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Preface

The element phosphorus was discovered early in the seventeenth century, as

chronicled in John Emsley’s excellent and fascinating book “The 13th Element”.

Phosphorus chemistry is often perceived as an “old Dame” in the chemical arts.

This is because many important reactions were discovered at the turn of the

twentieth century, largely from the contributions of Russian chemists. Since then,

phosphorus chemistry has unfortunately been considered a mature and specialized

field. However, phosphorus being key to all life processes, tremendous opportuni-

ties for phosphorus research have remained ever since. So the “old Dame” is now

experiencing a second (or third?) youth.

It has been my privilege to guest-edit these two volumes for Topics in Current

Chemistry on phosphorus chemistry, and I am grateful to Mike Krische who gave

me this opportunity. Topics in Current Chemistry has already produced several

excellent volumes on various aspects of phosphorus chemistry. The present vol-

umes are dedicated to various topics in organophosphorus chemistry. The first

volume concerns biologically-related topics (phosphinopeptides, phosphinic

acids, prodrugs) as well as P-asymmetric compounds (also called P-stereogenic,

P-chiral, etc. – there is still some intense discussion about how to name this field!).

The second volume deals with various synthetic methods and phosphorus function-

alities (P-BH3, phospho-aldol, H- and C-phosphonates, phosphorus tethers in syn-

thesis, and C–H to C–P transformations). In some cases, prior reviews were

available on some of the topics. However, the present chapters constitute the best,

most up-to-date and in-depth resource in the field, which has been growing rapidly

in the past 5–10 years. I believe these volumes will be important additions to library

shelves, both institutional and personal. The writings are appropriate for experts

and interested students alike.

These chapters have been written by internationally recognized leading experts

in the field, both European and American researchers having contributed to the

volumes. I wish to thank personally all these authors for spending countless hours to

produce these outstanding chapters, which are important contributions to the

chemical literature. Clearly, phosphorus chemistry is not only alive and well, but

v



has a promising future and offers great potential for scientific discoveries. Too often

people assume that a well-researched topic no longer has anything to offer. I think

these chapters prove that nothing could be further from the truth. Because phos-

phorus is such an important element, chemical research in organophosphorus

chemistry has a very bright future indeed. The “old Dame” will remain young!

Fort Worth, TX, USA Jean-Luc Montchamp

9 November 2014

vi Preface



Contents

Phosphinic Peptides as Potent Inhibitors of Zinc-Metalloproteases . . . . 1

Dimitris Georgiadis and Vincent Dive

Synthesis and Biological Applications of Phosphinates

and Derivatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
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Phosphinic Peptides as Potent Inhibitors

of Zinc-Metalloproteases

Dimitris Georgiadis and Vincent Dive

Abstract The development of transition-state analogs is a major objective in

enzymology, not only for developing potent inhibitors of enzymes but also for

dissecting enzyme catalytic mechanisms. Phosphinic peptides, which share closed

structural similarities with the transition-state of peptide substrate upon hydrolysis,

have thus been considered for identifying potent inhibitors of proteases. Focusing

on the zinc-proteases family, this review presents the most important synthetic

efforts performed to obtain the desired compounds. Crystal structures of the

phosphinic peptides in interaction with their zinc-protease targets are reported to

illustrate the structural features which may explain the potency of these compounds

and how they contribute to uncover key enzyme catalytic residues. Based on a

remarkable metabolic stability, phosphinic peptides can be used to probe the in vivo

function of zinc-proteases. Progress on chemistry and better understanding on the

functional roles of zinc-proteases should allow transferring these compounds from

shelf to clinic.

Keywords Inhibitors � Phosphinic peptides � Zn-proteases
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1 Introduction

Proteases have fundamental roles in multiple biological processes and are associ-

ated with a wide variety of pathological conditions, justifying impressive efforts

over the past 50 years to develop synthetic inhibitors able to block potently the

uncontrolled activity of these enzymes in pathological conditions [1]. Our view of

the proteolytic world has expanded considerably after the recognition that, beyond

their nonspecific functions in protein catabolism, proteases act as processing

enzymes carrying out highly selective cleavage of specific substrates and influence

cell behavior, survival, and death. The sequencing of the human genome and certain

model organisms has revealed that the impressive diversity in protease functions

derives from the evolutionary invention of a large number of structurally and

catalytically diverse enzymes with the common ability to hydrolyze peptide

bonds [2]. Thus, the human degradome, the complete set of proteases produced

by human cells, consists of at least 569 proteases and homologues distributed into

five classes: 194 metalloproteases, and 176 serine, 150 cysteine, 28 threonine, and

21 aspartic proteases [3]. Among the 194 metalloproteases, the largest family in

humans, 121 are secreted and present in the extracellular or pericellular compart-

ments, thus making them rather accessible targets for small synthetic inhibitors.

Despite this favorable context, only one zinc-metallopeptidase “angiotensin-

converting enzyme (ACE)” has been successfully targeted by synthetic inhibitors,

leading to drugs currently approved for clinical use (Fig. 1) [4]. These ACE drug

inhibitors belong to different classes of compounds characterized by the nature of

2 D. Georgiadis and V. Dive



the zinc-chelating group present in their chemical structure. Interestingly, the ACE

inhibitor “fosinoprilat” represents the first, and still unique, phosphinic

pseudopeptide used as a protease-targeted drug.

Since fosinoprilat development, phosphinic peptide chemistry on solid-support

has been exploited to allow easier identification of potent inhibitors for various

zinc-metalloproteases. In this review, the synthetic routes to obtain the desired

phosphinic peptides are reported, as well as several examples showing that this

class of compounds behaves as extremely potent inhibitors toward different sub-

families of zinc-metalloproteases. Moreover, the development of these compounds

has stimulated efforts to obtain crystal structures of these inhibitors in interaction

with their targets, leading currently to about 111 crystal structures in the protein

data bank. Analysis of these structures illustrates how phosphinic peptides, as

transition-state analogues, have provided important clues on the active site residues

involved in catalytic processes, leading to a global view on the catalytic mecha-

nisms of this class of enzymes. Finally, recent use of phosphinic peptide inhibitors

for in vivo studies is discussed.

Phosphinic pseudo-peptides have also been used to derive potent inhibitors of

the human immunodeficiency virus (HIV) protease [5], and more recently as

inhibitors of hepatitis C virus (HCV), but these inhibitors are outside the scope of

this review [6].

2 General Properties of Phosphinic Peptides

After the ACE inhibitor success story in the (1980s), the favored approach to

develop inhibitors of zinc-metalloproteases was based on the use of a peptidic

moiety grafted in the right position with a zinc-chelating group. Thus, thiol,

carboxylate, and hydroxamic groups have been used, leading in most cases to

potent inhibitors (Fig. 2a) [7–9]. However, as illustrated in Fig. 2a, the occupancy

of a limited part of the enzyme active site could be a potential drawback of this

approach. For chemistry reasons, such zinc-chelating groups are either on the N- or

C-terminal part of the inhibitor, but cannot be placed in the middle of a peptide

sequence. In contrast, phosphinic chemistry offers the possibility to probe the whole

active site (primed and unprimed subsites), with no limitation on the inhibitor size

(Fig. 2b). As compared to other zinc-chelating groups, the phosphoryl group acts as

a weak zinc-chelating group; as a consequence, if other inhibitor substituents are

not providing sufficient optimal interactions with enzyme active site moieties, the

P
O

OH

O

N

O
OHFosinoprilat

Fig. 1 The chemical

structure of fosinoprilat
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inhibitor potency will remain low. In contrast, the use of the hydroxamic group, a

“strong” zinc-chelating ligand, has provided highly potent inhibitors of zinc-

metalloproteases, such as matrix metalloproteases (MMPs) [10]. However, in

most cases, this family of inhibitors exhibited extremely low selectivity. In those

cases, it can be suspected that the inhibitor potency mostly relies on the presence of

the hydroxamic group and its potent interaction with the zinc ion itself, favoring

inhibitor interaction with various zinc-metalloproteases [10].

Another motivation to use phosphorus-containing peptides is related to their good

structural analogy with what is called “the substrate structure in the transition-state.”

As shown in Fig. 3, three possibilities can be envisaged and have been explored to

develop potent inhibitors. Phosphonamide peptides seem the most obvious choice, as

the analogy is almost perfect [11, 12]. If such compounds have been proved to

yield potent inhibitors towards some zinc-metalloproteases, the limited stability of

the P–N bond through hydrolysis has prevented further use of this chemistry

[13–15]. Phosphonates have been reported to yield one of the most potent inhibitor

ever reported for carboxypeptidase A (Ki in the fM range) [13]. However, when

tested with endoproteases, phosphonates turned out to be less potent [15].

These remarks have historically justified the development of the chemistry of

phosphinic peptides as stable compounds and the ability to inhibit zinc-proteases

potently [16]. Indeed, it has been found that the replacement of an NH by a CH2

Fig. 2 (a) Schematic representation of the zinc-protease active site with subsite (S) nomenclature.

X features a zinc-chelating group such as thiolate, carboxylate or hydroxamate. (b) Generic

structure of a phosphinic peptide covering the S2 to S2
0 subsites of the active site

4 D. Georgiadis and V. Dive



group has only a marginal effect on inhibitor potency. These results were supported

by the prediction on the relative affinity of phosphonamide vs phosphinic peptide

inhibitors based on free-energy-perturbation simulations. From this study, it has

been argued that the loss of NH active-site interaction, ongoing from a

phosphonamide to a phosphinic group, should be balanced by the difference in

solvation energy between the two groups [17]. This prediction was then confirmed

experimentally [18]. One principle to guide these efforts has been to develop the

solid-phase peptide chemistry of this class of pseudopeptides and thus appropriate

building blocks for use in this chemistry.

3 Synthetic Chemistry of Phosphinic Peptides

3.1 General Considerations

From a synthetic point of view, phosphinic peptides are densely functionalized

structures with increasing degree of complexity, depending on the presence of

additional functional groups on their side chains. Therefore, the synthesis of such

molecules has been a research area of intense activity in both industry and academia

for almost 30 years now. Among the several excellent reviews in the literature

concerning phosphinic peptides, the prototype work of Yiotakis [19] and the more

recent article by Mucha [20] have attempted a systematic approach to the synthetic

aspects of these structures. The discussion that follows aims at a concise description

of the recent developments in the field and focuses on all current findings and future

perspectives.

Figure 4 summarizes the main challenges imposed by a phosphinic peptide

structure. According to a categorization proposed by Yiotakis [19], assembly of

the pseudopeptidic backbone can be realized by two different approaches: (1) the

NP+C strategy, which is the construction of the basic pseudodipeptidic unit by

applying addition reactions of aminophosphorus species to suitable carbon

N
H

H
N C

N

H
N

N
H

O

HR1

R1'

OO

OR2

R2'
substrate

N
H

H
N C

N
H
N

N
H

R1

R1'

OO

OR2

R2'

O O

H H

hydrolysis H
O

H

N
H

H
N P

N

H
N

N
HR1

R1'

OO

OR2

R2'

O O

transition state

N
H

H
N P

O

H
N

N
HR1

R1'

OO

OR2

R2'

O O

H
N
H

H
N P

C

H
N

N
HR1

R1'

OO

OR2

R2'

O O

H H

Phosphonate Phosphonamide Phosphinate

Fig. 3 Structural similarities between the transition-state and different phosphorus-containing

peptides
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reactants and (2) the less common N+PC strategy which involves incorporation of

amino terminal fragments through P–C bond formation on preformed phosphopro-

pionates. These two complementary strategies offer flexibility in terms of diversi-

fication requirements in medicinal projects since the NP+C strategy facilitates P1
0

diversification whereas the N+PC strategy is more suitable for rapid P1 diversifi-

cation. Besides this consideration, the choice of strategy often depends on special

requirements concerning the nature of R and R0 (Fig. 4). Beyond the strategic

choice of backbone construction, several recent reports have dealt with the late

diversification of side chain groups by post-modification of suitably functionalized

precursors, a fruitful approach for rapid production and screening of pseudopeptidic

libraries. In addition, another issue directly connected with advances in orthogonal

protection of hydroxyphosphinyl moiety is the facile integration of phosphinodi-

peptidic building blocks into longer peptide structures via N- and/or C-elongation.

Furthermore, efforts toward stereochemical control of P1 and P1
0 position

stereogenic centers of phosphinic dipeptides have recently been intensified, since

most classical NP+C and N+PC synthetic routes offer limited possibilities. Finally,

the recent syntheses of phosphinic peptides containing conformational constraints

or other non-classical structural features (i.e., thiophosphinates, extended

transition-state analogues (TSAs)) have enriched the structural inventory which is

now available to medicinal synthetic chemists aiming at efficient inhibitor

optimization.

3.2 The NP+C Approach

The NP+C approach (Fig. 4) is undoubtedly the predominant strategy for the

preparation of the main pseudodipeptidic unit. This approach usually involves the

mild reaction of phosphorus nucleophiles (2 or 3) derived in situ from amino-

protected aminophosphinic acids with carbon electrophiles such as acrylic

H
N P

O

OH

R'

R O

N + PC
approach

NP + C
approach

Stereochemical
control

Stereochemical
control

Post-modification,
Conformational constrain

Orthogonal
protection

Post-modification,
Conformational constrain

C-elongation

N-elongation

Fig. 4 Schematic representation of synthetic challenges in phosphinic peptides
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derivatives 4 or propionates 5 bearing a leaving group (LG) in their β-position
(Scheme 1). As shown in Scheme 1, aminophosphinic acid conversion to nucleo-

philic tervalent species can be mediated either by deprotonation of

aminophosphinic esters by mild bases (i.e., RONa, NaH) or by silylating agents

(i.e., hexamethyldisilazane (HMDS), trimethylsilyl chloride (TMS-Cl)/Et3N, N,O-
bis(trimethylsilyl)acetamide (BSA)) which lead to reactive bis(TMS)phosphonites

3. The latter method was introduced by industry researchers 30 years ago [21] and

still constitutes the most reliable method for the formation of the key P–C bond in

the synthesis of phosphinic pseudopeptides.

The use of easily accessible acrylates of type 4 is far from advantageous as

compared to propionic electrophiles of type 5, since it is compatible with a wide

variety of R0 groups. In the case of propionic electrophiles, steric bulk at R0 seems to

inhibit the course of the reaction. Indeed, with the only exception of the reaction of

triflate 8 with deprotonated aminophosphorus 6 or 7 as reported by McKittrick and

coworkers [22] (Scheme 2), it has been stated that the reaction is not productive

when R0 6¼H [23].

Another significant advantage of the NP+C strategy is the availability of

α-aminophosphinic acids with a wide variety of R groups and the possibility to

obtain them in stereochemically pure form in bulk quantities. The addition of

hypophosphorous acid to diphenylmethyl (DPM) imines proposed by Baylis and

co-workers [24] offers this possibility, since it involves inexpensive starting mate-

rials, good overall yields, and high optical purity after resolution by recrystalliza-

tion of the diastereoisomeric salts derived from Cbz-protected aminophosphinic

H
N PH

O

OX
PG

R

Base (B-M+)

Silylating
agent

(TMSCl/Et3N 
or HMDS or BSA)

H
N P

O-M+

OX
PG

R

(X=H)

(X=alkyl)

H
N P

OTMS

OTMS
PG

R

R'

O

Y

O

YLG

or H
N P

O

OX
PG

R

R'

O

Y

R'
1

2

3

4

5

Scheme 1 Main synthetic routes toward phosphinic pseudodipeptides by the NP+C approach

H
N PH

O

OMe
Cbz

R

O

Ot-BuTfO

6: R=H
7: R=Bn

NaH, THF, 0oC
or

LDA, THF, -78oC

H
N P

O

OMe
Cbz

R O

Ot-Bu

(25-60%)

8

Scheme 2 Main synthetic routes toward phosphinic pseudodipeptides by the NP+C approach

(Cbz: benzyloxycarbonyl, Bn: benzyl, Tf: trifluoromethanesulfonyl, THF: tetrahydrofuran, LDA:
lithium diisopropylamide)
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acids (9) with (+)- or (�)-α-methylbenzylamine (Scheme 3a). Aminophosphinic

acids with side chains corresponding to most natural aminoacids have been

obtained by this method [24–26]. Alternatively, DPM imines can be replaced by

oximes, leading directly to aminophosphinic acids without the need for

deprotection [27–31]. A complementary milder methodology toward

aminophosphinic acids is based on the reaction of bis(trimethylsilyl)phosphonite

(BTSP) with trityl (Trt) [32, 33], DPM [34], or other imines [35–38] (Scheme 3b).

A noteworthy advantage of this approach is that the use of Trt group facilitates the

deprotection step toward the generation of the final compounds.

Recently, many research groups have focused their efforts on the development

of stereoselective routes leading to optically pure aminophosphinic acids. With this

aim, Yamagishi and co-workers recently devised a practical methodology for the

preparation of optically pure N-protected 1,1-diethoxyethyl(aminomethyl)

phosphinates (12) [39] and their participation in diastereoselective alkylation reac-

tions [40] which were first studied several years ago by McCleery and Tuck [41]

(Scheme 4). In particular, they managed to obtain on a gram-scale and 99 %

enantiomeric excess (ee) compound 11, after addition of paraformaldehyde to

1,1-diethoxyethyl-H-phosphinate (10) and subsequent lipase-catalyzed resolution

of the resulting racemic alcohol. Conversion of 11 to substrate 12 in four steps

afforded a valuable substrate suitable for lithium bis(trimethylsilyl)amide

(LHMDS)-promoted alkylation performed in a diastereoselective fashion

(dr¼ 10:1) (Scheme 4).

In another recent example, Yao and Yuan reported a high-yielding method for

the asymmetric addition of phosphinate 10 to N-tert-butylsulfinyl imines (13)

catalyzed by Rb2CO3 (Scheme 5) [42]. This protocol tolerates a wide range of

functionalized imines and affords the final products in high to excellent optical

purities.

The synthesis of aminophosphinic acids with subsequent formation of the

second P–C bond via an NP+C strategy has also been investigated as a shorter

and faster alternative toward phosphinic peptides. The research group of Haemers

coupled the addition of BTSP to tritylimines with a subsequent Michael addition of

acrylates by activating in situ intermediate N-Trt-N-TMS-protected silyl aminopho-

sphinates with BSA and adding acrylates to the resulting phosphonite 14
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Scheme 3 Synthesis of aminophosphinic acids with the protocols proposed by (a) Baylis

et al. [24] and (b) Jiao et al. [32]

8 D. Georgiadis and V. Dive



(Scheme 6a) [35]. In contrast, Cristau and coworkers followed a different approach

for developing a “one-pot,” three step synthesis of protected phosphinopeptides

(Scheme 6b) [43, 44]. This protocol involves sequential O-alkylation of H3PO2,

addition of alkyl hypophosphites to imines and finally Michael addition of the

resulting DPM-protected aminophosphinates 15 to acrylates.

Aiming to find a synthetic protocol for the complete preparation of phosphinic

peptides on solid phase, including P–C bond formation, Meldal’s research group

has investigated the possibility of applying the NP+C strategy on solid phase

[45]. The researchers extended preliminary results of Dorff and coworkers [46]

who managed to perform conjugate addition of FmocGlyPO2H2 to resin-bound
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Scheme 4 Diastereoselective synthesis of α-aminophosphinic acids by Yamagishi et al. [39, 40]
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acrylates using BSA as a silylating agent and presented a versatile protocol for the

synthesis of longer peptides, as shown in Scheme 7a. In particular, they observed

that the use of excess BSA at elevated temperatures allowed addition of allyloxy-

carbonyl (Alloc)-protected aminophosphinic acids (i.e., 16) to resin-bound

acryloylated peptides (17). N-Elongation after Pd-catalyzed Alloc removal was

achieved by using pentafluorophenyl (Pfp) esters of 9-fluorenylmethoxycarbonyl

(Fmoc) aminoacids and 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine (Dhbt-

OH) as a catalyst. It was recently reported that the slow Michael addition step can

be accelerated by adding the electron-withdrawing group o-nitrobenzenesulfonyl
(oNBS) onto the nitrogen that bears the acryloyl group (18), but exact conditions

are not given (Scheme 7b) [47].

Another recent interesting application of the NP+C strategy is the transformation

of phosphinic pseudodipeptides prepared by such an approach to thiophosphinates

(19), a new class of pseudopeptides with promising perspectives as enzyme inhib-

itors [48]. To this end, Vassiliou et al. observed that careful thionation by using

Lawesson’s reagent can afford the target molecules without affecting ester or

urethane carbonyl groups (Scheme 8). The authors conducted a complete study of

the behavior of these molecules under standard deprotection and coupling condi-

tions, which may serve as a valuable guide for future use of these molecules in

medicinal projects.

Variations of the electrophiles employed in the NP+C strategy can furnish

various dehydro pseudopeptides, a class of molecules that have been tested for

their inhibitory properties but, in addition, as substrates for further functionalization
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Scheme 7 Application of NP+C strategy to the solid phase synthesis of phosphinic peptides by
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(see below). Khan and co-workers, looking for renal dipeptidase inhibitors, utilized

an older protocol of Schoen and Parsons [49] to synthesize a series of phosphinic

dehydropeptide analogues (Scheme 9a) [50, 51]. The protocol involves a Michael

addition of phosphorus nucleophiles to 2-trimethylphosphonoacrylate 20, followed

by a Horner–Wadsworth–Emmons olefination of the intermediate phosphonate

carbanions 21 with various aldehydes. Another protocol leading to similar products

involves the Knoevenagel-type condensation of malonic acid derivatives 22 with

aldehydes, as described by Matziari and co-workers (Scheme 9b) [52].

3.3 The N+PC Approach

The synthesis of phosphinic peptides by a reverse sequence of P–C bond formation

events (N+PC approach) is a less frequently applied strategy which may offer

important diversification possibilities. In particular, an amidoalkylation condensa-

tion reaction between amides, aldehydes, and alkylphosphinic acids (the three-

component Kabachnik–Fields reaction) affords in a single step the main

pseudopeptidic backbone, thus facilitating fast screening of the nature of P1 posi-

tion. In 1996, Chen and Coward observed that a mixture of benzyl carbamates,

aldehydes, and alkylphosphinic acid 23 in AcCl can lead to Cbz-protected

phosphinic pseudodipeptides 24 (Scheme 10a) [53]. This method was adjusted by

Matziari et al. to the synthesis of Fmoc-protected phosphinic building blocks 25 and

peptides thereof (Scheme 10b) [54].

Ragulin and co-workers observed that acetic anhydride can be employed when

acetamide participates as an amide partner for an amidoalkylation condensation and

proceeded in the establishment of optimized and milder conditions for carbamates

as well [55]. To this end, the authors observed that the reaction can be accelerated

by p-TsOH in neat acetic anhydride (Scheme 11, method A) [56]. Based on the

observation that the reaction proceeds through N,N0-benzylidene bis(carbamate)
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Scheme 9 Synthesis of dehydro pseudodipeptides using variations of the NP+C strategy by (a)

Gurulingappa et al. [50, 51] and (b) Matziari et al. [52] (Cy: cyclohexyl)
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intermediate 26, a milder version of the reaction was presented where

biscarbamates 26 may react with alkylphosphinic acids 27 in toluene or

dichloromethane with stoichiometric quantities of trifluoroacetic anhydride

(Scheme 11 method B) [57].

3.4 Orthogonal Protection and Implications to Peptide
Elongation

The presence of a hydroxyphosphinyl group within the backbone of a phosphinic

peptide causes an additional problem during their synthesis, which is the behavior

of phosphinic group during coupling reactions and consequently the need of its

protection in the solid phase or solution peptide synthetic schemes. Several studies

have been reported on this subject, dealing with the problem of orthogonality from

three different points of view: (1) adjusting synthetic routes to alkyl protecting

groups of phosphinic acids used during P–C bond-forming reactions, (2) introducing

a suitable protecting group after P–C bond forming reactions, and (3) developing

peptide-coupling conditions tolerant to free hydroxyphosphinyl moieties.

Concerning the first approach, methyl or alkyl protection of the phosphinic

group requires suitable masking of the carboxylic terminus of the main pseudodi-

peptidic unit which could be selectively removed prior to C-elongation. Selective
deprotection of carboxylic esters in the presence of alkyl phosphinates include

enzymatic hydrolysis of methyl carboxylates [18, 58], controlled alkaline hydroly-

sis of ethyl carboxylates [59, 60], acidic cleavage of 3,4-dimethoxybenzyl
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carboxylates [61], and hydrogenolysis of benzyl carboxylates [62]. Acidic cleavage

(TFA) of tert-butyl carboxylates has also been employed [63], but in several cases

simultaneous phosphinic ester cleavage is observed. It has been demonstrated that

this side-reaction is intramolecularly accelerated by the released carboxylic acid

through the formation of five-membered mixed anhydrides (Scheme 12) [64]. Final

deprotection of alkylphosphinates after peptide development is usually performed

under strong alkaline or nucleophilic conditions (i.e., TMSBr, n-PrSLi) [60, 63,
64]. Intramolecular amide-assisted TFA hydrolysis through cyclic imidate struc-

tures has also been reported as a clean alternative for demethylation of methyl

phosphinates (Scheme 12) [62, 65].

Several reports have dealt with the use of phosphinic pseudodipeptide building

blocks in peptide couplings where both phosphinic and carboxylic acids are unpro-

tected. Among the coupling reagents used successfully for such transformations are

N,N0-carbonyldiimidazole (CDI) [66–68], (benzotriazol-1-yloxy)tris

(dimethylamino)phosphonium hexafluorophosphate (BOP) [69, 70],

(benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (pyBOP)

[71, 72], and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) [54, 73,

74]. Campagne et al. have studied both C- and N-terminus peptide elongation

with BOP (or pyBOP) and verified that this process is epimerization-free and

applicable to peptide synthesis in the solid phase [69]. In some case, EDC has

also been used in the solid phase peptide synthesis using the Fmoc protocol [54,

75]. However, none of these protocols have ever been used in synthesis of

phosphinic peptide libraries by automated synthetic methods.

Aiming at the facile embodiment of phosphinic pseudodipeptide building blocks

into peptide structures using the Fmoc protocol, the quest for suitable protection for

that purpose was pursued in very early works [76]. A major breakthrough toward

this direction was the introduction of the 1-adamantyl (Ad) group by Yiotakis and

Dive in 1996 [77]. The Ad group is totally compatible with the Fmoc-solid phase

synthetic protocols and is easily removed under standard TFA-deprotection condi-

tions. This approach has been validated in several reports by application to the

development of large combinatorial libraries which allowed the identification of

potent and selective inhibitors of peptidases [78–85]. The significance of this

approach justifies the research efforts which followed, aiming at the optimization

of building block preparation. In the original report, adamantylation of phosphinic

dipeptide isosteres was performed by reaction of phosphinic acid 1-adamantyl

bromide and silver oxide in refluxing chloroform [77]. Despite the high efficiency

P
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Scheme 12 Intramolecular acid-catalyzed deprotection of methyl phosphinates [64, 65] (TFA:

trifluoroacetic acid)
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of this protocol, other methods have been subsequently investigated, such as

treatment of in situ-generated phosphinoyl chlorides with the sodium salt of

adamantanol [81, 86, 87], but in most cases the AdBr/Ag2O protocol proved

superior [81, 87].

The first protocol reported for the synthesis of Ad-protected Fmoc building

blocks 29 (Scheme 13a) involves five steps starting from Cbz-protected

aminophosphinic acids 9 and ethyl acrylates [77]. Removal of the Cbz group of

28 by hydrogenolysis and reprotection of the amino group by Fmoc proved to be

capricious, and an improved protocol was reported a few years later by Georgiadis

et al. (Scheme 13b) [88]. In this protocol, Fmoc-protected aminophosphinic acids

(30) and benzyl acrylates were employed in the Michael addition step using

TMSCl/N,N-diisopropylethylamine (DIPEA) activation conditions. From this

point, adamantylation of 31 and hydrogenolysis of the benzyl group afforded the

target molecules 29 in almost double overall yield as compared to the prototype

protocol. In a similar manner, Fields and co-workers prepared a GlyVal phosphinic

isoster Fmoc building block by using an allyl acrylate in the Michael addition step

and removing allyl group at the end of the synthesis with CpRu(CH3CN)3PF6 (Cp:

cyclopentadienyl) [85]. The same researchers observed that building blocks of type

32 can be transformed to the target building blocks 29 by hydrogenolysis and in situ

re-protection using FmocOSu in a one-pot procedure (Scheme 13c) [86, 87].

Finally, Nasopoulou et al. presented a method to discriminate the two acidic

groups of Fmoc diacids 25 by using the phenacyl (Pac) group, which can be

selectively removed from the phosphinic moiety upon heating with TFA

(Scheme 14) [89]. After Ad-protection, Pac carboxylic ester can be easily cleaved

by metal reduction, furnishing the target molecules 29 in moderate overall yields.
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3.5 Stereoselective Approaches

Control of phosphinic pseudodipeptide stereochemistry during their preparation is a

subject of paramount importance, since active isomers are usually isolated in low

yields from diastereoisomeric mixtures by chromatographic methods. Availability

of enantiomerically pure aminophosphinic acids by applying the Baylis protocol in

NP+C synthetic routes transposes the problem of finding ways to control P1
0

stereochemistry. In particular, formation of a P1
0 stereogenic center during P-

Michael addition to acrylates limits opportunities for stereochemical control in

this position. On the other hand, in N+PC synthetic protocols, it has been reported

that enantioenriched phosphinic acids (i.e., 33, Scheme 15) can be obtained by

chiral resolution of racemic mixtures using (S)- or (R)-α-methylbenzylamines or

yohimbine [71, 90]. Of course, this time the lack of stereoselectivity in

amidoalkylation reactions produces two diastereoisomers which need to be sepa-

rated by chromatography.

Regardless of the method used to construct the main pseudodipeptidic backbone,

separation of different diastereoisomers has been achieved in several cases by

selective crystallization at dipeptide [74, 91], tripeptide [74, 92, 93], or even

tetrapeptide level [94]. The isomer corresponding to the natural peptide is usually

crystallized out selectively; nevertheless, in some tripeptides it has been reported

that non-natural peptide isomers are prone to selective crystallization in less polar

solvents (Et2O or CHCl3), probably caused by differences in the intramolecular

hydrogen bonding in these media (Scheme 16) [92, 93].

Early efforts to control P1
0 stereochemical identity with only modest efficiency

included enzymatic hydrolysis of C-terminal methyl carboxylates [18] and
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asymmetric hydrogenation of dehydroalanine pseudopeptides [95]. In 2002, the

research group of Ebetino reported on the diastereoselective Michael addition of

phosphinic or aminophosphinic acids to acrylates bearing Evans oxazolidinone-

type auxiliaries (Scheme 17a) [96]. Under the developed conditions, up to 98% ee

can be attained when DPM-substituted oxazolidinones (34) are employed. On the

other hand, the Michael addition of 2-H-2-oxo-1,4,2-oxaza phosphinanes (35) to

α-substituted acrylates has also been investigated, but poor stereoselectivities were

observed (Scheme 17b) [97, 98]. However, the reaction can lead to high diastereos-

electivities when β-substituted acrylates are employed.

Yamagishi et al. recently presented a novel method for the stereoselective

synthesis of phosphinic pseudopeptide isosteres starting from an enantiopure

α-aminoalkyl-H-phosphinate on both α-carbon and phosphorus atoms (36,

Scheme 18) [99]. In particular, substrates 37 derived from a stereoretentive Michael

addition of aminophosphinates 36 to tert-butyl acrylate, were diastereoselectively

alkylated in the P1
0 position with diastereoisomeric ratios (dr) ranging from 14:1 to

29:1. The stereochemical outcome of this process is highly controlled by the

chirality at the phosphorus atom and the nature of the amino protecting group.
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3.6 Post-Modification of P1 and P1
0 Side Chains

The need for post-modification protocols of phosphinic pseudodipeptide side chains

stems from two main reasons. The first concerns the synthesis of phosphinic

structures bearing side chains which cannot be present in the starting blocks

necessary to construct the main backbone. With this aim, Georgiadis

et al. devised a post-modification strategy for preparing pseudodipeptides with

acidic residues in the P1 position, since the classical NP+C strategy with aspartyl

aminophosphinic acids failed [100]. This method is based on the preparation of

phenylalanine and homophenylalanine derivatives (38) followed by the oxidative

decomposition of phenyl groups (Scheme 19). In the same spirit, Kende et al. built

Arg pseudopeptidic analogues 40 by introducing the guanidine group in suitable

alkylazido P1
0 side chains (39) [68].

The second and most important reason for pursuing post-modification is the

possibility of widely diversifying pseudopeptide side chains at a late stage in the

synthesis, thus enhancing screening options in medicinal projects. In an extension

of an older report by Schoen and Parsons [49], Matziari et al. prepared a series of

dehydroalanine pseudodipeptides by allylic displacement of 2-bromomethyl acry-

late from aminophosphinic acid, and tested their reactivity in conjugate additions of
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Scheme 19 Synthesis of (a) P1 Asp and Glu [100] and (b) P1
0 Arg [68] phosphinic dipeptide

analogues by a post-modification approach
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Scheme 18 Synthesis of phosphinic dipeptide isosteres through diastereoselective alkylation [99]

(Trs: tritylsulfenyl)
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various sulfur, nitrogen, or carbon nucleophiles (Scheme 20a) [101, 102]. Further-

more, in separate reports by the research groups of Yiotakis and Ebetino, malonic

derivatives of types 22 or 40 were similarly synthesized and derivatized either by

Knoevenagel-type reactions (Scheme 9b) or by alkylation/decarboxylation reac-

tions (Scheme 20b), affording dehydro pseudodipeptides or pseudodipeptide 41,

respectively [52, 68].

One of the most powerful derivatization techniques of P1
0 position was presented

in 2003 by Makaritis et al. They prepared phosphinic pseudodipeptide precursors

bearing a propargyl group in their P1
0 side chain (42) and saw that these molecules

can serve as excellent dipolarophiles in 1,3-dipolar cycloadditions with in situ-

prepared nitrile oxides (Scheme 21) [74]. This approach can be easily applied in

both solid phase and solution syntheses, and has been successfully used in the

discovery of selective inhibitors of several Zn-metalloproteases [38, 84, 92, 103,

104].

Interesting work found in early patent literature deals with the use of

dehydroalanine as an electrophile in the Michael addition of aminophosphinic

acids, and diversification of the amino group appeared in the P1
0 position by

coupling reactions [105]. This concept was extended by Vassiliou et al. by allowing

a similar precursor (43) to participate efficiently in benzylation diversification

reactions (Scheme 22) [106].

An interesting approach to this direction was recently based on an Ireland–

Claisen rearrangement triggered by the phospha-Michael addition of silyl
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Scheme 20 Use of (a) dehydrodipeptides [101] and (b) malonic derivatives for post-modification

[68] (DME: dimethoxyethane)

H
N P

O

OH
Bn

H
N

O
Cbz

R'
NHX

O

(X: H or resin)

R N O-+ H
N P

O

OH
Bn

H
N

O
Cbz

R'
NHX

O

ON R

45oC, 48h

42

Scheme 21 A dipolar cycloaddition-based post modification approach [74]

18 D. Georgiadis and V. Dive



phosphonites to allyl acrylates (Scheme 23) [107]. This reaction was evolved in a

one-pot three-component version between phosphinic acids, acryloyl chloride, and

allylic alcohols, thus allowing the rapid synthesis of diverse phosphinic structures

using simple starting materials in a single step (Scheme 23). The method can also

lead to analogues with a quaternary center at the P1
0 position of phosphinic

structures, which offers an alternative route for obtaining conformational

constrained phosphinic peptides.

3.7 Conformationally Constrained Structures

The introduction of rigid structural elements in phosphinic peptides which restrict

their conformational mobility may serve as a promising technique for the identifi-

cation of inhibitors with optimized inhibition profiles. In some cases, the synthesis

of these molecules cannot be attained by standard protocols, and therefore several

reports have focused on the construction of such structures by alternative routes. In

such a report, Nasopoulou et al. have invented a three-center-two-component

amidoalkylation annulation reaction between α,ω-carbamoylaldehydes 44 and

phosphinic diacids 45 (Scheme 24a) [108]. Depending on the starting aldehyde,

diverse phosphinic scaffolds 46 varying in the size of their rigidity element, the

nature and stereochemistry of substituents, and the participation of heteroatoms in

the azacyclic ring system can be obtained in one synthetic step and in high yields. In

another report, a pyroglutamic ring at the P1 position has been formed in the solid

phase by base-catalyzed cyclization of glutamic analogue 47 (Scheme 24b) [75].
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Scheme 23 Post-modification of phosphinic backbones based on an Ireland–Claisen

rearrangement [107]
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Scheme 22 Post-modification of phosphinic dipeptide precursors bearing an amino group [106]
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Recently, Yamagishi et al. utilized the chemistry of stereoselective alkylations

developed in their laboratory to synthesize Phe-Pro pseudodipeptide isosteres (49

and 50, Scheme 25) [109]. By using the fully stereodefined phosphinate 48 as

starting material (synthesized as in Scheme 4), the authors observed that the proline

ring can easily be produced by an intramolecular substitution reaction and that the

stereoselectivity of benzyl group introduction can be reversed, depending on

whether this event follows or precedes the cyclization step.

As it will be discussed later, the introduction of a pseudo-Pro ring in the P1
0

position has given rise to RXPA380, the most selective C-domain ACE inhibitor

ever reported [110, 111]. Given the unsuccessful attempts to introduce pseudo-Pro

ring to a phosphinic peptide isoster by a classical Michael addition approach

(as proposed by earlier studies [112]), allylic substitution of acetate 51 by the

Cbz-protected aminophosphinic analogue of phenylalanine was investigated

(Scheme 26a) [111]. This route furnished dehydro pseudoproline analogue 52 in
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Scheme 24 Synthesis of conformationally constrained phosphinic structures at position P1 by (a)

Nasopoulou et al. [108] and (b) Matziari et al. [75] (TIS: triisopropylsilane, DMF:

dimethylformamide)
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high yield and led to the target pseudo-Pro derivatives 53 after chemoselective

nickel boride reduction. Yamagishi et al. recently proposed a stereoselective syn-

thesis of P1
0 pseudo-Pro phosphinic analogues by using a stereoretentive

Pd-catalyzed cross-coupling of a fully stereodefined aminophosphonate (54) with

triflate 55, followed by a subsequent highly diastereoselective hydrogenation of the

olefin moiety of 56 (Scheme 26b) [113]. It should be noted that the hydrogenation

step involves an epimerization event of the initially cis disubstituted saturated

product to the trans isomer which, according to the authors, is attributed to the

chirality of the phosphorus atom.

4 Selected Examples of Potent Inhibitors

of Zinc-Metalloproteases

Since the development of fosinoprilat, a number of potent phosphinic inhibitors

have been reported toward various zinc-metalloproteinases. The examples

discussed below which have been selected as crystal structures are available, and

thus some insights on the phosphoryl binding mode with the zinc ion can be

deduced and the value of phosphinic inhibitors in unveiling enzyme catalytic

residues can be illustrated.

4.1 Angiotensin-Converting Enzyme

The central role played by ACE in cardiovascular pathologies such as hypertension

and cardiac hypertrophy is well established. The action of ACE as the major

mechanism in the biosynthesis of angiotensin II (AngII) has made it an excellent

target for therapeutic intervention in the treatment of cardiovascular diseases

[4]. While a number of ACE inhibitors have been developed and used effectively
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Scheme 26 Synthesis of pseudo-Pro phosphinic dipeptide isosteres (a) by Georgiadis et al. [111]

and (b) by Yamagishi et al. [99] (dba: dibenzylideneacetone, DPEphos: bis-[2-(diphenyl-

phosphino)phenyl]ether)
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for the treatment of hypertension [114, 115], adverse side effects such as persistent

cough and angioedema are associated with ACE inhibition [116]. ACE is a type I

transmembrane zinc dipeptidyl carboxypeptidase (EC 3.4.15.1), whose ectodomain

is composed of two homologous domains (N and C) connected by an interdomain

linker region. Each of the distinct domains of ACE harbors a catalytic active site,

identified by the presence of the consensus zinc-binding motif HEXXH. Although

the two domains of ACE are highly homologous, they display distinct substrate

preferences. The C-domain of ACE is necessary and sufficient for the maintenance

of proper basal blood pressure, and hence is viewed as the main site of Angiotensin

II generation. On the other hand, the N-domain is more effective at cleaving renin-

angiotensin system independent biological substrates of ACE, such as the anti-

fibrotic hemoregulatory peptide acetyl-SDKP. In order to identify and understand

the key components which distinguish N-domain activity from that of C-domain,

inhibitors able to differentiate fully between the N- and C-domains have been

devised. ACE inhibitors approved for clinical use are mixed inhibitors, exhibiting

similar potency toward the N- and C-domains. By screening libraries of phosphinic

peptides prepared by combinatorial chemistry, extremely selective inhibitors of the

N-domain have been identified (Fig. 5) [80]. The ability to probe both the primed

and the unprimed subsites of ACE N-domain (from S2 to S2
0 subsite) was critical to

controlling the inhibitor selectivity, explaining why phosphinic peptides behaved as

more selective inhibitors than “classical ACE inhibitors.” In the RXP407 com-

pound, the presence of the aspartic residue in the P2 position was shown to play a

key role in selectivity. X-Ray studies reveal that this role is explained by a single

mutation between the N- and C-domains [117]. In the N-domain the aspartic side

chain is pointing toward an arginine, while in the C-domain this residue is replaced

by a glutamic residue, explaining why RXP407 is much less tolerated by the

C-domain.
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The extremely high selectivity of the RXPA380 compound has also been

explained by the presence of residues probing the ACE active site from the S2 to

S2
0 active sites [111, 118]. Here again, the corresponding crystal structure has

illustrated that the simultaneous presence of a benzyl and tryptophan in the N-

and C-terminal structure part of the inhibitor is critical for its ability to discriminate

the C-domain from the N-domain. These inhibitors have been used as valuable

pharmacological tools to advance our knowledge of the full functional role of both

domains in vivo [110].

4.2 Neprilysin

Neutral endopeptidase (NEP, EC 3.4.24.11) is zinc-metallopeptidase involved in

the metabolic inactivation of a number of bioactive peptides including the enkeph-

alins, substance P, endothelin, bradykinin, and atrial natriuretic factor. Owing to the

physiological importance of NEP in the modulation of nociceptive and pressor

responses, considerable effort has been devoted to the development of potent and

selective inhibitors as novel analgesics and antihypertensive agents

[119]. Extremely potent inhibitors of NEP containing as a zinc-chelating group a

thiol function have been successfully developed, such as the thiorphan compound

[120, 121]. However, in the search for potent dual inhibitors of both NEP and

aminopeptidase N (APN, EC 3.4.11.2), an amino zinc-exopeptidase, the presence

of a free amine in the N-terminal position of the inhibitor was a strict requirement.

In this case, the phosphinic peptide chemistry offers this possibility, leading to the

design of the compound 57 (Table 1) [73]. The bulky biphenyl group in the P1
0

position of the inhibitor has been selected as the S1
0 subsite of NEP, which is known

to tolerate large hydrophobic group. For this phosphinic inhibitor, Ki values of

1.2 nM and 5.6 nM have been reported toward NEP and APN, respectively.

4.3 Thermolysin

Thermolysin (TLN; EC 3.4.24.28), a thermostable bacterial protease isolated from

Bacillus thermoproteolyticus, has been studied as the prototype of zinc-

metallopeptidases at a time where no crystal structure was available for this class

of proteases [122]. Crystallographic analysis of a number of TLN/inhibitor com-

plexes has allowed an understanding of the binding mode of these inhibitors and

allowed the mechanism of action of this protease to be determined [122]. These

seminal studies have greatly inspired the development of NEP inhibitors, given the

close structural relationship between TLN and NEP [123]. To examine further the

structural relationships between these two peptidases, various phosphinic peptides

were prepared. One of these compounds (58, Table 1) exhibits a Ki value of 26 nM

toward thermolysin and 22 nM toward NEP [124].
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Table 1 Selected examples of potent phosphinic peptide inhibitors of zinc-proteases

Zinc-protease name Inhibitor structure Ki (nM)

Neprilysin (NEP)

H2N P
H
N

OH

O

OH
O

O

57

1.2 (5.6 nM

for APN)

Thermolysin (TLN)

O
H
N P

H
N

OH

O

OH
O O

O
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26

Leukotriene A4 hydrolase

(LTA4H)

H2N P
H
N
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O

OH
O

O
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6.5

Endoplasmic reticulum (ER)-

aminopeptidase (ERAP)

H2N P
H
N

NH2

O

OH
O

O

NH

60

ERAP-

1¼ 33a

ERAP-
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Plasmodium falciparum amino-

peptidases PfA-M17

H2N P OH
O

OH
O

61

80

(continued)
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4.4 Leukotriene A4 Hydrolase

Leukotriene A4 hydrolase (LTA4H) is a bi-functional enzyme able to act as an

aminopeptidase to remove selectively N-terminal arginine of various tripeptides

and to catalyze the limiting step in the biosynthesis of LTB4 [125], a potent lipid

chemoattractant involved in inflammation, immune responses, host defense against

infection, platelet activating factor induced shock, and lipid homeostasis. The

crystal structure of LTA4H has revealed that both activities take place in the

same active site, which possesses the structural feature of zinc-aminopeptidases

[126]. In line with this observation, compound 59 (Table 1) has been found to be a

potent blocker of LTA4H with a Ki value of 6.5 nM [127].

4.5 Endoplasmic Reticulum Aminopeptidases

Endoplasmic reticulum (ER)-aminopeptidase ERAP-1 was first described as a

leucine zinc-aminopeptidase, a growing family of mammalian zinc-containing

aminopeptidases including membrane-bound placental leucine aminopeptidase

(P-LAP), aminopeptidase A and N, and LTA4H. ERAP-1, and subsequently

ERAP-2 were demonstrated to be final processing enzymes of the precursors of

major histocompatibility complex (MHC) class I-presented antigenic peptides

[128]. Their activity greatly affects the antigenic peptide repertoire presented to

cytotoxic T lymphocytes and as a result can regulate cytotoxic cellular responses

contributing to autoimmunity or immune evasion by viruses and cancer cells.

Therefore, pharmacological regulation of their activity is a promising avenue for

modulating the adaptive immune response, with possible applications in controlling

Table 1 (continued)

Zinc-protease name Inhibitor structure Ki (nM)

Thrombin-activatable fibrinolysis

inhibitor (TAFI)

H
N P OH

O

OH
O

NH2

S
OO

62

2

Glutamate carboxypeptidase II

(GCPII)

P OH
O

OH
O

OH

O

O

HO

63

0.7

aNumber referring to IC50 value
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autoimmunity, in boosting immune responses to pathogens, and in cancer immu-

notherapy. Potent inhibitors of ERAP-1 and ERAP-2 have recently been reported,

exploiting phosphinic peptide chemistry. Compound 60 (Table 1) exhibits IC50

values of 33 and 11 nM towards ERAP-1 and ERAP-2, respectively, using a

synthetic substrate in competition assays. These inhibitors were effective in cell

presentation assays, inducing cell-surface antigen presentation and enhance cyto-

toxic T-cell responses [129].

4.6 Plasmodium Falciparum Aminopeptidases PfA-M17

The human malaria parasite Plasmodium falciparum expresses two neutral zinc-

aminopeptidases, PfA-M1 and PfA-M17, which function in regulating the intracel-

lular pool of amino acids required for parasite growth and development inside the

red blood cell. These enzymes are essential for parasite viability and are validated

therapeutic targets. As a result of the rapid emergence of drug-resistant parasites,

blocking these peptidases with potent inhibitors has been proposed as a potential

new antimalarial therapy. The simple phosphinic dipeptide 61 (Table 1) was

reported to inhibit PfA-M17 with a Ki value of 80 nM [130].

4.7 Thrombin-Activatable Fibrinolysis Inhibitor

Under normal conditions, there is a balance between clot formation and clot

dissolution. Thrombin-activatable fibrinolysis inhibitor (TAFI) is a zinc-

metallocarboxypeptidase (MCP) which contributes to this balance by removing

the C-terminal arginine and lysine residues from fibrin, thus reducing the formation

of new plasmin and stabilizing the clot. TAFI is transformed through removal of its

prodomain by thrombin-thrombomodulin into TAFIa, which is intrinsically unsta-

ble and has a short half-life in vivo. In vivo experiments indicate that selective

inhibitors of TAFIa would be useful in the treatment of heart attacks and a useful

adjunct to existing thrombolytic therapies [131]. BX 528 was reported as a potent

inhibitor of TAFIa (2 nM) and has almost no measurable effect on carboxypepti-

dase N [132]. Compound 62 (Table 1) was designed to mimic the tripeptide

Phe-Val-Lys. Given the rapid degradation of TAFIa in solution (also known as

plasma carboxypeptidase B), the homologous protein porcine pancreatic carboxy-

peptidase B (pp-CpB) was used for crystallography studies to provide details on the

binding mode interaction of this inhibitor [133].

26 D. Georgiadis and V. Dive



4.8 Glutamate Carboxypeptidase II

The glutamate carboxypeptidase II (GCPII, E.C. 3.17.21), a zinc-dependent

metallopeptidase, is characterized by the presence of two zinc ions in the enzyme

active site, as compared to the aforementioned zinc-metallopeptidases which con-

tain only a single zinc ion in their active site. Within the nervous system, GCPII

hydrolyzes the natural substrate, N-acetyl-aspartyl-glutamate (NAAG), between

aspartic and glutamic residues, participating directly in signal transmission via

neural pathways [134]. As NAAG hydrolysis by GCPII in the nervous system

leads to the increase in extracellular glutamate levels, the enzyme represents a

therapeutic target for treatment of pathologies associated with dysregulated

glutamatergic transmission. Highly selective and potent GCPII inhibitors were

reported in the past and these showed efficacy in a variety of experimental models

of neurological disorders, including neuropathic and inflammatory pain, stroke,

diabetic neuropathy, amyotrophic lateral sclerosis, and schizophrenia. Moreover,

GCPII is an excellent target for prostate cancer imaging and therapy because of its

membrane localization and highly upregulated expression in prostate tumors and

metastases [135]. Several reports have demonstrated the feasibility of imaging of

GCPII-positive cells in experimental models of prostate cancer in vitro and in vivo,

using low-molecular-weight GCPII ligands. The phosphinic analogue 63 (Table 1)

of the Glu-Glu dipeptide exhibits a Ki value of 0.7 nM toward GCPII [136].

5 Insights from Crystal Structures

5.1 First Crystal Structure of a Zinc-Metalloprotease/
Phosphinic Inhibitor Complex

Astacin, a digestive zinc-endoprotease from the crayfish Astacus astascus L, is the
prototype for the human astacin-like metalloproteases comprising seven proteases,

one bone morphogenetic protein-1 (BMP-1), three tolloid-like proteinases (mTLD,

mTll1 and mTll2), two meprins (α and β), and ovastacin [137]. The crystal structure
of astacin in complex with a phosphinic peptide was the first 3D-stucture reported

for this inhibitor family with a non-bacterial protease (PDB code, 1QJI) [138]. Inter-

estingly, for this protease, the size of the inhibitor turned out to be a critical factor.

Previous attempts to develop potent inhibitors harboring other zinc-chelating

groups failed. Even for phosphinic peptides, only compounds comprising at least

seven residues exhibit Ki values in the nanomolar range, while shorter inhibitors are

much less potent [139]. As revealed by the X-ray structure (Fig. 6, left), the

phosphinic pentapeptide (Z-Pro-Lys-Phe(PO2-CH2)Ala-Pro-OMe) is aligned into

the active site, occupying the whole active site cleft with the phosphoryl group

sitting above the zinc ion. The inhibitor backbone engages several hydrogen bonds

with a β-strand of the protein active site (Fig. 6, right). The distances between the
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two phosphoryl oxygens and the zinc ion are 1.8 and 2.7 Å, respectively (Fig. 7).

Moreover, the oxygen atoms of the phosphoryl group also interact, respectively,

with a glutamic and a tyrosine residue (yellow stick, Fig. 6). Inspection of this

complex does not reveal the occurrence of other specific contacts between inhibitor

and protein atoms. This feature may explain why the length of the inhibitor, by

providing several hydrogen bond opportunities, is critical for inhibitor affinity.

The interaction between the tyrosine residue and the phosphoryl group was not

obvious to predict, as in the free enzyme this residue occupied another position.

Thus, between the free and bound states, this residue is moving to interact with the

phosphoryl group. Finally, the carbon atom of the phosphinic methylene is a

hydrogen bond distance to a protein carbonyl. Based on this result, it can be

predicted that, with a peptide substrate, the position occupied by the methylene

will be replaced by an amide group, placing this NH hydrogen in an optimal

position to form a hydrogen bond with the same carbonyl group. The phosphoryl

group of the inhibitor, which mimics a water-attacked carbonyl group of the scissile

peptide bond, thus highlights an important role played by the glutamic and tyrosine

residues in the catalytic process. From this structure, it can be suggested that the

glutamic will act a proton shuttle or a general base and the tyrosine will stabilize the

transition-state structure [140].

5.2 Detail of the Interaction Between the Active Site Zinc Ion
and the Phosphoryl Group

Interactions seen in the astacin complex between two oxygen atoms borne by the

phosphoryl group and the glutamic residue were expected to be observed in other

zinc-metalloproteases. Indeed, this glutamic is contained in the highly conserved

Fig. 6 Left: surface representation of astacin, with the inhibitor represented in ball and stick (cyan
and color coded for atom); right: detail of the interaction between protein (green and yellow) and
inhibitor (cyan); zinc (purple sphere); astacin backbone is represented as gray cartoon
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Fig. 7 Detail of the interactions between the phosphoryl group of phosphinic peptide inhibitors

and active site residues in crystal structure of various zinc-proteases
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signature sequence “His-Glu-X-X-His” present in most zinc-metalloproteases.

Among the 111 crystal structures of zinc-metallopeptidases in complex with

phosphinic peptide inhibitors archived in the protein data bank, we have selected

a set of examples illustrating the content of structural information revealed by these

complexes and the value of phosphinic peptide inhibitors to highlight key

interactions.

Comparing astacin and ACE crystal structure (PDB code 3NXQ) in the complex

with phosphinic peptide inhibitors at the active site zinc ion level (Fig. 7a, b)

reveals marked conserved structural features. The interactions seen in astacin are

conserved in ACE, with only small differences in distances between inhibitor and

protein atoms. As suggested above, the interaction with the glutamate was

expected, as this residue is conserved and present in the signature sequence of the

zinc-protease family (HEXXH). In contrast, the interaction with the tyrosine

residue was less obvious and less difficult to predict, as this residue is not present

in a stretch of residues highly conserved in zinc-proteases. It is worth noting that

these two proteins have extremely different protein folding, and astacin is cleaving

proteins, while ACE hydrolyzes only peptides. Despite these differences, these two

complexes reveal clearly the conservation of interactions which should be critical

for the catalytic process, involving in this example the same residues in the zinc ion

vicinity. The same interactions and residue nature are observed in the Pz-peptidase

A endopeptidase, from the thermophilic bacterium Geobacillus collagenovorans,
which hydrolyzes peptides containing a collagen-specific tripeptide sequence

(�Gly-Pro-X-), but does not act on collagen proteins themselves (PDB code

3AHN) [141]. In the next two examples, two aminopeptidases have been selected,

ERAP-2 and LTA4H (PDB code 4JBS and 3B7R, respectively), and here, again, the

same structural features are observed, with the participation of a tyrosine residue

and the presence of a carbonyl group in hydrogen bond distance to one proton of the

phosphoryl methylene group (Fig. 7c, d). These interactions are also strictly

conserved in two other zinc-aminopeptidases, e.g., (1) a malarial neutral amino-

peptidase (PfA-M1, PDB code 3EBI) involved in the terminal stages of hemoglobin

digestion, an essential step for the provision of amino acids used for parasite growth

and development within the erythrocyte [142], and (2) aminopeptidase N from

E. Coli (PDB code 2ZXG), a peptidase expressed in a broad spectrum of species

(bacteria, plants, insects and mammals) in which it plays an important role in the

final digestion of peptides. This peptidase is also widely distributed in mammalian

tissues, including the central nervous system, and is particularly abundant in the

kidney, the intestine, and the lung [142, 143]. As this enzyme is involved in the

catabolism of enkephalins in association with neprilysin, mixed inhibitors have

been developed to sustain nociception mediated by enkephalin in brain and periph-

eral organs.

Some zinc-exopeptidases are characterized by the presence of two zinc ions in

their active sites. Protein folding of these exopeptidases is extremely different from

the one observed in the aforementioned mono-zinc proteases. Despite such a major

difference in the overall protein structure, in the GCPII carboxypeptidase (Fig. 7e,

PDB code 3BHX) the structural elements mentioned above are present [136]. Thus,
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for GCPII, the use of phosphinic inhibitor helps to uncover relationships between

these two-zinc exopeptidases and more classical mono zinc-proteases. The pres-

ence of similar structural features between these enzymes argues for a conserved

catalytic mechanism in these enzymes, involving the same nature of residues.

PepV from lactobacillis delbrueckii, a dinuclear zinc peptidase, has been char-

acterized as an unspecific amino dipeptidase. Crystal structure of PepV in complex

with a phosphinic dipeptide (PDB code 1LFW) reveals the positioning of the

phosphinic moiety in the active site of this peptidase [144]. As shown in Fig. 7f,

the topology of the glutamate residue and of the carbonyl group, interacting with

the phosphoryl methylene group, is equivalent to that seen in GCPII; however, in

PepV a histidine is replacing the tyrosine of GCPII. The involvement of a histidine

in the transition-state stabilization, instead of a tyrosine, has been observed in

thermolysin (PDB code 1OS0) and NEP (PDB code 2QPJ) (Fig. 7g). In TAFI, a

carboxypeptidase, the crystal structure reveals two unusual features – the presence

of an arginine residue interacting with phosphoryl group and the absence of a

protein carbonyl group near to the phosphoryl methylene group (PDB code 2PIY)

[133]. MMP-12 crystal structure is another example in which the stabilization of the

transition-state is unusual, as while a glutamate is interacting with one oxygen of

the phosphoryl group, as expected, the other phosphoryl oxygen is not interacting

with a protein residue, but instead with water (PDB code 4GR0) [145].

From the examples discussed above and the 111 structures of zinc-protease/

phosphinic inhibitor complexes archived in the PDB, it follows that the two

phosphoryl oxygens interact with the zinc ion in asymmetrical fashion in most

cases. The precise orientation of the phosphoryl group with respect to the zinc ion is

probably related to the interactions of these oxygens with other atoms from the

protein active site. Among these, in all structures, one oxygen atom from a

glutamate is systematically involved at hydrogen bond distance to one phosphoryl

oxygen. This structural feature is related to the strict conservation of the HEXXH

sequence signature in zinc-proteases. With the exception of MMP-12, the other

oxygen atom of the phosphoryl group interacts with a protein atom, a proton from

the hydroxyl group of a tyrosine residue in most cases. As mentioned for the

astacin, the involved tyrosine is moving upon inhibitor binding; thus the use of

phosphinic peptide inhibitor reveals the exact orientation taken by this tyrosine

residue in stabilizing the transition-state structure.

The proximity between one oxygen atom of the phosphoryl group and an oxygen

borne by a glutamic residue suggests, as mentioned above for the astactin complex,

that a proton should be taken upon complex formation to avoid repulsive effect

between two negatively charged residue (PO2
� and COO�). To address this issue

explicitly, the MMP-12 interaction with the RXP470.1 selective inhibitor has been

studied by isothermal titration calorimetry at several pH values and in different

buffers [145]. This study has confirmed that in solution the formation of the

enzyme/inhibitor complex involves a proton uptake from the buffer by the gluta-

mate active site residue. This proton uptake explains why the affinity of the

inhibitor increases at lower pH, passing at pH 7 from a Ki value of 0.4 nM to a

Ki of 45 pM at pH 5.5. The more the glutamic MMP-12 active site residue
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population is protonated in solution at a given pH, the higher the inhibitor affinity.

This dependence of the affinity on pH value can be of some importance, as in many

pathological tissues the local pH is often shifted toward more acidic values.

According to our results, this should lead to increase inhibitory potency. It will be

of some importance to determine experimentally whether this expected proton

uptake is occurring in other zinc-proteases with similar pH dependence. Indeed,

the contribution of this proton uptake and the interaction between the protonated

active site glutamic residue and the phosphoryl group may depend on the distance

between these residues. This distance is determined by the exact positioning of the

phosphoryl group with respect to the zinc ion and the influence of other protein

atoms, as with the proton of the tyrosine hydroxyl group.

6 In Vivo Studies

As far as the targeting of zinc proteases in vivo is concerned, it is important to

underline that most of the known zinc proteases are expressed outside the cell,

either in a membrane-bound form located at the membrane surface, or as a soluble

form that can interact with the different proteins of the extracellular matrix or with a

receptor. Thus, as compared to targets located inside the cell, zinc proteases are

rather accessible, as their targeting does not require crossing of the cell membrane.

Because of the presence of a strong negative charge borne by the phosphoryl group

at neutral pH, such compounds cannot cross the intestinal barrier, thus limiting their

oral administration. In the case of the fosinoprilat ACE inhibitor, oral formulation

has relied on a non-permanent masking of the phosphoryl charge by introducing an

ester group on the phosphoryl (Fosinopril, Fig. 8). Under this ester form, intestinal

crossing was possible and the fosinoprilat was subsequently liberated in plasma

through the action of an esterase [146]. This lack of oral availability can be

overcome by intraperitoneal (i.p.) or intravenous (i.v.) administration of inhibitor

to animals. Despite the presence of peptide bonds in phosphinic peptide structure,

several in vivo studies have revealed the remarkable stability of this class of

compounds [110, 147–151]. As no major metabolites were detected in these

P
O

O

O

N

O
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Fig. 8 Structure of Fosinopril
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studies, this also suggests that these compounds are protected from modifications

by cytochrome P450 enzymes of the liver. This remark particularly holds for

non-polar phosphinic peptides, which are mainly eliminated by hepato-biliary

excretion. Possible explanations for the unexpected absence of rapid metabolism

of phosphinic peptides under physiological conditions could be the strong negative

charge of the phosphinic group. This negative charge may prevent both the inter-

action of these pseudo-peptides with nonspecific peptidases and their uptake by

hepatocytes. The in vivo stability observed for some phosphinic peptide inhibitors

made possible their use in probing the function of their targets in animal models.

Selective ACE inhibitors have been used to probe the function of the N- and

C-domain of somatic ACE towards the hydrolysis of their natural substrates. This

study has suggested the occurrence of some interactions between these two domains

of ACE and the impact of these interactions on domain selectivity in cleaving

substrates [110]. Exploiting the in vivo stability of phosphinic peptides, a

radiolabeled broad-spectrum inhibitor of MMPs has been prepared and used to

detect by radioimaging the presence of MMP active forms in tumors [148]. The

same inhibitor has also been evaluated in a rat model of liver ischemia, a model in

which most hydroxamate inhibitors turned out to induce strong hepatotoxicity.

Hepatic ischemia, occurring during liver transplantation or cardiogenic shock,

induces the expression of several MMPs, an event suspected to be associated with

increased necrosis of hepatic cells. In agreement with this proposal, treatment with

a broad-spectrum phosphinic inhibitor of MMPs was observed to reduce injury

triggered by ischemia in rat liver [149, 152]. The development of a highly selective

inhibitor of MMP-12 has made it possible to test this compound in a mice model of

atherosclerosis and viral infection. In atherosclerosis, the selective inhibition of

MMP-12 was shown to block fully plaque growth and rupture [150]. Based on these

observations, selective MMP-12 inhibitors are currently being developed to predict

vulnerable plaques in patients by SPECT or PET imaging. In viral infection,

inhibition of MMP-12 was observed in a mice model to increase the blood level

of interferon-α, leading to reduce viral replication [151]. All these studies demon-

strate that phosphinic peptides are useful tools for performing pharmacological

studies and testing functional hypotheses. Further efforts may lead in the near future

to the delivery of inhibitors for medical applications, a long time period after the

pioneering research on the fosinoprilat drug.

References

1. Turk B (2006) Nat Rev Drug Discov 5:785–799

2. Puente XS, Sanchez LM, Overall CM, Lopez-Otin C (2003) Nat Rev Genet 4:544–558

3. Lopez-Otin C, Matrisian LM (2007) Nat Rev Cancer 7:800–808

4. Zaman MA, Oparil S, Calhoun DA (2002) Nat Rev Drug Discov 1:621–636

5. Peyman A, Budt KH, Spanig J, Ruppert D (1993) Angew Chem Int Ed Engl 32:1720–1722

Phosphinic Peptides as Potent Inhibitors of Zinc-Metalloproteases 33



6. Sheng XC, Casarez A, Cai R, Clarke MO, Chen X, Cho A, Delaney Iv WE, Doerffler E, Ji M,

Mertzman M, Pakdaman R, Pyun HJ, Rowe T, Wu Q, Xu J, Kim CU (2012) Bioorg Med

Chem Lett 22:1394–1396

7. Ondetti MA, Condon ME, Reid J, Sabo EF, Cheung HS, Cushman DW (1979) Biochemistry

18:1427–1430

8. Holmes MA, Matthews BW (1981) Biochemistry 20:6912–6920

9. Petrillo EW Jr, Ondetti MA (1982) Med Res Rev 2:1–41

10. Devel L, Czarny B, Beau F, Georgiadis D, Stura E, Dive Vincent V (2010) Biochimie

92:1501–1508

11. Christianson DW, Lipscomb WN (1988) J Am Chem Soc 110:5560–5565

12. Holden HM, Tronrud DE, Monzingo AF, Weaver LH, Matthews BW (1987) Biochemistry

26:8542–8553

13. Hanson JE, Kaplan AP, Bartlett PA (1989) Biochemistry 28:6294–6305

14. Mookhtiar KA, Marlowe CK, Bartlett PA, Van Wart HE (1987) Biochemistry 26:1962–1965

15. Dive V, Yiotakis A, Nicolaou A, Toma F (1990) Eur J Biochem 191:685–693

16. Yiotakis A, Lecoq A, Nicolaou A, Labadie J, Dive V (1994) Biochem J 303:323–327

17. Merz KM Jr, Kollman PA (1989) J Am Chem Soc 111:5649–5658

18. Morgan BP, Scholtz JM, Ballinger MD, Zipkin ID, Bartlett PA (1991) J Am Chem Soc

113:297–307

19. Yiotakis A, Georgiadis D, Matziari M, Makaritis A, Dive V (2004) Curr Org Chem 8:1135–

1158

20. Mucha A (2012) Molecules 17:13530–13568

21. Thottathil JK, Ryono DE, Przybyla CA, Moniot JL, Neubeck R (1984) Tetrahedron Lett

25:4741–4744

22. McKittrick BA, Stamford AW, Weng X, Ma K, Chackalamannil S, Czarniecki M, Cleven

RM, Fawzi AB (1996) Bioorg Med Chem Lett 6:1629–1634

23. Miller DJ, Hammond SM, Anderluzzi D, Bugg TDH (1998) J Chem Soc. Perkin Trans 1:131–

142

24. Baylis EK, Campbell CD, Dingwall JG (1984) J Chem Soc. Perkin Trans 1:2845–2853

25. Cowart M, Kowaluk EA, Kohlhaas KL, Alexander KM, Kerwin JF Jr (1996) Bioorg Med

Chem Lett 6:999–1002

26. Lecoq A, Yiotakis A, Dive V (1994) Synth Commun 24:2877–2882

27. Khomutov AR, Osipova TI, Khurs EN, Alferov KV, Khomutov RM (1996) Russ Chem Bull

45:1961–1964

28. Belyankin AV, Khomutov AR, Zhukov YN, Kartasheva ON, Khomutov RM (1997) Russ

Chem Bull 46:133–136

29. Zhukov YN, Khomutov AR, Osipova TI, Khomutov RM (1999) Russ Chem Bull 48:1348–

1351

30. Alferov KV, Zhukov YN, Khurs EN, Osipova TI, Khomutov RM (2001) Russ Chem Bull

50:316–318
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60. Štrancar K, Boniface A, Blanot D, Gobec S (2007) Arch Pharm (Weinheim) 340:127–134

61. Chackalamannil S, Chung S, Stamford AW, McKittrick BA, Wang Y, Tsai H, Cleven R,

Fawzi A, Czarniecki M (1996) Bioorg Med Chem Lett 6:1257–1260

62. Reiter LA, Rizzi JP, Pandit J, Lasut MJ, McGahee SM, Parikh VD, Blake JF, Danley DE,

Laird ER, Lopez-Anaya A, Lopresti-Morrow LL, Mansour MN, Martinelli GJ, Mitchell PG,

Owens BS, Pauly TA, Reeves LM, Schulte GK, Yocum SA (1999) Bioorg Med Chem Lett

9:127–132

63. Goulet JL, Kinneary JF, Durette PL, Stein RL, Harrison RK, Izquierdo-Martin M, Kuo DW,

Lin TY, Hagmann WK (1994) Bioorg Med Chem Lett 4:1221–1224

64. Georgiadis D, Dive V, Yiotakis A (2001) J Org Chem 66:6604–6610

65. Reiter LA, Jones BP (1997) J Org Chem 62:2808–2812

66. Krapcho J, Turk C, Cushman DW, Powell JR, DeForrest JM, Spitzmiller ER, Karanewsky

DS, Duggan M, Rovnyak G, Schwartz J, Natarajan S, Godfrey JD, Ryono DE, Neubeck R,

Atwal KS, Petrillo EW Jr (1988) J Med Chem 31:1148–1160

67. Yiotakis A, Lecoq A, Vassiliou S, Raynal I, Cuniasse P, Dive V (1994) J Med Chem

37:2713–2720

68. Kende AS, Dong HQ, Liu X, Ebetino FH (2002) Tetrahedron Lett 43:4973–4976

69. Campagne JM, Coste J, Guillou L, Heitz A, Jouin P (1993) Tetrahedron Lett 34:4181–4184

70. Chen H, Noble F, Coric P, Fournie-Zaluski MC, Roques BP (1998) Proc Natl Acad Sci U S A

95:12028–12033

71. Reiter LA, Mitchell PG, Martinelli GJ, Lopresti-Morrow LL, Yocum SA, Eskra JD (2003)

Bioorg Med Chem Lett 13:2331–2336

72. Manzenrieder F, Frank AO, Huber T, Dorner-Ciossek C, Kessler H (2007) Bioorg Med Chem

15:4136–4143
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Synthesis and Biological Applications

of Phosphinates and Derivatives

David Virieux, Jean-Noël Volle, Norbert Bakalara, and Jean-Luc Pirat

Abstract This review first outlines general considerations on phosphinic acids and

derivatives as bioisosteric groups. The next sections present key aspects of phosphinic

acid-based molecules and include a brief description of the biological pathways

involved for their activities. The synthetic aspects and the biological activities of

such compounds reported in the literature between 2008 and 2013 are also described.
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NNM N-Methyl morpholine

NNRTI Non-nucleoside reverse transcriptase inhibitor
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NRTI Nucleoside reverse transcriptase inhibitor
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1 Introduction

Phosphates play significant roles in nature and they pervade the living world

[1, 2]. By contrast, naturally reduced phosphorus derivatives (i.e. phosphonates

or phosphinates) are rarely encountered in living organisms and they still represent

an underused functional group for the development of bioactive compounds

[3, 4]. The last few years have seen the revival of the work, originally started

early in the 1970s, relating to the growing information on the genomic and

metabolic pathways of bacteria [5, 6]. Interestingly, the few synthetic or naturally

occurring molecules which contain a phosphinate function play key roles in many

different areas of life science. This review first outlines general considerations on

phosphinic acids and derivatives as bioisosteric groups. The next sections present

key aspects of phosphinic acid-based molecules and include a brief description of

the biological pathways involved for their activities. Phosphinopeptides and related

metalloprotease inhibitors are presented in a dedicated chapter by Vincent Dive and

Athanasios Yiotakis. The synthetic aspects and the biological activities of such

compounds reported in the literature between 2008 and 2013 are also described.
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2 Phosphinic Acids and Derivatives as Bioisosteric Groups

In order to improve efficacy and selectivity or to modify the sensitivity to metabolic

transformations by alteration of chemo and physical properties, the design of new

medicines or crop protection chemicals benefited from the concept of bioisosterism

[7]. In life science, bioisosteres are substituents or functional groups which induce

similar biological response. By contrast, a bioisostere can have different shape or

physical/chemical properties when compared to the original group or substituent.

Bioisosterism is a useful strategy to address a number of aspects associated with the

development of drug candidates such as improving potency or selectivity, altering

physical properties (pKa, solubility), changing metabolic transformation and for

industrial purposes relating to acquiring novel intellectual property.

2.1 Phosphinates as Phosphate Bioisosteres

Phosphinic acids are probably, with the phosphonic acids, the simplest phosphate

bioisosteres [8]. Because of their tetrahedral geometry, phosphinic acids remain

quite similar in shape and are approximately isosteric with phosphates. The main

difference is the presence of two phosphorus–carbon bonds (phosphinic acids) or

one phosphorus–carbon bond and a phosphorus–hydrogen bond (H-phosphinic
acids). One intrinsic character of the P–C bond is its chemical and enzymatic

stability when compared to P–O or P–N bonds [9]. As a consequence, phosphinates

(as well as phosphonates) are often used when hydrolysis becomes a bottleneck for

the activity. The number of acidic functions but also pKa values are different

between phosphate and phosphinic acids [10–12]. Indeed, the replacement of

oxygen atoms by hydrogens in hypophosphorous acid slightly changed the pKa

when compared to the first acidity of phosphoric acid (Fig. 1). However, the

presence of an alkyl group directly bonded to the phosphorus results in an increase
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Fig. 1 pKa of phosphinic acids compared to phosphoric acid
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of the pKa from 2.23 to 3.08 and then 4.0 in connection with the positive inductive

effect of the alkyl group.

2.2 Phosphinic Acids as Bioisosteres of Carboxylic Acids
and Their Derivatives

As carboxylic acids, phosphinic acids are monoacidic, but replacement of a car-

boxylic group by a phosphinic one modulates down the pKa of the resulting

compounds by one to three units. Moreover, owing to the Csp2 nature of carboxylic

acids, their trigonal shape strongly differs from the tetrahedral geometry observed

for phosphinic acids. Consequently, phosphinic acids are more polar than their

carboxylic counterpart, lowering the partition coefficient (LogP), and are often

considered under their anionic form in living organisms. Another structural feature

of phosphinic acids is the facility for cation complexation [13, 14].

Phosphinic acids are often cited for the inhibition of proteolytic enzymes

(i.e. protease, peptidase). It has been suggested that they interfere inside the active

site of the enzyme directly with the amino acid residues or cofactors which bind the

natural substrate. The pivotal step is the determination of the transition state

structure of substrate and then the elaboration of structurally similar inhibitors

[15]. Peptidases or proteases cleave the C–N peptidic bond via the formation of a

tetrahedral transition state (TS). It is commonly admitted that phosphinamides 1 are

structurally close to the TS in terms of shape and electronic repartition (Fig. 2).

2.3 Other Bioisosteric Relationships

Although the biological properties of phosphinic acids as carboxylic or phosphoric

acids are well reported, their uses as bioisosteres of other functionalities remain

relatively unexplored. Some year ago, Hall highlighted the analogy between phos-

phine oxide and an alcohol [16, 17]. The phosphine oxide pharmacophore 3 was
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compared to the parent compound, hexaconazole 2. Interestingly, if the fungicide

activity of 3 remains lower than 2, this approach demonstrated the potential of the

P¼O bond to mimic a tertiary alcohol function (Fig. 3).

In a broadened extension of this concept, Pirat et al. exemplified this analogy to

lactol 4 and phosphinolactone 5 functions (see Sect. 4.5). The cyclic hemiacetals

are widely represented in biologically active compounds, particularly in sugar

derivatives. The lactol group 7 is in equilibrium with the corresponding

hydroxyaldehyde (α-8 and β-8) or hydroxyketone and this dynamic equilibrium

is sometimes directly connected to the activity. However, in the development of

new drug, it becomes important to suppress this possibility of interconversion.

Lactol 4 is then often replaced by robust lactone 6 (Fig. 4). The sp2 hybridized

ester group of lactone ring 6 possesses a partial analogy with lactol 4 and therefore

it can be considered only as an imperfect bioisostere. From a structural point of

view, the tetrahedral geometry of the phosphinolactone group 5 can be directly

addressed as a mime of the hemiketal function.

3 Phosphinic Acids as Antivirals

3.1 Reverse Transcriptase Inhibitors of HIV

The emergence of the Human Immunodeficiency Virus (HIV) in the early 1980s

pushed the discovery of new drugs and new modes of action to cure virus-induced

illnesses. Early anti-HIV drugs focused on the inhibition of the reverse transcriptase
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(RT). This viral protein is the target of narrow spectrum but rather specific inhib-

itors with reduced toxicity profiles. Nucleoside reverse transcriptase inhibitors

(NRTIs) are nucleoside analogues competing with the natural substrate of

RT. Three consecutive phosphorylations are required for the activity of NRTIs,

but the first is generally considered as the most difficult and prompted the devel-

opment of mono-phosphorylated analogues (i.e. nucleotide derivatives). If phos-

phate and phosphonate derivatives are well represented, the phosphinates are still

rarely encountered as phosphate surrogate in this series.

In parallel, non-nucleoside reverse transcriptase inhibitors (NNRTIs) inhibit RT

by a non-competitive binding to an allosteric site closely located to the catalytic site

[18]. The short distances separating the allosteric and the binding sites suggest that

NNRTIs alter the function of RT and directly disturb the interactions between the

nucleotide natural substrates and the active site.

First generation of NNRTI was impeded by the rapid appearance of resistance

when they were used as monotherapy. Y181C and K103N are probably the most

concerning virus mutants. Fortunately, in spite of conformational changes induced

by amino acid modifications of the mutant-RT, the recently developed inhibitors

targeted interactions with the conserved residues (such as tryptophan W229) of

RT. They also introduced increased conformational flexibility, allowing the adap-

tation of the inhibitor to the modification of spatial arrangement induced by the

mutations.

Searching for a new inhibitor of RT, Idenix developed compounds 12 and 13

(Scheme 1) [19]. 2-Ethoxycarbonyl indole 9 was protected at the nitrogen atom by

deprotonation using sodium hydride followed by the reaction of phenylsulfonyl

chloride and was consecutively brominated at position 3, affording the bromoindole

10 in 84%. The racemic phosphine oxides or phosphinates 11a–f were obtained by

lithiation from n-butyllithium and the reaction of the appropriate phenylphosphinyl

chloride or phenylphosphonochloridate in yields of 9–41%. Finally, the N-
protecting group was removed and the esters were transformed into carboxamide

12a–f by reaction of ammonia in methanol. The free phosphinic acid 13 (R¼ Ph) is

obtained by hydrogen cleavage of the benzyl group.

N
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Cl
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1) PhSO2Cl, NaH, 
DMF, rt (93%)

2) Br2, DMF, rt (90%)
N

Cl
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Br 1) n-BuLi, THF, -100 °C
2) PhP(O)RCl, THF

-80 °C to rt
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R

9 10 11

12

a, R = OMe
b, R = OEt
c, R = OBn
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Scheme 1 Synthesis of phosphinates 12 and 13 as NNRTIs
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The antiviral activities were evaluated in a cell-based assay against the wild type

HIV-1 virus and NNRTI resistant strains K103N, Y181C and the double-mutant

K103N-Y181C (Table 1). Large R substituents (12c: R¼OBn, 12e: R¼ Ph) or free

phosphinic acid 13 induced weak activities. Only phosphinates bearing small

neutral group showed low to subnanomolar activities (12a: R¼OMe, 12b:

R¼OEt). By contrast, when compared to phosphinates 12a and 12b, the phosphine

oxide 12f was only active on the wild type HIV-1 virus.

Chirality at phosphorus deeply affected the activity of the most efficient methyl

phosphinate 12a. The enantiomer (Rp)-12a was 1,800-fold more active than the

corresponding (Sp)-12a on the wild type HIV-1 virus and exhibited the same

behaviour on the resistant mutant strains.

The (Rp)-12a was an unprecedented scaffold and its binding mode to the reverse

transcriptase of HIV-1 is similar to Efavirenz. Biological results and docking

experiments were in accordance with hydrogen bonding interactions with lysine

residue K101 of the reverse transcriptase (Fig. 5). In addition, the methoxy group

and the phenyl ring overlaid with lipophilic pockets. (Rp)-12a reached the phase 2b
clinical trials but this drug has been placed on “clinical hold”.

Boranophosphate analogues, in which a borane group (BH3) replaces one of the

non-bridging phosphoryl oxygen atoms, are bioisosteres of phosphate. The borane

group is isoelectronic with the oxygen atom but the distribution of charge density is

different and boranophosphate analogues are generally less hydrophilic, less sen-

sitive to nuclease when compared to normal nucleic acids, and demonstrate

Table 1 EC50 on cell-based assays (in nM) of 12 and 13 phosphorus based NNRTI

R WT K103N Y181C K103N/Y181C

12a OMe 0.7 6.8 10.1 446.6

12b OEt 1.2 16.4 13.7 >1,250

12c OBn 33.7 >1,250 >1,250 >1,250

12d NMe2 13.9 >1,250 467 >1,250

12e Ph >1,250 >1,250 >1,250 >1,250

12f Me 0.8 1,382 266 >1,250

13 OH >1,250 > 1,250 > 1,250 >1,250

(Rp)-12a OMe 0.1 1.2 3.6 137.4

(Sp)-12a OMe 181.7 >1,250 >1,250 >1,250

N

Cl
P

H
O

O

NH

N

R

H

O
MeO

Ph

W229

F227

K101

Fig. 5 Binding mode of

phosphinate (Rp)-12a
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improved substrate properties. As a consequence, boranophosphates and their

analogues were shown as promising alternatives in antiviral therapy when nucleo-

side reverse transcriptase inhibitors were involved [20, 21].

In this context, Alvarez et al. synthesized a boranophosphinate 18, analogue of

AZT (Scheme 2) [22]. The formation of the phosphorus-boron motif required six

steps, starting from the stable thymine phosphonate 14. A full reduction by lithium

aluminium hydride followed by partial oxidation mediated by hydrogen peroxide

afforded the H-phosphinic acid 16. After the introduction of the azide group, azido-
H-phosphinate 17 undergoes a borylation and desilylation to yield to the

boranophosphinate 18.

The boranophosphinate 18 was screened in vitro for antiviral activity against

HIV-1, HIV-1(IIIB) and HIV-2(ROD) but no activity was observed, even at 200 μM
concentrations. Similar results were reported for hepatitis C virus (HCV) and

herpes simplex virus.

3.2 Hepatitis C Virus NS3/4A Protease Inhibitors

By infecting 3% of world’s population, Hepatitis C virus (HCV) infection is a

significant public health problem [23]. The standard treatment consists of combin-

ing interferon-α (Peg-Intron® and Pegasys®) with ribavirin. Nevertheless, only 50%

of patients respond to this therapy [24], which is also poorly tolerated. For these

reasons, new therapeutic pathways targeting viral enzymes have emerged, and a

particular attention has been focused on NS3 serine protease complex. The NS3

complex cleaves at various regions in the viral polyprotein [25] and it has been

found that negative modulation of NS3 activity inhibits viral replication [26]. In

addition, NS3 complex can also shut down the host interferon response induced to

protect the cell against viral infection [27]. Recently, three NS3 protease inhibitors

were evaluated in clinic: Ciluprevir [28], Telaprevir [29] and Boceprevir [30], and

the latter two were approved by FDA. A combination of Telaprevir with
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peginterferon/ribavirin was revealed as more efficient compared with

peginterferon/ribavirin alone [31]. However, adverse effects (i.e. rash or anaemia)

appeared with the Telaprevir group. In order to overcome these drawbacks, a

molecular design modification was made. Clarke et al. reported synthesis and

biological evaluation of a series of acyclic phosphinic acids 23 and their macrocy-

clic analogues 29 and 290 structurally close to Ciluprevir [32, 33], whereas Pompei

et al. [34] reported a phosphinic acid analogue 32 of clinical evaluated compound

MK-7009 [35].

Preparation of the acyclic phosphinic analogues 23 to Ciluprevir consisted of a

peptide coupling between α-aminophosphinic acid 21 [32] and dipeptide 22

[36]. The α-aminophosphinic acid 20 was accessible from enantiopure precursor

19 (synthesis described by Pyun et al. [37] or Sheng et al. [38]), applying a synthetic

sequence of five steps (Scheme 3). After coupling, a series of compounds 23

harbouring various R groups (Ph, Me, Et, n-Bu, i-Pr, Bn and mono- and disubsti-

tuted benzyl derivatives) were obtained [32].

Macrocyclic phosphinic acid analogues 29 and 290 were prepared by a 15- to

16-step synthesis (Scheme 4) from a series of α-aminophosphinic acids 210 which
were also prepared from starting materials 19. Available protected 4-hydroxy

proline 24 was coupled with the aminoacid 25, and after basic hydrolysis of the

resulting ester, the carboxylic acid was transformed into lactone by intramolecular

esterification, and then the lactone was opened by introduction of 210 to produce 26.
After transformation of 26 into sulfonyl esters, ring-closing metathesis process and

introduction of compound 27, structure macrocycle phosphinates 28 were obtained.

Hydrolysis of phosphinate ester, combined with cleaving the protecting Boc group

and introduction of a new carbamate function, led to 29 (Ar¼ Ph, o-Cl-Ph).
Saturated series 290 (Ar¼ Ph, o-mono- and o,o0-disubstituted phenyl derivatives)

were obtained by diimide reduction of 29.
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Scheme 3 Preparation of acyclic phosphinic acids 23 analogues to Ciluprevir
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The synthesis of phosphinate derivatives 32 described by Pompei was performed

by coupling of the key macrocyclic acid 30 [35, 39], with racemic phosphinic acid

31 (Scheme 5) [34]. This coupling occurred by converting the carboxylic acid of

pyrolidine ring with ethyl chloroformate into an anhydride intermediate which was

subsequently trapped by the amino function of phosphinic acid derivatives.

Compounds 23 (R¼ alkyl, aryl), 29 and 290 exhibited a high inhibitor activity

against HCV NS3 protease. Their IC50 values against the full length of HCV-NS3/

4A protease activity ranged between 6 and 86 nM for compounds 23 and between

3 and 11 nM for compounds 29 and 290. Their EC50 values for HCV replication in
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HuH7 cells ranged from 47 to 3,080 nM for compounds 23 and from 5 to 10 nM for

compounds 29 and 290. Most values measured were similar to Ciluprevir

(IC50¼ 1 nM and EC50¼ 1 nM) [32, 33] and those of their phosphonic analogues

(IC50� 1 nM and EC50< 100 nM) [32]. For macrocyclic phosphinic acid 32,

inhibitory evaluation over HCV-NS3 protease activity (Ki¼ 2.4 nM) was slightly

better than its analogues phosphonic acid 33 and monoethyl phosphonate 34, with,

respectively, inhibition constant values of 70 and 16 nM (Fig. 6). On the other hand,

a convincing result has been found for 32 in comparison with diethyl phosphonate

35 and carboxylic acid 36 derivatives, which showed a Ki of 2,900 and 2,800 nM,

respectively [34].

3.3 Influenza A (H3N2) Neuraminidase Inhibitors

Influenza A virus, the causative agent of recurrent worldwide pandemic flu, is

responsible for substantial public health (morbidity and mortality) and economic

problems. Vaccination raises an immune response against a common conserved

region of the viral surface hemagglutinin HA. Unfortunately, influenza virus

undergoes genetic recombination leading to antigenic shifts. These changes allow

the virus to escape the immune response. One can consider that viral chemotherapy

provides “a cost-effective stockpiling option for reducing the impact of fast spread-

ing pandemy” [40]. Only four small molecule drugs are available to minimize

illness and excess deaths. This small library of drugs includes zanamivir and

oseltamivir as neuramidase inhibitors and amantadine and rimantadine as ion

channel blockers. Unfortunately, a high level of resistance of influenza A virus to

adamantine-type M2 ion channel blocker developed, and oseltamivir-resistance to

seasonal and pandemic strains are emerging [40, 41]. For these reasons, intensive

research is underway to discover new antiviral molecules in order to overcome

resistance phenomena. In this perspective, neuraminidase (NA), an essential

enzyme cleaving host sialic acid, is used as the drug target. Hydroxyphosphonates

and the parent α-hydroxyphosphonic acids were disclosed as antiviral activities

[42–46]. In 2013, Khorshin and Pozdeev reported the preparation of

α-γ-dihydroxyphosphinates as a new class of protective agent against influenza A

subtype H3N2 [47]. The molecules which targeted 38a–c were produced by
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hydrolysis/intramolecular Abramov hydrophosphinylation of readily available

amidophosphonites 37a–c (Scheme 6) [48].

Products 38a–c were tested in vitro for their antiviral activity through Madin-

Darby canine kidney (MDCK) cells, infected by influenza A virus strain

St Petersburg/34/72 (H3N2) [47]. The antiviral activity of 38b was weaker

(EC50¼ 28 μM) than rimantadine (EC50¼ 5.0 μM), the reference compound.

Both phosphonate analogues (R¼EtO and n-PrO) also gave disappointing results.

Alternatively, in vivo tests performed after inoculation of influenza virus A/Aichi/

2/68 (H3N2) in mice were more convincing. Phosphinates 38a–c exhibited signif-

icant anti-influenza protective activities. The survival rate of mice reached seven

out of ten after 8 days, but dropped to three out of ten after 14 days. Nevertheless,

these promising results were not as good as expected when compared to

rimantadine, which afforded a survival rate of nine out of ten after 8 days and

seven out of ten after 14 days.

4 Glutamate and GABA-Based CNS Therapeutics

In the mammalian central nervous system (CNS), glutamate 39, the main excitatory

neurotransmitter and γ-aminobutyric acid 40 (GABA), the main inhibitory neuro-

transmitter, achieve together the proper functioning of the brain [49, 50] (Fig. 7).

Glutamate and GABA are released from nerve terminals in high concentration

modifying the membrane potential of the receptive neuron, generating an excitatory

(EPSP) or an inhibitory post-synaptic potential (IPSP). Ligand-gated ion channels,

G-Protein-Coupled-Receptors (GPCRs), transporters and anabolic and catabolic

enzymes are the components of the glutamate and GABA neurotransmitter system.
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Fig. 7 Structure of Glutamate 39 and GABA 40 neurotransmitters
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4.1 Selective Agonists of Metabotropic Glutamate Receptor

Many studies have demonstrated that metabotropic glutamate receptors (mGluR)

can serve as new therapeutic targets for a wide panel of brain disorders [51]

(schizophrenia [52], ischemia after-effects, convulsions, Parkinson’s disease [53],

pain. . .). This G-Protein-Coupled-Receptors (GPGCR) family is subdivided into

three groups according to their sequence similarity, transduction mechanism and

pharmacological profiles. Consequently, a large number of glutamate analogues

(41–47) have been synthesized and assayed in order to identify selective ligands,

some of which have proved to be successful and even reached advanced clinical

phases [49] (Fig. 8).

In order to activate or enhance the activity of group III of the metabotropic

glutamate receptors, new and potent phosphinic agonists were synthesized by

Acher et al. in 2007 [54]. Indeed, these presynaptic receptors inhibit the adenylate

cyclase and the release process. γ-Phosphinic acid derivative 49 is the key inter-

mediate for the formation of compounds 51, 52 and 53 (Scheme 7). Starting from a

radical addition of hypophosphorous acid to the N-CBz protected vinylglycine

methyl ester 48, the phosphinic derivative compound 49 was obtained in 94%

CO2HHO2C

H2N CO2H

CO2HHO2C

H2N CO2H

HO2C

HO2C
NH2

CO2H
H

CO2HH2O3P

NH2

41, ACPT-I 42, (+)-ACPT-III 43, (S)-3-4-DCPG 44, (1S, 2R)-APCPr

CO2HH2O3P

NH2

CO2H
O

H2O3P

NH2

H2O3P
NH2

CO2H
H

45, L-APA 46, L-SOP 47, (S)-PPG

Fig. 8 Structure of the glutamate receptor agonists

O NH

O

C
O

MeO
+ H3PO2

AIBN, CH3OH

(94%)
O NH

O

C
O

MeO
P
O

OH
H

48 49

NH2

P
O

OH
HHO2C

NH2

P
O

OH
OHHO2C

50

1) HCl (6 M), 100°C
2) Dowex (H+)

O NH

O

C
O

MeO
P
S

OH
OH

52

NH2

P
S

OH
OHHO2C

53

1) N,O-bis(trimethylsilyl)acetamide (BSA), S8
2) HCl (1 M) (93%)
3) LiOH, H2O (89%)

1) HCl (4 M), 75°C

(100%)

1) DMSO, I2, THF

(98%)
2) HCl (6 M), 100°C

51

(+ 51)

reflux

2) Dowex (H+)
(22%)

Scheme 7 Phosphinic potent agonists of group III metabotropic glutamate receptors 50

Synthesis and Biological Applications of Phosphinates and Derivatives 53



yield. Oxidation of the P–H and deprotection of the amine function performed in

HCl (6 M) gave 51 in almost quantitative yield. H-Phosphinic derivative 50, was

obtained in quantitative yield using HCl (6 M) under reflux starting from 49. The

thiophosphonic derivative 53 was obtained after silylation of compound 49,

followed by a smooth oxidation to the protected thiophosphonate 52 (in good

yield) and a final deprotection in the presence of compound 51 in a 7:3 ratio. A

cation exchange resin column afforded pure thiophosphonic acid 53 in 22% yield.

Acher demonstrated that replacing the phosphonate by a phosphinic group in

L-AP4 resulted in loss of activity, although changing the phosphonate to a

thiophosphonate had the opposite effect. These results confirm the critical role of

the additional acidic function and its negative charge in glutamate analogues, which

probably provides stronger binding to specific basic residues and then stabilizes the

active conformation of the receptor.

More recently, Acher et al. described a new series of phosphinic metabotropic

glutamate receptor agonists 54–57 [55–60]. These compounds selectively activate

subtype receptors of group III (mGlu4, mGlu6, mGlu7, mGlu8) (Fig. 9).

The strategy for the synthesis of phosphinate 54a or 54b involves the activation

of the phosphorus atom into the PIII reactant, followed by successive reactions with

a Michael acceptor (ethyl acrylate or diethyl maleate), dibromoethane, and an

esterification using triethyl orthoformate. The incorporation of the amino acid

group accomplished by nucleophilic substitution of the anion of the diethylaceta-

midomalonate yielded the branched phosphinates in 50–77% yield. The final

deprotected compounds were obtained in 11–21% yield after acidic deprotection

and decarboxylation and they were purified by ion exchange chromatography.

Compound 54b was synthesized by alkylation of the phosphonite intermediate

with acetamidoacrylic acid, followed by acidic deprotection and ion exchange

chromatography purification (Scheme 8).

Another strategy was performed for phosphinic acid 54c. First, a radical addition

of H3PO2 on unactivated diethylallylmalonate afforded regioselectively the termi-

nal adducts 58 and 580. The next steps were identical to the first method giving a

yield inferior to 5% (Scheme 9).

The synthesis of compounds 55 started from H-phosphinic acid 49b. The

formation of the second P–C bond was achieved by in situ generation of the

phosphonite species (TMSCl or BSA) followed by a conjugate addition of the

appropriate Michael acceptor, or alkyl halides (silyl-Arbuzov reaction), or

R1

R2

R3

P

OH

OH

O
HO2C

NH2

56: LSP1-2111 (R1 = NO2, R2 = OH, R3 = OMe)
57: LSP4-2022 (R1 = OCH2CO2H, R2 = R3 = H)

P
OH

O

HO2C

NH2

CO2R

Z
n m

54

P
OH

O

HO2C

NH2

R
n

55

54a: n = 2, m = 1, Z = H 
54b: n = 1, m = 1, Z = CO2H
54c: n = 1, m = 3, Z = CO2H

56-57

55a: n = 2, R = CH2CH(CH2CO2H)CO2H

55c: n = 2, R = CH2CH(Cl)CO2H
55b: n = 2, R = CH2CH[(CH2)2OH]CO2H

Fig. 9 New metabotropic glutamate receptor agonists

54 D. Virieux et al.



aldehydes (silyl-Abramov reaction) in 29–95% yields. Acidic deprotection

followed by ion exchange chromatography purification afforded the desired

phosphinates 55 in 3–69% yield (Scheme 10).

Two aminophosphinates 55a and 55b were show to be the most potent agonists

in this new series of (R)-PCEP (Fig. 10).

Hydroxymethyl phosphinates 56 and 57 were obtained starting from phosphinic

acid 49a. According to the previous methodology, the silyl-Abramov reaction on

various aldehydes led to the formation of the addition products. Acidic deprotection

and ion exchange chromatography purification afforded the desired compounds 56

or 57 (Scheme 11).

The biological assay on 56 showed that it preferentially activates mGlu4 recep-

tor. Hydroxymethyl phosphinic acid 57 was also highly potent at mGlu4 and was

shown to be selective towards mGlu8. These two compounds had good oral

bioavailability, blood–brain-barrier penetration, and efficacy in vivo in rodents.
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They showed high potency with individual group-III receptors and they are in the

pipeline of clinical drug candidates for Parkinson’s disease and, possibly, for

further human neurodegenerative disorders.

4.2 Selective Agonists or Antagonists of γ-Aminobutyric Acid
40 (GABA)

Perturbation of the GABAergic inhibition is responsible for neurological disorders

such as epilepsy, anxiety disorders, and schizophrenia [61]. GABAA, GABAC

ligand-gated ion channel and GABAB, a single class of GPCRs, are of enormous

medical significance and have various effects, including those on cognition [62],
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nociception [63], vision [64] and circadian rhythms [65]. To design potent and

selective ligands, series of compounds were generated via the bioisosteric replace-

ment of the carboxylic acid group by a phosphinic acid.

4.2.1 GABA-Like Analogues

Elebring demonstrated that GABAB agonists such as baclofen, previously exploited

for gastroesophageal reflux disease (GEDR) and transient lower esophageal sphinc-

ter relaxations (TLESRs), could, at high doses, have central nervous system related

effects [66]. For that purpose, he decided to explore derivatives of

3-aminopropylphosphinic acid 59 (R1¼R2¼H), which has been demonstrated to

be a potent and selective GABAB agonist [67] (Fig. 11).

The optically pure 2-hydroxy analogues 59a were prepared from ethyl

(diethoxyethyl)-H-phosphinate. The corresponding silyl phosphonite intermediate,

obtained from the reaction of HMDS with (R)- and (S)-epichlorhydrin, afforded,
after deprotection, (R)- and (S)-59a, respectively. The 2-oxo analogue 59b was

prepared starting from the reaction of metallated methylphosphinate with N-Boc-
glycine methyl ester followed by deprotection (Scheme 12).

Replacement of one hydrogen or a hydroxyl group by fluorine has been classi-

cally used to modulate metabolism or off-target activity. In such a way, fluorine can

modulate the pKa of amino and phosphinic acid groups. The preparation of the

racemic fluoro analogues 59c–d was achieved starting from (diethoxyethyl)

phosphinate and (methyl)phosphinate. After transformation into the corresponding

silylphosphonites, they were subjected to the addition to ethyl 2-fluoroacrylate
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affording 4-phosphino-2-fluoropropanoates. The carboxylic acid was then

converted to amide and reduced by treatment with borane (Scheme 13).

The syntheses of enantiopure 2-fluoro-analogues employed either D-serine or L-

serine as starting materials. The stereospecific transformations of the

β-hydroxy-α-amino acid into the α-fluoro-β-amino acid derivatives were performed

in accordance with specific rearrangement developed by Somekh and Shanzer

[68]. This method involved fluorination of the N,N-dibenzyl derivative of the

β-hydroxy-α-amino acid ester with DAST and then reduction of the ester followed

by the removal of the benzyl group. The amino group was Boc-protected, and the

hydroxyl group was replaced by an iodine. Two successive alkylations through the

silyl-Arbuzov reaction led, respectively, to the formation of the functional alkyl

chain and the methyl-affording (S)-59d and (R)-59d, respectively (Scheme 14).

Binding affinities and agonistic properties of the compounds were measured in

detail and compared to baclofen. In general, P–H derivatives have in vitro potency

in the same range at the GABAB receptor for the P-methyl derivatives [(S)-59d and

(R)-59-d], but they behave very differently in animal studies with regard to inhibi-

tion of transient lower oesophageal sphincter relaxations (TLESRs) as well as to

possible side effects. Introducing a fluorine atom leads to GABAB agonists with

potencies which exceed those of any previously known GABAB agonist. Com-

pound (R)-59c has to be evaluated in humans with respect to inhibition of TLESR.
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4.2.2 Conformationally Restrained Isogavacine and 4-ACPCA

Phosphinic Analogues

Because GABA has a flexible backbone, it is able to adopt a number of conforma-

tions when interacting with various macromolecular targets. This characteristic of

GABA can be utilized to provide selective ligands through the generation of

conformationally restricted analogues [69]. In 2008, Hanrahan described the syn-

thesis, the pharmacological activity and structure-activity relationships of restricted

phosphinic acid analogues of γ-aminobutyric acid and investigated the three major

GABA receptor subtypes [70]. The approach was to replace the carboxylic acid by a

bioisostere, the phosphinic acid, known to reduce activity at GABAA receptors

(Fig. 12). The first targets were Isogavacine and 4-ACPCA phosphinic acid

analogues.

After protection of 4-hydroxycyclopentenone with TBDMSCl and subsequent

reduction and trapping of the enolate intermediate as the triflate, Kumar

et al. formed the P–C bond using a pallado-catalyzed coupling reaction for a variety

of alkyl-H-phosphinates with 2.5 mol% of Pd(PPh3)4 [70]. The alkylphosphinate

esters were isolated in 76–99% yields using mild conditions. After deprotection

using TBAF, the amino function was generated from a one-pot Mitsunobu–Stau-

dinger reaction. Finally, the phosphinate ester was hydrolyzed using aqueous HCl

and the crude product purified via ion exchange chromatography and recrystal-

lisation to give the free amino derivatives 60a–e (Scheme 15).

Four-membered ring cyclobutane derivatives were also investigated. The syn-

thesis proceeded from the Boc-protected 3-amino cyclobutanone [71]. The

phosphorus–carbon bond formation was achieved using the silyl-Abramov reaction

in an approximate 1:4 ratio of cis- and trans-isomers [72]. The two isomers can be
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separated by chromatography and deprotected with HCl affording cis- and trans-
61a. Compounds 61b were obtained by a modified Barton deoxygenation, which

proceeds with racemization, and deprotection with HCl (Scheme 16).

The activity of these conformationally restricted analogues has been investigated

at the three major GABA gated ion channels (GABAA, GABAC and GABAB). The

pharmacological data shows that the nature of the alkyl substituent, the stereo-

chemistry and the existence of an alkene either α or β to the acid functionality are

important in determining optimal antagonist activity and selectivity. Compound

(S)-60d is currently under investigation in animal system as an antagonist candidate

for elucidating the role of GABACρ1.

4.2.3 Cyclic Phosphinic Analogues of GABACρ Receptor Antagonists

In 2010, Chebib et al. investigated γ-aminobutyric acid analogues based on cyclic

phosphonic and phosphinic acids in order to obtain selective GABAC receptor

antagonists [73]. In the series, two cyclic phosphinic acids. 3-AMOHP 70 and

3-GOHP 74, showed selectivity at ρ1 GABAC receptors (Fig. 13).

Esterification of hypophosphorous acid was achieved by reaction with

tetraisopropyl orthosilicate 62, which, when treated with methyl acrylate 63,

afforded the triester 65, which was cyclized to 66 in the presence of n-butyllithium.

Selective hydrolysis of compound 66 with hydrochloric acid (3 M) in the presence

of isopropyl alcohol gave, in moderate yield, the six-membered phosphaketone 67.

The phospholane-3-carboxylic 68 was obtained from ring contraction mediated by

thallium(III) along with oxidation reaction in one step. The carboxylic acid function
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was transformed into primary alcohol 69 using NaBH4 through the in situ formation

of mixed carbonic-carboxylic acid anhydrides. Finally, a one-pot Mitsunobu–Stau-

dinger reaction, followed by phosphinate ester hydrolysis, using aqueous HCl, and

purification using ion exchange chromatography gave, after recrystallization, the

free aminomethyl phospholane 70. The diacid 71 was obtained from ester hydro-

lysis product 68 using aqueous HCl, in 60% yield. The amino phosphinate 73 was

obtained using a modified Curtius rearrangement of the acid 68, followed by the

hydrolysis of the isocyanate 72. Guanylation of 73 using formamidine sulfinic acid

in the presence of sodium hydroxide afforded 3-(guanidino)-1-oxo-1-hydroxy-

phospholane 74 (3-GOHP) in 76% yield (Scheme 17).

All the compounds synthesized were investigated against the three major GABA

ion channel and receptor families. 3-AMOHP 70 and 3-GOHP 74 are potent and

selective GABAC receptor antagonists. These results offer new knowledge of the

architecture of the GABAC receptor ligands for future studies.
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4.2.4 Selective Fluorescent Probes for the GABA Receptors

The development of fluorescent probes specifically targeting GABA ion channels

and GPCRs represents a major challenge. In 2008, Nan described the design, the

synthesis, and the biological evaluation of small fluorescent phosphinic probes

specifically targeting unmodified or native GABAB receptors.

The synthesis of probe 75, via procedures similar to those reported previously

with some modifications, is outlined in Scheme 18 [74]. Coupling compound 76,

already described in the literature [75–77], with the bioactive ligand 77 gave

compound 78, which was subsequently reacted with the fluorophore 79 to give

probe 75 employing the copper-catalyzed [3 + 2] azide-alkyne cycloaddition [78].

Pharmacological studies showed that the probe 75 conserved reasonable antag-

onist potency for GABAB receptor. Subsequent photoaffinity labelling and different

fluorescent microscopy experiments also showed that the probe labels the func-

tional GABAB receptor on the cell surface with high specificity. These experiments

performed in living cells suggest useful applications for this method.

In 2012, Johnsson described the first fluorescent sensor for GABA, a synthetic

fluorophore and a fluorescent GABAB receptor antagonist [79]. Phosphinic mole-

cules 80 and 81 were used as starting reagents for the generation of tethered

fluorescent ligands 82 and 83 using methods described in detail in the above-

mentioned Johnsson article (Fig. 14).

Hanrahan reported in 2013 the synthesis and the pharmacological studies of a

series of fluorescent ligands containing different-sized linkers and fluorophores

based around (S)- and (R)-4-ACPBPA (Scheme 19) as selective GABAC
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antagonists [80]. The purpose was to develop more potent and selective fluorescent

probes for studying the localization and function of GABAC receptors in living

cells.

Previously reported selective potent GABAC antagonists (S)- and (R)-4-
ACPBPA were used for the design of the fluorescent GABAC antagonists. To

introduce molecular flexibility into the conjugated fluorescent ligand, Hanrahan

et al. chose a linker size that varied from zero to ten carbon atoms and three

different fluorophores [NMA (N-methylanthranilic acid), 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene (BODIPY) and 7-nitrobenz-2-oxa-1,3-diazol-4-yl chloride
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(NBD), known to have different excitation wavelengths and distinctive properties.

The activated N-succinimidyl esters 84 were reacted with the GABAC antagonist

(S)- and (R)-4-ACPBPA in an aqueous sodium carbonate solution and removal of

the Boc group using TFA in CH2Cl2 to afford free amino compounds 85 in good

yields. Target compounds 86 were obtained by amine coupling of free aminoder-

ivatives 86 with the NHS-activated fluorophore NMA in aqueous sodium carbonate

solution (Scheme 19).

NBD fluorescent probe 87 was prepared from condensation between free amino

derivative (S)-85 (n¼ 5) and NBD chloride in 76% yield. BODIPY derivative 88

was obtained starting from a condensation between the compound (S)-85 (n¼ 5)

and BODIPY N-succinimidyl ester in 72% yield (Scheme 20).

These compounds are the first fluorescent and biotinylated probes designed as

selective antagonists for ρ1 GABAC. Only compound 88 displayed moderate

potency (IC50¼ 58.6 μM compared to (S)-4-ACPBPA KB(ρ1)¼ 9.76 μM) and

selectivity (more than five times greater) for ρ1 over GABAA receptor.

5 Phosphinic Acids for Cancer Treatments

5.1 Inhibitors of Folylpoly-γ-Glutamyl Synthetase

Folate derivatives differ from each other according to their reduction state, presence

and nature of one carbon substituents, and occurrence of poly-γ-glutamyl chains

linked to the intrinsic glutamate of the folic acid structure. These folates play a

central role for a diversity of one-carbon transfer of metabolic processes (anabolic

and catabolic), including thymidylate, purine, serine, glycine and methionine bio-

synthesis [81]. Among them, the poly-γ-glutamyl folates are essential for cell

growth and survival [81, 82]. Indeed, the poly-γ-glutamyl metabolites retain folate

within the cell because only monoglutamate is substrate for the folate efflux

systems and their diffusion through the plasma membrane is prevented by their
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high negative charge. In addition, poly-γ-glutamyl metabolites have a better affinity

towards folate-dependant enzymes. Their crucial role was demonstrated by muta-

tional deletion of folylpoly-γ-glutamate synthetase (FPGS, EC 6.3.2.17). Indeed,

expression of this mutated enzyme, in the absence of end-products of the folate

metabolism (thymidine, purines, serine, etc.), was shown to be lethal [82, 83].

Folylpoly-γ-glutamate synthetase (FPGS, EC 6.3.2.17) is an enzyme which

catalyzes the ATP-dependent addition of glutamate moieties to folate (folic acid

anion) and their derivatives (Fig. 15). Because of the high dividing rate of cancer

cells, FPGS has been considered as a potential target in cancer chemotherapy [84,

85]. In this context, Coward et al. elaborated various phosphorus-containing

pseudopeptides as FPGS inhibitors, such as diastereomerically pure phosphonate

89 [86] or biologically preferred phosphinates 90 and 91 (mixture of four diaste-

reomers) [87, 88] able to simulate the postulated transient tetrahedral intermediate

of FPGS-catalyzed reaction.

In order to increase potency and even specificity of FPGS inhibitors, Coward

et al. considered the preparation of analogues based on three different kind of

modifications: the nature of the stereogenic centres bearing the carboxylic function
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(90a and 91a), the nature of the heterocyclic R-group 92a and the number of

glutamate motifs 93a (Fig. 16). For the preparation of targeted molecules, each

phosphinate diastereomer has been prepared individually and was coupled with

three different heterocycles: 4-amino-4-deoxy-10-methylpteroate [89], pteroate

[90] and 5,10-dideazatetrahydropteroate [90].

For example, both diastereomers under salt form 90a1 and 90a2 (Scheme 21)

[89] were prepared by coupling pure diastereomer pseudopeptide 94a or 94b with

acyl azide 95, AMPte-N3, derived from 4-amino-4-deoxy-10-methylpteroic acid

[91], using the strategy described [87]. Both pseudopeptides 94a and 94b were

obtained according a multistep sequence from the corresponding protected phenyl

selenide 96 (Scheme 21) [89]. The latter was transformed into protected

α-vinylglycine 97 by concomitant selenium oxidation and β-elimination of phenyl

selenium oxide formed. Introduction of phosphinic acid residue on vinylglycine

was performed by radical reaction of ammonium H-phosphinate salt with

triethylborane/air, affording 98 with a high conversion rate. Introduction of the

glutamate moiety on 98, has been led by a Michael addition process with Evans’s
olefin 99 to give only two separable diastereomers, 100a and 100b (combined yield

72%). Acrylate derivative 99 was accessible in two steps, affording acrylic deriv-

ative 101 (overall 75%). Compound 101was obtained from ethyl malonate and tert-
butyl acrylate 102 in three steps (overall 49%). The Evans chiral auxiliary of each

protected pseudopeptide 100a and 100b was removed by treatment with lithium

hydroperoxide in a mixture of THF/water. The free carboxylic acids were then

esterified by diazomethane. The complete deprotection of the esters 103a and 103b

was carried out under strong acid conditions to afford the pseudopeptides 94a and

94b in excellent yields (Scheme 21) [90].

Both diastereomers 91a1 and 91a2, as well as both diastereomers 92a1 and

92a2, were prepared by coupling of (6R)-5,10-dideaza-5,6,7,8-tetrahydropteroyl
azide with pseudopeptide 94a or 94b in DMSO and triethylamine. For both isomers

93a1 and 93a2, they were accessible by mixing pteroyl azide 95 and

Glu-γ-Glu-γ[ψ{P(O)(OH)-CH2}glutarate phosphinic acid pseudotripeptide (pure

isomer) [89].
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Among separate diastereomeric pairs of 90a, 91a, 92a and 93a, diastereomers

having a high Rf (HPLC) gave a better inhibition of the recombinant human

cytosolic FPGS [90]. For instance, the compound 90a1 (high Rf) was about

13-fold (IC50¼ 3.5� 0.3 nM) more potent than the diastereomer 90a2 with low

Rf (IC50¼ 45� 0.3 nM), and about fourfold more efficient than original mixture of

the four diastereomers 90 (IC50¼ 13.6� 1.3 nM). These results suggest – with

current knowledge of FPGS stereospecificity – that the high Rf species is likely

analogous to the natural L-Glu-ψ-L-Glu configuration. Nevertheless, the best inhi-

bition observed with the phosphinic acid mimics series, was supported by the

isomer 92a1 (high Rf) with an IC50 of 1.7� 0.2 nM [90].

5.2 Inhibitors of Aspartate Transcarbamoylase

Aspartate transcarbamoylase (ATCase, EC 2.1.3.2) is an allosteric enzyme which

controls the first step of pyrimidine de novo biosynthesis. It catalyzes the conden-

sation of L-aspartic acid with carbamyl phosphate to produce carbamoyl-L-aspartate
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and orthophosphate (Fig. 17) [92, 93]. This irreversible reaction is a key step

regulating the pathway of pyrimidine de novo biosynthesis. N-Phosphonoacetyl-
L-aspartate (PALA) has been reported as a potent inhibitor of ATCase (Ki¼ 16 nM)

and has been evaluated in cancer chemotherapy [94–96]. Combination of PALA

with dipyridamole revealed some effectiveness against various resistant cancer

cells [97]. Nevertheless, insufficient bioavailability of PALA, coupled to ATCase

activity over-expression does not block the pyrimidine biosynthesis. Probably for

this reason, PALA failed to pass the clinical trials for use as monotherapy. In 2009,

Montchamp et al. designed phosphinate derivatives 104–107 as analogues of

PALA, with an aim of a more potent and selective inhibitor of ATCase (Fig. 17)

[98, 99]. Phosphinic monoacid rather than phosphonic diacid should improve the

bioavailability compared to PALA.

H-Phosphinate 104 was synthesized according to two synthetic sequences [98,

99]. For instance, cinnamyl alcohol and hypophosphorous acid were coupled using

a palladium-catalyzed allylation reaction, affording cinnamyl-H-phosphinic acid

111 [100, 101], which was protected using orthoacetate. Ozonolysis of the

protected phosphinate 112, followed by oxidation, gave the carboxyphosphinate

113. A peptidic coupling between 113 and L-aspartic acid dibenzyl ester formed the

protected phosphinate 114. Finally, deprotective reactions, consisting of catalytic

hydrogenation and acidic hydrolysis, yielded carbamoylmethyl-H-phosphinate 104
(Scheme 22).

Hydroxymethyl phosphinate 105 was prepared in three steps from

hydroxymethyl-H-phosphinic acid 115 [102]. H-Phosphinic acid 115 was silylated

to give the PIII intermediate, which reacted in a silyl-Arbusov reaction with the

bromoacetyl derivative of aspartic acid to give 116. A deprotective step using

hydrogen afforded phosphinic acid 105. From intermediate 116, cyclic phosphinic

acid 106 was also accessible in two steps. First, a 5-exo-tet cyclization under
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Mitsunobu conditions generated 4-phosphapyrrolidone 117, which gave phosphinic

acid 106 after cleavage by hydrogen of the diphenylmethyl group (Scheme 23).

4-Azaphosphinane 107 was obtained from bis(cinnamyl)phosphinate 118

[103]. The reaction of the dialdehyde, obtained by a double ozonolysis of 118,

with dibenzyl aspartate afforded the cyclic benzyl phosphinate 119. A pallado-

catalyzed hydrogenolysis produced 4-azaphosphinane 107 in 85% yield

(Scheme 24).

Other analogues of PALA were also synthesized. A chemical sequence using

isoprenylphosphinate 121 as common precursor to three targeted structures 108–

110 has been elaborated. Phosphinic acid precursor 120was obtained by palladium-

catalyzed hydrophosphinylation from isoprene and hypophosphorous acid

[104]. The phosphinate 121 was formed by alkylation of isoprenyl-H-phosphinic
acid 120 using N-bromoacetyl aspartic acid dibenzyl ester under silyl-Arbusov

conditions. The resulting phosphinic acid was esterified using benzylbromide in

the presence of silver oxide [105]. In one way, an ozonolysis of 121 followed by a
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reduction of the aldehyde function produced alcohol 122, whereas an oxidation/

esterification sequence led to 2-carbamyl-20-carboxyphosphinate 123. From 122

and 123, a debenzylation furnished the targeted compounds 109 and 110, respec-

tively. Finally, an intramolecular Mitsunobu reaction converted the alcohol 122 into

azaphosphinane-2-one 124. The cleavage of the protecting groups afforded quan-

titatively the free acid 108 (Scheme 25).

All the substances 104–110 were evaluated as ATCase inhibitors, using E. coli
Histidine-tagged C3 ATCase [100]. All inhibition constants ranging from 190 to

3,600 nM were at least ten times higher than the Ki value of 16 nM of the reference

molecule PALA. The best inhibition constant was found for the

α-hydroxyphosphinic acid 105 (Ki¼ 190 nM). The cyclic azaphosphinanes 106

and 107 were shown to be inactive. Two others structures belonging to the

phosphonic acid class, 125 and 126, and one phosphoric acid derivative 127 were

also evaluated (Fig. 18). Contrary to phosphonic acid 126, product 125 was

inactive, whereas phosphate analogue 127 presented a close biological response

to hydroxymethyl phosphinate 105. Most of tested compounds were revealed to be

competitive inhibitors, except for compound 109 which was non-competitive. Two
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different directions were identified by Montchamp to improve the efficiency of

PALA-related drugs. First, modifying the design of PALA-related prodrugs for

masking charges, preferentially around the phosphorus atom to improve bioavail-

ability, and, second, the development of cyclic or constrained compounds miming

the enzymatic transition-state.

5.3 Inhibitors of Tubulin Polyglutamylation

Microtubules are major structural components of the cytoskeleton, and are formed

by the oriented polymerization of α- and β-tubulin from the centrosome to the

periphery of the cell [106]. They play essential functions by regulating cell shape,

intracellular transport and cell motility. Post-translational modifications (PTM) of

tubulin subunits modified their biophysical properties affecting their dynamic and

interaction with the microtubules-associated proteins. Indeed, modified tubulins are

not equally distributed along microtubules and it is now admitted that a biochemical

“tubulin code” can be recognized by factors which interact with tubulin

[107]. Among these post-translational modifications (PTM), the C-terminal tail of

the tubulin subunit undergoes reversible changes, such as detyrosination,

polyglycylation, and polyglutamylation [108, 109]. Polyglutamylation consists of

α or γ side chains branching on the C-terminal of glutamic acid within the

C-terminal domain of both α and β tubulin. Deregulation of PTM affects neuronal

development [110, 111]. It is also implied in hereditary spastic paraglesias [112],

mitosis [113], pancreatic cancer cells [114] and neurodegeneration [115]. Enzymes

which catalyze tubulin glutamate ligation for initial α- or γ-elongation are members

of the “tubulin-tyrosine ligase-like” (TTLL) family (Scheme 26) [116].

Therefore, the development of small molecule inhibitors of TTLL enzymes has

been perceived as a pertinent therapeutic response, disrupting tubulin PTM levels.

To select specific inhibitors, inhibitory potentials were evaluated against the dif-

ferent TTLL E-ligases. Tanner and Roll-Mecak targeted three different potential

TTLL inhibitors 128–130 [117]. These structures were merely mimicking the

tetrahedral transition states of every intermediate (Fig. 19).

The preparations of inhibitors 128 and 130 were performed applying a divergent

synthetic pathway (Scheme 27). First, the free radical hydrophosphination of vinyl

glycine 131 [118], followed by the addition to an electro-deficient olefin 132 [119]

and the methylation with trimethylsilyldiazomethane afforded phosphinate ester

133.
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Thereafter, the cleavage of the benzyl group followed by acetylation and amide

coupling or esterification gave amide 134 or methyl ester 135. Deprotection of the

methyl ester and acidification gave phosphinic acids 128 and 130, each as a mixture

of two diastereomers.

The first steps for the synthesis of phosphinic acid 129 were similar to those of

128 and 130. Starting from H-phosphinic acid 136, methyl phosphinate 137 was

obtained in 88% yield (Scheme 28) [120]. An oxidative cleavage of the phenyl

group using RuCl3 and NaIO4 produced carboxylic acid 138, which was directly

transformed by trimethylsilyldiazomethane into tetramethyl ester 139. The Boc

protecting group was removed with TFA and the free amine was acetylated,

affording phosphinate 140, which, after basic hydrolysis and acidification,

furnished phosphinic acid 129 as a mixture of four stereoisomers.
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The response of the recombinant mouse variant of the TTLL7 enzyme to the

products 128–130 was evaluated using a synthetic N-acetylated βIVb-tubulin
C-terminal peptide in the presence of glutamate, ATP and Mg2+. The most powerful

inhibitory effect was noticed for compound 129 which displayed an IC50 value of

150 μM [117]. In the case of compounds 128 and 130, inhibitions were observed

only in the millimolar range of concentrations. It was suggested that stronger

binding of inhibitor 129 reflects the ability of TTLL7 to catalyze the α-elongation
step for polyglutamination. Thereafter, all three compounds 128–130 were tested

against the related enzyme, tubulin-tyrosine ligase (TTL). None of these com-

pounds were able to inhibit the reaction catalyzed by TTL, indicating a selectivity

for glutamylase TTLL7. The authors suggested that the modest inhibition of
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compound 129 could be caused by its small size and its insufficient global negative

charge compared to natural tubulin-polypeptide substrates.

5.4 Antiproliferative Phosphinates

Although resistant mechanisms are encountered, organophosphorus alkylating

agents such as cyclophosphamide, ifosfamide and thiopa are intensively used in

clinic to treat cancer [121]. Numerous other organophosphorus molecules, such as

phosphinic and phosphonic acid derivatives, aminophosphonates, bisphosphonic

acid derivatives, phosphonocarboxylate–platinum complexes and

aminophosphonate–platinum complexes were studied and displayed anticancer

properties [121]. Keeping this background in mind, Hudson and Keglevich reported

the evaluation of six-membered ring P-heterocycles [122], such as 1,2- and

1,4-dihydrophosphinine oxides 142, 143 [123, 124] and 1,2,3,6-

tetrahydrophosphosphinines 144, 145 as anticancer agents (Scheme 29) [125].

1,4-Dihydrophosphinines 142, 143 were obtained by ring expansion of

2,5-dihydro-1H-phosphole oxides 141a–f using dichlorocarbene cycloaddition

followed by an intramolecular rearrangement. 1,2,3,6-Tetrahydrophosphosphinines

144a, b were produced by Michael addition of diethyl phosphite or dibenzyl

phosphite. Cleavage of the benzyl group by hydrogen from 144b afforded

phosphonic acid 145.

Antiproliferative activities of these structures have been evaluated in vitro

against the NCI 60-cell line panel of human malignant cells [125]. The best total

growth inhibition (TGI) activities on the 60-cell line were obtained for the
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among phosphine oxides 146–148 tested, structure 146 presented the best antiproli-

ferative activity (TGI¼ 6.63 μM) (Fig. 20).

5.5 Phosphinates as Sugar Mimetics

Gliomas are the most frequent primary central nervous system (CNS) tumours.

They account for over 40% of CNS tumours and 78% of CNS malignancies in

adults. The median survival is only 12–15 months for patients with glioblastomas,

2–5 years for patients with anaplastic gliomas and 4–10 years for patients with

low-grade gliomas. The best treatment, which consists of surgical resection

followed by chemotherapy with Temozolomide (TMZ) and radiotherapy, gives a

median survival of 15 months as compared to 55 days with exeresis alone. To

develop a new antiglioma therapy, Bakalara et al. presented, in 2012, a new family

of compounds, phostines, targeting CNS cancers without affecting normal astro-

cytes [126, 127]. Phostines, which present a 1,2-oxaphosphinane heterocyclic core,

were designed as a combination of glycopyranosides and C-arylglycosides
(Fig. 21).

The phosphinolactone group of phostines can be regarded as a surrogate of the

lactol. Their synthesis first involved the nucleophilic Pudovik addition of

H-phosphinate anions 149 to the open-chain form of arabinofuranose 150. The

second step consisted of a subsequent prototropy and a 6-exo-tet cyclization,

affording six-membered ring phosphinolactones in 21–67% yield (Scheme 30).

This procedure offered an easy tuning of the aryl substituent directly bound to the

phosphorus atom. Four enantiopure diastereomers were formed, arising from the
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creation of two chiral centres with weak diastereoselectivities, but they were

separated by chromatography.

In a second set of reactions, different chemical modifications were introduced at

the carbon adjacent to the phosphorus to synthesize amino and urea derivatives of

phosphino-α-D-glucose. The transformation of the alcohol function into a good

leaving group led to triflate 152 in 50% yield. The substitution by TMS-N3 gave

azido derivative 153 with an inversion of configuration. The Staudinger reaction

furnished the glucose-like amino-1,2-oxaphosphinane 154. Reaction with

phenylisocyanate gave the corresponding urea 155 in 53% yield (Scheme 31).

To estimate whether the presence of the free hydroxyl group affects the IC50, the

corresponding deoxyphosphinolactone 156 was synthesized, starting from the mix-

ture of diastereoisomers 151a and 151b and using Barton–McCombie deoxygen-

ation (Scheme 32). As expected, the methylene derivative 156 was isolated as a

single enantiomer.

Other modifications were introduced by the formation of the corresponding ester

157 and ether 158 using acylation or Williamson reactions (Scheme 33).

The direct synthesis of amino-oxaphosphinanes 160 and 161 was performed

starting from alkylamino-arabinofuranose 159, directly obtained by the treatment of
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2,3,5-tri-O-benzyl-D-arabinofuranose 150 with an excess of benzylamine or

allylamine (Scheme 34). Only one stereoisomer, aminophosphino-α-D-glucose-
like, was obtained for each reaction (R¼Allyl 160a or R¼Bn 161a).

Twenty-six compounds have been screened for their antiproliferative activity

against a large panel of NCI cancer cell lines. The first data indicated that this new

family of compounds targeted CNS cancer cell lines without affecting normal

astrocytes. Furthermore, compound 151a has better in vitro antiproliferative activ-

ity on glioma than TMZ and no toxicity at 100 μM.

In 2014, Bakalara et al. described new phostines, D-glycero-D-talo- and D-

glycero-D-galactopyranose analogues, which were tested for their inhibition on

the invasion and migration on both GBM primary cultures (Gli7 and Gli4) and

GBM cancer cell lines (C6, SNB75) [128].

Their syntheses were achieved by the reaction of 2,3,5,6-di-O-
isopropylidene-α-D-mannofuranose 162 with various ethyl alkyl- or methyl

phenylphosphinates 163 in the presence of catalytic amounts of potassium tert-
butoxide. Only three pure diastereomers 164–166 were obtained by chromatogra-

phy. Modifications from β-D-glycero-D-talo-heptopyranose 164d were introduced

by the formation of the corresponding ester 167d, 168d and ether 169d–172d

derivatives using acylation or Williamson reactions (Scheme 35).

Amino- and acetamido-D-glycero-D-galactopyranose analogues were obtained

starting from 1-amino-2,3,5,6-di-O-isopropylidene-α-D-mannofuranose 173,

directly obtained by the treatment of 2,3,5,6-di-O-isopropylidene-α-D-
mannofuranose 162 with an excess of aryl- or benzylamine. Only one stereoisomer,

aminophosphino-α-D-glycero-D-galactopyranoses 174–177, was obtained in each

case in moderate yield (Scheme 36). N-Acetyl derivative 178 was obtained after

cleavage of benzyl protecting group, followed by acetylation of the free amine.

One phostine 176 (R¼ 1-naphth) inhibited invasion and migration on fibronec-

tin, vitronectin and laminin on both GBM primary cultures (Gli7 and Gli4) and
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GBM cancer cell lines (C6, SNB75). Ki values for Gli7 and Gli4 migration

inhibition on fibronectin were of 16 and 31 nM, respectively. These activities

were associated with an antiproliferative effect on Gli4 (EC50¼ 5.22 μM) and

Gli7 (EC50¼ 2.33 μM).

The heptopyranose mimetic 176, devoid of toxicity on astrocyte and cortical

neuron cultures (at concentrations below 100 μM), opens new therapeutic perspec-

tives to treat glioblastoma.
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5.6 Phospholipases Inhibitors

Analogues of alkyl phospholipids, such as stable analogues of lysophosphati-

dylcholine 179, synthesized in the late 1960s for potent immune modulators, have

also been investigated in ascites tumours. In 1978 Tarnowski et al. showed that

lysolecithin analogues 179 induced tumour inhibition against Ehrlich in mice

[129]. In the late 1980s, Eibl and Unger identified miltefosine 180 as the minimal

structure to observe an anti-tumour activity for synthetic analogues of phospho-

lipids [130]. In the 1990s, Stekar et al. synthesized perifosine 181, a second

generation of phospholipid analogues with potent anti-tumour activity [131, 132]

(Fig. 22).

In 2011 and 2013, Regan et al. described the synthesis of phosphinate analogues

of miltefosine 180 and perifosine 181 [133, 134]. The replacement of the phosphate

group in miltefosine 180 and perifosine 181 by a phosphinate should make these

analogues 182 and 183 less prone to degradation by phospholipid-metabolizing

enzymes such as phospholipases C and D. The presence of two stable P–C bonds in

analogues 182 and 183, along with one negative charge at the oxygen, makes them

suitable bioisosteres (Fig. 23).

The synthesis of phosphinate precursor 186 was accomplished using free radical

addition of sodium phosphinate 184 to the appropriate terminal alkenes 185 in high

yields (n¼ 15 or 17:91%) (Scheme 37). However, subsequent hydrophosphi-

nylation of N,N-dimethylallylamine with hexadecylphosphinic acid 186 under the

same conditions only afforded 3% yield of the desired adduct 187. Then the

phosphinate salt was dissolved in ethyl acetate and treated with concentrated

hydrochloric acid, giving the zwitterionic form 182a in 97.5% yield. A more

efficient synthesis of phosphinate analogues of miltefosine was obtained by com-

bining the first high-yielding radical reaction with a silyl phosphonite mediated

Michael addition to acrylonitrile, followed by acidic hydrolysis, producing 188 in

high yield (>90%). Esterification of 188 with trimethyl orthoformate and hydro-

genation at atmospheric pressure in the presence of Raney nickel afforded amines
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189 in 92%yields. An excess of methyl iodide in the presence of anhydrous

potassium carbonate led to the quaternization of the primary amine. Then

deprotection of methyl phosphinate esters was achieved using iodotrimethylsilane

followed by methanolysis to afford ammonium phosphinate 182b–d inner salts in

high yields.

Phosphinate perifosine analogue 183 was synthesized using the same method-

ology described previously in good overall yield (Scheme 38).

All these described compounds are actually under biological investigation in

order to establish a structure–activity relationship.

6 Phosphinic Acids as Antibiotics or for Parasitic Diseases

6.1 Phosphonophosphinic Acid: Quinolone Prodrugs

Bisphosphonates (BPs) are compounds belonging to an important therapeutic class

for bone disease treatment (Paget’s disease, metastatic and osteolytic bone disease

and osteoporosis). Since the beginning of their clinical use in the late 1960s, the
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bisphosphonates, and particularly their chemistry, has been the subject of continu-

ous development, demonstrated by the regular appearance of publications [135,

136]. In addition, because of their potential to accumulate in the hydroxyapatite

bone matrix, bisphosphonates appeared of interest as useful agents for the

vectorization of drugs towards bones. In this context, Far and collaborators were

interested in linking a fluoroquinolone antibiotic to bisphophosphonics acids 190–

199 (Fig. 24) or phosphomethylphosphinic acids 200 and 201a–c [137]. The basic

idea was to provide a cure for osteomyelitis, a notoriously problematic bacterial

infection located in bones.

The first phosphonomethylphosphinic acid prodrug 200 has been prepared

according to a seven-step sequence beginning with dibromopropiophenone 202

(Scheme 39). After hydrolysis of the bromine atom and transformation to the

α-hydroxyketone intermediate, 4-(4-bromophenyl)-5-methyl-1,3-dioxol-2-one

203 was obtained by cyclization with phosgene. A palladium-catalyzed coupling

reaction between 203 and phosphonomethyl-H-phosphinate 204 [138], followed by
an allylic bromination, led to carbonate 205. A direct nucleophilic substitution with

gatifloxacin gave the protected prodrug 206, which finally produced the free acid

200 after total deprotection.

Prodrugs 201a–cwere synthesized from palladium-catalyzed phosphinylation of

4,40-dimethyldihydrocoumarins 207 [139] with phosphonomethyl-H-phosphinate
204 (Scheme 40). Cleavage of the lactone function and reaction with benzyl

bromide gave the ester 208. Different substituents were introduced at the phenol

function, affording esters 209a–c. Cleavage of the benzyl group produced acids
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210a–c, which coupled with gatifloxacin in the presence of HBTU to yield prodrugs

201a–c after deprotection.

In vitro binding bone powder tests showed that most of the bisphosphonates

were taken up with an efficiency greater than 80%. To a lesser extent, phosphonyl-

phosphinic acids 200 and 201a, b exhibit a binding capacity comprised of 35–76%.
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However, the results obtained in vitro for their antibacterial activities against

Staphylococcus aureus ATCC13709 were less convincing. Compared to

gatifloxacin (minimum growth inhibition concentration¼ 0.06 μg/mL), compounds

200, 199 and 196 activity was lower (0.12, 0.12 and 0.5 μg/mL, respectively).

According to the authors, the reduced observed activity of prodrugs would only be

caused by the release of the fluoroquinolone drug during the course of the assay.

Because of their capacity to release their parent antibiotic drug and of their high

bond bone affinity, bisphosphonic acids derivatives 196 and 199 were selected for

in vivo evaluation against S. aureus in rat model of osteomyelitis. Interestingly, the

results revealed that, in contrast to gatifloxacin, both compounds 196 and 199 were

able to prevent the infection booting. These drugs are therefore likely to be further

investigated for their capacity to treat osteomyelitis.

6.2 Strained Cyclic Phosphinic Acids, Inhibitors
of Glutamate Racemase (GR)

The rise in antibiotic resistance of pathogenic organisms stimulated the discovery

of new targets and de facto the development of new antibacterial agents. L-Amino

acids prevail in nature, but their enantiomers, D-amino acids, may be used as

specific metabolites, regulators or as key components by living organisms. For

instance, D-glutamate is an essential amino acid for elaboration of peptidoglucane

layer of bacterial cell wall, protecting them against osmotic lysis [140–142]. Gluta-

mate racemase (GR) is the enzyme controlling the stereoconversion of L-glutamate

into D-enantiomer. In this perspective, Pal and Bearne reported cyclic phosphinic

acid 211, analogues of natural glutamate substrate, as modest and partial

noncompetitive inhibitors of glutamate racemase from Fusobacterium nucleatum
(FnGR) [143].

Phosphinane 211 was prepared through a six-step sequence starting from

hypophosphorous acid (Scheme 41) [143]. After transformation into silyl

phosphonite by treatment with trismethoxy(propyl)silane, a Michael addition
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afforded H-phosphinic acid 212 in 62% yield. 4-Oxophosphinane 215 was synthe-

sized from 212 by applying the strategy already described by Wr�oblewski and
Verkade and involving a Michael addition followed by a Dieckmann cyclization

[144]. Employing Strecker reaction from 215, 4-amino-4-cyanophosphinane 216

was obtained as a diastereomeric mixture (1:2) and was deprotected to the final

structure 211 by acidic hydrolysis.

The inhibitory properties of phosphinane 211 were evaluated against FnGR

[143]. With a Ki value of 24.1� 3.8 mM, compound 211 was considered as a

modest inhibitor of FnGR. Moreover, even when used at the highest foreseeable

inhibitory concentration of 37 mM, a complete inhibition was not reached. Fur-

thermore, with IC50 ranging from 47.7 to 215 mM (Fig. 25), the racemic mixture of

211 was the best inhibitor among others glutamate substrate analogues tested, such

as compound 217 (produced by acidic hydrolysis of 215), cyclic sulfone 218

(produced by deprotective reaction of commercial available N-Boc derivative),

acyclic phosphonic acid derivative 219 (commercially available) and symmetric

phosphinic acid 220 (produced by acidic hydrolysis of 213). The only one giving a

slightly better response was the commercially available cyclic γ-ketosulfone 221,

showing an IC50¼ 21.2� 1.5 mM. Nevertheless, the inhibition kinetics of 211

highlighted an affinity twice as weak (Ki¼ 3.1 mM) as the natural substrate, but

about six times better than 221 (Ki¼ 18.4 mM).

6.3 Cyclobutyl-1,3-Thiazolyl Phosphinic Acids

In 2011, Koparir et al. reported aminophosphinic acids 223a–l containing

cyclobutane and 1,3-thiazole rings with antibacterial properties (Scheme 42)

[145]. Their preparation consisted of a condensation, mediated by hydrochloric

acid, of aryl aldehyde derivatives with hypophosphorous acid and 2-amino-thia-

zoles 222a–c incorporating a substituted cyclobutyl group in position 4. The pre-

cursors 222a–c were prepared according to the method given previously by the

Koparir group [146–149].

Compound 223f exhibited a significant activity against Staphylococcus aureus,
and 223g revealed the best product tested against Mycobacterium fortuitum with a

minimum inhibitory concentration (MIC) value of 32 μg/mL.
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Fig. 25 Glutamate analogues 217–221 tested as glutamate racemase inhibitors

84 D. Virieux et al.



6.4 Antimalarial Phosphinates: Inhibitors of Dihydrofolate
Synthase

Dihydropteroate synthase (DHFS, EC 6.3.2.12) is an enzyme which catalyzes the

ATP-dependent conversion of 7,8-dihydrodropteroate (DHP) into

7,8-dihydrofolate (DHF) by insertion of a single L-glutamate moiety (Fig. 26)

[150]. This enzymatic step precedes the folylpoly-γ-glutamyl synthase (FPGS)

which catalyzes the ATP-dependent addition of glutamate moieties to folate.

Unlike human cells, microorganisms such as Plasmodium falciparum, the causative
agent of malaria, express this enzyme as well as the 7,8-dihydropteroate synthase

(PfDHPS) [151], which plays an important role for the de novo synthesis of reduced

folylmono- and folylpoly-γ-glutamates. Moreover, Plasmodium falciparum has a

unique feature since DHFS and FPGS are present in a single bifunctional protein

(PfDHFS-FPGS). If DHPS and dihydrofolate reductase (DHFR) inhibitors have

been extensively investigated, little attention was given to the design of PfDHFS-

FPGS inhibitors. For this reason, Coward and Yang planned to prepare several

arylphosphinic acid derivatives 224, as possible PfDHFS-FPGS inhibitors, by

mimicking, after introduction of a phosphate group on 224, the tetrahedral inter-

mediate formed during enzymatic amide bond formation (Fig. 26) [152].

For instance, arylphosphinic acid 224a was prepared by applying a five-step

sequence (Scheme 43) [152]. The first reaction was a palladium-catalyzed

phosphinylation of benzyl 4-iodophenylcarbamate 225a with anilinium

hypophosphite in the presence of palladium(II) acetate and a bidentate phosphine

ligand. Methyl arylphosphinate 226a was transformed into phosphonite formed in

situ by reaction with N,O-(bistrimethylsilyl)acetamide (BSA) and was treated with

dimethyl 2-methyleneglutarate 227, affording 228a. Hydrogenolysis of the CBZ

protecting group with hydrogen and palladium on charcoal afforded almost quan-

titatively the deprotected methyl 4-methylaminophenylphosphinate derivatives

229a. Alkylation reaction of 229a with an excess of 6-(bromomethyl)pteridines

230a in dimethylacetamide gave, after 14 days at room temperature, a mixture of

ester 231a-OMe and phosphinic acid 231a-OH in 52% yield. The mixture 231a-

OMe/231a-OH was separable by semipreparative HPLC and 231a-OMe was

isolated in low yield. Compound 224a was obtained from 231a after basic
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223d: R = mesityl, R' = 4-chlorophenyl
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223g : R = phenyl, R' = 4-methoxyphenyl
223h : R = phenyl, R' = 4-chlorophenyl
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223l : R = tetralino, R' = 4-chlorophenyl

H3PO2

(45-84%)

Scheme 42 Synthesis of aminophosphinic acids 223a–l
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hydrolysis in methanol, followed by acidification with hydrochloric acid. Com-

pounds 224b, 224d and 224e were prepared using a similar strategy adapting

reactants, reagents and conditions.

Phosphinic acid 224c was accessible from 229a, proceeding by a reductive

amination instead of a direct alkylation and producing precursor 231c. Subsequent

deprotections gave the fully deprotected phosphinic acid 224c (Scheme 44).

Biological evaluation of compounds 224a–e revealed that they were modest

inhibitors of Escherichia coli glutamate DHFS-FPGS-catalyzed ligation reaction

[152]. Further study highlighted that the reduced 7,8-dihydroderivative 232

(Scheme 45) [153] was accessible by reduction with dithionite [154, 155] of

phosphinic acid 224a and inhibited Plasmodium falciparum DHFS activity with

an IC50 of 0.41 μM. This compound 232 was also five times more potent for the

inhibition of PfDHFS (Ki¼ 140 nM) compared to PfFPGS (Ki¼ 630 nM). In

contrast to these results, reduced 7,8-dihydroderivative 234 (Scheme 45), obtained

from 233, was 19 times more active on PfFPGS (Ki¼ 91 nM) than on PfDHFS

HN

N N
H

N
O

H2N

OPi-Pi

HN

N N
H

N
O

H2N

N
H

CO2H

DHPS

HN

N N
H

N
O

H2N

N
H

N
H

O CO2H

CO2H

DHFS

DHFR

HN

N N
H

H
N

O

H2N

N
H

N
H

O CO2H

CO2H

ATP

ADP

+ L-Glutamate + ATP

+ p-Aminobenzoic acid

DHFS
ATP

ADP

N

N N

Y
X

H2N

N
R

P
OO3PO CO2H

CO2H

??

HN

N N
H

N
O

H2N

N
H

N
H

CO 2H

CO2H

O3PO O2

Pi

ATPADP

HN

N N
H

N
O

H2N

N
H

C
OPO3

O
2

L-Glutamate

DHFS

2

N

N N

Y
X

H2N

N
R

P
OHO CO2H

CO2H

Tetrahedral Intermediate

Proposed mechanism-based DHFS Inhibitor

Natural Mechanism-based DHFS

Partial folate biosynthesis pathway in malaria agent

224a : X = OH, Y = N, R = H
224b: X = NH2, Y = N, R = Me
224c : X = OH, Y = CH, R = H
224d: X = OH, Y = N, R = Me
224e : X = NH2, Y = N, R = H

folic acid

Fig. 26 Partial folate biosynthesis pathway in malaria agent (Plasmodium falciparum), natural
mechanism-based DHFS, and proposed mechanism-based DHFS inhibitor

86 D. Virieux et al.



Pd(OAc)2, MeCN
dppp, DABCO, 
(MeO) 4Si, D

225a 226a

MeO2C CO2Me

I

N
H

Cbz

P

N
H

Cbz
OMe

O
H

+ PhNH3 OP(O)H 2

BSA, CH2Cl2, rt, 7 days
227

P

N
H

Cbz

O

OMe

228a

H2, Pd/C, THF

(71%)

(96%)

P

N
H

O

OR

231a-OMe / (231a-OH )
(R = OMe) / (R = OH)

(71%)

P

N
H

O

OH

224a

1) NaOH (1 M), MeOH
2) HCl (1 M)

N

N

HN

NH2N

O

BrN

N
HN

NH2N

O
. HBr

DMA, rt, 14 days
(231a-OMe / 231a-OH = 52%)

P

H2N

O

229a

(from 231a-OMe, 65%)

230a

CO2H

N

N

HN

NH2N

O

HO2C

CO2Me

MeO2C

CO2Me

OMe
MeO2C

CO2Me

MeO2C

Scheme 43 Synthesis of arylphosphinic acid 224a

P

H2N

O

229a

N

CHOHN
N

O

PivHN
P

N
H

O

N

HN

N

O

PivHN 231c
(61%)

224c

1) NaOH, MeOH, rt
2) HCl
3) TFA, CH2Cl2, rt

(97%)

CO2Me

MeO2C
OMe

1)

2) AcOH, rt, BH3.NHMe2

CO2Me

MeO2C
OMe

P

N
H

O

N

HN

N

O

H2N

CO2H

HO2C
OH

Scheme 44 Synthesis of phosphinic acid 224c

H
N

CO2H

P
HO O

234

HN

N N
H

N
O

H2N

N
Me

CO2H

O

P

N
H

O

N

N
H

HN

N

O

H2N 232

Dithionite

224a

233

H
N

CO2H

P
HO O

HN

N N

N

H2N

N
Me

CO2H

O

O

HO2C

HO2C

Dithionite

CO2H

HO2C
OH

P

N
H

O

N

N

HN

N

O

H2N

CO2H

HO2C
OH

Scheme 45 Preparation of reduced compounds 232 and 234

Synthesis and Biological Applications of Phosphinates and Derivatives 87



(Ki¼ 1,690 nM). Nevertheless, preliminary data indicated that these reduced com-

pounds were ineffective at inhibiting parasite growth in culture.

7 Phosphinic Acids for Metabolic Disorders

7.1 Inhibitors of Betaine-Homocysteine Methyltransferase

Betaine-homocysteine methyltransferase (BHMT; EC 2.1.1.5) belongs to the

Pfam02574 family of zinc- and thio/selenol-dependent methyltransferase [156]. It

catalyzes the transfer of a methyl group from betaine to homocysteine, producing

dimethylglycine and methionine (Fig. 27). Because methionine is a source of

S-adenosylmethionine (SAM), which is considered as a major methyl donor in

the cell, BHMT plays a central role in the methylation cycle [157]. The BHMT

pathway is particularly active in the liver and the kidney cortex, which are the main

organs which store large amounts of betaine. The transient inhibition of BHMT

enzyme by SAM regulates cellular osmolytic equilibrium by modulating betaine

concentration. Thus, BHMT is considered as a potential target to restore osmotic

balance during unwanted diuresis.

In the past, Jiráček et al. described several selective and potent inhibitors of

BHMT, belonging to phosphinic pseudopeptides [158] and S-alkyl derivatives of
homocysteine [159, 160]. Among the compounds tested, three of them 235–237

incorporating an S-alkyl homocysteine were detected as potent inhibitors (Fig. 27).

Continuing their rational design, Jiráček and al. described α-aminophosphinic

acids 239, 240, structurally close to compounds 235 and 237 [161]. Each structure

was obtained in 56–64% yield, by mixing ethyl 5-bromovalerate or ethyl 5-bromo-

3,3-dimethylpentanoate with phosphinomethionine 238 in the presence of sodium

and ammonia (Scheme 46). The H-phosphinic acid intermediate 238 was readily

accessible by a sequence of three steps from acrolein [162–164].

Both H-phosphinic acids 239 and 240, used at 20 μM, exhibited in vitro almost a

complete inhibition of the human recombinant BHMT in a buffer containing

0.25 μM of betaine and 0.1 mM of D,L-homocysteine. The efficiency of both

products 239 and 240 was very similar to that of the parent carboxylic acid 235,
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which gave under the same conditions a complete inhibition. Nevertheless, the

parent molecule 235 is a better inhibitor with an IC50 of 0.093 μM, at least one order

of magnitude lower than those of the H-phosphinic acid analogues 239 and 240

(IC50¼ 5.0 and 1.1 μM, respectively). Unlike H-phosphinic acids 239, phosphonic
acid analogue is clearly less active, displaying a BHMT inhibition of 58%, and an

IC50 of 219 μM, which is about 40-fold higher.

7.2 Inhibitors of Human Mast Cell Chymase

One important factor in the establishment of immune-mediated inflammatory

diseases is the imbalance which exists between protease and antiprotease. As a

matter of fact, the recruitment in the injured tissue of neutrophiles and mast cells

leads to protease secretions such as Cathepsin G (EC 3.4.21.20) and Chymase

(EC 3.4.21.39). The role of these chymotrypsin-like proteases is to degrade the

extracellular matrix to facilitate leukocytes migration and tissue remodelling [165–

169]. However, tissue injury is accentuated when the protease activity is no longer

under the control of antiprotease [170, 171]. Therefore, a therapeutic indication for

pulmonary inflammatory diseases, such as asthma and chronic obstructive pulmo-

nary disease (COPD), could be solved by administration of an exogenous inhibitor

of serine proteases, bringing back a benefit balance. With this objective, Greco and

Maryanoff proposed a series of β-carboxamido-phosphinic acids 241 and 242 as

potent chymase inhibitors (Fig. 28) [172]. These structures were based on
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modifications of the molecule JNJ 10311795, already described by the same

authors as a potent dual inhibitor of human Cathepsin G (Ki¼ 38 nM) and human

chymase (Ki¼ 2.3 nM) [173].

Preparation of the first compound series 241 required preparation of phosphinate

intermediates 243–246 [172] (Scheme 47). An Arbusov reaction between

1-chloronaphthalene and diethyl methylphosphonite gave phosphinate 243. Simi-

larly, reaction of 3-(bromomethyl)-5-chlorobenzothiophene with methyl, ethyl or

phenylphosphonite formed phosphinates 244. Another strategy was applied for

preparation of phosphinate 245 using ethyl phenethyl-H-phosphinate as starting

material. The latter was deprotonated by n-butyllithium, and the anion was trapped

by 3-bromo-5-chlorobenzothiophene, affording 245. The indolyl derivative 246

was prepared by a four-step sequence. The first reaction consisted of the SEAr

reaction of 5-chloro-indole with Eschenmoser’s salt. The resulting dimethylamino

product was quaternized by methyl iodide. After substitution of the ammonium

group by a phosphinate according to an Arbusov reaction, and methylation of the

indole ring, compound 246 was produced in 48% overall yield.

All targeted molecules 241 were accessible by treating intermediates 243–246

with butyllithium, trapping the carbanion with 2-naphthylisocyanate and, finally,

deprotecting the phosphinate ester with TMSBr (Scheme 48) [172].
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The second series has been prepared from isocyanates 247, which were readily

produced by Curtius rearrangement of cinnamic acid with diphenylphosphoryl

azide in the presence of triethylamine (Scheme 49). Isocyanates 247 were engaged

with lithium derivatives 244 or 246. After deprotective reaction of phosphinate

ester, phosphinic acids 242a–f were obtained [172]. One example of saturated

structure 242d0 was synthesized by reduction of the alkene [172].

In vitro tests performed on compounds 241 and 242 highlighted that the methyl

group linked to the phosphorus atom gave the best inhibition response against the

human chymase. In the subclass of compounds 241, the combination indole (inter-

mediate 246) with the methyl group linked to the phosphorus atom gave the

strongest inhibition for this series (IC50¼ 10 nM) [172]. This value is equivalent

to the phosphonic acid derivative (IC50¼ 13 nM). Nevertheless, (E)-styryl deriva-
tive 242b (IC50¼ 3.5 nM) was revealed as the most efficient phosphinic acid tested,

being even slightly better than the reference structure JNJ-10311795

(IC50¼ 4.5 nM). Moreover, the E-styryl group in comparison to the naphthyl

group is essential for getting favourable pharmacokinetic properties, as demon-

strated in rats with 242c. A per os administration compound 242c was shown to be

pharmacologically active in a hamster inflammation model [172]. A more recent

study reported that compound 242d (JNJ-18054478) and its 3,5-dichloro analogue

(JNJ-28838017) showed a remarkable species selectivity for human and macaque

chymases compared to dog, sheep, guinea pig and hamster [174]. Both compounds

were indeed about 39 to more than 1,000-fold less potent against non-human

chymase species.
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7.3 Phosphinate Inhibitor of Farnesylpyrophosphate
Synthetase

It has been established that the principal mode of action of the nitrogen-containing

bisphosphonate drugs (N-BPs) is the mevalonate pathway inhibition of isoprenoid

lipids. The target enzyme is farnesylpyrophosphate synthase (FPPS) [175, 176],

which catalyzes the sequential condensation reaction of dimethylallyl pyrophos-

phate with two units of 3-isopentenyl pyrophosphate to form farnesyl pyrophos-

phate. Dunford et al. have recently concluded that inhibition of FPPS by N-BPs

(such as methyl-phosphinate analogues 248, 249) is consistent with a time-

dependent isomerization of the human enzyme-inhibitor complex (Fig. 29)

[177]. FPPS inhibitory effect of phosphono-phosphinic acid 248 was shown to be

higher than the parent bisphosphinic acid. Surprisingly, bisphosphinic acid 249 was

shown to be inactive. Moreover, it appeared during this study that in vivo potency

of N-BPs was correlated on one hand to their capacity to inhibit FPPS enzyme, and

on another hand to their ability to maintain the enzyme under its isomerization

form, strengthening the inhibition global potency.

7.4 Phosphinic Acids as Pyrophosphate or Triphosphate
Analogues

The concept of hydrolytically resistant phosphorus-based compounds emerged

early in the 1960s. In this context, different non-hydrolysable ATP analogues or

modified nucleotide triphosphates where the oxygen atoms of the triphosphate unit

250 were replaced by methylene groups 251 or difluoromethylene groups 252 were

developed (Fig. 30).
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7.4.1 Bismethylene Triphosphate Analogues

Cytidine 50-triphosphate synthase (CTPS, EC 6.3.4.2) catalyzes the formation of

cytidine 50-triphosphate (CTP) from uridine 50-triphosphate (UTP), the last com-

mitted steps in pyrimidine nucleotide biosynthesis (Scheme 50) [178, 179]. The

reaction proceeds by an ATP-dependent phosphorylation and requires ammonia.

CTPS is a relevant target in some forms of cancers (i.e. non lymphocytic

leukaemia) [180].

Synthesis of the modified triphosphate subunit was accomplished starting from

ethyl bis(bromomethyl)phosphinate 253 (Scheme 51). An Arbusov reaction with

triethyl phosphite and trimethyl phosphite, respectively, produced bis

(phosphonomethyl)phosphinate 255 in 40% overall yield. A selective

monodemethylation by cyanide and acidification led to monophosphonic acid

256. Bismethylene triphosphate (BMT) 258 analogues of nucleosides were

obtained by coupling of the 50-free OH nucleosides 257 with phosphonate 256

under Mitsunobu conditions [181, 182]. TMSBr mediated deprotection followed by

treatment with aqueous ammonia and cation exchange afforded bismethylene

analogues 259 of nucleoside triphosphate in yields up to 62%.

The high IC50 value observed for 259a means that BMT is not a good mimic of

the triphosphate group for UTP analogue (Fig. 31) [183]. By contrast, CTPS

inhibition by 259b appeared at a lower value with an IC50 of 0.42 mM. When

compared to 259b, the lack of binding discrimination for 259c or 259d (0.13 and

0.17 mM, respectively), the closest analogues of UTP-4-P suggests that the BMT
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group probably binds differently to CTPS and induces this poor difference of

selectivity.

7.4.2 Fluorinated Deoxynucleotide Analogues

The combination of fluorine and phosphorus heteroatoms led to relevant bioactive

molecules [184]. In this context, the phosphate function can be advantageously

replaced by an α,α0-difluoromethylphosphonate or phosphinate, which were gener-

ally considered as better bioisosteres than the methylene derivatives [185–

193]. The difluoromethylene pattern (CF2) is sterically and electronically a better

mimic of the oxygen atom when compared to the methylene group. The electron-

withdrawing properties of fluorine influences pKa, bringing them within the range

of phosphate. Among the other desirable properties, the possibility of fluorine

hydrogen bonding, an increased redox stability and a better lipophilicity compared

to the non-fluorinated parent compound can be expected.

Tetrafluorophosphinobisphosphonates 266a–d were prepared starting from

difluoromethylphosphonate 260 (Scheme 52) [194]. Once deprotonated by

LTMPA and treated with diethylaminodichlorophosphine, the resulting

aminophosphine intermediate was oxidized by m-CPBA, affording phosphinamide
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261 in 75% yield. Phosphonate deprotection with TMSBr followed by hydrolysis

gave bis(phosphonodifluoromethylene)phosphinic acid 262 in almost quantitative

yield. After conversion into ammonium salt by passage through DOWEX

ion-exchange resin, the resulting product was recrystallized in aqueous ammonia,

affording 263 in 61% yield. Phosphorylation at the 50-position was accomplished by

reaction with nucleoside. Using Blackburn’s method, the nucleophilic substitution

of 50-tosylate nucleoside 265 by the difluoromethylene triphosphate analogue 264

gave fluoronucleosides 266 in 10–91% yields.

Preliminary biological results showed that thymine analogue 266b was stable to

enzymatic hydrolysis. In addition, a co-crystallization of 266b with DNA polymer-

ase (DNA Pol β) showed that the substitution of oxygen atoms by difluoro-

methylene group prevented the dissociation of the triphosphate unit. The binding

constant of 266b obtained by competing with desoxythymidine triphosphate was

found to be similar to that of the natural substrate (Ki¼ 1.4 mM).

7.5 Fructose-1,6-Bisphosphatase Inhibitors

Fructose-1,6-bisphosphatase (FBPase, EC 3.1.3.11) is a key enzyme of gluconeo-

genesis (GNG) which catalyzes the hydrolysis of fructose 1,6-bisphosphate 267 to

fructose 6-phosphate 268, a precursor of glucose 6-phosphate 269 (Scheme 53)

[195]. This enzyme is reported as the rate-limiting enzyme of the GNG pathway.

Therefore, inhibition of FBPase is considered as a promising treatment for type

2 diabetes. A structure activity relationship revealed that adenosine monophosphate

(AMP) mimics can compete in the active site of the enzyme and, more specifically,

that the phosphate binding site might be accessed from the 8-position of the purine

base [196].

Dang et al. synthesized various adenosine monophosphate mimics (Scheme 54)

[197]. Stille coupling of allyl-tributylstannane with 8-bromo-9-phenethyladenine

270 gave 8-allyladenine 271 in only 15% yield. Then radical mediated hydropho-

sphinylation of alkene by reaction of sodium hypophosphite in acidic or neutral

condition afforded the branched H-phosphinate 272 or the linear H-phosphinate
273 in, respectively, 2.1% and 4.9% yields. Ozonolysis of 271 followed by reduc-

tion of the aldehyde gave alcohol 274. Using the procedure developed by Froehler,

O-adenyl-H-phosphonate 275 was synthesized in 34% yield [198]. For comparison,

the phosphate analogue 276 was obtained from Johns’ procedure by the reaction of

O
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OH O
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Scheme 53 Reaction catalyzed by the fructose-1,6-bisphosphatase
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tert-butylphosphoramidite with alcohol 274 and was followed by an oxidation of

the trivalent phosphorus intermediate and a hydrolysis [199].

These compounds were tested in vitro for inhibition of human liver FBPase in

order to find a suitable phosphate mimic. Phosphate 276 has an IC50 of 40 μM,

lower than AMP (IC50¼ 1 μM). Unfortunately, bothH-phosphinate derivatives 272
and 273 were completely inactive. H-Phosphonate 275 exhibited the same lack of

activity. By contrast, the phosphonate analogue of 273 (P–H replaced by a P–OH)

has an IC50 of 100 μM. This result denoted that the presence of two negative

charges at this position has a deep impact on the biological activity.

7.6 Phosphinolactones as Anti-Depressants

In 2010, Volle et al. described the first in vivo activity of phosphinolactone function

by making bioisostere of the lactol group constituting the bioactive molecule,

hydroxybupropion 277 (Fig. 32). Bupropion marketed in 1989 by GSK in the

USA is an atypical drug which has been successfully used both as antidepressant
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(Wellbutrin) and as a smoking-cessation aid (Zyban). It has been proposed that

Bupropion activity would come from its metabolite, (2S,3S)-hydroxybupropion
(Radafaxine). In order to evaluate the potential of phosphinolactone as lactol

bioisostere, various (�)-oxazaphosphinanes 278 were synthesized and evaluated

in vivo in a forced swimming test in mice [200].

The first synthetic route consisted of a condensation of methyl hypophosphite

279 with 2,2,4-trimethyl-1,3-oxazolidine 280 affording H-oxazaphosphinane 281

in 18% yield (Scheme 55). Then, after purification by chromatography, P–H

function was arylated through a pallado-catalyzed reaction to give in good yields,

oxazaphosphinanes 282. The last step was a non-classical and selective

epimerization at the phosphorus atom in concentrated HCl at 50 �C followed by

neutralization by NaOH until pH 9 to afford (�)-oxazaphosphinanes 278 in mod-

erate overall yield.

The most efficient synthetic route was a condensation of methyl

arylphosphinates 283 with oxazolidine 280. Precursors 283 were prepared by

esterification of corresponding phosphinic acid, using a procedure described by

Afarinkia (Scheme 56) [201]. When H-phosphinic acids were not commercially

available, they were obtained by pallado-catalyzed arylation of anilinium

hypophosphite [202]. The condensation gave a mixture of two diastereomers

(syn/anti). The last step was selective epimerization at the phosphorus atom in

concentrated HCl.

(�)-Oxazaphosphinanes 278, bupropion and (�)-hydroxybupropion 277 were

screened for their biological activity in the forced swimming test in mice, a model

chosen to delineate antidepressant-like activity in rodents. The first outstanding result

is the ability of 1,4,2-oxazaphosphinanes 278 to diffuse through the blood–brain

barrier in mice to reproduce the original activity observed with Bupropion. Further-

more, the dose–response study showed that compounds 278c (Ar¼ 2,4-F2-C6H4) and
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284 (Fig. 33) had a significant effect at 10 mg/kg, and that 284 could be considered as

twice as potent as (�)-hydroxybupropion 277. Thus, Volle et al. showed that the

phosphinolactone group might be considered as a biostere of lactol group and used as

an unprecedented scaffold for the elaboration of new drug candidates.

7.7 Phosphinic Acids as Cross-Linking Reagent

Replacing human blood by substitutes was investigated early in the 1900s but,

while many approaches were developed, it still remains an unmet requirement

[203–205]. There are several attempts reporting the direct use of haemoglobin

(Hb), the oxygen transporter protein, instead of red blood cells (RBC) [206]. The

lack of immune response is probably the main advantage of this approach but it is

impeded by three major problems: the short retention time of haemoglobin, a low

oxygen release caused by high affinity, and its high kidney toxicity [207].

Because of the loss of the 2,3-diphosphoglycerate (DPG) linker 285 when Hb is

removed from RBC, the tetrameric assembly splits into the two αβ dimer units

inducing short lifetime and toxicity (Fig. 34). DPG 285 is negatively charged at

physiological pH and acts as an electrostatic glue by interaction with the positively

charged amino acid residues on the β-subunit. Cross-linking reagents such as bis

[2-(3-carboxyphenoxy)carbonylethyl]phosphinic acid, m-BCCEP 286 were devel-

oped to maintain the initial behaviour of haemoglobin by tight binding of the two αβ
dimer units [208].

m-BCCEP 286, was synthesized from the double Michael addition of bis

(trimethylsilylphosphonite 287 generated in situ to acrylate ester 288 (Scheme 57).

After deprotection of the terminal carboxylic acids using TFA, m-BCCEP 286 was

isolated in 73% overall yield. The trisodium salt 286-Na was obtained by elution on

an ion exchange resin (AG 50 W-X8 sodium form) and isolated in 77% yield.

The effect of m-BCCEP on the modified Hb showed that the oxygen affinity

(P50) was considerably lowered by the linkage (P50¼ 25.8 Torr) and remained
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comparable to the affinity of the whole blood (P50¼ 27 Torr). The cross-linked Hb

also retained some of the oxygen binding cooperativity between the two αβ dimers.

The reactive sites of the cross-linked Hb were in the β-cleft (β1 and β2 subunits).

7.8 Lactate Receptor (GPR81) Agonists with Antilipolytic
Effects

Stimulation of G-protein-coupled receptors in adipose tissue leads to a decrease in

the lipolysis of triglycerides by hormone-sensitive lipase, which results in reduced

transport of fatty acids to the liver and a decrease in hepatic triglycerides [209,

210]. Following the characterization of lactate receptor (GBR81), in vitro GTPγS
binding assays were performed by Dvorak et al. on several substituted

3-hydroxybenzoic acids which showed an anchor point for the carboxylic acid

moiety of the endogenous ligands [211]. Phosphinic acid 289 was prepared from

a palladium catalyzed cross-coupling reaction between ethyl methylphosphinate

and bromo-3,5-dimethoxybenzene 290, giving phosphinate ester 291 in 60% yield

(Scheme 58). The methyl ethers were then cleaved with BBr3 followed by hydro-

lysis of the phosphinate group, affording 289 in 73% yield.

The phosphinic acid 289 analogue of hydroxybenzoic acid did not show better

agonist selectivity on GPR81 (EC50> 1,000 μM) than the lead, 3-chloro-5-

hydroxybenzoic acid (EC50¼ 16 μM). Lead in vivo effects on lipolysis gave

significant reductions in free fatty acids at all doses tested, and further investiga-

tions of GPR81 agonists are ongoing.
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7.9 Inhibitors of α-Amylase and α-Glucosidase

In 1985, Heyliger et al. first demonstrated a serendipitous discovery that oral

administration of 0.8 mg/mL of sodium orthovanadate in drinking water to

streptozotocin-induced diabetic rats resulted in normoglycemia [212]. It has been

shown that vanadium salt can reduce dependence on exogenous insulin (type

1 diabetes), and might replace other oral hypoglycemic agents for type 2 diabetes.

To date, the use of vanadium compound for therapeutic treatment of diabetic

patients has failed. This is likely because of inadequate biological responses. In

addition, gastrointestinal distress is observed at weaker doses than in animal models

[213]. For this reason, research is oriented to increase the bioavailability of vana-

dium(IV) complexes. Even though bis(ethylmaltolato)oxovanadium(IV) (BEOV)

has been successfully evaluated in a phase 2 clinical trial, a probable kidney side-

effect prevented further clinical applications. Nevertheless, vanadium complexes

are still considered as relevant for future treatment of human diabetes. In this

perspective, Kaboudin et al. designed a proline-based aminophosphinic acid as

ligand 292 for development of an effective and safe antidiabetic agent by vanadyl

complex formation 293 (LVO(acac)) [214]. The targeted complex 293 incorporat-

ing phosphinic acid moiety (–PO2–CH2) was designed potentially to inhibit

α-amylase and α-glycosidase.
The preparation of complex 293 has been implemented in two steps (Scheme 59).

First, Mannich-type reaction of L-proline with formaldehyde and hypophosphorous

acid in aqueous solution produced ligand 292. After addition of VO(acac)2 in basic

aqueous solution containing ligand 292 with a molar ratio of 1:1, complex 293 was

obtained by precipitation.

Tests of compound 293 through yeast α-glycosidase and pancreatic α-amylase

highlighted a significant inhibitory activity on both enzymes. This inhibitory effect

was similar to that observed for the commercial Acarbose. To control the glycaemic

index, this novel complex 293might be a preferred alternative to powerful synthetic

α-glycosidase inhibitors such as Voglibose, which may cause hepatic disorders at

high doses.
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8 Other Uses of Phosphinic Acids and Derivatives

8.1 Phosphinic Acids for MRI or Radioligand Delivery

Magnetic resonance imagery emerged during the last 30 years as a technique of

choice in medicinal diagnostics, offering the opportunity to produce high resolution

images of any part of the whole human body. If physical principles of MRI rely on

the properties of water in the body environment, the lack of contrast or resolution

prompted the development of contrast enhancing agents (CA). Among them, the T1-
CAs are complexes of paramagnetic cations and they induce a positive contrast

enhancement. Gadolinium has a high magnetic moment and a long electronic

relaxation time compared to other lanthanides. These characteristics make it a

very attractive paramagnetic metal for this application. The main disadvantage is

associated with the “heavy metal character” when the cation is free of ligands. Body

retention of the free ionic gadolinium(III) was found in various tissues, including

liver, lymph nodes and bones, and it interferes with different calcium-dependent

pathways. In kidney, nephrotoxicity (renal toxicity) is the most prominent pathol-

ogy induced by contrast agents based on GdIII and is generally associated with the

high retention of the complexes in the glomerular zone [215].

When coordinated, GdIII accepts octadentate ligands with a bicapped trigonal

prism geometry. The ninth site is occupied by water. The different families of

radiopharmaceutical chelators have been intensively reviewed during the past few

years [216–218]. Most of the ligands developed are based on an azaalkyl skeleton

completed by charged organic functions (i.e. carboxylate, phosphonate and

phosphinate) or neutral siderophores (N-hydroxypyridone). Prototypical chelators
are represented by the 1,4,7,10-tetrazacyclododecane core (294–296), close ana-

logues of carboxylic derivative DOTA 297, 1,4,7-triazacyclononane 298, or linear

patterns such as DTTAPR 299 and H5-XT 300 (Fig. 35).

Gadolinium complexes of modified DOTA conjugated to cyclodextrin scaffolds

were screened as MRI contrast agents for higher magnetic fields. H5do3ap
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was synthesized from hypophosphorous acid (Scheme 60) [219]. Methyl

hypophosphite was formed in situ and was reacted directly with methyl acrylate,

affording, after hydrolysis, phosphinic acid 301 in 28% yield. The formation of the

chelating target 295a was accomplished by three-component Kabachnik–Fields

reaction of 301 with 1,4,7-triscarboxymethyl-1,4,7,10-tetrazacyclododecane

(H3do3a) and an excess of paraformaldehyde in 48% yield. From H-protected
phosphinate 302, a silyl Arbuzov reaction followed by the hydrolysis of the ester

function led to nitrobenzylphosphinic acid 303 obtained in 86% yield [220]. Then

the reaction with H3do3a under Kabachnik–Fields conditions gave, after reduction

of the nitro group, H4do3ap
ABn 295b in 48% yield.

Complexation and biodistribution of 111In and 90Y complexes with DOTA

analogues 295a and 295b were studied [221]. Both ligands bind the radiometals

in the same way as DOTA 297. Pharmacokinetic and distribution in rats with

radiolabelled ligands showed a rapid radioactivity decrease in blood and organs,

excepted for kidneys, highlighting a fast elimination of the complexes by urinary

excretion. The decrease of radioactivity in kidneys is correlated to a comparable

increase in bladder and then in urine. Phosphinates 295a and 295b were not

accumulated in calcified tissues, also confirming the high binding properties of

such ligands and their rapid clearance.

In another direction, ligand 295b was modified by introduction of per amino 6-

or 7-α,β-cyclodextrins (Scheme 61). Cyclodextrins are known to be biocompatible

and the increased number of gadolinium ions could result in multiplication of

relaxation enhancement. In this context, DO3PNCS 295c was obtained from the

reaction of the amine 295b with thiophosgene [222]; then its reaction with the

appropriate α- or β-cyclodextrin afforded the metal free conjugates 295d in yields

ranging from 66% to 78% [223]. The lanthanide complexes were obtained by

mixing conjugates 295d with a large excess. Low molecular weight impurities or

reagents are removed by ultrafiltration, affording the pure conjugates Gd-295d.
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The physico-chemical properties of complexes from 295d show that they endow

a fast water exchange rate close to the optimum. The high relaxivity at magnetic

fields over 3 T and temperature (37 �C) (for (GdL)7-β-CD Gd-295d,

r1¼ 12.3 s�1∙mM�1) makes them more compatible with the high field systems

compared to the simple [Gd(DOTA)H2O]
� complex Gd-297 (r1¼ 3.9 s�1∙mM�1).

Conjugates 295d are biocompatible and no toxicity was detected. The contrast

agents prepared were used for imaging pancreatic islets or stem cells [224]. The

MRI probe based on a cyclodextrin scaffold was internalized into cells and resulted

in sufficient labelling for MRI visualization.

Dendrimers are multibranched macromolecules with nanometer-scale dimen-

sions. They are considered to be ideal candidates for biological applications. Such

macromolecules are monodisperse or closely monodisperse and they give reliable

drug or gene deliveries compared to other polymers. Dendrimers are then used for

the formation of labelled-ligand bioconjugates [225].

A bifunctional ligand was attached to different generation of ethylenediamine

cored polyamidoamine dendrimer (PAMAM). Then G1, G2 or G4 PAMAM

dendrimer (8, 16 or 64 terminal primary amines) were mixed in water with an

equimolecular amount of DO3AP
NCS 295c per number of primary amine

(Scheme 62). Gd(III) and Gd(III)/Y(III) complexes were prepared by mixing

2 equiv. of metal cation per thiourea function and removing the excess by washing

with disodium EDTA [226, 227]. The reaction was extended to the fourth
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generation PAMAM. These two modified dendrimers were obtained with high

loading (100% for 295e and 92% for theG4).

The relaxometric measurement was determined at 10.1 and 18.6 s�1∙mM�1 for

dendrimer Gd-295e and G4, respectively (Table 2). Measurement of the relaxivity

depended on the pH and was increased by a factor of 1.3 when the core amino group

is protonated (14.8 and 25.8). The water residence life time was also increased from

16 ns forGd-295b to 68 ns forG4 as the molecular size of the conjugate increased.

It also appeared that the conjugation did not affect the water binding site. Their

properties make them suitable for MRI.

By analogy with bisphosphonates, bisphosphinic acids were recently synthe-

sized for their complexing abilities (Scheme 63) [228]. The synthesis was
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Table 2 Physico-chemical parameters of Gd-295 and G4 compounds

Grafted dendrimer r1 (s
�1.mM�1) τM (ns)

[Gd(H2O)(do3a-P
ABn)]� Gd-295b 4.2/5.7 16

G1-[Gd(H2O)(do3a-P
BnN{SC})]8

x� Gd-295e 10.1/14.8 48

G4-[Gd(H2O)(do3a-P
BnN{SC})]59

x� 18.6/25.8 68

(NH4)H2PO2

1) HMDS, 110 °C
2) N-bromomethylphthalimide

CH2Cl2, rt
N

O

O

P

(31%)

O

H
OH

1) HMDS, 110 °C
2) CH3COCl
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H2N
(47%)
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Scheme 63 Synthesis of hydroxyethyl-bis(aminomethylphosphinic) diacid 305
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accomplished in two steps, the first involving a silyl-Arbuzov reaction of

bromomethylphthalimide with bis(trimethylsilyl)phosphonite obtained in situ

from ammonium hypophosphite. Bis(phosphinate) 305 was formed by the usual

reaction of H-phosphinate 304 with HMDS followed by P(III) intermediate trap-

ping with acetyl chloride in 47% yield.

8.2 Drug Delivery Surfactants

Liposomes are highly useful components in the pharmaceutical field, particularly

for drug delivery [229–232]. Among liposomes, cationic vesicles constituted by the

association of ionic surfactants of opposite charges, have drawn attention for their

efficiency to modulate and control substances delivery towards a target. To under-

stand the mechanisms of drug delivery, Blanzat et al. studied the action of tricatenar

cationic surfactant, 1-N-hexydecylammonium-1-deoxyactitol-bis(R-hydroxydode-
cylphosphinate) 306, so-called “TriCat” [233].

“TriCat” 306 was prepared simply by mixing N-hexadecylamino-1-

deoxylactitol 307 and bis(hydroxydodecyl)phosphinic acid 308 in water

(Scheme 64) [234]. Both precursors were prepared according to procedures already

described in the literature [235–237].

The incorporation of “TriCat” inside cells using TriCat vesicles labelled with the

fluorescent probe Fluocat has been proven for phagocytic and non-phagocytic cells.

Thereafter, using various endocytosis inhibitors such as cold temperature or sugar

solutions, mechanisms of intrusion into phagocytic and non-phagocytic cells have

been studied, and the ability of TriCat 306 to interact with phospholipid membrane

has been evaluated. The results highlighted that, whatever the cell type, using an

appropriate methodology, cationic vesicles were incorporated in cells through an

active and/or passive endocytosis process. A better understanding of the universal

behaviour of cationic vesicles is required before considering them as an alternative

encapsulation system for therapeutic applications.
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9 Phosphinic Acids in Agrochemistry

9.1 Herbicidal Properties of [α-(Substituted
Phenoxyacetoxy)(Substituted Phenyl)Methyl or Alkyl]
(Methyl)Phosphinates

Transformation of pyruvate to acetyl-CoA is linked to glycolysis and to the Krebs

cycle and oxidative phosphorylation. The pyruvate dehydrogenase complex

(PDHc) catalyzes the oxidative decarboxylation of pyruvate and acetylation of

coenzyme A (CoA) to acetyl-CoA. This enzyme has been viewed as a potential

herbicide target [238]. In the perspective of structural optimization of a potent new

herbicide, He et al. synthesized a series of structures 307 [239–241], which were a

priori designed to inhibit the PDHc.

The preparation of these compounds started by a Pudovik reaction of methyl-

H-phosphinate 308 with 2-pyridinecarboxaldehyde or benzaldehyde derivatives to

produce α-hydroxy-phosphinates 309. Further coupling of 309 with substituted

phenoxyacetic chloride 310 in presence of triethylamine gave the final compounds

307 (Scheme 65).

The preliminary herbicidal tests showed that 307a–d (Ar¼ 2-pyridyl, Ar0 ¼ 4-

Cl-C6H4, 3-CF3-C6H4, 4-Cl-5-Me-C6H3, and 2,4-Cl-C6H4) harboured excellent

inhibitory effects (inhibition percentage �90%) on the root of barnyard grass and

rape at a dose of 10 ppm [239]. Compounds 307a, 307c and 307d also displayed

excellent inhibitory activities against stalk of rape at the same dose. Others struc-

tures were tested to 900 g/ha in pre- and post-emergence through six different

plants, derivatives 307e (Ar¼ phenyl, Ar0 ¼ 4-F-C6H4), 307f (Ar¼ 2-Cl-C6H4,

Ar0 ¼ 4-F-C6H4) and 307g (Ar¼ 2,4-Cl2-C6H3, Ar0 ¼ 4-F-C6H4), exhibiting an

excellent control in post-emergence against all plants tested (70� inhibition rate

�100%) [240]. For instance, 307e was efficient in post emergence against

Echinochloa crusgalli, Digitaria sanguinalis and Brassica juncea with 90%, 85%

and 100% of growth inhibitory rate, respectively. Another study led to 150 g/ha in

pre- and post-emergence against Echinochloa crusgalli, Digitaria sanguinalis and
Brassica napus, highlighting that the most efficient compound tested, exhibiting

95–100% of relative inhibition of growth, was structure 307h (Ar¼ 4-Cl-C6H4,

Ar0 ¼ 4-CF3-C6H4). These results underlined the beneficial effect produced by the

trifluoromethyl group in this strategic position for enhancement of herbicidal

activity [241].
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Nevertheless, unlike phosphonate series 311 [242] and phosphonic acid

monosodium salts series 312 [243], no inhibitory activity in vitro against PDHc

from plants has been reported to confirm that PDHc was the biological target

(Fig. 36).

9.2 Structural Modification of Commercial Herbicides
Glyphosate and Glufosinate

In 2008, Hall published an overview of the role of phosphorus compounds as weed

control agents [244]. The author mentioned that both phosphinate analogues 313,

314 of glyphosate and modified glufosinate analogues 315, 316were tested for their

herbicidal activities (Fig. 37). The structural modifications of parent molecules led

to a dramatic loss of activity, except for compound 316, which showed a good

activity against Setaria to a dose of 4 kg/ha.

Conclusion and Future Outcomes

To date, two phosphinates have reached the market as a commercial drug or

agrochemical. In 1991, Bristol-Myers Squibb launched Fosinopril, an angio-

tensin converting enzyme inhibitor, which is used for the treatment of hyper-

tension and chronic heart failure. In agroscience, Bayer (formerly Hoescht in

1984) launched glufosinate for commercial use as non-selective contact

herbicide with some systemic action. Since this period, the number of mol-

ecules incorporating a phosphinate core increased dramatically on several

and original biological targets (GABA, antivirals, anticancers. . .). Based
upon the diversity and richness of structural motifs listed in this chapter, we
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P
O

HO
HO H

N

Glyfosate 313

P
O

HO
HO H

N

314

CO2H P
O

H
HO H

N CO2H P
O

OH
H

P
O

Me
HO CO2H

NH2

Glufosinate

P
O

H
HO CO2H

NH2

315

P
O

Me
HO P

NH2

O
OH
H

316

Fig. 37 Glyphosate and

glufosinate, and their

analogues 313, 314, 315 and

316

O
P

MeO
MeO

O

R O
O

R = H, Me, n-Pr, Ph

311

O
P

O
MeO

O

R O
O

R = H, Me, Et, n-Pr, 2-furyl

312

Na
Cl

Cl

Cl

ClFig. 36 Phosphonates and

phosphonic acid

monosodium salts 311 and

312

Synthesis and Biological Applications of Phosphinates and Derivatives 107



expect great success and applications for phosphinic acids or derivatives in

the near future.

In recent years it has become increasingly apparent that more highly

reduced phosphorus compounds (i.e. phosphonic and phosphinic acids) also

play prominent roles in life science [245–247]. The mechanisms which have

driven the chemical evolution of phosphate-based biochemistry are still under

discussion [248]. Alternative prebiotic mechanisms for polyphosphate for-

mation using reduced phosphorus species and particularly H-phosphinates
(H2PO2

�) are emerging as probable explanations.
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Prodrugs of Phosphonates and Phosphates:

Crossing the Membrane Barrier

Andrew J. Wiemer and David F. Wiemer

Abstract A substantial portion of metabolism involves transformation of phos-

phate esters, including pathways leading to nucleotides and oligonucleotides,

carbohydrates, isoprenoids and steroids, and phosphorylated proteins. Because the

natural substrates bear one or more negative charges, drugs that target these

enzymes generally must be charged as well, but small charged molecules can

have difficulty traversing the cell membrane by means other than endocytosis.

The resulting dichotomy has stimulated a great deal of effort to develop effective

prodrugs, compounds that carry little or no charge to enable them to transit

biological membranes, but able to release the parent drug once inside the target

cell. This chapter presents recent studies on advances in prodrug forms, along with

representative examples of their application to marketed and developmental drugs.

Keywords Bisphosphonate � Isoprenoid � Nucleotide � Phosphate � Phosphonate �
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Abbreviations

AraC Arabinofuranosylcytidine

AZT Azidothymidine

CMV Cytomegalovirus

d4TMP 20,30-Didehydro-30-dideoxy-thymidine-50-monophosphate

DOXP 1-Deoxy-D-xylulose 5-phosphate

EBV Epstein–Barr virus

GCPR G protein coupled receptor

GemC Gemcitabine

HBV Hepatitis B virus

HCV Hepatitis C virus

HDP Hexadecyloxypropyl

HIV Human immunodeficiency virus

HPMPA 9-(3-Hydroxy-2-phosphonyl-methoxypropyl)adenine

HSV Herpes-simplex virus

NA Nucleoside analogue

PMEA 9-[2-(Phosphonomethoxy)ethyl]adenine

POC Isopropyloxycarbonyloxymethyl

POM Pivaloyloxymethyl

RBV Ribavirin

SATE S-Acylthioalkyl ester

1 Introduction

Metabolism employs phosphorus compounds in many ways. Phosphate esters are

central to information storage, serve as the currency for energy exchange, and

contribute to membrane fluidity. They are important intermediates in carbohydrate

metabolism, in formation of nucleotides and their assembly into RNA and DNA,

and in steroid fabrication and protein lipidation through the isoprenoid biosynthesis

pathways. They hold key roles in cell signaling processes, including G-protein
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coupled receptors (GPCR), second messengers such as cAMP or phosphatidy-

linositol, and enzyme activation/deactivation through protein phosphorylation.

Within the cell, the phosphate group commonly serves as a tunable leaving

group. A phosphate mono- or diester is relatively stable when free in metabolic

surroundings because of its negative charge at physiological pH [1], but it is readily

activated upon complexation to various counterions in an enzyme’s active site.

Thus phosphorus compounds provide both abundant opportunities for drug design

and intrinsic challenges. Chief among the challenges is the inherent conflict

between a molecule which must be anionic to bind to the active site of an enzyme

but first must penetrate the membrane to access that enzyme, as well as the

necessity to mimic a potential leaving group with a substructure sufficiently stable

to survive delivery.

A longstanding and still common strategy for preparation of more stable ana-

logues of phosphate esters (1) is based upon formal replacement of the ester oxygen

with carbon to afford the corresponding phosphonate (2) [2] (Fig. 1). Although

phosphonates are known from a number of natural sources, implicating the exis-

tence of enzymes capable of C–P bond cleavage [3], it is widely recognized that

phosphonates have greater metabolic stability. Replacement of the phosphate ester

oxygen with a simple –CH2– group may preserve much of the size and shape of the

original substrate, but it also impacts the second pKa value, with the phosphonic

acid less acidic by 0.5–1.5 pKa units [4]. Incorporation of this carbon also elimi-

nates the possibility of enzymatic interaction with oxygen lone pairs at this position.

Both of these concerns can be addressed by addition of fluorine or oxygen sub-

stituents onto the alpha carbon, although this necessarily has an impact on steric

issues and can also introduce a stereogenic center [5]. Nevertheless, numerous

phosphonate analogues of biologically active phosphates have been prepared.

Phosphate monoesters are charged at physiological pH, as are the corresponding

phosphonates, and those with small and/or hydrophilic substituents have difficulty

in diffusion across biological membranes [6]. While this limitation may be ame-

liorated in the case of compounds with larger, more lipophilic substituents [7], it is

always a concern that must be considered in drug design. Thus, efforts to prepare

biologically active organophosphorus compounds often have been followed by

studies to delineate strategies that temporarily mask any negative charges at

physiological pH. Potential drugs based upon this approach may offer a number

of advantages over their non-protected counterparts. In particular, addition of cell-

cleavable protecting/masking groups (i.e., the prodrug approach) can: (1) increase

oral bioavailability; (2) enhance cell penetration; (3) improve the specificity of

tissue delivery; and (4) avoid or minimize degradation in serum via cellular

sequestration. In addition, once the prodrug moieties are cleaved within the cell,

the same factors which would normally limit entry of the non-protected drug into

the cell can now restrict the free drug from leaving the cell. Thus, prodrugs can

effectively allow the drug to achieve elevated concentrations within cells, further

enhancing efficacy [8].

Study of phosphonate prodrugs may have a long history, but prodrug strategies

to protect and deliver phosphate monoesters have also been of great interest.
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Efficient delivery of a phosphate monoester into the cell can afford important

metabolic advantages. For example, nucleoside analogues such as arabinofuranosyl

cytidine (AraC) and gemcitabine (GemC) undergo activation after cell entry by

conversion to the corresponding mono-, di-, and, ultimately, triphosphates [9], and

use of a protected phosphate may allow intersection with natural metabolic pro-

cesses at a later stage [10]. This strategy may be particularly important with

nucleotide prodrugs where it can allow the agent to bypass the rate-limiting initial

phosphorylation [11]. Furthermore, phosphate prodrugs may confer stability to

serum phosphatases, and therefore support more effective dosing.

However, use of prodrugs is not without substantial challenges. In particular,

choosing the best protecting group is difficult for several reasons. Most notably,

cellular cleavage of the protecting groups can often generate products which are

viewed as disadvantageous or even toxic. In addition, the protecting groups must

strike a balance between allowing absorption in the intestines and allowing cleav-

age in the blood or target cell.

Given the tremendous importance of phosphonate and phosphate prodrugs,

research in this area has grown dramatically and has been the subject of periodic

reviews [12–14]. Many reviews have focused exclusively on nucleotide prodrugs

[15–18] or hepatitis C (HCV) [19–21]. However, it has been more than 6 years

since a comprehensive phosphorus prodrug review [22]. Therefore, we have

attempted herein to compare and contrast recent investigations of phosphonate

and phosphate prodrugs, and to consider the present applications and future poten-

tial of such agents. After a brief consideration of the structural factors involved,

representative examples of these strategies are presented.

2 General Considerations

The majority of prodrug applications of phosphates and phosphonates seek to

facilitate passive diffusion through the cell membrane by masking negative charge

until the compound is within the cell. This requires attention to two primary

considerations: (1) what type of derivative is employed; and (2) what process or

processes is or are entrusted to remove the protecting groups once the prodrug is

within the cell.

For applications in synthetic chemistry, a wide variety of protecting groups for

phosphonates and phosphates is known [23]. Those employed to provide prodrugs

fall into two general categories: esters (3–6) and amides (7–10). Yet even after that

initial selection is made, there are a number of other concerns to address and an
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equally large array of solutions has been developed. When two charges must be

masked, will two of the same groups be employed in a diester (e.g., 3 or 4) or will

two different groups be used (e.g., 5 or 6)? Use of two different groups necessarily

results in formation of a stereogenic center at phosphorus, but may allow more

flexibility in terms of the cleavage step(s). For either variation, use of two alcohols

allows formation of an acyclic derivative while use of a single diol affords a cyclic

derivative. Parallel considerations underlie the selection of amine-derived prodrugs

(e.g. 7 or 8), where again use of two different amines or an unsymmetrical diamine

(e.g., 9 or 10) generates a stereogenic phosphorus. Finally, mixed ester-amides

(e.g., 11 or 12) are also well known, and can offer some advantages in terms of both

the cleavage step and organ or tissue targeting (Fig. 2).

Equally complex is the determination of the strategy employed for regeneration

of the drug once it is within the cell. In most cases, this is assumed to involve a

specific enzyme or enzymes, but these can include an esterase, an amidase, a

phosphatase, or even a redox process. Furthermore, some prodrugs have been

reported that rely upon thermal cleavage, and the possibility of photochemical

cleavage may be available through photodynamic therapy approaches.

A dramatically different prodrug application has been to employ phosphates as

anions to make a specific drug more water soluble. This strategy is particularly

valuable where the drug itself is an alcohol (e.g., metronidazole, shown as the

phosphate derivative 13) [24] or a phenol (e.g., tamoxifen, shown as the nucleotide

derivative 14). In the case of metronidazole, addition of the phosphate enhances

water solubility 50-fold and the prodrug is cleaved rapidly in human serum

[25]. Further derivatization of metronidazole through conjugation with a nucleoside

30-phosphate has been explored as a strategy to enhance oral bioavailability [26]. In
the case of 4-hydroxytamoxifen, incorporation of the nucleotide element was

desired to make this prodrug a substrate for a ribonuclease [27], a strategy designed

to release a natural metabolite upon generation of the drug [26]. Variations of this

approach have been employed with a number of other drugs [28–31] through

functionalization of phenol substructures such as in prodrugs 15–17 [32], the

nitrogen of phenyl hydantoins like derivatives 18 and 19, and the relatively acidic

carbon of β-dicarbonyl compounds [33]. While this appears to be an area of

growing interest, in light of a recent review [32] it is not considered in greater

depth here (Fig. 3).
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3 Ester Prodrugs

A great number of different alcohols can be employed to prepare phosphorus-based

esters, and many examples have been reported. Some of the more useful approaches

are listed in Table 1. Representative cases are described in the following sections.

3.1 Symmetrical Diesters

Conceptually, the simplest derivative of a phosphonic acid which would be neutral

at physiological pH is a diester derived from a small alcohol such as methanol or

ethanol. Dimethyl esters are readily prepared, and do not introduce stereochemical

issues at phosphorus. However, despite the emergence of organophosphorus hydro-

lases in various bacteria [34], perhaps driven by the widespread use of phosphorus-

based insecticides, simple dialkyl esters of phosphonates appear to be surprisingly

stable in mammalian systems (cf. bisphosphonate examples [35–37], nucleoside

phosphonate examples [38–40], and a squalene synthase inhibitor [41]). Some

phosphonate dibenzyl esters have also been examined and show more promise. In

one study, the parent benzyl group was converted to the free drug too slowly to be

of value, but more substituted systems can have greater utility as prodrugs [42,

43]. For example, the p-acetoxybenzyl system can be activated by esterase-

mediated hydrolysis of the acetate [38] and the p-methoxybenzyl esters undergo

cytochrome P mediated activation [42]. While the latter process was suggested to

involve cleavage of the methyl ether, it should be noted that chemical cleavage of

p-methoxybenzyl ethers involves oxidation of the benzylic position, which could

also facilitate drug regeneration within the cell [23, 44]. Whatever the mechanism

of drug release, the bis[( p-methoxy)benzyl] prodrug showed enhanced plasma

stability, which allowed intercellular drug release as well enhanced metabolism in

the liver.

Aryl esters would be expected to be more chemically reactive because of the

greater acidity of phenol vis-à-vis methanol. In some cases, diaryl phosphonates

have proven to be useful as prodrugs [45]. This early study also confirmed that

simple alkyl esters were generally incapable of functioning as prodrugs, while

demonstrating that diphenyl esters performed well, releasing the free acid in vivo

at high concentrations as well as exhibiting physiochemical properties that were

more conducive to pharmaceutical formulation. More recently it has been

suggested that the ability to tune the reactivity of diaryl esters through choice of

their substituents should make discovery of useful prodrugs in this family feasible

[46, 47].

Phosphonate diesters derived from more complex natural alcohols, for example

glucose, might be more amenable to metabolic hydrolysis. Unfortunately, most

carbohydrate-based alcohols would also add significant chemical complexity in

terms of their stereogenic centers as well as potential issues of regiochemical
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control during their formation. Furthermore, the enzymes which metabolize carbo-

hydrate phosphates, such as glucose-6-phosphatase, have natural substrates that are

dianions or anions, and may be unlikely to hydrolyze neutral compounds. Thus, the

early studies on phosphonate prodrugs often relied upon enzymatic cleavage

mediated by enzymes other than phosphatases. Particularly prominent among

these strategies were those that relied upon nonspecific esterases for an initial

hydrolysis, followed by a chemical decomposition which liberated the desired

drug [14].

Much of the early interest in phosphonate prodrugs can be traced to key studies

during the quest to develop drugs against the human immunodeficiency virus

(HIV), hepatitis, and other viral diseases. After De Clercq, Holy, Rosenberg, and

their colleagues reported strong antiviral activity of acyclic nucleoside

phosphonates such as 9-[2-(phosphonomethoxy)ethyl]adenine (PMEA) and (S)-9-
(3-hydroxy-2-phosphonyl-methoxypropyl) adenine ((S)-HPMPA [48] (reviewed in

[49]), the activity of these compounds stimulated great interest in the development

of prodrug forms to enhance the membrane permeability of these drugs. An early

focus was pivaloyloxymethyl (POM) modified phosphonates, a prodrug format

which was first advanced for use with phosphate monoesters [50, 51]. However,

this approach was readily adapted to phosphonates such as foscarnet esters (20) [52]

and a phosphonate inhibitor of insulin receptor tyrosine kinase [53]. Ultimately, the

POM moieties were applied to PMEA, leading (Fig. 4), after extensive studies, to

the approval of adefovir dipivoxil (21, Hepsera) by Gilead for treatment of Hepa-

titis B (HBV) (reviewed by Lee and Martin [54]).

The POM group also has been applied to a variety of other phosphonates,

including bisphosphonates, such as 22 [55]. This prodrug of an inositol

monophosphatase inhibitor exhibits an increase of more than 2,500-fold in activity

relative to the parent drug. Such a dramatic impact, together with the clinical utility

of drugs such as adefovir dipivoxil, has fostered continued interest in the use of

POM groups in phosphonate and phosphate prodrugs to the point where this is often

the first prodrug form examined for any new phosphorus-containing drug [22,

56]. At the same time, concerns are periodically expressed about the metabolic

byproducts of POM cleavage, including the toxicity [42, 43] and carcinogenicity

[45] of formaldehyde as well as the burden resulting from elimination of pivalic
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acid as a carnitine derivative. Thus, while the POM group is a valued addition to the

line-up of potential prodrug forms, research has continued into other variations.

A closely related strategy for preparation of phosphonate prodrugs involves the

use of a carbonate ester such as isopropyloxycarbonyloxymethyl derivatives (POC).

Esterase-mediated cleavage of this prodrug results in loss of carbonate and

2-propanol, rather than pivalic acid [57]. Therefore, in contrast to POM prodrugs,

the POC prodrugs should not impact carnitine levels. An early study [58] was the

basis for selecting the POC derivatives of acyclic nucleosides for development,

because it showed significantly increased potency towards HIV-1 in a cell-based

assay as well as a longer serum half-life than the corresponding POM compound.

Ultimately, these studies have led to the clinical use of tenofovir disoproxil (23) for

treatment of viral infections [59]. While the POC compounds may have lower

levels of chemical stability than their POM analogues [60], this can be used to

advantage in preparation of the parent phosphonates from POC-protected interme-

diates (Fig. 5) [61].

Other ester prodrugs have been based on derivatives of 2-mercapto ethanol.

These prodrugs are reminiscent of the POM prodrugs in that cellular cleavage to the

free drug is mediated by esterases. For example, S-acylthioalkyl ester (SATE)

derivatives undergo enzymatic hydrolysis of the ester, thus liberating a thiol

which, in turn, can attack carbon to afford episulfide and the free drug [62]. This

strategy avoids formation of formaldehyde but instead yields episulfide and pivalic

acid, which may interfere with the carnitine metabolism, as noted above. However,

an advantage of this group is that it can be applied to both phosphonates (e.g., 24,

[63]) and phosphates (e.g., 25, [64]) (Fig. 6).

The POM (26), SATE (27), and POC (28) esters all undergo cleavage through an

initial ester hydrolysis, and there is some similarity in the non-drug products

formed. As noted above, hydrolysis of a POM compound (26) releases both pivalic

acid (29) and, after decomposition of the resulting intermediate 30, formaldehyde

(31) and the parent drug (32) (Scheme 1). Hydrolysis of a common SATE ester (27)

also affords pivalic acid (29) and a thiol intermediate (33) which decomposes to

give episulfide (34), and this is as problematic as formaldehyde. Hydrolysis of a

POC compound (28) affords isopropyl alcohol (35) and ultimately carbon dioxide

(36), which may be the least worrisome byproducts in this series, but issues such as

the stability of the prodrug must also be considered.
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Fig. 5 Tenofovir disoproxil, an isopropyloxycarbonyloxymethyl(POC)-modified drug
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3.2 Unsymmetrical Diesters

In contrast to symmetrical phosphonate diesters, which do not result in a

stereogenic center at the phosphorus atom, unsymmetrical phosphonate diesters

(or phosphate triesters) introduce asymmetry at this position. However, unsymmet-

rical diesters may also allow deployment of different strategies for deprotection, or

even distribution of a second drug to the cell [65], while symmetrical diesters may

be limited to a single strategy for unmasking the parent drug. For example, since the

introduction of the cycloSal approach [66], several substituted salicyl alcohol

derivatives have been employed to prepare different prodrug forms of nucleotides

and carbohydrate phosphates and phosphonates [67]. Even the early studies on

cycloSal, which employed derivatives designed to be removed by chemical means

once within the cell, showed that this prodrug form can afford additional efficacy.

For example, 100- to 600-fold increases in activity relative to their respective

non-phosphorylated controls have been observed [68]. However, while compari-

sons of cycloSal groups in phosphate triesters with the activity of the parent

phosphate ester would be more attractive, it can also be more difficult to determine

if, for example, the phosphate has limited stability in the culture medium.
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Studies performed on acyclic nucleoside phosphonates prepared as cycloSal

prodrugs revealed a limited impact on cell permeability and release of the prodrug

37 relative to the parent phosphonate PMEA [69]. Here the cycloSal approach

imparted only one- to twofold improvement in cell activity relative to the free

phosphonic acids, which was less than cell-cleavable approaches such as the

bis-POM strategy. To the extent that removal of the cycloSal group is dependent

upon chemical hydrolysis, with no additional increase in hydrolysis seen in the

presence of plasma, once such a prodrug enters the cell it may also diffuse out rather

than be unmasked, which would result in limited increases in potency. Realizing

this limitation, the Meier group has prepared newer cycloSal derivatives which

impart a cell cleavable component prior to the chemical hydrolysis step [70,

71]. These papers describe second and third generation cycloSal technology as

well as some dramatic improvements in efficacy (Fig. 7).

Studies on cycloSal prodrugs have continued for many years, and they have been

well-rewarded. For example, classical resolution of stereoisomers at phosphorus is

potentially possible whenever the cycloSal prodrug is a derivative of a nucleoside

or nucleoside analogue that contains stereogenic centers within itself [72]. An early

observation of an 11-fold difference in the biological activity of the phosphorus

stereoisomers [72] has encouraged development of methods to allow

stereocontrolled synthesis. Recently it has been shown to be feasible to use

valine-derived auxiliaries (e.g., 38) to control formation of the phosphorus

stereocenter via Pv chemistry [73]. Through controlled synthesis of the phosphorus

stereocenter, and judicious placement of a methyl substituent on the aromatic ring,

it was possible to observe 7- to 20-fold differences in the antiviral activity of

d4TMP prodrugs (e.g., 39) [74]. The biochemical and/or physiological basis for

such significant differences in activity is/are not yet clear, but they clearly validate

the effort devoted to diastereoselective syntheses and justify additional research

into the cycloSal prodrugs. Applications of the cycloSal group as a leaving group in

synthesis of 1,6-diglycopyranosyl-phosphates further enhances the value of this

group [75, 76].

A different approach based on unsymmetrical diesters deliberately places a

stereogenic center in a diol esterified to the phosphorus moiety. Although this

introduces a stereogenic phosphorus atom, it can also allow tissue-targeted cleav-

age. Erion and colleagues have pioneered the use of this type of cyclic phosphonate

prodrug, e.g., 40 (reviewed by [77]). Such compounds exhibit high stability in
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plasma but undergo rapid oxidative cleavage mediated by a cytochrome P450

enzyme expressed in the liver (CYP3A4) [78] and thus are known as HepDirect

prodrugs. When compared to the bis-POM prodrug of adefovir, it was found that the

HepDirect approach causes higher drug accumulation in the liver and lower accu-

mulation in the kidney and intestine in rats after oral delivery [79]. This strategy is

effective with phosphonates and phosphates, given that similar distribution was

seen with a HepDirect modified AraC [80]. In this study, a cyclic 1-(aryl)-1,3-

propanyl prodrug of AraC was evaluated for its ability to target this compound to

the liver. There was a substantial increase in mice, compared to the

non-phosphorylated AraC as a control. The HepDirect technology was also applied

to a 20,30-carbonate to make an orally available compound (39%) with high liver

potency (Fig. 8) [81, 82].

The HepDirect strategy has been applied to a variety of compounds other than

nucleotides or nucleotide analogues. For example, 41 was prepared as a prodrug for

a thyroid hormone receptor agonist, and was shown to lower cholesterol and

triglyceride levels with decreased impact on other tissues [83, 84]. A variety of

compounds in this vein has been prepared, and the various stereoisomers were

separable by column chromatography and HPLC on a nonracemic column. Unfor-

tunately, the simple aryl compounds had limited aqueous solubility and functioned

as inhibitors of CYP3A4. Through use of a pyridyl or substituted pyridyl ring

system (e.g., 42), inhibition of CYP3A4 was diminished, water solubility was

increased, and more effective inhibition of glucose production was observed,
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especially in the 2R,4S isomer [85]. The general strategy has also been applied to

prepare prodrugs of a phenol (43) [86] and an alcohol (44) [87].

The mechanism of drug release from the prodrug 45 is believed to involve

enzymatic oxidation of the benzylic position to afford the hemiketal 46

[80]. Because this oxidation takes place primarily in the liver, the prodrug effec-

tively targets this organ. After ring opening (47), a β-elimination results in libera-

tion of the drug (49) and an enone (48) derived from the masking group. It has not

yet been established whether or not generation of the enone, a potential Michael

acceptor, is problematic. Regardless, the authors suggest that the mechanism of

HepDirect prodrug release results in gradual delivery of the original drug, therefore

indirectly delaying its elimination (Scheme 2) [87].

3.3 Monoesters

While small lipophilic diesters can neutralize two negative charges in phosphates

(or phosphonates) and thus facilitate passive diffusion across biological mem-

branes, it has long been recognized that monoesters derived from larger lipophilic

groups also may offer advantages. Among those advantages, monoesters avoid the

complexities of phosphorus stereochemistry in the salt form (e.g., the anion of 50).

In some very early work this was exploited with cholesterol esters. For example, the

cholesteryl ester of 5-fluoro-20-deoxyuridine was prepared via a DCC coupling of

the nucleotide with cholesterol [88], and subsequently tested for activity in Ehrlich

ascites cells. It displayed modest activity even though it is almost insoluble in water

[89]. Much more recent studies have provided more facile synthetic routes [90] to

the cholesteryl esters, but further studies on the efficacy of this prodrug strategy

have yet to appear (Fig. 9).

Studies with other monoesters have been both more extensive and more suc-

cessful. Perhaps most notable is work with lysophospholipids (or their analogues)

as phosphonate masking groups [91, 92]. Because lysophospholipids are metabo-

lized by phospholipase A2 and readily absorbed in the GI tract, it was hypothesized
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that conjugation with nucleotide analogs would enhance the oral bioavailability of

the associated drug. An early study by Hostetler demonstrated the feasibility of the

phospholipid conjugation approach through preparation of acyclovir diphosphate

dimyristoylglycerol, which can be viewed as an analog of the naturally occurring

CDP-DAG. This compound was very effective at inhibiting replication of herpes-

simplex virus (HSV) in cells deficient of thymidine kinase [93]. Likewise, several

alkyl glycerol-3-phosphate derivatives of acyclovir and azidothymidine with

extended alkyl chains increase intracellular levels of the monophosphate more

than tenfold, with strong in vitro anti-viral activity [94]. These compounds also

had an elevated and sustained oral bioavailability relative to the

non-phosphorylated drug. This approach reduces the levels of the drug in the kidney

and increases its levels in the liver. Differences have also been noted in the lung

accumulation with varied lipid moieties [95].

Some of the strongest effects of this strategy were observed with lipid esters of

the acyclic nucleoside phosphonates [91]. Across evaluation with a number of

viruses, there were routinely several log unit increases in activity associated with

use of the lipid esters. Of special significance was a >10,000-fold increase in

in vitro potency of hexadecyloxypropyl (HDP)-(S)-HPMPA against HIV-1 [96], a

>5,000-fold increase in potency of the HDP-HPMPA against orf virus [97], and a

>2,000-fold increase in potency of HDP-CDV against Epstein–Barr virus (EBV)

[98] relative to the respective free acyclic nucleoside phosphonates. These

increases may be a consequence of their association with membranes, leading to

increased cellular half-lives. One indication of the effectiveness of this strategy is

that two lipid nucleoside conjugates are in clinical trials at present. Brincidofovir

(51, CMX001) is an HDP-conjugated cidofovir in trials for CMV [99], while the

related prodrug CMX157 (52) is an HDP-conjugated tenofovir in trials for HIV.

This progress certainly encourages further investigation of phosphonate monoesters

[100, 101].
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3.4 Cyclic Monoesters and Mixed Diesters

Specific examples of acyclic nucleoside phosphonates offer unique opportunities

for prodrugs based on an intramolecular cyclization. For example, cidofovir (53)

can be converted to a cyclic monoester (cyclic cidofovir, 54) which in turn can be

further modified at the remaining acid function (reviewed by Krylov [102]). As a

prodrug, the cyclic cidofovir 54 offers advantages over the parent compound in that

only one ionizable function remains, and hydrolysis to the parent drug does not

release any additional products. At the same time, upon ionization of 54 there is no

longer a stereogenic center at phosphorus, so the only stereochemistry is that

inherent in cidofovir itself. The cyclic form of cidofovir was also reported to

have 10- to 40-fold lower nephrotoxicity than the parent compound [103]. However,

formation of derivatives may further increase uptake and allow targeting

(Fig. 10) [103].

One cidofovir derivative in this vein was based upon salicylate esters (e.g., 55).

For example, formation of the aryl ester from n-butyl salicylate gave a mixture of

the axial and equatorial phosphorus esters, but these diastereomers were separated.

The axial isomer showed greater chemical stability, and thus was assayed as an

individual enantiomer. Based on the biological results, including stability in plasma

and in liver and intestinal homogenates, it was hypothesized that breakdown occurs

via an esterase-mediated hydrolysis of the carboxylate ester of the salicylate,

followed by complete release of the drug [104]. The use of long lipid esters has

also been investigated [105]. For example, the efficacy of phospholipid esters of

cyclic cidofovir (e.g., 56), cidofovir, and HPMPA has been investigated, providing

valuable comparisons [106, 107].

An intriguing approach to cyclic cidofovir prodrugs has employed ester linkages

to serine derivatives (57) [108, 109]. In addition to reduction of the phosphonate

charge, this approach enables the prodrug to act as a substrate for peptide/amino

acid transporters in the GI tract. However, while uptake was increased, especially

with a Val-Ser derivative, it was not because of hPEPT1 transport, as these

compounds bind to hPEPT1 but do not act as substrates [110]. The use of amino

acid esters has also been used to prepare prodrugs of other nucleoside analogues

including HPMPA, and at times improved oral availability was observed [111].

More traditional masking groups have also been used in combination with an

internal ester. The acyclic nucleotide analogue based on 2,6-diaminopurine has

been further modified as its POM (58) and HDP derivatives [112], suggesting that
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Fig. 10 Prodrugs including internal ester formation
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virtually any ester (see above) or amide (see below) might be employed to obtain

derivatives of the cyclic esters available from nucleotide analogues such as

cidofovir.

Finally, internal esters are not limited to acyclic nucleoside phosphonates or

even to phosphonates in general. For example, the cyclic nucleotide 59 has been

reported to show very promising activity against the hepatitis C virus [113, 114]. In

this case, the issue of phosphorus stereochemistry is ameliorated by selective

formation of the desired stereoisomer, which has been accomplished on a kilogram

scale, including purification by crystallization [115]. A variety of different phos-

phate esters of this general structure has been reported, and studies have described a

mechanism of drug release which may include cytochrome P activation

[114]. Again in this case, the reported studies strongly suggest that even more

varied phosphate esters could be employed (Fig. 11).

4 Amidate Prodrugs

While many have used phosphorus esters to prepare prodrugs, others have devel-

oped phosphoramidate derivatives (reviewed by Mehellou [116]). As early as 1990,

Devine and McGuigan had hypothesized that nucleotides containing at least one

phosphoramidate linkage would exhibit cellular conversion to the free phosphate,

potentially enhanced by activity of HIV protease [117]. Extensive studies in the

intervening years have amply demonstrated the validity of that hypothesis with both

diamidates and aryloxy phosphoramidates (reviewed in [118]), and each class

offers advantages. Examples are described in the following sections (Table 2).

4.1 Symmetrical Diamidates

As described above for diesters, it can be argued that, from a conceptual standpoint,

the simplest phosphordiamidates are those where symmetry avoids the issues

inherent to introduction of phosphorus stereochemistry. Recently, McGuigan and

colleagues have claimed just such advantages for a diamidate strategy [119,
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120]. When the amide is derived from an amino acid, achieving a neutral species

requires esterification of the carboxyl group as well (e.g., 60). After examination of

a series of 25 diamidates for activity against HCV [120] and HIV replication, and

anti-proliferative effects in several cell lines, it was found that this strategy is

sufficient to afford good cellular activity with several different nucleoside ana-

logues [119]. Preparation of symmetrical bisamidates from the symmetrical diesters

also has been reported (Fig. 12) [121].

Symmetrical bisamidates have also been used to prepare prodrugs of

phosphonates. For example, compound 61 was prepared as an inhibitor of fructose

1,6-bisphosphatase [122]. The phosphonodiamidate prodrug was far more potent in

human hepatocytes than the free acid and, after comparison with a broad range of

other prodrugs, the bisamidate was judged superior and selected for clinical trials

[123]. While Phase II trials with 61 ultimately proved disappointing, studies with

second generation analogues continue [124].

Table 2 Some prodrug variations based upon amidate linkages

RX P
O

N R1
H

R2

X = O phosphoramidate
X = C phosphonamidate

Symmetrical R1 R2

Bisamidate �CHCH3C(O)OCH(CH3)2 �NH-R1

Monoamidate-monoester

Amidate/phenyl ester �CHCH3C(O)OCH(CH3)2 �OC6H5

Amidate/naphthyl ester �CHCH3C(O)OCH(CH3)2 �OC10H7

Amidate/alkyl ester �(CH2)4Cl (with NCH3) �OCH2(C4H3NO3)

Monoamidates

Amidate 2-Pyridyl �OH

60 R = isopropyl, benzyl,
cyclohexyl, etc.

NA = d4T, ddA, AZT,
3TC, RBV, etc.
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NAHN
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Fig. 12 Phosphate and phosphonate prodrugs based on symmetrical diamidates
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4.2 Amidate Esters

Some of the earliest work on azidothymidine (AZT) monophosphates reported that

simple alkyl diesters were inactive in a cellular model of HIV, but that the

combination of an alkyl monoester with a phosphoramidate led to surprisingly

good cellular potency [117]. In an impressive series of studies, which continue to

this day [125], McGuigan and colleagues evaluated lactate-derived systems and

diaryl phosphates, before identifying aryloxy phosphoramidates as a highly effi-

cient prodrug approach (reviewed in [118]). Work applying the aryl

phosphoramidate technology to nucleoside phosphonates has led to the clinical

trials of several such agents.

Most recent work on aryl phosphoramidates has employed protected L-alanine

esters for the amine moiety [126]. In several cases where the D-alanine analogues

were prepared, they were found to display significantly lower activity [127–

129]. One comparison of PMPA prodrugs reported that a phenyl phosphoramidate

displayed a tenfold greater activity than the corresponding POC prodrug.

While the amide component of phosphoramidates appears to be centering on L-

alanine derivatives, considerable variations in the aryl ester component are still

reported. Simple phenyl esters may well be the most extensively employed sub-

structure [130, 131], especially in nucleotide analogues of the general structure 62

[116, 127, 132–136]. However in cases such as the hydroxamic acid 63, an inhibitor

of 6-phosphogluconate dehydrogenase for use in trypanosomiasis, addition of

simple substituents such as methyl groups to the phenyl ring has resulted in more

than a tenfold increase in potency [137]. In some cases, deployment of a naphthyl

ester (e.g., 64) has accompanied preparation of the phenyl ester [116, 132, 133].

Other studies have focused on the naphthyl esters (Fig. 13) [138–141].

While aryl phosphoramidates based on amino acids are by far the most common

examples of this class, further variations in the ester and amine components certainly

are known [142]. For example, in place of an aryl ester, a 3-acyloxymethoxypropyl

group has been studied (e.g., 65), and hydrolysis of the ester was found to be ~20

times faster than the corresponding phenyl phosphoramidate [131]. In this work,

small differences in the reactivity of the RP and SP isomers were noted, but it was not

possible to identify which was the more reactive (Fig. 14).

An interesting alternative to amines derived from amino acids is based on the

4-chlorobutyl system as reflected in structure 66. After reduction and loss of the

nitrofuryl group, cyclization of the butyl group delivers the active nucleotide, as

shown by the preservation of activity in cells deficient in the kinase that generates

FdUMP [143] or AraC monophosphate from the corresponding nucleosides [144].

Finally, a bidentate ligand has also been employed to prepare cyclic

phosphoramidate esters such as the cyclic compounds 67 [145]. The (N-3-
hydroxypropyl)-amino esters could be prepared from commercially available

amino acids, ultimately allowing preparation of both the SP and RP isomers, and

the phosphorus stereochemistry was assigned based on NMR data. Small differ-

ences in activity were found between the phosphorus stereoisomers, and the most

132 A.J. Wiemer and D.F. Wiemer



active compounds in the series were comparable or slightly greater in potency when

compared to the POM analogue.

4.3 Monoamidates

Symmetrical diamidates do not introduce a stereocenter at phosphorus, but, in cases

such as aryl (or alkyl) phosphoramidates where two different protecting groups are

employed, introduction of a stereogenic center at phosphorus can become a con-

cern. Formation of a stereocenter can be avoided if just one amidate is used, as long

as the single negative charge in the resulting salt is resonance delocalized; an

additional benefit is that drug release does not generate phenol. One recent study

of monoamidates prepared compounds such as 68, where the longer chain alanyl
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ester was intended to regain some of the lipophilicity sacrificed by removal of the

phenyl ester [146]. The resulting compound proved very effective at generating

high levels of the nucleoside triphosphate in human hepatocytes. A similar strategy

was employed in a series of AZT and ddU analogues (e.g., 69) [46, 47]. In this

work, aryl amines were used to generate the monoamidates, and those based on

pyridyl amines displayed notably low cytotoxicity and high antiviral activity.

However, because no activity was observed in cell lines deficient in thymidine

kinase, further work is necessary to clarify the specific mode of action (Fig. 15).

5 Drug Release

In addition to neutralizing negatively charged phosphorus moieties to allow diffu-

sion across cellular membranes, it has become apparent that the appropriate selec-

tion of ester and/or amide prodrugs can be used to impart cell type and tissue type

specificity, which can impact the distribution of the free drug. Specifically, by

choosing the processes which are entrusted to remove the protecting groups,

whether chemical decomposition or enzymatic cleavage, one can control where

and when the drug is released. Each drug/prodrug/target must be optimized indi-

vidually, as some masking groups can be more or less readily removed from

different types of drugs [147]. However, we attempt here to describe some general

guidelines for planning drug release.

The majority of current prodrugs require enzymatic cleavage prior to biological

function. Conceptually speaking, prodrugs designed to undergo chemical decom-

position (e.g., simple esters, early cycloSal compounds, or thermolytic prodrugs)

offer the least amount of control over tissue distribution. However, by altering the

chemical stability to control drug release rates, these compounds may offer advan-

tages in terms of dosing, such as enhanced plasma stability and precisely controlled

half-lives of elimination [148]. For example, some thermolytic prodrugs of DNA

oligonucleotides have been examined [149]. Based on these studies, it was

suggested that an optimal half-life of a thermolytic prodrug for animal work is

100–200 h at 37 �C, and that resistance to enzymatic cleavage allows better

68 R = 2'-C-methyl-C 69 R = AZT or ddU
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distribution of the drug to the cellular targets. In addition, depending on the

masking group, thermolytic release has the potential to reduce accumulation of

toxic intermediates and to overcome limitations in esterase activity on charged

substrates when multiple groups need to be removed [150, 151].

Ester-based compounds such as the POM analogs undergo relatively slow

chemical decomposition but are generally susceptible to cleavage by non-specific

esterases, which can be found in most cells as well as blood. For example, a

representative bis-POM compound was demonstrated to have a 5-minute half-life

in plasma [152]. The mechanism of cleavage involves an initial enzymatic step

followed by spontaneous release of the linker. Interestingly, while the first POM

group is rapidly removed, leading to formation of the monoester, the mono-POM

compound has a much longer half-life in plasma, and would likely offer advantages

in terms of membrane permeability relative to the free diacid. Ultimately, the most

promising use of POM-modified compounds may be to increase oral bioavailabil-

ity, allowing accumulation of the free drug in the plasma at elevated levels, but not

necessarily offering strong advantages in terms of tissue distribution relative to IV

dosing.

When selecting which ester groups to use to increase oral absorption of a

particular compound, it is important to keep in mind that the majority of neutral

protecting groups greatly increase oral absorption. It may therefore be more impor-

tant to optimize the rate of release (i.e., esterase susceptibility) rather than attempt

to maximize the rate of oral absorption. An excellent example of this rational was

shown for various ester prodrugs of squalene synthase inhibitors [153]. Here, the

authors clearly demonstrate a reduction in oral activity when protecting groups are

either removed too quickly or removed too slowly.

In contrast to the POM prodrugs, HDP esters require phospholipase C for

removal of the protecting group and tend to have increased stability in the blood.

This affords the actual drug with both increased oral availability and increased

tissue distribution relative to IV dosing. The phospholipid masking groups tend to

increase greatly the duration of exposure to the drugs, which can at times be

detected even up to 10 days later [154]. Presumably drug release requires prodrug

insertion in the cell membrane, followed by slow cleavage intracellularly via

phospholipase C metabolism. This combination of uptake, plasma stability, and

long-lasting cellular effects makes the mono phospholipid strategy especially

effective for oral delivery of drugs such as brincidofovir, a highly promising

antiviral agent.

Cleavage of the prodrugs of cyclic cidofovir and other related nucleotides

requires several enzymatic steps to achieve the free drug. For example, the dipep-

tide prodrugs put forth by McKenna require removal of one of the amino acids by

puromycin-sensitive aminopeptidase and spontaneous release of the remaining

amino acid [155]. Modulating the enzymatic step which removes the first amino

acid might provide an additional means to achieve tissue targeting depending on the

expression of that enzyme. This hydrolysis likely must precede ring opening, which

is also enzymatically-driven [156]. The specific mechanisms of ring opening are
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still emerging, with PDE7A recently identified as one enzyme important to this

process [157].

The cyclic ester prodrugs have further enhanced tissue specificity of drug

release, especially with the HepDirect system. Because of its specificity for metab-

olism by CYP3A4, accumulation of the free drug in the liver is favored, the

predominant site of CYP3A4 expression. Likewise, while early generation cycloSal

derivatives lacked selectivity, more recent modifications of these structures have

afforded compounds which are stable in the presence of serum but not in cell

extracts, thus offering some advantages over POM prodrugs [158].

The phosphoramidates also exhibit increased plasma stability relative to the

acyloxyalkyl ester compounds. Whether diamidate (e.g., 70), or aryl amidate (71),

these compounds appear to be released through an initial enzymatic hydrolysis of

the amino acid carboxyl ester [159]. In the case of diamidates and aryloxy amino

acid amidates, this initial step is catalyzed by carboxypeptidase Y (cathepsin A) or

carboxylesterase I [160], to afford the corresponding carboxylate (72 or 73). By

increasing specificity for cathepsin A, one can target the free drug to tissues such as

peripheral blood mononuclear cells, which have been found to express this enzyme

strongly [161, 162]. The initial hydrolysis leads to spontaneous elimination of one

of the protecting groups, which may involve the cyclic intermediate 74, leaving a

monoamide intermediate [163]. The amidate 75 is subsequently cleaved by cellular

phosphoramidases such as Hint1 [160, 164] to release the free drug (76).

Monophosphoramidates have been evaluated for enzymatic cleavage by human

Hint1, and a set of guidelines for specific phosphoramidate cleavage by Hint

enzymes has been established. For example, purine bases may be preferred but

pyrimidine bases can also be used, phosphoramidate oxygen atoms are required,

and an electrophilic group is required at the ribose 20-position, while sterically-

crowded amines reduce cleavage (Fig. 16) [165].

A set of phenol-containing phosphonoamidates with various amino acid esters

has been tested against a panel of cellular serine and cysteine proteases. This study

found large differences in the metabolism of the prodrugs, such that modifying the
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amino acid ester group can completely change the enzyme activity. It was noted

that the alanine isopropyl amidate bearing a phenyl ester is metabolized by cathep-

sin A [166]. The authors suggest that, based on differential tissue expression of

these proteases, one might be able to design specific phosphonamidate prodrugs

that are preferentially metabolized in various tissues.

Some interesting differences in drug release also may occur based on the

subcellular localization of the enzymes responsible for removal of the protecting

groups. Much like prodrugs which target a specific cell type, prodrugs which target

a particular subcellular locale would be best served by undergoing hydrolysis by a

singular enzyme with known subcellular distribution. However, it should be noted

that this approach is not without risks, as lack of redundant conversion pathways

may increase the potential for drug interactions or sensitivity to genetic polymor-

phisms [167]. Nonetheless, there have been several attempts to develop single

enzyme cleavage systems. For example, the phospholipase C-driven release of

HDP prodrugs might be expected to occur primarily in the cytoplasm or at the

intracellular face of the plasma membrane [168]. Likewise, HepDirect prodrugs

(which require CYP3A4) would be similarly released in the cytoplasm near the

inner face of the plasma membrane [169]. On the other hand, release of phosphor-

amidates by Hint1 may occur in multiple compartments, as this enzyme has been

reported to exhibit both cytoplasmic and nuclear localization [170]. However,

phosphoramidates that are substrates for carboxypeptidase Y may be expected to

be released in the lysosome, which would confer an advantage against targets that

are lysosomal but would require membrane diffusion or active translocation of the

free acid to reach cytoplasmic targets. Indeed, GS-9191, an amidate prodrug of

9-(2-phosphonylmethoxyethyl)-N6-cyclopropyl-2,6-diaminopurine, was demon-

strated to be initially hydrolyzed by cathepsin A in lysosomes followed by

pH-dependent translocation to the cytoplasm [171].

Finally, in a few select cases, it is not even necessary to remove the protecting

groups in order to observe biological activity. For example, methylated phosphates

were able to function as agonists for the adenosine A1 receptor, a GPCR, without

removal of the methyl group, resulting in enhanced in vivo bioavailability and

pharmacodynamic effect [172]. Likewise, simple esters which block the ATP gated

ion channel P2X were able to offer a cardioprotective effect [173]. Findings such as

these suggest that, while removal of the masking group is required for activity of

antiviral agents and inhibitors of isoprenoid biosynthesis, both of which require

coordination of the negatively charged phosphate in an enzyme active site, it is not

necessary for certain phosphorus moieties including some receptor agonists. While

binding to the receptor may be reduced by the presence of a small masking group,

the pharmacokinetic advantages may outweigh a small loss in ligand binding

affinity.
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6 Current Applications of Prodrug Technology

In recent years, there has been a dramatic increase in the synthesis of phosphate and

phosphonate prodrugs. It could be argued that synthesis of prodrug forms is

becoming the norm during generation of these drugs. In particular, two classes of

prodrugs, the classic acyloxyalkyl phosphonates and the amidates [116, 174],

account for the majority of recent examples. Here, we attempt to highlight some

important recent developments in three key areas (nucleotides, isoprenoids, and

phosphorylated proteins) for which novel applications of prodrugs are revolution-

izing their respective fields.

6.1 Nucleosides, Nucleotides, and Nucleic Acid Metabolism

An intense area of research into phosphate and phosphonate prodrugs has centered

on the development of effective antiviral agents. The discovery of HIV stimulated

tremendous efforts in this regard [59], and the continued importance of the disease

encourages continued efforts in this area, including use of prodrugs such as

tenofovir disoproxil as preventative agents [175]. Furthermore, increasing concern

for viral infections such as HCV [100, 135, 176, 177] and herpes virus [56] also

motivates research. Because there are numerous reviews focused on prodrugs of

nucleotides and nucleoside phosphonates [178–184], the following paragraphs

focus primarily on other emerging applications in the nucleotide area.

Much of the past research into nucleotide and nucleoside phosphonate prodrugs

has been designed to afford drugs which include phosphorus and so do not require

formation of a monophosphate through a kinase mediated reaction. This strategy,

often referred to as a kinase bypass [15–18], can circumvent development of drug-

resistant strains through mutations which delete one specific kinase. An intriguing

alternative has been suggested through formation of prodrug forms based on

nucleoside diphosphates (e.g., 77) [185, 186]. Compounds with acyl residues larger

than C6H13 were found to be highly active in a CEM/TK� assay, demonstrating that

this is an effective strategy for intracellular delivery of nucleoside diphosphates. It

remains to be seen whether this or a similar strategy may be extended to other types

of diphosphates or even triphosphates (Fig. 17).

At the same time, applications of the more traditional kinase bypass strategy to

novel nucleoside analogues continue to appear. In this context, a recent paper

described phenyl phosphoroamidate 78. After efforts to optimize the nucleoside

analogue, both phosphorus stereoisomers were isolated and identified by crystallog-

raphy. The more active SP isomer, 78, then became the first C-nucleoside to enter

clinical development for treatment of HCV through inhibition of NS5B polymerase

[187]. These findings illustrate that one consequence of the aryl phosphoramidates is

the introduction of a new stereogenic center at phosphorus [188, 189] which can

dramatically impact biological activity. However, the majority of studies make no

mention of this stereochemistry, suggesting that assays were conducted on
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diastereomeric mixtures. Consistent with these results, another elegant study sepa-

rated the phosphorus-centered diastereomers of phosphoramidate 79, identified them

by diffraction analysis, and assayed the individual isomers, reporting that the SP
diastereomer shown displayed significantly greater activity [113, 190]. The prodrug

79 produces high levels of the triphosphate in multiple species following oral dosing.

Its toxicity is low with high potency towards HCV, even in resistant cells, and so it

was recently approved for treatment of HCV (as Sofosbuvir) [191, 192]. This success

suggests that the issue of phosphorus stereochemistry needs to be addressed in other

aryl phosphoramidates as well. It is interesting to note that in both cases the SP
isomer was more potent, although neither the underlying cause of this phenomenon

nor its prevalence are known at this time (Fig. 18).

In addition, prodrug strategies are continuing to find application in other

non-viral applications. For example, several prodrug forms of acyclic immucillin

phosphonates have been prepared in an effort to identify antimalarial agents which

function through inhibition of purine biosynthesis in plasmodium. While the POM

modified phosphonate 80 is able to penetrate erythrocytes, hydrolysis limits drug

entry into the parasite. However, lysophospholipid prodrugs (e.g., 81) are able to

deliver the compound to the parasites, where they are cleaved by phospholipase A

and C, releasing the free phosphonic acid [193]. This target has also been addressed

with bisamidate prodrugs of bisphosphonates such as 82 as potential antimalarial

agents [194] and antibiotics [195]. Taken together, these studies reiterate the

importance of optimizing each prodrug-drug-target combination (Fig. 19).

Some groups have evaluated prodrugs for their ability to prevent precipitation of

phosphorus compounds. It has long been recognized that geminal bisphosphonates
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can be viewed as analogues of diphosphate which do not readily undergo hydrolysis.

Derivatives with small substituents on the methylene carbon, compounds such as

etidronate (83) and clodronate (84) are sometimes referred to as first generation

bisphosphonates because of their early clinical use [196]. In vivo, these

bisphosphonates are converted to ATP analogues which may directly trigger apo-

ptosis [197, 198], but as small, highly charged molecules they do not readily cross

the cell membrane by means other than endocytosis. Various prodrug approaches

have been examined to increase their ability to enter cells. For example, several bis-,

tri-, and tetra-POM bisphosphonates, including derivatives of clodronate [35] and

etidronate [36], have been prepared, while a series of dianhydride derivatives of

clodronate has also been made (e.g., 85 ) [199]. In the latter study, the acetyl,

butyroyl, and benzoyl derivatives display half-lives in human serum of less than

1 min, while the dipivaloyl bisphosphonate has a longer half-life of 3.3 h. The

authors demonstrate that, while the solubility of the dianhydrides was less than

clodronate, the compounds maintain their solubility in the presence of increasing

concentrations of calcium while clodronate does not. Therefore, compounds of this

type may increase the oral bioavailability of clodronate and related bisphosphonates.

More recently, others have examined a phosphonoamidate prodrug of clodronate

[200]. However, while these approaches are likely to increase oral bioavailability of

the compounds, their low predicted stability in the plasma may ultimately lead to

cleavage of the prodrug and sequestration of the bisphosphonate to the bone rather

than allow for distribution to other tissues (Fig. 20).

6.2 Isoprenoids and Inhibitors of Isoprenoid Metabolism

A second pathway based upon small molecule diphosphates, isoprenoid biosynthe-

sis, may rival the importance of nucleotide metabolism in the treatment of human

disease [201]. Because isoprenoids have important roles in heart disease, bone

disease, and cancer, various groups have investigated ways to elevate the concen-

tration and target the delivery of isoprenoid pathway inhibitors using prodrug

strategies.
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6.2.1 Isoprenoid Diphosphate Synthases

At the heart of cellular isoprenoid biosynthesis pathways lie the isoprenoid diphos-

phate synthases, including farnesyl diphosphate synthase and geranylgeranyl

diphosphate synthase [202]. A number of clinically successful agents used to

treat osteoporosis and other bone diseases, collectively known as nitrogenous

bisphosphonates and considered to be the second and third generations of methyl-

ene bisphosphonate derivatives, are inhibitors of farnesyl diphosphate synthase

[196]. The nitrogenous bisphosphonates are highly effective inhibitors in part

because their bisphosphonate substructure mimics the functionality of the natural

diphosphates. In addition to imparting potent enzyme inhibition, this highly

charged bisphosphonate group serves to localize the nitrogenous bisphosphonates

to the bone microenvironment, where they achieve long-lasting and local concen-

trations which are capable of inhibiting osteoclast function. Because

bisphosphonate drugs exhibit anticancer effects in the bone, some groups have

hypothesized that directing these drugs to other locales through synthesis of

bisphosphonate prodrugs would lead to anti-proliferative effects against soft tissue

cancers. Simple alkyl and arylbisphosphonates have met with some success [203],

but more readily cleaved prodrug forms may be more rewarding.

In 2006, Oldfield and colleagues published the synthesis and evaluation of a

tetra-POM bisphosphonate (86) which inhibits farnesyl diphosphate synthase.

While not evaluated for oral availability, this compound was able to inhibit

in vitro growth of cancer cells in a manner that was 20-fold more potent relative

to the free acid [204]. This illustrates the anti-cancer potential of the target and also

addresses the issue of cell permeability for this class of drugs. In 2008, we reported

a series of isoprenoid bisphosphonates which function as geranylgeranyl diphos-

phate synthase inhibitors. Both the salt (87) and tetra-POM derivatives (88) were

prepared, and growth inhibition and diminished protein geranylgeranylation were

greater with the tetra POM compounds by up to 25-fold relative to their respective

free acids [205]. The magnitude of the increase varied from compound to com-

pound, with smaller compounds (with higher charge to mass ratios) benefiting more

from POM protection. Taken together, these studies suggest that bisphosphonate

inhibitors of both farnesyl and geranylgeranyl diphosphate synthases exhibit diffi-

culty entering cells, and neutralization of these compounds with a prodrug approach

can increase their in vitro anti-cancer properties (Fig. 21).
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6.2.2 Prenyl Transferases

Isoprenoid diphosphates such as farnesyl diphosphate and geranylgeranyl diphosphate

are also post-translationally incorporated into proteins, increasing membrane affinity.

Because some such prenylated proteins are known oncogenes, (e.g., Ras), there has

been a substantial effort to develop inhibitors of the protein prenyl transferases

farnesyl transferase and geranylgeranyl transferase I and II. Most efforts have focused

on peptidomimetics, but various add back experiments have shown that isoprenoid

diphosphates enter cells and several isoprenoid diphosphate analogues also have been

reported to show biological activity. While these analogues may suffer from the

permeability problems attributed to other phosphates, there have been some reports of

prodrug approaches with such compounds [206]. Recently, phosphoramidate prodrugs

of the farnesyl [207] and geranylgeranyl [208] monophosphate analogues 89 and 90

have been reported. Because of their similarity to the natural substrates, these com-

pounds are among the most potent isoprenoid analogs reported for inhibition of the

prenyltransferases. Their cellular activity was not strong, possibly because of further

metabolism of the monophosphate. However, in combination with lovastatin these

compounds exhibit some interesting effects on cancer cell viability, which suggests

that further examination of the use of masking groups to deliver isoprenoid diphos-

phate analogues as transferase inhibitors may be warranted (Fig. 22).

6.2.3 Inhibitors of the Non-mevalonate Pathway for Isoprenoid

Biosynthesis

In contrast to humans, bacteria and parasites commonly utilize the non-mevalonate

pathway of isoprenoid biosynthesis [209]. This provides the opportunity to inhibit

their growth selectively by therapeutic targeting of these enzymes. Analogous to

statin drugs which inhibit the first enzyme of human isoprenoid synthesis,

fosmidomycin (91) and its analog FR900098 (92) inhibit the first step of the

non-mevalonate pathway, 1-deoxy-D-xylulose 5-phosphate (DOXP) reducto-

isomerase (Dxr). These drugs show some activity against malaria, but also exhibit

low oral bioavailability. In 2001, Reichenberg synthesized a series of aryl ester

modified FR900098 analogues (93) [210]. These compounds exhibited greater
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activity in a Plasmodium model when dosed orally relative to the free acids.

Because of concerns about the potential for toxicity of the phenol metabolite, this

group went on to produce a series of acyloxyalkyls (e.g., the POM compound 94)

and then compounds reminiscent of POC derivatives (e.g., 95) as prodrugs of

FR900098 [211, 212]. At least one of these compounds shows improvement in

activity over the free acid in the mouse model (Fig. 23).

Later studies on analogues substituted at the C-1 or C-3 positions of

fosmidomycin, or constrained by a ring system spanning C-1 and C-2, continued

to employ bis-POM prodrugs to explore the SAR of FR900098 analogs against

Plasmodium Dxr [213–216]. These compounds yielded several more potent inhib-

itors of Plasmodium growth in vitro, but use of the prodrug strategy in this system

does not confer the magnitude of increase seen in other cellular systems. It is

difficult to say whether the limited efficacy is compound-based or parasite-specific.

These results were echoed through studies of a series of fosmidomycin analogs

[217], where again the bis-POM protecting strategy was only marginally effective.

It is possible that fosmidomycin penetrates cells adequately of itself. The most

recent studies reported a series of fosmidomycin analogs with enhanced potency

against the purified enzyme and growth of the Plasmodium parasite in vitro

[218]. While the activity was somewhat enhanced by bis-POM protection, the

results parallel findings of limited activity of the tri-POM prodrug squalene

synthase inhibitor ER27856 in Leishmania. This again suggests either a decreased

ability to penetrate the membrane of this organism or lack of ability to release the

free drug [219].

Because fosmidomycin and FR900098 are also potent antibacterial agents, a

prodrug approach has been examined to determine whether it would increase
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efficacy in Gram-negative bacteria [220]. Several lipophilic esters were tested on a

panel of Gram-positive and Gram-negative bacteria. The largest positive effects

were seen in anM. tuberculosis strain (H37Rv), where several prodrugs were active
at concentrations of 100 μg/mL vs >500 μg/mL for the free acid. Generally, the

prodrugs did not enhance efficacy of FR900098 in Gram-negative pathogens, with

only one out of six showing a modest increase in potency against E. coli k12. It is
possible that these bacteria were unable to metabolize the prodrug or that the

prodrug is ineffective at crossing the double membrane, because they are too

lipophilic to transverse the hydrophilic transmembrane space. However, another

group has recently reported activity of the bis-POM derivative 94 in mycobacte-

rium [221]. All in all, future studies which focus on prodrugs of more metabolically

stable compounds such as these would be well worthwhile.

6.3 Protein Phosphorylation and Interactions

The phosphorylation and dephosphorylation of amino acid residues in proteins is an

essential aspect of many signal transduction pathways. The phosphorylated resi-

dues often promote protein–protein interactions via Src Homology 2 (SH2)

domains and other protein domains that interact specifically with phosphorylated

proteins. Therefore, compounds which interfere with protein to phosphorylated

protein interactions are potential therapeutic agents.

6.3.1 Prodrugs of Peptidomimetics Which Target the SH2 Domain

Tyrosine phosphorylation is a primary component of signal transduction pathways,

such as those regulated by growth factor receptors. As the SH2 domain is the most

prevalent of the phosphotyrosine recognition domains, it has emerged as a target for

phosphotyrosine mimicking phosph(on)ate compounds and their respective

prodrugs. One early study reported a series of SH2 domain blockers targeted at

Src and Abl kinases [222]. The authors suggest that efficient SH2 blockers must

contain a phosphate group, or a phosphonate substitute, to allow effective ligand

binding. They successfully generated several dipeptide analogs, including the

phosphonic acid 96, the ethyl ester 97, and the di-POM compound 98 as phenylal-

anine phosphonates. Both esters exhibited much faster cellular uptake than the acid

and the prodrug 98 was readily metabolized in cells to release the free acid

(Fig. 24).

A similar approach has been taken to prepare aryl phosphoramidates such as 99

[223], as prodrugs of SH2 domain analogs for Src/Lck inhibitors. The compounds

exhibit low micromolar growth inhibition in Jurkat T cells, and undergo spontane-

ous hydrolysis with half-lives of approximately 30 min. The same masking groups

have been applied in phosphonate 100 as a suspected SH2 domain blocker through

inhibition of mitotic centromere-associated kinesin protein function in a panel of
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cell lines [224]. The compound inhibited cell growth but surprisingly the growth

inhibition was not restricted to Src-dependent cells. The same prodrug format was

used to investigate targeting protein tyrosine phosphatase 1B (PTP1B) as a means

of sensitizing cells to insulin signaling for treatment of diabetes and obesity

[225]. In this study, cellular activity of the prodrug was seen at low nanomolar

concentrations (Fig. 25).

The goal of a similar study was to develop a phosphopeptide mimic which binds

to the SH2 domain of Stat3, preventing its association with growth factor receptors

and subsequent phosphorylation and translocation to the nucleus. In this case, a

xenograft experiment was performed to assess activity in an MDA-MB-468 tumor

model, and a ~30% decrease in tumor volume was observed after 4 weeks of

treatment [226]. In contrast to the earlier findings [222], in this study the

bis-POM compound 101, prepared as a phosphotyrosine surrogate, is significantly

more effective than the mono-POM analog at producing cellular activity [227]. Sub-

sequent studies therefore relied on the bis-POM approach to identify inhibitors of

Stat3 [228, 229] and Stat6 [230] binding interactions.

Finally, while most SH2 analogs have utilized POM or amidate masking

groups, one lab has recently generated a cycloSal analog, 102 [231]. In this study,

compounds were active in the micromolar range in a cell-free assay system. It is not

yet clear how rapidly such compounds are hydrolyzed, and it may be unlikely that

they would offer significant enhancement in cellular delivery of the phosphorylated

peptide because of the chemical nature of the cycloSal hydrolysis. However, this

report clearly demonstrates that many different prodrug strategies can be applied to

obtain analogues of peptide phosphates (Fig. 26).
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6.3.2 Serine/Threonine Analogs

Only recently has the prodrug approach enabled cellular studies of phosphoserine

and phosphothreonine analogs. After a phosphoserine analog with the ability to

block interactions of 14-3-3 proteins was identified, a mixed phosphonoamidate

ester prodrug of the corresponding difluoromethylene phosphonate was prepared

(103). This prodrug exhibited an approximately 20-fold increase in activity over the

free acid [232]. A recent report on phosphothreonine analogs targeted towards Plk1

has also relied on a bis-POM strategy [233].

Conclusions

Incorporation of phosphates and phosphonates in potential drugs may once

have been viewed as unrewarding, because of the inherent tension between a

requirement for high negative charge density for bioactivity and the limited

ability of such compounds to traverse the cell membrane. With the develop-

ment of various prodrug forms, it has now become routine. The understanding

of both the chemistry and biological activity of different prodrugs has

advanced tremendously since the earliest studies, and the pace of those
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advancements is increasing. From diesters of simple alcohols and symmetri-

cal phosphorus species, the art has advanced to necessarily asymmetric

amidate esters. The phosphorus stereochemistry which once was avoided is

now recognized as a potential design element, and strategies for asymmetric

synthesis have begun to appear. The increasing complexity of the prodrug

forms has allowed evolution of drug release strategies and fosters drug

targeting. These advances, together with the growing number of

phosphorus-containing drugs in clinical use and clinical trials, make it clear

that studies of prodrug forms continue to be a vibrant research area.
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of Р-Stereogenic Phosphorus Compounds

Oleg I. Kolodiazhnyi

Abstract This chapter points out significant advances in the asymmetric synthesis

of P-chiral organophosphorus compounds with many applications in

stereoselective synthesis and in asymmetric catalysis, making reference to updated

literature findings as well as the author’s original research. Asymmetric addition

and cycloaddition reactions, oxidation, including metal catalyzed and non-metal

biocatalytic methods are described, in addition to synthetic approaches via nucle-

ophilic substitution of appropriately substituted precursors. Use of chiral organo-

phosphorus compounds in some asymmetric transformations such as hydrogenation

and alkyl/arylation reactions is also discussed.
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Abbreviations

Ac Acetyl

Ad Adamantyl

All Allyl

Amano AH Pseudomonas cepacia lipase

Amano AK Pseudomonas fluorescens lipase
Amano PS Burkholderia cepacia lipase

An Anisyl

Bn Benzyl

Brn endo-Bornyl
CALB Candida antarctica lipase (Chirazyme®L-2, Novozym 435b)

COD Cyclooctadiene

Cp Cyclopentadiene

CRL Candida rugosa lipase

Cy Cyclohexyl

DABCO Diazabicyclooctane

DBTA Dibenzoyltartaric acid

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene

de Diastereoisomeric excess

DIAD Diisopropyl azodicarboxylate

DIPAMP Ethane-1,2-diylbis[(2-methoxyphenyl)phenylphosphane]

DIPEA N,N-Diisopropylethylamine

DMAP 4-Dimethylaminopyridine

DME Dimethoxyethane

DMF N,N-Dimethylformamide

DMSO Dimethylsulfoxide

DPPE 1,1-Bis(diphenylphosphino)ethane

DPPM 1,1-Bis(diphenylphosphino)methane

dr Diastereoisomeric ratio

EDC Ethyl-(N0,N0-dimethylamino)propylcarbodiimide hydrochloride

ee Enantiomeric excess

er Enantiomeric ratio

Fc Ferrocenyl

Is 2,4,6-Tris(isopropyl)phenyl

L Ligand

LDBB Lithium P,P0-di-tert-butylbiphenylide
LPL Lipoprotein lipase

Mes Mesityl

Mnt (1R,2S,5R)-Menthyl

Ms Mesyl (Methanesulfol)

Nphth Naphthyl

PFL Pseudomonas fluorescens lipase
Piv Pivaloyl
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PLE Pig (porcine) liver esterase

PPL Porcine pancreatic lipase

РТЕ Phosphotriesterase

PTSA p-Toluenesulfonic acid
Py Pyridine

RT Room temperature

TBME tert-Butylmethyl ether

TfO Triflate

Tol Tolyl

Ts Tosyl

WSCI Water soluble carbodiimide (EDC)

Xyl Xylyl

1 Introduction

Chiral phosphorus compounds play an important role in many areas of science,

including biologically active pharmaceuticals, agrochemicals, and ligands for tran-

sition metal complexes [1–3]. Therefore, the availability of chiral organophospho-

rus compounds has allowed tremendous achievements in chemistry, in particular in

the field of asymmetric metal catalysis. However, most of the popular chiral

P-ligands are based on chiral C-backbones. In comparison, the occurrence of

P-stereogenic ligands in the literature is less because their synthesis often presents

a challenge. Many methods can be used to prepare enantiomerically pure organo-

phosphorus compounds, including classical optical resolution via diastereoisomers,

chemical kinetic resolution, enzymatic resolution, chromatographic resolution, and

asymmetric catalysis [1–16]. Asymmetric synthesis and asymmetric catalysis have

been and remain a primary research field of chemistry [4–10]. Therefore, various

methods for the asymmetric synthesis of P-chiral organophosphorus compounds

have been extensively studied in many academic and industrial research

laboratories.

For the last few years, enormous success has been achieved in the asymmetric

synthesis of organophosphorus compounds, primarily for phosphine ligands for

transition metal-catalyzed asymmetric reactions, and many articles devoted to the

synthesis of chiral organophosphorus compounds have been published. It is there-

fore interesting to analyze and systematize the data dedicated to asymmetric

synthesis of P-chiral organophosphorus compounds that have been published

over the last 5–10 years.
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2 Configurational Stability of Chiral Phosphorus

Compounds

Chiral compounds bearing a stereogenic phosphorus atom play an important role as

reagents, auxiliaries, or catalysts in asymmetric synthesis, and are key components

of pharmaceuticals. The configurational stability of chiral phosphorus centers has,

therefore, received considerable attention. By analogy with compounds possessing

an asymmetric nitrogen center, tetrahedral chiral-at-phosphorus compounds are

generally stable to racemization. Chiral phosphines are configurationally stable at

room temperature, whereas acyclic amines readily racemize. A trivalent phospho-

rus atom bonded to three substituents in a pyramidal geometry and possessing one

unshared electron pair may spontaneously undergo inversion of configuration.

Racemization of trivalent phosphorus compounds depends strongly on their struc-

ture, first of all on electron-accepting substituents at the phosphorus atom, which

decrease the configurational stability. The barrier of inversion in acyclic phosphines

is about 150 kJ/mol, whereas the barrier of inversion for acyclic amines is about

30 kJ/mol and depends on the electronegativities of substituents bonded to the

phosphorus atom. However, in many cases, compounds bearing electron-accepting

groups at the phosphorus atom are racemized [15]. For instance, chiral

chlorophosphines are conformationally labile compounds existing as an equilib-

rium racemic mixture of (R)- and (S)-enantiomers. Although calculations indicate

substantial pyramidal stability at phosphorus in halophosphines of the type

R1R2PX, attempts to isolate enantiomerically pure chlorophosphines have been

unsuccessful. Jugé et al. [16] carried out experimental and computational studies on

the configurational stability and racemization of chlorophosphines. The pure

chlorophosphines would be configurationally stable at the phosphorus atom, but

traces of acids, e.g., HCl, which are almost unavoidable in the experimental

conditions, lead to easy racemization. It was found that HCl acts as a catalyst for

inversion at the P-center. The mechanism of the racemization is explained by the

phosphorus nucleophilic attack on H, with a concerted backside attack by the

chlorine on the phosphorus center. The reaction intermediate, as indicated by the

gas-phase computation, is an achiral pentacoordinated phosphorus with two chlo-

rine atoms in the axial position (Scheme 1).

The racemization of chiral tertiary phosphines in many cases is an interesting

route to unavailable enantiomers [15]. For example, the thermodynamically con-

trolled pyramidal inversion of tertiary phosphines is useful synthetically. The facile

acid-catalyzed racemization of secondary phosphines involves formation of an

Cl

P
H

Cl

Cl

P+

H

Cl-

Cl

P H

Cl

Cl

P

Racemate

Scheme 1 Thermodynamically controlled racemization of tertiary phosphines
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achiral phosphonium ion and often renders isolation of enantiomers difficult [9, 15–

17]. Monochlorophosphoramidates and other configurationally unstable phospho-

rus compounds were employed in DYKAT (Dynamic Kinetic Asymmetric Trans-

formation) and similar stereodynamic synthetic strategies [17]. Radosevich [18]

reported that the pyramidal inversion of trivalent phosphines is catalyzed by single-

electron oxidation. Specifically, P-stereogenic (aryl)methylphenyl phosphines are

shown to undergo rapid racemization at ambient temperature when exposed to

catalytic quantities of a single-electron oxidant in solution. Under these conditions,

transient phosphoniumyl radical cations (R3P•
+) are formed, and computational

models indicate that the pyramidal inversion barriers for these open-shell interme-

diates are on the order of 5 kcal/mol. The pyramidal inversion of trisubstituted

(aryl)alkyl phosphines may be catalyzed by single-electron transfer, permitting

dynamic stereochemical behavior of P-stereogenic phosphines at ambient temper-

atures. For example, enantioenriched (RP)-1 (99% ee) is configurationally stable in

solution at ambient temperature, with an experimentally determined barrier to

thermal inversion of 31.4 kcal/mol. However, according to the proposed outer-

sphere ET mechanism, the easy racemization of 1 can be attained by catalytic

oxidation with organic aminium oxidant [P-An3N][PF6], (P-Tol3N)PF6, (Cp2Fe)
PF6, Co(OTf)2, or copper(II) triflate (Scheme 2)

3 Asymmetric Nucleophilic Substitution at Phosphorus

Asymmetric synthesis utilizing chiral auxiliaries represents the most effective

method for the synthesis of chiral organophosphorus compounds. During the last

few years this method has seen significant development [17–20]. Nucleophilic

displacement at the phosphorus atom is one of the most popular and efficient

methods for the preparation of enantiopure P-chiral compounds. At present, the

most commonly used are chiral secondary alcohols/halophosphines [12, 13, 15, 17],
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Scheme 2 Examples of catalytic racemization of P(III) compounds
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sparteine/dimethylphosphine borane [19, 21], sparteine/secondary phosphine

borane [21], and ephedrine/diaminophosphine [1, 5].

3.1 Secondary Alcohols as Chiral Auxiliaries

Optically active secondary alcohols (L-menthol, endo-borneol, glucofuranose

derivatives, and others) serve as cheap and accessible chiral auxiliaries for the

preparation of enantiopure organophosphorus compounds [12, 13, 21–25]. For

example, diastereoisomers of menthyl phosphinite boranes [18, 23] are one of the

most popular chiral organophosphorus reactants in organic synthesis. The general

method to accomplish the resolution of phosphine oxides or quaternary

phosphinates is to use chiral secondary alcohols from the chiral pool. As early as

1967, Mislow et al. [22] reported the synthesis of P-chiral ligands via resolution of

diastereomeric menthylphosphinates and subsequent addition of Grignard reagents,

and reduction of the phosphine oxide with trichlorosilane yielded the chiral phos-

phine (Scheme 3). Representative examples of chiral alkoxyphosphonates were

prepared from easily available natural chiral precursors such as L-menthol or

glucofuranose, obtained from readily available D-glucose. The unsymmetrically

substituted menthyl phosphinates (RP/SP)-2 could be separated into their diastereo-

isomers by recrystallization or column chromatography. Today, the menthyl

phosphinates are useful chiral reactants for organic synthesis. Buono [12, 13]

reported that nucleophilic substitution of the alkoxy group of the H-phosphinates
2 with organolithiums reagents proceeds stereospecifically with inversion of con-

figurations at phosphorus to give a wide range of P-stereogenic tertiary phosphine

oxides 3 or secondary phosphine oxides 4 by quenching the reaction mixture with

alkyl halides or water, respectively [13, 24]. The enantiopure (SP)- and (RP)-

R'Li/-80 oC
O

P
HR'

R

(SP)-4, ee up to 97%(SP)-2

O

PH OMnt
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Scheme 3 The preparation of chiral H-phosphinates and H-phosphonates
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diastereomers of (�)-menthylmesitylphosphine 2c were isolated by fractional crys-

tallization of an (RP)/(SP)-mixture from acetonitrile containing a trace of sodium

acetylacetonate as a proton scavenger (yield 66.2%, 97% de). The crystal and

molecular structure of (SP)-2c (R¼Mes) has been defined (Scheme 3).

The transformation of readily available enantiopure H-menthylphosphinates

2 into chiral phosphinous acid boranes 5 permits the elaboration of bulky

P-stereogenic secondary phosphine boranes. Taking advantage of the synthetic

potential of these compounds, a broad range of hindered P-chiral tertiary phosphine
boranes 6were prepared with excellent enantiomeric excesses [12, 13]. Phosphinous

acid 5 can easily be converted into one or the other enantiomer of the secondary

phosphines boranes (SP)- or (RP)-6 by stereoselective reduction or substitution of

the phosphinite borane derivatives, respectively (Scheme 4 and Table 1).

Buono et al. [11, 13] described the preparation of menthyl phosphinites 2 from

PhPCl2 and their separation into diastereoisomers. The subsequent reaction of (SP)-
phosphinite 2 with sodium hydride and with methyl iodide afforded the menthyl

methylphenylphosphinite borane (RP)-6 with retention of configuration at phospho-

rus [24]. The palladium-catalyzed (Pd[PPh3]4) coupling reaction of the (SP)-2 with

t-Bu
P

OH

BH3

Ph
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t-Bu
P

OMe
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Ph
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Scheme 4 Enantiopure secondary H-phosphines 6

Table 1 Preparation of 5a–i from menthyl H-phosphinates 2 (Scheme 4)

Products R Ar Config Yield (%) ee (%) References

5a Me Ph (S)-(�) 78 95 [13]

5b n-Bu Ph (�) 70 89 [13]

5c t-Bu Ph (S)-(�) 70 84 [13]

5d t-Bu Tol (S)-(�) 70 99 [12]

5e t-Bu 1-Nphth (S)-(�) 62 99 [12]

5f 2-Tol Ph (+) 75 97 [13]

5g 2-PhC6H4 Ph (�) 85 95 [13]

5h 1-Nphth Ph (R)-(�) 75 99 [13]

5i 1-Furyl Ph (+) 72 80 [13]
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o-iodoanisole occurred either with complete retention of the configuration at the

phosphorus atom, or with almost complete inversion, depending on the solvent used

(MeCN or THF), i.e., both diastereoisomers (RP)-8 and (SP)-8 can be synthesized

from a single starting diastereoisomer (SP)-2b (Scheme 5) [12, 13].

The menthyl phosphonites and menthyl phosphinites were used for the prepara-

tion of P-chiral monodentate ligands. For example, Imamoto used menthyl

phosphinite borane complexes for the synthesis of DIPAMP analogues, as shown

in Scheme 6 [23]. The treatment of phosphinite borane (RP)-8 with methyllithium,
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then with sec-butyllithium and oxidative coupling with copper(II) chloride, led to

the formation of bis-phosphinoethane diborane (R,R)-9. The deboration of 9 by

diethylamine afforded the (R,R)-DIPAMP 10 [22, 23]. Diastereoisomerically pure

menthyl- or bornylphosphinates 11a,b react with Grignard reagents to afford

tertiary phosphine oxides 12 with inversion of absolute configuration at phosphorus

[24, 25]. Phosphine oxides 12 were reduced to tertiary phosphines or their boranes

(R)-13 by silanes. Imamoto found that the subsequent treatment of phosphine

oxides (R,R)-14 with lithium 4,40-di-tert-butyldiphenylide (LDBB) and methyl

iodide furnished the diphosphine oxide (S,S)-15 with retention of configuration.

This method is complementary to the nucleophilic substitution of the menthyl

group, in which the substitution at the phosphorus atom occurs with inversion of

configuration. Upon examining several reducing agents (alkali metals and Li-NH3

among others), it was found that LDBB was the reagent of choice because it

preserved the stereochemical integrity of the phosphorus atom. Scheme 6 shows

the use of this method to prepare diphosphine oxides. The diphosphide obtained

upon treatment with LDBB was quenched with methyl iodide to furnish the

diphosphine oxide (S,S)-15.
Imamoto et al. improved the menthol methodology by using phosphine boranes

instead of phosphine oxides [25]. The use of phosphine boranes avoids the handling

of the malodorous, airsensitive, and sometimes corrosive free phosphines until they

are needed. The removal of the boranato group is easily achieved by treatment of

phosphine borane with excess of diethylamine, DABCO or using certain acids. This

step fully retained the configuration at the phosphorus atoms, in contrast to the

stereochemical problems associated with reduction of oxides. For example,

monodentate phosphines 18, bearing 2-diphenyl group, were prepared as shown

in Scheme 7 and used as effective ligands in complexes of palladium, catalyzing

P
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Scheme 7 Synthesis of monodentate phosphine ligands, bearing the 2-diphenyl group
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reactions of carbon-carbon bond formation. Pure stereoisomers 16 and 17 were

obtained by HPLC separation or recrystallization, and their structures were proved

by X-ray monocrystal analysis.

(1R,2S,5R)-Menthyl-H-phosphinate 19 was prepared by reaction of anhydrous

hypophosphorous acid with (1R,2S,5R)-menthol in the presence of trimethy-

lorthoformate. It is rather stable, and can be purified by distillation under vacuum.

It enters into the Heck reaction with iodobenzene in the presence of a palladium

complex to yield the diastereoisomerically enriched (SP)-(�)-menthyl phenylpho-

sphonite 20. The Todd–Atherton reaction of compound 19 with CCl4 and

isopropylamine proceeded with the formation of amide 21. It also reacts with Schiff

bases to give bis-amidophosphinates 22 (Scheme 8) [26, 27].

Montchamp has developed methods for the conversion of hypophosphorous acid

and alcohols into various enantioenriched H-phosphonate diesters: “organophos-

phorus chemistry without PCl3” which is interesting from point of view of green

chemistry [20, 28, 29]. Compound (RP)-24a was prepared from hypophosphorous

acid, paraformaldehyde, and L-menthol in 9% yield, Further cross-coupling of

crystalline (RP)-24 with bromobenzene gave (RP)-25 in 68% yield; on the other

hand, the cross-coupling of the mother liquor with bromobenzene and the crystal-

lization of the resulting reaction mixture at room temperature led to (SP)-26 in 23%
yield and with 97% de. The compound (SP)-26 was also prepared from phenyl-H-
phosphinic acid, L-menthol, and paraformaldehyde in 26% yield and with 95% de.
These phosphorus synthons were functionalized into useful P-stereogenic com-

pounds (Scheme 9) [30].

Diastereomer (RP)-24 is a versatile P-stereogenic building block for the prepa-

ration of chiral tertiary phosphines. Cross-coupling of (RP)-24 with arylhalogenides

and Pd(OAc)2 gives (SP)-30 in good yields, and subsequent oxidative cleavage

delivers (RP)-29 in 81% yield. Compound (SP)-30 can be oxidized to form (RP)-29
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stereospecifically in 81–95% de. Therefore, cross-coupling of 24 followed by

oxidation of 30 leads to either P configuration of phosphinates using L-menthol in

all cases. The presence of the hydroxymethyl group in compounds 24 and 30

provides opportunities for functionalization since the carbon atom can be preserved

if desired. Compound (RP)-24 can be viewed as a protected chiral equivalent of

alkyl phosphinates ROP(O)H2, since it can be stereospecifically alkylated to form

28, or cross-coupled to form 30, and the hydroxymethyl moiety can subsequently be

cleaved to form H-phosphinates similar to 29. For example, the Mitsunobu reaction

of (SP)-30 with phthalimide gives (SP)-31 in 70% yield (Scheme 10) [30, 31].

The stereoisomers of ethyl menthyl (methylthio)methylphosphonate 32 were

obtained from commercially available diethyl (methylthio)methylphosphonate by

subjecting them to a highly diastereoselective hydroperoxide oxidation in the

presence of catalytic amounts of a titanium (R)- or (S)-BINOL complex. The

prevailing phosphorus stereoisomer was oxidized with cumene hydroperoxide in

the presence of a Sharpless complex between titanium tetra(isopropoxide) and

diethyl (R,R)- or (S,S)-tartrate, to yield the corresponding (methylsulfinyl)

methylphosphonates 33 (76–82% de). The sulfoxide 33was obtained in a diastereo-
merically pure form (>98% de, upon recrystallisation) and was shown to have an

(RP,SS)-configuration (Scheme 11) [32].

Glucofuranosyl phosphinites are an interesting alternative to menthyl

phosphinites. The reaction of chlorophosphines with menthol or borneol proceeds

with low diastereoselectivity, and it is therefore necessary to separate the diaste-

reoisomer mixtures by crystallization or chromatography. At the same time, the

nucleophilic substitution at trivalent phosphorus of chlorophosphines 34a or

chlorophosphine oxides 34b with (�)-1,2:5,6-diisopropylidene- or (�)-1,2:5,6-

dicyclohexylidene-D-glucofuranose proceeds with good stereoselectivity to afford

enantiomerically pure phosphinites 35a or phosphinates 35b in good yields
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(Table 2). Using different bases in the preparation of the phosphinites, it is possible

to obtain either of the two diastereoisomers, (SP)-35 or (RP)-35, with good

diastereoselectivity [33, 34]. The reaction proceeded in the presence of

triethylamine in toluene solution to yield levorotatory (�)-(SP)-phosphinites 35a

(or (SP)-phosphinates). Dextrorotatory phosphinates (+)-(RP)-35a (or (RP)-

phosphinates) were obtained by reaction in THF with pyridine as a base. The esters

35a,b were converted into the corresponding tertiary phosphines (or phosphine

oxides) (RP)- or (SP)-36a,b by reaction with organomagnesium in good yields

(Scheme 12). The effect of the achiral base had been identified as the most

important factor that determines the stereochemical outcome of the reaction.

Indeed, the selectivity was reversed in the presence of pyridine. Hii et al. [34]

reported that the diastereoisomeric ratio of 35 remained unchanged when the

reactants were used in equimolar amounts, even at lower temperature.
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The protected polyhydroxylated 1,2-oxaphosphinane 39 was prepared by a

two-step sequence (phenyl-H-phosphinate addition on protected mannofuranose

followed by intramolecular transesterification) on a gram scale. Deprotection of

the di-isopropylidene derivative 39 using acidic cation-exchange resin afforded the

free hydroxy organophosphorus heterocycle 40 analogous to C-arylglycosides. The

X-ray analysis allowed the absolute configuration of the new created asymmetric

centers of the diastereoisomer 39 to be assigned. Recrystallization in ethanol

afforded the pure fully deprotected arylphosphinosugar 40. The phosphinosugar

40 analogous to C-arylated heptopyranose shows a B boat structure with P2(S),

C3(R) absolute configuration (Scheme 13) [35].

An improved strategy for the synthesis of P-chiral gluco- and manno-

phosphonite boranes 41–43 was developed on the basis of the addition of diethyl

phosphonite borane to a glucal-derived aldehyde followed by a cyclization coupled

with an ethyl/methyl exchange (Scheme 14) [36].

Montchamp has also described the phosphorylation of the (R)-1-(2-naphthyl)
ethanol with formation of enantio-enriched H-phosphinic acid , precursor to a

variety of organophosphorus compounds [31].

Table 2 Reaction of racemic phenylphosphinic chlorides with glucofuranose (Scheme 12)

[6, 33, 34]

Entry R1 CR3
2 Base Solvent Yield (%) (SP):( RP) 35

1 Me CMe2 Et3N Toluene 70 90:10

2 Et CMe2 Et3N Toluene 70 96:4

3 i-Bu CMe2 Et3N Toluene 70 95:5

4 Bn CMe2 Et3N Toluene 75 >99:1

5 Bn CMe2 Py THF 70 25:75

5 Me c-C5H10 Et3N Toluene 75 95:5

6 Me c-C5H10 Et3N THF 70 95:5

7 Me c-C5H10 Et3N CH2Cl2 70 87:13

8 Me c-C5H10 Py THF 70 30:70

10 Et c-C5H10 Et3N Toluene 93 93:7

11 Et c-C5H10 Py THF 94 30:70

12 i-Pr c-C5H10 Et3N Toluene 92 86:14

13 i-Pr c-C5H10 Py THF 90 40:60

14 Bn c-C5H10 Et3N Toluene 95 90:10

15 Bn c-C5H10 Py THF 95 40:60

16 o-An c-C5H10 Et3N Toluene 93 30:70

as17 o-An c-C5H10 Py THF 94 55:45

18 1-Nphth c-C5H10 Et3N Toluene 87 40:60

19 1-Nphth c-C5H10 Py THF 83 55:45
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3.2 Optically Active Amines as Chiral Auxiliaries

The unsymmetrically substituted chlorophosphines and chlorophosphine oxides

react with chiral primary amines (aminoacid esters or 1-methylbenzylamine) with

asymmetric induction at the phosphorus atom (85–90% de) to afford

enantioenriched aminophosphines 46a–d and 48a–d (R¼t-Bu, R0¼Ph), which,

after recrystallization, were obtained with 100% diastereoisomeric purity. The

absolute configuration of chiral compounds 46 and 48 was established by X-ray

analysis and chemical extrapolation. It was found that (S)-1-methylbenzylamine

generates the (R)-configuration at the phosphorus atom, while, in contrast, (R)-1-
methylbenzylamine gives rise to the (S)-configuration. The stereoselectivity of the

reaction depends on the reaction conditions, the nature of the base (Et3N, i-Pr2NEt,
DABCO), solvent (toluene, benzene, THF, ether), temperature, and ratio of starting

reagents (Scheme 15) [37–40].

The mechanism of asymmetric induction at a trivalent phosphorus atom was

explained by formation of pentacoordinated transition state b, pseudo-rotation, and

exchange of ligands at a pentacoordinated phosphorus atom, resulting in the

thermodynamically more stable diastereoisomer. The effect of the reaction condi-

tions on the diastereoisomeric ratio of products c shows thermodynamic control.

For example, a decrease of the reaction temperature reduces the stereoselectivity,

which is impossible with kinetic control, because the temperature lowering leads to

a deceleration of the equilibrium establishment of pentacoordinated intermediate

complex (Scheme 16) [33].

Aminophosphines 46–49 are useful starting compounds for the preparation of

enantiopure соmpounds 4c and 50–56 (Scheme 17) [37–40]. The treatment of

aminophosphines 48 with borane in THF leads to the formation of the stable

dr=92:8 - 3:1

R1=t-Bu, Ph; R2=Me, Ph, Mes; R3=Me, i-Pr, i-Bu, Ph, p-ClC6H4, 1-Nphth;
R4=Me, Tl, Nphth, CO2Me
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Scheme 15 The reactions of unsymmetrically substituted chlorophosphines and chlorophosphine

oxides with chiral primary amines
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crystalline adduct 52 in quantitative yield. The BH3 group of the phosphine boranes

complex 52 can be easily removed by treatment with diethylamine to furnish the

enantiopure aminophosphine (RP)-48 with almost quantitative yield. The amino

group of compounds was replaced by a methoxy group at the reflux in methanol

containing sulfuric acid, with formation of 55. The acidolysis of 48 afforded

enantiomers of tert-butylphenylphosphine oxides 4c [40]. The deprotection of 52

was attained by treatment with lithium amide, leading to the formation of

aminophosphine borane 53 (Scheme 17) [41].

The enantiopure aminophosphines 56 were applied as building blocks for the

construction of chiral ligands 58 and 59. The reactivity of the amino group should

permit further functionalization which can result in novel structures that preserve
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Scheme 16 The mechanism of asymmetric induction at the trivalent phosphorus atom

H
NP

R'

RR"

H
NP

Bu

RPh

t-

H
NP

Bu R
Ph

O

t-

H
NP

Bu R
Ph

S

t-

H
NP

Bu R

Ph

Me

t-

+

O

P
Bu

Ph H

t-

H2O2;
MeOH/H+

P
Mes

Ph OMe

O

(RP)-48

(RP)-52

(SP)-50(R)-55, 75% ee

(SP)-51,

(SP)-54

(S)-4c

[38,39][38]

[38][40]

[38]

70-80%

50%

80%

70%

H3B

BH3

H2O2

S8

MeI

Et2NH

HCOOH

NH2P

Bu

Ph

t-

(R)-53 [41]

H3B
Li/NH3, BuOH

R=Ph, Nphth; R'=t-Bu, Ph, Mes; R"=t-Bu, Ph

99% ee

79%

>99% de

>99% de

Scheme 17 Aminophosphines 48 as chiral starting reactants

176 O.I. Kolodiazhnyi



the original P-chirality. A straightforward application of these P-aminophosphines

is the preparation of chiral aminodiphosphine (P-N-P) ligands. Thus, Riera and

Verdaguer using the aminophosphines 56 have obtained the P-N-P- and P-N-S-

ligands 58 and 59, which were used in asymmetric catalytic hydrogenation

(Scheme 18) [41–44].

This method was also used for the preparation of P-chiral phosphinoselenoic
amides (RP,S)-61 and (SP,S)-62 (Scheme 19). Enantiomerically pure amides 61,62

were synthesized by reaction of racemic phosphinoselenoic chlorides rac-60 with

optically-active lithium amides. Two diastereomers of (RP,S)-61 and (SP,S)-62
were formed in a nearly equal ratio in high yields, and the two diastereomers

were successfully separated by column chromatography on silica gel. The absolute

configuration of phosphinoselenoic amide (RP,S)-61 was determined by X-ray

analysis. Using this reaction, enantiomerically pure salts of phosphinoselenoic

acid 63 and P-chiral phosphinoselenoic chlorides (�)-(S)-60 were prepared

(Scheme 20) [45, 46].
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Ortiz [47] recently described the ortho-directed lithiation of P,P-diphenylami-

nophosphazenes 64 followed by electrophilic quenching as an efficient process for

the preparation of P-chiral ortho-functionalized P-chirogenic amidophosphinates

65 in good yields and diastereoselectivities. The usefulness of the method was

shown with the preparation under mild reaction conditions of a variety of

functionalized P-chiral compounds 66 in high yield and excellent stereoselectivity,

including phosphinic esters, amides, thioamides, phosphine oxides, and

(2-aminophenyl)phosphine boranes (Scheme 21).

A range of chiral diaryl-methyl and alkyl-methylphenyl phosphine oxides 69

were synthesized under mild conditions in good yield and excellent enantios-

electivity (>98:2 er) using the N-phosphinoyl oxazolidinone 68 derived from

L-valine and methylphenyl phosphinic chloride. The use of lithium chloride and

triethylamine allowed the easily phosphorylation of oxazolidinone 67, leading to

the N-phosphinoyl oxazolidinone 68 in excellent diastereoselectivity and good

yield after isolation of the major diastereoisomer by column chromatography. At

the same time, using LiHMDS or MeMgBr for the deprotonation of the

oxazolidinone resulted in lower diastereoselectivity of reaction. The methodology

involves the highly stereoselective formation of P-chiral oxazolidinones 68 which

were converted to the interesting phosphine oxides 69 by reaction with Grignard

reagents (Scheme 22) [47, 48].

Han [49] reported a diastereoselective method for the synthesis of P-chiral
phosphine oxides. The sequential nucleophilic substitution of 1,3,2-
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benzoxazaphosphinine-2-oxide 71, bearing P–N and P–O bonds with

metallorganics led to the formation of P-chiral phosphine oxides 72. Cleavage of

the P–O bond in 71 by treatment with MeMgCl led to the formation of (S)-73 with

inversion of configuration at P with 99:1 er. Diastereomerically pure (RP)-74 was

obtained by crystallization, and its absolute configuration was confirmed by X-ray

crystallographic analysis. The chiral versions of Buchwald-type ligands 74 were

prepared effectively using this method. The method was also applied for the

asymmetric synthesis of the bulky P-chiral phosphine oxides 75, which are versatile
intermediates which can be converted into many important P-chiral ligands

(Scheme 23).

Nemoto and Hamada [50] has described the development of a new class of chiral

phosphorus ligand – aspartic acid-derived P-chirogenic diaminophosphine oxides,

DIAPHOXs – and their application to several Pd-catalyzed asymmetric allylic

substitution reactions. Pd-catalyzed asymmetric allylic alkylation was initially

examined in detail using diaminophosphine oxides 77, resulting in the highly

enantioselective construction of quaternary stereocenters. With the use of the

Pd-DIAPHOX catalyst system, asymmetric allylic alkylation, asymmetric allylic

amination, and enantioselective construction of quaternary carbons were achieved

with high ee (up to 97–99% in many cases) (Scheme 24).
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3.3 Ephedrine as Chiral Auxiliary (Jugé–Stephan Method)

Jugé developed a powerful method (Jugé–Stephan method) [1, 51] for the prepa-

ration of P-stereogenic phosphines based on the use of ephedrine as a chiral

auxiliary. The key reactants in this methodology are 1,3,2-oxazaphospholidine

boranes 78, prepared by a one-pot reaction from bis(diethylamino)phenylphosphine

and (�)-ephedrine, followed by protection with BH3. The cyclization of the (�)-

ephedrine takes place stereoselectively, with preferential formation of the (RP)-

diastereoisomer in 90% de [52, 53]. The absolute configuration at the phosphorus

atom has been determined by chemical correlations and NMR analysis, and proved

by X-ray analysis [54]. Oxazaphospholidines react readily with electrophiles or

nucleophiles to provide various chiral phosphorus compounds. Enantiomeric anti-

podes of tertiary phosphines (SP)-79 and (RP)-81 were obtained from (+)- or (�)-

ephedrine, as shown in Scheme 25. The configuration at the P-atom is controlled by

the configuration at the Ph-substituted C1 of (+)-pseudoephedrine or (�)-ephedrine,

respectively. This was confirmed by X-ray crystal-structure analyses of two inter-

mediate compounds in the synthetic route to the chiral triarylborane-phosphine

adducts [54].

Oxazaphospholidine boranes 82 react regio- and stereoselectively with alkyl

lithiums or aryl lithiums in THF at �78�C, with formation of acyclic phosphinite

boranes 83. Various substituents R1¼n-alkyl, c-alkyl, aryl, or ferrocenyl were

introduced into aminophosphine boranes 82 in high yield (93–97%) and with

high diastereoselectivity (dr >98:2). The reaction proceeded with retention of

configuration at phosphorus. Recrystallization of aminophosphine boranes 83 in

propanol gave the diastereoisomerically pure products [53]. Acid methanolysis of

aminophosphine boranes 83 led to the formation of phosphinite boranes 84 with

inversion of configuration on the P-center to yield the compounds 84 in high
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enantiomeric purity. The phosphinite boranes 84 reacted with organo-lithium

compounds at �70�C with inversion of configuration on the P-center and with

formation of tertiary phosphine borane 85 in good chemical yields and with very

good enantiomeric excesses (85–100%). The phosphine borane 85 (R¼Me) was

coupled to the corresponding diphosphine diborane 86, which was decomplexed by

DABCO to afford the optically pure (R,R)-DIPAMP 87 in good yield with retention

of absolute configuration (Scheme 26) [1, 5, 53, 55].

In addition to the “Jugé�Stephan method” [1, 5],which is based on the nucle-

ophilic ring-opening of ephedrine-derived oxazaphospholidine boranes 82 by reac-

tion with alkyl lithium reagents, Bickelhaupt et al. [56] recently reported the

stereodivergent ring-opening of 2-phenyl oxazaphospholidines 88 (R¼H or Me)

with alkyl lithium reagents. N–H oxazaphospholidines 88 derived from both (+)-

cis-1-amino-2-indanol and (�)-norephedrine provided inversion products with high

stereoselectivity. In contrast, N-Me oxazaphospholidines 88 yield ring-opening

products with retention of configuration at the P center. As a result, from a single

amino alcohol auxiliary, both enantiomers of key P-stereogenic intermediates 89

were synthesized. The acid-catalyzed methanolysis of compounds 89 proceeded

with inversion at the P center to give the (S)- or (R)-methyl phosphinites 90 in very

good yields and with high ee (Scheme 27).

The P-chirogenic aminophosphane-phosphinite ligands (AMP*P) 92, 93,

supported on the upper rim of a calix[4]arene moiety, were synthesized in two

steps using the ephedrine methodology. Ligand 92 was used for the preparation of

the corresponding rhodium complex [Rh(COD)-(AMP*P)]BF4, which was tested

for asymmetric catalyzed hydrogenation of various substrates with excellent

enantioselectivities up to 98%. For example, the asymmetric hydrogenation of

methyl α-acetamidocinnamates catalyzed with these Rh complexes yielded (S)-
phenylalanine derivatives with 99% ee. Investigation of modified P-chirogenic
aminophosphane-phosphinite ligands 93, bearing similar substituent on the

P-chirogenic aminophosphane unit, demonstrates that the calix[4]arene substituent

retention inversion

N
OP

H3B
Me

Ph

Ph
Me N

P

BH3

Me
R

Ph

Me

HO

Ph

BH3

P

R
PhMeO

84, 80-99% ee

BH3

P

R
Ph

An-o

85

o-AnLi

sec-BuLi/

82

PP
o-An

An-oPh

Ph

(DIPAMP)

DABCO

(R,R)-87

83R=Me, o-An, b-Nphth, n-Bu

R=Me 70%

86, 40% yield

RLi MeOH

THF H2SO4 THF

CuCl2

H

H

PPo-An

An-oPh
Ph

BH3 BH3

Scheme 26 Syntheses of PAMP.BH3 86 and DIPAMP 87 from oxazaphospholidine borane 82

Recent Advances in Asymmetric Synthesis of Р-Stereogenic Phosphorus Compounds 181



of the aminophosphane moiety plays a major role in the better asymmetric induc-

tion (Scheme 28) [57].

The stereoselective synthesis of P-chirogenic chlorophosphine boranes 95 was

achieved by HCl acidolysis of the corresponding aminophosphine boranes 94. The

reaction resulted in P–N bond cleavage with inversion of the configuration at the

phosphorus center, leading to the chlorophosphine boranes 95 with high to excel-

lent enantiomeric purities (80–99% ee). The enantiomeric purity of the

chlorophosphine boranes 95 was determined by reaction with organolithium

reagents (Scheme 29) [49, 52, 58].

The stereoselective synthesis of the (R,R)- (or (S,S)-ligands) 99 was performed

in several steps using the ephedrine methodology with (+)- or (�)-ephedrine,

respectively. The key step of the synthesis is the methano bridge formation by

reaction of the carbanion derived methyl phosphine borane 98 with the chloro
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phosphine borane 97. The reaction of the (S)-chloro-phenyl-m-xylylphosphine
borane 97 with MeLi afforded the corresponding (R)-methylphosphine borane 95

with inversion of configuration at the P-center. After deprotonation of the

methylphosphine borane 98 with n-BuLi, the reaction with the (S)-chloro phos-

phine borane 97 afforded the protected diphosphine diborane 99 in good yield

(Scheme 30) [59].

The chlorophosphine boranes 97 are efficient starting reagents for the synthesis

of various classes of P-chiral phosphorus compounds. Reactions of

chlorophosphine boranes 97 with nucleophiles, such as carbanions, phenoxides,

phenylthiolates, or amides, leads to the formation of corresponding organophos-

phorus compounds 100–103 in yields of 53–99% and with up to 99% ee. This
method was also used for the preparation of various classes of symmetric and

asymmetric P-chiral ligands useful for asymmetric reactions, catalyzed by com-

plexes of transition metals (Scheme 31) [52, 60, 61].

The ephedrine/PC13 route to P-chiral mono- and diphosphines gives easy access

to a variety of structures. In this way, the ferrocenyl, l- and 2-adamantyl tert-
butylphosphines were formed as borane complexes. For example, in this way

Colby and Jamisson [62] synthesized a number of tertiary phosphines 105a–h in

good yields (50–90%) and with enantiomeric purity between 80 and 98% ee. The
monodentate ferrocenyl phosphines 105a and 105e were evaluated as ligands in

asymmetric catalytic reductive coupling of alkynes and aldehydes to give chiral
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allylic alcohols with good enantioselectivity in many cases and with complete (E)-
selectivity in all cases (>98:2) (Scheme 32).

Both enantiomers of 2,3-bis(tert-butylmethylphosphino)-quinoxaline (QuinoxP*)

109, 1,2-bis(tert-butylmethylphosphino)benzene (BenzP*) 110, and 1,2-bis(tert-
butylmethylphosphino)-4,5-(methylenedioxy)-benzene (DioxyBenzP*) 111 were

prepared as stereochemically pure compounds in short steps from enantiopure (S)-
and (R)-tert-butylmethylphosphine boranes 106 as shown in Scheme 33 [63].

The overall retention of configuration was rationalized by a reaction sequence

involving attack of ferrocenyllithium (FcLi) on the electrophilic phosphorus

followed by pseudo-rotation and termination by chloride elimination [64]. Ortho-
lithiation of oxazaphospholidine oxide 113was carried out with diastereoselectivity
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of>99%, affording a new and efficient way for introducing planar chirality into the

ferrocene backbone. Various electrophiles were used, showing the wide applica-

bility of the new methodology and its potential to generate ligands 114 for use in

asymmetric catalysis (Scheme 34).

e) n-BuLi, THF, -80 °C, f) 2,3-dichloroquinoxaline, -80 °C to rt, g) TMEDA, rt.

(S)-106 (R,R)-109
e,f,g

80%

(S)-106 (R,R)-110
h,i

(h) n-BuLi, THF, o-C6H4Br2, (i) DABCO, THF, reflux;

38%

(S)-106 (R,R)-111
j, k

(j) s-BuLi , -80 °C, (k) 1,2- diiodo-4,5-(methylenedioxy)benzene
58%

P
Bu-t

t-Bu
P

N

N
Me

Me

(R,R)-109,Quinox P

P
Bu-t

t-Bu
P

Me

Me

110,Benz P

P
Bu-t

t-Bu
P

Me

Me

111, DioxyBenz P

O

O

BH3

P
Me Ht-Bu

BH3

P

Me
t-Bu

O

O

BH3

P
Me Ht-Bu

BH3

PMe
t-Bu O

H
N Ph BH3

PMe
t-Bu

H

rac-106

(S)-106

(R)-106

a

(a) n-BuLi, (-)-bornyl chloroformate; (b) KOH, H2O/MeOH;
(c) (S)-PhCH-(Me)NCO, n-BuLi (10 mol %); (d) KOH, H2O/THF

b

dc

(S)-107

(R)-108

Scheme 33 Synthesis of P-chiral ligands 109–111

Recent Advances in Asymmetric Synthesis of Р-Stereogenic Phosphorus Compounds 185



The P-stereogenic diphosphine ligands 118 were prepared with high diastereo-

and enantiomeric purity by a multistep asymmetric synthesis starting from the

oxazaphospholidine boranes 82, via the phosphinite boranes 116, selective

lithiation of the enantiomerically pure phosphine borane (S)-117, and coupling

with Me2SiCl2. The Rh, Ru, and Pd complexes bearing diphosphine ligands 118

were prepared and tested as catalyst precursors in hydrogenation reactions with

enantioselectivity up to 97.7% ee. The Pd complex 119 was tested as catalyst in

allylic alkylation reactions (Scheme 35) [21, 63, 65].

The synthesis of P-chiral diarylphosphinocarboxylic acids 120 was achieved

with excellent enantiopurity starting from the oxazaphospholidine boranes 82.

Amido- and amino-diphosphine ligands 121, containing an L-proline backbone,

were also derived from 82. The catalytic activities of the ligands 121 were evalu-

ated in the Pd-catalyzed allylic alkylation reaction of 1,3-diphenylpropenyl acetate

(Scheme 36) [66].

Buono developed a very effective synthesis of сhiral tertiary phosphine oxide

starting from oxazaphospholidines. The enantiomerically pure oxazaphospholidine

(RP)-122 was prepared from PhP(NMe2)2 and (S)-(+)-prolinol. Subsequent treat-
ment of 122with a variety of acids followed by hydrolysis gave both enantiomers of

tert-butylphenylphosphine oxide 4c. It was found that the acid controlled the

stereochemistry of the enantiomer obtained. By using acids of high acidity or

Amberlyst 15 resin, (+)-(R)-4c was obtained with good yields and enantioselec-

tivities. When acids of low acidity were used, (�)-(S)-4c was the preferred enan-

tiomer. For example, P-toluenesulfonic acid (PTSA) afforded (R)-4c in 88% yield

and 91% ee. After a recrystallization the optically pure compound (R)-(+)-4c was

obtained with >99% ee (Scheme 37) [67].

The opening of oxazaphospholidine rings (Rp)-122 with tert-butyllithium
occurred diastereoselectively with retention of absolute configuration on the phos-

phorus atom, affording the borane complex of aminophosphine (RP)-124 [67, 68].

The reaction possibly proceeds via formation of chiral σ2λ2-phosphenium cation

126, which was obtained from (Sc)-chlorophosphine 125 and then isolated as

borane complex 127 (Scheme 38).

Buono et al. [69, 70] have developed the selective syntheses of P-chiral
diazaphospholidine and triaminophosphine ligands. For example, QUIPHOS-PN5

128, a stable P,N ligand with a stereogenic phosphorus center, was synthesized in
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two steps from 8-bromoquinoline in 61% overall yield. The structure of compound

128 was confirmed by X-ray analysis of a palladium(II) complex 129 bearing this

ligand. Pd complex 129 was obtained in quantitative yield by mixing an equimolar

amount of PdCl2(CH3CN)2 and ligand 128 in methylene chloride. The synthesis,

structural, and conformational studies of P-chiral triaminophosphines 130, which

feature an indolidine and a 1,2,3,4-tetrahydroquinolidine pattern, was also reported

(Scheme 39).
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4 Asymmetric Oxidation of P(III) Compounds

One of attractive methods for preparation of enantiopure phosphine oxides is

asymmetric oxidation of phosphines. Developing oxidation methods that involve

simply treating a phosphine with an oxidizing reagent/complex to form the

enantiopure phosphine oxide has been, and still is, the goal of several research

groups.

Thus the enantioselective oxidation of P-racemic tertiary phosphines and

aminophosphines was successfully attained by treatment with tetrahalomethanes

and an alcohol. Oxidation of N-phosphorylated amino acids by these reactants

proceeded diastereoselectively with formation of aminophosphinates 131 in

80–85% yields and with 50–98% de. The compounds were purified by crystalliza-

tion and obtained in optically pure form (>99% de) (Scheme 40) [33, 39].

Gilheany et al. [71–76] reported the oxidation of tertiary phosphine 133 with

polyhaloalkanes in the presence of chiral proton-donating auxiliary L-menthol (the

asymmetric Appel reaction). As a result, chiral phosphine oxides 134were prepared

with good enantiomeric excess. The latter were then treated with LDA and copper

chloride to afford the bis-phosphine oxide which is a useful chiral ligand for

asymmetric catalysis. The chiral bis-phosphine oxide (R,R)-135 was produced in

98% ee and the minor amount of meso-isomer formed was easily removed by

recrystallization from benzene, which yielded enantiopure (>99.9% ee)
bis-phosphine oxide 135 in an isolated yield of 73% from the racemic phosphine

133 (Scheme 41).

Although hexachloroacetone gave high selectivity, it has the disadvantage that

its by-product can become involved in the process leading to erosion of selectivity.

Meantime, the reaction of oxalyl chloride with tertiary phosphine allows the

process to run with higher selectivity, without complicating by-products and with-

out the need for extensive purification of the starting material [72].
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Scheme 40 Asymmetric oxidation of phosphines 131 and 132 with methane tetrahalides

Recent Advances in Asymmetric Synthesis of Р-Stereogenic Phosphorus Compounds 189



Gilheany [73, 74] has also developed the preparation of diastereomeric

alkoxyphosphonium salts 137, formed from dynamic resolution of racemic

phosphanes 136 by reaction with hexachloroacetone, and menthol. The reaction

of 137 with LiAlH4 or NaBH4 gives the corresponding enantioenriched

P-stereogenic phosphanes 138 in good yields and with moderate enantiomeric

excesses. The methodology allows one-pot conversion of racemic phosphanes

into enantioenriched phosphanes Both enantiomeric oxides were prepared from a

single intermediate, (RP)-alkoxyphosphonium chloride 139, which is formed in the

course of a selective dynamic kinetic resolution using a single enantiomer of

menthol as the chiral auxiliary. The origin of the dual stereoselectivity lies in

bifurcation of the reaction pathway of this intermediate, which works as a stereo-

chemical railroad switch. Under controlled conditions, Arbuzov-type collapse of

this intermediate proceeds through C–O bond fission with retention of the config-

uration at the phosphorus center to give tertiary phosphine (RP)-140. Conversely,

alkaline hydrolysis of the P–O bond leads to the opposite enantiomer (SP)-140
(Scheme 42) [75–77].
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5 Asymmetric Catalysis with Chiral Diamines

Since Evans et al. [78] has discovered that prochiral alkyl(dimethyl) phosphine

boranes can undergo the enantioselective deprotonation of one methyl group, using

butyllithium and (�)-sparteine 141, these compounds have been widely used for the

synthesis of P-chirogenic borane phosphines [79–105]. Lithium alkyls form chiral

complexes 142 with sparteine 141 and related chiral diamines, which were inves-

tigated by single crystal X-ray analysis (Scheme 43) [82–87].

Prochiral dimethylarylphosphine boranes 143 react with a chiral sparteine–

alkyllithium complex to undergo enantioselective deprotonation of one of the

methyl groups with formation of lithium derivatives 144, which react with electro-

philes to give P-chiral compounds 145 (Scheme 44). Sparteine effectively com-

plexes the lithium atom while deprotonation takes place and, in this chiral

environment, sec-BuLi differentiates between the two enantiotopic methyl groups.

P-Chirogenic phosphine ligands 146 were prepared via desymmetrization of

prochiral phosphine boranes 143 using an s-BuLi/(�)-sparteine complex

[82–87]. The reaction of lithium derivative 144 with benzophenone led to the

formation of alcohol (S)-147 in satisfactory yields and enantioselectivity

(Scheme 45) [83].

Enantioselective deprotonation of tertiary dimethylphosphines 143 can be

achieved with s-BuLi in the presence of accessible and cheap derivatives of

alkaloid (�)-cytisine 148. The derivatives of cytisine 148 are useful sparteine
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Scheme 43 Complex of (�)-sparteine with tert-butyllithium
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Scheme 44 Enantioselective deprotonation of dimethylarylphosphine boranes 143 with a chiral

sparteine-alkyllithium complex

Recent Advances in Asymmetric Synthesis of Р-Stereogenic Phosphorus Compounds 191



surrogates for the desymmetrization of prochiral phenyl-, cyclohexyl-, and tert-
butyl dimethyl phosphine boranes, yielding chiral phosphine boranes in up to 92%

ee [88, 89]. Genet reported that increase of stoichiometric amount of chiral diamine

augments the enantioselectivity of reaction (Scheme 46) [82].

Enantioselective deprotonation of alkylidenedimethylphosphine boranes 143 by

an s-BuLi/(�)-sparteine complex, and subsequent oxidation with molecular oxygen

in the presence of triethyl phosphite, led to the formation of alkyl(hydroxymethyl)

methylphosphine boranes 150 in 91–93% ee in case of bulky alkyl groups and

75–81% ee in case of cyclohexyl or phenyl groups [87–94]. The treatment of the

carbanion with CO2, led to the formation of phosphorylated carboxylic acids. The

reduction of the carboxyl group with borane and reaction with tosyl chloride

provided the (R)-tosylates 149 in 90% ee and good yields. P-Chirogenic
phosphine-sulfide borane ligands 152 were prepared by reaction of 143 with s-
BuLi/(�)-sparteine and phenyl disulfide (Scheme 47) [83, 84]. The syntheses of

α-alkoxyphosphine boranes as potential ligands for asymmetric organometallic

reactions were developed via deprotonation of chiral hydroxymethylphosphine

precursors 150, followed by alkylation with various electrophiles and quenching
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with a polymer-bound scavenger [87]..Starting from chiral hydroxymethyl-

phosphine 150, enantiopure P-stereogenic secondary bisphosphines 151 were pre-

pared, which were used as key building blocks for the preparation of P-stereogenic
benzodiphosphacrowns 153 [90, 92].

Johansson et al. [95] reported the preparation of P-chirogenic aldehydes 154 via
the desymmetrization of prochiral phosphine boranes 143. The enantio-enriched

formyl phosphine boranes were obtained in good yields by reaction of asymmetric

lithium derivatives 144 with DMF at �78�C or by deprotonation of phenyl-m-
anisyl-methylphosphine borane (borane protected PAMP) with s-BuLi and subse-

quent quenching with DMF. The formyl phosphine boranes 154 were transformed

to the β-aminophosphine boranes 156 employing reductive amination under micro-

wave irradiation. This methodology gives access to P-chirogenic compounds

155–159 which are versatile building blocks for the design and construction of

new chiral phosphine ligands. For example, the ligands 155–159 were evaluated in

the asymmetric conjugate addition of diethylzinc to trans-nitrostyrene
(Scheme 48).

Enantiomerically pure bisphosphine (BisP*) 161 [83] and tris-phosphine

(MT-Siliphos) 162 [21] ligands were obtained in high yields and used for prepara-

tion of various complexes of transition metals (Pd, Pt, Cu, Rh, and Ru) (Scheme 49).

Cationic rhodium complexes 162 of bis-phosphines 161 were used as catalysts in

asymmetric hydrogenation of (acylamino)acrylates with enantioselectivities up to

99.9% ee.
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Both cis- and trans-1,4-diphosphacyclohexanes 163 were synthesized by stereo-
specific intramolecular coupling reaction of bis-phosphines 146. The coupling

reaction of optically active 146 resulted in the trans-isomer 163; meantime a cis-
isomer 163 was prepared along with the trans-isomer from a mixture of rac- and
meso-bisphosphines 146 (Scheme 50) [96].

P-chirogenic BisP* ligands 165 were prepared from alkyl(hydroxymethyl)

methylphosphine boranes 150 in good isolated yield and with high optical purity
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as shown in Scheme 51. Rhodium catalysts with BisP* ligands 165 have demon-

strated high enantioselectivities (up to 98% ee) in the hydrogenation of

α-dehydroamino acid derivatives (Scheme 51) [92].

Photoresponsive polymers 166 having chiral phosphine in the main chain were

prepared by lithiation of (S,S)-165 with BuLi and subsequent reaction of prepared

dilithium derivative with azobenzene derivative. According to the GPC analysis,

the number-average molecular weight (Mn) and the average molecular weight

(Mw) of 166 were found to be 3,000 and 5,000, respectively The polymer isomer-

ized from the trans- to the cis-form upon UV irradiation and reverted to the trans-
form reversibly. The polymer was able to coordinate to platinum, and the resulting

polymer complex exhibited the Cotton effect owing to the chirality of the phos-

phorus atoms. The polymer chain was induced to rotate helically when complexed

with transition metals through the chiral phosphorus atoms (Scheme 52) [97–99].

Imamoto et al. [100] used diastereoselective deprotonation of dimethyl-

ferrocenyl borane for the preparation of ethylene bridged P-chirogenic
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diphosphines (SP)-168 containing a ferrocenyl moiety. One of the enantiotopic

methyl groups of 167 was deprotonated with a (�)-sparteine/sec-BuLi complex

and the resulting carbanion subjected to oxidative dimerization by treatment with

copper(II) chloride to give the chiral diphosphine borane with small impurity of a

meso-product. Recrystallization from toluene allowed the removal of the meso-
isomer and the production of enantiomerically pure product (SP)-168 in 33% yield.

The ligand was used in the rhodium-catalyzed asymmetric hydrogenation of

dehydroamino acid derivatives (up to 77% ee) and in the palladium-catalyzed

asymmetric allylic alkylation of 1,3-diphenyl-2-propenyl acetate (up to 95% ee)
(Scheme 53).

Hoge reported P-chiral ligands bearing phospholane rings [101]. The P-chiral
phospholane ligand 169 was prepared starting from the (1R,2S,5R)-menthyl

dichlorophosphite. The treatment of (1R,2S,5R)-menthyl dichlorophosphite with a

bis-Grignard reagent generated from 1,4-dibromobutane followed by complexation

of the free phosphine with borane-dimethyl sulfide complex led to the formation of

phosphinite borane 169, which was then converted to enantiomerically enriched

phospholane borane 170. The subsequent reaction of methyl phospholane 170 with

a sec-butyllithium/sparteine complex and copper chloride led to the formation of

P-chiral diphosphine 171, which, after recrystallization and deprotection with

fluoroboronic acid, was obtained with 99% ee (Scheme 54). Asymmetric
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hydrogenation of acetamidoacrylic acid derivatives using Rh catalyst with

diphosphine ligand 171 provided an enantioselectivity of 77–95% ee under low

H2 pressure [101].

Sterically hindered tertiary diphosphines 172 and 173 were synthesized with

moderate diastereoselectivity (Scheme 55) [51].

Dihydroboronium derivatives of t-Bu-BisP* with different counter anions were

prepared, as shown in Scheme 56. The reaction of BisP* with BH2Br afforded the

boronium salt 175which possessed a bromide ion. The dihydroboronium derivative

of (S,S)-1,2-bis(tert-butylmethylphosphino)ethane 175 (t-Bu-BisP*) was prepared
by the reaction of t-Bu-BisP* 174 with catecholborane and used as chiral

diphosphine ligand precursor in Rh-catalyzed asymmetric hydrogenated of methyl

(Z)-acetamidocinnamate to afford the hydrogenation product in up to 94% ee.
Complexes of iron(III) and P-chiral phosphine oxides 176 are catalysts for the

asymmetric Diels–Alder reaction of N-acrylamide dienophiles [106].
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(S,S)-172, yield 66%,
82.3% ee

CuCl2

CuCl2

Scheme 55 Sterically hindered diphosphines 171 and 173
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Imamoto has reported the synthesis of P-chiral diphosphines with a methylene

bridge and bulky alkyl groups on each phosphorus atom. These ligands named

MiniPHOS 177 were synthesized using a phosphine borane 151 as an intermediate.

The subsequent reaction of 144with RPCl2, methylmagnesium bromide and borane

afforded the diphosphine boranes (R,R)-178 and meso-178. The purification of

reaction mixtures by crystallization and deboration resulted in the pure MiniPHOS

181 in yields of 13–28% and with 99% ee [19, 105, 106]. Improved synthetic routes

to methylene-bridged P-chiral diphosphine ligands 181 via tertiary phosphine

boranes 143 without the formation of meso-isomers was also reported [19]. The

use of (�)-sparteine or (+)-sparteine surrogate as chiral catalysts facilitates access

to P-stereogenic phosphines with opposite configuration. The method was exem-

plified by the catalytic asymmetric synthesis of each enantiomer of precursors to t-
Bu-QuinoxP* 179, Trichickenfootphos 180, and Mini-PHOS 181 (R¼t-Bu). The
ligand 179 exhibited very good asymmetric induction in Pd-catalyzed asymmetric

allylic substitution of 1,3-diphenyl-2-propenyl acetate (up to 98.7% ee) and in

Ru-catalyzed asymmetric hydrogenation of ketones (up to 99.9% ee) (Scheme 57)

[83, 84].

Interesting examples of the asymmetric synthesis of P-stereogenic vinylic

phospholene boranes 183 using sparteine catalysis and Grubbs catalyzed ring-

closing metathesis have been described (Scheme 58) [85].

BisP* ligands contain two methylene groups in the backbone and therefore their

metal ligand complexes are conformationally flexible. Zhang and Tang prepared

TangPhos ligand 186 having a well-defined rigid conformation through two addi-

tional five-membered rings on the backbone, which exhibited a more rigid chiral

environment than the BisP* ligands. The TangPhos ligand was prepared in three

steps using phosphine sulfides 184 and 185 as intermediates (Scheme 59). This

ligand can be used for the Rh-catalyzed asymmetric hydrosilylation of

α-(acylamino)acrylic acids and α-arylenamides to give optically active amides

with enantiomeric excesses 98–99% [102–105].

Zhang et al. [102] have developed a convenient method for the synthesis of P-
chiral phospholane–oxazolines ligands 188 based on phosphine sulfides as inter-

mediate compounds. Selective deprotonation of 184 by n-butyllithium in the

presence of (�)-sparteine followed by reaction with CO2 provided acid 187 with

72% ee. Recrystallization of the acid from ethanol yielded the enantiomerically

pure (R,R)-187 in moderate yield. The condensation of 187 with chiral amino

alcohols by using EDC/HOBu-tert proceeded smoothly to yield the coupling

products, which were subsequently treated with MsCl to form the oxazoline

compounds. Desulfurization of oxazoline compounds using Raney Ni provided

phospholane–oxazoline ligands 188 in excellent yields. (S,S)-188 was used for

Ir-complex 189-catalyzed asymmetric hydrogenation of β-methylcinnamic esters

and methylstilbene derivatives. A variety of chiral 3-arylbutyric esters and diaryl

(methyl)ethanes were obtained from moderate to very high enantioselectivity (up to

99% ee) (Scheme 59).

Imamoto and Crepy [23] obtained access to enantiomerically pure diphosphine

dioxides 191 from oxidative dimerization of rac-1-tert-butylbenzophosphine oxide
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190 by treatment with s-BuLi/CuCl2, and subsequent resolution with (+)- or (�)-

DBTA. The reduction of 191 with hexachlorosilane led to the formation of

diphosphine 192 with retention of absolute configuration. The ligand was used as

a rhodium complex directly after reduction, for the hydrogenation of

α-acetamidocinnamate with 96% ее (Scheme 60) [107].

BH3

P
CH2OTsR

Me

BH3

P P

BH3

R Me
Me R

BH3

P
LiR

Me

151 177

+

BH3

P

Me
CH2LiR

BH3

P
Me

R

H3B

P

Me
R

BH3

P
Me

R

BH3

PMe
R

+
1) RPCl2
2) MeMgBr
3) BH3 THF

P Me
R

P

Me
R

1) CF3SO3H
2) KOH

meso-178 (R,R)-178

181

144

P t-Bu
t-Bu

Pt-Bu
Me

P

Bu-t

Bu-t

P

N

N
Me

Me 180

(R,R)-179, QuinoxP*

R=Ph, t-Bu, i-Pr, c-C6H11

Trichickenfootphos
80%, 99% ee

MiniPHOS
99% ee97%, 92:8 er

Scheme 57 P-Chiral diphosphines with methylene bridge

P

R2

R1 BH3

(S)-, 57-73%
89:11-96:4 er

BH3

P
R1

Me
R2

Grubbs
catalyst

Br
R2

(R)-183
88:12-93:7 er

BH3

P
R1

Me
Me

s-BuLi/141

R1=t-Bu, Ph; R2=H, Me

46-85%

BuLi;
(CH2O)n

TsCl;
KOBu-t

BH3

P
R1

R2

(R)-182

Scheme 58 P-Stereogenic vinylic phospholene boranes 183

Recent Advances in Asymmetric Synthesis of Р-Stereogenic Phosphorus Compounds 199



Starting from a trimethylsilyl-substituted phosphine sulfide 194 (generated by

n-BuLi/(�)-sparteine-mediated asymmetric lithiation of a dimethylphosphine sul-

fide 193), a two-step process of regioselective lithiation-trapping and silyl group

removal has been used to prepare a range of P-stereogenic compounds, including

precursors to diphosphine ligands (e.g., Mini-PHOS). This two-step protocol

delivers products 195 with the opposite configuration to that obtained by direct

asymmetric lithiation-trapping of a dimethylphosphine sulfide 193 using n-BuLi/
(�)-sparteine (Scheme 61) [108].
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6 Asymmetric Catalysis with Chiral Complexes

of Transition Metals

For the last few year the catalytic asymmetric synthesis of tertiary phosphines has

attracted the attention of many chemists. Interesting results were published in many

articles and reviews [109–115]. Catalyzed by transition metals, asymmetric

phosphination of secondary, racemic phosphines with aryl halides or triflates to

prepare a tertiary P-stereogenic phosphines with control of the stereochemistry at

the phosphorus atom is shown in Scheme 62.

One of the routes leading to P-stereogenic phosphines is electrophilic substitu-
tion at the phosphorus atom of secondary phosphines, as a result of asymmetric

catalysis in which a catalyst activates a phosphorus nucleophile or a carbon

electrophile, creating an asymmetric environment, i.e., creating preference for

one of Si or Re face sides at the reactive center [103–113]. Upon reaction with

chiral metal complexes, racemic secondary phosphines are converted into diaste-

reomeric metal–phosphide complexes A or B, which interconvert rapidly through

the inversion at phosphorus. If the equilibrium A⇆B is faster than the reaction of

A or B with an electrophile E, then P-stereogenic phosphines 196, in which

pyramidal inversion is slow, can be formed enantioselectively. The product ratio

in this dynamic kinetic asymmetric transformation depends both on Keq and on the

rate constants kS and kR (Scheme 63).

Glueck [116–121] came to the conclusion that the racemic secondary phosphines

197 form, with a platinum complex Pt(Me-Duphos)(Ph)(Br) and NaOSiMe3 in

toluene, an adduct 198, which interconvert rapidly by P-inversion (SP)-198⇆
(RP)-198 [118]. Adduct 198 was isolated and studied by low-temperature NMR

and X-ray monocrystal analysis. The crystal structure of the adduct showed that the

major enantiomer of 198 has an (RP)-absolute configuration [112].

The treatment of adduct 198 with benzyl bromide led to the formation of tertiary

phosphine (RP)-199 with 72–78% ee and to initial catalyst Pt(Me-Duphos)(Ph)(Br)

which confirms the proposed mechanism. The substitution at the tricoordinated

phosphorus atom of the secondary phosphine 198 proceeded with retention of

absolute configuration at phosphorus, according to classical representations. On

the basis of these results, the authors established that the enantioselectivity was

determined mainly by the thermodynamic preference for one of the interconverting

diastereomers of (SP)-198⇆ (RP)-198, although their relative rates of alkylation

were also important (Curtin–Hammett kinetics) (Scheme 64) [122].
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The asymmetric arylation or alkylation of racemic secondary phosphines cata-

lyzed by chiral Lewis acids in many cases led to the formation of enantiomerically

enriched tertiary phosphines [120–129]. Chiral complexes of ruthenium, platinum,

and palladium were used. For example, chiral complex Pt(Me-Duphos)(Ph)Br

catalyzed asymmetric alkylation of secondary phosphines by various RCH2X

(X¼Cl, Br, I) compounds with formation of tertiary phosphines (or their boranes)

200 in good yields and with 50–93% ее [121]. The enantioselective alkylation of

secondary phosphines 201 with benzyl halogenides catalyzed by complexes [RuH

(i-Pr-PHOX 203)2]
+ led to the formation of tertiary phosphines 202with 57–95% ее

[123, 125]. Catalyst [(R)-Difluorophos 204)(dmpe]Ru(H)][BPh4] was effective at

asymmetric alkylation of secondary phosphines with benzyl bromides, whereas

(R)-MeOBiPHEP 205/dmpe was more effective in the case of benzyl chlorides

(Schemes 65, 66, and 67) [125–127].

The arylation of secondary phosphines with aryl halogenides, catalyzed by chiral

complexes of platinum [116–126], ruthenium [127–129], and palladium [130–139], in

many cases proceeded with good enantioselectivity and can be considered as one of

methods for preparation of enantiomerically enriched tertiary phosphines [109–113].

For example, the reaction of aryl iodides with secondary arylphosphines 201, cata-

lyzed by chiral complex Pd((R,R)-Me-Duphos) (trans-stilbene), furnished tertiary

phosphines 206 with enantioselectivities up to 88% ee [112, 115, 118, 130].
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The arylation of secondary phosphines 201 with ortho-aryl iodides, catalyzed by

generated in situ complex Pd2 (dba)3�CHCl3, containing chiral ligand Et,Et-

FerroTANE 207 and LiBr, led to the formation of corresponding tertiary phosphines

with enantioselectivity of 90% ee [132, 137]. The palladium complex 209 also showed

high enantioselectivity in arylation of secondary phosphines [131, 132]. Some exam-

ples of arylation reaction of secondary phosphines with low ee were described. The
asymmetric arylation of phosphine boranes with anisyl iodide, catalyzed by chiral

complex of oxazoline phosphine 208, led to the formation of enantiomerically

enriched tertiary phosphines 206 with 45% ее [134]. The Pd complex 210 of (R,S)-
t-Bu-JOSIPHOS ligand catalyzed arylation of PH(Ме)(Ph)(BH3) by o-anisyl iodide
with the formation of PAMP-BH3 with 10% ee (Table 3) [112].

The reaction of secondary phosphine boranes 211 with anisyl iodide, catalyzed

by chiral Pd complex with (S,S)-Chiraphos, proceeded with retention of absolute

configuration at phosphorus [135]. Addition of Pd((S,S)-Chiraphos)(o-An) to

enantioenriched secondary phosphine 211 in the presence of NaOSiMe3 led to the

formation of complex 212, stable at ambient temperature. This complex at +50�C in

excess of diphenylacetylene allowed the formation of (RP)-213 in yield of 70% and

with enantiomeric purity of 98% ee (Scheme 68).

Alkylation or arylation of silylated alkylarylphosphines 214 instead of Р–Н
phosphines for the preparation of chiral tertiary phosphines in some cases led to

an appreciable increase of enantioselectivity. For example, as reported by Toste and

Bergman [133], the reaction of arylsubstituted iodides with silylphosphines 214

catalyzed by Pd(Et-FerroTANE)Cl2, in the presence of N,N’-dimethyl-N,N,N-pro-
pylene (DMPU) led to the formation of P-chiral tertiary phosphines 215 with 55–

98% ee (Scheme 69).

Enantioselective intramolecular cyclization of secondary phosphines 216 or their

boranes, catalyzed by chiral palladium(diphosphine) complexes, afforded

P-stereogenic benzophospholanes 217 with moderate stereoselectivity (59–70% ee)
and yields. However, the absolute configuration of compounds has not been

established. This reaction allowed chiral phospholanes to be obtained, which are

valuable ligands in asymmetric catalysis (Scheme 70) [115].
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Scheme 67 Difluorophos/dmpe catalyzed asymmetric alkylation of secondary diphosphines 201
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Examples of electrophilic addition of secondary phosphines to alkenes or

alkynes were described. [114, 124, 125, 135]. Glueck [124–126] reported

enantioselective tandem reaction of alkylated/arylation of primary phosphines

catalyzed by platinum complex, proceeding with formation of chiral phosphaace-

naphthenes. Palladium-catalyzed hydrophosphination of alkynes 219 under kinetic

resolution conditions gave access to 1,1-disubstituted vinylphosphine boranes 220.

However, despite screening several chiral ligands, temperatures, and solvents, the

Table 3 Arylation of secondary phosphines 201, catalyzed by chiral palladium complexes

(typical examples)

ArI, Me3SiONa
R

P
H

Me R
P

Me
Ar

[Pd*]
201

*

206

R ArI [Pd*]¼Catalyst Yield (%) ee (%) References

2-PhC6H4 2-t-BuOCOC6H4I 207/CHCl3/Pd2dba3/

LiBr/NEt3

76 90 (S) [133]

2-An 2-t-BuOCOC6H4I 208/CHCl3/Pd2dba3/

LiBr/N-Me-piperidine

43 86 (S) [133]

2-CF3C6H4 2-t-BuOCOC6H4I 207/CHCl3/Pd2dba3/

LiBr/NEt3

39 93 (R) [137]

2-PhC6H4 2-MeOCOC6H4I 207/CHCl3/Pd2dba3/

LiBr/NEt3

69 85 (S) [137]

2-PhC6H4 2-OCHC6H4I 207/CHCl3/Pd2dba3/

LiBr/NEt3

71 63 (S) [137]

t-Bu 3-AnI 208/MeCN/PdL2/

K2CO3

– 45 [134]

2-An 3-AnI 208/MeCN/PdL2/

K2CO3

– 45 [134]

Is PhI 209 84 78 (S) [131]

Is PhI 209 89 75 (S) [131]

Is 4-AnI 209 96 82 (S) [132]

Is P-PhOC6H4I 209 89 88 (S) [132]

Ph AnI 210 76 10 [112]
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ee of the product was moderate (Scheme 71) [138]. At a conversion of 70%,

enantiomeric excess up to 42% was obtained. Mechanisms of metal-catalyzed

hydrophosphination of alkenes and alkynes catalyzed by metal complexes with

respect to the various potential roles of the metal center was examined by Rosen-

berg [140]. An attempt to apply chiral ammonium salts as interphase catalyst in the

asymmetric alkylation of racemic secondary phosphines was also undertaken,

although with low ee [141].
Glueck et al. have reported the synthesis, reactivity, and resolution of the

benzodiphosphetane trans-1,2-(t-Bu2P)C6H4 [142]. Treatment of 221 with

2 equiv. of chiral Pd complex 222 gave dinuclear complex 223. Recrystallization

of 223 from CH2Cl2/pentane and separation of diastereomers gave the less soluble

(RP,RP) isomer 223 in >100:1 dr, and (SP,SP)-223 isomer in 14:1 dr. Separate
treatment of enantioenriched samples of diastereomers 223 with the bidentate bis

(phosphine) dppe (Ph2PCH2CH2PPh2) liberated enantiomerically enriched (S,S)-
221a and (R,R)-221b which did not epimerize when heated to 105�C in toluene.

Sequential electrophilic and nucleophilic alkylation gave C2-symmetric

P-stereogenic bis(phosphine) BenzP* (R,R)-224 (Scheme 72).

Ferrocene ligands represent an important group of chiral phosphines, among

which the most interesting are discussed in Josiphos et al. [143]. Most of these

ligands incorporate both carbon-centered chirality and planar chirality, and they

have been proven to be effective in numerous asymmetric reactions. Catalysts

based upon ferrocene ligands are efficient in various asymmetric reactions, and

have attracted considerable interest over the last few years [144–149]. For example,

Chen et al. [145] have described a method for the incorporation of P-chirogenic
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phosphines into ferrocene by means of chiral substituent, as shown in Scheme 73.

Slow addition of RPCl2 and Grignard reagent to lithiated Ugi’s amine 224 yielded

phosphines (RC,SFc,SP)-227 in high yields and with high stereoselectivity. The high
stereoselectivity of this reaction was explained by the formation of tertiary ammo-

nium salt 226 as an intermediate. Boaz et al. [146] converted without epimerization

the phosphines 227 into 228 ligands of Josiphos or BoPhoz type. These ligands have

afforded exceedingly high activity and enantioselectivity in the rhodium-catalyzed

asymmetric hydrogenation of dehydro-α-amino acid derivatives (up to 99.5% ee),
itaconic acids (99% ee), and α-ketoesters (97.2% ee). Pfaltz [147], using the

diastereoselective ortho-lithiation of (R)-N,N-dimethyl-1-ferrocenylethylamine

224 and a stereoconvergent intramolecular hydrophosphination, developed access

to P-chiral ferrocenephospholanes. Starting from Ugi’s amine 224, the ligands

TriFer 229 [148] and ChenPhos 230 [150] were prepared in 84% yield and with a

diastereoselectivity of 80% (Scheme 74). Ugi’s amine (R)-224 was lithiated with

BuLi and then treated with PhPCl2, followed by 1,10-dilithioferrocene generated

from 1,10-dibromoferrocene, by lithiation to afford the TriFer with some formation
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of meso-isomer, which was removed by crystallization from MeOH. C2-Symmetric

diphosphine ligand 229 contains the central chiral carbon, planar carbon and central

chiral phosphine. Use of TriFer as a ligand in rhodium complexes has allowed the

hydrogenation of some unsaturated acids with very high enantioselectivity of 98.4–

99.6% ee. PingFer 233 [149], a P-chiral version of the second generation of

Taniaphos, was synthesized, proceeding from planar chiral aldehyde 231. The

reaction of ferrocenecarboxaldehyde (S)-231 with Grignard reagent gave the prod-

uct (SFc,αS)-232 in 96% yield and with a ratio of 9:1 for the αS/αR diastereoiso-

mers. Recrystallization from hexane gave the enantiomerically pure (SFc,αS)-
PingFer in good yield. These compounds were applied in the highly

enantioselective hydrogenation of cinnamic acid derivatives with 99.6% ee
(Scheme 75).

7 Asymmetric Cycloaddition Reactions

The asymmetric hetero-Diels–Alder reaction is among the most powerful available

methodologies for the construction of optically active heterocycles, with extensive

synthetic applications in natural or unnatural products synthesis [151, 152]. In the

last few years, the scope of this reaction has been extended to organophosphorus

compounds. For example, Kumawat and co-workers developed a diastereoselective

hetero-Diels–Alder reaction between isoprene and [1,4,2]-diazaphospholo-[4,5-a]-
pyridines in the presence of sulfur or selenium, leading to the formation of 234 in

50% yield and with 4:1 dr (Scheme 76) [151].

Leung et al. [152–167] proposed the Diels–Alder reaction of phospholes with

various dienophiles catalyzed by palladium complexes 235 as a method for the

synthesis of chiral phosphines. The chiral compounds containing (S)-ortho-
(1-dimethylaminoethyl)-naphthalene palladium 235 were complexed with diene,

for example with 3,4-dimethyl-1-phenylphosphole, which then entered into the

Diels–Alder reaction with dienophiles (N,N-dimethylacrylamide, styrene, and

others) to result in diastereoisomers of endo-amidophosphanorbornenon complexes

236 and 237. After separation, purification, and decomplexation, the
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diastereoisomer complexes were converted into chiral tertiary phosphines. The

stereoselectivity of the reaction was moderate, but diastereoisomers 238 and 239

were easily separated by chromatography or recrystallization to yield after

decomplexation with KCN chiral bicyclic tertiary phosphines (RP)-238 and (SP)-
239 (Scheme 77).

The stereochemical course of the cycloaddition depends on the presence of silver

perchlorate or tetrafluoroborate in the reaction medium [155]. Therefore, it is

possible to select either the exo- or the endo-cycloaddition reaction pathways by

controlling the number of coordination sites on the ortho-palladated naphthylamine

template. In the endo-cycloaddition pathway, the kinetically stable chloro ligand is

coordinated to the neutral template, but in the exo-cycloaddition pathway, the

kinetically labile perchlorato ligand forms a cationic intermediate which

E
P

Pd
ClNMe

Me Me

Ph

Me
Me

E

H

PPh

Me
Me

E

P Ph

Me
Me

E

Pd
N

Me
Me Me

X

2

P

Ph

MeMe

235

(RP)-236

P
Pd

ClNMe
Me Me

Ph

Me
Me

H
E

+

(RP)- (SP)-238 239

(SP)-237

(Sc)-

S

KCN KCN

E=C(O)NMe2, C(O)Et, C(O)OMe, C(S)OEt, C(S)NMe2, Ph2P, PhSO2, PhS, Ph, 2-Py, PhMeP

40-85% 40-85%

Enantiopure Enantiopure

Scheme 77 Asymmetric cycloaddition reaction on o-(1-dimethylaminoethyl)-naphthalene palla-

dium template 235

P N

+
N

N
P

H

XCHCl3, RT

234

X

X= S or Se

Scheme 76 Hetero-Diels–Alder reaction

210 O.I. Kolodiazhnyi



coordinates simultaneously onto the chiral template during the course of cycload-

dition reaction. Therefore, the reaction of (SC)-235 with 3,4-dimethyl-1-

phenylphosphole in the presence of AgClO4 led to the formation of cycloaddition

products (SC, RP)-241 and (SP)-242 (Scheme 78) [154].

The [4+2]-cycloaddition reaction of phospholes 243 and furan derivatives 244

with various dienophiles catalyzed by palladium complexes 240 led to the forma-

tion of a number of chiral bicyclic phosphines 245–251, which are interesting as

chiral P-ligands (Scheme 79) [146, 153].
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The reaction of phenyl(2,4,6-trimethylphenyl)phosphine with a substituted ben-

zoquinone in the presence of a chiral phosphapalladacycle complex 252a as a

catalyst and triethylamine in chloroform at �45�C proceeded in a new type of

addition manner to give a high yield of a 4-hydroxyphenyl phenyl(2,4,6-

trimethylphenyl)phosphinite (SP)-253 with 98% enantioselectivity, which is a ver-

satile intermediate readily convertible into various phosphines and their derivatives

with high enantiomeric purity [168]. The asymmetric stepwise double hydropho-

sphination reaction of bis(enones) 254 with phenylphosphine and 252b allowed

intermolecular construction of chiral tertiary bulky P-heterocycles 255 in one pot in
high yields (Scheme 80) [169].

Hey-Hawkins reported that the asymmetric Diels–Alder reactions of 2H-
phospholes with the dienophile (5R)-(l-menthyloxy)-(5H )-furanone allowed the

generation of multiple stereogenic centers in 1-phosphanorbornadienes 256. The

cycloaddition products were converted to their air-stable sulfur derivatives, which

were isolated and the endo- and exo-isomers were separated by column chroma-

tography (Scheme 81). In this case, the principle of face differentiation for a P¼C

bond is a synthetic tool for highly selective and efficient synthesis of P-chiral
phosphanes from readily available starting materials. The observed selectivity

was explained by the transition states of the two main isomers exo-A and endo-B
(Scheme 82). The two molecules approach mainly in an endo fashion, which in

consequence leads to the main diastereomer. Because of the favorable secondary

orbital interactions between the C¼O functionality and the diene system, the endo
product is kinetically favored, as is known for such systems with normal electron

demand [170].

Enantioenriched benzopyrano- and naphthopyrano-fused helical

phosphafluorenes 258 were synthesized by the rhodium catalyzed enantioselective

Pd+

NPh2
NCMe

NCMe

252a

P H

Mes

Ph
+

O

O

Ph

Ph

P
O

Mes
Ph

OHPh

Ph

252a
Et3N, CHCl3

96%
98%ee

ClO4
-

(Sp)-253,

NCMe

Pd+

NMe2 NCMe
ClO4

-

Ph2PH + PPh Ph

O

Ph
(R,R)-255, 97%ee

Ph Ph

O

254

252b

252b

98%

Scheme 80 Examples of asymmetric cycloaddition reaction

212 O.I. Kolodiazhnyi



double [2+2+2]-cycloaddition of dialkynyl phosphorus compounds with phenol- or

naphthol-linked tetraynes 257. The desired reaction proceeded at room temperature

by using the cationic rhodium(I)/tol-BINAP [2,20-bis(di-tolylphosphino)-1,
10-binaphthyl] catalyst to yield 258 in good yield. The photophysical properties of

phosphorus-containing helicenes 258 were also studied. The phosphafluorenes

showed large red shifts of absorption and emission maxima (Scheme 83) [171].
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8 Biocatalytic Synthesis of P-Chiral Phosphorus
Compounds

Efficient and general methods for the synthesis of chiral phosphine oxides and

related compounds are a permanent subject for research of organic chemists.

Therefore, the application of biocatalytic methods for the preparation of optically

active P-chiral compounds has attracted great attention and a number of successful

syntheses were described [172–178].

For example, Mikołajczyk and Kiełbasiński [172–175] studied the acylation of

phosphine boranes 259 using CAL (Chirazyme®) lipase from Candida Antarctica
and Lipase AK from Pseudomonas fluorescencs (Scheme 84). The best enantios-

electivity was attained in the lipase AK-catalyzed acylation of 259 in cyclohexane

solution with vinyl butyrate as an acyl donor (99% ee) for unreacted hydroxypho-

sphinate 259 and 43% ee for the acylated product 260. The E-values were on the

level of 15. The enzymatic resolution of alkoxy (hydroxymethyl)phenyl-phosphine

boranes (R/S)-261 was achieved by trans-esterification with vinyl acetate in the

presence of CALB, Amano AK, Amano PS, Amano AH, and LPL in various

solvents. The best enantioselectivity of unreacted alcohol 261 and acylated product

262 was attained in cyclohexane (37% ee, conversion ~50%). Kiełbasiński [176]

recently reported some additional data, including theoretical calculations and more

accurate chemical correlation, which proved that the borane reduction of acyclic

phosphine oxides proceeded with inversion of configuration at the phosphorus

center. On this basis, the stereochemistry of the enzymatic reaction was ultimately

determined (Scheme 85).

Lipase-catalyzed acylation of ethyl (1-hydroxyalkyl)phenylphosphinates

afforded a single diastereomer in high enantiomeric excess. The substituent effect

of the alkyl group toward the acylation using CAL (Chirazyme®) was larger than

that of an immobilized lipase AK from Pseudomonas fluorescens. The kinetic

separation of the major phosphinates (SP,S)-263 and (RP,R)-264 was carried out

by CAL and lipase AK catalyzed acylation using vinyl acetate as an acyl donor. The

influence of the alkyl substituent R in the biocatalyst on the acylation process was

more pronounced for CAL compared to AK (Scheme 86) [179, 180].

A synthesis of chiral α-hydroxy-H-phosphinates, bearing two asymmetric cen-

ters, was achieved via a lipase-catalyzed hydrolysis of acetate precursors. From a
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mixture of four kinds of stereoisomers (two enantiomers and two diastereomers) of

α-acetoxy-H-phosphinates 265, one isomer of α-hydroxy-H-phosphinates (R,SP)-
266 was obtained with moderate yields and stereoselectivity up to 99% ee
(Scheme 87) [181].

The kinetic resolution of 1,1-diethoxyethyl(hydroxymethyl)phosphinate rac-
267 possessing chirality at the phosphorus atom was achieved via a lipase-catalyzed

acylation. The product 269 was transformed into the corresponding amine 270,
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which is a useful precursor for the preparation of phosphinyl dipeptide isosteres.

Acylation of 267 with vinyl acetate as an acyl donor in the presence of lipase

Amano AK led to the formation of (R)-268 (yield 59%, 88% ee) and (S)-269 (yield
35%, 92% ee), which were separated by column chromatography. The enantiomeric

purity of (RP)-268 was increased to 99% ee by an enzymatic double resolution

under the same conditions (Scheme 88) [182].

Biocatalytic kinetic resolution of racemic hydroxymethylphosphinates 271 via

their lipase-promoted acetylation in supercritical carbon dioxide as the reaction

medium was investigated. The reaction was fastest when pressure was closer to the

critical pressure: at 11 MPa the reaction rate reached its maximum when the

pressure was increased to 15 MPa. The optimal conditions were obtained at

13 MPa (yields ~50%, ~30% ee). The stereoselectivity of the reaction depended

on solvent, substituents at phosphorus, and solubility of substrates in scCO2. The

best results were obtained with the Candida antarctica lipase (Novozym 435)

(Scheme 89) [183, 184].

The biocatalytic desymmetrization of various C2-symmetric tertiary phosphine

oxides was used for the preparation of P-chiral phosphines. Mikolajczyk

et al. [183–185] studied the desymmetrization of bis-functional phosphinates and

phosphine oxides. The hydrolysis of prochiral bis(methoxycarbonylmethyl)

phenylphosphine oxide 274 was carried out in phosphate buffer in the presence of
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porcine liver esterase (PLE) to give a chiral monoacetate (R)-275 in 92% yield and

72% ee. The chiral monoacetate (R)-275 by decarboxylation was converted into

chiral phosphine oxide (R)-276 (Scheme 90) [185].

The biocatalytic acetylation of prochiral bis(hydroxymethyl)phenylphosphine

oxide 277 and the biocatalytic hydrolysis of prochiral bis(methoxycarbonylmethyl)

phenylphosphine oxide 279 was subjected to hydrolysis in a phosphate buffer in the

presence of several hydrolases (PLE, PFL, AHS, Amano-AK, and Amano-PS), of

which only porcine liver esterase (PLE) proved to be efficient. The best results were

attained with Pseudomonas fluorescens lipase (PFL) in chloroform which allowed

the compound 278 to be obtained in yields up to 76% and with ee up to 79%.

Absolute configuration of the (S)-278 was determined by means of chemical

correlation to the earlier described compound (R)-282, as shown in

Scheme 91 [185].

Desymmetrization of the prochiral diol 283 was attained, using vinyl acetate as

an acetylating agent and several lipases (CAL, AK, AH, PS, LPL, PFL), of which

only Pseudomonas fluorescens lipase proved efficient. It was found that the use of

various solvents led to opposite enantiomers of the product 284 and substantially

influenced the stereoselectivity of the process. For example, the replacement of

chloroform by isopropyl ether led to the formation of the optical antipode of 284

[175, 176]. Wiktelius [177] reported that the Candida antarctica lipase B

(Novozym 435) afforded better results in the desymmetrization of prochiral
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phosphine boranes than Amano ANL, Amano PS, PFL (Amano AK), and PPL

(Fluka) lipases (Scheme 92).

Rаushel et al. [186–191] have resolved racemic phosphinates 285, bearing a

phenol leaving group at phosphorus by means of fermentative hydrolysis catalyzed

by phosphotriesterase (PTE) from Pseudomonas diminuta. The hydrolysis led to the
formation of chiral phosphinates with optical purity >99.8%, quantified by chiral

electrophoresis. The catalyzed PTE hydrolysis of phosphinates (RP/SP)-285 led to

the formation of (SP)-methylphenylphosphinate and unreacted phosphinate (RP)-

285 [186]. It was found that wild-type phosphotriesterase (PTE) preferably hydro-

lyzed (SP)-phosphinates with formation of (RP)-phosphinates 285, and mutant-type

PTE (TAGW) preferably hydrolyzed (RP)-phosphinate with formation of (SP)-
phosphinates with enantiomeric factor Е¼ 17. The stereoselectivity of wild-type

PTE was affected by the pKa value of the phenol leaving group. For the wild-type

enzyme, the stereoselectivity has been enhanced in excess of three orders of

magnitude PTE catalyzed hydrolysis of the most acidic phenolic substituents

from an organophosphate triester. (RP)-Stereoisomers 285 were purified by chro-

matography on silica gel and were obtained in 98% yield and with 99% ее
(Scheme 93) [187–189].

The hydrolysis of phosphonate 286 (R¼Me) by wild-type PTE yielded mainly

thioacids (S)-287, whereas the hydrolysis by mutant-type PTE led to the formation

of (R)-thioacids 287. In contrast, the hydrolysis of thioacid triesters 286 by either

wild- or mutant-type PTE in many cases yielded thioacids (S)-287 with 99% ee.
The chiral thiophosphates synthesized by these enzymatic methods, were proposed

as precursors for the synthesis of organic and organophosphorus compounds

(Scheme 94) [190].
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The biocatalytic oxidation of racemic O,S-dimethyl O-p-nitrophenyl phosphor-
odithioate (S/R)-288 catalyzed by chloroperoxidase from Caldariomyces fumago
led to the formation of the corresponding (�)-(S)-thiophosphate 289 and

unoxidized substrate (+)-(R)-288. The thionoester (S/R)-288 was subjected to

oxidation with hydrogen peroxide in the presence of chloroperoxidase (CPO) in a

mixture of citrate buffer, pH 5, and ethanol. Both compounds were prepared with

99.6% and 97% ee, respectively. The thionation of the (�)-(S)-phosphate 289 with

Lawesson’s reagent gave (�)-(S)-phosphorodithioate 288 with full stereospecific-

ity, while the oxidation of unreacted substrate (+)-(R)-288 with iodoxybenzene

resulted in the formation of (+)-(R)-289 with 94.9% ее (Scheme 95) [192].

Prochiral bis(cyanomethyl)phenylphosphine oxide 290 has been successfully

transformed into the corresponding optically active monoamide 291 and monoacid

292 with enantiomeric excesses ranging from low (15%) to very high (up to 99%)

using a broad spectrum of nitrile-hydrolyzing enzymes [193]. Enzymatic hydrolysis

of prochiral bis(cyanomethyl) phenylphosphine oxide 290 was achieved using

nitrile-converting enzymes under mild conditions (buffer solution of pH 7.2,

30�C) with formation of cyanomethylphenyl-phosphinylacetamide 291 and

cyanomethylphenyl-phosphinylacetic acid 292 in different proportions and various

enantioselectivities ranging from 15% to 99% ee. For example, the hydrolysis with

Nitrilase 106 led to the formation of products (S)-291 and (S)-292 in yields of

10.8% and 51.0% and with 99% and 70% ee (Scheme 96)
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9 Miscellaneous Reactions

Gouverneur et al. showed that prochiral phosphinates and phosphine oxides could

be desymmetrized by asymmetric ring-closing metathesis to create a stereogenic

phosphorus atom. Enantiomerically enriched P-stereogenic phosphinates and phos-
phine oxides have been prepared by this methodology with 23–98% ee and good

yields. This methodology allowed access to five-, six-, and seven-membered

P-stereogenic heterocycles in good to excellent enantioselectivity (Scheme 98).

This study revealed that chiral molybdenum-based metathesis catalysts 293

containing identical chiral diol ligands of the same (S)-absolute configuration and

differing only in their achiral imido ligand led to opposite enantiomers of the

product upon ARCM (Scheme 97) [194].

The P-chirogenic organocatalysts 294 and 295 were found to promote the

enantioselective aza-Morita–Baylis–Hillman reaction of ketimines derived from

acyclic α-keto esters. In the P-chirogenic organocatalyzed aza-Morita–Baylis–

Hillman reactions, α,α-disubstituted α-amino acid derivatives 296 were obtained

in high yields and with high enantioselectivities (up to 97% ee) (Scheme 98).[195].

The addition of methyl magnesium chloride to P-tert-butyl-P-phenyl-N-
phosphinoyl benzaldimine (R)-296 led to the formation of chiral

phosphinoylamines in good yields and moderate stereoselectivity. The

amidophosphates were prepared earlier by oxidation of aminophosphines and are

identical to compounds 48 and 49 (Scheme 99) [196, 197].

The diastereoselective synthesis of a P-chirogenic β-aminophosphine ligand 300

by carbon–carbon bond formation of the ethano bridge in a 3:1 ratio via reaction of an

α-metallated P-chiral phosphine borane (S)-297 with a benzaldimine was described.

The major diastereoisomeric β-aminophosphine borane (SP)-298 was separated and

decomplexed into the corresponding β-aminophosphine (SP)-300 under neutral con-

ditions and without epimerization by heating at reflux in EtOH (Scheme 100) [198].

Phosphine-containing allylic alcohols 301 undergo facile [2,3]-sigmatropic

rearrangements with chlorophosphines, furnishing highly enantioenriched

(dr 25:1) or enantiopure, crystalline diphosphine monoxides boranes 302, which

were deprotected by treatment with DABCO with formation of 303. The configu-

ration at the newly-formed stereocenter is opposite to that expected based on prior

studies, and an ab initio computational evaluation of the possible transition states

was performed to explain the stereochemical course of the reaction

(Scheme 101) [199].
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Kaboudin and Yokomatsu reported the diastereoselective addition of

α-substituted α-amino-H-phosphinates 304 to imines catalyzed by Lewis acids.

Among Lewis acids, Yb(OTf)3 was found to be the best catalyst. With this catalyst

the α,α0-diaminophosphinic derivatives 305 were obtained with des ranging from

10% to 95%. The structure of product 305 was determined by X-ray analysis as

shown in Scheme 102. The reaction proceeded with retention of configuration at the

phosphorus atom [200, 201].

Novel P-stereogenic PCP pincer Pd complexes 308 were designed and prepared

in short steps from optically pure tert-butylmethylphosphine borane 306. The

optically active Pd-complexes 308 were successfully applied in asymmetric addi-

tion of diarylphosphines to nitroalkenes with high yields and good enantios-

electivity (Scheme 103) [202].

Novel synthesis of P-chiral 1,3-oxaphospholane 309 starting from optically pure

propylene oxide was described. The structure was defined by X-ray crystallo-

graphic analysis (Scheme 104) [203].

The cascade reactions starting from the tertiary phosphine borane 310, providing

the biphenyl-fused phosphorinane P-boranes 311 and the radical-initiated

dearomatizing spirocyclization with formation of benzophospholane P-boranes
314, represent a new methodology for the synthesis of P-stereogenic cyclic phos-

phines. The regiodivergent asymmetric route to P-stereogenic five- or six- mem-

bered benzophosphacycles, depended on reaction conditions: radical (oxidative

addition) or anionic (SNAr) benzannulation The decomplexation of (SP)-311 with

Et2NH furnished the corresponding homochiral dibenzophosphorinanes (SP)-312 in
93�99% yields. The treatment of (SP)-310 with s-BuLi and CuCl2 gave the chiral

spiro-structure (SP)-314. This spiro benzophospholane borane 313 arose from
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P-α-radical (SP)-313 trapping by the neighboring 2,6-dimethoxyphenyl ring, lead-

ing to its dearomatization (Scheme 105) [204].

Pereira et al. [205] have reviewed a large scale synthesis of enantiopure and

thermally stable (R)- and (S)-BINOL phosphines and phosphinites, which were

employed as ligands in palladium-catalyzed hydrosilylation of styrene, affording

the corresponding alcohols in high yield and enantiomeric excess.

n-Propoxy-3-methyl-3-phospholene 1-oxide 314 was prepared in optically

active form by extending resolution methods applying TADDOL and spiro-

TADDOL, as well as the acidic and neutral Ca2+ salts of (�)-O,O0-dibenzoyl-
and (�)-O,O0-di-P-toluoyl-(2R,3R)-tartaric acid. The absolute P-configuration of

the enantiomers of the phospholene oxide was determined by CD spectroscopy and

by single crystal X-ray analysis [206]. Racemic 3-methoxyphenyl(1-naphthyl)

phenylphosphine was also effectively resolved via an oxidative resolution proce-

dure utilizing L-menthyl bromoacetate as the resolving agent to give enantiopure

3-methoxyphenyl(1-naphthyl)phenylphosphine oxide (R)-315 in 41% yield

(Scheme 106) [207, 208].
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Conclusion and Future Directions

It is hoped that this review devoted to P-chiral organophosphorus compounds

and their application in asymmetric catalysis will be useful to chemists

interested in various aspects of organic chemistry and stereochemistry. It

should be noted that, despite the impressive progress achieved in the synthe-

sis and studies of properties of P-chiral compounds, not all problems have

been solved. The problem of the development of enantioselective methods

giving easy access to both optical antipodes of chiral tertiary phosphines still

remains. The creation of highly effective catalysts for the asymmetric syn-

thesis of P-chirogenic compounds, or for the creation of chiral organophos-

phorus synthons, is an important problem, which is currently awaiting a

solution.

It is easy to predict that the basic efforts in studying the chemistry of chiral

tertiary phosphines and phosphine oxides will be concentrated in this
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direction and new enantioselective reactions are promising for solving these

problems. The prospects of chemical modification of chiral tertiary phos-

phines with the introduction of new, more and more complex groups, includ-

ing those with definite configuration to P-centers, are far from exhausted. The

actual problem is the resolution of enantiomers and purification of chiral

tertiary phosphines and phosphine oxides. The exact structure and of absolute

configuration can only be successfully solved in a limited number of cases.

Looking to the future, it seems that tertiary phosphines will be the subject

of intensive studies, especially in their range of application as ligands for

metal complex catalysts. The most interesting opportunities lie in the devel-

opment of the application of reagents and catalysts, allowing us to obtain

tertiary phosphines by the most accessible methods. It is believed that the area

of the application of tertiary phosphines will be expanded greatly.
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170. Möller T, Sárosi MB, Hey-Hawkins E (2012) Asymmetric phospha-Diels–Alder reaction: a

stereoselective approach towards P-chiral phosphanes through diastereotopic face differen-

tiation. Chem Eur J 18:16604–16607

171. Fukawa N, Osaka T, Noguchi K, Tanaka K (2010) Asymmetric synthesis and photophysical

properties of benzopyrano- or naphthopyrano-fused helical phosphafluorenes. Org Lett

12:1324

172. Krasinski G, Cypryk M, Kwiatkowska M, Mikołajczyk M, Kiełbasinski P (2012) Molecular

modeling of the lipase-catalyzed hydrolysis of acetoxymethyl(i-propoxy)phenylphosphine

oxide and its P-borane analogue. J Mol Graph Model 38:290–297

173. Kiełbasinski P, Mikołajczyk M (2007) Chiral heteroatom-containing compounds. In:

Matsuda T (ed) Future directions in biocatalysis. Elsevier, Amsterdam, pp 159–203

174. Shioji K, Kurauchi Y, Okuma K (2003) Novel synthesis of P-chiral
hydroxymethylphosphine–boranes through lipase-catalyzed optical resolution. Bull Chem

Soc Jpn 76:833–834

175. Kiełbasinski P, Albrycht M, Zurawinski R, Mikołajczyk M (2006) Lipase-mediated kinetic

resolution of racemic and desymmetrization of prochiral organophosphorus P-boranes. J Mol

Catal B 39:45–49

176. Kwiatkowska M, Krasiński G, Cypryk M, Cierpiał T, Kiełbasiński P (2011) Lipase-mediated

stereoselective transformations of chiral organophosphorus P-boranes revisited: revision of

the absolute configuration of alkoxy(hydroxymethyl)phenylphosphine P-boranes. Tetrahe-
dron Asymmetry 22:1581–1590

177. Wiktelius D, Johansson MJ, Luthman K, Kann N (2005) A biocatalytic route to P-chirogenic
compounds by lipase-catalyzed desymmetrization of a prochiral phosphine-borane. Org Lett

7:4991–4994

178. Kolodiazhnyi OI (2011) Enzymatic synthesis of organophosphorus compounds. Russ Chem

Rev 80:883–910

179. Shioji K, Tashiro A, Shibata S, Okuma K (2003) Synthesis of bifunctional P-chiral hydroxy
phosphinates; lipase-catalyzed stereoselective acylation of ethyl (1-hydroxyalkyl)

phenylphosphinates. Tetrahedron Lett 44:1103–1105

180. Majewska P, Kafarski P, Lejczak B (2006) Simple and effective method for the

deracemization of ethyl 1-hydroxyphosphinate using biocatalysts with lipolytic activity.

Tetrahedron Asymmetry 17:2870–2875

181. Yamagishi T, Miyamae T, Yokomatsu T, Shibuya S (2004) Lipase-catalyzed kinetic resolu-

tion of α-hydroxy-H-phosphinates. Tetrahedron Lett 45:6713–6716

182. Yamagishi T, Mori J-I, Haruki T, Yokomatsu T (2011) A chemo-enzymatic synthesis of

optically active 1,1-diethoxyethyl(aminomethyl)phosphinates: useful chiral building blocks

for phosphinyl dipeptide isosteres. Tetrahedron Asymmetry 22:1358–1363

234 O.I. Kolodiazhnyi



183. Albrycht M, Kiełbasinski P, Drabowicz J, Mikołajczyk M, Matsuda T, Harada T, Nakamura

K (2005) Supercritical carbon dioxide as a reaction medium for enzymatic kinetic resolution

of P-chiral hydroxymethanephosphinates. Tetrahedron Asymmetry 16:2015–2018

184. Shioji K, Ueyama T, Ueda N, Mutoh E, Kurisaki T, Wakita H, Okuma K (2008) Evaluation of

enantioselectivity in lipase-catalyzed acylation of hydroxyalkylphosphine oxides. J Mol Cat

B Enzym 55:146–151

185. Kiełbasinski P, Zurawinski R, Albrycht M, Mikołajczyk M (2003) The first enzymatic

desymmetrizations of prochiral phosphine oxides. Tetrahedron Asymmetry 14:3379–3384

186. Li Y, Aubert SD, Maes EG, Raushel FM (2004) Enzymatic resolution of chiral phosphinate

esters. J Am Chem Soc 126:8888–8889

187. Tsai P-C, Bigley A, Li Y, Ghanem E, Cadieux CL, Kasten SA, Reeves TE, Cerasoli DM,

Raushel FM (2010) Stereoselective hydrolysis of organophosphate nerve agents by the

bacterial phosphotriesterase. Biochemistry 49:7978–7987

188. Kim J, Tsai P-C, Chen S-L, Himo F, Almo SC, Raushel FM (2008) Structure of diethyl

phosphate bound to the binuclear metal center of phosphotriesterase. Biochemistry 47:9497–

9504

189. Li Y, Aubert SD, Raushel FM (2003) Operational control of stereoselectivity during the

enzymatic hydrolysis of racemic organophosphorus compounds. J Am Chem Soc 125:7526–

7527

190. Li WS, Li Y, Hill CM, Lum KT, Raushel FM (2002) Enzymatic synthesis of chiral

organophosphothioates from prochiral precursors. J Am Chem Soc 124:3498–3499

191. Nowlan C, Li Y, Hermann JC, Evans T, Carpenter J, Ghanem E, Shoichet BK, Raushel FM

(2006) Resolution of chiral phosphate phosphonate and phosphinate esters by an

enantioselective enzyme library. J Am Chem Soc 128:15892–15902

192. Mikołajczyk M, Łuczak J, Kiełbasinski P, Colonna S (2009) Biocatalytic oxidation of

thiophosphoryl compounds: a new chemo-enzymatic approach to enantiomeric insecticidal

thionophosphates and their oxons. Tetrahedron Asymmetry 20:1948–1951
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