INSTITUT DE FRANCE

Académie des sciences

Comptes Rendus

Chimie

Benoit Eric Petit, Hannah Jobelius, Gabriella Ines Bianchino, Mélina Guérin,
Franck Borel, Philippe Chaignon and Myriam Seemann

Synthesis and kinetic evaluation of analogs of (E)-4-amino-3-methylbut-2-en-1-yl
diphosphate, a potent inhibitor of the IspH metalloenzyme

Published online: 20 December 2023

https://doi.org/10.5802/crchim.254

Part of Special Issue: Chemical Biology

Guest editors: Marie Lopez (CNRS-Univ. Montpellier-ENSCM, IBMM, Montpellier),
Elisabetta Mileo (Aix-Marseille Univ, CNRS, BIB, IMM, Marseille), Eric Defrancq (Univ.
Grenoble-Alpes-CNRS, DCM, Grenoble), Agnes Delmas (CNRS, CBM, Orléans),

Boris Vauzeilles (CNRS-Univ. Paris-Saclay, ICSN, Gif-sur-Yvette), Dominique Guianvarch
(CNRS-Univ. Paris-Saclay, ICMMO, Orsay) and Christophe Biot (CNRS-Univ. Lille, UGSE Lille)

[cO=amm| This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.

http://creativecommons.org/licenses/by/4.0/

MERSENNE

Les Comptes Rendus. Chimie sont membres du
Centre Mersenne pour I’édition scientifique ouverte
www.centre-mersenne.org
e-ISSN : 1878-1543


https://doi.org/10.5802/crchim.254
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org

Comptes Rendus

Chimie

Published online: 20 December 2023
https://doi.org/10.5802/crchim.254

Chemical Biology

Synthesis and kinetic evaluation of analogs of
(E)-4-amino-3-methylbut-2-en-1-yl diphosphate,
a potent inhibitor of the IspH metalloenzyme

Benoit Eric Petit ¢, Hannah Jobelius ® ¢, Gabriella Ines Bianchino ®¢, Mélina Guérin
and Myriam Seemann

Franck Borel ®?, Philippe Chaignon ® * ¢

0,a
)

0,x,a

% Equipe Chimie Biologique et Applications Thérapeutiques, Institut de Chimie de
Strasbourg, UMR 7177, Université de Strasbourg/ CNRS, 4, rue Blaise Pascal, 67070

Strasbourg, France

b Univ. Grenoble Alpes, CEA, CNRS, IBS, F-38000 Grenoble, France
E-mails: p.chaignon@unistra.fr (P Chaignon), mseemann®@unistra.fr (M. Seemann)

Abstract. Our previous research revealed that (E)-4-amino-3-methylbut-2-en-1-yl diphosphate
(AMBPP) is one of the best inhibitors of IspH, a [4Fe-4S]-dependent enzyme involved in the
methylerythritol phosphate pathway that is a valuable target for the discovery of new antibacte-
rial and antiparasitic drugs as it is absent in humans. AMBPP has substantial limitations for drug
development due to its poor metabolic stability. Here, we investigate the replacement of the diphos-
phate moiety of AMBPP by more stable mimics: sulfonate, phosphonate or phosphinophosphonate.
After synthesis of the derivatives, enzymatic assays demonstrated that none of these AMBPP analogs
is an efficient IspH inhibitor.
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1. Introduction

Drug resistance is a constantly growing issue that
poses a major challenge for the development of new
drugs. In the context of antibiotic discovery, the sit-
uation is alarming, with antimicrobial resistant bac-
teria emerging and spreading all around the world

* Corresponding authors.

ISSN (electronic) : 1878-1543

[1]. Our ability to treat common infectious diseases is
now compromised as some infections are already im-
possible to treat with the existing therapeutic reper-
toire. Antibiotic resistance not only increases mortal-
ity but also has a severe impact on medical expenses
and hospitalization time.

The World Health Organization (WHO) published
in 2017 a list of prioritization of bacteria to guide
research and development of novel antibiotics [2].
In the latest WHO report dated December 9, 2022 [3],
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Scheme 1. The MEP pathway.

Dr. Tedros Adhanom Ghebreyesus, WHO Director-
General, stated that “Antimicrobial resistance under-
mines modern medicine and puts millions of lives at
risk”. Given the severe menace caused by antibiotic-
resistant bacteria, it is more than urgent to discover
new antibacterial agents with new modes of action.
In this context, the methylerythritol phosphate path-
way (MEP, Scheme 1), responsible for the biosynthe-
sis of the universal precursors of terpenoids in most
bacteria, has emerged as an attractive target for drug
development [4-7].

Terpenoids, also known as isoprenoids, represent
the most diverse family of natural products, with over
55,000 known compounds. They are present in all liv-
ing organisms and are involved in many important
biological processes such as electron transport, cell
wall biosynthesis, and protein prenylation [8,9]. Ter-
penoids are biosynthesized by the addition of one or
more molecules of isopentenyl diphosphate (IPP, 1)
to its isomer dimethylallyl diphosphate (DMAPD, 2,
Scheme 1) [8]. Most pathogenic bacteria, including
almost all that were prioritized by the WHO [2], use
the MEP pathway (Scheme 1) for the production of
IPP and DMAPP, whereas the biosynthesis of these
building blocks relies exclusively on the mevalonate
pathway in humans and animals [10]. This metabolic
difference makes enzymes of the MEP pathway in-
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teresting targets for new antibacterial drug develop-
ment that are expected to have no or reduced side
effects in humans. Despite the hope sparked by the
discovery of the MEP pathway, only fosmidomycin,
an inhibitor of 1-deoxyxylulose-5-phosphate reduc-
toisomerase (DXR), the second enzyme of the MEP
pathway (Scheme 1), reached clinical trials as an
antimalarial agent (P falciparum is dependent on
the MEP pathway) in combination with clindamycin
and piperaquine [11]. This finding validates the MEP
pathway as an innovative target for the development
of new drugs [12]. However, new molecules need to
enter the therapeutic pipeline to combat deadly bac-
terial infections.

Here, we focus our efforts on discovering new in-
hibitors of IspH, also called LytB, the last enzyme of
the MEP pathway.

IspH contains an oxygen-sensitive [4Fe-4S]-" cen-
ter that is essential for catalysis and converts (E)-4-
hydroxy-3-methylbut-2-enyl diphosphate (HMBPP,
3) into a mixture of IPP and DMAPP (Scheme 2).
Mossbauer spectroscopy [13,14] and Nuclear Reso-
nance Vibrational Spectroscopy studies highlighted
that the [4Fe-4S]%* cluster of substrate-free IspH is
particular, as one of its four iron sites is an Fe(II) atom
in an octahedral coordination geometry, linked to
three inorganic sulfur atoms of the iron-sulfur cluster

]2+
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Scheme 2. IspH-catalyzed reaction and structures of potent inhibitors.

and three water molecules (Scheme 2) [15]. This un-
usual Fe(II) coordination with three labile ligands is
at the origin of the instability of the [4Fe-4S]%* clus-
ter of IspH in the presence of oxygen. Indeed, the ox-
idation of this Fe(II) may trigger the decomposition
of the prosthetic group. Consequently, IspH is only
stable under anaerobic conditions, making this en-
zyme difficult to study and hence an underexplored
target. No crystal structure of substrate-free IspH in
its [4Fe-4S]?* form has been reported as the api-

cal Fe(Il) might dissociate during the crystallization
process. The first X-ray structure of IspH described
with an intact [4Fe-4S] cluster was obtained for the
E. colihomolog in complex with HMBPP (Scheme 2)
[16]. Since then, several other IspH structures harbor-
ing the [4Fe—4S] center in complex with ligands have
been published (for a review see [17]).

The IspH mechanism is peculiar and involves
bioinorganic and bioorganometallic intermediates
(for reviews see [17-19]). It formally involves removal
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of the hydroxyl group, transfer of two electrons from
the [4Fe-4S] cluster, and protonation of an interme-
diate allylic anion (Scheme 2). The binding of the OH
group of HMBPP to the unique fourth iron site of the
[4Fe-4S]%* cluster, leading to the change in coordina-
tion geometry of this iron from octahedral to tetrahe-
dral upon binding of the substrate (Scheme 2), was
shown using Mossbauer spectroscopy [13] and is il-
lustrated in the X-ray structure of the E. coli IspH-
HMBPP complex [16]. After reduction of the first
bioinorganic complex (Scheme 2), the OH group of
the substrate undergoes a rotation to interact with
E126, leading to a 7t-complex [20-23]. EPR/ENDOR
investigations led to the characterization of a n3-
allyl (7r) complex that forms after water elimination
[24,25]. Further reduction of the paramagnetic n3-
allyl (m) complex followed by protonation at the si
face of C-2 yields IPP, while protonation at C-4 yields
DMAPP [26].

We and others further exploited the acquired
knowledge of the IspH mechanism to design in-
hibitors [17]. In this context, we have already re-
ported two molecular tools that were HMBPP analogs
(Scheme 2) in which the OH group of HMBPP was
replaced by an amino (AMBPP, 4) or a thiol group
(TMBPP, 5). We had expected AMBPP and TMBPP to
tightly bind to the IspH [4Fe-4S] cluster but not be-
ing capable of undergoing the elimination step. En-
zymatic studies have revealed that these molecules
are very potent inhibitors of IspH with K; values in
the nanomolar range: TMBPP is a tight-binding in-
hibitor (IC5¢ = 210 nM, K; = 20 nM, E. coli IspH) and
AMBPP is a slow-binding inhibitor (IC5y = 150 nM,
K; = 54 nM, E. coli IspH) [27]. These molecules re-
main the best IspH inhibitors known to date [17].
The mode of binding of these inhibitors to the api-
cal iron of IspH [4Fe-4S] via the thiol or the amino
function has been further confirmed [28-30]. In ad-
dition to these two inhibitors, two other potent in-
hibitors of A. aeolicusIspH were reported (Scheme 2):
a propargyl diphosphate (IC5p = 6.7 pM) and a pyri-
dine diphosphate (IC5p = 9.1 uM) [18]. However,
all these inhibitors are diphosphate derivatives and
therefore have substantial liabilities with respect to
poor transport across bacterial membranes and in-
activation upon hydrolysis by secreted phosphatases.
Barbituric acid analogs, very different in structure
compared to the substrate, were recently developed.
They were found to be less potent IspH inhibitors

(B1: IC59 = 22 uM, P aeruginosa IspH; B2: IC5g =
23 uM, E. coliIspH, Scheme 2) [31].

All these results comforted us in our approach
to optimize these substrate-based inhibitors. In this
context, we report here the synthesis of analogs of
AMBPP 4, in which the diphosphate moiety was re-
placed by simple mimics, and the results of their bio-
logical evaluation on IspH.

2. Results and discussion

When preparing molecules harboring a diphosphate,
this functional group is usually introduced at the
end of the synthesis as its presence leads to a mol-
ecule almost insoluble in most common organic sol-
vents, which limits further chemical transformations
[27-34]. Moreover, the purification of diphosphory-
lated molecules is often tedious. Diphosphate enti-
ties are also prone to hydrolysis catalyzed by phos-
phatases excreted by bacteria, which would result in
the inactivation of the diphosphate-containing in-
hibitors.

To avoid these issues, we investigated the re-
placement of the diphosphate moiety of the AMBPP
inhibitor with more stable mimics. In this con-
text, sulfonate, phosphonate or phosphinophos-
phonate were chosen. Sulfonate is used as isostere
of phosphate as it has a tetrahedral shape similar
to that of the phosphate group but is more acidic.
The methylene phosphonate moiety is an isostere
of phosphate with its phosphorus-carbon bond
more stable towards hydrolysis compared to the
phosphorus—oxygen bond of phosphate. These two
moieties are shorter than diphosphate [35]. Finally,
the phosphinophosphonate group is an isostere of
the diphosphate group but less sensitive to hydrol-
ysis. The structures of the corresponding AMBPP
analogs that we investigated are displayed in Fig-
ure 1.

2.1. Preliminary docking experiments

Preliminary in silico docking and scoring experi-
ments were performed using phosphonate 6, sul-
fonate 7, and phosphinophosphonate 8. Due to the
difference in pK, values of these different entities
and the fact that the activity of IspH is determined at
pH = 8, docking experiments were performed at pH
=7and at pH = 8.
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Figure 1. AMBPP and its phosphonate, sulfonate, and phosphinophosphonate analogs.

Experiments were carried out starting from the X-
ray structure of IspH in complex with AMBPP (PDB:
3ZGL) [30]. Interestingly, the docking scores of the
sulfonate analog 7 (D.S. = —6.93; —6.92, Figure 2)
are slightly better than the docking scores of the
parent molecule AMBPP (D.S. = —6.75; —5.33, Fig-
ure 2). Replacement of the diphosphate by a simple
phosphonate or a phosphinophosphonate leads to
still acceptable docking scores (Figure 2). The corre-
sponding docking poses revealed that compounds 6,
7, and 8 docked in the active site and placed their
sulfonate, phosphonate or phosphinophosphonate
group in the diphosphate binding pocket of AMBPP
(Figure 2). The amino groups in these AMBPP analogs
were also found close to the apical iron.

Encouraged by these indicators, compounds 6, 7,
and 8 were prepared.

2.2. Chemistry

Target compounds were synthesized starting from
dimethylallyl bromide 9. The syntheses of 6 and 8 are
outlined in Scheme 3.

2.2.1. Synthesis of (E)-(5-amino-4-methylpent-3-en-
1-yD) phosphonate 6

Dimethylphosphonate 10 was synthesized by
nucleophilic substitution of the bromine atom in
dimethylallyl bromide 9 with deprotonated dimethyl
methylphosphonate following the procedure re-
ported by Wiemer [36]. Phosphonate 10 was selec-
tively oxidized with selenium dioxide to yield the cor-
responding E-configurated aldehyde, which was sub-
sequently reduced by NaBH, to alcohol 11 [37,38].
Displacement of the hydroxyl group in 11 with ph-
thalimide under Mitsunobu conditions yielded 12.
Methyl phosphoesters and phthalimide were de-
protected by treatment with bromotrimethylsilane
and aqueous ammonia, respectively, to provide the
corresponding amine 6.

2.2.2. Synthesis of (E)-(5-amino-4-methylpent-3-en-
1-yl) phosphinophosphonate 8

Phosphinophosphonate 16 could not be obtained
by sequential activation of phosphonate 12 by ox-
alyl chloride to the corresponding phosphonic acid
chloride and treatment of the latter by deproto-
nated dimethyl methylphosphonate. As an alterna-
tive, we used the procedure published by Wiemer and
coworkers for the formation of 14 [39]. Subsequent
allylic oxidation with selenium dioxide yielded 15.
Phosphinophosphonate 8 was then obtained follow-
ing the same strategy used for phosphonate 6.

The synthesis of sulfonate 7 is outlined in
Scheme 4.

2.2.3. Synthesis of (E)-5-amino-4-methylpent-3-ene-
1-sulfonate 7

The sulfonate analog 7 was prepared in three
steps. Commercially available alkyl bromide 18
was selectively oxidized to alcohol 19, as reported
by Gaich and Mulzer [40]. A Mitsunobu reaction
using phthalimide as the nucleophile allowed the
synthesis of compound 20. Bromide was substituted
by treatment with sodium sulfite, and hydrolysis of
the phthalimide by ammonia yielded 7.

Biological experiments were further carried out to
test the ability of 6, 7, 8 to act as IspH inhibitors.

2.3. Biological evaluation

E. coli IspH contains an oxygen-sensitive [4Fe-4S]>*
cluster that is essential for catalysis and therefore
needs to be handled in a glove box under a strictly
inert (N») atmosphere. IspH converts HMBPP into a
mixture of IPP and DMAPP in the presence of an ex-
ternal reduction system. In E. coli, the natural flavo-
doxin (FldA)/flavodoxin reductase (FpR1)/NADPH
system plays this role [27,41]. Enzyme activity was
therefore determined by monitoring NADPH con-
sumption. The progress curve (Figure 3, navy blue)
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Figure 2. Docking experiments were performed using the X-ray structure of the E. coli IspH:AMBPP
complex (PDB: 3ZGL). Upper panel: structural formula and docking score (D.S) at pH = 7 (left) and pH
= 8 (right). Lower panel: docking poses of the compound in the IspH active site. Docked molecules are
depicted with green carbon atoms. Docked AMBPP is superposed onto its corresponding crystallographic
structure (gray carbon atoms). Iron and sulfur atoms are represented in orange and yellow, respectively.
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Scheme 3. Synthesis of phosphonate 6 and phosphinophosphonate 8 analogs.

showed a sharp drop in the NADPH concentration
in the first 7 min that was due to IspH catalysis

under multiple turnover conditions. The resulting
E. coli IspH activity was 990 nmol-min~!-mg~!
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Figure 3. IspH enzymatic assays. Decrease in the absorbance of NADPH at 340 nm in the presence or
absence of 6, 7, 8, or AMBPP. Conditions: NADPH (2.2 mM), FIdA (30 uM), FpR1 (17 uM), IspH (0.5 uM)
in 50 mM Tris HCI buffer pH = 8 at 37 °C; HMBPP alone (dark blue) or in the presence of 1 mM of 6
(yellow), 7 (green), 8 (blue), or 25 uM AMBPP 4 (orange) that were preincubated with IspH for 15 min at
37 °C before initiating the reaction by addition of HMBPP (150 uM). Samples were prepared in a glove
box, and additions were performed using a gastight syringe. A control sample (light gray) was prepared
under the same conditions but replacing HMBPP by buffer.
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Scheme 4. Synthesis of sulfonate analog 7.

agreement with previous reports [13,23,27]. It should
be noticed that the low-slope region observed after
7 min is due to spontaneous NADPH degradation at
pH=38.

We previously reported that AMBPP 4 is a slow-
binding inhibitor of IspH under the conditions used
in this assay and hypothesized that the slow-binding
step might be due to the formation of the nonproto-
nated amine required for binding to the apical iron
of the [4Fe-4S]2* cluster [27]. As 6, 7, and 8 also con-

PPh3 Phthalimide

DIAD, THF N
Br 0 0
80% 20
®

tain the amine function, this slow-binding behavior
would also be expected for these compounds. As a
consequence, we tested the ability of 6, 7, and 8 to
promote IspH inhibition by first preincubating IspH
with each of these compounds for 15 min, in order
to favor the formation of the enzyme-inhibitor com-
plex, and then initiate the IspH-catalyzed reaction
by the addition of the HMBPP substrate. Progress
curves recorded using 6, 7, or 8 at a concentration of
1 mM displayed the same initial slope as the curve
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recorded for IspH with HMBPP alone, indicating
the same steady-state rates (Figure 3, yellow, green,
blue). In contrast, the progress curve recorded under
the same conditions for AMBPP at a concentration as
low as 25 uM showed a drastic decrease in the IspH
reaction rate, indicative of an E. coli IspH activity
of 263 nmol-min~!-mg~! that corresponds to 73%
enzyme inhibition (Figure 3, orange). Together, these
results reveal that replacement of the diphosphate in
AMBPP with a phosphonate, a sulfonate, or a phos-
phinophosphonate, compromise the inhibition po-
tential of the resulting derivatives 6, 7, and 8 towards
IspH.

3. Conclusion

Three novel analogs of AMBPP, in which the diphos-
phate group was replaced by a sulfonate or a methy-
lene phosphonate or a phosphinophosphonate, were
synthesized and characterized by NMR spectroscopy
and mass spectrometry. In contrast to the parent
molecule AMBPP, which is one of the best two in-
hibitors known to date for E. coli IspH, a metalloen-
zyme containing an oxygen sensitive [4Fe-4S] cluster
involved in the MEP pathway, these new molecules
did not affect IspH activity. These results illustrate
the essentiality of the diphosphate group of AMBPP,
so far. The lack of inhibition potential of the sulfonate
or methylene phosphonate analogs is most probably
due to the size of these phosphate mimics that are
shorter than diphosphate and might not completely
fill the diphosphate binding pocket of IspH. In con-
trast, phosphinophosphonate has the same size as
AMBPP and could undergo the same interactions as
AMBPP with the surrounding amino acids of IspH.
However, phosphinophosphonates are known to be
less acidic than diphosphates. As a consequence, the
phosphinophosphonate might retain a proton that
might weaken some interactions within the active
site.

Based on the knowledge gained from this study,
new inhibitors derived from AMBPP or other promis-
ing IspH inhibitors need to be elaborated. Such
optimization could consist in the use of other
diphosphate isosteres such as difluoromethylphos-
phonates, difluoromethanediphosphonates or via
structure-based fragment selection to find new scaf-
folds binding to the diphosphate pocket of IspH that
do not rely on phosphate chemistry.

4. Experimental section
4.1. Molecular docking

In silico docking experiments were carried out us-
ing the Schrédinger suite 2020-4 (Schrodinger LLC,
New York, NY, USA). The X-ray structure of IspH in
complex with AMBPP (PDB: 3ZGL) was used for the
studies. The protein structure was processed as pre-
viously described [30]. To generate the docking grid,
we used AMBPP as the reference ligand and the pro-
tein model without water molecules. The binding re-
gion was defined by a square box centered on the in-
hibitor. Sizes that largely exceeded the volume of the
binding site were used for both the enclosing (10 A x
10 A x 10 A) and bounding box (20 A x 20 A x 20 A).
LigPrep was used for energy minimization, to gener-
ate the 3D structures of the compounds, and to pro-
duce the tautomers and the ionization states at pH
= 7 and pH = 8. The docking study was performed
using Glide’s extra precision mode [42,43]. No con-
straints (such as hydrogen bond or atom position)
were applied to guide the binding. Results of the in
silico docking experiments were sorted according to
the Glide docking score.

4.2. Syntheses

All reactions in nonaqueous solvents were conducted
under an argon atmosphere with a magnetic stir bar.
All reagents and solvents were purchased from com-
mercial sources and used without further purifica-
tion. Anhydrous CH,Cl, and tetrahydrofuran (THF)
were purchased (99.85%, water < 50 ppm). All other
solvents were of HPLC grade. Reactions were mon-
itored by thin layer chromatography (TLC) with sil-
ica gel 60-F254 plates. Flash column chromatography
was performed using silica gel (0.04-0.063 mm, 230-
400 mesh) under pressure. Yields refer to chromato-
graphically and spectroscopically pure compounds.

NMR spectra were recorded on a 300- or 500-
MHz spectrometer. All NMR spectra were measured
in CDCI3 or D,0O solutions and referenced, respec-
tively, to the residual CHCls signal (‘H, & = 7.26 ppm;
13¢C, § = 77.16 ppm) or H,0 (5 = 4.79 ppm). For 3!P
NMR spectroscopy, 85% phosphoric acid in D»,O was
used as external reference (6 = —0.85 ppm). Chemi-
cal shifts and coupling constants are reported in ppm
and Hz, respectively. High-resolution mass spectra
were obtained using ESI-TOE
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4.2.1. Synthesis of (E)-(5-amino-4-methylpent-3-en-
1-yl) phosphonate 6

¢ Synthesis of dimethyl (4-methylpent-3-en-1-yl)
phosphonate 10

6

0 7
4 2 I

)\ﬁ — > X P-OMe
Br 5 3 1
OMe
8
9 10

Dimethyl methylphosphonate (2.1 mL, 19.4 mmol,
1 eq.) was added dropwise at —78 °C to a stirred so-
lution of LDA (2 M in THE 10 mL, 20 mmol, 1 eq.) in
dry THF (80 mL). The reaction mixture was stirred
at —78 °C for 15 min before 1-bromo-3-methylbut-2-
ene 9 (2.3 mL, 19.9 mmol, 1 eq.) was added dropwise.
The reaction mixture was stirred at —78 °C for 30 min
and then left to stand at 20 °C overnight. A saturated
aqueous solution of NH,4CI was then added, and the
different layers were separated. The aqueous layer
was extracted using diethyl ether. The combined
organic layers were dried over NaSOy, filtered, and
the solvent was removed under reduced pressure.
The crude product was purified by column chro-
matography on silica gel (ethyl acetate/petroleum
ether, 8:2) yielding dimethyl (4-methylpent-3-en-
1-yl) phosphonate 10 as an oil (2.26 g, 11.8 mmol,
61%, Rf (ethyl acetate/cyclohexane, 9:1) = 0.25). 'H
NMR (500 MHz, CDCl3): 8(ppm) = 1.61 (3H, s, H-6),
1.68 (3H, s, H-5), 1.70-1.82 (2H, m, H-1), 2.21-2.33
(2H, m, H-2), 3.73 (6H, d, J = 12.0 Hz, H-7 + H-8),
5.10 (1H, tq, J = 7.2 Hz, J = 1.5 Hz, H-3). '3C NMR
(125 MHz, CDCl3): 8(ppm) = 17.8 (C-6), 21.1 (d,
J=5.0Hz, C-2),25.1 (d, J=137.0 Hz, C-1), 25.8 (C-5),
52.4 (d, ] =6.6 Hz, C-7 + C-8), 123.1 (d, / = 17.5 Hz,
C-3), 133.1 (d, J = 2.5 Hz, C-4). 3'P NMR (121 MHz,
CDCl3): 6(ppm) = 34.5.

« Synthesis of dimethyl (E)-(5-hydroxy-4-
methylpent-3-en-1-yl) phosphonate 11

6
o 2 o 7
I 4
M?—OMe - SM;—%_OM‘E

OMe OH OMe
10 1" 8
Dimethyl (4-methylpent-3-en-1-yl) phospho-

nate 10 (500 mg, 2.60 mmol, 1 eq.), SeO, (220 mg,

1.95 mmol, 0.75 eq.) and tert-butyl hydroperoxide
(70% in water, 1.4 mL, 10.4 mmol, 4 eq.) were dis-
solved in CH,Cl, (15 mL). The reaction mixture was
stitred at 20 °C for 16 h before the reaction was
quenched by the addition of a saturated aqueous
solution of NaCl. The different layers were sepa-
rated, and the aqueous layer was extracted with
CH,Cl,. The combined organic layers were washed
with an aqueous solution of Na;S,03, dried over
Na, S0y, filtered, and the solvent was removed un-
der reduced pressure. The resulting crude product
was dissolved in methanol (7.5 mL), and NaBHy
(200 mg, 5.2 mmol, 2 eq.) was added portionwise.
The reaction mixture was stirred at 20 °C for 2 h be-
fore being quenched by the addition of a saturated
aqueous solution of NH4Cl. The resulting mixture
was extracted with diethyl ether, and the combined
organic layers were dried over NaySOy, filtered, and
the solvent was removed under reduced pressure.
The crude product was purified by column chro-
matography on silica gel (MeOH/DCM, 4:96) yield-
ing dimethyl (E)-(5-hydroxy-4-methylpent-3-en-1-
yl) phosphonate 11 as an oil (298 mg, 1.43 mmol,
55%, Rf (ethyl acetate/cyclohexane, 9:1) = 0.11).
'H NMR (300 MHz, CDCl3): 5(ppm) = 1.68 (3H, s,
H-6), 1.77-1.84 (2H, m, H-1), 2.31-2.38 (2H, m, H-
2), 3.74 (6H, d, J = 10.0 Hz, H-7 + H-8), 4.00 (2H,
s, H-5), 5.42 (1H, tq, J = 7.0 Hz, J = 1.5 Hz, H-3).
13C NMR (125 MHz, CDCl3): §(ppm) = 13.8 (C-6),
20.8 (d, J = 5.0 Hz, C-2), 24.8 (s, J = 139.0 Hz, C-1),
52.5 (d, J = 6.28 Hz, C-7 + C-8), 68.6 (C-5), 124.2 (d,
J =16.25 Hz, C-3), 136.4 (d, J = 1.25 Hz, C-4). 3!p
NMR (121 MHz, CDCls): &(ppm) = 34.29.

« Synthesis of dimethyl (E)-(5-(1,3-
dioxoisoindolin-2-yl)-4-methylpent-3-en-1-yl)

phosphonate 12
X O
4 2 7
sMI'ID'—OMe

3
Q N OMe
M%-OMe —» 0 S 0 8
OH OMe 10
11 11 12
12
Dimethyl (E)-(5-hydroxy-4-methylpent-3-en-1-

yl) phosphonate 11 (398 mg, 1.9 mmol, 1.1 eq.),
PPh; (515 mg, 2.0 mmol, 1.1 eq.) and phthalim-
ide (250 mg, 1.7 mmol, 1 eq.) were dissolved in dry
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THF (12 mL). DIAD (430 pL, 2.0 mmol, 1.1 eq.) was
added dropwise at 0 °C, and the reaction mixture
was stirred at 0 °C for 30 min and then left to stand
at 20 °C overnight. The reaction was quenched by
the addition of MeOH (0.5 mL), and the solvent was
evaporated under vacuum. The crude product was
purified by column chromatography on silica gel
(ethyl acetate) yielding 12 as a white solid (260 mg,
0.77 mmol, 45%, Rf (MeOH/DCM, 5:95) = 0.54). 'H
NMR (300 MHz, CDCl3): 8(ppm) = 1.66 (3H, s, H-6),
1.70-1.81 (2H, m, H-1), 2.24-2.36 (2H, m, H-2), 3.70
(6H, d J =9.0 Hz, H-7 + H-8), 4.18 (2H, s, H-5), 5.31
(1H,tq, J=8.7Hz, J=1.5Hz, H-3), 7.70-7.74 (2H, m,
H-11 or H-12), 7.81-7.86 (2H, m, H-11 or H-12). 13C
NMR (125 MHz, CDCl3): §(ppm) = 14.8 (C-6), 20.9 (d,
J=4.5Hz,C-2),24.5(d, J =139.0 Hz, C-1), 44.8 (C-5),
52.4 (d, J = 6.5 Hz, C-7 + C-8), 123.5 (C-10), 125.7
(d, J =16.9 Hz, C-3), 130.9 (d, / = 1.6 Hz, C-4), 132.1
(C-11 or C-12), 134.2 (C-11 or C-12), 168.3 (C-9). 3!P
NMR (121 MHz, CDCl3): 8(ppm) = 33.94.

« Synthesis of (E)-(5-amino-4-methylpent-3-en-1-yl)
phosphonate 6

Mes3SiBr (180 pL, 1.68 mmol, 9 eq.) was added
dropwise to a stirred solution of dimethyl (E)-(5-
(1,3-dioxoisoindolin-2-yl)-4-methylpent-3-en-1-yl)
phosphonate 12 (60 mg, 0.178 mmol, 1 eq.) in dry
CH,Cl, (1.5 mL) at 0 °C. The reaction mixture was
stirred at 0 °C for 30 min and at 20 °C for 1 h. Methanol
(1 mL) was added, and the reaction was further
stirred for 1 h. The solvents were then evaporated
under reduced pressure, and the resulting oil was
dissolved in THF (4 mL). NH4OH (1 mL) was added,
and the reaction mixture was stirred overnight. Sol-
vents were evaporated under reduced pressure, and
the resulting mixture was purified by column chro-
matography on silica gel (Isopropanol/H,O/NH,OH,
7:1:2 to 5:3:2) yielding 6 as a white solid, which was
dissolved in water, lyophilized, and further dried
under high vacuum (13 mg, 0.074 mmol, 42%, Rf
(Isopropanol/H,0/NH,OH, 6:2:2) = 0.20). '"H NMR
(300 MHz, D,0): §(ppm) = 1.61-1.72 (2H, m, H-1),
1.75 (3H, s, H-6), 2.26-2.38 (2H, m, H-2), 3.53 (2H,

s, H-5), 5.62 (1H, tq, J = 7.5 Hz, J = 1.5 Hz, H-3).
13C NMR (125 MHz, D,0): d(ppm) = 13.5 (C-6),
21.6 (d, J = 3.75 Hz, C-2), 27.2 (d, ] = 132.5 Hz,
C-1), 46.3 (C-5), 127.5 (C-4), 130.9 (d, J = 15.0 Hz,
C-3). 3'P NMR (121 MHz, D,0): §(ppm) = 25.32.
High-resolution MS (ES-) m/z: [M-H]~ (CgH;3NO3P)
calculated 178.0638, found 178.0650.

4.2.2. Synthesis of (E)-(((5-amino-4-methylpent-3-
en-1-yl) oxidophosphoryl) methyl) phospho-
nate 8

« Synthesis of dimethyl ((methoxy(4-methylpent-3-
en-1-yl) phosphoryl) methyl) phosphonate 14

i /Gk/xo g
N\ 1 2 0 8 0 9
P-OMe — 52 "—b—CH,—P-OMe
OMe OMe OMe
10 14 7 10

Oxalyl chloride (3 mL, 35 mmol, 3 eq.) was added
dropwise to a stirred solution of dimethyl (4-
methylpent-3-en-1-yl) phosphonate 10 (2.05 g,
11.5 mmol, 1 eq.) and dry DMF (0.10 mL, cat.) in
dry CH»Cl, (60 mL) at 0 °C. The solution was stirred
overnight at 20 °C. Solvents were then removed un-
der reduced pressure, yielding a chlorinated com-
pound, which was used without further purification.
Dimethyl methylphosphonate (3.5 mL, 33 mmol,
2.9 eq.) was added dropwise to a stirred solution of
Buli (2.5 M in hexane, 12.5 mL, 31 mmol, 2.7 eq.) at
—78 °C. The mixture was further stirred for 30 min
before a solution of the chlorinated compound in
CH,Cl, (10 mL) was added dropwise. The reaction
mixture was allowed to reach 20 °C while being
stirred overnight. A saturated aqueous solution of
NH,Cl was then added, and the different layers were
separated. The aqueous layer was extracted using
CH,Clp. The combined organic layers were dried
over Na,SQy,, filtered, and the solvent was removed
under reduced pressure. The resulting mixture was
purified by column chromatography on silica gel
(EtOH/PE, 2:8) yielding 14 (1.50 g, 5.28 mmol, 46%,
Rf (MeOH/DCM, 5:95) = 0.17) as yellowish oil. 'H
NMR (300 MHz, CDCl3): 8(ppm) = 1.63 (3H, s, H-
5), 1.68 (3H, s, H-6), 1.92-2.02 (2H, m, H-1), 2.25-
2.35 (2H, m, H-8), 2.33-2.46 (2H, m, H-2), 3.76 (3H,
d, J = 11.1 Hz, H-7), 3.81 (6H, d, J = 11.4 Hz, H-9
+ H-10), 5.13 (1H, tq, / = 7.2 Hz, J = 1.5 Hz, H-
3). 13C NMR (125, CDCl3): 8(ppm) = 17.8 (C-6), 20.4
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(d, J =4.12 Hz, C-2), 25.8 (C-5), 26.4 (dd, ] = 134.2 Hz,
J = 75.5 Hz, C-8), 29.5 (d, ] = 96.6 Hz, C-1), 51.6 (d,
J = 6.9 Hz, C-7), 53.2 (t, ] = 6.7 Hz, C-9 + C-10),
122.9 (d, J = 15.6 Hz, C-3) and 133.4 (d, J = 1.4 Hz,
C-4). 3P NMR (121 MHz, CDCl3): §(ppm) = 22.76 (d,
J=4.4Hz),48.34 (d, ] = 4.5 Hz).

« Synthesis of dimethyl (E)-(((5-hydroxy-4-
methylpent-3-en-1-yl) (methoxy)phosphoryl)
methyl) phosphonate 15

Dimethyl ((methoxy(4-methylpent-3-en-1-yl)
phosphoryl) methyl) phosphonate 14 (911 mg,
3.2 mmol, 1 eq), SeO, (215 mg, 1.9 mmol, 0.6 eq.)
and tert-butyl hydroperoxide (70% in water, 2.15 mL,
15.7 mmol, 5 eq.) were dissolved in CH»Cl, (20 mL).
The reaction mixture was stirred at 20 °C for 16 h
before being quenched by the addition of a saturated
aqueous solution of NaCl. The different layers were
separated, and the aqueous layer was extracted with
CHCl,. The combined organic layers were washed
with an aqueous solution of Na»S,03, dried over
NaySQy, filtered, and the solvent was removed un-
der reduced pressure. The resulting crude product
was dissolved in methanol, and NaBH; (150 mg,
3.9 mmol, 1.2 eq.) was added at 0 °C. The reaction
mixture was stirred at room temperature for 2 h be-
fore being quenched by the addition of a saturated
aqueous solution of NH4ClI (2 mL). The solvents were
removed under reduced pressure, and the resulting
mixture was purified over column chromatography
on silica gel (MeOH/CH2Cly, 8:92) yielding 15 as an
oil (170 mg, 0.56 mmol, 18%, Rf (MeOH/DCM, 8:92)
= 0.16). 'H NMR (500 MHz, CDCl3): §(ppm) = 1.69
(3H, s, H-6), 1.73 (bs, 1H, OH), 2.00-2.06 (2H, m,
H-1), 2.35-2.45 (4H, m, H-2 + H-8), 3.77 (3H, d, ] =
11.0 Hz, H-7), 3.81 (6H, dd, J = 11.0 Hz, ] = 2.0 Hz, H-
9 + H-10), 4.00 (2H, s, H-5), 5.45 (1H, tq, J = 7.5 Hz,
J = 1.5 Hz, H-3). 13C NMR (125, CDCl3): 5(ppm)
= 13.7 (C-6), 19.9 (d, J = 4.2 Hz, C-2), 26.4 (dd,
J =134.5Hz, ] = 75.8 Hz, C-8), 29.0 (d, ] = 97.6 Hz,
C-1),51.5(d, J=6.7 Hz, C-7),53.1 (d, ] = 6.5 Hz, C-9
+ C-10), 68.4 (C-5), 123.8 (d, J = 14.1 Hz, C-3), 136.6
(d, J = 1.0 Hz, C-4). 3'P NMR (121 MHz, CDCls):
S(ppm) =23.07 (d, ] =4.2 Hz), 48.26 (d, ] = 4.0 Hz).

« Synthesis of dimethyl (E)-(((5-(1,3-
dioxoisoindolin-2-yl)-4-methylpent-3-en-1-yl)
(methoxy)phosphoryl) methyl) phosphonate 16

o N o OMe OMe
15 1112 16 7 h
Dimethyl (E)-(((5-hydroxy-4-methylpent-3-en-

1-yl) (methoxy)phosphoryl)methyl) phosphonate
15 (170 mg, 0.57 mmol, 1.2 eq.), PPhy (155 mg,
0.59 mmol, 1.2 eq.) and phthalimide (70 mg,
0.48 mmol, 1 eq.) were dissolved in dry THE DIAD
(130 pL, 0.64 mmol, 1.3 eq.) was added dropwise at
0 °C, and the reaction mixture was stirred at 0 °C for
30 min and left to stand at 20 °C for 2 h. The reaction
was quenched by the addition of MeOH (500 pL),
and the solvent was removed under reduced pres-
sure. The crude product was purified by column
chromatography on silica gel (MeOH/CH,Cl,, 8:92).
A second column chromatography on silica gel (ethyl
acetate) yielded 16 as a white oil (162 mg, 0.38 mmol,
79%, Rf (ethyl acetate) = 0.43). '"H NMR (500 MHz,
CDCl3): d(ppm) = 1.67 (3H, s, H-6), 1.93-2.00 (2H,
m, H-1), 2.30-2.42 (4H, m, H-2 + H-8), 3.73 (3H, d,
J=11Hz, H-7),3.78 (6H, d, / = 11 Hz, H-9 + H-10),
4.17 (2H, s, H-5), 5.35 (1H, tq, ] = 7.5 Hz, ] = 1.5 Hz,
H-3), 7.70-7.72 (2H, m, H-13), 7.83-7.84 (2H, m,
H-14). 13C NMR (125 MHz, CDCl3): 5(ppm) = 14.8
(C-6),20.1 (d, ] =16 Hz, C-2), 26.4 (dd, J = 134.1 Hz,
J = 76.1 Hz, C-8), 29.0 (d, J = 97.4, C-1), 44.7 (C-
5), 51.6 (d, J = 6.3 Hz, C-7), 53.2 (dd, J = 6.5 Hz,
J = 3.1 Hz, C-9 + C-10), 1234 (C-13), 125.5 (d,
J =15.5Hz, C-3), 131.2 (d, J = 1.4 Hz, C-4), 132.1 (C-
14), 134.1 (C-12), 168.3 (C-11). 3'P NMR (121 MHz,
CDCl3): 8(ppm) = 22.96 (d, J = 4.0 Hz), 47.97 (d,
J=4.0Hz).

¢ (E)-(((5-amino-4-methylpent-3-en-1-yl)
oxidophosphoryl) methyl) phosphonate 8

< g 9
P-CH,-P—OMe
N OMe OMe

6
2 O 7 O
o (0] N Il O ®
sMF"—CHZ—F"—o NH,
NH, o) o
16 8 © ©

® ®
NH,  NH,
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Bromotrimethylsilane (340 puL, 3.2 mmol, 9.4 eq.)
was added dropwise to a solution of dimethyl (E)-
(((5-(1,3-dioxoisoindolin-2-yl)-4-methylpent-3-en-
1-yl) (methoxy)phosphoryl) methyl) phosphonate
16 (146 mg, 0.34 mmol, 1 eq.) in dry CH,Cl, (3 mL)
while being stirred at 0 °C. The reaction mixture was
further stirred at 0 °C for 30 min and then at 20 °C
for 1 h. Methanol was added, and the mixture was
further stirred for 1 h. Solvents were then removed
under reduced pressure, and the resulting oil was
dissolved in acetone. A mixture of isopropanol, water
and ammonia (6/2/2) was added, and the mixture
was stirred overnight. After evaporation of the sol-
vents, the crude product was purified by column
chromatography on silica gel (IPA/H,O/NH4OH,
6:2:2 to 5:3:2) yielding 8 as a white solid, which was
dissolved in water, lyophilized, and further dried
under high vacuum yielding 17 (12 mg, 0.046 mmol,
14%, Rf (IPA/H,O/NH,4OH, 6:4:2) = 0.25). 'H NMR
(300 MHz, D,0): §(ppm) = 1.69 (3H, s, H-6), 1.70-
1.76 (2H, m, H-1), 1.98-2.06 (2H, m, H-7), 2.23-2.30
(2H, m, H-2), 3.46 (2H, s, H-5), 5.54 (1H, t, ] = 7.0 Hz,
H-3). 13C NMR (125 MHz, D,0): 5(ppm) = 13.6 (C-6),
20.4 (d, J = 3.6 Hz, C-2), 29.9 (d, J = 95.0 Hz, C-1),
30.7 (dd, J = 119.8 Hz, J = 75.9 Hz, C-7), 46.2 (C-5),
127.5 (C-4), 130.8 (d, J = 14.4 Hz, C-3). 3'P NMR
(121 MHz, D,0): é(ppm) = 15.40 (d, J = 5.5 Hz), 38.13
(d, J = 5.5 Hz). High-resolution MS (ES-) m/z: [M-H]~
(C7H14NO5P») calculated 256.0509, found 256.0526.

4.2.3. Synthesis of (E)-5-amino-4-methylpent-3-ene-
1-sulfonate 7

e (E)-5-bromo-2-methylpent-2-en-1-ol 18

6
2 4
3 5
17 OH 48

Tert-butyl hydroperoxide (70% in water, 1.7 mL,
12.6 mmol, 2 eq.) was added to a suspension of SeO,
(340 mg, 3.01 mmol, 0.5 eq.) stirred at 0 °C. The reac-
tion mixture was stirred at 0 °C for 5 min and at 20 °C
for 30 min. 5-Bromo-2-methylpent-2-ene 17 (820 puL,
6.13 mmol, 1 eq.) was added dropwise at 0 °C. The re-
action mixture was stirred overnight while slowly be-
ing allowed to warm up to 20 °C. It was then diluted
with diethyl ether and washed twice with an aqueous
solution of KOH (1M) then brine. The organic layer

was dried over Na,SQOy, filtered, and the solvent was
removed under reduced pressure. The crude prod-
uct was purified by column chromatography on sil-
ica gel (ethyl acetate/petroleum ether, 2:8) yielding
18 (660 mg, 3.69 mmol, 60%). 1'H NMR (500 MHz,
CDCI3): 6(ppm) = 1.69 (3H, s, H-6), 2.63 (2H, dt, J =
7.0 Hz, 6.5 Hz, H-4), 3.39 (2H, t, ] = 7.0 Hz, H-5), 4.03
(2H, s, H-1), 5.44 (1H, m, H-3). '3C NMR (125 MHz,
CDCl3): d(ppm) = 14.0 (C-6), 31.3 (C-4), 32.6 (C-5),
68.5 (C-1), 122.1 (C-3), 138.1 (C-2).

¢ (E)-2-(5-bromo-2-methylpent-2-en-1-yl)
isoindoline-1,3-dione 19

10

DIAD (400 pL, 2.0 mmol, 1.2 eq.) was added to a
solution of phthalimide (300 mg, 2.0 mmol, 1.2 eq.),
PPh3 (530 mg, 2.0 mmol, 1.2 eq.) and 18 (300 mg,
1.68 mmol, 1 eq.) in dry THF while stirring at 0 °C. The
reaction mixture was stirred for 3 h and simultane-
ously allowed to warm up to 20 °C. The reaction was
quenched by the addition of MeOH (1 mL), and the
solvent was removed under reduced pressure. The
crude product was purified by column chromatogra-
phy on silica gel (ethyl acetate/petroleum ether 1:9)
yielding 19 as an oil (415 mg, 1.35 mmol, 80%, Rf
(ethyl acetate/cyclohexane, 20:80) = 0.60). IH NMR
(300 MHz, CDCl3): 6(ppm) = 1.68 (3H, s, H-6), 2.59
(2H, dt, J = 7.2 Hz, 6.3 Hz, H-4), 3.33 2H, t, J =
7.2Hz, H-5),4.22 (2H, s, H-1), 5.37 (1H, m, H-3), 7.69—
7.76 (2H, m, H-9), 7.83-7.89 (2H, m, H-10). *C NMR
(125 MHz, CDCl3): 6(ppm) = 15.0 (C-6), 31.5 (C-4),
32.0 (C-5), 44.8 (C-1), 123.5 (C-9), 124.1 (C-3), 132.1
(C-8) 132.7 (C-2), 134.2 (C-10), 168.3 (C-7).

¢ (E)-5-amino-4-methylpent-3-ene-1-sulfonate 7
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A solution of sodium sulfite (360 mg, 2.86 mmol,
2.2 eq.) in water (5 mL) was added to a stirred
solution of 19 (400 mg, 1.30 mmol, 1 eq.) in EtOH
(5 mL). The reaction mixture was further stirred un-
der reflux overnight. The suspension was filtered,
and the filtrate was evaporated under reduced pres-
sure. Nonpolar products were discarded by filtra-
tion on silica gel (MeOH/CH,Cl,/NEts, 2/8/0.2), and
the most polar product was recovered and then dis-
solved in MeOH (2 mL) without further purification.
NH4OH (2 mL) was added, and the reaction mix-
ture was stirred overnight. Solvents were removed
under reduced pressure. Consecutive column chro-
matography (isopropanol/H,O/NH4OH, 8:0.8:2 then
isopropanol/H,0, 9:1) yielded 7 as a white solid,
which was dissolved in water, lyophilized, and fur-
ther dried under high vacuum (10 mg, 0.056 mmol,
4%, Rf (IPA/H,0, 8:2) = 0.27). '"H NMR (300 MHz,
D,0): d(ppm) = 1.76 (3H, s, H-6), 2.54 (2H, dt, J =
7.2 Hz, ] = 6.2 Hz, H-2), 2.98 (2H, t, ] = 7.8 Hz, H-
1), 3.55 (2H, s, H-5), 5.60 (1H, m, H-3). 3C NMR
(125 MHz, D,0): 8(ppm) = 14.3 (C-6), 23.5 (C-2),
46.8 (C-1), 50.6 (C-5), 128.4 (C-3), 129.9 (C-4). High-
resolution MS (ES-) m/z: [M-H]~ (C¢H;2NO3S) calcu-
lated 178.0543, found 178.0541.

4.3. Biological experiments

4.3.1. IspH production

Production and purification of E. coli IspH were
performed as previously described [30]. Protein con-
centration was measured using the Bradford method
with bovine serum albumin as a standard [44]. Iron
was quantified according to Fish [45] and sulfide as
described by Beinert [46]. UV/visible spectrum, iron
and sulfur content of E. coli IspH were similar to
those previously reported [13], in accordance with
the presence of [4Fe-4S)%* cluster.

4.3.2. Enzymatic assays

Enzyme activity was determined by monitoring
NADPH consumption in the presence of optimized
concentrations of the reducing system under anaer-
obic conditions. A HMBPP solution (final concentra-
tion 150 uM) was added through a gas-tight syringe
to a 0.1 cm light path cuvette prepared in an anaero-
bic glove box and containing NADPH (2.2 mM), FIdA
(30 uM), FpR1 (17 uM), IspH (0.5 uM), and either 6
or 7 or 8 or AMBPP in 50 mM Tris-HCI pH = 8 that

had previously been incubated for 15 min at 37 °C.
The reaction was monitored spectrophotometrically
at 340 nm with a Cary 100 UV/visible spectropho-
tometer (Varian) maintained at 37 °C using a thermo-
stat equipped with a Peltier element.
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