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Synthesis, synthetic interests, and biological activities of f-substituted

vinylphosphonates
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ABSTRACT

p-Substituted vinylphosphonates constitute an original class of organophosphorus reagents of
which several compounds exhibit attractive biological properties. The review exemplifies and dis-
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cusses the different synthetic methods described for their synthesis, which involve well known

reactions, but also more specifically designed methods. In addition, the uses as synthetic inter-
mediates as well as the therapeutic uses of the title compounds are also summarized.

GRAPHICAL ABSTRACT
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1. Introduction

Vinylphosphonates have been known for more than sixty
years."*) Among this class of compounds, fi-substituted vinyl-
phosphonates and their related acids (Figure 1) are frequently
found as significant biologically active compounds. Therefore,
numerous methods for their synthesis have been implemented.

The purpose of this article is to exemplify the different
synthetic methods described for the synthesis of these com-
pounds and to review their synthetic potential. Furthermore,
their biological activities and their use for the synthesis of
biologically active compounds is also addressed.

2. Synthetic methods

The different methodologies listed below appear mainly fol-
lowing the chronology of the corresponding reports.

2.1. Use of a-halogenomethylvinylphosphonates 1 and 2
as starting reagents

These compounds, namely dimethyl o-(bromomethyl)vinyl-
phosphonate 1 and diethyl a-(bromomethyl)vinylphosphonate
2, have been used repeatedly for the synthesis of -substituted
vinylphosphonates and may react as nucleophiles as well as
electrophilic reagents depending on the strategy used.

They can be easily obtained through simple reactions
(Scheme 1), i.e. the bromination of dimethyl «-methylvinyl-
phosphonate 3 with N-bromosuccinimide (NBS), as
described by Collard and Benezra'® leads to 1 with moder-
ate yield, whereas 2 is prepared through bromination of

KEYWORDS

Functionalized vinylphosph-
onates; f-substituted
vinylphosphonates; biologic-
ally active phosphonates;
aminovinylphosphonates

P.
T(\mlbsmuem Substituent = Alkyl, Alkenyl, Aryl, O-, N-, S-containing groups

diethyl «-(hydroxymethyl)vinylphosphonate 4,1 which in
turn is obtained from tetraethyl methylenebisphosphonate
using Villieras” method.'®!

On the other hand, dimethyl o-(chloromethyl)vinyl-
phosphonate 6 can be obtained in moderate yield in a two
steps procedure,!”) via 5, starting with chlorophosphoryla-
tion of allyl chloride (Scheme 2).

2.1.1 a-Halogenomethylvinylphosphonates as nucleophiles
Collard and Benezra®! in 1982 reported an original synthe-
sis of phosphorus heterocycles, namely o-methylenepho-
stones (by analogy with o-methylenelactones). This entails a
Reformatzky reaction between dimethyl bromomethylvinyl-
phosphonate 1 and ketones or aldehydes and involves an
organozinc substituted vinylphosphonate 8 (Scheme 3).

However, these o-methylenephostones were shown to
possess very low biological activities.

Knochel and Normant'® later showed that the above
organozinc reagents could add readily to alkynes, leading to
phosphonyl substituted dienes 9 (Scheme 4).

It was further shown that the reaction of these same
organozinc reagents can be used for the synthesis of
phosphonate-containing carbohydrates 10 (Scheme 5).* In
this case, the zinc reagent was prepared from a zinc-silver
alloy deposited on graphite.

A similar indium related reagent was involved in a useful
and short synthesis of phosphoryl substituted sialic acid ana-
logues,[lo’“] (Scheme 6), which could even be carried out in
aqueous solvent due to the stability of the organoindium
phosphonate reagent.
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Substituent = alkyl, alkenyl, aryl,

Figure 1. General structure for -substituted vinylphosphonates.

O-,N-,S-containing groups
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Scheme 1. Syntheses of dimethyl «-(bromomethyl)vinylphosphonate 1 and diethyl a-(bromomethyl)vinylphosphonate 2.
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Scheme 2. Synthesis of dimethyl a-(chloromethyl)vinylphosphonate 6.
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Scheme 3. General synthesis of ¢-methylenephostones from 1.
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Scheme 4. Addition of phosphonyl-containing organozinc reagents to alkynes.
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Scheme 5. Synthesis of phosphonate-containing carbohydrates 10 from 2.

2.1.2 a-Halogenomethylvinylphosphonates as electrophiles
The electrophilic character of these reagents stems from the
presence of the electron-withdrawing phosphonate group
bound to the double bond as well as the leaving group at
the allylic position. Therefore, a number of studies involve
their reactions with different nucleophiles.

The first example was described by Ganem et all'
in their elegant synthesis of phosphonate analogues of

uloses, dialdohexoses

chorismic acid'. Thus, alkylation of 2 with the cyclohexa-
dienyl ester 11 led to the intermediate vinylphosphonate
which upon heating gave a Cope rearrangement followed
by an intramolecular Diels-Alder reaction to yield the
tricyclic derivative (Scheme 7). Final hydrolysis yielded
the corresponding phosphonic acid which was shown
to display interesting inhibitory activities toward the
enzyme.
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Scheme 6. Synthesis of phosphoryl substituted sialic acid analogues from 2.
O L
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y
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R' = PO(OEt),, R? = PO(OEt)y, R® = PO(OH),, R* = PO(OH), R
R' = PO(OEt), R%= CO,Me, R®= CO,H, R* = PO(OH),
Scheme 7. Synthesis of phosphonate analogues of chorismic acid from 2.
Q oFt
O HO H P’
i H NaHCO; 0 ~OEt
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Scheme 8. Synthesis of deoxynojirimycin derivatives 12 from 2.

Fuchs!"® reacted this same reagent with amines to pre-
pare deoxynojirimycin derivatives 12, for evaluation as
potential agents in anti-retroviral studies (Scheme 8).

More recently, Alexakis!™*! reported the alkylation of 2
with zinc enolates under copper catalysis. The presence of
chiral organophosphorus ligands allowed an efficient control
of the enantioselectivity, leading to up to 99% enantiomeric
excess for 13 (Scheme 9).

However, these very good results are hampered by the
low yields encountered due to the side reaction between
2 and the zinc enolate, which transfers the R group
instead of the enolate moiety, thus leading to the by-
product 14.

Finally, the reactivity of dimethyl «-(chloromethyl)vinyl-
phosphonate 6 with several carbon, nitrogen and oxygen
based nucleophiles was extensively studied by Tebby
et al,””"®! (Scheme 10). The different products obtained
in each example may be considered as useful starting
material for the synthesis of more functionalized
vinylphosphonates.

2.2. Mannich reaction starting from
diethylphosphorylacetic acid

This title compound which was easily obtained by saponifi-
cation of triethyl phosphonoacetate 15, reacted with formal-
dehyde and a dialkyl amine to lead to the expected Mannich
products 16, namely  f-aminovinylphosphonates!'®!
(Scheme 11).

The mechanism involves a Mannich reaction between 15
and two equivalents of formaldehyde, and an amine, fol-
lowed by amine elimination and decarboxylation.

The reaction was further extended"'”) to the synthesis of
p-alkoxyvinylphosphonates 17 by replacing the amine with
an alcohol (Scheme 12), and in the presence of catalytic
amounts of piperidine.

2.3. From N-tosylvinylsulfoximines

Because of the presence of the strong electron withdrawing
N-tosylsulfonyl group, the title compounds are known as
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Scheme 9. Copper-catalyzed alkylation of 2 with zinc enolates.
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Scheme 10. Several carbon, nitrogen and oxygen -substituted vinylphosphonates obtained from 6.
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Scheme 11. f-aminovinylphosphonates from diethylphosphorylacetic acid using a Mannich reaction.

Q R'OH, (CH,0),
(EtO),P_COoH
piperidine, reflux, 25-30h
15 74-84%

0
E P
(EtO), \[(\OR1

17

R'= alkyl, CHy-CH=CH,, H,CC=CH

Scheme 12. f-alkoxyvinylphosphonates from diethylphosphorylacetic acid using a Mannich reaction.

valuable acceptors in the Michael addition. Jackson et al.l'®
described their reaction with lithium dimethyl phosphonate
as nucleophile (Scheme 13), leading to a-alkylvinylphospho-
nates 18.

The reaction involves an addition/elimination mechanism
since the incoming phosphonate group is also an electron
withdrawing one, able to stabilize the negative charge cre-
ated, thus inducing the loss of the sulfoxy group
(Scheme 14).

2.4. Acid catalyzed rearrangement of phosphonate
substituted aziridines

This methodology, reported in 2001 by Tardella,!**! involves
several steps starting from tetraethyl methylenebisphospho-
nate. Alkylation with iodomethyl trimethylsilyl silane, fol-
lowed by Wadsworth-Emmons reaction with aldehydes,
leads to the silyl substituted vinylphosphonate 19 which
upon treatment with ethyl nosyloxycarbamate yields the
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0 (MeO),PLi

-78°C — 25°C

I
(MeOQ),P R
W R = -CH,CH,Ph, -(CH,)sMe,

54-64% cyclohex-3-enyl, Ph, iPr
18
Scheme 13. Synthesis of a-alkylvinylphosphonates from N-tosylvinylsulfoximines.
0 Q O P(OMe) 0 P(OMe) o
TsN o1 (MeO),PLi TSN I 2 TN o1 el I O
P 2 p S MeO),P._ R  TsN_l
ph/s\/\R —_—— Ph/S R —_ > Ph/ oR _— ( eO)Z " ;S Li

@ C) ® Ph
Li Li

Scheme 14. Proposed mechanism for the synthesis of a-alkylvinylphosphonates from N-tosylvinylsulfoximines.

aziridine 20. Acidic treatment finally produces the expected
aminovinylphosphonates 21 (Scheme 15).

2.5. Use of a-vinylphosphonate radicals

Minami et al.'*® described the direct generation of synthet-
ically useful a-phosphonovinyl radicals by treatment of
o-phosphonovinyl halides 22 with a tributyltin radical in the
presence of AIBN, followed by trapping with electron-rich
olefins (Scheme 16). This gave access to highly functional-
ized vinylphosphonates 23.

2.6. Baylis-Hillman reaction

This reaction consists in a carbon-carbon bond formation
between the a-position of an activated alkene and an alde-
hyde, catalyzed by a nucleophilic species such as a secondary
or a tertiary amine or a phosphine. Thus, the reaction of
diethyl vinylphosphonate as starting activated alkene, in the
presence diazabicyclooctane (DABCO) as catalyst,*"
allowed the synthesis of f-substituted products 24 (Scheme
17) by use of different aldehydes. The reactions were found
to occur with good yields, but with slow rates (completion
occurs usually after 7 days to one month). The use of for-
maldehyde did not give access to the simplest homologue of
the series, i.e. 4 (R=H).

Later, a Baylis-Hillman type reaction was developed by
Tomioka,*”! relying on the addition of Lithium diisopropy-
lamide (LDA) on a vinylphosphonate, and subsequent aldol-
type reaction of the resultant lithiated phosphonate with
aldehydes or ketones, giving the elimination products 25
(Scheme 18). Thus, the overall transformation results for-
mally in a Baylis-Hillman reaction.

2.7. By means of a claisen rearrangement

Diethyl 3-hydroxypropen-2-ylphosphonate 4, which can be
obtained only by the Villieras method,!®’ can enter a transes-
terification reaction with triethyl orthoacetate or dimethoxy-
2,2-propane in the presence of propionic acid as catalyst
and simultaneous removal of ethanol to produce intermedi-
ate 26, which immediately enters a [3,3] sigmatropic

transposition (Scheme 19). This led to 1-alkenylphospho-
nates 27 in which the substituent f§ to the phosphonate
group contains either a ketone or an ester function,
respectively.?’!

2.8. Using the Michaelis-Arbuzov reaction

This reaction is the most useful method for the preparation
of dialkyl alkylphosphonates, in which an organic halide
reacts with a trialkyl phosphite (Scheme 20).12*!

For the synthesis of the title compounds, Inokawa
et al!**) reported a two steps procedure involving the
Michaelis-Arbuzov reaction of trialkyl phosphites 28 with
acyl chlorides, known to yield 1-oxo alkyl phosphonates
(58-80% yield). Further Wittig olefination with methylene-
triphenylphosphorane generated in situ led to o-alkylalkenyl-
phosphonates 29, with good to moderate overall yields
(Scheme 21).

Another method consists in performing the Michaelis-
Arbuzov reaction from a vinylic halide. However, it is
known that these reagents are inert in this reaction, but the
presence of NiCl, or NiBr, as catalysts may promote the
reaction. Fadel et al.?”) employed this methodology for the
synthesis of f-aminopyrrolidinevinylphosphonates 32, as
outlined in Scheme 22.

Thus, the Sy2 displacement of the allylic bromide 30 by
oxazolidinones or tosylamide in the presence of a base
(Cs,CO;5 or NaH) constitutes the first step of the synthesis,
and the vinylic bromide 31 thus obtained was further
reacted with triethyl phosphite at 150°C in the presence of
a catalytic amount of nickel bromide. The resulting vinyl-
phosphonates 32 were obtained in good yields.

2.9. Metal-catalyzed additions of dialkyl phosphites to
alkynes: hydrophosphorylation

This reaction results formally in the addition of a dialkyl
phosphite onto the triple bond of an alkyne. It can be car-
ried out under palladium- or nickel-catalysis.
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Scheme 15. Acid-catalyzed rearrangement of phosphonate-substituted aziridines.
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Scheme 16. Synthesis of f-substituted vinylphosphonates using a-phosphonovinyl radicals.
0 O R
o5 RCHO - Et0. 1
EtO ] DABCO (20 mol%) EtO OH
54-83% 24

R= Me, Et, nPr, iPr, nBu, iBu
Scheme 17. Synthesis of f-hydroxy substituted vinylphosphonates through Baylis Hillman reaction.
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Scheme 18. Baylis-Hillman like reaction starting from vinylphosphonates.
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Scheme 19. Synthesis of f-substituted vinylphosphonates using a Claisen rearrangement.
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Scheme 20. General scheme for the Michaelis-Arbuzov reaction.
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Scheme 21. Michaelis-Arbuzov reaction of trialkyl phosphites with acyl chlorides, followed by Wittig olefination.
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Scheme 22. Synthesis of -aminopyrrolidinevinylphosphonates using the Michaelis-Arbuzov reaction.
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Scheme 23. Palladium-catalyzed hydrophosphorylation of alkynes.

2.9.1 Palladium-catalyzed hydrophosphorylation of alkynes
The first example for this reaction was reported in 1996 by
Tanaka,’”®! in which dialkyl phosphites add readily to
alkynes in the presence of a catalytic amount of palladium
catalysts (Scheme 23).

Among the different catalysts assessed, those possessing
weakly basic ligands were found to be the most effective
ones. The mechanism involves an oxidative addition of the
dialkyl phosphite onto palladium to produce species A,
which then inserts on the triple bond of the alkyne to give
B and B’. Final reductive elimination of the metal leads to
the product 33 or 34 (Scheme 24).

The reaction was found to produce two regioisomers
among which the Markovnikov product 33 was the major
one. However, more sterically hindered alkynes (e.g. trimethyl-
silyl acetylene R'=SiMe;) led to the anti-Markovnikov product
34 as the major product. Interestingly, enynes give rise to a
chemoselective reaction in which the triple bond reacts solely.

A similarly based reaction, named selenophosphorylation
of alkynes'®” was further described, allowing the simultan-
eous introduction of a phosphonate and a phenylselenide
groups, starting from an alkyne and diphenyl phenylselenyl-
phosphonate 35, with complete regio- and stereoselectivity
(Scheme 25), leading to products 36.

Thiophosphorylation of alkynes®® occurred essentially
under similar conditions, also with complete regio- and
stereoselectivity, except in the case of aromatic alkynes, for

R'= alkyl, aryl, alkenyl, SiMe;

which mixtures of stereoisomers were obtained (Scheme 26).
The corresponding products 37 were obtained with satisfac-
tory to very good vyields.

Finally, a more recent study by Beletskaya et al.*") describes
their efforts to set up a novel catalytic system to accomplish the
hydrophosphorylation of terminal and internal alkynes with
high isolated yields (up to 96%) and excellent regio- and stereo-
selectivity (>99:1) in favor of the Markovnikov product. The
key factor was to apply a low-ligated palladium/triphenylphos-
phane (1:2) catalytic system in the presence of a catalytic
amount of trifluoroacetic acid (Scheme 27).

2.9.2 Nickel-catalyzed hydrophosphorylation of alkynes
The replacement of noble metals by cheaper ones is highly
desirable since it can directly lead to a large cost reduction
for the preparation of the products, which is crucial for an
industrial process. In this area, Han'*?! developed an alterna-
tive synthesis based on a similar reaction as the previous
one, but using nickel complexes as catalysts (Scheme 28).

Here again, the mechanism involves an oxidative addition
of the dialkyl phosphite on the metal, giving rise to the
intermediate C which was evidenced by NMR and crystallo-
graphic data. Further insertion of the alkyne leads to a
nickel intermediate, which undergoes reductive elimination
to yield the final product (Scheme 29).

Although a mixture of regioisomers (Markovnikov and
anti-Markovnikov products) was obtained from the above
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Scheme 24. Proposed mechanism for the palladium-catalyzed hydrophosphorylation of alkynes.
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Scheme 25. Selenophosphorylation of alkynes.
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Scheme 26. Thiophosphorylation of alkynes.

Pd,(dba)s (3mol%)

© PPh, (12mol% R’
I 3 (12mol%)
R-= + (R20),PH - =<
THF, 50°C P(OR?),
TFA 10mol% (')'
65-91%

R' = alkyl, SiMe3, CMe,OAc
R? = iPr, Bn, Ph, n-C4,H,s5, -CH(CH3)CH(CHs)-

Scheme 27. Palladium-catalyzed hydrophosphorylation of alkynes leading to the Markovnikov product.

reactions, the authors found that, interestingly, selective Additionally, a similar addition reaction of dialkyl phos-
generation of the Markovnikov product could be achieved phites onto dialkyl acetylenedicarboxylates was reported by
via this single nickel-catalyzed reaction by slightly tuning Keglevich et al.l**! to yield mixtures of mono- and bis
the reaction conditions, ie. by changing the nature of adducts 38 and 39, respectively (Scheme 31).

the phosphorus ligand in the nickel catalyst, or using Due to the activated character of the alkyne, the reaction
diphenylphosphinic acid as additive (Scheme 30). The could be performed under solvent-free and microwave con-
Markovnikov/anti-Markovnikov ratio was up to 94:6. ditions, without the need of a catalyst.
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. 1 1
N|L4/PR3 R R
1 1 — - +
(MeO),PH + R—= . =
THF, 25°C, 2h P(OMe), IFI,(OMe)Z
72-91% 3 o
Markovnikov product anti-Markovnikov product
92 / 8
R' = alkyl, aryl
Scheme 28. Nickel-catalyzed hydrophosphorylation of alkynes.
0 .
P(OMe), NiL4
7 0
H—P(OMe),
— | ||
H-Ni-P(OMe),
L
Scheme 29. Proposed mechanism for the Nickel-catalyzed hydrophosphorylation of alkynes.
Ni(cod), (1mol%)
Q - PhPMe, (4mol%) R
(MeO),PH + R—
Ph,P(O)OH (2mol%) P(OMe),
° Il
THF, 20°C o)
72-91%
R = Ph, CﬁH13

Scheme 30. Nickel-catalyzed hydrophosphorylation of alkynes leading to the Markovnikov product.

2.10. Organocatalytic reactions

Organocatalysis is a valuable alternative method to transition
metal catalytic substitution reactions since it prevents the
eventual presence of metal residue in the final product and
avoids the use of expensive catalysts. Furthermore, the orga-
nocatalyst (usually a phosphine or an amine) is easily
removed by simple aqueous washing or by chromatography.
This methodology was used for the synthesis of numerous
vinylphosphonates.

2.10.1 Organocatalytic cyclization of allenylphosphonates
The cyclization of allenylphosphonates 40 with imines,
o,f-unsaturated esters, and enones promoted by tributyl- or
triphenylphosphine afforded pyrrolines, tetrahydropyridines
41 and cyclopentenes bearing phosphoryl functions®*!
(Scheme 32).

It was also shown that the use of a chiral phosphepine as
catalyst provided an enantioselective variant of these cycliza-
tion reactions, and afforded enantiomeric excesses of up
to 90 %.

2.10.2 Organocatalytic displacement reactions
In this area, we and others have shown that acetoxyvinyl-
phosphonates can enter organocatalytic substitution to yield

aminovinylphosphonates. Thus, Krische®®! reported the tri-

phenylphosphine-catalyzed substitution of acetoxy group in
2-(diethylphosphonyl)-substituted allylic acetates 42 by 4,5-
dichlorophthalimide to afford (4,5-dichlorophthalimido)-
phosphonic acid esters 43 (Scheme 33). Several analogues
were obtained but the reactions needed somewhat harsh
conditions  (refluxing toluene, equivalents  of
nucleophile).

On the other hand, starting from acetoxyvinylphospho-
nate 44, easily obtained from hydroxyphosphonate 4, we
were ableP®® to obtain several aminovinylphosphonates,
using DABCO as organocatalyst. The reactions are easily
performed at room temperature (Scheme 34).

It was also shown that the use of the organocatalyst was
not necessary when using strongly nucleophilic amines. The
reaction presumably proceeds via displacement of the ace-
toxy group in 44 by DABCO to generate intermediate D,
whose further attack by the nucleophilic amine leads to the
expected aminovinylphosphonate, together with organocata-
lyst regeneration and formation of acetic acid (Scheme 35).

However, the reaction cannot be extended to the use of
less nucleophilic reagents, typically soft carbon nucleophiles
(e.g. malonate derivatives), which may be rather considered
as pronucleophiles, and therefore need activation before
they can act as nucleophiles. This problem was
resolved through the use of another reagent diethyl 3-tert-

two



PHOSPHORUS, SULFUR, AND SILICON AND THE RELATED ELEMENTS 121

CcCOoOM
¢ Microwave = MeOOC P(O)R, MeOOC P(O)R,
|‘| + RPOH — ]/ R I
No solvent
M MeOOC P(O)R
COOMe e00C (O)R,
38 39

R = MeO, EtO, BuO, BnO, Ph

Scheme 31. Microwave-promoted addition reaction of dialkyl phosphites onto dialkyl acetylenedicarboxylates.

Q Q
P(OEt), s 10% PBu; (EtO),P NS
+ /—N |
Ar toluene, 120°C, 24h "
40 70-75% a1

Scheme 32. Organocatalyzed cyclization of allenylphosphonates.

Ar = CgHs, p-MeOCgHy4, 0-Me CgHy

cl cl
0
O OAc
EtO. 1 cl PPhs (0.2-0.4 eq)
EtO” R * > % N ©
cl Dioxane, 110°C EtO_Ti
P
0 65-90% EtO TH\R
" 43

R = Ph, p-NO,Ph, m-BrPh, pyridyl, furyl

Scheme 33. Triphenylphosphine-catalyzed substitution affording (4,5-dichlorophthalimido)phosphonates.

DABCO (0.2 eq)

o
EtO.§ R’ THF Eto\ﬁ R
EtO” T\OAC Y HN._, EtO” N"
R 25°C, 24h o
(1,1 eq) R
44 ! 60-99% 16

R', R? = Ph, p-MeOPh, benzyl, pyridyl, alkyl,...

Scheme 34. Organocatalyzed synthesis of -aminovinylphosphonates from acetoxyvinylphosphonate 44.

butoxycarbonylpropen-2-ylphosphonate 45,571 (Scheme 36),
to provide vinylphosphonates 46.

The reaction is thought to proceed via a mechanism
similar to the previous one, but attack of DABCO on the
substrate generates the fert-butoxy anion which activates the
pronucleophile by deprotonation, thus allowing the reaction
to occur (Scheme 37). This procedure allowed the synthesis
of numerous aminovinylphosphonates since the reaction
could be extended to different soft carbon nucleophiles and
to dialkyl phosphites.

2.11. Ring closing metathesis

We made use of this well-known reaction for the synthesis
of azaheterocyclic vinylphosphonates,*®! starting from the

suitably protected aminovinylphosphonates 47 obtained as
described above (section 2.16), using the Grubbs catalysts
(Scheme 38).

This allowed the synthesis of several five- and six-mem-
bered analogues 48, which may exhibit interesting biological
properties such as enzyme inhibitors, or may be used as syn-
thons (see below).

3. Aminovinylphosphonates as synthons

Aminovinylphosphonates are presumably the most widely
described f-substituted vinylphosphonates in the literature,
and can be obtained through different methods, listed in
this review, which rely on Mannich reaction (section 2.2),
aziridines rearrangement (section 2.4), Michaelis-Arbuzov



122 . C. GARZON ET AL.

EtO” T(\OAC
44
DABCO
o)
EtO. [
EtO” N

R2

AcOH

R1

Scheme 35. Proposed mechanism for the organocatalyzed synthesis from acetoxyvinylphosphonate 44.

EtO. 1

DABCO (20 mol%)

E0
P

o)
P
EtO WOBOC +  NuH
(1.1 eq)

45

toluene, 25°C, 1h EtO T(\Nu

63-99% 46

NuH = malonate, ketomalonate,
nitroacetate, phosphonoacetate

Scheme 36. Organocatalyzed synthesis of -substituted vinylphosphonates from diethyl 3-tert-butoxycarbonylpropen-2-ylphosphonate 45.

0 0
I DABCO o~ o~ -CO; E
EtO),P (EtO),P
(Eto)zprosoc — | EO) \G(\OJJ(\,OtBu \6
®
1T o NN
(Ln Bu0 L SN
NuH
- tBUOH
0 0 0
- DABCO ,/N:(a
-

|1

I
(EtO)zllzl’(@(\Nu (EtO)ZP\/g
- ®

Scheme 37. Proposed mechanism for the organocatalyzed synthesis of ff-substituted vinylphosphonates from 45.

reaction (section 2.8), organocatalytic reactions (section
2.10), and ring closing metathesis (section 2.11).

Additionally, Krawczyk™ reported the synthesis of the
simplest aminovinylphosphonic acid 49 via a three steps
procedure, starting from easily available reagents
(Scheme 39).

In 2002, Tardella!®’ described a two steps synthesis of
o-hydroxy-f-amino-phosphonates 50 from aminovinyl-
phosphonates (Scheme 40). Thus, ozonolysis of the double
bond in 51, followed by borohydride reduction led to the
expected products with good yields.

The structure of the obtained products can be found in
several known compounds exhibiting biological activities

(i.e. Calpain I inhibitors,*) HIV protease transition state
inhibitors,[‘“] herbicide,[42] human renin inhibitor,[43])
(Figure 2), which might be synthesized via this method.

4. f-substituted vinylphosphonates as glutamate
metabotropic receptors

Glutamic acid is the most important neurotransmitter in the
central nervous system. However, high concentrations of
this aminoacid may promote neurone degeneration. 2-
Amino-4-phosphonobutanoic acid (AP4) isosteres are
known to be efficient activators of glutamic acid receptors,
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0]
EtO. ] p  Grubbs catalyst Etof.P? ,
EtO WAN (5mol%) e N
)n > | )n P = CH3-C(O)-, p-Ts;
| 62-99% n=1,2
47 48
M N N—-M M N N—-M
es— —Mes es— —Mes
T .cl T
Grubbs catalyst : RU or RGO
U=\ u=
c” Fl, o, O c” !
Ys iPro
Scheme 38. Synthesis of azaheterocyclic vinylphosphonates by ring closing metathesis.
fe) 1. phtalimide o le) (CH,0), 1) O
1} o I . .y
P(OEt), CH,Cly, 25°C, 48h N P(OEt),  Ppiperidine \ P(OEt),
2. Dowex 50W /\H/
COO NHy(CgH COOH
28 2(CeH11)2 acetone, H,0 o EtOH, A, 20h o
0, 0,
86% 90% l HCI, A, 12h
80%
I
HZN/\”/P(OH)z
49
Scheme 39. Synthesis of aminovinylphosphonic acid 49.
NHCO,Et NHCO,Et
1. O3, MeOH
R PO(OR), e R R1JYPO(OR)2
2. NaBH,
OH
_R10,
51 22-61% 50
R =H, Me, Ph, CH3(CH>)4
Scheme 40. Synthesis of a-hydroxy-f-amino-phosphonates 50 from aminovinylphosphonates.
R 31
0 Val
. 1 N
Peptide R-OR NH
N ‘OR? P
H 5 _ P _Val—R' R=EtH
R= Ph, i-Pr / N 1
1 R2= RO H R'= Cbz, NaL
R’, R“= Me, Bu, Bn OH
Calpain | inhibitors*0 HIV protease transition state inhibitors*'
O NH; 0 i B (\o
(HO),P (HO)P A A\ NH WN\)
o H
OH OH (0] (0]
MeS
Herbicide*? Human renin inhibitor*?

Figure 2. Several known hydroxy phosphonates exhibiting biological activities, which could be obtained from f-substituted vinylphosphonates.
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OEt
NM\
EtO
N. EtO

o~
3:2

Z—=
yz

THF N OEt LDA, THF OEt
-—
. X O o . X
+ -78°C, 15 min -78°C, 15 min
X ol T
ookt 0" | SOEt
52 POsEt, OEt
, o X= SiMe
X= SiMes )J\ THF, -78°C, 4h or PO
or SnPh3
Ph Ph
| N HCI reflux /KH\ HC reflux Bk
\k B — \\\\
(HO),P " SCOOH Et203P (HO)ZI':’I COOH
o) (0]
54a 53a and 53b 54b
Scheme 41. Diastereoselective syntheses of 2-Amino-4-phosphonobutanoic acid (AP4) isosteres.
Table 1. f-Substituted vinylphosphonates known for biological activities.
Structure Activity Reference

Ca antagonists, diuretics, 3]

hypotensives

R, R' = H, O,N, CF3, halo, HO, cyano,...;
R2, R® = alkyl, alkenyl, aryl, aralkyl,...;
R*, R® = aryl, styryl;

X =0, S, CH:CH, CH:N;

R® = alkoxycarbonyl...

R /R
\/\o,x
o W

Antihypertensive, vasodilators 146471
Ca-antagonistic, antihypertensive
O /
O\II R = NPhCH,Ph, N NCH X
><: P CO,(CH,),—R f—
0] | ] X=H,F 2
N n=23
H
Ar Ar = (un)substituted Ph, pyridyl, furyl, 2,1,3-benzoxadiazol-4-yl; Enhance the effects of 48]
R' = Cq4alkyl, CH,Ph, substituted alkylene; antitumor drugs on cancer cells
R2 = C4_4alkyl, CHO, CN, CH,OH, NH,,...: and suppress the drug

3 . resistance of the cancer cells
R® = H, C4_10alkyl, C3_galkenyl or cycloalkyl, aminoalkyl,

benzylpiperidinyl,...;

! Z = P(O)R4R5,CO5R3;

R* R®= OH, Cy_1alkoxy, aryloxy,..., or R*R® = OYO, NHYO,
NHYNH,...;

Y = (substituted) C,_salkylene

O. _Ph o 0 Antimicrobial and alkylating activity 49
| “P-OMe
1 R' = Me, Ph
P(OMe), SR °
"
0 O O HN._Ph

(continued)
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Table 1. Continued.

Structure Activity Reference
150]

In vitro alkylating and in vivo
antitumor activity

OAc
R =H, Me
R P(O)(OMe),
o o. //O Cytotoxic effects, alkylating properties Y
P~0oMe
X
P(O)(OMe),
O NHR®

R'=CHjg, H;

R3 = CHj3, (CH,),0OH, Bn
RZ = CHj, Ph, (CHp),P % (CHa)2

Cytotoxic effects 521

\
Ps
d 0]
~ M = Pd, Pt
R1 Modulator of cell proliferation 31
R', R? = H, OH, alkoxy,...;
R2 R3=H, NHy, SH,...;
R* = NH,, NH-alkyl, P(O)(OH)s....
R3
0 R? R' OR?2 Antitumor activity (54]
| N |
R! N _P(O)(OEt N N-
N ™ (O)(OEt), o=< 0 RT = H Me:
)\ N =\ _1 R?=H, Et;
0~ "N~ "07 "R3 , R R3= H. NH.:
| R1 (0] , 2;
R’ P(O)(OEt), R* = Me, OH

Inhibition of bladder and =
pancreatic cancer cell growth

CO,CHj

Anti-osteoclastic bone 6l

resorption activity

R'=H, Br;

R? = H, OMe;

R3 = CgHs, CH=CHCg¢Hs;

R* = H, p-CICgH,4, COOEt, COOMe, CN, COOH, P(O)(OEt),

FsC CFj3 FsC R Cytotoxic activity 71
P(O)(OEt), P(O)(OEt),
| | (: | R' = CF3, CO,EY;
N~ “NH, N~ “NHR? R%LR®=H, Ar;
Ar R3 n=1,2

(continued)
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Table 1. Continued.

Structure Activity Reference
R2 R'=H, OH, (un)substituted alkyl, aryl,...; Tak1 kinase inhibitors (58]
R? = (un)substituted formyl, carboxy, or phosphonate;
Rs\&\ O R®=NO,, CN, O
R4 \)J\OF\ﬂ H, (un)substituted aryl,...;

R* = H; or R® and R* along with the atoms to which they

are attached form an (un) substituted aryl or heteroaryl...

DNA intercalating (59,601

properties and
antitumor activity

Antiproliferative agents 61l

Antiproliferative Agents 621

(0]
R'O.I -
> R',R2=H, Me, M (Li, Na, K, Zn, Mg), alkyl C1.6
2
R“O | Ar R3 = H, Ar
R3
(0]
I _OR!
X" “OR!
2 R'=H or alkyl;
R \ O O R? = halo;
Se R3 = C4.4-alkyl-N-heterocyclyl
R3
= R?
R'- | n_RS3
S N o3 R"=Me, OMe, F;
/R R? = Ar, iPr, COLEY;
R® = OEt, OiPr, Ph
(@)

R' = Me;
R? = Me;

Antitumor activity f631

R =H, F, OMe;

R'R?= -CH,CHy-;
R3 = Et, n-propyl

and may be active against this degenerative process. Their
diastereoselective synthesis was described by Ojea et al.!**!
(Scheme 41).

Thus, Michael addition of a lithium azaenolate onto tri-
methylsilylvinylphosphonate 52 leads to a phosphorus-stabi-
lized carbanion E which reacts with benzaldehyde in a
Wadsworth-Emmons condensation to yield a mixture of two
diastereomeric precursors 53a and 53b, which, after separ-
ation and hydrolysis, lead to enantiomerically pure AP4
homologues 54a and 54b.

5. Miscellaneous known compounds

Table 1 gathers the [-substituted vinylphosphonates
reported for their biological properties. Thus, their struc-
tures, and the corresponding literature reference are listed.

6. Conclusions

Vinylphosphonates possessing diverse substituents at the
p-position of the alkene structure have been shown to
exhibit several biological properties. These might be related
to the nature of these substituents, e.g. amino, keto, ester,

functions, as well as their peculiar phosphonate structure.
Therefore, numerous synthetic methods involving well
known organic reactions were designed for their synthesis,
but also more specific reactions from the field of synthetic
organophosphorus chemistry (e. g Michaelis-Arbuzov or
Mannich reactions) were also assessed. The considered com-
pounds often possess stereogenic centers whose structures
may influence their biological behavior. However, only few
enantioselective syntheses have been reported. This might
presumably become a future goal for this class of organo-
phosphorus compounds through, for example, the use of
enantioselective catalytic or organocatalytic based syntheses.

Note

1. Chorismic acid is the starting point for the biosynthesis of
aromatic aminoacids via enzymatic catalysis by chorismate
mutase. Therefore, inhibition of this enzyme is of interest
for the design of new antibacterial agents.
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