Preparation of gem-difluorinated retrohydroxamic-fosmidomycin
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Abstract

From several decades, some organophosphorus coogpapecifically designed to alter
biological systems were introduced on market asa@gmicals (ie glyphosate and glufosinate as
herbicides). Nevertheless, it becomes necessdiydmew compounds in order to counter plant
resistances already observed with glyphosate. Flmsmcyn and itsN-acetyl analogues FR-
900098 were perceived as starting points for ektimr of new herbicide candidates, targeting
the second enzyme of the non-mevalonate pathwaplants, the 1-deoxy-D-xylulose 5-
phosphate reductoisomerase (DOXP reductoisomeras®Xir). It is expected that the
enhancement of bioactivity compared to the parentpounds, might be reached by insertion of
two fluorine atoms close to the phosphonate functindeed, the presence of both fluorine
atoms could improve the lipophilicity, affect th&a of the phosphonic acid function and then
induce better activities. Herein, the synthesigerh-difluorinated analogues of retrohydroxamic
fosmidomycin and FR-900098-ester is reported usingadical addition mediated by a
cobaloxime complex.
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Introduction

The world population is increasing and differentireations from United Nations planned for
2050 a population ranging from 8 to 10.5 billioropke. In order to supply sufficient food, the



crop productivity has to urgently increase, andetation of powerful and ecocompatible new
herbicides in absence of mammalian toxicity apptesefore a crucial issue.

The mevalonate-independent pathway of isoprenmmdyhthesis is widely found in many
microorganisms* as well as in higher plant$, but it is missing in human, which uses
mevalonate pathway for isoprenoid biosynthesis. iigque property of 1-deoxy-D-xylulose 5-
phosphate reductoisomerase (DXR), the second enafthe DOXP pathway, can therefore be
considered as a remarkable and safe target fordikeovery of new herbicides. The
fosmidomycinlaisolated fromStreptomycekavendulaen the seventies, has been referenced as
an inhibitor of the DXR enzym®, as well asN-acetyl homologue FR900098b%°
fosmidomycin and FR900098 retrohydroxamic adidsf'>** and phosphate analogues, namely
fosfoxacin 1€ or acetyl analogudf'? (Figure 1). Fosmidomyciria has been positively
evaluated for the treatment of uncomplicated faleipn malaria in combination with
clindamycin®*** as well as for its herbicide activities, by usena in combination with
commercial triazine or urea herbicidésNevertheless, to date and despite these promising
results, fosmidomycin has not been reached on tdeh neither as antimalarial drug nor as
herbicide agent.

In the case of the phosphate derivatiheeand preferentiallylf, their respective activity
clearly revealed stronger than the fosmidomycirSgnechocystiBXR.** These results could be
directly attributed to the phosphate function. Ho®re the intrinsic stability of phosphate group
in biological media was questionable and clearlgstituted its main drawback for a possible
herbicide development. From a bioisostere approdah, Calenbergh’ replaced oxygen atom
by a monofluoromethylene group (CHF) and thus, twanofluorinated to FR900098 and to
retrohydroxamic-FR900098 analogues were prepareth 8tructures displayed that they were,
in vitro, more potent than fosmidomycin and FR900098 tos/BrdFalciparumstrain K1, and
the antimalarial activity in am vivo mouse model exceeded those bf*’

By comparison to monofluoromethylene group, theudiomethylene group (GJF exhibits
also steric and electronic properties close to eryf>* As a consequence of this equivalence,
the pKa values of the difluorophosphonate are relatiwiyilar to the phosphaté?! and it
might be considered as equivalent to the acidicatitiar of phosphoric group of natural substrate
2. Moreover, the replacement of phosphate bond,fH0O)O-R) by a phosphonate linkage
(HO,P(O)CR-R) should increase chemical stability towards phaesase, favouring a better
bioavailability?* Finally, the DXR inhibitor incorporating difluoroathylene group, could have a
higher lipophilic characteéf® allowing potentially a better integration in plantTherefore, it
became obvious that amo'-difluorophosphonate group should advantageousplace the
phosphate group dff, and preparation of compoun8sind4, analogues to FR-90009% and
parent moleculelc, were thus planned to enhance activity of DXR hitbr for an herbicide
application (Figure 1).
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Figure 1. DXR enzyme inhibitorslaf referenced and the natural substratdargetedgem
difluorophosphonat8 and retrohydroxamic—fosmidomycfnas1b-c analogues.

Results and Discussion

It was expected that fluoro analogues of fosmidamyand retrohydroxamic fosmidomyc
and4 would be accessible from a same key precursorbibenodifluoromethylphosphonaie
Furthermore, reactions of phosphonatewith an appropriate alkene had to afford fluoro
intermediate$ or 6, which then would be transformed into hydroxantatanodification of the
terminal alkené or ester function froré (Scheme 1).
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Scheme 1Retrosynthetic pathway.

In the literature, several strategies were desdrifor the introduction of difluoromethylene
group linked to a phosphondteThe most efficient pathway to produce quantitdgive has
been to use the Arbusov reaction according to Bawismethod, of triethyl phosphite and



difluorodibromomethan& Furthermore, the transformation of bromodifluordmyé
phosphonat& into nucleophilic Grignard or heterocuprate reagemd their reaction with allyl
bromide were explored. Unfortunately, none of thessections were successful to produce allyl
difluoromethylphosphonate

Another strategy developed by Pfuusing a bimetallic redox system constituted by
cobaloxime(lll)/Zn and reported to initiate the i addition ofper(poly)fluoroalkyl bromides
to electron deficient alkenes, has been used withess producing allyl phosphon&té and the
phosphonobutyrat&® in 50% and 32% vyields respectively (Scheme 2). éxbeless, as
mentioned by Hu, during the process, difluoromgihgkphonatd was formed as major side
product, and in the case Bf all trials to entirely remove it were unsucceksfurthermore, the
mixture of5 and8 has been used for preparatiorNgphosphonohydroxamate esi&
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Scheme 2Preparation of intermediat®sand6 by Hu's method.

The preparation ofN-phosphonohydroxamate estéP was accomplished through an
ozonolysis of the alken® applying the Chambers’s proceddfeDue to its low stability,
aldehyde9 had to be promptly used for the next step, andréssformation by a reductive
amination, using sodium cyanoborohydride in acidionditions’’ afforded the O-
benzylhydroxylamino phosphonai® in 68% yield. Finally, the acylation was performed
dichloromethane using acetyl chloride and trietinjfee as a base. Difluoromethyl hydroxamate
11 was obtained in 86% vyield. The benzyl group waawtd using hydrogen and palladium
hydroxide as catalyst, giving the difluoromethylppbonatel2 analogue of FR-900098-ester
(95% vyield). The hydrolysis of the phosphonateressing trimethylsilyl bromidé®2 followed
by methanolysis at room temperature, did not affarce phosphonic acigl Otherwise, another
attempt by acidolysis 012 and neutralization, followed biX-acetylation also revealed not
convincing for a clean access to phosphonic a¢Bsicheme 3).

Contrary to3, the synthesis othe difluorofosmidomycin analogué has been achieved
without difficulty. Firstly, the hydrolysis of the esté& under acidic conditions produced the
corresponding carboxylic acitl3 in nearly quantitative yield. After chlorinatiomé reaction



with O-benzylhydroxylamine, the protected hydroxamic at#l was isolated in 80% yield.
From compound4, benzyl group was removed quantitatively by hydraxgsis to givel5. The
final step of the synthesis was the deprotectiontled corresponding phosphonate into
phosphonic acidl (75% vyield), using 10 equivalents of trimethylsibromide followed by a
methanolysis at room temperature (Scheme 4).
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Scheme 3Synthesis ogemdifluoro 12, analogue of FR-900098-ester.
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Scheme 4Synthesis o§emdifluorinated retrohydroxamic acid triethylammomisalt4.

Conclusions

In conclusion, using difluorobromomethylphosphoregea key building block, we performed an
efficient synthesis of new gem-difluorinated analeg of retrohydroxamic fosmidomycin and
retrohydroxamic-FR-900098-estérand12. Both fluorinated fosmidomycin analoguésnd12
were not active on the biological tests for detaation of herbicide activity.
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Experimental Section

General. All air and/or water sensitive reactions were iearrout under nitrogen atmosphere.
The solvents were dried using standard methodslletisand stored under nitrogen. Reactions
were monitored by'P NMR using DMSO—glas internal references. Purifications by column
chromatography were performed on silica gel (M&@KAC. 35-7Qm).

Unless otherwise specified, NMR spectra were remmbron a BRUKER Ultra shield 400 plus
instrument at 161.99 MHz fdfP, 376.50 MHz fol'°F, 400.13 MHz forH and 100.61 MHz for
13C. The spectrometer used for low and high resalutimss spectra was electrospray ionization
(ESI) WATERS Micromass Q-Tof spectrometer with ateinal reference ##0; (0.1 % in
water/acetonitrile, 1:1).

The diethyl (bromodifluoromethyl)phosphonaté was prepared according to procedure
described by Davissdfi. The diethyl 1,1-difluoro-3-butenylphosphond&@=>°**and methyl 4-
(diethoxyphosphinyl)-4,4-difluorobutyraté® were synthesized using procedure reported by
Hu.?® Diethyl (1,1-difluoro-3-oxopropyl)phosphona@® was accessible applying Chambers’s
procedure®

Diethyl (3-(benzyloxyamino}1,1-difluoropropyl)phosphonate 10 In a 500 mL two-necked
flask were introduced diethyl 1,1-difluefoxopropylphosphonat® (3.0 g, 13 mmol),O-
benzyl-hydroxylamine (1.6 g, 13 mmol) and methgd6l mL). The reaction mixture was stirred
for 1h at room temperature. After addition of meibla(190 mL) the mixture was treated
portionwise with sodium cyanoborohydride (2.45 §, ®mol) over 30 min. Then, aqueous
hydrochloric acid (13 mL, 37%) was added over 4@ nmder ice cooling. The mixture was
allowed to warm up to room temperature and sodiyamcborohydride (0.57 g, 9.1 mmol) was
added. The reaction mixture was stirred at roompt¥ature over 2 h. The solution was
concentrated and treated with aqueous potassiumoxige (10%) untilpH basic. The product
was extracted with ethyl acetate (3 x 150 mL), dhganic layers were combined, dried over
MgSO, and concentrated under vacuum. A purification bymmm chromatography on silica gel
with heptane/EtOAc/EtOH as eluent (100:0:0 to 608i3@avel0 as a yellow liquid (3.0 g,
68%).3'P NMR (CDCE): §6.90 (t,J 107.5 Hz).*F NMR (CDC}): §-111.08 (d,) 107.9 Hz).
'H NMR (CDCh): §1.39 (t, 6H,J 7.0 Hz, CH), 2.30-2.46 (m, 2H, Ch), 3.24 (t, 2H,J 7.2 Hz,
CHy), 4.24-4.33 (m, 4H, P(O)OCH 4.71 (s, 2H, PhCh), 5.69 (broad s, 1H, NH), 7.28-7.34
(m, 5H, Ph).*C NMR (CDCE): §16.4 (d,J 5.1 Hz, CH 2 C), 32.2 (td,) 20.5 Hz and 14.6 Hz,
CH,, 1 C), 44.4 (9J 5.4 Hz, NCH, 1 C), 64.5 (dJ 6.6 Hz, P(O)OCH 2 C), 76.2 (s, PhCH1
C), 120.5 (tdJ 259.8 Hz and 215.9 Hz, GFLC), 127.9 (s, CHar, 1 C), 128.4 (s, CHar, 2 C),



128.4 (s, CHar, 2 C), 137.7 (s, Car, 1 C). HRMSZ calcd for G4H23F,NO,P: 338.1333.
Found: 338.1327.

Diethyl (3-(N-(benzyloxy)acetamido)l,1-difluoropropyl)phosphonate 11.In a 100 mL two-
necked flask were introduced diethyl (3-(benzyloryzo)-1,1-difluoropropyl)phosphonat&0
(2.2 g, 3.6 mmol), triethylamine (0.58 mL, 4.2 mijrahd CHClI, (30 mL). The reaction mixture
was cooled to 0°C and acetyl chloride (0.30 mL, #r@ol) was added dropwise. The mixture
was stirred overnight at room temperature. Thenem@0 mL) was poured on and the reaction
mixture was extracted with GBI, (2 x 50 mL). The organic layers were combinededliover
MgSO, and concentrated under vacuum. Purification byimoal chromatography on silica gel
with as eluent a mixture of heptane/EtOAC/EtOH (DD to 50:45:5) gavél (1.2 g, 86%)3'P
NMR (CDCk): 6 6.51 (t,J 107.0 Hz).**F NMR (CDCE): 6 -112.34 (dJ 106.7 Hz).'"H NMR
(CDCly): 61.39 (t, 6H,°34y 7.0 Hz, CH), 2.10 (s, 3H, Ch), 2.40-2.47 (m, 2H, CH 3.93 (t,
2H, 3341 7.5 Hz, NCH), 4.24-4.33 (m, 4H, OCH}) 4.85 (s, 2H, PhC}), 7.35-7.43 (m, 5H, Ph).
3C NMR (CDCE): §16.4 (d,J 5.9 Hz, CH, 2 C), 20.6 (s, CH 1 C), 30.8 (qJ 18.3 Hz, CH, 1
C), 38.5(s,CH 1 C), 64.6 (dJ6.6 Hz, OCH, 2 C), 76.5 (s, PhCH 1 C), 119.8 (tdJ 259.8 Hz
and 215.9 Hz, Cf 1 C), 128.8 (s, CHar, 2 C), 129.1 (s, CHa€), 129.3 (s, CHar, 2 C), 134.2
(s, Car, 1 C), 172.0 (s, C(O), 1 C). HRM®&/9 calcd for GeH25FNOsP: 380.1438. Found:
380.1448.

Diethyl (1,1-difluoro-3-(N-hydroxyacetamido)propyl)phosphonate 12.In a Schlenck tube
under nitrogen were introduced palladium dihydrexah charcoal (150 mg, 10%) abti(1.5 g,
4.0 mmol) in degassed ethanol (100 mL). The reaatnixture was stirred vigorously under a
hydrogen atmosphere at room temperature for 1ha.réaction mixture was filtered on a celite
pad and the filtrate was concentrated under vaciouaiford12 as yellow liquid (1.1 g, 95%).
3P NMR (CD,OD): 65.17 (t,J 108.0 Hz)."®F NMR (CD;OD): 6 -114.98 (d,JJ 107.9 Hz).*H
NMR (CDsOD): 61.39 (td, 6HJ 7.1 Hz and 0.5 Hz, C#ji 2.10 (s, 3H, Ch), 2.35-2.45 (m, 2H,
CH,), 3.87 (t, 2H,J 7.7 Hz, NCH)), 4.26-4.34 (m, 4H, OCH *C NMR (CD;0D): §14.9 (d, J
5.1 Hz, CH, 2 C), 18.5 (s, Ck 1 C), 30.3 (tdJ 20.5 Hz and 14.6 Hz, GH1 C), 40.2 (9J 5.8
Hz, NCH,, 1 C), 64.6 (dJ 7.3 Hz, OCH, 2 C), 119.4 (tdJ 259.1 Hz and 218.8 Hz, GFL C),
172.2 (s, C(0), 1 C). HRMSr(2 calcd for GH1gFNOsP: 290.0969, found: 290.0974.
4-Diethoxyphosphinyl-4,4-difluorobutanoic acid 13.In a 100 mL two-necked flask were
introduced methyl 4-(diethoxyphosphinyl)-4,4-diftobutyrate6 (4.5 g, 16.4 mmol) and acetone
(40 mL), followed by a slow addition of hydrochlormcid solution (22 mL, 6 M). The resulting
mixture was stirred under reflux for 45 min. Theetmne was removed under vacuum and the
product was extracted with diethyl ether (3 x 100 .nThe organic layers were combined, dried
over MgSQ and concentrated under vacuum to dideas a colorless liquid (4.0 g, 94%JP
NMR (101.25 MHz, CDG): §6.47 (t,J 107.9 Hz)*F NMR (235.33 MHz, MeOD)5 - 114.01
(d, J 108.2 Hz).'H NMR (250 MHz, CDC}): 6 1.38 (t, 6H,J 7.1 Hz, CH), 2.32-2.69 (m, 4H,
CH,CHy), 4.22-4.34 (m, 4H, OCH\ 8.64 (broad s, 1H, OH)*C NMR (CDCE): §16.3 (d,J 5.9
Hz, CHs, 2 C), 25.8 (qJ 5.1 Hz, CH 1 C), 29.2 (tdJ 21.2 Hz and 16.0 Hz, GH1 C), 64.9 (d, J



6.6 Hz, CH, 2 C), 119.8 (td, J 259.8 Hz and 217.4 Hz,,AFC), 175.96 (s, C(O), 1 C). HRMS
(m/2 calcd for GH16F0sP: 261.0703, found: 261.0722.

Diethyl (4-(benzyloxyamino)-1,1-difluoro-4-oxobuty)phosphonate 14.In a 250 mL two-
necked flask were introduced 4-diethylphosphongtdifluorobutyric acid {3, 4.0 g, 15.4
mmol) and CHCI, (100 mL). The mixture was cooled at 0 °C and thiarhloride (2.25 mL,
30.8 mmol) was slowly added. The resulting mixtwas stirred at room temperature for 4 h,
then concentrated under vacuum and evaporated twitbedry toluene (2 x 20 mL). The acyl
chloride was used directly without further puritica. In a 250 mL two-necked flask were
successively introduce®-benzyl hydroxylamine (2.27 g, 18.4 mmol), &Hp (150 mL) and
triethylamine (2.6 mL, 18.7 mmol). A solution oftHethoxyphosphinyl-4,4-difluorobutyric acid
chloride (15.4 mmol) in CkCl, (50 mL) was added dropwise. The mixture was stiaeroom
temperature overnight. Then, water (100 mL) was@dwn and the product was extracted with
CH.Cl, (3 x 150 mL). The organic layers were combinetediover MgSQ@ and concentrated
under vacuum. The residue wagified by column chromatography on silica gelhnats eluent a
mixture of heptane/EtOAC/EtOH (100:0:0 to 40:546prding 14 as yellow liquid (4.5 g, 80%).
%P NMR (CD,OD): §5.34 (t,J 109.0 Hz)."*F NMR (CD;0OD): § -115.66 (d,J 109.2 Hz).'H
NMR (CDs;OD): 6 1.38 (t, 6H,J 7.1 Hz, CH), 2.30-2.50 (m, 4H, C}¥CH,), 4.24-4.34 (m, 4H,
OCH,), 4.84 (s, 2H, PhCH, 7.35-7.45 (m, 5H, Ph}3C NMR (CDCE): 616.4 (d, J 5.1 Hz,
CHs, 2 C), 249 (s, CH 1 C), 29.7 (gJ 19.0 Hz, CH, 1 C), 64.7 (s, OCK 2 C), 78.1 (s,
PhCH, 1 C), 120.1 (td, J 259.8 Hz and 215.9 Hz,,CIFC), 128.5 (s, CHar, 2 C), 128.6 (s,
CHar, 1 C), 129.1 (s, CHar, 2 C), 135.4 (s, Cat)1168.9 (s, C(O), 1 C). HRM®(2 calcd for
Ci5H23FNOsP: 366.1282. Found: 366.1281.

Diethyl (1,1-difluoro-4-(hydroxyamino)-4-oxobutyl)phosphonate 15. Proceeding as fot2,
compoundl5 was obtained fror4 as yellow liquid (1.1g, 98%§'P NMR (CDC}): 66.51 (t, J
108.0 Hz).**F NMR (CDCE): §-111.86 (d, J 107.9 HZH NMR (CDCk): §1.31 (t, 6H, J 7.0
Hz, CH;), 2.2-2.5 (m, 4H, CKHCH,), 4.15-4.25 (m, 4H, OCH 8.70 (broad s, 0.8H), 9.87
(broad s, 0.8H)**C NMR (CDCE): 616.3 (d, J 5.1 Hz, CH, 2 C), 24.5 (CH, 1 C), 29.7 (g,
19.3 Hz, CH, 1 C), 65.0 (dJ 6.6 Hz, OCH, 2 C), 120.1 (tdJ 259.8 Hz and 216.6 Hz, GFL

C), 169.4 (s, C(0O), 1 C). HRM$(2 calcd for GH;17F:NOsP: 276.0812. Found: 276.0809.
Triethylammonium (1,1-difluoro-4-(hydroxyamino)-4-oxobutyl)phosphonate 4.In a 50 mL
three-necked flask were introduc&s (1 mmol) and CKCl, (10 mL). The mixture was stirred in
an ice bath (T = 0°C) and trimethylsilyloromide3InmL, 10 mmol) was added. The reaction
mixture was stirred at room temperature for 14 H eoncentrated to dryness under vacuum.
Methanol (10 mL) was added and the resulting mectuas stirred at room temperature for 2 h
and then concentrated under vacuum. The crude vgs®lhekd in methanol (10 mL) and
triethylamine (1.4 mL, 10 mmol) was added slowlfeTsolvent was removed under vacuum.
The crude was dissolved in water (50 mL) and tispension filtered off. The aqueous layer was
washed with chloroform (3 x 50 mL). After concetita under vacuum, the saltwas obtained
as a colorless gum (240 mg, 75%P NMR (D,0): 5§ 4.75 (t,J 95.1 Hz);**F NMR (D,O): 6 -
113.50 (dJ 95.2 Hz).*H NMR (D,0): & 1.14 (t, 9HJ 7.3 Hz, CH), 2.1-2.3 (m, 2H, Ch), 2.46



(t, 2H,J 7.3 Hz, CHC(O)), 3.06 (gJ 7.3 Hz, 6H,°CH,). **C NMR (D,0): §8.2 (s, CH;, 3 C),
27.1 (q,J 5.4 Hz, CHC(O), 1 C), 29.4 (td) 21.2 Hz, and 14.6 Hz, GH1 C), 46.6 (s, NCH 3
C), 122.0 (td, J 257.6 Hz and 196.9 Hz,CFC), 178.8 (s, C(O), 1 C). HRM&\(J calcd for
C4HsF,NOsP: 220.0186. Found 220.0191.
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