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bstract

The synthesis, structure and application of highly functionalized organometallic phosphonic acids are reviewed. Phosphonic acid
f phosphorus(III) and transition metals are emphasized. Coordination chemistry, homogeneous catalytic reactions and synth
aterials are also reviewed. This present review provides an exhaustive literature survey through to September 2004.
2005 Elsevier B.V. All rights reserved.

eywords:Phosphonic acids; Organometallic; Phosphine

. Introduction and scope of review

Organometallic compounds containing the phosphonic
cid group, PO3H2 can be divided into two broad classes:
a) complexes in which the phosphonic acid group is part
f a supporting ligand (e.g. a cyclopentadienyl ring or a
hosphine ligand) and (b) complexes containing a formal
etal–phosphorus bond (e.g. M–PO3H2). Such acids have
otential application in aqueous phase homogeneous catal-
sis, crystal engineering, and in the fabrication of layered
aterials. Like sulfonic acids, phosphonic acids are strong

∗ Corresponding author. Tel.: +1 504 865 2269; fax: +1 504 865 3269.
E-mail address:daknight@loyno.edu (D.A. Knight).

acids, with the first pKa≈ 1–2, and so remain ionized ov
a wide pH range in aqueous media. Although phospho
functionalized ligands may potentially coordinate to tra
tion metals through the anionic phosphonate oxygens
transition metals, such as rhodium and palladium show m
less affinity for hard ligands, such as oxygen or fluor
as compared to nitrogen ligands, halogens, cyanide
Group V donor atoms. Thus, a variety of organomet
complexes containing a pendant phosphonic acid group
been prepared and characterized. The scope of this r
is restricted to phosphonic acid-functionalized organom
lic compounds, including phosphine derivatives and
includes anionic phosphonate derivatives. Transition m
complexes containing phosphonic acids but without m

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.02.005
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carbon bonds, and organosilicon phosphonic acids have been
excluded. This present review provides an exhaustive litera-
ture survey through to September 2004.

2. Phosphonic acid-functionalized phosphines

Phosphonic acid-functionalized phosphines and their salts
are important because of the high solubility in water that the
phosphonate group affords. Water-soluble phosphines have
received a great deal of attention due to their application in
aqueous phase and biphasic homogeneous catalysis[1]. One
of the first examples of a phosphonate-functionalized phos-
phine, 2-(diphenylphosphino)ethylphosphonate (1), was re-
ported by Roundhill and co-workers in 1992[2]. The com-
pound was prepared by the action of LiPPh2 on diethyl
2-bromoethylphosphonate in liquid NH3/THF, followed by
trans-esterification with BrSiMe3 and hydrolysis of the bis-
TMS ester. The disodium salt was obtained by neutralization
with 6 M NaOH. The product was characterized by NMR
and IR spectroscopies. The complex derived from Na2PdCl4
and five equivalents of1was found to have minor activity as
a catalyst for the hydration of diethyl maleate[3]. Reaction
of the sodium salt of1 and [{Rh(COD)Cl}2] in methanol,
followed by hydrogenolysis, gave a water-soluble phosphine
stabilized cluster containing 2057 rhodium atoms[4].

l-
p char-
a te of

reaction for hydrophobic substrates under aqueous or bipha-
sic conditions. Thus, Bischoff et al. synthesized the series of
compounds2, 3, 5, 6, and7 to evaluate their activity as lig-
ands in the rhodium-catalyzed hydroformylation of alkenes.
Diphosphonate6was prepared by addition of a stoichiomet-
ric amount of Ph2PH to CH2 C(PO3Et2)2 at room temper-
ature, followed by acid hydrolysis. The other ligands were
prepared by nucleophilic substitution of bromoalkylphospho-
nate esters by phosphide anion, followed by hydrolysis of the
phosphonate ester by refluxing in degassed hydrochloric acid
[5].

A comparison of the water solubilities of compounds1–3
and5–7 gave interesting results. The water solubility was
greater for the six-carbon chain compound2 (400–420 g/L)
than the two-carbon chain compound1 (340–370 g/L). More-
over, the water solubility of bis-phosphonate6 (260–290 g/L)
was less than that of1, and the bis-phosphonate7, possess-
ing two 10-carbon alkylphosphonate arms, displayed consid-
erably less water solubility than the single-armed 10-carbon
alkylphosphonate5 (ca. 100 g/L versus 320 g/L).

In contrast to these methods, Knight and co-workers, pre-
pared ligand4 from cyclodecanone in an eight-step sequence
in 14% overall yield (Scheme 1) [6].

Addition of two equivalents of4 to a methanolic solution
of [Rh(cod)Cl]2 resulted in the formation of the rhodium-
phosphine species8, as evidenced by31P NMR spectroscopy.
T sin-
g nd a
d ed
s Com-
p ffer-
i rom
[ t-
a ne in
w

S NaBH4

H r, H2O
As the chain length of�-(diphenylphosphino)alky
hosphonates increases, the potential for amphiphilic
cter arises. This can have a significant effect on the ra

cheme 1. Synthesis of phosphonate ligand4.Reagents and Conditions:(i)

2, Pd–C, HClO4; (v) TsCl, Et3N, 0◦C; (vi) LiPPh2, −78◦C; (vii) Me3SiB
he31P NMR spectrum consisted of two peaks, a broad
let at 26 ppm, attributable to the phosphonate group, a
oublet at 27 ppm (JRhP= 154 Hz), consistent with propos
tructure. No other peaks were present in the spectrum.
lex 8 was ineffective as a hydrogenation catalyst, su

ng decomposition, however, the Rh complex derived f
Rh(cod)2]BF4 and three equivalents of4 was active as ca
lyst for the room temperature hydrogenation of 1-dece
ater.

,Ticl4; (ii) ph3CCl, Et4N+ClO4
+, 2, 4, 6-collidine; (iii) Na, HPO3Bu2; (iv)

, NaOH.
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Poly-phosphonateesters 9–11 are themselves water-
soluble and in fact are hygroscopic materials, difficult to iso-
late in an anhydrous state. The tris(phosphine)–phosphonate
9 (etpEPO), first reported by DuBois and co-workers in 1994,
was prepared by free-radical addition of phenylphosphine
to diethyl vinylphosphonate, reduction of the phosphonate
groups by LiAlH4, and a second free-radical addition to di-
ethyl vinylphosphonate[7].

The bis(phosphines)10 and 11 were prepared by a
t-BuOK-catalyzed Michael addition ofo-C6H4(PH2)2 or
H2PCH2CH2PH2 to diethyl vinylphosphonate in boiling
THF. The aryl derivative required a 6 h reflux, whereas the
ethane derivative required 6 days. Their oily nature, cou-
p by
H en-
t orre-
s n
F

w x-
c
T
a i-
t
i

hos-
p phos-
p
t -
t
a
[

Under certain conditions, the donor properties of the PO
bond can enable phosphonate esters to act as ligands toward
later transition metals[10], and phosphine–phosphonates

may formP,O-chelates or open-chain phosphine complexes,
depending on the ring size of the chelate[11]. For complexes
derived from [Rh(cod)Cl]2 and Ph2P(CH2)nPO3Et2, where
n= 1, 2, or 3, a halogen-free chelate could be obtained upon
treatment with AgBF or AgPF (Scheme 2).
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led with residual unreacted vinylphosphonate (<5%
PLC) precluded verification of their structure by elem

al analysis. However, all compounds exhibited peaks c
ponding to their parent ions [M + H]+ using high-resolutio
AB–MS.

The reaction of etpEPO with [Pd(MeCN)4](BF4)2 gives
ater-soluble complex12, in which the metal is bound e
lusively through the phosphines in a terdentate fashion[8].
he structurally similar bis-phosphine ligands10and11 re-
ct efficiently with [ReO2I(PPh3)2] under biphasic cond

ions (H2O/CH2Cl2) to give water-soluble complexes13a–d
n 80–85% yield.

The usual mode of bonding in metal complexes with p
honate ester-functionalized phosphines is through the
hine only. Thus, the reaction of14with PtCl2(PhCN)2 gives

he expected mixture ofcis- andtrans-[PtCl2L2]. The reac
ion of 14 with PdCl2 was found to givetrans-[PdCl2L2]
long with a small amount of the chloro-bridged dimer15

9].
4 6
Analysis of the products by IR and31P NMR spectro

copies was consistent with the assumption of a PO–Rh
nteraction, as evidenced by a pronounced shift in theO
tretching frequency from 1239 to 1190 cm−1, and a 3–7 ppm
hange of the chemical shift of the phosphonate phos
us, as well as the additional splitting of the phospho
esonance via P-Rh coupling in the NMR spectrum. Th
ersible nature of the phosphonate coordination was s
y coordination of CO to the complex, after which the
pectrum again showed a PO stretching frequency chara
eristic of a free phosphonate ester.

1-Phosphanorbornadienes have been shown to be
ent ligands for rhodium-catalyzed hydrogenation[12] and
ydroformylation[13] of alkenes, and the sulfonated wa
oluble version 3,4-dimethyl-2,5,6-tris(p-sulfonatophenyl)
-phosphanorbornadiene (NORBOS) showed outstan
ctivity in the biphasic hydroformylation of propene. T
hosphonate analogue has recently been introduced[14].
he synthesis of 1-phosphanorbornadienes involves

4 + 2] cycloaddition of a transient 2H-phosphole with a
lkyne [15]. The first compounds prepared were am
f 4,5-dimethyl-3,6-diphenyl-1-phosphanorbornadien-
hosphonate, obtained from the reaction of diethyl- o
orpholinophenylethynylphosphonamide and 2-phenyl
imethyl-5H-phosphole, derived from the thermal isomer

ion of 1-phenyl-3,4-dimethylphosphole. These compou
ere hydrolyzed by 3 M HCl in aqueous THF to give the c

esponding phosphonic acid. Neutralization with NaOH g
he disodium salt16, which proved only sparingly soluble
ater (20 mg/mL).
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Scheme 2. Hemilabile interaction of phosphine–phosphonate ligand with Rh(I).

Using the same transient 2H-phosphole as in the previous
synthesis, reaction with diethyl ethynylphosphonamide gave
a 75% yield of a mixture of the two possible regioisomers
with anα/β ratio of 3:1. The isomers were easily separated
by column chromatography using silica gel. The31P NMR
spectra of the isomers shows a characteristic AX spectrum
for the�-isomer (δ −4.6,δ 26.0,2JPP= 49 Hz), whereas the
�-isomer shows two singlets atδ −22.1 andδ 26.1. Acid
hydrolysis, followed by neutralization with NaOH, afforded
the disodium salt17, which was much more readily solu-
ble in water (230 mg/mL). Whereas17was demonstrated to
be a good ligand for the biphasic rhodium-catalyzed hydro-
genation ofZ-�-(N-acetamido)cinnamic acid, ligand16was
ineffective. This was interpreted as possibly due to the for-
mation of a stable,P,O-chelated species [RhL2]−, which is
catalytically inert.

The synthesis of a series of diphenylphosphino-
functionalized alkylamine phosphonates, exemplified by
structure18, has been reported by Fu and co-workers[16].
The compounds were readily prepared by the action of
bis(hydroxymethyl) diphenylphosphonium chloride on 2-
a s.
T om-
p have
a
T anti-
fi than
P y
a

i nds
w ,

as evidenced by XPS and NMR data. These complexes, al-
though not structurally defined, were demonstrated to be ac-
tive in the biphasic carbonylation of benzyl chloride.

Given the long history of success and widespread use
of the archetypal water-soluble phosphine TPPTS (triph-
enylphosphine trisulfonate, P(3-C6H4SO3Na)3), it is not sur-
prising that a number of phosphonated triarylphosphines have
appeared in the literature. The first example of a phosphonate-
functionalized triarylphosphine was Ph2P(4-C6H4PO3Na2)
(triphenylphosphine monophosphonate, TPPMP) (20a)
[17,18]. The three isomers can be prepared from the appro-
priate (diphenylphosphino)bromobenzenes via formation of
the corresponding aryllithium reagent at−78◦C and reaction
with diethyl chlorophosphate. The resulting phosphonate es-
ters can then be cleaved to the free acids by known methods
and neutralized with base to give the desired salts (Scheme 3).

There is a significant variation in the water solubility
of the isomeric monophosphonates. Thepara-isomer is the
most soluble (380–410 mg/mL), followed by themeta-isomer
(190 mg/mL), andortho-isomer (35 mg/mL). This can be
compared to the monosulfonated analogue, TPPMS, Ph2P(3-
C6H4SO3Na), which has a water solubility of approximately
80 mg/mL at 20◦C.

Recrystallization of20a from aqueous methanol gave
the solvated phosphonate Na2[(TPPMP)(H2O)3(CH3OH)]·
CH OH and the crystal structure reveals some rather un-
u la
u up-
p ing
w co-
o (2
a ieties

v
a lves
minoethylphosphonic acid and itsN-substituted derivative
he water solubilities of the disodium salts of these c
ounds ranged from 0.13 to 0.29 g/mL. These workers
lso reported the synthesis of ethoxylated derivatives19a–c.
he water solubilities of these compounds were not qu
ed, but were stated to have higher water solubilities
h2PCH2CH2PO3H2 or Ph2P(4-C6H4PO3H2), presumabl
s their disodium salts.

The reaction of phosphines19a–cwith H2PdCl4 in reflux-
ngn-butanol gave palladium complexes in which the liga
ere bound to the metal throughP-,N-, andO-coordination
3
sual features (Fig. 1). The unit cell contains two formu
nits bound together in a dimeric structure, which is s
orted by multiple anion–cation interactions and bridg
ater molecules. There are two discrete types of sodium
rdination; in the first, two sodium cations Na(2) and Na′)
re three-coordinate and bridge two phosphonate mo

ia phosphoryl oxygen atoms, O(1) and O(2′); and O(1′)
nd O(2). The second type of sodium coordination invo
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Scheme 3. Synthesis of Na2[Ph2P(4-C6H4PO3)]·1.5H2O (20a).

Fig. 1. ORTEP representation of Na2[(TPPMP)(H2O)3(CH3OH)]·CH3OH
[18].

bonding of Na(1) and Na(1′) to O(2) and O(2′), respectively
giving rise to two distinct O–Na–O–Na rings and a larger
P–O–Na–O–P–O–Na–O– ring via bridging water molecules.
The cations Na(1) and Na(1′) are five-coordinate and sta-
bilized by bonding to two further water molecules and a
methanol molecule. The unit cell also contains two unco-
ordinated methanol molecules.

Variations on the preparation of TPPMP have been de-
scribed. Instead of generating an aryllithium species via
metal-halogen exchange, Villemin et al. introduced the di-
ethylphosphonate group by the palladium-catalyzed phos-
phonylation of 4-BrC6H4PPh2 with diethyl phosphite[19].

Köckritz et al. first prepared the 4-halophenylphosphonate
ester by the palladium-catalyzed phosphonylation of 1,4-
dibromobenzene or 1-bromo-4-fluorobenzene with a dialkyl
phosphite (ethyl or isopropyl ester), followed by a nucle-
ophilic aromatic substitution reaction with LiPPhto intro-
d y
w .
R

by the use ofn-BuLi followed by ClPPh2 was reported to give
only dealkylation products or cleavage of the diphenylphos-
phino group.

The use of consecutive Pd-catalyzed P–C coupling re-
actions and nucleophilic aromatic phosphanylation was
explored in detail by Stelzer and co-workers, a strat-
egy used to prepare20a and 20b, as well as the bis-
phosphonate21a [21]. In one approach, (diphenylphos-
phino)bromobenzenes were obtained in good yield (62–76%)
by the Pd-catalyzed reaction of iodobromobenzene with
Ph2PH. The reaction can be carried out on a relatively large
(20 g) scale, and may be considered the method of choice
for the preparation of (diphenylphosphino)bromobenzenes,
particularly for theortho-isomer, which can be quite dif-
ficult to obtain using other methods, especially on this
scale. By using phenylphosphine instead of diphenylphos-
phine, the same methodology can be used to prepare
bis-(4-bromophenyl)phenylphosphine, the precursor to bis-
phosphonate21a.

Palladium-catalyzed phosphonylation with diethyl phos-
phite allowedp-(diphenylphosphino)bromobenzene (not, ap-
parently, themeta- or ortho-isomers) to be converted to the
corresponding phosphonate ester and thence to20a. Starting
with para- ormeta-bromofluorobenzene, the fluoroarylphos-
phonate esters were also prepared. These compounds under-
went nucleophilic substitution of the fluoro group by KPPh
( hos-
p rved.
E cle-
o sing

t nate
e bis-
p
F
[ reac-
t d
b

2
uce the diphenylphosphino moiety[20]. This methodolog
as unsuccessful for the preparation of20bor20c, however
eaction of 2- or 3-halophenylphosphonates with LiPPh2 or
2
THF, room temperature, 3 h) to give the desired triarylp
hines, although competing ester dealkylation was obse
ster dealkylation by metal phosphides during the nu
philic aromatic substitution reaction can be avoided by u

etraalkylphosphonodiamides instead of dialkylphospho
sters. Thus, Kant and Bischoff were able to prepare
hosphonates21aand21bby the reaction of PhPLi2 with 4-
C6H4P(O)(NEt2)2 and 3-FC6H4P(O)(NEt2)2, respectively

22]. The phosphonodiamide groups are stable to the
ion conditions (THF, 55◦C), but can readily be hydrolyze
y dilute mineral acid.
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Nucleophilic aromatic substitution of fluoroarylphospho-
nodiamides was used by Schull et al. to prepare tris-
phosphonates22aand22b[23,24]. The phosphide anion was
generated in situ by the reduction of a suspension of red phos-
phorus in liquid ammonia/THF with lithium or sodium metal.
The presence of a proton source, such ast-BuOH facilitates
the reduction. Addition of the fluroarylphosphonodiamide to
the reaction mixture results in the nearly exclusive conver-
sion to the desired triarylphosphine. After allowing the liquid
ammonia to evaporate overnight, work-up consists of adding
ether and water, filtering, and partitioning the phases. The
product is located almost exclusively in the aqueous phase.
It may be isolated by sparging the solution vigorously with
nitrogen gas until a precipitate develops, or the free phos-
phonic acid may be obtained directly by acidification of the
mixture with hydrochloric acid and refluxing. The use of 4-
FC6H4PO3Et2 as a starting material led almost exclusively to
the mono-dealkylation product, although it should be noted
that the diisopropyl ester is stable to the reaction conditions.
The ester is, however, less reactive than the phosphonodi-
amide species, and the product is invariably an oil, which is
laborious to separate from any unreacted starting material.

The water solubility ofp-TPPTP (22a) was determined
to be approximately 550 mg/mL, which is surprisingly low
when compared to the bis-phosphonate phosphines21aand
21b, which are reported to have water solubilities of ap-
p (ap-
p ay
r eady
p re of
2 f hy-
d

Fig. 2. ORTEP representation ofp-TPPTP (22a) [25].

Phosphine ligand22a forms a stable complex with pal-
ladium(0), which was shown to be an active catalyst for the
biphasic phosphonylation of phenyl triflate. A palladium(0)
complex of22a was grafted onto silica gel and used as a
supported catalyst for a phosphonylation reaction[26].

The reaction of 1.6 equivalents ofp-TPPTP(H)6 with
K2PtCl4 in water gavecis-[PtCl2(p-TPPTP(H6)2], and when
an aqueous solution of this complex was layered with
2-propanol, crystals of [PtCl2(p-TPPTP(H7)2]Cl2·4H2O·
(CH3CH(OH)CH3) (23) were obtained (Fig. 3) [27]. Com-
plex 23 contains a rare example of a protonated phospho-

tation o
roximately 1000 mg/mL, or the tris-sulfonate TPPTS
roximately 1100 mg/mL). The unexpectedly low value m
esult, in part, from the extensive degree of hydration alr
resent in the sample. The single crystal X-ray structu
2awas solved and was shown to contain 27 waters o
ration in the unit cell (Fig. 2) [25].

Fig. 3. ORTEP represen
 f platinum complex23 [27].
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nic acid moiety, which is involved in both intra- and inter-
molecular hydrogen bonding in the solid state. The exclusive
formation of thecis-isomer may be due to the intra-molecular
hydrogen bonding effect.

Themeta-isomer22b, which was determined by single
crystal X-ray diffraction to be a dihydrate in the crystalline
state, had a water solubility of approximately 650 mg/mL
[23]. The ORTEP representation of22b is shown inFig. 4.

Phosphonic acids are known to form lamellar structures
in the solid state. The phosphine22b also possesses a lay-
ered structure with the organic triphenylphosphine groups
forming one layer and the phosphonic acid groups forming a
second layer. A hydrogen-bonded network is formed within
the phosphonic acid layer. The molecular drawing of22b is
shown inFig. 5.

Phosphine ligands22a and22b form stable complexes
with Pt(II) and eithercis- or trans-geometries were found
depending on the nature of the ligand[26]. The molybdenum
complex Mo(CO)5(m-TPPTP(H6)) was prepared via the re-
action of Mo(CO)6 andm-TPPTP in ethanol[26]. The com-
plex was grafted onto an alumina surface and forms a single
monolayer as evidenced by XPS, RBS, and AFM studies.

The applicability of the Pd-catalyzed coupling of Ph2PH
with aryl halides has been further extended too- andm-
iodobenzylhalides, which can then undergo an Arbuzov reac-
tion to give the benzyl phosphonate[28]. Trans-esterification
with BrSiMe3, followed by hydrolysis and neutralization
with NaOH afforded compounds23a and23b. Themeta-
isomer is considerably more water-soluble than theortho-
isomer (20 mg/mL versus 240 mg/mL at 20◦C).

Organophosphonic acids are known to form layered ma-
terials on reaction with metal ions. A number of reports on
the use of phosphonic acid-functionalized phosphines in the
formation of metal phosphonate-phosphine catalysts have
recently appeared. Bischoff synthesized the hydroxyphos-
phonic acid24 and prepared a mixed zirconium phospho-
nate with the formula Zr(O3PCH3)x(O3PC6H12PO3)y(24)z,
(x+ 2y+z= 2) [29]. Rhodium was incorporated into this
organic-inorganic polymer and the resulting supported cat-
alyst used for the vapor-phase hydroformylation of propene
to butanals. The catalyst showed high selectivity for alde-
hydes compared to other supported rhodium catalysts with
a linear/branched ratio for butanals ranging from 2.7/1
to 3.5/1. The phosphonic acid25, originally reported by
Dines and co-workers[30], was not considered a suit-
able ligand in these studies due to extensive formation of
H2O3PC2H4P(Me)Ph2]+I− during ligand synthesis[29].

Fig. 4. ORTEP representation ofm-TPPTP (22b).

Fig. 5. Molecular drawing of22bshowing layered structure of crystal lattice.
View is approximately along thea-axis[26].

Villemin et al. also used the ligandp-TPPMP in com-
bination with Pd(II) to prepare a zirconium phosphite-
phosphonate supported catalyst for a competitive Heck
coupling of iodobenzene and a number of iodobenzoates[19].
The study suggested that active palladium sites were present
not only on the surface of the catalytic material, but within
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the lattice, which is shape selective. The authors proposed
the structure shown inFig. 6.

The chiral phosphine–phosphonic acid ligand26 based
on the BINAP platform was prepared by Kant et al. using
established synthetic methodologies[31]. The monophos-
phonic acid was also reported. Ligand26 was used in the
biphasic rhodium-catalyzed asymmetric hydrogenation of
dimethyl itaconate and hydroformylation of styrene. The
highest enantioselectivity to date (26% ee) for biphasic
rhodium-catalyzed hydroformylation of styrene was reported
[32].

the-
n id
s
i used
f with
h

3. Phosphonic acid-functionalized organoselenium
complexes

The chemistry of phosphonic acid derivatives of selenium
is poorly developed, but a few examples of such compounds
exist in the literature. Selenium-based phosphonic acids have
been prepared as precursors or intermediates to a number
of biologically active molecules and have been reported in
the patent literature. The selenium-containing heteroaromat-
ics 28a–cwere shown to be inhibitors for fructose-1, 6-
bisphosphatase and were used in combination with insulin
for the treatment of diabetes[34].

ate
w g
� ent
[ ed
m nium
p ant
[ d
v nic
a

In 2003, Lin and co-workers described the use of ru
ium complex27 in the formation of a chiral porous hybr
olid via the reaction of the phosphonic acid with Zr(OtBu)4

n methanol. The resulting heterogeneous catalyst was
or the asymmetric hydrogenation of aromatic ketones
igh enantioselectivity[33].
Phosphonic acid29 is a precursor to a phosphonoform
ith anti-viral properties[35] and the selenium-containin
-lactam30 is a precursor to a potent anti-microbial ag

36]. The phosphonochorismic acid31 is a mechanism-bas
utase inactivator which was prepared from the sele
hosphonic acid32 using hydrogen peroxide as an oxid

37], and the unusual benoselenophene33was synthesize
ia the cyclization reaction of 2-phenylethynylphospho
cid with selenium dioxide and HBr in ethereal solvent[38].
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Fig. 6. Proposed structure of Zr-phosphite-phosphonate supported Pd(II)–p-
TPPTP complex.

4. Phosphonic acid-functionalized organogermanium
complexes

The Arbuzov reaction is frequently employed for the
synthesis of organophosphonates which in turn are useful
precursors to mono and diphosphonic acids via hydroly-
sis. The reaction of triethylphosphite with ClCH2Ge(CH3)3,
followed by acid hydrolysis yielded the phosphonic acid-
functionalized organogermanium complex34 [39]. No fur-
ther reaction chemistry of this unusual phosphonic acid was
reported. The related trichlorogermanium complex35 reacts
with ammonia in methanol at 0◦C to a give a oxygermylalka-
nephosphonate polymer[40].

5. Phosphonic acid-functionalized organomercury
complexes

Only one example of a phosphonic acid containing a
mercury–carbon bond has been described. Reaction of the
mercury acetate complex H2NOCH2CH(OCH3)CH2HgAc,
with the thiol, HSCH2CH2PO3H2 gave the phosphonic acid
H2NOCH2CH(OCH3)CH2HgS CH2CH2PO3H2. This mer-
cury phosphonic acid reacts with the enzyme aspartate
aminotransferase to give a stable enzyme complex, which
was analyzed using absorption spectroscopy[41].

6. Phosphonic acid-functionalized arene complexes
of chromium

icar-
b ight
i ene
c on
m d for
p ative
s di-
e us-
i as
d sis
o id

Scheme 4. Synthesis of chromium pheny

suppo
Scheme 5. Formation of phosphonate
Phosphonic acids derivatives of arene chromium tr
onyl complexes were first reported by Deemie and Kn

n 1997 [42]. The classical synthetic procedure for ar
hromium tricarbonyl involving displacement of carb
onoxide with the appropriate arene could not be use
hosphonic acid-functionalized arenes, and an altern
ynthesis involving formation of aryl phosphonic acid
thyl ester complexes followed by trans-esterification

ng bromotrimethylsilane and hydrolysis with water, w
escribed. Scheme 4shows a representative synthe
f [�6-C6H5(PO3H2)]Cr(CO)3 (36). The phosphonic ac

lphosphonic acid tricarbonyl complex36.

rted chromium arene tricarbonyl complex37.
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complexes are highly unstable to oxygen and light, yielding
chromium oxide on decomposition.

The crystal structure of the xylenyl bisphosphonic acid
complex [�6-C6H4(CH2PO3H2)2]Cr(CO)3 (37) was re-
ported[43] and shows that the phosphonic acid groups are
syn to one another and directed away from the chromium-
coordinated carbonyl ligands. The substituted arene ring
is also syn-eclipsed (EE) with respect to the CO lig-
ands. The organometallic phosphonic acid37 forms a
stable hybrid inorganic–organometallic material on reac-
tion with Zn(II) (Scheme 5). The hybrid material con-
tains intact arene chromium tricarbonyl moieties, is amor-
phous as shown by powder X-ray diffraction, and acts
as a catalyst for the oligomerization of phenylacetylene
[44].

7. Phosphonic acid-functionalized organomanganese
complexes

Only a single organomanganese phosphonic acid has been
reported in the literature. The reaction of acetylcyclopenta-
dienylmanganese tricarbonyl with PCl3, followed by hydrol-
ysis, gave the hydroxyphosphonic acid complex38 in 46%
yield (Scheme 6) [45].

S x

8
c

tro-
c taly-
s ene
h ative
o -
s the
f
a the
r di-
e
t
p lds
w of
3 fer-

rocene derivatives41 and42 (n= 1) have been solved[48].
As expected, the X-ray crystal structures reveal extensive
hydrogen bonding in the solid state. Electrospray mass spec-
troscopy was also used to characterize the phosphonic acids.
Compounds41and42were prepared using hydrolytic cleav-
age of the corresponding alkyl esters. In contrast to the be-
havior of the phosphonic acid22, the ferrocene phosphonic
acids form Pt(II) complexes in which the phosphonate coor-
dinates in a bidentate chelating fashion to the platinum ion,
e.g. [FcPO3Pt(PPh3)2]. Complexes [FcCH2PO3Pt(PPh3)2]
and [FcCH2CH2PO3Pt(PPh3)2] exhibited moderate anti-
cancer activity. Interestingly, the ferrocene phosphonic acid
41 (n= 2) can be reduced to a rare example of an air-
stable primary phosphine using diazomethane followed by
Me3SiCl–LiAlH4 [50].

m
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w
a
s sult-
i toni-
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r les
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t os-
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cheme 6. Synthesis of�-hydroxyphosphonic acid manganese comple38.

. Phosphonic acid-functionalized organometallic
omplexes of iron, ruthenium, and osmium

Ferrocene complexes are well known for their rich elec
hemistry and application in materials chemistry and ca
is. Not surprisingly, phosphonic acid derivatives of ferroc
ave received attention. The first phosphonic acid deriv
f ferrocene, FcP(O)(OH)2 (39) is described inChemical Ab
tracts[46], although the cited US Patent describes only
errocenylphosphinicacid FcP(O)(OH)[47]. Compounds39
nd40were prepared by Henderson and co-workers via
eaction of lithioferrocene or dilithioferrocene and chloro
thylphosphate in THF or petroleum spirits[48]. An al-

ernative phosphonation of ferrocene using H3PO4 was re-
orted by Mu, although no experimental details or yie
ere recorded[49]. While the X-ray crystal structures
9 and40 have not yet been reported, those of related
Hexylferrocene phosphonic acid43was synthesized fro
orresponding diethyl ester again using trans-esterific
ith Br–TMS and hydrolysis in methanol[51]. Zotti
nd co-workers studied the absorption of43 onto ITO
urfaces and amino-primed ITO electrodes. The re
ng monolayers were shown to be stable in ace
rile, and that domains of self-interacting and free
ocenes were formed[52]. The electroactive probe molecu
4, were prepared using a similar protocol by Mallo

53] and Hong, respectively[54]. The surface adsor
ion and electrochemistry of the longer chain phosp
ic acid, 11-ferrocenylundecanephosphonic acid, was
tudied [55]. The �-conjugated ferrocenyl molecules45
nd 46 have recently been prepared using a pallad
atalyzed Heck reaction of the diethyl ester precu
56,57]. Compounds45 and 46 were studied using cycl
oltametry, absorption spectroscopy and13C NMR spec
roscopy to probe the electronic effects of the ph
honate group[58]. The phosphonic acid45 can be
ound to metal oxide colloids, such as SnO2 and TiO2

59].
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The vinylphosphonic acid47 was prepared from the
phosphonate ester using standard de-alkylation procedures
[60] with the (E)-isomer being formed exclusively. The�-
nitrophosphonic acid48 was synthesized using a Michael
a
p of an
a e
f e,
t sec-
o

ium
h hem-
i ies of
o the-
n ts in
t -

tronic characters of the substituents were correlated with the
carbonyl absorption bands in the infra-red spectra. It was
shown that the electron withdrawing phosphonic acid groups
in 50shifted the CO stretching bands to higher wavenumbers
compared to the unsubstituted complex. The electrochemical
properties of50were also reported[64].

Only one phosphonic acid-functionalized organo–
osmium complex have been reported. The water-soluble os-
mium(II) porphyrinate carbonyl51, with phosphonic acid
groups in thepara-position of the phenyl rings, was syn-

thesized via an Arbuzov reaction followed by saponification
of the resulting phosphonate ester using TMS–Br/KOH. The
complex in the deprotonated anionic phosphonate form rep-
r stem
w

ddition reaction[61] and the arylphosphonic acid49 was
repared using a palladium-catalyzed phosphonylation
ryl iodide using the secondary phosphite HP(O)(OSiM3)2

ollowed by hydrolysis[62]. To the best of our knowledg
his is the first report of a metal-catalyzed addition of a
ndary silylphosphite to an aryl halide.

Phosphonic acid-functionalized complexes of ruthen
ave been studied for their photochemical and electroc

cal properties. Haukka and co-workers prepared a ser
ctahedral monobipyridine dicarbonyl complexes of ru
ium(II) and studied the electronic effects of substituen

he 4 and 4′ positions of the bipyridine ligand[63]. The elec

esents a rare example of a water-soluble porphyrin sy
ith anionic functional groups.
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. Metallo-phosphonic acids

Very few examples of metallo-phosphonic ac
–P(O)(OH)2 have been reported in the literature. Preg
nd co-workers recently described the synthesis and31P
MR characterization of a new mononuclear ruthenium
omplex52containing a coordinated phosphonic acid lig
65]. Complex52 is solvent stabilized and converts to
imer53on solvent removal and work-up. The crystal str

ure of53 was solved and shows the presence of PO and
–OH bonds. Extensive hydrogen bonding to solvent
olecules is present. The triflate salt analog of52was also

eported.
The novel organometallic tripodal tris-phosphonic a
3 was formed from the corresponding methyl ester
ydrolysis in boiling water[66]. This acid is unusuall
trong (pKa1, 2.0; pKa2, 4.0; pKa3, 6.3; pKa4, 9.6) and
eacts with glass to give the water-soluble six-coordi
ilicon complex54. The crystal structure of the relat
otassium salt K[(�6-C5H5)Co{P(O)(OH)2}3] was also
eported.
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