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Tém tit

Hoat tinh chdng oxy hoa cua hop chat 3,4-dihydroxy-cinnamic acid (caffeic acid) va 3-methoxy-4-hydroxycinnamic
acid (ferulic acid) duoc nghién ctu bang phuong phép ly thuyét phiém ham mat d6 (DFT). Ba co ché chong oxy hoa
chinh duoc nghién ctru bao gom co ché chuyén nguyén tir hydro (HAT), chuyén don dién tir (SET) va chuyén proton
(PT). Cac thong sb nhiét dong hoc dic trung cho ca hai hop chit nhu ning lugng phén ly lién két (BDE), ning luong
ion hoa (IP), ai lyc dién tir (EA) va ai luc proton (PA) da duogc tinh toan trong pha khi, nuéc va pentyl ethanoate (PEA)
& muc 1y thuyét M05-2X/6-311+G(d, p). Két qua cho thy gia tri BDE thp nhat tai vi tri O1-H cia acid caffeic trong
pha khi 1a 81.2 kcal/mol. Acid caffeic c6 kha ning chéng oxy héa tt hon acid ferulic trong pha khi va trong PEA
nhung lai thdp hon trong nude. Dung méi it anh hudng dén BDE, tuy nhién c6 tac dong manh dén gia tri PA. Vi du, cac
gia tri PA trong nudc cua ca hai hop chét giam khoang 10-13 14n so v6i pha khi, véi gia trj thdp nhat khoang 26,1-26,8
kcal/mol & vi tri O3-H. Acid ferulic t6 ra 1a chat chdng oxy hoa tét hon acid caffeic theo co ché SET, véi gia tri IE thap
nhét tinh trong nudc la 135,3 kcal/mol va EA cao nhét duoc tinh trong pha khi l1a -19,1 kcal/mol.

Tir khéa: Acid caffeic; acid ferulic; chong oxy héa; DFT.

Abstract

The structure and antioxidant activity of 3,4-dihydroxy-cinnamic acid (caffeic acid) and 3-methoxy-4-hydroxycinnamic
acid (ferulic acid) was studied by Density Functional Theory (DFT). Three main mechanisms including hydrogen atom
transfer (HAT), proton transfer (PT), and single electron transfer (SET) were investigated. The intrinsic thermochemical
properties of two compounds such as bond dissociation enthalpy (BDE), proton affinity (PA), ionization potential (IP)
and electron affinity (EA) were calculated in the gas phase as well as in water and pentylethanoate (PEA) at M05-2X/6-
311+G(d,p) level of theory. The results show that the lowest BDE values found for caffeic acid at O1-H bond in the gas
phase (81.2 kcal/mol). The caffeic acid shows better antioxidant activity than the ferulic acid in gas phase and in PEA
but lower activity than the ferulic acid in water. Solvents have only slight influence on BDE values but show a great
impact on the proton affinity. For example, the PAs in water of both compounds decrease at about 10-13 times in
comparison with the gas phase, with lowest values of about 26.1-26.8 kcal/mol at O3-H position. Ferulic acid is better
antioxidant than caffeic acid for SET reaction, with lowest IP value of 134,0 kcal/mol found for ferulic acid in water
and highest EA value of -19,1 kcal/mol found for ferulic acid in gas phase.
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1. Giéi thiéu

Gée ty do lién tuc duoc tao ra boi hé thong
ndi sinh hay phat sinh do méi truong bén ngoai
tac dong. Trong d0, gbc tu do ndi sinh rat can
thiét cho cac phan tng hoa hoc cua qua trinh
chuyén hoa té bao va mo dién ra lién tuc trong
co thé. Tuy nhién, néu qua trinh tao ra cac gdc tu
do nay 16n hon hodc nhanh hon qua trinh loai bo
ching thi s& giy nén sy mét cin bang oxi héa
(oxidative stress, OS). OS la nguyén nhan chinh
dan dén 130 hoa va cac bénh tat nguy hiém bing
cach pha huy cac dai phéan tir té bao bao gdm
lipid, protein va DNA, gay ra cac bénh nhu xo
vira dong mach, dai thao duong, gy ung thu va
thoai hoa than kinh [1]. Do d6, ngoai vai trd cta
cac chat chéng oxy hoa noi sinh thi viéc bd sung
cac chat chéng oxy hoéa tir ty nhién dé loai bo,
ngin ngira hodc lam giam tinh doc hai cta gdc
tw do 1a rat cén thiét.

Céc hop chat polyphenol trong thién nhién,
dic biet 1a cic dan xudt cua acid
hydroxycinnamic tir lau da duogc coi 1a mdt
ngudn cac hop chét tu nhién thé hién kha ning
chbéng oxy hoa vdi cac vai tro sinh hoc khac
nhau [2]. Acid caffeic va acid ferulic 1a hai hop
chat thudc ho nay va mang nhiéu hoat tinh sinh
hoc dang chu y. Acid caffeic ¢c6 mit nhiéu
trong hat ca phé, khoai tdy, cac loai rau cu,
trong khi d6 acid ferulic rit théng dung trong
cac loai ngii cdc, ming, nho va mot s loai rau
[3-8]. Maurya va cong su da nghién ctru hoat
dong chat chdng oxy héa cua acid caffeic va
acid ferulic, két qua cho thay ching c6 kha
ning quét mot s6 goc tu do NO°, Oz, ABTS™,
DPPH", "OH [2]. Bang thir nghiém tuong duong
v6i cac chat chéng oxy héa tiéu chuan nhu
BHA, BHT, a-tocopherol va trolox, Giilgin da
chi ra rang ¢ nong do 10 va 30 pg / mL, axit
caffeic ¢ thé trc ché 68,2 va 75,8% qué trinh
peroxy hoa lipid cua nhii twong axit linoleic, c6
tiém ning cao hon cac chat chéng oxy héa tiéu
chuan [9]. Kha ning chdng oxi héa cta cac hop
chét trén duogc biét 1a kha ning loai bo gdc tu
do thong qua co ché cho mot nguyén tir hydro

(H atom transfer, HAT) hodc kha ning tao phirc
kim loai v6i cac kim loai chuyén tiép nhu Cu,
Fe [10, 11]. Bén canh do, acid ferulic 1a mét
thanh phan thong dung trong y hoc cb truyén
Trung Hoa, nhu mot hop chit thubc chong
viém, giam dau, thdm chi c¢6 tac dung chéng
ung thu. Ngoai ra, acid ferulic cling c6 tinh
chéng oxi héa va con dugc sir dung nhu hop
chat chdng ning [12, 13].

Trong nghién ctru nay, kha ning chéng oxy
hoa ctia hai hop chét caffeic acid va ferulic acid
s& duoc nghién ciru bang phuong phap phiém
ham mat d¢ (Density Fucntional Theory, DFT).
Trude hét ching t6i khao sat cdu trac bén cua
hai hop chat. Kha ning chéng oxi hoéa dugc
danh gia so bo thong qua cac thong sb nhiét
dong hoc noi tai gdm ning luong phan ly lién
két (bond dissociation enthalpy—BDE), thé ion
hoéa (ionization potential-IP), ai lyc dién tu
(electron affinity—EA) va ai luc proton (proton
affinity—PA). Cudi cung, chung toi khio sat
mot s6 co ché loai bo gde tu do thong dung nhu
co ché chuyén nguyén tir hydro (hydrogen atom
transfer—HAT), co ché chuyén don dién tir
(single electron transfer—SET) va co ché
chuyén proton (proton transfer—PT). Nghién
ctru s€ dugc tinh toan trong pha khi, nude (dac
trung cho moi truong phan cuc) va dung moi
pentyl ethanoate (PEA) (dac trung cho moi
truong khong phan cuc, vi du lipid).

2. Phuong phap nghién ciru

Phuong phap 1y thuyét phiém ham mat do
(Density Functional Theory — DFT) dugc su
dung dé xac dinh céu trac phan tir va cac thong
sd hoa 1y dic trung cho hoat tinh chéng oxy
hoa cua acid caffeic va acid ferulic. Cac tinh
toan dugc thuc hi¢én ¢ muc ly thuyét MO5-
2X/6-311+G(d,p) bang chwong trinh Gaussian
09 trong cac pha khi, nudc va pentyl ethanoate
(PEA) [14]. Anh huéng cua dung méi dugc
khao sat sir dung bién s6 SMD cta ham IEF-
PCM (Integral Equation Formalism variation of
the Polarizable Continuum Model).
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Ba co ché chdng oxy hoa thong dung sau
dugc khao sat [15, 16]:

+ Co ché chuyén nguyén tir hydro (HAT-
Hydrogen atom transfer). Qua trinh nay duogc
dic trung boi nang luong phan ly lién két
(BDE).

R-H — R*+H* (R1)
BDE (R-H) = H(R*) + H(H*) - H(RH) (Eq.1)

+ Co ché chuyén don dién tir (SET- single
electron transfer). Qua trinh nay duogc dac trung
bai thé ion hoa (IP) va 4i lyc dién tir (EA), tuong
ung voi qua trinh cho va nhan mot dién tir.

R-H— RH™+e" (R2)
IP = H(RH**) + H(e") — H(RH) (Eq.2)
R-H+e — RH* (R3)
EA=H(RH*) + H(e") —-H(R-H) (Eq.3)

+ Co ché chuyén proton (PT- proton
transfer). Qua trinh nay dac trung bodi ai luc
proton (PA).

R-H—-R +H" (R4)
PA=H(R") + HH") - H(A-H) (Eq.4)

Trong d6, H 1a enthalpy cta cac hop chat
tinh & 298.15 K va 1 atm. Gia tri nay thuong
dugc ude tinh 13 tong enthalpy cila ning luong
& 0 K (Eo), ning lwong dao dong diém 0 (ZPE),
ning luong cua cac chuyén dong tinh tién
(Htrans), xo0ay (Hrot), dao dong (Hvib) theo biéu
thtre sau.

H(T)= Eo + ZPE + Hutrans + Hrot + Hvib + RT,
(Ea.5)

H(e") va H(H") str dung cac gia tri 0.7519
va 1.4811 kcal/mol trong pha khi [17].

Nang luong H(H") va H(e") trong pha nudc va
PEA duogc tinh & cing muc 1y thuyét MO5-
2X/6-311+G(d,p) cho qua trinh nhan mot
proton hodc mot electron twong tng trong hai
dung méi, tao ra (S-H)*sol va (S-€)* sol [19]. Két
qua thu dugc cac gia tri cho H(HY) va H(e") la -
251.36 va -2.23 kcal/mol trong nudc va -221.49
va 12.44 kcal/mol trong PEA.

3. Két qua va thio luin

3.1. Ciu tric toi wu ciia acid caffeic va acid
ferulic

Céu trac tdi wu hoa cua acid caffeic va acid
ferulic duoc tinh ¢ muc 1y thuyét M05-2X/6-
311+G(d,p) trong pha khi dwoc thé hién &
Hinh 1. Ca hai hop chit déu bén hoa & dang
trans, voi ca 3 nhom O-H déu ¢ cung mét phia.
Két qua d6 dai lién két & Bang 1 cho thdy do
dai lién két O—H 12 0.96 A, lién két C—H co 4o
dai 1.08 A. Pdi véi acid caffeic cac lién két
C—C dao dong tir 1,04 + 1,47 A, cac lién két
C—0 dao dong tir 1,20 + 1,37 A. Déi v6i ferulic
acid, cac lién két C—C dao dong tur 1,38 + 1,47
A, cac lién két C—O dao dong tir 1,2 + 1,42 A
Két qua cho thay cac goc lién két ~C—O—H dao
dong tr 106,8 + 110,9° ddi voi acid caffeic va
tr 106,8 + 108,1° dbi voi acid ferulic. Goc
ZC5—C11-C12  1a  127,5° va  gbc
ZC11-C12-C13 1a 119,1°. O ca hai hop chét
cac goc lién két ~C—C—O dao dong tir 111,5
dén 126,5 + 126.6° va goc LC5—C11-C12 1a
127,5°. Goc £C11-C12—C13 1a 119,1° d6i voi
acid caffeic va ZC11-C12—C13 1a 119.2 ° dbi
voi acid ferulic.
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Hinh 1: Ciu truc t6i vu hoa, HOMO va LUMO cua acid caffeic va acid ferulic & mirc 1y thuyét
MO05-2X/6-311+G(d,p) trong pha khi.

Bang 1: Do dai lién két va goc lién két cua acid caffeic va acid ferulic toi vu hoa & muc 1y thuyét
M05-2X/6-311+G(d,p) trong pha khi.

Acid caffeic Acid ferulic
Lién két | A Géc lién két ° | Liénkét | A Goéc lien két 0
O1-H 0,96 | £C9—02-H20 108,6 | O1-C13 | 1,42 | ZC9—02—H23 108,1
O01-C8 1,37 | ZC8-0O1-H19 110,9 | CI13-H 1,08 | £C10—C9-02 120,5
C8—Co6 1,37 | ZC13-03—-H21 |106,8 | C6—Ol 1,36 | £ZC6-01-C13 117,6
C8-C9 1,40 | L/C5-Cl11-C12 |1275 | C6-C7 1,38 | ZC7-C6-01 125,9

Co6—H 1,08 | «C11-C12-C13 | 119,1 | C6—C9 141 | £C5-C11-C12 127,5

C6—C5 1,40 | £C10-C9-02 120,4 | C9-02 1,35 | £C11-C12-C14 119,2

C5-C7 1,39 | £C9-C8-01 1146 | O2-H 0,96 | ZC12-C14-04 126,6

C7-H 1,08 | ZC12—C13-04 |126,5| C9—C10 | 1,38 | ZC12-C14-03 111,5

C7-C10 | 1,39 | ZC12-C13-03 |1115| Cl10-H 1,08 | £C14-03-H24 106,8

C10-H 1,08 C10-C8 | 1,39
C10—C9 | 1,38 C8—H 1,08
C5—CI11 | 1,46 C8-C5 1,39

Cl1-H 1,08 C5-C7 1,40
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Cl1-C12 | 1,04 C7-H 1,08
Cl2-H | 1,08 C5-C11 | 1,46
C12-C13 | 1,47 Cl1-C12 | 1,34
CI13-04 | 1,20 Cl2-H 1,08
CI13-03 |1.35 Cl2—-Cl14 | 1,47
O3-H 0.96 Cl14-04 1,2
02-C9 1,35 C14-03 1,35
02-H 0,96 03-H 0,96

3.2. Tinh chét chéng oxy hoéa theo co ché
HAT, SET, PT

3.2.1. Co ché chuyén nguyén tiv H (hydrogen
atom transfer - HAT)

BDE Ia thong $6 nhi¢t dong hoc chinh dé
danh gia kha ning chéng oxy héa cua acid
caffeic va acid ferulic thong qua co ché chuyén
nguyén tir hydro (HAT). Khi mot lién két R—H
¢ nang luong phan ly lién két (BDE) cang bé,
lién két d6 cang kém bén va va nguyén tir
hydro cang dé tach ra khoi phan tir & trang thai
tu do (H®). Vi vay, mot hop chét c6 nang luong
BDE cang thip thi kha ning chéng oxy hoa
theo co ché HAT cang cao. Két qua thong sb
BDE tinh cho caffeic acid va ferulic acid trong
ba pha dugc trinh bay ¢ Bang 2.

Tir két qua & Bang 2 co thé nhan thiy rang,
ddi voi acid caffeic, vi tri O1-H 1a vi tri d& tach
nguyén tir H nhat trong pha khi va PEA voéi gia
tri BDE lan luot 1a 81,3 va 82,3 kcal/mol.
Trong pha nudc, vi tri O2—H 1a vi tri dé tach

nguyén t¢r H nhit v6i gia tri BDE la 85,1
kcal/mol. Déi véi acid ferulic, 02—H 1a vi tri d&
tach nguyén tir H nhit trong ca ba pha khi,
nuéc, PEA véi gia tri BDE nho nhat lan luot
tuong ung l1a 86,9; 84,6 va 85,8 kcal/mol. Nhu
vy dung méi c6 anh hudng tuong ddi nho 1én
gia tri BDE, vdi cac gia tri BDE tinh trong pha
khi, nudc va PEA chénh léch khong dang ké.
So sanh voi ning lugng phan ly lién két (BDE)
cua acid ascorbic va trolox ¢ cung muc ly
thuyét trong pha khi, nuéc va PEA, ta nhan
thiy gia tri BDE cua acid caffeic va acid ferulic
16n hon gia tri BDE cua cac hop chat chdng
oxy hoa thong dung nay. Nhu vdy, theo co ché
HAT kha niang chong oxi hoa cta acid caffeic
va acid ferulic thip hon hai hop chét trén.

Bang 2: Ning luong phan ly lién két (BDE,
kcal/mol) thap nhdt cua acid caffeic, acid
ferulic, axit ascorbic va trolox tinh trong pha
khi, nuéc va PEA & muc 1y thuyét M05-2X/6-
311+G(d,p).

BDE (kcal/mol)

Hop chit Lién két Khi Nuée PEA
Ol1-H 81,3 85,5 82,3

Acid caffeic 02-H 88,0 85,1 85,1
03-H 124,7 100,0 110,7

CH2-H 97,5 100,6 100,1

Acid ferulic 02-H 86,9 84,6 85,8
03-H 124,2 99,0 110,8

Acid ascorbic 73.4 76,9 73,4
Trolox 77,3 79,0 77,3
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3.2.2. Co ché chuyén proton (proton transfer -
PT)

Theo co ché chuyén proton, qué trinh phan
tir nhuong mot proton cho gbe tu do dugc dic
trung bdi ai lyc proton (PA). Khi gia tri PA
cang nhé thi viéc nhuong proton dién ra cang
dé va kha ning chéng oxy hoa theo co ché PT
cang cao. Gia tri PA da duoc tinh toan cho hai
hop chit acid caffeic va acid ferulic trong ca ba
pha khi, nu6c va PEA. Két qua duoc trinh bay
o Bang 3.

Bang 3 cho thdy ddi véi acid caffeic, gia tri
PA thép nhét trong pha khi va dung moi PEA,
tuong Ung v6i vi tri O1-H, lan luot 14 326.2 va
74.2 kcal/mol. Trong nudc, gia tri PA thap nhat
tai vi tri O3-H (26.8 kcal/mol). DPéi véi acid
ferulic, gia tri PA thap nht trong pha khi thu
duoc tai vi tri O2—H (333.7 kcal/mol). Gia tri
PA nho nhit trong nudc va PEA tai vi tri O3—-H
lan luot 12 26,1 va 79,1 kcal/mol. Nhu vay dung
moi ¢6 anh hudng rat 16n dén ai luc proton, 1o
rang PA tinh trong pha khi cao hon so khoang

3,6 - 4,2 1an so véi PA trong PEA va 9,9 - 12,8
lan so véi trong nude. Nhu vay dung mdi phan
cuc ¢o anh huong rat 16n dén i luc proton.
Diéu nay 1 phu hop voi nhiéu nghién ciru trude
day ly giai viéc giam nang luong solvat hoa cua
proton trong dung moi [15-16].

So sanh vo1 ai luc proton cua acid ascorbic
va trolox & cung murc 1y thuyét, ta nhan thiy gia
tri PA trong pha khi cta acid caffeic va acid
ferulic nho hon PA ciia cac hop chat chéng oxy
hoa tiéu chuén, nguoc lai PA trong nudc va
PEA cua acid caffeic va acid ferulic 16n hon PA
cia cic hop chat chdng oxy hoa thong dung
nay. Diéu nay chimg to ca acid caffeic va acid
ferulic c6 kha ning nhuong proton t6t hon hai
chat acid ascorbic va trolox trong pha khi va
ngugc lai kha nang d6 kém hon trong nudc va
PEA.

Bang 3: Ai lyc proton (PA, kcal/mol) cua
acid caffeic, acid ferulic, axit ascorbic va trolox
tinh trong pha khi, nuéc va PEA & muc ly
thuyét M05-2X/6-311+G(d,p).

PA (kcal/mol)

Hop chit Lién két Khi Nuée PEA
Acid caffeic Ol1-H 326.2 31,7 74,2
O2-H 332.7 32,2 78,6

O3-H 340,5 26,8 78,7

Acid ferulic O2-H 333,7 32,4 80,3
O3-H 341,0 26,1 79,1

Acid ascorbic 419,8 19,8 39,6
Trolox 333,8 24,2 56,5

3.2.3. Co ché chuyén don dién tir (single
electron transfer - SET)

Nang lugng ion hoa (IP) va ai luc dién tu
(EA) 1a hai thong s6 nhiét dong hoc chinh dé
danh gia kha ning chéng oxy hoa cua acid
caffeic va acid ferulic thong qua co ché chuyén
mot dién tir (SET). Gia tri IP thé hién kha ning
nhudng dién tir ciia chit chdng oxy hoa cho gbc
tu do, IP cang thap thi chit chéng oxy hoa tiém
ning cang dé dang cho dién tir. Nguoc lai gia
tri EA thé hién kha nang nhan di¢n tir tur géc tu

do, EA cang cao thi cang dé nhan dién tir. Bang
4 thé hién cac gia tri IP va EA cua acid caffeic
va acid ferulic dugc tinh trong ba pha khi, nu¢c
va dung mdi PEA.

Gié tri IP cta acid caffeic trong nudc thap
hon trong PEA va thip hon trong pha khi véi
gid tri lan lwot 1a 135,3; 161,0 va 1872
kcal/mol. Tuong tu nhu acid caffeic, cac gia tri
IP dugc tinh trong nudc ciing thip hon trong
PEA va trong pha khi, v&i céc gia tri 1an luot 1a
134,0; 159,1 va 183,0 kcal/mol. biéu nay
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chung to kha ning nhudng dién tir tot hon trong
dung moi. Nguoc lai, kha nang nhan dién tu tr
gbc tu do cua ca hai acid caffeic va acid ferulic
trong pha khi t6t hon trong dung méi véi gia tri
EA lan lugt 1a -20,0 va -19,1 kcal/mol.

C6 thé so sanh gié tri IP cua acid caffeic va

acid ferulic voi gia tri IP cua chit so sanh la
acid ascorbic (189,7 kcal/mol), chung té kha

nang nhuong dién tir cia acid caffeic va acid
ferulic gan nhu twong duong acid ascorbic &
pha khi va cing mirc Iy thuyét.

Bang 4: Nang lugng ion hoa (IP, kcal/mol)
va ai lyc dién tir (EA, kcal/mol) trong pha khi,
nuée va PEA tinh & muc 1y thuyét M05-2X/6-
311+G(d,p).

IP (kcal/mol) EA (kcal/mol)
Khi Nuéc PEA Khi Nudce PEA
Acid caffeic 187,2 135,3 161,0 -20,0 -63,5 -64,5
Acid ferulic 183,0 134,0 159,1 -19,1 -63,3 -62,9

4. Két luan

Trong nghién ciru nay, cac théng sé BDE,
IP, EA va PA dic trung cho kha ning chéng
oxy hoa cua acid caffeic va acid ferulic theo co
ché HAT, SET va PT duoc tinh toan bang
phuong phap DFT & muc 1y thuyét M05-2X/6-
311+G(d,p) trong ba pha khi, nuéc va PEA.

Két qua cho thdy, theo co ché HAT, ddi véi
acid caffeic, vi tri O1—H 1a vi tri dé tich nguyén
tir H nhét trong pha khi va PEA véi gia tri BDE
lan luot 1 81,3 va 82,3 keal/mol. Déi véi acid
ferulic, 02—H 1a vi tri d& tach nguyén tr H nhit
trong ca ba pha khi, nuéc, PEA voi gia tri BDE
nho nhét 1an luot twong ung 1a 86,9; 84,6 va
85,8 kcal/mol. Nhu vay dung moi cé anh hudng
tuong ddi nho 1én gia tri BDE, véi cac gia tri
BDE tinh trong pha khi, nuéc va PEA chénh
léch khong dang ké.

Theo co ché PT, O1-H cua acid caffeic
dong thoi ciing 1a vi tri d& dang nhuong proton
nhat tinh trong pha khi va dung méi PEA.
Trong nudc, gia tri PA giam xubng nhiéu lan,
vi tri d& nhuong proton nhat xay ra & O3—H.
Acid ferulic ciing c6 tiém ning chéng oxy hda
thong qua co ché PT va vi tri d& dang nhuong
proton nhat duoc tim thay tai vi tri O3—H trong
dung méi nudc va PEA. Ngoai ra, két qua tinh

toan cling cho thiy acid caffeic c6 tiém ning
chéng oxy héa theo co ché SET thong qua viéc
dé dang nhuong dién tir cho gbc tu do twong
duong véi acid ascorbic.
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