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Figure 7. Gas chromatograms of acid-ether extracts of water 
and water fortified with dicamba, 2,4-D, and 2,4,5-T, after meth- 
ylation without cleanup, as  separated on Carbowax 20M at 231”: 
( A )  blank water; (B) fortified water representing a recovery of 
56% of dicamba at 0.05 pprn, 94% of 2,4-D at 0.05 pprn, and 
103% of 2,4,5-Tat 0.05 ppm.  

Water  Samples. The analysis of herbicides as  methyl 
esters in tap water was performed on acid-ether ex- 
tracts without cleanup. Water fortified at 0.05 ppm with 
the herbicides showed a recovery of 56% for dicamba, 94% 
for 2,4-D, and 103% for 2,4,5-T with a Carbowax 20M col- 
umn a t  231” (Figure 7B). No interferences were observed 
with the control water sample (Figure 7A). Similar results 
were obtained with an OV-17/QF-1 column. The results 
on the recovery of these herbicides as obtained with two 
columns (OV-17/QF-1 and Carbowax 20M) are summa- 
rized in Table V, from which it could be surmised that  
the water samples could be analyzed satisfactorily with 

Table V. Per Cen t  Recovery of Herbicides f r o m  
Fortified Tap Water  

Dicamba 2,4-D 2,4,5-T 
~~ 

0.05 0.20 0 .05  0.20 0 .05  0 .20  
G c c o h - ~ n  P P ~  ppm P P ~  P P ~  ppm ppm 

OV-17/QF-la 66 69 48 75 76 75 
Carbowax 20Mb 56 78 94 82 103 102 

216’. 231’. 

the described method. No interferences were experienced 
with the Carbowax 20M column for all three herbicides. 
However, on the OV-17/QF-1 column, 2,4-D showed a 
maximum interference of 20 ppb while 2,4,5-T and dicam- 
ba were free from interference. 

In conclusion, the acid-ether method involving diethyl 
ether extraction a t  low pH followed by partition, n-butyl- 
ation or methylation, Florisil cleanup, and 63Ni gc with 
an OV-l’i/QF-1 or Carbowax 20M column has been found 
to give a sensitivity of 0.05 ppm or better for the simulta- 
neous analysis of 2,4-D, 2,4,5-T, and dicamba residues in 
soil. The n-butylation provided better recovery of dicamba 
than that  obtained by methylation. The procedure devel- 
oped is also applicable without cleanup to water samples 
containing similar levels of these herbicides. 
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Chromatographic Parameters of the Bisquaternary Herbicides, Paraquat and Diquat 

Charles W. Sharp* and Emile M. Lores, Jr .  

Analysis of bisquaternary amines by thin layer 
chromatography represents a special problem. 
The diacetate, dichloride, and (mixed) acetate- 
chloride salts are resolved following development 
with a solvent composed of n-butyl alcohol, ace- 
tic acid, and water. Formation of the acetate 
salts could be suppressed by the addition of chlo- 
ride ions to the system. However, from among 
several systems examined, solvents containing 

benzene-n-pentyl alcohol-methanol-1 N HC1, 
either 1:1:2:1 or 1.3:4:8:8, in combination with 
300 M N  cellulose thin layers are particularly 
suitable for the chromatography of paraquat, di- 
quat,  and perhaps other bisquaternary amines. 
This permitted the resolution of paraquat from 
diquat, as well as from impurities present in a 
technical grade of paraquat. 

Deaths resulting from accidental ingestion of paraquat (l,l’-ethylene-2,2’-dipyridinium) and morfamquat [ 1.1’- 
bis(3,5-dimethylmorphol inocarbonylmethyl ,4’-bipyri-  
dinium]. have stimulated an interest as to their possible 
environmental impact (C,alderbank. 1968: Sharp et a / . ,  
1972; “Touching up the Paraquat Picture,” 1972; Kim- 
brough, 1973). Efforts to evaluate the effects of residues 
and any potential metabolite of’ these compounds require. 

(l,l’-dimethyl-4,4’-bipyridinium) and the prevalent use of 
these bisquaternary amine herbicides, including diquat 

Pathologic Physiology Branch, National Institute of En- 
vironmental Health Sciences, Research Triangle Park. 
North Carolina 27709. 
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in part. a suitable separation and detection system. Chro- 
matographic systems such as those used for choline and 
other quaternary amines were inadequate (Whittaker, 
1963; Bayzer, 1964; Taylor, 1964). Modifications of these 
systems resulted in the formation of multiple spots not 
unlike that  previously observed in the chromatography of 
monoquaternary compounds in the presence of two differ- 
ent anions (Crocker, 1959; Way et al., 1966; Mazzei and 
Lederer, 1968). 

This report indicates several conditions to be fulfilled in 
designing a satisfactory system for the chromatographic 
analysis of paraquat, diquat, or other hisquaternary 
amines. 

EXPERIMENTAL SECTION 
Materials.  Paraquat dichloride ( >99%), a gray, granu- 

lar form of paraquat dichloride (96%) and designated 
grade b, diquat dichloride, and morfamquat dichloride 
were from Imperial Chemical Industries (ICI). A commer- 
cial preparation of paraquat dichloride was obtained from 
Chevron Chemical Co. and [14C]paraquat dichloride came 
from Amersham-Slearle. 4,4'-Dipyridyl dichloride came 
from Aldrich Chemical Co. 

Paraquat diacetate was prepared for use as a chromato- 
graphic standard by passing paraquat dichloride ( >99%) 
through the acetate form of Dowex AG-l-X8 resin, 100- 
200 mesh. 

Chromatography. Tlc plates of silica gel G and 300 
MN cellulose of 250-p thickness on glass were obtained 
from Analtech, Inc:. In some cases, cellulose plates were 
loaded with NaCl prior to  use. The plates were developed 
with the NaCl solution indicated, immersed in the same 
solution. and then dried a t  110" for 1 hr. Prior to use, both 
the silica and cellulose plates were heated a t  110" for 20 
min. Whatman grade 20 paper was also used. To  load the 
paper with NaC1, 20 X 20 sheets were dipped in 1.5 M 
NaCl and dried a t  room temperature. 

Solvents were prepared within 1 hr of use. Ascending 
chromatography of 15 cm required 1 hr for the cellulose or 
silica plates and 5 hr for paper. Spots were visualized by 
uv, by exposure to iodine vapor, or by spraying with Dra- 
gendorff's reagent (IStahl, 1969). 

Radioactive Analysis. Radioactivity on tlc plates was 
assayed following the scraping of successive 6-mm zones 
into vials with a device obtained from Analabs Co. (Sny- 
der and Kimhle, 1965). Three- or six-millimeter sections 
of paper chromatograms were cut and placed in the 
counting vials. Then 20 ml of the scintillation mixture (4 
g of 2..~-bis(2-(5-tert-butylbenzoxazolyl)]thiophene, 80 g of 
naphthalene. 600 ml of toluene, and 400 ml of ethylene 
glycol monomethyl ether) was added to each vial and ra- 
dioactivity was counted in a Beckman LS 250 scintillation 
spectrometer. 

Spectral  Analys,es. Thin films of the amine salts in 
methanol were coated on NaC1 plates, and the infrared 
spectra were obtained with the Perkin-Elmer Model 621 
spectrometer. Ultraviolet and visible spectra of the bis- 
quaternary compounds in 0.05 M potassium phosphate 
(pH 9) were obtained following dithionite reduction 
(Sharp et al. .  1952). The formation of a complex, mea- 
sured at 570 mp, butween a fresh 1:50 dilution of Dragen- 
dorff's reagent and the amine salts was used to quantitate 
the components isolated by chromatography. 

RESULTS ANI) DISCUSSIOS 
Chromatography of Bisquaternary Compounds i n  the 

Presence of Acetic Acid. Several spots. a-d, appear on 
chromatograms of paraquat dichloride developed with n- 
butyl alcohol, acetic acid. and water (Figure 1, lines 1 and 
2 ) .  Spot d accounted for <0.5% of the Dragendorff-posi- 
tive material and was not observed on chromatograms of 
grade b or 14C-labeled paraquat. Similar to the results of 
Funderburk et al. (1966) and Slade and Smith (1967) we 
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Figure 1. Chromatographic behavior of paraquat on untreated 
paper, developed with n-butyl alcohol-acetic acid-water 
(12:8:5, v / v / v ) .  Chromatograms 1 and 2 were obtained from 10 
and 50 pg of paraquat dichloride, respectively. Areas a and c 
were cut from unsprayed replicates of chromatogram 3, fol- 
lowing application of 20 pg of paraquat dichloride. These were 
extracted either with 0.1 M acetic acid or 0.05 M HCI, centri- 
fuged, the supernatant transferred. and the solvents removed by 
lyophilization. These residues were redissolved in 40 pl of meth- 
anol for rechromatography. Chromatograms 4 and 5 are. re- 
spectively, the acetic acid and HCI extracts of area a; chro- 
matograms 6 and 7 are, respectively, the acetic acid and HCI 
extracts of area c. The spots were visualized with Dragendorff's 
reagent. 

did not observe spots a, b, or c ( R s  50.2) utilizing a sol- 
vent containing <15% acetic acid. However, increasing 
the concentration of acetic acid increased the Rf value of 
spot c to 0.8, while the Rs  of spot a did not exceed 0.25. 
The solvent composition utilized in Figure 1 permitted 
optimal resolution o f  these components, 

The identity of these spots is revealed following rechro- 
matography of extracted spots a and c (Figure 1, lines 
3-7). These results suggest that  spot a represents para- 
quat dichloride while spot c represents paraquat diace- 
tate. The similarity of the R,  values and the infrared 
spectra of spot c to those of the diacetate salt (see Experi- 
mental Section) confirm this conclusion. Spot b is pre- 
sumed to represent the mixed acetate-chloride salt of pa- 
raquat. 

The amount of salt in spot c varied inversely with the 
amount of the bisquaternary salt applied (Figure 2A). The 
amount chromatographed ranged in amounts from 150 to 
1 pg, and the quantity of 14C in spot c ranged from as lit: 
tle as 1% to as much as 30% with the remainder in spots a 
+ h. The quantity of 14C in each spot following extraction 
was quantitatively confirmed as paraquat by dithionite 
reduction (see Experimental Section). 

Chromatography of bisquaternary halides in the pres- 
ence of acetic (or formic) acid can he improved by the ad- 
dition of chloride ion to the developing system. In two ex- 
amples (Figure 2B). spot a contained 96% of the [14C]par- 
aquat. Also, chromatography may be carried out on cel- 
lulose thin layers impregnated with 0.5 M NaCl and de- 
veloped with n-butyl alcohol-acetic acid-water (3:3: l. v/ 
v/v).  Here, a single spot a t  Rf 0.4 contained 98% of the 
radioactivity of 1 pg of [14C]paraquat. As on paper, several 
spots appeared when NaCl was not added, and also exces- 
sive streaking occurred. 

In all these systems, diquat dichloride behaved identi- 
cally with paraquat. except that  no spot d was observed. 

Other  Chromatographic Systems. The most satisfac- 
tory chromatographic conditions for the hisquaternary 
compounds were obtained with some of the A systems 
(Table I)  on paper or cellulose thin layers. On these chro- 
matograms, a single Dragendorff sensitive spot was ob- 
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Figure 3. Chromatography of paraquat, diquat, and 4,4'-dipyridyl 
on cellulose thin layers. (A )  Solvent was benzene-n-pentyl alco- 
hol-methanol-1 M HCI (1:1:2:1, v / v / v / v ) :  (1) 50 pg of para- 
quat dichloride plus 35 pg of diquat dichloride; (2) 50 pg of par- 
aquat dichloride; (3) 35 pg of grade b paraquat dichloride; (4) 
35 gg of 4,4'-dipyridyl dichloride: and (5) 35 pg of diquat di- 
chloride. ( 6 )  Solvent was n-butyl alcohol-acetic acid-water 
(3:3:1, v / v / v )  and the th in  layers were impregnated with 0.15 M 
NaCI: (1) 10 pg of paraquat dichloride; (2)  10 pg of grade b par- 
aquat dichloride. Shaded areas are compounds that reacted 
with Dragendorff's reagent and areas encircled by dashed lines 
are compounds that fluoresced under uv light. 

---8 2.7.ug '4C 
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tained which contained >96% of the radioactivity of 1 pg 
of [14C]paraquat dichloride. The R f  of this spot varied 
from 0.2 to 0.7 depending on the ratio of the solvent mix- 
ture (group A, Table I ) .  Although resolution on paper is 
comparable to that on cellulose thin layers, the latter is 
superior because (1) the development time is shorter and 
(2)  paraquat is resolved from diquat (Figure 3A). Chroma- 
tographic systems, Table I, group A, no. 2, 3, and 4, also 
resolve a bulky bisquaternary compound morfamquat. 
with an Rf 10.8, from either paraquat or diquat. 

Paraquat or diquat was eluted as uniform spots on 
paper with a t  least three other chromatographic systems 
(systems B, C, and D, Table I) .  A satisfactory R f  value of 
0.5 was obtained with system B. However, a second front 
midway in the chromatogram, containing material sensi- 
tive t o  Dragendorff's reagent, and the presence of a second 
anion diminish the applicability of system B. 

When silica gel thin layers were used, either (1) low R f  
values were obtained when many of the above solvent sys- 
tems were used or (2) streaking occurred, The latter was 
obtained in systems with a high concentration of metha- 
no1 (e.g., system E, Table I) or with another system pre- 
viously reported by Slade (1966) (system F in Table 1). 

Solvents containing a high concentration of a strong 

Figure 2. Distribution of radioactivity in chromatograms of 

velopment with n-butyl alcohol-acetic acid-water (1  2:8:5, v / v /  
v ) ;  (B) ( - - - 0 )  on paper impregnated with 1.5 M NaCl and 
the same solvent as in A; (- 0 )  on untreated paper developed 
with n-butyl alcohol-acetic acid-0.03 M HCI (12:8:5, V / V / V )  I 

[l4C1paraquat dichloride: (A )  on untreated paper following de- 

Table  I. R f  Values of Paraquat, Diquat ,  and 4,4'-Dipyridyl in Several Different Chromatographic  Systems 
Rr of compound 

Thin layer (tlc) 
or paper 4,4'- 

Group Solvent system (vol ratios) chromatography Paraquat Diquat Dipyridyl 

A-1 Benzene-n-pentyl alcohol-methanol-1 N HCl (14:7:14:5) Cellulose (tlc) 0 19 0 11 0 11 
A-2 Benzene-n-pentyl alcohol-methanol-1 N HC1 (1 : 1: 2: 1) Cellulose (tlc) 0 37 0 27 0 27 
A-3 Benzene-n-pentyl alcohol-methanol-1 N HCl (1 3:4:8:8) Cellulose Itlc) 0 67 0 57 0 56 

A-5 Benzene-n-pentyl alcohol-methanol-1 N HCl '14: 7: 14:5) Paper 0 16 0 11 0 10 

c 2-Propanol-ethanol-1 N HC1 t3 : 3 : 2). Paper 0 19 0 14 
D n-Butyl alcohol-ethanol-56% phenol (in water) (2  : 1 : 2) PaDer 0 2  0 13 

A-4 Benzene-n-pentyl alcohol-methanol-1 N HC1 (1 3:4: 8: 8) Paper 0 55 0 49 0 45 

B n-Butyl alcohol-ethanol-5 M ammonium acetate 14: 3: 3) Paper 0 5  0 4 9  1 0  

E n-Butyl alcohol-methanol-6 N HC1 (3: 3: 2 ) b  Silica gel (tic) o 20 o 20 
F 5 M NHIClb Silica gel ctlc) 0 15 0 23 0 09 
G n-Butyl alcohol-5 N HCl (2 : 23) Silica gel itlc) 0 50 0 57 
H n-Pentyl alcohol-2 N HC1 (3 : 97) Silica gel (tlc) 0 45 0 50 

Used to  test radiochemical purity of paraquat by Amersham-Searle. * Pronounced streaking occurred with these systems. 
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acid are more suitable for silica gel chromatography of 
bisquaternary compounds. For example, these compounds 
remain a t  the origin following development with a solvent 
of 5 N HCl-n-bu1,yl alcohol (1:8). However, as previously 
observed by Pate and Funderburk (1965), a suitable R t  
was obtained with a solvent composed of the acid saturat- 
ed with an alcohcil (system G or H,  Table I ) .  Using these 
latter systems, only one spot is observed with either grade 
b or 99% paraquat. The apparent limitation of silica gel 
thin layers for the chromatography of bisquaternary salts 
is probably due t o  a strong interaction of these compounds 
with anionic sites on the supporting media. 

To  detect any impurities present with paraquat, grade b 
paraquat and 4,4‘-dipyridyl were used. At  least two com- 
ponents in grade b paraquat were resolved from paraquat 
(Figure 3). One spot a t  the origin absorbed uv light and 
was Dragendorff positive; another, with an Rf  greater than 
paraquat diacetate, fluoresced under uv light and was 
Dragendorff negative. In addition, two minor Dragendorff 
positive components with low Rf  values are present in the 
material obtained from Chevron (not shown) and used ag- 
riculturally. These impurities are detectable in all chro- 
matographic systems of group A. However. none of these 
impurities were detected with system G or H of Table I. 

4,4’-Dipyridyl, a precursor in the synthesis of paraquat 
(but not diquat), was resolved from paraquat using sever- 
al chromatographic systems ( e . g . ,  group A. Table I ) .  The 
amount of this precursor present in paraquat (99%) was 
determined to be <:0.570. 
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Formation of Meisenheimer Complexes in Dinitroaniline Plant Growth Regulators 

Randall C. Hall1 and Ching S. Giam* 

The reactions of 4-substituted-2,6-dinitro-N,N- stituent. Compounds with substituents more 
di-n-propylanilines with sodium methoxide are electron withdrawing than hydrogen appeared to 
characterized by the formation of “stable” follow one reaction path, while compounds with 
Meisenheimer intermediates. The reaction path substituents more electron donating than hydro- 
leading tci these intermediates was found to de- gen proceeded by a different reaction path. 
pend upon the electronic properties of the 4 sub- 

In the majority of plant growth regulators the functional 
group responsible for biological activity is readily recog- 
nized. Thus, removal of the carboxymethyleneoxy, carb- 
oxy, carbamyl, chloroacetyl, and urea groups in the 
phenoxyacetic acid, benzoic acid, phenyl carbamate, chlo- 
roacetamide, and urea plant growth regulators, respec- 
tively, results in a loss of activity. The functional moiety 
of the dinitroanilines (1) is not readily apparent, however. 
A number of substituents (R) in the 4 position, encom- 
passing a wide range of chemical properties, yield active 
compounds (Soper, 1966). Activity is still retained when 
the nitro group in the ortho position is replaced by the 
ring nitrogen of the corresponding pyridine compounds 
(Soper, 1964) and even by the electron donating amino 
group (Soper, 1969). Significant variation of the amino 
group is also possible (Soper, 1963, 1966; Gentner, 1966, 
1970; Malichenko e t  a/ . ,  1968), and in some cases the 

Department of Chemistry, Texas A&M University, Col- 

Present address,: Department of Entomology, Purdue 
lege Station, Texas ‘77843. 

University, Lafayetl,e, Ind. 47907. 

amino group can be replaced by the hydrazino group 
(Soper, 1964). 

, I t  

K N A  

““Q” O2 

Since there does not appear to be a common functional 
group which is responsible for the biological activity of the 
dinitroanilines, it  is possible that activity is derived from 
the electron deficient nature of the aromatic nucleus. The 
dinitroanilines fall into a class of compounds known as 
Meisenheimer compounds, which are characterized by 
their reaction with nucleophiles to form “stable” o com- 
plexes. 

Meisenheimer (1902) first observed u complexes; he ob- 
tained the same red salt by treating either 2,4,6-trini- 
troanisole (2) with potassium ethoxide or 2,4,6-trinitro- 
phenetole (4) with potassium methoxide. Meisenheimer 
assigned 3 for its structure. The structures of 3 and a vari- 
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