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Abstract: Proton and carbon-13 NMR chemical shifts and vibrational frequencies (FT-IR) of trans-2-pentenoic
acid (2-pentenoic acid or (E)-pent-2-enoic acid) were studied, both experimentally and theoretically. The
optimized molecular geometric parameters of monomer and dimer forms, vibrational frequencies and NMR
chemical shifts of the mentioned compound were computed by using DFT/B3LYP/6-311+G(2d,p) level. The
computed data were compared with experimental ones. The HOMO and LUMO analyses were performed at the

mentioned computational level.
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1. Introduction

Unsaturated fatty acids are very important compounds
in food, nutrition and health sciences due to their role
in biological processes especially for humans. These
acids can be classified as monounsaturated fatty acids,
polyunsaturated fatty acids and acetylenic fatty acids.
They can be found in trans or cis molecular forms,
which exhibit long nonpolar unsaturated alkyl chains
and polar carboxylic head groups (Sonnect et al.,
2015). An experimental study on a,f-unsaturated
carboxylic acid (2-methyl-2-pentenoic acid) was
performed by using in situ attenuated total reflection
infrared (ATR-IR) spectroscopic tecknique (Tan and
Williams, 2013).

Quantum chemical computation methods have been
widely used to investigate structural, spectroscopic,
electronic, magnetic, nonlinear  optical  and
thermodynamic properties of molecules. Density
functional theory (DFT) method has been used in many
studies in the literature for effective and accuracy
evaluation of molecular properties (Gokce and Bahgeli,
2013; Akyildirim et al., 2017). The aim of this study is
to investigate molecular structures for monomeric and
dimeric, vibrational wavenumebers, 'H and *C NMR
chemical shifts and HOMO-LUMO properties of 3
trans-2-pentenoic acid (2-pentenoic acid or (E)-pent-2-
enoic acid) molecule, both experimentally (FT-IR and
NMR) and theoretically (DFT/B3LYP/6-311+G(2d,p)
level).

2. Computational Details

All calculations were performed by using Gaussian 09W
program and the computed results were visualized with
GaussView5 program (Frisch et al., 2009; Dennington
et al., 2009). The optimized molecular geometric
parameters for monomeric and dimeric forms,
vibrational wavenumbers, proton and carbon-13 NMR
chemical shifts and HOMO-LUMO analyses of the title
molecule were computed by using DFT (Density
Functional Theory)/B3LYP (Becke’s three parameters
exact exchange-functional (B3) combined with
gradient-corrected correlational functional of Lee,
Yang, Parr (LYP)) method with 6-311+G(2d,p) basis
set. (Lee et al., 1988; Becke, 1993). The calculated
vibrational wavenumbers were scaled with 0.954 (in the
region of 1600-4000 cm™") and 0.989 (in the region of 0-
1600 cm™) for B3LYP/6-311+G(2d,p) level (Wang et
al., 2015). The vibrational frequency assignments were
performed by using VEDA 4 program in terms of
potential energy distribution (PED) (Jamr'oz, 2004). For
NMR chemical shift computations, the optimized
molecular structures in chloroform of monomer and
dimer forms of the title molecule were first obtained at
B3LYP/6-311+G(2d,p) level by using integral equation
formalism polarizable continuum model (IEFPCM)
method. Then, proton and carbon-13 NMR chemical
shifts were calculated with the mentioned computational
level in chloroform by using gauge invariant atomic
orbital (GIAO) method (London, 1937; Ditchfield,
1974; Wolinski et al., 1990). Additionally, HOMO and
LUMO energy values and their shapes were calculated
with B3LYP/6-311+G(2d,p) level in gas phase of the
title molecule.
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3. Results and Discussion
3.1. Molecular structure

The optimized molecular structures of monomeric and
dimeric forms of trans-2-pentenoic acid (2-pentenoic
acid or (E)-pent-2-enoic acid) molecule were given in
Fig. 1. The experimental (single-crystal X-ray study)
(Peppel et al., 2015) and calculated (with B3LYP/6-
311+G(2d,p) level) structural parameters for monomeric
and dimeric forms of the title molecule were
summarized in Table 1.
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Figure 1. The optimized (a) monomeric and (b) dimeric
molecular structures of (E)-pent-2-enoic acid.

As can be seen from results in Table 1, trans-2-
pentenoic acid (2-pentenoic acid or (E)-pent-2-enoic
acid) molecule may be existed in dimeric form by via
strong inter-molecular hyrogen bonds in solid phase.
Especially, the C1=014 and C1-O13 bond lengths were
computed as 1.2088 A and 1.3606 A in monoric form,
whereas they were calculated 1.2305 A and 1.3226 A in
dimeric form, respectively. The experimental values for
these bond lengths were recorded as 1.2337(14) A and
1.3223(13) A, respectively (Peppel et al., 2015).
Similarly, inter-molecular hydrogen bond parameters
(H15--029, 013--029 and O13-H15--029) in dimeric
form of the title molecule were experimentally found as
1.69(2) A, 2.6322(13) A and 173.3(19)°, respectively
(Peppel et al., 2015). These parameters were calculated
1.6407 A, 2.6448 A and 178.82°, respectively. The O13-
H15 bond length was recorded as 0.95(2)/0.9697/1.0042
A (exp./cal. for monomer/cal. for dimer) (Peppel et al.,
2015).

Table 1. Experimental and calculated bond lengths and bond angles of (E)-pent-2-enoic acid.

Bond lengths . Calculated Bond angles a Calculated
(A) ¢ X-Ray Monomer Dimer (°) ¢ X-Ray Monomer Dimer
Cl1-C2 1.4723(16) 1.4747 14742 | C2-C1-013 113.26(10) 111.32 112.87
C1-013 1.3223(13) 1.3606 1.3226 | C2-C1-014 123.99(10) 126.75 123.65
C1=014 1.2337(14) 1.2088 1.2305 | C13-C1-0O14 122.75(11) 121.94 123.48
C2-H3 0.9500 1.0822 1.0822 | C1-C2-H3 119.0 116.66 115.98
C2=C4 1.3301(16) 1.3334 1.3334 | C1-C2-C4 122.06(10) 120.61 121.24
C4-H5 0.9500 1.0874 1.0872 | H3-C2-C4 119.0 122.74 122.78
C4-C6 1.4981(16) 1.4957 1.4960 | C2-C4-H5 117.2 116.98 117.04
C6-H7 0.9900 1.0977 1.0978 | C2-C4-C6 125.63(10) 126.83 126.79
C6-H8 0.9900 1.0977 1.0978 | H5-C4-C6 117.2 116.19 116.17
C6-C9 1.5239(16) 1.5265 1.5264 | C4-C6-H7 108.4 107.58 107.58
C9-H10 0.9800 1.0924 1.0924 | C4-C6-HS8 108.4 107.58 107.58
C9-H11 0.9800 1.0915 1.0915 | C4-C6-C9 115.33(10) 116.59 116.59
C9-H12 0.9800 1.0924 1.0924 | H7-C6-H8 107.5 104.40 104.40
0O13-H15 0.95(2) 0.9697 1.0042 | H7-C6-C9 108.4 109.98 109.98
H15-029 1.69(2) - 1.6407 | H8-C6-C9 108.4 109.98 109.98
013-029 2.6322(13) - 2.6448 | C6-C9-H10 109.5 111.48 111.50
C6-C9-H11 109.5 110.41 110.41
C6-C9-H12 109.5 111.48 111.50
H10-C9-H11 109.5 107.70 107.70
H10-C9-H12 109.5 107.91 107.88
H11-C9-H12 109.5 107.70 107.70
C1-O13-H15 108.7(12) 106.45 110.49
013-H15-029 173.3(19) - 178.82
* Taken from (Peppel et al., 2015)
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The C2=C4 bond length was found as 1.3301(16) A
(exp.) and 1.3334 A (for both monomer and dimer)
(cal.). The C1-C2, C4-C6 and C6-C9 bond lengths were
calculated as 1.4747/1.4742 A, 1.4957/1.4960 A and
1.5265/1.5264 A, while they were experimetally
recorded as 1.4723(16) A, 1.4981(16) A and 1.5239(16)
A, respectively (Peppel et al., 2015).

3.2. Vibrational frequencies
There are 15 atoms and 39 fundamental vibrational

modes of trans-2-pentenoic acid (2-pentenoic acid or
(E)-pent-2-enoic acid) molecule. The molecule belongs

to Cs point group and all vibrational modes are active
under Cs symmetry. The 39 vibrational modes were
distributed as 25A'+14A". The experimental (recorded
in liquid form) (AIST, 2017) and calculated vibrational
wavenumbers, IR intensities, vibrational assignments
and symmetry species of the title molecule were listed
in Table 2. The vibrational wavenumbers for monomeric
and dimeric forms of the title molecule were computed
at B3LYP/6-311+G(2d,p) level. The experimental
(AIST, 2017) and simulated IR spectra of the title
molecule are given in Fig. 2.

Table 2. Experimental and calculated vibrational wavenumbers and their assignments of (E)-pent-2-enoic acid.

Exp. DFT/B3LYP/6-311+G(2d,p)
. 0 freq. level
Sym. | Assignments (PED%) R (e Unscaled | Scaled -
freq. freq.

A" | 1013C1CoCs(60)+TCoCsCsCo(29) - 67 66 1.887
A" ‘CC]C2C4C6(58)+TO13C1C2C4(19)+TC9C6C4C2(1 1) - 145 143 1.051
A’ 6C6C4C2(38)+0C1CoC4(36)+0013C;Co(12)+0CoCeCa(11) - 146 144 0.498
A" | pCH;3(36)+1C1CoCsCe(28)+TtCoCsCsCr(12)+tHCCC(11) - 201 199 0.151
A" | 8CyCsC4(34)+5C1CC4(25)+3013C1Cx(12)+6CsC4Co(10) - 258 256 2.282
A" | pCH;3(66)+1CoCeCsCr(13)+1C1CrC4Cs(10) - 282 278 0.768
A’ | 8013C;C,(44)+00CO(12)+vC;Cy(12)+6C;CoCa(10) 483 457 452 12.044
A" ] 8CyCsC4(33)+6CsCaCo(20)+30:13C1Co(18) 540 534 528 0.958
A" | THOCC(84) - 580 574 63.849
A" | 80CO(53)+vCO(16) - 658 651 39.226
A" | v014C,013C1(29)+pCH»(27)+tHOCC(14)+tHCCC(14) 697 693 685 49.595
A" | y014C,013C(43)+pCH»(19) 787 788 779 6.280
A’ | vCoCe(48)+vCsCa(32) 865 887 877 19.577
A" | tHCCC(56)+7014C2015C1(15) 891 890 881 17.401
A’ | vCiCy(41)+vCO12) 933 943 933 1.775
A" | tHCCC(87) 980 1018 1007 26.720
A" | wCH2(23)+vCsC4(20)+pCH3(13)+vCoCe(10) 1025 1042 1031 29.156
A’ | vCyCe(24)+pCH3(13) 1079 1099 1087 89.035
A" | 1CoCeCsCr(24)+tCH(24)+pCH3(11) 1073 1111 1099 2.379
A’ | vCO(36)+6HOC(22) 1130 1148 1136 276.945
A’ | SHCC(40)+6HOC(32) 1268 1281 1267 19.650
A" | tCHy(62)+pCHj3(15) 1288 1292 1278 0.304
A" | BHCC(67)+vC=C(12) 1334 1333 1318 29.169
A" | BHOC(17)+6HCC(12)+wCHx(11) - 1369 1353 58.574
A’ | wCH»(31)+6,CH3(17) (sym. bend.) 1384 1391 1376 16.827
A" | 8CH3(82) (sym. bend.) 1420 1419 1403 13.017
A" | §;CHx(87) - 1463 1447 26.390
A" | 3;CH3(85) - 1501 1484 8.676
A" | 8CH3(75) 1496 1509 1492 3.467
A’ | vC=C(64)+6HCC(17) 1653 1698 1620 162.307
A" | vC=0(79) 1697 1781 1699 293.639
A" | viCH2(99) 2883 2998 2860 16.449
A" | vasCH2(98) - 3011 2872 8.444
A" | viCH3(99) - 3031 2892 19.949
A" | vasCH3(94) 2940 3091 2949 26.171
A" | vosCH3(87) 2973 3095 2953 27.223
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v, stretching; 6, in-plane bending; t, torsion; y, out-of-plane bending; Js, scissoring and symmetric bending; w,
wagging; t, twisting; p, rocking; Sym., symmetry species; Iz, IR intensity (km/mol); PED, potential energy

distribution.
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Figure 2. Experimental (top) and simulated (bottom) IR spectra of or (E)-pent-2-enoic acid.

FT-IR spectrum in dimeric carboxylic acids give a very
broad band in the region of 2500-3300 cm™! due to OH
vibrational streching band (Colthup et al., 1964;
Bellamy, 1975; Lambert et al., 1987; Silverstein and

12

Webster, 1998; Stuart, 2004). The observed band in the
region of 2500-3500 cm™! in Fig. 2 can be indicated to
dimeric form of the title molecule. This band was
computed at 3586 cm’! for monomer, whereas it was
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calculated at 2990 and 2888 cm™! for dimer. The OH in-
plane bending modes can be appeared as mixed with
other vibrational modes in the region of 1200-1450 cm
! (Colthup et al., 1964; Bellamy, 1975; Lambert et al.,
1987; Silverstein and Webster, 1998; Stuart, 2004). For
monomeric form, the OH in-plane bending modes were
recorded at 1130 and 1268 cm™! (AIST, 2017) and they
were calculated at 1136, 1267 and 1353 cm’'. For
dimeric form, the OH in-plane bending modes were
computed at 1478, 1455, 1334 and 1329 cm'. Similarly,
the OH out-of-plane bending mode for monomeric form
was obtained at 697 (exp.)/685 (cal. with 17%
contribution of PED) and 580 (cal. with PED
contribution of 84%) cm™!, whereas this band for dimeric
form was calculated at 975 and 1024 cm™.

The position of this stretching band can be changed
depending on effects such as the physical state,
electronic and mass effects of neighboring substituents,
conjugations and inter- and intar-molecular hydrogen
bonding (Colthup et al., 1964; Bellamy, 1975; Lambert
et al.,, 1987; Silverstein and Webster, 1998; Stuart,
2004). The C=O0 stretching band was recorded at 1697
cm! as a strong (AIST, 2017) and it was computed at
1699 cm! (with PED contribution of 79%) for monomer
form of the title molecule. This band in dimer form was

calculated at 1657, 1607 and 1592 cm™'. Silverstein and
Webster (Silverstein and Webster, 1998) assigned CO
stretching mode in the region of 1320-1210 ¢m™ for
dimer carboxyl compounds. The CO stretching modes
for dimeric form were computed at 1226, 1234, 1334
and 1329 cm’!. However, this band for monomeric
structure was found 1130 (exp.)/1136 (cal. with 36%
contribution of PED) (AIST, 2017). The experintal and
computed wavenumber values for the C=C stretching
band were found at 1653 and 1620 cm’' (with PED
contribution of 64%).

The vibrational assignments and wavenumbers (both
experimental and calculated) for other modes were
given in Table 2.

3.3. 3C and *H NMR chemical shift analyses

The proton and carbon-13 NMR chemical shifts for
monomeric and dimeric forms of the title molecule were
calculated at B3LYP/6-311+G(2d,p) level in
chloroform. The experimental (Peppel et al., 2015;
AIST, 2017) and computed 'H and '3*C NMR chemical
shifts were summarized in Table 3.

Table 3. Experimental and calculated proton and carbon-13 NMR chemical shifts (with recpect to TMS, all values in

ppm) of (E)-pent-2-enoic acid.

Atoms Sexp. (chloroform-d)* | 8exp. (chloroform-d)® Scal,lz/i?llfsgfgrm) 5 (gllr:ri)rform)
Cl 172.66 172.69 173.324 180.516
C2 120.02 119.76 118.994 121.208
C4 153.68 153.77 165.954 166.052
C6 25.52 25.54 29.648 29.542
C9 12.05 21.10 9.479 9.511
H3 5.83 5.82 6.014 5.977
H5 7.14 7.14 7.896 7.946
H7 2.452 2.455
s 2.29 2.21-2.30 2450 3455
H10 1.014 1.028
HI1 1.09 1.08 1.120 1.116
HI12 1.014 1.028
HI5 11.99 12.35 5.815 13.570
* AIST, 2017

® Peppel et al., 2015

Due to the highly electronegative O atom, the carboxylic
acid and their derivatives occur carbon-13 NMR signal
at the interval 160-180 ppm (Pavia et al., 2009). The
carbon-13 NMR chemical shift signal recorded at
172.66/172.69 ppm can be assigned to Cl atom in
carboxyl group of the title molecule (Peppel et al., 2015;
AIST, 2017). The computed value for this carbon atom
was computed at 173.324 ppm for monomer form and
180.516 ppm for dimer one. Alkene carbons generally

appear between 100 ppm and 140 ppm in *C NMR
chemical shift spectrum (Pavia et al., 2009). However,
this chemical shift region can be changed due to other
groups (methylene, methyl, etc.) bonded to alkene
carbons. The experimental and computed NMR signals
for C2 and C4 atoms were found at 120.02 (exp.)/119.79
(exp.)/118.994 (cal. for monomer)/121.208 (cal. for
dimer) ppm and 153.68 (exp.)/153.77 (exp.)/165.954
(cal. for monomer)/166.052 (cal. for dimer) ppm,
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respectively (Pavia et al., 2009). The NMR signals for
carbons of methylene and methyl groups were given in
Table 3.

The proton NMR signal of H15 atom in carboxyl group
in the title molecule were recorded at 11.99/12.35 ppm
(Pavia et al., 2009), while the calculated value for this
proton were at 5.815/13.570 ppm (monomer/dimer).
The NMR signals obtained for H3 and HS proton atoms
are at 5.83 (exp.)/5.82 (exp.)/6.014 (cal. for
monomer)/5.977 (cal. for dimer) ppm and 7.14
(exp.)/7.14 (exp.)/7.896 (cal. for monomer)/7.949 (cal.
for dimer) ppm, respectively (Pavia et al., 2009). The
methylene protons (H7 and H8) were given rise to
resonance signals at 2.29 (exp.)/2.21-2.30 (exp.)/2.452
(cal. for monomer)/2.455 (cal. for dimer) ppm, while the
methyl protons (H10, H11 and H12) were found at 1.09
(exp.)/1.08 (exp.)/1.014-1.020 (cal. for
monomer)/1.028-1.116 (cal. for dimer) ppm (Pavia et
al., 2009).

3.4. HOMO and LUMO analyses

The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are called
as frontier molecule orbitals (FMOs). They are main
orbitals taking part in chemical reaction (Fukui, 1982).
The HOMO presents the outermost orbital filled by
electrons. It is directly related to the ionization potential.
Behaving as an electron donor, it can be considered as
valance band. The LUMO implies the first empty
innermost orbital unfilled by electrons. It is directly
related to the electron affinity. Behaving as an electron
acceptor, it can be thought as conductance band.

The HOMO-LUMO energy band gap is an indicatator of
molecular chemical stability and it is a very important
parameter for determination of molecular electrical
properties (Pearson, 1986). The HOMO and LUMO
energy values, their shapes and energy gap were
depicted in Fig. 3. As seen from Fig. 3, HOMO is
localized on other groups excluding methyl and OH
groups, while the LUMO is placed over whole molecule
expecting methyl group. The HOMO and LUMO energy
values were computed as -7.680 eV and -1.492 eV,
respectively. Similarly, HOMO-LUMO energy band
gap was obtained as 6.188 eV.

14

> &

6.188 ¢V

E(LUMO)= -1.492 eV

AEJ=

E(HOMO)= -7.680 eV

Figure 3. Simulated HOMO and LUMO shapes of (E)-
pent-2-enoic acid.

4. Conclusion

The experimental spectroscopic analyses of trans-2-
pentenoic acid (2-pentenoic acid or (E)-pent-2-enoic
acid) were studied by using FT-IR and NMR methods.
Quantum chemical computations were performed with
DFT/B3LYP/6-311+G(2d,p) level. The observed broad
band in the region of 2500-3300 cm™! in FT-IR spectrum
and signal at 11.99/12.35 ppm in proton NMR chemical
shifts are indicated to dimeric form of the title molecule.
The experimental values are in a good aggrement with
computed data.
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