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a b s t r a c t 

The synthesized (2)-(6) complexes and (2 ′ )-(6 ′ ) hypothetical complexes formed by attached boranic acid 

esters were optimized at the DFT-B3LYP/GEN level. The structural and spectroscopic properties (IR, 1H NMR 

, 13C NMR ) of the optimized complex structures were calculated and the complexes were characterized. 

Molecular orbital energy diagrams and some molecular properties of the complexes were calculated. 

Some quantum chemical parameters were calculated for the biological activities of the complexes. It 

was predicted that complexes with diboranic acid ester had higher biological abilities. They were docked 

against Burkitt’s lymphoma (BL) cell line for their anticancer activities and similar trend was obtained 

with quantum chemical parameters. NLO and OLED properties were examined to evaluate the electronic 

properties of the complexes. These properties of the complexes were found to be advantageous over the 

related reference materials. 

© 2023 Elsevier B.V. All rights reserved. 
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. Introduction 

Organometallic compounds are studied in pharmaceutical 

hemistry because of their biologically activating properties [1] . 

errocene (iron complexes with bis( η5 -cyclopentadienyl) ligand) 

orms an important part of the compounds with the biomedical 

roperties of organometallic chemistry [2] . Ferrocene compounds 

ave analgesic, antineoplastic, anticonvulsant, anti-HIV, antitumor, 

ntimalarial, antioxidant, antimicrobial and DNA fragmentation ac- 

ivities [3] . Especially these organometallic compounds are con- 

idered as important agents in cancer treatment. Evidence of this 

s seen in drugs containing ferrocifen, tamoxifen and ferroquine 

4] substituents used in cancer treatment. In addition to medi- 

al applications of ferrocene compounds, their photochemical sta- 

ility and industrial use are among the applications that cannot 

e ignored [5] . Ferrocene-based organomatalic compounds, which 

ere used for the first time in the treatment of breast cancer, also 

chieved successful results in colon and liver cancer [6] . More- 

ver, many organometallic molecular π-delocalized systems are 

otable for their significant non-linear optical (NLO) and organic 

ight-emitting diode (OLED) properties resulting from their push- 

ull structures. In addition, there are boronic acid derivatives that 

re not toxic to the human body, such as ferrocene [7–13] . Boronic 
∗ Corresponding author. 
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cid-based drugs are particularly tumor-targeting [14] . Therefore, 

oronic acids are one of the drugs actively used in the treatment 

f blood cancers developing in the bone marrow [15–17] . In ad- 

ition to the medical applications of boron compounds, it also has 

ich application areas as production storage and electrolyte materi- 

ls [18] . Ferrocene-containing boronic acids can affect covalent in- 

eractions in biomolecules and moreover, redox-controlled oscilla- 

ions in electrochemical applications. This can lead to the dissolu- 

ion of non-polar molecules in the biological domain in aqueous 

edia and increase their drug-carrying ability [19] . 

Mokhir et al. investigated the anticancer properties of 

minoferrocene-based prodrug (2)-(6) [20] . 

In this study, in addition to the synthesized ferrocene boranic 

cids ((2), (3), (4), (5), (6)), hypothetical ferrocene diboranic acids 

(2 ′ ), (3 ′ ), (4 ′ ), (5 ′ ), (6 ′ )) were handled by computational chem-

stry methods. The molecular structures of the studied complexes 

re shown in Scheme 1 . The studied complexes were optimized by 

he B3LYP method of the Density function theory (DFT) method. 

ll complexes are structurally determined by spectroscopic meth- 

ds (IR and NMR). NMR and IR spectroscopic data is suggested for 

ll complexes with the calculation level B3LYP/GEN. The electronic 

roperties of the studied complexes are estimated from the fron- 

ier molecular orbital (HOMO and LUMO) contour diagrams. Total 

tatic dipole moment (μ), mean linear polarizability ( α), polariz- 

bility anisotropy ( �α) and first hyperpolarizability ( β) parame- 

ers were calculated to estimate the NLO properties of the com- 

lexes. The OLED performances of the complexes were predicted 

https://doi.org/10.1016/j.molstruc.2023.135312
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
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Scheme 1. 2D-Structure of the studied ferrocene complexes. 
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rom the electron transport layer (ETL), hole transport layer (HTL), 

lectron injection layer (EIL) and hole injection layer (HIL) param- 

ters. Finally, PDB ID: 3C0R, representing a rare malignancy origi- 

ating from B cells, Burkitt’s lymphoma (BL), was docked onto the 

arget protein with the aid of a simulation. 

. Calculation methods 

The molecular structures of the investigated ferrocene com- 

lexes were designed in GaussView 6.0.16 program [21] . The 

ptimized structures and vibrational frequencies of the com- 

lexes were obtained at the DFT-B3LYP/GEN level in the Gaussian 

9:AS64L-G09RevD.01 program [22] . LANL2DZ/6–31 G is a mixed 
2 
asis set [ 23 , 24 ]. NMR spectra were performed using the indicator-

ree atomic orbitals (GIAO) method [25] . Molecular docking has 

een implemented in HEX 8.0.0 [26] . 

. Result and discussion 

.1. Optimized structure 

Synthesized ((2), (3), (4), (5), (6)) and their hypothetical boranic 

cid esters ((2 ′ ), (3 ′ ), (4 ′ ), (5 ′ ), (6 ′ )) optimized at DFT-B3LYP/GEN

evel (LANL2DZ for iron atom and 6–31 G for other atoms). As a 

esult of the frequency calculations, the imaginary frequency was 
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Fig. 1. Optimized structure ferrocene boranic acid complexes. 
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ound to be 0. Three-dimensional structures positioned at the low- 

st energy position in space by optimization are given in Fig. 1 . 

According to the geometric structures obtained, the cyclopenta- 

ienyl ligand is a five-electron donor to the metal atom and the 

errocene structure has an eclipsed orientation "sandwich" struc- 

ure located in the D 5h point group. The bond lengths between the 

arbon atoms of the pentahaptocyclopentadienyl ligand are identi- 

al to each other and the bond lengths between the carbon atoms 

re 1.43 Å and bond angles are approximately 107 °. 
3 
Substituent change of synthesized complexes takes place over 

he nitrogen atom. Considering the importance of boron com- 

ounds in the literature in recent years [ 27 , 19 , 28 ], the advantages

f diboranic acid should be evaluated. For complex (2), the dis- 

ance between boron and oxygen bonds is 1.39 Å and the bond 

ngle (OBO) is 111.5 °. The boranic acid substituents added in the 

ypothetical complex (2 ′ ) have the same bond lengths and bond 

ngles as in the (2) complex. Similar results were obtained when 

omparing other complexes. 

.2. The harmonic vibration frequencies and labeling of the peaks 

DFT methods in polyatomic molecules provide more accurate 

esults in spectral analysis techniques [29] . Harmonic frequencies 

re given in the infrared spectra obtained by DFT methods [30] . 

he vibration spectra of the studied complexes, including the ex- 

erimentally synthesized complexes ((2), (3), (4), (5), (6)) are not 

vailable in the literature. It is very difficult to read the IR spec- 

ra of ferrocene complexes with polyatomic and complex struc- 

ures. In addition, labeling in the IR spectra of hypothetical com- 

lexes will provide important information for future studies of 

errocene complexes. For this purpose, IR spectra calculated with 

FT/B3LYP/LANL2DZ-6–31 G level of the synthesized and hypothet- 

cal ferrocene complexes are given in Fig. 2 . The detailed analysis 

f the modes given in Fig. 2 is given in Table 1 . The relationship

f the peaks with the highest densities of the studied complexes 

ith the molecular structure was investigated. 

In general, the highest frequency among the obtained spectra 

elongs to the C 

–H bond stretching. The lowest frequency is the 

e-C bond stretching vibration belonging to the ferrocene group 

n the fingerprint region in the range of 440–470 cm 

−1 . After 

he high-frequency C 

–H bond stretching, the peaks generally show 

 = O bond stretching at approximately 1700 cm 

−1 . Another spe- 

ific peak is the C = C bond stretching at 1400 cm 

−1 . In the spec-

rum given in Fig. 2 , there are bending regions in two regions. 

hese vibrational stretching are caused by the angular change of 

he ligaments. Generally, there are combinations such as rocking, 

agging and scissoring in the bending region resulting from the 

ovement of hydrogen atoms. 

In the spectrum given in Fig. 2 , 13 frequency labels have been 

ade for complex (2). The first spectrum is the bond stretch- 

ng frequency at 3285 cm 

−1 and belongs to the ferrocene carbon- 

ydrogen bond stretching as in all complexes. Spectrum with num- 

er 2 is 3217 cm 

−1 and corresponds to aromatic carbon-hydrogen 

ond stretching. The bond stretching of the aliphatic carbon- 

ydrogen bond is seen as two peaks and these peaks mark the 2nd 

nd 3rd regions in the spectrum. In this region, the frequencies 

t 3140 and 3064 cm 

−1 belong to the νC ali -H vibrational frequen- 

ies of boronic acid substituents. The frequency at 1696 cm 

−1 has 

 high peak intensity and belongs to the C = O bond stretching 

ode. Region 5 in Fig. 2 is the bending region of molecular vi- 

rations that occur with the change of angles and hydrogen atoms 

ake stretching such as scissoring, rocking, wagging, twisting. The 

oron-carbon bond vibrational frequency is 1398 cm 

−1 and cor- 

esponds to the 6th region in the spectrum. 7 and 8 peaks are 

 = C and C 

–C bond stretching vibrations and their frequencies 

re 1356.6 and 1307.2 cm 

−1 , respectively. In addition to the bend- 

ng of hydrogen atoms at 1268 cm 

−1 , it is C 

–N bond stretching. The

eaks numbered 10 and 11 in the spectrum correspond to the B- 

 and C 

–O bond stretching’s at 1137 and 1089 cm 

−1 , respectively. 

ode 12 is the bending zone. Finally, the last peak belongs to fer- 

ocene and is the iron-carbon bond stretching at 427 cm 

−1 . The 

ame bond stretching was obtained in similar regions for the other 

omplexes. The only difference is the specific number 4 peak C 

≡C 

ond stresses for the 5, 5 ′ , 6 and 6 ′ complexes. 
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Fig. 2. Calculated FT-IR spectrums of investigated ferrocene complexes. 
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.3. 13 C and 1H NMR chemical shift 

NMR spectra of molecules can be calculated by computational 

hemistry methods. NMR was calculated as the work type for the 

tudied complexes, and GIAO (Gauge-Independent Atomic Orbital) 

31] and DFT-B3LYP/GEN levels were calculated as the method. The 
3C NMR chemical shift values of the ferrocene complexes are given 

n Tables 3 and 4 by taking the difference between the absolute 

hielding values of the sample and the reference. 13C NMR chem- 
4 
cal shifts of the complexes were performed considering the ba- 

ic skeletal structures of the complexes. The complexes were eval- 

ated separately on the basis of three different skeletons as fer- 

ocene, aromatic, aliphatic and boronic acid esters. 1H NMR chem- 

cal shifts are given in Tables S1 and S2 in the Sup. Met. sec- 

ion. Chemical shifts are given relative to the TMS reference. The 

hielding for the TMS proton in the gas phase was found to be 

2.77 ppm and for the carbon 194.41 ppm. 1H NMR and 

13C NMR 

hemical shift values of investigated complexes were calculated 
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Table 1 

Infrared frequencies in cm-1 and assignments of (2), (3), (4), (5) and (6) complexes. 

Mod (2) Ass. (3) Ass. (4) Ass. (5) Ass. (6) Ass. 

1 3285.7 νC – H 3285.7 νC – H 3285.9 νC – H 3285.6 νC – H 3285.6 νC – H 

2 3217.7 νC – H 3216.4 νC – H 3215.4 νC – H 3217.0 νC – H 3216.8 νC – H 

3 3140.1–3064.5 νC – H 3140.4–3055.7 νC – H 3140.1–3028.5 νC – H 3140.4–3064.6 νC – H 3140.3–3064.6 νC – H 

4 1696.1 νC = O 1690.2 νC = O 1688.8 νC = O 2235.3 νC ≡C 2375.7 νC ≡C 

5 1674.1–1440.0 Bend. 1672.4–1422.4 Bend. 1672.5–1434.6 Bend. 1700.1 νC = O 1698.4 νC = O 

6 1398.3 νB-C 1400.4 νB-C 1400.1 νB-C 1673.8–1437.7 Bend. 1673.8–1437.3 Bend. 

7 1356.6 νC = C 1361.1 νC = C 1360.5 νC = C 1401.5 νB-C 1401.3 νB-C 

8 1307.2 νC – C 1307.0 νC – C 1307.5 νC – C 1355.0 νC = C 1354.3 νC = C 

9 1268.5 νC – N 1263.2 νC – N 1257.3 νC – N 1307.0 νC – C 1307.4 νC – C 

10 1137.1 νB-O 1137.6 νB-O 1137.1 νB-O 1263.5 νC – N 1262.6 νC – N 

11 1089.7 νC – O 1082.4 νC – O 1081.4 νC – O 1137.0 νB-O 1136.3 νB-O 

12 1029.5–480.5 Bend. 1060.0–523.0 Bend. 1042.1–520.7 Bend. 1095.0 νC – O 1090.9 νC – O 

13 472.9 νC-Fe 447.6 νC-Fe 445.0 νC-Fe 1060.3–521.8 Bend. 1054.3–516.5 Bend. 

14 – – – – – – 445.9 νC-Fe 444.9 νC-Fe 

Table 2 

Infrared frequencies in cm-1 and assignments of (2 ′ ), (3 ′ ), (4 ′ ), (5 ′ ) and (6 ′ ) complexes. 

Mod (2 ′ ) Ass. (3 ′ ) Ass. (4 ′ ) Ass. (5 ′ ) Ass. (6 ′ ) Ass. 

1 3285.9 νC – H 3285.8 νC – H 3285.9 νC – H 3285.6 νC – H 3285.9 νC – H 

2 3216.5 νC – H 3188.5 νC – H 3217.6 νC – H 3216.1 νC – H 3112.3 νC – H 

3 3140.5–3064.9 νC – H 3140.2–3064.4 νC – H 3140.0–3064.2 νC – H 3140.5–3065.2 νC – H 3139.8–3064.2 νC – H 

4 1697.6 νC = O 1690.1 νC = O 1689.9 νC = O 2330.2 νC ≡C 2364.9 νC ≡C 

5 1673.7–1445.8 Bend 1672.6–1445.1 Bend 1672.0–1445.7 Bend 1702.3 νC = O 1700.8 νC = O 

6 1401.7 νB-C 1400.5 νB-C 1400.0 νB-C 1673.5–1445.5 Bend 1671.4–1445.4 Bend 

7 1354.8 νC = C 1361.3 νC = C 1359.5 νC = C 1400.7 νB-C 1399.8 νB-C 

8 1307.3 νC – C 1306.9 νC – C 1308.6 νC – C 1353.8 νC = C 1351.2 νC = C 

9 1268.7 νC – N 1266.2 νC – N 1266.0 νC – N 1306.9 νC – C 1307.2 νC – C 

10 1136.8 νB-O 1137.6 νB-O 1136.1 νB-O 1261.2 νC – N 1261.2 νC – N 

11 1090.9 νC – O 1092.6 νC – O 1089.1 νC – O 1136.7 νB-O 1138.3 νB-O 

12 1057.1–516.9 Bend 1034.5–513.5 Bend 1036.9–517.8 Bend 1094.5 νC – O 1095.0 νC – O 

13 445.3 νC-Fe 443.9 νC-Fe 447.3 νC-Fe 1036.3–518.6 Bend 1034.9–515.3 Bend 

14 – – – – 443.9 νC-Fe 445.9 νC-Fe 
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rom the relation δ=	TMS - 	 [32] . Here, 	TMS is the shielding of 

he TMS proton or carbon, and 	 is the shielding of the carbon or 

roton in the sample. 

When Tables 3 and 4 are examined, it is seen that (2)-(6) 

nd (2 ′ )-(6 ′ ) complexes contain equivalent carbons and protons. 

arbons and protons in opposite positions are replaced by a ro- 

ation process. Therefore, they are equivalent atoms. Equivalent 

toms peak at the same chemical shift. The experimental 13 C 

nd 

1H NMR chemical shifts for the (2)-(6) complex are in good 

greement with the experimental results. For the (3) complex, 

he experimentally chemical shift value of the carbon atom at 

54.52 pm was calculated as 154.68 ppm with the DFT-B3LYP/GEN 

evel and it was determined that it belongs to the carbon atom 

umber 12. The carbon chemical shift at 139 ppm is for car- 

on 14 and the calculated result is 135 ppm. When the results 

re evaluated one by one, the experimental values and the 

alculation results are close to each other. In general, the stud- 

ed complexes appear to have high chemical shift values of 

arbons adjacent to nitrogen and oxygen. In this situation, the 

act that the carbon atom is adjacent to the nitrogen and oxy- 

en atoms with high electronegativity caused these protons to be 

ess shielded and to have a high ppm value. The aliphatic car- 

on atoms have been calculated to have a low ppm value. Be- 

ause these atoms do not feel the inductive effect of electroneg- 

tive atoms. For these reasons, their nuclei are highly shielded by 

heir electrons and they peak at low ppm. This is spectroscopically 

mportant for atomic labeling in the NMR spectra of hypotheti- 

al complexes. It should also be noted that the boranic acid ester 

igand has an electron-attracting effect on the C26 and C27 car- 

ons. In general, the designed complexes can be evaluated in terms 

f chemical and biological change by adding an electronegative 

igand. 
5 
.4. Quantum chemical parameters 

In Table 5 , the calculated values of the quantum chemical pa- 

ameters of the ((2)-(6) and (2 ′ )-(6 ′ )) complexes are given. Calcu- 

ations are made in the gas phase at the B3LYP/GEN level. Quan- 

um chemical parameters such as highest occupied molecular or- 

ital energy (E HOMO ) and lowest unoccupied molecular orbital en- 

rgy (E LUMO ) are the chemical parameters that are mostly used. 

he way molecules interact with other species is determined by 

hese orbitals, also known as boundary orbitals [33] . The ways of 

btaining quantum chemical parameters are given in Eqs. (1) - (8) . 

 = −E HOMO (1) 

 = −E LUMO (2) 

= 

1 

2 

[
∂ 2 E 

∂ 2 N 

]
ν(r) 

= 

I − A 

2 

(3) 

 

α〉 = 

1 

3 

[ αxx + αyy + αzz ] σ = 

1 

η
(4) 

= −χ = 

[
∂E 

∂N 

]
ν(r) 

= −
(

I + A 

2 

)
(5) 

 = 

χ2 

2 η
(6) 

 = 

1 

ω 

(7) 

 

+ = 

( I + 3 A ) 
2 

16 ( I − A ) 
ω 

− = 

( 3 I + A ) 
2 

16 ( I − A ) 
(8) 

From our result, we can see the high value of E HOMO in 

olecules with boronic acid derivative (2,3,4,5 and 6) while E 
HOMO 
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Table 3 
13C NMR chemical shift values (ppm) of (2)-(6) complexes. 

(2) δ (3) δ (4) δ (5) � (6) δ

Ferrocene Carbons 

C1 65.19 C1 66.92 C1 66.64 C1 66.24 C1 66.35 

C2 101.11 C2 101.70 C2 101.79 C2 100.89 C2 100.99 

C3 59.75 C3 58.29 C3 58.15 C3 58.42 C3 58.60 

C4 64.73 C4 64.43 C4 64.31 C4 64.34 C4 64.66 

C5 66.43 C5 65.81 C5 65.89 C5 65.96 C5 66.49 

C6 68.37 C6 68.47 C6 69.69 C6 69.92 C6 69.63 

C7 69.39 C7 69.36 C7 68.35 C7 68.57 C7 68.31 

C8 69.52 C8 69.37 C8 68.81 C8 69.01 C8 69.26 

C9 70.52 C9 70.42 C9 70.31 C9 70.29 C9 70.28 

C10 71.39 C10 71.05 C10 71.15 C10 71.25 C10 71.39 

Aromatic Carbons 

C14 135.15 C14 135.99 C14 136.10 C14 135.85 C14 135.70 

C15 123.04 C15 126.64 C15 126.85 C15 126.02 C15 122.66 

C16 132.03 C16 132.51 C16 132.57 C16 132.62 C16 132.71 

C17 125.25 C17 125.96 C17 125.87 C17 125.98 C17 126.07 

C18 131.64 C18 131.57 C18 131.46 C18 131.51 C18 131.65 

C19 122.62 C19 125.57 C19 125.58 C19 125.63 C19 121.95 

C26 135.75 

C27 122.01 

C28 124.26 

C29 122.40 

C30 124.83 

C31 120.70 

Aliphatic Carbons 

C11 53.75 C11 54.48 C11 53.64 C11 52.26 C11 40.48 

C12 156.62 C12 154.68 C12 155.80 C12 154.32 C12 154.87 

C13 72.40 C13 70.03 C13 69.99 C13 70.57 C13 71.90 

C26 134.34 C26 127.33 C26 70.04 C26 72.02 

C27 112.40 C27 124.38 C27 111.60 C27 75.79 

C28 19.23 C28 4.82 

Boronic Acid Ester Carbons 

C20 90.63 C20 90.77 C20 90.59 C20 90.66 C20 90.85 

C21 90.94 C21 90.73 C21 90.78 C21 90.79 C21 90.82 

C22 27.11 C22 26.99 C22 23.85 C22 23.86 C22 23.87 

C23 23.78 C23 23.72 C23 27.02 C23 27.01 C23 26.99 

C24 26.83 C24 26.94 C24 27.03 C24 25.58 C24 23.84 

C25 23.85 C25 23.86 C25 23.91 C25 25.65 C25 27.17 

h  
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as lower values in diboronic acid derivatives (2 ′ ,3 ′ ,4 ′ ,5 ′ and 6 ′ ).
he lowest unoccupied molecular orbital energy (E LUMO ) of (2)-(6) 

omplexes is higher than (2 ′ )-(6 ′ ) complexes. The energy of HOMO 

s related to the ionization energy, and the energy of LUMO is re- 

ated to electron affinity. The HOMO–LUMO gap, or the energy dif- 

erence between HOMO and LUMO, is a very important stability 

actor. A significant HOMO-LUMO gap indicates that the molecule 

ill be stable in chemical processes [ 34 , 35 ]. From the table, the

hange in �E energy has higher values in diboronic acid de- 

ived compounds (2 ′ )-(6 ′ ) compared to their counterparts. In Fig. 3 , 

ontour diagrams giving the frontier molecular orbital energies of 

omplexes (2) and (2 ′ ) are imagined. 

When the contour diagrams of the complexes are examined, 

he energy of HOMO is related to the ionization energy, while the 

nergy of LUMO is related to electron affinity. The HOMO-LUMO 

ap or the energy difference between HOMO and LUMO is a very 

mportant stability factor. As can be seen from Fig. 3 , the HOMO 

olecular orbitals have a hybrid appearance on the ferrocene unit, 

ith both π molecular and d orbitals contributing. LUMO molecu- 

ar orbitals represent π ∗ molecular orbitals. So the HOMO → LUMO 

ransition corresponds to the π→ π ∗ and d → π ∗ transitions 

36] . 

Looking at the table of our compounds, in molecules containing 

oronic acid derivatives, both ionization energy and electron affin- 
6

ty have high values ((2)-(6)). The molecule with the lowest global 

ardness (and therefore the highest global softness) is said to have 

etter activity [ 31 , 34 ]. Because a soft molecule is more reactive

han a hard molecule [37] . When Table 5 is examined, it is seen

hat the diboronic acid derivatives of molecules with low hardness 

alues are bound. The softness value is lower in monoboronic acid 

erivatives. According to the density functional theory, Mulliken 

lectronegativity is the inverse of the chemical potential. There- 

ore, Sanderson’s approach is a parameter that provides very use- 

ul information as it resembles a macroscopic thermodynamic pro- 

ess known as chemical potential equalization. The electronegativ- 

ty or chemical potential of atoms should equalize when they inter- 

ct [38] . It can be said that low electronegativity and high chemi- 

al potential increase activity. Therefore, compounds ((2 ′ )-(6 ′ )) are 

ore reactive in terms of both electronegativity and chemical po- 

ential. Quantum chemical parameters such as electron-donating 

orce and electron-accepting strength can reveal a lot about a com- 

ound’s electron-donating and accepting capacities. Soft and po- 

arizable compounds can be considered good inhibitors when the 

rinciples of Maximum Hardness and Minimum Polarizability are 

tudied with parallel methods [ 39 , 40 ]. In general, from the results

btained, mono-substituted boronic acid derivatives ((2)-(6)) are 

ess reactive than hypothetical di-substituted boronic acid deriva- 

ives ((2 ′ )-(6 ′ )). 
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Fig. 3. Frontier molecular orbitals diagrams of complexes. 
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Table 4 
13C NMR chemical shift values (ppm) of (2 ′ )-(6 ′ ) complexes. 

(2 ′ ) δ (3 ′ ) δ (4 ′ ) δ (5 ′ ) δ (6 ′ ) δ

Ferrocene Carbons 

C1 65.49 C1 66.93 C1 68.68 C1 67.02 C1 66.25 

C2 101.16 C2 101.93 C2 101.10 C2 100.91 C2 101.09 

C3 59.49 C3 58.58 C3 58.09 C3 58.60 C3 59.14 

C4 64.63 C4 64.52 C4 64.14 C4 64.86 C4 64.49 

C5 66.31 C5 65.66 C5 65.61 C5 66.36 C5 66.45 

C6 69.37 C6 68.66 C6 69.36 C6 69.61 C6 69.59 

C7 69.37 C7 69.36 C7 68.38 C7 68.63 C7 68.53 

C8 69.56 C8 69.42 C8 68.96 C8 68.77 C8 69.22 

C9 70.46 C9 70.33 C9 70.16 C9 70.07 C9 70.20 

C10 71.41 C10 70.88 C10 71.33 C10 70.68 C10 71.13 

Aromatic Carbons 

C14 135.39 C14 135.91 C14 136.31 C14 135.82 C14 137.54 

C15 122.41 C15 126.93 C15 125.86 C15 122.67 C15 122.40 

C16 132.21 C16 132.44 C16 131.59 C16 132.40 C16 134.10 

C17 124.89 C17 125.81 C17 126.82 C17 124.73 C17 123.11 

C18 131.51 C18 131.69 C18 132.47 C18 131.42 C18 130.86 

C19 121.79 C19 125.87 C19 125.66 C19 121.61 C19 119.51 

C26 139.31 

C27 121.17 

C28 132.60 

C29 124.06 

C30 132.93 

C31 119.64 

Aliphatic Carbons 

C11 54.16 C11 56.05 C11 53.88 C11 40.65 C11 40.64 

C12 156.59 C12 155.68 C12 155.75 C12 154.79 C12 155.15 

C13 71.99 C13 70.25 C13 69.91 C13 71.51 C13 67.72 

C26 150.68 C26 123.80 C26 97.52 C26 70.62 

C27 117.95 C27 128.04 C27 78.58 C27 77.61 

C28 17.72 C28 4.22 

Boronic Acid Ester Carbons 

C20 91.00 C20 90.57 C20 91.28 C20 90.95 C20 90.21 

C21 90.66 C21 90.62 C21 91.14 C21 90.61 C21 90.64 

C22 23.78 C22 27.02 C22 23.68 C22 26.85 C22 24.08 

C23 26.83 C23 23.74 C23 26.89 C23 23.91 C23 27.19 

C24 27.22 C24 26.96 C24 26.44 C24 23.88 C24 23.89 

C25 23.84 C25 23.92 C25 23.50 C25 27.24 C25 26.95 

C32 90.84 C28 90.32 C29 89.90 C28 91.07 C29 93.03 

C33 91.23 C29 89.98 C30 90.94 C29 91.11 C30 91.51 

C34 26.93 C30 23.70 C31 23.66 C30 26.67 C31 26.89 

C35 23.75 C31 26.89 C32 25.38 C31 23.66 C32 23.73 

C36 23.85 C32 26.63 C33 22.87 C32 26.79 C33 26.47 

C37 26.98 C33 23.58 C34 26.68 C33 23.59 C34 23.41 

3
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.5. NLO properties 

Metal coordination compounds with nonlinear optical (NLO) 

roperties have been investigated for modern communication 

echnology products in recent years. A systematic study of the 

lectronic structure and nonlinear properties of metal complexes 

s of great importance in this regard. DFT studies developed with 

omputational chemistry techniques can reveal the NLO properties 

f complexes [41] . 

Total static dipole moment (μ), mean linear polarizability 

 α), polarizability anisotropy ( �α) and first hyperpolarizability 

 β) of complexes including standard urea were used to pre- 

ict NLO properties, and these numerical values are given in 

able 6 . 

= 

(
μ2 

x + μ2 
y + μ2 

z 

)1 

/ 2 (9) 

 = 

1 

3 

( a xx + a yy + a zz ) (10) 
(

8 
a = 

1 √ 

2 

[
( a xx − a yy ) 

2 + ( a yy − a zz ) 
2 + ( a zz − a xx ) 

2 + 6 a 2 xz + 6 a 2 xy 

+6 a 2 yz 

]1 

/ 2 (11) 

= 

[
( βxxx + βxyy + βxzz ) 

2 + ( βyyy + βyzz + βyxx ) 
2 

+ ( βzzz + βzxx + βzyy ) 
2 
]1 

/ 2 (12) 

The total static dipole moment(μ), mean linear polarization ( α), 

olarization anisotropy ( �α) and first hyperpolarization ( β) val- 

es given in Table 6 are the basic parameters for estimating the 

LO properties. According to the obtained data, the investigated 

omplexes are superior in terms of all parameters producing stan- 

ard substances. Increasing values of total static dipole moment(μ), 

ean linear polarization ( α), polarization anisotropy ( �α) and first 

yperpolarization ( β) parameters provide superiority in terms of 

LO significance. In accordance with the parameters examined in 

able 6 , dipole moment (μ), mean linear polarization ( α), polar- 

zation anisotropy ( �α) and first hyperpolarization ( β) values (2 ′ )- 
6 ′ ) of (2)-(6) complexes. higher than their complexes. This may be 
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Fig. 4. The interaction modes of complexes and target protein. 
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Table 5 

The calculated quantum chemical descriptors for the investigated complexes. 

Parameters (2) (2 ′ ) (3) (3 ′ ) (4) (4 ′ ) (5) (5 ′ ) (6) (6 ′ ) 

E HOMO (eV) −5.2083 −5.1512 −5.1893 −5.1403 −5.1675 −5.1702 −5.3580 −5.2301 −5.4396 −5.1566 

E LUMO (eV) −0.7891 −0.7973 −0.8681 −0.8463 −0.8463 −0.8599 −0.8082 −0.7157 −0.7701 −0.5578 

IE 5.2083 5.1512 5.1893 5.1403 5.1675 5.1702 5.3580 5.2301 5.4396 5.1566 

EA 0.7891 0.7973 0.8681 0.8463 0.8463 0.8599 0.8082 0.7157 0.7701 0.5578 

�E 4.4192 4.3539 4.3212 4.2940 4.3212 4.3103 4.5498 4.5144 4.6695 −4.5988 

η (eV) 2.2096 2.1769 2.1606 2.1470 2.1606 2.1552 2.2749 2.2572 2.3348 2.2994 

σ (eV −1 ) 0.4526 0.4594 0.4628 0.4658 0.4628 0.4640 0.4396 0.4430 0.4283 0.4349 

χ (eV) 2.9987 2.9742 3.0287 2.9933 3.0069 3.0150 3.0831 2.9729 3.1048 2.8572 

μ (eV −1 ) −2.9987 −2.9742 −3.0287 −2.9933 −3.0069 −3.0150 −3.0831 −2.9729 −3.1048 −2.8572 

ω 2.0348 2.0318 2.1227 2.0866 2.0923 2.0892 2.0667 1.9577 2.0645 1.7752 

ɛ 0.4914 0.4922 0.4711 0.4793 0.4779 0.4787 0.4839 0.5108 0.4844 0.5633 

ω 

+ 0.7939 0.7755 0.7315 0.7070 0.7183 0.7065 0.7014 0.6503 0.6901 0.5654 

ω 

− 3.8104 3.7910 3.9071 3.8516 3.8658 3.9151 3.860 3.7263 3.9087 3.4912 

α 359.538 447.763 322.916 403.149 335.034 403.395 319.562 405.670 333.429 410.567 

DM (Debye) 4.641 5.969 3.600 5.548 3.922 4.716 4.363 5.709 4.770 5.606 

Table 6 

The calculated total static dipole moment(μ), the average linear po- 

larizability ( α), the anisotropy of the polarizability ( �α), first hy- 

perpolarizability ( β). 

Parameters μa αb �αb βc 

Urea 1.9645 4.2580 9.4102 6.67 х 10 −28 

(2) 11.2562 40.5826 101.3601 1.94 х 10 −25 

(2 ′ ) 10.3265 40.2365 100.0130 1.88 х 10 −25 

(3) 11.5865 41.5842 103.3654 2.80 х 10 −25 

(3 ′ ) 10.9809 40.8854 102.9684 2.55 х 10 −25 

(4) 12.0825 41.9995 105.0148 2.97 х 10 −25 

(4 ′ ) 11.5942 41.3512 104.5239 2.85 х 10 −25 

(5) 11.1563 38.1405 101.2635 4.86 х 10 −26 

(5 ′ ) 10.2230 37.2591 100.3014 4.08 х 10 −26 

(6) 11.0603 37.5632 100.8963 4.51 х 10 −26 

(6 ′ ) 10.1095 37.0070 100.0025 4.25 х 10 −26 

a In Debye,. 
b In Ǻ3 ,. 
c In cm 

5 /esu, d eV. 

Table 7 

The reorganization energies, adiabatic/vertical ionization poten- 

tials and electron affinities (all in eV) of (2)-(6) and (2 ′ )-(6 ′ ). 

λe (eV) λh (eV) IPa IPv EAa EAv 

(2) 0.152 0.205 4.253 4.024 0.894 0.985 

(2 ′ ) 0.143 0.221 5.036 4.101 0.865 0.968 

(3) 0.114 0.223 5.907 4.163 0.756 0.865 

(3 ′ ) 0.121 0.255 5.980 4.240 0.741 0.806 

(4) 0.159 0.209 4.525 5.045 0.793 0.901 

(4 ′ ) 0.136 0.211 4.727 5.162 0.785 0.899 

(5) 0.254 0.256 6.654 5.485 0.623 0.772 

(5 ′ ) 0.263 0.262 6.778 6.624 0.614 0.761 

(6 ′ ) 0.221 0.285 6.982 6.851 0.609 0.752 

(6 ′ ) 0.195 0.293 6.993 6.995 0.684 0.685 

Table 8 

Binding energies of all complexes and 2WH6. 

Complexes Binding Energies (kcal/mol) 

(2) −301.53 

(2 ′ ) −338.06 

(3) −315.06 

(3 ′ ) −323.73 

(4) −296.06 

(4 ′ ) −307.85 

(5) −301.27 

(5 ′ ) −340.18 

(6 ′ ) −307.00 

(6 ′ ) −312.48 
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10 
ue to the increase in the aliphatic groups of the complexes. It can 

herefore be envisaged that hypothetical complexes to which the 

oron substituent is added do not provide an advantage in terms 

f nonlinear optical properties. 

.6. Light emitting properties 

DFT application of Marcus theorem was performed to predict 

he basic optical and electrical properties of (2)-(6) and (2 ′ )-(6 ′ ) 
omplexes. DFT-B3LYP/GEN level was used to make theoretical cal- 

ulations on the Organic Light Emitting Diode (OLED) properties of 

he complexes [42] . 

The electron transport layer (ETL), a hole transport layer (HTL) 

etween the cathode and an anode, and in addition to these lay- 

rs, the electron injection layer adjacent to the cathode (EIL) and 

he hole injection layer adjacent to the anode (HIL) are a crucial 

actor in the performance of OLEDs. These parameters were calcu- 

ated according to the equations given below and the correspond- 

ng values for the complexes examined in Table 7 are given. 

e = 

(
E −0 − E −−

)
+ 

(
E 0 − − E 0 0 

)
(13) 

h = 

(
E + 0 − E + + 

)
+ 

(
E 0 + − E 0 0 

)
(14) 

here E + 
0 

and E −
0 

are the energies of the cation and anion of 

eutral molecule. E + + and E −− are the energies of the cation and 

nion obtained from cation and anion. E 0 + and E 0 − are the en- 

rgy of the neutral molecule calculated at the cationic and anionic 

tate. E 0 
0 

is the energy of the neutral molecule at the ground state 

43] . 

Another parameter are adiabatic/vertical ionization potentials 

IPa/IPv) and adiabatic/vertical electron affinities (EAa/EAv) [44] . 

hese parameters are obtained from Eqs. (15) - (18) . 

P a = E + + − E 0 0 (15) 

P v = E + 0 − E 0 0 (16) 

Aa = E 0 0 − E −− (17) 

A v = E 0 0 − E −0 (18) 

ere E −
0 

and E + 
0 

are the energy of the re-optimized anion (cation). 

 

−
− ( E + + )is the energy of the anion (cation) calculated with the opti- 

ized anion (cation) structure, E 0 − ( E 0 + ) is the energy of the neutral

olecule calculated at the anionic (cationic) state. In addition, E 0 
0 

is 

efined as the energy of the neutral molecule at the ground state 

45] . 
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The reference material for ETL compounds is tris(8- 

ydroxyquinoline) aluminum complex (Alq3) [46] , while the 

eference material for HTL compounds is N,N’-diphenyl-N,N’-. 

is(3-methylphenyl) −1,1 ′ -diphenyl-4,4 ′ -diamine (TPD) [47] . A good 

LED material should have parameters superior to reference 

aterials. 

According to OLED implementations of DFT calculations, lower 

eorganization energy from reference materials indicates a higher 

harge transfer rate. With this approach, the suitability of ETL and 

TL material can be suggested. The λe values of all examined 

omplexes are lower than the reference Alq3 ( λe = 0.276 eV) [46] .

herefore, it can be said that all complexes are more advantageous 

s ETL materials instead of Alq3. For the HTL material, the λh 

alues of all the complexes are less than the λh value of the 

PD ( λh = 0.290 eV) [47] . For the HTL material, the studied com-

lexes are suitable. However, boranic acid and its alkyl substituent 

ave created a disadvantage for OLED materials. This state com- 

lies with NLO specifications. Three coordinated boron is electron 

eficient with empty pz orbital. Due to its strong π-acceptor char- 

cter, significant delocalization occurs when conjugated with an 

djacent organic π system. The presence of the vacant pz orbital 

redisposes boron compounds to nucleophiles, resulting in either 

ond cleavage or the formation of a four-coordinate borate species 

hat causes interruption in conjugation with adjacent π [48] . Hole 

njection capacity can be correlated with IP and EA values. In gen- 

ral, molecules with smaller IP and larger EAs allow easier injec- 

ion of holes from the hole (electron) transport layer to the emit- 

er layers. (2) complex is more advantageous than the others in 

his regard. When the results are examined, the IP values of (2) 

re lower than the others. Again, the EA values of (2) are higher 

han the others. The order of advantage of the compounds studied 

s HIL and EIL compounds are almost similar to the order of NLO 

roperties. As a result, ferrocene complexes derived from biboronic 

cid are not more advantageous. 

.7. Molecular docking 

Molecular docking studies predict the activity between chem- 

cal species and biological macromolecules. It is also a pioneer- 

ng technique for developing new drug candidate molecules. De- 

ermining the interaction energy between the protein whose crys- 

al structure is selected and the chemical species studied allows 

or predicting the strength of biological activity. In this investiga- 

ion, ferrocene complexes were docked with the virally encoded 

omolog of Bcl-2 (PDB ID: 2WH6). This protein is associated with 

ffecting the B cell compartment such as Burkitt’s lymphoma [49] . 

EX 8.0.8 was used for docking [50] . This program, Spherical Po- 

ar Fourier (SPF) approximation allows the effect of rotations and 

ranslations to be calculated directly from the original expansion 

oefficients [26] . The coupling poses of the amino ferrocene com- 

lexes against the PDB ID: 2WH6 target protein are presented in 

ig. 4 . In addition, the binding energies between the complexes 

nd the target protein are listed in Table 8 . 

The binding energies obtained as a result of the binding of 

minoferrocene complexes to the 2WH6 target protein are given 

n Table 4.8. In terms of target protein representing Burkitt’s lym- 

homa and molecules with the highest binding energies, the bind- 

ng energy of complex (2) is −301.53 kcal/mol, while the binding 

nergy of (2 ′ ) complex is −338.06 kcal/mol. The binding energy of 

omplex (5) is −301.27 kcal/mol, the binding energy of complex 

5 ′ ) is −340.18 kcal/mol. The coupling energy of ferrocene com- 

lexes containing diboranic acid ((2 ′ )-(6 ′ )) is higher than ferrocene 

omplexes containing monoboranic acid. When the binding ener- 

ies were examined, it was observed that the binding energies of 

he complexes containing diboranic acid substitution were higher 

han the complexes containing monobromic acid. This situation is 
11
uite similar to the order of activity obtained from quantum chem- 

cal parameters. Also, as can be seen in Fig. 4 , each of the com-

lexes bound to different regions of the 2WH6 target protein. 

. Conclusions 

Computational chemistry methods ferrocene boranic acids ((2), 

3), (4), (5), (6)) and their hypothetical complexes ((2 ′ ), (3 ′ ), (4 ′ ),
5 ′ ))), (6 ′ )) were examined. In this way, ferrocene complexes, 

hich are very difficult to optimize, have been brought to the lit- 

rature. The structures of the studied complexes are proposed in 

hree dimensions. As a result of the optimization, it was observed 

hat the pentahapto cyclopentadienyl ligand was in a coincident 

osition around the iron atom. Some bond lengths and bond an- 

les obtained are suggested. In IR spectra, bond stretching modes 

re labeled according to the atoms of interest. Experimental and 

alculated NMR chemical shifts were found to be compatible with 

ach other. According to the quantum chemical parameters, the ac- 

ivity of the hypothetical (2 ′ ), (3 ′ ), (4 ′ ), (5 ′ ), (6 ′ ) complexes was es-

imated to be higher in general. When NLO and OLED properties 

re examined, all of the Complexes are more advantageous than 

he relevant reference materials. In addition, for both properties, it 

as calculated that the diboranic and alkyl substituents of molec- 

lar sized complexes reduce the optical properties. The molecu- 

ar docking results are quite similar to the general trend obtained 

ith quantum chemical parameters. According to the results of the 

olecular dimension DFT analysis of the complex, it is estimated 

hat the diboronic acid substituents provide advantages in terms of 

iological activity ( Table 2 ). 
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