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1. Introduction

The chemistry of metal-organic frameworks is a rapidly grow-
ing research field owing to the practical potential of this class of
porous compounds [1-3]. Metal-organic frameworks are extended
two- or three-dimensional networks comprised of metal nodes and
rigid organic ligands joined together by coordination bonds [4]. The
introduction of the reticular synthesis concept [5], that was de-
scribed as the adequate design or selection of existing ligands and
inorganic building blocks and their subsequent strong bonding into
a predetermined ordered network, afforded a new perspective in
the development of these materials. In this respect, the size, shape
and type of coordinating groups are the main factors to be taken
into account in the design of ligands for metal-organic frameworks
[6]. The aforementioned characteristics are responsible for the type
of network and its stability, whereas the capacity to interact with
guest molecules is mainly ensured by certain atoms or chemical
groups present in the ligand molecule. The inclusion of these ele-
ments that facilitate the host-guest interactions in the final struc-
ture of a given metal-organic framework is secured either through
rigorous ligand design, or by means of post-synthetic modifica-
tions [7,8]. The post-synthesis modification strategy is limited by
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the chemical and thermal stability of the network, the size of the
network pores, or type and size of the used reagents [9].

The use of partially fluorinated or per-fluorinated ligands in the
synthesis of metal-organic frameworks has led so far to interesting
results [10-15]. The appealing feature in the development and use
of this type of ligand is the small size of the fluorine atom, which
does not significantly reduce the free volume within a porous co-
ordination polymer. Moreover, the polarized C-F bond enables po-
tential interactions with the guest molecules within the frame-
work. In addition, the hydrophobicity of the pore surface that is
induced by the presence of the fluorine atoms has been shown
to substantially improve the hydrolytic resistance of the network,
and to assist the accommodation of hydrophobic guests by block-
ing the absorption of water almost completely while allowing the
uptake of hydrophobic molecules [16]. Also, it has been previ-
ously reported that an increase of the number of fluorine atoms
in the pores of a metal-organic framework leads to a preferen-
tial uptake of hydrogen and carbon dioxide [17,18]. Taking into
account the significance of fluorine-containing ligands for the de-
velopment of novel coordination polymers with potential appli-
cations, the present report aims at describing one step synthetic
approaches towards three fluorinated terphenyl-dicarboxylic acids
that can be subsequently used in the preparation of metal-organic
frameworks. Computational studies of these fluorine-substituted
acids have highlighted the influence that the presence of this halo-
gen has towards the reactivity and conformational effects of the
ligands.
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2. Experimental
2.1. Materials, methods and instruments

All chemicals were purchased from commercial suppliers
(Sigma-Aldrich, TCI Europe N.V., Merck KGaA) and used as re-
ceived. 1,4-Dibromo-2,5-bis(trifluoromethyl)benzene required as
starting material in the synthesis of compound 3 was prepared
through bromination of 1,4-bis(trifluoromethyl)benzene as de-
scribed previously [19]. Fourier Transform-Infrared (FT-IR) spectra
were recorded on a FT-IR Bruker Vertex 70 spectrophotometer in
transmission mode using KBr pellets. The intensity of the absorp-
tion bands is given as very strong (vs), strong (s), medium (m),
weak (w) and very weak (vw). All spectra were collected at a 2
cm~! resolution, in the mid-IR range (4000-400 cm~!). CHN el-
emental analysis was performed on a Vario-EL-IIl elemental ana-
lyzer. The melting point of the compounds measured on a MEL-
TEMP capillary melting point apparatus from ambient temperature
up to 400 °C. NMR spectra were recorded on a Bruker Avance NEO
spectrometer operating at 400 MHz, with a 5 mm probe for di-
rect detection of H, C, F, Si. DMSO-dgz was used as solvent and the
spectra were calibrated on the residual peak of the solvent (§=
2.51 for 'H and 8= 39.47 for 13C). The spectra were recorded at
room temperature using the standard parameter sets provided by
Bruker. The 13C NMR spectra for 2 and 1 were recorded with 25k
scans and 14k of scans, respectively. The signal assignments in the
proton and carbon spectra were done using proton-carbon correla-
tion experiments: H,C-HSQC and H,C-HMBC. The numbering of the
atoms in the structure of the compounds (Fig. 1) corresponds to
that from the X-ray structures (Fig. 2).
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Fig. 1. H,C-HMBC spectrum (DMSO-d6, 400 MHz) for 3 and assignment of the sig-
nals.
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Fig. 2. X-ray molecular structure with atom labeling and thermal ellipsoids at 50% probability for 1 (a), 2 (b) and 3 (c). Symmetry generated fragments are shown with
faded colours. Only the major position occupied by disordered fluorine atoms in the molecule of compound 1 is shown.
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Table 1
Crystal data and details of data collection.
1 2 3
Empirical formula CyoH12F,04 CygHagF4 N, Og CygHy6Fs N, Og
Fw 354.30 564.52 600.51
Space group P-1 C2/c C2/c
a [A] 3.7783(4) 32.7766(15) 30.924(2)
b [A] 7.9284(8) 5.7324(3) 8.1884(6)
c [A] 13.1369(12) 13.9691(6) 11.1489(10)
o [°] 74.849(8) 90 90
B[] 82.243(8) 101.354(4) 92.406(8)
y [°] 82.813(9) 90 90
Vv [A3] 374.71(7) 2573.3(2) 2820.6(4)
V4 1 4 4
Pealed [& cm—3] 1.570 1.457 1.414
Crystal size [mm] 0.20 x 0.10 x 0.05 0.20x 0.15 x 0.04 0.20 x 0.10 x 0.05
T [K] 293 160 180
i [mm-1] 0.126 0.121 0.125
20 range [°] 5.3 to 50.0 5.0 to 50.0 5.1 to 50.0
Reflections collected 2756 24212 7106
Independent reflections 1331[R;;,=0.0213] 15318]R;,;=0.0428] 2496(R;,=0.0374]
Data/restraints/parameters 1331/0/123 3401/0/186 2496/1/202
Ryl 0.0459 0.0436 0.0557
WR, P! 0.1022 0.1067 0.1166
GOFlcl 1.032 1.001 1.028
Largest diff. peak/hole [e A~3] 0.19/-0.18 0.30/-0.21 0.13/-0.15
CCDC 2,164,600 2,164,601 2,164,602

I Ry = B||Fo| - |[Fc||/Z|Fo|. PV WRy = {Z[W(Fo? - F2)? ]| [w(Fo?)?]} '2. I GOF = {Z[w(Fo? - Fc2)?]/(n - p)}'/2, where n is the number of reflections and p is the total number

of parameters refined.

Single crystal X-ray diffraction measurements were carried out
with a Rigaku Oxford-Diffraction XCALIBUR E CCD diffractometer
equipped with graphite-monochromated MoKo radiation. Single
crystals were positioned at 40 mm from the detector and 280, 386
and 419 frames were measured each for 30 s, 30 s and 50 s over 1°
scan width for 3, 1 and 2, respectively. The unit cell determination
and data integration were carried out using the CrysAlis package
of Oxford Diffraction [20]. The structures were solved by Intrin-
sic Phasing using Olex2 [21] software with the SHELXT [22] struc-
ture solution program, and refined by full-matrix least-squares on
F?2 with SHELXL-2015 [23] using an anisotropic model for non-
hydrogen atoms. The structure 2 was determined from the non-
merohedral twin. The twin law corresponds to the rotation of 180°
around direction [0.91 0.0 0.42] in direct space. The refinement
showed that the fractional contributions of the two domains are
of 0.53/0.47. The hydrogen atoms attached to carbon were placed
geometrically and constrained to ride with doy = 096 A and
Ujsovalues of 1.2 Ueq of the parent atoms. The hydrogen atoms in-
volved in hydrogen bonding were localized from difference Fourier
maps and their positional parameters were verified according to
hydrogen bonds geometry. The positional parameters of disordered
atoms in the crystal of 3 and 1 were refined with necessary im-
posed restraints on geometry and displacement parameters avail-
able in SHELXL program. The molecular plots were obtained using
the Olex2 program. The crystallographic data and refinement de-
tails are presented in Table 1, while bond lengths and angles are
summarized in Tables S1, S3 and S5.

Theoretical calculations were carried out using the density
functional theory (DFT) with Gaussian G 16 program [24]. APFD
functional and 6-31+G (d,p) Popple basis set were selected as the-
ory level [25,26]. The selected APFD density functional provides
good results relating to the conformational as well as the electronic
effects for both organic [27] and inorganic compounds [28], being
in agreement with the experimental data. The computational re-
sults were analyzed and depicted with Gauss View 6 and Avogadro
software [29,30].

The first stage of theoretical investigation, which involved an
optimization procedure for the target compounds (1, 2, and 3), was
performed using the APFD/6-31+G(d,p) method. The equilibrium

molecular geometry was confirmed by Hessian calculation, and no
imaginary frequency was obtained. In the geometry optimization,
an ultrafine integration (int=ultrafine keyword in Gaussian) grid
and tight convergence thresholds (opt=tight, scf=tight keywords in
Gaussian) were used.

The Highest Occupied Molecular Orbital-Lowest Unoccupied
Molecular Orbital (HOMO-LUMO) representations, the energy gap,
and the electrostatic surface potential (ESP) were represented for
the optimized structures. The non-covalent interplays were esti-
mated with Multiwfn [31] and NCIPLOT program [32,33]. Likewise,
for representation of weak interactions the VMD 1.9.3 [34] and
Gnuplot software’s [35] have been used.

2.2. Synthesis

2.2.1. Synthesis of
2/ 5'-difluoro-[1,1":4',1"" -terphenyl]—4,4" -dicarboxylic acid 1

To a solution of 1,4-dibromo-2,5-difluorobenzene (1.09 g,
4 mmol) and 4-carboxyphenylboronic acid (1.67 g 10 mmol) in
tetrahydrofuran (THF, 150 mL), a solution of potassium carbon-
ate (5.95 g, 43.05 mmol) in water (30 mL) was added. The re-
sulting mixture was then subjected to repeated cycles consist-
ing of argon sparging followed by degassing under vacuum be-
fore tetrakis(triphenylphosphine)palladium(0) (0.138 g, 0.12 mmol)
was added. The reaction mixture was refluxed under an inert ar-
gon atmosphere while being vigorously stirred for 72 h. Then, the
pH of the cooled dark gray dispersion was brought to 1-2 by
gradual addition of aq. 3 M HCIl under efficient stirring. The re-
sulting precipitate was collected by filtration, washed thoroughly
with water, then ethanol, and air-dried. The solid was suspended
in the minimum amount of boiling N,N-dimethylformamide (DMF,
50 mL), and then the insoluble material was removed by hot fil-
tration. Upon cooling, the diacid separated out as off-white nee-
dles (1.13 g, 79%), m.p. > 400 °C; FT-IR (v, cm~': 2669 (vw), 2545
(vw), 1934 (vw), 1689 (vs), 1608 (s), 1569 (w), 1523 (m), 1485 (s),
1427 (s), 1390 (s), 1321 (s), 1292 (s), 1166 (m), 1110 (m), 1037 (vw),
1010 (w), 923 (m), 893 (m), 854 (s), 815 (w), 767 (s), 702 (s), 667
(w), 549 (s), 505 (m), 466 (m); Anal. Calculated for CygH3F;04: C,
67.81; H, 3.41. Found: C, 68.13; H, 3.53. 'TH NMR (400.13 MHz, §,
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Scheme 1. Synthetic approach towards the three reported ligands. Reaction conditions: (a) Pd(PPhs)s, K;CO3, THF:water (5:1 v/v), reflux, 72 h; (b) Pd(PPhs),, K;COs, diox-

ane:ethanol:water (4:1:1 v/v/v), reflux, 72 h.

ppm): 13.18 (s, 2H, H-1), 8.08 (d, ] = 8.3 Hz, 4H, H-3, H-7), 7.79 (d,
J = 8.2 Hz, 4H, H-4, H-6), 7.69 (t, ] = 8.8 Hz, 2H, H-10). 13C NMR:
(100.6 MHz, 8, ppm): 167.0 (C-1), 156.1-154.1 (d, ] = 242.3 Hz, CF-
9), 137.7 (C-5), 130.8 (C-2), 129.7 (C-3, C-7), 129.1 (C-4, C-6), 128.4
(t,J = 12 Hz, C-8), 117.9 (dd, ] = 30 Hz, | = 7 Hz, CH-9, CH-10) 19F
NMR (376.4 MHz, §, ppm): —122.5 (t, ] = 8.8 Hz, F-1).

2.2.2. Synthesis of
2,35 ,6'-tetrafluoro-[1,1':4',1"’ -terphenyl]—4,4’’ -dicarboxylic acid 2
Starting from 1,4-dibromo-2,3,5,6-tetrafluorobenzene (1.24 g,
4 mmol) instead of 1,4-dibromo-2,5-difluorobenzene, a synthetic
procedure that was identical to that previously described in de-
tail for the preparation of 1 and afforded a crude material that
was suspended in the minimum volume of boiling DMF (45 mL).
Removal of insoluble impurities by hot filtration and subsequent
slow cooling to room temperature gave colorless crystals (1.2 g,
76%), m.p. > 400 °C; FI-IR (v, cm~'): 2673 (w), 2547 (w), 1695
(vs), 1610 (m), 1566 (w), 1477 (s), 1423 (s), 1402 (s), 1296 (s), 1188
(w), 1114 (w), 1018 (w), 981 (s), 910 (m), 856 (m), 837 (w), 788
(m), 767 (m), 748 (vw), 700 (m), 547 (m), 487 (w); Anal. Calcu-
lated for CogH,gF4N,0g: C, 59.58; H, 4.99, N, 4.96. Found: C, 59.99;
H, 443, N, 5.11. 'H NMR (400.13 MHz, §, ppm): 13.25 (s, 2H, H-
10), 8.14 (d, ] = 8.4 Hz, 4H, H-6, H-8), 7.74 (d, ] = 8.1 Hz, 4H, H5,
H-9). 3C NMR: (100.6 MHz, 8, ppm): 167.0 (C-10), 156.1-154.1 (d,
J = 2515 Hz, C-1, C-3), 131.8 (C-7), 130.8 (C-4), 130.3 (C-5, C-9),
129.6 (C-6, C-8), 128.4 (m, C-2). 'F NMR (376.4 MHz, §, ppm):
—143.7 (F-1, F-2).

2.2.3. Synthesis of
2! 5"-bis(trifluoromethyl)-[1,1:4',1""-terphenyl]—4,4" -dicarboxylic
acid 3

1,4-Dibromo-2,5-bis(trifluoromethyl)benzene (1.49 g, 4 mmol)
and 4-carboxyphenylboronic acid (1.67 g, 10 mmol) were dis-
solved under efficient stirring in a mixture of dioxane and
96% ethanol (150 mlL, 4:1 v/v, respectively). The organic so-
lution was combined with a solution of potassium carbon-
ate (5.8 g 42 mmol) in water (30 mL), and the result-
ing mixture was then thoroughly sparged with argon before
tetrakis(triphenylphosphine)palladium(0) (0.138 g, 0.12 mmol) was
added. The reaction mixture was next refluxed under argon with
vigorous stirring for 72 h. After cooling to room temperature, the
reaction mixture was filtered and then treated with aq. 3 M HCI
under efficient stirring until pH reached 1-2. The resulting precip-
itate was filtered, washed thoroughly with water, and air-dried. Re-
crystallization from DMF (5 mL), accompanied by hot filtration of
the suspension yielded upon cooling white needles (1.48 g, 81%),

m.p. > 400 °C; FTI-IR (v, cm~1): 2671 (vw), 2544 (vw), 1697 (vs),
1608 (m), 1566 (w), 1523 (w), 1498 (w), 1417 (s), 1286 (s), 1247 (s),
1136 (vs), 1087 (s), 1029 (m), 929 (w), 904 (m), 858 (m), 808 (w),
777 (m), 757 (w), 705 (s), 659 (w), 621 (w), 588 (w), 551 (s), 536
(m), 482 (w); Anal. Calculated for C,gH,6FgN,0g: C, 56.01; H, 4.36,
N, 4.66. Found: C, 56.41; H, 4.22, N, 4.81. 'H NMR (400.13 MHz, §,
ppm): 13.17 (s, 2H, H-11), 8.06 (d, ] = 8.3 Hz, 4H, H-7, H-9), 7.89 (s,
2H, H-4), 7.58 (d, ] = 8.2 Hz, 4H, H-6, H-10). 13C NMR: (100.6 MHz,
8, ppm): 166.9 (C-11), 141.6 (C-5), 139.9 (C-3), 130.9 (C-7), 130.1 (q,
J=31Hz, C-2),129.8 (d, ] = 5 Hz, C-4), 129.2 (C-6, C-10), 129.0 (C-
7, C-9), 123.0 (q, J = 274.9 Hz, C-1). 9F-NMR (376.4 MHz, §, ppm):
-56.1 (F-1, F-2, F-3).

3. Results and discussion

3.1. Chemistry

Assembly of polyaromatic structures through the Suzuki-
Miyaura cross-coupling reaction [36] employing bromine- or
iodine-substituted aromatics as substrates and substituted phenyl-
boronic acid as organoborane partner is a common synthetic strat-
egy for the preparation of structurally diverse aromatic compounds
useful as organic ligands [37]. Owing to their improved solubil-
ity in organic solvents that allows facile post-synthetic work-up,
commercially available, albeit more expensive, alkoxycarbonylaryl-
boronic acids have been used as alternative reagents to the corre-
sponding carboxyaryl boronic acids in the cross-coupling reaction.
In fact, two of the ligands reported in this study, namely 2 and
3, have been recently prepared through a two-step procedure that
involves firstly the Suzuki-Miyaura reaction of 4-methoxycarbonyl-
phenylboronic acid with the appropriately substituted haloaro-
matic, followed by a base-catalyzed hydrolysis stage [38]. The ad-
vantage of this two-step approach is that it allows easy access to
high-purity diesters of the desired ligand through recrystallization
of these intermediates from common organic solvents with low
boiling points prior to their transformation into the sparingly sol-
uble diacids. One of the goals of the current work is to investigate
the feasibility of a one-step synthetic approach towards fluorine-
containing organic ligands, as presented in Scheme 1.

The coupling proceeds smoothly under the particular reaction
conditions identified in this study for each of the three target
compounds, affording pure substances with good yields (up to
80%) after recrystallization. Although some slight loss in the de-
sired compounds incurred during removal of spent palladium and
purification stage, the yields are still superior to those recorded
for the two-step synthetic approach of 2 and 3 [38]. It has been
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noticed in the course of this work that the presence of fluorine
as a substituent directly attached to the aromatic terphenyl core
renders compounds 1 and 2 practically insoluble in common
organic solvents (such as lower alcohols, acetone, chloroform,
dichloromethane, tetrahydrofuran, etc.). A 5:1 THF:water mix-
ture has been found to be efficient as reaction medium in the
preparation of 1 and 2, as it dissolves adequately both reactants
in the cross-coupling reaction, while the resulting potassium
salt of the aforementioned compounds gradually precipitates
and forms a thick suspension at the end of the reaction time.
However, initial attempts to use the same reaction medium in the
synthesis of 3 was accompanied by very low yields of the target
compound, presumably owing to poorer reactivity of 1,4-dibromo-
2,5-bis(trifluoromethyl)benzene in the cross-coupling reaction
compared to 1,4-dibromo-2,5-difluorobenzene and 1,4-dibromo-
2,3,5,6-tetrafluorobenzene. Nonetheless, replacement of THF with
a mixture of dioxane and ethanol was shown to significantly
improve the reactivity of the trifluoromethyl-substituted substrate,
and to allow the reaction to occur with increased conversion of
this substrate into the target compound 3. In this case, the solu-
bility of the potassium salt of 3 in the solvent mixture facilitated
the easy removal of most of the spent palladium catalyst through
filtration at the end of the reaction time and prior to the acid
treatment required for the isolation of the dicarboxylic acid 3.

All three compounds were purified through recrystallization of
the crude products from DMF. Hot filtration of insoluble impuri-
ties consisting of spent palladium was required in particular in the
purification of compound 1 and 2. Hot filtration was also deemed
desirable in the purification of crude 3, although the content of
mechanical impurities in this material was substantially lower than
in the case of the materials isolated after the work-up of the other
two target compounds. Use of DMF as recrystallization solvent also
produced single crystals suitable for X-ray investigations in the
case of 1 and 3, but not 2. However, an attempt to recrystallize
the latter compound from N,N-dimethylacetamide (DMAc) afforded
also single crystals of this diacid that were found to be appropriate
for X-ray studies.

3.2. Structural characterization of the target compounds

3.2.1. FT-IR spectroscopy

The FT-IR spectra of the target compounds (Figs. S1-S3) are
very similar, apart for a few minor differences that will be de-
tailed below. The presence of the carboxyl groups in the structure
of these compounds is associated with the most intense absorp-
tion band in the spectra (1689 cm~! for 1, 1695 cm~! for 2 and
1697 cm~! for 3), which has been assigned to the stretching vibra-
tion of the carbonyl group. In the case of 1, the very weak band
at 3431 cm~! was assigned to the hydroxyl group stretching vibra-
tion, while the corresponding band is less intense for 2, and it is
completely absent for 3. The stretching vibration of the bond be-
tween an aromatic carbon and fluorine can be easily identified as
the strong absorption band centered at 1292 cm~! for 1 and at
1296 cm~! for 2 [39]. In the particular case of 3, the out-of-phase
stretching vibrations in the trifluoromethyl group have been asso-
ciated with the relatively broad band centered at 1136 cm~! and
with an adjacent less intense band at 1087 cm~1[39].

3.2.2. NMR spectroscopy

NMR spectra of the compounds reported in this study corre-
spond to the proposed structures. Because of their structural high
symmetry and high degree of substitution of the molecules, the
TH NMR and °F NMR spectra show few signals (Figs. $4-S9). 'H
NMR spectrum of each of these compounds shows a broad peak
for the carboxylic protons at 13.17 ppm (3), 13.25 ppm (2) and
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13.18 ppm (1). The protons for the terminal p-disubstituted ben-
zene rings give two doublets at 8.06 and 7.58 ppm for 3, 8.08 and
7.79 ppm for 1 and 8.14 and 7.74 ppm for 2. The protons from the
central fluorine-substituted phenyl ring of 3 resonate at 7.89 ppm,
while the ones in 1 give a triplet at 7.69 ppm. The fluorine atoms
in each compound are magnetically equivalent and give peaks in
the 19F NMR spectra at characteristic chemical shift values, namely
at —56.1 ppm for fluorine atoms in trifluoromethyl groups of 3,
and at —143.7 ppm and —122.5 ppm for the fluorine atoms di-
rectly attached to the aromatic rings in 2 and 1, respectively. In
the 13C NMR spectra of each compound (Figs. S10-S12), the carbon
atom in the carboxylic group has been assigned a peak at about
167 ppm, while the aromatic carbon atoms in the terminal phenyl
rings appear as four distinct peaks. The signals for the carbons
in the central fluorine-substituted phenyls have a more complex
pattern which consists of multiplets, owing to 3C - 19F couplings
over one, two or three bonds. Thus, in the 3C NMR spectrum of
3, two quartets, one for the carbon atoms of the trifluoromethyl
group (123 ppm) and one for the phenyl quaternary carbons sub-
stituted with the trifluoromethyl group (130.1 ppm), can be ob-
served. The later quartet partially overlaps the doublet associated
with the carbon atom ortho to trifluoromethyl. The carbon atoms
substituted with fluorine in the structure of 1 give a doublet at
155.1 ppm, their neighboring tertiary carbon atoms give a triplet
at 128.4 ppm, while their neighboring quaternary carbon atoms
give a doublet of doublets at 117.9 ppm. The 3C NMR spectrum
of 2 shows two sets of complex multiplets for the carbon atoms
in the fluorine-substituted phenyl ring, one centered at 143.4 ppm
for the -CF carbons, and the other centered at 118.9 ppm corre-
sponding to the quaternary carbons bound to the terminal phenyl
rings. The exact assignment of the peaks from the 'H and 13C
NMR spectra was carried out using 2D H,C-HSQC and H,C-HMBC
experiments (Figs. S13-S17). The H,C-HMBC experiments showed
correlations between the protons and the carbons in the terminal
phenyl rings and the ones in the central phenyl ring (as seen in
Fig. 1). Thus, long range correlations between C8 in the central
fluorine-substituted phenyl ring and H4 and H6 in the carboxyl-
substituted phenyl rings can be noticed for all three compounds.
An additional correlation between C5 and H9 is also evident in the
2D NMR spectra of 3 and 1.

3.3.3. Single crystal structure

The X-ray molecular structures of the three compounds re-
ported in this work, as they resulted from the X-ray diffraction
study, are shown in Fig. 2. There are no co-crystallized solvate
molecules in the crystal of 1, while one molecule of 2 crystallizes
with two dimethylacetamide molecules, and each molecule of 3
crystallizes with two dimethylformamide molecules. As shown in
Fig. 2, the solvent molecules act as acceptors in hydrogen bond-
ing with carboxylate groups, which serve as donors of protons in
both crystals. The molecules of 1, 2 and 3 exhibit intrinsic crys-
tallographic imposed symmetry, with the inversion center located
in middle of the central phenyl ring. It is noteworthy that fluorine
atoms are disordered between two positions (atoms C9 and C10)
with occupancy factors of 0.78 and 0.22. Likewise, the carboxylate
proton is disordered between two oxygen atoms with equal prob-
ability. Because of the steric hindrance induced by the substituents
in the central aromatic rings, the three molecules exhibit a non-
planar configuration. The dihedral angle between the central and
peripheral rings is of 136.6(1)°, 122.4(1)° and 117.1(1)° for 1, 2 and
3, respectively. The crystal packing for all three compounds also
shows close similarities. Thus, the components of the structure in-
teract through a extended system of O-H.-O and C-H.--O hydro-
gen bonding. The geometry of the hydrogen bonds is summarized
in Tables S2, S4 and S6. In the crystal of 1, these interactions are
complemented by -7 stacking interactions, which determine the
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Fig. 3. (a) 2D fingerprint plot for the compound 1 entity in 1 with the sharp features pointing to the lower left corner being due to O-H---O interactions (d; and d. are the
distances from the surface to the nearest atom interior and exterior to the surface, respectively). Breakdown of the plot to contributions from O---H, F---H, H---H, C---H, F---F,
C..C, F...C and O---C close intermolecular contacts is shown in Fig. S21; (b) Hirshfeld surface mapped with the dyom property. The red spots represent the closest contacts
and blue the most distant contacts. Breakdown of the dnorm property is shown in Fig. S21.

formation of two dimensional supramolecular layers, as shown in
Fig. S18a. The crystal structure is further built up through parallel
packing of discrete, weakly interacting 2D architectures (Fig. S18b).
No stacking interactions were observed in the crystal structure
of 2 and 3, which means that the crystal packing is essen-
tially determined by intermolecular hydrogen bonding involv-
ing solvate N,N-dimethylacetamide molecules for 2 and N,N-
dimethylformamide molecules for 3. In the crystal of 2, the solvate
molecules act as bridges, being involved in O-H.--O H-bonding
as acceptors and C-H---O H-bonds as donors of protons. As a
result, the 2 molecules are packed to form a supramolecular
three-dimensional network, which is illustrated in Fig. S19. On the
other hand, dimethylformamide molecules in the crystal of 3 act
only as acceptor in O-H---O in hydrogen bonds with carboxylate
groups. In this case, the association of 3 molecules occurs through
direct C-H---O, and the resulting main crystal structure motif is a
one-dimensional architecture, as shown in Fig. S20.

3.3. Theoretical investigation of the target compounds

3.3.1. Hirshfeld surface analysis

Hirshfeld surface analysis of 1. The supramolecular packing evi-
denced in the solid crystalline form of 1 through X-ray analysis
can also be investigated by means of intermolecular interactions
with Hirshfeld surfaces using the program CrystalExplorer [40], as
previously outlined in literature [41]. A molecule of compound 1
having all disorder removed was used as molecular unit in this in-
vestigation. Thus, the minor contributions to the supramolecular
packing of fluorine and hydrogen atoms in the central ring were
omitted. In addition, only H1 from one carboxyl group was main-
tained, while H2 was removed. All remaining atoms were given full
occupancy. Fig. 3 shows the 2D fingerprint plot for 1, and this rep-
resentation encodes the supramolecular interactions (such as the
0O-H.--0 interactions) in the characteristic two sharp features point-
ing to the left bottom part of the plot. The Hirshfeld surface for
1, which provides an overlay of all contributions from close inter-
molecular contacts, is given in Fig. 3, and displays these O-H.--O in-
termolecular contacts through the red circles on the dporm surface.
The relative contributions to the Hirshfeld surface area in 1 due
to intermolecular contacts are as follows: H---O (including C-H---O)
25.8%, H---F 13.9%, H---H 26.5% H---C (e.g. C-H---r) 11.5%, FC---C (e.g.
mw---m) 14.0%, F---C 3.9% and O---C 3.3% (see Table S7 for the com-
parative listing of these contributions).

Hirshfeld surface analysis of 2. The DMF-2-DMF entity was used for
the molecular unit. Hence, the O-H---O interactions from 2 to the

DMF molecules are not part of this analysis. The 2D fingerprint plot
for 2 in Fig. 4a encodes the supramolecular interactions, but dif-
ferent to 1 and 3 shows now characteristic sharp features (Figs. 3
and 5). The Hirshfeld surface for 2 in Fig. 4b displays some weak
C-H---O intermolecular contacts by the red circles on the dporm sur-
face. The Hirshfeld surface represents an overlay of all contribu-
tions from close intermolecular contacts. The relative contributions
to the Hirshfeld surface area in 2 due to intermolecular contacts
are H---O (including C-H---O) 20.3%, H---F 14.8%, H---H 36.8% H---C
(e.g. C-H...7r) 13.4%, F.-.F 1.9%, C.--.C (e.g. w---7) 3.6%, and F...C 5.8%
(see Table S7 for the comparative listing of these contributions).

Hirshfeld surface analysis of 3. The DMF-3-DMF entity was used as
the molecular unit in the calculation of the Hirshfeld surface for
this compound. Hence, the O-H---O interactions between 3 and the
DMF molecules (Fig. 2¢) are not part of this analysis. The 2D finger-
print plot for 3 that is shown in Fig. 5a illustrates the supramolec-
ular interactions in this entity, such as the C-H---O interactions, as
the two characteristic sharp features pointing to the left bottom
part of the plot. The Hirshfeld surface representation for 3, given
in Fig. 5b, evidences these C-H---O intermolecular contacts through
the red circles on the dnorm surface. The relative contributions to
the Hirshfeld surface area in 3 due to intermolecular contacts are
as follows: H---O (including C-H---0) 17.1%, H.--F 23.8%, H---H 33.5%
H.--C (e.g. C-H.--7r) 10.6%, F---F 3.8%, C.--C (e.g. 7w ---7r) 4.0%, and F...C
3.5% (see Table S7 for the comparative listing of these contribu-
tions).

3.3.2. Molecular modeling

Optimization of the molecular geometry for each compound
was performed with APFD/6-31+G(d,p) method. The computa-
tional results are represented in Figs. 6-8. The molecular param-
eters (bond lengths and dihedral angles) computed at APFD/6-
31+G(d,p) level of theory were compared with the experimental
data provided by the X-ray study. For clear visualization, some
bond lengths and dihedral angles from the X-ray representation
were highlighted in yellow (Figs. 6-8). In addition, the labels of the
atoms in the case of optimized molecular systems were indicated.

The theoretical results show that the presence of the sub-
stituents (either fluorine atoms or trifluoromethyl groups) in the
central phenyl ring in ortho positions relative to the terminal
phenyl rings induces a twisting effect in all target compounds. This
twisting effect could be observed from the value of the dihedral
angles C15-C14-C10-C11 and C8-C7-C2-C3 that are formed between
the plane of each of the terminal phenyl rings and the central sub-
stituted phenyl (Figs. 6-8). The values of the aforementioned dihe-
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Fig. 4. (a) 2D fingerprint plot for the DMAc-2-DMAc entity in 2 (d; and d. are the distances from the surface to the nearest atom interior and exterior to the surface,
respectively). Breakdown of the plot into the contributions from O---H, F---H, H---H, C---H, F--.F, C.-.C and F---C close intermolecular contacts is shown Fig. S22. (b) Hirshfeld
surface mapped with the dnom property. The red spots represent the closest contacts and blue the most distant contacts. Breakdown of the dnom property is shown Fig. S22.
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Fig. 5. (a) 2D fingerprint plot for the DMF-3-DMF entity in 3 with the short but still sharp features pointing to the lower left corner being due to C-H.--O interactions (d;
and d. are the distances from the surface to the nearest atom interior and exterior to the surface, respectively). Breakdown of the plot into the contributions from O---H,
F--H, H---H, C.--H, F---F, C..C and F---C close intermolecular contacts is shown in Fig. S23; (b) Hirshfeld surface mapped with the dnom property. The red spots represent the
closest contacts and blue the most distant contacts. Breakdown of the dyorm property is shown in Fig. S23.
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Fig. 6. Comparison between the structure determined by single crystal X-ray diffraction (top) and optimized geometry calculated with APFD/6-31+G(d,p) method (bottom)
of compound 1.
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Fig. 7. Comparison between the structure determined by single crystal X-ray diffraction (top) and optimized geometry calculated with APFD/6-31+G(d,p) method (bottom)
of compound 2.
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Fig. 8. Comparison between the structure determined by single crystal X-ray diffraction (top) and optimized geometry calculated with APFD/6-31+G(d,p) method (bottom)
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Fig. 9. Molecular electrostatic potential diagram of compounds 1, 2 and 3 performed at APFD/6-31+G(d,p) level of theory.

dral angles are around —137.8° and 137.8° in the case of compound
1, 132.0° and —136.5° in case of 2, and —117.1° and 117.1° for 3, re-
spectively. These values of dihedral angles indicate that the termi-
nal phenyl rings are out of the plane defined by the central phenyl
ring. The twisted orientation of both terminal phenyl rings is a re-
sult of the steric repulsion between fluorine atoms in the central
phenyl ring and spatially neighboring hydrogen atoms in the ter-
minal phenyl rings because the distances between these atoms in a
theoretical fully planar structure of the terphenyl core are shorter
than the sum of their van der Waals radii. The bond length (C7-
C2) between the phenyl moieties was found to be over 1.450 A,
and therefore it has the character of a single carbon-carbon bond
which can facilitate the distortional orientation in the terphenyl
core. Because it is well known that highly electronegative fluorine
can interact strongly with hydrogen atoms, a landscape of confor-
mational investigation for each target compound was realized in
order to identify any C-F---H-C intramolecular interaction that can
be located on a local minimum of the potential energy surface, and
glean the manner in which they affect the equilibrium molecular

geometry. This conformational investigation includes a scan along
one coordinate, namely C1-C2-C7-C8. This dihedral angle was the
only one selected for the scan because all the molecular systems
under investigation in this study are symmetrical. The scanning of
the C1-C2-C7-C8 dihedral angle was performed in 20 steps (with
an increment of 10°) starting from the coplanar orientation (180°
or —180°) with geometry optimization at each point. The compu-
tational results are presented in Figs. S24-S26, and they indicate
that the twisting effect is preferred, which means that no C-F---H-C
intramolecular interaction occurs. Moreover, analysis of the land-
scape of conformational investigation led to the observation that
the distortional conformation has been located into global minim
of the potential energy. In order to gain some information on the
nature of the interaction between F and H atoms, a plotting of
noncovalent interaction (NCI) regions has been performed, as de-
picted in Figs. S27-S29. According to the NCI index, the attractive
and repulsive interplay was identified as regions where p ( 0 and
p ) 0, respectively. These theoretical results showed that the weak
interactions can be both van der Waals (labeled with green) and
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Fig. 10. Representation of frontier molecular orbitals and the estimation of energy band gap using the DFT-APFD/6-31+G(d,p) level of theory for the target compounds: (a)
1, (b) 2 and (c) 3. The frontier molecular orbitals surface for HOMO and LUMO represented in mauve (dark) and white (intense) were drawn at 0.004 au isodensity level,

respectively.

repulsive effects (labeled with red). However, the dominant inter-
action was the repulsive interplay in all three compounds, because
the gradient density was p > 0 located to the 0.020 value. No at-
tractive interactions (blue peaks) were observed, which could be
a confirmation that a hydrogen bond can occur (Figs. S27-529).
The twisted orientation becomes favored, no weak C-F---H-C in-
tramolecular interaction can occur, and the steric repulsion plays
a much stronger role. This steric repulsion further substantiates
the previous observation that distances between F groups and H
atoms in a theoretical fully planar structure of the terphenyl core
are shorter than the sum of their van der Waals radii.

This twisted orientation can determine a tridimensional spa-
tial arrangement of a coordination complex during either synthesis
or during a supramolecular arrangement. In the present work, the
conformational effect predicted by the APFD/6-31+G(d,p) method
was in agreement with the experimental X-ray data. However, a
slight difference between the experimental data and calculation re-
sults has been observed for compound 2, presumably due to the
packing forces presented in the crystal that have not been ac-
counted for in the theoretical investigation.

The chemical reactivity, chemical stability and active regions in
chemical reactions of the target compounds were inferred from
ESP representations and frontier HOMO-LUMO gap. The energy
gap and ESP representations can offer a reliable result regard-
ing the global reactivity descriptors in the identification of active
sites in chemical structure or in the synthesis of new compounds
[27,42,43]. Analysis of the ESP surface involves the identification of
the regions of positive charge (the sites of nucleophilic attack) de-
picted in blue, neutral charge given in green, and negative region
of the electrostatic potential (providing information about the sites
where electrophilic attack can take place) shown in red. Taking
into account the partial atomic charge diagrams in Fig. 9, the most
positively charged site was found on the hydrogen atoms of the
carboxyl groups, while the regions with negative charge were con-
firmed to be on the oxygen atoms of the carboxyl groups. In addi-
tion, estimation of positive and negative charge regions within the

10

carboxyl functions confirms their ability to form hydrogen bond
interactions with other functional groups, giving rise to dimer or
trimer associations. Moreover, closer inspection of ESP diagrams
revealed that the fluorine atoms do not represent the most nega-
tive regions, but rather present a slightly negative charge compared
to the oxygen atoms from both carboxyl groups, which suggests
an electronic reorganization in the whole molecular system. The
ESP charge distribution estimated by DFT-APFD/6-31+G(d,p) calcu-
lations in the present work was in agreement with the Hirshfeld
surfaces diagram (Figs. 3-5 and S21-S23).

The energy gap calculated with the DFT-APFD/6-31+G(d,p)
method indicates that the reactivity trend is 1 > 3 > 2, suggesting
that the molecular system with the low number of fluorine atoms
is more reactive (Fig. 10). This case is supported by the estimation
of chemical hardness determined by n = (—~EHOMO + ELUMO)/2.
According to the values of chemical hardness, a low energy gap
indicates a soft molecule because electrons are promoted onto
the higher energy state, which is associated with a more reac-
tive molecule. The calculated chemical hardness value for com-
pounds 1, 2 and 3 is approximately 2.27, 2.76, and 2.56 eV, and
these values confirm that the molecular system 1 is more reactive
than 3 or 2. Also, the electron surface distribution in Fig. 10 indi-
cates a change of density from HOMO to LUMO in all target com-
pounds. This change of electron density appears as a delocaliza-
tion from the central phenyl to the terminal phenyl rings. A clear
delocalization can be observed in the case of compound 2, when
the strong cumulative effect of the four fluorine atoms directly at-
tached to the central phenyl ring that push the electrons is assisted
by the carboxyl groups that pull the electrons, leading to an elec-
tron release-withdrawing inductive effect.

4. Conclusions
A direct synthesis approach for the preparation of three lin-

ear therphenyl dicarboxylic acids bearing fluorine addends has
been identified. The reaction yields of the Suzuki-Miyaura cross-
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coupling reaction used to synthetize the compounds are supe-
rior to similar two-step attempts reported in the literature. The
structure of each compound was confirmed by IR and NMR spec-
troscopy. The isolation of the three ligands in crystalline form al-
lowed the structural confirmation by single crystal X-ray diffrac-
tion. The Hirschfield surface analysis was performed for each com-
pound.

The computational results based on the DFT-APFD/6-31+G(d,p)
level of theory reveal that the presence of the substituents (ei-
ther fluorine atoms or trifluoromethyl groups) in the central phenyl
ring in ortho positions relative to the terminal phenyl rings in-
duces a twisting effect in all target compounds. The twisting effect
can be due of the sterically repulsion between fluorine atoms in
the central phenyl ring and spatially neighboring hydrogen atoms
in the terminal phenyl rings because the distances between these
atoms in a theoretical fully planar structure of the terphenyl core
are shorter than the sum of van der Waals radii. Based on the
quantum chemical calculations the chemical reactivity, chemical
stability, and active regions in chemical reactions of the target
compounds were estimated from ESP representations and fron-
tier HOMO-LUMO gap. Moreover, the theoretical results predicted
by ESP representation show the presence of the partially neutral
charges on the fluorine atoms which explained the twisting effect.
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