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Abstract

2,3-Dihydrofuran is a small oxygen-containing heterocycle whose enol-ether unit makes it useful in
synthesis, oxidation chemistry, and polymer-related transformations; however, its global electronic stability
and local reactive behavior are not always clearly distinguished. Density functional theory calculations
were performed at the B3LYP/6-311++G(d,p) level to examine the geometry, frontier orbitals, global
reactivity descriptors, local reactivity indices, electrostatic potential, donor—acceptor interactions, weak
contacts, and electron localization features of 2,3-dihydrofuran. The optimized neutral structure showed a
slightly puckered five-membered ring, indicating the partial release of ring strain while preserving the
electronically active O1-C5=C4 enol-ether fragment. The gas-phase highest occupied molecular orbital—
lowest unoccupied molecular orbital separation was 5.77 eV, and solvent calculations produced only small
changes, indicating that continuum solvation does not strongly modify the frontier orbital pattern. Global
descriptors therefore describe 2,3-dihydrofuran as a comparatively hard neutral species; however,
molecular electrostatic potential, Fukui function, dual descriptor, and natural bond orbital analyses
consistently identify the oxygen atom and C4=C5 unit as the dominant local response regions. The strongest
donor—acceptor interaction, LP(2) O1 — ©*(C4—C5), with a stabilization energy of 28.6 kcal mol™, explains
the electronic origin of this localized reactivity. Reduced density gradient, electron localization function,
and localized orbital locator analyses further revealed weak intraring contacts, steric repulsion, localized ¢
bonds, and oxygen-assisted delocalization. These combined descriptors show that 2,3-dihydrofuran is
globally stable but locally activated at the O1-C5=C4 region, providing atom-level guidance for reaction
site selection and mechanistic modeling.
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Introduction

2,3-Dihydrofuran (2,3-DHF) is a five-membered oxygen-containing heterocycle reported in plant-related
chemical profiles and is widely recognized as a reactive enol-ether motif [1,2]. Its structural identity is
defined by a C=C bond adjacent to an ether oxygen, which distinguishes it from fully saturated
tetrahydrofuran, aromatic furan, and other dihydrofuran isomers. This structural difference is chemically
important because the oxygen lone pairs can interact with neighboring unsaturated bonds. This produces a
localized O-C=C electronic domain that influences electrophilic addition, radical activation, oxidation, ring
opening, and polymerization behavior [3-8].



Recent studies show 2,3-DHF and related furan derivatives are relevant in polymer chemistry, oxidation,
photochemistry, radical chemistry, catalysis, kinetic modeling, and synthetic methodology. An et al. (2023)
used 2,3-DHF in living alternating ring-opening metathesis copolymerization, producing degradable
polymers and highlighting its value in sustainable polymer synthesis [9]. In oxidation chemistry, Alwe et
al. (2015) investigated hydroxyl-radical-initiated oxidation of 2,3-DHF and 2,5-dihydrofuran, showing
unsaturation position affects the oxidation pathway [10]. Matsubara et al. (2016) showed infrared free-
electron-laser excitation can induce isomerization and dissociation of 2,3-DHF, indicating vibrational
excitation may promote structural rearrangement and bond cleavage [11]. Radical reactivity was examined
by Mozafari et al. (2016), who characterized radicals from furan, 2,3-DHF, and 2,5-dihydrofuran, linking
the dihydrofuran framework with radiation- or particle-induced radical formation [12]. The synthetic and
catalytic importance of this framework was reported in related studies. Gudmundsson et al. (2018)
described iron-catalyzed cycloisomerization of a-allenols as an efficient route to 2,3-DHF, supporting this
scaffold's role in catalytic reaction design [13]. Wu et al. (2020) measured ignition delay times and modeled
low- to intermediate-temperature oxidation behavior of furan, 2,3-DHF, and tetrahydrofuran, showing ring
saturation and double-bond position influence combustion reactivity [14]. In related furan chemistry,
Salnikov et al. (2018) used parahydrogen-assisted methods to examine heterogeneous hydrogenation of
furan derivatives [15], while Schalk et al. (2018) investigated ring-opening channels and Rydberg states'
influence on furan and its derivatives' excited-state dynamics [16]. Kanhounnon et al. (2019) applied
quantum-mechanical modeling to furan and 2-methylfuran hydrodeoxygenation on metal sulfide clusters,
showing the importance of oxygen-containing furan frameworks in catalytic deoxygenation processes [17].
Electronic and synthetic studies of related systems support a detailed molecular-level interpretation of 2,3-
DHF. Rader et al. (2020) reported high-resolution vacuum-ultraviolet absorption spectra of 2,3- and 2,5-
dihydrofuran, providing useful information for understanding their excited-state behavior [18]. Guerra
Faura et al. (2021) showed catalyst-controlled chemodivergent reactions of enol ethers can produce 1,2-
dihydrofuran acetals and substituted indoles, emphasizing unsaturated oxygen-containing rings' synthetic
flexibility [19]. Choi and Hong (2023) developed chemically recyclable oxygen-protective polymers
through ring-opening metathesis polymerization of cyclohexene derivatives, placing oxygen-containing
cyclic olefins in recyclable polymer design [20]. Together, these reports establish 2,3-DHF and related
furan systems' broad chemical relevance. However, most focus on specific reactions, substituted
derivatives, kinetic behavior, or broader furan chemistry. A connected description is needed to explain how
parent 2,3-DHF's electronic stability coexists with localized reactivity in the O1-C5=C4 enol-ether region.

This unresolved point is important because a molecule can exhibit a comparatively large HOMO-LUMO
gap and still contain a localized reactive fragment. For 2,3-DHF, the key question is how the global
electronic hardness coexists with the known reactivity of the oxygen-adjacent C=C bond. Therefore, a
combined quantum-chemical interpretation is needed to relate frontier orbital behavior, global reactivity
parameters, molecular electrostatic potential, Fukui-function response, donor-acceptor interactions, and
real-space electron density descriptors to the same reactive region.

The present study addresses this question by examining the optimized geometry, frontier molecular orbitals
in the gas phase and selected solvents, global reactivity descriptors from density functional theory, Fukui
functions, dual descriptors, molecular electrostatic potential, natural bond orbital interactions, and real-
space electron density features at the B3LYP/6-311++G(d,p) level. The aim was to identify the atom and
bond regions most relevant to reactivity, explain the electronic origin of the O1-C5=C4 response, and
provide practical descriptors for reaction site selection, mechanistic modeling, and comparison with
substituted oxygen-containing heterocycles.

Methodology



All quantum chemical calculations were performed using Gaussian 09 W, and the molecular structures and
selected outputs were visualized using GaussView [21,22]. Geometry optimization and electronic structure
calculations were performed using density functional theory (DFT), which solves the Kohn-Sham equations
to obtain the ground-state electron density and related molecular properties [23,24]. The Becke three-
parameter Lee-Yang-Parr (B3LYP) hybrid exchange-correlation functional was selected because it is
widely used for small organic molecules and provides a practical balance between accuracy and
computational cost [25-27]. The 6-311++G(d,p) basis set, which includes diffuse and polarization functions,
was used to consistently describe the valence and weakly bound electron densities.

To account for medium effects, a solvation model based on density (SMD) was used for dimethyl sulfoxide
(DMSO), chloroform, and diethyl ether [28]. SMD was chosen because it is a broadly applicable continuum
model that efficiently incorporates solvent polarization into quantum-chemical calculations. All solvent-
phase properties were computed using the same functional/basis set to allow consistent comparisons across
media. Frontier molecular orbital (FMO) energies, including the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), were extracted to discuss electronic stability
and estimate conceptual DFT descriptors. The global reactivity parameters (GRPs) were calculated using
standard DFT equations [29,30]. The ionization potential (I) and electron affinity (A) were approximated
from the frontier orbital energies using a Koopmans-type estimate.

For the cationic radical species, calculations were performed using an unrestricted, open-shell formalism.
The a- and B-spin orbital manifolds were analyzed as the spin components of the same open-shell cation
rather than as two separate cationic species. The expectation value (S?) was checked to evaluate possible
spin contamination and support the reliability of the unrestricted calculation. Natural bond orbital (NBO)
analysis was performed to interpret the electronic structure in terms of Lewis and non-Lewis contributions,
donor-acceptor interactions, and hyperconjugation [31]. Second-order perturbation analysis was used to
quantify the donor-acceptor stabilization energies based on the interactions between filled donor NBOs and
vacant acceptor NBOs [32]. Higher second-order perturbation stabilization energy E(2) values indicate
stronger delocalization or hyperconjugative stabilization and more pronounced donor-acceptor coupling
within the molecule [33]. For the nonlinear optical (NLO) analysis, the molecular response to an applied
electric field was evaluated using the total dipole moment (L), mean polarizability (o), polarizability
anisotropy (Aa), and first-order hyperpolarizability (PBw:), which were all calculated at the same density
functional theory level. These parameters describe the field-induced polarization behavior of the molecule
and provide theoretical descriptors for assessing its possible NLO response [34]. The electronic excitation
energies and corresponding transitions were calculated using time-dependent density functional theory
(TD-DFT) at the B3LYP/6-311++G(d,p) level of theory. The ultraviolet-visible (UV-vis) absorption
behavior was discussed using the Beer-Lambert relationship between absorbance and concentration/path
length [35,36]. Local reactivity was assessed using Fukui functions, dual descriptors, and atom-wise natural
population analysis (NPA) charge-difference values at optimized neutral geometries [37,38]. Wavefunction-
based analyses, including density of states (DOS) where applicable, electrostatic potential, reduced density
gradient (RDG), electron localization function (ELF), and localized orbital locator (LOL), were performed
using Multiwfn and visualized using Visual Molecular Dynamics (VMD) software [39,40]. The RDG
analysis was used to reveal weak interaction regions from the electron density and its gradient [41]. The
interaction types were interpreted using the sign(A,)p, where negative values correspond to attractive
interactions, values near zero indicate weak van der Waals contacts, and positive values indicate repulsive
or steric regions [41]. Electron localization was further characterized using the electron localization
function (ELF) and localized orbital locator (LOL) to visualize the localized and delocalized bonding
features [42-45].



Results and Discussion
Geometrical Optimization

Geometry optimization was performed first because all subsequent electronic and reactivity descriptors
depended on the equilibrium structure. The equilibrium geometry of 2,3-DHF was optimized at the
B3LYP/6-311++G(d,p) level of theory using Gaussian 09 W. The optimization minimized the electronic
energy with respect to the atomic coordinates, and the optimized structure was used for subsequent
electronic structure and reactivity analyses [46].

Hydrogen
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Figure 1. Optimized structure of 2,3-DHF.

The optimized neutral singlet structure is presented in Figure 1. 2,3-DHF contains 11 atoms and 38 electrons
and was treated as a closed-shell neutral species.

The selected geometrical parameters in Table 1 were examined to understand the ring strain, bond
unsaturation, and conformational changes after ionization. In the gas phase, the calculated bond lengths
ranged from 1.0752 A for C5-H11 to 1.5268 A for C2-C3. In the cationic state, the corresponding range
was 1.0791 A for C4-H10 to 1.5464 A for C2-C3. The C4-C5 distance of 1.3265 A in the neutral singlet
form is consistent with the unsaturated enol-ether fragment, whereas the longer C2-C3 distance is
characteristic of a single bond. The bond angle range of approximately 101-128° reflects the constrained
five-membered ring geometry and the influence of the oxygen lone pairs [47-50]. Torsion angles close to
+180°and small deviations around the O-C-C-C framework indicate a slightly puckered, nonplanar ring
conformation, which helps reduce ring strain and influences the spatial orientation of the reactive C=C unit
[51].

Table 1. Calculated bond lengths (A), bond angles (°), and torsion angles (°) for 2,3-DHF.

Atoms Bond length (A) Atoms Bond angle (°) Atoms Torsion angles (°)
Gas Cation Gas phase Cation Gas phase Cation
phase

01-C3 1.4427 1.4566 C3-01-C5 103.5656  106.5007 C5-0O1-C3-C2 -11.2353  -13.1469
01-C5 1.3767 1.3676 C3-C2-C4 101.3086  101.117 C5-01-C3-H8 -133.213  -136.016
C2-C3 1.5268 1.5464 C3-C2-H6 111.4694 112.2208 C5-O1-C3-H9 109.5184 106.6796



C2-C4
C2-H6
C2-H7
C3-H8
C3-H9
C4-Cs
C4-H10
C5-H11

1.477

1.0945
1.0937
1.0952
1.0965
1.3265
1.0786
1.0752

1.5148
1.0967
1.0934
1.0897
1.0938
1.3314
1.0791
1.0808

C3-C2-H7
C4-C2-H6
C4-C2-H7
He6-C2-H7
01-C3-C2
0O1-C3-HS8
01-C3-H9
C2-C3-H8
C2-C3-H9
H8-C3-H9
C2-C4-Cs5
C2-C4-H10
C5-C4-H10
01-C5-C4
01-C5-H11
C4-Cs5-H11

111.4628 111.5408 C3-0O1-C5-C4
110.9827 111.4843 (C3-0O1-C5-HI11
112.8264 113.3374 C4-C2-C3-O1
108.6961 107.2061 C4-C2-C3-HS8
108.7757 106.5295 C4-C2-C3-H9
109.0163 107.5659 H6-C2-C3-0O1
108.0899 107.2324 H6-C2-C3-HS8
111.6644 114.2151 H6-C2-C3-H9
111.1165 111.7854 H7-C2-C3-0O1
108.0937 109.1651 H7-C2-C3-HS8
108.4249 108.5787 H7-C2-C3-H9
125.8124 125.5309 C3-C2-C4-C5
1257313 125.7962 C3-C2-C4-H10
116.5457 115.3041 H6-C2-C4-C5
115.0323  114.6068 H6-C2-C4-H10
128.402 130.0818 H7-C2-C4-C5
H7-C2-C4-H10
C2-C4-C5-01
C2-C4-Cs5-H11
H10-C4-C5-01
H10-C4-C5-H11

6.9031
-174.585
11.4284
131.7828
-107.444
-106.674
13.6802
134.4534
131.6749
-107.971
12.8026
-7.2745
174.6717
111.1796
-66.8742
-126.551
55.3957
0.5586
-177.721
178.6144
0.3346

7.404
-173.477
13.5563
132.1538
-103.277
-105.356
13.2417
137.8107
134.3268
-107.076
17.4932
-9.5704
173.7981
109.8706
-66.7608
-129.063
54.3059
1.884
-177.07
178.5042
-0.4494

HOMO-LUMO Gap Analysis

Frontier molecular orbital (FMO) analysis was used to evaluate the electron-donating and electron-
accepting tendencies of 2,3-DHF. In this analysis, the highest occupied molecular orbital (HOMO) indicates
the region and energy level most relevant to electron donation, whereas the lowest unoccupied molecular
orbital (LUMO) indicates the region and energy level most relevant to electron acceptance [52]. The
calculated HOMO and LUMO energies of the neutral singlet structure in the gas phase were -5.98349 and

-0.21024 eV, respectively, giving a HOMO-LUMO separation of 5.77326 eV, as shown in Figure 2.
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Figure 2. Molecular orbitals and energies of 2,3-DHF in the gas phase.

The calculated HOMO-LUMO separation indicates a relatively large electronic gap for the isolated neutral
singlet form at the DFT level. This supports a comparatively hard electronic structure; however, it does not
imply that 2,3-DHF is chemically inert under all reaction conditions. The HOMO-1 and LUMO+1 energies
were -9.43174 and 0.30885 eV, respectively, resulting in a HOMO-1-LUMO+1 separation of 9.74059 eV.
SMD solvent calculations yielded slightly larger HOMO-LUMO gaps of 5.86839 eV in DMSO, 5.86404
eV in chloroform, and 5.83839 eV in diethyl ether, as shown in Figure 3(a-e). These small solvent-
dependent changes suggest that continuum solvation modestly perturbs the frontier orbital energies while
preserving the same overall electronic pattern [53,54].
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Figure 3. HOMO and LUMO energies of 2,3-DHF in (a) DMSO, (b) chloroform, (c) diethyl ether, and
the open-shell cationic state represented by (d) alpha-spin, and (e) beta-spin orbital manifolds.

For the open-shell cation, Figure 3(d,e) show the alpha- and beta-spin orbital manifolds calculated at the
B3LYP/6-311++G(d,p) level. This spin-resolved analysis was included to show how electron removal
changes the orbital distribution. The alpha-spin and beta-spin HOMO-LUMO separations are 7.00981 and
4.70981 eV, respectively. These values describe the spin-dependent orbital structure of a single cationic
species and should not be interpreted as two independent cationic molecules. Because conceptual DFT
descriptors derived from frontier orbital energies are the most reliable for comparable electronic states, the
cationic columns were retained only as qualitative spin-resolved orbital descriptors. The quantitative use of
the open-shell cation would require reporting the calculated <S2> value. This validated the ionization and
electron affinity trends through delta self-consistent field calculations [55,56].

Global Reactivity Parameter (GRP) Calculations

Global reactivity parameter (GRP) analysis was performed to convert the frontier orbital energies into
whole molecule descriptors. The GRPs calculated at the B3LYP/6-311++G(d,p) level are summarized in
Table 2 [57-59]. These descriptors complement the FMO analysis by indicating the overall resistance of
2,3-DHF to the charge transfer. The gas-phase hardness of 2.88662 ¢V and softness of 0.34643 eV-! indicate
a relatively hard neutral singlet form within the Koopmans-type approximation. Simultaneously, the enol
ether C=C fragment and oxygen lone pairs remain chemically important local features. The negative



chemical potential indicates a tendency to retain electron density, whereas the moderate electrophilicity
index indicates a limited but non-negligible electron-accepting capacity [60].

Table 2. Calculated electronic energies and global reactivity parameters of 2,3-DHF at the B3LYP/6-
311++G(d,p) level of theory.

Global reactivity Parameters Gas Phase DMSO Chloroform Diethyl ether  Cation a-spin Cation B-
spin

EHOMO (eV) -5.98349 eV -5.88765 eV -5.91182 eV -5.89474 eV -13.64504 eV -15.61p731 eV
ELUMO (eV) -0.21024 eV -0.01926 eV -0.04778 eV -0.05634 eV -6.63523 eV -10.90750 eV

Energy gap AE(ELUMO-EHOMO) 5.77326 eV 5.86839 eV 5.86404 eV 5.83839 eV 7.00981 eV 4.70981 eV
Ionization energy (I) 5.98349 eV 5.88765 eV 591182 eV 5.89474 eV 13.64504 eV 15.61731 eV
Electron affinity (A) 0.21024 eV 0.01926 eV 0.04778 eV 0.05634 eV 6.63523 eV 10.90750 eV

Chemical hardness (1) 2.88662 eV 2.93419 eV 2.93202 eV 2.91920 eV 3.50490 eV 2.35490 eV
Chemical softness (S) 0.34643 eV™! 0.34081 eV™! 0.34106 eV! 0.34256 eV™! 0.28531 eV! 0.42465 eV!
Nucleofugality (AEn) 0.00766 eV 0.00006 eV 0.00039 eV 0.00054 eV 6.28067 eV 25.26080 eV
Global electrophilicity index (o) 1.66121 eV 1.48642 eV 1.51418 eV 1.51648 eV 14.66835 eV 37.34575 eV
Electronegativity () 3.09686 eV 2.95345 eV 2.97980 eV 2.97554 eV 10.14014 eV 13.26241 eV
Chemical potential (n) -3.09686 eV -2.95345 eV -2.97980 eV -2.97554 eV -10.14014 eV -13.26241 eV
Electrofugality (AEe) 6.20139 eV 5.90697 eV 5.95999 eV 5.95162 eV 26.56094 eV 51.78561 eV

In the neutral gas phase, the electrophilicity index, electronegativity is 3.09686 eV, and chemical potential
were 1.66121, 3.09686, and -3.09686 eV, respectively. In the SMD solvent calculations, the HOMO-
LUMO gaps and hardness values changed only slightly, with DMSO, chloroform, and diethyl ether showing
similar trends. These results indicate that the continuum solvent effects do not qualitatively alter the
electronic hardness of the molecule. The cationic a- and B-spin columns in Table 2 represent the orbital
manifolds of the same open-shell cation, not two separate cationic forms. Therefore, the cationic a- and -
spin values are retained only for a qualitative discussion of the spin-resolved orbital structure of the radical
cation. A direct comparison with the neutral closed-shell descriptors should be avoided because the two
systems have different charges and spin states [61,62].

Natural Bond Orbital (NBO) Analysis

Natural bond orbital (NBO) analysis was used to identify the donor-acceptor interactions responsible for
electron delocalization in 2,3-DHF. This analysis converts the delocalized wavefunction into localized
bonding, antibonding, and lone pair orbitals. This allowed the electronic origin of the reactive O-C=C
region to be described in a chemically intuitive manner. Second-order perturbation analysis of the Fock
matrix was used to quantify the interactions between the occupied donor NBOs and vacant acceptor NBOs.
The stabilization energy E(2) measures the energetic importance of electron delocalization from the donor
to the acceptor orbitals [63]. The analysis was performed at the B3LYP/6-311++G(d,p) level to examine
the charge delocalization and intramolecular hyperconjugative effects. The key interactions are summarized
in Table 3.

Table 3. NBO analysis calculated based on the B3LYP/6-311++G(d,p) method

(2) EG)- F(i,j)
kcal/mol E(i) a.u.
a.u.

Donor NBO Acceptor NBO Interaction Type E
@ @




5 (01-C3)  o* (C5-HIl) o -—o* 2.66 1.23 0.051
6 (01-C5)  o* (C4-HI0) o —o* 22 1.31 0.048
6(C2-C3)  o*(C4-HI0) o-—o* 4.42 1.07 0.061
5 (C2-C4)  o* (01-C3) G — o* 2.06 0.9 0.038
6 (C2-C4)  o*(C5-HI)  o-—o* 5.18 1.07 0.067
6 (C2-H6)  m* (C4-C5) 6 — m* 3.52 0.54  0.04

6 (C2-H7)  m*(C4-C5) G — m* 2.65 0.55 0.035
c C4-C5 o* (C5-HIl) o —o* 2.01 1.19 0.044
n(C4-C5)  o* (C2-H6) T — o* 443 0.68 0.049
n(C4-C5)  o* (C2-H7) T — o* 3.93 0.68 0.046
6 (C4-H10)  o* (01-C5) G — o* 4.45 0.89 0.056
6 (C5-HII)  o* (01-C3) G — o* 2.59 0.82 0.041
CR(1)C5  RY*(3)C4 CR — RY* 2.03 1125  0.135
LP (1) Ol RY*(1) C3 LP — RY* 2.74 1.54  0.058
LP (1) Ol RY*(1) C5 LP — RY* 3.95 1.58 0.071
LP (1) Ol o* (C2-C3) LP — o* 2.42 096  0.043
LP (1) Ol o* (C4-C5) LP — o* 321 1.25 0.057
LP (2) Ol RY*(3) C5 LP — RY* 2.06 1.87 0.058
LP (2) Ol o* (C3-H8) LP — o* 3.51 0.7 0.046
LP (2) Ol o* (C3-H9) LP — o* 5.76 0.7 0.058
LP(2)Ol  m* (C4-C5) LP — * 28.6 0.35 0.089

The strongest donor—acceptor interaction is LP(2) O1 — n*(C4-C5), with a second-order perturbation
stabilization energy of 28.6 kcal mol™'. This oxygen lone-pair donation into the antibonding orbital of the
C4=C5 bond indicates strong electronic communication within the enol ether fragment. Consequently, the
0—C4=C5 region became the principal electronically activated region of 2,3-DHF. Mechanistically, this
interaction enhances electron delocalization across the O—C=C fragment and polarizes the double bond,
making this region important for electrophilic addition, oxidative or radical activation, and polymerization
transformations. Weaker o(C2-H6) — =n(C4—C5) and o(C2-H7) — n*(C4—C5) interactions, with
stabilization energies of 3.52 and 2.65 kcal mol™, respectively, indicate additional hyperconjugative support
from the adjacent C—H bonds [64—66]. Thus, the NBO results show that the stabilization of 2,3-DHF mainly
arises from dominant lone-pair (LP)-to-n* donation, weaker 6-to-t* hyperconjugation, and minor c-to-c*
delocalization. This explains how the molecule can have a relatively large global electronic gap while
retaining a localized reactive enol-ether domain.

Nonlinear Optical (NLO) Properties

The nonlinear optical (NLO) properties were evaluated to describe the response of the electron density of
2, 3-DHF to an external electric field. The calculated descriptors include the total dipole moment (i),
mean polarizability ({(a)), polarizability anisotropy (Aa), and first-order hyperpolarizability (Bw:) at the
B3LYP/6-311++G(d,p) level of theory [67]. Equations 1-4 were used to calculate the NLO parameters.

)1/2

tiot = (HE+p2+uZ (1)

Ay + Ayy +a,,
(@) = :




1
fa = ﬁ [(axx B Clyy)z + (ayy - aZZ)Z + (aZZ - axx)z + 6((13%)/ + a)%z + a32/Z)]1/2 (3)
tot — [(ﬁxxx + ﬁxyy + ﬁxzz)z + (ﬁyyy + ,Byxx + ﬁyZZ)Z + (Brzz + Boxx + Bzyy)z]l/z @)

Table 4. Nonlinear optical properties calculated based on the B3LYP/6-311++G(d,p) method

Parameters Value
Bxxx -4.71058
Byyy 9.98603
Bzzz -30.02528
Bxyy 88.53046
Bxxy 0.59557
Bxxz -3.09965
Bxzz 7.72551
Byzz -15.35937
Byyz 48.70944
Bxyz 63.07772

Bx (a.u.) 91.54539
By (a.u.) -4.77777
Bz (a.u.) 15.58452
Btot (a.u.) 92.98528

Btot (esu) 8.03328 x 1073
0XX 53.22016
oyy 54.24494
azz 39.49618
oxy 1.66232
oxz -0.24155
oyz -0.17563

o (e.s.u) 7.25914x10724

Aa (e.s.u.) 2.15770%107
ux (D) 0.33489
py (D) 0.41947
uz (D) 0.04187
u (D) 0.53838

Table 4 lists the calculated dipole moments, mean polarizabilities, polarizability anisotropies, and first-
order hyperpolarizabilities. Gaussian outputs polarizability and hyperpolarizability in atomic units were
converted to electrostatic units using 1 a.u. of a = 0.1482 x 10 esu and 1 a.u. of B = 8.6393 x 107* esu
[68]. The total dipole moment was 0.53838 D, with the largest component along the y-axis. The mean
polarizability was 7.25914 x 107>* esu, and the polarizability anisotropy was 2.15770 x 107 esu. The
calculated first-order hyperpolarizability, B, was 92.98528 a.u., corresponding to 8.03328 x 103! esu. This
value indicates a finite molecular response to an external electric field; however, without comparison to a
standard reference molecule or experimental validation, it should be described as a theoretical field-
response parameter rather than as evidence that 2,3-DHF is a strong NLO material [69,70].

Ultraviolet-Visible (UV-Vis) Spectra Analysis



Ultraviolet-visible (UV-vis) absorption analysis was performed to examine the low-energy electronic
transitions predicted for 2,3-DHF. The transitions were calculated using time-dependent density functional
theory (TD-DFT) at the B3LYP/6-311++G(d,p) level, and the solvent effects for DMSO, chloroform, and
diethyl ether were included using the SMD continuum model [71]. The calculated absorption maxima are
presented in Figure 4. The gas-phase absorption maximum (Amax) was 250.98 nm, whereas the calculated
Amax values in dimethyl sulfoxide, diethyl ether, and chloroform were 247.88, 248.90, and 247.86 nm,
respectively. The corresponding oscillator strengths (f) were 0.00841, 0.01431, 0.00716, and 0.01295,
respectively. The slight decrease in Amax in the solvent phase calculations indicates a small hypsochromic
shift, suggesting that the continuum solvent model only weakly perturbs the dominant electronic transition
[72]. The n — 7* assignment should be considered tentative unless it is supported by tabulated orbital-
transition contributions. Nevertheless, the nearly unchanged Amax values indicate that the principal electronic
excitation is not strongly affected by solvent polarity [73].
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Figure 4. UV-vis spectra of 2,3-DHF in the gas phase, DMSQO, diethyl ether, and chloroform.
Density of States (DOS) Analysis

Density of states (DoS) analysis was used to visualize the distribution of the calculated molecular orbital
levels across the selected energy range. For isolated molecules, the DoS should be interpreted as a
broadened molecular orbital energy distribution rather than a solid-state band structure. The DOS
representation was generated using GaussSum 3.0. Figure 5(a) shows the gas-phase DoS from -15 to +15
eV, and Figures 5(b-d) show the corresponding solvent-phase profiles from -20 to +15 eV [74]. The neutral
gas-phase HOMO-LUMO separation obtained from the DoS representation was 5.77326 eV, which
matched the FMO analysis. The solvent-phase separations of 5.86839, 5.86404, and 5.83839 eV for DMSO,
chloroform, and diethyl ether, respectively, confirm that the solvent model slightly shifts the orbital energies
but does not change the overall electronic pattern [75,76].
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Figure 5. Density of states (DOS) profiles of 2,3-DHF in (a) the gas phase, (b) DMSO, (¢) chloroform,
and (d) diethyl ether.

The DoS spectrum of the cationic state illustrates how electron removal modifies the distribution of the
molecular orbital energies. Figure 6 shows the alpha- and beta-spin DoS profiles over the range of -15 to
+15 eV. The peaks indicate clusters of molecular orbital levels, whereas the low-intensity regions indicate
fewer available orbital levels in that energy range. The spin-resolved DoS is consistent with the open-shell
FMO analysis and helps distinguish the occupied and unoccupied regions of the cationic orbital manifold
[77-79].
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Figure 6. DoS spectra of 2,3-DHF in the cationic state.
Molecular Electrostatic Potential (MEP)

Molecular electrostatic potential (MEP) analysis was performed to locate electron-rich and electron-
deficient regions on the molecular surface. This analysis is useful because it links the calculated electron
density to the likely electrostatic interactions with electrophiles, nucleophiles, or polar environments. The
MEP and contour maps are presented in Figure 7. The map was generated using GaussView from the
B3LYP/6-311++G(d,p) electron density data. In the conventional MEP interpretation used here, the
red/orange regions represent more negative electrostatic potentials and electron-rich areas, whereas the blue
regions represent more positive electrostatic potentials and electron-deficient areas.

(@) (b)

-4.021¢-2 [N } 3 D 4.021¢-2

Figure 7. MEP surface map of 2,3-DHF: (a) solid view, (b) gas-phase contour map, and (c) cationic-state
contour map.

The neutral singlet structure showed an electrostatic-potential range of approximately —4.021 x 1072 to
+4.021 x 1072 a.u. on the mapped surface. The negative electrostatic potential is concentrated mainly around
the oxygen atom and the electron-rich unsaturated region, indicating sites favorable for interaction with
electrophilic species. In contrast, the positive electrostatic potential was localized near the peripheral
hydrogen atoms, indicating regions that are more favorable for interaction with nucleophilic species. These
molecular electrostatic potential features are consistent with local reactivity analysis; however, they do not
independently demonstrate biological activity, which requires separate experimental or target-based
evidence [80,81].

Molecular Properties Analysis
Reduced Density Gradient (RDG) Analysis and Its Implications

Reduced density gradient (RDG) analysis was used to visualize weak intramolecular contacts and steric
effects from the calculated electron densities. This analysis was included because weak intramolecular
contacts and repulsive regions can help explain ring puckering and local conformational preferences. In
2,3-DHF, the relevant interaction types are mainly weak van der Waals contacts within the folded ring
framework and steric repulsion arising from close intraring electron-density overlap. Classical
intramolecular hydrogen bonding is not expected because the molecule lacks a conventional hydrogen bond
donor [82].
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Figure 8. (a) Non-covalent interaction (NCI) surface and (b) RDG plot.

Figure 8 shows the three-dimensional non-covalent interaction (NCI) isosurface and the reduced density
gradient (RDG) scatter plot against sign(A2)p. In this representation, blue regions indicate attractive
interactions, green regions indicate weak van der Waals contacts, and red regions indicate steric repulsion
[83]. For 2,3-DHF, the main NCI features are green weak-contact regions around the ring framework and
red regions associated with steric repulsion from close intraring contacts. These features support the slightly
puckered geometry obtained after optimization, as ring puckering helps reduce unfavorable intramolecular
crowding while maintaining electronic communication within the O1-C5=C4 enol-ether fragment [84].

Fukui Functions and Dual Descriptors Analysis

The Fukui function and dual descriptor were used to identify the regions of 2,3-DHF that responded most
strongly to electron addition or removal. The dual descriptor, Af(r) = f*(r) — f(r), compares the electron-
accepting response function f*(r) with the electron-donating response function f(r) at the same position in
space [85]. Positive Af(r) values indicate regions that are more susceptible to nucleophilic attack, whereas
negative Af(r) values indicate regions that are more susceptible to electrophilic attack. In this study, the
values and maps were comparatively interpreted to locate the dominant reactive domain of 2,3-DHF.

Table 5. Fukui-function descriptors and dual descriptor values calculated from natural population analysis
(NPA).

Atoms Anion  Neutral (N) Cation (N-1) (1) () (1) Af(r)
(N+1)

o1 -0.58155 -0.55374 -0.29983 -0.02781 -0.25391  -0.14086 0.22610

C2 -0.47284 -0.43549 -0.48617 -0.03735 0.05068  0.00667 -0.08803

C3 -0.05315 -0.02227 -0.05523 -0.03088 0.03296  0.00104 -0.06384

C4 -0.32928 -0.30885 -0.00002 -0.02043 -0.30883  -0.16463 0.28840

C5 0.13994 0.15933 0.26278 -0.01939 -0.10345 -0.06142  0.08406



Hé6 0.06391 0.19833 0.29418 -0.13442 -0.09585 -0.11514  -0.03857

H7 0.04802 0.20698 0.28852 -0.15896 -0.08154  -0.12025  -0.07742
HS8 0.06602 0.18049 0.24494 -0.11447 -0.06445 -0.08946  -0.05002
H9 0.06231 0.1712 0.24728 -0.10889 -0.07608 -0.09248  -0.03281
HI10 0.00784 0.2161 0.26235 -0.20826 -0.04625 -0.12726  -0.16201
HI11 0.04878 0.18792 0.2412 -0.13914 -0.05328  -0.09621  -0.08586

Table 5 lists the NPA charge difference values used together with the Fukui function and dual descriptor
maps. Diagram of Fukui functions is illustrated in Figure 9. The purpose of this analysis is not to assign an
isolated reaction center from a single numerical sign but to identify the molecular region with the strongest
local electronic response. Because atom-wise values can be sensitive to the population analysis scheme and
sign convention, they should be interpreted together with the MEP and NBO results rather than as absolute
reactivity constants [86,87].
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Figure 9. Fukui-function maps of 2,3-DHF, showing neutral, positive, and negative regions.

The dual-descriptor map in Figure 10, together with the numerical trends in Table 5, identifies the oxygen
atom and C4=CS5 unit as the dominant local-response regions of 2,3-DHF. This interpretation is consistent
with the molecular electrostatic potential map, where the negative electrostatic potential is concentrated
around the oxygen atom and the unsaturated region, and with the natural bond orbital result showing strong
LP(2) Ol — n(C4—C5)* donation. Therefore, the chemically meaningful conclusion is that the O1-C5=C4
enol-ether fragment is the principal reactive domain of 2,3-DHF, particularly for electrophilic addition,
radical or oxidative activation, and polymerization processes. Hydrogen-centered values should be treated



cautiously because they are more sensitive to the population analysis procedure and are not interpreted here
as primary reaction sites [88].
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Figure 10. Dual-descriptor plot of 2,3-DHF.
Mechanistic relevance and practical application

The mechanistic relevance of the calculations becomes clearer when the FMO, GRP, MEP, NBO, Fukui
function, and dual-descriptor results are considered together. The global descriptors showed that neutral
2,3-DHF has a comparatively hard electronic structure, whereas the local descriptors showed that the O1—
C5=C4 enol-ether fragment remains the chemically dominant region. This distinction is important for
mechanism prediction: global hardness describes the whole-molecule resistance to charge transfer, whereas
the local descriptors identify where an approaching reagent is most likely to interact.

For reaction design, the results suggest that electrophiles, radical initiators, oxidants, and catalyst sites
should be oriented toward the oxygen-adjacent C=C region when modeling the addition, oxidation, ring-
opening, or polymer growth steps. For molecular modeling, the MEP map can guide electrostatic interaction
placement, the Fukui function and dual-descriptor values can prioritize atoms for reactive-site screening,
and the NBO/RDG/ELF/LOL descriptors can help verify whether a proposed intermediate or transition-
state model preserves the expected oxygen-to-n delocalization and ring-strain relief. Thus, the practical
value of the study is not the direct prediction of a single reaction yield but the generation of atom-level
descriptors that can guide the comparative modeling of 2,3-DHF and substituted dihydrofuran scaffolds.

ELF and LOL Analysis

Electron localization function (ELF) and localized orbital locator (LOL) analyses were performed to
visualize the electron localization and bonding features in real space. ELF values close to 1 indicate strongly
localized electron pairs, values close to 0.5 correspond to electron-gas-like delocalization, and lower values
indicate depleted or less localized regions. The LOL provides a complementary view of the localized orbital
character. These analyses were performed to verify whether the real-space localization pattern supports the
bonding picture obtained from the NBO and MEP analyses. Figures 11-13 present the shaded-surface and
contour representations of these descriptors for the optimized structure [89,90].
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Figure 11. (a) Shaded surface map with projection and (b) contour map with projection of the electron

localization function (ELF) analysis of 2,3-DHF.

The ELF map in Figure 11 highlights the localized electron density around covalent bonds and lone-pair
regions, whereas lower-value regions occur between bonding domains. This pattern is consistent with
localized C-H and C-O sigma bonds, together with partial electron delocalization involving the O-C4-C5
fragment [91]. Therefore, the ELF results support, rather than replace, the NBO interpretation of oxygen-
assisted delocalization.
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Figure 12. (a) Color-shaded map of the localized orbital locator (LOL) and (b) contour map with
projection of the LOL analysis of 2,3-DHF.

The LOL map in Figure 12 provides a complementary view of orbital localization. High LOL values appear
near localized bonding and core regions, whereas lower values indicate more delocalized regions of the



valence density. Together, the ELF and LOL maps support the conclusion that oxygen lone-pair donation
and C=C antibonding acceptor character contribute to the electronic structure of the molecule [92].
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Figure 13. Three-dimensional projections of (a) ELF and (b) LOL.

Figure 13 compares the three-dimensional ELF and LOL projections of the two dimers. Localized features
near hydrogen atoms and bonding regions are expected from the core and sigma-bond electron density,
while the oxygen and unsaturated carbon regions show the electronic organization responsible for the main
reactive domain. Therefore, these topological descriptors complement the MEP, FMO, NBO, and Fukui-
function analyses by showing where the electron density is localized or delocalized in real space [93].

Physicochemical, permeability, and BOILED-Egg interpretation

SwissADME descriptors were included only to provide physicochemical and permeability-related contexts
for 2,3-DHF. The values in Table 6 describe a very small molecule with a molecular weight of
approximately 70 g mol™', zero rotatable bonds, one hydrogen-bond acceptor, no hydrogen-bond donor,
low topological polar surface area (9.23 A2), and moderate calculated lipophilicity, with a consensus logP
of approximately 0.99. These features indicate low structural complexity and a permeability-favorable
physicochemical profile, which may be useful when considering 2,3-DHF as a reactive scaffold or
fragment-like starting point. However, the practical relevance of a fragment depends on experimentally
validated binding, controlled reactivity, and subsequent structural optimization, rather than rule compliance
alone [94-99].

The BOILED-Egg model was interpreted based on the combined effects of lipophilicity and polarity. With
WLOGP = 0.92 and TPSA = 9.23 A% 2.3-DHF falls within a region consistent with high passive
gastrointestinal absorption in the model. Because the molecule is very small and weakly polar, blood-brain
barrier permeation cannot be excluded using this descriptor alone. However, these predictions do not imply
pharmacological usefulness, safety, target selectivity, or metabolic stability. This indicates that the size,
polarity, and lipophilicity of the scaffold are compatible with passive membrane permeation [99].
Therefore, these permeability-related descriptors should be considered together with quantum-chemical
results. The same oxygen-adjacent C=C region responsible for useful synthetic reactivity may also
contribute to metabolic transformation, covalent reactivity, and polymerization under suitable conditions.
Because cytochrome P450 inhibition, pan-assay interference behavior, toxicity, and metabolic stability
outputs are not tabulated here, no definitive absorption, distribution, metabolism, excretion, toxicity, or
safety claims are made. For chemical biology or medicinal chemistry applications, permeability, metabolic
stability, toxicity, covalent binding tendency, and target binding would require direct experimental



validation [100,101]. Therefore, the SwissADME and BOILED-Egg discussions are used only to show how
the computed electronic structure can support scaffold-level decision-making. 2,3-DHF is better viewed as
a small reactive building block or fragment-like scaffold with permeability-favorable physicochemical
descriptors, while its chemically active enol-ether region must be considered carefully during reaction
design, molecular modeling, and any future biological assessment.

Table 6. The physicochemical, permeability-relevant, and fragment-likeness descriptors of 2,3-DHF were
reported to contextualize scaffold behavior rather than direct drug candidacy.

Druglikeness Parameters Value Lipophilicity Parameters Value
Rotatable bonds 0 iLOGP 1.55
H-bond acceptors 1 XLOGP3 0.80
H-bond donors 0 WLOGP 0.92
Molar refractivity 19.84 MLOGP 0.21
TPSA 9.23 A2 SILICOS-IT LogP 1.46
Bioavailability score 0.55 Consensus LogP 0.99
Pure water solubility (ESOL) 1.17x10" mg/mL — —
log Kp (skin permeation) —6.16 cm/s — —
Lipinski rule violations 0 — —
Conclusion

This study provides an integrated quantum-chemical description of 2,3-dihydrofuran and clarifies how a
comparatively stable whole-molecule electronic structure can coexist with a strongly localized reactive
region. Geometry optimization showed that the neutral structure adopted a slightly puckered five-membered
ring, which helped reduce the ring strain while keeping the O1-C5=C4 enol-ether fragment electronically
accessible. Frontier orbital and global reactivity analyses revealed a relatively large highest occupied
molecular orbital-lowest unoccupied molecular orbital gap of 5.77 eV in the gas phase, with only small
solvent-dependent changes in dimethyl sulfoxide, chloroform, and diethyl ether. This indicates that the
overall electronic pattern was not strongly altered by the continuum solvent environment. The most
important finding is that the global electronic hardness does not represent uniform chemical inertness in
2,3-dihydrofuran. Molecular electrostatic potential, Fukui function, dual-descriptor, and natural bond
orbital results consistently identified the oxygen atom and C4=CS5 unit as the dominant local-response
regions. The strong LP(2) O1 — w*(C4—C5) interaction, with a stabilization energy of 28.6 kcal mol ™,
indicates that oxygen lone-pair donation into the C4=C5 antibonding orbital is the main electronic factor
responsible for activating the enol-ether fragment. This explains why the O1-C5=C4 region is most relevant
to electrophilic addition, radical or oxidative activation, ring-opening, and polymerization-related
processes. Real-space analysis further supports this interpretation. Reduced density gradient analysis
identified weak van der Waals contacts and steric repulsion within the ring framework, which helped
rationalize the puckered geometry. Electron localization function and localized orbital locator maps show



localized o-bond regions and oxygen-assisted delocalization around the unsaturated fragment. The
combined outcome is a coherent structure—reactivity picture: 2,3-dihydrofuran is globally stabilized but
locally activated at the enol ether unit. These findings provide practical atom- and bond-level descriptors
for reaction site selection, mechanistic modeling, and comparison with substituted oxygen-containing
heterocycles. The SwissADME and BOILED-Egg results should be treated only as physicochemical
context; permeability, biological activity, toxicity, and metabolic stability require experimental validation.
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