of Total Energy

9118 | T
9119 }
:
é 9120 }
3
& 9121 |
|
(=]
=
9122 }
.“”-““.H-”.I“‘.l‘l‘.“.l.ﬂ."“'"’“ﬂ
-912.3 M L i i o i

St

0 10 20 20 40 50

Scan Coordinate

Figure 9. Flexible scan of the C(8)-0(14) bond.

Path 2: The H' in solution participates in the cyclization process and attacks electron-rich O(29), leading to
protonation. Intramolecular hydrogen migration occurs after intermediate med1 is converted into med2 and
the H atom migrates to the carbonyl O atom. Product 3a’ is formed through the five-membered transition
state, TS3. The calculation and analysis show that this path is reasonable, and the geometries of the
stationary points in the reaction are shown in Figure 10.
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Figure 10. Geometries of the stationary points in H*-assisted cyclization to generate product3a’ .

During the reaction, the H* in solution migrates to O(29) to form intermediate med2, which was confirmed
to be stable after geometry optimization. In theory, this process occurs spontaneously without a transition
state. In med2, the N(13)-C(16)-N(28) bond angle is 124.88°, C(7) and O(29) are not bonded (bond distance
of 2.940 A), and the carbonyl C(7)-O(14) bond shows double bond character (bond length of 1.221 A). As the
reaction proceeds, C(7) and O(29) approach each other. The H atom bound to O(19) migrates to carbonyl
O(14), and the C(7)-O(14) bond length increases to 1.316 A. As the reaction crosses transition state TS3,
the C(7)-0(14) bond length increases to 1.346 A, and C(7) and O(29) forms a bond with a C(8)-C(7)-0O(29)
bond angle of 125.87°. As the molecule continues to rotate, the C(8)-C(7)-0(29) bond angle decreases to
113.11° and the configurational energy continues to decrease, resulting in the formation of 3a’ . In 3a’ ,
the N(13)-C(16)-N(28) bond angle is 113.29°, the C(7)-0(29) bond length is 1.431 A, and the carbonyl
C(7)-0(14) bond length is 1.378 A.
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Transition state TS3 was traced by IRC calculation, which proved that it is a first-order saddle point in
the potential energy surface of the reaction. The AE , for this process is AE .3 = 26.92 kcal-mol™!. With

product 3a as the reference, the energy level diagram of elementary reaction 3 was calculated and is shown
in Figure 11.
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Figure 11. Intrinsic reaction coordinate (IRC) curve of TS3 and energy level diagram of elementary reaction
3.

From the structure, it can be seen that H(30) of 3a’ rotated. As shown in Figure 13, the dihedral angle
C(8)-C(7)-0O(14)-H(30) was flexibly scanned in 360 steps with a step length of 1°. Configuration 3ag of the

product has the lowest energy and was further optimized to obtain the final product, 3a . The geometries
of the stationary points are shown in Figure 12.
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Figure 12. Geometries of the stationary points after optimization of the 3a’ structure.
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Study of the gas-phase reaction mechanism.

The biggest difference between the gas- and liquid-phase reactions is that there are solvent molecules in the
latter. For the same reaction, there are different reaction rates and likely different reaction processes. This
is because the dielectric constant, polarity, ionic strength, and solvation have different effects on the reaction
rate. For the system we studied, the solvent molecules themselves are involved in the reaction. Therefore,
the reaction mechanism under the gas-phase condition is discussed, and the similarities and differences from
the solution-phase condition were analyzed.

For elementary reactions 1-3, the gas-phase reaction follows the same reaction paths as the liquid-phase
reaction. Intermediatesla’ _gas, 2a’ _gas, medl_gas, and med2_gas, were formed during the reaction, as well
as transition states TS1_gas, TS2_gas, and TS3_gas. The optimized structures of the stationary points are

basically similar, as shown in Figure 14.

3.2
o I, o i »
3@'.." — 7 a’x
’g = 29 !’ A'J"d_,
Pl s
@

g
sy "

2 @
2a_gas 2a'_gas
L] > L]

e N
> >
&’} | 21
9 — .9 9
I 0,33
9 "f 9 9
9 ’ @
medl_gas med2_gas

4 § 9
@ 3;‘,,
s}:

Fl

9
og®d’ «z;f N
4
j" ‘)‘ e ¥ 0&;
> ® 4

L]

la'_gas
b4 °
°
2 2 09 @
;;“". -e“‘a: ’ "" s
2@ —> e @ —20@ 90 2
2 ! > 9 ?
s e %05 25 s a.""‘g‘. 4 e ﬂi"
"-‘“ e ?
3
la'_gas +2a'_gas TS2_gas med]_gas
° °
k] [
2 ¢ .‘ -Ra, "\?.’
o‘,o* > 4 %00
?, .
o “O.J\J “( _4". ‘J 9
= ? )
LS &
TS3_gas 3a_gas

14



Figure 14. Geometries of intermediates and transition states in elementary reactions 1-3 in the gas phase.

In elementary reaction 3, H™ ions are also needed to form the five-membered ring; otherwise, a stable
intermediate cannot be formed. For the two-step elementary reaction, the AFE , values in the gas- and liquid-
phase environments are shown in Table 13. When the reaction is carried out in a gas-phase environment,
the reactant molecules can collide directly without resistance. In the triethylamine solvent, the reactant
molecules are solvated, which hinders the effective collision of the molecules. It can be inferred from the
discussion in section 3.1 that the system is less affected by the polar triethylamine solvent. On the other
hand, in elementary reaction 3, triethylamine has an attractive effect on the HT ions in solution. According
to a comprehensive comparison, for elementary reactions 2 and 3, the AE , values in the solvent phase are
slightly higher than those in the gas phase. However, in elementary reaction 1, there is no triethylamine
solvent, and the AF ,for forming intermediates 1a’ and 2a’ from reactantsla and 2a , respectively, is higher.

Table 3. Activation energies (AE ,) of each reaction step in the liquid and gas phases.

AE, (xgoh porl)

Condition Elementary reaction 1 Elementary reaction 2 Elementary reaction 3
Liquid phase with 22.1 9.8 26.9

triethylamine as

solvent

Gas phase 27.7 9.4 26.4

Comparison of the AF, of different reactions.

For the whole reaction process, there are three elementary reactions and three transition states. The removal
of H* and CI- from reactant 1a through transition state TS1 is carried out in triethylamine solvent. The
cyclization of intermediate med2 to 3a through transition state TS3 is an intramolecular reaction. On the
other hand, the reaction between intermediates 1a’ and 2a’ to form intermediate medl through transition
state TS2 is an intermolecular reaction that is greatly affected by a substituent. Therefore, elementary
reaction 2 was further investigated by selecting reactants with different substituents.

Because the reaction is LUMO controlled, changing the substituent on reactant 1la has a greater effect.
The reactions (elementary reaction 2) of 1a , 1b , 1f | 1g ,1j , 1m , 1n , and 1o with 2awere studied.
Reactants 1a , 1b , 1f ;1g , 1j , and 1m contain a phenyl group with H, CH3, OCHs, F, Cl, and Br
substituents, respectively. On the other hand, 1n is thiophene substituted and 1o is alkyl substituted. The
molecular configurations of the reactants and products were optimized, and IRC tracing was carried out.
The calculation shows that the reaction path of dienophilela does not change whether the substituent is
an electron-donating or electron-withdrawing group. Figures 15(a—h) shows the IRC curves for the different
substituted reactants.
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(a; .la‘+2-a.‘ :
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Figure 15. Intrinsic reaction coordinate (IRC) curves for the different substituted reactants.

As can be seen in Table 14, for reactant 1a substituted with phenyl, thiophene, and alkyl groups, the required
AF ,, i.e., degree of difficulty, for elementary reaction 2 increases in the order Ph < thiophene < n-Pr. Thus,
a conjugated ring system is more favorable for the reaction. The C atoms on the benzene ring are hybridized
to provide 2p orbitals in the sp? mode, while the S atom in thiophene is conjugated with the 3p orbital
electrons. The overlap of orbitals is slightly worse because the radius of a 3p orbital is larger than that of a
2p orbital. Consequently, the conjugation effect of thiophene is not as good as that of benzene.

For substituted benzene, electron-withdrawing groups, such as F, Cl, and Br, are more conducive to the
reaction because they lower the AF ,. Among the substituted reactants, the AE , for the F-substituted
reactant is slightly higher than those of the Cl- and Br-substituted reactants because the induced electron-
withdrawing effect of F, which is a conjugate electron donor, is weaker. Substitution with CHs, OCHs, or
other electron-donating groups lead to a higher AF ., that is, an electron-donating group is not conducive
to the reaction.

Table 4. Activation energies (AE ,) for different substituted compounds.

Substituent
AE, (kcalmol!) 9.8 103 106 9.8 88 89 102 11.0

Conclusions

In conclusion, this study takes advantage of our previous work on 1,3-dipolar cycloaddition where we synthe-
sized 36 novel polyheterocyclic 1,2,4-oxadiazolindolone compounds by a one-step reaction.?! The 6-31G(d)
basis set and B3LYP, M052X, M062X, and APFD functionals were used to optimize the geometries and
determine the vibrational frequencies of 5 reactants, 5 intermediates, and 36 products. The results showed
symmetry matching between the LUMO of substituted chloroxime compounds and HOMO of substituted
isatin in the LUMO-controlled reaction. Furthermore, the presence of a phenyl group in chloroxime is more
conducive to the reaction because an electron-withdrawing substituent on the phenyl group can reduce the
LUMO energy level of the reactant and thus facilitate the reaction. When isatin is substituted with an
electron-donating group, the HOMO energy level increases, which is also beneficial to the reaction. In this
study, the applicability of the B3LYP functional to this system was determined, and the reaction mecha-
nism was discussed at the BSLYP/6-31G(d) level. The three main elementary reactions and corresponding
transition states, TS1, TS2, and TS3, in the liquid and gas phases were calculated and discussed. Using
the IRC method, the accuracy of the transition states was confirmed, and the advantages and disadvantages
of LQA, HPC, and GS2 in producing the IRC were compared. HPC produced an IRC curve with higher
accuracy, and the two ends of the curve were closer to the structure of the product. The reaction process
was calculated. Finally, by comparing the AF ,values for the gas- and liquid-phase reactions, it was proven
that the solvent only has a minor effect on the reaction process. This study is expected to have a long-term
significance by providing useful ideas for the design of more effective drugs of this kind in the future.
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