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Abstract-Metabolism of 12 synthetic D,L-chlorophenylalanines has been examined in several crop and weed plants. 
Twenty-five gram samples of excised shoots or leaves of bushbean, soybean, corn, pigweed, lambsquarters and giant 
foxtail were allowed to metabolize 10m4 M solutions of the D,L-chlorophenylalanines for 24 hr in continuous light. The 
plant samples were then extracted in 80 $4 methanol and the soluble acidic metabolites fractionated into ether. Each 
ether concentrate was partially purified by fractional elution from a PrepSep Cl8 column and then analysed by HPLC. 
Collected fractions were esterified with pentafluorobenzylbromide and examined by GC-MS to demonstrate the 
presence of PFB-esters of chlorophenylacetic, chlorobenzoic and/or chlorocinnamic acids. Since certain of these 
metabolites are known to be potent plant growth-regulators and herbicides, the results are discussed in relation to the 
potential herbicidal action of certain chlorophenylalanines by the mechanism of ‘lethal synthesis’. 

INTRODUCTION 

The first recognition of the selective herbicidal properties 
of synthetic auxins was made independently in the 1940’s 
by scientists in the U.S.A. and Britain. Zimmerman and 
Hitchcock [I] first demonstrated that several chlorophen- 
oxyacetic acids are more powerful auxins than naph- 
thylacetic acid and this finding soon led to the discovery 
by Hamner and Tukey [2,3] that certain of these 
compounds are very potent herbicides. During the same 
period and without knowledge of the American investiga- 
tions, Slade, Templeman and Sexton in war-time Britain 
examined the effect of synthetic auxins on crop growth. 
They discovered and later reported [4] that naphthyl- 
acetic acid could selectively kill yellow charlock weeds in a 
stand of wheat. Certain of the most active chlorophen- 
oxyacetic acids (eg. 2,4-D and MCPA) continue to be 
important herbicides used world-wide for weed control in 
cereal crops. 

The growth-regulating activity and herbicidal pro- 
perties of ring-substituted chlorophenylacetic acids [5-71, 
chlorobenzoic acids [8-lo] and chloro-cis-cinnamic acids 
[l l] were subsequently demonstrated. With the phenyl- 
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acetic and cinnamic acids, the positional effect of 
monochloro- ring-substitution on enhancing the growth- 
regulating activity of the parent compound was in the 
order 2- > 3- > 4-. With dichloro-substitution, the 2,3-and 
2,6_derivatives were very active auxins in both series of 
compounds, but the 2,3,6-trichloro-acids were the most 
potent growth regulators and were found to exhibit 
herbicidal activity equal to that of 2,4-D. In the chloro- 
benzoic acid series, none of the mono-substituted deriva- 
tives showed activity, but the 2,3-, 2,6- and especially the 
2,5-dichloro-acids were active compounds. Again, the 
most active compound in the series was 2,3,6-trichloro- 
benzoic acid [S-lo, 121, which was also found to be a very 
potent herbicide 16, 133. 

Investigations at Wye in the early 1950’s were the first to 
demonstrate that certain higher homologues of 2,4-D and 
2,4,5-T can be converted in some plants, but not in others, 
to the highly active acetic derivative which then exhibits 
herbicidal activity [14]. Destruction of the susceptible 
species occurs due to ‘lethal synthesis’ of the herbicide 
molecule in uiuo [ 151. This approach to herbicide forma- 
tion in susceptible species arose from the demonstration 
[16] that 2,4,5-trichlorophenoxybutyric, -caproic and 
-octanoic acids can be metabolized in some dicotyledon- 
ous plants, but not in others, to the highly active acetic 
derivative (2,4,5-T) by the process of P-oxidation. This 
finding led to the development of v-2,4-dichloro- 
phenoxybutyric acid (2,4-DB) and y-2-methyl-4- 
chlorophenoxybutyric acid (MCPB) as selective 
herbicides for use in cereal, clover and celery crops 
[14,15,17]. 

In more recent studies on auxin metabolism carried out 
in this laboratory, the biosynthesis of the natural auxins, 
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3-indolylacetic acid (IAA) and phenylacetic acid (PAA) 
has been extensively investigated [lg. 10.-221. Tracer 
experiments with a range of plants have shown that both 
auxins are derived from their corresponding amino acids, 
L-tryptophan and L-phenylalanine, via two reaction path- 
ways known as the arylpyruvate and arylethylaminc 
pathways. depending on the nature of‘ the first mter- 
mediate formed in each route. Thus. in PAA bmsynthcsis. 
l.-phenylalanine is initially converted either to 
phenylpyruvate via an aminotransferasc reaction. or to 
phenylethylamine via the action of a decarboxylase. Both 
intermediates are then metabolized b> different enzymes 
to phenylacetaldehyde. which is then oxldired to PA.4 
r23.21.221. Phenylalanine is also metabohzed in man) 
plantsand fungi to cinnamicacid by the enzyme. phenylai- 
anine ammonia lyase [24.25]. This C,-c‘, acid is the main 
intermediate leading to the synthesis ot a wide range of 
secondary compounds [26] and is also known to gi\c rise 
to benzoic acid in both piants and t‘ungl [_X.Xj. Zcnk 
[27] has proposed [hat this C,-CJ IU Ch-C, chain- 
shortening reaction requires the in\ohement r>t ;I 
cinnamoyl-CoA derivative which could enter the /Y- 
oxidation pathway and so undergo Ii-oxidati>e clea\agc 
to give benzoyl-CoA. which could then be split bq ;I 
thiolesterase to yield benzoic acid. Evldencc lor a 
thylakoid bound cnryme system capable o:‘con\erting L- 
phenylalaninc to benzoic acid has been reported ln 
thylakoid membranes of green and blile-green algae 
[2X.29] and higher plants [30]. Hobe\er. there is also the 
poGbility that benzoic acid could arlst from the t’urther 
metabolism of PAA. in a manner analogous to the known 
lbrmation of’ i-indolecarboxylic acid from IAA [.I 1 331. 

In \iew 01 the known route5 of synthesis of PAA, 
cinnamic and benzoic acids in plants and our demonstra- 
tion of the presence of a multlspecific aminotransferase in 
bushbean shoots capable <If zransaminating 
chlorophenyialanines [3436], it was logica! to investigate 
whether bushbean and other crop or weed plants can 
selecticely metabolize certain chlorop~ler7ylalanincs to 
chkrro- PAA, chlorc~benzoic and or chlori\iinn:inlic acids. 

as outlined m Fig. 1. Man) of these chlorophenyl acids 
have already been shown to possess strong growth- 
regulating and herbicidal properties [6. 7. 10, 1 13 and the 
tbrmation of such phytotoxic end products from 
chlorophenqlalanine metabolism uould provide a further 
ex;lmple of herbicidal action \~a lethal synthesis. Thi, 
paper report5 the rtbsults ofprei~minary studies examining 
the metabohsrn 01 ;I series c,t‘ VI i -chlorophen~lalan~~es in 
six crop anti uecd ~l~~l~i~ 

,Z series ot 12 ring-substituted mono-, iii- and trichloro- 
D, I.-phenylalanines were synthesized as pre\ iously de- 
scribed /37] to provide rbe principal substrates t’or the it1 
L?IY~ plant mctahohsm experiments reported here. ‘The 
corresponding &lorobenzoic acids (Cl-BrA’s) and 
chl~,rophcnqlacct~~ .kds (<‘I-PAA‘s) here required as 
authentic standards ior Identification ol‘thr expected end 
products of chlorophenylalanine metabolism (Fig. 1 ). 
‘Thus. 9 (ii- and trichiorophcllylac~lic acids which were not 
commcrciall~ a\ailahle uere ~~nthcsized b) a condensa- 
rion at the appropriate bcnr>l halidc with NaCN in 
I)\ZSO tc> ‘<I\ :: !hc ~orrcqondtng chloro- 
phcnylacctor?ltriic. ! t1t.z ‘tructul-e of M hi& ~a5 con- 
tirmrd bq both iK ,jnd XXII? specrrohcop). The nrlriic 
wa \ then base-h!droi>sed ii‘ yleki the rrqu~red 
chl<%ophCnj /:icclli: 3Clii Usrail ! ~eltl bg rlils synthetic 
route wcrr: c ‘i hii 1;s ,, ad wch ad was characterized by 
inciting point. iK :lnd WI’-ML CIable, 1 and 21. I‘he 
melting pain: data agreed ~losci~ with Ihose reported by 
Pybus r’l pi. 1.71 i-1 PI..<‘ a:’ the chloi ophenqfacetlc acids 
gait only one major- peak in ca& case (reiatne retention 
times are reported in T‘ablr i 1. lndlcatillg that the com- 
pounds were z 95 “,> pure and theretore suitable for use as 
CT-MS standards. lo our knu~iedg~x. the 2.3.4 and 

Z.~.‘-tr_ichlctr;lC,i,2nS ixe~x XXI ha\ e not prey iouslj been 
rep0rkLl 

o,L-Phenylalanine Maionylphenylalanine 
0. i-Chlorophenylalomne 

F=+ 
Malonylchlorophenylalanine 

/ \ 

Cinnamlc acid LCAI 
Chiorocinnomic acid 

!Cl-CA1 

Phenylpyruvic acid \- Phenyiwctic acid 
Chtorophenylpyruvic acid - ChlorophenrlLoctic acid 

1 
I 

i 
Phenykxetaldehyde L Phenylethanol 

Chlorophenylacetotdehyde ‘T----- ChtwophenyI.ettw?oi 

Benzoic acid (&A) Phenylocetic acid IPAA) 
Chlorobenzoic acid Chkxophenylocetic acid 

(CL-BzA) (Cl-PAA) 

Fig. 1. Biochemical pathways for the conversion of u.i.-phenylalanine and r).~-chlorophenylalancnes to 
their corresponding phenylacctic (PAA). cmnnmic (CAI and henzolc iHz:\t actda 1x1 ,hc:kii ~I~wc~. 



Metabolism of chlorophenylalanines in crop and weed plants 53 

The four chlorobenzoic acids not commercially 
available were synthesized by classical methods and 
characterized as described in the Experimental. Melting 
point and HPLC retention times as well as the GC-MS 
fragmentation patterns for all synthetic chlorobenzoic 
and chlorocinnamic acids used as CC-MS standards are 
reported in Tables 1 and 2. 

Metabolism studies 

Development ofmethodology. Metabolism experiments 
designed to examine the potential for in uiuo conversion of 
chlorophenylalanines to the corresponding chloro-PAA 
and/or chlorocinnamic and chlorobenzoic acids, were 
conducted by feeding the individual chloro- 
phenylalanines to excised shoots or leaves and leaf sheaths 
of six species. Bushbean, soybean and corn were the crop 
plants used while pigweed, lambsquarters and giant 
foxtail were the weeds examined. 

Samples of shoots or leaves (25 g fr. wt) were fed with 
1O-4 M solutions of the D,L-chlorophenylalanines under 
constant light and temperature conditions and when the 
feeding solutions had been absorbed (within 8 hr), the 
shoots were then supplied with distilled water for a further 
16 hr to allow metabolism to occur. Three control experi- 
ments were also run: one sample of shoots was fed with 
10m4 M D,L-phenylalanine at pH 7.0, a second sample was 
fed with distilled water at pH 7.0 and a third sample was 

frozen without feeding at - 22” until analysed. 
After the 24 hr metabolism period, each sample of 

shoots or leaves was subjected to the extraction and 
fractionation procedure outlined in the Experimental for 
the isolation and identification of acidic metabolites with 
potential growth-regulating activity. The metabolites of 
interest were the chlorophenylacetic acids (Cl-PAA’s) and 
chlorobenzoic acids (Cl-BzA’s) and when standards were 
available, the chlorocinnamic acids (Cl-CA’s) were also 
monitored. When an untreated bushbean shoot sample 
was extracted in 80 :/, methanol immediately after harvest- 
ing and the extract spiked with 1Opg amounts of 
authentic 3-chloro-PAA. 3-chloro-BzA and 3-chloro-CA 
and then processed as outlined in the Experimental, 
overall recoveries of 75,50and 66 7; ofthe three standards 
were obtained. It was found that if a neutral ether fraction 
was removed prior to acid ether fractionation, recovery of 
added standards was reduced by more than 50 y0 over the 
levels recovered when only an acid ether extraction was 
made. This indicated that considerable partitioning of the 
chloro-acids into the ether phase was occurring at neutral 
pH, a finding not predicatable from the dissociation 
constants of these chloro-acids [38]. Neutral ether 
fractionation was therefore not included as a partial 
purification step prior to acid ether extraction of the 
chlorophenyl metabolites. 

In a comparison of derivatization methods suitable for 
X-MS indentification of the chloro-acids, it was found 

Table 1. Melting points and HPLC retention times of chloro-phenylacetic, chloro-benzoic and chloro- 

cinnamic acids 

Phenylacetic acids Benzoic acids Cinnamic acidst 

Chloro- 

substitution 

pattern 

Melting 

point* 

HPLC: Melting HPLCJ Melting HPLCS 

retention point* retention point retention 

time (min) Y time (min) time (min) 

Unsubstituted 

2-chloro- 

3-chloro- 

4chloro- 

2,3-dichloro- 

2,4-dichloro- 

2,5-dichloro- 

2,6-dichloro- 

3.4-dichloro- 

3,5-dichloro- 

2,3.4-trichloro- 

2,3,6-trichloro- 

2,4,5-trichloro- 

77-78.5 20.5 122-123 

94-95 27.5 139-140 

(94.5-95.5) (138-140) 

95-96 31.0 15(flSl 

(77-78) (154155) 

104-105 30.7 24G24 1 

(105.5-106.5) (243.5-245) 

129S130.5 35.0 163-165 

(131.5-134) (167-169) 

132-133 36.8 171-172 

(131-132.5) (162-163) 

109-l 10 35.0 15G151 

(104106) (151-153.5) 

157-157.5 36.5 143.-143.5 

(156.5-162) (142-m145) 

91-92 37.2 204-205 

(87-89) (207-208) 

11&111 39.1 185Sl87.5 

(112-115) (188-190) 

147-149.5 42.0 138-140 

161-161.5 39.6 124-125 

(159-161) (125-127) 

150-152 41.0 158-159 

22.9 128-130 31.0 

24.1 208-210 37.0 

34.4 159-161 38.7 

34.2 248-250 38.0 

20.8 

36.2 

34.0 

19.7 194-196 42.5 

43.4 

47.5 

42.5 
44.0 

44.3 

*Lit mps in brackets. References for phenylacetic acids [.7], benzoic acids [lo] and cinnamic acids [ll]. 

TPrimarily tram form in these commercially-prepared compounds. 

$ Retention times on Whatman P-10 reversed phase column on gradient specified in Experimental. 
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that methylation using the procedure ot ref. 1391 resulted 
in small amounts of alkylating agent and base remaining 
in the reaction mixture which caused destruction of the 
pre-column of the CC-MS. Using the &Me-8 alkylating 
reagent circumvented this problem since ir allowed direct 
injection of the derivatization mixture into the W-MS 
without damage to the GC column. However. it was 
tbund that methyl esters 01’ the chloro-acids gave weaker 
total ion current (TlC)signals from the mass spectrometer 

ITI comparison to equlbalcnt amounts OI the correspond- 
ing pentafluorobenryi IPFB~ esters (see F‘ie. 2). .I‘hls 
indicated that statlstlcall). the PF.B ester io&zetf more 
strongly than the carrespol;~.ilnp meth)i sstcr \+hich 
resulted in a greater rlect~on crr)hs sectIon and therelore a 
stronger TIC signal. SI~W rhr amount ot‘each chioro-acid 
metaholite was to ~LT 2stirni~~eJ h\ measuring the arca 01 
its moiecular ion pcah. relai~\e :cr the .irea given h) a 
known amount ot’srancl~ci. 11 \\:I\ dt~c!ed 1~) u~c iha: ?‘I. B 
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of pentafluorobenzyl esters of chlorophenylacetic, chlorobenzoic and chlorocinnamic acids* 

ml2 
Rel y/, 

Character of 

fragment ion 

Benzoic acids 

m/z Character of 

Rel ‘;’ fragment ion 

Cinnamic acids 

m/i Character of ml2 Character of 

Rel % fragment ion Rel % fragment ion 

302 

(27.9) 

336 

(51) 

338 
(18.3) 

370 

(23.6) 

372 

(16.4) 

374 

(2.5) 

M+ PFB-BzA 105 

(100) 

M + PFB-ClBzA 139 

(100) 

M+2 ” 141 

(30.6) 

M + PFB-ClzBzA 173 

(75.7) 

M+2 ” 175 

(49.5) 

M+4 ” 177 

(8.3) 

a 

b 

11 

containing 
“Cl 

c 

2 heavy isotope 

37CI peaks 

404 

(15.8) 

406 

(16.4) 

M + PFB-CI,BzA 207 d 

(38.8) 

M+2 ” 209 

(36.6) 

408 

(5.2) 

410 

(ND) 

M’4 _1 211 
(12.4) 3 heavy isotope 

3’Cl peaks 
M+6 ” 213 

(1.5) 

328 

(55.5) 

362 

(6.7) 

364 

(2.X) 

396 

(3.2) 

398 

(23.4) 
ND 

361 

(23.4) 

363 

(7.7) 

M+ PFB-CA 

M + PFB-ClCA 

131 

(10) 
103 

(77.9) 

165 

(12.3) 

e 

f 

M+2 * 

M + PFB-CI,CA 

167 

(3.8) 

137 
(12.1) 
139 

(4.2) 

199 

(7.6) 

1 heavy 

isotope peak 

b 

1 heavy 
isotope peak 

i 

M+2 ” 

M+4 ” 

M+-Cl 201 

(4.4) 2 heavy 
isotope “Cl 

peaks 

M+2-Cl 
203 

(0.9) 

Not available Not available 

rel y0 ratios: Monochloro- 3: 1; Dichloro- 1:0.6:0.1; Trichloro- 1:0.9:0.3:0.03; see ref. 1421. 

derivatization procedure since these esters not only gave 
the strongest TIC signals, but also gave very characteristic 
fragmentation patterns in the mass spectrometer 
(Table 2). 

Metabolism of phenylalanine by crop and weed plants. 
The amounts of PAA, BzA and CA found in excised 
shoots or leaves of each of the six species examined after 
24 hr feeding with D,L-phenylalanine or distilled water, 
compared to initial endogenous levels of these acids in 

untreated shoots is shown in Table 3. Initial levels of PAA 
were found to be in the 40-80 ng range per g fresh weight 
of shoot or leaf tissue for all six plants examined. These 
values are similar to those reported previously from this 
laboratory for untreated shoots; for example, Wightman 
and Lichty [40] reported a range of 70-220 ng PAA/g 
fresh weight in shoots of several crop plants using gas 
chromatography of methylated extracts containing an 
internal standard as the method of analysis. Recently, 



PFB4CI BzA 

(81976) 

PFB4ClPAA 

(84550) 
5 PFB 4 Cl CA 

(67757) 

a 

: rp --.-_-__..-___-.._----~_..-.~___ -i_- .-._ -._ ___--l_-_----__..-.. 
1 70121 

b 

Me 4Cl BzA 

(3776 1) 

Me 4CI PAA 

(32953) 

Me4Cl CA 

(26562) 

Schneider et uI. [41] found 58.1 ng PAA per g fresh weight 
in pea epicotyls using single ion monitoring with an 

seedling is bery close to ground Ie\el. it clas not excised 
Rith the Iea~cs and sheath ikuus ~szd 111 the present 

internal deuterated standard as the method of quanti- cxperimentx It 1s possibi c [hat the scparal~on oi tbc stem 
tation. In the present study, corn lea\es were f’ound to and apical meristem Irom ih<’ csc~sed IcaLcs rcmo\cd a 
contain quite low levels ofendogenous PAA (ca 4 ngig f’r. 
u-t), which was less than one tenth of the amount fbund in 

large proportion 01 the cudo~ei~~~~ PSI 2 nc~rmallq prc.. 
sent in the entire c:i)rn &ii\)! \;t<iCt-l! 

other plants. Since the shoot apical meristem in a corn 



Metabolism of chlorophenylalanines in crop and weed plants 

Table 3. Amounts of phenyl metabolites produced in excised shoots or leaves of crop and weed plants fed with a 

lo- 4 M solution of D, L-phenylalanine (PH E) or with distilled water for 24 hr 

Metabolites produced 
Phenylacetic acid Benzoic acid Cinnamic acid 

Plant Feeding Total ng ng per g Total ng ngperg Total ng ng per g 
examined solution* per sample+ fresh wt per sample+ fresh wt per samplet fresh wt 

Bushbean PHE 5020 200 600 24 230 9.2 

Water 2500 100 550 22 350 14 

Unfed 810 32.5 280 11 280 11.2 

Soybean PHE 6800 270 52500 2100 1500 60 

Water 3700 150 20200 808 540 21.6 
Unfed 1020 41 16560 662 410 16.4 

Corn PHE 135 5.5 280 11.2 
Water 120 4.8 265 10.6 - 

Unfed 100 4.0 240 9.6 

Pigweed PHE 4930 197 2540 102 65 2.6 
Water 1830 73 1300 52 

Unfed 1330 53 1035 41 

Lambs- PHE 5150 206 1400 56 165 6.6 

quarters Water 2820 113 5220 209 400 16 

Unfed 1500 60 1050 42 80 3.2 

Giant PHE 6060 242 3300 132 
foxtail Water 4230 169 1790 72 - 

Unfed 2120 85 510 20 

*Twenty five gram samples of shoot or leaf tissue were supplied with either 10 -4 M solutions of D, L-PHE (25 ml) 

or with distilled water for 24 hr. Unfed tissue was frozen immediately after harvesting at - 22-. 

tAmount estimated from area of molecular ion peak in the TIC scan of PFB-derivatized HPLC fractions, relative 

to that of a known amount of standard. -: metabolite not detected. 
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phenylalanine generally showed a 3- to 4-fold increase in 
amounts of PAA over initial levels (Table 3), indicating 
that a PAA biosynthetic pathway was operating in all 
plants. This finding agrees with previous results which 
showed that 14C-PAA was produced in excised shoots of 
several crop plants during the metabolism of exogenously 
supplied [3-14C]-D,L-phenylalanine [19,21]. In the pre- 
sent study, water-fed control shoots also consistently 
showed an increase in PAA over initial endogenous levels. 
This increase may reflect an enhanced production of 
aromatic and phenolic compounds (secondary meta- 
bolites) by excised shoots and leaves in response to the 
stress of excision. 

The amounts of benzoic acid in the shoots and leaves 
fed with D,L-phenylalanine, or water, generally increased 
above the initial endogenous levels in proportions similar 
to the observed increases in PAA. In contrast, the 
detectable levels of endogenous cinnamic acid were quite 
low and with the exception of soybean, no obvious pattern 
of change in this metabolite was apparent in any of the 
shoots after feeding with D.L-phenylalanine or with water. 
Since benzoic acid was produced in appreciable amounts 
in all shoots supplied with D,L-phenylalanine, except corn, 
these results suggest that in addition to its known 
formation from cinnamic acid [24, 251, benzoic acid may 
also arise from the catabolism of PAA in a manner 
analogous to the known formation of 3-indolecarboxylic 
acid (ICA) from 3-indoleacetic acid (IAA) in higher plants 
[31-331. However, this possibility requires further study 
utilizing radiolabelled PAA. 

Metabolism of chloro-phenylalanines in bushbean-a 

PdYTO 27-1-E 

typical crop plant. Bushbean was chosen as the typical 
crop plant for initial examination of chlorophenylalanine 
metabolism since previous studies in our laboratory had 
shown that some of these synthetic amino acids were 
metabolized in aitro by a multispecific aspartate-aromatic 
aminotransferase purified from bushbean shoots [34,35]. 
This transamination reaction would be the initial step in 
the proposed arylpyruvate pathway leading from a 
chlorophenylalanine to the corresponding chloro- 
phenylacetic acid, as indicated in Fig. 1. 

The data obtained from experiments in which bushbean 
shoots were fed with each of the 12 D,L-chlorophenyl- 
alanines show that with the monochloro-analogues, only 
3-chlorophenylalanine was selectively metabolized, pre- 
sumably via the arylpyruvate pathway, to yield high levels 
of the potent 3-chloro-PAA (Table 4). The calculated 
molar rate of conversion of 3-chlorophenylalanine to 3- 
chloro-PAA was between 1.4 and 2.8”/,, depending on 
whether the plant was able to use both D- and L-forms of 
3-chlorophenylalanine, or whether only the L-isomer was 
metabolized. While we have shown that the multispecific 
asparatate-aromatic aminotransferase present in 
bushbean shoots is L-phenylalanine-specific [35], there is 
always the possibility for in uiuo conversion of the D- 
isomer to its L-form by a racemase. Alternatively, the D- 
chlorophenylalanine isomer may be metabolized by a D- 
amino acid oxidase to the optically inactive chloro- 
phenylpyruvate which could then be metabolized to the 
corresponding chloro-PAA via the pathway outlined in 
Fig. 1. 

Of the dichlorophenylalanines tested, only the 3,4- 



Table 4 Amounts ol’chloro-phenll metabollte> produced in excised shoot, ot bu~hbcan I& with IO ’ II 

solutions ol dltrerent t,.r.-chlorophcnylalanlnes ibr ?Jhr 

dichloro-compound was metabolized to produce the 

corresponding i.+dichloro-PAA. Here the molar conver- 

sion rate was 0.06 0. I 2 ’ (/. about 35-fold lower than that 

observed for 3-chlorophenylalanine. discussed above. 

None of the trichloro-phenylalanines were converted to 

their corresponding trichloro-PAt\‘s Of the possible 

other acidic metabolites. all three monochlorobenzoic 

acids and four of the six possible dichlorobenzoic acids 

were produced in bushbean shoots, among them the 

potent growth regulator. 2.5dichlorobenzoic acid [IO]. 

The 3- and 4-chlorocinnamic acids were also produced m 

this plant. Without informatron lrom metabolism experi- 

ments using radiolahellcd chloro-intermcciiates, it is pre:- 

mature to say uhethcr Schlorobenzolc acid. ti)r example. 

arose from the corresponding chloro-cinnamic acid. nr 

from catabolism of the corresponding chloro-PAA 

Typical CGMSdata used toestnblish theidentification 

of the chloro-phenyl metabolites produced m hushbean 

shoots fed with chloro-phenrialanines are presented in 

Figs 3 6. for 3-chlorobentoic acid I,~-C;HLAI. .i-chloro- 

phenylacetic acid (3-CIPAAI and ?-chlorocinnamic acid 

(~-CICAJ isolated from shoots supplied with .i- 

chlorophenylalanine. All other chloro-pllcnqi metabolites 

isolated from the other crop and weed plant< used in this 

study were identified in a similar manner 

Figure 3a showss the total ion iurrcnt (TIC) scan 

obtamed for 1 pg amounts 01 the standard Pf- B esters 01 

3CIBzA. 3-ClPA.4 and ?-CICA. Figure 3b shows the TIC’ 

of the pentafluorobcnzqlared acid ether extract. equi- 

valent to 2.5 g fresh, Neigh{. of busiibean shoots fed with 
10 1 M 3-chlorophenylalanine, Smali peaks oi’suspectcd 

PFB-esters of i-(‘IBzA and MICA are present and 1 here 

is a very promment ester peak for the rnaicrl metabolite, 3- 

CIPAA. Based on the ratto of‘ the ared for :he molecular 

ion peak in the TIC‘ scan of the plant bample relative to 

that given by the corresponding standard. the amount ot 
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Fig. 3. (a) TIC scan of pentafluorobenzyl esters of authentic 3-chlorobenzoic, -phenylacetic and -cinnamic acids and 

(b) TIC scan of pentafluorobenzylated HPLC fraction of acid ether extract of bushbean shoots fed with 3- 
chlorophenylalanine. 

37Cl (M + 2) is, 100:32.6. This theoretical 3: 1 relative chlorine as a ‘tag’ for the products of chlorophenylalanine 
intensity ratio was indeed observed; the molecular ion metabolism adds further proof that these chloro- 
peak (M+) at 350 is about three times the height or metabolites had indeed arisen by in duo metabolism. 
intensity of the M + 2 peak at 352. The same ratio can be None of the chlorophenylacetic, benzoic or -cinnamic 
observed for the normal and heavy isotope-containing acids was indigenous to bushbean or any of the other 
fragments of the base ion (3-chlorobenzyl+) at 125 and plants examined in this study, a finding supported in 
127, respectively. The presence of the heavy isotope of Engvild’s recent review of chlorine-containing natural 
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Fig. 6. Mass spectra of PFB esters of authentic 3-chlorocinnamic acid (a) and of suspected 3-ClCA (b) isolated from 
bushhean shoots fed with 3-chlorophenylalanine. 

compounds in higher plants [43]. In contrast, the potent 
auxin, 4-chloro-3-indoleacetic acid (4-ClIAA), has been 
isolated from immature seeds of pea [44,45] and Vicia 
[46], and the methyl ester of this compound is known to 
be present in seeds of Lnthyrus, Vicia and Pisum [47]. 
Recently Schneider et al. [41] working in this laboratory 
demonstrated the presence of 4-ClIAA in the root, 
cotyledon and epicotyl tissues of 3-day-old etiolated pea 
seedlings by HPLC and GC-MS procedures. 

Perhaps the most interesting result in the bushbean 
experiments was the inability of 4-chlorophenylalanine to 
be metabolized to the corresponding 4-ClPAA. We have 
previously demonstrated that a cytoplasmic multispecific 
aspartate-aromatic aminotransferase purified from bush- 
bean shoots was able to transminate all three 
monochloro-phenylalanines to the corresponding chloro- 
phenyl-pyruvic acids [35]. D,L-4-Chlorophenylalanine 
showed a very high rate of transamination by the 
multispecific aminotransferase in in vitro experiments; ca 
2507; of the rate observed with unsubstituted D,L- 

phenylalanine. However, it is clear from the present study, 
that despite its high transamination potential in vitro, 4- 
chlorophenylanine was not metabolized to the 
corresponding 4-ClPAA in bushbean shoots, which 
suggests that some form of enzymic regulation was 
occurring in vil;o at a metabolic step beyond the 
aminotransferase reaction in the PAA-biosynthetic path- 
way (see Fig. 1). 

Metabolism of chlorophenylalanines by other crop and 
weed plants. Using identical methods to those already 
described for the bushbean experiments, metabolism of 
the series of D,L-chlorophenylalanines was next examined 
in two other crop plants, soybean and corn. and in three 

weeds, pigweed, lambsquarters and giant foxtail. The 
results of these experiments are presented in this section. 

Data from the metabolism of different chlorophenyl- 
alanines in soybean shoots are summarized in Table 5. As 
in bushbean, with the monochlorophenylalanines, only 
the 3-chloro-compound was metabolized to any extent 
and produced a relatively large amount of the very active 
growth regulator, 3-CIPAA (molar rate of conversion ca 
1.9 to 3.8 %). 4-Chloro- and 3,4-dichlorophenylalanines 
gave rise to low levels of the corresponding chloro- 
PAA’s. Also as in bushbean, all three monochlorobenzoic 
acids were produced, with 4-chlorobenzoic acid again 
being formed in the largest amount. There was concom- 
itant formation of 4-chlorocinnamic acid, also at a 
relatively high rate. The potent growth regulator, 2,5- 
dichlorobenzoic acid, was not however produced in 
soybean. 

In corn, the pattern of metabolism was similar to that 
observed in soybean. 3-Chloro-, 4-chloro- and 3,4- 
dichloro-PAA’s were all produced (Table 6) but the 
highest molar rates of conversion were for the 3-chloro- 
and 3,4-dichloro-PAA’s at ca 0.25-0.50 ‘/& 3,5-Dichloro- 
PAA was also produced in appreciable amounts, but this 
compound has no activity as a growth regulator. Of the 
potential benzoic acid metabolites, the 4-chloro- and 3,4- 
dichloro- acids were formed in the highest amount and 
small quantities of the 3-chloro- and 3,5-dichloro-benzoic 
acids were produced. Relatively large amounts of 4- 
chlorocinnamic acid were synthesized in corn, similar to 
the activity found in bushbean and soybean resulting from 
4-chlorophenylalanine metabolism (Tables 4 and 5). 

The data obtained from the metabolism of 
chlorophenylalanines in three weed plants are presented 
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Tut& 5 Amounts of chforoohenvl mztabofites nroduccd m exc~bed shoota ol’hoybean led Gith ItI ’ hl 

(‘hforophenylacetic acid 

Total ng ng PC” g 

per \ample f fresh tit 

chlorophenylalanines (25 ml) lbllowed by distIlled water for 24 hr. 

i Amount estimated lrom area ol‘ molecular ion peak In the -1 I(’ SGW ol Pf’fMeiixntilcd Hf’1.C‘ 

trvction,. relative to that 01 a known amount ol standard. 

Vctabolitc not detcctcd ND- Not dctermlncd 

in Tables 7- 9. In redroot pigweed iAmuranthu.s retro- 
tkxus) there was no conversion of the 3-chloro- or 3,4- 
dichlorophenylalanines to their corresponding chloro- 
PAA’s (Table 7). a result quite diKerent from that found 
with the three crop plants. The l-chloro-. 2.4.2.S and 35 
dichlorophenylalanines. however, were metabolized to 
their corresponding chloro-PAA‘s but only in relatively 
small amounts. None of the trichlorophcnylalanincs was 

converted to the sorrespondmg chloro-PAA: the 
monochlorobenzoic acids nere produced in amounts 
comparable to those obstxbcd in the three crop plants 
studied. Ot the possible chiorocinnamic acid metabolites 
in pigweed. oniy 7.h-dichlorocinnamlc acid rcas produced 
in appreciable amounts Phc J xf-iorm ot this compound is 
known to be rl potent growth re.gul,ttor [!I] I-hi:, 
metabolite wa\ ;:f~ent in ifi/ thl-cc crop plant\ examined. 
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Table 7. Amounts of chlorophenyl metabolites produced in excised shoots of redroot pigweed fed with 

10 4 M solutions of different D, L-chlorophenylalanines for 24 hr 

Chloro- 

phenylalanine 

supplied* 

Metabolites produced 
Chlorophenylacetic acid Chlorobenzoic acid Chlorocinnamic acid 

Total ng ng per g Total ng ng per g Total ng ng per g 
per sample? fresh wt per samplet fresh wt per sample-t fresh wt 

2-CI- 1100 44 

3-G 1050 42 
4-CI- 175 7.0 5950 238 

2,3X1,- 

2,4-C&- 

2,5-c1~- 

2,6-r&- 
3,4-Cl*- 

3,5-c&- 

285 11.4 290 

350 14.0 125 

- - 170 
700 

80 3.2 380 

11.6 ND 

5.0 ND 

6.8 1950 
28 ND 

15.2 ND 

2,3,4X&- 

2,3,6-C&- 

2,4,5-C13- 

230 9.2 
150 6.0 

ND 
ND 

ND 

ND 

78 
ND 

ND 

ND 

ND 

ND 

*25 g samples of pigweed shoots were supplied with lo-“ M solutions ofchlorophenylalanines (25 ml) 
followed by distilled water for 24 hr. 

iAmount estimated from area of molecular ion peak in the TIC scan of PFB-derivatized HPLC 

fractions, relative to that of a known amount of standard. 

-Metabolite not detected. ND: Not determined. 

Table 8. Amounts ofchloro-phenyl metabolites produced in excised leaves of giant foxtail fed with 10m4 M solutions of 
different D.L-chlorophenylalanines for 24 hr 

Chloro- 

phenylalanine 

supplied* 

2-Cl- 

3-G 

4-U 

2,3-Cl,- 

2,4-Cl,- 

2,5-C&- 
2,6-C],- 

3,4-C12- 

3,5-Q 

2,3,4-C13- 

2,3,6-C13- 

2,4,5-C13- 

Metabolites produced 

Chlorophenylacetic acid Chlorobenzoic acid Chlorocinnamic acid 

Total ng ng per g Total ng ng per g Total ng ngperg 
per samplet fresh wt per samplet fresh wt per samplei- fresh wt 

- 

- 45 1.8 
435 17.4 1060 42.4 93 

240 9.6 21730 869 3325 133 

- ND ND 

ND ND 
- ND ND 
- 

ND ND 
- ND ND 

- ND ND 

ND ND 

ND ND 

*25 g samples of giant foxtail leaves were supplied with 10e4 M solutions of chlorophenylalanines (25 ml) followed by 
distilled water for 24 hr. 

tAmount estimated from area of molecular ion peak in the TIC scan of PFB-derivatized HPLC fractions. relative to 

that of a known amount of standard. 

-Metabolite not detected. ND: Not determined. 

In the giant foxtail (Setariafeberii), very little chloro- 
phenylalanine metabolism occurred (Table 8). The 3- and 
4-chlorophenylalanines gave rise to relatively low levels of 
the corresponding chloro-PAA’s, but as in the other 
plants examined, all three monochlorobenzoic acids were 
produced with 4-chlorobenzoic acid being the most 
prominent metabolite. Comparatively high levels of the 3- 
and 4-chlorocinnamic acids were also detected in foxtail. 

However, this plant was unable to convert any of the di- or 
trichlorophenylalanines to the corresponding chloro- 
PAA’s or chlorobenzoic acids. 

The most interesting results on chlorophenylalanine 
metabolism in terms of their conversion to potentially 
herbicidal end products, occurred in lambsquarters 
(Chenopodium a/bum). The metabolism data are sum- 
marized in Table 9. In contrast to the five other plants 
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examined, none of the monochlorophenylalanmes was 
metabolized to the corresponding chloro-PAA. Similarly. 
most of the dichloro- and trichlorophenylalanines were 
also not metabolized along this route. However. both 2,6- 
dichloro- and 2,3,6-trichlorophenyialanines were szlect- 
ively metabolized in lambsquarters to yield comparatl\ely 
high amounts of the corresponding chiztro-PAA’s. with 
molar converslon rates oi 2.7 5.4 “,, and 0.5 1 .O “,) respect. 
ively. being found. Both 2.6- and 1.3.6-chioro-I’AA’s are 
known to be rery potent grouth regulators and at certain 
concentrations will exhibit herblcidai propcrtics corn.- 
parable to 2.4-D 16. 71. l.6-Dichloropher~~lalanine also 

produced considerable amounts 01 “.6-dlzhloro-benroic 
and cinnamic acids and these compound, lra~e also been 
shown to possess strong growth-regulating properties 
[IO. 1 I]. F-igure ?~a) shows the TIC’scan 01 the authcnti< 
PF‘B-esters of 2.6-dichloro-bcnloic. -phenylacctic and 
-cinnamic acids, while Fig. it b) reproduce\ rhc T‘li bean ot 
a pentafiuorobenzylared tf Pi_<’ iractiori i’rnm Ihe ether 
extract 01’ lambsquarter 5hoots LI i i’ nill: ‘,o-cl~c- 
hlorophenylalanlno. The PI, B-esters o! the three bus- 
petted chlor-o-mctabolitrs are mdicatcd by arrows. When 
the mass spectra from tbeso met~rholi~cs MU-C i,ompared 
with those o1 the corresponding authentic PFB-esters. the 
spectrum thr each metabohte cc;nla~~~zct ~ii! <!t’ Iht: mnlor 
ion fragment> characteristic of the auth~~itrc compound 
(see Table 2 li>r MS fragmentation patterns). Similarly. 
F‘ig. X(a)sho\ss the TfC‘scan c~f‘thcRllthL’i;LiZ PFBestcrso~ 
2.3.6-trichlorophcnylacetic and hen~urc acid\. ,rnd Fig 
8(b) shows the TIC scan of ‘i pcntaRuorobcnzyi;Iteil 
HPLC traction from the ether extract 01 lamhsquartc~ 
shoots fed with X3.6-trichlorophenylalamne A pcah iirr 
the suspected 2,3,6-trichloro-PA?-l’~, H ester- can by 
clearly seen. When the mass spectrum ~jj 11~s peak was 
compared with that ot‘ the authentic Pt. I3 eblcr. Identical 
fragmentation patterns indicated ihat thaw metaholrlc ~a< 
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Fig. 7. (a) TIC Scan of PFB esters of authentic 2,6_dichlorobenzoic, -phenylacetic and cinnamic acids and (b) TIC 
scan of pentafluorobetuylated HPLC fraction of acid ether extract of lambsquarters shoots fed with 2,6- 

dichlorophenylalanine. 

phenylalanines could be selectively metabolized in the 
crop and weed plants examined. Thus, shoot feedings 

potentially phytotoxic chlorophenyl metabolites were 
produced (e.g. 2,6- and 2,3,6-trichloro-PAA’s in 

were performed at only one concentration of a lambsquarters), none of the early morphogenic effects 
chlorophenylalanine and metabolism was allowed to normally associated with direct application of such auxin 
occur over a relatively short period of time (24 hr), in herbicides (e.g. leaf epinasty and upper stem curling) was 
order to maintain plant turgor and minimize stress effects observed in the plants. Normally, such growth abnor- 
on normal metabolism due to shoot excision. While some malities take 2-3 days to appear [48]. 



a 

PAA 

b 

The metabolites screened in this study were limited to shoots 01’ higher plants [IJO. 49. %I]. .Y-bcnzoqi- and ,C- 
the freeacid form ol‘the chloro-phenylacetic. ..benzoicand phenylacetyi-aspartateconlugates hake been Ibund in pea 
-cinnamic acids. There is. however, a strong powbility seeds [51~~. Since PAA has been sho\sn to he a naturally- 
that many ot‘ these chlorophenyl carboxyhc XI& were occurring plan1 auxm [ 19. 70. 2. 113.311. 521. d dctailcd 
converted in rwo to their corresponding /i-D-glucosyl- 01 stud} ol‘ the logeta[r\e tissue zt~rqugatcs 01‘ thl< growth 
I.-aspartyl-ester> in a manner zimilar to the known rcgulatoi. aiong niti: ~~I<>sL’ i./ it\ r&ted \>nthctic 
lormation 01 these conjugates bith I-.inditJ!~!;iii~tic acid in analo,gueS. appear5 ft.> iv ~;ii i^:ii:isi: 
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Table 10. Summary of metabolites produced in excised shoots or leaves 

of crop and weed plants fed with 10M4 M solutions of D.L-chloro- 

phenylalanines 

Plant 

examined 

Bushbean 

Soybean 

Corn 

Metabolites produced+ 
Chlorophenylacetic Chlorobenzoic Chlorocinnamic 

acid acid acid 

3_** 2- 2,4- 3- 

3,4-* 3- 2,5-** 4- 
4- 3,4- 

3,5- 

3.** 2- 2,4- 3- 

4-e 3- 3,4- 4- 
3,4-** 4- 3,5- 

3_** 3- 3,4- 3- 

4-* 4- 3,5- 4- 

3,4-* 

3,5- 

Redroot 4-* 2- 2,5-* 3- 

pigweed 2,4-* 3- 2.6 4- 

2,5-’ 4- 3,4- 2,6-** 

3,5- 2,4- 3,5- 

Giant 3_** 2- 3- 
foxtail 4-a 3- 4- 

4- 

Lambs- 2,6-** 2- 2,4- 3- 

quarters 2,3,6-** 4- 2,6- 4- 

2,6-** 

*Compound known to possess high (*) or very high (**) growth- 
regulating and herbicidal activity at lo-’ M, relative to phenylacetic, 

benzoic and cinnamic acids at the same concentration. 

Probable chlorophenylalanine metabolites not de- 
termined in the present study were the N-malonyl- 
chlorophenylalanines. Rosa and Neish [53] have shown 
that excised shoots of several species supplied with 14C- 

labelled D,L-phenylalanine formed [‘4C]-N-malonyl- 
phenylalanine as the main metabolite. This was sub- 
sequently confirmed in our laboratory [19,21,23]. The 
formation of this simple peptide probably represents a 
detoxification mechanism in shoots operating in response 
to abnormally high concentrations of phenylalanine [53]. 
There is no evidence, however, that such N-malonyl 
conjugates of phenylalanine or chlorophenylalanines 
exhibit any plant growth-regulating or herbicidal activity. 

Another possibility for consideration is that some of the 
chlorophenylalanines may act as selective competitive 
inhibitors of certain L-phenylalanine-metabolizing en- 
zymes. For example, competitive inhibition of the 
cytosolicaromaticaminotransferase in plants, such as that 
purified from bushbean shoots [34-361, could cause a 
reduction in normal auxin biosynthesis, since this enzyme 
catalyses the first step in the biosynthetic pathway leading 
to PAA and IAA from phenylalanine and tryptophan, 
respectively [20, 231 (Fig. 1). Similarly, competitive in- 
hibition of PAL activity by a chlorophenylalanine com- 
parable to that reported for D,L-3-fluorophenylalanine 
[54], would greatly inhibit lignin and flavonoid bio- 
synthesis. These possibilities require further study. 

In conclusion, this initial investigation of the metab- 
olism of synthetic D,L-chlorophenylalanines in six crop 

and weed plants has shown that some significant species- 
specific conversions to potentially herbicidal end- 
products can occur. In particular, several potent chloro- 
phenylacetic acids were produced, indicating that all the 
enzymes comprising the PAA biosynthesis system in these 
plants are sufficiently non-specific to allow them to 
metabolize chlorophenyl intermediates. Chlorobenzoic 
acids were the most prevalent metabolites formed in all 
plants examined, but it is not clear whether these chloro- 
benzoic acids arose from corresponding chlorocinnamic 
acid intermediates, or whether they were formed as a 
result of further metabolism of the corresponding chloro- 
phenylacetic acids. Future experiments with radiolabelled 
chlorocinnamic acids and corresponding chlorophenyla- 
cetic acids should resolve this question. 

EXPERIMENTAL 

Plant material. The crop plants examined in the present study 

were bushbean (Phasedus dgaris L., var. Pencil Pod Black 

Wax), soybean (G/y&e max. L. Merrill, var. Maple Arrow) and 

corn (Zea mays L., var. Seneca Chief). The weed plants studied 

were pigweed (Amaranthus retroflexus L.), lambsquarters 

(Chenopodium album L.) and giant fdxtail (Setaria juberii W. 

Hermann). Seeds of weed plants were supplied by Dr Suzanne 
Warwick of the Biosystematics Division, Central Experimental 

Farm, Ottawa, and were collected at different locations in 

Ontario. All seeds were soaked in H,O at room temperature 
overnight and then either sown in moist vermiculite for plants 



Table Il. Growth-regulating activity of chloro-phenylacetic. 

chloro-benzolc and chloro-cinnamic acids in the wheat coleoptile 

cylinder test [7. 10. II ] 

Compound tested 

Phenylacetx ac~i I PA.41 

i0 ’ 

0 47* 

2-Chioro-PAA 5(i* 

3.Chloro-PAA 46* 

4-Chloro-PAA 36* 

2.3-f~lchloro-PAA JO” 

2.4-Dichloro-PA,~ 44* 

2.,5-Dichloro-PA 1. 36C 

2.6-Dichloro-PAA 31* 

3.3.Dlchloro-t’A_~ X 

3,5-i)ichloro-i’A,~ 0 

2.3.h.Trichloro-f’h,~ .E* 

Benrox acid (Bz4i 0 

L-C‘hloro-Bz-4 10, 

i-C‘hloro-BzA 0 

4-Chloro-B/A (1 

2,3-Dichlorn-BrA ,7* . . , 

2,4-Dichloro-LILA li 

2.5.Dichloro-BrA 30” 

2.6-Dichloro-BzA 54* 

3.4-Dichloro- WzA Ii 

.J.5-Dlchioro-BzA 0 

7.3.6.‘rrlchloro-BzA 45* 

7.4.6.Trrchlortr-Hrh 0 

I!) ppm 100 ppm 

Cinnamic acid ICAJ$ 3X* 4.54 

2-Chloro-C.A 49’ 52* 

3-Chloro-CA 2j+ 34* 

4-Chloro-CA 50* 49* 

2.3.Dichloro-CA 14* 7 

2.4-Dlchloro-CA ix* x* 

2.5-Dichloro-CA > X* 

3.6.Dlchloro-CA sh* 5 I‘ 

3.J-D~chlort~-C,.~ “* _. I 
3.5.Dichloro-C,l. k* 0 

*Actlv~ty statwlcally signiticant from water control> at the 

0. I I’,, iebcl. 

iActl>ity LS expressed as per cent increase in length over water 

conirois. 

fOnly the c,is-acids v+crc actire. all fruns-ac& =*cre inactl\r rn 

this tcbt. 

1 ?‘ozic ell’ec!s were obsrvcd 

Wheat coleoptile cylinder test i 
concentration tested (MI 

IO I 

grown only lor 2 weeks. or m sot1 lor plantb groun lor 4- X weeks 

Seeds were germmated m a growth cabmet at 25 22 day/night 

temperatures and ,eedlmgs were exposed to 16 hr daily photo- 

pcrlods oi’46U& 4X0(1 btW ‘cm ’ The time ot planting uas taken air 

day 0. and metabolism expcrlmcnts \cew conductcti with I&day- 

old bushbean. soybean and corn plants, 4.wee&.-,~ld loxtall and X- 

week-old larnbaquartera and plgueed plants. 

( hrw~~~i.~. ‘1 he rmg-substituted mono- dl- and trichloro-1j.l 

phw>islanIne\ used in this lnxe&gation were \>nthesized by an 

acetamrdomalonate condensation with thr appropriate 

chlorobenzyl halide. tolloued by acid hgdroiyw.. a\ described 

pre\lourlq ( 371 The chlorophcnylala~~i~~c~ sere charactcrwcd hq 
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purification. A solution of the nitrile (0.020mol) in EtOH (45 ml) 

was hydrolysed by refluxing overnight with 25 y0 NaOH (45 ml) 
until NHs ceased to be evolved. The EtOH was distilled off and 

the aq. solution acidified with 20% HZSO,,. The pptd 

chlorophenylacetic acid was separated by filtration, dissolved in 

Et20 and the Et,0 fraction backwashed with HZ0 followed by 

10% bicarbonate and dried. After removal of the EtZO, the 

chlorophenylacetic acid remained as a light yellow solid, in yields 
of 70-95%. Recrystallization from bp 655110” petrol or 30:‘;; 

ethanol yielded pale white crystals of the pure chiorophenylacetic 

acid. Analysis by IR spectrometry showed a broad stretch due to 

C=O at ca 1710 cm- ’ and a very broad OH stretch from ca 3400 

to 2500 cm ‘, typical of carboxylic acids [57]. There was no 

evidence of nitrile absorption at ca 2240cm-’ by unreacted 

chlorophenylacetonitrile. Each chlorophenylacetic acid was 

further characterized by mp, HPLC (Table 1) and by CC-MS 

analysis of its pentafluorobenzyl (PFB) ester derivative (Table 2). 
Synthesis of 2-, 2,6- and 2,4,5-chlorobenzoic acids. The 2- and 

2,6-chlorobenzoic acids were synthesized separately from the 

corresponding benmldehydes by oxidation with Jones reagent 

[SS]. The chlorobenzaldehyde (0.035 mol) was dissolved in 30 ml 

MesCO, the mixture cooled in an ice bath and treated dropwise 

with 25ml Jones reagent. Following addition of the oxidizing 

reagent, the orange-brown mixture was left at 0” for a further 
20min and then diluted with 60ml saturated aq. NaCl and 

extracted with 3 vol. of 10% Na2C03. The aqueous phase was 

then acidified with 2N HZS04, saturated with NaCl, and ex- 

tracted with three vol. of Et20. The combined Et,0 fraction was 

backwashed with a small vol. of Hz0 and then dried. Removal of 

the Et,0 gave light yellow crystals ofthe chlorobenzoicacid, with 

yields of ca 70%. Upon recrystallization from 10% EtOH, 2- 

chlorobenzoic acid, mp 1388139” (lit. mp 142‘ [59]) and 2,6- 

dichlorobenzoic acid, mp 142’ (lit. mp 144’ [59]) were obtained. 

Structures were confirmed by CC-MS analysis of the penta- 

fluorobenzyl derivate of each acid. 

2,4,5-Trichlorobenzoic acid was synthesized from the cor- 
responding toluene [60]. 2,4,5-Trichlorotoluene (0.005 mol) was 

added to a solution of KMn04 (0.025 mol) and NaZC03 (1.2 g) in 

HZ0 (75 ml). The mixture was heated under reflux with continual 

stirring for 6 hr by which time the permanganate colour had 

disappeared. The mixture was filtered, the cake of hydrated 

MnOz was washed with two lOOmI portions of hot H20, the 

combined tiltrates were acidified by cautiously adding cone 

HzSO., with stirring and the white pptd carboxylic acid was 

collected by filtration and washed with cold H20. 

Recrystallization of the crude acid from 20 “4 EtOH gave crystals 

of the 2,4,5-trichlorobenzoic acid, mp 158-159’, in a 74 2, yield. 
The structure was confirmed by GC-MS analysis of the PFB- 

ester. 

Metabolism experiments. Vegetative shoots or young leaves of 
crop and weed plants were excised 335 cm above soil level and the 

basal part of the stem or leaf sheath immediately placed in 

distilled HZO. A second cut was then made under HZ0 to remove 

another 2cm of the basal tissue to ensure that air locks did not 

develop in the vascular tissue of the shoots or leaves. After the 
second excision, shoot or leaf samples equivalent to 25 g fr. wt 

were immediately placed in 25 ml of a lo-“ M solution of D.L- 

phenylalanine or D,t_-chlorophenylalanine. Control samples were 

suppled with distilled H,O or were promptly frozen and stored at 

-10” for subsequent analysis. The experimental tissue was 

placed in a growth chamber at 25-’ and maintained under 

constant illumination of 460&48OO FW/cm’ for 24 hr. The 

treatment solutions were taken up by the tissue within 5-8 hr, the 
rate of uptake being slowest with the monocot leaf samples. After 

most (80 ‘A) of the feeding solution had been adsorbed, the shoots 

or leaves were supplied with successive 25 ml aliquots of distilled 

HI0 to maintain the tissue in a fully turgid condition for the 

remaining 1619 hr of the test period. Aliquots of the D.L- 

phenylalanine solution were taken before and after the test 
period in each monocot and dicot metabolism experiments and 

these were subjected to OPA-HPLC, as previously described 

[34], to determine the amount of phenyialanine adsorbed by the 

tissue during the 24 hr feeding period. It was found that in all 

cases, > 95 “2 ofthe o.L-phenylalanine was taken up by the shoots 

or leaf tissue. The level of residual phenylalaninine was below the 

limit of detection by OPA-HPLC. 

Isolation of acidic growth-regulating metabolites. After the 

metabolism period, each sample of treated shoots or leaves was 

subjected to the following extraction and fractionation pro- 

cedures for the isolation of acidic growth-regulating metabolites. 

25 g of tissue were homogenized for 2 min in a Waring Blender 
containing 2OOml of grinding medium composed of 160ml 

methanol, 20ml 1 M ammonium acetate buffer, pH 6.5, 9.8ml 
permanganate double-distilled HZ0 and 0.2 ml 2-mercapto- 
ethanol. The homogenate was stirred overnight at 4” in the dark 

to allow for complete extraction of the tissue; the extract was then 

suction filtered through Whatman No.1 paper, coned to the 

aqueous phase and frozen at - 22” to ppt. the plant pigments and 

other cellular debris. These were later removed by centrifugation 

at 10000 rpm in a refrigerated Sorvall RC-2B centrifuge using a 
SS-34 fixed-angle rotor. The aqueous supernatant was adjusted 

to pH 2.5 and extracted x 3 with equal vols of re-distilled EtsO. 

The combined acid ether extract, which should contain PAA or 

chloro-PAA, benzoic or chlorobenzoic acid and cinnamic or 

chlorocinnamic acid, was concentrated to a volume of ca 0.5 ml 

and then stored at -22” until analysed by HPLC. Prior to 

HPLC, each acid ether concentrate was purified 4-5 fold by 

passage through a C, s PrepSep extraction column (Allied-Fisher 
Scientific, Springfield, New Jersey). The PrepSepcolumn was pre- 

conditioned with two, 2ml vols of HPLC-grade MeOH con- 

taining 0.1 N HCOsH, followed by two, 2ml washings with 

double distilled HZ0 containing 0.1 N HCOZH. The acid EtsO 
concentrate was dild to 4ml in 20% MeOH containing 0.1 N 

HCO,H, filtered through a 0.45 pm Millipore filter (Millipore 
Ltd, Mississauga, Ont.). applied to the PrepSep column and 

drawn through with a 10 ml syringe at 1 drop/set. The eluant was 

discarded. The adsorbed sample was washed first with 2ml 

double distilled HZ0 containing 0.1 N HCOZH followed by 

500~1 of 35 y0 MeOH containing 0.1 N HC02H. The washings 

removed many strong UV-absorbing contaminants from the 

sample but left the acidic metabolites of interest (e.g. PAA, 
benzoic acid, cinnamic acid and their corresponding chloro-acids) 

still adsorbed on the C,s column. These were then eluted with 
5OOpl of MeOH containing 0.1 N HCO*H. Analyses performed 

on plant extracts spiked with ng amounts of authentic PAA, 

benzoic acid and cinnamic acid, or their corresponding chloro- 

acids, indicated that after selected adsorption and elution of the 

plant extract from the PrepSep column using the procedures 

described above, recoveries of the authentic compounds were 

95 ‘Y in all cases. 
i@h performance liquid chromatography. HPLC was carried 

out using a Beckman-Altex system consisting of two Model 

1OOApumps controlled by a Model 420 microprocessor and 

connected to a Whatman P/l0 ODS-3 Magnum 9-25 reversed 
phase prep. HPLC column (25 cc x 9.4mm internal diameter; 

10 pm particle size). The flow rate was 2.5 ml/min and the UV 
detector (Model 152) was set at 254 nm. Each acid Et,0 

concentrate eluted after PrepSep purification was diluted to 
1.1 ml with the starting solvent (acidic 202, MeOH) and filtered 

through a 0.45 pm Millipore filter. The 1 ml concentrate was then 

Injected into the 1 ml injection loop of the HPLC. Reverse phase 

chromatography was carried out by gradient elution. Solvent A 



was 0.1 N HCOzH in H,O and Solvent B was 0.1 Iv HC02H m 

MeOH. The gradient employed was: 2@ 50 ‘I0 B in A over 10 min. 

isocratic elution at 50 “, B for 8 min, then SO- 65 ‘I,, B over 10 min, 

isocratic elution at 6.5”” B for 22min. then 65. IOU”,, B over 
5 min. The HPLC retention times of PAA. bcnzoic acid. cmnamtc 

acid and their corresponding ring-chlorinated analogurs using 

this gradient system are listed in Table 1. 

Derivorrzurion uj metaboliteb. Pentafluorobenzyl t PFBj es- 

terihcation of puritied metaholites was perlbrmcd according to 

rel. [61]. 2tl mg K2C03 and 1.5 ml of a solution ot‘ penta- 

fluorobenzylbromide (PFBBr) in acetone t5 jti Pf’BBr ml ’ I 
were added to each sample vial. The vials were closed H ith septum 
caps and heated at 60‘ thr 2 hr m a Pieice Reactitherm heatmg 

module (Pierce Chemical Co.. Rocktord. Illmois) The residuai 
solvent was evapd in NZ at 35 and the residue dis\olceti in 1 ml 
distilled HZO. The PFB esters were extracted from the aq. 

solution with EtOAc 13 x I.5 ml). The combined FtOAc extract 

was placed in a 1.0 ml Reacti-veal iPierce\ and the solkent 

removed in pVZ at 35 The residue was re-dissohed in IO ~1 nl 

EtOAc and an aliquot injected tnto the CiC‘.-CIS. 

Methylation of metabolites was carried out by two dittercnt 
methods. The first was that in which the HPLC-purilied sample 

was dissolved in 450 ~1 acetonitrile in a 5 ml Reacti-vial titted with 
a Minmert babe (Pterce). Diisopropylcthylamine (98 /li. 

100 nmol) and MelSO (9 ~11, 50 nmol I wre ;id&d and the mixt 

stirred ai room temp. tbr 3 hr. The excess alk)iatmg reagent and 

base were removed iiom the reaction mixture by rapid extraction 

with 1 ml distilled HZO. An ahquot ol’the reaction mixture was 
then inJected dtreztly into the GC-MS [‘WI in the second 

methylation method 1 ml of Methyl-k 12mtq ml in pyrtdinc) 
was added to the sample. the btal capped and heated to 100 for 

20 min [62]. Ahquors ol the reaction mixture were then injected 

directly into the GC-MS 

Gus cllromaruyrupil~-muss specrroscop~. Mass spectra were 
obtained using a VG 7070E instrument (VCi Anaiytrcal. 

Manchester. rU.‘t’ ) employmg a 301~ klegabore DBS gas 

chromatography column (J 62 W Scientific i‘o I For analysts 01 
the unsubstttutcd and monochlol-o-zubstltuted penta- 
fluorobenryi esters. the startmg temp. was 2tX) and after a 2 min 

isothermal period. a temp. gradient of 10 mm was applied upto 

320 F’or analysis of the di- and trichloropenta8uorobenz~~l 
esters. the starting temp was 220 and agam Alter a 2mm 

isothermal period. a gradient 01’ iti mm w-is .ipplir~l l-he 

characteristic fragmentation ions for the Pi-B caters of un- 

substituted phenylacetic. betvoic and cmnami~ acio, and of their 
corresponding chloro-substituted acids are rcpl>rted in I-able 2. 

The amount ot metabolite produced in each [ceding eapermen: 

was established from the area cl’ the moiecul,ii ion peak of the 
PFB ester in the total in current ITIC‘, fan, rrldti\e to the area 

pi\en by I pg of the PFB-e\ter of the appropr~irc .t:mdard using 

the following :I)rmul;t 

Amount of met‘rbolite 
ton peak ot zu’pc’_tcd 

in pgj in acid Et20 
metabolltt 

= 
extract equtvalent to 

-* 4 (@I. 

2.5 )I ti. vvt 01 c!icN~t~ 
Area o! molecular inn 

peak,,pg c,i standard 

Amount of metabolite = .4 i/l&?) r ION) ng i !O 
(in ng) in acid Et,0 I gp 
extract equal to 75g Ir 

wt of shoots 

For the methyl eater analyses. the starting temp. was 150 wah 
a 2 min isothermal period lolloued by gradient ol IO mm up to 
3X 
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