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ABSTRACT: Five new difluorinated biphenyl compounds, 4′-
(tert-butyl)-3,4-difluoro-1,1′-biphenyl (TBDFBP), 1-(3′,4′-di-
fluoro-[1,1′-biphenyl]-4-yl)ethanone (DFBPE), 3′,4′-difluoro-2,5-
dimethoxy-1,1′-biphenyl (DFDMBP), 3,4-difluoro-3′-nitro-1,1′-
biphenyl (DFNBP), and (3′,4′-difluoro-[1,1′-biphenyl]-3-yl)-
(methyl)sulfane (DFBPMS), have been successfully synthesized
by the well-known Suzuki−Miyaura coupling with excellent yields
averaging 78%. UV−visible, Fourier transform infrared ,and 13C
NMR and 1H NMR spectroscopies along with single-crystal X-ray
diffraction (SC-XRD) analysis (for TBDFBP and DFBPE) were
used for the structure elucidation of the synthesized compounds.
The SC-XRD results demonstrated the crystal systems of the studied compounds, TBDFBP and DFBPE, to be monoclinic, and
their space groups were found to be P21/c. Also, a detailed density functional theory study was performed. The calculated structures
for TBDFBP and DFBPE were found to agree quite well with the experimental results. The natural bonding orbital charge analysis
suggested that molecules of these compounds should interact quite noticeably with each other in the solid phase and with polar
solvent molecules. Molecular electrostatic potential analysis suggests that accumulation of positive and negative potential implies
possibility of quite significant dipole−dipole intermolecular interactions in crystals of these compounds, as well as quite strong
interactions with polar solvent molecules. The global reactivity parameters analysis suggests all compounds to be quite stable in
redox reactions, with the compound DFNBP being relatively more reactive and the compounds TBDFBP and DFDMBP being
relatively more stable.

1. INTRODUCTION
Aromatic fluorinated biphenyl compounds have progressively
achieved considerable significance in several fields of
chemistry, such as medicinal chemistry, crop protection,
biochemistry, catalysis, and materials science.1−7 Fluorinated
homo- and heteroaromatic compounds are used in medicinal
chemistry due to the high electronegativity and small size of
fluorine atoms and their high chemical and biological stability.
Fluorine changes the electronic distribution and reactivity,
which increases drug−receptor interactions and lipophilicity.
Fluorinated motifs have a variety of therapeutic effects,
including antimycotic, antimalarial, antituberculosis, antiviral,
antibiotic, antidiabetic, antidopaminergic, anti-hyperlipidemia,
anti-inflammatory, antihistamine, antidepressant, anti-cancer,
and anticonvulsant properties.8−10 In materials science,
fluorinated aryls and polyaryls, due to the outstanding stability
of the F−C bond, low polarizability, and small size of fluorine,
display very weak intermolecular dispersion interactions and
are used as liquid crystal displays, organic solar cells, dye-
sensitized solar cells, molecular wires in diodes, and in
photoluminescence substances.11−16 The fluorinated biphenyl

and polyphenyl compounds were synthesized by different
coupling reactions, among which one can name the Heck
reaction, Glaser coupling, Hiyama coupling, and Suzuki
reaction. Among these coupling reactions, the Suzuki reaction
is the best procedure for C−C bond formation because
boronic acid, the main ingredient in the Suzuki reaction, reacts
easily and is not dangerous by nature.17−19

The Suzuki−Miyaura (SM) reaction is one of the most
extensively utilized processes for synthesizing biphenyl
derivatives. SM reactions are mostly carried out with the
help of catalysts based on simple or more elaborate Pd
complexes. Inspired by the fact that fluorinated biphenyl and
polyphenyl compounds can be used in all the abovementioned
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fields, new fluorinated biphenyls were made using the Suzuki
reaction of cross-coupling with Pd catalyst to great effect.
The goal of our research was to use both theoretical and

experimental approaches to get insight into the structural and
spectroscopic characteristics of the five novel fluorinated biaryl
compounds that were synthesized: 4′-(tert-butyl)-3,4-difluoro-
1,1′-biphenyl (TBDFBP), 1-(3′,4′-difluoro-[1,1′-biphenyl]-4-
yl) ethanone (DFBPE), 3′,4′-difluoro-2,5-dimethoxy-1,1′-
biphenyl (DFDMBP), 3,4-difluoro-3′-nitro-1,1′-biphenyl
(DFNBP), and (3′,4′-difluoro-[1,1′-biphenyl]-3-yl)(methyl)
sulfane (DFBPMS). Single-crystal X-ray diffraction (SC-XRD)
and density functional theory (DFT) studies were employed to
receive more information about the structure of the recently
obtained fluorinated biaryls. These newly synthesized com-
pounds possess a conjugated π-electronic system along with
electrophilic and nucleophilic groups at opposite positions due
to which the current flow can take place in such kind of
compounds. These compounds are supposed to be used in
organic solar cells.
In the next section, materials and methods are described,

then results and discussion are given, and finally, conclusions
follow.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
2.1. General Details. In this research, analytical-grade

chemicals (Merck and Acros) were used. We found the
melting points of our compounds with the help of the digital
melting point apparatus (A & E Lab, UK). The NMR spectra
(13C and 1H) were obtained with the help of the Bruker
Avance Neo Technology (75 MHz) and Bruker (300 MHz).
Data collection and cell refinement were performed with
Bruker Apex V7.51A;20 data reduction was performed with
Bruker SAINT; a program used to solve structures was Bruker
SHELXT;21 for refining structures, SHELXL2014/722 was

employed; molecular graphics software used was ORTEP-
3.2.01.23

The IR spectra in the range 400−4000 cm−1 were recorded
using the Prestige-21 (Shimadzu, Japan) FTIR apparatus.
Analytik Jena SPEC ORD 200/210 PLUS was used for the
UV−visible spectroscopy.

2.2. General Techniques for Synthesis of Com-
pounds. In a pressure tube, starting material 1-bromo-3,4-
difluorobenzene (0.1 g, 0.518 mmol), different arylboronic
acids (0.777 mmol), K3PO4 (0.164 g, 0.777 mmol), Pd(PPh3)4
(0.0089 g, 1.5 mol %), and water:dioxane mixture (1:3 v/v
ratio) were added and heated at 105 °C for 8.5 h. Thin layer
chromatography was used to confirm the target compounds
synthesis, and column chromatography was employed to
extract the desired pure compounds (silica gel in n-hexane and
ethyl acetate solvent system). The obtained compounds were
dried before using various spectroscopic techniques to
characterize them (See Scheme 1).
2.2.1. TBDFBP. The compound TBDFBP chemical formula:

C16H16F2, melting point was 105−107 °C, percentage yield
was 77%, molecular weight 246.30 g/mol. 1H NMR (300
MHz, CDCl3) δ: 7.6 (s, 4H), 7.5 (s, 2H), 7.4 (m, 1H), 1.35 (s,
9H). 13C NMR (75 MHz, CDCl3) δ: 151.1 (CF, JCF = 7.5 Hz),
149.1 (CF, JCF = 7.5 Hz), 148.7 (CH), 138.6 (C−C), 136.5
(C−C), 126 (CH), 122.5 (CH), 117.2 (CH, JCF−CH = 12 Hz),
116 (CH, JCF−CH = 13.5 Hz), 115 (CH), 34.5 (t. butyl-H), 31
(CH3). FTIR (cm−1): 2961 (s, C−H, Str-sp2), 2840 (m, C−H,
Str-sp3), 1603 (m, C−H bending), 1496 (m, C�C). UV−vis
(λmax, ethyl acetate): 256.4 nm (see Supporting Information).
2.2.2. DFBPE. The compound DFBPE chemical formula:

C14H10F2O, the milting point was 71−72 °C, percentage yield
79%, and molecular weight 232.23. 1H NMR (300 MHz,
CDCl3) δ: 8.01 (d, 2H, J = 12 Hz), 7.6 (d, 2H, J = 12.08 Hz),
7.5 (m, 1H), 7.3 (d, 1H, J = 12.7 Hz), 7.2 (d, 1H, J = 12.04

Scheme 1. General Synthesis of Fluorinated Biaryls
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Hz), 2.6 (s, 3H). 13C NMR (75 MHz, CDCl3) δ: 197.1 (CO),
152.1 (CF, JCF = 7.5 Hz), 149 (CF, JCF = 9.75 Hz), 143.8 (C−
C), 136.6 (C−C), 129 (CH), 127.5 (CH), 123.8 (2C), 117
(CH, JCF−CH = 12.75 Hz), 116 (CH, JCF−CH = 12.75 Hz), 26
(CH3). FTIR (cm−1): 3061 (m, C−H, aromatic str), (s), 2853
(s, C−H, sp3 str), 1717 (m, C�O, ketones), 1596 (m, C−H
bend), 1498 (m, C�C str), 1112 (s, C−O str). UV−vis (λmax,
ethyl acetate): 275 nm (see Supporting Information).
2.2.3. DFDMBP. The compound DFDMBP chemical

formula: C14H12F2O2, percentage yield was 72%, and
molecular weight 250.24. 1H NMR (300 MHz, CDCl3) δ:
7.4 (m, 1H), 7.2 (m, 2H), 6.8 (m, 3H), 3.8 (s, 3H), 3.82 (s,
3H). 13C NMR (75 MHz, CDCl3) δ: 151 (C−F, JCF = 7.3 Hz),
149 (C−F, JCF = 7.5 Hz), 143.8 (C−C), 136.6 (C−H), 129
(C−H), 127 (C−H), 123.6 (C−H), 118 (CH, JCF = 13.5 Hz),
116 (CH, JCF = 13.5 Hz), 26 (C−CH3). FTIR (cm−1): 3000
(m, C−H aromatic str), 2947 (m, C−H sp2 str), 2830 (m, sp3
str), 1604 (m, C−H bending), 1494 (s, C�C str), 1214 (s,
C−O str). UV−vis (λmax, ethyl acetate): 315.8 nm (see
Supporting Information).
2.2.4. DFNBP. The DFNBP chemical formula:

C12H7F2NO2, melting point was 92−93 °C, percentage yield
80%, and molecular weight 235.19. 1H NMR (300 MHz,
CDCl3) δ: 8.4 (s, 1H), 8.2 (d, 1H, J = 12.2 Hz), 7.92 (m, 1H),
7.74 (d, 1H, J = 12.4 Hz), 7.4 (m, 1H), 7.2 (m, 2H). 13C NMR
(75 MHz, CDCl3) δ: 151.1 (CF, JCF = 7.5 Hz), 149.4(CF, JCF
= 7.5 Hz), 148.5 (CNO), 140 (C-C), 135 (CH), 132 (C−H),
130 (C−H), 123 (C−H), 122.8 (C−H), 121 (C−H), 118
(CH, JCF−CH = 12.75 Hz), 116 (CH, JCF−CH = 12.75 Hz).
FTIR (cm−1): 3084 (m, C−H aromatic str), 2924 (m, C−H
sp2 str), 1607 (m, C−H bending), 1511 (s, C�C str), 1350 (s,
NO2 sym. str), 1266 (s, N−O str). UV−vis (λmax, ethyl
acetate): 287.3 nm (see Supporting Information).
2.2.5. DFBPMS. The DFBPMS melting point was 98−100

°C, yield 80%, chemical formula: C13H10F2S, and molecular
weight 236.2. 1H NMR (300 MHz, CDCl3) δ: 7.6 (d, 2H, J =
12.07 Hz), 7.4 (d, 4H, J = 12.03 Hz), 7.2 (s, 1H), 2.5 (s, 3H).
13C NMR (75 MHz, CDCl3) δ: 152.1 (CF JCF = 7.4 Hz), 148
(CF, JCF = 7.3 Hz), 138 (C−S), 137.6 (C−C), 127.8 (CH),
127.03 (CH), 122 (CH), 117 (CH, JCF−CH = 12.75 Hz), 115
(CH, JCF−CH = 12.75 Hz), 15.8 (S−CH3). FTIR (cm−1): 3061
(m, C−H aromatic str), 2921 (m, C−H sp2 str), 1596 (m, C−
H bending), 1524 (s, C�C str), 1267 (s, C−S str). UV−vis
(λmax, ethyl acetate): 262.1 nm (see Supporting Information).

2.3. Computational Details. For computational research,
the Gaussian 16 program24 was employed. Starting with the
structures obtained from the SC analysis or structures built
according to the structural formulas provided, we did geometry

optimizations of our compounds using the C1 symmetry (or,
in other words, not using any symmetry restrictions at all)
followed by calculations of vibrational frequencies and their
analysis to make sure that the final structures were indeed
energy minima. The hybrid B3LYP25 functional was combined
with the split-valence triple-zeta 6-311+G*26,27 basis set
containing one set of diffuse and one set of polarization
functions (the B3LYP/6-311+G* approach). The synthesized
compounds were studied computationally both in the vacuum
and with the effects of ethyl acetate as an implicit solvent
(dielectric constant ε = 5.9867). In the calculations with
solvent effects, we employed the self-reliable IEF-PCM
technique28 with the UFF default model used in the Gaussian
16 and with the electrostatic scaling factor α = 1.0. The
analysis of atomic charges was done using the natural bond
orbital (NBO) method included in the Gaussian 16,29 with the
B3LYP/6-311+G* approach and the implicit solvent effects.
Frontier molecular orbitals (FMOs) were computed using the
same approach. In the paper, we consider the calculated
structures, NBO charges, and FMOs of the five optimized
compounds.
Furthermore, the values of the energies of the highest

occupied molecular orbitals, HOMOs, and the lowest
unoccupied molecular orbitals, LUMOs, were used to define
the global reactivity parameters (GRPs) of our com-
pounds30−32 (eqs 1−6). The values of the ionization potential
(IP) and electron affinity (EA) were calculated according to
eqs 1 and 2:

= EIP HOMO (1)

= EEA LUMO (2)

We calculated the global hardness η and electronegativity X
values according to eqs 3 and 4:

= [ ] =
[ ]E EIP EA

2 2
LUMO HOMO

(3)

= [ ] =
[ ]

X
E EIP EA

2 2
LUMO HOMO

(4)

The global electrophilicity ω value was calculated according
to eq 5:

=
2

2

(5)

where = [ ]E E
2

HOMO LUMO is the chemical potential of the
system.

Figure 1. ORTEP diagram of the compound TBDFBP. Hydrogens are shown by circles of arbitrary radius.
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The global softness σ was calculated according to Eq 6:

= 1
2 (6)

Open GL version of Molden 5.8.2 software was employed to
visualize the structures and FMOs of the studied fluorinated
biaryls.33 Avogadro software, version 1.1.1, was used to create
images of the molecular electrostatic potential (MEP) maps.34

3. RESULTS AND DISCUSSION
3.1. NMR Study Results. The 1H NMR signals confirmed

the structure of the TBDFBP compound (Figure S11): a
singlet peak at 1.386 ppm was attributed to 9 hydrogens of
tert-butyl group, another singlet peak at 7.5 was C2 of the
fluorinated benzene, and the doublet peak with J = 12.02
(coupling constant) at 7.4 was assigned to 2H of C5 and C6 (cf.
Figure 1). A singlet peak at 7.7 was assigned for 4H of C2′,
C3′, C5′, and C6′. The 13C NMR spectrum of the compound
TBDFBP shows a prominent signal for the methyl and tert-
butyl carbons at positions 31 and 34, respectively (Figure S12).
The peaks at 116 and 117 are like doublets due to the fluorine-
carbon coupling with JCF = 13.5 Hz.
The 1H NMR spectrum of the DFBPE compound shows six

distinct signals (Figure S13). A singlet peak at 2.66 ppm was
attributed to three hydrogens in the methyl group. Another
singlet peak at 7.29 was C2 of fluorinated benzene (cf. Figure
2). The two doublet peaks with J = 12.03 and 12.1 at 7.7 and
8.1 ppm correspond to 2H of C4, C5 and C2, C6 of the
acetylated benzene, respectively. The three singlet peaks at 7.2,
7.3, and 7.4 correspond to H of C2, C5, and C6 of the
fluorinated benzene, respectively. The 13C NMR of the
compound DFBPE shows a prominent signal for methyl at
26.83 (Figure S14). The peaks at 116 and 117 are like doublets
due to the fluorine carbon coupling with JCF = 12.75 Hz. The
separate peak at 197.85 indicates the C�O stretching.
The 1H NMR spectrum of the DFDMBP has five signals

(Figure S15). The two singlet peaks at 3.8 and 3.85 ppm reveal

6H from two different methoxy groups. One more singlet peak
at 6.8 indicates 3H of the methoxy substituted benzene. The
singlet peak at 7.2 ppm was assigned to 2H of the fluorinated
benzene. The 13C NMR of the compound DFDMBP shows a
prominent signal for the C-F bond at 151 ppm (j (Figure
S16)). The peaks at 116 and 117 are like doublets due to the
fluorine carbon coupling with JCF = 13.5 Hz. The peak at 26.83
shows the presence of methyl carbon.
Seven distinct signals are seen in the 1H NMR spectrum of

DFNBP (Figure S17). A singlet peak at 7.2 ppm is for 2H of
C5 and C6 of the fluorinated benzene. Another singlet peak at
7.3 is C2 of the fluorinated benzene. The four singlet peaks at
7.6, 7.8, 8.1, and 8.3 correspond to 4H of the nitro substituted
benzene. The 13C NMR spectrum of the compound DFNBP
shows a prominent signal for the C−F group at 151 (Figure
S18). The peaks at 116 and 117 are like doublets due to the
fluorine carbon coupling with JCF = 12.75 Hz.
For the compound DFBPMS, four signals are seen in the 1H

NMR spectra (Figure S19). A singlet peak at 2.54 ppm is for
3H of the methyl. Another singlet peak at 7.2 is for C2 of the
fluorinated benzene. Another two singlet peaks at 7.4 and 7.5
are for 1H of C5 and C6 of the fluorinated benzene. A peak at
7.3 is for 4H of the sulfomethylated benzene. The 13C NMR
spectrum of this compound has a peak at 15.88, which shows
the presence of the CH3 group (Figure S20). The prominent
signal for C−F is found at 151. The peaks at 116 and 117 are
like doublets due to the fluorine carbon coupling with JCF =
12.75 Hz.

3.2. FTIR Study Results. The structure of the TBDFBP
molecule was further validated by the FTIR study (see Figure
S1). The FTIR spectrum has peaks at 2951.71 cm−1 (approx.
3000 cm−1) that indicate the presence of aromatic C−H
stretching. By stretching vibrations in the double bond area at
1496 cm−1, the aromatic C�C bond was identified.
Additionally, the appearance of a peak at 1265.25 cm−1

confirmed the CH3 bending vibration.

Figure 2. ORTEP diagram of the compound DFBPE. Hydrogens are shown by circles of arbitrary radius.
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The structure of the molecule DFBPE was further
confirmed by the FTIR study as well (Figure S2). Its FTIR
spectrum has peaks at 2929 and 2857 cm−1 indicative of the
existence of sp2 and sp3 C−H stretching, respectively. By
stretching vibrations in the double bond area at 1496 cm−1, the
aromatic C�C bond was identified. Additionally, the presence
of a peak at 1596 cm−1 confirmed the C−H bending vibration.
The presence of CO stretching was indicated by a peak at 1717
cm−1.
The DFDMBP molecule FTIR spectrum has peaks at 2947

and 2830 cm−1 that are indicative of the existence of sp2 and
sp3 C−H stretching, respectively (Figure S3). By stretching
vibrations in the double bond area at 1496 cm−1, the aromatic
C�C bond was identified. Additionally, the appearance of a
peak at 1604 cm−1 confirmed the C−H bending vibration. A
peak arising at 1214 cm−1 confirmed the presence of C−O
stretching.
The DFNBP molecule FTIR spectrum has a peak at 3084

cm−1 that proves the existence of the aromatic C−H stretching
(see Figure S4). By stretching vibrations in the double bond
area at 1511 cm−1, the aromatic C�C bond was identified.
Additionally, the presence of a peak at 1607 cm−1 confirmed
the C−H bending vibration. Furthermore, the C−N2O group
was confirmed by a peak at 1350 cm−1.
Finally, the DFBPMS compound FTIR spectrum has peaks

at 2951 and 2913 cm−1 that are indicative of the existence of
the sp2 and sp3 C−H stretching, respectively (Figure S5). By
the presence of the stretching vibration peak in the double
bond area at 1496 cm−1, the aromatic C�C bond was
identified. Additionally, the appearance of a peak at 1607 cm−1

confirmed C−H bending vibration. The peak at 1116 cm−1

proved the presence of the C−S functionality.
3.3. UV−Vis Spectroscopy Study. The UV−vis spec-

troscopy analysis of the synthesized compounds was done by
Analytik Jena SPEC ORD 200/210 PLUS. The compound
TBDFBP shows maximum absorption of 0.9 A at 256.4 nm
(Figure S6), DFBPE shows absorption at 0.56 A at 275.7 nm
(Figure S7), and DFDMBP shows maximum absorption of
0.84 A at 315.8 nm (Figure S8). These results show that these
compounds have a continuous pattern of conjugation. DFNBP
shows maximum absorption of 0.78 A at 287.3 nm (Figure S9),
and DFBPMS shows maximum absorption of 0.7 A at 262.1
nm (Figure S10).

3.4. Single-Crystal XRD Data. 3.4.1. SC-XRD Study of
the Compound TBDFBP. The molecular formula of TBDFBP
was C16H16F2. The compound crystal system was found to
belong to the monoclinic system, and its space group was
defined to be P21/c. The SC-XRD data were recorded at T =
123 K. All H atoms were positioned geometrically and refined
using a riding model, with the following bond lengths, Å: C�
H = 0.98 (methyls), 0.99 (methylenes), 1.00 (methines), or
0.95 (aryl CH), and with Uiso(H) = 1.5 × Ueq(C) (methyls) or
with Uiso(H) = 1.2 × Ueq(C) (methylenes, aryl CH, methines).
Torsion angles of all methyls were allowed to be refined. The
dihedral angle between the newly formed bonds was found to
be 39.4°. The ORTEP diagram of TBDFBP is given in Figure
1. Further details of the SC-XRD study are provided in Table
S1. Table S2 contains selected bond distances and dihedral
angles of TBDFBP, both experimental and calculated.
3.4.2. SC-XRD Study of the Compound DFBPE. The

molecular formula of compound DFBPE was C14H10F2O. The

Figure 3. Structures of the TBDFBP (a), DFBPE (b), DFDMBP (c), DFNBP (d), and DFBPMS (e) optimized using the B3LYP/6-311+G*
approach with the implicit effects from ethyl acetate. Color coding: brown for C, blue for N, light brown for S, bright yellow for F, red for O, and
light gray for H. Bond distances and interatomic distances are in Å, bond angles and dihedral angles are in degrees.
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compound crystal system was monoclinic, and the space group
was determined to be P21/c. T = 123 K was used to record the
data. The dihedral angle between the newly formed bonds was
found to be −38.5°. The ORTEP diagram of DFBPE is given
in Figure 2. Further details of this compound SC-XRD study
are provided in Table S1. In Table S2, selected bond distances
and dihedral angles of DFBPE, both experimental and
calculated, are shown.

3.5. Computational Study. 3.5.1. Structural Features. In
Figure 3, the singlet structures of the compounds TBDFBP,
DFBPE, DFDMBP, DFNBP, and DFBPMS are provided.
Consideration of these structures shows the following. (i) In
TBDFBP, DFBPE, DFNBP, and DFBPMS, phenyls in the
biphenyl moiety are tilted relative to each other by almost the
same dihedral angle (∠(C1−C2−C3−C4)), whose absolute
values vary within 38.46° (DFBPMS−40.29° (TBDFBP).
However, this dihedral angle becomes noticeably increased, by
ca. 9−11°, for DFDMBP, which might be ascribed to the more
significant steric repulsions between the phenyl ring with two
F’s and the phenyl ring with two methoxyls, apparently
overcoming potential weak hydrogen bonding which might
appear between the O of the methoxy group next to the phenyl
with two fluorine and the H-atom of that phenyl in ortho-
position to the interphenyl bond (O···H interatomic distance is
2.582 Å). Also, the C−C bond connecting phenyl in
DFDMBP is slightly elongated compared to four other
compounds, by 0.004−0.005 Å. Also, these more significant
steric repulsions between the phenyls in the DFDMBP case are
supported by somewhat longer O···H and H···H interatomic
distances, 2.582 and 2.492 Å, respectively, compared to slightly
shorter H···H interatomic distances for other four compounds,
2.386−2.433 Å. Therefore, the phenyl−phenyl orientation is
essentially not affected or only slightly affected by varying
substituents in one of the phenyl rings. (ii) The C−F bond
distances in the compounds considered vary within 1.349−
1.354 Å. Also, the interatomic F···F distances in all five
compounds are very close to each other, varying within 2.704−

2.707 Å. Therefore, the F-containing moieties of the
compounds are essentially not affected by the substituents in
another phenyl ring. (iii) In the compounds DFBPE,
DFDMBP, DFNBP, and DFBPMS, the substituting groups
prefer to be in the plane of the phenyl rings to which they are
attached, which is supported by the following dihedral angles
values, degrees: −0.15 (∠(C5−C6−C8−C9), DFBPE),
−177.92 and 0.73 (∠(C3−C4−O1−C5) and ∠(C8−C6−
O2−C7), respectively, DFDMBP), 1.67 (∠(O2−N1−C6−
C5), DFNBP), and −178.80 (∠(C5−C6−S1−C7),
DFBPMS). (iv) In the compounds DFDMBP and DFNBP,
the valence angles for the O-containing groups are slightly
different from the ideal value of 120°, being equal to 118.78°
and 118.49° for the first compound and 123.86° for the second
compound. The valence angle ∠(C7−S1−S6) in DFBPMS is
ca. 104°. (v) Comparison of the DFT structures for the
TBDFBP and DFBPE with their experimental structures (see
Table S2), considering such parameters as bond lengths C1−
C7 (Figures 1 and 2) and C2 and C3 (Figure 3), C−F bond
distances, and torsion angles ∠(C2−C1−C7−C12) (Figures 1
and 2) and ∠(C1−C2−C3−C4) (Figure 3); O1−C13 (Figure
2) and O1−C8 (Figure 3) show good agreement between the
computed and experimental geometries. Some discrepancies
could be explained by restricting effects of the crystal structure.
3.5.2. Frontier MO Analysis. Figure 4 shows the plots of the

HOMOs and LUMOs of the species studied, and Table 1
shows the energies of their FMOs and their HOMO/LUMO
and TDDFT gaps, in eV. Analysis of these data shows the
following. (i) In the TBDFBP, DFBPE, DFNBP, and
DFBPMS, the HOMOs are dominated by contributions
from essentially the whole molecule; however, in DFBPMS,
the HOMO has relatively smaller contributions of the
fluorines. The contributions from substituents to the
HOMOs of TBDFBP, DFBPE, and DFNBP are relatively
small, but the DFBPMS HOMO is noticeably contributed by
the SCH3-group, which can be explained by the diffuse lone
pairs with low energies present on the S-atom. (ii) In

Figure 4. Plots of the FMOs for TBDFBP (a), DFBPE (b), DFDMBP (c), DFNBP (d), and DFBPMS (e) computed with the B3LYP/6-311+G*
approach and with the implicit effects from ethyl acetate (isosurface value = 0.015).
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DFDMBP, the situation with the HOMO is somewhat
different: the contributions from the phenyl with fluorines
are relatively small, and the OCH3-group contributes quite
noticeably to the HOMO. (iii) The LUMOs of TBDFBP,
DFBPE, DFDMBP, and DFBPMS have contributions from
the whole molecule, but in the case of DFNBP, only the
phenyl to which the NO2-group is bound contributes to the
LUMO, along with the NO2-group itself. (iv) The HOMO/
LUMO gap decreases by 0.58 eV from TBDFBP (with
electron-donating group C(CH3)3) to DFBPE (with the
electron-donating/electron-withdrawing group CH3−C�O),
then very slightly increases, by 0.02 eV, to DFDMBP (with
electron-donating/electron-withdrawing groups OCH3), next

further decreases significantly, by 0.70 eV, for DFNBP (with
strongly electron-withdrawing group NO2), and finally
increases by 0.69 eV for DFBPMS (with strongly electron-
donating group SCH3), which has the HOMO/LUMO gap in
between the gaps of DFBPE and DFDMBP. As can be seen
from Table 1, the HOMOs are stabilized from TBDFBP to
DFBPE, then destabilized for DFDMBP, next again strongly
stabilized for DFNBP, and strongly destabilized for DFBPMS.
The LUMOs are strongly stabilized from TBDFBP to DFBPE,
then strongly destabilized for DFDMBP, then again very
noticeably stabilized for DFNBP, and finally strongly
destabilized for DFBPMS. The TDDFT gaps steadily decrease
from TBDFBP through DFNBP and then again increase for
DFBPMS, which has the gap very close to the DFBPE gap.
These results imply that all five compounds should be quite

stable thermodynamically, although the compound DFNBP
should be relatively less stable.
3.5.3. Charge Analysis. In Figure 5, the NBO charges are

shown for all the compounds under investigation. Analysis of
these charges shows the following. (i) Negative charges on the
fluorines and positive charges on the phenyl carbons bound to
them vary very slightly with the compound. For the fluorines,
the charges vary within −0.343e (DFNBP) to −0.349e
(DFDMBP), and for the carbons, the charges vary within
0.345e−0.356e. Generally, the charge on the carbon in the

Table 1. FMO Energies of the TBDFBP, DFBPE, DFDMBP,
DFNBP, and DFBPMS (eV) along with their HOMO/
LUMO and TDDFT Gaps (eV), Calculated at the B3LYP/6-
311+G* Level with the Implicit Effects from Ethyl Acetate

compound E(HOMO/LUMO), A.U. ΔE(H/L), eV E(TDDFT), eV

TBDFBP −0.23671/−0.04766 5.14 4.65
DFBPE −0.25043/−0.08279 4.56 4.14
DFDMBP −0.21415/−0.04586 4.58 3.99
DFNBP −0.25706/−0.11441 3.88 3.33
DFBPMS −0.21803/−0.04998 4.57 4.12

Figure 5. NBO charges, e, for the compounds TBDFBP (a), DFBPE (b), DFDMBP (c), DFNBP (d), and DFBPMS (e) computed at the
B3LYP/6-311+G* level with the implicit effects from ethyl acetate.
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para-position to the C−C interphenyl bond is somewhat
smaller, by 0.004−�0.010e, than the charge on the carbon in
the meta-position to this bond. (ii) Negative charges on the O-
atoms in the compounds DFBPE, DFDMBP, and DFNBP are
quite significant, being within −0.397e (DFNBP) to −0.598e
(DFBPE). In the compound DFNBP, there is significant
positive charge, 0.493e, on the N-atom of the nitro group, and
in the compounds DFBPE and DFDMBP, there are significant
positive charges on the carbons of the ethoxy group (DFBPE)
and phenyl ring (DFDMBP) bound to the oxygens, 0.567e
and 0.296e−0.313e, respectively. Also, there are noticeable
negative charges, ca. −0.2e, on the methoxy carbons in
DFDMBP. (iii) In DFBPMS, there is noticeable positive
charge on the S-atom, 0.252e, with significant negative charges
on the carbon of the thiomethyl, −0.705e, and on the phenyl
carbon, bound to S, −0.177e. Negative charges on the carbons
connecting phenyls are relatively low, −0.029e to −0.083e. For
the compounds TBDFBP, DFDMBP, and DFBPMS, the
charge on the carbon of the phenyl bearing fluorines are
smaller than on the carbon of another phenyl, and for two
other compounds, the situation is reversed. (v) In the
compound TBDFBP, the methyl carbons of the tert-butyl
group carry significant negative charges, −0.553e to −0.568e.
(vi) The carbons of the phenyl rings, which are bound only to
hydrogens, carry quite noticeable negative charges in all five
compounds, varying within −0.144e and -0.263e.
These results suggest that molecules of the compounds

considered should interact quite noticeably with each other in
the solid phase, which would assist formation of quite stable
crystal phases (see the experimental results above for TBDFBP
and DFBPE). Moreover, the noticeable atomic charges in the
molecules of these species would facilitate their dissolution in

polar solvents such as ethyl acetate, water, and dioxane (see
above).
3.5.4. MEP Analysis. Figure 6 shows the plots of MEP for all

five compounds. Analysis of the MEP plots reveals the
following aspects. (i) For all five species, there is accumulation
of negative MEP (as indicated by red color) on fluorines and
accumulations of positive MEP (as indicated by blue color) on
the phenyls to which fluorines are connected. Also, the positive
potential accumulation can be noticed on hydrogens of the
second phenyl and of methyl groups of the substituents. (ii)
Slight accumulation of negative MEP can be seen in the second
phenyl of TBDFBP. (iii) Negative potential accumulations can
be seen on oxygens of the O-containing substituents of
DFBPE, DFDMBP, and DFNBP as well as on the S-atom of
DFBPMS. The oxygens in DFNBP show somewhat stronger
accumulation of negative potential compared to other
compounds.
Therefore, the compounds considered might play roles of

both electrophiles and nucleophiles in chemical reactions.
Moreover, accumulation of positive and negative potential
implies the possibility of quite significant dipole−dipole
intermolecular interactions in crystals of these compounds, as
well as quite strong interactions with polar solvent molecules.
3.5.5. Global Reactivity Parameters Analysis. The GRP

values were obtained using the FMO energies (Table 1)
according to eqs 1−6 (see Computational details) and their
computed values in eV are presented in Table 2.
Analysis of the GRPs in Table 2 shows the following. (i)

The compound DFNBP has the highest IP among the
compounds considered, 6.99 eV, followed by DFBPE, 6.81 eV,
and TBDFBP, 6.44 eV, whereas the compound DFDMBP has
the lowest IP, 5.83 eV. The EA value tendency is similar to the
tendency for the IP values: the highest value, 3.11 eV, for

Figure 6. Plots of MEP for TBDFBP (a), DFBPE (b), DFDMBP (c), DFNBP (d), and DFBPMS (e) computed at the B3LYP/6-311+G* level
with the implicit effects from ethyl acetate.

Table 2. GRPs for the TBDFBP, DFBPE, DFDMBP, DFNBP, and DFBPMS (eV) Calculated at the B3LYP/6−311 + G* Level
with the Implicit Effects from Ethyl Acetate

compound E(H) Ε(L) ΔE(H/L) IP EA η X μ ω σ
TBDFBP −6.44 −1.30 5.14 6.44 1.30 2.570 3.870 −3.870 2.914 0.195
DFBPE −6.81 −2.25 4.56 6.81 2.25 2.280 4.530 −4.530 4.500 0.219
DFDMBP −5.83 −1.25 4.58 5.83 1.25 2.290 3.540 −3.540 2.736 0.218
DFNBP −6.99 −3.11 3.88 6.99 3.11 1.940 5.050 −5.050 6.573 0.258
DFBPMS −5.93 −1.36 4.57 5.93 1.36 2.285 3.645 −3.645 2.907 0.219
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DFNBP, then next highest value, 2.25 eV, for DFBPE, but the
next value, 1.36 eV, is for DFBPMS, and again the lowest
value, 1.25 eV, is for DFDMBP. These results suggest that
DFNBP would be quite a poor electron donor but quite good
electron acceptor, whereas DFDMBP would be more prone to
lose electrons and less capable to attach them. However, it
should be noted that all five compounds have noticeably high
values of IP and much lower values of EA, which renders them
quite stable in the redox reactions. This is further supported by
large HOMO/LUMO gap values, with the highest value, 5.14
eV, for TBDFBP. (ii) The compound TBDFBP possesses the
highest global hardness value in the series, 2.570 eV, whereas
the compound DFNBP has the lowest global hardness value,
1.940 eV, which implies the lower reactivity and thus increased
stability of TBDFBP and higher reactivity of DFNBP. This is
in line with the lowest value of the global softness, 0.195 eV,
for TBDFBP and the highest value in the series for DFNBP,
0.258 eV. These results are also in line with the HOMO/
LUMO gap results (see above). It should be noted that three
other compounds have essentially the same global softness and
global hardness values, thus implying their close relative
reactivities. (iii) Global electronegativity and global electro-
philicity have highest values in the series for DFNBP, 5.050
and 6.573 eV, respectively, whereas DFDMBP has the lowest
values of these two GRPs, 3.540 and 2.736 eV, respectively.
For TBDFBP, these parameters have relatively low values as
well, 3.870 and 2.914 eV, respectively. These results again
support relatively higher reactivity of DFNBP and relatively
higher stability of TBDFBP.
The GRP results imply that all compounds studied should

be quite stable in redox reactions. The compound DFNBP
would be relatively more reactive one, whereas the compounds
TBDFBP and DFDMBP would be relatively more stable.

4. CONCLUSIONS
Five new difluorinated diphenyl compounds, namely,
TBDFBP, DFBPE, DFDMBP, DFNBP, and DFBPMS, have
been successfully synthesized by the well-known SM coupling
with excellent yields averaging 78%, and their structures were
confirmed by spectroscopic analysis and single-crystal XRD
(for TBDFBP and DFBPE). Several features of these
compounds such as their structures, FMOs, NBO charges,
MEP, and GRPs have also been explored by the DFT study.
The calculated structures for TBDFBP and DFBPE show
good agreement with the experimental geometries. The FMO
analysis implies that that all five compounds should be quite
stable thermodynamically. The NBO charge analysis suggests
that molecules of the compounds considered should interact
quite noticeably with each other in the solid phase, which
would assist in the formation of quite stable crystal phases.
MEP analysis suggests that these compounds might play roles
of both electrophiles and nucleophiles in chemical reactions.
Moreover, accumulation of positive and negative potential
implies the possibility of quite significant dipole−dipole
intermolecular interactions in crystals of these compounds, as
well as quite strong interactions with polar solvent molecules.
The GRP analysis implies that the compounds studied should
be quite stable in redox reactions. The compound DFNBP
would be relatively more reactive one, whereas the compounds
TBDFBP and DFDMBP would be relatively more stable.
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