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We report the design and the efficient synthesis of novel spirocyclopropyl cyclohexane-1,3-dione and
-1,3,5-trione units to be incorporated into potent HPPD inhibitors. New routes involving original combi-
nations of synthetic equivalents of a-cyclopropyl ketone-a-anion and a-cyclopropyl ester-b-cation are
described.
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Inhibitors of plant 4-hydroxyphenylpyruvate dioxygenase
(HPPD) are potent herbicides.1 The most promising sub-class of
HPPD inhibitors in plant displays a generic structure with an aryl-
ketone linked to a cyclohexane-1,3-dione2,3 (Fig. 1). Several repre-
sentatives of this class of HPPD inhibitors have already found
commercial applications in field crops.2–4 In particular, Mesotrione
1 was introduced by Syngenta as a highly efficient selective herbi-
cide in corn, controlling a broad spectrum of weeds, in particular
broad leaf weeds. In an attempt to further increase the activity of
Mesotrione, especially on grass weeds, substituted cyclohexane-
1,3-diones were investigated. One major metabolic pathway of
Mesotrione in corn and in other monocotyledon plants is hydro-
xylation, by cytochrome P-450 enzymes, of the cyclohexane-1,3-
dione moiety at C-4 position adjacent to the carbonyl (Fig. 1). This
hydroxylation leads to detoxification of corn and, unfortunately, of
various grass weeds from Mesotrione. Substitution of one or both
methylene groups in cyclohexane-1,3-diones by methyl groups
(Fig. 1, 2–4) prevents their oxidation and increases the activity of
the corresponding triketones as herbicides. In particular, tetrake-
tone 4 displays a very high activity on a very broad range of mono-
and di-cotyledon weeds. However, this stabilization of derivatives
2–4 against cytochrome P-450 metabolism also leads to a decrease
in selectivity and an increase in their soil persistence. Conse-
quently, the corresponding triketones obtained after coupling with
the arylketone moiety of Mesotrione are not tolerated anymore by
corn and are much less readily metabolized in soil, increasing the
risk of carry-over.5 In addition, not much space is available in the
HPPD binding site around the cyclohexane dione moiety.6 Substit-
ll rights reserved.
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uents larger than methyl are not tolerated. The bicyclic dione scaf-
fold in 5 (Fig. 1) was identified as an excellent pattern which
confers the corresponding triketones an increased stability against
cytochrome P-450 metabolism and, as a consequence, an improved
activity against grass weeds retaining, however, excellent selectiv-
ity for corn.7

We then designed novel spirocyclopropyl derivatives 6–8
(Fig. 1) which display less sterically demanding cyclopropyl units
as opposed to the original gem-dimethyl substitution.8 We also
hoped that this feature would decrease cytochrome P-450 metab-
olism. In contrast, we postulated that the spirocyclopropyl moiety
should be activated towards nucleophilic addition by the adjacent
carbonyl group in 6, 7, and even more by two adjacent carbonyl
functions in 8, ideally preorganized by the cyclohexyl ring for syn-
ergistic activation of the 3-membered ring.9,10 Therefore, one could
expect that triketones 6, 7 and tetraketones 8 should be susceptible
to Glutathione S-transferase metabolism in corn and not in grass
weeds. Indeed, we have shown that triketones 6, 7 are very potent
selective herbicides in corn. However, tetraketones 8 are too acti-
vated towards nucleophilic ring opening to be used as herbicides.

We postulated that spirocyclopropyl cyclohexane-1,3-diones 9
and 10 could be accessible from unstable synthons 13–15 gener-
ated in situ from their corresponding synthetic equivalents
(Scheme 1).

Spirocyclopropyl dione 9 was readily obtained in three steps from
the anion of 2-acetyl-c-butyrolactone 16 as an equivalent of the
a-cyclopropyl ketone-a-anion 15 (Scheme 2). The Michael addition
of the anion 16 on methyl acrylate 17 gave the adduct 18 in 96%
isolated yield.11,12 Lactone 18 then undergoes a decarboxylative ring
contraction upon treatment with sodium iodide at high temperature
in a dipolar solvent13 to provide the corresponding cyclopropane
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Scheme 1. Proposed retrosynthetic approach towards spirocyclopropyl cyclohexane-1,3-diones.
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Figure 1. Triketones and tetraketones as HPPD inhibitors.

2742 R. Beaudegnies et al. / Tetrahedron Letters 51 (2010) 2741–2744
intermediate 11 in 63% yield. Treatment of ketoester 11 with NaH
leads to the desired spirocyclohexane-1,3-dione 9 in 50% yield. This
sequence was readily scaled up for the synthesis of a few hundred
grams of 9 with similar overall yield.

Noteworthy is an alternative synthesis which involves a radical
addition reaction of the destabilized cyclopropyl radical14 to
methyl acrylate (23?11, Scheme 2). However, the desired product
11 was isolated in very modest yield due to extensive polymeriza-
tion of methyl acrylate.

An efficient synthesis of the novel bis-spirocyclopropyl cyclo-
hexane-1,3-dione 10 was established using homoallylic iodide 25
as a precursor of the unprecedented b-cationic-a-cyclopropyl keto-
ester 14, readily obtained from the corresponding allylic bromide
2415 (Scheme 3). We postulated that the homoallylic iodide 25
should preferentially react through Michael addition with a soft
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Scheme 2. Reagents and conditions: (i) 2-acetyl-c-butyrolactone (1.0 equiv), NaH (1.0 e
NMP, 190 �C, 2 h, 63%; (iii) NaH (1.0 equiv), DMF/THF (1:5), 70 �C, 6 h, 50%; (iv) 2-acetyl
90%; (v) HBr aq. (33%), 60 �C, 2 h, 40%; (vi) NaH (1.0 equiv), THF, rt, 3 h, 50%; (vii) n-Bu3Sn
12 h, 15%.
nucleophile as the anion 16, followed by cyclization of the incipi-
ent ester enolate to the corresponding cyclopropane intermediate
27, rather than undergo elimination and/or substitution. Indeed,
the primary Michael adduct is not isolated, as the corresponding
anionic intermediate 26 cyclizes spontaneously to give 27 in 77%
yield. Lactone 27 was further submitted to the previously de-
scribed decarboxylative ring contraction conditions to give the
highly volatile intermediate 12 which was directly treated under
Dieckmann conditions to provide the desired bis-spirocyclopropyl
cyclohexane-1,3-dione 10 in 53% yield.

The convergence of the reaction conditions allows to envisage a
one-pot process for this sequence. The iodide released from the
first cyclopropanation step might act as the required nucleophile
able to initiate the decarboxylative ring contraction, leading to
the formation of the second cyclopropane ring. Indeed, the one-pot
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quiv), methyl acrylate 17 (1.0 equiv), tert-BuOH, 35 �C, 4 h, 96%; (ii) NaI (1.5 equiv),
-c-butyrolactone (1.0 equiv), NaH (1.0 equiv), Br2 (1.0 equiv), THF, �30 �C to rt, 3 h,
H (1.1 equiv), methyl acrylate (5.0 equiv), AIBN (0.1 equiv), benzene (0.1 M), reflux,
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Scheme 3. Reagents and conditions: (i) Zn (1.0 equiv), 1,2-dibromoethane (0.04 equiv), trimethylchlorosilane (0.03 equiv), diiodomethane (1.0 equiv), THF, rt, 5 h; (ii) ethyl
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sequence allowed us to isolate the desired bis-spirocyclopropyl
cyclohexane-1,3-dione 10 in 28% overall yield (Scheme 4).

We have thus demonstrated that the homoallyliodide 25 is a
synthon equivalent to the unstable a-cyclopropyl ester-b-cation
14. We have also generalized the use of 25 with various soft nucle-
ophiles. These results will be reported in due course.

The synthesis of the bis-cyclopropyl trione 36 requires the
sequential cyclopropanation of 29 and 33 (Scheme 5). The methyl
ketone in 31 has to be protected as ketal 32 to allow selective
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Scheme 5. Reagents and conditions: (i) 1,2-dibromoethane (2.0 equiv), K2CO3 (2.5 equiv
sulfonate (0.1 equiv), toluene, 22 h, 81%; (iii) NaOH (2.2 equiv), H2O/EtOH, rt, 18 h, 6
(2.1 equiv), THF, �75 �C, 2 h, 83%; (v) 1,2-dibromoethane (2.0 equiv), K2CO3 (2.5 equiv),
H2O (2:1), reflux, 3 h, 76%; (vii) NaOMe (1.5 equiv), toluene/DMF (19:1), reflux, 2 h, 85%
introduction of the methyl acetate moiety as well as the second
selective cyclopropanation of 33 into 34. Indeed, when this reac-
tion was attempted on unprotected 41,16 only the undesired cyclo-
pentane derivative 42 was detected (Scheme 6). After deprotection
of ketal 34, the resulting diketo ester 35 was cyclized into the
rather strained triketone 36 (Scheme 5).

Various analogs of triketone 36 can be obtained using other
electrophiles than 1,2-dibromoethane (Scheme 6). For example,
the gem-dimethyl group can be introduced by treatment of 33
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), acetone, 16 h, reflux, 80%; (ii) ethylene glycol (3.0 equiv), pyridinium toluene-4-
7%; (iv) SOCl2 (1.5 equiv), CH2Cl2, rt, 1 h, then methyl acetate (1 equiv), LiHMDS
acetone, reflux, 20 h, 84%; (vi) pyridinium toluene-4-sulfonate (0.3 equiv), acetone/
.
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Scheme 6. Reagents and conditions: (i) NaH (3.0 equiv), MeI (3.0 equiv), THF, rt, 72 h, 61%; (ii) pyridinium toluene-4-sulfonate (0.3 equiv), acetone/H2O (2:1), reflux, 3 h, 99%;
(iii) MeONa (1.5 equiv), toluene/DMF (19:1), reflux, 2 h, 87%; (iv) Mg (1.5 equiv), MeOH, reflux, 16 h, 81%; (v) 1,2-dibromoethane (4.0 equiv), K2CO3 (5.0 equiv), acetone,
reflux, 17 h, 99%; (vi) 1,2-ethanedithiol (1.5 equiv), BF3�Et2O (0.2 equiv), CH2Cl2, rt, 18 h, 58%.

2744 R. Beaudegnies et al. / Tetrahedron Letters 51 (2010) 2741–2744
with MeI in the presence of NaH, the desired trione 39 being ob-
tained after deprotection and cyclization (Scheme 6).

The modified building-block 44, having the central ketone pro-
tected as dithiane, can be readily obtained from 34 (Scheme 6).

The novel spirocyclopropyl diones 9, 10 and 39 were success-
fully coupled to a variety of aromatic carboxylic acids, leading to
very active and corn selective herbicides. Although triketone 36
could be coupled with aromatic acids, the resulting tetraketones
were too susceptible to nucleophilic ring opening to be of use as
herbicides.

In conclusion, we have developed simple and efficient synthe-
ses towards novel spirocyclopropyl cyclohexane-1,3-diones and
1,3,5-triones to be incorporated into potent HPPD inhibitors. The
new routes involve the combination of synthetic equivalents of
the a-cyclopropyl ketone-a-anion and a-cyclopropyl ester-b-cat-
ion. The generalization of the use of the homoallyliodide 25 as a
synthon equivalent to the a-cyclopropyl ester-b-cation 14 will be
reported in the near future.
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