Kragujevac J. Sci. 39 (2017) 99-108. UDC 541.18.02:543.5:547.587.52

SPECTROSCOPIC FEATURES OF CAFFEIC ACID:
THEORETICAL STUDY

Jelena ToSow

Department of Chemistry, Faculty of Science, University of Kragujevac,
12 Radoja Domanovic¢a, 34 000 Kragujevac, Serbia
E-mail: jelena.tosovic@kg.ac.rs

(Received March 21, 2017; Accepted March 25, 2017)

ABSTRACT. In order to investigate spectroscopic featuresaffiecc acid CA), the IR,
RamanC-NMR, H-NMR, and UV spectra of this compound were sinedat-or this
purpose the B3LYP-D3/6-311+G(d,p) theoretical modak used in combination with
CPCM solvation model. Very good agreement betwdeexgerimental and simulated
spectra was achieved. This result indicates thaty®3D3 can be a method of choice in
studies that refer to spectroscopic investigati@pmectroscopic features GfA are very
similar to those of chlorogenic acid (5-O-caffeayfyc acid) (MARKOVIC, TOSOVIC and
DIMITRIC MARKOVIC, 2016), pointing out the significance of caffeioigty.
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INTRODUCTION

Phenolic acids are derivatives of cinnamic and benacids. These compounds are
widely spread in food. It is well known that thepve an impact on flavour, stability,
nutritional value, colour and other food propert®®UGHAN and GISSLER 2009). It has
been recognized that phenolic acids possess numeéiological roles due to their ability to
scavenge free radicals, inhibit lipoxygenase, dmelate metals (BCKER, 1997; AYASENA et
al., 2013). In addition, the consumption of phenolicdadhrough vegetables and fruits has a
beneficial effect on health (RIDO et al., 2000).

Phenolic acids can be divided into two major groupgdroxybenzoic acids and
hydroxycinnamic acids. Hydroxybenzoic acids inclugehydroxybenzoic, syringic,
protocatechuic, gallic, and vanilic acids. Hydroxyamic acids are characterized with C6-
C3 skeleton and include sinapic, coumaric, feral caffeic acids. In nature, only small
number of these compounds exists in free form, edmethe conjugates of polysaccharides,
sugars, or organic acids are more frequently oleser®@ne of the most representative dietary
hydroxycinnamic acids is caffeic acid (3,4-dihydyoxnamic acidCA, Fig. 1).
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Figure 1. Structure of caffeic acid with the at@bhdlling scheme.

CA can be found in citrus fruits, apples, juicesnbofcereal grains, and especially in
coffee. In food, it usually exists in a form of @swith quinic acid as chlorogenic acid (5-
caffeoylquinic acid). As a precursor of many biotadly active polyphenols in
phenylpropanoid metabolisnGA plays a very important role in the defence medranof
plants against predation and infectiom@Eps and WLLIAMSON, 1999; BJCHANAN et al.,
2000). It can also protect nascent leaves from UYa#iation (®uLD et al., 2000). The
bioassay experiments have revealed @&thas an impact on the inhibition of the growth of
insects, fungi, and bacteriaABHESTANI et al., 1999; B> sTocKet al., 1999; RINDERSet al.,
2001). In addition, the level of this compound ilamt species is related to allelopathic
potential and pest resistancen{®K et al., 1994; B\GHESTANI et al., 1999). The beneficial
effect of CA in vivo has also been reportedu@moTto and Mazza, 2000; GLCIN, 2006).
Numerous biological and pharmacological propertedésthis compound, such as anti-
inflammatory (dyeux et al., 1995), anticancerogenic HELLIS and BARTLETT, 1975),
antiviral (FRANK et al., 1989) and ability to completely block the protloie of reactive
oxygen species (ROS) (SINA et al., 1993) have been discovered. In addition, théydai
consumption of coffee lowers the risk of cardiowdacdiseases and diabetesURA et al.,
2015).

CA exists in a form of yellow solid and the exact stane of this compound is known
from the X-ray experiment (&RCiA-GRANDA et al., 1987). There are a few experimental
studies devoted to vibrational, NMR and UV spectr&A (WANG et al., 2004; BN et al.,
2010; Swistocka, 2013). The goal of the present study is to irigast spectroscopic
properties ofCA by theoretical means. An additional aim is to exsrthe performance of
the B3LYP-D3 method in investigations devoted ® spectroscopic features.

COMPUTATIONAL DETAILS

Gaussian 09 program package was employed for alhtgm chemical calculations
(FrRiscH et al., 2013). The B3LYP-D3/6-311+G(d,p) theoretical rabdias applied for the
optimization and frequency calculations in the ghase and solution. To mimic experimental
conditions the calculations were performed in metthasolution (dielectric constant =
32.6130). For this purpose, the CPCM polarizabletinaum solvation model was selected.
The gas-phase geometry ©A was used to simulate the IR and Raman spectragat¢he
optimized geometry in methanol was used to prethet NMR and UV spectra. The
vibrational modes o€ A were assigned on the basis of the potential erdigggbution (PED)
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analysis (MUNoOs et al., 1970) using the FCART 7.0 softwaree(iLERet al., 2015). The'*C
NMR andH properties oCA were predicted by means of gauge independent atorhital
(GIAO) method. The time dependent density functidhaory (TDDFT) calculations were
applied for the simulation of the UV spectrum ostbompound. To provide an informative
description of electronic transitions, the B3LYP-[@Bound state geometry was used to
perform the NBO (Natural Bond Orbital) analysis,danonstruct the NLMO clusters
(WEINHOLD and LaNDIS, 2012). The NLMO clusters were created using thetegy applied

in our recent papers (MkKovIC and TosSovic, 2015; ToSovic and MARKOVIC, 2017).

RESULTS AND DISCUSION
Vibrational spectra of CA

The vibrational spectra @A consist of in total 57 vibrational modes. Duelie fact
that the vibrational scaling factor for the B3LYR/MB-311+G(d,p) model has not been
reported, it was determined on the basis of theex@ntal data for the IR spectrum using the
least squares method, and it amounts to 0.922 dlbalated values of the wavenumbers were
scaled and assigned to the corresponding expernersiues taken from literature
(Swistocka, 2013). The most important vibrational modesC# and corresponding PED
values are presented in Table 1.

Table 1. Characteristic experiment8i\(stocka, 2013)and calculated wavenumbers (n the
vibrational spectra of caffeic acid along with #esignments and intensities of the normal modes.

VIR VRaman B3LYP-D3

Mode assignment PED (%)
Exp./ cntt Calc./ cmt
H stretching (D) 3431 4 3550 von (99)
OH stretching (b) 3231 s 3493 voH (99)
OH stretching (a) 3477 voH (100)
CH stretching (b) 3057 w 2950 vcH (98)
CH stretching (a) 3026 w 2944 vcH (98)
CH stretching (b) 2988 w 2920 veh (98)
CH stretching (a) 2926 w 2903 veh (98)
. vco (78) +vcc (3) +
CO stretching (a) 1645 vs 1642 s 1638 Scon (5) +doce (3)
CC stretching (b,a) 1620vs  1615vs 1547 Vvee (52) +orcc (5) +
dccH (4)
CC stretching (b,a. 1524 m 1525 vw 1515 vee(49) +voc (8)
. vee (8) +6ccH (10) +
CC stretching (b,a) 1450 vs 1453 m 1435 Sccn (18)

b and a stand for benzene moiety and acyclic chain
*ys — very strong, s — strong, m — medium, w — weak:- very weak

The quality of the linear correlation between thepeximental and calculated
wavenumbers was evaluated by means of three dessrighe correlation coefficient (R),
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average absolute error (AAE), and average relaiver (ARE). The R value for the IR and
Raman spectra is identical and amounts to 0.99% (2 and 3). The AAE and ARE values
for the IR spectrum amount to 36.1 ¢rand 2.5 %, whereas for the Raman spectrum AAE
and ARE are equal to 16.2 dnand 1.8 %. Relatively higher values for AAE andRRr IR
relative to Raman spectrum originate from notabifer@ences between the values for
experimental and calculated OH starching modess diviation can be explained by the fact
that simulated vibrational spectra refer to an atmd molecule ofCA, implying that
intermolecular interactions, including hydrogen #t®nare neglected. These interactions,
particularly intermolecular hydrogen bonds, arg@at importance in a real solid-st&ta.
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Figure 2. ExperimentaBvistocka, 2013) (up) and calculated (bottom)
IR spectrum of caffeic acid.
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Figure 3. ExperimentaB{vistocka, 2013) (up) and calculated (bottom) Raman
spectrum of caffeic acid.
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Very massive and intense overlapping bands inheplectrum, which appear in the
region of 4000-2600 ci) were assigned to the different modes of the Qbtations. The
high frequency region is also characterized byweek CH stretching modes of benzene
moiety and acyclic chain. The vibrational contribas to the normal stretching modes (PED
values in Table 1) in the 3431-2926¢megion are assigned almost solely to the OH and CH
stretching modes themselveS100%) while the rest of the modes are presentethas
combination of various contributions.

The bands of the very strong and strong intensite$645 (IR) and 1642 ch(R)
were assigned to the CO stretching modes of tHmoggr group. In addition, the bands of the
very strong and medium intensities in the IR speutat 1620, 1524, and 1450 ¢nand very
strong, very weak, and medium intensities in then®a spectrum at 1615, 1525, and 1453
cm! were mostly assigned to the CC stretching modesotif benzene moiety and acyclic
chain.

NMR spectra of CA

The chemical shifts for the carbon and hydrogematof CA relative to TMS were
calculated. Since the chemical shifts were systealbt overestimated, their values were
scaled, and these scaled chemical shifts were efurttsed. The scaling factors were
determined by means of the least squares methddhair values for thé3C- and*H-NMR
spectra are as follows: 0.955 and 0.946. The obtiaiesults are collected in Table 2.

The correlation coefficients fdfC-NMR and*H-NMR are equal to 0.980 and 0.990,
whereas the AAE values are equal to 3.17 and (@ pespectively. A careful inspection of
Table 2 reveals that the calculated chemical shiitsC2, C6, C7, and C8 carbons deviate
from the experimental values. This discrepancy ®m@sequence of free rotation around the
C1-C7 and C8-C9 single bonds. The agreement betilveesxperimental and simulatéd-
NMR spectra is very good.

Table 2. Experimental (& et al., 2010) and calculated chemical shifts (ppm)*Q-
and*H-NMR spectra of caffeic acid in methanol.

13C H

Position Calc. Exp. | Calc. | Exp.

1 127.9 127.8
110.8 115.6| 7.11 7.02
144.8 146.8
151.0 1495
116.1 116.5| 6.78 6.77
130.0 122.8| 6.84 6.92
152.2 147.0| 7.55 7.52
110.4 115.1| 6.14 6.20
168.5 171.1
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UV spectrum of CA

The experimental UV spectrum &A in methanol shows four absorption bands at
327, 295, 243, and 217 nm (Table 3)A\& et al., 2004). The calculated UV spectrum was
obtained using the TDDFT method. The results of FD@xpproach, including wavelengths
(Amay), oscillator strengthsf), and orbital contribution coefficients, are shoinnTable 3. A
comparison between the experimental and calculaied values reveals an excellent
performance of the B3LYP-D3 level of theory.

A deeper analysis of the UV spectrum will be basedhe combined results from the
TDDFT theory, which provides a prediction of enelgyels (Table 3), and NBO theory,
which provides NLMO clusters (Fig. 4). NLMO clustglould be understood as a part of a
molecule characterized with distinguished electdensity which is utilized to identify the
parts of molecules involved in electronic transigo

Table 3. Results of the TDDFT/B3LYP-D3 calculatiohsx denotes experimental AMG et al.,
2004) and calculated transition wavelengths, wisdrstands for oscillator strengths.
Orbital description points out pairs of MOs invalvi@ electronic transitions.

ﬂ.max . o o ﬂ.max
Calc. (nm) Orbital description f = ()
333 HOMO—-LUMO (69%) 0.64 327

294  HOMO-1-LUMO (69%) 0.13 295
246 HOMO-LUMO+1 (63%) 0.07 243
222  HOMO-3-LUMO (64%) 0.19 217

In Fig. 4 the relevant NLMO clusters fQA are depicted. The most intensive band at
the smallest excitation energy results from the HDMLUMO electronic transitions at 327
nm (exp.) (Table 3). When molecular moieties arasatered (Fig. 4) it turns out that this
transition can be attributed to- 1 transition from the caffeic moiety to the C=0 lsanyl
group. Due to existence of the shearing region éetnthe HOMO and LUMO clusters, this
transition involves a favourable intramolecular rgjgatransfer. In addition, small HOMO —
LUMO energy gap makes this electronic transitionsimfavourable, which is reflected
through the largest oscillator strength. An ¢ electronic transition from carbonyl group (p
orbital) to carbonyl groupt¢ orbital) is responsible for the absorption bartd285 nm
(HOMO-1- LUMO). This band, as well as all other transitioissgcharacterized with smaller
f value because of larger energy separation. Thebend at 243 nm (HOMO LUMO+1)
results from transition from caffeic moietwn prbital) to the aromatic ring orbital). The
last band at 217nm (HOMO-3LUMO) originates fromri- 1t* electronic transition from
carbonyl group 1t orbital) to carbonyl groupré¢ orbital). Fig. 4 shows that all electronic
transitions are characterized with small spatipbsations, whereas energetic separations are
proportional to the excitation energies.
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Figure 4. The NLMO clusters of caffeic acid. Theoars connect molecular moieties involved in
electronic transitions.

CONCLUSION

The B3LYP-D3 method provides a very good agreerbetween all calculated and
experimental spectra @A. The result of the present study agrees with oevipus results
for the simulation of the spectra for different quounds obtained with the same method
(ToSovit and MaRKOVIC, 2017) and indicates that the B3LYP-D3 method goad choice
for investigations of spectroscopic features.

The most important source of slight disagreemerntvéen the experimental and
calculated band positions in vibrational spectran d@e assigned to the fact that the
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calculations consider an isolated molecule andrgn@ermolecular interactions which are of
great importance in a real solid-st&tA.

Some discrepancy in the values for chemical shaféesconsequence of rotation around
single bonds, and is most evident on the C2 andat®fs (rotation of the aromatic ring
around the C1-C7 single bond), as well as on C7GHhdtoms (rotation around the C8—C9
single bond).

The NLMO clusters were constructed in order to mte\an informative description of
the UV spectrum. The absorption bands result frieeTtt- 17 or n— 1t electronic transitions.

It was found that all electronic transitions araractterized with small spatial separations,
whereas energetic separations are proportionaktexcitation energies.

It should be pointed out that both experimental aalculated spectroscopic
properties, obtained in present work f6A, and those obtained in our recent paper for
chlorogenic acid (MRkovIC et al., 2016), are mutually very similar. This finding icdtes
that caffeic moiety is the most responsible forcsmescopic properties of chlorogenic acid.
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