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Abstract

The isomerization of epoxides to furans, accompanied by gold(lll), was elucidated theoretically. The structural properties of the transition states (TSs) and
intermediates were studied with B3LYP or M06-2X hybrid density functionals in various solvents. The electronic features of the substituents bonded to the
alkyne part were significant in forming the furan rings. Details of the furan formations were explored, and the reactant's natural population analysis was
conducted. Additionally, this computational work proposed an alternative mechanism for synthesizing oxetene rings.
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Introduction

Furans are essential heterocyclic subunits extensively found as
the synthetic building blocks of many natural products and are
frequently detected in compounds of medicinal and agricultural
interestl'l. For example, fraxinellone exhibits potential insecticidal
activity?, furonaphthoquinones show broad anticancer activities
against human leukemia U937 and HL-60 cellsB], wortmannin is a
highly selective inhibitor of phosphoinositide (PI) 3-kinases®, and
pukalide has emetic activity in fish (Fig. 1)PL. Furans are an intrigu-
ing goal in organic synthesis. Many synthetic methods are proposed
for preparing furan derivatives.

In this work, Hashmi's research groupl® designed furans experi-
mentally, accompanied by a gold catalyst, as shown in Fig. 2.
Hashmi et al. proposed a gold-catalyzed isomerization mechanism
in their experimental study but did not explain it in detail. Firstly,
1,3-enynes synthesized from vinyl bromides and alkyne compounds
via Sonogashira coupling, following epoxidation with m-CPBA
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(m-chloroperoxybenzoic acid), yielded the alkynyl oxirane deriva-
tives 111, Our prior studies show!”! that the regioselectivity of the
product is affiliated with the R? substituent. When an internal alkyne
(R2 #H, 2), the 5-endo-dig reaction takes place, but in the case of a
terminal alkyne (R? = H, 3), which Hashmi et al. did not study, the
4-exo-dig reaction may happen, as shown in Fig. 2.

Lately, we have determined a method of calculation to design
oxazine and oxazepinesl’l. Herein, we modeled and reported an
experimentally proposed homogeneous gold-catalyzed isomeriza-
tion mechanism to obtain furans from alkynyl epoxides. We also
included the theoretical study of oxetene ring formation from
alkynyl epoxide, accompanied by an AuCl; (Fig. 2).

Materials and methods

Calculations were conducted using Gaussian 09 (G09) softwarel8l,
Density functional theory (DFT)-'I operations were carried out
with the B3LYP'Z and M06-2X['3] functionals using the 6-31+g(d)
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and LANL2DZU'4. Furthermore, in the theoretical experiments
performed with LANL2TZ and LANLO8['S! basis sets, calculation
errors occurred due to the molecular deformation of the structures,
and success was not achieved. Moreover, it was found that the
CCSD(MUe! functional was not suitable for this study. GaussView
6.0l'7] was used to construct the compounds and to visualize and
analyze the computational results obtained from Gaussian 09. The
frequency calculations include exactly one virtual frequency for
each optimized transition state (TS). The intrinsic reaction coordi-
nate (IRC)I'8 method was selected to detect the energy minima of
the reactants and products. Molecular images were created with
CYLview softwarel'l, The polarizable continuum model (PCM)i20
using the integral equation formalism variant (IEF-PCM)2' is the
putative SCRF process in GO9 was used as the solvent phase model,
in which four solvents with different polarities (i.e., acetonitrile (¢ =
37.5), methanol (¢ = 32.7), acetone (¢ = 20.7), and dichloromethane
(e = 8.9)) were chosen to compare with the research performed by
Hashmi et al. This comparison was made to find the lowest energy
barriers along the reaction coordinate and, thus, to determine the
best solvent in which the high-yield reaction occurs. The solvent
polarizations are implicitly taken into account in all figures. The
MO06-2X functional was used generally in the present study and
compared to the B3LYP. Only a doublet state was considered in the
electronic spin state of complexes.

Results and discussion

AuCl;-catalyzed formation mechanism to obtain
furans from alkynyl epoxides

Predicated on the research by Hashmi et al.l9], the catalyst AuCl;
was used to elucidate the formation of furans. The furans 2a-b with
the five suggested TSs are formed via AuCl;-catalyzed isomerization
of 1a-b (R' = (CH,),0H and R2 = Ph or p-BrPh) in acetonitrile, as
shown in Scheme 1. The strained epoxide ring opens in TS1 after the
gold catalyst coordinates with the alkyne. The oxygen of the alkox-
ide ion attacks the alkyne's C2 atom, resulting in ring closure in TS2,
which is continued by proton movement in TS3, TS4, and TS5.
Finally, the coordination of AuCl; catalyst breaks in TS5 and thus
forms furan derivatives 2a-b.

Natural population analysis (NPA)22! was performed for interme-
diates in which the furan ring occurs (Fig. 3). As in the complex for R2
= Ph, the AuCl; part is more proximate to the carbon C1 (2.08 A) due
to the negative charge (-0.358 au). However, since the positive
charge is on the carbon C2 (+0.523 au), the distance to the gold unit
increased (2.79 A). The formation of the furan ring is triggered by the
negatively charged (—0.227 au) oxygen atom and the positively
charged carbon C2. The same tendency is also seen in the complex
for R2 = p-BrPh. The AuCl; part is close to the carbon C1 (2.07 A) and
far from the carbon C2 (2.79 A), which have charges of —0.353 au
and +0.510 au, respectively. It was determined that the bromine
atom in the para position of the phenyl does not significantly affect
the charge distribution because it is far from the alkyne group.

The energies of the furan-forming mechanisms are shown in
Figs 4 and 5, and the values are collected in Table 1. Consistent with
the experimental study, the R' unit is kept constant as (CH,),OH
in these mechanisms, and only two derivatives, Ph or p-BrPh, are
selected for the R? position.

In the case of R2 = Ph, the gold part is consistently localized in TS1
on the negatively charged carbon C1 (2.11 A). However, the positive
charge exists on the carbon C2, and thus, due to positive charges
pushing against each other, the distance [d(Au--C2)] extends to 2.84
A. The strained three-membered epoxide ring opens at step TS1 and
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requires 15.5 kcal/mol free energy for this. In TS2, the negatively
charged alcoholate oxygen atom makes a nucleophilic attack on the
positively charged carbon C2 to present a five-membered furan ring
with a small energy barrier of 2.7 kcal/mol, called reactant-like TS.
During bond formation between O--C2 atoms, the distance
[d(0--C2)] shortens from 2.51 to 1.30 A. After the formation of the
furan ring in TS2, the energy of the S3 intermediate product
decreases to -63.3 kcal/mol. The stable structure of S3 can explain
this decrease in energy, but the fact that the gold unit is still coordi-
nated with the structure caused the mechanism to continue. In the
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Fig.5 R?=p-BrPh derived furan formation in acetonitrile.
Table 1. Energies of reaction (in kcal/mol), (R' = (CH,),0H), with the M06-2X functional in acetonitrile.
R? TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a
Ph 15.5 -0.1 2.6 —-63.3 =11 -41.3 —6.4 =55.1 -34.5 -71.6
p—BrPh 14.8 0.6 24 —65.9 -1.9 —42.5 -9.6 -59.4 -38.1 -71.9

following steps, TS3, TS4, and TS5, only proton transfer takes place,
and they require energy barriers of 62.2, 34.9, and 20.6 kcal/mol,
respectively. The highest barrier of free energy, 62.2 kcal/mol, was
detected for TS3, which was the rate-limiting step of the reaction.

Basceken Progress in Reaction Kinetics and Mechanism 2025, 50: €011

This high-energy barrier is due to transferring one of the acidic char-
acter methylene protons. This transfer process begins with the
movement of the proton to the oxygen atom in TS3. Then, the
proton is transferred to the benzylic carbon atom in TS4. Finally, it
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passes to the carbon attached to the gold unit in TS5. It ends with
separating AuCl; from the structure and forming product 2a with an
energy of —71.6 kcal/mol exergonically, as shown in Fig. 3.

No significant changes were observed in the R? = p-BrPh case, as
shown in Fig. 4. It was determined that the bromine atom in the
para position of the aromatic ring did not contribute significantly to
the cyclization process because that atom is far from the furan
formation region. Furthermore, the charge distribution with and
without the bromine atom on the C2 atom showed close values of
+0.510 and +0.523 au, respectively (Fig. 3).

The MO06-2X and B3LYP functionals were examined on furan
formation using the 6-31+g(d) basis set (Fig. 6). The results,
collected in Table 2, show that the energy barriers of the ring open-
ing step (TS1) decreased by 15.5 and 12.5 kcal/mol, respectively.
Both methods show a reactant-like TS step due to the geometric
similarity. Of course, this will cause the energies to be close to each
other, namely low energy barriers. The rate-limiting step for the
MO06-2X method is 62.2 kcal/mol and higher than that for the B3LYP
method, which is 56.7 kcal/mol. Interestingly, this trend of energy
between these methods continued in the following proton transfer
steps of the mechanism. These energy values for the TS4 steps are
34.9 and 20.6 kcal/mol, and for the TS5 steps, 34.3 and 19.7 kcal/mol,
respectively. Compared with the B3LYP method, compound 2a was
calculated using the M06-2X method, which was obtained more
exergonically with —71.6 kcal/mol.

Because the B3LYP method does not give accurate results for
noncovalent interactions[2324], and the M06-2X functional is parame-
terized for nonmetals!'3, it was questioned which method would be
used to continue working. In our calculations with M06-2X, we
noticed that finding the TSs was easier than B3LYP, so M06-2X was
utilized as the primary method. For example, when the TS2 step,
which plays an essential role in the furan ring formation, is exam-
ined, the imaginary frequency of TS2 obtained with the M06-2X
calculation method was found to be —191.87, while it was —55.90 in
the calculation made with B3LYP (see Supplementary File 1).
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In the following part of the study, mechanism steps occurring
in four solvents with different polarities were computed, and the
energies were determined (Fig. 7) and collected in Table 3. The influ-
ence of solvents was analyzed using the M06-2X method. The
default solvation model was chosen for the calculations made in the
solvent phase. The energy barriers of furan formation in TS2
followed a course directly proportional to the dielectric constant,
showing values of 2.7, 2.4, 2.0, and 1.4 kcal/mol, respectively. The
rate-limiting step in all calculated solvents is the TS3 step, with a
value of approximately 62.0 kcal/mol. Interestingly, in the calcula-
tions conducted with high polar acetonitrile and methanol, the
energy values obtained were very close to each other, and the
energy difference in some steps remained below 1.0 kcal/mol. This
result shows that there will be no change in the energy barriers of
the reaction in highly polar solvents. However, as the solvent's pola-
rity decreases, such as with acetone and dichloromethane, the sepa-
rations in the energy barriers along the reaction coordinate increase.
Hashmi et al.l! performed experimental work using high-polarity
acetonitrile. Theoretically, the lowest relative free energy for
compound 2a was obtained in acetonitrile with —71.6 kcal/mol. This
theoretical result showed that the experimentally selected acetoni-
trile was probably the correct choice. Nevertheless, it is also possi-
ble that methanol can be used in experimental studies instead of
acetonitrile.

Furthermore, we decided to calculate the transition mechanism of
alkynyl epoxides to furans using different solvent models such as
SMD[21l and C-PCM25], Our main goal was to determine the thermo-
dynamic effect of the solvent model change on the mechanism
(Fig. 8) collected in Table 4. However, when the energy barriers of
the models were carefully examined, no significant change was
observed. Only the energy barrier of TS2 calculated in the C-PCM
model was relatively low compared to the others, i.e., —0.6 kcal/mol.
Interestingly, the energy of S2 was slightly lower than that of
TS2, and this was due to the S2 intermediate geometry being very
similar to that of TS2 (S2 like TS2).

Mo06-2X
B3LYP

R? = Ph and R' = CH,CH,OH derived furan formation using various functionals in acetonitrile.

Table 2. Energies (in kcal/mol) with R? = Ph and R! = CH,CH,OH using B3LYP functional.

Method TS1 S2 TS2 S3 TS3

S4 TS4 S5 TS5 2a

B3LYP 125 0.6 1.6 -56.0

=315 2.8 —46.2 -26.5 —-63.1
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Table 3. Energies of reaction steps (in kcal/mol) with R2 = Ph and R" = CH,CH,OH substituents in various solvents.

Solvent € TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a
Acetonitrile 375 15.5 -0.1 2.6 -63.3 -1.1 -413 -6.4 —55.1 -34.5 -71.6
Methanol 32.7 15.6 0.3 2.7 —63.3 -1.1 -41.2 —6.3 —55.0 -34.0 -71.0
Acetone 20.7 15.5 1.0 3.0 -62.8 -13 -39.6 -5.8 —54.5 -33.9 -70.9
Dichloromethane 8.9 18.6 4.8 6.2 -60.3 1.7 -27.0 3.5 —49.4 -29.5 —69.1
Gas phase 0 22.0 8.7 25.6 -71.7 -0.4 -25.2 0.4 -50.3 —25.1 -70.7
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Fig.8 Furan formation profile using various solvation models.
Table 4. Energies of reaction steps (in kcal/mol) (R> = Ph and R! = CH,CH,OH) in acetonitrile and various solvation models.

Solvation model TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a
PCM 15.5 -0.1 2.6 —63.3 -1.1 —-41.3 —6.4 —55.1 —-34.5 -71.6
C-PCM 16.0 33 2.7 -62.6 -0.6 -40.6 —-6.1 -54.7 -34.4 -72.5
SMD 1.3 -2.2 -0.1 -64.4 -2.0 —44.5 -11.2 -62.1 —40.5 -75.0

We were also interested in testing the reaction mechanism with
different basis sets of DFT using the M06-2X level in acetonitrile;
therefore, the computed energy profiles and the results along the
reaction coordinate using four basis sets such as 6-31+g(d), 6-
3149(d,p), 6-311+g(d,p), and 6-31g(d) are collected in Table 5 and

Basceken Progress in Reaction Kinetics and Mechanism 2025, 50: €011

shown in Fig. 9. In the calculations conducted with the 6-31+g(d,p)
basis set, which includes the p-polarization function, lower energy
barriers were obtained compared to the 6-31+g(d) basis set without
a polarization function. However, no significant change was
observed between the 6-31+g(d,p) basis set and the 6-311+g(d,p)
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Table 5. Energies of reaction steps (in kcal/mol) using various basis sets in acetonitrile.

Basis set TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a
6-31+g(d) 15.5 -0.1 2.6 -63.3 -1.1 -41.3 -6.4 —55.1 -345 -71.6
6-31+9(d,p) 15.2 0.7 24 —63.2 -39 -43.9 -8.9 -554 -35.8 -71.3
6-311+g(d,p) 17.5 2.0 4.0 -59.8 -0.7 -40.9 -5.8 -52.2 -32.7 -68.3
6-31g(d) 14.9 -0.6 0.6 -66.3 -24 -41.8 -7.7 -56.3 -35.9 -74.2
6-31+g(d)
20 1 Ts1 6-31+g(dp)
6-311+g(dp)
631(d)
z 0]
£
=
Q
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>
%1) —20 1
=]
(5]
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&=
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2
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©
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Fig.9 Energy profiles of the mechanism in various basis sets.

results. There was only an energy difference of 2.3 kcal/mol between
the barriers of TS1. Moreover, in the calculations with the 6-31g(d)
basis set used to eliminate the diffusion function effect, the highest
TS3 barrier energy reached was 63.9 kcal/mol. TS3 was also the rate-
limiting step of the reaction for all basis sets. According to the
results of the 6-31+g(d,p) and 6-311+g(d,p) basis sets, where diffu-
sion and polarization functions were used, the TS3 energy barriers
decreased by 59.3 and 59.1 kcal/mol, respectively. This determina-
tion for the TS3 step showed that it would be more appropriate to
use diffusion and polarization functions in calculating the alkynyl
epoxides to furan mechanism. However, a basis set should not be
chosen only based on the TS3 step. In general, all basis sets gave
similar results. In this context, due to the ionic character of the inter-
mediates, only the diffusion function was added, and the 6-31+g(d)
basis set was generally chosen for the present work. Furthermore,
Table 6 summarizes the basis sets' computational costs (CPU time).
Accordingly, the lowest-cost basis set is 6-31g(d), and the highest-
cost is 6-311+g(d,p). Although this result makes the 6-31g(d) basis
set advantageous over 6-31+g(d), it was not preferred in the rest of
the study because 6-31g(d) does not contain a diffusion function.

Table 6. The computational cost (CPU time) for each basis set.

AuCl;-catalyzed formation mechanism for obtaining
oxetene from alkynyl epoxides

The AuCl;-catalyzed oxetene formation mechanism was not
examined in the work by Hashmi et al.l]. In our prior computational
study!”), and knowledge in heterocyclic synthesisi2%, we found that if
the reactant includes a terminal alkyne unit (R2 = H), the reaction
with the four steps takes place, as shown in Scheme 2. The first step
begins with the ring-opening reaction. Subsequently, a [1,2-H] shift
occurs to obtain aldehyde intermediate S3. Then, the carbonyl
oxygen atom attacks the carbon (C1); thus, a ring is formed. In the
continuation, the proton is moved to the alkene moiety, and the
AuCl; is separated to obtain the oxetene compound 3c.

The PCM was used in all calculations of the alternative mecha-
nism. It is known that PCM has limitations where non-electrostatic
effects dominate the solute-solvent interactions?7). Since electro-
static solute-solvent interactions occur in PCM, electrostatic effects
dominate the TSs and intermediates studied in acetonitrile. More-
over, instead of the explicit solvent model, which considers the
actual solvent effects around the solute, the implicit solvent model
was used in the calculations, and a continuous environment
surrounding the solute was provided2%,

Job CPU time
Basis set
TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a

6-31+g(d) 0d23h 1d3h 1d3h 1d4h 1d6h 1d8h 0d14h 0d16h 0d16h 0d15h

38min40.8s 55min22.9s 28 min33.5s O0min53.6s 12min33.0s 7min23s 36min50.0s 58 min72s 34min4.6s 54min574s
6-31+g(d,p) 1d6h 1d12h 1d13h 1d10h 1d14h 1d13h 1d1h 0d17h 0d18h 0d18h

6min9.9s 5min10.6s 50min18.4s 23 min31.2s 7min27.6s 45min27.4s 46 min46.4s 17 min24.7s 51 min57.7s 33 min27.2s
6-311+g(d,p) 1d0h 1d2h 1d2h 1d5h 1d2h 1d5h 1d6h 1d5h 1d8h 1d2h

48 min59.0s 3min56.9s 37 min44.5s 23 min41.2s 46 min 16.9s 12min7.6s 10min27.9s 27 min 23.0s 10 min44.4s 55min8.0s

6-31g(d) 0d3h 0d3h 0d3h 0d3h

0d3h

0d3h 0d3h 0d3h 0d3h 0d3h

12min54.9s 12min 50.8s 17 min53.9s 22 min 20.4s 18 min 26.8s 13 min54.5s 18 min24.1s 23 min 56.9s 26 min 13.0s 22 min 26.0 s
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First, we calculated the NPA of the intermediate S3 that causes
oxetene formation (Fig. 10). As indicated in the complex for RZ = H,
the AuCl; part is close-range to carbon C2 (2.15 &) than C1 (2.45 A).

H

Progress in Reaction
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However, carbon C2 is charged negatively (—0.287 au), while carbon
C1 is charged positively (+0.248 au). These distances and charge
distributions differ from those calculated for complexes R2 = Ph and
R2 = p-BrPh in Fig. 3. These results prove that the groups attached
to the alkyne end affect the charge distribution and, accordingly,
the distances.

RL_/~H 2% 1am R R'= (CH);0H
]L—(L S a= R2 |piopy e Figure 11 shows the profile of the free energy of the proposed
300 Acetonitrile 0 oxetene synthesis via the AuCl;. In step TS1, the epoxide ring is
product/S5 1c opened with an energy of 15.6 kcal/mol. In TS2, a [1,2-H] shift occurs
i T reactant/S with a free energy of 26.7 kcal/mol to form the aldehyde inter-
o = ALCH l mediate S3. The attack of the carbonyl oxygen on the carbon C1 and
% H.r>u ; the formation of the four-membered ring occurs in TS3 with
£ Rﬁ:‘)\” AuCls 2.6 kcal/mol. Then, the target product oxetene 3c formation is com-
- 1 P .
¥ H® 0 R e pleted by proton transfer with 47.6 kcal/mol.
1S4 ol
i Ts1 Conclusions
AuClg . . o .
H o Iy l The mechanism for the isomerization of alkynyl epoxides to
R‘@ furans was successfully modeled. Moreover, an alternative mecha-
k o] o AuCh nism for obtaining oxetene from alkynyl epoxides, accompanied
S4 5 by a gold catalyst, is proposed. Both mechanism modelings
T - were performed with the M06-2X functional, which gives reliable
AuCl o) .
Rip uCh " results
Y
H }
0-'a L S3 intermediate, RZ=H
Ts3
y . . 247A
AuCl; £ QY J
L Auch Rg _i 0 & W
R i Hi?_ =C-H T y +0.808
H o = - RN
H Hto = X @ 215A
o D\ -0.287 <*
S3 Ts2 273 A
Scheme 2 Proposed gold-catalyzed mechanism to obtain oxetene !
from alkynyl epoxides. Fig. 10 Optimization of S3/AuCl; complex in acetonitrile.
o
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Fig. 11 The formation of oxetene (R? = H) in acetonitrile.
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