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ABSTRACT

Members of the Rab GTPase family are master regulators of vesicle trafficking. When
disregulated, they are associated with a number of pathological states. The inhibition
of RGGT, an enzyme responsible for post-translational geranylgeranylation of Rab
GTPases represents one way to control the activity of these proteins. Since the
number of molecules modulating RGGT is limited, we combined molecular modeling
with biological assays to ascertain how modifications of phosphonocarboxylates, the
first reported RGGT inhibitors, rationally improve understanding of their structure-
activity relationship. We have identified the privileged position in the core scaffold of
the imidazo[1,2-a]pyridine ring, which can be modified without compromising
compounds’ potency. Thus modified compounds are micromolar inhibitors of

Rab11A prenylation, simultaneously being inactive against RaplA/RaplB
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modification, with the ability to inhibit proliferation of the HelLa cancer cell line.
These findings were rationalized by molecular docking, which recognized interaction
of phosphonic and carboxylic groups as decisive in phosphonocarboxylate
localization in the RGGT binding site.

INTRODUCTION

Rab GTPases constitute the most abundant class among the Ras superfamily of small
GTP-binding proteins. They are considered master regulators of vesicle trafficking
and their secretion to the extracellular matrix. Rab geranylgeranyl transferase (RGGT,
Rab GGTase, GGT-II) is responsible for post-translational geranylgeranylation of
Rab GTPases (Fig. 1). Attachment of lipophilic prenyl group(s) is crucial for their
correct subcellular membrane localization and functioning. Most Rab GTPases
undergo double prenylation catalyzed by RGGT, with the formation of a thioether
bond between two C-terminal cysteines and 20-carbon isoprenoid chains, derived
from geranylgeranyl pyrophosphate (GGPP).

The abnormal activities of RGGT and some Rab proteins have been identified in a
number of diseases, including neurodegenerative and infectious disorders® as well as
in several cancer types, in some cases being connected with increased tumor
aggression.*® Specifically, members of the Rabll family (Rab1lA, Rabl1B,
Rab25/Rab11C) along with their effectors exert an important role in development of
cancers of multiple lineages, including pancreas, skin, breast, colon, endometrial,

lung, ovarian, renal, prostate and bladder.® ’
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Figure 1. The isoprenoid biosynthesis pathway. NBP: nitrogen-containing
bisphosphonates; FPPS: farnesyl pyrophosphate synthase; GGPPS: geranylgeranyl
pyrophosphate synthase; FT: farnesyl transferase; GGT-1: geranylgeranyl
transferase 1; FPP: farnesyl pyrophosphate; GPP: geranyl pyrophosphate; GGPP:

geranylgeranyl pyrophosphate; RGGT: Rab geranylgeranyl transferase.

It has been also reported that disruption of prenylation by inhibition of more upstream
enzymes of isoprenoid pathway, e.g. farnesyl pyrophosphate synthase, FPPS (by
nitrogen-containing bisphosphonates (NBPs)), can reduce proliferation of malignant
cells. Even though the molecular target of NBPs is farnesyl pyrophosphate synthase,
their molecular mechanism of action might be related to downstream depletion of
geranylgeranyl pyrophosphate, a substrate for geranylgeranyl transferases (Fig. 1).8%°
Additionally, the unexpectedly low cytotoxicity of farnesyl transferase (FT)
inhibitors, which should disrupt prenylation of the oncogenic K-Ras GTPase, is
associated with alternative prenylation of this protein by geranylgeranyl
transferases.’®'? The combined therapy using both, farnesyl transferase and

geranylgeranyl transferase inhibitors, may overcome this surrogate prenylation.1%
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Therefore, identification of specific inhibitors of RGGT and their application as tools
to study RGGT and Rab-connected processes may open new avenues for therapeutic
intervention and advances in understanding of Rab proteins prenylation.

The a-phosphonocarboxylate (PC), 3-PEHPC!® derived from risedronate,
bisphosphonate anti-osteoporotic drug, was the first identified inhibitor of RGGT,
which showed moderate but selective activity. Up to now, several other classes of
RGGT inhibitors have been reported,’*'® with the most active analogs being
developed from a tetrahydrobenzodiazepine core.'® None of them were studied with
respect to inhibition of first or second geranylgeranylation process, except for
phosphonocarboxylates, which were reported to prohibit the introduction of the
second geranylgeranyl group to Rabs, therefore selectively affecting Rabs, which
require double prenylation.®

Further studies led to the identification of the more potent RGGT
phosphonocarboxylate inhibitors. We found that other analogs of heterocyclic
bisphosphonates show greater activity against RGGT than originally reported 3-
PEHPC,2%?2 while those derived from aminoalkyl BP are inactive.?? Oxidation of
nitrogen in the pyridine ring of 3-PEHPC to N-oxide, did not improve activity against
RGGT.?®> We demonstrated that the most active derivatives of currently known
phosphonocarboxylates contain imidazo[1,2-a]pyridine (3-IPEHPC and its analogs)?®
21 or the imidazole ring?? in their structure.

Thus, here we describe the synthesis of an extended set of phosphonocarboxylate
inhibitors (Fig. 2), varying in lipophilicity, size and geometry of substituent in order
to probe their affinity towards RGGT. We investigated analogs of 3-IPEHPC with the
diversely substituted imidazo[1,2-a]pyridine ring (la-1c, le-1r, 2a, 2b, 2d, 2h) as

well as analogs with a modified phosphonic acid moiety, in the form of
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hydroxy(phenyl)phosphoryl or ethyl(hydroxy)phosphoryl residues (1s-t, 2s-t). We

have also synthesized compounds potentially resembling GGPP, one of the RGGT

substrate (1u, 1w, 1y, 2z),2* where a prenyl chain was mimicked with a polyphenyl

moiety. Since it is suggested that PCs interact with the enzyme cavity storing the

geranylgeranyl residue after first prenylation,'®> we hypothesized that such prenyl-

mimicking moiety could inhibit RGGT by interacting with this lipophilic pocket.
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Figure 2. Structures of studied compounds.

We examined the potency of thus synthesized compounds by investigating their effect

on RGGT-driven geranylgeranylation of Rab11A, one of the most characterized

molecule among all Rab proteins, along with nonselective prenylation of

RaplA/RaplB, a strict substrate of GGTase-1.

RESULTS AND DISCUSSION

Synthesis of novel phosphonocarboxylate analogs

We applied synthetically robust approach, in which the functionalized

phosphonocarboxylate scaffold was built through condensation of an aldehyde 3 and

triethyl phosphonoacetate 5 or diethyl phosphinoacetate 6 (Scheme 1, route 1).2° That
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way we obviated the formation of the doubly substituted analog and necessity of
preparing the alkylating entity, as was needed for the previously used low-yielding
strategy.?* While this new approach worked well for most studied analogs, it turned
out troublesome for derivatives of 2-substituted imidazo[1,2-a]pyridines (Fig. 2,
compounds la-c), because preparation of corresponding starting aldehydes required
low-yielding and tedious formylation, e.g. through Vilsmeier-Haack reaction.?
Therefore, instead of using aldehydes 3 as the starting materials, we synthesized 2-
substituted imidazo[1,2-a]pyridine analogs 4 and subjected them to Friedel-Crafts
alkylation with ethyl 2-(diethoxyphosphoryl)acrylate 7 (Scheme 1, route 2), according
to procedure applied for 2-phenylindolizine.?® Unfortunately, none of these strategies
worked for imidazo[1,2-a]pyridine analogs substituted with halogen atom in the
position 5, therefore only representatives with alkyl and aryl substituent in this

location were obtained.

ROUTE 2

q r‘:k“]-'-'-” RelFesitian 2). Ph (4a), Me (4b)
_bth --;’,-J:> Ftl|.'t“:ili'.m 28 "'.-I: MEIE‘:I_ Er—:E:— [4{”

4
ROUTE 1 l(-ﬂ
=M al N h =N d) s Nh
HJL_ T P a H[ T ) \. RmE P _'._,.th L
M- M COLE! ““uf""{ CO,EL aal { COLEl
g =0 — 8 10 —F
PO OEt). PIONOEN; FIO)OED:
giposson 8. g (3d}; Me (3e) | (&) {8}
Rivessen Sl pry (3f) Me (3g). CI (3h), Br (3i) '
RiposSen T phy (34, Ma (3k), C1{31), Br (3m) #‘MT_-_-.N :;'“T.-.-N\
Ripasticn 81 Py (3n), Me (3o), Br (3p) Ht N REa N-
Rlpoaficns T & &) g9, R, ,‘:DZH = ) E0H
2 — 1 F
PO} {OH), P{O}OH]z

Scheme 1. Two strategies used for the synthesis of phosphonocarboxylates, presented
on the example of 3-IPEHPC analogs. Reagents and conditions: (a) Triethyl

phosphonoacetate, TiCls, TEA, DCM, -20 °C to rt; (b) NaBHa4, NiCl2x6H20, MeOH, -
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40 °C; (c) 7, 1,4-dioxane, AICI3 (cat), reflux; (d) NFSI, BuLi, THF, -70 °C/ 20

minutes, -20 °C/ 1 h; (e) 12 M HCI, reflux.

Route 1 required synthesis of imidazo[1,2-a]pyridine-3-carbaldehydes 3 (Fig. 3a). For
their synthesis, appropriate 2-aminopyridine analogs were used in the reaction with
bromomalonaldehyde.?” Apart from commercially available halogen and methyl
substituted 2-aminopyridine, phenyl substituted analogs had to be first synthesized
either from halogen-containing 2-aminopyridines or from the corresponding halogen-
substituted aldehydes 3, in the Suzuki-Miyaura coupling with phenylboronic acid.?®
Polyphenyl aldehydes 3u, 3w, 3y, 3z (Fig. 3), were synthesized according to literature

procedures (see Sl for experimental details).?% %

O
aj ,I_]
'ﬁ:ﬂh ""-';N O .-'__.-"::H""\-\..-'
vy T N NG
ad-p 3¢ =0 Ju A
.-'::.H -_N H“-H e ‘_.‘:b ——
T .-':-'l H I:'-- \[.—J o _':.f' .:r
Lo N . W
Bir gl “_"»:
da-c Iy 3z =0
b) COLE
COLE 2kl GOEL
1 <F|H-F|.I =I:'\.
PIO){OE); o “oEt P{ONOE!):
5 6s: R=El 7
6t: R=Ph

Figure 3. Starting materials for the synthesis of target compounds, representing a)
heterocycle and aromatic part; b) phosphonoacetate and phosphinoacetate

derivatives.
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Thus obtained aldehydes 3 were subjected to TiCls-mediated condensation with
phosphonoacetate 5 or phosphinoacetate 6, in the presence of TEA (Scheme 1),
following the procedure applied previously by Tanabe for condensation of triethyl
phosphonoacetate and benzaldehyde.®* The products 8 in the form of a E/Z mixture
were obtained with yields in the range 40-84%.%

Compounds 8 were subjected to hydrogenation catalyzed by Pd-C. However, that
reaction was accompanied by partial reduction of the pyridine ring, as was observed
previously for 2-(imidazo[1,2-a]pyridin-2-yl)acetates.>® Therefore, the reduction was
carried out with NaBH4 and NiCl; hydrate instead, to obtain products 9 with yields
59-98%.34 While non-halogen containing analogs 8 could be reduced using conditions
of 15 min at -20 °C, reduction of halogen-containing derivatives required shorter time
(8 min) and lower temperature (-40 °C), due to their propensity towards halogen-
carbon bond cleavage (up to 30% of dehalogenated product was detected if such
precaution was not undertaken). As we proved for selected examples, condensation
and reduction steps can be run subsequently, without purification of an intermediate
vinyl analog 8, giving comparable yields to procedure involving its purification.

Thus obtained analogs 9 were subjected to fluorination using N-
fluorobenzenesulfonimide (NFSI) and butyl lithium, according to procedure
previously applied for fluorination of bisphosphonates.®® Fluorinated products 10
were obtained with 41-98% vyields (Scheme 1). The last step involved hydrolysis of
desoxy 9 and fluoro 10 esters under acidic conditions. Final products were obtained
with 55-99% vyields*® upon precipitation. The same procedure was applied in the
synthesis of phosphinoacetate analogs 1s-t and 2s-t.

For the synthesis of analogs with the imidazo[1,2-a]pyridine ring substituted in the

position 2, compounds 4 (obtained by condensation of suitable 2-aminopyridine and
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chloroacetone or bromoacetophenone) were subject to Friedel-Crafts alkylation,
leading to esters 9 with 55-63% yields (Scheme 1, route 2). This approach seem
advantageous compared with route 1, the advantages being: (a) starting materials 4
are obtained in yields >70%, while synthesis of appropriate aldehydes 3 requires low
yielding formylation; (b) substrates can be directly transformed to product 9, thereby
eliminating one reaction step; (c) avoidance of dehalogenation upon reduction, see
(b). However, we found it applicable only to analogs of imidazo[1,2-a]pyridines, in
which the position 2 is occupied by substituent. In such cases, selective alkylation
takes place only on carbon 3, the position of imidazo[1,2-a]pyridine most activated.3"
38 Thus obtained products of alkylation 9 were subjected to fluorination (72-95%
yield) and hydrolysis (53-89% vyield), according to the same protocol as the one
described above.

In order to study the role of chirality in interaction between RGGT and a-fluorinated
phosphonocarboxylate analogs, we carried out the resolution of enantiomers on the
example of compound 1i. We used previously developed HPLC method,? utilizing
weak anion exchange chiral column introduced by Lindner et al.*®

All synthesized fluorine-containing compounds 1 were screened for their biological
activity, using cell-based assays. Based on previous studies,?> we predicted that
desoxy analogs 2 should be less potent, therefore representatives of such were
screened only in selected cases. In the case of 2d, a fluoro analog was not obtained,
leaving the 5-methyl substituted compound 1e as the sole fluorinated representative of
this position.

The cytotoxic efficacy of phosphonocarboxylates against HeLa cancer cell line
Inhibition of prenyltransferases or enzymes in the mevalonate pathway may be

associated with decreased cell viability.!> 4% 41 Therefore, the newly synthesized
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phosphonocarboxylate analogs were initially evaluated for their antiproliferative
activity against the human epithelial adenocarcinoma cell line (HeLa), using
previously described 3-IPEHPC?* 22 as a reference. Taking into account that activities
of tested compounds could be attenuated or modulated by serum proteins,*? influence
of FBS-containing and FBS-free media was also investigated (Table 1).

All analogs of 3-IPEHPC, in which a hydroxyl group on the branching carbon atom
between the phosphonic and carboxylic groups (C-o) was exchanged for a hydrogen
atom (2a, 2b, 2d, 2h), had no effect on the number of viable HelLa cells up to
maximum concentration tested (2 mM) in both serum-containing or serum-free
medium. The same effect was observed also for 2-(alkyl/aryl(hydroxy)phosphoryl)-
propanoic acid analogs (1s-t, 2s-t).

Introduction of a phenyl (1a, 1n), a methyl (1b, 10) or a bromine (1p) substituent into
the position 2 or 8 of the imidazo[1,2-a]pyridine ring of fluoro analogs did not show
any effect on HelLa cell proliferation either. Substitution at the 7 (1j-m) or 5 (1e)
position in turn had negligible or no effect when cells where cultured in complete
medium, but in most cases significantly increased cytotoxic effect when applied under
serum-free condition.

Remaining fluoro analogs modified at the 6 position of the imidazo[1,2-a]pyridine
ring (1f-i) demonstrated cytotoxic effect under both medium conditions, being the
most potent molecules, with 1Cso values ranging from 68 uM to 323 pM in fasting
medium and from 267 pM to 521 pM in FBS-containing medium. They showed
similar or even stronger effect when compared to the reference compound, 3-
IPEHPC. It is noteworthy that introduction of an additional methyl substituent in the 2
position of compound 1i (1c) led to significant limitation of antiproliferative activity

against HeLa cells (ICsp = 1952 uM in complete medium).
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Exchanging a heterocycle with biphenyl or benzylphenyl moieties resulted in no or
weak cytotoxic effect in DMEM supplemented with FBS (1u, 1w, 1y), while the
desoxy analog containing a triphenyl residue (2z) turned out to be very potent. The
ICso values in fasting medium were in the range of 318 - 930 uM for compounds 1u,

1w, 1y, and the most active appeared to be 2z with ICso below 25 pM.

Functionalization of the imidazo[1,2-a]pyridine ring in the position 6 increases
potency of 3-IPEHPC analogs against Rab prenylation.

All synthesized fluorine-containing compounds 1 and selected representatives of
desoxy analogs 2 were screened for their ability to inhibit RGGT and GGT-1 in intact
cells, which also allowed assessing their cellular availability. As previously,?? the
assays were based on determination of the unprenylated forms of RabllA and
RaplA/RaplB, which are modified with geranylgeranyl groups by RGGT and GGT-
1, respectively. We reasoned that independent effect observed either for Rab11A or
RaplA/RaplB would indicate selective inhibition of RGGT or GGT-1, while
comparable effect for both proteins would indicate that mevalonate pathway enzymes,
e.g. GGPPS or FPPS, might be affected, since they are providing prenyl
pyrophosphate substrate for both transferases (Fig. 1).

Our choice of the method for activity assessment was dictated by the fact that most
assays on isolated RGGT utilize diversely labeled, non-commercially available GGPP
analogs, often requiring multi-step synthesis, and being labile due to the presence of
pyrophosphate moiety. The differences in ICso values obtained in different in vitro
assays'® suggest that they may measure different modes of inhibition, none of them
being adjusted to inhibitors of second geranylgeranylation, such as

phosphonocarboxylates. For such inhibitors using labeled GGPP may lead to
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ambiguous readout, since both, the properly doubly geranylgeranylated as well as
mono geranylgeranylated intermediate will be functionalized with a visualizing
handle. Therefore, we studied the activity of compounds through fractionation of
cellular lysates and immunochemical detection of mis-prenylated Rab11A present in
cytosol.

The inhibitory activity of the set of investigated compounds 1-2 was initially tested at
100 uM concentration under serum-free conditions and the Rab11A enrichment in the
cytosol fraction was examined with Western Blot analysis (Table 1). Treatment with
the series of GGPP mimetics (1u, 1w, 1y, 2z) and with desoxy analogs of 3-IPEHPC
(2a, 2b, 2d, 2h) did not deplete Rab11A from membrane fractions of HelLa cells.
Among five analogs modified at the 2 or 8 position of the imidazo[1,2-a]pyridine
ring, only two, compounds 1a and 1o, have shown an effect on Rab11A prenylation.
7-Substituted fluoro analogs (1j-m) did not inhibit prenylation of Rab11A, but they
did show ability to reduce HelLa cells viability in serum-free medium. The 5-
substituted fluoro analog, compound 1e, has shown inhibition of Rab11A prenylation
at 100 uM and significant reduction of HelLa cell viability, but only in serum-free
medium.

The set of phosphinic acid derivatives (1s-t, 2s-t) also weakly inhibited RabllA
prenylation at 100 puM, despite their non-cytotoxic character.

Interestingly, all the fluoro analogs containing substituent at the position 6 of the
imidazo[1,2-a]pyridine ring (1f-i), enriched RabllA protein level in cytosolic
fraction, which correlates well with their ability to reduce HeLa cell viability. As an
example of a desoxy analog, compound 2h was also tested and it had no effect on
both, HeLa cells viability and Rab11A potency. It supports the previously observed

trendz1. 43 that fluorinated analogs are more active than their desoxy counterparts.
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Table 1. Effects of synthesized PC analogs on HeLa cell viability in serum-

supplemented and serum-free medium? and RabllA prenylation tested at a

concentration of 100 pMP.

Reduction of HelLa

cell viability
(ICso/uM)¢

Entr  Compoun RY R? R® in medium in
y d (see structure)® supplemente  serum-

d with 10% free
FBS mediu

m

B
i
YR PioNoH,
-y X=F (1)
COzH *x=H (2]
1. 3- H 585 167
IPEHPC®

2. 1a® 2-Ph no effect no
effect

3 1b 2-Me no effect no
effect

4 1c® 2-Me-6-Br 1952 879

5 1e® 5-Me 1487 224
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2-Me no effect
5-Ph no effect
6-Cl no effect

Ph no effect
Et no effect
Ph no effect
Et no effect

PIOHOH);
ey %=F (1)
COH *=H1(2)
m-Ph no effect
p-Ph no effect
m-Bn no effect
m-CeHa(p-Ph) 778
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@HeLa cells were treated with the compounds for 72 h and then viable cell number was assayed. Represented data
were calculated from the means of eight tested concentrations from at least 3 independent experiments.

bHeLa cells were treated for 48 h with 100 pM concentration of the compounds, then lysed and separated into
cytosolic and membrane-rich fractions and Western blotted for Rab11A and B-actin in cytosolic fractions. Data
shown in the table, from at least 3 independent experiments, indicates for which compounds higher bands intensity
compared to control (untreated cells) was observed.

¢ For analogs modified in the imidazo[1,2-a]pyridine ring, the position of modification is given according to the
numbering of heterocycle.

d“no effect” stands for lack of response in cells treated with up to 2 mM concentration of inhibitor.
¢ Compounds in bold were evaluated to inhibit Rab11A and RaplA/RaplB prenylation in wide concentration
range.

f The enantiomers of 1i are distinguished as E1 and E2, based on their retention times during chiral HPLC
separation. The enantiomer with the shorter retention time is labeled as E1, and the one with the longer retention
time, as E2.

9 Compounds demonstrated insignificant activity to inhibit Rab11A prenylation (based on densitometry analysis),
which was the reason why they have not been tested in wide concentration range.

Thirteen compounds (3-IPEHPC,1a,1c,1e-j,10,1r, 2s-t) were selected for full panel 6
doses assay to determine the lowest effective dose inhibition of Rab11A prenylation
based on their antiproliferative activity (ICso values) and the initial Western Blot
screening at a single concentration of 100 uM (see last column in Table 1). Selected
compounds were assessed for their ability to inhibit Rab11A and RaplA/RaplB

prenylation by RGGT and GGTase 1, respectively.

Compound 1f 1g 1h 1i
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19 Figure 4. Effect of 6-substituted analogs of 3-IPEHPC (1f-i) on Rab11A and RaplA/RaplB prenylation in Hela cells. Cells
21 were treated for 48 h with the indicated concentrations of PCs (uM) and 10 uM lovastatin (Lov) acting as a positive control in
serum-free medium. Subsequently cells were lysed and fractionated into cytosolic and membrane-rich fractions. Cytosolic
24 fractions containing unprenylated proteins were western blotted for Rab11A, Rap1A/Rap1B and B-actin (A) and the immunoblot
bands were quantified by densitometry analysis, normalized to (-actin, and displayed as a percentage of controls (B). Data

27 represented mean + SEM from at least three independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

31 Since compounds 1j and 1r did not show any effect on Rabl11A prenylation
34 inhibition, their significant potency to reduce HelLa cell viability (Table 1) should be
36 associated with different mechanism of action.

Compounds that showed no influence on HeLa cell viability (1a, 1o, 2s-t) were
41 proven to be weak inhibitors of Rabl11A prenylation. They demonstrated similar
43 effect in the case of Rap1A/RaplB prenylation, except for 1a, which turned out to be
inactive even at 100 pM concentration. 1e was another weak inhibitor, with equal
48 LEDs obtained for both Rab11A and RaplA/Rapl1B prenylation. Such results suggest
S0 that those PCs may inhibit an enzyme of the mevalonate pathway such as GGPPS or
53 FPPS (Fig. 1), responsible for synthesis of geranylgeranyl pyrophosphate, a substrate
55 necessary for prenylation mediated by RGGT or GGTase 1. It cannot be excluded
57 though that these compounds inhibit both, RGGT and GGT-1, at similar

60 concentrations.
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The a-fluorine analogs of 3-IPEHPC with the imidazo[1,2-a]pyridine ring substituted
in the position 6 were the most potent inhibitors of Rab11A prenylation as measured
by LED (10 uM for 1g, 1h; 25 uM for 1f, 1i; Table 2). At the same time
RaplA/RaplB prenylation was not affected (LED > 100 puM), except for 1h (LED =
100 uM). Our data suggest that they are even stronger selective RGGT inhibitors than
a reference (+)-3-IPEHPC (LED for inhibition of Rab11A = 25 uM?? or 50 uM in our
research model). Densitometry analysis confirmed their efficacy, showing at least 2.5-
fold enrichment of unprenylated Rab11A in the cytosol fraction of treated cells
compared to untreated control (Table 2). Compound 1c combining structural features
characteristics for 1i (bromine in the position 6) and 1b (methyl in the position 2) did
not inhibit Rab11A and RaplA/RaplB prenylation up to 100 uM. It confirmed that
C6 substitution of the imidazo[1,2-a]pyridine ring is the key and privileged position
among all analogs tested within this study, and simultaneous modification at other
positions reduces compound’ activity.

Similarly to the trend observed in viability assay (Table 1, 1i-E2: ICso is 267 UM in
full medium and 130 pM in serum-free medium; no effect for 1li-E1), out of two
enantiomers of 1i, only one had the desired biological activity as measured by LED,
confirming previous findings that chirality plays a pivotal role in interaction between

phosponocarboxylates and RGGT.?°

Table 2. Effects of selected PC analogs on Rab11A and RaplA/RaplB prenylation? in

Hela cells.
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Densitometry
analyses of the

quantity of Rab11A
Inhibition of Inhibition of
11 in cytosolic fractions
12 RabllA RaplA/RaplB
13 Compound R? R? after treatment with
1;' prenylation prenylation

100 uM

17 (LED/uM) (LED/uM)
18 concentrations of

©CoO~NOUTA,WNPE

20 compounds (% of

b
23 control = SD)

25 1. 3- H OH
50 258 + 109 100
o8 IPEHPC®

30 2. 1a 2-Ph OH 100 181 + 81 no effect

33 3. 2-Me-6- OH
34 1c no effect 129 + 38 no effect
Br

38 4. le 5-Me OH 100 155 + 56 100
41 5. 1f 6-Ph OH 25 262 + 102 no effect
44 6. 1g 6-Me OH 10 335+ 69 no effect
46 7. 1h 6-Cl OH 10 312 + 87 100
49 8. 1i 6-Br OH 25 357121 no effect
52 9. li-E2 6-Br OH 10 1539 + 1143 no effect

o4 10. 7-Me OH not
56 1k no effect 118 £ 20
57 determined

11. lo 8-Me OH 100 180+ 70 100
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2s H Ph 50 133+ 36 100

2t H Et 100 143 + 42 50

Page 20 of 94

aLED = lowest effective dose. No effect = LED is not included in concentration up to 100 pM.
b Densitometry analysis was performed with ImageLab™ Software (Bio-Rad) and relative unprenylated protein
band intensity was normalized to B-actin and quantified with respect to controls (untreated cells).

¢ Inhibition of Rab11A prenylation (LED) by (S)-3-IPEHPC was determined to be 25 [M.

Fractionation of prenylated and non-prenylated proteins prior to Western Blot

Triton X-114 is the nonionic mild detergent, commonly used to extract membrane
proteins from biological samples. It rarely denatures membrane proteins and allows
phase separation above its clouding point (about 22°C). It was previously used for cell
lysis and separation of hydrophobic prenylated proteins from their more polar
counterparts.?> 4 However, separation into hydrophilic and hydrophobic phases by
Triton X-114 extraction is not highly effective and may be substantially improved.
Our experience shows that the procedure based on the use of Triton X-114 is very
tedious, partly due to inefficient lysis of cells and temperature dependent partitioning,
both factors lowering protein yields and leading to contamination of cytosolic fraction
with membrane proteins. While this method should leave no doubt when applied to
proteins which are monoprenylated, e.g. by GGT-1 or FT,* in case of RGGT, which
is an enzyme capable of mono- as well as double geranylgeranylation, the partition
between detergent-rich and aqueous phase may raise the question about localization
of not completely prenylated Rab GTPases. Similar problem may arise when using
activity assays, based on attachment to Rabs an isoprenoid analogs functionalized
either with a bioorthogonal, affinity or fluorescent handle. While this method is

efficient for protein identification, it can give ambiguous read-out for inhibitors of
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second prenylation, since both, the proper product of double geranylgeranylation as
well as the mono geranylgeranylated intermediate will be tagged and therefore
provide positive signal.

Therefore, knowing that previously studied phosphonocarboxylates are inhibitors of
second geranylgeranylation,'® 22 and based on our previous studies,??> where we have
shown that disruption of prenylation by phosphonocarboxylates leads to
mislocalization of Rab proteins into cytosol, instead of Triton X-114 we applied
commercial kit, dedicated to the enrichment of integral membrane proteins and
membrane-associated proteins from cultured mammalian cells and eliminates the
hassle of phase separation based on hydrophobicity. Here it was used for the first time
for fractionation of prenylated proteins and it turned out highly reproducible and
efficient for this type of studies.

Molecular docking

Since the crystal structure of phosphonocarboxylate-RGGT complex is not available,
we elaborated the model of their interactions using molecular docking and new
biological data. We determined that interactions of the acidic residues, phosphonic
and carboxylic groups, guide the location of the novel inhibitors in the RGGT binding
area. The suggested binding mode differs slightly from our previous study,? but
depends now more on interactions that ensure that compounds are well stabilized into
the binding site. As these novel compounds are smaller and chemically distinct from
inhibitors of other classes that have been co-crystallized with RGGT,>*8 the binding
mode likely differs. In our induce fit docking simulations the phosphonic group of the
novel RGGT inhibitors coordinates to zinc ion (Fig. 5). In addition, docking suggests

that the phosphonic group could form a hydrogen bond with D238B. Furthermore,
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several amino acids, K235B, D238B, Y241B and K105A, are in hydrogen bonding
distance of the carboxylic acid group of the novel inhibitors (Fig. 5).

All the active compounds (1f, 1g, 1h and 1i) are suggested to have similar binding
mode (Fig. 5). Their substituents in the position 6 (Ph, Me, CI, Br, respectively) face
W244B indole side chain yielding to favorable packing. H190B and Y107A are in
hydrogen bonding distance of N in the position 1 of the imidazo[1,2-a]pyridine ring.
However, when Me is added to the position 2 (compound 1c) this substitution
prevents K105A from forming a hydrogen bond to the carboxylic acid, affecting
disruptively the binding efficiency (Fig. 5; Table 2).

As far as chirality is concerned, we observed that one of the enantiomers of the active
compound (1i) is mainly responsible for racemate activity towards RGGT. Based on
previous studies when higher potency towards RGGT was detected for (S)-3-IPEHPC
isomer,?® we tentatively extended this stereochemical preference to fluorine analogs.
Such preference for (S)-isomer might come from fluorine interaction with C240B
and/or W244B, while in (R)-isomer there is no interaction with fluorine (see Figure
S294). Having two acceptors around, donor adjusts itself to both, which might be
responsible for stronger interaction than either one alone.

The methyl group present in other positions of the imidazo[1,2-a]pyridine ring, 5, 7 or
8 (compounds 1le, 1k and 1o, respectively) cause a slight shift in the binding mode
compared to e.g. the pose of compound 1g when they pursue hydrophobic interactions
with W52B, R144B, G192B, Y195B, W244B and F289B. Due to that shift, Y107A
cannot form hydrogen bond with N in the position 1 of the imidazo[1,2-a]pyridine
ring and thus some binding potential is lost.

The presence of a phenyl group in the position 2 of compound 1a strongly influences

the binding mode, making it very different from other analogs. It changes the
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interactions formed with the carboxylic acid and the phosphonic group of the
inhibitor. Still, the same amino acids, H190B, K235B, D238B, and Y241B, remain in
hydrogen bonding distance. W244B and F289B form a flat hydrophobic layer for
hydrophobic packing of both the imidazo[1,2-a]pyridine ring and the phenyl group.
However, hydrogen bonding with N in the position 1 in the imidazo[1,2-a]pyridine
ring is lost and with that also binding potential.

Based on docking simulations, inhibitor 2s binds in principle similarly as e.g.
compound 1c or 1g (Fig. 5) but phenyl group in the phosphinate shifts the binding
pose so that aromatic carbocycle forms n-n stacking interaction with F289B. With this
interaction some binding potential is gained. However, simultaneously H190B or
Y107A have difficulties to reach to hydrogen bonding distance of N in the position 1
of the imidazo[1,2-a]pyridine ring and thus some potential is likely lost. Basically,
compound 2t binds similarly as compound 2s. But because 2t has smaller,
hydrophobic substitution in the phosphinate part, the shift in the binding mode
towards F289B is larger and then H190B and Y107A have even bigger difficulties to
reach N in the position 1 in the imidazo[1,2-a]pyridine ring to form the hydrogen

bond.
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Figure 5. An example of the binding interactions of the novel RGGT inhibitors
suggested by docking simulations. The phosphonic and the carboxylic acid groups
guide the novel RGGT inhibitors to the close proximity of the catalytic zinc ion and
several amino acids with hydrogen bonding ability (K235B, D238B, Y241B and
K105A). In the binding of compound 1c (purple) and compound 1g (turquoise)
K105A has a crucial role. When methyl group is added to the position 2 (compound
1c) this substitution prevents K105A from forming a hydrogen bond to the carboxylic
acid weakening the binding (Table 2). The black dashed lines indicate interactions
between the inhibitor and the protein. Used atom colors: C in compounds 1c and 1g
are in purple and in turquoise, respectively. O=red, N=blue, P=orange, S=yellow,

F=bright green, Zn=dark green, Br=burgundy.
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Conclusions

We have elaborated convenient protocols for the synthesis of novel a-fluoro and a-
desoxy phosphonocarboxylates functionalized with heterocycle or polyphenyl
moieties. We have identified four phosphonocarboxylates (1f, 1g, 1h, 1i) among
them, which inhibit prenylation of Rab11A and show reduction of human HelLa
cancer cell line viability. Three compounds have shown selectivity towards RGGT
and no inhibition of geranylgeranylation of Rap1A/RaplB protein up to 100 uM
concentration. All active compounds bear a substituent in the same location of the
core scaffold, carbon C-6 of the imidazo[1,2-a]pyridine ring. Therefore, it was
designated as the leading position for future modifications. Such choice is supported
by molecular docking studies, which identified the coordination of phosphonic group
to zinc cation, stabilized by several amino acid residues being in the hydrogen
bonding distance to phosphonic and carboxylic groups as well as nitrogen atom in the
position 1 of imidazo[1,2-a]pyridine ring, as the guiding interaction in the complex.
We evaluated compounds’ potency by immunochemical detection of not completely
prenylated Rab11A proteins, taking into consideration the possible ambiguity of their
separation from fully digeranylgeranylated proteins. For the first time here we applied
the commercially available kit for fractionation of membrane from cytosolic proteins,
which in our hands exceeded previously used for this application Triton X-114, in
terms of efficiency of lysis and reproducibility.

Phosphonocarboxylates as inhibitors of second prenylation mediated by RGGT,
mostly affect digeranylgeranylated and not monogeranylgeranylated Rab proteins.
Since it is still difficult to determine how specific prenylated proteins mediate
different pathological processes, e.g. cancer cell growth and survival, such selectivity

should be advantageous. Considering that inhibition of RGGT affects over 60
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proteins, such broadness of targets pose a threat of high toxicity. It remains to be
determined if inhibition only of the second prenylation can lead to some salvage
effect on cell well-being and not be so deleterious to healthy cells.
The works on development of new analogs as more potent inhibitors of RGGT and
tools for studying Rab GTPase-associated processes combined with the studies on
elaboration of the efficient asymmetric synthesis of phosphonocarboxylates and
confirmation of the preferred stereochemistry for interaction with RGGT are in
progress now.
Experimental Section
General

Synthesis. All reagents were purchased from commercial sources and used as
obtained, unless specified otherwise. Thin-layer chromatography was performed
using silica gel 60 with F254 indicator on alumina plates. Compounds were purified
using Flash chromatograhy and 40-63 um silica gel. Solvent ratios for the purification
of compounds by flash chromatography are reported as volume ratios (v/v).
Preparative HPLC for purification of compounds 1s, 1t was performed using Gilson
Prep equipped with UV-VIS-156 detector and semipreparative column Kromasil 100-
5-C18 (5 um, 10 x 250 mm). Enantiomers of 1i were separated using Chiralpak QN-
AX column (Chiral Technologies Europe; 0.46 cm x 15 ¢cm), according to the method
previously described for 3-IPEHPC.?° Each enantiomer was re-purified using the
same chiral column. Column was eluted isocratically (1 mL/min) with 0.7 M TEAACc
containing 75% MeOH at pH 5.8. The optical purity of enantiomers was evaluated
based on HPLC analysis using Chiralpak QN-AX column. The enantiomer with the
shorter retention time, 4.9 minute, has been labeled as E1, while the one with the

longer retention time, 5.7 minute, as E2.
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NMR spectra were measured at 250.13 or 700 MHz for *H NMR, 62.90 or 170
MHz for $3C NMR, 283 or 101.30 MHz for 3'P NMR on Bruker Avance DPX 250
and Bruker Avance II Plus 700 spectrometrs, respectively. Chemical shifts (8) are
reported in parts per million (ppm) relative to: internal residual CHCIs in CDClIs (8
7.26 *H NMR) or CDCl; signal in 3C NMR (8 77.16); internal residual HDO in D20
(8 4.79 'H NMR) or external 85% HsPO4 (5 0 ppm 3P NMR). 3P NMR and *C
NMR spectra were proton-decoupled. Coupling constants (J) are quoted in Hz. The
assignment of the signals in 'H NMR and *C NMR was supported by two-
dimensional experiments (COSY, HMQC, HMBC, DEPT135). In case of compounds
obtained as diastereomeric mixtures, the ratio of diastereomers was determined based
on P NMR and (if possible) sufficiently separated signals in *H NMR. For
compounds 8 the description of *H and *C NMR shows only major (at least 80%)
isomer, (Z)-8, unless stated otherwise. For compounds 9s-t and 10s-t, chemical shifts
in *H and 3C NMR are enlisted for both diastereoisomers, if sufficiently separated,
without distinguishing isomers. The purity of biologically tested compounds was
evaluated by elemental analysis. All target compounds are >95% pure.

Biological studies. PrestoBlue® Cell Viability Reagent, Mem-PER™ Plus Membrane
Protein Extraction Kit, and all reagents for cell culture were purchased from Life
Technologies (Carlsbad, CA, USA). Mem-PER™ Plus Membrane Protein Extraction
Kit was used for cell lysis and separation of cytosolic and membrane-rich fractions.
Bradford Protein Assay and Clarity™ Western ECL Substrate were obtained from
Bio-Rad (Hercules, CA, USA). Protease inhibitor cocktail and lovastatin were
purchased from Sigma (Saint Louis, MO, USA). Primary antibodies against Rab11A

and RaplA/RaplB were obtained from Abcam (Cambridge, UK) and primary
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antibodies against p-actin along with secondary HRP-linked antibodies were
purchased from Cell Signaling Technology (Beverly, MA, USA).

HelLa cell culture. The cervical epithelial carcinoma HeLa cell line was purchased
from the American Type Cell Collection (ATCC). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) containing 100 IU/ml penicillin and 100 pg/ml streptomycin. Cells were
incubated at 37°C in a humidified atmosphere of 95% air and 5% CO..

For biological studies, PCs were dissolved in PBS at stock concentrations or 10 mM,
and the pH adjusted to about 7. Compounds were stored at 4 °C or -20 °C (for longer
storage) prior to use.

Molecular docking. Compounds were drawn with Maestro 2016.2 (Schrodinger
Release 2016-2: Maestro, Schrodinger, LLC, New York, NY, 2016). Both (/all)
stereoisomers were drawn for 11 compounds selected for molecular docking
(compounds in Table 2: 1a, 1c, 1le, 1f, 1g, 1h, 1i, 1k, 1o, 2s, 2t). First traditional
molecular docking with Glide was tested. Protein structure for docking, (PDB 1D
AGTS)'®, was downloaded from the Protein Data Bank*® and prepared with Protein
Preparation Wizard. In docking, protein was held rigid except hydroxyl and thiol
groups were allowed to rotate. In ligand binding larger conformational changes in the
protein structure, according to the induced fit concept, are possible. In addition, the
binding area of RGGT is spacious and the sensitivity of traditional molecular docking
is not high enough. To better model the binding interactions of novel RGGT
inhibitors induced fit docking (IFD) in Maestro 2016.2 was performed. In IFD side
chains of amino acids in the defined distance from the ligand are allowed to move
freely and thus subtleties of the interactions between the ligand and the protein can be

considered more accurately than with traditional molecular docking. In IFD procedure
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center of the docking box was set to catalytic zinc ion coordinate since zinc ion is
considered important in binding. After the Glide molecular docking part of the IFD
procedure 20 poses were accepted for Prime refinement. Protein amino acid residues
were refined in 5 A radius of the docking poses. OPLS3 force field*® was used in the
IFD procedure. In the end ten complexes were saved for the visual examination.
General procedure for hydrolysis. Synthesis of compounds 1 and 2. Compound 9/10
(0.50 mmol) was dissolved in 12 M HCI (5.5 mL). After 4-5 h of reflux the mixture
was evaporated to dryness. The products were obtained as solids with 56-99% yields,
upon precipitation (using water or petroleum/diethyl ether) or by sole removal of
solvents.

2-Fluoro-3-(2-phenylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (1a).
Yield: 53%, scale: 0.093 g. Elemental analysis: CisH1aFN20sP  (H20)1.35,
(C2HsOH)o 55, Calculated: C: 49.62, H: 4.87; N: 6.77, Found: C: 49.66; H: 4.88; N:
6.82, 'TH NMR (700 MHz, D20 pH 7) &: 3.88 (ddd, 2Jun = 16.0, 3Jpn = 8.7, 3Jrn = 4.4,
CH.CPF, 1H), 4.17 (ddd, 3Jrn = 37.3, 2Jnn = 16.0, 3Jpn = 1.3, CH2CPF, 1H), 7.02 (td,
8Jun = 6.9, “Jnn = 1.1, CHare), 1H), 7.41 (ddd, 3Jun = 9.0, 3Jun = 6.9, “Jun = 1.2,
CHar), 1H), 7.50 (tt, *Jnn = 7.9, “Inn = 1.2, CHar, 1H), 7.58 (M, CHarg), CHen, 3H),
7.85 (dd, 3Jun = 8.2, “Jun = 1.2, CHen, 2H), 8.63 (bd, 3Jum = 6.9, CHares), 1H), 3P
NMR (283 MHz, D20 pH 7) &: 10.39 (d, 2Jpe = 71.9), 13C NMR (176 MHz, D0):
28.7 (bd, 2Jgc = 22.0, CH.CPF, 1C), 99.7 (dd, YJrc = 192.1, YJpc = 140.0, CH2CPF,
1C), 112.4 (s, CHar), 1C), 115.1 (s, CHare), 1C), 117.9 (dd, 3Jpc = 12.7, 3Jc = 3.2,
Car@), 1C), 126.3 (s, CHarm), 1C), 126.5 (d, 5Jpc = 5.8, CHares), 1C), 128.0 (s, CHpn,
1C), 128.6 (s, CHpn, 2C), 128.9 (s, CHpn, 2C), 134.2 (s, CHpn, 1C), 142.8 (s, Car),

1C), 145.1 (s, Carg), 1C), 176.3 (dd, 2Jpc = 21.5, 2Jec = 3.3, CO;, 1C).
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2-Fluoro-3-(2-methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (1b).
Yield: 78%, scale: 0.093 g. Elemental analysis: C11H12FN2OsP (H20)., Calculated:
C: 39.06, H: 4.77; N: 8.28, Found: C: 38.70; H: 4.75; N: 8.11, *H NMR (700 MHz,
D20 pH 7) &: 2.44 (s, CHs, 3H), 3.65 (ddd, 2Jun = 16.0, 3Jpn = 7.8, 3Jrn = 5.3,
CH2CPF, 1H), 3.96 (dd, 3Jr+ = 39.9, 2Jun = 16.0, 3Jr4 = 1.4, CH.CPF, 1H), 7.12 (td,
3Jun = 6.9, “Jun = 1.3, CHare), 1H), 7.50-7.56 (m, CHar 3,7, 2H), 8.54 (d, 3Jun = 6.9,
CHar), 1H), 3P NMR (283 MHz, D20 pH 7) &: 10.51 (d, 2Jpr = 71.6), 3C NMR
(176 MHz, D20) &: 11.3 (s, CHs, 1C), 28.7 (d, 2Jrc = 21.1, 2Jpc = 2.8, CH2CPF, 1C),
100.0 (dd, “Jrc = 190.9, YJpc = 140.4, CH,CPF, 1C), 113.0 (s, CHar@), 1C), 113.6 (s,
CHar), 1C), 118.1 (d, 3Jpc = 13.4, 3Jrc = 2.4, Car3), 1C), 126.2 (s, CHars), *Jrc = 6.0,
1C), 128.2 (s, CHar(z), 1C), 136.9 (s, Car(2), 1C), 142.3 (s, Carg), 1C), 176.3 (dd, 2Jpc =
21.1,2Jec = 3.3, COy, 1C).

3-(6-Bromo-2-methylimidazo[1,2-a] pyridin-3-yl)-2-fluoro-2-phosphonopropanoic
acid (1c). Yield: 73%, scale: 0.156 g. Elemental analysis: Ci11H11BrFN2OsP
(H20)1.75, Calculated: C: 32.02, H: 3.54; N: 6.79, Found: C: 32.17; H: 3.7; N: 6.72. H
NMR (700 MHz, D20 pH 7) &: 2.40 (s, CH3, 3H), 3.59 (ddd, 2 = 15.9, 3Jpn = 7.5,
3Jrn = 5.3, CH2CPF, 1H), 3.93 (dd, 3Jr4 = 40.7, 2 = 15.9, CH,CPF, 1H), 7.39 (s,
CHarg7), 1H), 8.70 (bs, CHar(s), 1H),3:P NMR (283 MHz, D20 pH 7) §: 10.65 (d, 2Jpr
=72.1), 3C NMR (176 MHz, D;0): 12.5 (s, 1C), 28.7 (d, 2Jrc = 21.1, CH:CPF, 1C),
100.4 (dd, “Jrc = 190.7, YJpc = 139.2, CH2CPF, 1C), 106.2 (s, CHar), 1C), 115.2 (s,
CHarg), 1C), 118.2 (d, ®Jpc = 12.1, Car), 1C), 125.8 (s, CHars), 1C), 128.3 (s,
CHar(7), 1C), 141.5 (s, Carz), 1C), 143.1 (s, Carg), 1C), 176.5 (bd, 2Jpc = 19.6, CO>,
1C).

2-Fluoro-3-(5-methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (1e).

Yield: 56%, scale: 0.1 g; crystalized from H.0; *H NMR (700 MHz, D20 pH 7) 6:
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3.04 (s, Cars), CHs, 3H), 4.24-4.09 (m, CH2CFP, 2H), 6.98 (d, 3Jun = 6.9, CHare),
1H), 7.49 (dd, 3Jun = 8.8, 6.9, CHaz), 1H), 7.55 (d, 3Jun = 8.8, CHarg), 1H), 7.63 (s,
CHar), 1H); 33C NMR (700 MHz, D20 pH 7) §: 20.9 (s, CHs, 1C), 31.6 (d, 2Jrc =
18.5, CH2CFP, 1C), 99.9 (dd, Jrc = 192.5, LJpc = 140.1, CFP, 1C), 112.1 (s, CHar@),
1C), 116.4 (s, CHare), 1C), 124.4 (d, 3Jpc=15.9, Car3), 1C), 126.6 (S, CHarz), 1C),
129.7 (s, CHar(7), 1C), 139.8 (s, Cars), 1C), 144.6 (s, CHar), 1C), 176.2 (d, 2Jrc =
21.1, COy, 1C); 13P NMR (283 MHz, D20 pH 7) &: 10.81 (d, 2Jpr = 72.2)
2-Fluoro-3-(6-phenylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (1f).
Yield: 88%, scale: 0.06 g. Elemental analysis: C1s6H14FN2OsP (H20)., Calculated: C:
48.01, H: 4.53; N: 7.00, Found: C: 47.86; H: 4.60; N: 6.99. 'H NMR (700 MHz, D,O
pH 8) &: 3.55-3.73 (m, CH.CPF, 1H), 3.98 (ddd, 3Jrn = 42.1, 2Jpn = 16.1, 3Jpn = 1.4,
CH2CPF, 1H), 7.48-7.52 (M, CHar), CHpn, 2H), 7.57-7.61 (m, CHpn, 2H), 7.64 (dd,
3Jhn = 9.3, %Jun = 0.6, CHars), 1H), 7.68 (dd, 3Jun = 9.3, “Jun = 1.7, CHarr), 1H), 7.81
(dd, ®Jun = 8.2, “Jun = 1.0, CHen, 2H), 8.73 (bs, CHar), 1H), 3'P NMR (283 MHz,
D20 pH 8) &: 10.26 (d, 2Jpr = 70.4), 13C NMR (176 MHz, D20): 29.2 (d, 2Jrc = 23.3,
CH,CPF, 1C), 100.9 (dd, “Jec = 190.5, YJpc = 137.8, CH2CPF, 1C), 115.7 (s, CHare),
1C), 122.5 (d, 3Jpc = 15.3, Car@a), 1C), 122.7 (bs, CHars), 1C), 125.8 (s, CHars), 1C),
126.2 (s, CHar(7), 1C), 127.1 (s, CHpn, 2C), 127.9 (s, CHpn, 1C), 129.2 (s, CHph, 2C),
1315 (s, Car@), 1C), 137.2 (s, Cpn, 1C), 144.9 (s, Carg), 1C), 176.7 (dd, ZJpc = 20.0,
2Jrc = 3.3, COy, 1C).

2-Fluoro-3-(6-methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (1g).
Yield: 64%, crystalized H>O. Elemental analysis: Ci11H12FN2OsP Calculated: C:
43.72; H: 4.00; N: 9.27. Found: C: 43.46; H: 4.08; N: 9.05. 'H NMR (700 MHz, D,O
pH 7) &: 2.46 (s, CHs, 3H), 3.68 (dt, 2Jun = 15.9, 3Je = 6.9, CHHCFP, 1H), 3.95 (ddd,

8Jen = 40.0, 2Jun = 16.1, 3Jpr = 2.1, CHHCFP, 1 H) , 7.60 (s, CHar), 1H), 7.63-7.66
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(m, CHar7), CHarg), 2H), 8.50 (s, CHars), 1H); 3C NMR (176 MHz, D20 pH 7) 4:
17.4 (s, CHs, 1C), 29.0 (d, 2Jec = 20.6, CH,CFP, 1C), 99.9 (dd, Jrc = 191.4, Ypc =
141.0, CH,CFP, 1C), 112.1 (s, CHar@), 1C), 122.6 (d, 3Jpc = 14.8, Car@), 1C), 123.0
(s, CHar), 1C), 124.3 (s, CHar), 1C), 126.4 (S, Care), 1C), 134.2 (s, CHarm), 1C),
140.2 (s, Car), 1C), 175.8 (d, 2Jrc = 19.9, CO2H, 1C); 3P NMR (283 MHz, D20 pH
7) 6: 10.04 (d, 2Jpr = 71.7); HRMS m/z Calculated: 303.0475 (M + H)*, Found:
303.0547 (M + H)".
3-(6-Chloroimidazo[1,2-a]pyridin-3-yl)-2-fluoro-2-phosphonopropanoic acid (1h).
Yield: 55%, scale: 0.09 g. Elemental analysis: C10HsCIFN2OsP (H20)0.3, Calculated:
C: 36.62, H: 2.95; N: 8.54, Found: C: 36.88; H: 2.96; N: 8.27. 'H NMR (250 MHz,
D20 pH 8) &: 3.60 (dt, 2Jnn = 15.9, 3Jpn = 15.9, 3Jey = 6.6, CH-CPF, 1H), 3.90 (ddd,
8Jen = 41.9, 2Jun = 15.9, 3Jpn = 1.5, CH2CPF, 1H), 7.35 (d, 3Jun = 9.5, 4Jun = 2.0,
CHarz), 1H), 7.48 (s, CHar, 1H), 7.53 (d, 3Jun = 9.5, “Jun = 0.6, CHars), 1H), 8.64
(bs, CHars), 1H), 31P NMR (283 MHz, D20 pH 8) &: 10.15 (d, 2Jpr = 70.1), 13C NMR
(176 MHz, D20): 29.00-29.3 (m, CH,CPF, 1C), 100.9 (dd, }Jrc = 190.1, LJpc = 137.9,
CH.CPF, 1C), 116.3 (s, CHarg), 1C), 120.3 (s, CHare), 1C), 122.6 (d, 3Jpc = 12.2,
Car@), 1C), 123.5 (d, *Jpc = 6.6, CHar), 1C), 126.5 (s, CHarz), 1C), 131.9 (d, °Jpc =
5.2, Car@), 1C), 144.0 (s, Car9), 1C), 176.5 (dd, 2Jpc = 20.8, 2Jrc = 3.5, CO3, 1C).
3-(6-Bromoimidazo[1,2-a]pyridin-3-yl)-2-fluoro-2-phosphonopropanoic acid (1i).
Yield: 60%, scale: 0.056 g. Elemental analysis: CioHoBrFN20OsP (H20)1.15,
Calculated: C: 30.97, H: 2.94; N: 7.22, Found: C: 31.25; H: 3.2; N: 7.05. 'H NMR
(700 MHz, D20 pH 7) §: 3.70 (m, CH2CPF, 1H), 3.78 (ddd, 3Jr+ = 38.9, 2Jun = 16.2,
3Jpn = 3.20, CH2CPF, 1H), 7.73 (s, CHar), 1H), 7.74 (d, 33 = 9.6, CHar(z), 1H), 7.90
(bd, 3JnH = 9.6, CHare), 1H), 8.96 (bs, CHa), 1H), 3P NMR (283 MHz, D20 pH 7)

5: 10.14 (d, 2Jpr = 71.8), 3C NMR (176 MHz, D20): 28.3 (d, 2Jrc = 20.9, CH,CPF,
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1C), 98.3 (dd, Jkc = 192.8, LJpc = 147.7, CH.CPF, 1C), 110.4 (s, CHarg), 1C), 113.5
(s, CHar@g), 1C), 122.6 (d, 3Jpc = 15.4, Car@), 1C), 123.6 (s, CHars), 1C), 126.9 (s,
CHar7), 1C), 134.7 (s, Carz), 1C), 139.7 (s, Caro), 1C), 173.9 (d, 2Jpc = 20.1, COy,
1C).

2-Fluoro-3-(7-phenylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (1j).
Yield: 64%, scale: 0.07 g. *H NMR (700 MHz, D20 pH 8) §: 3.55-3.73 (m, CH,CPF,
1H), 3.97 (ddd, 3Jen = 40.6, 2Jun = 16.2, 3Jpn = 1.8, CH2CPF, 1H), 7.46 (dd, 3Jun =
7.2,°Jun = 1.7, CHar 6), 1H), 7.48-7.56 (m, CHpn, 3H), 7.57 (s, CHar), 1H), 7.75 (dd,
3Jun = 7.3, CHph, 1H), 7.80 (s, CHar@), 1H), 8.56 (dd, 3Jun = 7.2, CHares), 2H), 3P
NMR (283 MHz, D20 pH 8) &: 10.66 (d, 2Jpr = 71.4), 3C NMR (176 MHz, D.0):
28.9 (d, 2Jrc = 21.2, 2Jpc = 2.2, CH,CPF, 1C), 100.0 (dd, *Jrc = 191.3, 1Jpc = 140.2,
CH.CPF, 1C), 110.1 (s, CHar@), 1C), 113.7 (s, CHar), 1C), 122.2 (d, 3Jpc = 14.2, 3Jrc
= 1.8, Car@), 1C), 126.06 (s, °Jpc = 3.8, CHars), 1C), 126.10 (s, CHar), 1C), 126.8 (s,
CHph, 2C), 128.9 (s, CHpn, 1C), 129.2 (s, CHpn, 2C), 136.8 (s, CHpn, 1C), 140.9 (s,
CHar), 1C), 143.1 (s, Car), 1C), 175.8 (dd, 2Jpc = 20.8, 2Jrc = 3.2, CO2, 1C).
2-Fluoro-3-(7-methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (1k).
Yield: 82%, crystalized from H,0. 'H NMR (700 MHz, D20 pH 8) 6: 2.43 (d, *Jun =
0.8, CHs, 3H), 3.60 (dt, 2Jun = 16.0, 3Jrpn = 6.6, CHHCFP, 1H), 3.89 (ddd, 3Jrn =
41.9, 2Jun = 16.0, 3Jpn = 1.4, CHHCFP, 1 H), 6.89 (dd, 3Jun = 7.1, *Jun = 1.6 CHar),
1H), 7.34-7.31 (m, CHars), 1H), 7.36 (s, CHarr), 1H), 8.34 (d, 3Jun = 7.1, CHar),
1H); 13C NMR (176 MHz, D,O pH 8) &: 20.5 (s, CHs, 1C), 29.3 (d, 2Jrc = 21.4,
CH,CFP, 1C), 101.1 (dd, *Jrc = 190.2, YJpc = 138.2, CH,CFP, 1C), 114.1 (s, CHare),
1C), 115.3 (s, CHare), 1C), 121.5 (d, *Jec = 14.1, Car@), 1C), 124.8 (d, *Jrc = 4.5,

CHars), 1C), 130.5 (s, CHar), 1C), 137.5 (s, Carr), 1C), 146.3 (s, Carg), 1C), 176.9
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(dd, 2Jrc = 20.7, 2Jpc = 3.3, CO2, 1C); 3P NMR (283 MHz, DO pH 8) &: 10.31 (d,
230 = 70.6).

3-(7-Chloroimidazo[1,2-a] pyridin-3-yl)-2-fluoro-2-phosphonopropanoic acid (11).
Yield: 59%, scale: 0.073 g. Elemental analysis: C10H9CIFN.OsP, Calculated: C:
37.23, H: 2.81; N: 8.68, Found: C: 37.05; H: 3.05; N: 8.50. *H NMR (250 MHz, D,0
pH 8) &: 3.38-3.62 (m, CH2CPF, 1H), 3.62-3.99 (m. CH,CPF, 1H), 6.97 (dd, 3Jun=
7.5, “Jun = 1.7, CHare), 1H), 7.38 (S, CHarz), 1H), 7.56 (d, “Jun = 1.7, CHarg), 1H),
8.37 (d, 3Jur = 7.5, CHars), 1H), 31P NMR (101 MHz, D20 pH 8) &: 10.85 (d, 2Jpr =
70.3).

3-(7-Bromoimidazo[1,2-a]pyridin-3-yl)-2-fluoro-2-phosphonopropanoic acid (1m).
Yield: 61%, scale: 0.08 g. Elemental analysis: CioHoBrFN.OsP, Calculated: C:
32.72, H: 2.47; N: 7.63, Found: C: 32.54; H: 2.67; N: 7.59. 'H NMR (250 MHz, D,0
pH 8) &: 3.61 (dt, 21 = 16.0, 3Jpn = 16.0, 3Jrw = 6.6, CH2CPF, 1H), 3.90 (ddd, 3Je =
41.8, 2Jun = 16.0, 3Jpn = 1.4, CHoCPF, 1H), 7.14 (dd, 3Jun = 7.3, *Jun = 1.9, CHare),
1H), 7.44 (s, CHar(», 1H), 7.81 (bs, CHar), 1H), 8.38 (d, *Jun = 7.3, CHar), 1H), 3P
NMR (283 MHz, D20 pH 8) &: 10.14 (d, e = 70.5), 3C NMR (176 MHz, D20):
29.1 (d, 2Jrc = 21.6, CH2CPF, 1C), 100.8 (dd, *Jrc = 190.4, YJpc = 138.1, CH,CPF,
1C), 116.0 (s, CHar), 1C), 118.0 (s, CHar@), 1C), 119.0 (s, CHarm), 1C), 122.4 (d,
3Jpc = 14.0, Car), 1C), 126.0 (s, CHars), 1C), 131.5 (s, Carz), 1C), 145.6 (s, Car(9),
1C), 176.5 (d, 2Jpc = 20.8, 2Jrc = 3.3, COy, 1C).

2-Fluoro-3-(8-phenylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (1n).
Yield: 52%, scale: 0.08 g. Elemental analysis: C16H14FN20sP (H20)1.65, Calculated:
C: 48.78, H: 4.43; N: 7.11, Found: C: 48.58; H: 4.18; N: 7.05. *H NMR (700 MHz,
D20 pH 8) &: 3.75 (m, CH2CPF, 1H), 4.01 (ddd, 3Jew = 39.8, 2Jun = 16.0, 3Jpn = 1.6,

CH,CPF, 1H), 7.37 (t, *Jun = 7.0, CHar), 1H), 7.59 (m, CHar, 3H), 7.64 (s, CHar(2),
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1H), 7.68 (d, 3Jun = 7.0, CHar (7), 1H), 7.71 (d, 3Jrm = 7.2, CHpn, 2H), 8.61 (d, 3Jnn =
7.0, CHar), 1H), 3P NMR (283MHz, D20 pH 8) &: 10.11 (d, 2Jpr = 74.4), 13C NMR
(176 MHz, D,0): 28.8 (d, 2Jec = 21.7, CH,CPF, 1C), 99.1 (dd, YJec = 192.5, 1Jpc =
143.6, CH2CPF, 1C), 115.4 (s, CHare), 1C), 122.8 (d, 3Jpc = 15.3, Car), 1C), 125.0
(s, Carz), 1C), 125.2 (d, 3Jpc = 4.4, CHar(s), 1C), 127.5 (S, CHars), 1C), 128.6 (s, CHpn,
2C), 129.1 (s, CHar7), 1C), 129.1 (s, CHpn, 2C), 129.3 (s, CHen, 1C), 134.4 (s, CHpn,
1C), 141.0 (s, Car@), 1C), 174.9 (bd, 2Jpc = 20.0, CO2, 1C).
2-Fluoro-3-(8-methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (10).
Yield: 82%, crystalized from H2O. Elemental analysis: C11H12FN2OsP, Calculated:
C: 43.72, H: 4.00; N: 9.27, Found: C: 43.45; H: 4.06; N: 9.15. 'H NMR (700 MHz,
D20 pH 8) &: 2.56 (s, CHs, 3H), 3.67 (dt, 2Jun = 16.0, 3Jrwpn = 6.8, CHHCFP, 1H),
3.84 (ddd, 3Jen = 40.7, 2Jun = 16.2, 3Jpn = 1.9, CHHCFP, 1 H), 7.16 (t, 3Jun = 7.0,
CHar), 1H), 7.44 (d, Jun = 7.0, CHarr), 1H), 7.59 (s, CHar(), 1H), 8.45 (d, 3Jnn =
6.9, CHars), 1H); 23C NMR (176 MHz, D20 pH 8) &: 15.8 (s, CHs, 1C), 29.2 (d, 2Jrc
= 18.3, CH.CFP, 1C), 100.1 (dd, “Jrc = 191.4, YJcp = 140.3, CH,CFP, 1C), 114.9 (s,
CHar@), 1C), 123.0 (d, 3Jpc = 13.0, Car@), 1C), 124.0 (d, 5Jrc = 4.3, CHar), 1C), 124.3
(s, Care), 1C), 125.3 (s, CHarw), 1C), 128.5 (s, CHar), 1C), 143.1 (s, Car), 1C),
176.0 (dd, 2Jrc = 20.6, 2Jpc = 3.1, CO2, 1C); 3P NMR (283 MHz, D,0 pH 7) §: 11.00
(d, 2Jpr = 70.5).
3-(8-Bromoimidazo[1,2-a]pyridin-3-yl)-2-fluoro-2-phosphonopropanoic acid (1p).
Yield: 79%, scale: 0.1 g. Elemental analysis: C10HgBrFN2OsP (H20)2, Calculated: C:
29.80, H: 3.25; N : 6.95, Found: C: 29.71; H: 3.26; N: 6.94. 'H NMR (250 MHz, D,0
pH 7) 8: 3.62 — 3.73 (m, CH2CPF, 1H), 3.93 (ddd, 3Jrr = 40.1, 2Jun = 16.1, 3Jpn = 2.70,
CH2CPF, 1H), 6.98 (m, CHare), 1H), 7.57 (s, CHar2), 1H), 7.72 (m, CHar7), 1H), 8.46

(dd, 3Ju = 6.9, “Jun = 0.9, CHars), 1H), 31P NMR (283 MHz, D,0 pH 7) &: 10.50 (d,
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2Jpr = 77.5), 3C NMR (176 MHz, D,0): 28.8 (dd, 2Jec = 21.4, 2Jpc = 3.2, CH,CPF,
1C), 98.8 (dd, YJrc = 192.1, Jpc = 146.8, CH.CPF, 1C), 108.6 (s, CHarg), 1C), 113.5
(s, CHar), 1C), 123.0 (d, 3Jpc = 14.8, Car3), 1C), 125.0 (d, °Jpc = 2.6, CHars), 1C),
129.3 (s, CHar), 1C), 130.2 (s, Car), 1C), 142.7 (s, Car), 1C), 174.4 (dd, %Jpc =
20.6, 2Jec = 3.4, COy, 1C).
2-Fluoro-3-(imidazo[2,1-a]isoquinolin-3-yl)-2-phosphonopropanoic acid (1r). Yield:
35%, scale: 0.093 g. *H NMR (700 MHz, D20 pH 9) &: 3.66 (dt, 2Jun = 16.0, 3Jpn =
16.0, 3Jen = 6.6, CH2CPF, 1H), 3.95 (dd, 3Jrn = 41.3, 2Jun = 16.0, 3Jpr = 0.9, CH2CPF,
1H), 7.29 (d, 3Jnn = 7.3, CHar, 1H), 7.42 (s, CHar, 1H), 7.67-7.77 (M, CHar, 2H), 7.89
(d, 3Jnn = 7.7, CHar, 1H), 8.26 (d, 3Jun = 7.3, CHar, 1H), 8.42 (d, 3Jun = 7.9, CHar,
1H). 3'P NMR (283 MHz, D20 pH 9) &: 10.33 (d, 2Jpr = 70.5), 13C NMR (176 MHz,
D20): 29.1 (d, ZJrc = 21.0, CH2CPF, 1C), 100.7 (dd, YJrc = 190.5, Jpc = 138.2,
CH.CPF, 1C), 112.8 (s, CHar, 1C), 122.1 (s, CHar, 1C), 122.4 (s, CHar, 1C), 122.6 (s,
CHar, 1C), 124.1 (d, 3Jec = 12.5, Car, 1C), 127.3 (s, CHar, 1C), 128.2 (s, CHar, 1C),
128.6 (s, CHar, 1C), 128.8 (s, CHar, 1C), 129.5 (s, CHar, 1C), 142.9 (s, CHar, 1C),
176.6 (dd, 2Jpc = 20.7, 2Jrc = 3.2, COy, 10).
2-Fluoro-2-(hydroxy(phenyl)phosphoryl)-3-(imidazo[1,2-a] pyridin-3-yl)propanoic
acid (1s). Yield: 68%, scale: 0.070 g. Purification by HPLC: the column was eluted at
5 ml/min using gradient of eluents A (H20), B (acetonitrile), under the following
conditions: isocratic elution from 0 to 5 min with A 100%, gradient from 5 to 15 min:
20% of B. Elemental analysis: C16H14FN204P (H20)1.75 (CH3CN)o.05, Calculated: C:
50.64, H: 4.66, N: 7.52; Found: C: 50.33, H: 4.50, N: 7.89. 3P NMR (283 MHz,
D20 pH 7): & 23.11 (d, 2Jpr = 74.5). 'H NMR (700 MHz, D20 pH 7) & 8.32 (dd, 3Jnn
=7.1, 2Jun = 1.4, CHare), 1H), 7.87 — 7.78 (m, CHpn, 1H), 7.59 (td, 3Jun = 7.5, “Jun =

1.4, CHpn,1H), 7.54 (d, Jun = 9.0, CHars), 1H), 7.52 (td, 3Jun = 7.7, 3Jun = 3.2, CHpn,
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2H), 7.42 (s, CHar@), 1H), 7.37 (ddd, 3Jun = 9.1, 3Jnn = 6.7, “Jun =1.2, CHarm), 1H),
7.88 (td, Jun = 6.9, “Jnn = 1.2, CHar), 1H), 3.91 (ddd, 3Jen = 39.8, 3Jpn = 2.7, 2Jun =
16.0, PCCHH, 1H), 3.70 (dt, 2Jun = 15.5, 3Jen = 7.5, PCCHH, 1H). *C NMR (176
MHz, D20 pH 1) § 171.9 (dd, 2Jrc = 23.4, 2Jpc = 4.1, CO;, 1C), 140.2 (s, Car(9), 1C),
133.8 (S, CHar(z), 1C), 132.7 (d, Jec = 9.8, CHpn, 2C), 131.3 (d, *Jpc = 136.2, PCpn,
1C), 128.5 (d, Jec = 12.6, CHpn, 2C), 126.8 (d, “Jpc = 4.5, CHpn, 1C), 132.5 (s, CHar,
1C), 121.5 (s, CHay, 1C), 121.4 (d, 3Jpc = 11.4, Car3), 1C), 117.2 (5, CHar, 1C), 112.2
(s, CHar, 1C), 99.0 (dd, *Jrc = 197.3, Ypc = 95.6, PCH, 1C), 26.7 (d, 2Jrc = 19.6,
PCFCH, 1C).

2-(Ethyl(hydroxy)phosphoryl)-2-fluoro-3-(imidazo[1,2-a] pyridin-3-yl)propanoic acid
(1t). Yield: 70%. Purification by HPLC: the column was eluted at 5 ml/min using
gradient of eluents A (H20), B (acetonitrile): isocratic elution from 0 to 5 min with A
100%, gradient from 5 to 10 min: 100% of B. Elemental analysis: Ci2H14FN204P
(H20)14, (CH3CN)o.o2 Calculated: C: 44.32, H: 5.21, N: 8.67, Found: C: 44.25, H:
5.20, N: 8.80. 3P NMR (283 MHz, D20 pH 1): & 36.14 (d, 2Jer = 62.2). 1H NMR
(700 MHz, D20 pH 1) & 8.73 (dd, 3Jun = 6.9, “Jun = 0.8, CHars), 1H), 7.97 (ddd,
3Jun = 9.0, 7.0, “Jum = 0.9, CHarz), 1H), 7.91 (dt, 3Jun = 9.1, CHaxg), 1H), 7.86 (s,
CHar@), 1H), 7.52 (td, 3Jun = 7.0, “Jum = 1.1, CHare), 1H), 4.05 (ddd, 3Jr4 = 39.3,
8Jun = 15.7, 3Jpy = 2.5, PCCHCH, 1H), 3.91-3.85 (m, PCCHCH, 1H), 1.88-1.72 (m,
PCHa, 2H), 1.16 (dt, 3Jpn = 17.8, 3Jun = 7.7, PCH2CHs, 3H). 13C NMR (176 MHz,
D20 pH 1) & 172.4 (dd, 2Jrc = 25.7, 2Jpc = 2.8, CO;, 1C), 140.1 (s, Care), 1C), 133.6
(s, CHarr), 1C), 126.7 (d, J = 3.9, CHas), 1C), 121.5 (d, *Jec = 12.0, Car), 1C),
121.1 (s, CHar@), 1H), 117.0 (s, CHare), 1C), 112.0 (s, CHar), 1C), 98 (PCF, 1C),
26.2 (d, 2Jpc = 20.5, PCCH,, 1C), 19.8 (d, Jpc = 98.1, PCHCH,, 1C), 5.1 (d, 2Jpc =

6.1, CH3CH2P, 1C).
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3-([1,1'-Biphenyl]-3-yl)-2-fluoro-2-phosphonopropanocic acid (1u). Yield: 77%,
scale: 0.5 mmol, crystalized from petroleum ether; Elemental analysis: C15sH14FOsP
(H20)0.3, Calculated: C: 54.65, H: 4.46; Found: C:54.58; H:4.37; 3P NMR (101
MHz, D20 pH 2): § 9.20 (d, 2Jpr = 73.3). IH NMR (700 MHz, D20 pH 2) § 3.52—
3.66 (M, CH2CF, 2H), 7.36 (d, 33 = 7.5, CHar, 1H), 7.47 (t, 3Jun = 7.4, CHar, 1H),
7.50 (t, *JuH = 7.7, CHar, 1H), 7.56 (t, *Jun = 7.7, CHar, 2H), 7.61 — 7.65 (m, CHa,
2H), 7.72 (d, 3Jun = 7.3, CHar, 2H). 3C NMR (176 MHz, D20 pH 2) § 172.2 (d, 2Jrr
= 24.9, CO,, 1C), 140.7 and 140.4 (2s, Car, 2C), 135.2 (d, 3Jec = 12.3, CCH,CP, 1C),
129.3 and 128.5 and 127.8 and 125.9 (4s, CHar, 4C), 129.1 (s, CHar, 3C), 127.0 (s,
CHar, 2C), 97.0 (dd, Yrc = 191.3, Ypc = 147.0, PCF, 1C), 39.0 (d, 2Jpc = 19.5,
PCCHp, 1C).

3-([1,1'-Biphenyl]-4-yl)-2-fluoro-2-phosphonopropanoic acid (1w). Yield: 66%,
scale: 0.5 mmol, crystalized from petroleum ether; 3'P NMR (283MHz, D20 pH 2): §
8.44 (d, 2Jpr = 74.7). 1H NMR (700 MHz, D20 pH 2) & 7.73 (s, CHar, 2H), 7.68 (s,
CHar, 2H), 7.55 (bs, CHar, 2H), 7.46 (s, CHar, 3H), 3.48-3.67 (m, CH,CF, 2H). 19F
NMR (235 MHz, D0, PhCFs in CDCIs used as reference 6 -63.02) 6 -176.11 (ddd,
23pF = 74.5, “Jpn = 39.3, “Jpn = 12.7). 13C NMR (176 MHz, D20 pH 2) § 172.4 (d,
2JpF = 24.4, COy, 1C), 140.2 and 139.5 (2, Car, 2C), 133.9 (d, 3Jpc = 12.1, CCH,CP,
1C), 130.7 and 129.1 (2s, CHar, 4C), 127.7 (s, CHar, 1C), 126.9 (s, CHas, 4C), 97.1
(dd, Lrc = 191.5, LJpc = 147.5, PCF, 1C), 38. 7 (d, 2Jpc = 19.9, PCCHy, 1C).
3-(3-Benzylphenyl)-2-fluoro-2-phosphonopropanoic acid (1y). Yield: 99%, scale: 0.5
mmol, no crystalization, only removal of solvents; Elemental analysis: C1sH16FOsP
(H20)0.4, Calculated: C: 55.63, H: 4.9; Found: C: 55.68; H: 4.88; 3P NMR (283
MHz, D20 pH 1): & 9.40 (d, 2Jpr = 75.4). *H NMR (700 MHz, D20 pH 1) § 3.31-3.56

(M, CH2CF, 2H), 4.01 (s, CH2Car, 2H), 7.09-7.40 (m, CHar, 9H). 3C NMR (176
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MHz, D20 pH 1) & 172.2 (d, 2Jpr = 24.2, CO,, 1C), 141.9 and 141.8 (2s, Car, 2C),
134.83(d, 3Jpc = 12.6, CCHCP, 1C), 130.4 and 127.9 and 127.7 and 126.3 (4s, CHar,
4C), 128.80 and 128.76 (2s, CHar, 5C), 97.0 (dd, YJrc = 191.7, LJpc = 147.4, PCF,
1C), 41.0 (s, CACH2Car, 1C), 38.9 (d, 2Jpc = 20.0, PCCH,, 1C).
3-(2-Phenylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2a). Yield:
75%, scale: 0.075 g. 'H NMR (250 MHz, D20 pH 8) &: 2.83-3.03 (m, 1H), 3.31-3.47
(m, 1H), 3.67-3.89 (m, 1H), 7.01 (td, 3Jun = 6.9, “Jun= 1.2, 1H), 7.32 — 7.42 (m, 1H),
7.43-7.49 (m, 1H), 7.49 — 7.60 (m, 3H), 7.92 — 7.78 (m, 2H), 8.50 (dd, 3Jun = 6.9,
4Jur= 1.1, 1H), 3P NMR (101 MHz, D20 pH 8) §: 15.98.

3-(2-Methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2b). Yield:
43%, scale: 0.1 g. H NMR (250 MHz, D20 pH 8) &: 2.34 (s, 1H), 2.84 (ddd, 2Jpn =
19.2,33un = 12.5, 3Jun = 2.5, 1H), 3.15 (ddd, 2Jun = 15.4, 3Jpn = 7.8, 3Jun = 2.5, 1H),
3.51 (ddd, 2Jun = 15.4, 3Jun = 12.5, 3Jpn = 4.7, 1H), 6.93 (td, 3Jun = 6.8, “Jun = 1.0,
1H), 7.20 - 7.34 (m, 1H), 7.37 - 7.46 (m, 1H), 8.27 (bdd, 3Jun = 6.8, “Jur = 0.8, 1H),
3P NMR (101 MHz, DO pH 8) &: 16.00.

3-(6-Bromo-2-methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2c).
Yield: 89% yield, scale: 0.23 g. *H NMR (250 MHz, D20 pH 7) 8: 2.36 (s, 1H), 2.87
(ddd, 2Jpr = 19.4, 3Jun = 12.6, 3Jun = 2.6, 1H), 3.14 (ddd, 2Jun = 15.4, 3Jpn = 7.1, 3Jun
= 2.6, 1H), 3.52 (ddd, 2Jun = 15.4, 3Jun = 12.6, 3Jpn = 5.3, 1H), 7.26-7.40 (m, 2H),
8.48 - 8.62 (m, 1H), 3P NMR (101 MHz, D20 pH 7) &: 15.73 (s).
3-(5-phenylimidazo[1,2-a]pyridin-3-yl)-2-phosphonopropanoic acid (2d): Yield:
76%, scale: 0.040 g. *H NMR (250 MHz, D20 pH 8) &: 2.55 - 2.60 (m, 1H), 2.64 -
2.71 (m, 1H), 2.99 (ddd, 2Jnn = 22.2, 3Jnn = 12.30, 3Jpn = 2.60, 1H), 6.80 (d, 3Jnn =

6.9, “Jnun= 1.2, 1H), 7.38 (d, 33 = 9.0, 3Jun = 6.29, 1H), 7.47 (s, 1H), 7.54 — 7.57 (m,
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1H), 7.58 (dd, 3Jur = 9.0, “Jun = 1.2, 1H) 7.59-7.64 (m, 3H), 7.48 — 7.68 (m, 1H), 3P
NMR (101 MHz, D20 pH 8) &: 14.87.

3-(5-Methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2e). Yield:
66%; scale: 0.23 g; crystalized from H.O. Elemental analysis: CiiH13N2OsP
(H20)1.45 Calculated: C: 42.57; H: 5.16; N: 9.03. Found: C: 42.60; H: 5.08; N: 9.11.
IH NMR (250 MHz, D20) & 3.01 (s, 3H), 3.15-4.01 (m, 3H), 7.12 (d, 3Jun = 7.3, 1H),
7.58-7.75 (m, 3H). 3'P NMR (250 MHz, D,0): & 13.65.

3-(6-Phenylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2f). Yield:
97%, scale: 0.1 g; 'H NMR (250 MHz, D20 pH 8) &: 3.05 (ddd, 2Jpn = 15.7, 3Jun =
12.6, 3Jun = 2.6, 1H), 3.17-3.30 (m, 1H), 3.38 - 3.59 (M, 1H), 7.38 (s, 1H), 7.44-7.49
(m, 1H), 7.51-7.59 (m, 2H), 7.61-7.65 (m, 2H), 7.73-7.81 (m, 2H), 8.56 (bs, 1H), 3P
NMR (101 MHz, D20 pH 8) &: 15.97.

3-(6-Methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2g). Yield:
56%; scale: 0.24 g; crystalized from H.O. Elemental analysis: CiiH13N2OsP
(H20)1.45 Calculated: C: 42.57; H: 5.16; N: 9.03. Found: C: 42.43; H: 4.95; N: 8.96.
I1H NMR (250 MHz, D;0) & 2.43 (s, 3H), 3.27-3.65 (m, 3H); 7.64 (s, 1H), 7.70 (d,
3Jun = 9.3, 1H), 7.76 (d, 3Jnn = 9.8, 1H), 8.40 (s, 1H). 3P NMR (250 MHz, D;0) &:
14.67.

3-(6-Chloroimidazo[1,2-a]pyridin-3-yl)-2-phosphonopropanoic acid (2h). Yield:
77%, scale: 0.1 g. *H NMR (250 MHz, D,0 pH 8) §: 3.02 (ddd, 2Jpr = 20.5, 3Jun =
12.9, 3Jun = 2.5, 1H), 3.18 (ddd, 2Jun = 15.9, 3Jpn = 7.5, 3Jun = 2.5, 1H), 3.44 (ddd,
2Jun = 15.9, 3Jun = 12.9, 3Jpn = 5.0, 1H), 7.36 (dd, 3Jun = 9.6, “Jun = 1.9, 1H), 7.42 (s,
1H), 7.54 (dd, 3Jun = 9.6, 5Jhn = 0.8, 1H), 8.54 (dd, “Jun = 1.9, 3Juw = 0.8, 1H), 3P

NMR (283 MHz, D20 pH 8) 5: 15.18 (s), 13C NMR (176 MHz, D,0): 28.8 (bs, 1C),
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49.8 (d, YJpc = 113.3, 1C), 116.4, 120.5, 122.7, 126.3 (d, °Jpc = 4.6, 1C), 126.5 (d, 3Jpc
=19.6, 1C), 129.9 (d, “Jpc = 7.0, 1C), 143.7, 180.3 (d, 2Jpc = 3.8, 1C).
3-(6-Bromoimidazo[1,2-a]pyridin-3-yl)-2-phosphonopropanoic acid (2i). Yield: 32%,
scale: 0.1 g. Elemental analysis: C10H10BrN2OsP (H20)o.05, Calculated: C: 32.80, H:
2.28; N: 7.65, Found: C: 32.78; H: 3.30; N: 7.64. *H NMR (250 MHz, D20 pH 7) &:
2.99 (ddd, 2Jpn = 20.4, 3Jun = 12.7, 3Jun = 2.5, 1H), 3.14 (ddd, 2Jun = 16.0, 3Jpn = 7.1,
3Jun = 2.5, 1H), 3.41 (ddd, 2 = 16.0, 3Jpm = 12.7, 3Jpn = 4.8, 1H), 7.36 (s, 1H),
7.40-7.50 (m, 2H), 8.61 (bs, 1H), 3'P NMR (101 MHz, D0 pH 7) &: 15.81.
3-(7-Phenylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2j). Yield:
96%, scale: 0.053 g. *H NMR (250 MHz, D20 pH 8) &: 3.01 (ddd, 2Jpn = 20.4, 3Jun =
12.8, 3Jun = 2.5, 1H), 3.13-3.28 (m, 1H), 3.35-3.56 (M, 1H), 7.34 (dd, 3Jun = 7.3, “Jnm
= 1.8, 1H), 7.43-7.61 (m, 3H), 7.73-7.84 (m, 3H), 8.36 (bd, 3Jun = 7.3, 1H). 3P NMR
(101 MHz, D20 pH 8) 8: 16.05.

3-(7-Methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2k). Yield:
45%, scale: 0.27 g. crystalized from H2O. Elemental analysis: C11H13N20sP (H20)1.4
Calculated: C: 42.7; H: 5.15; N: 9.05. Found: C: 42.58; H: 4.96; N: 8.94. 'H NMR
(250 MHz, D20) & 2.41 (s, 3H); 2.85-3.67 (m, 3H), 6.89 (dd, 3Jun = 7.1, “Jun = 1.5,
1H); 7.27 (s, 1H); 7.31 (bs, 1H), 8.21 (d, 3Jun = 7.0, 1H). 3P NMR (250 MHz, D0)
0 15.86.

3-(7-Chloroimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (21). Yield:
77%, scale: 0.1 g. Elemental analysis: C10H10CIN20sPx(H20)0.35, Calculated: C:
38.63, H: 3.47; N: 9.01, Found: C: 38.78; H: 3.62; N: 8.84. 'H NMR (250 MHz, D,0
pH 8) &: 2.97 (ddd, 2Jpr = 20.4, 3Jun = 12.7, 3Jpn = 2.5, 1H), 3.15 (ddd, 2Jun = 16.0,

8Jpr = 7.8, 3Jun = 2.5, 1H), 3.41 (ddd, 2Jnn = 16.0, 3Jnn = 12.7, 3Jpn = 5.0, 1H), 7.02
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(dd, 3Jun = 7.3, “Jun = 2.0, 1H), 7.34 (s, 1H), 7.59 (d, “Jun = 2.0, 1H), 8.28 (d, 3Jpn =
7.3, 1H), 3'P NMR (101 MHz, D;O pH 8) &: 15.77.

3-(8-Phenylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (2n). Yield:
75%, scale: 0.1 g. Elemental analysis: Ci6HisN20sP (H20)1.25, (HCl)1.15 Calculated:
C: 46.79, H: 4.58; N: 6.82, Found: C: 46.79; H: 4.62; N: 6.76. 'H NMR (250 MHz,
D20 pH 8) &: 3.02 (ddd, 2JpH = 20.4, 3Jnn = 12.7, 3Jpn = 2.5, 1H), 3.12-3.27 (m, 1H),
3.36-3.54 (m, 1H), 7.09 (t, 3Jun = 6.9, 1H), 7.33 - 7.40 (m, 2H), 7.44-7.58 (m, 3H),
7.70-7.79 (m, 2H), 8.31 (bd, 3Jun = 6.9, 1H), 3P NMR (63 MHz, D,O pH 8) &: 15.95.
3-(8-Methylimidazo[1,2-a] pyridin-3-yl)-2-phosphonopropanoic acid (20). Yield:
67%, scale: 0.22 g; crystalized from H2O. Elemental analysis: C11H13N20sP (H20)o.2
Calculated: C: 45.91; H: 4.69; N: 9.73. Found: C: 45.97; H: 4.72; N: 9.81. 'H NMR
(250 MHz, DO, pH 8) & 2.57 (s, 3H), 3.28-3.70 (m, 3H), 7.39 (t, 3Jun = 7.0, 1H),
7.70 (d, 3Jun = 7.4, 1H), 7.73 (s, 1H), 8.45 (d, 3Jun = 6.9, 1H). 3P NMR (250 MHz,
D20 pH 8) 5 14.40.

3-(8-Bromoimidazo[1,2-a]pyridin-3-yl)-2-phosphonopropanoic acid (2p). Yield:
80%, scale: 0.14 g. Elemental analysis: C1oH10BrN20OsP (H20)185, Calculated: C:
31.41, H: 3.61; N: 7.33, Found: C: 31.31; H: 3.44; N: 7.28, *H NMR (250 MHz, D,0
pH 7) &: 3.01 (ddd, 2Jpn = 20.7, 3Jun = 12.9, 3Jun = 2.6, 1H), 3.12-3.29 (m, 1H), 3.36-
3.53 (m, 1H), 6.94 (t, 3Jun = 7.1, 1H), 7.42 (s, 1H), 7.65 (d, 3Jun = 7.4, 1H), 8.36 (d,
3JuH = 6.9, 1H), 3P NMR (101 MHz, D20 pH 7) §: 15.76.
3-(Imidazo[2,1-a]isoquinolin-3-yl)-2-phosphonopropanoic acid (2r). Yield: 84%,
scale: 0.065 g. *H NMR (250 MHz, D20 pH 9) &: 3.01 (ddd, 2Jpy = 20.6, 3Jun =
12.80, 33wy = 2.70, 1H), 3.14-3.29 (m, 1H), 3.37-3.56 (m, 1H), 7.23-7.35 (m, 2H),
7.62-7.73 (m, 2H), 7.82-7.91 (m, 1H), 8.13 (d, 3Jun = 7.5, 1H), 8.32-8.45 (m, 1H),3!P

NMR (101 MHz, D20 pH 9) &: 16.04.
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2-(Hydroxy(phenyl)phosphoryl)-3-(imidazo[1,2-a]pyridin-3-yl)propanoic acid (2s).
Yield: 68%, scale: 0.065 g, crystalized from Et>O. Elemental analysis: C1sH15sN2O4P
(H20)1.3 (HCl)o., Calculated: C: 49.72, H: 4.82, N: 7.25 Found: C: 49.75, H: 4.91, N:
7.16. 3P NMR (283 MHz, D20, pH 2): § 25.28. H NMR (700 MHz, D20 pH 2) &
8.47-8.42 (m, 1H), 7.96-7.91 (m, 1H), 7.85-7.81 (m, 1H), 7.77-7.72 (m, 2H), 7.67
(s, 1H), 7.58 (t, 3Jun = 7.5, 1H), 7.52 — 7.47 (m, 3H), 3.58 — 3.40 (m, 3H). 23C NMR
(176 MHz, D20 pH 2) & 173.5 (d, 2Jpc = 3.8, 1C), 139.7 (s, 1C), 133.3 (s, 1C), 133.3
(d, Wpc = 133.6, 1C), 131.8 (d, *Jrc = 2.1, 1C), 131.4 (d, Jec = 9.8, 2C), 128.4 (d, Jrc
=125, 2C), 125.9 (s, 1C), 124.7 (d, 3Jpc = 13.6, 1C), 119.5 (s, 1C), 117.1 (s, 1C),
112.1 (s, 1C), 47.9 (d, Wpc = 76.6, 1C), 20.7.
2-(Ethyl(hydroxy)phosphoryl)-3-(imidazo[1,2-a] pyridin-3-yl)propanoic  acid  (2t).
Yield: 87%, scale: 0.10 g, crystalized from Et,0. 3P NMR(101 MHz, D;0, pH 2): §
42.07. *H NMR (250 MHz, D20 pH 2) & 8.62 (d, 3Jun = 7.0, 1H), 7.97-7.81 (m, 2H),
7.73 (s, 1H), 7.49 (td, 3Jnn = 6.8, “Jun = 1.6, 1H), 3.66-3.31 (m, 3H), 1.90-1.73 (m,
2H), 1.16 (dt, 3Jun = 7.8, 3Jpw = 3.0, 3H). 13C NMR (63 MHz, D20) & 171.8 (s, 1C),
138.0 (s, 1C), 131.5, 124.2, 117.4, 115.2, 110.3, 123.3 (d, 3Jpc = 15.4, 1C), 44.3 (d,
Lpc =69.7, 1C), 19.5 (d, 1pc = 97.7, 1C), 18.0 (s, 1C), 3.5 (d, ZJpc = 5.8, 1C).
3-([1,1'-Biphenyl]-3-yl)-2-phosphonopropanoic acid (2u). Yield: 90%, scale: 0.5
mmol; pure compound isolated by removal of solvents; Elemental analysis:
C15H150sP (H20)05s, Calculated: C: 56.95, H: 5.13; Found: C:56.93; H:5.09; 3!P
NMR (101 MHz, D20 pH 2): 6 18.76. 'H NMR (250 MHz, D20 pH 2) & 2.88-3.23
(m, 3H), 6.75-7.26 (M, 9H).

3-([1,1'-Biphenyl]-4-yl)-2-phosphonopropanoic acid (2w). Yield: 70%, scale: 0.5

mmol, crystalized from water; 3P NMR (101 MHz, D20 pH 2): § 15.74. 'H NMR
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(250 MHz, D20 pH 2) & 3.08-3.31 (m, 3H), 7.34-7.47 (m, 3H), 7.47— 7.58 (m, 2H),
7.60-7.75 (m, 4H),

3-(3-benzylphenyl)-2-phosphonopropanoic acid (2y): Yield: 98%, scale: 0.5 mmol,
crystalized from petroleum ether; Elemental analysis: CieHi170sP  (H20)o.05,
Calculated: C: 59.90, H: 5.56; Found: C:59.83; H:5.37; 3P NMR (101 MHz, D20
pH 2): & 18.47. 'H NMR (250 MHz, D20 pH 2) § 2.93-3.29 (m, 3H), 3.69 (s, 2H),
6.79-6.91 (m, 1H), 6.96 - 7.18 (m, 8H).
3-([1,1":4',1"-Terphenyl]-3-yl)-2-phosphonopropanoic acid (2z). Yield: 95%,
crystalized from H20. Elemental analysis: C21H190sP (H20)1.2, Calculated: C: 62.44,
H: 5.34; Found: C: 62.28; H: 5.13; 3'P NMR (283 MHz, D;0, pH 7): 16.85. *H NMR
(700 MHz, D20 pH 7) & 7.87-7.81 (m, 4H), 7.79 (d, 3Jun = 7.4, 2H), 7.72 (s, 1H),
7.57 (t, 3Jun = 6.5, 3H), 7.48 (t, 3Jun = 7.6, 2H), 7.40 (d, 3Jun = 7.6, 1H), 3.28-3.13
(m, 2H), 2.99 (ddd, 2Jp = 20.4, 3Jun = 12.4, 2.9, 1H). 13C NMR (176 MHz, D20) &
181.0 (d, 2pc = 3.0, 1C), 143.9 (d, 3Jpc = 16.6, 1C), 140.3, 140.1, 140.0, 139.7,
129.40, 129.30, 128.13, 127.99, 127.77, 127.64, 127.15, 127.06, 124.37 (13s, CHar,

17C), 54.3 (d, Ypc = 112.8, 1C), 35.5 (s, 1C).

General procedure for the synthesis of compounds (8d-z). Reaction was carried out
under argon atmosphere using oven-dried glassware. A 100 mL two-neck round-
bottom flask was charged with 5 (1.79 g, 8.0 mmole, 1.2 equiv) dissolved in DCM
(20 mL). The solution was cooled down below -30 °C (internal temperature control),
TiCls (0.877 mL, 8 mmole, 1.2 equiv) was slowly added via syringe, followed by
EtsN (2.63 mL, 0.0187 mole, 2.8 equiv). The reaction mixture was stirred for 15
minutes at -30 °C. Then, solution of aldehyde 3 (6.67 mmole, 1 equiv) in DCM (20

mL) was dropwisely added for 15 minutes at the temperature below -30 °C. The
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resulting mixture was stirred at room temperature for 16 h and then quenched with 25
mL of water and was made basic with saturated Na,COs aqueous solution to pH>9.
The water layer was extracted with diethyl ether (5 x 25 ml). Organic layer was dried
over anhydrous Mg>SOs, solvent was evaporated and the residue was subjected to
column chromatography using as eluent DCM:Acetone (85:15) to give product as
(2)/(E) mixture in the form of orange oil. The same procedure was applied for the
synthesis of compounds 8s-z. In case of 8u-z analogs the elimination reaction was not
complete and up to 50% of hydroxy analogs remained, which were easily separated
from the desired product. Note: The crude product of condensation can be subjected
to reduction without prior purification.

Ethyl 2-(diethoxyphosphoryl)-3-(5-phenylimidazo[1,2-a]pyridin-3-yl)acrylate (8d).
Yield: 53 %, scale: 0.24 g, E/Z = 0.3:1, (CH2Cl,:acetone 85:15), (2)-8d: 'H NMR
(700 MHz, CDCl3) &: 1.04 (t, 3Jun = 7.10, 3H), 1.14 (t, 3Jun = 6.9, 6H), 3.96-4.09 (m,
4H), 4.17 (q, 3Iun = 7.1, 2H), 6.71 (dd, 3Inn = 6.9, “Iun = 1.2, 1H), 7.27 (dd, 334 =
8.9, 3Jun = 6.9, 1H), 7.32 (d, 3Jpn (E) = 41.6, 1H), 7.34-7.41 (m, 5H), 7.56 (dd, 3Jun =
8.9, “Jun = 1.2, 1H), 8.34 (s, 1H), 3P NMR (101 MHz, CDCls) &: 14.14; 13C NMR
(176 MHz, CDCl3) &: 14.0, 16.10 and 16.14 (2s, 2C), 60.8, 62.25, 62.29, 114.0 (d,
pc = 192.3, 1C), 116.2, 117.2, 127.0, 128.1 (s, 2C), 129.1 (s, 2C), 129.7, 134.5,
141.1 (d, Ypc = 3.5, 1C), 142.6 (s, 1C), 149.1 (s, 1C), 165.4 (d, 2Jpc = 15.9, 1C).
Ethyl 2-(diethoxyphosphoryl)-3-(5-methylimidazo[1,2-a] pyridin-3-yl)acrylate (8e).
Yield: 60%. Scale: 9.4 mmol, 1.5 g. Ratio of isomers (E)/(Z) 1: 0.1 (CHCI3:MeOH
50:1 Rf 0.28). 3P NMR (101 MHz, CDCls) &: 15.98 (E) and 13.77 (Z). 'H NMR
(250 MHz, CDCl3) &: 1.15 (t, 3Jun = 7.2, 3H), 1.22 (t, 3Jun = 7.1, 6H), 2.76 (s, 3H),
4.11-3.92 (m, 4H), 4.16 (q, 3Jun=7.1, 2H), 6.58 (d, 3Jun = 6.9, 1H), 7.08 (t, 3Jun = 8.8,

7.0, 1H), 7.40 (d, 33 = 8.9, 1H), 8.01 (s, 1H), 8.18 (d, 3Jpn = 23.5, 1H). 13C NMR
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(63 MHz, CDCl3) § 13.9, 16.1 (s, 3Jpc = 6.6, 2C), 22.1, 61.4, 62.4 (d, 2Jrc = 5.3, 2C),
115.8, 116.3, 116.9 (s, YJpc = 184.3, 1C), 121.9 (d, 3Jpc = 24.9, 1C), 127.0 (s, 1C),
137.3 (s, 1C), 137.3 (t, 2pc = 4.9, 1C), 140.2, 149.2, 165.9 (d, 2Jpc = 12.5, 1C).

Ethyl 2-(diethoxyphosphoryl)-3-(6-phenylimidazo[1,2-a]pyridin-3-yl)acrylate (8f).
Yield: 80%, scale: 0.5 g, (E)/(Z) 1:0.14, (CH2Cl,:acetone 85:15), (E)-8f: 'H NMR
(700 MHz, CDCl3) &: 1.37 (t, 3Jun = 7.00, 9H), 4.10-4.28 (m, 4H), 4.39 (q, 3Jun = 7.2,
2H), 7.42-7.55 (m, 3H), 7.56-7.68 (m, 3H), 7.78 (m, 1H), 8.06 (d, 3Jpn (2) = 23.8,
1H), 8.48 (s, 1H), 8.53 (s, 1H), 3P NMR (101 MHz, CDCls) &: 17.17 (E) and 13.95
).

Ethyl 2-(diethoxyphosphoryl)-3-(6-methylimidazo[1,2-a]pyridin-3-yl)acrylate (8g).
Yield: 60%); scale: 0.5 g. (E)/(Z) 1: 0.03 (DCM:Acetone 9:1 R 0.19). 3P NMR (101
MHz, CDCls) &: 17.67 (E) and 14.17 (Z). *H NMR (250 MHz, CDCls) &: 1.28 (t,
3Jur=7.1, 3H), 1.28 (td, 3Jun = 7.1, “Jpn = 0.7, 6H), 2.31 (s, 3H), 4.02-4.17 (m, 2H);
4.28 (q, 3Jun = 7.1, 2H), 7.16 (dd, 3Inun = 9.1, “Iun = 1.7, 1H), 7.51 (d, 3Inn = 9.1, “Jun
=0.9, 1H), 7.92 (d, 3Jp1 = 23.9, 1H), 8.08 (s, 1H), 8.43 (s, 1H).

Ethyl 3-(6-chloroimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)acrylate (8h).
Yield: 57% vyield, scale: 0.5 g, (E)/(Z) = 50/1, (CH2Cl:acetone 85:15); 3P NMR (283
MHz, CDCl3) &: 15.71 (E) and 12.41 (Z). *H NMR (700 MHz, CDCl3) &: 1.36 (t, 3Jun
=7.10, 3H), 1.37 (t, 3Jun = 7.1, 6H), 4.10-4.28 (m, 4H), 4.37 (q, 3Jun = 7.2, 2H), 7.35
(dd, 3Jun = 9.4, “Jun = 1.8, 1H), 7.66 (dd, I = 9.4, Jun = 0.7, 1H), 7.90 (d, 3Jpn (2)
= 23.7, 1H), 8.38 (d, “Jun = 1.8, 1H), 8.49 (s, 1H), 3C NMR (176 MHz, CDCl3) :
14.1, 16.32, 16.36, 61.7, 62.77, 62.80, 117.3 (d, Jpc = 184.3, 1C), 118.8, 120.8 (d,
3Jpc = 24.5, 1C), 122.1, 122.8, 128.5, 133.2 (d, 2Jpc = 9.9, 1C), 141.6 (s, 1C), 146.1

(s, 1C), 165.6 (d, ?Jec = 11.6, 1C).
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Ethyl 3-(6-bromoimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)acrylate (8i).
Yield: 52%, scale: 0.34 g, (E)/(Z) 50/1, R¢g) 0.36, (CH2Clz:acetone 85:15), (E)-8i:
31p NMR (101 MHz, CDCl3) &: 16.52 (E) and 13.27 (), *H NMR (700 MHz,
CDCls3) &: 1.35 (t, 3Jun = 7.10, 3H), 1.36 (t, 3Jum = 7.1, 6H), 4.12 - 4.25 (m, 4H), 4.36
(@, 3Jun = 7.1, 2H), 7.43 (dd, 3Inn = 9.4, 4w = 1.7, 1H), 7.59 (d, 3Jnn = 9.4, 1H),
7.90 (d, 3Jpn (2) = 23.8, 1H), 8.45 (s, 1H), 8.52 (d, “Jun = 1.7, 1H), 3C NMR (176
MHz, CDCls) 8: 14.2, 16.42, 16.44, 61.8, 62.87, 62.90, 109.4, 117.5 (d, Jpc = 184.3,
1C), 119.1, 120.8 (d, 3Jpc = 24.2, 1C), 124.3, 130.8, 133.3 (d, 2Jpc = 10.1, 1C), 141.5,
146.3, 165.7 (d, 2Jpc = 11.7, 1C).

Ethyl 2-(diethoxyphosphoryl)-3-(7-phenylimidazo[1,2-a] pyridin-3-yl)acrylate (8j).
Yield: 52%, scale: 0.5 g, E/Z 100/0, (CH2Clz:acetone 85:15), (E)-8h: 3P NMR (101
MHz, CDCl3) &: 16.61, *H NMR (700 MHz, CDCls) &: 1.38 (t, 3Jun = 7.00, 9H), 4.10
- 4.26 (m, 4H), 4.39 (g, 3Jun = 7.00, 2H), 7.32 (dd, 2Jpn = 7.1, “Jun = 1.7, 1H), 7.45 (t,
83y = 7.4, 1H), 7.51 (t, 3Jun = 7.5, 2H), 7.69 (t, 3Jun = 7.5, 2H), 7.92 (s, 1H), 8.03 (d,
3Jpn (Z) = 23.8, 1H), 8.40 (d, 3Juw = 7.1, 1H), 8.61 (s, 1H), 3C NMR (176 MHz,
CDCls) &: 14.1, 16.28, 16.32, 61.4, 62.5, 62.6, 113.9, 115.0, 115.1 (d, 1Jpc = 185.5,
1C), 120.3 (d, 3Jpc = 24.0), 123.7, 126.8 (s, 2C), 128.9, 129.2 (s, CHpn, 2C), 133.9 (d,
2Jpc = 10.2, 1C), 137.6, 140.5, 142.6, 148.4, 165.7 (d, 2Jpc = 12.0, 1C).

Ethyl 2-(diethoxyphosphoryl)-3-(7-methylimidazo[1,2-a]pyridin-3-yl)acrylate (8Kk).
Yield: 47%, scale: 0.64 g. (E)/(Z) 1: 0.02 (DCM:acetone 9:1 Rf 0.21). 3P NMR
(101MHz, CDCls): & 17.39 (E) and 13.84 (Z). *H NMR (250 MHz, CDCl3) &: 8.51 (s,
1H), 8.22 (d, ®Juw=7.1, 1H), 7.95 (d, 3Jpn = 23.8, 1H), 7.42 (d, *Jun = 0.7, 1H), 6.82
(dd, 3Jnn = 7.0, “un = 1.6, 1H), 4.32 (q, 3Jum = 7.1, 3H), 4.22 — 4.03 (m, 6H), 2.41 (s,
3H), 1.31 (t, 3Jur = 7.1, 9H). 13C NMR (63 MHz, CDCls) 6 165.5 (d, 2Jrc=12.6, 1C),

148.2 (s, 1C), 141.9 and 140.0 (2s, 2C), 134.2 (d, 2Jpc= 10.3, 1C), 119.9 (d, 3Jpc =
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23.7, 1C), 116.7 and 116.7 (2s, 2C), 113.5 (d, Jpc = 186.2, 1C), 62.3 (d, 2Jpc = 5.3,
2C), 61.1, 21.0, 16.1 (d, 3Jpc = 6.7, 2C), 13.9.

Ethyl 3-(7-chloroimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)acrylate (8I).
Yield: 67%, scale 1 g, (E)/(Z) 5/1, R(E) 0.36, R#(Z) 0.21, (CH2Cl.:acetone 85:15),
(E)-81 - 1H NMR (250 MHz, CDCl3) &: 1.36 (t, 3Jun =7.10, 3H), 1.37 (t, 3Jun = 7.1,
3H), 1.37 (t, 3Jun = 7.1, 3H), 4.10-4.25 (m, 4H), 4.37 (g, 3Jun =7.1, 2H), 7.01 (dd,
3Jum = 7.3, “nn = 2.1, 1H), 7.71 (bd, “Jun = 2.1, 1H), 7.92 (d, 3Jpn (2) = 23.7, 1H),
1H), 8.28 (d, 3Jun = 7.3, 1H), 8.51 (s, 1H). 3P NMR (101 MHz, CDCls): 16.70 (E)
and 13.43 (Z), 3C NMR (63 MHz, CDCls) é: 14.1, 16.2, 16.3, 61.6, 62.6, 62.7, 115.7,
116.8 (d, YJpc = 184.6, 1C), 117.4, 120.6 (d, 3Jec = 24.2, 1C), 124.1, 133.3 (d, 2Jpc =
10.1, 1C), 134.1, 141.9, 147.6, 165.5 (d, 2Jpc = 12.3, 1C).

Ethyl 3-(7-bromoimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)acrylate (8m).
Yield: 68%, scale: 0.2 g, (E)/(Z) = 10/1, R«(E) 0.33, R#(Z) 0.27, (CH:Cl;:acetone
85:15), (E)-8l: 3P NMR (283 MHz, CDCl3) &: 16.68 (E) and 13.43 (Z), 'H NMR
(700 MHz, CDCls) &: 1.34 (t, 3Jun = 7.1, 3H), 1.35 (t, 3Jun = 7.1, 6H), 4.09-4.23 (m,
4H), 4.35 (g, 3Inn = 7.1, 2H), 7.11 (dd, 3Jpm = 7.3, “Jun = 1.9, 1H), 7.88 (d, *Jnn =
1.9, 1H), 7.91 (d, 3Jpn (2) = 23.8, 1H), 1H), 8.25 (d, 3Jun = 7.3, 1H), 8.47 (s, 1H). 3C
NMR (176 MHz, CDCls) §: 14.2, 16.39, 16.43, 61.8, 62.87, 62.88, 116.9 (d, 1Jpc =
184.7, 1C), 118.2, 120.8 (d, 3Jpc = 24.1), 120.9, 121.8, 124.3, 133.4 (d, 2Jpc = 10.1,
1C), 141.9, 148.0, 165.7 (d, 2Jpc = 12.3, 1C).

Ethyl 2-(diethoxyphosphoryl)-3-(8-phenylimidazo[1,2-a]pyridin-3-yl)acrylate (8n).
Yield: 78% vyield, scale: 0.3 g, (E)/(Z) 25/1, (CH2Clz:acetone 85:15), (E)-8h: 3P
NMR (101 MHz, CDCls) &: 17.01 (E) and 13.86 (Z), *H NMR (250 MHz, CDCls) §:
1.35 (t, 3Jun = 7.10, 3H), 1.37 (t, *Jnn = 7.1, 6H), 4.09 - 4.27 (m, 4H), 4.36 (q, 3Jnn =

7.1, 2H), 7.11 (t, 3Jun = 6.8, 1H), 7.40-7.56 (m, 4H), 7.87-7.94 (m, 2H), 8.00 (d, 3Jpx
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(2) = 24.1, 1H), 8.35 (bd, 3Jun = 6.8, 1H), 8.50 (s, 1H), ¥C NMR (63 MHz, CDCly)
8: 14.1, 16.2, 16.3, 61.5, 62.6, 62.7, 114.4, 116.1 (d, “Jpc = 185.2, 1C), 120.7 (d, 3Jrc
=24.2,1C), 122.6, 125.9, 128.56, 128.57, 129.0 (s, 2C), 131.4, 133.6 (d, 2Jpc = 9.9,
1C), 135.6, 140.9, 146.5, 165.7 (d, 2Jpc = 12.0, 1C).

Ethyl 2-(diethoxyphosphoryl)-3-(8-methylimidazo[1,2-a]pyridin-3-yl)acrylate (80).
Yield: 70%. scale: 1 g. (E)/(Z) 1: 0.03 (DCM:Acetone 9:1 Rf 0.09). 3P NMR (101
MHz, CDCls) : 16.84 (E) and 13.63 (2). *H NMR (250 MHz, CDCls) & 1.32 (t, 3Ju+
=7.1, 9H), 2.59 (s, 3H), 3.93-4.23 (m, 4H), 4.32 (q, 3Jnn =7.12, 2H), 6.89 (t, 3Jun =
6.9, 1H), 7.14 (d, 3Jun = 7.0, 1H), 7.92 (d, 3Jpn = 23.8, 1H), 8.18 (d, 3Jun = 6.9, 1H),
8.44 (s, 1H).

Ethyl 3-(8-bromoimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)acrylate (8p).
Yield: 48%, scale: 0.7 g, (E)/(Z) 5/1, R«(E) 0.37, R¢#(Z) 0.23, (CH2Cl2:acetone 85:15),
(E)-8p: 3P NMR (101 MHz, CDCls) &: 15.98 (E) and 12.92 (2), *H NMR (250
MHz, CDCl3) &: 1.36 (t, 3Jun = 7.2, 3H), 1.37 (t, 3Jun = 7.1, 3H), 1.38 (t, 3Jun = 7.1,
3H), 4.11-4.27 (m, 4H), 4.37 (q, 3Jun = 7.1, 2H), 6.91 (t, 3Jun = 7.2, 1H), 7.64 (dd,
3Jun = 7.4, {Jnn = 0.9, 1H), 7.89 (d, 3Jpn (2) = 23.7, 1H), 8.33 (bd, 3Jun = 6.6, 1H),
8.46 (s, 1C). 13C NMR (63 MHz, CDCls) &: 14.0, 16.2, 16.3, 61.7, 62.7, 62.8, 112.5,
114.2, 118.0 (d, YJpc = 184.1, 1C), 121.8 (d, 3Jpc = 24.3, 1C), 123.1, 129.5, 133.0 (d,
2Jpc = 9.9, 1C), 140.5, 145.4, 165.4 (d, 2Jpc = 11.8, 1C).

Ethyl 2-(diethoxyphosphoryl)-3-(imidazo[2,1-a]isoquinolin-3-yl)acrylate (8r). Yield:
43%, scale: 0.4 g, (E)/(Z) 1:0.15, (CH2Cl,:acetone 85:15), (E)-8r: 'H NMR (700
MHz, CDCls) &: 1.37 (m, 9H), 4.13-4.24 (m, 4H), 4.38 (q, 3Jun = 7.2, 2H), 7.23 (d,
8Jun = 7.3, 1H), 7.64 (bt, 3Jun = 8.0, 1H), 7.67 (bt, 3Jun = 7.5, 1H), 7.76 (bd, 3Jun =
7.5, 1H), 7.96 (d, 3Jpr(Z) = 23.8, 1H), 8.10 (d, , 3Jun = 7.4, 1H), 8.40, 8.66 (bd, 3Jun =

8.00, 1H), 3P NMR (283 MHz, CDCls) &: 16.72 (E) and 13.61 (Z), *C NMR (176
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MHz, CDCls) &: 14.2, 16.4, 16.5, 61.8, 62.79, 62.82, 114.7, 117.5 (d, YJpc = 184.5,
1C), 120.4, 122.2 (d, 3Jpc = 24.2, C) 123.6, 124.1, 127.1, 128.9, 129.6, 130.3, 133.7
(d, 2Jpc = 9.8, 1C), 139.0, 145.8, 165.9 (d, 2Jpc = 12.0, 1C).

Ethyl  2-(ethoxy(phenyl)phosphoryl)-3-(imidazo[1,2-a]pyridin-3-yl)acrylate  (8s).
Yield: 71%; scale: 1 g. (E)/(2Z) 1:0.06 (CH2Cl.:acetone 8:2, Rs 0.25). 3P NMR (283
MHz, CDCls): 29.45 (E) and 29.90 (Z); 'H NMR (700 MHz, CDCls) (E)-8s: & 8.57
(s, 1H), 8.41 (d, 3Jun = 7.1, 1H), 8.19 (d, 3Jpn = 20.6, 1H), 7.85 — 7.78 (m, 2H), 7.65
(bd, 3Jun = 8.9, 1H), 7.46 (m, 1H), 7.41 — 7.37 (m, 2H), 7.34 (ddd, 3Jun = 8.9, 6.8,
“Jnn = 1.1, 1H), 6.98 (td, 3Jun = 6.8, “Jun = 1.1, 1H), 4.22 — 4.02 (m, 4H), 1.36 (1,
33y = 7.0, 3H), 1.10 (t, 3Jnn = 7.2, 3H). 13C NMR (176 MHz, CDCls) & 165.7 (d,
2Jpc = 12.8, 1C), 148.0, 142.1, 134.0 (d, 2Jpc = 9.1, 1C), 132.1 (d, “Jrc = 3.3, 1C),
131.7 (d, Jpc = 10.2, 2C), 131.3 (d, NJpc = 148.8, 1C), 128.2 (d, Jrc = 13.9, 2C), 127.6
124.0, 120.8 (d, 3Jpc = 19.3, 1C), 118.4, 117.9 (d, Jpc = 127.7, 1C), 114.3, 61.4 (d,
2Jpc = 6.1, 1C), 61.2, 16. 5 (d, 3Jpc = 6.5, 1C), 13.9.

Ethyl 2-(ethoxy(ethyl)phosphoryl)-3-(imidazo[1,2-a]pyridin-3-yl)acrylate (8t). Yield:
77%; scale: 0.6 g; solvent used in reaction — THF, (E)/(Z) 1:0.11 (CH2Cl;:acetone
85:15 Ry 0.23). 3P NMR (283 MHz, CDCl3): & 45.96 (E) and 44.70 (Z). *H NMR
(700 MHz, CDCls) & 8.54 (s, 1H), 8.45 (dd, 3Jun = 6.5, “Jun = 3.1, 1H), 8.01 (d, 3Jpu
=19.4, 1H), 7.66 (dd, 3Jun = 8.9, “Jun = 1.0, 1H), 7.38 — 7.33 (m, 1H), 6.98 (td, 3Jun
= 6.8, “Jun = 1.0, 1H), 4.36 — 4.28 (m, 2H), 4.09-3.88 (m, 2H), 2.08 — 1.92 (m, 2H),
1.32 (t, 3Jun = 7.2, 3H), 1.26 (t, 3Jun = 7.0, 3H), 1.15 (dt, 3Jpn = 20.2, 3Jun = 7.7, 3H).
13C NMR (176 MHz, CDCls)  166.2 (d, 2Jpc = 13.4, 1C), 148.0, 141.6, 134.7 (d, 2Jpc
= 8.4, 1C), 127.6, 124.2, 120.8 (d, 3Jpc = 18.1, 1C), 118.4, 116.9 (d, LJpc = 115.2, 1C),
114.3, 61.4, 60.8 (d, 2Jpc = 6.9, 1C), 21.9 (d, YJpc = 107.3, 1C), 16.4 (d, 3Jpc = 6.5,

1C), 14.2, 5.7 (d, 2Jpc = 4.2, 1C).
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Ethyl 3-([1,1'-biphenyl]-3-yl)-2-(diethoxyphosphoryl)acrylate (8u). Yield: 67% (98%
purity, 2% mol aldehyde from *H NMR); scale: 0.5 g; (E)/(Z) 1:0.04, R(E) = 0,66,
Ri(Z) = 0.57 (CHCls:acetone 10:1), 3P NMR (101 MHz, CDCls): 6 14.97 (E) and
14.25 (Z). *H NMR (250 MHz, CDCls): § 1.22 (t, 33 = 7.1, 3H), 1.38 (dt, 3Jun =
7.1, “Jup = 0.6, 6H), 4.12 — 4.24 (m, 4H), 4.28 (q, 3Jnn = 7.2, 2H), 7.32 — 7.50 (m,
5H), 7.50 — 7.66 (M, 4H), 7.72 [(E) d, 3Jpr (E) = 24.2, 1H], 8.24 [(Z) d, 3JpH () = 43.3,
1H]. 3C NMR (63 MHz, CDCl3) § 13.7, 16.1 (d, 3Jpc = 6.7, 2C), 61.6, 62.6 (d, 2Jpc =
5.0, 2C), 124.8 (d, YJpc = 178.7, 1C), 126.8 (s, 2C), 128.7 (s, 2C), 127.6, 127.7, 127.8,
128.89, 128.92, 134.1 (d, 3Jcp = 20.2, 1C), 140.0, 141.5, 147.8 (d, 3Jpc = 6.5, 1C),
166.3 (d, 2Jpc = 12.5, 1C).

Ethyl 3-([1,1'-biphenyl]-4-yl)-2-(diethoxyphosphoryl)acrylate (8w). Yield: 44%;
scale: 1.27 g; purity 95% (5% mol aldehyde based on *H NMR). (E)/(Z) 1:0.1 [R+(E)
= 0.55, R¢(Z) = 0.46 (CHCls:acetone 10:1)], 3P NMR (101 MHz, CDCls): & 14.84
(E), 12.43 (Z). 'H NMR (250 MHz, CDCls): & 1.28 (t, 3Jun = 7.1, 3H), 1.38 (dt, 3Jun
= 7.1, 4Jpn = 0.6, 6H), 4.14-4.27 (m, 4H), 4.31 (q, 3Jun = 7.2, 2H), 7.33-7.54 (m,
5H), 7.55 — 7.65 (m, 4H), 7.67 [(E): d, *Jpn ) = 24.1, 1H], 8.21 [(2): d, 3Jp () = 43.5,
PCCH, 1H)]. 13C NMR (63 MHz, CDCls): & 13.8, 16.2 (d, 3Jcp = 6.6, 2C), 61.6, 62.6
(d, 2pc = 5.1, 2C), 124.1 (d, cp = 178.8, 1C), 127.9, 126.9, 127.1, 128.8, 129.76,
132.40 (d, 3Jpc = 20.3, 1C), 139.80, 143.08, 147.5 (d, 3Jpc = 6.4, 1C), 166.4 (d, 2Jpc =
12.6, 1C).

Ethyl 3-(3-benzylphenyl)-2-(diethoxyphosphoryl)acrylate (8y). Yield: 84%; scale:
0.82 g; (E)/(Z) 1:0.04 (R¢(E) 0.65, R#(Z) 0.53 (CHCls:acetone 10:1), 3P NMR (101
MHz, CDCls) § 14.48 (E) and 12.00 (Z). *H NMR (250 MHz, CDCl3) § 1.17 (t, 3Jun
= 7.1, 3H), 1.34 (dt, 3Jun = 7.1, “Jpw = 0.6, 6H), 3.94 (s, 2H), 4.06 — 4.23 (m, 6H),

7.10-7.32 (m, 9H), 7.58 [(E) d, 3Jpn 5 = 24.2, 1H], 8.13 [(2) d, 3Jph ) = 43.9, 1H].
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13C NMR (63 MHz, CDCls3) 5 13.8, 16.2 (d, 3Jpc = 6.7, 2C), 41.7, 61.6, 62.7 (d, 2Jpc
= 5.1, 2C), 124.4 (d, YJec = 178.6, 1C), 126.3, 127.1, 128.8, 128.6, 128. 9, 129.6,
131.1 (7s, 9C), 133.8 (d, 3Jpc = 20.1, 1C), 140.3, 141.7, (2s, 2C), 148.0 (d, 3Jrc = 6.3,
1C), 166.4 (d, 2Jpc = 12.6, 1C).

Ethyl 3-([1,1":4',1"-terphenyl]-3-yl)-2-(diethoxyphosphoryl)acrylate (8z). Yield: 71%;
scale: 0.86 g; (E)/(Z) 1:0.01 (R+«(E) = 0.24 (CHCls:acetone 10:1), 3P NMR (283
MHz, CDCls) & 14.39 (E) and 12.23 (Z). *H NMR (700 MHz, CDCI3) & 7.75 (d, 3JeH
=24.1, 1H), 7.72 (s, 1H), 7.68 — 7.61 (m, 7H), 7.47 — 7.41 (m, 4H), 7.35 (dt, 3Jun =
7.4,1.0, 1H), 4.30 (q, 3Jun = 7.1, 2H), 4.27 — 4.17 (m, 4H), 1.39 (t, *Jun = 7.1, 6H),
1.23 (t, 3Jun = 7.2, 3H). 13C NMR (176 MHz, CDCl3) § 166.4 (d, 2Jpc = 12.4 Hz, 1C),
148.0 (d, %Jpc = 6.3, 1C), 141.1, 140.5, 140.4, 139.0, 134.2 (d, 3Jec = 20.0, 1C), 129.2,
128.9, 128.8, 127.9, 127.8, 127.6, 127.5, 127.3, 127.0 (9s, 13C), 125.0 (d, “Jpc =

178.3, 1C), 62.8 (d, 2Jpc = 5.1, 2C), 61.7, 16.2 (d, 3Jpc = 6.5, 2C), 13.9.

General procedure for the synthesis of compounds 9

Route 1 (9d-z). A 50 mL two-neck round-bottom flask was charged with 8 (1.83
mmol, 1 equiv), NiCl> x 6 H20 (0.52 g, 2.2 mmol, 1.2 equiv) and dissolved in
methanol (10 mL). Flask was submerged in a dry ice/acetone cooling bath (=40 °C)
and then NaBH4 (0.083 g, 2.2 mmol, 1.2 equiv) was added. The mixture was stirred at
(-40°C, internal control) for 8 min then quenched with 4 mL of NH4CI. Solution was
made basic with saturated NaCOz solution to pH>9. The water layer was extracted
with dichloromethane (4 x 10 ml). Organic layer was dried over anhydrous MgSO4
solvent was evaporated and residue was subjected to column chromatography using
DCM: acetone (100:20) system as eluent to give product as orange oil. Note: For
compounds not containing aromatic ring substituted with halogen atom less stringent

conditions (-20 °C, 15 minutes) could be applied.
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Ethyl 2-(diethoxyphosphoryl)-3-(5-phenylimidazo[1,2-a] pyridin-3-yl)propanoate
(9d). Yield: 63%, scale: 0.1 g, Rf 0.1 (CH2Cl.:acetone 85:15), *H NMR (700 MHz,
CDCl3) &: 1.14 (t, 3Jun = 7.10, 3H), 1.17 (t, 2Jun = 7.10, 3H), 1.23 (t, 3Jun = 7.10,
3H), 2.71 (ddd, 2Jnn = 16.1, 3Jpr = 9.0, 334k = 3.8, 1H), 2.85 (ddd, 2Jnn = 16.1, 3Jnn =
11.7,3Jpn = 9.2, 1H), 3.08 (ddd, 2Jpr = 22.8, 3Jun = 11.7, 3Jun = 3.8, 1H), 3.79-3.93
(m, 2H), 3.95-4.08 (M, 4H), 6.62 (dd, *JnH = 6.8, *Jnn = 1.2, 1H), 7.16 (dd, 3Jnn = 9.0,
3Jum = 6.8, 1H), 7.37 (s, 1H), 7.43-7.45 (m, 1H), 7.47-7.53 (m, 4H), 7.59 (dd, 3Jnn =
9.0, i1 = 1.2, 1H), 3P NMR (283 MHz, CDCls): 20.88, 3C NMR (176 MHz,
CDCls): 14.1, 16.39 (d, 3Jpc = 6.0, 1C), 16.41 (d, 3Jpc = 5.5, 1C), 25.5 (d, 2Jpc = 1.7,
1C), 44.7 (d, YJpc = 131.0, 1C), 61.7, 62.8 (d, 2Jpc = 6.7, 1C), 63.0 (d, 2Jpc = 6.3, 1C),
115.2, 117.4, 123.0 (d, 3Jpc = 20.3, 1C), 123.7, 128.35, 128.29, 129.5, 129.6, 129.8,
133.0, 135.1, 138.8, 147.5, 168.4 (d, 2Jpc = 5.0, 1C).

Ethyl 2-(diethoxyphosphoryl)-3-(5-methylimidazo[1,2-a] pyridin-3-yl)propanoate
(9e). Yield: 64%, scale 1.1 g (CHCI3:MeOH 40:1 Rf 0.22).'H NMR (250 MHz,
CDCl3) & 1.21 (t, 3Jun = 7.17, 3H), 1.34 (t, 3Jun = 7.1, 6H), 2.88 (s, 3H), 3.38 (ddd,
23pn = 22.6, 3Jnn = 11.6, 3.1, 1H), 3.64-3.99 (m, 2H), 4.09 - 4.24 (m, 6H), 6.49 (bd,
3w = 6.8, 1H), 7.01 (t, 3Jun=6.75, 1H), 7.34 (s, 1H), 7.43 (d, 3Jun = 9.1, 1H). 3P
NMR (101 MHz, CDCls) & 21.08. HRMS m/z found 369.1583, calculated (M+H)*
369.1508.

Ethyl 2-(diethoxyphosphoryl)-3-(6-phenylimidazo[1,2-a] pyridin-3-yl)propanoate (9f).
Yield: 73%, scale: 0.2 g, Rf 0.1 (CH2Clz:acetone 85:15), *H NMR (700 MHz, CDCl5)
8: 1.20 (t, 3Jun = 7.20, 3H), 1.36 (t, 3Juw = 7.10, 3H), 3.31-3.51 (m, 2H), 3.58-3.77
(m, 1H), 4.10-4.29 (m, 6H), 7.38-7.54 (m, 5H), 7.57-7.64 (m, 2H), 7.67 (dd, 3Jun =
9.4, %Jun = 0.7, 1H), 8.18-8.21 (m, 1H), 3P NMR (283 MHz, CDCl5): 21.73. HRMS:

m/z Calculated: 431.1730 (M + H)*, Found: 431.1739 (M + H)".
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Ethyl 2-(diethoxyphosphoryl)-3-(6-methylimidazo[1,2-a] pyridin-3-yl)propanoate
(99). Yield: 77%, scale 3.3 mmol, (CHCI3:MeOH 40:1 Rf 0.12).*H NMR (250 MHz,
CDCls) § 1.17 (t, 3Jnn = 7.1, 3H), 1.38 (m, 6H); 2.32 (s, 3H), 3.73-3.22 (m, 3H); 4.01-
4.30 (m, 6H); 6.99 (dd, 3Jpn = 9.2, 3Jun = 1.6, 1H); 7.35 (s, 1H); 7.46 (d, 3Jun = 9.1,
1H); 7.75 (s, 1H). 3P NMR (101 MHz, CDCls) & 21.82. HRMS m/z found 369.1583,
calculated (M+H)* 369.1508.

Ethyl 3-(6-chloroimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)propanoate
(9h). Yield: 87% vyield, scale: 0.4 g, (CH2Cl.:acetone 85:15), *H NMR (700 MHz,
CDCl3) &: 1.15 (t, 3Jun = 7.10, 3H), 1.31 (t, 3Jun = 7.10, 6H), 3.22 - 3.34 (m, 2H),
3.48-3.58 (M, 1H), 4.02 — 4.21 (m, 6H), 7.08 (dd, 3Jun = 9.6, “Jnn = 1.9, 1H), 7.39 (s,
1H), 7.48 (bt, 3Jun = 9.6, 1H), 8.05 (s, “Jnun = 1.9, %Jun = 0.7, 1H), 3P NMR (283
MHz, CDCls) &: 20.91. 23C NMR (176 MHz, CDCls) &: 14.0, 16.37 (d, 3Jpc = 6.1,
1C), 16.40 (d, 3Jpc = 5.9, 1C), 21.5 (d, 2Jpc = 3.7, 1C), 44.3 (d, Jpc = 129.9, 1C),
62.0, 63.2 (d, 2Jpc = 6.9, 1C), 63.3 (d, 2Jec = 6.5, 1C), 118.3, 120.8, 121.2, 121.8 (d,
3Jpc = 18.3, 1C), 125.3, 132.6, 144.0, 168.1 (d, 2Jpc = 5.1, 1C). HRMS: m/z
Calculated: 389,1028 (M + H)*, Found: 389.1039 (M + H)*.

Ethyl 3-(6-bromoimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)propanoate (9i).
Yield: 75 %, scale (0.32 g), R 0.08, (CH2Clz:acetone 85:15), H NMR (700 MHz,
CDCl3) &: 1.18 (t, 3Jun = 7.10, 3H), 1.34 (t, 3Jun = 7.10, 6H), 3.21 - 3.41 (m, 2H),
3.45-3.64 (m, 1H), 4.03-4.28 (m, 6H), 7.20 (dd, 3Jun = 9.5, *Jum = 1.8, 1H), 7.40 (s,
1H), 7.46 (d, Jun = 9.5, 3w = 0.8, 1H), 8.16 (d, “Jnn = 1.8, 5Jun = 0.8, 1H), 3P
NMR (283 MHz, CDClz): 21.40.

Ethyl 2-(diethoxyphosphoryl)-3-(7-phenylimidazo[1,2-a] pyridin-3-yl)propanoate (9j).
Yield: 82 % yield, scale: 0.2 g, Rf 0.09 (CH2Clz:acetone 85:15), *H NMR (700 MHz,

CDCls) &: 1.20 (t, 3Jun = 7.10, 3H), 1.36 (t, 3Jun = 7.10, 3H), 1.37 (t, *Jun = 7.10,

ACS Paragon Plus Environment

Page 54 of 94



Page 55 of 94 Journal of Medicinal Chemistry

1

2

j 3H), 3.24-3.50 (m, 2H), 3.64 (ddd, 2Jnn = 16.4, 3Jun = 11.7, 3Jpn = 6.9, 1H), 4.06-4.35
2 (m, 6H), 7.15 (dd, 3Jun = 7.2, “Jun = 1.8, 1H), 7.34-7.42 (m, 1H), 7.42-7.52 (m, 3H),
é 7.61-7.70 (m, 2H), 7.80 (dd, *Jnn = 1.8, °Jun = 0.8, 1H), 8.09 (dd, 3Jnn = 7.2, *Jph =
ﬁ 0.8, 1H), 3P NMR (283 MHz, CDCls): 21.22. 3C NMR (176 MHz, CDCls): 14.1,
ig 16.49 (d, 3Jpc = 7.7, 1C), 16.52 (d, 3Jpc = 7.7, 1C), 21.7 (d, 2Jpc = 3.5, 1C), 44.6 (d,
E 1Jpc = 129.3, 1C), 62.0, 63.2 (d, 2Jpc = 6.8, 1C), 63.3 (d, 2Jrc = 6.5, 1C), 112.5, 114.8,
g 121.0 (d, 3Jpc = 18.3, 1C), 123.1, 126.9 (s, 2C), 128.3, 129.2 (s, 2C), 132.5, 137.1,
%? 138.8, 146.2, 168.4 (d, 2Jpc = 5.0, 1C).

2:23 Ethyl 2-(diethoxyphosphoryl)-3-(7-methylimidazo[1,2-a] pyridin-3-yl)propanoate
§§ (9K). Yield: 92%; scale: 0.27 mmol; (no purification by column chromatography
EZ needed). 'H NMR (250 MHz, CDCl3) & 1.18 (t, 3Jun = 7.1, 3H), 1.40-1.30 (m, 6H),
i 2.39 (s, 3H), 3.19 - 3.69 (M, 3H), 4.01 - 4.30 (m, 6H), 6.68 (d, *Jiu = 7.0, CHars),
gé 1H), 7.34 (s, 2H), 7.91 (d, 3Jun = 7.0, 1H). 3C NMR (176 MHz, CDCl3) & 168.1 (d,
gg 2Jrc = 5.0, 1C), 145.9, 134.6, 131.0, 122.2, 120.2 (d, 3Jpc = 17.7, 1C), 116.0, 114.9,
23 63.1 (d, 2Jpc = 6.3, 1C), 63.0 (d, 2Jpc = 6.7, 1C), 61.7, 44.3 (d, YJpc = 129.5, 1C), 21.4
§§ (d, 2Jpc = 2.8, 1C), 21.0, 16.22 (d, 3Jpc = 6.6, 1C) 16.18 (d, 3Jpc = 6.7, 1C), 13.8. 3P
j; NMR (101 MHz, CDCls) & 21.66. HRMS m/z found 369.1582, calculated (M+H)*
43

44 369.1508.

45

j? Ethyl 3-(7-chloroimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)propanoate (9I).
jg Yield: 59%, scale: 0.4 g, Rf 0.09, (CH2Clz:acetone 85:15). 'H NMR (250 MHz,
Ez CDCl) &: 1.15 (t, 3Jun = 7.10, 3H), 1.31 (t, 3Jun = 7.10, 3H), 1.31 (t, 3Jun = 7.10,
gj 3H), 3.19 - 3.42 (m, 2H), 3.47-3.63 (m, 1H), 4.03-4.26 (m, 6H), 6.79 (dd, Jun = 7.3,
22 “Jun = 2.1, 1H), 7.37 (s, 1H), 7.54 (d, *Jnn = 2.1, °Inn = 0.8, 1H), 7.95 (d, *Jnn = 7.3,
gé 53 = 0.8, 1H). 3P NMR (101 MHz, CDCls) &: 21.30. 1*C NMR (63 MHz, CDCls)
60

5: 14.0, 16.40 (d, 3Jpc = 5.7, 1C), 16.41 (d, %Jpc = 5.7, 1C), 21.5 (d, 2Jpc = 3.3 1C),
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44,5 (d, Npc = 129.4, 1C), 62.0, 63.2 (d, 2Jpc = 6.3, 1C), 63.3 (d, 2Jpc = 6.3, 1C),
114.0, 116.8, 121.6 (d, 3Jpc = 18.3, 1C), 123.6, 130.5, 132.6, 145.4, 168.2 (d, 2Jpc =
5.1, 1C).

Ethyl 3-(7-bromoimidazo[1,2-a] pyridin-3-yl)-2-(diethoxyphosphoryl)propanoate
(9m). Yield: 63%, scale: 0.24 g, Rf 0.10, (CH2Clz:acetone 85:15). *H NMR (700
MHz, CDCls) &: 1.19 (t, 3Jun = 7.10, 3H), 1.35 (t, 3Jun = 7.10, 3H), 1.35 (t, 3Jun =
7.10, 3H), 3.27-3.39 (m, 2H), 3.54 - 3.62 (m, 1H), 4.08 - 4.24 (m, 6H), 6.95 (dd, 3Ju
=7.2,%nn = 1.9, 1H), 7.40 (s, 1H), 7.78 (d, “Jum = 1.9, 1H), 7.93 (d, 3Jnn = 7.2, 1H).
31p NMR (283 MHz, CDCls): 21.34, 3C NMR (176 MHz, CDCls): 14.1, 16.5 (m,
2C), 21.6 (d, 2pc = 3.5, 1C), 44.6 (d, Wpc = 129.6, 1C), 62.1 (s, 1C), 63.3 (d, 2Jpc =
7.1, 1C), 63.4 (d, 2Jpc = 6.4, 1C), 116.4, 117.9, 120.3, 121.8 (d, 3Jpc = 18.0, 1C),
123.6, 132.6, 145.9, 168.3 (d, 2Jrc = 5.0, 1C), HRMS: m/z Calculated: 433,0522 (M
+ H)*, Found: 433.0529 (M + H)*.

Ethyl 2-(diethoxyphosphoryl)-3-(8-phenylimidazo[1,2-a] pyridin-3-yl)propanoate
(9n). Yield: 98% yield, scale: 0.2 g, Rf 0.16 (CH2Cl,:acetone 85:15), *H NMR (700
MHz, CDCls) &: 1.24 (t, 3Jun = 7.10, 3H), 1.37 (t, 3Jun = 7.10, 3H), 1.38 (t, 3Jun =
7.10, 3H), 3.31-3.50 (m, 2H), 3.56-3.70 (m, 1H), 4.30-4.07 (m, 6H), 6.97 (t, 3JuH =
6.9, 1H), 7.31 (dd, 3Jnn = 6.9, “Jun = 1.1, 1H), 7.38-7.57 (m, 4H), 7.91-7.98 (m, 2H),
8.04 (dd, 3Jnn = 6.9, “Jun = 1.1, 1H), 3P NMR (283 MHz, CDCls): 21.60.

Ethyl 2-(diethoxyphosphoryl)-3-(8-methylimidazo[1,2-a] pyridin-3-yl)propanoate
(90). Yield: 95%, scale: 3.0 mmol, (purification by column chromatography not
needed). H NMR (250 MHz, CDCl3) & 1.20 (t, 3Jun = 7.1, 3H), 1.29-1.42 (m, 6H),
2.59 (s, 3H), 3.15-3.73 (m, 3H), 4.03-4.32 (m, 6H), 6.77 (t, *Jun = 6.8, 1H), 6.97 (d,
SJun = 6.9 Hz, 1H), 7.41 (s, 1H), 7.89 (d, 3Jun = 6.9, 1H). 3IP NMR (250 MHz,

CDCl3) 6 21.33. HRMS m/z found 369.1585, theoretical (M+H)* 369.1508.
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Ethyl 3-(8-bromoimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)propanoate
(9p). Yield: 36% (2 steps), scale: 0.19 g, Rf 0.19, (CH2Cl,:acetone 85:15). 'H NMR
(250 MHz, CDCls) &: 1.19 (t, 3Jun = 7.10, 3H), 1.34 (t, Jun = 7.10, 3H), 1.35 (t, 3Jun
= 7.10, 3H), 3.28 - 3.39 (m, 2H), 3.55 - 3.64 (m, 1H), 4.08 - 4.23 (m, 6H), 6.73 (t,
8w = 7.0, 1H), 7.44 (d, 3Jun = 7.0, 1H), 7.49 (s, 1H), 8.04 (d, 3Jun = 7.0, 1H). 3P
NMR &: (250 MHz, CDCls): 20.64; 3C NMR &: (250 MHz, CDCls): 14.1, 16.47 (d,
3Jpc = 6.1, 1C), 16.52 (d, 3Jpc = 6.1, 1C), 21.9 (d, 2Jpc = 3.3, 1C), 44.5 (d, Lpc =
129.5, 1C), 62.1, 63.3 (d, 2Jpc = 6.4, 1C), 63.4 (d, 2Jpc = 6.4, 1C), 112.3, 112.6, 122.7,
123.3 (d, 3Jpc = 18.2, 1C), 126.5 132.4, 143.6, 168.3 (d, 2Jpc = 5.1, 1C).

Ethyl  2-(diethoxyphosphoryl)-3-(imidazo[2,1-a]isoquinolin-3-yl)propanoate  (9r).
Yield: 93%, scale: 0.2 g, (CH2Clz:acetone 85:15). *H NMR (700 MHz, CDCls) &:
1.19 (t, 3Jnn = 7.10, 3H), 1.33-1.42 (m, 6H), 3.31-3.45 (m, 2H), 3.56-3.69 (m, 1H),
4.09-4.18 (m, 2H), 4.19 - 4.24 (m, 4H), 7.10 (d, 3Jun = 7.3, 1H), 7.38 (s, 1H), 7.56 (bt,
33y = 7.5, 1H), 7.62 (bt, 3Jun = 7.6, 1H), 7.70 (bd, 3Jun = 7.9, 1H), 7.78 (d, 3Jpn =
7.3, 1H), 8.60 (d, 3Jun = 8.0, 1H) 3P NMR (101 MHz, CDCls): 21.67, 3C NMR
(176 MHz, CDCls): 14.1, 16.5 (d, 3Jec = 6.1, 1C), 16.6 (d, *Jrc = 6.1, 1C), 21.7 (d,
2Jpc = 3.6, 1C), 45.0 (d, YJpc = 129.3, 1C), 62.0, 63.3 (d, 2Jrc = 6.9, 1C), 63.4 (d, 2Jpc
= 6.4, 1C), 113.3, 120.6, 123.3, 123.4 (d, 3Jpc = 18.0, 1C), 124.1, 127.0, 128.3, 128.4,
129.2, 129.4, 145.4, 168.4 (d, 2Jpc = 5.1, 1C).

Ethyl 2-(ethoxy(phenyl)phosphoryl)-3-(imidazo[1,2-a]pyridin-3-yl)propanoate (9s).
Yield: 68%, scale: 1.1 g, (CHCIs:MeOH 90:1 Rf 0.24) 3P NMR: diastereoisomers
37.21 and 36.48 (ratio 1.2 : 1); *H NMR (700 MHz, CDCls) 5 7.93 and 7.87 (2d, 3Ju
= 6.9, 1H), 7.79-7.69 (m, 2H), 7.57-7.40 (m, 4H), 7.32 and 7.29 (2s, 2H), 7.04-7.08
(m, 1H), 6.79-6.69 (m, 1H), 4.19-3.81 (m, 4H), 3.60-3.28 (m, 3H), 1.31 (t, 3Jun =

7.0, 3H), 1.27 (t, 3Jun = 7.0, 3H), 0.96 (t, 3w = 7.1, 1H), 0.92 (t, I = 7.1, 1H).
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13C NMR (176 MHz, CDCls) &: [168.4 (s), 168.2 (d, 2Jec = 4.1), 1C], [145.6 (5),
145.5 (s), 1C] [133.1 (d, *Jpc = 2.5) 133.0 (d, “Jec = 2.3), 1C)], [132.4 (d, Jpc = 9.9,
2C), 132.0 (d, Jrc = 9.8, 2C)], [131.7, 131.6 (s, 1C)], [128.7 (d, Jpc = 12.8, 2C), 128.6
(d, Jec = 12.9, 2C)], 128.0 (d, *Jpc = 131.1, 1C), [123.7 (s, 1C), 123.6 (s, 1C)],
[123.03 (s, 1C), 122.94 (s, 1C)], [121.0 (d, 3Jec = 5.6, 1C), 120.9 (d, 3Jec = 6.0, 1C)],
117.9 (s, 1C), [112.23 (s, 1C), 112.21 (s, 1C)], [62.0 (d, 2Jpc = 6.3, 1C), 61.9 (d, 2Jpc
=5.9, 1C)], [61.61 (s, 1C), 61.56 (s, 1C)], [47.8 (d, *Jpc = 85.6, 1C), 47. 5 (d, Jpc =
85.2, 1C)], [20.9 (s, 1C), 20.7 (s, 1C)], [16.5 (d, 3Jpc = 5.6, 1C), 16.4 (d, 3Jpc = 6.4,
10)], [13.8 (s, 1C), 13.7 (s, 1C)]. HRMS: m/z Calculated: 387.1476 (M + H),
Found: 387.1480 (M + H)".

Ethyl  2-(ethoxy(ethyl)phosphoryl)-3-(imidazo[1,2-a]pyridin-3-yl)propanoate  (9t).
Yield: 69%, scale: 0.75 g, (CHCI3:AcOEt 20:1 R 0.20). 3P NMR (101 MHz,
CDCls): diastereoisomers 51.70 and 50.86 (ratio 1.1 : 1). *H NMR (700 MHz, CDCls)
5: 7.95 (bt, 3Jun = 6.8, 1H), 7.45 (bd, 3Jun = 8.9, 1H), 7.29 (bs, 1H), 7.03 (dd, 3Jnn =
14.6, 6.3), 1H), 6.71 (dd, 3Jun = 6.9, 1H), 4.13 — 3.94 (m, 4H), 3.50-3.13 (m, 3H),
1.83-1.74 (m, 2H), [1.22 (t, 3Jun = 7.0, 3H), 1.22 (t, 3Jun = 7.1, 3H)], 1.14-1.09 (m,
3H), [1.08 (t, 3Jnn = 7.7, 3H), 1.06 (t, 3Jun = 7.7, 3H)]. 3C NMR (176 MHz, CDCls)
5: [168.9 (s, 1C), 168.5 (d, 2Jpc = 2.5, 1C)], [145.5 (s, 1C), 145.4 (s, 1C)], 131.4 (s,
1C), [123.7 (s, 1C), 123.6 (s, 1C)], 122.9 (s, 1C), [121.3 (d, 3Jpc = 14.8, 1C), 120.9 (d,
3Jpc = 15.4,.1C)], [117.8 (s, 1C), 117.7 (s, 1C)], [112.3 (5, 1C), 112.2 (s, 1C)], 61.7—
61.6 (m, 1C), 61.3-61.2 (m, 1C), 46.2 (d, 1Jpc = 71.8, 1C), 46.1 (d, *Jpc = 71.8, 1C),
[20.9 (bs, 1C), 19.7 (bs, 1C)], [21.1 (d, YJpc = 96.7, 1C), 19.4 (d, YJpc = 96.4, 1C)],
[16.5 (d, 3Jpc = 6.0, 1C), 16.3 (d, 3Jrc = 6.1, 1C)], 13.8 (s, 1C), [5.4 (d, 2Jpc = 5.5,
1C), 5.1 (d, 2Jpc = 6.6, 1C)]. HRMS m/z Calculated: 339.1476 (M + H)*, Found:

339.1405 (M + H)*.
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Ethyl 3-([1,1'-biphenyl]-3-yl)-2-(diethoxyphosphoryl)propanoate (9u). Yield: 75%,
scale: 1.10 g. Rf 0,22 (Hexane:AcOEt 1:1); 3P NMR: § 22.29. 'H NMR (250 MHz,
CDCl3) & 1.11 (t, 3Jun = 7.1, 3H), 1.35 and 1.36 (2dt, 3Jun = 7.1, “Jne = 0.5, 6H),
3.18-3.42 (m, 3H), 4.03 — 4.26 (m, 6H), 7.15— 7.20 (m, 1H), 7.27-7.47 and 7.50-7.59
(2m, 8H). 13C NMR (63 MHz, CDCls) § 13.9, 16.3 (d, 3Jpc = 5.9, 2C), 32.8 (d, 2Jpc =
4.2, 1C), 47.6 (d, YJpc = 129.1, 1C), 61.2, 62.7 and 62.8 (2d, 2Jpc = 7.5, 2C), 126.9,
128.6 (2s, 4C), 125.4, 126.9, 127.2, 127.3, 128.8, 138.9 (d, 3Jrc = 16.0, 1C), 140.8,
141.3 (2s, 2C), 168.4 (d, 2Jpc = 4.5).

Ethyl 3-([1,1'-biphenyl]-4-yl)-2-(diethoxyphosphoryl)propanoate (9w). Yield: 85%,
scale: 1.09 g; Rs 0,34 (Hexane:AcOEt 1:1); 3P NMR: & 22.49. 'H NMR (250 MHz,
CDCl3) 8 1.16 (t, 3Jun = 7.1, 3H), 1.36 (2dt, 3Jun = 7.1, “Jpn = 0.5, 6H), 3.40-3.13 (m,
3H), 4.06 — 4.29 (m, 6H), 7.24— 7.60 (m, 9H). 13C NMR (63 MHz, CDCls) &: 13.9,
16.3 (d, 3Jpc = 4.8, 2C), 32.4, 47.6 (d, LJpc = 128.8, 1C), 61.1, 62.7 and 62.8 (2d, 2Jpc
= 7.5, 2C), 126.9, 127.1 (2s, 5C), 128.7, 129.0 (2s, 4C), 137.5 (d, 3Jpc = 16.0, 1C),
139.5 and 140.7 (2s, 2C), 168.4 (d, 2Jpc = 4.7, 1C).

Ethyl 3-(3-benzylphenyl)-2-(diethoxyphosphoryl)propanoate (9y). Yield: 68%; scale:
0.76 g. Rr 0.21 (Hexane:AcOEt 1:1); 3'P NMR § 21.81; *H NMR (250 MHz, CDCls)
§ 1.02 (t, 3Jnn = 7.1, 3H), 1.25 (t, 3Jun = 7.1, 6H), 2.99-3.24 (m, 3H), 3.84 (s, 2H),
3.88-4.17 (m, 6H), 7.23 — 6.91 (M, 9H). 13C NMR (63 MHz, CDCls) 5 13.8, 16.2 (d,
3Jpc = 5.7, 2C), 32.6 (d, 2Jpc = 4.1, 1C), 41.7, 47.5 (d, 2Jpc = 129.0, 1C), 61.1, 62.6,
62.7 (2d, 2Jpc = 6.8, 2C), 128.2, 128.6 (2s, 4C), 125.9, 126.2, 127.2, 128.5, 129.0,
138.5 (d, 3Jpc = 16.1, 1C), 140.8, 141.2, 168.3 (d, 2Jpc = 4.5, 1C).

Ethyl 3-([1,1':4',1"-terphenyl]-3-yl)-2-(diethoxyphosphoryl)propanoate (9z). Yield:
62%; scale: 2.17 g; Rf 0.41 (Hexane:AcOEt 2:1). 3P NMR (101 MHz, CDCls) §

22.61. 'H NMR (250 MHz, CDCls) § 7.72-7.59 (m, 6H), 7.54-7.31 (m, 6H), 7.23—
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7.17 (m, 1H), 4.27-4.04 (m, 6H), 3.44-3.18 (m, 3H), 1.36 (t, 3Jun = 7.1, 3H), 1.37 (t,
3Jun = 7.1, 3H), 1.14 (t, 3Jum = 7.1, 3H). 13C NMR (63 MHz, CDCls)  168.4 (d, 2Jpc
=4.7,1C), 140.8, 140.5, 140.1, 139.7, 139.1 (d, 3Jec = 16.0, 1C), 129.0, 128.7, 127.6,
127.4, 127.34, 127.28, 126.9, 125.4 (8s, 13C), 62.9 (d, 2Jpc = 6.7, 1C), 62.7 (d, ZJpc =
7.0, 1C), 61.3 (s, 1C), 47.6 (d, YJpc = 129.1, 1C), 32.8 (d, 2Jrc = 4.3, 1C), 16.4 (d, 3Jpc
=5.9,1C), 16.3 (d, 3Jpc = 6.1, 1C), 14.0 (s, 1C). HRMS m/z Calculated: 489.1807 (M
+ H)*, Found: 489.1807 (M + H)*.

Route 2 (9a-c). Reaction was carried out under argon atmosphere using oven-dried
glassware. A 50 mL round-bottom flask was charged with appropriate 2-substituted
imidazo[1,2-a]pyridine 4 (0.474 mmol, 1 equiv.), ethyl 2-
(diethoxyphosphoryl)acrylate (134 mg, 0.569 mmol, 1.2 equiv and dioxane 6 mL).
The mixture was heated and stirred. Then AICI3 (6.5 mg, 0.0474 mmol, 0.1 equiv)
was added. The solution was stirred for 12 h at reflux. The crude mixture was
evaporated under reduced pressure, dissolved in 5 ml of water and made basic with
saturated Na>COs solution to pH>9. The water layer was extracted with chloroform (5
x 25 ml). Organic layer was dried over anhydrous Mg.SOa, evaporated and residue
was subjected to flash chromatography using DCM: acetone in gradient as eluent 0
=> 40 % of acetone in 40 minutes to give product as orange oil.

Ethyl 2-(diethoxyphosphoryl)-3-(2-phenylimidazo[1,2-a] pyridin-3-yl)propanoate
(9a). Yield: 55% vyield, scale 0.25 g, (CH2Clz:acetone 85:15). *H NMR (250 MHz,
CDCls) &: 0.97 (t, 3Jun = 7.10, 3H), 1.27 (t, 3Jun = 7.10, 6H), 3.26 (ddd, 2Jpn = 22.1,
3Jun = 10.4,%Jun = 3.8, 1H), 3.66 (ddd, *Jun = 15.8, 2Jpn = 10.0, 3Jun = 3.8, 1H), 3.80-
3.95 (m, 3H), 4.05-4.15 (m, 4H), 6.81 (t, 3Juu = 6.8, 1H), 7.13-7.17 (m, 1H), 7.32 (t,
8Jun = 7.4, 1H), 7.42 (t, 3Jun = 7.7, 2H), 7.58 (d, 3Jnn = 9.0, 1H), 7.79 (d, 3Jun = 7.2,

2H), 8.18 (d, 3Jum = 6.8, 1H), 31P NMR (250 MHz, CDCls): 20.97, 3C NMR (700
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MHz, CDCls): 13.8, 16.36 (d, Jpc = 5.8, 1C), 16.38 (d, 3Jpc= 5.8, 1C), 21.6 (bs, 1C),
44.3 (d, Npc = 128.8, 1C), 61.9, 63.0 (d, 2Jrc = 6.8, 1C), 63.2 (d, 2Jpc = 6.4, 1C),
112.3, 117.0 (d, 3Jpc = 16.0, 1C), 117.5, 123.8, 124.3, 127.8, 128.2 (s, 2C), 128.6 (s,
2C), 134.4 (s, 1C), 143.2 (s, 1C), 144.8 (s, 1C), 168.5 (d, 2Jpc = 4.5, 1C).

Ethyl 2-(diethoxyphosphoryl)-3-(2-methylimidazo[1,2-a] pyridin-3-yl)propanoate
(9b). Yield: 63% vyield, scale: 0.3 g, (CH2Clz:acetone 85:15). 'H NMR (700 MHz,
CDCl3) &: 1.14 (t, 3Jum = 7.10, 3H), 1.36 (m, 6H), 2.43 (s, 3H), 3.20 (m, 1H), 3.39 (m,
1H), 3.66 (m, 1H), 4.00-4.31 (m, 6H), 6.80 (td, 3JuH = 6.8, “Jun = 1.2, 1H), 7.13 (ddd,
33um = 9.0, 3Jnn = 6.8, “Jnn = 1.2, 1H), 7.50 (bd, 334w = 9.0, 1H), 8.01 (bd, 3JuH = 6.8,
1H), 3P NMR (283 MHz, CDCls): 21.43, C NMR (176 MHz, CDCls): 13.2, 13.8,
16.28 (d, 3Jec = 6.0 1C), 16.33 (d, 3Jpc = 6.0, 1C), 20.8 (d, 2Jec = 3.5, 1C), 44.0 (d,
1Jpc = 128.5, 1C), 61.8 (s, 1C), 63.0 (d, 2Jrc = 6.8, 1C), 63.1 (d, 2Jpc = 6.2, 1C), 111.9
(s, 1C), 116.5 (d, 3Jpc = 15.0, 1C), 116.7, 122.9, 123.5, 141.0, 144.4, 168.3 (d, 2Jpc =
4.7,1C).

Ethyl 3-(6-bromo-2-methylimidazo[1,2-a] pyridin-3-yl)-2-(diethoxyphosphoryl)-
propanoate (9¢). Yield: 60% vyield, scale: 0.4 g, (CH2Clz:acetone 85:15), 'H NMR
(700 MHz, CDCl3) &: 1.09 (t, 3Jun = 7.10, 3H), 1.30 (t, 3Jun = 7.10, 6H), 2.33 (s, 3H),
3.11 (ddd, 2Jpn = 22.7, 3Jun = 10.5, 2Jun = 3.5, 1H), 3.29 (ddd, 2Jun = 15.8, 3Jpn =
10.2,3Jun = 3.5, 1H) , 3.55 (ddd, 2Jun = 15.8, *Jun = 10.5, 3Jpn = 7.9, 1H), 3.99-4.08
(m, 2H), 4.10 - 4.17 (m, 4H), 7.10 (dd, 3Jun = 9.4, “Jun = 1.8, 1H), 7.31 (dd, 3Jum =
9.4, “Jun = 0.6, 1H), 8.08 (d, *Jun = 1.1, 1H), 31P NMR (283 MHz, CDCls): 20.70,
13C NMR (176 MHz, CDCls): 13.4, 13.9, 16.4 (m, 2C), 20.9 (d, 2Jpc = 4.0, 1C), 44.1
(d, YJpc = 128.7, 1C), 62.0, 63.1 (d, 2Jpc = 6.7, 1C), 63.2 (d, ZJpc = 6.5, 1C), 106.6,
117.40 (d, 3Jpc = 15.7, 1C), 117.41, 123.2, 126.8,, 142.1, 142.8, 168.3 (d, 2Jpc = 4.7,

1C).
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General procedure for fluorination. Synthesis of compounds 10. Reaction was carried
out under argon atmosphere using oven-dried glassware. A solution of the
phosphonocarboxylate triester 9 (1 equiv, 1.01 mmol) in anhydrous THF (8 mL) was
cooled to =78 °C, and n-BuLi (1.6 M in Hex, 1.5 equiv) was added via syringe. The
solution was stirred for 10 min at —78 °C, allowed to warm up to 0 °C, and stirred for
1 h, and then cooled back to —78 °C. Then, a solution of N-fluoro-N-(phenylsulfonyl)-
benzenesulfonamide (1.2 equiv) in anhydrous THF (8 mL) was added dropwise via
syringe. The reaction mixture was stirred at — 78 © C for 10 min, warmed up to rt and
stirred for additional 4.5 h. The reaction mixture was quenched with saturated
aqueous NH4ClI, concentrated under vacuum. It was basified with solution of Na2COs,
up to pH 9, extracted with CHCIs (3x). The organic layer was dried over anhydrous
MgSOas, concentrated to dryness under vacuum, and purified by column
chromatography. The products were isolated as oils in 40 — 80 % yields.

Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(2-phenylimidazo[ 1,2-a]pyridin-3-
yl)propanoate (10a). Yield: 72%, scale: 0.15 g, (CH2Cl.:acetone 85:15), ‘H NMR
(250MHz, CDCl3) &: 0.91 (t, 3Jun = 7.10, 3H), 1.34 (t, 3Jun = 7.10, 3H), 1.35 (t, 3Jun
=7.10, 3H), 3.41-3.64 (m, 1H), 3.82-4.04 (m, 2H), 4.13 - 4.44 (m, 5H), 6.83 (dt, 3Jun
=6.9,%Jun = 1.2, 1H), 7.20 (ddd, 3Jun = 9.0, 3Jun = 6.7, “Jun = 1.2, 1H), 7.29-7.40 (m,
1H), 7.41-7.50 (m, 2H), 7.57-7.68 (m, 1H), 7.69-7.79 (m, 2H), 8.21 (bd, 3Jun = 6.9,
1H), 3P NMR (101 MHz, CDCl3) &: 12.15 (d, 2Jpr = 83.3). HRMS: m/z Calculated:
449,1636 (M + H)*, Found: 449.1659 (M + H)".

Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(2-methylimidazo[1,2-a] pyridin-3-
yl)propanoate (10b). Yield: 72%, scale: 0.15 g, (CH2Cl.:acetone 85:15). *H NMR
(700 MHz, CDCls) &: 1.15 (t, 3Jun = 7.10, 3H), 1.34 (t, 3Jun = 7.15, 3H), 1.36 (t, 3Jun

= 7.15, 3H), 2.41 (s, 3H), 3.71 (ddd, 2JnH = 16.3, *Jrn = 12.7, 3Jp = 6.9, 1H), 3.87
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(ddd, 2Jun = 16.3, 3Jrn = 35.5, 3Jpn = 6.5, 1H), 4.10-4.21 (m, 2H), 4.21-4.29 (m, 4H),
6.77 (t, 3Jun = 6.8, 1H), 7.15 (m, 1H), 7.51 (t, 3Jun = 9.0, 1H), 8.10 (d, 3Jun = 6.6,
1H). 32P NMR (283 MHz, CDCl3) &: 11.74 (d, 2Jpr = 82.7), 3C NMR (176MHz,
CDCls) &: 13.5, 13.9, 16.49 (d, Jpc = 5.3, 1C), 16.51 (d, 3Jpc = 5.4, 1C), 28.1 (d, 2Jrc
= 20.4, 1C), 62.9, 64.6 (d, 2Jpc = 7.0, 1C), 64.9 (d, 2Jpc = 6.7, 1C), 96.4 (dd, YJrc =
200.2, YJpc = 160.6, 1C), 112.0, 112.8 (d, 3Jpc = 12.6, 1C), 116.6 (s, 1C), 124.2 (d,
5Jrc = 6.2, 1C), 124.6, 142.6, 145.0, 166.7 (dd, 2Jrc = 22.4, 2Jpc = 4.2, 1C).
Ethyl-3-(6-bromo-2-methylimidazo[1,2-a] pyridin-3-yl)-2-(diethoxyphosphoryl)-2-fluo
ropropanoate (10c). Yield: 75%, scale: 0.2 g, (CH2Cl,:acetone 85:15). *H NMR (700
MHz, CDCls) &: 1.18 (t, 3Jun = 7.10, 3H), 1.36 (t, 3Jun = 7.10, 6H), 2.38 (s, 3H),
3.56-3.98 (m, 2H), 4.07-4.38 (m, 6H), 7.17 (dd, 3Jun = 9.5, “Jun = 1.8, 1H), 7.36 (d,
33y = 9.5, 1H), 8.20 (bs, 1H), 3P NMR (283 MHz, CDCls) &: 11.82 (d, 2Jpr = 82.0),
13C NMR (176 MHz, CDCl3) &: 13.6, 13.8, 16.36, 16.39, 28.0 (d, 2Jpc = 21.0, 1C),
62.9, 64.6 (d, ?Jrc = 7.0, 1C), 64.8 (d, 2Jpc = 7.0, 1C), 95.7 (dd, *Jrc = 199.9, YJpc =
160.7, 1C), 106.4, 113.3 (d, 3Jpc = 13.0, 1C), 117.2, 124.1 (d, 5Jrc = 6.5, 1C), 127.4,
143.5, 144.0, 166. 5 (dd, 2Jrc = 22.6, 2Jpc =4.0, 1C).

Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(5-methylimidazo[ 1,2-a]pyridin-3-
yl)propanoate (10e). Yield: 51%, scale: 0.30 g. (CHCIs:MeOH (20:1) + TEA (0.2
%).!H NMR (250 MHz, CDCls) & 1.20 (t, 3Jun = 7.1, 3H), 1.37 (t, 3Jun = 7.1, 3H),
1.38 (t, 334w = 7.1, 3H), 2.85 (s, 3H), 4.16 - 4.35 (m, 8H), 6.52 (d, 3Jun = 6.9, 1H),
7.05 (dd, 3Jnn = 8.5, 3JpH = 6.9, 1H), 7.46 (d, 3Jun = 8.5, 1H), 7.47 (s, 1H); 3C NMR
(63 MHz, CDCls) §: 14.0, 16.4 (d, 3Jec = 5.5, 2C), 21.1, 30.4 (d, 2Jpc = 19.9, 1C),
62.8, 64.5 (d, 2Jec =7.0, 1C), 64.9 (d, 2Jpc = 6.4, 1C), 96.0 (dd, Jrc = 201.1, YJpc =
158.5, 1C), 114.2, 116.2, 118.1 (d, 3Jpc = 14.6, 1C), 124.6, 135.0, 136.4, 148.0, 166.5

(dd, 2Jrc = 22.1, 2Jpc = 3.5 1C); 3P NMR (101 MHz, CDCls) 8: 12.70 (d, 2Jpr = 83.6)
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Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(6-phenylimidazo[1,2-a]pyridin-3-
yl)propanoate (10f). Yield: 46%, scale: 0.1 g, (CH2Cl,:acetone 85:15). *H NMR (700
MHz, CDCls) &: 1.18 (t, 3Jun = 7.10, 3H), 1.33 (t, 3Jun = 7.10, 3H), 1.34 (t, 3Jun =
7.10, 3H), 3.66-4.04 (m, 2H), 4.08-4.23 (m, 6H), 7.31-7.70 (m, 8H), 8.26 (bs, 1H),
31p NMR (283 MHz, CDCls) &: 11.76 (d, 2Jpr = 81.9), 3C NMR (176 MHz, CDCls)
5: 14.0, 16.4 (bd, 1C), 16.5 (bd, 1C), 28.6 (d, 2Jrc = 18.8 1C), 62.8, 64.6 (d, 2Jpc =
7.0, 1C), 64.9 (d, 2Jpc = 6.6, 1C), 96.2 (dd, *Jrc = 200.5, YJpc = 160.1, 1C), 117.2 (d,
3Jpc = 14.4, 1C), 117.6, 121.3 (s, 3Jpc = 4.9, 1C), 125.3, 127.0, 127.2 (s, 2C), 128.0 (s,
2C), 129.2 (s, 1C), 134.4 (s, 1C), 137.5 (s, 1C), 145.4 (s, 1C), 166.4 (dd, 2Jrc = 22.1,
2Jpc = 3.8, 1C).

Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(6-methylimidazo[ 1,2-a]pyridin-3-
yl)propanoate (10g). Yield: 41%, scale: 0.3 g. (DCM:Aceton (7:3) + TEA (0.2 %). 'H
NMR (250 MHz, CDCls) 6: 1.21 (t, 3Jun = 7.1, 3H), 1.37 (t, 3Jun = 7.3, 3H), 1.38 (1,
3Jun = 7.1, 3H), 2.34 (s, 3H), 3.55-3.79 (m, 1H), 3.87 (ddd, 3JgH = 37.4, 20y = 16.2,
3Jpy = 5.8, 1H), 4.10-4.36 (m, 6H), 7.03 (d, 3Jun=7.0, 1H), 7.44 (s, 1H), 7.49 (d,
8Jun=7.2, 1H), 7.89 (s, 1H); 3C NMR (250 MHz, CDCls) o: 14.3, 16.42, 16.44, 20.7,
29.0 (d, 2Jpc=20.3, 1C), 61.5, 63.6 (d, 2Jpc=7.4, 1C), 63.7 (d, 2Jpc=7.2, 1C), 102.2 (dd,
1Jrc=193.2, 1Jpc=137.1, 1C), 116.9, 122.3, 125.0, 126.4 (d, 3Jpc=14.9, 1C), 133.2,
139.0, 146.7, 171.3 (d, 2Jrc=22.1, 1C); 3P NMR (250 MHz, CDCls) &: 12.39 (d,
2Jpr=82.6).

Ethyl 3-(6-chloroimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)-2-
fluoropropanoate (10h). Yield: 72%, scale: 0.12 g, (CH2Clz:acetone 85:15), *H NMR
(700 MHz, CDCl3) &: 1.21 (t, 3Jun = 7.10, 3H), 1.36 (t, 3Jun = 7.10, 6H), 3.60-4.01
(m, 2H), 4.13-4.36 (m, 6H), 7.13 (dd, *Jun = 9.6, “Jun = 1.9, 1H), 7.49-7.56 (m, 2H),

8.15 (bs, 1H), 3P NMR (283 MHz, CDCls) &: 11.59, (d, 2Jer = 82.1), 3C NMR (176
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MHz, CDCls) §: 14.0, 16.4, 16.5, 28.5 (d, 2Jec = 20.8, 1C), 63.0, 64.7 (d, 2Jpc = 7.1,
1C), 65.0 (d, 2Jpc = 6.7, 1C), 96.0 (dd, Jrc=199.5, YJpc=160.3, 1C), 117.5 (d,
3Jpc=14.1, 1C), 118.5, 120.9, 122.0 (d, °Jpc = 4.7, 1C), 125.8, 135.0, 144.5, 166.2 (d,
2Jrc = 18.9, 1C).

Ethyl 3-(6-bromoimidazo[1,2-a] pyridin-3-yl)-2-(diethoxyphosphoryl)-2-
fluoropropanoate (10i). Yield: 44%, scale: 0.2 g, Rf 0.15 (CH2Cl2:acetone 85:15), *H
NMR (700 MHz, CDCl3) &: 1.23 (t, 3Jun = 7.10, 3H), 1.38 (t, 3Jun = 7.10, 6H), 3.71
(ddd, 2Jun = 16.2, 3Jen = 12.4, 3Jpy = 6.7, 1H), 3.87 (ddd, 3Jen = 37.0, 2Jun = 16.2,
33pn = 6.1, 1H), 4.23 (q, 3Jun = 7.1, 2H), 4.25 - 4.33 (m, 4H), 7.24 (dd, 3Jun = 9.5,
4Jun = 1.7, 1H), 7.49 (m, 2H), 8.26 (bs, 1H), 3'P NMR (283 MHz, CDCls) &: 11.28
(d, 2Jpr = 83.2), 13C NMR (176 MHz, CDCls) 5: 14.1, 16.54 (d, 3Jpc = 5.9, 1C), 16.56
(d, 3Jpc = 5.9, 1C), 28.6 (d, 2Jrc = 20.5, 1C), 63.0, 64.7 (d, 2Jec = 7.0, 1C), 65.1 (d,
2Jpc = 6.6, 1C), 95.7 (dd, Nrc = 199.5, Npc = 152.9, 1C), 107.5, 117.4 (d, 3Jpc = 15.2,
1C), 118.6, 124.2 (d, ®Jrc = 4.9, 1C), 127.9, 135.0, 144.7, 166.3 (dd, 2Jrc = 22.0, 2Jpc
= 3.7, 1C), HRMS: m/z Calculated: 451,0428 (M + H)*, Found: 451.0443 (M + H)*.
Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(7-phenylimidazo[1,2-a]pyridin-3-
yl)propanoate (10j). Yield: 66%, scale: 0.1 g, (CH2Clz:acetone 85:15), *H NMR (700
MHz, CDCls) &: 1.13 (t, 3Jun = 7.10, 3H), 1.27-1.31 (m, 6H), 3.69 (ddd, 23 = 16.3,
8Jrn = 12.4, 3Jpn = 6.7, 1H), 3.87 (ddd, 3Jen = 37.3, 2Jun = 16.1, 3Jpn = 5.9, 1H), 4.14
(@, 3Jun = 7.1, 2H), 4.17- .24 (m, 4H), 7.07 (dd, 3Jnn = 7.2, “Jun = 1.7, 1H), 7.28-7.33
(m, 1H), 7.38 (t, 3Jun = 7.7, 2H), 7.44 (s, 1H), 7.56 (dd, 3Jun = 8.3, “Jun = 1.1, 2H),
7.72 (bs, 1H), 8.26 (d, 3Jun = 7.1, 1H), 3'P NMR (283 MHz, CDCls) &: 11.37 (d, 2Jpr
= 82.3), ¥C NMR (176 MHz, CDCls) &: 13.9, 16.29, 16.32, 28.3 (d, 2Jrc = 20.7, 1C),
62.7, 64.5 (d, *Jrc = 6.8, 1C), 64.8 (d, 2Jpc = 6.6, 1C), 96.0 (dd, *Jrc = 199.4, 1Jpc =

160.0, 1C), 112.3, 114.1, 116.5 (d, 3Jec = 13.5, 1C), 123.8 (d, 3Jrc = 4.2, 1C), 126.7
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(s, 2C), 128.2, 129.0 (s, 2C), 134.2, 137.4, 138.3, 146.3, 166.1 (dd, 2Jrc = 22.5, 2Jpc =
4.0, 1C).

Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(7-methylimidazo[ 1,2-a]pyridin-3-
yl)propanoate (10k). Yield: 50%, scale: 0.30 g. DCM:MeOH (95:5) + TEA (0.2
%).!H NMR (250 MHz, CDCl3) &: 1.20 (t, 3Jun = 7.1, 3H), 1.36 (t, 3Jun = 7.1, 3H),
1.38 (t, 2Jun = 7.0, 3H), 2.39 (s, 3H), 3.71 (ddd, 3Jrn = 13.2, 2Jun = 16.0, 3Jpn = 6.2,
1H), 3.87 (ddd, 3Jr+ = 36.8, 2Jun = 16.2, 2Jp = 5.8, 1 H) , 4.16-4.33 (m, 6H), 6.66 (d,
33 = 7.0, 1H), 7.34 (s, 1H), 7.41 (s, 1H), 8.0 (d, 3Jun = 7.1, 1H); 3C NMR (250
MHz, CDCls) §: 14.2, 16.46, 16.47, 17.0, 28.7 (d, 2Jpc = 20.2, 1C), 62.3, 64.7 (d, ZJec
= 6.8, 1C), 65.0 (d, 2Jpc = 7.1, 1C), 98.4 (dd, Jrc = 196.4, LJpc = 149.8, 1C), 114.6,
115.4, 125.9 (d, 3Jpc = 15.7, 1C), 128.7, 131.6, 138.2, 146.3, 168.4 (d, 2Jrc = 21.0,
1C); 3P NMR (250 MHz, CDCls) 8: 12.41 (d, 2Jpr = 82.3).

Ethyl 3-(7-chloroimidazo[1,2-a] pyridin-3-yl)-2-(diethoxyphosphoryl)-2-
fluoropropanoate (10I). Yield: 78%, scale: 0.1 g, Rf 0.14 (CH2Cl:acetone 85:15), 'H
NMR (700 MHz, CDClg) &: 1.16 (t, 3Jun = 7.1, 3H), 1.30 (t, 3Jun = 7.2, 3H), 1.31 (t,
3Jun= 7.2, 3H), 3.67 (ddd, 2nn = 16.2, 3Jen = 12.6, 33w = 6.6, 1H), 3.82 (ddd, 2JpH =
16.2, 3Jrn = 39.9, 3Jpn = 6.2, 1H), 4.08 - 4.29 (m, 6H), 6.77 (dd, 3Jun = 7.3, “Jun =
2.1, 1H), 7.42 (s, 1H), 7.53 (dd, *Jun = 2.0, 5Jhn = 0.6, 1H), 8.01 (dd, 3JH = 7.3, 5JuH
= 0.6, 1H), 3P NMR (283 MHz, CDCl3) &: 11.69 (d, 2Jpr = 82.2), 3C NMR (176
MHz, CDCls) &: 14.0, 16.4 (m, 2C), 28.4 (dd, 2Jrc = 20.4, 2Jpc = 1.6, 1C), 62.9 (s,
1C), 64.6 (d, 2Jpc = 7.2, 1C), 64.9 (d, 2Jpc = 6.5, 1C), 96.1 (dd, *Jrc = 199.6, 1Jpc =
160.2, 1C), 114.0, 116.5, 117.2 (d, 3Jpc = 14.1, 1C), 124.4 (d, *Jrc = 5.0, 1C), 131.0,
134.7, 145.8, 166.2 (dd, 2Jrc = 22.0, 2pc = 3.8, 1C), HRMS: m/z Calculated:

407,0933 (M + H)*, Found: 407.0932 (M + H)".
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Ethyl 3-(7-bromoimidazo[1,2-a] pyridin-3-yl)-2-(diethoxyphosphoryl)-2-
fluoropropanoate (10m). Yield: 76%, scale: 0.1 g, Rf 0.17 (CH2Clz:acetone 85:15),
IH NMR (700 MHz, CDClg) &: 1.21 (t, 3Jun = 7.10, 3H), 1.376 (t, 3Jun = 7.10, 3H),
1.37 (t, 3Jun = 7.10, 3H), 3.62-4.02 (m, 2H), 4.15-4.34 (m, 6H), 6.93 (dd, 3Jun = 7.3,
“Jun = 1.9, 1H), 7.47 (s, 1H), 7.77 (dd, “Inn = 1.9, 5Jun = 0.7, 1H), 8.00 (dd, Ik =
7.3,534n = 0.7, 1H), 3P NMR (283 MHz, CDCl3) &: 12.15 (d, 2Jpr = 82.2).

Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(8-phenylimidazo[1,2-a]pyridin-3-
yl)propanoate (10n). Yield: 98%, scale: 0.1 g, (CH2Clz:acetone 85:15),'H NMR (250
MHz, CDCls) &: 1.23 (t, 3Jun = 7.10, 3H), 1.38 (t, 3Jun = 7.10, 3H), 1.39 (t, 3Jun =
7.10, 3H), 3.70-4.09 (m, 2H), 4.18-4.39 (m, 6H), 6.94 (t, 3Jun = 6.9, 1H), 7.28-7.35
(m, 1H), 7.38-7.54 (m, 3H), 7.57 (s, 1H), 7.88-7.97 (m, 2H), 8.14 (bd, I = 6.9, 1H),
31p NMR (101 MHz, CDCls) §: 12.35 (d, 2Jer = 82.7), HRMS: m/z Calculated:
449,1636 (M + H)*, Found: 449.1654 (M + H)*,

Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(8-methylimidazo[ 1,2-a]pyridin-3-
yDpropanoate (100). Yield: 45%, scale: 0.3 g; DCM/acetone (85:15) + TEA (0.2
%).!H NMR (250 MHz, CDCl3) 6: 1.19 (t, 3Jun = 7.1, 3H), 1.35 (t, 334w = 7.0, 3H),
1.36 (t, 3Jnn = 7.0, 3H), 2.56 (s, 3H), 4.01-3.55 (m, 1 H), 4.15-4.32 (m, 6H), 6.72 (t,
8Jun = 6.9, 1H), 6.95 (d, 3Jun = 6.8, 1H), 7.46 (s, 1H), 7.97 (d, 3Jun = 6.8, 1H); 13C
NMR (63 MHz, CDCls) §: 14.1, 16.45, 16.54, 17.0, 28.6 (d, 2Jrc=20.3, ZJpc = 2.0 1C),
62.9, 64.6 (d, 2Jpc = 7.0, 1C), 64.9 (d, 2Jrc = 6.8, 1C), 96.3 (bdd, *Jrc = 199.3, LJpc =
159.7, 1C), 112.4, 117.1 (d, 3Jpc = 15.0, 1C), 121.8 (d, ®Jrc = 4.8, 1C), 123.1 (s, 1C),
127.6 (s, 1C), 133.4 (s, 1C), 146.6 (s, 1C), 166.4 (dd, 2Jrc = 22.5, 2Jpc = 4.1, 1C); 13P
NMR (101 MHz, CDCls) 6: 12.51 (d, 2Jpr = 82.6).

Ethyl 3-(8-bromoimidazo[1,2-a]pyridin-3-yl)-2-(diethoxyphosphoryl)-2-

fluoropropanoate (10p). Yield: 43% vyield, scale: 0.13 g, Rf 0.27 (CH2Cl,:acetone
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85:15), 1H NMR (700 MHz, CDCls) &: 1.24 (t, 3Jun = 6.9, 3H), 1.37 (m, 6H), 3.71
(m, 1H), 3.90 (ddd, 2Jun = 16.2, 3Jen = 37.5, %Jpy = 5.5, 1H), 4.14 - 4.34 (m,
CH20)2P, 6H), 6.73 (t, 3Jun = 7.1, 1H), 7.46 (d, 3Jun = 7.1, 1H), 7.57 (s, 1H), 8.13 (d,
3Jun = 7.1, 1H), 3P NMR (283 MHz, CDCl3) &: 11.38 (d, 2Jpr = 82.3), 13C NMR
(176 MHz, CDCls) &: 14.0, 16.4 (m, 2C), 28.7 (dd, 2Jrc = 20.4, 2Jpc = 1.8, 1C), 62.9,
64.6 (d, 2Jrc = 6.6, 1C), 65.0 (d, 2Jpc = 7.2, 1C), 96.1 (d, YJrc = 199.8, YJpc = 160.0,
1C), 111.8, 112.5, 118.8 (d, 3Jpc = 14.3, 1C), 123.5 (d, 5Jrc = 5.0, 1C), 126.9 (s, 1C),
1345, 144.0, 166.2 (dd, 2Jrc = 22.7, %pc = 3.7, 1C), HRMS: m/z Calculated:
451,0428 (M + H)*, Found: 451.0443 (M + H)*,

Ethyl 2-(diethoxyphosphoryl)-2-fluoro-3-(imidazo[2,1-a]isoquinolin-3-yl)propanoate
(10r). Yield: 92%, scale: 0.1 g, (CH2Cl2:acetone 85:15), 'H NMR (700 MHz, CDCls)
8: 1.10-1.56 (m, 9H), 3.66-4.15 (m, 2H), 4.14-4.46 (m, 6H), 7.10 (d, 3Jun = 7.4, 1H),
7.20-7.37 (m, 1H), 7.49 (s, 1H), 7.55-7.66 (m, 1H), 7.68-7.78 (m, 1H), 7.94 (d, 3Jun =
7.4, 1H), 8.61 (d, 3Jun = 7.6, 1H), 31P NMR (283 MHz, CDCls) &: 12.38 (d, 2Jpr =
82.7), 3C NMR (176 MHz, CDCls) &: 13.9, 16.2 (bd, 1C), 16.3 (bd, 1C), 28.2 (d,
2Jrc = 19.3, 1C), 62.7, 64.4 (d, 2Jpc = 7.1, 1C), 64.7 (d, 2Jpc = 6.7, 1C), 95.8 (dd, *Jrc
= 199.4, Wpc = 160.1, 1C), 113.0, 118.6 (d, 3Jpc = 14.5, 1C), 121.0 (d, 5Jpc = 4.6,
1C), 122.9, 123.3, 126.5, 127.9, 128.3, 129.1, 131.2, 143.4, 166.1 (dd, 2Jrc = 22.5,
2Jpc = 3.8, 1C), HRMS: m/z Calculated: 423,1480 (M + H)*, Found: 423.1493 (M +
H)".

Ethyl 2-(ethoxy(phenyl)phosphoryl)-2-fluoro-3-(imidazo[1,2-a] pyridin-3-
yl)propanoate (10s). Yield: 64%, scale: 0.15 g. (CHCls:acetone 4:1). 3P NMR (101
MHz, CDCls): diastereoisomers 32.34 (d, 2Jee = 78.8) and 30.24 (d, 2Jer = 66.7); for
one diastereoisomer *H NMR (250 MHz, CDCls) & 7.87 (dd, 3Jun = 6.9, 4Jun = 2.4,

1H), 7.75 — 7.68 (m, 2H), 7.59 — 7.50 (m, 1H), 7.46 (d, Ju = 9.0, 1H), 7.44 — 7.39
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(m, 2H), 7.37 (s, 1H), 7.06 (dd, 3Jun = 9.0, 3Jpn = 6.7, 1H), 6.68 (td, 3Jun = 6.8, *“Inn
= 1.1, 1H), 4.24 — 4.04 (m, 4H), 3.86 (ddd, 3Je+ = 36.6, 2JuH = 16.2, 3Jpn = 6.4, 1H),
3.60 — 3.51 (m, 1H), 1.32 (t, 3Jun = 7.0, 3H), 1.12 (t, 3Jun = 7.1, 1H). 3C NMR (176
MHz, CDCl3) § 166.3 (d, 2Jrc = 22.9, 2Jpc = 2.4, 1C], 145.8 (s, 1C), 133.9 (s, 1C),
133.6 (d, “Jec = 2.8, 1C), 133.1 (d, Jrc = 9.9, 2C), 128.6 (d, Jpc = 13.3, 2C), 125.6 (d,
Lpc = 133.2, 1C), 124.1 (s, 1C),123.8 (d, J = 4.8, 1C), 116.4 (d, 3Jec = 12.8, 1C),
117.5 (s, 1C), 112.1 (s, 1C), 97.1 (d, "Jrc = 203.2, NJpc = 108.6, 1C)], 62.9 — 62.8 (m,
1C)], 62.6 (s, 1C), 27.9 - 27.7 (m, 1C), 16.5 (d, 3Jpc = 5.8, 1C), 14.0 (s, 1C).

Ethyl 2-(ethoxy(ethyl)phosphoryl)-3-(imidazo[1,2-a]pyridin-3-yl)propanoate (10t).
Yield: 71%, scale: 0.15 g. (CHCls:acetone 4:1). 3P NMR (101 MHz, CDCls):
diastereoisomers 46.42 (d, 2Jpr = 69.2) and 47.79 (d, 2Jpr = 81.7); 'H NMR (700
MHz, CDCls) & 8.10 — 8.04 (m, 1H), diastereoisomers 7.52 and 7.52 (2d, 3Jun = 9.1,
1H), diastereoisomers 7.45 and 7.42 (2s, 1H), 7.14 — 7.07 (m, 1H), 6.79 — 6.74 (m,
1H), 4.30 — 4.05 (m, 4H), 3.86 — 3.59 (m, 3H), 1.91-1.79 (m, 2H), 1.32-1.29 (m,
3H), 1.22-1.10 (m, 6H). 13C NMR (176 MHz, CDCl3) & [167.1 (dd, 2Jrc = 22.1, 2Jpc
5.7, 1C), 166.8 (dd, 2Jrc = 22.3, 2Jpc = 3.8, 1C)], [146.14, 146.08 (2s, 1C)], [134.0
and 133.9 (2s, 1C)], [124.2 (s, 1C), 124.1 (s, 1C)], 123.9 (m, 1C), 117.8 (bs, 1C),
116.6 (d, 3Jec = 11.6, 1C), 116.5 (d, 3Jec = 12.2, 1C), [112.3 (s, 1C), 112.2 (s, 1C)],
[98.2 (dd, “Jrc = 203.4, Ypc = 89.0, 1C), 97.8 (dd, Jrc = 200.6, LJpc =92.5, 1C)],
63.2 — 62.5 (m, 1C), [27.9 (dd, 3Jrc = 20.8, 2Jpc = 4.0, 1C), 27.7 (dd, 3Jrc = 20.5, 3Jpc
= 3.6, 1C)], [19.03 (d, YJpc = 95.8, 1C), 18.97 (d, *Jpc = 96.0, 1C)], [16.63 (d, 3Jpc =
6.0, 1C), 16.60 (d, 3Jpc = 6.0, 1C)], [13.95 (s, 1C), 13.92 (s, 1C)], [4.94 (d, 2Jpc = 6.5,
1C), 4.86 (d, 2Jpc = 7.0, 1C)].

Ethyl  3-([1,1'-biphenyl]-3-yl)-2-(diethoxyphosphoryl)-2-fluoropropanoate  (10u).

Yield: 57%, scale: 0.3 g; R 0,42 (CH2Cl2:AcOEt 20:1); 3P NMR (101 MHz, CDCl5)
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12.96 (d, 2Jpr = 83.0). °F NMR (235 MHz): & -178.38 (m, 2Jpr = 82.9). 'H NMR
(250 MHz, CDCls) & 1.13 (t, 3Jun = 7.1, 3H), 1.36 (t, 3Jun = 7.1, 6H), 3.38-3.71 (m,
2H), 4.05-4.35 (m, 6H), 7.19-7.58 (m, 9H). 13C NMR (63 MHz, CDCl3) § 13.9, 16.4
(d, 3Jrc = 5.6, 2C), 39.3 (d, 3Jpc = 19.5, 1C), 62.3, 64.3 and 64.5 (2d, 2Jpc = 6.9, 2C),
95.7 (dd, *Jrc = 200.0, Wpc = 162.0, 1C), 126.2 (1s, 2C), 127.1 (s, 2C), 127.3 (s,
1C), 128.7 (1s, CHar, 3C), 129.2 (1s, 2C), 133.7 (d, 3Jpc = 13.0, 1C), 140.8, 141.2 (2s,
2C), 166.6 (d, 2Jpc = 4.5, 2Jrc = 22.7, 1C). HRMS: m/z Calculated: 409.1509 (M +
H)*, Found: 409.1589 (M + H)*.

Ethyl 3-([1,1'-biphenyl]-4-yl)-2-(diethoxyphosphoryl)-2-fluoropropanoate  (10w).%
Yield: 80%, scale: 0.39 g, Rf 0.27 (CH2Cl2:AcOEt 20:1); 3P NMR (101 MHz,
CDCl3) 6 12.99 (d, 2Jpr = 83.00). 1F NMR (235 MHz): 6 —178.51 (M part of ABMX
spin system, 2Jpr = 83.03). 'H NMR (250 MHz, CDCls3) ¢ 1.18 (t, 3Jun = 7.10, 3H),
1.37 (t, 3Jun = 7.00, 6H), 3.49 and 3.54 (AB part of ABMX spin system, 2Jpn =
—14.76, 3Jpna = 6.05, 3Jprp = 7.46, 2Jrnp = 13.83, 2Jrna =38.90, 2H), 4.12-4.36 (m,
6H), 7.27-7.59 (m, 9H). 3C NMR (63 MHz, CDCls) 6 14.0 (s, 1C), 16.4 (d, 3Jpc =
5.6, 2C), 38.9 (d, 2Jrc = 19.7, 1C), 62.3 (s, 1C), 64.3 and 64.6 (2d, 2Jpc = 6.95, 2C),
95.7 (dd, YJec = 199.6, 1Jpc = 161.8, 1C), 126.99 and 127.02 and 128.8 and 130.7 (2s,
8C), 127.3 (1s, 1C), 132.2 (d, 3Jpc = 13.1, 1C), 140.4 and 140.7 (2s, 2C), 166.6 (d,
2Jpc = 4.5, 2Jgc = 22.8, 1C). HRMS m/z Calculated: 431.1400 (M + Na)*, Found:
431.1407 (M + Na)*.

Ethyl 3-(3-benzylphenyl)-2-(diethoxyphosphoryl)-2-fluoropropanoate (10y). Yield:
72%, scale: 0.55 g. Rr 0,45 (CH2Clo/AcOEt 20:1), 3P NMR (101 MHz, CDCls)
13.05 (d, 2JpF = 83.0). °F NMR (235 MHz):  -178.55 (m, 2Jpr = 83.1). *H NMR
(250 MHz, CDCls) 6 1.10 (t, 3Jnn = 7.1, 3H), 1.35 (t, 3Jun = 7.0, 6H), 3.27-3.60 (m,

2H), 3.92 (s, 2H), 3.98-4.13 (m, 2H), 4.14 — 4.32 (m, 4H), 7.31-7.03 (m, 9H). 1*C
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NMR (63 MHz, CDCl3) § 13.9, 16.4 (d, 3Jpc = 5.3, 2C), 39.1 (d, 3Jec = 19.6, 1C),
41.8, 62.1, 64.2 and 64.4 (2d, 2Jpc = 6.8, 2C), 95.6 (dd, YJrc = 199.5, LJpc = 162.0,
1C), 128.1 (1s, 2C), 128.8 (1s, 2C), 128.4 (1s, 3C), 126.0, 130.8 (2s, 2C), 133.3 (d,
3Jpc = 13.2, 1C), 141.0 and 141.1 (2s, 2C), 166.4 (dd, 2Jpc = 4.5, 2Jrc = 23.0, 1C).
HRMS m/z Calculated: 445.1556 (M + Na)*, Found: 445.1565 (M + Na)".
Determination of cytotoxicity

HeLa cells were seeded into 96-well cell culture plates at a density of 4 x 103
cells/well in 100 ul of complete culture medium. On the following day, cells were
washed with phosphate-buffered saline (PBS) and 100 ul of fresh serum-containing or
serum-free (fasting) medium was added. Subsequently HeLa cells were treated with
PCs at eight concentrations and 72 h later PrestoBlue® Cell Viability Reagent was
applied. Following 50 min incubation time at 37°C and 5% COg, cell viability was
determined by measuring the fluorescent signal (Ex/Em = 530/590 nm) on a Synergy
2 Microplate Reader (BioTek, Vermont, USA). The obtained fluorescence
magnitudes were used to calculate cell viability expressed as a percent of the viability
of the untreated control cells. The data expressed as the mean of at least 4
independent experiments were used to calculate the ICso parameter.

Assessment of inhibition of Rab11 and Rap1A/Rapl1B prenylation

HelLa cells were seeded into 6-well cell culture plates at a density of 4 x 10° cells/well
in 3 ml of complete medium. On the following day, 1,5 ml of fresh serum-free
medium was supplemented with PCs as well as lovastatin. After 48h of incubation,
cell monolayers were rinsed with PBS and detached using trypsin-EDTA solution.
The cytosolic and membrane-rich fractions, containing protease inhibitor cocktail,
were isolated from cell pellets using Mem-PER™ Plus Membrane Protein Extraction

Kit according to the manufacturers’ instructions. The protein concentration in both
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fractions was determined using Bradford Protein Assay. Equal amounts of protein
(20 pg) from cytosolic fractions were resolved by 12% SDS-PAGE gels and
transferred on 0,2 um nitrocellulose membrane. Membranes were probed with -
actin, Rab11A or Rap1A/RaplB antibodies and detected using the appropriate HRP-
conjugated secondary antibody, followed by an ECL assay. Visualization of the
chemiluminescent protein bands was performed using ChemiDoc™ MP Imaging
System (Bio-Rad). Densitometry analysis was performed with ImageLab™ Software
(Bio-Rad) and relative unprenylated protein band intensity was normalized to -actin
and quantified with respect to controls (untreated cells).

Statistical analysis

Unless stated otherwise, all the biological results are presented as means of 3-6
repeated experiments +SEM. Statistical differences between mean values of inhibitor
treated and untreated samples were analyzed using one-way ANOVA followed by
Dunnett’s multiple comparisons test using GraphPad Prism (version 6.01 for
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com).
Confidence p-levels are indicated by asterisks, with * denoting p < 0.05, ** denoting
p <0.01, *** denoting p < 0.001, and **** denoting p < 0.0001.

Supporting Information

Full experimental details, including spectra (*H NMR, 3C NMR, 3P NMR) of all
compounds, data on separation of enantiomers, molecular formula strings and protein
structures are provided. The cytotoxic efficacy on HelLa cell line of the studied
compounds is also provided. This material is free of charge via the Internet at

http://pubs.acs.org.
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