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As a safety measure dr inking water is often chemically 
ch lor inated to prevent water- t ransmit table epidemic diseases. 
However, great concern about routine water ch lor inat ion has been 
expressed, due to the possible ch lor inat ion of unwanted a l ipha t i c  
and aromatic water contaminants. Phenolic compounds are 
po ten t i a l l y  hazardous and are known to be an important group of 
aromatic water contaminants (Kraybi l l  1978). Af ter  
ch lo r ina t ion ,  they are l i k e l y  to change t he i r  chemical and 
bio logical  behaviour with the synthesis of unstable and stable 
organochlorine der iva t ives  (Tard i f f  et al 1978). Although 
indus t r ia l  and agr icu l tura l  chemicals are the major contr ibutors 
to organic water contamination the importance of plant derived 
phenolic compounds has not yet  been f u l l y  appreciated. 

During the annual l i t t e r  decay a number of phenolic compounds are 
released in to  the environment. Previous studies on water 
courses have shown that  f i ve  phenolic acids derived from plants 
predominate, with 4-hydroxycinnamic acid as the major compound 
(Kickuth 1982). Af ter  water ch lor inat ion these compounds are 
l i k e l y  to become chlor inated with the production of stable 
organochlorine der i va t i ves .  

The object ive of the present study was to assess the ef fects of 
ch lor inat ion on seven plant-der ived phenolic compounds. The 
subs t i tu t ion  pattern of the parent (non-chlorinated) compounds 
was correlated to the number of produced chlorophenolic 
der ivat ives (Table I )  (s t ructure versus chemical r e a c t i v i t y ) .  
The formed chlorophenolic mixtures were applied to Escherichia 
col i  DSM 613 to examine t he i r  potent ia l  tox ic  e f fec ts .  
Escherichia col i  DSM 613 was used as an ind ica tor  of t o x i c i t y  for  
environmental po l lu t ion .  

MATERIALS AND METHODS 

Current ly,  we described the chlorophenolic synthesis and analysis 
of single chlorophenolic der ivat ives (Borlakoglu and Kickuth 
1986). 
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Escherichia coli DSM 613 was cultured overnight in a medium 
containing 3.0 g meat extract and 5.0 g pepton exchange (Firma 
Merck, 5443 Darmstadt, West Germany). 

Agar plates from Firma Merck, 7881 appeared to be advantageous 
containing 

Special pepton 15, 6 g 
Yeast extract 2, 8 g 
NaCl 5, 6 g 
Glucose (D +) i ,  0 g 
Agar-agar 12, 0 g 

The mixture was dissolved in i l aquadest. With a small gimlet 
round holes of 0.2 cm diameter were dri l led into the agar plates 
and small cellulose plates containing the chlorophenolic mixture 
were placed into i t .  The chlorophenols were previously 
dissolved in hot glycerine. 

The cells were in steady state and incubated at 37~ under 
optimum conditions. Bacterial toxici ty was measured as 
inhibit ion of growth in cm at various concentrations. For 
graphic i l l us t ra t i ons  concentrations were plotted as log(1fl~ of 
ppm chlorophenolic mixture. Each point represents at l~a~ 5 
repl icates and is expressed as the arithmetic mean. 

RESULTS AND DISCUSSION 

The chlorophenolic synthesis of plant-derived aromatics produced 
a large number of derivatives and the relationship between 
structure of the parent compound and the number of produced 
chlorophenolic derivatives is shown in Table I.  

Table i 
chlorophenolic derivatives. 

Compounds 

Substitution pattern of the parent (non-chlorinated) compound and the number of produced 

Number of chorophenolic 
derivatives after addition 
of OH-group in position 
C-3 of the aromatic ring 

Number of chlorophenolic 
derivatives detected 
on a I-dimensional 

TLC at 254 nm 

Number of chlorophenolic 
derivatives after replacement 

of OH-group in position 
C-3 with OCH3-grou p 

4-hydroxybenzoic 2 I0 (+8)* 15 (+13)* 
acid 

4-hydroxybenzaldehyde 6 13 (+7)* 

4-hydroxycinnamic 8 11 (+3)* 
acid 

*Figures in brackets represent the increase in the number of derivatives 

The subst i tut ion and hydroxylation pattern of the parent 
(non-chlorinated) compound influenced the react iv i ty  of the 
chlorophenolic synthesis and the number of produced 
chlorophenolic derivat ives. Vicinal subst i tut ion of the 
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aromatic r ing is linked to a larger number of derivatives 
compared to para-subst i tut ion.  The C-3/C-4 dihydroxy 
subst i tut ion pattern of the aromatic ring favoured the synthesis 
of mult iple derivatives as in the case of 3,4-dihydroxy- 
benzaldehyde and 3,4-dihydroxybenzoic acid. Both phenolics 
produced 10 and 13 chloro-derivatives respectively. 
Addi t ional ly ,  in the case of 3,4 dihydroxybenzoic acid the 
replacement of C-3-hydroxyl group with a methoxy group enhanced 
the number of produced chloro-derivat ives from 8 to 13. 
Probably the formation of phenolic radicals during chlor inat ion 
determines the react iv i ty  of the synthesis and the number of 
produced unstable and stable chlorophenolic derivat ives. 
Especially the C-3/C-4 vicinal subst i tut ion type appears to be 
highly reactive with the formation of a large number of 
derivatives compared to para-substituted phenolics. 

After chlor inat ion,  4-hydroxybenzaldehyde produced four 
additional chloro-derivatives compared to 4-hydroxybenzoic acid. 
However, 4-hydrobenzoic acid appears to be highly reactive af ter  
subst i tut ion with a hydroxyl or methoxy group. This was 
cer ta in ly  unexpected, because the parent 4-hydroxybenzoic acid 
produced af ter  chlor inat ion only two chlorophenolic derivatives 
compared to I0 derivatives with a C-3 hydroxyl group and 15 
derivatives with a C-3 methoxy group. For both r isk assessment 
and chlorophenolic synthesis the presence of a C-3- hydroxyl or 
C-3 methoxy group is of great importance. In the case of 
4-hydroxybenzoic acid the addition of an OH-group in posit ion C-3 
increased the number of chlorophenolic derivatives 4-fold and the 
replacement of the OH-group with an OCH3-grou p increased the 
number of chlorophenolic derivatives 7.5- fo ld.  The occurrence 
of a methoxy group in posit ion C-3 enhanced the number of 
chlorophenolic derivatives in 4-hydroxybenzaladehyde 2.2-fold and 
in 4-hydroxycinnamic acid 1.4-fold.  

With the aid of these model reactions i t  was possible to evaluate 
the potential synthetic event of water chlor inat ion in the 
presence of plant-derived phenolic compounds. The present 
f indings indicate the formation of > 65 stable chlorophenolic 
derivatives af ter  chlor inat ion of 7 natural ly occurring 
phenolics. However, although many of these compounds are l i ke ly  
to be acceptable in low concentrations with the formation of such 
a large number of derivatives the accumulative concentration is 
re la t ive ly  high. Moreover i t  has yet to be proven that 
individual derivatives are important toxicants or whether there 
are synergist ic effects when they are applied in combination with 
other chloroderivatives and water contaminants. This could lead 
to an unacceptable level of t ox i c i t y .  

We were able to ident i fy  the major plant-derived chlorophenolic 
derivative of 4-hydroxycinnamic acid and have published the 
proton nuclear magnetic resonance-, infrared- and u l t rav io le t  
spectra including the elementary analysis (Borlakoglu and Kickuth 
1986). This compound is ident i f ied as 3,5 dichloro-4- 
hydroxyphenyl-~B-dichloropropionic acid (Fig. I ) .  Up to 80% of 
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the chlorophenolic synthesis of 4-hydroxycinnamic was yielded as 
th i s  major chlorophenolic de r i va t i ve .  Moreover, under the 
described synthet ic  condit ions the ch lor inat ion of 4-hydroxy- 
benzoic acid led to the formation of 3 ,5-d ich loro-4-  
hydroxybenzoic acid which was confirmed by spectral and 
elementary analysis.  

However, many of the 65 formed stable chlorophenolic der ivat ives 
are quan t i t a t i ve l y  very small indeed and i t  is therefore 
d i f f i c u l t  to get enough synthet ic  material to elucidate t he i r  
chemical s t ructure and absolute conf igurat ion.  Whilst the 
authors believe in the importance of i den t i f y i ng  the chemical 
structures of al l  65 chlorophenolic der i va t i ves ,  the present 
study aims to assess the tox ic  potent ia l  of the formed mixtures. 
This is very important since these compounds, when formed, appear 
as mixtures rather than single chloro der i va t i ves .  Under 
in v ivo condit ions i t  is most l i k e l y  to be exposed to a complex 
mixture of al l  formed chlorophenolic der i va t i ves .  Therefore, in 
order to mimic t he i r  occurrences in water supplies any 
tox ico log ica l  assessment has to be done on the extracted 
mixtures. 

We chose E. col i  as a test  organism and ind ica tor  fo r  
environmental po l lu t ion .  

Table 2 Toxic concentrations of plant derived chlorophenolic 
der ivat ives on E. col i  DSM 613. 

Chl orophenol i c mixture I nh ib i t i on  of E. col i  growth 

4-hydroxybenzaldehyde 

4-hydroxybenzoic acid 

3,4-dihydroxybenzoic acid 

4-hydroxy-3-methoxy-benzaldehyde 

4-hydroxy-3-methoxybenzoic acid 

4-hydroxycinnamic acid 

4-hydroxy-3-methoxycinnamic acid 

312 ppm 

> 5000 ppm* 

156 ppm 

312 ppm 

625 ppm 

1250 ppm 

1250 ppm 

*Has not found to be tox ic  even at the concentration indicated.  

As can be seen from Table 2 there are remarkable di f ferences in 
the i n h i b i t i o n  of bacter ial  growth ranging from 156 ppm to 
1250 ppm (see also F igs.2-6) .  In the case of the chlorophenolic 
mixture of 4-hydroxybenzaldehyde the addit ional  subs t i tu t ion  of a 
methoxy group in pos i t ion C-3 had no ef fect  on the tox ic  
po ten t ia l ,  although the methoxy subs t i tu t ion  increased the number 
of produced chlorophenolic der iva t ives  from 6 to 13. The same 

396 



Figure 1. 
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Figure 2. Growth inhibition of E.coli DSM 613 with the 
chlorophenolic mixture of 3,4-dihydroxybenzoic acid. 
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Figure 3. Growth inhibition of E.coli DSM 613 with the 
chlorophenolic mixture of 3-methoxy-4-hydroxy-benzaldehyde. 
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Figure 4. Growth inh ib i t ion  of E.col i  DSM 613 with the 
chlorophenolic mixture of 3-methoxy-4-hydroxy-benzoic acid. 
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Figure 5. Growth inh ib i t ion  of E.col i  DSM 613 with the 
chlorophenolic mixture of 4-hydroxycinnamic acid. 

pattern applies to the chlorophenolic mixture of 4-hydroxy- 
cinnamic acid, which were only toxic at 1250 ppm. Although the 
additional methoxy group in position C-3 had no further  ef fect  on 
the toxic potent ia l ,  the number of chlorophenolic derivat ives 
increased from 8 to I I .  The chlorophenolic mixture of 
4-hydroxybenzoic acid did not produce any inh ib i t ion  of E. coli 
growth even at a concentration of > 5000 ppm. Obviously the 
synthesis of chlorobenzoic acid derivat ives had no ef fect  on 
bacterial  growth. Other workers could show simi lar  results for 
4-hydroxybenzoic acid on Pseudomonas (Koppe et al 1982). By 
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Figure 6. Growth inh ib i t ion  of E.coli DSM 613 with the 
chlorophenolic mixture of 3-methoxy 4-hydroxycinnamic acid. 

comparison, the chlorophenolic mixture of 3,4 dihydroxybenzoic 
acid appeared to be highly tox ic ,  causing inh ib i t ion  of growth at 
a concentation of 156 ppm. The replacement of the hydroxyl 
group in posit ion C-3 with a methoxy group decreased the toxic 
potential of the chlorophenolic mixture by 100%. This result  
contrasts the f indings of the other chlorophenolic compounds 
studied. 

Because of i t s  high t ox i c i t y ,  3,4-dihydroxybenzoic acid has been 
found to be most important compared to the other chemicals 
investigated. The additional hydroxylation in posit ion C-3 of 
4-hydroxybenzoic acid had a strong impact in producing both a 
large number of chloroderivatives and the most toxic compound 
studied. I t  appears that the hydroxylation pattern of the 
aromatic system is linked to the toxic potential of the compound, 
but also reinforces the production of a large number of chloro- 
phenolic derivatives (see Table 2). In anology, Flood and 
Kirkham (1960) could show simi lar  effects on Venturia inaequalis 
and Venturia p i r i n ia .  They demonstrated that 4-hydroxycinnamic 
acid and 3-methoxy-4-hydroxycinnamic acid did not produce any 
inh ib i t ion  of growth, whereas 3,4-dihydroxybenzoic acid and 
3,4-dihydroxycinnamic acid caused remarkable inh ib i t ion .  The 
authors believe that the vicinal hydroxylation of the aromatic 
system is an important requirement in producing toxic 
chlorophenolic derivat ives. 

Phenolic compounds are an important group of environmental 
pol lutants and water contaminants. Depending on the pH of the 
solut ion they have a high par t i t ion  coef f ic ient  for  l ip ids  and 
hydrophobic compounds and are known to be membrane poisoning 
(Riley and Seal 1974). In the present study a bacterial system 
was used to evaluate the potential toxic effects of plant-derived 
chlorophenolic mixtures to E. coli  as a test  organism. Although 
the bacterial cell  wall d i f fe rs  from the mammalian cel l  membrane 
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the authors assume possible toxic ef fects,  in humans, i f  such 
chlorophenolic mixtures are consumed. Therefore future work 
must incorporate studies on the mammalian in test ine.  This would 
provide important information about the toxicological potential 
of plant-derived phenolic compounds and would help to evaluate 
the r isk of plant-derived phenolic water contamination. 

Acknowledgments. This work was supported by DFG, Deutsche 
Forschungsgemeinschaft. The technical assistance of 
Irene Hutter is gratefu l ly  acknowledged. 

REFERENCES 

Kraybil l  HF (1978) Origin, c lass i f ica t ion and d is t r ibu t ion  of 
chemicals in drinking water with an assessment of the i r  
carcinogenic potent ia l .  In: Jol ley RL (ed) Water 
chlor inat ion,  environmental impact and health ef fects,  
pp. 229-246. Ann Arbor Science, I ,  USA 

Tardi f f  RG, Carlson GP, Simmon V (1978) Halogenated organics in 
tap water: A toxicological evaluation. In: Jol ley RL (ed) 
Water chlor inat ion,  environmental impact and health ef fects,  
pp. 213-228. Ann Arbor Science, I ,  USA. 

Kickuth R (1982) Okochemische Aspekte naturl ich voirkommender 
Phenole. In: DFG-Forschungsbericht, Schadstoffe im Wasser, 
Band I I ,  Phenole, Harald Boldt Verlkag Boppard. 

Borlakoglu JT, Kickuth R (1986) Chlorination of 4-hydroxy- 
cinnamic acid and i ts  toxic r isk as natural occurring water 
contaminants. Bull Environ Contam Toxicol 37: 866-873. 

Koppe, Dietz, Rubelt, Aufsatz (1982) In: 
DFG-Forschungsbericht, Schadstoffe im Wasser, Band I I ,  Phenole, 
Harald Boldt Verlag Boppard 

Flood AE, Kirkham DS (1960) The effects of some phenolic 
compounds on the growth and sporulation on two Venturia 
species. In: Pridham (ed) Phenolics in plants in health and 
disease, pp. 81-85. Oxford. 

Riley PA, Seal P (1974) The role of substituted anisoles in 
epidermal micro-invasion. J Pathol 114: ( I)  1-7. 

Received March 12, 1987; Accepted Apri l  15, 1987 

400 


