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Abstract In the reaction of green tea catechins with formal- 
dehyde at room temperature (25~ tea catechins were 
found to have reactivity. In particular, (-)-epicatechin gal- 
late and (-)-epigallocatechin gallate, which have a galloyl 
moiety at the C-3 position, showed higher reactivity than 
(+)-catechin, (-)-epicatechin, or (-)-epigallocatechin. Re- 
activity of various kinds of simple phenolic compounds and 
flavonoids with formaldehyde was also examined. Among 
these compounds, only phloroglucinol showed reactivity 
to the same degree as that of nongalloylated catechins. 
These results suggest that factors for reactivity with formal- 
dehyde at room temperature may be the presence of a 
phloroglucinolic A-ring structure and the absence of the 
electron-attractive group such as a carbonyl group in C- 
ring. The comparison of the reactivity of 3-O-acylated 
catechins with that of 3-O-galloylated catechins indicated 
that only a galloyl group effectively enhanced reactivity 
with formaldehyde. 
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Introduction 

Pollution of indoor air by volatile organic compounds 
(VOCs) has become a problem owing to the advancements 
in building construction that improved indoor air-tightness 
and insulation in housing. Formaldehyde, which is con- 
tained in wood adhesive, has in recent years been the 
target of attention as one of the main indoor pollutants. 1-3 
This is because formaldehyde is gradually released to the 
indoor air from wood products, and it is considered to have 
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detrimental effects on the human body. Therefore, a major 
concern has been to remove free formaldehyde fi-om indoor 
air. 

There have been a number of proposals for utilizing 
condensed tannins from wood or bark sources as plywood 
adhesives. 4'5 In such studies, because of the ~se of tannins as 
phenol replacement in phenol-formaldehyde resins, atten- 
tion has focused on the reaction of condensed tannins with 
formaldehyde. Condensed tannins are oligomeric or poly- 
meric molecules based on several kinds of flavan-3-ol units; 
hence the reaction of formaldehyde with tannin model 
compounds, especially (+)-catechin [(+)-C], has been ex2 
tensively investigated. 6-8 In these studies, it was found that 
electrophilic substitution by formaldehyde easily occurred 
at the C-8 and C-6 positions of (+)-C by the nucleophilicity 
of the A-ring. 9'1~ On the other hand, green tea contains a 
large amount of flavan-3-ols such as (-)-epicatechin [ ( , ) -  
EC], (-)-epigallocatechin [ ( - ) -EGC] ,  (~)-epicatechin 
gallate [(-)-ECg],  and (-)-epigallocatechin gatlate [ ( - ) -  
EGCg]. We have conducted comprehensive research on the 
physiological functions of tea catechins, li-~5 However, little 
is known of the reactivity of formaldehyde with flavan,3-ols 
other than (+)-C. In view of the considerable significance of 
removing formaldehyde as a main indoor :pollutant, this 
study was conducted to examine the reactivity of green 
tea catechins with formaldehyde, particularly at room 
temperature (25~ 

Materials and methods 

Green tea catechins [(+)-C, ( - ) -EC,  ( - ) - E G C ,  ( - ) -ECg,  
( - ) -EGCg]  were obtained from Sigma Chemical Co. 
(USA). Their structural formulas are shown in Fig: 1. 
( - ) -Catechin [ ( - ) -C]  and ( - ) -Catechin gallate [ ( - ) -Cg]  
prepared according to our method, previously reported: 13 
Acyl derivatives of ( - ) - C  and ( - ) - E G C  (Fig. 2) were 
synthesized by the method previously described. 16 

The reactivity of green tea catechins and acylated cat- 
echins with formaldehyde was examined according to the 



Fig. 1. Structures of green tea 
catechins 

OH OH 

s o  ,,,,, 

7 5 ~ 6' 
6 

OH OH 

(+)-Catechin (-)-Epicatechin 
[(+)-c] [(-)-EC] 

OH 

HO ~ O ~ . , , , , ~ O H  

OH 

(-)-Epicatechin gallate 
[(-)-ECg] 

335 

OH 

OH 

(-)-Epigallocatechin 
[(-)-EGC] 

OH .o vo-.( il 
" ( O H  

OH 

(-)-Epigallocatechin gallate 
[(-)-EGCg] 

following method. Each sample was dissolved in dis- 
tilled water to a concentration of 10mM. The sample solu- 
tion (0.17ml) and 0.1% formaldehyde aqueous solution 
(0.05 ml) were added to a vial, and the total volume of the 
solution was adjusted to 10ml with 100mM phosphate- 
citrate buffer (pH 6.0). The reaction mixture (molar ratio of 
sample/formaldehyde 1:1) was incubated in an unsealed 
vial for 15min at room temperature (25~ with gentle stir- 
ring. To this mixture, i ml dinitrophenylhydrazine (DNPH) 
solution (2.4 mg DNPH/ml 30% perchloric acid) was added 
to convert the remaining formaldehyde to DNPH deriva- 
tive. z7 After filtration with a membrane filter, the DNPH 
derivative was determined by high-performance liquid 
chromatography (HPLC). The reduction rate of formalde- 
hyde was evaluated by comparing the value of the peak area 
of the DNPH derivative with that of the control. The HPLC 
analysis was conducted on a JASCO 800 series system [col- 
umn 4.6 • 250mm, Capcellpack ODS AG-120 (Shiseido 
Co., Tokyo); solvent 50% acetonitrile; detector ultraviolet 
(UV) 355nm; flow rate 1 ml/min; oven temperature 40~ 
The reaction of these samples with formaldehyde in the 
case where the sample/formaldehyde molar ratio was 2:1 
was examined under the same conditions as described 
above, except that 20mM sample solution was used. 

Simple phenolic compounds (Table 1) were purchased 
from Wako Pure Chemical Industries (Osaka, Japan) 
and flavonoids (Table 1) were obtained from Funakoshi 
(Tokyo, Japan). The reactivity of the simple phenolic com- 
pounds and the flavonoids with formaldehyde was exam- 
ined. A reaction mixture containing 10mM sample solution 
(1 ml), 0.1% formaldehyde solution (0.05 ml), and 100 mM 
phosphate-citrate buffer pH 6.0 (8.95 ml) was incubated for 
15min at 25~ The residual formaldehyde was analyzed 
according to the method described above. 

Table 1. Reactivity of simple phenolic compounds and flavonoids with 
formaldehyde 

Compounds Reduction rate of formaldehyde (%) 

Simple phenolic 
compounds 

Gallic acid 5.8 
Pyrogallol 2.1 
Catechol 2.6 
Resorcinol 0.04 
Phloroglucinol 28.4 
Orcinol 4.9 
m-Cresol 1.8 
Esculetin 4.9 
3,5-Xylenol 3.0 
4-Methylresorcinol 4.9 
2-Methylresorcinol 1.0 
Resorcinol dimethyl ether 12.6 

Flavonoids 
Flavonol 

Quercetin 3.2 
Quercitrin 10.0 
Rutin 0.2 
Morin 3.1 

Dihydroflavonol (taxifolin) 6.5 
Flavanone (naringenin) 2.9 
Flavone 

Luteolin 1.6 
Apigenin 9.8 

Isoflavone (genistein) 10.0 
Calcone (butein) 1.7 
Anthocyanidin 

Cyanidin chloride 16.5 
Fisetinidin chloride 12.8 

Tea catechin 
(+)-C 26.6 
(-)-EC 34.2 
(-)-ECg 89.4 
(-)-EGC 34.6 
(-)-EGCg 87.6 

(+)-C, (+)-catechin; (-)-EC, 
epicatechin gallate; (-)-EGC, 
(-)-epigallocatechin gallate 

(-)-epicatechin; (-)-ECg, (-)-  
(-)-epigallocatechin; (-)-EGCg, 
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Results and discussion 

We first examined the reactivity of the principal green tea 
catechins (Fig. 1) with formaldehyde at room temperature. 
As shown in Table 2, tea catechins were found to have 
reactivity with formaldehyde. Nongalloylated catechins 
[(+)-C, ( - ) -EC ,  ( - ) - E G C ]  were found to have the same 
degree of reactivity. These results suggested that the num- 
ber of hydroxyl groups in the B-ring hardly affected the 
reactivity with formaldehyde. In contrast, ( - ) - E G C g  and 
( - ) -ECg,  which have a galloyl moiety at the C-3 position, 
showed much higher reactivity than did the nongalloylated 
catechins. 

To further understand the reactivity of tea catechins with 
formaldehyde, we examined the reactivity of various kinds 
of simple phenolic compounds and flavonoids (Table 1). 
The structure of these simple phenolic compounds mimics 
in part the structure of tea catechins. Flavonoids were clas- 

Table 2. Reactivity of green tea catechins with formaldehyde 

Catechin Reduction rate of formaldehyde (%) 

F : C = I : I  F :C=1:2  

(+)-C 16.8 30.5 
(-)-EC 15.2 43.i 
(-)-ECg 59.6 86.4 
(-)-EGC 19.9 38.7 
(-)-EGCg 54.8 81.5 

F: C, molar ratio of formaldehyde to tea catechin; (+)-C, (+)-catechin, 
(-)-EC, (-)-epicatechin; (-)-ECg, (-)-epicatechin gallate; (-)-EGC, 
(-)-epigallocatechin; (-)-EGCg, (-)-epigallocatechin gallate 

sifted into seven groups on the basis of the variations of the 
C-ring structure, as shown in Fig. 3. Although some simple 
phenolic compounds were found to react easily with formal- 
dehyde at high temperature, 18 at room temperature only 
phloroglucinol showed reactivity, as shown in Table 1. This 
reactivity of phloroglucinol was found to be of the same 
degree as that of the nongalloylated catechins [(+)-C, ( - ) -  
EC. ( - ) -EGC] .  This result suggests that the reactivity of tea 
catechins with formaldehyde at room temperature is due to 
the phloroglucinolic A-ring structure. However. in the case 
of flavonoids, even though some had a phloroglucinolic A- 
ring structure, all of those tested were found to have lower 
reactivity than tea catechins. One of the major differences 
between flavonoids and tea catechins is that flavonoids 
have a carbonyl group at the C-4 position (Figs. 1.3). it lS 
generally known that the carbonyl group has an electron- 
attractive property. Therefore. it is thought that the elec- 
tron-attractive property of the carbonyl group at the C-4 
position may decrease the A-ring charge density and 
weaken the nucleophilicity of the flavonoids. In the same 
way, the lowered reactivity observed with anthocyanidins 
may be due to the electron-attractive property of the 
oxonium structure. These results suggest that at least two 
factors are necessary for the existence of reactivity with 
formaldehyde at room temperature. One factor is the pres- 
ence of phloroglucinolic A-ring structure, and the other 
is the absence of an electron-attractive group, such as a 
carbonyl group, which decreases A-ring charge density. 

It remained to be explained why the attachment of 
galloyl moiety enhanced the reactivity of nongalloylated 
catechins with formaldehyde at room temperature. To ex- 
amine the influence of the galtoyl group, we attempted to 

Fig. 2. Structures of (-)-catechin 
and 3-O-acyl derivatives of (-)- 
catechin and (-)-epigallocatechin 
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Fig. 3. Structures of flavonoid 
skeletons 
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Table 3. Reactivity of (-)-catechin, (-)-epigallocatechin, and their 
derivatives with formaldehyde 

Compounds Reduction rate of 
formaldehyde (%) 

F : C =  1:1 F : C =  1:2 

(-)-Catechin 15.2 
(-)-3-O-Acetylcatechin 12.1 
(-)-Catechin gallate 43.9 
(-)-Epigallocatechin 21.8 
(-)  -3- O-Acetylepigallocatechin 13.6 
(-)  -3- O-Propionylepigallocatechin 15.6 
(-)-Epigallocatechin gallate 55.3 

29.8 
19.5 
71.2 
35.1 
20.9 
23.2 
78.9 

F:C, molar ratio of formaldehyde to (-)-catechin, (-)- 
epigallocatechin, or their derivatives 

compare the reactivity of 3-O-acyl derivatives of ( - ) - C  and 
( - ) - E G C  (Fig. 2) with that of 3-O-galloylated ( - ) - C  and 
( - ) -EGC.  As shown in Table 3, acetylated ( - ) - C  was found 
to have lower reactivity with formaldehyde than ( - ) -C.  
Similarly, ( - ) - E G C  derivatives, acetylated ( - ) -EGC,  and 
propionylated ( - ) - E G C  were also found to have lower re- 
activity than ( - ) -EGC;  and acetylated ( - ) - E G C  showed 
lower reactivity than propionylated ( - ) -EGC.  The strength 
of the electron-attractive property of these functional 
groups is generally known to be in the order of acetyl group 
> propionyl group > hydroxyl group. Thus it seems that the 
electron-attractive property of these acyl groups may result 
in the decreased reactivity of ( - ) - C  and ( - ) - E G C  with 
formaldehyde. On the other hand, the galloyl group was 
found to enhance the reactivity of nongalloylated catechins 
even though it is also an acyl group generally known to have 

-H o -  o - H  

O "O. H O-H 

Fig. 4. Mesomeric  effect of galloyl ester 

an electron-attractive property. It could be expected that 
in the case of the galloyl group movement of a lone pair 
of electrons of the hydroxyl group at the para position 
would occur by mesomerism, as shown in Fig. 4, whereby 
an electron donative property would be induced. Thus 
the electronic property of the galloyl group might be some- 
what different from that of the other acyl groups tested 
in this study, but it is still unclear why the galloyl group 
attached to the C-3 position enhances the reactivity of 
nongalloylated catechins such as ( - ) -C,  ( - ) -EC,  and ( - ) -  
EGC. 

Not only are ( - ) -ECg  and ( - ) -EG Cg  characteristic 
compounds in green tea, they also comprise 60%-70% of 
the total catechins contained in green tea. In this study it 
was proved that ( - ) -ECg  and ( - ) -EGCg,  which have a 
galloyl moiety at the C-3 position, have excellent reactivity 
with formaldehyde even at room temperature; and these 
findings suggest the possibility of utilizing tea catechins as a 
formaldehyde scavenger. Formaldehyde is recognized as 
one of the main compounds that cause health problems 
known as "sick building syndrome." Thus, although further 
investigation is necessary to determine appropriate applica- 
tions of green tea catechins in building materials, it is 
expected that the ability of tea catechins to remove formal- 
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dehyde from the air will be of particular use in the building 
industry. 
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