Available online at www.sciencedirect.com

sclENCE@D'“E°T° COORDINATION

CHEMISTRY REVIEWS

ELSEVIER Coordination Chemistry Reviews 249 (2005) 1269-1282

www.elsevier.com/locate/ccr

Review

Organometallic phosphonic acids: synthesis and coordination chemistry

Terence L. Schufl, D. Andrew Knight*

a Center for Bio/Molecular Science and Engineering, Code 6950, US Naval Research Laboratory, 4555 Overlook Avenue SW, Washington, DC 20375, USA
b Department of Chemistry, Loyola University, 6363 St. Charles Avenue, New Orleans, LA 70118, USA

Received 6 October 2004; accepted 4 February 2005
Available online 18 March 2005

Contents
1. Introduction @and SCOPE OF FEVIEW. . . . .. ..ottt et ettt e e e e e e e e 1269
2. Phosphonic acid-functionalized phoSphiNgS . . . . ... e 1270
3. Phosphonic acid-functionalized organoselenium COMPLEXES. . . . ... .. it et e 1276
4. Phosphonic acid-functionalized organogermanium COMPIEXES. . . ... ...ttt et 1277
5.  Phosphonic acid-functionalized organomercury COMPIEXES . . .. ...ttt ettt e et et e ettt ettt e e e e e e eans 1277
6. Phosphonic acid-functionalized arene complexes of ChromMIUM. . .. ... . . et 1277
7. Phosphonic acid-functionalized organomanganese COMPIEXES. . . . .. ..ottt e e 1278
8. Phosphonic acid-functionalized organometallic complexes of iron, ruthenium, and oSmMiUM .. ... i 1278
9. Metallo-phoSPNONIC ACIAS . . . .. .ttt ettt e ettt e et et e e e e e e e 1280
ACKNOWIBGEIMENTS . . ..ttt et e et e ettt e ettt e e e e e e e e e e 1281
RO O ENICES. . .. 1281
Abstract

The synthesis, structure and application of highly functionalized organometallic phosphonic acids are reviewed. Phosphonic acid derivatives
of phosphorus(lll) and transition metals are emphasized. Coordination chemistry, homogeneous catalytic reactions and synthesis of new
materials are also reviewed. This present review provides an exhaustive literature survey through to September 2004.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and scope of review acids, with the first K3~ 1-2, and so remain ionized over

a wide pH range in aqueous media. Although phosphonate-

Organometallic compounds containing the phosphonic functionalized ligands may potentially coordinate to transi-
acid group, P@H> can be divided into two broad classes: tion metals through the anionic phosphonate oxygens, late
(a) complexes in which the phosphonic acid group is part transition metals, such as rhodium and palladium show much

of a supporting ligand (e.g. a cyclopentadienyl ring or a less affinity for hard ligands, such as oxygen or fluorine,
phosphine ligand) and (b) complexes containing a formal as compared to nitrogen ligands, halogens, cyanide, and

metal-phosphorus bond (e.g. M—§43). Such acids have  Group V donor atoms. Thus, a variety of organometallic
potential application in agueous phase homogeneous catalcomplexes containing a pendant phosphonic acid group have
ysis, crystal engineering, and in the fabrication of layered been prepared and characterized. The scope of this review
materials. Like sulfonic acids, phosphonic acids are strong is restricted to phosphonic acid-functionalized organometal-
lic compounds, including phosphine derivatives and also

* Corresponding author. Tel.: +1 504 865 2269; fax: +1 504 865 3269,  Includes anionic phosphonate derivatives. Transition metal
E-mail addressdaknight@loyno.edu (D.A. Knight). complexes containing phosphonic acids but without metal
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carbon bonds, and organosilicon phosphonic acids have beemeaction for hydrophobic substrates under aqueous or bipha-
excluded. This present review provides an exhaustive litera- sic conditions. Thus, Bischoff et al. synthesized the series of
ture survey through to September 2004. compound2, 3, 5, § and7 to evaluate their activity as lig-
ands in the rhodium-catalyzed hydroformylation of alkenes.
Diphosphonaté was prepared by addition of a stoichiomet-
2. Phosphonic acid-functionalized phosphines ric amount of PAPH to CH=C(PQsEt,)2 at room temper-
ature, followed by acid hydrolysis. The other ligands were
Phosphonic acid-functionalized phosphines and their saltsprepared by nucleophilic substitution of bromoalkylphospho-
are important because of the high solubility in water that the nate esters by phosphide anion, followed by hydrolysis of the
phosphonate group affords. Water-soluble phosphines havephosphonate ester by refluxing in degassed hydrochloric acid
received a great deal of attention due to their application in [5].
aqueous phase and biphasic homogeneous catHlysi3ne A comparison of the water solubilities of compourid$
of the first examples of a phosphonate-functionalized phos-and 5-7 gave interesting results. The water solubility was
phine, 2-(diphenylphosphino)ethylphosphondtg (as re- greater for the six-carbon chain compouh00—-420 g/L)
ported by Roundhill and co-workers in 1992). The com- than the two-carbon chain compouh(840-370 g/L). More-
pound was prepared by the action of LiBPtn diethyl over, the water solubility of bis-phosphonat€260-290 g/L)
2-bromoethylphosphonate in liquid NH'HF, followed by was less than that df, and the bis-phosphonafe possess-
trans-esterification with BrSiMgeand hydrolysis of the bis-  ing two 10-carbon alkylphosphonate arms, displayed consid-
TMS ester. The disodium salt was obtained by neutralization erably less water solubility than the single-armed 10-carbon
with 6 M NaOH. The product was characterized by NMR  alkylphosphonaté (ca. 100 g/L versus 320 g/L).
and IR spectroscopies. The complex derived fromPECl, In contrast to these methods, Knight and co-workers, pre-
and five equivalents df was found to have minor activity as  pared ligand! from cyclodecanone in an eight-step sequence
a catalyst for the hydration of diethyl maled8}. Reaction in 14% overall yield Gcheme 1[6].

of the sodium salt ofl and [Rh(COD)CI»] in methanol, Addition of two equivalents of to a methanolic solution
followed by hydrogenolysis, gave a water-soluble phosphine of [Rh(cod)Clp resulted in the formation of the rhodium-
stabilized cluster containing 2057 rhodium atgdils phosphine specié; as evidenced b3*P NMR spectroscopy.
POsNa, The3P NMR spectrum consisted of two peaks, a broad sin-
PhoP(CHz),POsNa; thp/Y PhP[(CHz)10POsNaz]e glet at 26 ppm, attributable to the phosphonate group, and a
1 n=2 POsNas 7 doublet at 27 ppmJgnp= 154 Hz), consistent with proposed
§ 0 2?0 6 structure. No other peaks were presentin the spectrum. Com-
g 2:1; plex 8 was ineffective as a hydrogenation catalyst, suffer-

ing decomposition, however, the Rh complex derived from
As the chain length ofw-(diphenylphosphino)alkyl-  [Rh(cod}]BF4 and three equivalents dfwas active as cat-
phosphonates increases, the potential for amphiphilic char-alyst for the room temperature hydrogenation of 1-decene in
acter arises. This can have a significant effect on the rate ofwater.

vii Na203P
Bu,OsP E— PPhy
5 PPhe 2

4

Scheme 1. Synthesis of phosphonate ligarideagents and Conditioné) NaBHa, Ticly; (i) ph3sCCl, E4N*ClO4*, 2, 4, 6-collidine; (iii) Na, HP@BuUy; (iv)
Ha, Pd—C, HCIQ; (v) TSCI, E&N, 0°C; (vi) LiPPhy, —78°C; (vii) Me3SiBr, H,O, 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 LiAlH,;, and a second free-radical addition to di-
ethyl vinylphosphonat§g/].

Ph

1271
PO;Et,
Ph
7
o Cl\ /c|\ /p\
| _OEt Ph. _Pd_ _Pd{_ Ph
- Np” NA
OEt Ph/
14 15
Et,03P

Under certain conditions, the donor properties of th®P
bond can enable phosphonate esters to act as ligands toward
later transition metal§10], and phosphine—phosphonates

| X
ELOIP o~ P~ p - POsEL ROP~p~ N p - POsR:

RZOSP\)

10a X = 0-CgH4; R=CHj

EtZO3PJ b POsEt,

PO3R,

10b X = 0-CgHy; R = CH,CH3
11c X = CH,CHy; R = CHj
11d X = CH,CHy; R = CH,CH3

The bis(phosphines)0 and 11 were prepared by a
t-BuOK-catalyzed Michael addition o6-CgH4(PH2)2> or
H,PCH,CH,PH, 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-
pled with residual unreacted vinylphosphonate (<5% by
HPLC) precluded verification of their structure by elemen-
tal analysis. However, all compounds exhibited peaks corre-
sponding to their parent ions [M + Hlsing high-resolution
FAB-MS.

The reaction of etpEPO with [Pd(MeCHNI|BF4)> gives
water-soluble compled2, in which the metal is bound ex-
clusively through the phosphines in a terdentate fasf8an
The structurally similar bis-phosphine liganti@and11re-
act efficiently with [ReQI(PPhs)2] under biphasic condi-
tions (HLO/CH,Cly) to give water-soluble complexéS8a-d
in 80—85% vyield.

PO;Ety —l 2+ R203P/\ /X\ (\P03R2_|+

PO P
PIP03Et2 ROPTTN S POR,
Ph—P—Pd—NCCH;

O=Re=0
P
K/2_\—P03Et2

RoO3P -~ P/ \P ~_PO3R,

Ry05P Sx7 (_POsR,
12

13a X= O-CGH,;; R =Et
13b X = 0-CgHs: R = Me
13c X = CH,CHy; R = Et
13d X = CH,CH,: R = Me

The usual mode of bonding in metal complexes with phos-

may formP,O-chelates or open-chain phosphine complexes,
depending on the ring size of the chelHt&]. For complexes
derived from [Rh(cod)C}H and PhP(CH,),POsEt,, where
n=1, 2, or 3, a halogen-free chelate could be obtained upon
treatment with AgBEk or AgPFs (Scheme P

Analysis of the products by IR antfP NMR spectro-
scopies was consistent with the assumption o=0FRh
interaction, as evidenced by a pronounced shift in th® P
stretching frequency from 1239 to 1190 thand a 3—7 ppm
change of the chemical shift of the phosphonate phospho-
rus, as well as the additional splitting of the phosphonate
resonance via P-Rh coupling in the NMR spectrum. The re-
versible nature of the phosphonate coordination was shown
by coordination of CO to the complex, after which the IR
spectrum again showed &0 stretching frequency charac-
teristic of a free phosphonate ester.

1-Phosphanorbornadienes have been shown to be excel-
lent ligands for rhodium-catalyzed hydrogenatid2] and
hydroformylation[13] of alkenes, and the sulfonated water-
soluble version 3,4-dimethyl-2,5,6-tns6ulfonatophenyl)-
1-phosphanorbornadiene (NORBOS) showed outstanding
activity in the biphasic hydroformylation of propene. The
phosphonate analogue has recently been introd{b4d
The synthesis of 1-phosphanorbornadienes involves the
[4 +2] cycloaddition of a transientt2phosphole with an
alkyne [15]. The first compounds prepared were amides
of 4,5-dimethyl-3,6-diphenyl-1-phosphanorbornadien-2-yl
phosphonate, obtained from the reaction of diethyl- or di-
morpholinophenylethynylphosphonamide and 2-phenyl-3,4-

phonate ester-functionalized phosphines is through the phosdimethyl-3H-phosphole, derived from the thermal isomeriza-

phine only. Thus, the reaction & with PtCh(PhCNY) gives
the expected mixture dafis- andtrans[PtClyL>]. The reac-
tion of 14 with PdCh was found to givetrans[PdChL 5]

along with a small amount of the chloro-bridged diniér

[9].

tion of 1-phenyl-3,4-dimethylphosphole. These compounds
were hydrolyzed by 3 M HClin aqueous THF to give the cor-
responding phosphonic acid. Neutralization with NaOH gave
the disodium salt6, which proved only sparingly soluble in
water (20 mg/mL).
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Scheme 2. Hemilabile interaction of phosphine—phosphonate ligand with Rh(l).

Me Me as evidenced by XPS and NMR data. These complexes, al-
Me} y Ph Me} PO3Nay though not structurally defined, were demonstrated to be ac-
P P tive in the biphasic carbonylation of benzyl chloride.
Ph PO-N Ph . . :
" 3Nap 17 Given the long history of success and widespread use

of the archetypal water-soluble phosphine TPPTS (triph-

Using the same transient2phosphole as in the previous enylphosphine trisulfonate, P(3B4S0Os3Na)), it is not sur-
synthesis, reaction with diethyl ethynylphosphonamide gave prising thata number of phosphonated triarylphosphines have
a 75% yield of a mixture of the two possible regioisomers appeared inthe literature. The first example of a phosphonate-
with anc/g ratio of 3:1. The isomers were easily separated functionalized triarylphosphine was #(4-GH4PO3Nap)
by column chromatography using silica gel. TH® NMR (triphenylphosphine monophosphonate, TPPMR0a[
spectra of the isomers shows a characteristic AX spectrum[17,18] The three isomers can be prepared from the appro-
for the a-isomer § —4.6,5 26.0,2Jpp=49 Hz), whereas the  priate (diphenylphosphino)bromobenzenes via formation of
B-isomer shows two singlets at—22.1 ands 26.1. Acid the corresponding aryllithium reagentaf8°C and reaction
hydrolysis, followed by neutralization with NaOH, afforded with diethyl chlorophosphate. The resulting phosphonate es-
the disodium saltL7, which was much more readily solu- ters can then be cleaved to the free acids by known methods
ble in water (230 mg/mL). Whereds was demonstrated to ~ and neutralized with base to give the desired s8ithéme B
be a good ligand for the biphasic rhodium-catalyzed hydro-  There is a significant variation in the water solubility
genation ofZ-a-(N-acetamido)cinnamic acid, ligari® was of the isomeric monophosphonates. Tgaaisomer is the
ineffective. This was interpreted as possibly due to the for- mostsoluble (380-410 mg/mL), followed by tmetaisomer
mation of a stableR,O-chelated species [Rhl—, which is (190 mg/mL), andortho-isomer (35mg/mL). This can be
catalytically inert. compared to the monosulfonated analogue, TPPM&; @3

The synthesis of a series of diphenylphosphino- CsHaSOsNa), which has a water solubility of approximately
functionalized alkylamine phosphonates, exemplified by 80 mg/mL at 20C.
structurel8, has been reported by Fu and co-workd@]. Recrystallization of20a from aqueous methanol gave
The compounds were readily prepared by the action of the solvated phosphonate N&@PPMP)(HO)3(CH3OH)]-
bis(hydroxymethyl) diphenylphosphonium chloride on 2- CH3OH and the crystal structure reveals some rather un-
aminoethylphosphonic acid and Nssubstituted derivatives.  usual featuresHjg. 1). The unit cell contains two formula
The water solubilities of the disodium salts of these com- units bound together in a dimeric structure, which is sup-
pounds ranged from 0.13 to 0.29 g/mL. These workers haveported by multiple anion—cation interactions and bridging
also reported the synthesis of ethoxylated derivath@ssc. water molecules. There are two discrete types of sodium co-
The water solubilities of these compounds were not quanti- ordination; in the first, two sodium cations Na(2) and Nj(2
fied, but were stated to have higher water solubilities than are three-coordinate and bridge two phosphonate moieties
PhbPCH,CH,PO3H> or PhpP(4-GH4POsH2), presumably
as their disodium salts.

W F'th’\l
PhoP N\/\ PhsP N H
W PO3Hs» 2P \/(\o/\%/ S pogNas
n

18 19a n=1
19b n=2
19¢ n=3

PhoP

The reaction of phosphind®a—c with H,PdCl, in reflux-
ing n-butanol gave palladium complexes in which the ligands via phosphoryl oxygen atoms, O(1) and Q{2and O(1)
were bound to the metal through, N-, andO-coordination,  and O(2). The second type of sodium coordination involves
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1. BIrTMS/CHzCl;

1273

2. H,0/Me,CO
3. NaOH/H,0

r o

PhzP _Q_ POsNaye1.5 H,O

20a

Scheme 3. Synthesis of &P (4-GH4P03)]-1.5H20 @Q03).

Fig. 1. ORTEP representation of j&rPPMP)(HO)3(CH3OH)]-CH3sOH
[18].

bonding of Na(1) and Na(Lto O(2) and O(9, 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 Ndjlare 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-BrGH4PPh with diethyl phosphitg¢19].

N%Of@ p o

O

20a p-isomer
20b m-isomer
20c o-isomer

O?
7 N\
>~ PO3Na,

21a p, p-isomer
21b m, m-isomer

Kockritz et al. first prepared the 4-halophenylphosphonate
ester by the palladium-catalyzed phosphonylation of 1,4-
dibromobenzene or 1-bromo-4-fluorobenzene with a dialky!l
phosphite (ethyl or isopropyl ester), followed by a nucle-
ophilic aromatic substitution reaction with LiPPto intro-
duce the diphenylphosphino moid80]. This methodology
was unsuccessful for the preparatior26b or 20¢ however.
Reaction of 2- or 3-halophenylphosphonates with LipPé&h

by the use oh-BuLifollowed by CIPPh 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 prepar@0a and 20b, as well as the bis-
phosphonate2la [21]. In one approach, (diphenylphos-
phino)bromobenzenes were obtained in good yield (62—76%)
by the Pd-catalyzed reaction of iodobromobenzene with
PhPH. The reaction can be carried out on a relatively large
(209g) 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-
phosphonat@la

Palladium-catalyzed phosphonylation with diethyl phos-
phite allowed-(diphenylphosphino)bromobenzene (not, ap-
parently, themeta or ortho-isomers) to be converted to the
corresponding phosphonate ester and then2@#oStarting
with para- or metabromofluorobenzene, the fluoroarylphos-
phonate esters were also prepared. These compounds under-
went nucleophilic substitution of the fluoro group by KBPh
(THF, room temperature, 3 h) to give the desired triarylphos-
phines, although competing ester dealkylation was observed.
Ester dealkylation by metal phosphides during the nucle-
ophilic aromatic substitution reaction can be avoided by using

j \/PO3N32 / \/P03Naz
Q NaQOg,P\— —
\ 7
7 N\
—\P03Na2

22ap, p, p-isomer
22b m, m, m-isomer

tetraalkylphosphonodiamides instead of dialkylphosphonate
esters. Thus, Kant and Bischoff were able to prepare bis-
phosphonate®laand21b by the reaction of PhPbLiwith 4-
FCsH4P(O)(NEB)2 and 3-FGH4P(O)(NEb)2, respectively
[22]. The phosphonodiamide groups are stable to the reac-
tion conditions (THF, 55C), but can readily be hydrolyzed
by dilute mineral acid.
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Nucleophilic aromatic substitution of fluoroarylphospho-
nodiamides was used by Schull et al. to prepare tris-
phosphonate22aand22b[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, suck-BaOH 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-
FCsH4PGsEt, 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- Fig. 2. ORTEP representation pfTPPTP €24 25].
amide species, and the product is invariably an oil, which is
laborious to separate from any unreacted starting material. Phosphine ligan@2aforms a stable complex with pal-

The water solubility ofp-TPPTP 223 was determined  ladium(0), which was shown to be an active catalyst for the
to be approximately 550 mg/mL, which is surprisingly low biphasic phosphonylation of phenyl triflate. A palladium(0)
when compared to the bis-phosphonate phosptiitasnd complex of22awas grafted onto silica gel and used as a
21b, which are reported to have water solubilities of ap- supported catalyst for a phosphonylation reacf8i.
proximately 1000 mg/mL, or the tris-sulfonate TPPTS (ap-  The reaction of 1.6 equivalents @gETPPTP(H} with
proximately 1100 mg/mL). The unexpectedly low value may K,PtCl, in water gavecis[PtCl(p-TPPTP(R)2], and when
result, in part, from the extensive degree of hydration already an aqueous solution of this complex was layered with
present in the sample. The single crystal X-ray structure of 2-propanol, crystals of [Pt@p-TPPTP(H)2]Cl,-4H,0.
22awas solved and was shown to contain 27 waters of hy- (CH3CH(OH)CHs) (23) were obtainedKig. 3) [27]. Com-
dration in the unit cellEig. 2) [25]. plex 23 contains a rare example of a protonated phospho-

Fig. 3. ORTEP representation of platinum compk3{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 01"
formation of thecis-isomer may be due to the intra-molecular
hydrogen bonding effect.

The metaisomer22b, 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 025
[23]. The ORTEP representation 22bis shown inFig. 4. ”@

Phosphonic acids are known to form lamellar structures
in the solid state. The phosphi2@b 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 drawin@2k is
shown inFig. 5.

Phosphine ligand22a and 22b form stable complexes
with Pt(Il) and eithercis- or transgeometries were found
depending on the nature of the ligdi@é]. The molybdenum »
complex Mo(CO3(m-TPPTP(H)) was prepared via the re- P P y
action of Mo(COp andm-TPPTP in ethandR6]. 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 ofJPi 5 “*x 8

with aryl halides has been further extendedotoand m- » »
iodobenzylhalides, which can then undergo an Arbuzov reac- P Y P
tion to give the benzyl phosphondf8]. Trans-esterification
with BrSiMes, followed by hydrolysis and neutralization
with NaOH afforded compound®3a and 23b. The meta
isomer is considerably more water-soluble than ahihno-
isomer (20 mg/mL versus 240 mg/mL at 20). t? 0:: » 0}
Organophosphonic acids are known to form layered ma- P
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-
Y e ; A & Y
phonic acid24 and prepared a mixed zirconium phospho-

nate with the formula Zr(ePCHa)x(O3PCsH1,PO3)y(24),,

(x+2y+2z=2) [29]. Rhodium was incorporated into this Fig.5. Molecular drawing d22bshowing layered structure of crystal lattice.
organic-inorganic polymer and the resulting supported cat- VW is approximately along tha-axis [26].

alyst used for the vapor-phase hydroformylation of propene

to butanals. The catalyst showed high sglectmty for aldg- Villemin et al. also used the ligang-TPPMP in com-
hydes compared to other supported rhodium catalysts with i 00 with Pd(ll) to prepare a zirconium phosphite-

a linear/branched ratio _for k_Jutana_Is_ ranging from 2.7/1 phosphonate supported catalyst for a competitive Heck
to 3.5/1. The phosphonic aci#h, originally reported by o hjing ofiodobenzene and a number of iodobenzdagis
Dines and co-workerg30], was not considered a suit-  1hq stdy suggested that active palladium sites were present

able ligand in these itu_dies.due. to extensive formation of o 1y on the surface of the catalytic material, but within
H203PGH4P(Me)Ph]™ I~ during ligand synthesigR9].

H
-3 A
Ph,P p) PhyP C—POgH2  PhyP
\ N POsH, |
OH
23a o-isomer 24 25

23b m-isomer
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the lattice, which is shape selective. The authors proposed3. Phosphonic acid-functionalized organoselenium
the structure shown iRig. 6. complexes

The chiral phosphine—phosphonic acid liga2fibased
on the BINAP platform was prepared by Kant et al. using  The chemistry of phosphonic acid derivatives of selenium
established synthetic methodologigd]. The monophos- is poorly developed, but a few examples of such compounds
phonic acid was also reported. Liga@@ was used in the  existinthe literature. Selenium-based phosphonic acids have
biphasic rhodium-catalyzed asymmetric hydrogenation of been prepared as precursors or intermediates to a nhumber
dimethyl itaconate and hydroformylation of styrene. The of biologically active molecules and have been reported in
highest enantioselectivity to date (26% ee) for biphasic the patent literature. The selenium-containing heteroaromat-
rhodium-catalyzed hydroformylation of styrene was reported ics 28a—c were shown to be inhibitors for fructose-1, 6-
[32]. bisphosphatase and were used in combination with insulin

for the treatment of diabet¢34].

HoN /N 2 POgH, Q PhCHoCONH o
\( / \ / )‘\/F’OgHz “/\
Se
Se HSe / N
28a,A = E g 29 o
a,R = Et
28b R = SMe & POsH
28¢c,R = Bu 30
PO3zHs PO3H;
Ph
OO OO Tong,
2
PPh, P\R’/N\'_‘.\\\“Ph
u
\ phCl 2
Ph
PO3zH» PO3zH>
26 27

) ) Phosphonic aci@9is a precursor to a phosphonoformate
~In'2003, Lin and co-workers described the use of ruthe- i anti-viral propertied35] and the selenium-containing
nium complex27in the formation of a chiral porous hybrid g |5ctam30s a precursor to a potent anti-microbial agent

solid via the reaction of the phosphonic acid with Z§0), 36]. The phosphonochorismic add is a mechanism-based

in methanol. The resulting heterogeneous catalyst was useqytase inactivator which was prepared from the selenium

Iﬁé;heenZ?':irgsrzlizgvri]t){gg])genaﬂon of aromatic ketones with ;1 nphonic aci®2 using hydrogen peroxide as an oxidant
[37], and the unusual benoselenoph&3avas synthesized

via the cyclization reaction of 2-phenylethynylphosphonic

acid with selenium dioxide and HBr in ethereal solvigd].

COzNa COzNa
Br
CH, CHo
o,
Se
. (@] PO3zH» Pha® : (@] PO3H,
OH OH
33
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Cl Cl CHs cl
N/ |
Pd HgC—Te— CHoPO3H» Cl_Te—CHQCHQPOQHQ
/ \ CHs cl

34 35
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;NOCH,CH(OCH;)CHzHgAC,
/ \\ / \\ with the thiol, HSCHCH,POzH> gave the phosphonic acid
H2NOCH,CH(OCHz)CH2HgS CHCH2POsH2. This mer-
(ZrOg), (ZrOg)n cury phosphonic acid reacts with the enzyme aspartate

aminotransferase to give a stable enzyme complex, which

Fig. 6. Proposed structure of Zr-phosphite-phosphonate supported Bd(l1)— was analyzed using absorptlon SpeCtI‘OSC{d{i}’.

TPPTP complex.

6. Phosphonic acid-functionalized arene complexes
4. Phosphonic acid-functionalized organogermanium of chromium
complexes

Phosphonic acids derivatives of arene chromium tricar-

The Arbuzov reaction is frequently employed for the bonyl complexes were first reported by Deemie and Knight
synthesis of organophosphonates which in turn are usefulin 1997 [42]. The classical synthetic procedure for arene
precursors to mono and diphosphonic acids via hydroly- chromium tricarbonyl involving displacement of carbon

sis. The reaction of triethylphosphite with CIG8e(CH)s, monoxide with the appropriate arene could not be used for
followed by acid hydrolysis yielded the phosphonic acid- phosphonic acid-functionalized arenes, and an alternative
functionalized organogermanium compl&4 [39]. No fur- synthesis involving formation of aryl phosphonic acid di-
ther reaction chemistry of this unusual phosphonic acid was ethyl ester complexes followed by trans-esterification us-
reported. The related trichlorogermanium com@@&xeacts ing bromotrimethylsilane and hydrolysis with water, was
with ammonia in methanol at® to a give a oxygermylalka-  described. Scheme 4shows a representative synthesis
nephosphonate polymgt0]. of [n8-CgH5(PO3H,)]Cr(CO) (36). The phosphonic acid

@_POSEt2 @—Pog(SiMea)g @— PO4Ha

(I; BrTMS I BITMS |

r, —_— cr., — Cr.,,

oc” | “co CH:C, oc” | “co CH,Cl, 00" | “co
co co co

36

Scheme 4. Synthesis of chromium phenylphosphonic acid tricarbonyl co®@lex

Zn(NQO3)2 . ; ;
|_|203|:>C;_|2_@_C|_|2p03|_|2 e inorganic-organometallic
- MeOH polymer
Cr.
oc” | “co
cO
37

Scheme 5. Formation of phosphonate supported chromium arene tricarbonyl c@nplex
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complexes are highly unstable to oxygen and light, yielding rocene derivatived1 and42 (n=1) have been solvefd8].

chromium oxide on decomposition. As expected, the X-ray crystal structures reveal extensive
The crystal structure of the xylenyl bisphosphonic acid hydrogen bonding in the solid state. Electrospray mass spec-
complex [|%-CeHa(CH2PO3H,),]Cr(CO) (37) was re- troscopy was also used to characterize the phosphonic acids.

ported[43] and shows that the phosphonic acid groups are Compoundgl1land42were prepared using hydrolytic cleav-
synto one another and directed away from the chromium- age of the corresponding alkyl esters. In contrast to the be-
coordinated carbonyl ligands. The substituted arene ring havior of the phosphonic ac, the ferrocene phosphonic
is also syneclipsed EE) with respect to the CO lig- acids form Pt(Il) complexes in which the phosphonate coor-
ands. The organometallic phosphonic ad@ forms a dinates in a bidentate chelating fashion to the platinum ion,
stable hybrid inorganic—organometallic material on reac- e.g. [FCPQPt(PPh)2]. Complexes [FCCHPO;Pt(PPR);]

tion with Zn(ll) (Scheme b The hybrid material con- and [FcCHCH,PO;Pt(PPh),] exhibited moderate anti-
tains intact arene chromium tricarbonyl moieties, is amor- cancer activity. Interestingly, the ferrocene phosphonic acid
phous as shown by powder X-ray diffraction, and acts 41 (n=2) can be reduced to a rare example of an air-
as a catalyst for the oligomerization of phenylacetylene stable primary phosphine using diazomethane followed by

[44]. Me3SiCI-LiAlH 4 [50].
. . . . @ POsH, @ PO3H>
7. Phosphonic acid-functionalized organomanganese :
complexes Fe Es
Only a single organomanganese phosphonic acid has beerQ @ PO3H;

reported in the literature. The reaction of acetylcyclopenta-

dienylmanganese tricarbonyl with PClollowed by hydrol- 39 40
ysis, gave the hydroxyphosphonic acid comm@&in 46%

yield (Scheme H[45].

@ (CH2),POgH> @ (CHz)PO3H,
OH ; :
Y o h
C PCly/H,0 @ —POsH;
T N v} @S > —cmaron
oc” | "o oc” | “co "
co co a1 (n=1,2) a2 (n=1,2)
38
Scheme 6. Synthesis afhydroxyphosphonic acid manganese comj3@x Hexylferrocene phosphonic aci@was synthesized from
corresponding diethyl ester again using trans-esterification
with Br—=TMS and hydrolysis in methano]51]. Zotti
and co-workers studied the absorption 48 onto ITO
8. Phosphonic acid-functionalized organometallic surfaces and amino-primed ITO electrodes. The result-
complexes of iron, ruthenium, and osmium ing monolayers were shown to be stable in acetoni-

trile, and that domains of self-interacting and free fer-

Ferrocene complexes are well known for their rich electro- rocenes were formg82]. The electroactive probe molecules
chemistry and application in materials chemistry and cataly- 44, were prepared using a similar protocol by Mallouk
sis. Not surprisingly, phosphonic acid derivatives of ferrocene [53] and Hong, respectively54]. The surface adsorp-
have received attention. The first phosphonic acid derivative tion and electrochemistry of the longer chain phospho-
of ferrocene, FcP(0)(OHY39) is described itChemical Ab- nic acid, 11-ferrocenylundecanephosphonic acid, was also
stracts[46], although the cited US Patent describes only the studied[55]. The m-conjugated ferrocenyl molecule$5
ferrocenylphosphiniacid FcP(O)(OHJ47]. Compound$§9 and 46 have recently been prepared using a palladium-
and40 were prepared by Henderson and co-workers via the catalyzed Heck reaction of the diethyl ester precursor
reaction of lithioferrocene or dilithioferrocene and chlorodi- [56,57} Compounds45 and 46 were studied using cyclic
ethylphosphate in THF or petroleum spiri48]. An al- voltametry, absorption spectroscopy ahtC NMR spec-
ternative phosphonation of ferrocene usingPi; was re-  troscopy to probe the electronic effects of the phos-
ported by Mu, although no experimental details or yields Phonate group[58]. The phosphonic acid45 can be
were recorded49]. While the X-ray crystal structures of ~bound to metal oxide colloids, such as Sn@nd TiG
39 and40 have not yet been reported, those of related fer- [59]-
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0
(4

43 45
o)
-0 S0
CE; Cj_j) POgH»
> S
44a X = POgH, 46

44b X = CHzPOsH:

tronic characters of the substituents were correlated with the

The vinylphosphonic acidt7 was prepared from the : : e
phosphonate ester using standard de-alkylation proceduresC arbonyl absorption bands in the infra-red spectra. It was

. : . . shown that the electron withdrawing phosphonic acid groups
[60] with the (FT) ISomer being forme_d exclu§|vely. T_hb in 50shifted the CO stretching bands to higher wavenumbers
nitrophosphonic acidl8 was synthesized using a Michael . )
o . . : compared to the unsubstituted complex. The electrochemical
addition reactiorf61] and the arylphosphonic ac#b was

prepared using a palladium-catalyzed phosphonylation of anprogﬁlr tlesocrzgo Wﬁ:)esalhsgnrigpoaﬁg?fﬂﬁctionalize d organo—
aryl iodide using the secondary phosphite HP(O)(OSMe y phosp g

; osmium complex have been reported. The water-soluble os-
followed by hydrolysig62]. To the best of our knowledge, . . ) ) .
this is the first report of a metal-catalyzed addition of a sec- mium(ll) porphyrinate carbonybl, with phosphonic acid

ondary silylphosphite to an aryl halide. groups in thepara-position of the phenyl rings, was syn-

PO3H»

PO4H.
PO3H, ; ;

& - &

a7 48 49

"
:

Phosphonic acid-functionalized complexes of ruthenium
have been studied for their photochemical and electrochem-thesized via an Arbuzov reaction followed by saponification
ical properties. Haukka and co-workers prepared a series ofof the resulting phosphonate ester using TMS—Br/KOH. The
octahedral monobipyridine dicarbonyl complexes of ruthe- complex in the deprotonated anionic phosphonate form rep-
nium(ll) and studied the electronic effects of substituents in resents a rare example of a water-soluble porphyrin system
the 4 and 4positions of the bipyridine liganf®3]. The elec- with anionic functional groups.



1280 T.L. Schull, D.A. Knight / Coordination Chemistry Reviews 249 (2005) 1269-1282

POSH _| Z ookt

H.04R

P(O)(OEt)(OH)

oC

50

P(O)(OEY)(OH)

51

9. Metallo-phosphonic acids The novel organometallic tripodal tris-phosphonic acid
53 was formed from the corresponding methyl ester via
Very few examples of metallo-phosphonic acids, hydrolysis in boiling water[66]. This acid is unusually
M—P(O)(OH) have been reported in the literature. Pregosin strong (Ka,, 2.0; pKa,, 4.0; pKg. 6.3; pKa,, 9.6) and
and co-workers recently described the synthesis #id reacts with glass to give the water-soluble six-coordinate
NMR characterization of a new mononuclear ruthenium(ll) silicon complex54. The crystal structure of the related
complex52 containing a coordinated phosphonic acid ligand potassium salt K§®-CsHs)Co{P(O)(OH}}s] was also
[65]. Complex52 is solvent stabilized and converts to the reported.
dimer53on solvent removal and work-up. The crystal struc-
ture of 53 was solved and shows the presence sORand
P—OH bonds. Extensive hydrogen bonding to solvent THF
molecules is present. The triflate salt analogdivas also
reported.

BArF (BArF),
HO\P/OH_| O HO\P/OH ‘ —‘
P
CQ NN Y &N )
/ \solvent o
b 0¥ No¢
O NS APAY

52 53
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