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Recent Advances in H-Phosphonate
Chemistry. Part 2. Synthesis
of C-Phosphonate Derivatives

Michal Sobkowski, Adam Kraszewski, and Jacek Stawinski

Abstract This chapter provides an overview of recent advances in the develop-
ment of new methods and protocols for the formation of the P-C bond using
H-phosphonate diesters as starting materials. Various chemical and stereochemical
aspects of the transition metal-catalyzed cross-coupling and organocatalyst-
promoted reactions which are relevant to the synthesis of structurally diverse
C-phosphonate derivatives are surveyed.
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Abbreviations

Al-salalen
BHT
BINOL-Al
BINOL-Ti
bipy
szZI’HCl
Cpf

DBN
DIPEA
DMA
dmphen
DPAP
dpephos
dppf

dppp
KHMDS
Pd,(dba);(CHCl3)
PEG-600
Pht-M

Pro
(R)-BINAP
Schiff-Al
SDS
(S)-TRIP
TAP
TBO-Al
TPP

TPPA
Tween-20
Xantphos

1 Introduction
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1,2-Diaminocyclohexane-based Al-complexes
Butylated hydroxytoluene

Binaphthyl Al-complex; for the structure
Binaphthyl Ti-complex

2,2’-Bipyridine
Bis(cyclopentadienyl)zirconium hydrogen chloride
Cyclopalladated ferrocenylimines
1,5-Diazabicyclo(4.3.0)non-5-ene
N,N-Diisopropylethylamine
N,N-Dimethylacetamide
2,9-Dimethyl-1,10-phenanthroline
2,2-Dimethoxy-2-phenylacetophenone
Bis-[2-(diphenylphosphino)phenyl]ether
1,1’-Bis(diphenylphosphino)ferrocene
Dichloro[1,3-bis(diphenylphosphino)propane
Potassium bis(trimethylsilyl)amide
Tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct
Polyethylene glycol, MW 600 Da
Tetra-tert-butylphthalocyanine complexes
Proline
(R)-(1,1'-Binaphthalene-2,2'-diyl)bis(diphenylphosphine)
Tridentate Schiff base AI(II) complexes
Sodium dodecylsulfate

Binaphthyl-derived phosphoric acid
Tetraaminophosphonium salt
Bis(8-quinolinato) dinaphthyl
Triphenylphosphine

Phthalocyanine analogues

Polyoxyethylene sorbitan monolaurate
(9,9-Dimethyl-9H-xanthene-4,5-diyl)bis-
(diphenylphosphine)

Four-coordinated phosphorus compounds containing P-C bonds (C-phosphonates
and C-phosphinates) are stable, usually non-hydrolyzable by enzymes, and serve as
isosteric analogues of phosphate esters [1-3]. Thus, they are ideal for use as target-
specific modulators of a variety of biological processes, e.g., pesticides and thera-
peutics [4]. Compounds with single or multiple P-C bonds are also important
synthetic intermediates [5] and find broad agricultural [6, 7] and industrial

applications [8].
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For the formation of the P-C(sp®) bond, the most common approaches are still
those involving the Michaelis—Arbuzov [9, 10] and the Michaelis—Becker reactions
[11, 12], or the addition to a carbonyl group [13, 14]. However, in recent decades,
the transition metal mediated P-C bond formation strategy has started to become
widely used, especially in the synthesis of P-C(sp®) derivatives [5, 15-18]. In the
context of using H-phosphonate diesters as phosphorus partners for P-C bond
formation, we discuss recent progress in the addition of these compounds to
carbonyl derivatives (aldehydes, ketones, imines) and in the transition metal cata-
lyzed cross-coupling reactions which afford products with P—C(sp), P-C(sp?), and
P—C(sp®) bonds [17].

This review covers selected, important contributions to H-phosphonate chemis-
try in the last 5 years (2009-2013) towards C-phosphonate synthesis. Different
aspects of H-phosphinate and H-phosphine oxide chemistry have recently been
reviewed [17, 19-22].

2 Synthesis of a-Aminophosphonates and Related
Compounds

Addition of H-phosphonate diesters to a carbonyl group and its derivatives has been
known for years as a convenient way to prepare a-functionalized C-phosphonates,
especially a-aminophosphonates and a-hydroxyphosphonates [13, 14]. Because of
a wide range of practical applications [5—8], recent research in this area has been
focused on finding new catalysts and developing stereoselective approaches [23].

o-Aminophosphonates are typically formed in base catalyzed reactions of
imines with H-phosphonate diesters (the Pudovik reaction [24]) or in a three-
component one-pot reaction involving a carbonyl compound, an amine, and an
H-phosphonate diester (the Kabachnik—Fields reaction [14, 25]). General forms for
these reactions are shown in Scheme 1.

The Kabachnik-Fields reaction, because of its wide scope and experimental
simplicity, has, in recent years, dominated the synthetic procedures for the prepa-
ration of aminophosphonates. This reaction is usually carried out with equimolar
amounts of reactants with or without removal of water (e.g., molecular sieves,
azeotropic distillation), and with or without a catalyst. The most significant mod-
ifications recently introduced consist of using microwave irradiation as an energy
source [26, 27], ionic liquids as a reaction medium [13], and different types of
catalysts [28]. Some mechanistic aspects of this reaction have also been investi-
gated [14, 28].

A typical example is the preparation of a-aminophosphonates containing an
adamantyl moiety (70-80% yield), using microwave heating in the presence of
cadmium(II) iodide as a catalyst and molecular sieves (4 A) as a dehydrating agent
[27]. As substrates, various primary amines containing adamantyl fragments,
2-methylpropanal, and diethyl H-phosphonates were used. Since the reaction
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The Pudovik reaction

9 JNI\R4 base I':; \(l\‘HR4
+ B 10—
10-Px R'O7 R2
RF%O, H R2 R3 R'IO R3
The Kabatchnik-Fields reaction
R A D ONHRY
. — +
R1 —P. R NH2 R1O 2 2
R M ROR S

R' = alkyl; R%, R® = alkyl or aryl; R* = alkyl, aryl or H

Scheme 1 The Pudovik and the Kabachnik—Fields reactions

system in the Kabachnik—Fields reaction is rather complex, various bimolecular
processes between the reactants may cause the formation of unexpected products,
especially under microwave heating conditions [26].

The addition of phosphorus nucleophiles to imines (substrates in the Pudovik
reaction and the putative intermediates in the Kabachnik—Fields reaction) is cata-
lyzed by Lewis acids (e.g., SnCl,, SnCl,). However, because of the generation
of water during the course of the Kabachnik—Fields reaction, these Lewis acids
are often deactivated. To overcome this problem, micellar solutions of surfactants
were used as catalysts. Sobhani and Vafaee [29] reported on the efficient formation
of a-aminophosphonates (yields >90%) from aldehydes, amines, and diethyl
H-phosphonate in the presence of sodium dodecylsulfate (SDS, Fig. 1) in aqueous
solution. The nonionic surfactant Tween-20 (polyoxyethylene derivative of
sorbitan monolaurate; Sorbitan-20; Fig. 1) was also used under environmentally
friendly conditions for the one-pot, three-component synthesis of aminopho-
sphonates [30]. The major advantages were claimed to be the wide scope of sub-
strates, simple work-up, short reaction time (ca 30 min), and high yields.

Metallophthalocyanines, structurally related to metal porphyrins, are used as
efficient catalysts in organic synthesis [31]. In 2003, Matveeva et al. [32] reported
on the application of tetra-fert-butylphthalocyanine-metal complexes (Pht-M,
Fig. 1) to the Kabachnik—Fields reaction. Various a-aminophosphonates derived
from sterically hindered ketones were obtained in acceptable yields. These condi-
tions were extended to reactions involving aminopyridines as amino components
[33]. In toluene (110°C, 24-78 h), in the presence of molecular sieves (4 A), 3-
aminopyridine and diethyl H-phosphonate afforded the corresponding
a-aminophosphonates, both with aldehydes and ketones, while 2- and
4-aminopyridines reacted only with aldehydes (yields ca. 70%). An eco-friendly
version of this reaction was also developed using a water-soluble Cu(II) complex of
a phthalocyanine analogue (TPPA, Fig. 1), in which the benzene rings were
replaced by quaternary pyridine moieties [34]. Under aqueous conditions, in the
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Fig.1 Some surfactants and catalysts used in the synthesis of a-aminophosphonates

presence of a small amount of catalyst (0.16%), aminophosphonates derived from
aromatic amines and diverse aldehydes (alkyl, aryl, allyl, heteroaryl) were formed
in >90% yields in a short time (0.5-2 h).

A new, general protocol for the Kabachnik—Fields reaction, based on heteroge-
neous catalysis by H-beta zeolite, was developed by Choudhary et al. [35]; it was
found to be applicable to aldehydes and ketones, as well as aliphatic and aromatic
amines. Apart from high efficiency (yields ca. 90%), the major advantages of this
method are operational simplicity, reusability of the catalyst, short reaction time,
and tolerance to sensitive functional groups. Heterogeneous catalysts based on iron-
doped single walled carbon nanotubes showed similar efficiency and usability
[36]. Simple inorganic salts (CaCl, [37] and KHSO, [38]), phosphorofluoridic
acid [39], and phenylboronic acid [40] have been advocated as superior, cheap
catalysts for the Kabachnik—Fields reaction under solvent-free conditions. Tosyl
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Scheme 2 Decarboxylative three-component coupling reaction for a-aminophosphonates
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Scheme 3 Reductive phosphonylation of amides

chloride was also proposed as a catalyst for this reaction because of its ability to
stabilize more nucleophilic, tervalent phosphite forms of H-phosphonates [41].

Despite the obvious advantages of using catalysts, for certain applications (e.g.,
synthesis of a-aminophosphonates containing rigid f-amino acids with the amino
function at bridgehead positions) the uncatalyzed, thermal version of the
Kabachnik-Fields reaction remains a viable option [42].

Apart from various modifications of the classical Kabachnik—Fields reaction, a
handful of new methods for the preparation of a-aminophosphonates were recently
developed. A copper/DIPEA-catalyzed reaction involving an aldehyde-induced
decarboxylative coupling of proline with H-phosphonate diesters [43] is shown in
Scheme 2. This reaction worked well with a variety of amino acids and turned out to
be useful for the preparation of potential ligands for the organic synthesis of
biologically important amino acid analogues. An uncatalyzed version of this reac-
tion (absence of base and catalyst) was also developed [44].

An interesting approach to o-aminophosphonate synthesis, based on in situ
reduction of amides with bis(cyclopentadienyl)zirconium hydrogen chloride
(Cp,ZrHCl, the Schwartz’s reagent) in the presence of dialkyl H-phosphonates, is
presented in Scheme 3 [45]. The main advantages of this direct transformation of
amides into aminophosphonates are a broad scope of substrates, mild reaction
conditions, and good yields.

A distinct approach to a-aminophosphonates was developed using aromatic nitro
compounds as the source of an amino component [46] (Scheme 4). This is a three-
step, one-pot reaction which involves initial reduction of the nitro compound to an
amine with In/HCI, followed by in situ reaction of the formed imine with H-
phosphonate diester to afford the corresponding a-aminophosphonate derivative.

Since the synthesis of a-aminophosphonates produces a new chiral center on the
a-carbon atom, these compounds are obtained in an enantioselective manner with
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Scheme 4 Synthesis of aminophosphonates starting from nitro compounds
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Scheme 5 Enantioselective synthesis of aminophosphonates using chiral catalyst

chiral auxiliaries. Because of the mechanistic complexity of the Kabachnik—Fields
reaction, a Pudovik type of reaction with the preformed imine derivatives (see
below) is normally used instead.

Scheme 5 depicts an enantioselective version of the Pudovik reaction using
aldimines, an H-phosphonate diester, and a chiral catalyst TBO-AI (containing a
chiral tethered bis(8-quinolinato) ligand) (Fig. 1) [47].

This catalytic system is very efficient both in yields of the formed
a-aminophosphonates and degree of enantioselectivity (ee >90%) for various
aromatic and heteroaromatic aldimines. With the growing interest in
organocatalysis, new protocols were developed for enantioselective transforma-
tions of imines and related compounds into a-aminophosphonates. These trans-
formations used quinine-squaramide [48] or chiral Brgnsted acids [45] as catalysts
[49, 50].

Regarding asymmetric synthesis employing the Kabachnik—Fields reaction, List
et al. [51] described an impressive enantio- and diastereoselective protocol for the
formation of f-branched a-aminophosphonates. The reactants consisted of racemic
aldehydes, p-anisidine, and an H-phosphonate diester in the presence of chiral
BINOL-derived phosphoric acid [(S)-TRIP, Fig. 2] (Scheme 6). This reaction was
particularly challenging because it combined a dynamic kinetic resolution (at the
level of imine formation) with the parallel creation of an additional stereogenic
center on the a-carbon to the phosphorus center.

Another example of asymmetric synthesis of a-aminophosphonates is the
addition of dialkyl H-phosphonates to fert-butylsulfinyl imines, where chirality is
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+ AlI-ClI

X =H, |, aromatics Y = H (cinchonidine)

R4, Ry = alkyl or part of an aromatic system Y= OMe (quinine)

BINOL-AI BINOL-Ti

jNéﬂOH
R4 OH + Al-ClI
_
R2

R4, Ry = H, alkyl, nitro group, adamanyl
Schiff-Al

tBu O ¢ Bu

tBu Bu

Al-salalen

(S)-TRIP

Fig. 2 Some catalysts used in the synthesis of a-amino- and a-hydroxyphosphonates

imparted by a chiral sulfinyl group [52] (Scheme 7). The reaction was carried out in
the presence of potassium bis(trimethylsilyl)amide (KHMDS) as a base catalyst.
The diastereoselectivity observed was usually high. Even a sterically hindered
substrate  (e.g., ketimine, derived from pinacolone) provided the
a-aminophosphonates in high yield (94%) with a high diastereoselective selection
(dr 99:1).
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Scheme 6 Enantio- and diastereoselective Kabachnik—Field reaction
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Scheme 7 Asymmetric synthesis of aminophosphonates

3 Synthesis of a-Hydroxyphosphonates and Related
Compounds

a-Hydroxyphosphonates can be treated as analogs of natural phosphates and
hydroxy carboxylic acids. As such, they attracted considerable interest as biolog-
ically active molecules, complexing agents, and important chemical intermediates
[53, 54]. Preparative methods for a-hydroxyphosphonates are usually based on the
addition of dialkyl H-phosphonates to aldehydes and ketones in an Abramov
reaction [55] (Scheme 8). This experimentally simple reaction is further facilitated
with catalyst addition [13, 53, 54].

Recently, basic alumina (chromatographic grade) was found to catalyze effi-
ciently the addition of dimethyl H-phosphonates to a variety of carbonyl com-
pounds (aldehydes and ketones) at room temperature under solvent-free conditions
(reaction time ca. 72 h) [56]. To speed-up the reaction, microwave irradiation
(in combination with a strong base, DBN) [57] and ultrasound excitation [58]
(in the presence K,HPO, as catalyst) were also used. In both cases, improved yields
and shortened reaction times (5—45 min) were observed. To facilitate separation and
recovery of the catalyst from the reaction mixtures, magnetic nanoparticles Fe;0,
with immobilized strong bases (guanidine) were proposed as novel, magnetic
interphase nanocatalysts [59] (80°C, solvent-free conditions, aromatic and
heteroaromatic aldehydes; yields 70-98%).
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Scheme 8 Synthesis of The Abramov reaction
a-hydroxyphosphonates
using the Abramov reaction 0 N Q catalyst 1 O’F’ OH
R'0-P~y szL R3 R RIG SR
R'O R

R' = alkyl; R?, R® = alkyl, aryl, H

A highly efficient catalyst based on tetracoordinate lanthanide amides,
[(Me;3Si), N]sLn(p-Cl)Li(THF);, was proposed by Xu and Shen [60]. A key factor
affecting catalytic activity was the presence of LiCl. The reaction time was very
short (5 min) and a-hydroxyphosphonates derived from aromatic aldehydes were
obtained in high yields (>90%) using very little catalyst (0.1 mol%). This catalytic
system was developed further by combining it with calix[4]pyrrole [61] to form
dinuclear trivalent lanthanide amido complexes bearing tetra-anion calix[4]pyrrolyl
ligands. Alternatively, the lanthanide catalyst could be combined with methylene-
linked pyrrolyl-amino ligands [62] to form dinuclear lanthanide complexes. Both
groups of catalysts turned out to be highly efficient for the hydrophosphonylation of
aldehydes and inactivated ketones. Some mechanistic aspects of these lanthanide
amide-catalyzed reactions have been investigated [60] as well. A high-valent
oxo-molybdenum complex (MoO,Cl,) has also been suggested as a superior cata-
lyst for the hydrophosphonylation of aldehydes [63]. Computational studies
revealed that activation of the H-phosphonate diester started with coordination of
the P=0 group to molybdenum, followed by hydrogen transfer from the P-H bond
to the Mo=O functionality [63].

In the last decade, the coordination chemistry of alkaline earth metals (Ca, Sr,
Ba) became a major research area [64]. As a result, highly effective alkaline earth
catalysts were developed for the sterically demanded hydrophosphonylation of
aldehydes and inactivated ketones [65]. These heteroleptic complexes of type
[(MesSi),N],Ae(THF), (Ae=Ca, Sr, Ba), with or without multidentate ancillary
ligands, exhibited exceptionally high reactivity in the Abramov reaction using as
little catalyst as 0.02 mol% [65]. In most cases the reaction time under solvent-free
conditions at room temperature was very short (1-10 min). Furthermore, for a given
type of complex and for all carbonyl substrates investigated, the activity of the
catalytic system always increased with the size of the metal atom (Ca < Sr < Ba)
[53, 54].

For ketones known to be much less reactive than aldehydes in the Abramov
reaction, the Lewis acid Ti(Oi-Pr), permitted efficient synthesis of quaternary
a-hydroxyphosphonates [66]. Aromatic ketones, regardless of the electronic nature
of an aryl moiety, showed high reactivity (yields >90%), while aliphatic ketones
gave slightly lower yields (ca. 80%).

A new approach to a-hydroxyphosphonates was recently reported [67]. It makes
use of alcohols or ethers as starting materials which are oxidized with CuCl,/fert-
butyl hydroperoxide to form in situ the corresponding carbonyl compounds. These
are added to H-phosphonate diesters, affording o-hydroxyphosphonates in
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Scheme 9 Enantioselective synthesis of a-hydroxyphosphonates using BINOL-ALI catalyst

moderate to good yields [56]. This method can be convenient when the
corresponding aldehyde is unavailable. The scope of this reaction remains to be
established.

Since the biological activity of phosphonic acid derivatives is primarily deter-
mined by the absolute configuration of the a-carbon [68, 69], enantio/diastereo-
selective synthesis of a-hydroxyphosphonates has became a focus of synthetic
endeavors in recent years [53, 54].

Feng et al. [70] developed a bifunctional chiral AI(III) complex of various
BINOL derivatives (BINOL-AI, Fig. 2) for asymmetric hydrophosphonylation of
aldehydes with H-phosphonate diesters (Scheme 9). This type of chiral catalyst
binds both the electrophilic carbonyl substrate (via a metal center acting as a Lewis
acid) and a nucleophilic phosphorus reagent (with the amine moiety acting as a
Lewis base) in the transition state. This furnishes a strong stereoselection, affording
a-hydroxyphosphonate derivatives with high enantioselectivity. The yields and the
enantioselectivity may be improved by the presence of molecular sieves 3 A [70]. A
catalytic system as used for the enantioselective synthesis of a-aminophosphonates
(TBO-AL) also worked well for the preparation of a-hydroxyphosphonates [47].

In addition, other AlI(III) complexes containing chiral ligands were proposed for
the enantioselective hydrophosphonylation of aldehydes. These are shown in Fig. 2
and include tridentate Schiff base AI(IIT) complexes (Schiff—Al) [71] and AI(II)-
salalen complexes (Al-salalen) [72]. All these complexes were sterically and
electronically adjusted to provide high enantioselective yields (ee >90%) in the
addition process of H-phosphonate diesters to aldehydes (THF, —15°C, 24-60 h).
A hydrogenated version of the chiral Schiff base in Fig. 2 was used for the
enantioselective hydrophosphonylation of trifluoromethyl aromatic/heteroaromatic
ketones (ee up to 90%) [73]. Computational studies on Schiff-Al [74] and
Al-salalen [75] (Fig. 2) catalyzed hydrophosphonylation of benzaldehyde revealed
some mechanistic aspects of these reactions. For the latter, calculations showed that
the catalytic cycle involves formation of Al-phosphite (via P-H activation) as the
catalytically active species, followed by coordination of benzaldehyde, nucleo-
philic addition, and deprotonation of H-phosphonate as the rate-determining step
[66]. For the Schiff—Al-catalyzed reaction, the computations pointed to a dimer as a
catalytically active species and to C—P bond formation as rate determining [65].

A self-assembled bifunctional catalyst based on BINOL derivatives and cin-
chona alkaloids (cinchonidine and quinine) coordinated by Ti(IV) cation was
proposed by You et al. [76] (BINOL-Ti in Fig. 2 and Scheme 10). A modular



190 M. Sobkowski et al.

o 0 OH
|':' + J\ 10% BINOL-Ti /'\(I)Et
- —_—
RO~ /™~y Ri™ “H m-xylene Ri P—OEt
RO 5
20 °C,2h
11eq 1.0eq yields: 70-99%
R = Me, Bn, i-Pr ee: 86-99 %
R4 = alkyl, aryl 32 examples

Scheme 10 Enantioselective synthesis of a-hydroxyphosphonates using BINOL-Ti catalyst
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Scheme 11 Asymmetric hydrogenation of a-ketophosphonates

form of this catalyst is constructed from commercially available components which
enable its steric and electronic properties to be tuned. This catalyst system seems to
be more efficient in terms of yield and enantioselection compared to the one based
on BINOL-AL

The protocol developed by Ooi et al. [77] approaches the enantioselective
synthesis of a-hydroxyphosphonate in a different way. This involves in situ forma-
tion of chiral dialkyl phosphite salt, a putative nucleophile in the Abramov reaction,
from dialkyl H-phosphonate and a triaminoiminophosphorane [78], generated upon
reaction of chiral tetraaminophosphonium salt TAP (Fig. 2) with KOrBu. In THF, at
—98°C, this chiral P-nucleophile adds to aromatic aldehydes in an enantioselective
manner (ee 91-99%) to afford the corresponding a-hydroxyphosphonates in high
yields (>90%) [77].

Apart from these protocols for P-C bond formation, enantioselective synthesis
of a-hydroxyphosphonates can be realized via asymmetric hydrogenation or asym-
metric addition to the carbonyl group of a-acylphosphonates. Although mechanis-
tically different (formation of the P—C bond occurs via reaction of H-phosphonate
diesters with acyl chlorides), we discuss these reactions here.

As shown in Scheme 11, asymmetric hydrogenation of a-ketophosphonates
using chiral palladium catalysts [79] afforded various a-hydroxyphosphonates in
excellent yields and with moderate enantioselectivity. Typical chiral ligands used
for asymmetric hydrogenation [e.g., (R)-BINAP] can also be used for this purpose.
Within the series of dialkyl benzoylphosphonates, the diisopropyl esters gave the
highest ee. The reaction was strongly solvent-dependent and did not occur in
nonfluorinated solvents (e.g., methanol, chloroform). In a ligand-free system (pal-
ladium on carbon), quantitative conversion into racemic hydroxyphosphonates
occurred [79].
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Scheme 12 Asymmetric addition to a-ketophosphonates to produce a-hydroxyphosphonates

Three additional examples of enantioselective synthesis of o-hydroxy-
phosphonates via addition to the carbonyl functionality of ketophosphonates are
shown in Scheme 12. Reaction (1) represents the diastereoselective and
enantioselective Mukaiyama aldol reaction catalyzed by various hydrogen-bond
donors [80]. For the example shown, in the presence of a chiral taddol catalyst, the
conversion was better than 90%, dr (anti/syn) 1:30, and ee 90%. This mild and
general method provides access to a-hydroxyphosphonate derivatives with two
chiral centers, using a commercially available chiral catalyst.

Reaction (2) shows a highly enantioselective allylation of aromatic
a-ketophosphonates (conversion up to 98%, ee 91%) [81]. The bifunctional catalyst
system, Cy-symmetric (S)-ramipryl and In(OTf)s, provided Lewis base activation
of tetraallyltin by the N-oxide functionalities, and indium(IIl) as Lewis acid, to
activate aromatic a-ketophosphonate.

Reaction (3) is an example of a cross-aldol reaction between enolizable aldehyde
(acetaldehyde) and an o-ketophosphonate. In the presence of an organocatalyst
(9-amino-9-deoxy-epi-quinine), an enantioselective aldol coupling yielded
B-formyl-a-hydroxyphosphonates (potential anticancer agents) [82] with high
enantioselection (ee up to 93%).

In contrast to a-hydroxyphosphonates, the -hydroxy derivatives received less
attention as their preparations can be more complex [1]. However, a simple and
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Scheme 13 Regioselective opening of epoxides by P-nucleophiles to produce
B-hydroxyphosphonates

efficient synthesis of B-hydroxyphosphonate via opening of epoxides with phos-
phorus nucleophiles (phosphite triesters or H-phosphonate diesters) [83] was
recently reported (Scheme 13). This reaction was recently extended to the synthesis
of ribonucleoside 5'-B-hydroxyphosphonates by stereoselective opening of a chiral
oxirane system in nucleoside derivatives with H-phosphonate diesters, in the
presence of a silylating agent and BF; as a Lewis acid catalyst [84].

Other studies on biologically active hydroxyphosphonates involved determina-
tion of absolute configurations at the a-carbon of fosfazinomycins A and B from
Streptomyces lavendofoliae containing an a-hydroxyphosphonate motif [85], delin-
eation of decomposition pathways of aryl nucleoside a-hydroxyphosphonates [86]
(potential anti-HIV agents), and development of an efficient method for the
synthesis of nucleoside a-hydroxyphosphonate monoesters via iodine-promoted
hydrolysis of the corresponding nucleoside aryl diesters [86].

4 Pd-Catalyzed Reactions

Transition metal-catalyzed formation of the P-C bond is an important method for
preparing organophosphorus compounds [16, 19, 87], thus enabling the synthesis of
C(sp2 )-P derivatives which are not accessible by the Michaelis—Arbuzov [9, 10] or
Michaelis—Becker [11, 12] reactions. Cross couplings promoted by palladium are
stereospecific and occur with retention of configuration at the stereogenic phos-
phorus center [§8—90].

The first palladium(0)-catalyzed cross-coupling reaction between aryl and vinyl
bromides and H-phosphonate diesters was reported by Hirao et al. [91, 92]
(Scheme 14). This classic method has been significantly modified and improved
in terms of type of catalyst, palladium source, and reaction conditions to meet the
requirements of contemporary synthetic organic demands [16, 17].

By using Pd(OAc), as a palladium source and dppf (see Fig. 3) as ligands,
Montchamp et al. [93] expanded the scope of the Hirao reaction by including,
among other things, activated aryl chlorides as substrates. Stockland et al. [94]
developed a room temperature version of the Hirao reaction by using aryl iodides as
substrates, Pd(OAc), and dpephos (Fig. 3) as a catalytic system, and replacing
H-phosphonate diesters with more powerful nucleophiles, i.e., their silver salts.
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Fig. 3 Some ligands and catalysts/precatalysts used in a palladium-catalyzed cross-coupling
reactions

Aminopyridines are poor substrates for the cross-coupling reactions because of
the enhanced complexation of palladium. Thus, 2- and 4-aminopyridine derivatives
(bromides) under original Hirao’s conditions usually give low yields of the
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corresponding aminopyridylphosphonates. However, by using ethanol as the sol-
vent and Pd(OAc),—triphenylphosphine (TPP) as the catalyst system, the yields can
be significantly improved [95]. Efficient synthesis of arylphosphonates by the cross
coupling of aryl imidazoylsulfonates with H-phosphonates, catalyzed by Pd
(OAc),—dppp (Fig. 3) (iPr,NEt as a base), was also reported [96]. The reaction
showed good substrate generality and the best results (yields 85-97%) were
obtained with dioxane as the solvent. Using Pd(OAc), in combination with
Xantphos (Fig. 3), an efficient cross coupling of 3-, 4-, and 5-halopyrazoles with
H-phosphonate diesters, H-phosphinates, and secondary phosphine oxides was
achieved (THF, 70°C, Et;N) [97]. Finally, a general and environmentally friendly
protocol was developed for the synthesis of arylphosphonates from the
corresponding aryl halides (I, Br, Cl) and H-phosphonate diesters using standard
Hirao catalyst, Pd(PPh3)4, in polyethylene glycol (PEG-600) (reaction times
15-25 h, yields 80-95%) [98].

Stereoselective synthesis of highly functionalized P-stereogenic nucleosides via
a palladium-catalyzed P-C cross-coupling reaction was reported by Hayes
et al. [99]. By using the Pd(OAc),—TPP catalyst system in THF with propylene
oxide as a base, completely stereospecific coupling of nucleoside H-phosphonate
diesters with nucleoside vinyl bromide was achieved. A general and efficient
method for the microwave-assisted formation of the P—C bond was also developed.
This method is applicable to complex, biologically relevant compounds such
as cholesteryl and dinucleotide derivatives [100]. Using a prevalent palladium
catalyst, Pd(PPh3),, and Cs,COs as a base in THF, various aryl-, heteroaryl-, and
vinylphosphonates were obtained in high yields (80-95%) within 10 min. Recently,
a microwave-assisted synthesis of arylphosphonates from aryl bromides and dialkyl
H-phosphonates, using Pd(OAc), and NEt; in a Pd-ligand- and solvent-free system,
was promoted as an environmentally benign variant of the Hirao reaction [101].

An interesting and rare side reaction was observed during the cross coupling
of bromoanilines with diethyl H-phosphonate under Hirao’s conditions
[102]. Together with the expected products, diethyl aminoarylphosphonates, sig-
nificant amounts (up to 30%) of diethyl phenylphosphonate were formed, which the
authors ascribed to an aryl-aryl exchange process in the Pd(PPh;),ArX complexes.

In contrast to arylpalladium(II) complexes, activation and functionalization of
benzylic derivatives by palladium is far less common [103]. This is particularly true
for cross-coupling reactions with phosphorus nucleophiles, for which a new, efficient
method for the synthesis of benzylphosphonate diesters was recently developed
[104, 105]. This protocol makes use of Pd(OAc), [104] or Pd,(dba);(CHCl3) [105]
as a palladium source and Xantphos (Fig. 3) as a supporting ligand. Various glyceryl,
cholesteryl, and dinucleoside benzylphosphonates, with a diverse substitution pattern
in the benzyl moiety, could be obtained. Some mechanistic aspects of this reaction
were also investigated [105]. An example of the application of this method to
the synthesis of dinucleoside benzylphosphonates is shown in Scheme 15.

The catalytic cycle of the Hirao reaction consists of the oxidative addition of a
Pd(0)-complex to aryl (or vinyl, benzyl) halides to form arylpalladium(II) species,
followed by ligand exchange with a phosphorus nucleophile (usually deprotonated
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Scheme 15 Stereospecific synthesis of dinucleoside benzylphosphonates [104]

H-phosphonate), and reductive elimination which liberates the product (aryl-,
vinyl-, or benzylphosphonate) and regenerates the Pd(0)-catalyst. Mechanistic
aspects of this palladium-mediated cross coupling were investigated in depth in
terms of palladium sources, supporting ligands, and the roles of various additives
(halides, acetates) on the kinetics and efficiency of the catalytic cycle [106—
109]. On this basis, a general, highly efficient protocol was developed for the
synthesis of palladium-catalyzed arylphosphonates from H-phosphonate diesters
and aryl electrophiles, in the presence of acetate ions [109]. The cross-coupling
time (30 min vs 23 h, for phenyl triflate) was significantly shortened for bidentate
and monodentate supporting ligands, as well as for different aryl electrophiles
(iodo, bromo, and triflate derivatives) [100].

The stability, low toxicity, and easy availability of organobismuth compounds
have made them attractive substrates in organic synthesis [110]. A novel and highly
efficient cross coupling of triarylbismuths with a variety of H-P=0O compounds
was developed [111]. Since the C—Bi bond is week, it easily adds to Pd(0) species in
the presence of 2,2'-bipyridine (bipy, Fig. 3). The catalytic cycle proceeds smoothly
without the exclusion of moisture or air, and provides a convenient entry to various
arylphosphonates. Some mechanistic aspects of this reaction were probed with DFT
calculations [111].

Palladacycles are among the most efficient catalysts in the Heck-type reaction
for C—C and C-X bond formation [112]. Wu, Yang, et al. [113] recently developed
a new catalytic system based on cyclopalladated ferrocenylimines (cpf, Fig. 3)
which efficiently performed synthesis of aryl- and benzylphosphonates. Also,
inactive aryl chlorides with electron-donating substituents underwent cross
coupling with diisopropyl H-phosphonates to afford the corresponding
arylphosphonates in good to high yields (DMA, tBuOK, 130°C, 3 h). The same
catalyst system (cyclopalladated ferrocenylimines, cpf), in combination with a
weak, inorganic base (KF) was used for the cross coupling of aryl chlorides with
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Scheme 16 Pd(II)-catalyzed arylphosphonate formation [115]

diisopropyl H-phosphonate in water [114]. In this case, however, addition of some
isopropanol was necessary to suppress hydrolysis of the H-phosphonate diester. The
method has wide substrate scope and conforms to the idea of green chemistry.

Larhead et al. [115] extended the Pd(I)-catalyzed oxidative Heck reaction [116]
to P-arylation by cross coupling aryl boronic acids or aryl trifluoroborates with
H-phosphonate diesters in the presence of Pd(OAc), and rigid bidentate ligand
dmphen (Fig. 3), under microwave irradiation (Scheme 16). The above coupling
reactions were performed in DMF and occurred without the addition of acid or base.
They were performed in the presence of p-benzoquinone (p-BQ), the most efficient
reoxidant for the conversion of Pd(0) into the catalytically active Pd(II) species.
Mechanistically, this reaction differs from Pd(0)-catalyzed arylations in the forma-
tion of aryl-palladium complexes via transmetallation instead of oxidative addition
[104, 105].

Recently, arylsulfinates have been proposed as new coupling partners in the
Pd(II)-catalyzed formation of arylphosphonates [117]. In the presence of
PdCl,/PPh; as a catalyst system, tetrabutylammonium chloride as an additive,
and Ag,COj; as an oxidant, arylphosphonates with diverse substitution patterns
could be obtained (yields 70-93%, 28 examples) [117].

In contrast to classical phosphonylation methods which require
pre-functionalized Ar—H coupling partners (aryl halides, aryl boronic acid, etc.), a
transition metal aromatic C—H activation recently emerged as a viable alternative
for C—C and C-heteroatom bonds formation [118—121]. Scheme 17 depicts the first
Pd-catalyzed direct phosphonylation of non-functionalized azoles with diethyl
H-phosphonate (which occurs without the addition of acid or base) [122]. The
method consists of an oxidative cleavage of the C—H and P-H bonds and proceeds
probably via a Pd(IT)/Pd(IV) catalytic cycle. An analogous catalyst system was used
for direct phosphonylation (C-H activation) of coumarins with dialkyl
H-phosphonates to produce the corresponding 3-phosphonylated coumarin deriva-
tives in a highly regioselective manner, with moderate to good yields
[123]. Although Pd(IT)-catalyzed reactions typically proceed via a Pd(IT)/Pd(0) cat-
alytic cycle (Scheme 17), a PA(IV) species [124] was postulated as an intermediate
[122, 123].

A pyridine-directed, palladium-catalyzed phosphonylation of C(sp?)-H bonds
was reported by Murakami et al. [125] and Yu et al. [126]. A perennial problem in
this type of reaction is a strong, competing coordination of phosphorus nucleophiles
which may hamper the process of activation of less coordinative C—H bonds.
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Scheme 17 Pd(II)-catalyzed direct phosphonylation of azoles with dialkyl H-phosphonates
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Scheme 18 Pyridine-directed palladium catalyzed phosphonylation of C(sp®)-H bond

Scheme 18 presents the phosphonylation of 2-phenylpyridine via Pd(I)-catalyzed
C-H bond activation [125]. To overcome the problem of catalyst deactivation
caused by coordination by the H-phosphonate diesters, the corresponding
a-hydroxyphosphonate was used as a substrate for a slow, in situ generation of
the P-nucleophile.

Mechanistic studies revealed that the catalytic cycle for the reaction in
Scheme 18 was of the Pd(IT)/Pd(0) type, and silver acetate acted as an oxidant for
regeneration of the Pd(II) catalyst. In addition, NMMI was found to be an indis-
pensable reaction component which enabled reductive elimination of the products
from the corresponding aryl(phosphonate)Pd(II) complexes. Also, Yu et al. [126]
developed a catalytic system for C—H phosphonylation of 2-aminoaryl scaffolds,
similar to the system shown in Scheme 18. In this instance, the Pd(II)-catalyst
deactivation was attenuated by a slow addition of H-phosphonate diesters (ethyl,
isopropyl), and p-benzoquinone was used to facilitate the reductive elimination
step. The postulated Pd(I1)/Pd(0) catalytic cycle was completed by oxidation of Pd
(0)-species by silver acetate to afford arylphosphonate derivatives in up to 79%
yields. This protocol did not work with dibenzyl and diphenyl H-phosphonates, but
was compatible with various diarylphosphine oxides as coupling partners (yields of
triarylphosphine oxides, 39-48%).

Although an allene moiety has been extensively used as a pharmacophore [127],
allenylphosphonates have not been explored yet in this context [128]. However, a
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Scheme 19 Stereospecific synthesis of dinucleoside allenylphosphonates and their analogues
[129, 130]

novel synthetic method was developed for the preparation of allenylphosphonates,
applicable to biologically important natural product derivatives [129, 130]. The
method shown in Scheme 19 is based on a palladium-catalyzed propargylic substi-
tution with phosphorus nucleophiles, and represents a new means of formation of
the P—C bond. With the proper choice of propargylic components and phosphorus
nucleophiles (H-phosphonates and their analogues or H-phosphinate derivatives),
complex organic structures can be generated. The reaction is stereospecific at the
phosphorus center and occurs with complete center to axial chirality transfer in the
propargylic partner moiety (Scheme 19). Some mechanistic aspects of this reaction
were investigated through ab initio calculations [131].

5 Cu-, Ni-, and Other Metal-Catalyzed Reactions

Copper-catalyzed P—C bond formation has recently emerged as a cheaper and more
convenient alternative to the Pd-catalyzed reactions. The first catalytic procedure
for Cu(I)-mediated coupling of aryl halides with H-phosphonate diesters, based
on the Ullmann-type of chemistry, was described in 2003 by Buchwald
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Scheme 20 Copper-catalyzed cross coupling of arylboronic acids with H-phosphonate diesters

et al. [132]. Since then, the number of applications of copper as a catalyst has
steadily increased [133—135].

Scheme 20 depicts a copper-catalyzed synthesis of arylphosphonates using
arylboronic acid derivatives and diethyl H-phosphonate [136]. Among the
bidentate-supporting ligands investigated, the best results were obtained with
phenanthroline. The advantage of this method was that the cross coupling could
be performed under milder conditions than those of the Hirao arylation protocol.

Some other examples for the catalytic construction of P-C linkages via an
aerobic phosphonylation of sp’ and sp C—H bonds are presented in Scheme 21.
Reaction (1) depicts an efficient cross-dehydrogenative coupling of various dialkyl
H-phosphonates via activation of an sp” C—H bond adjacent to the nitrogen atom in
N-aryltetrahydroisoquinolines [137]. The reaction shows high regioselectivity and
affords the corresponding a-aminophosphonates in high yields. Reaction (2) illus-
trates the first copper-catalyzed trifluoromethylation of H-phosphonate diesters in
the presence of phenanthroline as a supporting ligand [138]. This method should
allow for the introduction of the CF; group into biologically important compounds,
thus modifying their electronic and hydrophobic properties. Finally, reaction
(3) exemplifies an aerobic oxidative coupling of terminal alkynes with H-
phosphonates, catalyzed by copper, to generate alkynylphosphonates in high yields
under mild conditions [139]. This new method is highly general (examples include
aromatic, aliphatic, and complex organic acetylenic compounds) and tolerates a
variety of functional groups in the coupling partners (e.g., hydroxyl, alkoxyl,
carboxyl, chloro, amino, etc.). In contrast to H-phosphonates and H-phosphinates,
which reacted smoothly with terminal alkynes, no coupling products could be
detected under the reaction conditions for secondary phosphine oxide Ph,P(O)H.
For this reaction, CuSO,4 [132] or recyclable silica-supported carbene-Cu(II)
catalyst [140] was used.

Yang, Wu, et al. reported an alternative protocol for the synthesis of alkynylpho-
sphonates via copper-mediated decarboxylative coupling in water, using 1,10-
phenanthroline as a supporting ligand [141]. The reaction proceeded under mild
conditions (60°C, 24 h) and afforded alkynylphosphonates in 51-88% yields. To
suppress hydrolysis of H-phosphonate diesters, a few equivalents of isopropanol
were used as an additive.

A copper-catalyzed reaction of N-tosylhydrazones with H-phosphonate
diesters was recently investigated as a means for P—C(sp”) bond formation
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Scheme 22 Copper-catalyzed coupling of H-phosphonates with N-tosylhydrazones [142]

[142—-144]. Scheme 22 shows a typical example of such a reaction which affords
various alkyl- and benzylphosphonates [142]. This coupling reaction proceeds in
good yields, does not require any ligand, and can be performed as a one-pot reaction
from the corresponding carbonyl compounds, without isolation of tosylhydrazone
intermediates. The above experimental conditions were extended to the cross
coupling of N-tosylhydrazones with a secondary phosphine oxide Ph,P(O)H
[143]. A modified version of this reaction was also developed, utilizing Cu(Il)
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Scheme 23 Nickel-catalyzed coupling of H-phosphonates with aryl bromides [150]

precatalysts which undergo in situ reduction by tosylhydrazones to produce cata-
Iytically active Cu(I) species [144]. This protocol worked well with H-phosphonate
diesters and Ph,P(O)H, and with a variety of aliphatic and aromatic substrates
bearing electron-rich as well as electron-deficient substituents. A Cu(I)-catalyzed
direct oxyphosphonylation of alkenes with H-phosphonates in the presence of
dioxygen to produce P-ketophosphonates [145], and a three-component, one-pot
reaction of azides, alkynes, and H-phosphonates, to afford 1,2,3-triazolyl-5-
phosphonates [146], were also recently reported.

The reaction of trialkyl phosphites with aryl halides catalyzed by Ni(I[)X, was
developed in 1970 by Tavs [147], representing the first synthesis of a P-C bond
catalyzed by transition metals; it is referred to as the Ni-catalyzed Arbuzov reaction
or the Tavs reaction. It was postulated that the harsh conditions usually required for
this reaction are necessary because of the high activation energy for the reduction of
Ni(II) to Ni(0) and the oxidative addition step [148].

Tang et al. [149] recently developed milder reaction conditions for nickel-
catalyzed cross coupling of aryl halides with Ph,P(O)H, and these were modified
by Han et al. [150] to become compatible with H-phosphonates as coupling partners
(Scheme 23). Mechanistically, this reaction follows a pathway similar to the Hirao
reaction pathway (see above), and the best results were obtained with 1,3-bis(diphenyl-
phosphino)propane (dppp, Fig. 3) as a supporting ligand. Since aryl mesylates and
tosylates are attractive substrates for cross-coupling reactions [151, 152], a method
was developed for the nickel-catalyzed phosphonylation of this type of aromatic
electrophiles with H-phosphonate diesters [153]. To facilitate cross coupling with
these less reactive derivatives, zinc dust was used as a reducing agent for the in situ
generation of an active Ni(0) catalyst. In addition, dppf (Fig. 3), a ligand with a bigger
bite angle than dppp, was necessary. The reactions were carried out in DMF, in the
presence of DIPEA as a base, and afforded the arylphosphonates in 55-90% yields
[153]. The method is unsuitable for substrates with electron-donating groups or
electron-withdrawing groups in the para-position of the aromatic ring. Recently,
arylboronic acids were reported as new coupling partners with H-phosphonates,
H-phosphinates, and H-phosphine oxides for nickel-catalyzed P-C bond
formation [154].

For electron-deficient phenols which are usually difficult to phosphonylate, a
new Ni-catalyzed cross-coupling protocol was developed (Scheme 24). The method
involves activation of a phenol with bromotripyrrolidinophosphonium hexafluor-
ophosphate (PyBroP), followed by Ni-catalyzed coupling with H-phosphonate
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Scheme 24 One-pot Ni(II)-catalyzed cross-coupling reaction mediated by PyBroP [155]
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Scheme 25 Ni-catalyzed cross coupling of gem-dibromoalkenes with H-phosphonate diesters

diesters or diaryl phosphine oxides [155]. The reaction can be carried out as a
one-pot procedure without the need for isolating the activated phenol intermediate.

Alkenyl—phosphorus compounds bearing a vinyl group attached to the phospho-
rus center are an important class of chemicals which are used extensively in phar-
maceuticals and material sciences [156—158]. Scheme 25 depicts a new synthetic
approach to vinylphosphonates, utilizing Ni(0)-catalysis [159]. The reaction consists
of two steps: (1) the Hirao-type of reduction which generates a bromovinyl interme-
diate, followed by (2) Ni(0)-catalyzed cross coupling with H-phosphonate diesters.
This is a highly stereospecific process which produces, in a one-pot procedure, the
corresponding vinylphosphonate derivatives. Zinc dust acts as a reducing agent for
converting Ni(I) into the catalytically active Ni(0) species which is stabilized by the
supporting 2,2-bipyridine (bipy, Fig. 3) ligand. A mechanism proposed for this
reaction was substantiated by computational and *'P NMR studies [159].

Although typical reactions for the synthesis of a-aminophosphonates are those of
the Pudovik and the Kabachnik—Fields types (see Sect. 2, Scheme 1), these com-
pounds are also accessible via transition metal-catalyzed cross couplings (e.g., see
Scheme 21, Reaction 1). Scheme 26 shows an example of a selective C—H to C-P
bond transformation with aryl tertiary amines which is catalyzed by FeCl, [160, 161].

Aniline derivatives bearing various alkyl groups, or having a nitrogen atom as
part of their cyclic systems (e.g., pyrrolidine, piperidine), also smoothly underwent
this oxidative a-phosphonylation. Mechanistic investigations showed that the reac-
tions proceeded with intermediate N-aryl iminium ions (mediated by Fe/BuOOH),
which were reactive enough to be intercepted by P-nucleophiles [160].
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'YIe Me 0, Rq
0 . N-Me FeCl (10 - 30 mol%) \/P\OR1
,P
RQ 3 ©/ #BUOOH (2.5 eq). ©/
! X MeOH, rt or reflux

2.0 eq 1.0 eq 15-36 h
yields: 57-84%

R4 = Me, Et, i-Pr,n-Bu, Bz 19 examples
X =H, Br, NO,,COOH, OCHSg, etc

Scheme 26 Iron-catalyzed a-phosphonylation of the C(sp’)-H bond in N,N-dimethylanilines
[160]

6 Free Radical Reactions

Because of the presence of a medium-strong P-H bond (ca 77 kcal/mol; actually
weaker than the N-H or C—H bond), H-phosphonate diesters can relatively easily
generate phosphorus-centered radicals which may undergo various transformations
relevant to synthetic organic chemistry [162, 163]. In 1958, Stiles et al. [164]
reported on the first radical addition of H-phosphonate diesters to various olefins
using light or peroxides as initiators. However, it was not until recently that
Ishii et al. [165] disclosed their results on manganese-mediated activation of
H-phosphonate diesters, and that a free-radical phosphonylation, via C-H bond
functionalization, became an important way to form the P-C bond [17].

In 2006, Ishii et al. [153] developed the first catalytic phosphonylation of arenes
using a Mn(OAc),/Co(OACc),/O, redox system [166] (Scheme 27).

The authors proposed that the reaction involved a phosphonyl radical interme-
diate, generated in situ by a one-electron oxidation of the H-phosphonate by
Mn(III). This is followed by the addition of the radical to the aromatic system,
and, ultimately, formation of arenephosphonates (see Scheme 27). Consistent with
the proposed mechanism, the reaction was markedly accelerated by KOAc. In some
instances, formation of bisphosphonylated products (up to 9%), was observed.

This method was further simplified by using Mn(III) as a stoichiometric oxidant.
Some synthetic transformations based on this reaction are shown in Scheme 28.
Zhang et al. [167] developed direct phosphonylation of heteroaromatic compounds,
such as thiazoles, furans, and pyrroles (Reaction 1, Scheme 28). These transforma-
tions were carried out in acetic acid (3 h, 80°C), and afforded the phosphonylated
products in high yields (84-95%) with complete regioselectivity. A free-radical
mechanism, similar to the one shown in Scheme 27, was proposed. The same
reaction conditions were recently applied to the phosphonylation of mono- and
disubstituted arenes [168] (Reaction 2, Scheme 28). To secure high yields
(80-90%), threefold molar excess of Mn(IIl) relative to the H-phosphonate com-
ponent was required. The observed regioselectivity was rationalized on the basis of
the assumed free radical mechanism [168]. The same authors observed that
phosphonyl radicals generated from H-phosphonate diesters and Mn(IIl) added
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Scheme 27 Free radical, manganese-catalyzed arene phosphonylation [166]
RYX 0
| p-OEt
/
Y\)_Cl)Et

N I R x o]
|| oEt R R >
O)\'}‘ ZE\)J] 17\/) | h-oet
|

Il
EtO-P~y
EtO
(2-10 eq)
+

Mn(OAc)3
(3-10 eq)

Ar

Scheme 28 Free radical, Mn(III)-catalyzed phosphonylation reactions
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selectively to the three-position of flavones and coumarins (Reaction 3, Scheme 28),
producing the corresponding phosphonates in moderate to good yields [168].

In contrast to aromatic/heteroaromatic phosphonylation, the synthesis of
vinylphosphonates turned out to be more challenging. This was because of the
competing polymerization of the alkenes used for the reaction, and problems with
controlling regio- and stereo-(E/Z)-selectivity (Reaction 4, Scheme 28). To address
these problems, Zhang et al. [169] developed reaction conditions for the
regioselective phosphonylation of conjugated arylalkenes bearing a keto, nitro,
or ester functionality in the a-position (Reaction 4, Scheme 28). Both the carbonyl
and aryl groups in the substrates were necessary to control reactivity and
regioselectivity of the phosphonylation process. Reaction 5 in Scheme 28 is similar
to this wherein phosphonylated indenone derivatives are formed in 70-80% yield
from the corresponding arylalkynes [169]. The reaction consists of the addition of a
phosphonyl radical to the triple bond, followed by an intramolecular free radical
cyclization.

Wang et al. [170] investigated phosphonylation of fullerene with H-phosphonate
diesters or phosphine oxides mediated by Mn(III) (Reaction 6, Scheme 28). The
phosphonylated fullerene shown in the scheme was formed in 62% yield; however,
depending on the ratio of the reactants, other fullerene derivatives can be formed as
major products (e.g., single bonded phosphonylated fullerene dimers or hydropho-
sphonylated fullerenes with the acetoxy group) [159].

An efficient synthesis of 5-phosphonylated uracil derivatives (Reaction 7,
Scheme 28) via an Mn(Ill)-mediated coupling of H-phosphonate diesters with
various uracil precursors was also developed [171]. The starting materials for
this reaction, besides simple alkyl derivatives, included ribo-, deoxy-, and
dideoxyuridines; they afforded the phosphonylated products in 68-99% yields.
As in the other protocols for this type of free radical reactions, acetic acid was
used as a solvent. These reaction conditions were later extended to phosphonylation
of pyridine-2-ones and pyrimidine-4-ones [172].

Apart from manganese, silver is another metal frequently used in free radical
oxidation reactions [173]. Recently, Wan et al. [174] developed direct
phosphonylation of indoles using Ag(I) as a stoichiometric oxidant (Scheme 29).

This method provides a convenient access to biologically important indolylpho-
sphonates, albeit in moderate yields. A free radical mechanism for this reaction was
proposed on the basis of influence of the substituents and sensitivity to radical
inhibitors (butylated hydroxytoluene, BHT).

2 X AgOAc (3 equi 2 =
PH + Y/ | 2 R, gOAc (3 equiv.) R.o-P 74 | 1 R,
R1O / — 1 ! N =
R,O H DCE, 90 °C, 24 h RO H

2.0 eq 1.0 eq

yields: 18-72%
R4 =Me, Et, i-Pr,n-Bu, Bz 16 examples
R, =H, OMe,CH,COOH, Ph, etc

Scheme 29 Ag(I)-mediated oxidative coupling of indoles with H-phosphonate diesters
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Scheme 30 Silver-catalyzed dehydrogenative phosphonylation of five-membered heteroarenes

A catalytic system for phosphonylation of various heteroaromatic compounds
(Scheme 30) was developed [175] to reduce the amount of silver used.

It was hypothesized that Ag(Il) was catalytically active in this reaction; it was
formed from Ag(I) via oxidation with peroxydisulfate K,S,0g during the course of
the reaction which converted the H-phosphonate diester into a cation radical. The
mechanism is similar to the mechanism proposed by Effenberger et al. [173]. The
best results were obtained in methylene chloride/water using 13 mol% of AgNO;
and fourfold excess of the oxidant. These reaction conditions were extended to
phosphonylation of pyridines and quinolines, but the yields were lower because of
competing formation of the corresponding N-oxides [175]. To remedy this problem,
an additional step was added to the synthetic protocol, namely the reduction
of N-oxides with Na,S,0;. This significantly increased the yields (53-81%) of
pyridyl- and quinolylphosphonates.

A similar catalytic system was also successfully developed for dehydrogenative
cross coupling of H-phosphonate diesters with arenes bearing strongly electron-
withdrawing substituents (e.g., nitro, sulfonyl groups) [176]. This protocol for the
C-H-functionalization (Ag,SQOy4, 10 mol%; K,S,0g, 3 equiv.; CH3CN/water, 1:1,
v/v; 90°C; 1-12 h) has a broad substrate scope and is suitable for the preparation of
ortho-phosphonylated aromatic compounds (yields 55-82%, 25 examples). This
catalytic system also worked well in the phosphonylation of various pyrroles [177].

New types of electrophilic components, diaryliodonium salts [178], have
recently been promoted as superior substrates for room temperature synthesis of
arylphosphonates from H-phosphonate diesters. This reaction is catalyzed by CuCl
(5 mol%), and affords the coupling products in high yields (75-95%) within 10 min.
A free radical mechanism for this reaction was suggested.

Other free radical reactions, not involving metal catalysis, were also reported for
C-P bond formation. These include photochemical activation of the P-H bond by
eosin Y [179], 2,2-dimethoxy-2-phenylacetophenone (DPAP) [180], an Ru(Il)- or
Ir(IIT)-bipyridyl photocatalyst [181], a microwave-assisted reaction of dimethyl
H-phosphonate with cyclohexane and alkene oxides [182], and radical
telomerization of fluorinated alkenes with H-phosphonate diesters acting as
telogens [183].
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7 Other Types of Reactions

The addition of H-P=O compounds to unsaturated carbon frameworks (e.g.,
acetylenes, olefins, allenes, dienes, isocyanides) is another powerful strategy for
preparing organophosphorus compounds. In these instances, Ni- and Pd-based
catalysts are commonly used [184—187]. Chemical, stereochemical, and mechanis-
tic aspects of these reactions, along with studies on the development of new
catalysts, have been thoroughly covered in a recent review by Tanaka [188]; they
are not the subject of this survey.

8 Final Remarks

Because of the chemical, biological, medicinal, and industrial importance of phos-
phorus compounds containing P-C bonds, synthetic methods for preparing
C-phosphonates and related compounds are of great importance in contemporary
bioorganic phosphorus chemistry. In this respect, H-phosphonate diesters, with
their ability to act as nucleophiles, electrophiles, and P-centered free radicals,
provide a plethora of mechanistic ways in which the phosphorus—carbon bond
can be formed; they are unrivalled phosphorus substrates. Currently, both classical
methods for P-C bond formation (the Michaelis—Arbuzov, the Michaelis—Becker,
the Pudovik, the Abramov, and the Kabachnik—Fields reactions) and those based on
organocatalysis or transition-metal catalyzed cross couplings are still viable syn-
thetic options.

It seems that further progress in developing (1) enantioselective methods for the
formation of C(sp”)—P bonds using chiral auxiliaries, (2) broadening the scope of
the reactions catalyzed by Fe, Cu, Ni, and various chiral organocatalysts, and
(3) designing new methods for diverse, direct C—H bond functionalization under
environmentally friendly conditions will all be of particular importance in the
future.

Acknowledgement Financial support from the National Science Centre of Poland (Projects
No. 2011/01/B/ST5/06414, 2011/01/B/NZ4/04936, and 2011/03/B/ST5/03102) is gratefully
acknowledged.

References

1. Engel R (1977) Phosphonates as analogues of natural phosphates. Chem Rev 77:349-367

2. Kafarski P, Lejczak B (1991) Aminophosphonates. Phosphorus Sulfur Silicon Relat Elem
63:193-215

3. Huang JM, Chen RY (2000) An overview of recent advances on the synthesis and biological
activity of a-aminophosphonic acid derivatives. Heteroatom Chem 11:480-492



208

IN

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

M. Sobkowski et al.

. Engel R (1992) The use of carbon-phosphorus analogue compounds in the regulation of
biological processes. In: Engel R (ed) Handbook of organophosphorus chemistry. Marcel
Dekker, New York, pp 559-600

. Kalek M, Stawinski J (2013) Stereoselective methods for carbon-phosphorus (C-P) bond
formation, Chap. 47. In: Andrushko V, Andrushko N (eds) Stereoselective synthesis of drugs
and natural products, 2V set. Wiley, London

. Eto M (1992) Phosphorus containing insecticides. In: Engel R (ed) Handbook of organo-
phosphorus chemistry. Marcel Dekker, New York, pp 807-873

. Sikorski JA, Logusch EW (1992) Aliphatic carbon-phosphorus compounds as herbicides. In:
Engel R (ed) Handbook of organophosphorus chemistry. Marcel Dekker, New York, pp 739—
805

. Corbridge DEC (1985) Phosphorus. An outline of its chemistry, biochemistry, and technol-
ogy. Elsevier, Amsterdam

. Michaelis A, Kaehne R (1898) Uber das Verhalten der Jodalkyle gegen di soge. Phosphor-

igsdureester oder O-phosphine. Chem Ber 31:1048—-1055

Bhattacharya AK, Thyagarajan G (1981) The Michaelis-Arbuzov rearrangement. Chem Rev

81:415-430

Michaelis A, Becker T (1897) Uber die constitution of phosphorigen Siure. Chem Ber

30:1003-1009

Waschbiisch R, Carran J, Marinetti A, Savignac P (1997) The synthesis of dialkyl

a-halogenated methylphosphonates. Synthesis 1997:727-743

Olszewski TK (2014) Environmentally benign syntheses of o-substituted phosphonates:

preparation of a-amino- and a-hydroxyphosphonates in water, in ionic liquids, and under

solvent-free conditions. Synthesis 46:403—429

Zefirov NS, Matveeva ED (2008) Catalytic Kabachnik-Fields reaction: new horizons for old

reaction. Arkivoc 1:1-17

Beletskaya IP, Kazankova MA (2002) Catalytic methods for building up phosphorus-carbon

bond. Russ J Org Chem 38:1391-1430

Tappe FMJ, Trepohl VT, Oestreich M (2010) Transition-metal-catalyzed C-P cross-coupling

reactions. Synthesis 2010:3037-3062

Demmer CS, Krogsgaard-Larsen N, Bunch L (2011) Review on modern advances of chem-

ical methods for the introduction of a phosphonic acid group. Chem Rev 111:7981-8006

Van der Jeugh S, Stevens CV (2009) Direct phosphonylation of aromatic azaheterocycles.

Chem Rev 109:2672-2702

Glueck DS (2010) Recent advances in metal-catalyzed C—P bond formation. Top Organomet

Chem 31:65-100

Zhao DP, Wang R (2012) Recent developments in metal catalyzed asymmetric addition of

phosphorus nucleophiles. Chem Soc Rev 41:2095-2108

Montchamp JL (2013) Organophosphorus synthesis without phosphorus trichloride: the case

for the hypophosphorous pathway. Phosphorus Sulfur Silicon Relat Elem 188:66—75

Montchamp J-L (2013) Phosphinate chemistry in the 21st century: a viable alternative to the

use of phosphorus trichloride in organophosphorus synthesis. Acc Chem Res 47:77-87

Ordonez M, Sayago FJ, Cativiela C (2012) Synthesis of quaternary a-aminophosphonic

acids. Tetrahedron 68:6369-6412

Pudovik AN, Konovalova IV (1979) Addition reactions of esters of phosphorus(Ill) acids

with unsaturated systems. Synthesis 1979:81-96

Fields SC (1999) Synthesis of natural products containing a C-P bond. Tetrahedron

55:12237-12273

Juribasic M, Stella L, Marinic Z, Vinkovic M, Traldi P, Tusek-Bozic L (2009) Unexpected

course of Kabachnik-Fields reaction in the microwave synthesis of quinoline-based a-

aminophosphonates. Lett Org Chem 6:11-16

Kabachnik MM, Minaeva LI, Beletskaya IP (2009) Synthesis of novel a-aminophosphonates

containing adamantyl fragment. Synthesis 2009:2357-2360



Rec

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

ent Advances in H-Phosphonate Chemistry. Part 2. Synthesis of C... 209

. Keglevich G, Balint E (2012) The Kabachnik-Fields reaction: mechanism and synthetic use.
Molecules 17:12821-12835

Sobhani S, Vafaee A (2009) Micellar solution of sodium dodecyl sulfate (SDS) catalyzes
Kabacknik-Fields reaction in aqueous media. Synthesis 2009:1909-1915

Sundar CS, Srinivasulu D, Nayak SK, Reddy CS (2012) Tween-20: an efficient catalyst for
one-pot synthesis of a-aminophosphonates in aqueous media. Phosphorus Sulfur Silicon
Relat Elem 187:523-534

Meunier B, Sorokin A (1997) Oxidation of pollutants catalyzed by metallophthalocyanines.
Acc Chem Res 30:470-476

Matveeva ED, Podrugina TA, Tishkovskaya EV, Tomilova LG, Zefirov NS (2003) A novel
catalytic three-component synthesis (Kabachnick-Fields reaction) of a-aminophosphonates
from ketones. Synlett 15:2321-2324

Matveeva ED, Podrugina TA, Kolesnikova IN, Borisenko AA, Zefirov NS (2009)
Aminopyridines as amino components in the catalytic synthesis of a-aminophosphonates.
Russ Chem Bull 58:119-125

Sobhani S, Safaei E, Asadi M, Jalili F (2008) An eco-friendly procedure for the efficient
synthesis of dialkyl a-aminophosphonates in aqueous media. J Organomet Chem 693:3313—
3317

Tillu VH, Dumbre DK, Wakharkar RD, Choudhary VR (2011) One-pot three-component
Kabachnik-Fields synthesis of a-aminophosphonates using H-beta zeolite catalyst. Tetrahe-
dron Lett 52:863-866

Sharghi H, Ebrahimpourmoghaddam S, Doroodmand MM (2013) Iron-doped single walled
carbon nanotubes as an efficient and reusable heterogeneous catalyst for the synthesis of
organophosphorus compounds under solvent-free conditions. Tetrahedron 69:4708-4724
Kaboudin B, Zahedi H (2008) Calcium chloride as an efficient Lewis base catalyst for the
one-pot synthesis of a-aminophosphonic esters. Chem Lett 37:540-541

Thirumurugan P, Nandakumar A, Priya NS, Muralidaran D, Perumal PT (2010) KHSO,-
mediated synthesis of a-amino phosphonates under a neat condition and their >'P NMR
chemical shift assignments. Tetrahedron Lett 51:5708-5712

Atar AB, Oh J, Kim JT, Jeong YT (2014) Phosphorofluoridic acid promoted rapid protocol
for the synthesis of fluorine-containing a-aminophosphonates under solvent-free conditions.
Monatsh Chem 145:329-336

Tibhe G, Bedolla-Medrano M, Cativiela C, Ordéiiez M (2012) Phenylboronic acid as efficient
and eco-friendly catalyst for the one-pot, three-component synthesis of a-aminophosphonates
under solvent-free conditions. Synlett 23:1931-1936

Kaboudin B, Jafari E (2008) Hydrophosphorylation of imines catalyzed by tosyl chloride for
the synthesis of a-aminophosphonates. Synlett 2008:1837-1839

Todorov PT, Pavlov ND, Shivachev BL, Petrova RN, Martinez J, Naydenova ED, Calmes M
(2012) Synthesis of new racemic and optically active N-phosphonoalkyl bicyclic a-amino
acids via the Kabachnik-Fields reaction as potential biologically active compounds. Hetero-
atom Chem 23:123-130

Yang D, Zhao D, Mao L, Wang L, Wang R (2011) Copper/DIPEA-catalyzed, aldehyde-
induced tandem decarboxylation-coupling of natural a-amino acids and phosphites or sec-
ondary phosphine oxides. J Org Chem 76:6426-6431

Kaboudin B, Karami L, J-y K, Aoyama H, Yokomatsu T (2013) A catalyst-free, three-
component decarboxylative coupling of amino acids with aldehydes and
H-dialkylphosphites for the synthesis of a-aminophosphonates. Tetrahedron Lett 54:4872—
4875

Gao Y, Huang Z, Zhuang R, Xu J, Zhang P, Tang G, Zhao Y (2013) Direct transformation of
amides into a-amino phosphonates via a reductive phosphination process. Org Lett 15:4214—
4217

Das B, Satyalakshmi G, Suneel K, Damodar K (2009) Organic reactions in water: a distinct
novel approach for an efficient synthesis of a-amino phosphonates starting directly from nitro
compounds. J Org Chem 74:8400-8402



210

47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

M. Sobkowski et al.

. Abell JP, Yamamoto H (2008) Catalytic enantioselective Pudovik reaction of aldehydes and
aldimines with tethered bis(8-quinolinato) (TBOx) aluminum complex. J Am Chem Soc
130:10521-10523

George J, Sridhar B, Reddy BVS (2014) First example of quinine-squaramide catalyzed
enantioselective addition of diphenyl phosphite to ketimines derived from isatins. Org
Biomol Chem 12:1595-1602

Bhadury PS, Zhang Y, Zhang S, Song B, Yang S, Hu D, Chen Z, Xue W, Jin L (2009) An
effective route to fluorine containing asymmetric a-aminophosphonates using chiral Brgnsted
acid catalyst. Chirality 21:547-557

Bhadury P, Li H (2012) Organocatalytic asymmetric hydrophosphonylation/Mannich reac-
tions using thiourea, cinchona and Brgnsted acid catalysts. Synlett 23:1108-1131

Cheng X, Goddard R, Buth G, List B (2008) Direct catalytic asymmetric three-component
Kabachnik-Fields reaction. Angew Chem Int Ed 47:5079-5081

Khan HA, Ellman JA (2013) Asymmetric synthesis of a-aminophosphonate esters by the
addition of dialkyl phosphites to tert-butanesulfinyl imines. Synthesis 45:3147-3150
Kolodiazhnyi OI (2006) Chiral hydroxyphosphonates: synthesis, configuration, and biolog-
ical properties. Russ Chem Rev 75:227-253

Merino P, Marqués-Lopez E, Herrera RP (2008) Catalytic enantioselective hydrophospho-
nylation of aldehydes and imines. Adv Synth Catal 350:1195-1208

Abramov WS (1950) On the interaction of dialkyl phosphonic acids with aldehydes and
ketones. A new method for the synthesis of esters of a-hydroxyphosphonic acids. Dokl Akad
Nauk SSSR 73:487—489

Hudson HR, Yusuf RO, Matthews RW (2008) The preparation of dimethyl
a-hydroxyphosphonates and the chemical shift non-equivalence of their diastereotopic
methyl ester groups. Phosphorus Sulfur Silicon Relat Elem 183:1527-1540

Kabachnik MM, Minaeva LI, Beletskaya IP (2009) Catalytic synthesis of
o-hydroxyphosphonates. Russ J Org Chem 45:1119-1122

Mandhane PG, Joshi RS, Nagargoje DR, Gill CH (2010) Ultrasound-promoted greener
approach to synthesize a-hydroxy phosphonates catalyzed by potassium dihydrogen phos-
phate under solvent-free condition. Tetrahedron Lett 51:1490-1492

Rostami A, Atashkar B, Moradi D (2013) Synthesis, characterization and catalytic properties
of magnetic nanoparticle supported guanidine in base catalyzed synthesis of
a-hydroxyphosphonates and a-acetoxyphosphonates. Appl Catal A 467:7-16

Wu Q, Zhou J, Yao Z, Xu F, Shen Q (2010) Lanthanide amides [(Me;Si), N]4Ln(p-Cl)Li
(THF); catalyzed hydrophosphonylation of aryl aldehydes. J Org Chem 75:7498-7501
Zhou S, Wang H, Ping J, Wang S, Zhang L, Zhu X, Wei Y, Wang F, Feng Z, Gu X, Yang S,
Miao H (2012) Synthesis and characterization of organolanthanide complexes with a calix
[4]-pyrrolyl ligand and their catalytic activities toward hydrophosphonylation of aldehydes
and unactivated ketones. Organometallics 31:1696—1702

Zhou S, Wu Z, Rong J, Wang S, Yang G, Zhu X, Zhang L (2012) Highly efficient hydropho-
sphonylation of aldehydes and unactivated ketones catalyzed by methylene-linked pyrrolyl
rare earth metal amido complexes. Chem Eur J 18:2653-2659

de Noronha RG, Costa PJ, Romao CC, Calhorda MJ, Fernandes AC (2009) MoO,Cl, as a
novel catalyst for C-P bond formation and for hydrophosphonylation of aldehydes. Organo-
metallics 28:6206-6212

Torvisco A, O’Brien AY, Ruhlandt-Senge K (2011) Advances in alkaline earth-nitrogen
chemistry. Coord Chem Rev 255:1268-1292

Liu B, Carpentier JF, Sarazin Y (2012) Highly effective alkaline earth catalysts for the
sterically governed hydrophosphonylation of aldehydes and nonactivated ketones. Chem
Eur J 18:13259-13264

Zhou X, Liu Y, Chang L, Zhao J, Shang D, Liu X, Lin L, Feng X (2009) Highly efficient
synthesis of quaternary o-hydroxy phosphonates via Lewis acid-catalyzed hydrophospho-
nylation of ketones. Adv Synth Catal 351:2567-2572



Rec

67

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

ent Advances in H-Phosphonate Chemistry. Part 2. Synthesis of C... 211

.Zhao Z, Xue W, Gao Y, Tang G, Zhao Y (2013) Copper-catalyzed synthesis of a-hydroxy
phosphonates from H-phosphonates and alcohols or ethers. Chem Asian J 8:713-716

Patel DV, Rielly-Gauvin K, Ryono DE, Free CA, Rogers WL, Smith SA, DeForrest JM, Oehl
RS, Petrillo EW (1995) a-Hydroxy phosphinyl-based inhibitors of human renin. J Med Chem
38:4557-4569

Smith AB III, Yager KM, Taylor CM (1995) Enantioselective synthesis of diverse a-amino
phosphonate diesters. ] Am Chem Soc 117:10879-10888

Gou S, Zhou X, Wang J, Liu X, Feng X (2008) Asymmetric hydrophosphonylation of
aldehydes catalyzed by bifunctional chiral Al(III) complexes. Tetrahedron 64:2864-2870
Zhou X, Liu X, Yang X, Shang D, Xin J, Feng X (2008) Highly enantioselective hydropho-
sphonylation of aldehydes catalyzed by tridentate Schiff base aluminum(IIl) complexes.
Angew Chem Int Ed 47:392-394

Suyama K, Sakai Y, Matsumoto K, Saito B, Katsuki T (2010) Highly enantioselective
hydrophosphonylation of aldehydes: base-enhanced aluminum-salalen catalysis. Angew
Chem Int Ed 49:797-799

Zhou X, Zhang Q, Hui Y, Chen W, Jiang J, Lin L, Liu X, Feng XM (2010) Catalytic
asymmetric synthesis of quaternary a-hydroxy trifluoromethyl phosphonate via chiral alumi-
num(III) catalyzed hydrophosphonylation of trifluoromethyl ketones. Org Lett 12:4296-4299
Li W, Qin S, Su Z, Hu C, Feng X (2012) Theoretical study on the mechanism and
stereochemistry of salicylaldehyde-Al(IIl)-catalyzed hydrophosphonylation of benzalde-
hyde. Comput Theor Chem 989:44-50

LiW,Qin S, SuZ, Yang H, Hu C (2011) Theoretical study on the mechanism of Al(salalen)-
catalyzed hydrophosphonylation of aldehydes. Organometallics 30:2095-2104

Yang F, Zhao D, Lan J, Xi P, Yang L, Xiang S, You J (2008) Self-assembled bifunctional
catalysis induced by metal coordination interactions: an exceptionally efficient approach to
enantioselective hydrophosphonylation. Angew Chem Int Ed 47:5646-5649

Uraguchi D, Ito T, Ooi T (2009) Generation of chiral phosphonium dialkyl phosphite as a
highly reactive P-nucleophile: application to asymmetric hydrophosphonylation of alde-
hydes. J] Am Chem Soc 131:3836-3837

Naka H, Kanase N, Ueno M, Kondo Y (2008) Chiral bisphosphazides as dual basic
enantioselective catalysts. Chem Eur J 14:5267-5274

Goulioukina NS, Bondarenko GN, Bogdanov AV, Gavrilov KN, Beletskaya IP (2009)
Asymmetric hydrogenation of a-keto phosphonates with chiral palladium catalysts. Eur J
Org Chem 2009:510-515

Gondi VB, Hagihara K, Rawal VH (2009) Diastereoselective and enantioselective synthesis
of tertiary a-hydroxy phosphonates through hydrogen-bond catalysis. Angew Chem Int Ed
48:776-779

Huang J, Wang J, Chen X, Wen Y, Liu X, Feng X (2008) Highly enantioselective allylation of
aromatic a-keto phosphonates catalyzed by chiral N, N'-dioxide-indium(IIl) complexes. Adv
Synth Catal 350:287-294

Perera S, Naganaboina VK, Wang L, Zhang B, Guo Q, Rout L, Zhao C-G (2011)
Organocatalytic highly enantioselective synthesis of p-formyl-a-hydroxyphosphonates.
Adv Synth Catal 353:1729-1734

Sobhani S, Vafaece A (2009) Efficient one-pot synthesis of p-hydroxyphosphonates:
regioselective nucleophilic ring opening reaction of epoxides with triethyl phosphite cata-
lyzed by Al(OTf);. Tetrahedron 65:7691-7695

Hospital A, Meurillon M, Peyrottes S, Perigaud C (2013) An alternative pathway to ribonu-
cleoside p-hydroxyphosphonate analogues and related prodrugs. Org Lett 15:4778-4781
Schiessl K, Roller A, Hammerschmidt F (2013) Determination of absolute configuration of
the phosphonic acid moiety of fosfazinomycins. Org Biomol Chem 11:7420-7426
Szymanska-Michalak A, Stawinski J, Kraszewski A (2010) Studies on the decomposition
pathways of diastereoisomeric mixtures of aryl nucleoside a-hydroxyphosphonates under
hydrolytic conditions. Synthesis of a-hydroxyphosphonate monoesters. New J Chem 34:976—
983



212

87

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

M. Sobkowski et al.

. Glueck DS (2008) Metal-catalyzed nucleophilic carbon-heteroatom (C-X) bond formation:
the role of M-X intermediates. Dalton Trans 39:5276-5286

Xu Y, Zhang J (1986) Stereochemistry at the phosphorus atom during palladium-catalyzed
formation of carbon-phosphorus bonds and mechanistic implications. J Chem Soc Chem
Commun 21:1606

Xu 'Y, Wei H, Zhang J, Huang G (1989) An efficient synthesis of chiral, nonracemic isopropyl
alkenylmethylphosphinates via palladium route. Tetrahedron Lett 30:949-952

Johansson T, Stawinski J (2001) Synthesis of dinucleoside pyridylphosphonates involving
palladium(0)-catalysed phosphorus-carbon bond formation as a key step. Chem Commun
24:2564-2565

Hirao T, Masunaga T, Yamada N, Ohshiro Y, Agawa T (1982) Palladium-catalyzed new
carbon-phosphorus bond formation. Bull Chem Soc Jpn 55:909-913

Hirao T, Masunaga T, Ohshiro Y, Agawa T (1981) A novel synthesis of dialkyl arenepho-
sphonates. Synthesis 1981:56-57

Belabassi Y, Alzghari S, Montchamp J-L (2008) Revisiting the Hirao cross-coupling:
improved synthesis of aryl and heteroaryl phosphonates. J Organomet Chem 693:3171-3178
Kohler MC, Sokol JG, Stockland RA (2009) Development of a room temperature Hirao
reaction. Tetrahedron Lett 50:457-459

Bessmertnykh A, Douaihy CM, Muniappan S, Guilard R (2008) Efficient palladium-
catalyzed synthesis of aminopyridyl phosphonates from bromopyridines and diethyl phos-
phite. Synthesis-Stuttgart 2008:1575-1579

Luo Y, Wu J (2009) Synthesis of arylphosphonates via palladium-catalyzed coupling reactions
of aryl imidazolylsulfonates with H-phosphonate diesters. Organometallics 28:6823-6826
Tran G, Pardo DG, Tsuchiya T, Hillebrand S, Vors JP, Cossy J (2013) Palladium-catalyzed
phosphonylation: synthesis of C3-, C4-, and C5-phosphonylated pyrazoles. Org Lett
15:5550-5553

Wang P, Lu J, Zhang ZH (2013) An improved procedure for the synthesis of aryl
phosphonates by palladium-catalysed cross-coupling of aryl halides and diethyl phosphite
in polyethylene glycol. J Chem Res 37:359-361

Whittaker B, de Lera Ruiz M, Hayes CJ (2008) Stereoselective synthesis of highly
functionalised P-stereogenic nucleosides via palladium-catalysed P-C cross-coupling reac-
tions. Tetrahedron Lett 49:6984—-6987

Kalek M, Ziadi A, Stawinski J (2008) Microwave-assisted palladium-catalyzed cross-
coupling of aryl and vinyl halides with H-phosphonate diesters. Org Lett 10:4637-4640
Jablonkai E, Keglevich G (2013) P-ligand-free, microwave-assisted variation of the Hirao
reaction under solvent-free conditions; the P-C coupling reaction of >P(O)H species and
bromoarenes. Tetrahedron Lett 54:4185-4188

Bessmertnykh A, Douaihy CM, Guilard R (2009) Direct synthesis of amino-substituted
aromatic phosphonates via palladium-catalyzed coupling of aromatic mono- and dibromides
with diethyl phosphite. Chem Lett 38:738-739

Liegault B, Renaud J-L, Bruneau C (2008) Activation and functionalization of benzylic
derivatives by palladium catalysts. Chem Soc Rev 37:290-299

Laven G, Stawinski J (2009) Palladium(0)-catalyzed benzylation of H-phosphonate diesters:
an efficient entry to benzylphosphonates. Synlett 2009:225-228

Laven G, Kalek M, Jezowska M, Stawinski J (2010) Preparation of benzylphosphonates via a
palladium(0)-catalyzed cross-coupling of H-phosphonate diesters with benzyl halides. Syn-
thetic and mechanistic studies. New J Chem 34:967-975

Kalek M, Stawinski J (2007) Pd(0)-catalyzed phosphorus-carbon bond formation. Mecha-
nistic and synthetic studies on the role of the palladium sources and anionic additives.
Organometallics 26:5840-5847

Kalek M, Stawinski J (2008) Palladium-catalyzed C-P bond formation: mechanistic studies
on the ligand substitution and the reductive elimination. An Intramolecular catalysis by the
acetate group in PdII complexes. Organometallics 27:5876—-5888



Recent Advances in H-Phosphonate Chemistry. Part 2. Synthesis of C. .. 213

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.
126.
127.
128.

129.

130.

Kohler MC, Grimes TV, Wang X, Cundari TR, Stockland RA (2009) Arylpalladium
phosphonate complexes as reactive intermediates in phosphorus-carbon bond forming reac-
tions. Organometallics 29:1193-1201

Kalek M, Jezowska M, Stawinski J (2009) Preparation of arylphosphonates by palladium(0)-
catalyzed cross-coupling in the presence of acetate additives: synthetic and mechanistic
studies. Adv Synth Catal 351:3207-3216

Rat CI, Silvestru C, Breunig HJ (2013) Hypervalent organoantimony and -bismuth com-
pounds with pendant arm ligands. Coord Chem Rev 257:818-879

Wang T, Sang S, Liu L, Qiao H, Gao Y, Zhao Y (2014) Experimental and theoretical study on
palladium-catalyzed C-P bond formation via direct coupling of triarylbismuths with P(O)-H
compounds. J Org Chem 79:608-617

Bedford RB (2003) Palladacyclic catalysts in C-C and C-heteroatom bond-forming reactions.
Chem Commun 2003:1787

Xu K, Hu H, Yang F, Wu Y (2013) Synthesis of aryl and arylmethyl phosphonates by cross-
coupling of aryl or arylmethyl halides (X =1, Br and Cl) with diisopropyl H-phosphonate.
Eur J Org Chem 2013:319-325

Xu K, Yang F, Zhang G, Wu Y (2013) Palladacycle-catalyzed phosphonation of aryl halides
in neat water. Green Chem 15:1055-1060

Andaloussi M, Lindh J, Savmarker J, Sjoberg PJ, Larhed M (2009) Microwave-promoted
palladium(II)-catalyzed C-P bond formation by using arylboronic acids or aryltrifluor-
oborates. Chem Eur J 15:13069-13074

Lindh J, Savmarker J, Nilsson P, Sjoberg PJ, Larhed M (2009) Synthesis of styrenes by
palladium(II)-catalyzed vinylation of arylboronic acids and aryltrifluoroborates by using
vinyl acetate. Chem Eur J 15:4630-4636

Miao T, Wang L (2014) Palladium-catalyzed desulfitative cross-coupling reaction of sodium
arylsulfinates with H-phosphonate diesters. Adv Synth Catal 356:967-971

Chen X, Engle KM, Wang DH, Yu JQ (2009) Palladium(II)-catalyzed C-H activation/C-C
cross-coupling reactions: versatility and practicality. Angew Chem Int Ed 48:5094-5115
Colby DA, Bergman RG, Ellman JA (2010) Rhodium-catalyzed C-C bond formation via
heteroatom-directed C-H bond activation. Chem Rev 110:624-655

Lyons TW, Sanford MS (2010) Palladium-catalyzed ligand-directed C-H functionalization
reactions. Chem Rev 110:1147-1169

Sun CL, Li BJ, Shi ZJ (2011) Direct C-H transformation via iron catalysis. Chem Rev
111:1293-1314

Hou CD, Ren YL, Lang R, Hu XX, Xia CG, Li FW (2012) Palladium-catalyzed direct
phosphonation of azoles with dialkyl phosphites. Chem Commun 48:5181-5183

Mi X, Huang M, Zhang J, Wang C, Wu Y (2013) Regioselective palladium-catalyzed
phosphonation of coumarins with dialkyl H-phosphonates via C-H functionalization. Org
Lett 15:6266-6269

Xu LM, Li BJ, Yang Z, Shi ZJ (2010) Organopalladium(IV) chemistry. Chem Soc Rev
39:712-733

Li C, Yano T, Ishida N, Murakami M (2013) Pyridine-directed palladium-catalyzed
phosphonation of C(sp2)-H bonds. Angew Chem Int Ed 52:9801-9804

Feng C-G, Ye M, Xiao K-J, Li S, Yu J-Q (2013) Pd(II)-catalyzed phosphorylation of aryl
C —H bonds. ] Am Chem Soc 135:9322-9325

Hoffman-Roder A, Krause N (2004) Synthesis and properties of allenic natural products and
pharmaceuticals. Angew Chem Int Ed 43:1196-1216

Krause N, Hashmi ASK (eds) (2004) Modern allene chemistry. Wiley-VCH, Weinheim
Kalek M, Johansson T, Jezowska M, Stawinski J (2010) Palladium-catalyzed propargylic
substitution with phosphorus nucleophiles: efficient, stereoselective synthesis of allenylpho-
sphonates and related compounds. Org Lett 12:4702-4704

Kalek M, Stawinski J (2011) Novel, stereoselective and stereospecific synthesis of
allenylphosphonates and related compounds via palladium-catalyzed propargylic substitu-
tion. Adv Synth Catal 353:1741-1755



214

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

M. Sobkowski et al.

Jimenez-Halla JO, Kalek M, Stawinski J, Himo F (2012) Computational study of the
mechanism and selectivity of palladium-catalyzed propargylic substitution with phosphorus
nucleophiles. Chem Eur J 18:12424-12436

Gelman D, Jiang L, Buchwald SL (2003) Copper-catalyzed C-P bond construction via direct
coupling of secondary phosphines and phosphites with aryl and vinyl halides. Org Lett
5:2315-2318

Fu H, Rao H (2011) Copper-catalyzed coupling reactions. Synlett 2011:745-769
El-Sagheer AH, Brown T (2012) Click nucleic acid ligation: applications in biology and
nanotechnology. Accounts Chem Res 45:1258-1267

Rao H, Jin Y, Fu H, Jiang Y, Zhao Y (2006) A versatile and efficient ligand for copper-
catalyzed formation of CN, CO, and PC bonds: pyrrolidine-2-phosphonic acid phenyl
monoester. Chem Eur J 12:3636-3646

Zhuang R, Xu J, Cai Z, Tang G, Fang M, Zhao Y (2011) Copper-catalyzed C-P bond
construction via direct coupling of phenylboronic acids with H-phosphonate diesters. Org
Lett 13:2110-2113

Basle O, Li CJ (2009) Copper-catalyzed aerobic phosphonation of sp® C-H bonds. Chem
Commun 27:4124-4126

Chu LL, Qing FL (2012) Copper-catalyzed aerobic oxidative trifluoromethylation of
H-phosphonates using trimethyl(trifluoromethyl)silane. Synthesis 44:1521-1525

Gao Y, Wang G, Chen L, Xu P, Zhao Y, Zhou Y, Han L-B (2009) Copper-catalyzed aerobic
oxidative coupling of terminal alkynes with H-phosphonates leading to alkynylphosphonates.
J Am Chem Soc 131:7956-7957

Liu P, Yang J, Li P, Wang L (2011) An efficient and recyclable silica-supported carbene-Cu
(II) catalyst for the oxidative coupling reaction of terminal alkynes with H-phosphonates
under base-free reaction conditions. Appl Organomet Chem 25:830-835

Li X, Yang F, Wu Y, Wu Y (2014) Copper-mediated oxidative decarboxylative coupling of
arylpropiolic acids with dialkyl H-phosphonates in water. Org Lett 16:992-995

Miao W, Gao Y, Li X, Gao Y, Tang G, Zhao Y (2012) Copper-catalyzed synthesis of
alkylphosphonates from H-phosphonates and N-tosylhydrazones. Adv Synth Catal
354:2659-2664

Chen ZS, Zhou ZZ, Hua HL, Duan XH, Luo JY, Wang J, Zhou PX, Liang YM (2013)
Reductive coupling reactions: a new strategy for C(sp(3))-P bond formation. Tetrahedron
69:1065-1068

Wu L, Zhang X, Chen QQ, Zhou AK (2012) A novel copper-catalyzed reductive coupling of
N-tosylhydrazones with H-phosphorus oxides. Org Biomol Chem 10:7859-7862

Wei W, Ji J-X (2011) Catalytic and direct oxyphosphorylation of alkenes with dioxygen and
H-phosphonates leading to p-ketophosphonates. Angew Chem Int Ed 50:9097-9099

Li L, Hao G, Zhu A, Fan X, Zhang G, Zhang L (2013) A copper(I)-catalyzed three-
component domino process: assembly of complex 1,2,3-triazolyl-5-phosphonates from
azides, alkynes, and H-phosphates. Chem Eur J 19:14403-14406

Tavs P (1970) Reaktion von arylhalogeniden mit trialkylphosphiten und benzolphospho-
nigsaure- dialkylestern zu aromatischen phosphonsaureestern und phosphinsaureestern unter
nickelsalzkatalyse. Chem Ber 103:2428-2436

Balthazor TM, Grabiak RC (1980) Nickel-catalyzed Arbuzov reaction: mechanistic obser-
vations. J Org Chem 45:5425-5426

Zhang X, Liu H, Hu X, Tang G, Zhu J, Zhao Y (2011) Ni(Il)/Zn catalyzed reductive coupling
of aryl halides with diphenylphosphine oxide in water. Org Lett 13:3478-3481

Zhao YL, Wu GJ, Li Y, Gao LX, Han FS (2012) [NiCl,(dppp)]-catalyzed cross-coupling of
aryl halides with dialkyl phosphite, diphenylphosphine oxide, and diphenylphosphine. Chem
Eur J 18:9622-9627

Rosen BM, Quasdorf KW, Wilson DA, Zhang N, Resmerita AM, Garg NK, Percec V (2011)
Nickel-catalyzed cross-couplings involving carbon-oxygen bonds. Chem Rev 111:1346—
1416



Recent Advances in H-Phosphonate Chemistry. Part 2. Synthesis of C. .. 215

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Li BJ, Yu DG, Sun CL, Shi ZJ (2011) Activation of “inert” alkenyl/aryl C-O bond and its
application in cross-coupling reactions. Chem Eur J 17:1728-1759

Shen CR, Yang GQ, Zhang WB (2012) Nickel-catalyzed C-P coupling of aryl mesylates and
tosylates with H(O)(PRR2)-R-1. Org Biomol Chem 10:3500-3505

Hu GB, Chen WZ, Fu TT, Peng ZM, Qiao HW, Gao YX, Zhao YF (2013) Nickel-catalyzed
C-P cross-coupling of arylboronic acids with P(O)H compounds. Org Lett 15:5362-5365
Zhao YL, Wu GJ, Han FS (2012) Ni-catalyzed construction of C-P bonds from electron-
deficient phenols via the in situ aryl C-O activation by PyBroP. Chem Commun 48:5868—
5870

Maftei M (2004) Transition metal-promoted syntheses of vinylphosphonates. Curr Org Synth
1:355-375

Dembitsky VM, Quntar AAA, Haj-Yehia A, Srebnik M (2005) Recent synthesis and trans-
formation of vinylphosphonates. Mini-Rev Org Chem 2:91-109

Janecki T, Kedzia J, Wasek T (2009) Michael additions to activated vinylphosphonates.
Synthesis 2009:1227-1254

LiuL,LvY, Wu YL, Gao X, Zeng ZP, Gao YX, Tang G, Zhao YF (2014) Experimental and
theoretical studies on nickel-zinc-catalyzed cross-coupling of gem-dibromoalkenes with P
(O)-H compounds. RSC Adv 4:2322-2326

Han W, Mayer P, Ofial AR (2010) Iron-catalyzed oxidative mono- and bis-phosphonation of
N,N-dialkylanilines. Adv Synth Cat 352:1667-1676

Han W, Ofial AR (2009) Iron-catalyzed dehydrogenative phosphonation of N,N-
dimethylanilines. Chem Commun 40:6023-6025

Leca D, Fensterbank L, Lacote E, Malacria M (2005) Recent advances in the use of
phosphorus-centered radicals in organic chemistry. Chem Soc Rev 34:858-865

Marque S, Tordo P (2005) Reactivity of phosphorus centered radicals. Top Curr Chem
250:43-76

Stiles AR, Vaugha WE, Rust FF (1958) The preparation of dialkyl alkylphosphonates by
addition of dialkyl phosphites to olefins. ] Am Chem Soc 80:714-717

Tayama O, Nakano A, Iwahama T, Sakaguchi S, Ishii Y (2004) Hydrophosphorylation of
alkenes with dialkyl phosphites catalyzed by Mn(III) under air. J Org Chem 69:5494-5496
Kagayama T, Nakano A, Sakaguchi S, Ishii Y (2006) Phosphonation of arenes with dialkyl
phosphites catalyzed by Mn(II)/Co(I1)/O, redox couple. Org Lett 8:407—409

Mu X-J, Zou J-P, Qian Q-F, Zhang W (2006) Manganese(III) acetate promoted regioselective
phosphonation of heteroaryl compounds. Org Lett 8:5291-5293

Xu W, Zou J-P, Zhang W (2010) Manganese(IlI)-mediated direct phosphonylation of arenes.
Tetrahedron Lett 51:2639-2643

Pan XQ, Zou JP, Zhang GL, Zhang W (2010) Manganese(I1I)-mediated direct phosphonation
of arylalkenes and arylalkynes. Chem Commun 46:1721-1723

Wang GW, Wang CZ, Zou JP (2011) Radical reaction of [60]fullerene with phosphorus
compounds mediated by manganese(III) acetate. J Org Chem 76:6088—6094

Kim SH, Kim SH, Lim CH, Kim JN (2013) An efficient synthesis of 5-phosphorylated uracil
derivatives: oxidative cross-coupling between uracil and dialkyl phosphites. Tetrahedron Lett
54:1697-1699

Sun W-B, Ji Y-F, Pan X-Q, Zhou S-F, Zou J-P, Zhang W, Asekun O (2013) Mn(OAc);-
mediated selective free radical phosphonylation of pyridinones and pyrimidinones. Synthesis
45:1529-1533

Effenberger F, Kottman H (1985) Oxidative phosphonylation of aromatic compounds.
Tetrahedron 41:4171-4182

Wan B, Wang H, Li X, Wu F (2012) Direct oxidative C-P bond formation of indoles with
dialkyl phosphites. Synthesis 44:941-945

Xiang CB, Bian YJ, Mao XR, Huang ZZ (2012) Coupling reactions of heteroarenes with
phosphites under silver catalysis. J Org Chem 77:7706-7710



216

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

M. Sobkowski et al.

Mao X, Ma X, Zhang S, Hu H, Zhu C, Cheng Y (2013) Silver-catalyzed highly regioselective
phosphonation of arenes bearing electron-withdrawing groups. Eur J Org Chem 2013:4245—
4248

Kim SH, Kim KH, Lim JW, Kim JN (2014) An expedient synthesis of pyrrole-2-
phosphonates via direct oxidative phosphorylation and y-hydroxy-y-butyrolactams from
pyrroles. Tetrahedron Lett 55:531-534

Xu J, Zhang P, Gao Y, Chen Y, Tang G, Zhao Y (2013) Copper-catalyzed P-arylation via
direct coupling of diaryliodonium salts with phosphorus nucleophiles at room temperature.
J Org Chem 78:8176-8183

Hari DP, Konig B (2011) Eosin Y catalyzed visible light oxidative CC and CP bond
formation. Org Lett 13:3852-3855

Dondoni A, Staderini S, Marra A (2013) Efficiency of the free-radical hydrophosphonylation
of alkenes: the photoinduced reaction of dimethyl H-phosphonate with enopyranoses as an
exemplary case. Eur J Org Chem 2013:5370-5375

Rueping M, Zhu S, Koenigs RM (2011) Photoredox catalyzed C-P bond forming reactions-
visible light mediated oxidative phosphonylations of amines. Chem Commun 47:8679-8681
Durst HD, Rohrbaugh DK, Munavalli S (2009) Microwave-assisted reaction of dimethyl
H-phosphonate with cyclohexene and alkene oxides. Phosphorus Sulfur Silicon Relat Elem
184:2680-2696

Lopez G, Alaaeddine A, Ameduri B (2013) Radical telomerization of fluorinated alkenes
with dialkyl hydrogenophosphonates. Polym Chem 4:3636-3651

Ananikov VP, Khemchyan LL, Beletskaya IP, Starikova ZA (2010) Acid-free nickel catalyst
for stereo- and regioselective hydrophosphorylation of alkynes: synthetic procedure and
combined experimental and theoretical mechanistic study. Adv Synth Catal 352:2979-2992
Ananikov VP, Khemchyan LL, Beletskaya IP (2009) General procedure for the palladium-
catalyzed selective hydrophosphorylation of alkynes. Synlett 2009:2375-2381

Fadel A, Legrand F, Evano G, Rabasso N (2011) Highly regio- and stereoselective
nickel-catalyzed addition of dialkyl phosphites to ynamides: an efficient synthesis of
p-aminovinylphosphonates. Adv Synth Cat 353:263-267

Ivanova YV, Khemchyan LL, Zalesskii SS, Ananikov VP, Beletskaya IP (2013) Synthesis of
alkyl tetraphosphonates: first example of nickel catalyst for H-phosphonates addition to
diynes. Russ J Org Chem 49:1099-1107

Tanaka M (2013) Recent progress in transition metal-catalyzed addition reactions of H-P(O)
compounds with unsaturated carbon linkages. Top Organomet Chem 43:167-202



	Recent Advances in H-Phosphonate Chemistry. Part 2. Synthesis of C-Phosphonate Derivatives
	1 Introduction
	2 Synthesis of α-Aminophosphonates and Related Compounds
	3 Synthesis of α-Hydroxyphosphonates and Related Compounds
	4 Pd-Catalyzed Reactions
	5 Cu-, Ni-, and Other Metal-Catalyzed Reactions
	6 Free Radical Reactions
	7 Other Types of Reactions
	8 Final Remarks
	References


