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Abstract
The isomerization of epoxides to furans, accompanied by gold(III), 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
interest[1].  For  example,  fraxinellone  exhibits  potential  insecticidal
activity[2],  furonaphthoquinones  show  broad  anticancer  activities
against  human  leukemia  U937  and  HL-60  cells[3],  wortmannin  is  a
highly  selective  inhibitor  of  phosphoinositide  (PI)  3-kinases[4],  and
pukalide  has  emetic  activity  in  fish  (Fig.  1)[5].  Furans  are  an  intrigu-
ing goal in organic synthesis. Many synthetic methods are proposed
for preparing furan derivatives.

In  this  work,  Hashmi's  research  group[6] 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

(m-chloroperoxybenzoic  acid),  yielded  the  alkynyl  oxirane  deriva-
tives 1[6].  Our  prior  studies  show[7] that  the  regioselectivity  of  the
product is affiliated with the R2 substituent. When an internal alkyne
(R2 ≠ H,  2),  the 5-endo-dig reaction takes place, but in the case of a
terminal  alkyne  (R2 =  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  oxazepines[7].  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 AuCl3 (Fig. 2). 

Materials and methods

Calculations were conducted using Gaussian 09 (G09) software[8].
Density  functional  theory  (DFT)[9−11] operations  were  carried  out
with  the  B3LYP[12] and  M06-2X[13] functionals  using  the  6-31+g(d)
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Fig. 1    Natural medicinal and agricultural products of furan derivatives.
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Fig. 2    Regioselective gold-catalyzed isomerization of 1 to 2 or 3.
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and  LANL2DZ[14].  Furthermore,  in  the  theoretical  experiments
performed  with  LANL2TZ  and  LANL08[15] 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(T)[16] functional  was  not  suitable  for  this  study.  GaussView
6.0[17] 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)[18] method  was  selected  to  detect  the  energy  minima  of
the  reactants  and  products.  Molecular  images  were  created  with
CYLview  software[19].  The  polarizable  continuum  model  (PCM)[20]

using  the  integral  equation  formalism  variant  (IEF-PCM)[21] is  the
putative SCRF process in G09 was used as the solvent phase model,
in which four solvents with different polarities (i.e.,  acetonitrile (ε =
37.5),  methanol (ε = 32.7),  acetone (ε = 20.7),  and dichloromethane
(ε =  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
M06-2X  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
 

AuCl3-catalyzed formation mechanism to obtain
furans from alkynyl epoxides

Predicated on the research by  Hashmi  et  al.[6],  the  catalyst  AuCl3
was used to elucidate the formation of furans. The furans 2a-b with
the five suggested TSs are formed via AuCl3-catalyzed isomerization
of 1a-b (R1 =  (CH2)2OH  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  AuCl3 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 AuCl3 part is more proximate to the carbon C1 (2.08 Å) 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 Å). 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 AuCl3 part is close to the carbon C1 (2.07 Å) and
far  from  the  carbon  C2  (2.79  Å),  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  R1 unit  is  kept  constant  as  (CH2)2OH
in  these  mechanisms,  and  only  two  derivatives,  Ph  or p-BrPh,  are
selected for the R2 position.

In the case of R2 = Ph, the gold part is consistently localized in TS1
on the negatively charged carbon C1 (2.11 Å). 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
Å. The strained three-membered epoxide ring opens at step TS1 and

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(O···C2)]  shortens  from  2.51  to  1.30  Å.  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

 

Scheme 1    Proposed creation of furans from alkynyl epoxides.

 

Fig.  3    Optimization  of  R2 =  Ph  and p-BrPh  substitutes  S2/AuCl3
complexes.
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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.

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

 

Fig. 4    R2 = Ph derived furan formation in acetonitrile.

 

Fig. 5    R2 = p-BrPh derived furan formation in acetonitrile.

 

Table 1.   Energies of reaction (in kcal/mol), (R1 = (CH2)2OH), with the M06-2X functional in acetonitrile.

R2 TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a

Ph 15.5 −0.1 2.6 −63.3 −1.1 −41.3 −6.4 −55.1 −34.5 −71.6
p−BrPh 14.8 0.6 2.4 −65.9 −1.9 −42.5 −9.6 −59.4 −38.1 −71.9
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passes  to  the carbon attached to  the gold unit  in  TS5.  It  ends with
separating AuCl3 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 R2 = 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  M06-2X  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
M06-2X 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[23,24], and the M06-2X functional is parame-
terized for nonmetals[13], 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).

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.[6] 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[21] and C-PCM[25]. 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).

 

Fig. 6    R2 = Ph and R1 = CH2CH2OH derived furan formation using various functionals in acetonitrile.

 

Table 2.   Energies (in kcal/mol) with R2 = Ph and R1 = CH2CH2OH using B3LYP functional.

Method TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a

B3LYP 12.5 0.6 1.6 −56.0 0.7 −31.5 2.8 −46.2 −26.5 −63.1
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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-

31+g(d,p),  6-311+g(d,p),  and  6-31g(d)  are  collected  in Table  5 and

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)

 

Fig. 7    R2 = Ph and R1 = CH2CH2OH substituted furan formation profile in various solvents.

 

Table 3.   Energies of reaction steps (in kcal/mol) with R2 = Ph and R1 = CH2CH2OH substituents in various solvents.

Solvent ε TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a

Acetonitrile 37.5 15.5 −0.1 2.6 −63.3 −1.1 −41.3 −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 −1.3 −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

 

Fig. 8    Furan formation profile using various solvation models.

 

Table 4.   Energies of reaction steps (in kcal/mol) (R2 = Ph and R1 = CH2CH2OH) 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 3.3 2.7 −62.6 −0.6 −40.6 −6.1 −54.7 −34.4 −72.5
SMD 11.3 −2.2 −0.1 −64.4 −2.0 −44.5 −11.2 −62.1 −40.5 −75.0
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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.
 

AuCl3-catalyzed formation mechanism for obtaining
oxetene from alkynyl epoxides

The  AuCl3-catalyzed  oxetene  formation  mechanism  was  not
examined in the work by Hashmi et al.[6]. In our prior computational
study[7], and knowledge in heterocyclic synthesis[26], 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
AuCl3 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[27].  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 provided[20].

 

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 −34.5 −71.6
6-31+g(d,p) 15.2 0.7 2.4 −63.2 −3.9 −43.9 −8.9 −55.4 −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 −2.4 −41.8 −7.7 −56.3 −35.9 −74.2

 

Fig. 9    Energy profiles of the mechanism in various basis sets.

 

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

Basis set
Job CPU time

TS1 S2 TS2 S3 TS3 S4 TS4 S5 TS5 2a

6-31+g(d) 0 d 23 h
38 min 40.8 s

1 d 3 h
55 min 22.9 s

1 d 3 h
28 min 33.5 s

1 d 4 h
0 min 53.6 s

1 d 6 h
12 min 33.0 s

1 d 8 h
7 min 2.3 s

0 d 14 h
36 min 50.0 s

0 d 16 h
58 min 7.2 s

0 d 16 h
34 min 4.6 s

0 d 15 h
54 min 57.4 s

6-31+g(d,p) 1 d 6 h
6 min 9.9 s

1 d 12 h
5 min 10.6 s

1 d 13 h
50 min 18.4 s

1 d 10 h
23 min 31.2 s

1 d 14 h
7 min 27.6 s

1 d 13 h
45 min 27.4 s

1 d 1 h
46 min 46.4 s

0 d 17 h
17 min 24.7 s

0 d 18 h
51 min 57.7 s

0 d 18 h
33 min 27.2 s

6-311+g(d,p) 1 d 0 h
48 min 59.0 s

1 d 2 h
3 min 56.9 s

1 d 2 h
37 min 44.5 s

1 d 5 h
23 min 41.2 s

1 d 2 h
46 min 16.9 s

1 d 5 h
12 min 7.6 s

1 d 6 h
10 min 27.9 s

1 d 5 h
27 min 23.0 s

1 d 8 h
10 min 44.4 s

1 d 2 h
55 min 8.0 s

6-31g(d) 0 d 3 h
12 min 54.9 s

0 d 3 h
12 min 50.8 s

0 d 3 h
17 min 53.9 s

0 d 3 h
22 min 20.4 s

0 d 3 h
18 min 26.8 s

0 d 3 h
13 min 54.5 s

0 d 3 h
18 min 24.1 s

0 d 3 h
23 min 56.9 s

0 d 3 h
26 min 13.0 s

0 d 3 h
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 R2 = H,

the AuCl3 part is close-range to carbon C2 (2.15 Å) than C1 (2.45 Å).

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.

Figure  11 shows  the  profile  of  the  free  energy  of  the  proposed
oxetene  synthesis  via  the  AuCl3.  In  step  TS1,  the  epoxide  ring  is
opened with an energy of 15.6 kcal/mol. In TS2, a [1,2-H] shift occurs
with  a  free  energy  of  26.7  kcal/mol  to  form  the  aldehyde  inter-
mediate S3. The attack of the carbonyl oxygen on the carbon C1 and
the  formation  of  the  four-membered  ring  occurs  in  TS3  with
2.6 kcal/mol. Then, the target product oxetene 3c formation is com-
pleted by proton transfer with 47.6 kcal/mol. 

Conclusions

The  mechanism  for  the  isomerization  of  alkynyl  epoxides  to
furans  was  successfully  modeled.  Moreover,  an  alternative  mecha-
nism  for  obtaining  oxetene  from  alkynyl  epoxides,  accompanied
by  a  gold  catalyst,  is  proposed.  Both  mechanism  modelings
were  performed  with  the  M06-2X  functional,  which  gives  reliable
results. 

 

Scheme  2    Proposed  gold-catalyzed  mechanism  to  obtain  oxetene
from alkynyl epoxides.

 

Fig. 10    Optimization of S3/AuCl3 complex in acetonitrile.

 

Fig. 11    The formation of oxetene (R2 = H) in acetonitrile.

Computational analysis of the Au-catalyzed isomerization of alkynyl epoxides to furans
 

Basceken Progress in Reaction Kinetics and Mechanism 2025, 50: e011   Page 7 of 8



Author contributions

The author confirms sole responsibility for all aspects of this study
and approved the final version of the manuscript. 

Data availability

All  data  generated  or  analyzed  during  this  study  are  included  in
this published article and its supplementary information files.

Acknowledgments

Thanks  to  the Hitit  University  Scientific  Research Department  for
its  financial  support  (BAP,  Project  No.  FEF.19001.23.005)  and  the
Scientific  and  Technological  Research  Council  of  Türkiye  (TUBITAK)
for allowing the use of their ULAKBİM high-speed computing center.

Conflict of interest

The author declares that there is no conflict of interest.

Supplementary  information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/prkm-0025-0010)

Dates

Received 17 February 2025; Revised 30 March 2025; Accepted 15
April 2025; Published online 10 June 2025

References 

 Kołodziejczyk A, Chaładaj W. 2018. Efficient and functional-group-toler-
ant  synthesis  of  substituted  furans  through  the  Pd-catalyzed  5-exo-dig
cyclization/coupling  of γ-acetylenic β-keto  esters  with  (Hetero)aryl
bromides. European Journal of Organic Chemistry 2018:2554−60

1.

 Dong  QM,  Dong  S,  Shen  C,  Cao  QH,  Song  MY,  et  al. 2018. Furan-site
bromination  and  transformations  of  fraxinellone  as  insecticidal  agents
against Mythimna separata walker. Scientific Reports 8:8372

2.

 Senapati  BK,  Mal  D. 2015. Synthetic  studies  of  naphtho[2,3-b]furan
moiety present in diverse bioactive natural products. International Jour-
nal of Organic Chemistry 5:63−74

3.

 Liu Y,  Shreder  KR,  Gai  W,  Corral  S,  Ferris  DK,  Rosenblum JS,  et  al. 2005.
Wortmannin,  a  widely  used  phosphoinositide  3-kinase  inhibitor,  also
potently  inhibits  mammalian  polo-like  kinase. Chemistry  &  Biology
12:99−107

4.

 McAulay  K,  Clark  JS. 2017. Total  synthesis  of  7-epi-pukalide  and  7-
acetylsinumaximol B. Chemistry – A European Journal 23:9761−65

5.

 Hashmi ASK, Sinha P. 2004. Gold catalysis: mild conditions for the trans-
formation of  alkynyl  epoxides  to  furans. Advanced  Synthesis  &  Catalysis
346:432−38

6.

 Basceken S, et al. 2024. Theoretical insight into the regioselective forma-
tion  of  pyrazolo[1,4]-oxazepine  and -oxazines. Journal  of  Molecular
Graphics and Modelling 126:108643

7.

 Frisch  MJ,  Trucks  GW,  Schlegel  HB,  Scuseria  GE,  Robb  MA,  et  al.  n.d.
Gaussian  09  Revision  E.  01.  Gaussian  Inc.,  Wallingford  CT. https://gaus-
sian.com

8.

 Kohn  W,  Sham  L. 1965. Self-consistent  equations  including  exchange
and correlation effects. Physical Review 140:A1133−A1138

9.

 Parr  RG,  Yang  W . 1995. Density-functional  theory  of  the  electronic
structure of molecules. Annual Review of Physical Chemistry 46:701−28

10.

 Kohn  W,  Becke  AD,  Parr  RG. 1996. Density  functional  theory  of  elec-
tronic structure. Journal of Physical Chemistry 100:12974−80

11.

 Chai  JD,  Head-Gordon  M. 2009. Long-range  corrected  double-hybrid
density functionals. The Journal of Physical Chemistry 131:174105−118

12.

 Zhao Y, Truhlar DG. 2008. The M06 suite of density functionals for main
group  thermochemistry,  thermochemical  kinetics,  noncovalent  inter-
actions,  excited  states,  and  transition  elements:  two  new  functionals
and systematic testing of four M06-class functionals and 12 other func-
tionals. Theoretical Chemistry Accounts 120:215−41

13.

 Hay PJ, Wadt WR. 1985. Ab initio effective core potentials for molecular
calculations.  Potentials  for  K  to  Au  including  the  outermost  core
orbitals. The Journal of Chemical Physics 82:299−310

14.

 Wadt WR, Hay PJ. 1985. Ab initio effective core potentials for molecular
calculations – potentials for main group elements Na to Bi. The Journal
of Chemical Physics 82:284−98

15.

 Purvis GD III, Bartlett RJ. 1982. A full coupled-cluster singles and doubles
model – the  inclusion  of  disconnected  triples. The  Journal  of  Chemical
Physics 76:1910−18

16.

 Dennington RD, Keith TA, Millam JM. 2000. GaussView 6.0. https://gaus-
sian.com/gaussview6. Semichem Inc.

17.

 Fukui  K. 1981. The  path  of  chemical  reactions - the  IRC  approach.
Accounts of Chemical Research 14:363−68

18.

 Legault  CY.  2009.  CYLview  v1.0b.  Canada:  Université  de  Sherbrooke.
www.cylview.org

19.

 Tomasi J, Mennucci B, Cammi R. 2005. Quantum mechanical continuum
solvation models. Chemical Reviews 105:2999−3093

20.

 Marenich  AV,  Cramer  CJ,  Truhlar  DG. 2009. Universal  solvation  model
based  on  solute  electron  density  and  on  a  continuum  model  of  the
solvent  defined  by  the  bulk  dielectric  constant  and  atomic  surface
tensions. The Journal of Physical Chemistry B 113:6378−96

21.

 Foster JP, Weinhold F. 1980. Natural hybrid orbitals. Journal of the Ameri-
can Chemical Society 102:7211−18

22.

 Reiher M, Salomon O, Artur Hess B. 2001. Reparameterization of hybrid
functionals based on energy differences of states of different multiplic-
ity. Theoretical Chemistry Accounts 107:48−55

23.

 Schultz NE,  Zhao Y,  Truhlar  DG. 2005. Databases for  transition element
bonding: Metal−metal bond energies and bond lengths and their use to
test hybrid, hybrid meta, and meta density functionals and generalized
gradient  approximations. The  Journal  of  Physical  Chemistry  A
109:4388−403

24.

 Cossi M, Rega N, Scalmani G, Barone V, et al. 2003. Energies, structures,
and electronic properties of molecules in solution with the C-PCM solva-
tion model. Journal of Computational Chemistry 24:669−81

25.

 Basceken  S,  Balci  M,  et  al. 2015. Design  of  Pyrazolo-pyrrolo-pyrazines
and  pyrazolo-pyrrolo-diazepines  via  AuCl3-catalyzed  and  NaH-
supported  cyclization  of N-propargyl  pyrazoles. Journal  of  Organic
Chemistry 80:3806−14

26.

 Mennucci  B,  Tomasi  J,  Cammi  R,  Cheeseman  JR,  Frisch  MJ,  et  al. 2002.
Polarizable  Continuum  Model  (PCM)  calculations  of  solvent  effects  on
optical rotations of chiral molecules. The Journal of Physical Chemistry A
106:6102−13

27.

Copyright:  ©  2025  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

 
Computational analysis of the Au-catalyzed isomerization of alkynyl epoxides to furans

Page 8 of 8   Basceken Progress in Reaction Kinetics and Mechanism 2025, 50: e011

https://www.maxapress.com/article/doi/10.48130/prkm-0025-0010
https://www.maxapress.com/article/doi/10.48130/prkm-0025-0010
https://www.maxapress.com/article/doi/10.48130/prkm-0025-0010
https://www.maxapress.com/article/doi/10.48130/prkm-0025-0010
https://www.maxapress.com/article/doi/10.48130/prkm-0025-0010
https://doi.org/10.1002/ejoc.201800046
https://doi.org/10.1038/s41598-018-26747-0
https://doi.org/10.4236/ijoc.2015.52008
https://doi.org/10.4236/ijoc.2015.52008
https://doi.org/10.4236/ijoc.2015.52008
https://doi.org/10.1016/j.chembiol.2004.11.009
https://doi.org/10.1002/chem.201702591
https://doi.org/10.1002/chem.201702591
https://doi.org/10.1002/chem.201702591
https://doi.org/10.1002/chem.201702591
https://doi.org/10.1002/chem.201702591
https://doi.org/10.1002/adsc.200303201
https://doi.org/10.1016/j.jmgm.2023.108643
https://doi.org/10.1016/j.jmgm.2023.108643
https://gaussian.com
https://gaussian.com
https://gaussian.com
https://doi.org/10.1103/physrev.140.a1133
https://doi.org/10.1146/annurev.physchem.46.1.701
https://doi.org/10.1021/jp960669l
https://doi.org/10.1063/1.3244209
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448800
https://doi.org/10.1063/1.448800
https://doi.org/10.1063/1.443164
https://doi.org/10.1063/1.443164
https://gaussian.com/gaussview6/ 
https://gaussian.com/gaussview6/ 
https://gaussian.com/gaussview6/ 
https://doi.org/10.1021/ar00072a001
http://www.cylview.org
https://doi.org/10.1021/cr9904009
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/ja00544a007
https://doi.org/10.1021/ja00544a007
https://doi.org/10.1021/ja00544a007
https://doi.org/10.1007/s00214-001-0300-3
https://doi.org/10.1021/jp0504468
https://doi.org/10.1002/jcc.10189
https://doi.org/10.1021/acs.joc.5b00034
https://doi.org/10.1021/acs.joc.5b00034
https://doi.org/10.1021/jp020124t
https://creativecommons.org/licenses/by/4.0/.
https://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and methods
	Results and discussion
	AuCl3-catalyzed formation mechanism to obtain furans from alkynyl epoxides
	AuCl3-catalyzed formation mechanism for obtaining oxetene from alkynyl epoxides

	Conclusions
	Author contributions
	Data availability
	References

