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Studies into the Mode of Action of Herbicides Derived from
4-[(Benzyloxy)methyl]-1,3-dioxolanes and Benzyl Methyl Ethers of
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The known herbicidal activity of 4-[(benzyloxy)methyl]-2,2,4-trimethyl-1,3-dioxolanes and the simi-
lar activity of certain benzyl methyl ethers of some poly(ethylene glycols), ArCH,0(CH,CH,0),Me
(n = 1-3), described in this paper, cannot be explained in terms of efficient complexation of the her-
bicide with the alkali metal ions lithium, sodium, or potassium or with the alkaline-earth metal ions
magnesium and calcium. A study of the extraction of metal picrates from aqueous solution into
dichloromethane solutions of the herbicides gave little evidence for effective complexation of the type
observed with cyclic polyethers, and there was no correlation between metal ion induced chemical
shifts in the 'TH NMR spectra of members of the two series of compounds and their herbicidal activ-

ity.

The potent herbicidal activity of the 2,6-dichloroben-
zyl ether of 4-(hydroxymethyl)-2,2,4-trimethyl-1,3-diox-
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olane (1) (Barker et al., 1975), of the 2-methylbenzyl ether
of r-2-ethyl-5-methyl-cis-5-hydroxy-1,3-dioxane (3) (Young
and Hill, 1973), and of related compounds in controlling
grass species invites speculation on how such structur-
ally simple compounds, with seemingly benign function-
ality, can exert their influence on plant growth. Biolog-
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ical studies (Jeffcoat, 1977) demonstrated that activity
of the 2,6-dichlorobenzyl ether of 4-(hydroxymethyl)-4-
ethyl-2,2-dimethyl-1,3-dioxolane (2) depends on its effi-
cient uptake and movement to the site of action in the
meristematic tissue of the root. Further studies (Bur-
rows, 1978) demonstrated that compound 2 inhibited both
DNA and RNA synthesis; protein synthesis and root
growth were also subsequently inhibited. Our interest
(Haines et al., 1975; Haines and Karntiang, 1980) in the
interaction of polyoxygenated compounds with alkali metal
ions, coupled with the growing general awareness of the
importance of carbohydrate/metal ion interaction (Angyal,
1980), led us to consider the possibility that the geomet-
rical arrangement of oxygen atoms in 1 and 3 might be
particularly favorable for chelation with biologically impor-
tant metal ions such as Na*, K*, Mg?*, or Ca?* and that
such interaction might be the cause of their herbicidal
activity. In seeking support for this conjecture, we were
encouraged by the presence in both 1 and 3 of the
0-C-C-0 spacing, so favorable for interaction with alkali
metal ions (Pedersen, 1967), and by the observation
(Sammes et al., 1983) that in the pairs of stereoisomeric
benzyl ethers 5/6 and 7/8 herbicidal activity was only
observed in those isomers, 5 and 7, possessing a syn rela-
tionship between the benzyloxy group and the bridge-
head oxygen atom.

Further support for our hypothesis of activation by metal
ion complexation was provided by *H NMR spectro-
scopic studies on the interaction of the cis- and trans-
1,3-dioxanes, 3 and 4, respectively, with sodium ions
(Chrystal et al., 1989). The induced 'H chemical shifts
for the acetal proton (H-2) of the cis compound on addi-
tion of aliquots of sodium iodide to a solution in acetone-
dg were considerably greater than those observed for the
related proton in the trans isomer. This observation is
consistent with more effective Na* binding to the oxy-
gen atoms in 3, which are suitably arranged to interact
cooperatively with cations, than to the less favorably dis-
posed oxygen atoms in 4. For optimum herbicidal activ-
ity, the cis arrangement of substituents in the 2- and 5-
positions of these 1,3-dioxanes and their ring-substi-
tuted analogues is preferred to the trans arrangement
(Young and Hill, 1973; Konz, 1977; 1980).

To rationalize how metal ion complexation might pro-
mote the herbicidal activity of compounds such as 1, we
considered the possibility that formation of a polyden-
tate complex such as 9 might increase the electrophilic
nature of the benzylic carbon atom and generate, thereby,
a species capable of transferring a benzyl group to a suit-
able nucleophilic receptor, possibly an enzyme impor-
tant for plant growth regulation. Although benzyl ether
cleavage is known to be brought about by Lewis acids
[for example BBr,; (Benton and Dillon, 1942; Kutney et
al., 1966)], carbenium ions (Barton et al., 1972; Bartlett
and Rychnovsky, 1981), or incipient carbenium ions (Ver-
heyden et al., 1978; Shotorbani et al., 1981), and with
sodium thiocresolate under forcing conditions (Hansson
and Wickberg, 1976), there seem to be no reports of cleav-
age occurring with alkali or alkaline-earth metal halides.
Nevertheless, the possible involvement of metal complex-
ation in herbicidal action receives some support from the
fact that dioxolane 1 shows much higher herbicidal activ-
ity than the 4-desmethyl analogue 10, since in studies
(Nakatsuji et al., 1983, 1984) of complexation phenom-
ena in crown ether compounds 11-14 containing an elec-
tron-donating side arm it has been found that for com-
pounds 12 and 14, which contain methyl groups at the
pivotal positions, stability constants for complexation with
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sodium ion are over 10 times greater than those for the
corresponding compounds, 11 and 13, having hydrogen
atoms at those positions.

Although our complexation hypothesis has not been
supported by subsequent study, we report our results in
order to encourage alternative investigations into the mode
of action of this class of herbicides.

EXPERIMENTAL SECTION

'H NMR spectra were measured on a Jeol PMX60SI spec-
trometer at 60 MHz, and 3C NMR spectra were measured on
a Jeol FX-100 spectrometer at 25.05 MHz in deuteriochloro-
form, with TMS as an internal standard, unless stated other-
wise. Adsorption chromatography was performed in glass col-
umns on Merck Kieselgel 60 (70-230 mesh).

2-Methyl-1,2,3-propanetriol was prepared from 2-methylpro-
pen-1-ol as already described (Isaac and Barker, 1971) and con-
verted to 4-(hydroxymethyl)-2,2,4-trimethyl-1,3-dioxolane by acid-
catalyzed reaction with acetone by the literature procedure (Isaac
and Barker, 1971). 4-(Hydroxymethyl)-2,2-dimethyl-1,3-diox-
olane (Solketal) was obtained from Aldrich Chemical Co. 2-
Methoxyethanol, 2-(2-methoxyethoxy)ethanol, and 2-[2-(2-
methoxyethoxy)ethoxylethanol were commercial samples.

General Procedure for Benzylations. To a stirred solu-
tion of the alcohol (50 mmol) in dry 1,2-dimethoxyethane (80
mL) was added sodium hydride (2.4 g = 4.8 g of a 50% disper-
sion in oil, 100 mmol) in portions, and the mixture was stirred
for 15 min. The benzyl halide (50 mmol) was then added, and
the resulting mixture was stirred vigorously for 12 h at room
temperature. Excess sodium hydride was destroyed by addi-
tion of methanol until effervescence ceased, and water (2 mL)
was then added slowly followed by a few pieces of solid carbon
dioxide. The mixture was concentrated to a thick slurry, which
was partitioned between water and dichloromethane. The organic
layer was separated, and the aqueous layer was extracted with
several portions of dichloromethane (7 X 60 mL). The com-
bined organic solutions were washed with water, dried, filtered,
and concentrated, to give a crude product that was purified by
distillation, with prior column chromatography if necessary. The
benzyl ethers so prepared, compounds 1, 10, 15-17, and 19-25,
gave satisfactory elemental analysis, and their 'H and !3C NMR
were in agreement with their structure. Boiling points of the
series of ethers are as follows [compound, bp (°C)/pressure
(mmHg)}: 1, 107/0.1; 10, 151/1; 15, 103/0.2; 16, 108/0.8; 17,
101/0.05; 19, 78/0.05; 20, 118/0.15; 21, 164/0.15; 22, 83/0.2; 23,
96,/0.25; 24, 93/0.15; 25, 83/2.

4-[(Triphenylmethoxy)methyl]-2,2,4-trimethyl-1,3-di-
oxane (18). Treatment of 4-(hydroxymethyl)-2,2,4-trimethyl-
1,3-dioxolane with chlorotriphenylmethane in pyridine gave, from
light petroleum ethyl acetate, the trityl ether, mp 84-85 °C. A
satisfactory elemental analysis was obtained, and its 'H and
13C NMR spectra were in accord with its structure.

Extraction Measurements on Metal Picrates. The method
was essentially that described by Pedersen (1968) with slight
modifications (Haines and Karntiang, 1980).

The required picrate solutions were prepared as follows. Pic-
ric acid (approximately 0.016 g, 7 X 1075 mol) was dissolved in
0.1 M aqueous solutions of ammonium, lithium, sodium, and
potassium hydroxide (1 L). Barium picrate was prepared in
the same way, but with twice as much picric acid (approximate-
ly 0.032 g, 1.4 X 10™ mol) per liter of 0.1 M aqueous barium
hydroxide to account for the divalency of barium. Because of
the low solubility of calcium and magnesium hydroxide in water
at room temperature (saturated solutions are approximately 1.54
X 107™* and 0.025 M, respectively), picric acid (1.4 X 10™* mol)
was added to saturated solutions (1 L) of the two hydroxides
and sufficient magnesium or calcium nitrate was added to the
appropriate solutions to bring their concentration with respect
to the metal ion to 0.1 M.

Solutions of the benzyl ethers (7 X 10™* M) were prepared in
dichloromethane. Equal volumes (50 mL) of the organic solu-
tion and an aqueous 7 X 10™® M metal picrate solution were
placed in a separatory funnel, and the contents were shaken
vigorously 100 times. The absorbance, A, of the aqueous layer
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before and after the extraction experiment, A, and A,, respec-
tively, were measured at the position of maximum absorption
near 357 nm, and the percent extraction of metal picrate into
the organic layer was calculated by the expression 100(4,-A,)/
Ay The experiments were repeated for the ethers at a concen-
tration of 7 X 10 M. For no compound was an extraction of
>2% observed. Control experiments conducted with dibenzo-
18-crown-6 and benzo-15-crown-5 for sodium and potassium
picrate at a polyether concentration of 7 X 107* M gave the fol-
lowing percentages of metal picrate extracted [literature values
(Haines, 1980) in parentheses): dibenzo-18-crown-6, Na* 7 (7),
K* 79 (78); benzo-15-crown-5, Na* 27 (26), K* 51 (45).

Measurement of Induced Chemical Shifts. The proce-
dure is essentially that previously described (Haines et al., 1975)
with small modifications.

The *H NMR spectrum of the compound (20-110 mg) in ace-
tone-dg (0.50 mL) was recorded at 60 MHz with a TMS-
cyclooctatetraene mixture in a sealed capillary tube as exter-
nal standards; the chemical shift of cyclooctatetraene as the
neat liquid is 6 5.68. The NMR tube was weighed, a small,
roughly weighed portion of the metal iodide (10~40 mg), previ-
ously dried at 10 mmHg over P,0;, was added to the solution
in the NMR tube, and the tube and contents were reweighed
in order to determine the accurate weight of metal iodide added.
The tube and contents were shaken to ensure complete disso-
lution of the salt, and the spectrum was remeasured. Further
additions of known weights of the iodide were made, and the
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spectrum was remeasured after each addition. In all cases, the
scale of the spectrum was calibrated with the aid of the exter-
nal standards, and chemical shifts were calculated accordingly.
Changes in the chemical shift (Ad) of the signal for the benzylic
hydrogen with respect to the shift of this signal with no salt
added were measured, a graph of Ad against the molar ratios of
salt/compound was plotted for each compound, and the gradi-
ent of the line was determined by linear regression analysis.
Values of the gradients are given in Table II.

RESULTS AND DISCUSSION

The series of compounds 1, 10, and 15-18 was pre-
pared in order to study structure/herbicidal activity rela-
tionships in the dioxolane-type herbicides and to relate
the herbicidal activity of these compounds with their abil-
ity to complex the biologically important ions Na*, K¥,
Mg?*, Ca?* and other related species. In addition, work-
ing on the assumption that benzyl ethers containing
0-C—-C-0 subunits would be likely to show herbicidal
activity similar to that of 1 and 8, we prepared and tested
a series of simple acyclic ethers, 19-24, with the general
formula ArCH,0(CH,CH,),OMe (n = 1-3) and methyl
2,6-dichlorobenzyl ether (25) for comparative purposes.

The syntheses of compounds 1, 15, 16, and 10 and 17
simply involved treatment of 4-(hydroxymethyl)-2,2,4-
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Table I. Herbicidal Activity of Benzyl Ether Derivatives
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phytotozicity
preemergence® postemergence®
dicot monocot dicot monocot
compd rate® crop® weeds weeds CYPRO crop® weeds weeds CYPRO
1 1 1 3 3 2 0 0 0 0
10 5 1 1 0 1 1 1 0 0
15 5 2 1 4 5 0 1 1 0
16 5 1 0 3 4 2 0 2 0
19 5 3 3 3 3 0 1 0 0
20 5 2 3 3 4 0 1 0 0
21 5 1 2 3 3 S - - -
23 4 1 1 2 3 1 1 0 0
24 4 1 1 2 3 1 1 0 0

s Degree of damage assessed 20 days after treatment. Chemical effects were assessed visually against controls on all species, averaged as
appropriate, and expressed on a 0-5 scale of damage: 0 = 0-10%; 1 = 11-25%; 2 = 26-50%; 3 = 51-80%; 4 = 81-95%; 5 = 96-100% kill.
b Degree of damage assessed 13 days after treatment. Chemical effects were assessed visually against controls and processed according to
footnote a. © Kilograms per hectare. ¢ The groups of species were as follows. Crops: sugarbeet, rape, cotton, soya, maize, winter wheat, rice.
Dicotyledonous weeds: Senecio vulgaris, Ipomea purpurea, Amaranthus retroflexus, Polygonum aviculare, Chenopodium album, Galium
aparine, Xanthium spinosum, Abutilon theophrasti, Cassia obtusifolia. Monocotyledonous weeds: Avena sativa, Digitaria sanguinalis,
Alopecurus myosuroides, Setaria viridis, Echinochloa crus-galli, Sorghum halepense, Elymus repens. CYPRO: Cyperus rotundus. ¢ The
groups of species were as listed in footnote d, except in monocotyledonous weeds Avena fatua replaced Avena sativa. / Not tested on a broad
range of plants postemergence at lower rates. At a rate of 10 kg ha™ it caused scorch damage (effect 1) in Setaria viridis and Lolium

perenne.

trimethyl-1,3-dioxolane (Isaac and Barker, 1971) and 4-
(hydroxymethyl)-2,2-dimethyl-1,3-dioxolane (Solketal; Ald-
rich Chemical Co.), respectively, with sodium hydride and
the appropriate benzyl halide in 1,2-dimethoxyethane.
All chiral compounds were prepared as racemic mix-
tures. Compounds 19-24 and 25 were prepared from the
commercially available mono-O-methyl ethers of the poly-
(ethylene glycols) and methanol, respectively, by a sim-
ilar benzylation procedure. Compound 18 was obtained
by conventional tritylation of the parent alcohol.

Herbicidal Evaluation. After preliminary testing at
higher rates, active compounds were tested on a broad
range of crop and monocotyledonous and dicotyledon-
ous weed species. The chemicals were applied with a trav-
eling boom track sprayer at a volume equivalent to 1000
L ha™ with 0.1% mixed wetters and Span 80 and Tween
20 in a ratio of 1 to 4, at varying concentrations corre-
sponding to application rates of 5.0, 4.0, or 1.0 kg ha™.
In the preemergence tests the compounds were sprayed
directly onto the seeds, which were then covered with a
layer of sterile loam-based compost. Assessments for
preemergence activity were made 20 days after treat-
ment. Assessments were also made for postemergence
activity 13 days after spraying onto the plant at the two-
leaf growth stage. The results, together with the assess-
ment scale and test species, are listed in Table I. Com-
pounds 17, 18, 22, and 25, which were inactive in the
preliminary testing at rates of 10 kg ha™, were not tested
on the broad range of plant species at lower rates and,
therefore, data on these compounds are absent from Table
L

In the series of 1,3-dioxolane derivatives 1, 10, and 15-18
compound 1 is the most effective herbicide in preemer-
gent screens, in agreement with the published data on
this and related compounds (Barker et al., 1975). The
importance of a 4-alkyl group for herbicidal activity in
this class of compounds is apparent from the low or non-
existent activities of 10 and 17 compared to 1 and 186,
respectively, and this structure/activity relationship has
been noted in earlier work (Kirby and Turner, 1974).
Replacement of the benzyl moiety in 1, 15, or 16 by the
triphenylmethyl group to give 18 leads to loss of activ-
ity. Of the 1,3-dioxolanes, only 16 showed any signifi-
cant postemergence activity.

In the series of acyclic 2,6-dichlorobenzyl ethers, 19
and 20 were active as preemergence herbicides but, some-
what surprisingly, the longer chain compound 21 was some-
what less active. Compounds 19-21 showed relatively
little postemergence activity. Compound 25, which lacks
the O-C-C-0 moiety, was, essentially, inactive on both
pre- and postemergence screens. In the series of benzyl
ethers derived from 2-(2-methoxyethoxy)ethanol, benzyl
ether 22 was inactive in both pre- and postemergent
screens, and neither the 2-chloro- nor the 2-methylben-
zyl compound, 23 and 24, respectively, was as active as
the 2,6-dichlorobenzyl compound, 20, in preemergence
screens.

Picrate Extraction Studies. Experimental evi-
dence for interaction of compounds prepared in this study
with metal ions was sought in two ways: first, by the picrate
extraction technique (Pedersen, 1968; Haines and Karn-
tiang, 1980); second, by the metal ion induced shift pro-
cedure (Haines et al., 1975). Values for the percent extrac-
tion of ammonium, lithium, sodium, potassium, magne-
sium, calcium, and barium picrate from aqueous solution
into dichloromethane containing a given benzyl ether were
measured under standard conditions for a representa-
tive group of the compounds, comprised of 1, 10, 16, 17,
20, and 21, which contains compounds having varying
degrees of herbicidal activity. Extraction values for
dibenzo-18-crown-6 and benzo-15-crown-5 were also mea-
sured as a check, and good agreement was obtained with
those reported (Haines, 1980). With none of the benzyl
ethers was an extraction value of greater than 2% observed.
Under these conditions with potassium as the metal ion,
dibenzo-18-crown-6 and benzo-15-crown-5 afforded extrac-
tion values of 79% and 51%, respectively. Clearly, com-
plexing ability of this order is not a necessary require-
ment for a compound to possess herbicidal activity.
Attempts to make solid sodium or potassium salt com-
plexes with dioxolane 1 and linear ethers 19-21 proved
fruitless.

Metal Ion Induced Shifts in '"H NMR Spectra. In
the "H NMR spectra of benzyl ethers prepared in this
work, resonances of benzylic protons are readily identi-
fied and invariably appear as singlets. If metal ion com-
plexation at benzylic oxygen occurs, significant shifts to
low field are to be expected for this resonance (Haines
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Table I1. Gradients from Plots of Induced Shifts (Ad) in
Benzylic Resonances of Benzyl Ethers vs Molar Ratios of
Salt to Benzylic Ether

salt?

compd Lil Nal Cal,
1 7.26 5.5 7.0

10 7.0 6.7 7.6
16 9.7 8.6 11.0
17 9.6 9.6 12.4
19 8.4 7.8 10.0
25 11.0 6.0 14.0

@ Molar ratio of salt to substrate varied between 0.2 and 3. ® In
hertz. Estimated accuracy +0.05 Hz.

et al., 1975). A series of experiments were conducted,
therefore, on a representative group of the ethers in which
increasing amounts of lithium, sodium, and calcium iodide
were added to a solution of the benzyl ether in acetone-
de. The choice of the metal iodide is limited by its sol-
ubility in acetone-dg. The slope of a plot of induced shift
for benzylic protons against the molar ratio of salt to com-
pound affords a measure of the extent of interaction
between the metal ion and the substrate, and results are
recorded in Table II for compounds 1, 10, 16, 17, 19, and
25. The most significant finding is that despite the fact
that the group contains compounds of varying herbi-
cidal activity, the induced shifts are all of the same order
of magnitude; indeed, the poor herbicide 17 shows a greater
induced shift than the active compound 1. Further, intro-
duction of chlorine substituents at the 2,6-positions of
the aromatic ring in place of hydrogen reduces the shift
induced by addition of the metal ion (compare 1 and 10
with 16 and 17, respectively), and replacement of H-4 on
the 1,3-dioxolane ring by methyl, which has an impor-
tant effect on herbicidal activity, produces only minor
changes in the induced shift.

In summary, we have found no evidence from this study
that herbicidal activity in this class of compounds is asso-
ciated with their general complexing ability toward alkali
or alkaline-earth metal ions. These results contrast with
our observations (Chrystal et al., 1989) for the two 1,3-
dioxanes 3 and 4.
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