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Abstract 

The geometry, vibrational frequencies, and thermodynamic parameters of 2-chloro-4-

fluorophenylboronic acid (CFPB; C₆H₅BClFO₂) have been computed using the Gaussian 09 software 

package. Initially, four distinct rotamers were proposed for this compound, arising from the internal 

rotation of the hydroxyl groups around the C–B bond. A conformational stability analysis for an 

isolated molecule was performed using the B3LYP functional with the standard 6-311++G(d,p) basis 

set. Our calculations identified the CT structure where one OH group is cis to both the phenyl Cl and 

F atoms, and the other OH is trans to the phenyl Cl atom—as the most stable conformation. The energy 

differences between the CT conformer and the others (2-4) range from 1700 to 2000 cm⁻¹ (4.88 – 5.72 

kcal/mol). This stability is attributed to stabilizing O₅...H14 and Cl₆....H15 intramolecular hydrogen 

bonds. A complete vibrational assignment of the observed IR bands is provided, supported by 

calculated wavenumbers, IR intensities, and a normal coordinate analysis. The computed 

wavenumbers and IR intensities for the CT form agree well with the experimental data. 
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1. Introduction 

Boronic acid derivatives represent a class of compounds of significant interest due to their broad 

applications in pharmaceuticals [1,2] and diverse physiological activities [3,4]. They are also vital in 

synthesizing chemical building blocks, intermediates [5], biaryl compounds [6,7], and 

antihypertensive agents [8]. Their biological utility extends to roles as enzyme inhibitors, catalysts, 

protecting groups, saccharide-sensing receptors, neutron capture therapy agents, and anti-metabolites 

for cancer treatment [9-12]. Phenylboronic acid, featuring a phenyl ring substituted with a boron atom 

bonded to two hydroxyl groups, is a fundamental structure among these derivatives. The single-crystal 

X-ray structure of phenylboronic acid was determined by Rettig and Trotter [16], while its dimer was 

reported by Cyrański et al. [17]. The structure of 2,4-difluorophenylboronic acid was detailed by 

Rodriguez et al. [18]. Additionally, X-ray diffraction studies have been conducted on 4-chloro- and 4-

bromophenylboronic acids, as well as the hydrates of 2- and 4-iodophenylboronic acid [19]. The 

infrared spectra of phenylboronic acid [20], diphenyl phenylboronate [20], and several derivatives—

including 4-chloro- [21], 3-bromo- [22], 3,5-dichloro- [23,24], and 2,6-dimethoxyphenylboronic acid 

[25] have been examined both experimentally and theoretically. Conformational analysis, vibrational 

spectra, and electronic transitions have also been explored for 2,3- and 3,5-difluorophenylboronic acid 

molecules [26,27] and methylboronic acid [28]. To the best of our knowledge, a comprehensive 

theoretical or experimental study on 2-chloro-4-fluorophenylboronic acid (CFPB) has not been 

reported, although its IR spectrum is not available. This study aims to address this gap by investigating 

the conformational stability and vibrational assignments of CFPB using DFT quantum mechanical 

calculations. We also performed a normal coordinate analysis to elucidate the normal modes of 

vibration, supported by potential energy distributions (PEDs) and force constant determinations. 

2. Computational Details 

2.1. Conformational Isomerism and DFT Calculations 

The rotational isomerism in CFPB (with an assumed Cₛ symmetry) arises from the two 

hydroxyl groups attached to the boron atom, which is connected to the phenyl ring at the C₁ position. 

These structures are designated as CT, TC, TT, and CC, where 'C' denotes cis and 'T' denotes trans 

orientations of the OH groups relative to the phenyl C₁ atom. Calculating vibrational spectra is 

computationally more intensive than geometry optimization [29], as it requires a normal mode analysis 

involving the second derivatives of energy with respect to nuclear displacements.  
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For molecules of moderate size, Density Functional Theory (DFT) calculations have proven highly 

effective for both structural and frequency analyses [30, 31]. The availability of analytical second 

derivative techniques has significantly advanced quantum mechanical calculations, making vibrational 

frequency computations feasible for larger molecules [32]. Optimizing the CFPB conformers can be 

sensitive to initial approximations, and shifts in nuclear positions during optimization may lead to 

saddle points or local energy minima. Saddle points are problematic as they yield imaginary vibrational 

frequencies, while local minima can misrepresent conformational interconversions and vibrational 

spectral features. The inherent flexibility and mobility of the hydroxyl group around the single bond, 

coupled with potential intramolecular hydrogen bonding, contribute to these optimization challenges. 

To mitigate these issues, the molecular geometry of 2-chloro-4-fluorophenylboronic acid was 

constrained to Cₛ symmetry during the optimization and frequency calculations for all conformers. 

Geometry optimizations for the CFPB conformers (Fig. 1) were performed using the hybrid B3LYP 

functional [33-35] and the 6-311++G(d,p) basis set, as implemented in the Gaussian 09 package [36]. 

This basis set includes polarization and diffusion functions. Energy minima with respect to nuclear 

coordinates were located by relaxing all geometric parameters simultaneously using the Pulay gradient 

method [37], with specific dihedral angles constrained to maintain Cₛ symmetry. Vibrational 

frequencies were subsequently calculated at the same level of theory. Full convergence was achieved, 

with the maximum force below 0.00045 mdyne and the maximum displacement below 0.0018 Å. The 

B3LYP/6-311++G(d,p) results conclusively identified the CT structure (Conformer 1 in Fig. 1) as 

the global minimum, characterized by the lowest energy. In contrast, the other isomers (TC, TT, CC) were 

identified as transition states, as evidenced by their higher relative energies and the presence of one imaginary 

frequency in their vibrational analysis; they were therefore excluded from further analysis. The energy 

differences between the CT conformer and the others (2-4) range from 1700 to 2000 cm⁻¹ (4.88 – 5.72 

kcal/mol), as illustrated in Fig. 1. Selected structural parameters (SPs) calculated at the B3LYP/6-

31G(d) and B3LYP/6-311++G(d,p) levels for the most stable CT conformer are listed in Table 1, 

alongside X-ray crystallographic data for relevant phenylboronic acid derivatives [16,38,18]. 
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Fig 1. Total energies differences (bold italic utilizing 6-311++G** and normal line utilizing 6-31G* basis sets) between CT conformer 

and other CC, TT and TC conformers at b3lyp method in cm-1and kcal/mol  
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TABLE.1.  B3LYP structural parameters for 2-Chloro-4-florophenylboronic acid (conformer CT) 

utilizing 6-31G(d) and 6-311++G(d,p) basis sets. 

Parameters 
X-ray 

Ref. [16 ] 

X-ray 

Ref. [38 ] 

X-ray 

Ref. [18] 

B3LYP  for Structure(CT) 

6-31G(d) 6-311++G(d,p) 

r(C1C2 ring) 1.404 1.406 1.382 1.405 1.402 

r(C2C7 ring )  1.389 1.377 1.370 1.394 1.391 

r(C7C9 ring) 1.378 1.365 1.363 1.389 1.385 

r (C9C11 ring) 1.384 1.375 1.366 1.389 1.385 

r(C11C13 ring) 1.390 1.387 1.374 1.391 1.389 

r(C13C1ring) 1.402 1.398 1.394 1.414 1.412 

r(C7H8 ring) 1.00 0.93 0.93 1.083 1.081 

r(C11H12 ring) 1.00 0.93 0.93 1.085 1.082 

r(C13H14 ring) 1.00 0.93 0.93 1.086 1.083 

r(C2― Cl 6) ⎯ ⎯ ⎯ 1.780 1.777 

r(C9―F10)  ⎯ ⎯ 1.364 1.345 1.350 

r(C1―B3)  1.568 1.562 1.566 1.583 1.579 

r(B3―O4) 1.378 1.343 1.388 1.367 1.366 

r(B3―O5) 1.362 1.366 1.361 1.367 1.366 

r(O4H15) 0.75 0.855 0.841 0.968 0.963 

r(O5H16) 0.75 0.855 0.841 0.968 0.963 

r(Cl.................H15) ⎯ ⎯ 2.16 2.200 2.194 

r(O5.................H14) ⎯ ⎯ ⎯ 2.453 2.460 

(C1C2C7)   121.8 123.9 125.1 123.4 123.2 

( C2C7C9) 119.5 118.6 116.4 118.2 118.1 

( C7C9C11)   120.3 118.4 123.0 121.9 122.2 

( C9C11C13) 120.1 119.7 117.9 117.8 117.7 

( C11C13C1) 121.1 121.8 122.9 123.6 123.5 

( C13C1C2) 117.2 117.6 114.6 115.0 115.3 

(C2C1B3) 122.0 122.1 125.3 129.3 128.9 

 (C13C1B3) 120.8 120.1 120.1 115.6 115.8 

 (C1B3O4)   118.7 119.0 123.8 121.3 121.3 

 (C1B3O5) 125.0 122.7 117.4 121.3 121.3 

 (B3O4H15)   111.0 116.0 116.0 111.8 113.2 

 (B3O5H16) 111.0 124.0 115.0 111.8 113.2 

 (O4B3O5) 116.3 118.2 118.7 117.5 117.4 

 (C1C2Cl6) 120.0 ⎯ ⎯ 122.2 122.2 

 (C7C2Cl 6) 120.0 ⎯ ⎯ 114.5 114.6 

 (C2C7H8) 120.0 ⎯ 121.8 121.6 121.6 

 (C9C7H8) 120.0 ⎯ 121.8 120.2 120.3 

 (C7C9F10) ⎯ 118.1 118.2 118.5 118.4 

 (C11C9F10) ⎯ 118.0 116.7 119.6 119.4 

 (C9C11H12) 120.0 119.1 121.0 120.0 120.2 

 (C13C11H12) 120.0 119.1 121.0 122.1 122.1 

 (C11C13H14) 120.0 120.7 118.5 118.9 119.0 

 (C1C13H14) 120.0 120.7 118.5 117.4 117.6 
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2.2. Calculated IR Spectra 

The IR spectrum of the CT conformer was simulated using the computed wavenumbers and IR 

intensities and compared with the experimentally observed spectra recorded in KBr disk and Nujol 

mull (Figs. 2A, 2B) from Ref. [39]. The frequencies and infrared intensities were derived from the ab 

initio calculations. IR intensities were determined based on the derivatives of the dipole moment with 

respect to Cartesian coordinates. These derivatives, obtained from the ab initio output, were 

transformed into normal coordinates using the equation[39]: using  
𝜕𝜇𝑢

𝜕𝑄𝑖
= (∑

𝜕𝜇𝑢

𝜕𝑋𝑗
𝑗 ) 𝐿𝑖𝑗,where𝑄𝑖 is the 

𝑖𝑡ℎ Cartesian displacement coordinate, and 𝐿𝑖𝑗is the transformation matrix between the Cartesian 

displacement coordinates and normal coordinates. The infrared intensities were then calculated with 

the following formula[39]: 𝐼𝑖 =
𝑁 𝜋

3𝑐2 [(
𝜕𝜇𝑥

𝜕𝑄𝑖
)

2

+  (
𝜕𝜇𝑦

𝜕𝑄𝑖
)

2

+  (
𝜕𝜇𝑧

𝜕𝑄𝑖
)

2

]. The simulated IR spectrum is in 

reasonably good agreements with the observed spectrum of the sample with the exception of some 

bands with high intensities are reversed in the calculated spectrum. 

2.3. Normal Coordinate Analysis 

The molecule possesses 42 fundamental vibrational modes, distributed as 29 in-plane (A') and 13 out-

of-plane (A") modes, all of which are both IR and Raman active. A set of 55 internal coordinates (Fig. 

3) was used to construct 42 local symmetry coordinates (Table 2) following Wilson's GF matrix 

method [40]. While 13 of these internal coordinates are redundant, they are necessary for determining 

the force constants. The Cartesian coordinates from the optimized structure were input into a G-matrix 

program to generate the B-matrix, which was then used in an F-matrix program similar to the one 

developed by Schachtschneider [41]. This program converts the force constants (FCs) from Cartesian 

coordinates into FCs in the chosen internal coordinates. The resulting diagonal FCs in internal 

coordinates, along with the implemented scaling factors (SFs), are listed in Table 3. These FCs were 

employed in a mass-weighted Cartesian coordinate calculation to reproduce the vibrational frequencies 

and determine the potential energy distributions (PEDs). It is well-known that theoretical FCs and 

vibrational frequencies tend to be  
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Fig. 2. IR spectrum in KBr disk of 2-Floro-4-chlorophenylboronic acid  (A)  from 400 to 4000 cm-1;  (B) Experimental IR spectrum in 

Nujol (C) scaled B3LYP/6-311++G(d,P) for 2-chloro-4-Florophenyl boronic acid (CT) conformer. 
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TABLE.2.  Symmetry coordinatesa for 2-Chloro-4-florophenylboronic acid, C6H5FClBO2 (-d0), C6H3FClD2BO2  (2OD)b and 

C6H2FClD3BO2  (3CD)c molecules. 

i
d Definition Symmetry Coordinate 

1 OH/ODb
   Stretch S1  = m1 + m2  

2 OH/ODb
  Stretch S2 = m1 − m2 

3 CH/CDc
  Stretch S3 = r1 + r2 + r3 

4 CH/CDc
   Stretch S4 = 2r1 − r2 − r3 

5 CH/CDc
   Stretch S5= r2 − r3  

6 CC Ring Stretch S6= q1 + q3 + q5 − q 2 − q 4 − q 6   

7 CC Ring Stretch S7 = 2q1 − q3 − q5 +2q 2 − q 4 − q 6   

8 CH/CDc
   In plan deformation  S8= α1 − α2  

9 CC Ring Stretch S9 = q3 − q5 +q4 − q6 

10 B−O Stretch   S10 =  a1 + a2 

11 B−O Stretch   S11 =  a1 − a2 

12 CC Ring Stretch S12 = 2q1 − q3 − q5 −2q 2 + q 4 + q 6   

13 CH/CDc
   In plan deformation S13 = α3 − α4                                                

14 C−F Stretch   S14 = R 

 CH/CDc
   In plan deformation S15 = α5 − α6                                         

 C−B Stretch   S16 =  

 CC Ring Stretch S17 = q3 − q5 − q4+ q6                                                   

 OH/ODb
   In plan deformation S18 = 1  −  2 

 OH/ODb
   In plan deformation S19 = 1 +  2 

20 CH/CDc
   wag S20 = 1 

21 Ring breath S21 = q1 + q3 + q5 + q2 + q4 + q6      

 CH/CDc
   wag S22= 2 

 CH/CDc
   wag S23 = 3 

24  CB wag S24 =   6 

 CCC Ring bending S25 = 1 + 3 + 5 − 2 − 4 − 6 

26 Ring puckering S26 = τ1 − τ2 + τ3 − τ4 + τ5 − τ6 

27 C−Cl Stretch   S27 = E   

28 OH/ODb
   torsion S28 = 1 

29 CF wag S29 = 5 

30 CCC Ring bending S30 = 2 − 3 + 5 − 6                 

31 OH/ODb
   torsion S31 = 2 

32 C−F In plan deformation S32 = 1 − 2                                       

33 Ring puckering S33=  τ1 − τ2 + τ4 − τ5 

34 B(OH)2 Scissor   S34 =  2 −1 − 2 

35 BO2 Rock S35= 1 − 2 

36 CCC Ring bending S36 = 21− 2 − 3 +24 − 5 − 6 

37 C−Cl In plan deformation S37 = 1 − 2  

38 Ring twist S38 =  3 

39 CCl wag S39 =  4 
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TABLE.2.  Continued. 

i
d Definition Symmetry Coordinate 

40 CCB(OH)2  bending S40 = 1 − 2 

41 Ring puckering S41 =  2τ3− τ1 − τ2 + 2τ6− τ4 − τ5  

42 CCBO torsion S42 =   4 

aSymmetry coordinates are not normalized. 

b2-4-CFPB -d2, C6H3FClD2BO2 deutrated two OH group. 

c2-4-CFPB -d3, C6H2FClD3BO2 deutrated three CH group. 

d20,22-24,26,28,29,31,33,38,39,41,42 belongs to A species and other symmetries belongs to Aspecies. 

Overestimated due to systematic errors, including the neglect of electron correlation and basis set 

limitations [42]. Therefore, the wavenumbers calculated at the B3LYP/6-311++G(d,p) level were 

scaled by factors of 0.93 for stretches, 0.945 for in-plane deformations, and 0.978 for out-of-plane 

bending modes (wagging and torsions) to improve agreement with experimental values [43]. 

Furthermore, frequency calculations were performed for two isotopes of CFPB: C₂FPB-d₂ (O-D 

deuterated) and CFPB-d₃ (C-D deuterated). This helped to unequivocally distinguish between OH and 

CH bending modes and other fundamentals appearing in similar spectral regions. The final scaled 

harmonic vibrational frequencies, infrared intensities, Raman activities, and PEDs for all normal 

modes are presented in Table 4. 

 

Fig. 3 Internal coordinates definition of 2-Chloro-4-fluorophenyl boronic acid(CFPB) CT coformer. 
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TABLE. 3. B3LYP/6-311++G(d,p) unscaled force constants (mdyne/Å) for 2-Chloro-4-

florophenylboronic acid (conformer CT) molecule 

Atom # Vib. modes Symbola Scaling factorb 
Diagonal force 

constantc 

C1―C2 Stretch q1 0.930 5.096 

C2―C7 Stretch q2 0.930 5.192 

C7―C9 Stretch q3 0.930 5.325 

C9―C11 Stretch q4 0.930 5.320 

C11―C13 Stretch q5 0.930 5.292 

C13―C1 Stretch q6 0.930 4.801 

C1―B3 Stretch T 0.930 3.988 

C2―F6 Stretch R 0.930 6.389 

C9―Cl10 Stretch E 0.930 3.154 

B3―O4 Stretch a1 0.930 6.034 

B3―O5 Stretch a2 0.930 6.513 

O4H15 Stretch m1 0.930 8.092 

O5H16 Stretch m2 0.930 8.309 

C7H8 Stretch r1 0.930 5.670 

C9H10 Stretch r2 0.930 5.628 

C13H14 Stretch r3 0.930 5.590 

B3C1C2 Bending 1 0.945 1.030 

B3C1C13 Bending 2 0.945 0.807 

C1C2F6 Bending 1 0.945 0.942 

C7C2F6 Bending 2 0.945 0.856 

C7C9Cl10 Bending 1 0.945 0.663    

C11C9Cl10 Bending 2 0.945 0.659     

C2C7H8 Bending 1 0.945 0.433    

C9C7H8 Bending 2 0.945 0.420    

C9C11H12 Bending 3 0.945 0.420    

C13C11H12 Bending 4 0.945 0.427 

C11C13H14 Bending 5 0.945 0.455    

C1C13H14 Bending 6 0.945 0.471    

C1B3O4 Bending 1 0.945 0.796    

C1B3O5 Bending 2 0.945 0.622 

O4B3O5 Bending Φ 0.945 0.679 

H15O4B3 Bending 1 0.945 0.626 

H16O5B3 Bending 2 0.945 0.508 

C13C1C2 Bending 1 0.945 0.787 

C1C2C7 Bending  2 0.945 0.742     

C2C7C9 Bending  3 0.945 0.708     

C7C9C11 Bending  4 0.945 0.716     

C9C11C13 Bending  5 0.945 0.706     

C11C13C1 Bending  6 0.945 0.717     

C2C7H8C9 Wag 1 0.978 0.233     

C9C11H12C13 Wag 2 0.978 0.190    

C11C13H14C1 Wag 3 0.978 0.302     

C1C2F6C7 Wag 4 0.978 0.288     

C7C9Cl10C11 Wag 5 0.978 0.355    

C2C1B3C13 Wag 6 0.978 0.265 

C2C1B3O4 Wag 3 0.978 0.705    

C1B3O4H15 Torsion 1 0.978 0.139    

C1B3O5H16 Torsion 2 0.978 0.120     

C13C1B3O5 Torsion 4 0.978 0.424    

B3C1C2C7 Puckering 1 0.978 0.070     

C1C2C7C9 Puckering 2 0.978 0.165     

C2C7C9C11 Puckering 3 0.978 0.099    

C7C9C11C13 Puckering 4 0.978 0.077    

C9C11C13C1 Puckering 5 0.978 0.080    

C11C13C1C2 Puckering 6 0.978 0.104 

aSee Fig. 2 for atom numbering and internal coordinates definitions. 
bImplemented scaling factors to reproduce scaled frequencies in Table 4. 
cDiagonal force constant at B3LYP/6-311++G(d,P) level. 
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3. Results and Discussion 

3.1. Structural Parameters and Force Constants 

As the crystal structure of CFPB is not available, the optimized structural parameters (SPs) 

were compared with experimental data for phenylboronic acid [16], 3-fluorophenylboronic acid [38], 

and 2,4-difluorophenylboronic acid [18]. The carbon-carbon bond distances show good agreement, 

typically within ±0.026 Å, and most bond angles align within ±0.1-7.2°. A notable exception is the 

∠(B3O5H16) angle in 3-fluorophenylboronic acid [38], which deviates by about 13°. The calculated B–

O bond distance of 1.366 Å is very close to the observed value of 1.359 Å for 

pentafluorophenylboronic acid [44], differing by only 0.007 Å. The calculated B–C bond distance of 

1.579 Å also agrees well with X-ray data [16,38,18]. Substituting a C–H bond in benzene derivatives 

with a C–X (X = F, Cl, Br...) bond leads to a predictable increase in bond length [45]. For similar 

boronic acids [46,23,47], the observed C–Cl bond length ranges from 1.73 to 1.75 Å, which is 

consistent with our calculated value of 1.777 Å. Excellent correlations (R² values of 0.992, 0.985, and 

0.984) were found between the experimental bond lengths [18,38,16] and those predicted by B3LYP/6-

311++G(d,p). The CCC bond angles in the benzene ring range from 115.1° to 124.8° in our study, 

compared to 117.2°–121.8° in phenylboronic acid [16], 117.6°–123.9° in 3-fluorophenylboronic acid 

[38], and 114.6°–125.1° in 2,4-difluorophenylboronic acid [18]. The R² values for bond angles were 

0.812 [18], 0.702 [38], and 0.683 [16]. Discrepancies in bond angles between experimental and 

theoretical values [16,18] are expected, as our calculations model an isolated molecule more 

representative of the gas phase, whereas X-ray data reflect the crystalline solid state. Overall, the 

predicted SPs show good agreement with X-ray data, particularly for bond distances. The calculated 

intramolecular hydrogen bond (HB) distances, O...H, range from 2.453 to 2.460 Å. These are shorter 

than the sum of the van der Waals radii for oxygen and hydrogen (2.72 Å) by 0.260–0.267 Å [48,49], 

indicating significant interaction. Similarly, the calculated Cl….H distances range from 2.194 to 2.200 

Å, which are considerably shorter than the sum of the van der Waals radii for fluorine and hydrogen 

(3.0 Å) by 0.800–0.806 Å [50]. This suggests strong intramolecular HB interactions for O₅...H₁₄ and 

Cl₆....H₁₅, in addition to the expected intermolecular HBs in the solid phase (see Table 1). 
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3.2. Vibrational Assignments 

The vibrational frequencies calculated using DFT methods show improved agreement with 

experimental values (Table 4), suggesting that these methods partially account for anharmonic effects. 

Therefore, the vibrational assignments proposed here are primarily based on the B3LYP/6-

311++G(d,p) frequencies compared to the observed wavenumbers [39]. The differences between the 

IR spectra obtained in KBr disk and Nujol mull were negligible (±2 cm⁻¹). 

3.2.1. OH and CH Fundamental Vibrations 

The assignments for the OH/OD and CH/CD stretching modes in C₂FPB (Table 4) are consistent with 

observed bands in the 3600–3000 cm⁻¹ region. The O–H stretches were observed at 3640(s) and 

3390(s, br), matching the calculated values at 3716 and 3667 cm⁻¹, respectively. These values align 

well with those reported for other boronic acid derivatives [1,16,21,23,24,26,51]. The O–H in-plane 

bending vibrations (δip; ν₁7 and ν₁₉) were computed at 1040 and 973 cm⁻¹, corresponding well to the 

observed bands at 1044(s) and 884(s) cm⁻¹. Two OH out-of-plane bending modes are expected. The 

first, observed at 590 cm⁻¹, matches the calculated frequency at 585 cm⁻¹ (ν₂₈). The second (δoopO–H), 

calculated at 511 cm⁻¹ (ν₃₁), appears to be obscured in the low-wavenumber region below 541 cm⁻¹. 

These findings are consistent with both experimental data and literature reports [16,21,23,24,26,51]. 

The aromatic C–H stretching vibrations, typically observed between 3100 and 3000 cm⁻¹, are 

largely independent of the nature of the substituents [52-55]. Accordingly, the observed IR bands at 

3095, 3085, and 3071 cm⁻¹ are assigned to the C–H stretches (ν₃–ν₅), matching the calculated values 

at 3102, 3093, and 3076 cm⁻¹. Aromatic C–H in-plane deformation modes (δip) for benzene derivatives 

generally fall in the 1300–1000 cm⁻¹ range [56,57], while the out-of-plane deformations (δoop) occur 

between 1000 and 600 cm⁻¹ [58]. The frequencies of these deformations are influenced more by the 

substituent's position than its identity [57,59]. In this study, the δipCH modes (ν₈, ν₁₃, ν₁₅) were 

calculated at 1468, 1245, and 1109 cm⁻¹, aligning with the observed bands at 1487, 1198, and 1100 

cm⁻¹. In agreement with Ref. [60], the observed IR bands at 866 and 824 cm⁻¹ were assigned to δoop

CH modes, corresponding to the predicted frequencies at 862 (ν₂₂) and 836 (ν₂₃) cm⁻¹. Notably, the δip

OH (ν₁₉) and a δoopCH (ν₂₀) mode, both calculated at 973 cm⁻¹, are likely overlapped and both 

contribute to the very strong IR band observed at 884 cm⁻¹. 
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TABLE.4.  Observed and calculated frequencies (cm˗1) for 2-Chloro-4-florophenylboronic acid ( CFPB) Structure CT. 

S
p

ec
ie

s i
* Assignmenta B3LYP/6-311++G(d,p)  

Unscaled 
Fixedb 

scaled 
(X−D)c 

IR Intd. 
Raman 

Acte. 
IR KBrg PEDf 

Aʹ 

1 s OH / OD  3853 3716 2808 107.4 153.2 3640s 51S1 49S2 

2 s OH / OD 3803 3667 2790 206.7 50.3 3390s,br 51S2 49S1  

3 as CH / CD  3217 3102 2368 1.2 88.8 3095sh 65S3 35S4 

4 s CH / CD 3207 3093 2375 1.8 160.9 3085sh 57S4 29S3 14S5 

5 as CH / CD 3189 3076 2340 0.22 47.1 3071wm 86S5 10S4 

6 s CC Ring  1633 1578  191.1 34.6 1608s 34S6 16S7 16S16 10S27   

7 s CC Ring 1606 1552  71.5 5.4 1564s 50S7 18S6 10S29 

8 ip CH/ CD 1515 1468 914 35.1 2.8 1487m 12S8 22S13 14S6 13S9 12S16 

9 s CC Ring 1426 1380  220.7 2.5 1430s 14S9 35S10 10S610S15 10S16 

10 s B−O Stretch   1389 1344  209.2 5.9 1388s 33S10 12S12 10S9 10S14 10S15   

11 s B−O Stretch   1355 1310  400.6 21.1 1335vs 24S11 20S16 17S19 10S10 10S15  

12 s CC Ring 1296 1255  35.1 6.7 1251m 50S12 17S13 10S8   

13 ip CH/ CD 1288 1245 850 31.0 3.8 1198m 23S13 30S12 10S7 10S9 10S14   

14 s C−F Stretch   1222 1182  92.3 11.7 1151s 35S14 22S8 20S20 10S22  

15 ip CH/ CD 1143 1109 820 2.6 3.0 1100w 41S15 15S18 13S9 12S13  

16 s C−B Stretch   1133 1098  65.9 13.8 1079m 38S16 20S19 18S20 10S910S22  

17 ip OH/ OD 1072 1040  24.9 2.0 1044s 47S17 10S18 10S19  

18 s CC Ring 1041 1010 841 18.4 5.6 995s 45S18 22S17 21S22  

19 ip OH/ OD 1004 973 800 150.8 1.7 (884vs) 36S19 38S1118S17     

Aʹʹ 20 wag CH / CD 983 973 810 0.22 0.04 (884vs)  55S20 18S23 11S27 10S40               

Aʹ 21 Ring breath 892 863  93.8 13.8 (866s) 22S21 22S14 20S2514S30  

Aʹʹ 

22 wag CH / CD 872 862 757 37.7 0.13 (866s) 65S22 10S23 10S27   

23 wag CH / CD 843 836 648 7.6 0.05 824m 48S23 26S20 12S22  

24 wag CB  735 725  18.2 0.45 (729m) 66S24 11S2910S27  

Aʹ 

25 s C−Cl Stretch   694 672  4.1 6.8 (729m) 33S25 55S34 

26 ip CCC Ring 663 642  17.5 5.8 638sh 14S26 

27S1613S3011S1110S1410S32      

Aʹʹ 27  Ring 

puckering 

650 641  60.8 0.20 624m 25S27 45S24 21S33  

Aʹʹ 
28  OH/ OD 592 585 442 1.4 0.24 590w 63S2816S3315S37   

29 wag  C−F 569 564  41.2 0.21 575m 21S29 29S40 24S28 19S31  

Aʹ 30 ip CCC Ring 517 502  11.6 1.5 541br,m 23S30 17S32 16S34 13S3810S39 

Aʹʹ 31  OH/ OD 518 511 380 118.2 1.9 ⎯ 72S31 10S28 10S29      

Aʹ 32 ip C−F 504 489  38.6 3.0 (450w) 18S32 34S36 15S30 10S38 10S39       

Aʹʹ 33  Ring 

puckering 

452 447  18.3 0.54 (450w) 26S33 16S41 13S4010S2310S29   

Aʹ 

34 ip CCC Ring 435 422  6.0 8.3 (450w) 28S34 28S25 18S32 10S21 

35 Rock BO2 344 334  5.1 2.2 ⎯ 35S35 22S3218S25   

36 Scissor  B(OH)2 322 312  3.9 3.3 ⎯ 23S36 29S30 23S16 10S35    

Aʹʹ 37 Ring Twist 284 281  1.8 2.0 ⎯ 59S37 22S27 
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Aʹ 

38 ip C−Cl 247 240  0.78 1.3 ⎯ 70S38 10S32 

39 CCB(OH)2 

bending 

187 182  3.7 0.33 ⎯ 69S39 22S35   

 40 wag CCl 180 176  0.01 0.77 ⎯ 25S40 20S41 16S2211S2710S33       

 41  Ring 

puckering 

99 99  0.93 1.0 ⎯ 35S41 33S33 15S42       

 42   CCBO 29 28  1.0 0.05 ⎯ 85S42 10S33  

 

 

a Notations for fundamentals: m, stretch; d, bending; c, wagging; R, ring and s, torsion. These fundamentals could be pure in minor cases; 

 however they are coupled with other normal modes as given in PEDs. 

b Scaling factors 0.93 for all stretches. Moreover 0.945 used for bends and 0.978 for wags and torsions. 

c The calculated unscaled frequencies for d1-4-2-CFPB (X-D = C-D or O-D) isotopmers. 

d Calculated infrared intensities in km/mol (IUPAC, Glossary of terms used in Photochemistry, 3rd Edition, July 2004). 

e Calculated Raman activities in Å4/amu. 

f Contributions less than 10% are omitted. 

g Bands between brackets are used for two or three normal modes of vibration.  

 

3.2.2. B(OH)₂ Fundamental Vibrations 

The B–O stretching frequency typically gives rise to a strong band in the 1300–1400 cm⁻¹ region in 

FT-IR spectra [1,21,23,24,26,51]. Vargas et al. assigned the ν(B–O) stretch in trinuclear boron 

complexes around 1370 cm⁻¹ [61]. In our study, the B–O stretching modes are calculated at 1344 (ν₁₀) 

and 1310 (ν₁₁) cm⁻¹, fitting the observed IR bands at 1388 and 1335 cm⁻¹, respectively. Fundamentals 

below 400 cm⁻¹ namely the B(OH)₂ scissoring mode (ν₃5),  the BO₂ rocking (ν₃₅), CCB bending (ν₄₀), 

and torsion (ν₄₂) modes fall outside our experimental range and could not be observed. 

3.2.3. C–X (X = B, F, Cl) Fundamental Vibrations 

Three C–X (X = B, F, Cl) stretches are expected in the solid-state IR spectrum of C₂FPB. The  C–F 

and C–Cl stretching frequencies produce strong and medium IR bands, respectively. Their predicted 

infrared intensities (92.3 and 4.1 km/mol) support their assignment to the observed bands at 1151 

cm⁻¹ and 729 cm⁻¹, consistent with literature [23,24,26]. The C–B stretch (ν₁₆) is observed at 1098 

cm⁻¹ and calculated at 1079 cm⁻¹, agreeing well with a reported value of 1085 cm⁻¹ [62], though this 

mode is sometimes overlooked [1]. Furthermore, the observed IR bands at 729 and 575 cm⁻¹ are 

assigned to the C–B (ν₂₄) and C–F (ν₂₉) wagging modes, respectively. The C–Cl in-plane (ν₃8) and 

out-of-plane (ν40) bends were predicted at 240 and 176 cm⁻¹ but could not be observed 

experimentally, as mentioned. 
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3.2.4. Ring Fundamental Vibrations 

Ring stretching vibrations were predicted in the 1600–865 cm⁻¹ range, consistent with similar 

molecular systems [1,16,21,23,24,26,58,63]. The computed wavenumbers show slight deviations from 

the observed values but are supported by their predicted IR intensities. The observed bands at 1609 

(ν₆), 1564 (ν₇), and 1430 (ν₉) cm⁻¹ correspond to calculated intensities of 191.1, 71.5, and 220.7 

km/mol, respectively. The medium and strong IR bands at 1251 (ν₁₂) and 995 (ν₁8) cm⁻¹ match the 

calculated values at 1255 and 1010 cm⁻¹. The ring breathing mode (ν₂₁) is assigned to the strong band 

at 866 cm⁻¹, consistent with its high predicted IR intensity of 93.8 km/mol. The ring deformation 

modes (ν₂6 and ν₃₀), calculated at 642 and 502 cm⁻¹, fit the observed bands at 638 and 541 cm⁻¹, in 

agreement with experimental values [64,65]. Other fundamentals (ν₃7, ν₄₁) lie below 400 cm⁻¹ and were 

not observed. 

3.3. OH Barriers to Internal Rotation 

The 3D potential energy surface for the rotation of both the hydroxyl groups in the CT conformer was 

explored. The O₅H₁₆ (trans) and  O₄H₁₅ (cis) group was rotated in 10° increments around the C–B bond 

together at same time to determine any other minimum structure (Fig. 4). Starting from the TC (E = -

967.278089 Hartree), the energy increased to a maximum at a dihedral angle τ(H₁₅O₄B₃C₁) of -100° 

and τ(H₁6O₄B₃C₁) of 80°  (E = -967.249231 Hartree), corresponding to a nearly perpendicular OH 

orientation relative to the benzene ring. Further rotation led to a decrease in energy toward the CT 

conformer minimum. The barrier between this maximum and the CT isomer is 22.2 kcal/mol (7749 

cm⁻¹). The barrier from TT to CT was found to be 6.7 kcal/mol (2356 cm⁻¹). 
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Fig. 4. 3D Barriers to internal rotations of two OH groups of 2-Chloro-4-fluorophenyl boronic acid as obtained from B3LYP 

/6-311++G(d,p) potential surface scan. 

 

The barrier between CC to CT barrier is 4.9 kcal/mol (1722 cm⁻¹). These values are consistent with V₂ 

barriers reported for 2-aminophenol and p-fluorophenol (1213 and 1007 cm⁻¹, respectively) [63,66,67]. 

These significant rotational barriers, along with the calculated imaginary frequencies for other 

conformers, firmly justify the exclusion of high-energy isomers and confirm CT as the most stable 

structure. 

4. Conclusion 

B3LYP/6-311++G(d,p) computations establish that the CT conformer of (2-chloro-4-

fluorophenyl)boronic acid is the most stable structure in the solid phase. In this conformation, one 

OH group is cis to the phenyl C₁ and Cl atoms, while the other is trans to the phenyl C₁ atom. Supported 

by frequency calculations, normal coordinate analysis, and experimental IR spectroscopy, 

comprehensive and accurate vibrational assignments have been proposed for all observed fundamental 

modes. 
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