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Dicamba, although a potent and useful herbicide in weed manage-
ment, is notorious for its off-target movement due to volatility.
Here, we describe carbohydrate esters of dicamba as an unexplored
pro-herbicide approach that addresses the volatility of dicamba,
while maintaining its herbicidal qualities. Varying the carbohydrate
and dicamba attachment point led to changes in potency and
hydrolysis, potentially allowing for reactivity tuning of molecules
for future weed management practices.

Herbicides play a critical role in modern agriculture. Since the
first use of synthetic herbicides in the 1940s, they have helped
to meet the growing food demand by providing the necessary
weed control to keep these lands useful for crop production.’
One synthetic herbicide, dicamba (3,6-dichloro-2-methoxy-
benzoic acid, Fig. 1), has been used for over 50 years and is
well known for its ability to control weed growth. The recent
introduction of a dicamba-tolerance trait> has made it a first
line compound for weed control along with glyphosate.?
Dicamba is a synthetic auxin-type herbicide and, despite its
utility and potency, suffers from off-target drift (volatility)
issues. These issues have been compounded by an increase in
use driven by the introduction of dicamba-tolerant crops,*
leading to restrictions on its use.’

To address the problems with drift, formulations of dicamba
have evolved over time, utilising various salts of the benzoic
acid, including dimethylamine, diglycolamine or more recently,
N,N-bis-(3-aminopropyl)methylamine (BAPMA),* although
issues with injury to sensitive broadleaf crops persist,® driving
ongoing research into formulation approaches.”® One method
that has had limited investigation®'® and no commercial
use has been the development of pro-herbicides of dicamba.
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Pro-herbicides (‘masked’ forms of herbicides that require
transformation to become herbicidally active'') of volatile
carboxylic acid herbicides have been commercially successful
(e.g. 2,4-D ethylhexyl ester'?) but not in the case of dicamba.
Taking advantage of the carboxylic acid residue to couple
volatility-reducing groups to decrease drift but also retain
potency in a pro-herbicide type approach would be
advantageous.'®

Consideration of a potential dicamba pro-herbicide strategy
led us to carbohydrate esters. Carbohydrates are environmen-
tally benign molecules that are rich in polar atoms that can
enhance aqueous solubility and reduce volatility through
increased intermolecular hydrogen bonding, and can be func-
tionalised at different positions of the carbohydrate which may
tune hydrolysis rates to release the active ingredient (dicamba).
Carbohydrate-herbicide adducts are known as metabolites of
carboxylic acid-bearing herbicides such as the synthetic auxin
2,4-D,"® with these conjugates readily converted back to the
active herbicide."® With this in mind, we synthesised a range of
dicamba-carbohydrate esters, and evaluated their herbicidal
efficacy against the model dicot, Arabidopsis thaliana.

Our initial targets were esters linking p-glucose and
dicamba, and we synthesised the dicamba p-glucoside 1 and
6-O-dicamba-p-glucose 2 (Fig. 1, see SI for synthetic procedures)
with both compounds prepared as anomeric mixtures (NMR
analysis). Herbicidal activity was then evaluated with compar-
ison to dicamba, against the model dicot A. thaliana at a range
of concentrations (125 puM-2 mM) of each compound, with
treatment occurring either pre- or post-emergence (Fig. 2).
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Fig. 1 Dicamba and dicamba-glucose conjugates 1 and 2.
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Fig. 2 Pre- and post-emergent herbicidal activity of dicamba and
dicamba-glucose conjugates 1 and 2. Herbicidal activity was assessed on
soil-grown A. thaliana with post-emergence treatments performed three
and six days after germination, assessed on day 16.

Dicamba showed growth inhibition over the concentration
ranges tested, with pre-emergent inhibition weak at 125 pM
and strong at 1 mM and post-emergent inhibition moderate at
125 pM and strong at 500 uM whereas both 1 and 2 showed
similar potency to dicamba.

Ester linkages are known to be susceptible to hydrolysis in
aqueous solutions. For 1 and 2, hydrolysis leads to dicamba
and glucose; if this happens too rapidly upon aqueous dilution,
the pro-herbicide strategy is negated, although ester bond
cleavage and release of dicamba in planta is expected to be
required for activity. To test inherent aqueous stability, solu-
tions of 1 and 2 in water were analysed by HPLC over 28 days
(Table 1 and SI), with the conversion measured as the amount
of dicamba as a percentage of all peaks. Conversion of 1 into
dicamba was rapid, yielding 45% conversion to dicamba after

Table 1 HPLC determination of dicamba formation in water for com-
pounds 1-10 (expressed as integration of dicamba as a percentage of all
peaks at 220 nm). Dicamba was not detected at t = 0

% Dicamba

Compound 1 day 7 days 28 days
1 45.4 69.3 91.7
2 0.1 0.1 0.5
3 1.0 3.5 13.5
4 1.0 3.3 7.8
5 0.8 2.5 5.7
6 0.1 0.4 2.0
7 3.6 9.9 20.7
8 3.1 11.5 20.1
9 1.1 1.1 2.8
10 1.0 2.8 14.2
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Fig. 3 Drift assay of dicamba and conjugates 1 and 2, prepared by raising
seedings of wild type A. thaliana around a reservoir. After germination,
dicamba, 1, or 2 (5 or 10 mM in vehicle: 0.85 mL water with 0.02%
Brushwet surfactant) was added to the reservoir. Leaf curling from treat-
ments was assessed on day 14.

24 hours, while only trace (< 1%) dicamba was found for 2 after
28 days. The increased rate of cleavage of 1 is consistent with
known trends of reactivity at the anomeric position of
carbohydrates.'®> Given the demonstrated stability of 2 in aqu-
eous solution, it implies that the molecule is taken up into the
plant intact, with cleavage in planta to give dicamba, while for 1,
dicamba may be released prior to uptake.

Next, 1 and 2 were compared against dicamba to assess their
propensity to drift and thereby damage plants from volatility.
For this, dicamba, 1 and 2 were placed in reservoirs at 5 and
10 mM, and the growth of A. thaliana surrounding the reservoir
monitored (Fig. 3). Dicamba, as expected, caused ‘burn’ of the
surrounding plants at both concentrations; a reduced effect
was also seen for 1, presumably because of breakdown of 1 into
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Fig. 4 Dicamba-carbohydrate conjugates 3—11.
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dicamba in line with the HPLC analysis. Compound 2 did not
cause any visible disruption to plant growth.

To increase the scope of carbohydrate esters as potential
‘pro-dicambas’, additional dicamba-carbohydrate esters were
synthesised varying both the carbohydrate used, and the link-
ing position (Fig. 4). The 2-, 3- and 4-O-substituted p-glucose
derivates (3, 4 and 5 respectively), as well as the primary alcohol
esters of p-galactose, L-sorbose, p-fructose, p-xylose and p-ribose
(6,7, 8,9 and 10 respectively) were prepared (see SI for synthetic
procedures). Additionally, the amide analogue 11 (cf. ester 2)
was prepared to explore the necessity for a hydrolysable linker.

Herbicidal efficacy against A. thaliana (Fig. 5) revealed that
the aldohexose-conjugates 2-6 possessed stronger activity

125 um
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Fig. 5 Post-emergent herbicidal activity of dicamba and dicamba-
glucose conjugates 2 and 4-11. Herbicidal activity was assessed on soil-
grown A. thaliana with post-emergence treatments performed three and
six days after germination, assessed on day 16.
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Fig. 6 The dicamba-glucose conjugate 2 is compatible with the dicamba
tolerance trait. Wild type A. thaliana (WT) or a homozygous, dicamba-
tolerant transgenic line (DMOc) were sprayed with dicamba or 2 (500 uM).

relative to the ketohexoses 7 and 8 and aldopentoses 9 and
10. The position of substitution also affected activity, with
compounds 2, 4 and 5 (6-, 3-, and 4-substitution of p-glucose)
appearing similar in herbicidal efficacy, while 3 (2-substitution
of p-glucose) was less efficacious. Amide 11 was inactive even at
the highest concentration tested (2 mM), indicating that release
of dicamba is required for herbicidal efficacy.

To investigate the differences between the herbicidal activity
associated with the various monosaccharides and how this
activity may be impacted by the speed of their cleavage to
release dicamba, analysis of the breakdown of the esters in
water was again measured by HPLC (Table 1). The relative
hydrolysis rates of the glucose isomers 1-5 were found to be
1> 3 > 4 > 5 > 2,with 2 remaining both the most stable and
the most active isomer, while the other aldohexoses were more
stable than aldopentoses and ketohexoses.

To confirm that 2 is compatible with the dicamba tolerance
trait, a transgenic line of A. thaliana, modified with a synthetic
dicamba monooxygenase from Stenotrophomonas maltophi-
lia>"® was prepared. Spraying the transgenic line at 500 uM
with dicamba or 2 presented no growth symptoms, while both
compounds were herbicidal to wild-type (Fig. 6).

Conclusions

Dicamba use is still widespread, despite continued issues with
off-target impacts. In this work, we have described the devel-
opment of carbohydrate pro-dicamba esters, leading to the
discovery of the glucose derivative 2, that is herbicidally active,
non-volatile, stable in aqueous solution and compatible with
dicamba-tolerance technology. Taken in conjunction with the
previously described 2-dimethylaminoethanol dicamba ester
with similar properties,'® pro-dicamba esters that incorporate
polar functional groups are promising formulations, support-
ing the resurgence of dicamba by overcoming the problems
associated with off-target movement due to volatility. More
broadly, the carbohydrate ester pro-herbicide strategy may be
also applicable to other volatile carboxylic acid herbicides (e.g
synthetic auxins including 2,4-D).
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