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1. Introduction

1.1. Scope

Phosphorus is a vital element both in living matter and in
the Earth’s crust. The human body contains about 1% by
weight of the element phosphorus, about */5 of this being
present as hydroxyapatite in bones and teeth and the
remaining phosphorus present as organic phosphates, which
are in various forms such as their mono- and diesters." On
the other hand, a large number of metal phosphates are also
found in Nature as minerals. The diversity in metal phos-
phates results from variations in their assemblies, the large
number of cations to which they can coordinate, and the
presence of additional anions or molecules.>” As a result,
there has been great interest in preparation of phosphate
materials. Such materials have been used as ion exchangers,4
fast-ion conductors,’ and catalysts.6 Further, because phos-
phate anions do not absorb in the UV —visible region, metal
phosphates also find use as optical materials, for example,
glasses, phosphors,” nonlinear optical materials,® and laser
materials.” Amorphous phosphorite deposits are important
as phosphate fertilizers.'” The term “phosphate” refers
oxyanions of pentavalent phosphorus, which range from the
simple PO,*” through ring and chain anions to infinite
networks.'' Phosphodiesters find numerous applications, for
example, plasticizers,'” flame retardants,'’ reagents in the
preparation of organophosphorus polymers,'* reagents in
solvent extraction of heavy metal ions, 15 and insecticides.'®
All phosphate esters are susceptible to hydrolysis, and this
fact is of great importance in biological systems."’

Inorganic phosphate chemistry was dominated by the study
of minerals for a long time. With the recent discovery of
phosphate analogues of aluminosilicate zeolites with open
framework structures, research on extended metal phosphate
structures gained momentum. Similarly, recent realization
that larger solids can be built rationally from preformed
molecular precursors has led to an outburst of activity in
the synthesis of smaller metal phosphate molecules. Although
there have been a few review articles in the literature in
recent years on developments in metal phosphate chemistry
covering narrow themes, for example, phosphate ester
hydrolysis (by a given metal system),'® organophospho-
nates,'” and focus on one type of framework solids (see
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section 3.1), no single review has appeared in the literature
covering all aspects of interactions between metal ions and
phosphates.

1.2. Coverage

Although it may seem that the areas of metal phosphate
complexes and open framework phosphates are unconnected,
recent results show that there is a strong interdependency
between these themes. In a recent personal account,”’ we
have shown how an exposure to both these areas can help
to build new materials. During the writing of the Accounts
of Chemical Research article,’® we felt the need for a
comprehensive review covering both smaller and open
framework phosphates side by side. The result is this review
article, which is presented in two major parts for the purposes
of flow and ease of presentation (sections 2 and 3). In section
2, the chemistry of organophosphate ester complexes has
been reviewed. All complexes that have been sufficiently
well characterized, often through a single X-ray diffraction
study, are included in this part of the review. The coverage
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of the material in section 2 starts from the first structurally
characterized phosphate ester metal complex and is up to
date as of the beginning of 2007. There are number of studies
on interaction of metal ions with phosphate groups of ATP,
DNA, RNA, and other sugar molecules. While in some of
these complexes the phosphate group coordinates to the
metal, in most other complexes phosphate shows no direct
bonding to the metal. Studies on such complexes have been
excluded from this review other than one or two cases where
the complexes of some sugar phosphate complexes resemble
simple organophosphate metal complexes.

Section 3 of this review is restricted to phosphate-based
materials and is based on a comprehensive survey of the
available literature. (see section 3.1).

2. Metal Complexes of Organophosphate Esters
2.1. Phosphate Esters as Ligands

While phosphoric acid forms extended complexes because
of the presence of three acidic protons, derivitazation of one
or two hydroxyl groups of the phosphoric acid by ester
formation (OR)P(O)(OH), and (OR),P(O)(OH) normally
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results in the formation of metal complexes that are discrete
molecules or clusters. A small number of examples of one-
dimensional polymers formed by the organoesters are also
covered in the first part of the review. Attempts have been
made to cover every metal phosphate complex known in the
literature with a single-crystal diffraction study,

The sections to follow will establish that the diesters of
phosphoric acid, (RO),P(O)(OH), are very similar to car-
boxylic acids in some ways (but different in many other
ways) and hence form either mononuclear or dinuclear metal
phosphates more readily than larger clusters. However,
phosphate diesters do not exhibit a chelating mode of
coordination, which is very common among metal carboxy-
lates. While bridging two adjacent metal ions is the most
preferred mode of coordination for the phosphate diesters,
there are a number of complexes where these molecules are
monodentate through the P—O™ group with dangling P=0
groups. The presence of uncoordinated P=0 groups in many
of the complexes leads to some interesting secondary
interactions, normally through the formation of hydrogen
bonds.

Phosphate monoesters, on the other hand, due to the
presence of two acidic protons and one phosphoryl oxygen,
tend to embrace more metal ions around them and form
larger aggregates. Building units of several zeolitic structures
can be modeled using these monophosphate esters, as in the
case of phosphonic acids.

It should also be noted that phosphinic acids and phos-
phonic acids are essentially similar in their constitution to
the phosphate diesters and monoesters, respectively, other
than the presence of an extra oxygen between phosphorus
and the alkyl or aryl group in the latter class of compounds
(Figure 1). Parallel to the development of metal phosphate
chemistry, there have been some exciting developments in
the metal phosphinate and phosphonate chemistries. A full
discussion on these developments is out of scope of this
review both in terms of the nature of the products obtained
and the volume of the work that has been carried out (see
section 2.16).
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Figure 1. Phosphoric acid, phosphate esters, and phosphinic and
phosphonic acids. The maximum number of acidic protons available
for metalation reaction in each case is shown inside parentheses.

2.2. Group 1 and 2 Metal Phosphates
2.2.1. Group 1

Sodium and potassium salts of mono- and dialkyl/aryl
phosphates have been extensively used for a long time as
starting materials in the preparation of other metal phosphates
through metathetical reactions. However, they are often
generated in sifu and hence no detailed studies have been
carried out to establish their molecular structure in the solid
state, although their spectral behavior in solution has been
investigated.?' The structurally characterized group 1 metal
phosphates include [(MeO)P(0)(ONa),]-6H,O (1),**
[(KO)(O)P(O'Bu),* HOiPr]s+ 8HO:Pr (2),%2° and K(18-crown-
6)]"[(OCH,CMe,CH,0)PO,] *H,0 (3) (Figure 2).>* In a
recent study, four different potassium complexes of 4-nitro-
phenylphosphate (H,NPP), namely, [K(H,NPP)(HNPP)] (4a),
[K(HNPP)(MeOH)] (4b), [K(H,NPP)(OH,),] (4c), and
[K2(NPP)(OH,)4] (4d) along with the parent acid itself have
been characterized by single-crystal X-ray diffraction studies
by Kuczek et al.>*

Cubic and columnar thermotropic mesophases of potas-
sium dialkylphosphate salts [(CH3(CH,),0),P(O)(OK)] (n =
8—18) have recently been studied by differential scanning
calorimetry (DSC), polarizing optical microscopy, and X-ray
diffraction,?** while an early work reports on the synthesis
of sodium salts of mono- and dialkylphosphates with long
alkyl chains and the determination of d spacing in these
systems by diffraction studies.”*

Ueyama and co-workers have recently studied the reaction
of sterically hindered phosphate ester [2,6-(Ph;C-CONH),-
C¢H;0POsH;] (LH;) with sodium ion and isolated the
hexameric sodium complex [NEt;H],[Nas(us-L)(u2-L)(uo-
MeOH),(OH;)(MeOH)s], (5) (Figure 2). In the centerosym-
metric anionic part of the complex, the three sodium ions
exhibit three different coordination geometries with coordi-
nation numbers 4, 5, and 6.2*

There are no well-characterized phosphate complexes of
other higher alkali metal ions. Other alkali metal ion
phosphates, which also incorporate metal ions from other
groups, have been discussed under the groups of the second
metal ion.

Murugavel et al.

2.2.2. Magnesium

Magnesium is one of the essential cofactors in biology.
Magnesium ions participate in many important biochemical
transformations including the hydrolysis of phosphate esters.
The magnesium phosphate [Mg(O,P(OEt)),] (6), whose unit
cell parameters were described as early in 1954, was later
structurally characterized in 1973 by Ezra and Collin.**" The
structure of 6 reveals that the Mg center is coordinated to
four phosphoryl oxygens in a nearly tetrahedral arrangement.
Magnesium diphenylphosphate,26 [Mg(dpp).] (7a) (dpp =
diphenylphosphate) was synthesized from tris(tetrahydro-
furan)magnesiumbromide and (PhO),P(O)(OCHs;). The hy-
drated magnesium diphenylphosphate, [Mgs(dpp)s(H20)s]
(7b) (Figure 3), has been synthesized by Ramirez et al.**
using magnesium diphenylphosphate as a precursor in wet
diethyl ether. Compound 7a consists of infinite chains of
phosphodiester molecules linked through Mg ions, and
there are two types of magnesium ions with coordination
numbers 5 and 6. Recently, a dimethyl formamide (DMF)
adduct of magnesium diphenylphosphate, [{Mg(dpp)-
(DMF)}(CF3S03)], (8) has been structurally characterized
by Adams et al.?” The structure of 8 is a 1D polymer with
octahedral magnesium ions that are bridged by dpp ligands
in trans fashion. The other four coordination sites are
occupied by neutral DMF ligands. A noncoordinated trif-
luoromethanesulfonate counterion provides charge balance.?’

The carboxylate-bridged dinuclear magnesium unit,
[Mg»(0,CR)]**, is emerging as a ubiquitous structural motif
in many phosphate ester processing enzymes.”®> These
magnesium-dependent enzymes, for example, phosphatase?’
and rat DNA polymerase,® reveal a carboxylate-bridged
bimetallic active center. Synthesis and characterization of
small inorganic complexes that contain a carboxylate-bridged
dimagnesium(II) core are important to mimic the biologically
active sites. In 1995, Lippard et al. have reported a
magnesium phosphate, [Mgx(XDK)(dpp)(CH3;0H)3(H,O)-
(NO3)]*3CH30H (9), in which magnesium centers are
bridged by the carboxylate groups of XDK (H,-XDK =
m-xylylenediamine-bis(Kemp’s triacid imide)) and by the
bidentate diphenylphosphate ligand (Figure 3).*! The struc-
ture of the related [Mgx(XDK)(dpp)2(CH3;0H);(H,0)]*
CH;OH (10) contains both bridging and terminal diphe-
nylphosphate groups (Figure 3). The corresponding calcium
complex, [Cay(XDK)(dpp).(CHsOH);(H,O)]+-CH3;0H (11),
has also been reported.”!*?

The presence of an additional functional group on the
phosphate ligand has been investigated through the synthesis
of [MglL,(H,0)]:2H,O0 (12), where L. = [HO;POCH;-
CH,NH,]~, which exists in the form of zwitterionic
[TOsPOCH,CH,NH;"]".*>* The magnesium ion in 12 is
surrounded by four water molecules in the equatorial plane
and two phosphate groups on the axial sites (Figure 3). Two
additional magnesium phosphates that fall in this category
are the magnesium phenylphosphatosulfate, {[Mg(PhOPOs-
SO;3)(dmf)s]-dmf}, (13),** and magnesium bis(phospho-
enolpyruvate)dihydrate, 14 (Figure 3).>> Single-crystal X-ray
diffraction studies reveal that the former complex 13 is a
centrosymmetric dimer where each octahedral magnesium
ion is surrounded by bridging phosphatosulfate and dmf
ligands.** The magnesium ion in the latter complex 14 is
surrounded by four phosphate oxygen atoms and two water
molecules.*
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Figure 2. Alkali metal phosphates.

2.2.3. Calcium

Phosphate complexes of calcium ions are of great interest
to chemists and biologists in view of the interaction of Ca®™"
ion with phosphate sugars in biological systems and the
importance of these ions in calcification inhibitors in vitro.
Several complexes of calcium with a variety of phosphate
ligands have been synthesized and isolated in the solid state,
and the molecular structures have been determined by single-
crystal X-ray diffraction studies. Significant among these
complexes are the isolation of mononuclear, octanuclear, and
1D polymeric calcium phosphates derived from a monoaryl
dihydro§en phosphate with strategically oriented bulky amide
groups.”*3¢ In (NMe)4[Ca(O,P(OH)OAr)3(MeCN)3] (Ar =
2,6-(Ph3;C-CONH),CcH3) (15) (Figure 4), the arylphosphate
ligand is only mono-deprotonated while [(Ca(O3POAr),}-
(OHy)3(MeOH),] (16) has the arylphosphate in the dianionic
state. The calcium—oxygen (phosphate) linkages in these
complexes have been proposed to contain a partial degree
of covalency. A dynamic transformation of the calcium
zigzag chain structure [Ca(O3;POAr),(OH,)4(EtOH)], (Ar =
2,6-(PhCONH),C¢H3) (17) (Figure 4) to the cyclic octa-
nuclear form [Cag(O3POAr)s(dmf)s(OHz),2] (18) (Figure 4)
is induced by changing the coordination of dimethylforma-
mide ligands, resulting in a reorganization of the inter- and
intramolecular hydrogen bond network.

Demadis et al. have reported on calcium complexes of
naturally occurring phosphocitrate (PC) in order to under-
stand the calcification inhibitor role in vivo.?” A polymeric

mixed salt of PC, [CaNa(PC),(OH,)], (19) (Figure 5),
containing a nine-coordinated calcium center along with a
Ca—O—P linkage, acts as a potent inhibitor of plaque
formation in vivo as documented by calcification inhibition
studies on rats.”” The crystal structures of calcium aminoethyl
hydrogen phosphate™ and calcium bis(phosphoenolpyruvat-
e)dehydrate,38 have also been determined.

2.2.4. Strontium

The only structurally characterized phosphate complex
of strontium ion,*® [Sr(0,P(OnBu),),(H,0)(18-crown-6)]
(20), was obtained by Burns et al. starting from strontium
hydroxide, 18-crown-6 and di-n-butylphosphate. The mo-
lecular structure of 15 shows that the strontium ion is buried
inside the 18-crown-6 cavity and is coordinated on either
side by the oxygen atom of a di-n-butylphosphate. A water
molecule additionally coordinates to the Sr*" ion from one
of the sides of the macrocyclic ring. The corresponding di-
tert-butylphosphate complex also has a similar structure.

2.2.5. Barium

The first barium phosphate ester, [Ba(O,P(OEt),).], (21),
which has been reported by Kyogoku et al.,** was
synthesized by starting from triethylphosphate and barium
hydroxide in the presence of hydrochloric acid. This molecule
is polymeric in nature, and the central barium ion is
coordinated to eight oxygen atoms from six diethylphosphate
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Figure 3. Monomeric, oligomeric, and polymeric magnesium phosphates.

ligands. Each diethylphosphate anion is bound to three
barium ions through its oxygen atoms. Burns has also
reported on bis(di-n-butylphosphate)aquabarium-18-crown-
6, [Ba(O,P(OnBu),),(H,0)(18-crown-6)] (22) (Figure 5)
whglse structure resembles that of the strontium complex
20.

2.3. Group 3 and 4 Metal Phosphates
2.3.1. Group 3

There are no fully characterized organophosphate com-
plexes of group 3 metals in the literature. There are a few
reports on the Sc and Y complexes of trialkylphosphates
where the metal ion is coordinated by a phosphoryl P=0
group rather than a P—O~ moiety, and hence, these
complexes do not warrant a discussion here.

2.3.2. Titanium

Titanium phosphate materials have been studied for a
variety of applications such as ion-exchange materials,**
nonlinear optical materials,** and fast ion conductors.** Thorn
et al. have reported three families of titanium phosphate
compounds, namely, chlorotitanium, imidotitanium, and
oxotitanium phosphates.*> The chlorotitanium phosphate
derivative, [Ti,Cl;(O,P(OSiMes),)(OP(OSiMes)3)] (23) (Fig-
ure 6), has been synthesized from the reaction between TiCly

and tris(trimethylsilyl)phosphate. The first example of a
dimeric titanium compound, ['BuN=Ti(O,P(OSiMes),),]>
(24) (Figure 6), with a terminal imido group was obtained
by the elimination of Me,NSiMes from the reaction between
(Me3Si0);PO and [(MeN),Ti(u-N'Bu)],. Oxotitanium com-
plex [TiO(OSiMe;3)(O,P(O'Bu)y)]4 (25) (Figure 6) has been
obtained from the reaction of Ti(OSiMes); with (‘BuO),-
PO,H. This compound is structurally similar to the well-
known cubane My(u-X)4 cluster compounds.46 The cubane
structure can be considered as a model for the role of
phosphate in the transformation of anatase to rutile because
25 has a core resembling that of the anatase form of TiO,.

The titanium phosphates, [Ti(OR)3(O,P(O'Bu)y)], (R =
Et, 26; Pr, 27) (Figure 6), have been prepared starting from
di-fert-butylphosphate and the corresponding titanium alkox-
ide precursor.??® Addition of KOEt to a solution of 26 leads
the formation of potassium containing titanium phosphate,
[Ti,K(OEt)s(0,P(O'Bu)y)], (28) (Figure 6). This complex
exists as a dimer containing two Ti-centered, face-sharing
pseudooctahedra in the unique half of the dimer.

The five-coordinate titanium(IV) tert-butoxide [LTi(O'Bu)]
(LH; = tris(2-hydroxy-3,5-di-tert-butylbenzyl)amine) reacts
readily with dibenzyl phosphate to form a complex of the
empirical formula [LTi{O,P(OCH,Ph),}], (29), where
the metal is in octahedral geometry.*” The dibenzyl phos-
phate groups do not chelate to the titanium; instead they
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bridge two LTi centers forming a dimeric complex. The
dimeric nature of the product is suggested by observation
of a prominent peak at m/z 1986 in the FAB mass spectrum;
the dimeric structure has further been established by single-
crystal X-ray crystallography revealing a flat Ti,O4P; ring
capped by the tetradentate L on each titanium.*’

Dilithium salt of dimethyl(trimethylsilylmethyl)phos-
phonate in diethyl ether (with a trace of water) reacts with
[TiCl(OiPr)s] toyield thelithiumtitanium phosphonate—phosphate
30 as green crystals.*> Compound 30 incorporates two
monolithiated titanium phosphonate units together with two
LiCl, Li,O, lithiated dimethylphosphonate, and lithiated
dimethylphosphate as additional bridging ligands. It has been
suggested that the formation of the bridging dimethylphos-
phate ligand in 30 is due to the decomposition product of a
dilithiation—titanation sequence.*®

2.3.3. Zirconium

The chemistry of zirconium phosphonates is very well
developed and the synthesis and structural characterization

of several layered mono- and diphosphonates have been
reported. However, the molecular phosphate chemistry of
zirconium is limited to a very few studies.

The treatment of ZrO(NOs), with the Klaui tripodal
ligand ([CpCo{P(O)(OEt),}3] (L") in dilute HNOj; gives
a water-soluble tetranuclear hydroxo-bridged Zr"Y com-
pound, [ZI‘4L4(/43-O)2(,M—OH)4(H20)2](NO3)4 (31), which
reacts with a phosphodiester to give [ZrsLa(u3-POy4)4] (32)
as a cubane cluster.*® The reaction of ZrO(NO3), with NaL
in the presence of Na;PO, gave [ZrsLs(us-O)(u-OH)s(us-
PO4)INOs (33). The crystal structures of these complexes
determined by X-ray diffraction studies reveal interesting
structural features.*’

Recently Kumara Swamy et al. have synthesized dimeric
and trimeric zirconium phosphates [Zr{,u'-O,P(O'Bu)(OPh) } (u-
OPh)(O'Bu)]> (34) and Zr3(51u,u'-OZP(O’Bu)z)S(O’Bu)7- 1/
2C¢HsCH3 (35) (Figure 6). 0 Compound 34 is a dimeric
zirconium phosphate, in which each zirconium ion is
octahedrally coordinated by two bridging phenoxide ions,
two bridging phenyls, fert-butyl phosphate ions, and two
terminal fert-butoxide ions. Trimeric zirconium compound
35 consists of three different zirconium atoms. One of the
terminal zirconium ions is octahedrally coordinated by three
bridging phosphate ions and three fert-butoxide ions, while
the other terminal zirconium ion is pentacoordinated through
two bridging phosphate ions and three fert-butoxide ions.
The middle zirconium ion is hexacoordinated by five bridging
phosphate ions and one tert-butoxide ion.

Leumann et al. have synthesized a Zr—porphyrinate—
phosphate complex, [(¢-17,-mmp)(u-dmp),ZrTPP], (36) (dmpH
= dimethyl phosphate, mmpH, = monomethyl phosphate,
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Figure 6. Group 4 metal phosphates.

and H,TPP = tetraphenylporphyrine) (Figure 6) by the
reaction of Zr(TPP)Cl, with dmpH.51 The structure of the
complex represents the first crystal structure of a Zr—por-
phyrinate—phosphate complex. In this compound two y-dmp
units and one u-77,-monomethylphosphate anion (mmp)
bridge two zirconium ions and form a sandwich complex in
which the Zr*" ions are either seven- or eight-coordinate.
All terminal oxygen atoms of phosphates are complexed to
the metal. The occurrence of a monomethyl phosphate in
the structure can be explained by the hydrolysis of dmp. The
two porphyrinates are eclipsed.

2.3.4. Hafnium

All reports concering the hafnium phosphate complexes
relate to either adduct formation with trialkylphosphates or
solvent extraction of hafnium ions using phosphate extrac-
tants. No isolated and well-characterized organophosphate
complex of hafnium exists in the literature.

35

2.4. Group 5 metal phosphates
2.4.1. Vanadium

Vanadium phosphates have been known as catalysts in
various organic transformations (e.g., vanadyl pyrophos-
phate).>> Molecular cluster precursors that are soluble and
processable and can be readily decomposed by pyrolysis to
yield pure phase metal phosphates provide structural insights
into the catalyst active sites and clues to favorable structural
motifs of the heterogeneous catalysts themselves. They also
provide mechanistic clues to the surface chemistry respon-
sible for the catalysis. The vanadyl phosphate, [Cp,V-
(OHy)>+2(dpp)] (37), was reported by Marks et al.,> as a
part of a more exhaustive study on the interaction of the
organometallic antitumor agent Cp,VCl, with nucleotides and
phosphate esters in order to unravel mechanistic implications.
The molecular structure of 37 consists of pseudotetrahedral
[V(37°-C5sHs),(OH,),]*" cations interacting via strong hydro-
gen bonds with the diphenylphosphate anions.
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A number of interesting vanadyl phosphates based on
tridentate hydridotris(pyrazolyl)borate were recently reported
by Carrano and co-workers. The diphenylphosphate complex,
[LVO(dpp)l2 (38) (L = hydridotris(pyrazolyl)borate) (Figure
7), reported in 1995,°* contains the vanadium ions in a
distorted octahedral coordination geometry. Three of the four
terminal coordination sites at each vanadium center are
occupied by the hydridotris(pyrazolyl)borate capping ligand.
The vanadyl oxygen occupies the fourth terminal site. The
remaining two coordination sites at each vanadium center
are occupied by the oxygen atoms of the two bridging
diphenylphosphate ligands resulting in the formation of a
dinuclear cluster, 38. The corresponding 3,5-dimethylpyra-
zolyl derivative, [L'VO(dpp)]> (39), (L' = hydridotris(3,5-
dimethyl-pyrazolyl)borate), has also been synthesized and
structurally studied. The skeletal structure of this compound
resembles that of 38.%

An oxo-bridged vanadium phosphate, [V,O(dpp).(L).] (40)
(Figure 7), and a hydroxo-bridged vanadium phosphate,
[V2(OH)(dpp)2)2(L)2](CF;S0s) (41) (L = hydridotris(pyra-
zolyl)borate), were prepared starting from [V,0(O,CCHj3),-
(L).] and sodium diphenylphosphate. The structures of 40
and 41 are similar to those of 38 and 39, where the terminal
V=0 groups are replaced by a V—O—V linkage.’> Com-
pounds [LVCl(dpp)> (42) and [LV(dpp)(H,0)] (43) (L =
hydridotris(pyrazolyl)borate; Figure 7) have been obtained
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from the reaction between [LVCly(DMF)] and sodium
diphenylphosphate.”® In 42, the V** ion is in a pseudo-
octahedral geometry. Three of the coordination sites around
the metal ion are occupied by the hydridotris(pyra-
zolyl)borate capping ligand, while a chloride ion and two
phosphate oxygen atoms occupy the remaining sites. The
oxygen atoms of the phosphate ligands bridge the vana-
dium centers. In 43, the central V> ion is in a distorted
octahedral environment with a facially coordinating hy-
dridotris(pyrazolyl)borate, two unidentate diphenylphos-
phate moieties, and a coordinated water molecule.
Carrano et al.’’ have synthesized two homometallic
trinuclear vanadium phosphates, [(LV(dpp)s).VL]PFs (44)
and [(LV(dpp)2(OH)),V]CIO, (45) (Figure 7). Complex 44
consists of two terminal V" ions capped by the hydridot-
ris(pyrazolyl)borate group and linked to a central V" ion
by three diphenylphosphate bridges. The later complex also
has a similar structural type, where one bridging diphe-
nylphosphate anion between the adjacent vavadium ions is
replaced by a hydroxide ion. Magnetic measurements indicate
that the replacement of one phosphate bridge by a hydroxide
leads to a pronounced change in the nature of coupling
between the V7 ions (antiferromagnetic to ferromagnetic).”’

Tetranuclear vanadium(III) phosphate, [L4V4(PhOPO3)4]
(46), its acetonitrile adduct, [L4;V4(PhOPOj3),]«CH3CN (47),
and [L4V4(0,NCgH,OPO3),]+4C7Hg H,0 (48) (Figure 8),8
synthesized from LVCly(dmf) and the corresponding
ArPOsNa,, represent somewhat larger aggregates of the
earlier described monomeric and dimeric phosphates
38—45. The major difference that led to the isolation of
larger aggregates, instead of monomeric or dimeric
phosphates, is the use of monoaryl phosphate in place of
the diarylphosphates. Tetrameric compounds 46—48 have
a cubane type structure in which each phosphate coordi-
nates three different V(III) centers and each V(III) center
is, in turn, coordinated by three different phosphates. The
cubane aspects of the structure are easily visualized in
the polyhedral representation by placing four V(III)
octahedra and four phosphate tetrahedra at alternate
corners of a cube in a corner-sharing arrangement. The
cubic core in these molecules is comparable to the
tetrameric boron, aluminum, gallium, indium, and zinc
phosphonate clusters reported in recent times.>*°

Tetranuclear molecular phosphonate analogues, [(‘Bupz),-
V404(PhPO3)] '2H20 (49) and [(tBupZ)4V4O4(PhP03)] °
4CH;CN-0.6H,0 (50) (‘Bupz = 3-t-butylpyrazole), have also
been synthesized using a similar synthetic strategy by
reacting [(‘Bupz),VOCl,] with disodium salt of phenylphos-
phonic acid.>® Unlike the cubic core displayed by tetrameric
phosphates 46—48, the phosphonates 49 and 50 exist in the
form of a trinuclear basket-shaped subcluster capped by a
fourth vanadyl center. The bottom of the basket in this case
is a phosphonate ligand that bridges all the three vanadyl
centers of the subcluster.

Interestingly, the effective magnetic moment per V(III)
ion in 46 is 2.60 uy at 278 K, which decreases gradually to
2.29 up at 40 K and then decreases rapidly to 1.30 u;, at 6
K. These values indicate a weak antiferromagnetic coupling
leading to a ground spin state of S = O for the tetrameric
cluster. In view of the large separation between V(III) ions
in 46 (5.1 A), any direct metal—metal coupling would be
insignificant, and the probable exchange pathway should be
through a superexchange mechanism involving the phosphate
bridges. Preliminary magnetic studies have suggested that a
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fairly strong antiferromagnetic coupling is observed in the
basket-shaped phosphonate clusters 49 or 50.%%

A hexameric vanadium phosphate, (PhOPO3)¢(VO)s(H,O);
2EtOH (51) (Figure 8),>” was obtained by the reaction of
aquatetrakis(3,5-fert-butylpyrazole)vanadyl chloride with
monophenyl phosphate. This compound has three types of
vanadium centers. The first type is tris(u-phosphato)(aqua)-
vanadyl with no coordinated pyrazoles. The second type is
a tris(u-phosphato)(pyrazolyl)vanadyl species, in which four
phosphate oxygens bind to the metal phosphate. The third
type is a tris(u-phosphato)bis(pyrazolyl)vanadyl species.

Mixed metal complexes have attracted much attention
recently because of their unusual magnetic properties and
their ability to mimic biological systems. For example,
enzyme phosphatase isolated from kidney beans contains a
heterobincuclear ZnFe center.®® Similarly a CoZn or MgZn
core is found in bovine lens aminopeptidase,®'** while a
MnCa unit is present in concanavalin.®® In this context, nine
vanadium-containing mixed metal complexes of the type
[LV(dpp)s1:M (M = Mg, 52; Ca®", 53; Ba®*, 54; Mn”",
55; Fe?*, 56; Co*", 57; Ni**, 58), [L,Va(dpp)sNay] (59),
and {[LV(dpp):]-M}ClO, (AI**, 60; La**, 61) (L = hydri-
dotris(pyrazolyl)borate; Figure 8) have been reported by

Carrano et al.** All these complexes are linear trinuclear
species and show interesting magnetic behavior because they
contain an integral spin on the central ion showing antifer-
romagnetic coupling.

Thorn et al.®** have synthesized vanadium diethylphos-
phate, [(dipic)V(O)(O,P(OEt),)], (62a; dipic-H, = pyridine-
2,6-dicarboxylic acid; Figure 9) from diethylphosphate and
[(dipic)V(O)(OiPr)]. Compound 62a exists as dimer with a
V,04P, central core surrounded by the dicarboxylate group
and two bridging phosphate groups. Herron et al. have
prepared the trinuclear cluster, [(VO);(O,P(OEt),)s] * CH;CN
(62b; Figure 9), from the reaction between diethylphosphate
and vanadyl trisisopropoxide.®>®® Compound 62b has been
converted to VO(POs3), material at 500 °C by solid-state
thermolysis. The material so formed shows catalytic activity
towards oxidation of butane to maleic anhydride.

2.4.2. Niobium and Tanatalum

There is only one report in the literature on a well-
characterized niobium phosphate complex. Tilley et al. have
shown that the molecular precursor [Nb(O'Pr)4(O,P(O'Bu),]»
(63), prepared from niobium isopropoxide and di-fert-
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butylphosphate, undergoes facile thermal conversion to a low
surface area niobium phosphate.®®

Although reactions of tantalum halides with trialkyl and
dialkyl phosphates have been sporadically investigated, in
most cases the compounds isolated were simple adducts and
hence are not described here in detail.

2.5. Group 6 Metal Phosphates
2.5.1. Chromium

Hexavalent chromium compounds are known to be
potential carcinogens.®” The uptake—reduction model sug-
gests that chromate ion, which is isostructural to phosphate
anion, enters the cell rapidly through anion channels. It is
reduced intracellularly, producing intermediates such as Cr’™,
Cr*", free radicals, and Cr’", which react with DNA.®
Analysis of cells of organisms that have been exposed to
chromate reveal the existence of several types of stable
Cr—DNA adducts containing complexes of Cr’".%® Recent
studies demonstrate that there is no base selectivity in binding
of Cr to DNA and that the phosphate groups are the primary
binding sites.””

In order to study the binding of Cr** ions to phosphodi-
esters as a model for DNA binding and to obtain structural,
spectroscopic, and chemical information as a result of
chromium phosphate complexation, Gibson et al. have
reported the first model complex of the Cr’*—DNA adducts,
[Cr(phen)»(dpp)(H,0)](NO3), (64; Figure 10). ’' The syn-
thesis of 64 is achieved from diphenylphosphate and
[Cr(H2O)(phen),](NOs3)s3. In this complex, Cr>" ion is in an
octahedral environment surrounded by two 1,10-phenanthro-
line (phen) ligands, one molecule of water, and one diphe-
nylphosphate anion connected in a monodentate fashion. A
oxo-bridged dinuclear chromium phenylphosphate com-
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plex, [(tmpa)Cr(u-O)(u-(PhO)PO3)Cr(tmpa)]-
(Cl0O4)2*NaClO4+2H,0 (65; tmpa = tris(2-pyridylmethyl)-
amine), has been synthesized by the reaction of [Cr(tmpa)-
(OH)]2(Cl04),+4(H,0) with the disodium salt of phenyl
phosphate in acetonitrile.”

2.5.2. Molybdenum

Quadruply bonded metal—metal (M—M) systems offer
opportunities to explore excited-state oxidation—reduction
chemistry owing to the presence of low-energy excited states
localized at a coordinatively unsaturated, redox-active bi-
metallic core.”® In this connection, Trogler et al. have
reported the synthesis of a tetrakis(diphenylphosphato)di-
molybdenum complex, [Mox(dpp)4] (66) (Figure 10), starting
from dpp-H and Mo,(CF3S0;),.”* The coordinating ligands
around the Mo,*" core in this complex adopt an eclipsed
conformation in which the diphenylphosphate moiety bridges
the Mo—Mo quadruple bond, resulting in a Dy, symmetry
for the Mo,0Og central unit. Cyclic voltametry suggests that
one-electron oxidation of 66 occurs readily. The mixed
valence complex [Moy(dpp)s]PFs (67) was isolated by
oxidizing 66 with [Cp,Fe]PFs. The electronic spectra of 66
and 67 exhibit d—d* transitions (520 and 1530 nm,
respectively) originating from Mo—Mo quadruple bonds.”*

Nocera et al. have synthesized another mixed-valent Mo"/
Mo™ complex [Mo,(dpp)s]BF; (68) by reacting 66 with
NOBF,.”*”> The structure of the cationic part of this complex
is similar to the molecular structure of 66. The Mo—Mo
quadruple bond distance of 2.19 A for the mixed-valent dimer
68 is 0.05 A greater than that observed for the parent
compound 66. The mixed-valent dimer 68 shows a vibrational-
structured o—0* (2B1u4—2B2g) absorption band in the near-
IR spectral region (Amax = 1469 nm, € = 142 M !'cem !
with an energy spacing of 308 cm ™' that is consistent with
a progression in the symmetric metal—metal stretching
vibration. The mixed-valence complex 68 is reversibly
reduced and oxidized by one electron. Quite interestingly,
the photoreaction of [Mo(dpp)4] (66) with dichlorocarbons
yields [Mox(dpp)s]" and halogen-reduced organic photo-
products. For 1,2-dichloroalkanes, photoreaction is facile and
affords the olefin with appreciable quantum yields, whereas
photoreaction of 1,2-dichloroalkenes yields monohalogenated
alkenes.”

Dimolybdenum(III) phosphates, Mo,(NMe,),[u-O,P-
(O'Bu)2]2[0,P(O'Bu)s]s (69), Mox(NMe,),[OSi(O'Bu)s]afu-
O,P(O'Bu)y]; (70), and Moy(NMey)o[¢-O.P(O'Bu)s]o-
{OB[OSi(O'Bu)s],}2 (71) (Figure 10), have been synthesized
by Tilley and co-workers starting from thermally labile
phosphate diester ligand dtbp-H and tri-ert-butoxy silanol.”®
The cis and trans isomers of 69 (69a and 69b) and 70 (70a
and 70b) have also been isolated and structurally character-
ized. Owing to the presence of thermally labile fert-butoxy
groups in these complexes, thermal decomposition of these
compounds has been investigated through thermogravimetric
analysis (TGA) and solution "H NMR spectroscopy. Xerogels
with approximate compositions of 2MoO/1.5+2P,0s and
2Mo0/1.5+2P,05/2Si0, were obtained from 69a and 70,
respectively, via solution thermolysis in toluene. As-
synthesized and dried xerogels, which contain 1 equiv of
HNMe, per Mo center, have large surface areas (up to 270
m? g~ 1). Upon calcination at 300 °C, the coordinated amines
are lost and the surface areas are reduced to 40 and <5 m?
g~ ! for the materials derived from 69 and 70, respectively.
The *'P-MAS NMR spectroscopy suggests that the as-
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Figure 10. Group 6 metal phosphates. In the case of 64, only the cationic part is shown.

synthesized xerogels retain structural features of the original
starting molecular precursors, as indicated by the presence
of resonances that correspond to both bridging and terminal
—0,P(O'Bu), ligands. Upon calcination at 300 °C, the
resonances for —0,P(O'Bu), groups are replaced by those
for PO,*~. The material derived from 69 exhibits low activity
and poor selectivity for the oxidative dehydrogenation (ODH)
of propane to propylene. Cothermolysis of 68 and Bi[O-
Si(O'Bu)s]; resulted in Bi/Mo/P/Si/O materials with improved
performance for the ODH of propane.’®

2.5.3. Tungsten

Structurally well-characterized examples of tungsten phos-
phate complexes have not been reported in the literature.

2.6. Group 7 Metal Phosphates
2.6.1. Manganese

There has been a great deal of interest in recent times in
polynuclear complexes of manganese carboxylate complexes
with a range of coligands as single-molecule magnets
(SMMs).”” 8! The dodecanuclear manganese complex
[Mn;,0,,2(0,CPh),6(H,0)4] is one of the most extensively
studied SMMs with the largest energy barrier of 66 K (U =
S?IDI) for the reorientation of the magnetic moment due to
its § = 10 ground state with a very large negative D
parameter.®? Although several chemical modifications of this
cluster have been attempted,®* ¢ one of the best modifica-
tions of this cluster to date is the synthesis of
[Mn;,0,,(0,CPh)2(dpp)4(H,0)4] (72; Figure 11). Cluster 72
is obtained by Kuroda-Sowa at al. from the reaction of
[Mn,015(0>CPh);6(H,0)4] with 4 equiv of (PhO),PO,H.*’
The Mn;0;; core structure is very similar to that of
[Mn]2012(02CPh)16(H20)4]. The central [MH4O4]8_ cubane
and the outer ring of eight Mn'"" ions are linked by eight
u>-0O*" bridges. The peripheral bridging ligands are catego-
rized into three groups. They are eight equatorial benzoates,
four axial benzoates, and four axial phosphates. The axial
benzoate groups are bridge Mn'Y and Mn"™ ions whereas

A = benzoate, W= H,0 72
= acetate, W= nothing 73
Figurell. Molecularstructuresof[Mn;,0;,(O,CPh),((O,P(OPh),)4-
(H20)4] (72) and [Mn;,0,2(0,CMe) 12((O,P(OPh),)4] (73).

the phosphates link two Mn"" ions. The arrangement of four

coordinated water molecules is in a 1:1:1:1 fashion with
alternating up and down positions. Four water oxygen atoms
are involved in the elongated Mn—O bonds.

The same authors have synthesized the water-free acetate-
and diphenyl phosphate-bridged manganese dodecamer
[Mn;,0;2(0,CMe)2(dpp)4] (73; Figure 11) by the reaction
of [Mn;,0,2(0,CMe);6(H20)4] with diphenyl phosphate in
acetonitrile followed by vacuum distillation of the azeotrope
of acetic acid and toluene.®® The core structure of this
compound is similar to 72, except for the absence of
coordinating water molecules. Compound 73 represents the
only example of a Mnj, cluster without coordinated water
molecules. The eight Mn™ ions in 73 can be divided into
two groups: four Mn'" ions with six-coordination and four
Mn™ ions with square pyramidal five-coordination, which
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Figure 12. Molecular structures of manganese phosphates.

are arranged alternately in the cluster. The crystal structure
determination further indicates that the four of the five-
coordinate Mn'" ions have agostic interactions from one of
the phenoxy hydrogen atoms of the phosphate ligand at the
vacant coordination site. Detailed magnetic susceptibility
measurements and magnetization hysteresis indicate that 73
is a SMM with quantum magnetization tunneling behavior.
In a more recent study,89 Kuroda-Sowa et al. have further
expanded this chemistry and prepared an extended series of
Mn,, single-molecule magnets having diphenylphosphate
bridges, [Mn,012(0>,CR)6-.(dpp).(H>0),] (R = CH3, x =
8,y=2(74); R=Ph,x=8,y=4(75); and R = Et, x =
4, y = 4 (76)) and their tetraphenylphosphonium salts
[Ph4P][Mn;,012(02CR)6-(dpp)x(H20)4] (R = CHs, x = 4
(77); x = 8 (78); and R = Ph, x = 4 (79); x = 8 (80)).
As in the case of molybdenum, several di-ferz-butylphos-
phate complexes of manganese have also been investigated
with the objective of developing single source precursors to
manganese phosphate materials. Reaction of Mn(OAc),*
xH,O with di-fert-butylphosphate (dtbp-H) in a 1:2 molar
ratio in MeOH followed by slow crystallization of the
resultant solid in MeOH/THF medium gave three new
polymeric metal phosphates [Mn(dtbp),], (81; Figure 12).°
The formation of [Mn(dtbp),], proceeds via the tetrameric
Mn phosphate [Mn4(O)(dtbp)e] (82), which was also isolated
in an analytically pure form. The molecular structure of 81

established by single-crystal X-ray diffraction studies reveal
that the compound possesses a one-dimensional coordination
polymeric structure with alternating triple and single dtbp
bridges between the adjacent Mn>" ions. Thermal analysis
(TGA and DSC) indicates that 81 gets converted to the
metaphosphate material Mn(PO3), at temperatures <500 °C.
Similarly, the thermal decomposition of 82 resulted in the
formation of both Mn(PO3), and Mn,P,0,.%°

The manganese one-dimensional polymer [Mn(dtbp).],
undergoes a facile room temperature transformation to
[Mn(dtbp)»(4,4'-bpy), *2H,0], (83; Figure 12) by the addition
of 4,4-bipyridine.’’*?> Compound 83 forms a non-interpen-
etrating two-dimensional grid structure. Manganese ions in
this extended solid have octahedral coordination geometry
and are connected to four 4,4'-bipyridine moieties and two
dtbp ligands in a trans arrangement. Each of the 4,4'-
bipyridine ligand bridges two manganese atoms in an end-
to-end fashion. The two unique manganese ions present in
the system make two separate two-dimensional grids. These
two unique grids lie one over the other in such a way that
the metal ion on the second grid is in the middle of the cavity
of the first grid in order to minimize the steric repulsion
between the bulky phosphate ligands on the adjacent grids.
The observed Mn--+Mn distances offer an estimate of the
size of voids or pores present in the grid structure. Interest-
ingly, along the chain of propagation, the distances are
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approximately 11.7—11.9 A, while the distances across the
grid window are 15.5 and 17.8 A, indicating the grid
windows are not exactly rectangular, but parallelepipeds. The
sum of the angles within any given parallelepiped is 360°.
The size of these voids, hence, allows incorporation of two
water molecules per formula unit of the metal. These water
molecules are hydrogen bonded to the phosphoryl oxygens
of the phosphate group.”’’

The use of chelating diamines such as 1,10-phenanthroline
in the reaction between manganese acetate and dtbp-H leads
to the isolation of a monomeric phosphate [Mn(dtbp),-
(phen)(OH,)] (84; Figure 12).°® Based on the molecular
structure determination of the copper analogue (vide infra),
it is assumed that in the structure of 84 the metal ion is five-
coordinate with one chelating phen, two monodentate dtbp,
and terminal water ligands.

Yashiro et al. have studied the reaction of a manganese—
terpyridine (tpy) complex, [MnCly(tpy)], with diphenyl
phosphate and diribonucleoside monophosphate diester (NpN;
N = adeninie, guanine, uracil, cytosine).”* The hydrolysis
of NpN by [MnCl(tpy)] in aqueous solution proceeds
smoothly to yield the expected hydrolysis products, mono-
phosphate esters. The studies further revealed that the
hydrolysis catalyzed by the terpyridine complex [MnCly(tpy)]
is 30 times faster than that by MnCl, at pH 7.0. On the other
hand, the reaction of [MnCly(tpy)] with diphenylphosphate
does not lead to any ester hydrolysis but produces a stable
dinuclear complex, [(tpy)(dpp)Mn"'(u-dpp).Mn"(dpp)(tpy)]
(85; Figure 12).”* Each manganese ion in this complex is
octahedrally coordinated by one terpyridine, two bridging
diphenyl phosphate anions, and one terminal diphenyl
phosphate anion.

2,6-Bis[N,N-di(2-pyridylmethyl)aminomethyl]-4-methylphe-
nol (Hbpmp) reacts with manganese(II) ions in the presence
of bis(p-nitrophenyl) phosphate to afford the dinuclear
complex, [Mny(bpmp)(bnp),]ClO4 (86), with two bnp~
ions.”” The structure of 86:2MeCN, determined by the
single-crystal X-ray method, has a dinuclear core structure
bridged by the phenolic oxygen atom of bpmp  and two
bnp~ ions. Each metal center has a pseudo-octahedral
geometry with an average Mn—donor distance of 2.207 A.
The [My(bpmp)(bnp),]C1O4 (M = Ni or Zn) complexes are
isostructural to 86.°

2.6.2. Technetium and Rhenium

There are not many well-characterized organophosphate
complexes of technetium and rhenium reported in the
literature. Barring the examples of tri-n-butylphosphate based
complexes (formed during the solvent extraction processes),
technetium does not form any other stable phosphate
complex. In the only example of a rhenium phosphate
complex, the organophosphate, [O,P(OMe),] ", ligand is in
fact synthesized in situ from the available PFs anion and
methanol in the reaction medium. Thus, the oxo group of
[ReO,(1-MeIm),] " (1-MeIm = 1-methylimidazole) can be
methylated with methyl trifluoromethanesulfonate in CH,Cl,
under mild conditions, leading to the isolation of [ReO(OCH3)-
(1-MeIm),](CF3S0s),, which is converted to the BPh, and
PFs~ salts.”® When the reaction is carried out in MeOH in
the presence of excess PF¢ , the phosphate ester complex
[ReO(O,P(OMe),)(1-Melm).](PFe), (87; Figure 13) is iso-
lated. The IR spectrum shows v(Re=0) vibrations near 960
cm™ ! in all cases. The visible spectrum of the blue phosphate
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ester compound 87 resembles that of the oxo-aquo [ReO(OH,)(1-
Melm),] 3* jon.”®

2.7. Group 8 Phosphates
2.7.1. Iron

Interactions of phosphate ligands with oxo-bridged diiron
units are considered important in proteins such as purple acid
phosphatases from bovine spleen,”” ribonucleotide reductase
from Escherichia coli,’® the invertebrate respiratory protein
hemerythrin,”® and the mammalian iron storage protein
ferritin.'°’ The iron oxo/hydroxy core in ferritin contains an
inorganic phosphate. The first structurally characterized iron
organophosphate, [Fe,O(dpp).(L),]+CHCl; (88; L = hydri-
dotris(pyrazolyl)borate; Figure 14), was reported by Lippard

t al.'?"'92 The structure of 78 reveals an oxo-bridged diiron
core further bridged by two bidentate phosphate ligands
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resulting in a [Fe;O(dpp)>]*" unit, which is capped by two
pyrazolylborates. The Fe+«+Fe distance in 88 is 3.337(1) A,
while the Fe—O—Fe angle is 134.7(3)°. Compound 88 was
characterized by magnetic (J = —98 cm™ ") and spectroscopic
(IR, NMR, UV-visible) measurements.

Subsequently, Lippard et al. have reported on the synthesis
and crystallographic characterization of a diiron(I) diphe-
nylphosphate complex with a neutral sterically hindered
bridging phthalazine ligand. [Fe,(u-dpp).(Phsbdptz)](OTH),
(89; Phybdptz = 1,4-bis[bis(6-phenyl-2-pyridyl)methyl]phthala-
zine; Figure 14), synthesized from Fe(OTf),*2MeCN,
Phsbdptz, diphenylphosphate, and Et;N in acetonitile, acts
as a small molecular model for the catalytic sites in non-
heme carboxylate-bridged diiron enzymes.'®* The aryl rings
of Phsbdptz form a hydrophobic size-constrained pocket in
which additional ligands can be accommodated, and they
block the possible formation of a tetranuclear species. The
Fe+-+Fe separation of 4.045 A in 89 is the largest thus far
observed for this type of diiron complex. The observed
Mossbauer spectrum of 89 clearly reflects the symmetry of
the Fe coordination environment.'®?

Model compounds for the oxidized uteroferrin—phosphate
complex based on oxo-bridged u-phosphato-binuclear iro-
n(Ill) complexes have been reported as early in 1989 by
Wieghardt et al.'® Since the complexes containing (u-
oxo0)bis(u-oxoanion)diiron(Ill) core are possible structural
models for the oxidized form of the uteroferrin-phosphato
complexes, [L,Fe,(u-O)(u-OsP(OPh)),] - NaClO,+2H,0 (90;
L = 1,4,7-trimethyl-1,4,7-triazacyclononane; Figure 14) was
prepared from [L,Fe,(u-O)(u-OAc),](ClO4),*H,O (91) via
substitution of the u-acetato bridges by O;P(OPh)*~, whereas
[LoFe (u-O)(u-HPOy)2] < 3H,O (92) was prepared, via hy-
drolysis of LFeCl; with Na,HPO. in aqueous solution.
LFey(u-X04); (XO4 = PO3(OPh)* ™, 93; HPO,>~, 94; Figure
14) formed in MeOH via spontaneous self-assembly from
LFeCls and the corresponding oxoanion. The diiron(III)
centers in 90 and 92 show a strong intramolecular antifer-
romagnetic coupling, while only a very weak antiferromag-
netic coupling was observed between the iron centers in 93
and 94. These authors have further investigated the kinetics
of the formation of 90 from 91 and Na,[O;P(OPh)] in
aqueous solution at pH = 8, and it has been found that the
formation of 90 is zeroth-order with respect to [OsP(OPh)*].

Complexes containing a phosphate-bridged (x-hydroxo)-
diiron(IIT) core, such as may exist in the metalloproteins
uteroferrin, beef spleen purple acid phosphatase, or the
hydroxylase component of methane monooxygenase, have
been prepared by Lippard et al.!% [Fe>(OH)(dpp)2(L)2]1BE-
4*2CH30H0.5Et,0+-H,O (95) contains hydroxo-bridged
diiron core that is additionaly bridged by two bidentate
phosphate ligands. The resulting [Fe,(OH)(dpp),]*" unit is
capped by pyrazolylborate ligands and one BF, ™ anion.'®
A similar compound, [Fe,(dpp)s(L)2]1BFs+ CH,Cl, (96), has
three bidentate phosphate groups bridging two iron centers
resulting in a [Fe,(dpp)s]*" unit capped with hydrotris(pyra-
zolyl)borate ligands.'®

As a result of protonation of the bridging O atom, the
dimetallic core in the hydroxo-bridged complex 95 is
expanded relative to that in the corresponding u-oxo
complexes, with a concomitant decrease in the magnitude
of the antiferromagnetic spin exchange coupling constants
(J ~ —10 to —20 cm ') and correspondingly larger
paramagnetic shifts in the "H NMR spectra. On the other
hand, in complex 96, where there is no u-oxo or hydroxo
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ligand present, a very weak antiferromagnetic coupling (J
= —0.8 cm ') and a large Fe*++Fe separation (4.677(1) A)
are observed. For 95, electronic transitions differ considerably
from those of oxo-bridged complexes. Similarly, Mossbauer
quadrupolar coupling parameters (0.25—0.40 mm/s) are
considerably smaller in the hydroxo-bridged complex.'®’

A new family of (u-oxo)(u-phosphato)diiron(Ill) com-
plexes, [Fe,O(dpp)(tpa).](ClOy)3+ (Me,CO) (97; tpa = tris(2-
pyridylmethyl)-amine; Figure 14), has been synthesized by
Que et al. starting from tpa*3HCIO4, EtzN, Fe(ClOy)s*
10H,0, and diphenylphosphate.'® The crystal structure of
97 establishes the presence of a doubly bridged Fe, core.
On the first iron, the amine nitrogen of tpa is trans to the
oxo bridge, while one of the pyridine nitrogens is trans to
the oxo bridge on the other Fe center. This complex exhibits
electronic and Mossbauer spectral features and magnetic
properties that are very similar to those of (#-oxo)diiron(III)
proteins as well as (1-oxo)bis(u-carboxylato)diiron(IIT) com-
plexes, demonstrating that these properties are not signifi-
cantly affected by the number of bridges and the inequiva-
lence of the Fe sites. The Fe(Ill) sites remain distinct in
solution as evidenced by "H NMR and resonance Raman
spectroscopy. The inequivalence is manifested in the reso-
nance Raman spectra as an enhancement of the
1,s(Fe—O—Fe) intensity, which is comparable to those found
for (u-oxo)diiron(IIl) proteins such as methemerythrin and
ribonucleotide reductase.'*®

Three diiron(II) complexes of the tetradentate tripodal
ligand N-(o-hydroxybenzyl)-N,N-bis(2-pyridylmethyl)amine
(hdp), [Fex(hdp)»(0)(O,CPh)BPh, (98), [Fe(hdp)-(O)(dpp)I-
BPh4 (99), and [Fe,(hdp).(dpp).]1(BPhys), (100) (Figure 14),
have been synthesized by Que et al. as models for the active
site of the purple acid phosphatases.'®” Compound 98 has a
(u-ox0)(u-benzoato)diiron(Ill) core, while complex 100 has
a bis(u-phosphato)diiron(Ill) core. The tetradentate HDP
completes the coordination sphere about each Fe center in
both complexes. Due to differences in their core structures,
the Fe--+Fe separations in 98 and 100 are 3.217(11) A and
4.819(1) A, respectively. Compound 99 is presumed to have
a structure analogous to 98 with phosphate replacing the
benzoate bridge. Both 98 and 99 exhibit strong antiferro-
magnetic coupling due to the presence of the oxo bridge (J
= —111 and —96 cm™', respectively). The Fe(IIl) centers
in 100 do not show any coupling. Compound 100 exhibits
Curie behavior throughout the entire temperature range
studied (6—300 K) with a magnetic moment commensurating
with two high-spin Fe(Ill) centers. The three complexes
exhibit visible absorption maxima at 522, 516, and 605 nm,
respectively, arising from phenolate-to-Fe(IIl) charge transfer
transitions. The shifts in the A.,,x values have been rational-
ized from the Lewis acidities of the respective Fe(IlI) centers
and compared with those of the purple acid phosphatases.'?’

There have been several attempts in the last decade to
synthesize phosphatase model compounds that contain a
phenoxy-bridged diiron core, either with or without mixed
valency across the dinculear core. Notable among these are
the mixed-valent iron phosphate [Fex(dpp).(bpmp)](ClO4),-
(CH30H)(H,O) (101) and the mixed-metal phosphate
[ZnFe(dpp)2(bpmp)](C104)x(CH;OH)(H;0) (102) (bpmp-H
= 2,6-bis(bis(2-pyridylmethyl)aminomethyl)-4-methylphe-
nol; Figure 15), which have been synthesized by Krebs et
al.'®® These molecules contain a u-phenoxo-bridged Fe®"/
Fe’* or Zn®'/Fe*' unit, where the metal centers are
additionally bridged by two diphenylphosphate moieties. It
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is of interest to note that the active site of uteroferrin (PP1)
and of phosphatase from bovine spleen consists of a Fe*"/
Fe** moiety in its inactive form in which the two iron centers
are strongly antiferomagnetically coupled, while the enzy-
matically active pink form of PP1 contains a mixed valent
Fe?*/Fe’" center with a weaker antiferromagnetic coupling.
In contrast, a phosphatase isolated from kidney beans (PP2)
contains a Zn>"/Fe’" unit. Hence the synthesis of compounds
101 and 102 assumes importance in understanding the
structure and properties of both active forms of purple
phosphatases PP1 and PP2.'"® The nitrogen donors of the
bpmp ligand offer an octahedral environment to the metal
by facial coordination in 101 and 102. Compound 102 has
a room-temperature magnetic moment of 6.15 ug. The
magnetic susceptibility of 101 shows an antiferromagnetic
interaction with a coupling constant of —6.2(5) cm ™', which
agrees with the value known for the reduced interoferrin
phosphate complex. While 102 exhibits one reversible
oxidation wave at +143 mV, 101 exhibits two reversible
oxidation waves at +135 and +755 mV.

By introducing a methoxy group in place of the methyl
group on the para-position of phenol ring of bpmp, Krebs et
al. synthesized a new ligand, bpmop. Using this new ligand,
they have investigated the preparation of complexes analo-
gous to 101 and 102 described above.'* The heterodinuclear
Zn"Fe™ complex [ZnFe(bpmop)(dpp)](Cl04),+H,O (103)
and the isostructural Fe"Fe™ complex [Fe,(bpmop)(dpp).]-
(Cl0O4)2°H,0 (104) (Figure 15) with the dinucleating ligand
2,6-bis[(bis(2-pyridylmethyl)amino)methyl]-4-methoxyphe-
nol (Hbpmop) have thus been prepared and characterized
by X-ray crystallography.'® A pH-induced change in the
coordination sphere of the metal centers has also been
observed for these complexes. These complexes serve as
models for the mixed-valence oxidation state in purple acid
phosphatases.

The pH-dependent cleavage acceleration of the activated
phosphodiester 2-hydroxypropyl p-nitrophenyl phosphate
(hpnp) has also been studied in MeCN—water (1:1) in the
presence of complexes formed by bpmop and its methyl
analog. At the optimum pH value (8.5 % 0.2), the Zn"Fe'™
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complex formed from bpmop (103) shows a two-fold higher
rate acceleration compared with that of the complex contain-
ing bpmp (104). The diiron complex from bpmop is four-
fold more reactive than the homologous complex from bpmp.
The heterodinuclear Zn"Fe'™ catalysts are at least 10-fold
more reactive than the homonuclear Fe"Fe™ catalysts.'*

Although the crystal structure of kidney bean purple acid
phosphatase (KBPAP) shows the active site to be a hetero-
nuclear Zn"Fe'" system with the metal ions in two chemi-
cally distinct environments, many complexes described as
models for this enzyme contain the two different metal ions
in very similar chemical environment. In a recent report,
Krebs and co-workers have described a new heterodinuclear
Zn"Fe™ y-phenoxy complex, [ZnFeL(dpp),], (105) (Figure
15), which was prepared from the unsymmetric ligand
2-{[bis(2-hydroxybenzyl)]amino } methyl-6-{[(2-pyridinyl-
methyl)amino]methyl}-4-methylphenol (H;L)."'® This asym-
metric ligand provides two distinct N- and O-rich donor sets.
The regioselective complexation of this ligand to Zn and Fe
ions is confirmed in solution 'H NMR studies. The crystal
structure of 105 interestingly reveals that the observed NOs
coordination sphere around the Fe'™™ reproduces for the first
time the O-rich coordination sphere around Fe™ in KB-
PAP.'"?

A binuclear iron(II) complex with a terminally coordinated
phosphato ligand, [Fe,Cl,(dpp)(tbpo)(MeOH)](ClO4),*
3MeOH (106) (Figure 15), has been synthesized from the
reaction of N,N,N',N'-tetrakis(2-benzimidazolylmethyl)-2-
hydroxy-1,3-diaminopropane di-HCl (Htbpo+<2HCI) with
Fe(ClO,);*9H,0 and diphenylphosphate.''" The X-ray struc-
ture showed the phosphate ligand to be terminally coordi-
nated to one iron center, while a MeOH ligand is coordinated
to the other iron center. This compound has been implicated
as a model compound for the oxidized form of purple acid
phosphatase from beef spleen.'"!

Que and co-workers further investigated the reduced
forms of the dinuclear iron—bpmp complexes.''?
[Fex(bpmp)(dpp)2]X (X = Cl, 107; BF,, 108, BPh,, 109)
were prepared to provide insights into the integer-spin EPR
signals found in the diferrous forms of diiron-oxo proteins.
Compound 107 has a (u-phenoxo)bis(u-phosphato)diiron
core. Compounds 107—109 exhibit EPR signals at g = 15,
a resonance position that is incompatible with both strong
and weak coupling models earlier proposed to explain the
corresponding signals in similar carboxylate complexes.
The EPR signals of 107—109 arise from an excited state;
the coupling interaction between the Fe centers is antifer-
romagnetic. Further, the temperature dependence of the EPR
signal indicates that the excited state is 12 cm ™' above the
EPR silent ground state in these complexes. These observa-
tions are corroborated by magnetization data for polycrys-
talline 109.'"?

Krebs et al., continuing their studies on model compounds
for oxidized forms of uteroferrin phosphate complex, have
reported on diiron(IIT) phosphates [Fe,(dpp).(bhpmp)]BPh,*
CHCl;+CH30H (110), (bhpmp-Hs = 2,6-bis[((2-hydroxy-
benzyl)(2-pyridyl methyl)amino)methyl]-4-methylphenol) and
[Fex(dpp)2(bhpp)]C104+H,O (111) (Figure 15; bhpp-Hs =
1,3-bis[(2-hydroxybenzyl)(2-pyridylmethyl)amino]-2-pro-
panol).'"? The structure of 111 reveals that both ferric ions
are coordinated by the trinegative heptadentate bhpp ligand.
Each metal ion is also bonded to one pyridinic nitrogen, one
tertiary nitrogen, the phenolate oxygen, and the bridging
alkoxide oxygen. The distorted octahedral environment of
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each iron center in 111 is completed by coordination of two
diphenylphosphate ligands. The structure of 110 is similar
to that of 111.""

Synthesis, structural, magnetic, and redox behaviors of
asymmetric diiron Fe"Fe™ complexes with a single termi-
nally bound phenolate ligand that have relevance to the PAP
enzymes have been reported by Latour and co-workers.''*
Thus, new asymmetric ligands H,L1 (2-[(bis(2-pyridylm-
ethyl)amino)methyl]-6-[((2-pyridylmethyl)(2-phenol)ami-
no)methyl]-4-methylphenol) and H,L.2 (2-[(bis(2-pyridylm-
ethyl)amino)methyl]-6-[((2-pyridylmethyl)(6-methyl-2-
phenol)amino)-methyl]-4-methylphenol) were synthesized by
these authors to provide both a bridging and a terminal
phenolate to a pair of iron ions in order to mimic the binding
of a single terminal tyrosinate at the diiron center of the
purple acid phosphatases. Mixed valence diiron complexes
[Fe"Fe"(L1)(dpp),]BPh, (112) (Figure 15) and [Fe""Fe'(L2)-
(dpp)2]PFs (113) and trivalent diiron complexes have been
obtained starting from ferric nitrate, the corresponding
asymmetric ligand, diphenylphosphate (dppH), and NaBPhy
or NaPF;. Diferric complexes [Fe" Fe™(L1)(dpp),](I);BPh,
(114) and [Fe"Fe™(L2)(dpp),](PFs), (115) have been ob-
tained also either by direct synthesis or by iodine oxidation
of the mixed valence precursor. The electronic spectrum of
the mixed-valence compounds are dominated by a charge
transfer transition in the 400—600 nm domain, which moves
to the 550—660 nm range upon oxidation to the diferric state.
In addition, they exhibit a weak and broad intervalence
transition close to 1100 nm. Electrochemical studies show
that these systems exist in three redox states, Fe''Fe"/Fe""Fe'"/
Fe'"Fe"'. Moreover they show that the introduction of the
terminal phenol group results in a thermodynamic destabi-
lization of the diferrous state higher than the stabilization of
the diferric state. An expanded stability domain of the mixed
valence state is therefore observed that is attributed to the
asymmetry of the products. Comparison of the carboxylate
and phosphate derivatives leads to attributing it to the partial
dissociation in solution of the carboxylate oxygen trans to
the phenolate. The latter feature bears an intrinsic resem-
blance to the dissociation of iron that is observed when purple
acid phosphatases are reduced by dithionite. These studies
clearly show the importance of tyrosine binding on the redox
properties of the PAP enzymes.''*

Starting from an alkoxy bridging ligand with additional
nitrogen donor sites, bis(benzimidazol-2-ylmethyl)(2-hy-
droxyethyl)amine (bhnH), Cheng et al. have synthesized a
binuclear Fe** complex, [Fex(dpp)2(bhn)](ClOy), (116) (Fig-
ure 15), which is a potential model for the oxidized form of
purple acid phosphatase.''> The Fe** ions in 116 are bridged
by two oxygen atoms derived from the -OH group of bhn-H
ligand. Each bhn ligand binds to one Fe atom through its
three nitrogen atoms and the distorted octahedral environment
around the Fe atom is reached by a terminal phosphate
moiety.''> Magnetic susceptibility measurements have been
carried out for 116 in the range 4.2—300 K. The room-
temperature magnetic moment of 6.22 ug drops to 0.64 ug
at 8.7 K suggesting antiferromagnetic interactions between
the two ferric ions at low temperatures. Further the calcula-
tions based on an isotropic Heisenberg model suggest
antiferromagnetic coupling between the Fe(III) ions with J
=—175cm™ .

The first iron(Ill)—nickel(Il) heterodinuclear complex
containing both terminal and bridged phosphato ligands
relevant to structural core models for dimetalloenzymes has



3566 Chemical Reviews, 2008, Vol. 108, No. 9

F'ho/i"0 PhO” |
PhO  OPh
PhO PhO
cation of 117 Br
118
HsCO OCH;

HN ¢ Fe& 7N
\N/ ’ /Fe\N/ 7 \o 0/ \\N
0\ /0 _p=0 \P<OQ?
7'\ PhO~; / R—OPh

PhO  OPh pho PO OPh\op

cation of 120

h
cation of 122

Figure 16. Iron phosphates with multidentate ligands.

been synthesized by Cheng and co-workers.''® This het-
erodinuclear complex, [FeNi(hptb)(dpp)(HOMe)](ClOs),*
2H,0 (117) (hptb-H = N,N,N',N'-tetrakis(2-benzimidazolyl-
methyl)-2-hydroxy-1,3-diamino-propane) (Figure 16), contains
bidentate bridging and terminal monodentate coordinated
diphenylphosphate ligands.''®

The synthesis and characterization of a diiron(IIT) complex
featuring a novel oxo-hydroxo bridge stabilized by hydrogen
bonding to uncoordinated benzimidazole moieties of a
polydentate unsymmetrical ligand has been reported by Rapta
et al. In ethanol, the potentially dinucleating ligand 2-[bis(2-
benzimidazolylmethyl)amino]methyl-4-methyl-6-[ N-(2-ben-
zimidazolylmethyl)-N-(2-methoxybenzyl)aminomethyl]phe-
nol (N3O(H)N,-MeOB) binds to Fe(ClQ,); in a 1:1 manner
in the presence of diphenylphosphate and Et;N to yield
[Fea(N30-N,H,? "-MeOB),(u-dpp)(u-O+++H+++ 0)](C1O0y),*
6H,O (118) (Figure 16).""” Coordination at each iron is
completed by a nitrogen(amine) trans to the oxo-hydroxo
bridge, a phenolate oxygen trans to the phosphato bridge,
and two trans-related nitrogen (imine) atoms. This complex
represents the first example of a dinuclear iron complex with
an oxo-hydroxo bridge, Fe—O+++H +++O—Fe. This OHO*~
group, which is stabilized by hydrogen bonding to the N—H
groups of the uncoordinated benzimadazole moieties, is
suggestive of possible intermediates in the stepwise depro-
tonation of coordinated water molecule(s) because the
OHO®~ group is the penultimate species in the hydrolysis
of a bis(aquo)diiron(III) species to a (u-oxo)diiron product.
The Fe--+Fe separation in this complex is remarkably long
(5.164(2) A), and hence a a very weak antiferromagnetic
coupling is observed. (J &~ —3 cm™").'"7

A dinuclear phenoxo-bridged Fe(II) complex 119 (Figure
16) with N-salicylidene-2-hydroxy-5-bromobenzylamine
(H,L,), has been synthesized and characterized by IR and
electronic spectral studies as well as by magnetic susceptibil-
ity measurements.''® Single-crystal X-ray analysis revealed
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that the dinuclear Fe(Ill) complex is bridged by two
phenoxo-O atoms of the Schiff-base ligand. The dinuclear
molecule is centrosymmetric with a crystallographic inver-
sion center in the middle of the Fe,O, core. The two iron
atoms are further bridged by two diphenyl phosphates
bridging in a syn—syn configuration. Each iron atom (Fe) is
coordinated to two phenoxo oxygens and one imino nitrogen
of the Schiff-base ligand L and one phenoxo oxygen atom
of the other ligand L. The fifth and sixth coordination sites
are occupied by the two diphenyl phosphate oxygen atoms.
The iron centers are arranged in an approximate octahedral
geometry. The magnetic susceptibility data shows a ferro-
magnetic interaction within a dinuclear core in 119.'"®

The synthesis and crystal structure of a diferrous complex,
[Fe,L(dpp)](ClO4),*Et,O (120; L = anion of N,N,N',N'-
tetrakis(N-ethyl-2-benzimidazolylmethyl)-2-hydroxy-1,3-di-
aminopropane) (Figure 16), and its reactivity with molecular
dioxygen have been reported by Yan et al.!'®® The Fe(II)
sites in this complex are bridged by an alkoxide of the
dinucleating ligand and a phosphate, resulting in a diiron
core with an Fe—-u-O—Fe angle of 131.20(3)° and an Fe—Fe
distance of 3.649 A. Both Fe(Il) centers have trigonal
bipyramidal geometry. Interestingly a dioxygen adduct of
this complex is formed upon exposure to molecular oxygen
at —60 °C. The adduct, 121, which is stable only below —60
°C, decomposes upon warming. The complex exhibits visible
absorption near 606 nm and resonance Raman features at
478 cm ™! (W(Fe—0)) and 897 cm™ ' (¥(O—0)). The latter is
characteristic of a u-1,2-peroxo species, indicating that
dioxygen adducts can serve as a model for the putative
oxygenated intermediate of some nonheme diiron-oxo proteins.

Yan et al. have reported on a dinuclear iron(IIT) complex
with a bridging diphenylphosphate and two terminal diphe-
nylphosphate ligands.''”® This dinuclear Fe(IlI) complex,
[Fe(hptb)(u-dpp)(dpp)2](ClO4), (122) (Figure 16), also acts
as a model for the active site of purple acid phosphatase.
Dinuclear Fe(III) centers are bridged by a #-OR group from
hptb, a bidentate bridging diphenylphosphate ligand. Two
terminal diphenylphosphates also coordinate to the Fe(III)
centers.

Nag and co-workers have very recently isolated a Fe—Zn
heterobimetallic complex bearing a bnpp ligand, [{FeLZn-
(bnpp) }2(u-0)](Cl04), (123; L = tetraiminodiphenol mac-
rocycle), starting from [Fe(LH,)(H,O)CI](ClO4),+2H,0, zinc
perchlorate, and bis(nitrophenyl)phosphate. In complex 123,
the 1-O ligand bridges two heterobimetallic ZnFe.'?°

Apart from the well-defined iron complexes described
above, where a phosphate binds to iron through the phosphate
oxygen atoms, there have been a number of studies on the
kinetics of phosphate mono- and diester hydrolysis by
preformed and suitably designed iron mono- and dinuclear
complexes.'?''?* Details of such studies are beyond the
scope of this review since no stable phosphate complexes
of iron have been isolated and characterized during these
processes.

2.7.2. Ruthenium and Osmium

There are no structurally well-characterized complexes of
these metals where a organophosphate ligand is directly
linked to the metal.
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2.8. Group 9 Metal Phosphates
2.8.1. Cobalt

Cobalt di-n-butylphosphate, Co(O,P(O"Buy),), (124a), was
synthesized by Wongnawa et al.'*® in 1987 starting from
cobalt chloride and excess tri-n-butylphosphate via a phos-
phate ester hydrolysis route. The predicted structure for 124a
is polymeric, and the geometry around cobalt is tetrahedral.
The cyclic cobalt n-butylphosphate, [Co(O,P(O"Bu),),-
(py)3]1.CHCl; (124b) (Figure 17), reported in 1988, contains
cobalt ions that are octahedrally surrounded by three py-
ridines, one monodentate n-butylphosphate, and two bridging
di-n-butylphosphates.'*’

Glowiak et al. have synthesized a monomeric cobalt
phosphate complex, [Co(O;POPh)(bpy)(OH,);](H,0) (125),
by the reaction of cobalt phenyl phosphate with bpy.'?® The
geometry about the six-coordinate cobalt ion involves a
slightly distorted octahedron. The axial positions are occupied
by the oxygen atom of the water molecules. The equatorial
positions are occupied by two nitrogen atoms of the bpy
ligand, one oxygen atom of the phosphate group, and the
oxygen atom of the third water molecule.

The synthesis and structural characterization of the isomers
of novel binuclear cobalt(IIl)—phenyl phosphate complexes
incorporating the ethylenediamine ligand were reported by
Jones et al."?® The reaction between cis-[Co(en),Cl]Cl04
and [Agx(OsPOPh)] in anhydrous Me,SO yielded the dimeric
cation {[Co,(en),(u-OsPOPh)],}>" (126; Figure 17) as the
major product. An X-ray structure determination of the meso
diastereomer as the triflate salt monohydrate showed that it
consisted of two bis(ethylenediamine)cobalt(III) moieties
bridged by two phosphate ester groups. The racemic dias-
tereomer has been resolved, and the corresponding rotatory
dispersion and CD spectral details have been probed.'?’

Recent studies on the exploitation of di-fert-butylphosphate
complexes of transition metals for the preparation of fine
particle phosphate materials have also been extended to
cobalt complexes by Murugavel et al.'*® Reaction of
Co(OAc),+4H,0 with di-fert-butylphosphate (dtbp-H) in a
4:6 molar ratio in MeOH or THF gave the tetranuclear metal
phosphate cluster Co(u4-O)(dtbp)s (127) in a nearly quan-
titative yield."** For the same reaction carried out in the
presence of a donor auxiliary ligand such as imidazole
(imz) or ethylenediamine (en), octahedral complexes [Co-
(dtbp),(imz)4] (128) and [Co(dtbp).(en),] (129) were ob-
tained.'*® The tetrameric cluster could be converted into
mononuclear complexes 128 and 129, respectively, by
treating 127 with a large excess of imidazole or ethylene-
diamine. The use of slightly bulkier auxiliary ligand 3,5-
dimethylpyrazole (3,5-dmp) in the reaction between cobalt
acetate and dtbp gave the mononuclear tetrahedral complex
Co(dtbp)a(3,5-dmp), (130; Figure 17) in nearly quantitative
yields. The Co" ion in 128 is octahedrally coordinated by

four imidazole nitrogens, which occupy the equatorial
positions, and oxygen atoms of two phosphate anions on the
axial coordination sites. The crystal structure of 130 reveals
that the central Co atom is tetrahedrally coordinated by two
phosphate and two 3,5-dmp ligands. In 128 and 130, the dtbp
ligand acts as a monodentate, terminal ligand with free P=0
phosphoryl groups. Thermal studies indicate that heating 127
at 171 °C leads to the loss of 12 equiv of isobutene gas
yielding carbon-free [Cos(us-O)(O,P(OH),)s], which under-
goes further condensation by H,O elimination to yield
C040,9P¢ material. This sample of 127 when heated to >500
°C yields the crystalline metaphosphate Co(POs3), along with
amorphous pyrophosphate M,P,07 in a 2:1 ratio. Similar heat
treatment on mononuclear complexes 128—130 also results
in the exclusive formation of the metaphosphate Co(PO3),,
albeit with nitrogen impurities.

In an attempt to isolate new structural forms of cobalt—dtbp
complexes, cobalt acetate was reacted with dtbp-H in the
presence of potentially tridentate 1,3-bis(3,5-dimethylpyrazol-
1-yl)propan-2-ol. Quite surprisingly, the coligand does not
coordinate to the metal, and the product isolated is the one-
dimensional polymer [Co(dtbp).], (131).91’92 Compound 131,
which is a new structural form for cobalt—dtbp complexes,
has been characterized with the aid of analytical and
spectroscopic studies. A single-crystal X-ray diffraction study
reveals that the molecular structure of 131 is similar to
[Mn(dtbp)], (81).”° Alternating single and triple phosphate
bridges are found between the adjacent Co ions in 131, which
are coordinated by four phosphate oxygen atoms in a
tetrahedral geometry. The presence of fert-butoxy groups
makes compound 131 an ideal candidate for the production
of phosphate materials at low temperatures. The TGA of 131
reveals a weight loss of 47% in the range 114—152 °C
corresponding to the loss of 4 equiv of isobutene to produce
Co(O,P(OH),),. Heating the sample to 350 °C results in a
further weight loss that corresponds to the removal of two
water molecules to result in Co(PO3),.”!

Cobalt polymer 131 transforms readily into a two-
dimensional grid structure [Co(dtbp),(4,4"-bpy),.(H,0).],
(132) by stirring 131 with 2 equiv of 4,4'-bpy in methanol
for a few hours. Compound 132 crystallizes with two
crystallographically unique metal ions in the asymmetric unit,
which produce two separate two-dimensional grids in the
crystal lattice. To minimize steric repulsion, these grids are
offset from one another; the metal ion in one grid resides
centered above the cavity in the adjacent grid. The distance
between the metal—ligand planes of the two independent
adjacent nets is half of the cell length along the a axis (~7.9
A). The molecular dimensions and the size of the void in
cobalt grid 132 are comparable to those of the manganese
grid phosphate 83.

It is now well known that phosphate esters can be activated
by direct coordination to metal ions. Numerous mono- and
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dinuclear metal complexes have been developed as models
for nucleases, polymerases, and phosphatases. To sense
phosphates efficiently, the receptor should bind tightly to the
phosphates. However, it is generally difficult to achieve tight
binding of phosphates in water. One way to overcome this
difficulty may be to combine H-bonding and metal coordina-
tion. Using the synergistic effect between metal coordination
and hydrogen bonding resulting in an enhanced phosphate
recognition has been recently demonstrated in the case of a
cobalt—dimethyl phosphate complex by Chin and co-
workers.'?! Addition of NaOH and 2-aminopicolinate to
[Co(bamp)Cls] (bamp = bisaminomethyl pyridine) followed
by the addition of HCIO4 produces the octahedral Co™
complex [Co(bamp)(2-aminopicolinate)(OH,)](ClO4), (133).
The coordinated water molecule in this complex, due to the
proximity of the amino group, forms a strong intramolecular
N—H-++O hydrogen bond. Treatment of 133 with sodium
dimethyl phosphate at 80 °C produces the Co(III) phosphate
complex [Co(bmap)(2-aminopicolinate)(O,P(OMe),)](ClOy)
(134) (Figure 18). In 134, the phosphate anion is bound trans
to the carboxylate group and is H-bonded to the amino group
(N—H---0, 2.77 A). It has been further established that the
equilibrium constant for binding of dimethyl phosphate to a
Co(IIT) complex in water increases from 6.2 to 210 M !
upon addition of a single hydrogen bond between the bound
phosphate and the metal complex. This synergistic effect
between metal coordination and hydrogen bonding has also
been observed for fluoride binding but not for bromide."?’

Using other cobalt complexes, Chin et al. have attempted
to unravel the mechanism of hydrolysis of a phosphate diester
that is doubly coordinated to the metal by synthesizing the
dinuclear cobalt complexes [Cox(tacn)>(OH).(O,P(OCH3),)]-
(Cl04)3 (135) and [Cos(tacn),(OH),(O,P(OCH3)(OC¢Hs-
NO,)](CIO4); (136) (Figure 18) from the reaction of
[Coa(tacn),(OH)3](NO3); (tacn = 1,4,7-triazacyclononane)
and the sodium salt of the phosphate ester in aqueous HCIO,.
In both complexes, the Co™ ijons are bridged by one
phosphate anion, two hydroxyl groups, and the tridentate
amine.'** Hydrolysis of the phosphate diester in complex
136 has been monitored by measuring the absorbance of the
released p-nitrophenol by UV —vis spectroscopic methods.
The half-life of the hydrolysis has been measured to be 6 s
at pH 8, and the second-order rate constant for the hydroxide
catalyzed hydrolysis of the diester in 136 was found to be
1.3 x 107> M~ ' s ! at 25 °C. Further mechanistic studies
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reveal that the diester unit in 136 is hydrolyzed by a
mechanism involving double Lewis acid activation and the
attack of a bridging, nucleophilic oxo ligand, which together
lead to an unprecedented 10'%-fold rate enhancement for the
hydrolysis. Recently, Hengge et al. have proposed altered
mechanisms of reactions of phosphate ester in complexes
of the type 136 using kinetic isotopic effects.'*?

Extending the chemistry of 135 and 136, Chin et al. have
studied the hydrolysis of phosphate monoesters coordinated to
a dinuclear—tacn core. The hydrolysis of four substituted phenyl
phosphate monoesters, [Co,(tacn),(OH),{O;P(OAr)}]** (sub-
stituent on aryl group = m-F, 137; p-NO,, 138; m-NO,, 139;
unsubstituted, 140; Figure 18), each coordinated to a dinuclear
Co(IlT) complex, has been investigated.'** Crystallographic
data for the p-nitrophenyl derivative reveal that 138 is an
excellent structural model of the active sites of several
phosphatases such as protein phosphatase-1, kidney bean
purple acid phosphatase, and calcineurin-a. All of these
structures consist of two octahedral metal complexes con-
nected by two oxygen bridges, forming a four-membered-
ring diamond core. The pH—rate profile and the '*0-labeling
experiment for the hydrolysis of 138 indicate that the oxide
bridging the two metal centers in the diamond core is acting
as an intramolecular nucleophile for cleaving the coordinated
phosphate monoester. The phosphate monoesters in this
model system are hydrolyzed more rapidly than those in
previously reported model systems. Hence, the dinuclear
cobalt complexes 137—140 appear to be excellent structural
and functional models of the above-mentioned phosphatases.
The rate of hydrolysis of 137—140 is highly sensitive to the
basicity of the leaving group.

The hydrolysis of phosphate monoester on a cobalt(III)
dinculear complex without bridging hydroxyl groups has
been investigated through the synthesis of [Co,(bpmp)-
(O3P(OPh))(OH»)(OH)](ClO4), (141; bpmp-H = 2,6-bis-
(bis(2- 5pyridylmethyl)aminomethy1) -4- methylphenol Figure
18).135 The phosphate ester in complex 141 is hydrolyzed
an unprecedented 10''-fold more rapidly than the corre-
sponding unbound phosphate. Clean cleavage of the bidentate
monoester, together with the crystal structure of 141, provides
detailed mechanistic insight into the hydrolysis reaction in
this case.'®”

A dinuclear metal(IT) complex of 2,6-bis{ N-[(2-dimethy-
lamino)ethyl]-iminomethyl }-4-methylphenol (HL), [Co,L-
(OAc),]BPhy (142), has been examined in the light of its
hydrolytic activity toward tris(p-nitrophenyl) phosphate and
bis(p-nitrophenyl) phosphate by both mass spectrometric and
UV—visible spectroscopic studies.'*® The corresponding
nickel and zinc complexes, [Ni,L(OAc),(MeOH)|BPh, (143)
and [Zn,L.(OAc),]|BPh, (144), have also been synthesized
starting from the same ligand. All the complexes hydrolyze
the phosphate esters very efficiently.'?®

2.8.2. Rhodium

There are a few reports in the literature on the synthesis
and catalytic studies of chiral rhodium phosphate complexes,
although none of these complexes have been characterized
by X-ray diffraction studies. For example, starting from a
series of (5)-4,4',6,6'-tetrasubstituted-1,1'-bi-2-naphthol phos-
phates, the synthesis of four new tetrakis[4,4',6,6'-tetrasub-
stituted- 1,1'-bi-2-naphtholphosphate]dirhodium(II) complexes
145—148 has been accomplished by Hodgson et al.'*” The
use of these complexes as catalysts in the enantioselective
tandem carbonyl ylide formation—intramolecular 1,3-dipolar
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cycloaddition of an unsaturated 2-diazo-3,6-diketoester,
generating cycloadduct (as high as 86% ee), has been
demosntrated.'*” Similar chiral rhodium phosphates have
been employed as catalysts in a number of organic
transformations, '3%-144

2.8.3. Iridium

Phosphate complexes of irdium have been less studied.
The phosphate diesters ethyl-4-nitrophenyl phosphate and
bis(4-nitrophenyl) phosphate in the complexes cis-
[(en),Ir(OH)(O,P(OR),)]* (149, 150) were found to react
with the OH group of the complex at pH 8 and liberate
nitrophenolate ion ~10°-fold faster than for the free ligand
under the same conditions.'** The expected products of these
reactions, the chelate phosphate esters, were not observed,
but only the ring-opened monodentate monoester products
were obtained as a result of P—O bond cleavage. It has been
concluded that the cis-hydroxo ligand is a good nucleophile
toward bound phosphate esters.

The same authors have examined the penta-ammine
iridium phosphate complexes [Ir(NH3)s(O,P(OR)(OCsH4NO,-
4)](Cl04), (R = Et, 151; C¢H4NO,-4, 152) for their reactivity
under basic conditions.'*® It has been found that these
complexes react predominantly via intramolecular attack of
a deprotonated NHj ligand and liberate 4-nitrophenolate ion.
It has been suggested that the four-membered phosphora-
midato chelate ring opens via P—O and P—N rupture to yield
N-bonded phosphoramidate monoester and O-bonded phos-
phate ester complexes. The rate constant for the intramo-
lecular attack of the amido ion is enhanced considerably
relative to the reactivity of the uncoordinated substrate under
the same conditions.

Electron-poor 2-(3,5-bis(trifluoromethyl)phenyl)-4-trifluo-
romethylpyridine [HCAN] undergoes cyclometalation in the
presence of trimethylphosphate at lower temperatures to yield
the bis-cyclometalated derivative [(CAN),Ir(u-O-P(OMe),-
0),Ir(CAN),] (153). Interestingly, the light-emitting diodes
(LEDs) constructed with 153 give blue-green emission with
peak electroluminescent efficiency of 2 cd A™'.'%

2.9. Group 10 Metal Phosphates
2.9.1. Nickel

Dinuclear metal ions bridged by monodentate phosphodi-
ester ligands are very important in the field of biology.
Lippard et al.'"*® reported a dimeric nickel compound,
[Niy(bpan)(dpp)>(CH3CN),](Cl0y), (154) (bpan = 2,7-bis[2-
(2-pyridylethyl) aminomethyl]-1,8-naphthyridine; Figure 19),
which was prepared by the reaction of Ni(ClO4),*6H,0,
bpan, and Na-dpp. The two phosphate diester ligands in 154
bridge the metal through only the O™ of the phosphate group.
The phosphoryl oxygen atoms (P=O0) are involved in
hydrogen bond formation to one of the secondary amine
groups of bpan and not in metal coordination. The bpan
moiety connects two nickel centers in a tridentate fashion,
while one acetonitrile molecule is bound to each metal ion
in a terminal fashion.

Hydroxo- or carboxylate-bridged dinuclear Ni(II) com-
plexes with N,N,N',N -tetrakis{ (6-methyl-2-pyridyl)methyl }-
1,3-diaminopropan-2-ol (Meatpdp-H) have been synthesized
as models for Ni(II)-substituted phosphotriesterase by Yamagu-
chi et al.'*® These complexes have been transformed to
[Nix(Mestpdp)(dpp)(CH30H),](Cl1O4), (155) (Figure 19), in
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which two octahedral Ni*" ions are bridged by alkoxide and
phosphate diester groups, by their reaction with diphenyl
phosphate.

Ito et al. have synthesized dimeric nickel phosphate
complex [(tpa)Ni(dpp).Ni)(tpa)](ClO4), (156) (Figure 19) by
the reaction of [(tpa)Ni(OH),Ni(tpa)](ClO4), with triphenyl
phosphate.’® Each nickel(II) ion in the complex adopts a
slightly distorted octahedral coordination environment with
diphosphate anions bridging in syn—anti mode. The four
coordination sites of each nickel ion are filled by the tpa
ligand. The remaining two coordination sites are filled by
the two bridging diphenyl phosphate anions. For charge
neutrality, two perchlorate anions are present in the outer
sphere.

Recently Santana et al. have synthesized the bis(phos-
phatediester)-bridged complexes [{Ni([12]aneNs)(u-O,P-
(OR)2) }21(PFe)> (157—164) ([12]aneN; = 2,4,4-trimethyl-
1,5,9-triazacyclododec-1-ene; R = Me (157), Bu (158), Ph
(159), and Ph-4-NO, (160) and [12]aneN; = Mey[12]aneNs3,
2,4,4.9-tetramethyl-1,5,9-triazacyclododec-1-ene; R = Me
(161), Bu (162), Ph (163), and Ph-4-NO, (164)) (Figure 19)
by hydrolysis of the phosphate triester with the hydroxo
complex [{Ni([12]aneN3)(u-OH)},](PFs), or by acid—base
reaction of the dialkyl or diaryl phosphoric acid and the
above hydroxo complex.'>! Complexes 158 and 159 have
been characterized by single-crystal X -ray diffraction studies.
The coordination geometry around the nickel atom is
distorted trigonal bipyramidal for 158 and distorted square
pyramidal for 159. The magnetic-exchange pathways found
in 158 and 159 were found to involve the phosphate bridges,
because these favor antiferromagnetic interactions. The
observation of a higher exchange parameter for compound
159 is a consequence of a favorable disposition of the
O—P—O bridges. The kinetics for the hydrolysis of tris(4-
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nitrophenyl)phosphate with the dinuclear Ni(II) hydroxo
complex [{Ni(Me;[12]aneNs)(¢-OH) }»](PFs), has been stud-
ied by UV—visible spectroscopy and the proposed mecha-
nism for hydrolysis can be described as a one-substrate, two-
product mechanism and can be fitted to a Michaelis—Menten
equation.

Reaction of Ni(OAc),*4H,0 with di-fert-butylphosphate
(dtbp-H) in the presence of imidazole (imz) yields the
octahedral complexe [Ni(dtbp),(imz),] (165)."*° The nickel
ion in 165 is surrounded by four imidazole ligands that are
cis to each other and two phosphate ligands that are trans to
each other. The phosphate ligands bind to the metal in a
monodentate fashion.

2.9.2. Palladium and Platinum

There are not many reports on the synthesis and structural
characterization of Pd or Pt organophosphate complexes,'>*'>?
although several nucleotide and sugar—phosphate complexes
have been structurally characterized.

The first platinum phosphate complexes were reported in
1992 by Kemmit et al. They have shown that the treatment
of cis-[PtCl,L,] (L = a phosphine donor ligand) with
phenylphosphate (PhO)POs;H, in the presence of excess
Ag,0 in refluxing CH,Cl, yielded the platinum phosphates
[Pt{O,P(O)(OPh)}L,] (L = PPh; (166), PPhMe, (167),
AsPh; (168); L, = dppe (169); dppp (170); dppb (171)). The
X-ray crystal structure of the phenylphosphonate platinum
complex [Pt{O,P(O)(Ph)}(PPhMe,),] showed the presence
of a slightly puckered metallacyclic ring with the phosphoryl
O adopting an equatorial position.'>?

In 2002, using the same methodology, Battle et al. rerorted
the synthesis of [Pt(dpp).(en)] (172; dpp = diphenylphos-
phato, en = ethylenediamine) in the presence of Ag,O. These
authors have shown that the density functional studies (DFT)
suggest square-planar coordination geometry around the
central platinum ion in such complexes, with rather weak
Pt—O bonds but very strong intramolecular N—H:++-O
hydrogen bonds. They have further concluded that phos-
phates are weaker ligands to Pt(II) than nitrates and are
therefore likely to be highly reactive.'?

2.10. Group 11 Metal Phosphates
2.10.1. Copper

Copper—phosphate complexes have been investigated
extensively over the last two decades. The chemistry of
simple copper complexes of diphenyl phosphate is described
in the beginning of this section, followed by a description
of the chemistry of copper di-fert-butylphosphate complexes,
which find applications as single source precursors for
ceramic copper phosphates. At the end of this subsection,
the use of copper—phosphate complexes as model com-
pounds for phosphate diester hydrolysis reactions is highlighted.

Glowiak et al. have studied the interaction of copper ion
with diphenyl phosphate in the presence and absence of other
ligands and characterized the products obtained by X-ray
diffraction studies. The synthesis of a monomeric copper
diphenylphosphate [Cu(dpp).(OHz),] (173) (Figure 20) has
been recently reported.'>* The copper ion is coordinated by
the two phosphate ligands and two water molecules in a
unidentate fashion to attain a square-planar geometry. A
mixed aminocarboxylate—phosphate copper complex,
[Cux(0O,CCH,CH,NH3)4(dpp)2][(dpp)2] - 2H,O (174) (Figure
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Figure 20. Copper mono- and diphenyl phosphates.

20), has been synthesized starting from barium diphe-
nylphosphate, copper sulfate, and S-alanine.'>* The coordi-
nation polyhedron around each copper ion is square pyra-
midal and shows the copper acetate structure with four
bidentate carboxylate groups of f-alanine zwitterionic mol-
ecules forming syn—syn bridges between two copper ions.
The axial coordination site is occupied by a phosphate
oxygen atom of the diphenylphosphate ligand.'* The use
of glycine instead of alanine leads to the isolation of a copper
complex, [Cu(H,O)e][(dpp). * (NH3CH,COO),] (175), in which
the diphenylphosphate and glycine moieties are not coordi-
nated to the copper but are hydrogen bonded via the
coordinated water molecules.

Addition of nitrogen donor ligands such as imidazole or
2,2'-bipyridine leads to the isolation of new mononuclear
complexes 176—178. In [Cu(bpy).(PhOPO3)](PhOPO3-
H,)+H,0 (176), the [Cu(bpy).(PhOPOs3)] unit involves a five-
coordinate CuN4O chromophore with a distorted trigonal-
bipyramidal stereochemistry; the phosphate groups in the
lattice are linked together by short H bonds of (P)—O—H++-O—P
type.'>® In tetrakis(imidazole)bis(diphenyl-phosphato)copper,
[Cu(imz)4(dpp)] (177) (Figure 20), the central metal ion has
a tetragonally distorted octahedral coordination geometry
with four coplanar imidazole N atoms and the axial sites
occupied by diphenyl phosphoato O atoms.'>” In pentaki-
s(imidazole)copper monophenyl phosphate tetrahydrate,
[Cu(imz)s((PhO)PO3)]-4H,O (178), the copper ion has
distorted square-pyramidal coordination with equatorial
Cu—N distances of 2.028—2.068 A and an axial Cu—N
distance of 2.230 A."*®

The use of di-tert-butyl phosphate as the phosphate ligand
in copper chemistry has led to the isolation of structurally
interesting molecules. Reaction of copper acetate with dtbp-H
in a 1: 2 molar ratio in methanol followed by slow
crystallization of the resultant solid in MeOH/THF medium
results in the formation of a new polymeric metal phosphate
[Cu(dtbp),], (179) in good yields.”® While alternating triple
and single dtbp bridges are found between the adjacent Mn*"*
ions in Mn(dtbp), (81), uniform double dtbp bridges across
the adjacent Cu®" ions are present in 179. The eight-
membered Cu,O4P; rings, which are the repeating units of
this polymer, exist in an almost planar conformation. The
Cu-+-Cu separation along the polymeric chain (5.045 A)
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Figure 21. Synthesis of [Cu(dtbp)a(py)2(H20)], (181) and [Cus(us-OH)x(dtbp)e(py)2] (182).

rules out any strong magnetic interactions between the copper
ions, which exist in distorted square-planar geometry.
Thermal analyses (TGA and DSC) indicate that compound
179 converts to the corresponding crystalline metaphosphate
material Cu(POs3), at temperatures below 500 °C.

Either addition of 4 equiv of imidazole to 179 or the direct
reaction between copper acetate, dtbp-H, and imidazole in a
1:2:4 ratio leads to the isolation of a monomeric copper
complex [Cu(dtbp),(imz),] (180) in nearly quantitative
yields."”® The molecular structure of 180 resembles the
structure of the diphenylphosphate complex 177 described
above. In 180, the two phosphate ligands, which are trans
to each other, lie 2.4475 A away from the metal, while in
the manganese analogue the Mn—O distance is only 2.188
A.

The use of pyridine, instead of imidazole, in the reactions
between copper acetate and dtbp leads to the isolation of a
one-dimensional water-bridged polymer and a hydroxo-
bridged tetramer. Thus, copper acetate reacts with dtbp-H
in a reaction medium containing pyridine, DMSO, THF, and
CH;OH to yield a one-dimensional polymeric complex
[Cu(dtbp)2(py)2(u-OH»)], (181) (Figure 21) as blue hollow
crystalline tubes. ™~ The copper atoms in 181 are octahedral
and are surrounded by two terminal phosphate ligands, two
pyridine molecules, and two bridging water molecules. The
1-OH; ligands that are present along the elongated Jahn—Teller
axis are responsible for the formation of the one-dimensional
polymeric structure. The molecular structure of 181 further
shows some very strong hydrogen-bonding interactions
involving the water hydrogen atoms and the uncoordinated
phosphoryl group. Recrystallization of 181 in DMSO/THF/
CH3OH mixture results in the reorganization of the polymer
and its conversion to a more stable tetranuclear copper cluster
[Cu4(us-OH)2(dtbp)s(py)2] (182) (Figure 21) in about 60%
yield. The molecular structure of 182 is made up of a
tetranuclear core [Cus(us-OH),] that is surrounded by six
bidentate bridging dtbp ligands. While two of the copper
atoms are pentacoordinate with tbp geometry, the other two
copper atoms exhibit a pseudo-octahedral geometry with five
normal Cu—O bonds and an elongated Cu—O linkage. The
pentacoordinate copper centers bear an axial pyridine ligand.
The short Cu<++Cu nonbonded distances found in the
tetranuclear core of 182 lead to magnetic ordering at low
temperature with an antiferromagnetic coupling at ~20 K.
Although it has not been possible to clearly establish a
mechanism or a reaction pathway for the observed conversion
of 181 into 182, it appears that in solution the polymer breaks
into monomeric form from which the tetramer is assembled
through formation of a [Cuy(u3-OH),] central core.'0

182
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Figure 22. Suggested phosphoryl group assisted OH, — OH™
conversion in 184.

When the reaction between di-fert-butylphosphate (dtbp-
H) and copper acetate was carried out in the presence of
collidine, large dark-blue crystals of monomeric copper
complex [Cu(dtbp),(collidine),] (183) formed as the only
product. The molecular structure of 183, on the other hand,
clearly reveals that both the increased hydrophobicity and
the steric crowding due to the presence of three methyl
groups on collidine are the reasons for copper ions rejecting
additional aqua ligands in 183.'°> Hence, compound 183
stays as a monomeric square-planar complex, while the
copper ions in 181 become octahedral due to the extra room
available for u-OH, ligands.

The reaction between copper acetate and dtbp-H has been
extended beyond simple N-donors such as imidazole and
pyridine. The use of a chelating N-donor such as 1,10-
phenanthroline leads to the isolation of a five-coordinate
monomeric copper complex [Cu(phen)(dtbp)>(OH,)] (184)
(Figure 22).°® The molecular structure of compound 184 was
initially solved using diffraction intensity data obtained at
293 K. Observation of some unusual but interesting O—H
bond distances prompted the re-determination of the structure
at 203 and 93 K. The molecule of 184 has two dtbp ligands,
one chelating phen, and a water molecule bound to copper
in a distorted tbp arrangement. The involvement of both the
hydrogen atoms of the co-ordinated water molecule in
intramolecular H-bonding with the P=0O groups results in
two six-membered Cu—O—P—O—H—O rings and several
other interesting consequences. These H-bond interactions
stabilize the bound phosphate ligands, clearly supporting the
importance of synergism between metal coordination and
H-bonding to achieve better phosphate recognition. The
structural elucidation of 184 at three different temperatures
reveals that this compound provides useful snap-shots of
various steps in metal-catalyzed phosphate ester hydrolysis,
namely, (a) strong phosphate recognition by the metal via
strong intramolecular H-bonds, (b) generation of a hydroxide
from the co-ordinated water through intramolecular activation
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(Figure 22), and (c) presence of intermolecular C—H=++-O
interactions to weaken the P—OR ester linkages.

A number of dicopper and monocopper complexes have
been synthesized as catalysts for phosphate ester hydrolysis
and DNA cleavage reactions because of the similar coordina-
tion chemistry of the copper(Il) ion and superior Lewis
acidity to that of Zn(II), which has been observed as a
cofactor in many nucleases.”® During the course of the
phosphate ester hydrolysis studies catalyzed by these copper
complexes, a model compound or an intermediate can be
successfully isolated and structurally characterized. Such
efforts have made it possible to isolate a number of copper
complexes with a phosphate monoester or diester in their
coordination sphere, with or without the activation of the
ester linkage. Although several reports have dealt with
various aspects of copper-catalyzed hydrolysis reactions, only
those where a phosphate bound copper complex has been
structurally well characterized are discussed below.

In 1993, Karlin et al. have shown that the reaction of
[Cu(UNO )(OH)](PFg), with bnpp yields the dinuclear
complex [Cuy(UNO ™ )(bnpp)](PFe), (185) (Figure 23). The
related complex [Cuy(XYLO ) (bnpp)](PFe),* 1/2CH,Cl,+ 1/

Murugavel et al.
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2Et,0 (186) was synthesized from the corresponding hydroxy
complex.'®" The molecular structure of 185 determined by
X-ray diffraction shows that the copper ion is five-
coordinated with ligation from two pyridyl nitrogens, one
tertiary amine nitrogen, the phenolate oxygen, and one
oxygen atom of the phosphate ester. The UNO and XYLO
ligands in 185 and 186 are octadentate. The Cu-:-Cu
separation in 185 has been found to be 3.773 A.'®!

Two isomeric binuclear ligands, 1,4- and 1,3-bis[6-bis(2-
pyridylmethyl)aminomethylpyridyl]benzene (pbtpa and mb-
tpa), and their Cu(II) complexes prepared by Zhu et al. were
examined for the hydrolysis of a model phosphodiester
substrate, bnpp.'®* A bell-shaped pH vs. rate profile, which
is in agreement with one mechanism proposed for bimetal-
lonucleases and phosphatases, was observed for the binuclear
complex of Cu(Il) and pbtpa. At pH 8.4, a maximum rate of
1.14 x 107° s, more than 10*-fold over uncatalyzed
reactions, was achieved. This report also describes the single-
crystal X-ray structure of a mononuclear copper complex,
[Cu(tpa)(bnpp)]ClO,4 (187) (Figure 23). The copper atom
adopts slightly distorted trigonal-bipyramidal coordination
geometry. While tpa tetradentatively chelates the Cu”*,
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bnpp~ acts as a monodentate ligand occupying the fifth site
of the coordination sphere around Cu(Il) in the trans position
with respect to the bridgehead nitrogen atom.

Ren et al. reported dicopper—1,4,7,10,13,16-hexaazacy-
clooctadecane ([ 18]ane-N6) complexes [Cu,(OsP(OR))x([18]ane-
N¢)] (R = H (188), Ph (189), and —CH(CH,OH), (190))
(Figure 23),'® synthesized from [Cu,(OAc),([18]ane-
N¢)]1(PFe), (191) and (NH4),HPO./(PhO)P(O)(ONa),/Na,-
PO¢CsH5. The bulk of the molecule 190 is a rugged rectangle
consisting of the [18]ane-Ng ring with two Cu(Il) ions
surrounded, and the latter are bridged by two phosphate
ligands above and below the rectangle. The coordination
sphere of the Cu center is best described as distorted square-
pyramidal. It has been further revealed that the phosphate
monoester binding to 191 is selective, as association con-
stants for common anions are at least 2 orders of magnitude
lower.

Spiccia et al. reported a binuclear copper(Il) phosphate
complex, [Cuy(L)(npp)(u-OH)](ClO4) - H,O (192) (Figure 23;
L = 1,3-bis(1,4,7-triazacyclonon-1-ylmethyl)benzene). Here
the 4-nitrophenyl phosphate anion (npp) bridges two Cu(II)
centers via two phosphate oxygen atoms.'®* A hydroxide
bridge further connects the two metal centers.

Lippard et al. have reported the copper phosphate [Cua(u-
OH)(dpp)(bpan)](ClO4), (193) (Figure 23) in which each
copper ion has square-pyramidal geometry with a bridging
—OH and a monodentate bridging diphenylphosphate ligand.
This is the first example where one oxygen atom from a
phosphate diester forms a single-atom bridge between two
metal ions.'®

The Cu(Il) complexes [(L1)Cu(NO3)4+2(H,0)] (194) and
[(L2)Cu(NO3)4+2(H,0)] (195) of the ammonium-function-
alized ligands [6,6'—(MezHNCHZCEC)szy]ZJr (L1) and [6,6'-
(MesNCH,C=C),bpy]** (L2) have been synthesized by
Kraemer et al. for the hydrolysis of the activated phosphodi-
ester bnpp. (L1)Cu accelerates hydrolysis of bnpp (4 x 107)-
fold and is 1000 times more reactive than (L2)Cu. Probably
the high reactivity of (L1)Cu is related to the interaction of
the acidic —NMe,H" group with the phosphodiester sub-
strate. Bifunctional binding of a phosphate ester by metal
coordination and H bonding with one NH,* group is
observedin the crystallographically characterized [(L1),Cu,(1,3-
1-O3P(OPh)),(OH,),](NOs)s (196) (Figure 23)."%°

The kinetics of cleavage of 2-hydroxypropyl-p-nitrophe-
nylphosphate (hpnp) by [Cu(L1)CI] (197) (HL1 = 2-[bis(2-
benzimidazolylmethyl)aminomethyl]-4,6-dimethylphenol) and
[Cux(L2)CLL]Cl, (198) (HL2 = 2,6-bis[bis(2-benzimidazolyl-
methyl)aminomethyl]-4-methylphenol) is pseudo-first-order,
and the rate constants are 4.0 x 107> and 2.1 x 107%s™,
respectively. The dinculear copper complex [(L2)Cux(O,P-
(OCH;Ph),)](ClO4); (199) (Figure 24) has been prepared and
characterized by X-ray diffraction experiments to gain insight
into the mechanistic role of enhanced hpnp cleavage by 198.
In 199, the oxygen atoms of the phosphate diester bridge
the two metal centers of the dinuclear complex with a
Cu-++Cu separation of 3.67 A.'®” These authors have
proposed that the key to the high reactivity of 198 for
cleaving hpnp is double Lewis activation of the phosphate
diester.

Crystal structures, solution properties, and RNase activity
of Cu(Il) complexes of a binucleating bis-pyridyl ligand
(N,N'-bis(2-pyridylmethyl)-1,3-diaminopropan-2-ol, L) were
studied by Gajda et al. The alkoxo-bridged dinuclear copper
complex [Cuy(L)(dpp)(ClO4)(CH50H)]CIO4 (200) (Figure
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24)'%8 is prepared from diphenyl phosphate, L+4HCI, NaOH,
and CuClOy, as deep blue crystals. There are two distinct
copper ions in 200, one in a distorted octahedral environment
and the other in a square-pyramidal environment. The two
copper ions are separated from each other by 3.499 A, which
is well within the range suggested for native dinuclear
metallophosphoesterases.

Yamaguchi et al. have reported, [Cu,(Mestpdp)(bnpp)]-
(ClOy4), (201) (Figure 24; Mestpdp-H = (N,N,N',N'-tet-
rakis((6-methyl-2-pyridyl)-methyl)-1,3-diaminopropan-2-
ol), in which the metal ions are bridged by alkoxide and
phosphodiester moieties resulting in distorted square-
pyramidal geometry around both the Cu centers.'*’

Dimeric copper complex [Cux(bpy')2(bnpp)2(NO3),] (202)
(Figure 24) is formed between 4,4'-dimethyl-2,2'-bipyridine
(bpy'), Cu(Il), and bnpp. The molecule has a center of
symmetry with the coordination geometry around copper
being square-pyramidal. The phosphate oxygens occupy both
in-plane and out-of-plane sites on the dinuclear complex.
While the dimeric structure is similar to other five-coordinate
Cu(II) complexes of bipyridine, the alternating in-plane and
out-of-plane bridging of the Cu(Il) centers by bnpp is
unusual.'®

The molecular recognition of two simple phosphate
diesters by a terpyridine—copper complex was studied by
X-ray crystallography and potentiometry. Molecular recogni-
tion of the substrate is the first step in a hydrolysis reaction.
The two phosphate diesters, bis(p-nitrophenyl) phosphate
(bnpp) and diphenyl phosphate (dpp), coordinate to form
square-pyramidal Cu complexes [Cu(tpy)(bngp)Cl] (203) and
[Cu(tpy)(dpp)Cl]*H,O (204) (Figure 24)."% In the resulting
square-pyramidal complexes, the phosphate ligand is axially
coordinated, while the chloride and three terpyridine nitrogen
atoms form the corners of the base. The molecular recogni-
tion constants for the formation of 203 and 204 were
measured potentiometrically and have log values of 1.2 and
2.5, respectively. By a significant margin, the copper—tpy
complex favors dpp over bnpp in solution. A pH vs. rate
constant profile further shows that Cu(tpy)(OH) can hydro-
lyze bnpp but not dpp. Activated and unactivated phosphate
diesters are typically hydrolyzed by similar mechanisms. The
difference in reactivity lies outside the process of molecular
recognition. Activating effects of the p-nitro groups on the
nature of the leaving groups must play an important role in
the susceptibility of phosphate diesters to hydrolysis.

In order to understand the reactivity and mechanistic
aspects of hydrolysis of bis(2,4-dinitrophenyl)phosphate by
[Cu(bis(pyridylmethyl)amine)(OH,),]Cl, (205), [Cu{N-(2-
hydroxyethyl)bis(pyridylmethyl)amine } (OH,)]Cl, (206), and
[Cu{N-(3-hydroxypropyl)bis(pyridylmethyl)amine } (OH,)]-
Cly (207), model complexes copper dimethyl phosphate
[(L1)Cu(OP(O)(OMe),)(HOMe)]Cl (L1 = bis(2-benzimida-
zolylmethyl)amine) (208) (Figure 24) and chloride complex
[(L2)Cu(CD]CI (L2 = N-(2-hydroxyethyl)bis(2-benzimida-
zolylmethyl)amine) (209) were studied as structural mod-
els."”" Copper ions in both 208 and 209 are square-pyramidal
with the phosphate or the —OH oxygen atom occupying the
axial position. The four basal positions are occupied by
nitrogen and chlorine atoms.

Spiccia et al. have reported the synthesis of a trimeric
macrocyclic copper phosphate complex [Cus(Mestacn)s-
(PhOPO3),](ClOy),* '/,H,0 (210) (Mestacn = 1,4,7-trimethyl-
1,4, 7-triazacyclononane; Figure 24), in which two phenyl
phosphates (Ph-POs) bridge three Cu(II) centers.'”? It consists
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Figure 24. Schematic diagram of copper phosphates. The chloride anion in 208 is not shown.

of discrete [Cug(Megtacn)3(PhOPO3)2]2+ cations, perchlorate
anions, and water of crystallization. The complex cation
consists of three [Cu(Mestacn)]*" moieties linked together
by the two phosphate esters via three oxygen atoms, and
thus, all three Cu(II) centers are linked to each other by two
Cu—O—P—0—Cu bridging units. The two phosphate esters
lie above and below the plane defined by the Cu(Mestacn)
units, with the phenoxy groups located perpendicular to the
triangular array of copper atoms. An interesting result of this
binding of the two organophosphates is the generation of an
empty 11-atom cage defined by the three Cu atoms and two
PhOPO5>™ units. Each Cu(II) center is in a distorted square-
pyramidal geometry with the Mestacn macrocycle occupying
one face of a distorted square pyramid and phosphate oxygen
atoms in the other two coordination sites. Complex 210 is
unique in the sense that two organophosphates are bound to
three Cu(Il) centers. Most other Cu(II) complexes with
coordinated phosphate moieties are usually binuclear and,
often, have other groups bridging the two Cu(Il) centers. The
Cu--++Cu distances in 210 are 4.14, 4.55, and 5.04 A.

The compound [Cua(bnpp)a(bpa)2](ClO4)2+0.5CH;CN
(211) (bpa = bis(2-pyridylmethyl)amine; Figure 25) has been

recently structurally characterized by Butcher et al.'”* This
complex contains two Cu' ions in a distorted square-
pyramidal geometry. Two bnpp anions bridge Cu" ions to
form the dinuclear complex cation.

In a recent study, Rossi et al. have reported that [Cus-
(Hbtppnol)(u-CH3COO0)](CIOy4); (212) (L = N-(2-hydroxy-
benzyl)-N,N',N'-tris(2-pyridylmethyl)-1,3-diaminopropan-2-
ol (H,btppnol)) reacts with excess of the diester 2,4-BDNPP
at pH 7.0 and results in the formation of the monoester
phosphate coordinated copper dimer [Cu,(Hbtppnol)(u-
((NO»)»-CcH30)PO3)]CIO;4 (213) (Figure 25), which has been
characterized by X-ray crystallography.'”* In addition, the
stable u-phosphate complex [Cux(Hbtppnol)(u-(NO,-
CsH40)PO5)](ClO4) (214) (Figure 25) was directly obtained
from the reaction of 4-nitrophenyl phosphate with 212. The
kinetics for the promotion of bis(2,4-dinitrophenyl) phosphate
(2,4-BDNPP) hydrolysis by complex 212 has been investi-
gated as a function of pH, catalyst concentration, and
substrate concentration. Complex 212 effectively promotes
the cleavage of double-stranded genomic and plasmid DNA
at physiological pH, probably through a hydrolytic mecha-
nism in agreement with that proposed for the reaction of
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Figure 25. Copper phosphates.

212 with 2,4-BDNPP. Cytotoxic activity of 212 in a human
small cell lung carcinoma cell line (GLC4) and its cisplatin-
resistant subline (GLC4/CDDP) has been investigated, and
the ICs, values were determined.

Fujii et al. have synthesized a polymeric copper phosphate,
[Cu(u-O,P(OEt),)L].(PF), (215) (L = dipropylenetriamine;
Figure 25) by the reaction of CuSO4+7H,O with diethyl
phosphate in the presence of dipropylenetriamine and KPFg
at pH 8.5. Each copper ion is coordinated by a dipropyle-
netriamine and two bridging diethyl phosphate anions, which
leads to the formation of a polymeric chain.'”

1,2-Bis(2-((methyl(pyridylmethyl)amino)methyl)-6-py-
ridyl)ethane (L) forms dinuclear Cu,(L)((PhO),PO,),](ClO4),
(216) (Figure 25) or hexanuclear [Cug(L)3((PhO)PO3)4]-
(Cl04)4 (217) in the presence of (PhO),PO, "~ or (PhO)PO;*~,
respectively.'’® The structures in solution were studied by
FAB and SCI MS spectrometers. L binds two Cu(Il) ions
with two pendant groups in tridentate chelate modes, and
with the incorporation of phosphate esters, various dinuclear
units are formed in 216 and 217. In 217, a dinuclear unit of
[Cuz(L)]4+ links two dinuclear units of [Cuy(L3;)(PhOPO3);]
with four u3-1,3-PhOPO;*" bridges.'”®

The copper acetate complex of the 1,4,7,10,13,16-
hexaazacyclooctadecane macrocycle ([18]ane-N6) undergoes
facile replacement of bridging OAc by phosphate monoester
[PO;(OR)* ] to yield a number of bis(phosphate monoester)-
dicopper complexes where ROPO5>~ is hydrogen phosphate
(218), phenyl phosphate (219), glycerol 2-phosphate (220),
o-D-glucose phosphate (221), and DL-0-glycerol phosphate
(222).""7 Structural studies of compounds 218—221 con-
firmed both the retention of the Cu,{[18]ane-N6} core and
a u-0-PO3(OR) coordination mode. Displacement of acetate
by a phosphate monoester in water was accompanied by a
significant change in the visible absorption, from which it
has been established that the relative association constants
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of PO3(OR)*>~ are ~10* in the unbuffered solution and 10*
in the buffered solution. The magnetic susceptibility data of
compound 218 in the temperature range 5—300 K revealed
a weak antiferromagnetic coupling the between two copper
centers."””

Dinuclear copper(Il) complex [Cu,(LL20)](CF;S03)5 (223)
(L20OH = bis[bis[2-(2-pyridyl)ethyl]amino]-2-hydroxypro-
pane) reacts with BNPP to yield a hydrolytically inactive
complex 224 in which a bis(p-nitrophenyl)phosphato ligand
has displaced the trifluorosulfanato ligand.'”® The structure
of complex 224 (Figure 25) has been determined using X-ray
crystallography.

Cu[O,P(OMe),], (225) was synthesized by the reaction
of CuCl with OP(OMe);. The poorly refined X-ray structure
of this compound reveals that it forms an infinite one-
dimensional polymer through O—P—O bridges of the
phosphate ester with five-coordinate copper atoms.'”® On the
other hand, treatment of CuCl, with dimethyl phosphate
(DMP) with DMSO under N, afforded a light blue fluores-
cence powder. Slow evaporation of water—DMSO solution
of this blue powder resulted in sky-blue crystals of a
polymeric Cu(Il) complex, [Cu,(DMP),(DMSO)] (226).'%°
A square-pyramidal environment for the metal center was
established by coordination of O atoms of four bridging DMP
ligands in the basal positions and binding a tricentered O
atom of DMSO in the apical disposition of Cu(Il). The sixth
position was also affected by a weak interaction with the S
atom of another DMSO.

Kraemer et al. have reported a dinuclear copper dimeth-
ylphosphate complex incorporating a macrocyclic ligand as
a part of their recent study on catalytic transesterification of
dialkylphosphates by bioinspired dicopper(Il) macrocyclic
systems.'®!

Recently Tanase et al. reported on dicrete tetrameric and
dimeric copper clusters containing sugar phosphates. The
tetrameric complexes [Cus(u-OH)(o-D-Glc-1P),(bpy)s-
(H,0),]X5 (L = bpy, X = NOs (227), X = Cl (228), X =
Br (229); L = phen, X = NO; (230); a-D-Glc-1P = a-D-
glucose-1-phosphate) (Figure 26)."**'3 Each copper ion in
227230 is ligated by two nitrogen atoms of phen and three
oxygen atoms of phosphate, hydroxo, or water units and
adopts [N,0s] square-pyramidal coordination. The phosphate
group of o-D-Glc-1P bridges three Cu atoms at equatorial
sites and additionally binds the fourth Cu atom at its axial
site, resulting in a trapezoidal tetracopper core with the upper
side clipped by the hydroxo bridge.

Complex 227 readily reacted with carboxylic acids to
afford the tetranuclear Cu(II) complexes [Cuu{u-(at-D-Glc-
1P) }o(u-CA)(bpy)s](NOs),  (CA = CH;COO (231),
0-C¢H4(COO)(COOH) (232)).'8%!%3 Reactions with m-phe-
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nylenediacetic acid [m-C¢Hs(CH,COOH),] also gave a
discrete tetrameric complex, [Cus{u-(a-D-Glc-1P)}(u-m-
C6H4(CH2COO)(CHQCOOH))z(bpy)ﬂ(NO3)2 (233), and a
cluster  polymer, {[Cus{u-(0-D-Glc-1P) }o(u-m-CeHa-
(CH,COO),)(bpy)4](NO3)2}, (234). A symmetric rectangular
Cuy has been observed in the case of 231, 232, and 234,
where the original hydroxo bridge found in 227 is dissociated
and, instead, two carboxylate anions bridge another pair of
Cu(II) ions. Similar reactions were applied to incorporate
sugar acids onto the tetranuclear Cu(Il) centers. Thus,
reactions of 227 with d-D-gluconolactone, b-glucuronic acid,
or D-glucaric acid in DMF gave discrete tetracopper com-
plexes with sugar acids, [Cus{u-(0-D-Glc-1P)}o(u-
SA)(bpy)4](NO3), (SA = D-gluconate (235), D-glucuronate
(236), pD-glucarateH (237)]. The structures of 235 and 236
are similar that of 231. The reactions of 227 with with
D-glucaric acid and D-lactobionic acid afforded chiral
one-dimensional polymers, {[Cus{u-(0-D-Glc-1P)},(u-D-
glucarate)(bpy)4]J(NOs),2}, (238) and {[Cus{u-(a-D-Glc-
1P)}2(u-p-lactobionate)(bpy)s(H,0),](NO3)3}, (239).

Dimeric copper complexes [Cu(u-OH)(XDK)(L),]X
(HoXDK = m-xylenediamine bis(Kemp’s triacid imide), L
= bpy, X = NOjs; L = phen, X = NOs) readily react with
diphenyl phosphate (HDPP) or bis(4-nitrophenyl) phosphate
(HBNPP) to give [Cuy(u-phosphate)(XDK)(L),]NOs (L =
bpy, phosphate = DPP (240); L = phen, phosphate = DPP
(241a), BNPP (241b)), where the phosphate diester bridges
the two Cu ions (Cu-++Cu = 4.268(3)—4.315(1) A)."** It is
interesting to note that complexes such as [Cux(u-
OH)(XDK)(L),]X could be reacted with a large number of
sugar phosphate molecules and the corresponding dimeric
or tetrameric copper complexes could be isolated.'®*

2.10.2. Silver

Silver diethylphosphate [Ag(O,P(OEt),] (242) reported in
1972 by Collin et al. is the only well-characterized silver
organophosphate. Compound 242 was obtained starting from
excess silver oxide and diethylchlorophosphate.'®> The silver
ion in 227 is coordinated to four oxygen atoms of the two
adjacent phosphate groups in adistorted tetrahedral arrangement.

2.10.3. Gold

The phosphate binding ability of Au(Ill), in the case of
nucleosides and nucleotides, has been studied by examining
the interaction of Au(III) with dimethyl phosphate,'®® which
is a conformational analog of the phosphate backbone in the
DNA chain.

2.11. Group 12 Metal Phosphates
2.11.1. Zinc

Zinc phosphates with different coordination geometries are
important in the field of biology due to the occurrence of
this element in several nucleases and phosphatases. There
have been a number of reports on the synthesis of zinc-based
model compounds and catalysts for the hydrolysis of model
phosphate esters in the last two decades. Heteronuclear metal
phosphates featuring zinc ions have already been dealt with
in the preceding sections. The chemistry of other well-
characterized zinc phosphates is described below. It should
once again be emphasized that the role of zinc in hydrolases
and nucleases is a very vast area and different aspects of
this problem have been frequently reviewed. The treatment
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Figure 27. Zinc phosphates based on tris(pyrazolyl)borate ligands.

of zinc complexes as models for these enzymes in this review
is confined to the structurally characterized zinc phosphate
complexes.

Notable among zinc phosphate complexes is the extensive
series of complexes based on tris(pyrazolyl)borate and
sterically crowded tripod ligands synthesized by Vahrenkamp
et al. Making use of the steric protection provided by the
tris(pyrazolyl)borate ligand on one side of the tetrahedron
and an open —OH group on the other side, these workers
have demonstrated how it is possible to exploit the hydrolytic
activity of the zinc-bound hydroxyl group (or water, for that
matter) to make new zinc phosphate complexes. Thus,
Tp*ZnOH complex (Tp* is a substituted pyrazolylborate
ligand) turns out to be one of the best nucleophiles to effect
the hydrolysis of ester. In all, five different (pyrazolylbo-
rate)zinc hydroxide complexes Tp*ZnOH were used as
hydrolytic reagents towards esters of various acids of
phosphorus.

Pyrazolylborate-based Zn phosphate complexes 243—248
have been prepared by the reaction of substituted tris(pyrazolyl)-
borate—zinc hydroxide and the corresponding phosphate
triester via hydrolytic cleavage.'®” (OMe);PO and (MeO);P
could not be cleaved by these complexes. HP(OR), (R =
Me, Ph) yielded Tp"®"MZn[OPHO(OR)] (R = Me (243),
R = Ph (244)). Phenylphosphate reacted slowly producing
moderate yields of [Tp®™°Zn(dpp)] (R = ‘Bu (245), Ph
(246), Cum (247), Py (248)) (Figure 27). Tris(p-nitrophe-
nyl)phosphate was cleaved rapidly, forming Tp®-™*Zn[bnpp]
(R = 'Bu (249), Ph (250), Cum (251), 5-picolyl (252)) and
Tp*Zn[OCeH4NO,] (Figure 27). Ethyl-bis(p-nitrophenyl)
phosphates showed intermediate reactivity, losing p-nitro-
phenolate upon hydrolysis and producing Tp~MZn-
[OPO(OEt)(OCsH4NO»)] (R = Ph (253), Cum (254), 5-pi-
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Figure 28. Tris(pyrazolyl)borate zinc phosphates.

colyl (255)) (Figure 27)."®” When phosphorus acid diesters
were employed, condensation between the Zn-OH and P-OH
functions occurred. Six structure determinations for the above
complexes showed the structural variability of the resulting
complexes. In [(Tp"¥"™¢),Zn;(bnpp)s(H,0),] (256) (Figure
27), the zinc ions are in a nearly octahedral ZnN,O4
environment and the double-bridged linkage between the
peripheral and central zinc ions (via one phosphate and one
pyrazole unit) represents a 10-membered heterocyclic ring.'®’

Extending these studies, these authors have shown how
P—O—P linkages can be cleaved by Tp*ZnOH. For example,
tetraethyl or tetraphenyl diphosphates are cleanly cleaved to
yield products Tp®™¢Zn-OP(O)(OR’), (R = Cum, R’ = Et
(257); R = 'Bu, R = Ph (258), R = Cum, R’ = Ph (259), R
= 5-picolyl, R' = Ph (260)) (Figure 28).'5®

Instead of simple phosphate esters, phosphate derivatives
that actually model intermediates of enzymatic glycoside
transformations can also be reacted with Tp*ZnOH. Depend-
ing on the substrate or the reaction conditions, either
phosphate ester cleavage or deprotonation of a nucleobase
NH was observed. As a result, the Tp*Zn units were attached
to the phosphate part or to the nucleobase part of the
substrate. Nucleobase adducts were formed for uridine
monophosphate derivatives. Phosphate adducts were obtained
in the reactions with a hydroxyacetone monophosphate and
a ribose phosphate and in reactions of uridine and N-
methyluridine monophosphates. The products were identified
by crystallographic and spectroscopic methods as tetrahedral
Tp*Zn-X complexes 261—266 (Figure 28).'%°
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The alkoxide derivatives, Tp - Zn-OMe and Tp *™MeZn-
OMe, were tested for their reactivity toward substrates that
are hydrolytically cleaved with Tp*Zn-OH complexes. They
do not induce the cleavage of nonactivated esters, phospho-
esters, lactones, or lactams. They however cleave the
P—O—P linkage of tetraalkylpyrophosphates to produce
products of the type 259.'%°

Vahrenkamp and co-workers have recently studied newer
pyrazolylborates as ligands in zinc complexes for the
phosphate ester hydrolysis. These include Tp"“M¢Zn-X
complexes (Tp™™™¢ = hydrotris(3-(2'-furyl)-5-methylpyra-
zolylborate, X = Cl, Br, I, NCS, CH3COO, CF;COO),
Zn(Tp™Me),, and Tp™™°Zn(OH). The latter complex mod-
els hydrolases by the hydrolytic cleavage of tris(p-nitrophe-
nyl)phosphate and y-thiobutyrolactone.'®' Similarly, they
have shown that tris(thioimidazolyl)borate-Zn-thiolate com-
plex (TtiXyl)Zn(SEt) reacts slowly with trimethyl phosphate
in a nonpolar medium at room temperature, yielding (TtiXy-
1DZn(OPO(OMe),) (267), which can be converted back to
the thiolate complex with NaSEt.'"?

Vahrenkamp et al. have extended their zinc chemistry
beyond tris(pyrazolyl)borate ligands, and introduced several
tripodal ligands in the metal coordination sphere. For
example, the N,N-bis(2-picolyl)glycine (L-H) complex
[L+Zn]ClO4-H,O (268), a good starting material for the
introduction of coligands forming complexes that mimic the
coordination of Zn in enzymes with a N,N,O donor set, reacts
with diphenyl phosphate (dpp) to yield the trigonal-bipyra-
midal complex [L+Zn(dpp)]*2H,0 (269) (Figure 29). In 269,
dpp acts as a monodentate ligand and occupies the axial
position of the tbp geometry, which is trans to the bridgehead
nitrogen atom of the ligand.'??

Stepwise alkylation of 2-picolylamine has yielded the
unsymmetrical tripodal ligand (2-picolyl)(N-pyrrolidinyl-
ethyl)(2-hydroxy-3,5-di-fert-butylbenzyl)amine (ppha). In the
presence of diethylzinc, ppha is deprotonated at the phenolic
OH function with formation of the unstable complex [(pp-
ha)ZnEt] (270). Complex 270 reacts with diphenylphosphoric
acid to yield [Zn(dpp)(ppha)] (271) (Figure 29)."** Similarly,
the tripodal N,O ligand bis(2-pyridylmethyl)(o-hydroxyben-
zyl)amine (bpha) on treatment with ZnEt, followed by
addition of diphenylphosphate led to the isolation of [Zn(d-
pp)(bpha)] (272) (Figure 29)."*> In another variation of the
same strategy, the sterically hindered N,N,O-tripodal ligand
bis(2-picolyl)(2-hydroxy-3,5-di-fert-butylbenzyl)amine (bph-
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ba) was treated with ZnEt, to yield [(bphba)ZnEt] (273).
Organozinc derivative 273 reacts with dipheny 6phosphate to
produce [Zn(dpp)(bphba)] (274) (Figure 29). 196 The molec-
ular structures of 271, 272, and 274 resemble that observed
for 269.

Two types of new N,N,O ligands have been recently
introduced recently by Vahrenkamp et al. in their zinc
chemistry. The tridentate ligand N,N-(2-dimethylaminoethyl)-
3,5-di-tert-butyl-salicylaldimine (LH) with ZnEt, and diphe-
nylphosphate yields the phosphate complex [LZnOPO-
(OPh),*MeOH] (275). The coordination geomertry of the
metal, which is between trigonal bipyramidal and square
pyramidal, and the character of the donors in the phosphate
complex represent the transition state of a hydrolytic substrate
cleavage in a Zn enzyme.'®’

In the second type, the N,N,O ligands that provide a
hydrophobic cavity, such as (3,5-di-tert-butyl-2-hydroxy-
benzyl)(6-phenyl-2-pyridylmethyl)(2-pyridylmethyl)amine and
(3,5-di-tert-butyl-2-hydroxybenzyl)bis(6-methyl-2-pyridylm-
ethyl)amine, have been investigated as lignads in LZn(OH)
complexes that effect the hydrolytic cleavage of tris(p-
nitrophenyl) phosphate to bis(p-nitrophenyl) phosphate. The
corresponding aqua complexes LZn(OH,)" however do not
cleave the phosphate esters.'”®

Vahrenkamp et al. have further shown that the N,N,S
ligand (2-mercaptoisobutyl)(2-pyridin-2-yl-ethyl)methylamine
forms a mononuclear zinc complex with ZnN,S, coordina-
tion. This complex reacts with the alkylating agents CH3l
and PO(OCHj3); in a two-step process. In the first step, the
isobutylthiolate function is methylated and its position in the
ligand sphere of Zn is taken by I~ or OPO(OCH;)*~,
respectively. In the second step, the additional thiolate ligand
is methylated and replaced by a second iodide or dimethyl
phosphate anion.'

In an interesting variation of zinc phosphate chemistry,
the reactions of condensed diphosphates were carried out
with a zinc precursor in the presence of chelating, tridentate,
and encapsulating trlgod ligands. Zinc perchlorate, diorga-
nodiphosphates (POP~"), and chelating ligands L (L = 1,10-
phenanthroline, neocuproine, 2,2'-bipyridine, oxinate) yield
three types of ternary complexes. Type 1, (L,Zn*POP) (276),
contains octahedral zinc bound by the diphosphate as an
OPOPO chelate ligand. Type 2, [(LZn*POP)], (277) (Figure
30), consists of dimeric complexes containing five-coordinate
zinc, with the diphosphates acting as OPOPO chelate ligands
for one Zn ion and as OPO bridges between two Zn ions.
Type 3, (L,Zn,*POP) (278), is observed only for oxinate,
and contains two five-coordinate Zn ions bridged by the

diphosphate as a tetradentate ligand.?*°

Diorganodiphosphates (POP?>7) and a triorganomethyl-
enediphosphonate (PCP™) have been combined with Zn salts
and the tridentate ligands L (L = bis(benzimidazolylmethy-
Damine, bis(2-pyridylmethyl)amine, triazacyclononane, tri-
methyltriazacyclononane, and (dimethylaminoethyl)(2-py-
ridylmethyl)amine). The resulting ternary complexes contain
four-, five-, or six-coordinate Zn. Four-coordinate zinc was
identified in the complex types [L+Zn(PCP)]" (279) and
[L-Zn(POP)Zn-L]*" (280) (Figure 30). Five-coordinate Zn
was found in [L+Zn(POP)] (281) with chelating diphosphate
ligands. Six-coordinate Zn was found in the complex type
[L+Zn(POP)+-H,0] (282) containing chelating diphosphates
and in [L+Zn(POP)], (283) in which the diphosphates act as
tridentate bridging ligands (Figure 30). In a few cases,
hydrolytic cleavage of the diphosphates resulted in trinuclear
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[(L+Zn)3(ROPO3),]JHPO, (284) with triply bridging mono-
phosphates (Figure 30).2%!

Tris(benzimidazolylmethyl)amine (tba) and tris(pyra-
zolyl)borate (Tp) ligands were used to prepare ternary Zn
complexes with triorganodiphosphates (R;POP™), triorga-
nomethylenediphosphonates (R;PCP ™), and diorganodiphos-
phates (R,POP?") (Figure 31). The complexes [(tba)Zn-
(R;POP)]" (285) and [(tba)Zn(R;PCP)]" (286) contain
trigonal-bipyramidal zinc with monodentate diphosphate
ligands. By X-ray structure determination, complex
[(tba)Zn(R,POP)] (287) is found to contain the same ZnN,O
coordination pattern, which also was assigned to dinuclear
[(tba)Zn(R,POP)Zn(tba)]** (288) incorporating the diphos-
phates as bis-monodentate bridging ligands. The same
monodentate and bis-monodentate attachment of the diphos-
phates, but with tetrahedral Zn in a ZnN3O environment, was
identified in the pyrazolylborate complexes [TpZn(R;POP)]
(2892)02(Figure 31) and [TpZn(R,POP)ZnTp] (290) (Figure
32).

As early as 1992, phosphate ester cleavage with a zinc
hydroxide complex containing a pyrazolyl borate ligand has
been demonstrated. Hikichi et al. have shown that the P—O
bond in a tris- or bis-phosphate ester is readily cleaved by
[LZnOH] (L = hydrotris(3,5-diisopropyl- 1-pyrazolyl)borate)
to give [LZn(npp)ZnL] (291), [LZn(bnpp)] (292), and the
phenoxide complex [LZn(OCsH4sNO,-4)] (Figure 32).203

A carboxylate-bridged heterometallic phosphodiester com-
plex [ZnCo(XDK)(dpp)2(CH30H),(H,0)] - CH30H (293) (Fig-
ure 33; H,-XDK = m-xylylenediamine-bis(Kemp’s triacid
imide)) has been synthesized by Lippard et al. from
[ZnCo(XDK)(acac),(CH;OH),] and diphenylphosphate.?**
The structure contains a ZnCo core bridged by XDK through
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its two carboxylate groups and a diphenylphosphate ligand.
The second diphenylphosphate ligand is terminally coordi-
nated to the zinc atom in a monodentate fashion. Thus, the
zinc ion is tetrahedrally coordinated by two carboxylate
oxygen atoms of XDK, one bridging phosphate oxygen, and
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one terminal phosphate oxygen, while the cobalt ion is
octahedral with the help of additional ligation by two MeOH
molecules and one water. An analogous bis(phosphate)
homodinuclear complex, [Zny(XDK){u-n>-dpp}{n'-dpp}-
(MeOH),(H,0)] (294) (Figure 33), was prepared by reacting
[Zny(XDK)(acac)>(MeOH),] with diphenylphosphate in 64%
yield. Compound 294, which is isomorphous with 293, has
an asymmetric dizinc core bridged by XDK and a phosphate
ligand (Zn+++Zn = 3.869(2) A). The monodentate diphenyl
phosphate ligand dissociates from the dimetallic center of
294 in solution as revealed by molar conductivity and 'H
and *>'P NMR spectroscopic studies. The resulting free
phosphate ligand exchanges with the bridging one in MeOH-
ds.

Lippard et al.*> have also reported a binuclear zinc
complex [Zny(XDK)(dpp).(CH30H),(H,O)] (295), where
diphenylphosphate and the XDK anion bridge two metal
centers. Further, one diphenylphosphate coordinates to one
of the zinc ions in a monodentate fashion.*?

The dinuclear XDK complex of zinc nitrate, [Zn,(XDK)-
(NO3)>,(MeOH)(H,0),] (296), reacts with phosphate ester
salts Na{(RO),PO,} (R = Ph or p-NO,CeH,) to yield the
phosphate-bridged dinuclear zinc complexes [Zn,(XDK){u-
(RO):PO>}(MeOH),](NO3) (R = Ph (297); p-NO,CeH.4
(298)). Complexes 297 and 298 were further transformed
into [Zny(XDK){u-(RO):PO}(py)2](NO3) (299, 300) by
treatment with pyridine. These phosphate ester-bridged dizinc
compounds are structural models for postulated intermediates
in the mechanism proposed for phosphate ester hydrolysis
by E. coli alkaline phosphatase and DNA polymerase I, both
of which contain a pair of zinc atoms in their active sites.>*

In a somewhat different approach, Lippard et al. have
synthesized another dinuclear zinc phosphate, [Zn,(OH)-
(dpp)(bpan)](ClO4), (301), in which zinc ions are bridged
by naphthyridine fragments of bpan, one hydroxide ion, and
a diphenylphosphate group to result in a distorted tbp
arrangement around the zinc ions. Unlike in 294, the two
zinc ions in 301 have identical coordination environments
(Figure 33).'%°

Recently Bazzicalupi et al. have synthesized [Zn,L-
(bnpp),](bnpp),+4H,0 (302) (Figure 33).2°° The low-tem-
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perature crystal structure consists of [Zn,L(bnpp),]** cations,
unbound bnpp anions, and water molecules. The
[Zn,L(bnpp),]** cation displays two conformations, which
differ only by a slightly different orientation of two nitro-
phenyl groups. The binuclear cation lies at an inversion
center. The coordination geometry of each Zn(Il) ion is a
distorted octahedron. Each metal is coordinated to the
dipyridine nitrogens and to the three amine groups of a single
aliphatic side chain. The heteroaromatic nitrogen atoms and
the benzylic ones define the equatorial plane, while the apical
positions are occupied by the methylated nitrogen and the
oxygen atom of one bnpp anion, which behaves as a
monodentate ligand and actually replaces the iodide anion
in the coordination sphere of Zn(II).

Angeloff et al. have synthesized a single-strand polymer
of the hexacoordinated zinc(Il) phosphodiester complex,
catena-poly{aqua(dimethylformamide-O)bis{m-[bis(p-
nitrophenyl)phosphato] }zinc(II) mono(dimethylformamide)}
(303) (Figure 34); it consists of linear polymers in which
adjacent Zn>" cations are joined by the oxygen atoms of
two bidentate bridging bis(p-nitrophenyl)phosphate di-
esters.””” The metal shows an octahedral coordination
geometry with the zinc ion connected to six oxygen atoms,
four belonging to four different surrounding phosphate
groups, one to a water molecule, and one to a DMF molecule.
Each single strand is built-up from Zn octahedra having
alternate configuration A or A.

Ichikawa et al. have synthesized [Zn(tren)(bnpp)]ClO,4
(304) (where tren = tlriS(Z-aminoethyl)amine).208 Ito et al.
have synthesized [Zn(tpa)(bnpp)]C1O, (305) (Figure 34).%
The essential part of these molecules consists of a Zn(II)
ion, tren (or tpa), and a bnpp~ anion. The zinc atom adopts
a slightly distorted trigonal-bipyramidal coordination geom-
etry. While tren (tpa) tetradentatively chelates the Zn**
bnpp ™ acts as a monodentate ligand occupying the fifth site
of the coordination sphere around Zn(II) in the trans position
with respect to the bridgehead nitrogen atom.

Rivas et al. have synthesized the dizinc complex [(bpa-
pa)Zn(u-n>-DBP),Zn(bpapa)](PFs), (306) (where, bpapa =
N,N-bis-(2-pyridylmethyl)-N-(6-amino-2-pyridylmethy-
Damine, DBP = dibenzyl phosphate) (Figure 34) with
bridging n°-phosphate diesters and internal N—H++-O—P
hydrogen bonding.*'°

A phosphate monoester dianion bridged dinuclear zinc(II)
complex, [Zny(L)(npp)](ClO4) (307) (where L = alkoxide
species of 1,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-
ol) (Figure 34)>'!" has been reported by Kinoshita et al. Both
zinc(Il) ions are in an equivalent distorted trigonal-bipyra-
midal environment, where they are coordinated by the two
pyridyl amines and an alkoxide anion as equatorial donors
and the ternary amine and one of the phosphate anionic
oxygen atoms as apical donors.

Pyrazole-templated dinucleating ligands have been em-
ployed by Meyer and co-workers to synthesize the binu-
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clear zinc complexes [Zn,L.(MeO),PO,)](Cl04), (308) and
[Zn,L'(MeO):PO2)(NO3)2]  (309) and  [Zny(L')2(OH),-
(npp)1(Cl0y), (310) (where L-H, and L'-H are pyrazolate-
based dinucleating ligands) (Figure 35).%'? In complex 308,
the (MeO),PO, substrate is coordinated in the expected
fashion within the clamp of the two zinc ions. The structure
resembles those of the dizinc cores, with bound phosphate
diester substrate, proposed for many metallohydrolases.
Interestingly, the zinc ions in 308 are severely displaced out
of the plane of the pyrazolate heterocycle. In complex 309,
phosphate binds in the expected bidentate fashion to the
dizinc unit. Due to fewer donor sites in L' compared with
L, the remaining coordination sites have to be occupied by
additional ligands, such as the two nitrates. Each of these
nitrates binds in a bidentate chelating mode to one of the
zinc ions. The metals are thus found in a distorted octahedral
environment. If weaker coordinating counter ions such as
ClO4  are present instead of the nitrates, it is likely that
solvent molecules would fill the exo coordination sites at
the zinc ions. In complex 310, each L' bridges two Zn ions.
Two such dimeric units are bridged by two hydroxyl groups,
thus leading to the formation of a tetramer. All the zinc ions
in the tetramer are further connected to each other by one
npp. These authors have recenty extended their studies in
these systems by investigating the effect of Zn+++Zn separa-

Zinc phosphates with polydentate ligands. In the case of 308, only the dicationic part is shown.

tion on the hydrolytic activity of model dizinc phosphodi-
esterases.”!”

Spiccia et al. have reported a binuclear zinc(II) phosphate
complex [Zny(Mes-tacn),(H,0)4(PhOPO3)[(ClOy),H,O
(311) (Figure 35)."7* It consists of dinuclear Zn,(Mestacn),-
(H,0)4(PhOPO3)]** cations in which one phosphate ester
uses two oxygen atoms to bridge two Zn-Mestacn moieties.
The distorted octahedral coordination sphere of each zinc(II)
center is composed of the three macrocycle nitrogen atoms,
two water ligands, and an oxygen atom from the bridging
phosphate.

A trinuclear zinc phosphate, [Zn,{(L3S),Zn}{dpp}4] (312)
(Figure 35; L3SH = bis(3,5-dimethylpyrazolyl)(1-methyl-
1-sulfanylethyl)methane) was synthesized by the reaction of
[Zn(L3S)(CH;)] with diphenyl phosphate by Carrano et al.*'*
This complex consists of one hexacoordinated and two
tetracoordinated zinc ions. Two tetracoordinated zinc ions
are bridged by two diphenyl phosphate anions. This dimeric
unit is connected to the hexacoordinated zinc ion through
two thiolate anions.

Yamami et al. have reported the heterometallic complex
[ZnPb(L)(bnpp)]CIO4 (313) (L = N,N'-bis(3-formyl-5-me-
thylsalicylidene)ethylenediamine (Figure 36).>'> The mol-
ecule consists of macrocycle (L)>~ and one bnpp~ group;
the perchlorate ion is free from coordination and captured
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Figure 36. Zinc phosphates with macrocyclic and other polydentate ligands.

in the lattice. The zinc ion resides at the “salen” site, and
the Pb resides at the “saldien” site. The two metal ions are
bridged by two phenolic oxygens of the macrocycle (L)*~
and the bnpp group through its two oxygen atoms. The
geometry of the zinc is square-pyramidal with the “salen”
site of the macrocycle on the basal plane and the oxygen
atom of the bnpp ™~ group at the axial site. The geometry about
the lead ion is a pentagonal pyramid with the “saldien” site
on the base and the oxygen atom of the bnpp™~ group at the
axial position.?!>216

A zinc—cyclen (1,4,7,10-tetrazacyclododecane) complex
functionalized with a guanidinylethyl group with phe-
nylphosphate anion leads to isolation of the monomeric zinc
complex [Zn(L'H")((PhO)PO;3)]CIO, (314) (Figure 36).
While one of the P—O oxygens of the phenylphosphate
ligand interacts with the metal ion, the other two P—O
oxygen atoms form intramolecular hydrogen bonds to the
guanidine N—H protons.?!’

The homodinuclear Zn(II) and heterodinuclear Zn(II)—
Cu(Il) complexes [Zn,L,((RO)PO3)][BPhy]*2H,0 (315),
[Zn,;L2((RO)PO3)][C1O4] - 3H,0 (316), [Zn,Lo((HO)PO3)]-
[BPh4]-H,0 (317), and [ZnCuL»((RO)PO;3)][BPh4]H,O (318),
derived from tris[(2-pyridyl)methyl]amine (L) were prepared
and characterized (Figure 36). The crystal structure of
heterodinuclear [ZnCuL,(npp)](BPhy),*H,O shows that the
metal atoms are separated by 5.86 A and bridged by a
phosphate monoester. The heterodinuclear CuZn complex
is the first structurally characterized mixed CuZn complex
bridged by a phosphate group, a fact of interest in the design

of complexes as models for heteromultinuclear active sites
in metalloproteins and enzymes.*'®*'* A di-bridged dizinc
diphosphate complex, [Zn,L(u-dpp).(MeOH),](ClO4), (319),
was synthesized by Bazzicalupi et al. by the reaction of
dpp-H with Zn(L)(CIO4),*2H,0 (L = [30]aneN604). Each
zinc ion binds to three N-donors and one O-donor of the
macrocyclic ring. Both the metal ions are further bridged
by two dpp ligands above and below the macrocyclic ring
(Figure 36).%°

An interesting trinuclear zinc complex [Zn(cyclen)s(us-
npp)](ClO4)4 (320) was assembled by Kimura et al. starting
from p-nitrophenylphosphate disodium salt and [Zn(cyclen)]-
(ClO4), in water (Figure 36). The three Zn—O bond distances
are almost equal, and each of the Zn ions is in a distorted
tetragonal-pyramidal environment constituted by four cyclen
nitrogen atoms and the phosphate oxygen atom.?*!

The crystal and molecular structure of the ternary complex
bis[(adenosine 5'-triphosphato)(2,2'-bipyridine)zinc(Il)] tet-
rahydrate (321) has been established by Orioli et al. as early
as 1981.22% The structure consists of dimeric molecules in
which two Zn atoms are held together by two —OPO—
bridges from the y-phosphate groups of two ATP molecules.
Both Zn atoms show a distorted octahedral coordination
formed by two O atoms from different y-phosphate groups,
one O atom from the S-phosphate group, and the two N
atoms of the bipyridyl ligand. The sixth position is filled by
an a-phosphate O atom, which is weakly bound. The
structure is held together by strong intermolecular bipyridyl—
purine and bipyridyl—bipyridyl stacking interactions. Weaker
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Figure 37. Zinc and cadmium polymeric and tetrameric complexes.

bipyridyl—purine intramolecular stacking is also observed.
The molecule provides a possible model for ATP transport
and phosphate group transfer mechanisms.

Zinc diethylphosphate, [Zn(O,P(OC;Hs),),], (322) (Figure
37), has been reported in 1992 by Stucky et al. It has a chain-
like polymeric structure, and these chains have a tetrahedral
Zn0, core.”” The physical data show a melting, followed
by a decomposition reaction, eventually resulting in Zn-
(PO3);. Compound 322 is soluble in several polar and
nonpolar solvents, and the NMR data suggest that 322
maintains a polymeric state in solution.

A structurally similar 1D polymer, Zn[O,P(OMe),], (323),
is hydrothermally prepared starting from OP(OMe); and
Zn0.%*?% Polymer 323 consists of infinite one-dimensional
chains of vertex-linked ZnOs and PO, tetrahedra forming
eight-membered P,O4Zn, rings (4-rings) (Figure 37).

Even earlier than the synthesis of 322, the synthesis and
X-ray crystal structure of the zinc-2-aminoethylphosphate
(324) had been reported by Bissinger et al.** The reaction
between 2-aminoethylphosphate and ZnO in water gives the
polymeric compound [Zn(O,P(OH)(OCH,CH,NH,),].4H,0
(325) within a few minutes of mixing the slurries. The
calcium complex of 2-aminoethylphosphate [Ca(O,P(OH)-
(OCH,CH,;NH,)>(OH,),]+2H,0 (326) is somewhat structur-
ally different. The aminoethyl phosphate group exists as a
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zwitterionic [ OsPOCH,CH,NH;"]™ group in both the
complexes. The calcium ions in 326 are octahedral by
additional coordination of two water molecules.

Use of zinc acetate in place of ZnO and barium 2-ami-
noethylphosphate instead of free acid in the above reaction
leads to the isolation of another polymeric compound of zinc
2-aminoethylphosphate with the composition [Zn(O;POCH,-
CH,NH3)(OAc)] (327). Similarly, the polymeric compound
Zn(O3POEt)-H,0 (328) is prepared from Zn(OAc),*2H,0
and ethyl phosphate.”*® Both compounds have layers formed
by phosphate groups bridging the tetrahedral Zn atoms, which
undulate perpendicular to the layer direction. The spacing
between successive layers is determined by the pendant
groups (the ethyl group in 328 and the acetate group in 327).
The amino groups in 327 fold back upon themselves to
H-bond to the acetate groups. Hydrogen bonding produces
sheet-like structures with only van der Waals forces holding
adjacent sheets together.

Tilley et al.**” and Murugavel et al.'** have investigated
in detail the reaction of zinc precursors with di-fert-butyl
phosphate (dtbp-H). In contrast to the direct reaction between
zinc(Il) ions and dimethyl or diethyl phosphate yielding a
one-dimensional polymer, the reaction between Zn(OAc),
and dtbp-H leads to the formation of a tetrameric phosphate
[Zn4(14-O)(dtbp)s] (329)."*° On the other hand, the reaction



3584 Chemical Reviews, 2008, Vol. 108, No. 9

of ZnEt, with dtbp-H gives the insoluble polymer
[Zn(dtbp),], (330) (Figure 37).%*” In the presence of slight
amounts of H,O, the same reaction however produces the
oxo-centered tetranuclear cluster 329. The molecular structure
of 329 reveals a basic zinc acetate structure for this
compound. Compound 329 is thermally labile and eliminates
isobutene and H,O over the temperature range 130—220 °C.
The ceramic yield at 900 °C corresponds to the theoretical
yield for a Zn4PcO,9 material, and the observed products at
this temperature are a-Zn,P,0; and 3-Zn(PO3),. When heated
in EtOH at 85 °C for 30 h, 329 converts to polymer 330
and ZnO. This transformation is facilitated by acids, which
allow the conversion to occur at room temperature. Polymer
330, characterized by X-ray crystallographic studies, adopts
a zigzag structure with Zn atoms linked alternately by one
and then three bridging phosphate groups. This structure is
therefore different from that adopted by the other two
organozincphosphate {Zn[O,P(OR),]»}, polymers 322 or
323, which exist as linear chains with the Zn atoms bridged
by two phosphate groups.

Polymer 330 undergoes a quantitative pyrolytic conversion
to [-Zn(POs),. Exposure of 330 to 1,6-hexanediamine
produces a coordination network [Zn(dtbp).(H:N(CH,)e-
NH,)], (331) (Figure 37), with elimination of ZnO.?*’ The
polymeric strands of 331 are interconnected via H-bonds
between the N—H and P=0O groups. Addition of imidazole
in the reaction between Zn(OAc), and dtbp-H produces the
monomeric complex [Zn(dtbp),(imidazole),] (332).'*°

In a recent study, Murugavel et al. have synthesized zinc
phosphate cubic complexes, [Zns(ROPOs)4L4] (R = 2,6-
diisopropylphenyl, L = methanol (333), 2,4,6-trimethylpy-
ridine (334), 2-aminopyridine (335), 2-hydroxypyridine
(336), 4-(hydroxymethyl)pyridine (337)), with molecular
structures that resemble the double-four-ring (D4R) second-
ary building unit of zeolites. Complexes 334—337 have been
characterized by single-crystal X-ray diffraction studies
revealing that when the appropriate ligands are chosen, the
D4R cubanes could be assembled into one-, two- or three-
dimensional supramolecular networks through noncovalent
interactions arising out of the -NH,, -NH, or -OH groups on
the surface of the molecule.**®

2.11.2. Cadmium

The reaction of diethyl phosphate and cadmium nitrate
proceeds via the formation of KNOj to yield the polymeric
compound [Cd(O,P(OEt),], (338).>* The compound exists
as a highly interlocked 1D polymer where each octahedral
cadmium ion is linked to preceding and succeeding cadmium
ions by one four-membered ring involving two bridging
oxygen atoms and by one eight-membered ring involving
two bridging phosphate groups. In other words, each adjacent
pair of Cd ions is bridged by two phosphate anions on either
side. Additionally, one of the oxygen atoms of each diethyl
phosphate ligand bridges a third cadmium atom.

The structure of the cadmium polymeric complex formed
by di-fert-butyl phosphate (dtbp-H) is much simpler. Reaction
of Cd(OAc),*xH,O with dtbp-H in a 1:2 molar ratio in
MeOH gave the polymeric metal phosphate [Cd(dtbp),-
(H,0)], (339) (Figure 37) in good yields.”® The Cd ions in
the structure of 339 are pentacoordinated. The polymer
structure resembles very much the structure of [Cu(dtbp),]
(179) in the sense that adjacent cadmium ions are bridged
by two dtbp ligands. A water molecule additionally coordi-
nates each cadmium ion. Thermal analysis (TGA and DSC)

Murugavel et al.

indicates that 339 converts into crystalline metaphosphate
Cd(PO3), at <500 °C.

2.12.2. Group 13 Metal Phosphates
2.12.1. Aluminum

Materials derived from group 13 metals or elements are
useful as catalysts and catalyst supports. Making soluble
aluminum phosphates and studying their properties is
important in this context. Tilley et al.>** have reported two
aluminum phosphates, [Me,Al(O,P(O'Bu),)], (340) and
[AI(O'Pr)2(O,P(0O'Bu),)14 (341), which were prepared from
the reaction of di-fert-butylphosphate with Me;Al and
(‘PrO);Al, respectively (Figure 38).

Silicoaluminophosphates (SAPO’s) are porous materials
that find wide applications as catalysts and catalyst supports
for reactions such as the conversion of methanol into
hydrocarbons. Development of efficient molecular precursors
for SAPO’s containing “preformed” O—Si—O—Al-O—P—0
linkages is of interest. In addition, such species might also
serve as soluble models for SAPO materials. In this context,
recently asoluble SAPO [(('BuO);Si0),Al(O,P(O'Bu),),AICH;-
(OSi(O'Bu)s)] (342) has been prepared by reacting excess
of (‘Bu0);SiOH with 340 (Figure 38).>*' Complex 342 under
thermolytic decomposition conditions yields mesoporous
SAPO materials with large surface area (>500 m?/g) and
pore volume. These properties make them ideal candidates
as catalysts and catalyst supports for organic reactions
involving larger substrates.

Trialkyl phosphate—group 13 metal alkyl adducts
MesAl-OP(OSiMes)s (343), Et;Al-OP(OSiMes)s (344), and
Me;Ga+*OP(OSiMes)s (345) undergo a thermally induced
dealkylsilylation with the formation of cyclic alumino- and
gallophosphate dimers, [R',M(u,-0),P(OSiMes),],» (R'>2M =
Me,Al (346), Et;Al (347), and Me,Ga (348)) (Figure 38).
The molecular structures of these cyclic phosphates reveal
the presence of a central M,O4P, ring on which organic
groups are attached.***

Triesters OP(OR); (R = Me, Et, Bu, SiMe;) react with
aluminum and gallium triamides [M(NMe,);]» (M = Al, Ga)
in nonaqueous aprotic solvents with the formation of
amorphous alumino- and gallophosphates MPO, (M = Al,
Ga). Aluminophosphate also results from the reaction of
AICI; with OP(OSiMes);.2** The molecular structure of the
first-step model compound (Me,N);Al-OPPh; (349) was
established by single-crystal X-ray diffraction. Cyclotrialu-
mazene [MeAINDippl; (Dipp = 2,6-diisopropylphenyl)
forms a bis-adduct, [MeAINDipp]s*20P(OMe); (350), with
trimethyl phosphate.

Florjanczyk et al. have recently reported on the organically
modified aluminophosphates by studying the reactions of
diphenylphosphate with AlMe;, AlEt;, Al('Bu)s, and boeh-
mite.”>* The reaction with Al(Bu); yields [(‘Bu),AlO,-
P(OPh),], (351), which is structurally similar to 340.
Reactions with AlMes or AlEt; lead to polymeric aluminum
organophosphates ({ Al[O,P(OPh);]5},) (352). These poly-
mers were characterized by powder X-ray diffraction (PXRD),
TGA, FTIR, scanning electron microscopy (SEM), and magic
angle spinning (MAS) NMR techniques. The results of MAS
NMR and FTIR studies showed that AI(OP)s units are the
basic chain building blocks that produce condensed struc-
tures. The same type of Al environment was observed in
aluminophosphate phase found in the products of the reaction
with boehmite. This phase reveals a fibrous structure
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Figure 38. Synthesis of group 13 phosphates.

attributed to the close-packed hexagonal columnar structure
consisting of polymeric chains of catena-Al(dpp);.>**

The reaction of aluminum isopropoxide with (BuCH-
(Et)CH,0),P(O)(OH) has been studied by Zheng et al. The
product obtained in this reaction has been characterized as
Al(O'Pr)[O,P(OR),]> (353) on the basis of IR and thermal
studies.?* Kumara Swamy and co-workers have reported
on the X-ray structure determination of a hexacoordinated
aluminum complex with a new type of seven-membered
chelate ring involving a cyclic phosphate ester.?*®

Atwood and co-workers have recently examined the
reaction of Al-sale type complexes with various phosphinic
acids and phosphate esters.>*”**® The isolated and structurally
characterized examples of aluminum phosphate complexes
include trinuclear [(MeOH)Al(salen){ O,P(OMe), }-
Al(salen){O,P(OMe), }Al(salen)|Br (354) and dinuclear
[(salpen)Al{O,P(OBu),}], (355) (Figure 38) complexes

(salen = N,N'-ethylenebis(3,5-di-fert-butylsalicylideneimine),
salpen = N,N'-propylenebis(3,5-di-tert-butylsalicylidene-
imine)).>’

Murugavel and Kuppuswamy have recently reported on
the reaction of a sterically hindered monoarylphosphate with
aluminum isopropoxide.”*® Performing the reaction under
slightly different conditions, octanuclear and decanuclear
aluminophosphates [Alg(u3-O3P(OR))s(tt2-HO3P(OR))o(us-
0)2(12-OH)»(THF)4] (356) and [Alo(u3-O3P(OR))12(us-
0),(0iPr)»(THF)4] (357) (R = 2,6-di-isopropylphenyl) (Fig-
ure 39) were isolated and characterized by X-ray
crystallography.?*® These compounds not only are among
the largest molecular aluminophosphates synthesized thus
far, but also are rare polyhedral cages that contain AlO,,
AlOs, and AlOg coordination geometries. The cores of these
aluminophosphates represent new structural building units
(SBUs) in zeolite chemistry.
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Figure 39. Larger aluminum phosphates.

2.12.2. Boron, Gallium, Indium, and Thallium

The only available studies on the phosphate complexes
of B, Ga, In, and TI correspond to the preparation of
trialkylphosphate adducts of these metals, which fall beyond
the scope of this review.

2.13. Group 14 Metal Phosphates

Holmes et al. have prepared a number of organotin
phosphate and phosphonate cage compounds from the
reaction of stannoic acid with alkyl- and arylphosphorous
and -phosphonic acids.** Hexameric n-butyloxotindiphe-
nylphosphate, ["BuSn(O)(dpp)]s (358) (Figure 40), has been
prepared starting from n-butylstannoic acid with diphe-
nylphosphate. An oxygen-capped cluster, [("BuSn(OH)-
(dpp);0]1[O,P(PhO),] (359) (Figure 40), has been obtained
by a small variation in the synthesis conditions.”*! Meth-
yltin(tris(diphenylphosphate)), [MeSn(dpp)s] (360) (Figure
40), has been obtained from the reaction between hexameric
methyloxotin acetate and diphenylphosphate. Controlled
hydrolysis of 360 leads to the isolation of the cage cluster
[Me,Sn,(OH)(dpp)3(0sP(OPh))], (361) (Figure 40).%** In-
troduction of sulfur in place of oxygen in the organotin
framework leads to additional types of cluster molecules.***
The same authors have prepared a number of organotin sulfur
clusters containing phosphate groups, for example, a sulfur-
capped  cluster,  [("BuSn(S)(OP(OH)(O'Bu),);S][O,P-
(O'Bu),]*2H,S - H,0 (362) (prepared by passing H,S at room
temperature through a benzene solution of the triphosphate
["BuSn(O,P(O'Bu),)s] (363)) (Figure 40).*

A rare eight-coordinate lead compound with the formula
[PbL,4][0,P(OMe),] +2H,0 (364)*** (L = 3-(2-pyridyl)pyra-
zole) has been obtained by slow crystallization of
[Pb(L"),]*H,0 (L' = 3-(2-pyridyl)pyrazol-1-yl]phosphinate)
in MeOH.*** The dimethylphosphate anion in this complex
shows hydrogen bonds with the pyrazolyl protons.

Barring tin, there are no structurally characterized ex-
amples of phosphate complexes of group 14 elements
(excluding carbon and silicon).

Murugavel et al.

2.14. Group 15 Metal Phosphates

In 1998, Schmidt et al.>*® reported the synthesis of the
binuclear antimony complexes [Cl;Sb(O)(dpp).SbCls], (365),
[CLSb(0)(dpp)-(OCH3)SbCls],  (366),  [CliSh(O)(dpp)-
(OH)SbCl3] (367), and [Cl4Sb(dpp).SbCly] (368) from the
reaction of diphenylphosphate with SbCls, water, and
methanol in varying molar ratios. In all cases, the diphe-
nylphosphate groups bridge two antimony atoms resulting
in a six-membered Sb,OsP central core (Figure 41).

2.15. Lanthanide and Actinide Phosphates

Although trialkyl phosphates have been used for solvent-
extracting lanthanide ions, very few lanthanide phosphate
complexes have been isolated and structurally characterized.
Dimethyl and diethyl phosphate complexes of a few lan-
thanides have been prepared, and their X-ray structures have
been established.

Dimethyl phosphates {Ln[O,P(OMe).]3}, (Ln = La
(369);**7 Sm (370);>** Eu (371);>*° Pr (372)*°) are available
from the reactions from the respective LnCl; and trimeth-
ylphosphate (Figure 42). Compounds 370 and 372 are
isomorphous. Dimethyl phosphate anions coordinate with Sm
or Eu atoms through double O—P—O bridges to form a
special network of ring—linking—ring, each of which consists
of 24 atoms. The coordination number of the metal is six,
and the coordinate polyhedron is a slightly distorted octa-
hedron. The La and Pr derivatives also have a very similar
structure in the solid state with octahedral metal ions in a
polymeric chain bridged by dimethyl phosphate ligands. The
water and trimethyl phosphate adducts of 369,
{La[O,P(OMe):1:(OHy)}, (373)*' and {La[O,P(OMe),]s-
(OP(OMe)3}, (374),>°% have also been isolated, and their
molecular structures have been established by diffraction
studies. In 369, each La is coordinated by seven O atoms
(from six dimethyl phosphates and one water molecule),
forming a distorted monocapped trigonal prism. Each di-
methyl phosphate ligand is shared by two La atoms, building
a two-dimensional network. The diethyl phosphate complexes
{Ln[PO,y(OEt),]5}, (Ln = Ce (375);>% Pr (376);>* Nd
(377)*%) have very similar structures to those of the dimethyl
phosphate complexes.

Crystals of [(Tx)Dy(dpp).]+0.64(MeOH) (Tx = texaphy-
rin) (378) (Figure 42) were obtained by diffusion of diphenyl
phosphate into methanolic Dy(Tx)(NO3),.2°° The Dy(III) ion
is seven-coordinate with five donor atoms being provided
by the texaphyrin ligand and two by monodentate diphenyl
phosphate ions. The Dy(III) ion is only 0.073 A from the
plane through the five N atoms of the macrocycle.

The syntheses of the uranyl phosphates, [U(O)(O,P-
(OR)2)(OP(OR)3)(NO3)]> (R = Et (379); "Bu (380)), and
[U(0)2(0,P(O"Bu),)2], (381) have been accomplished by
Stammler and Burns by the reaction of uranium nitrate with
the respective phosphate triesters (Figure 42).%°7-*°% While
two phosphate diester ligands bridge the two uranium centers
in these complexes, each uranium center has one phosphate
triester in the coordination sphere. Carrano et al. have
subsequently reported a discrete-framework uranium phos-
phate, [Us(OH)s(dpp)i2] (382). The structure of complex 382
shows that the six uranium atoms are arranged in the form
of an octahedron, and each face of this octahedron is capped
by a us-oxo(hydroxo) group. Each uranium atom is further
coordinated by four diphenyl phosphate groups, which also
form bridges with four neighboring uranium atoms.**’
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Figure 40. Alkyltin phosphates.
2.16. Summary

Unlike condensed inorganic phosphates, the area of
discrete molecular phosphates, prepared from mono- and
diesters of phosphoric acids as ligands, started to develop
only in the 1980s. The material presented in the sections
2.2-2.15 clearly indicates that the developments in the area
over last two decades were mainly triggered by synthesis of
molecular models for larger phosphate framework materials,
single-source precursors for ceramic materials, and the quest
for smaller molecular models to understand the functions of
phosphoesterases. While the developments in the area of
transition metal phosphates have been impressive, the
organophosphates of main group metals, B, Al, Ga, In, Sn,
Bi etc., have not been studied in sufficient detail. Future work
on these metals would be especially interesting in view of
need for suitable precursors of these metal ions to prepare
mixed metal phosphates (e.g., SAPO) through sol—gel or
thermolysis routes.

Although recent work has shown that the tert-butoxy group
substituted silanols and phosphorous acids could be used as

starting materials for the preparation of metal complexes that
decompose at low temperatures to yield metal silicates or
metal phosphates, respectively, via a 5-hydride elimination
route, the use of di-fert-butylphosphate (dtbp-H) as a ligand
in metal phosphate chemistry has been investigated only very
recently and is limited to a very few metal ions (Al, Ti, Cu,
Mn, Co, Zn, and Cd). The already demonstrated structural
transformations among the dtbp complexes provide a new
pathway to change the dimensionality of these metal—diorgano-
phosphates. Hence, in view of the clean hydrolysis and
thermolysis reactions exhibited by dtbp-H and its complexes
and the demonstrated structural transformations, there is
clearly a need to extend this chemistry to other elements in
the periodic table as well.

Similarly, the use of mono-tert-butylphosphate (or similar
thermally labile esters) as a ligand in metal—organophosphate
chemistry would provide a very useful entry into the area of
framework solids (second part of the review) in view of the
discrete 3D cages one can build with the help of the three
free oxygen atoms on the same phosphorus. Such cages, by
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Figure 41. Structures of antimony phosphates.
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Figure 42. Phosphate complexes of f-block elements.

suitable synthetic strategies and through cleavage of the only
P-OR linkage on phosphorus, could be transformed to
designer framework solids in the future.

Finally, it should be stated that, parallel to the development
of chemistry of metal phosphate complexes, there has been
sustained activity in the area of metal complexes of phos-
phinic and phosphonic acids.**® Since these developments
fall outside the scope of this review, a separate review on
molecular phosphinates and phosphonates is desirable.

3. Framework Phosphates

3.1. Framework Materials

The area of inorganic open-framework materials thrives
on the rich variety of architectures that can be obtained
through new chemical approaches. In the last two decades,
there has been a great surge of activity in this area, in terms
of discovering new frameworks based on oxides, chalco-
genides, halides, and nitrides, as well as metal—organic
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frameworks based on carboxylates and polymeric coordina-
tion compounds. Among the chemically diverse open-
framework materials, solids based on oxygen-containing
polyhedra such as aluminosilicate zeolites and metal phos-
phates constitute the major part. Prior to the discovery of
open-framework aluminium phosphates (AIPO’s) in 1982 by
Flanigen and co-workers,®! the aluminosilicate zeolites with
three-dimensional crystallographic structures dominated the
field. The last two decades has, however, witnessed the rapid
growth of open-framework materials based on metal phos-
phates, as indicated by the fact that as many as 20 chemical
elements of the periodic table are able to form such
frameworks. Phosphate-based framework solids are more
diverse and complex, exhibiting a variety of properties and
structures, many being different from the aluminosilicate
zeolites. Aluminosilicate zeolites and early AIPO’s were
based on vertex-linked tetrahedra (AlOy4, SiO4, POy, etc), but
many of the new frameworks discovered in the phosphate
family contain other polyhedra, involving octahedral [XOg],
pentacoordinated [XOs], pyramidal [XOu], or trigonal pyra-
midal [XOs;] units. The applications of open-framework
materials continue to be dominated by the aluminosilicate
zeolites because of their remarkable stability and properties
that find utility in catalysis, separation processes, and ion
exchange. The phosphate-based materials have also begun
to show some applications in catalysis and hydrogen storage
and promise to make an impact in the application front.
Cheetham et al.*®® presented a major review of open-
framework materials in 1999 covering a variety of composi-
tions and structures. In 2001, Feréy>®? extended his concepts
of secondary building units (SBUs) from purely inorganic
networks to hybrid solids, and more recently, Harrison”®*
has surveyed the recent developments in templated inorganic
networks.

This part of the review is restricted to phosphate-based
materials and covers not only three-dimensional open-
framework phosphates but also the lower dimensional
phosphates (of zero, one, and two dimensions), in an order
to unravel the building process from lower to higher
dimensional structures. The coverage includes the anionic
inorganic phosphate networks wherein the charge is balanced
by protonated organic amines or quaternary ammonium
cations. In some cases, the framework charge is compensated
by inorganic cations, while in other cases, the neutral metal
phosphate frameworks occur with or without neutral amines.
We have not made any distinction of the three-dimensional
structures that are nanoporous remaining stable and crystal-
line after the removal of the contents of the channels and
showing reversible absorption from those that collapse and
lose crystallinity on removal of the contents of the channels.

We start with a brief description of aluminosilicate zeolites
in order to introduce the terminology employed in the open-
framework literature. This is followed by a discussion of
the synthesis of open-framework materials and a chronologi-
cal account of the various families of metal phosphates of
different dimensionalities. Efforts have been made to archive
many families of metal phosphates by tabulating the lattice
parameters and citing references generously. We have also
shown how the formation of three-dimensional materials
could occur from molecular or lower dimensional materials.
The inclusion of low-dimensional phosphates in this review
is in fact inspired by the observation that they transform to
higher dimensional structures under mild conditions and play
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an important role in the building process.?®> The review ends
with a short presentation of the properties and applications.

3.2. Aluminosilicate Zeolites: An Overview

Zeolite is a crystalline aluminosilicate with a framework
based on an extensive three-dimensional network of vertex-
sharing SiO, and AlO," tetrahedra. The framework charge
is determined by the presence of AlO, tetrahedra and is
balanced by extraframework cations. The empirical formula
for a zeolite can be written as My, 0+ Al,O0;+xSi0,*yH,O
where M represents the exchangeable cations and n repre-
sents the cation valence. These cations are present during
the synthesis or introduced after the synthesis through ion
exchange. The value of x is equal to or greater than 2 because
AI’" does not occupy adjacent tetrahedral sites (Loewen-
stein’s rule). Loewenstein first rationalized the absence of
Al—0O—Al linkages in zeolites on the basis that clusters of
negative charge are less stable than isolated negative
charges.?®® The crystalline frameworks of zeolites contain
voids and channels of discrete size. Depending on the
structure, the pore or channel opening ranges from 3 to 8 A.
The water molecules present are located in these channels
and cavities along with the cations that neutralize the negative
charge created by the presence of the AlO, tetrahedra in
the structure. Typical cations include the alkali (Na™, K™,
Rb*, Cs™) and alkaline earth (Mg>", Ca*") cations, NH,",
H;O0", TMA™ (tetramethylammonium), and other nitrogen-
containing organic cations, and the rare earth and noble metal
ions. The first success in zeolite synthesis can be traced back
to Saint Claire Deville in 1862,%°” and today the most widely
used zeolites for sorbents, catalysis, and ion-exchange
applications come from the synthetic varieties that are

well-documented. 268269

All zeolites that are significant for catalytic and adsorbent
applications can be classified by the number of T atoms,
where T = Si or Al, that define the pore opening. There are
only three pore openings in the aluminosilicate zeolite system
that are of practical interest for catalytic applications. They
are referred to as small (eight-membered ring), medium (10-
membered ring), and large (12-membered ring) pore zeolites.
Today more than 100 structures of zeolites are known, and
these are listed in the atlas of zeolite framework types.*”°
The International Zeolite Association (IZA) has assigned
a three-letter code to each structure type*’® (e.g., zeolite
gismondine is denoted as GIS). The framework density or
openness is the number of T atoms (Al and Si) per 1000
A3. The smaller this number, the more space would be
present, although all of them may not be accessible.

3.2.1. The Secondary Building Unit

In order to compare the structural properties of complex
zeolite structures, there was a need to develop the concept
of structural building units. The primary building unit of a
zeolite structure is the individual tetrahedral TO, unit, where
T is either Si or Al. Meier?”! proposed secondary building
units (SBUs) based on selected geometric groupings of
tetrahedra, which can be used to describe the known zeolite
structures. Today, there are around 20 such building units
consisting of four-, six- and eight-membered single rings,
4-4, 6-6, and 8-8 double rings, and 4-1, 5-1, 4-4-1, etc.
branched rings.?’® The topologies of these units are shown
in Figure 43. In the SBUs, Al or Si is present at each corner
or termination, but the oxygens are not shown. They are
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Figure 43. Various SBUs in zeolitic structure. Reproduced from
ref 270 with permission from Elsevier.

located near the midpoints of the lines joining each pair of
T atoms. These units are also used in efforts to understand
the way the individual structures are formed from the reactant
mixtures used in the synthesis.

3.2.2. Hydrothermal Synthesis of Zeolites

Zeolites have been synthesized hydrothermally using
reactive alkali metal aluminosilicate gels at low temperatures
(60—180 °C) and pressures (autogeneous pressure). This type
of crystallization may involve structure-directing effects of
hydrated alkali metal cations that organize the zeolite
structural subunits and solution-mediated crystallization of
the amorphous gel. Variation in the gel composition, tem-
perature, charge compensating cations, time of reaction, and
the pH value (typically greater than 12) enable the synthesis
of a variety of low-silica zeolites. A good compilation of
the synthesis of zeolites and related materials can be found
in the Handbook of Molecular Sieves by Szostak.>’?

A major breakthrough in zeolite synthesis took place in
1961 by the use of organic bases as a replacement for
inorganic bases by Barrer and Denny as well as by Kerr and
Kokotailo (BDKK).?”? The use of hydroxides of quarternary
ammonium ions or organic amines enabled the direct
synthesis of high silica materials. The organic nitrogen
compounds, which act as template molecules or structure-
directing agents, are incorporated into the final product where
they replace the charge-compensating cations. They play two
important roles: (i) the size and shape of the quarternary
amine or organoammonium cation can lead to the creation
of new pore structures that cannot be made in other ways;
(ii) the large size of these cations, when compared with
traditional metal cations, makes room for only a limited
number of big ions that can compensate for a relatively low
framework charge (more sites, but less Al), thus leading to
the formation of high-silica materials (ZSM-5 and ZSM-11).
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The organic cation can normally be removed from the zeolite
by calcination, leaving behind the acid form of the zeolite.
The work of BDKK resulted in an extensive exploration of
the use of organic bases in zeolite synthesis, with many
interesting results. Davis and Lobo?’* have discussed zeolite
synthesis, specially the role of amine in crystallization,
nucleation, and other factors. A recent review deals with the
chrog%logical events in the hydrothermal synthesis of zeo-
lites.

3.2.3. Metastable Solids

Molecular sieves are metastable phases that are thermo-
dynamically unstable with respect to the dense oxide phases.
The calculated lattice energies of the structures show a direct
correlation with the density. Both theoretical and calorimetric
data show that in the case of high-silica zeolites, open
frameworks are 8—20 kJ mol ! less stable than quartz.>’® It
therefore becomes clear that the formation of zeolitic
materials cannot be rationalized on the basis of thermody-
namics alone and that kinetics plays a large part in determin-
ing which particular phases are formed. Time is therefore
an important factor in governing the products formed in
molecular sieve synthesis. The synthesis of zeolitic materials
follows Ostwald’s law of successive reactions, which states
that an initial metastable phase is successively converted into
a thermodynamically more stable phase until the most stable
phase is produced.

3.3. Synthesis of Open-Framework Phosphates

Similar to zeolites, open-framework phosphates are syn-
thesized hydrothermally under autogenous pressure. Hydro-
thermal synthesis usually refers to reactions in aqueous media
above 100 °C and 1 bar. Under these conditions, reactants
otherwise difficult to dissolve go into solution, facilitated
by the participation of water or mineralizers. A mineralizer
is a highly soluble transport substance that increases the
solubility of sparingly soluble compounds with high melting
points.

Hydrothermal synthesis is not limited to open-framework
materials but can be used to synthesize a wide range of
materials from commercial quartz crystals to complex oxides,
fluorides, and hybrid materials. The role of hydrothermal
synthesis in preparative materials chemistry and crystal
growth has been reviewed by Rabenau and Laudise.””’
Hydrothermal synthesis has an advantage over the conven-
tional synthetic methods in forming the so-called low-
temperature phases and metastable compounds. The various
new materials synthesized under hydrothermal conditions
have been reviewed by Feng and Xu.?’®

There are two striking differences between the synthesis
of zeolites and open-framework metal phosphates. In the case
of zeolites, synthesis is carried out in basic medium, while
open-framework metal phosphates are obtained under highly
acidic conditions. In zeolites, both inorganic cations and
organic amines or ammonium ions are used, while for
phosphates, mostly organic cations are used, though a few
cases are known where inorganic cations or a mixture of
the two are used.

To illustrate the procedure of metal phosphate synthesis,
let us consider a typical example. In the first step, a metal
salt is dissolved or dispersed in water under stirring. In the
next step, the phosphate source (H3;PO, or P,Os) is added to
the solution resulting in a highly acidic reaction mixture.
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The amine or ammonium salt is added to this mixture, which
reduces the acidity of the medium. The entire reaction
mixture is transferred to a Teflon beaker (fill factor ~40—50%)
and then sealed in a steel autoclave. The autoclave is heated
to 125—180 °C for approximately 18—72 h. The typical
pressure attained under these conditions is approximately
30—910 bar.**® Upon completion of the reaction, the
autoclave is removed from the oven, cooled to room
temperature, and opened. The solid product obtained is
filtered and washed thoroughly with water. A powder X-ray
diffraction (PXRD) pattern recorded immediately reveals
whether the compound is a known or an unknown phase.
IR spectra are used to find out whether amines or ammonium
ions are present in the material. Energy-dispersive X-ray
analysis (EDAX) gives the metal/phosphorous ratio, while
gravimetric analysis gives the total amount of amine,
occluded water, etc. All this information helps to determine
whether the material is an open-framework solid or a
condensed phase material. If the material is a new phase, its
structure can be solved by ab initio powder methods or by
single-crystal powder diffraction methods.

In many preparations, a mixture of phases is obtained as
the reaction product. In some of them, it is possible to obtain
a pure phase of one component by varying parameters such
as temperature, time, composition, and ratio of the reactants
in the reaction mixture. Let us illustrate this point by looking
at a typical reaction:

metal source + phosphate source + amine +
120-180 °C

mineralizer + H,O products

18-72h

Let us discuss each component in some detail.

3.3.1. Metal Source

The source of the metal can be a simple soluble salt,
chloride, nitrate, or sulfate, or less-soluble fluoride, oxide,
alkoxide, or coordination complex, or even the pure metal.

3.3.2. Phosphate Source

There is not much choice in the source of phosphate, and
most of the time, it is H;PO4 or P,Os. Recently, organo-
phosphate esters [O=P(OR)s], such as tributylphosphate,
have been used as a source of phosphorus by Cheetham and
co-workers.?’® Rao et al.?®* used organoammonium phos-
phate (amine phosphate for simplicity), which supplies both
the amine and phosphate in the medium, to prepare a range
of materials. This procedure allows one to carry out reactions
in a predominantly nonaqueous medium, which favors the
formation of low-dimensional materials, specially those of
cobalt. In a similar fashion, Neeraj and Cheetham?®®' have
used organophosphorous amides [O=P(NR;)s;] (which on
hydrolysis release the phosphoric acid and amine) to
synthesize open-framework ZnPO,.

Amines play an important role in the formation of open-
framework metal phosphates, though their exact role is still
unclear. This issue has been addressed by Davis and Lobo.?”*
Apart from acting as charge balancing cations, the organic
guest molecules can act in three distinct ways: (1) as space-
filling species, (2) as structure-directing agents, and (3) as
true templates. If the structure is flexible, the template acts
only as a space-filling agent. On the other hand, when the
shape of the template and the framework are related, the
template is called a structure-directing agent (SDA). When
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a template in its lowest energy conformation is held in a
cage within the framework, with its symmetry matching with
that of the cage, and the organic molecule is not able to rotate
freely in the cage, the case is one of true templating.”’*
However, examples of templating in the truest sense of the
word are rare, and the term organically templated is used
somewhat loosely to describe any case where a metal
phosphate is present with an organic amine in the structure
irrespective of their dimensionalities.

3.3.3. Amine

A large variety of organic amines and ammonium cations
have been used as SDA or templates. These include aliphatic,
linear monoamines, diamines, triamines, and tetramines, their
amino-alkyl or alkyl derivatives, cyclic aliphatic monoamines
and diamines, and their derivatives. Aromatic amines like
pyridine and their substituents, amines with a backbone like
1,4-diazabicyclo-[2.2.2]-octane, quiniclidine, etc., and various
quarternary ammonium cations have also been used. Ex-
amples of coordination complexes (Co(en)32+/ 3 +), aza-crown,
etc., have also been found to serve the role of a template.
More than 100 amines listed in Figure 44 have been used in
various templated metal phosphate syntheses.

3.3.4. Solvent

Solvent plays an important role in the synthesis of open-
framework phosphates. Hydrothermal synthesis, as the name
indicates, has to be carried out with water. But it has been
observed that nonaqueous solvents or a mixture of aqueous
and nonaqueous solvents can be effective for the synthesis
of known and new open-framework materials. This is
because the transport of the chemicals and ions largely
depends on their interaction with the solvent. Since organic
solvents possess entirely different physical properties (vis-
cosity, dielectric constants, etc) from those of water, the use
of nonaqueous or mixed solvents leads to different mobilities
of molecules and ions. Since kinetics play a major role in
the formation of metastable open-framework solids, different
mobilities of ions and molecules may lead to new open-
framework materials. In the area of open-framework phos-
phates, Huo and Xu?®? initiated the use of nonaqueous
solvents (alcohols such as butanol, tri(ethylene glycol)) to
synthesize some known AIPO’s (AIPO-5, AIPO-11 and
AlIPO-21, AIPO-n refers to a particular structure type). The
most important discovery using nonaqueous solvents is the
synthesis of JDF-20, an aluminophosphate with 20-ring
elliptical apertures.”®> Nowadays, nonaqueous solvents are
used quite frequently, and the subject has been reviewed by
Morris and Weigel.>** The most commonly used nonaqueous
solvents are the alcohols (mono-ols like ethanol, butanol,
etc. and polyols like ethylene glycol). THF, DMSO, and
dialkyl formamides (like DMF, diethyl formamide (DEF))
have also been used. DMF and DEF often decompose to
dimethylamine and diethylamine, which in turn act as
templates.*®>-**¢ Other solvents playing such a dual role are
the amino alcohols (e.g. 2-hydroxy propylamine).*®’

3.3.5. Mineralizers

A mineralizer helps in solubilizing an insoluble or a
sparingly soluble substance. In the area of open-framework
phosphates, F~ ion has been extensively used as a miner-
alizer. Very often, the F~ ions gets incorporated in the

Chemical Reviews, 2008, Vol. 108, No. 9 3591

framework backbone (joining two metals through M—F—M
linkages or sometimes as terminal F) or gets occluded in
the cage, thus giving rise to oxy-fluorinated frameworks with
new architectures. The most notable discovery using F~ ions
in the synthesis has been cloverite, a gallophosphate with a
20-membered pore opening.”*® The fluoride route for the
synthesis of microporous solids was initiated by Guth et al**’
and extensively used by Feréy**° leading to new series of
oxy-fluorinated phosphates called ULM-7.*" Another im-
portant feature of these families of solids (specially ULM-
n, GaPO’s and AIPO’s) is the presence of secondary building
units (SBUs) such as tetrameric and hexameric units. The
SBUs, different from those found in zeolites, will be
discussed later in the review. Interestingly, the fluoride route
presented many large pore open-framework phosphates, and
today it is not limited to only GaPO or AIPO but includes
phosphates of V, Fe, Zr, Ti, Ni, In, and Sb. Other than the
F~ ion, CI™ ion has been used in the synthesis of many zinc
phosphates, though it rarely gets incorporated in the frame-
work. Nevertheless, there is evidence that the CI™ ion gets
into the framework as a terminal atom®' or links two Zn
atoms?*? in 2D and 3D zinc phosphates, respectively. Apart
from F~ and Cl  ions, tetraethylorthosilicate, Si(OEt)4
(TEOS), has been used in the synthesis of gallophos-
phates®?**** where it improves crystallinity and acts as a
mineralizer.

3.3.6. pH, Temperature and Pressure

pH plays an important and complex role in the formation
of open-framework phosphates.?®*-*°>2%> It influences (i) the
nature of the products formed, (ii) the hydration of the amine,
and (iii) the nature and kind of connectivity of the metallic
atom with the neighboring polyhedra. For example, alumi-
nosilicate zeolites, which are always synthesized in basic
media, consist of corner-shared tetrahedra, whereas metal
phosphates, which are prepared under acidic conditions, seem
to form bipyramids and octahedra in medium pH, and corner-
shared and edge-shared metal octahedra at lower pH (in
fluoride medium). It is also found that the size of the SBU
increases with the lowering of pH.?**?*° Many of these
observations are specific to Ga-phosphates and cannot be
extended to Zn-phosphates, where the formation of a SBU
based on oligomeric metal polyhedra is rare. Nevertheless,
these observations suggest that the pH of the medium plays
an important role.

Rao and co-workers**>*°® have studied the effect of the
varying ratio of H3;PO4 and amine in the cases of zinc
phosphates. In this study, the ratio of H;POy4 and triethylene
tetramine (TETA) concentrations was varied keeping the ratio
of the other reactants and the reaction temperature fixed, as
follows:

180 °C

1Zn0O/2HCI/xH,PO,,/yTETA/100H,0 products
2
When x/y = 6:2 or 4:1, (pH =~ 2), one-dimensional and
two-dimensional structures with terminal H,PO4/HPO, groups
were obtained. When the x/y ratio was decreased to 2:1 (pH
~ 4) or 1:1 (pH = 6), three-dimensional structures were
obtained with one or no terminal HPO, groups. When the
x/y ratio was decreased further (x/y =~ 1:1.5, pH ~ 6), the
amine binds to Zn and forms a three-dimensional structure.
However, such studies with other amines would be necessary
to establish the generality of the above observations.

50 h
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Most of the hydrothermal reactions are carried out for
18—72 h, and generally only the end-product is examined.
There is always the possibility that the end-product is the
result of transformation of several intermediates. It is,
therefore, important to examine the evolution of phases with
time in order to understand the mechanism of formation of
such solids. But because hydrothermal reactions occur in
closed vessels, special techniques are required for carrying
out in situ studies. Some in situ studies have been carried
out by a few workers.?*” We shall discuss these results later
in the review.

At high pressures and temperatures, the physical properties
of the solvent, such as the viscosity and the dielectric
constant, change and can in turn influence the nature of the
products. Though such data is well documented in the case
of water (see Rabenau, ref 277), there is no study on the
nature of the products as a function of pressure.

The formation of open-framework phosphates is not
limited to hydrothermal synthesis. When a reaction mix-
ture®® or a gel formed by TEOS® is left at room
temperature and ambient pressure over long periods (some-
times for several days) open-framework phosphates are
formed. Sometimes, surfactants, reverse micelles, or micro-
emulsions are used to grow open-framework phosphates
under hydrothermal and non-hydrothermal conditions.** By
this method, one can also modify or control the morphology
of the open-framework material.**' Combinatorial methods
for the synthesis of phosphate-based materials allow one to
explore many reaction conditions and the characterization
of libraries of materials in one shot.*** Though traditionally
open-framework solids are synthesized hydrothermally or
solvothermally in the presence of an organic amine, it is still
a very mild or soft chemical process. But there are examples
where stable open-framework phosphates such as A,Cus-
(P,O7) (A = K, Rb) and Na,Cs,Cu;(P,07)Cl, have been
prepared by the molten salt method or in an alkali metal
chloride flux at high temperatures (500—800 °C).** Inci-
dentally, these are the first examples of open framework
phosphates formed by copper, as well as by the P,O; moiety.
The only other example of an organically templated
metal —P,Os structure is the one-dimensional Ni(HP,O;)F-
CaNoH o

3.4. Different Dimensionalities of the
Open-Framework Structures

A crystal always refers to a three-dimensional periodic
assembly of infinitely repetitive identical structural units. The
structural units may be single atoms, ions, or groups of atoms
connected together by covalent bonds, which may be a
molecule, part of a molecule, or part of an extended structure.
It is the last category that is relevant to our discussion. In
open-framework phosphates, the asymmetric unit consists
of covalently bound atoms forming the inorganic network
M, P, O, F/CI) and the full or part of the organic amine
(often protonated) as two separate entities. If within the
crystalline structure, the covalent bonds do not extend in any
direction infinitely, it is termed as a zero-dimensional
structure. This could be a simple molecular cluster or a
complex (e.g., a single four-membered ring formed by two
metal and two phosphorous atoms connected by oxygens)
or a more complex structure leading to a cluster of high
nuclearity. When the covalent bonds extend in one and two
particular directions, the structure is called one-dimensional
and two-dimensional respectively. When the connectivity of
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Figure 45. The negatively charged single four-rlng (S4R) zinc
phosphate, along with the charge balancing TMED.”

the strong bonds extends in all three directions, it is called
a three-dimensional structure. In relation to the templated
metal phosphates, there is always an organo-ammonium
cation that interacts with the anionic inorganic network
through H-bonding or Coulombic and van der Waals forces
to hold the three-dimensional crystalline assembly. For this
reason, many authors prefer to add the adjective “predomi-
nant” while referring to lower dimensional structures (e.g.,
the structure is predominantly one-dimensional and so on).
In the case of three-dimensional structures, there is no such
ambiguity. When the framework density (FD) is low or close
to the upper limit (FD = 21),%’° as in the case of cross-
linked zeolites, it is called an open-framework structure. One
can extend the same idea to open-framework phosphates to
distinguish them from condensed 3D structures. The three-
dimensional framework may be fully cross-linked (similar
to zeolites) where all the oxygens of the PO, moiety are
connected to the metal, or an interrupted framework with
one of two terminal HPO4 or H,PO,4 groups. It can have
intersecting or non-intersecting channels in one, two, or three
directions. The framework in most of the cases is negatively
charged (except in some of the early AIPO’s*®" where it is
neutral and the organic amine is also neutral, as in tetra-
alkylammoniumhydroxide), the organic amine (in protonated
form) or the alkali cation residing in the channels and
balancing the charge of the framework. The amine also
interacts with the framework through H-bonding.

The zero-dimensional structure is often a four-membered
ring formed by two metal and two phosphorous atoms
connected through the oxygen atoms (Figure 45). In addition,
there may be pendant HPO,/H,PO, groups to the metal center
to fulfill the coordination of the metal as in the case of
[C6H 5N, ][Zn(HPO4)(H,PO,),];°" the structure is built by
the alternate sharing of H,PO4 and ZnO, tetrahedra to form
the four ring, and also there are dangling HPO, and H,POy4
groups coordinated to the Zn center (Figure 45). The isolated
four-membered rings are hydrogen bonded with the amine
in the 3D crystalline assembly. The four-membered ring is
a SBU, most frequently encountered in zeolites and open-
framework phosphates, and is referred to as a single four-
membered ring (S4R). When it was observed that this S4R
transforms to higher dimensional structures, it was referred
to as a monomer.’*’

One-dimensional structures in the templated metal phos-
phates show a large variety. It could be a single chain of
alternate metal and phosphate polyhedra (wire-like) or a chain
of metal polyhedra capped or bridged by the phosphate
tetrahedra. There could be rings (e.g., the four-membered
ring) joined together to form a chain or a mixture of all these
leading to a complex structures. Many of the one-dimensional
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(d

Figure 46. One-dimensional structures of organically temglated

phosphates: (a) edge-shared four-ring ladder zinc phosphate;**> (b)
corner-shared four-ring chain zinc phosphate;**° (c) tancoite chain
of iron (Phosphate;306 (d) a strip-like 1D chain in cobalt phos-
phate.?®

structures are isostructural to some minerals. One-dimen-
sional infinite chains are described according to the con-
nectivity between the polyhedra or rings and are also named
after the minerals that they closely resemble.

Let us examine some of the one-dimensional structures
encountered in the literature (Figure 46). For tetrahedral
coordination of the metals, it is the corner- or the edge-
sharing four-membered rings that form the chain, the latter
being popularly known as the ladder,?®> while the former is
referred to as a corner-shared chain (c.s. chain henceforth
refers to corner-shared chain of four-membered rings).”** On
the other hand, for octahedral coordination of the metal, the
most encountered structure is the corner-shared chain of
octahedra doubly bridged by phosphate groups,®°® as in the
mineral tancoite.>*” The structure of the ladder’®® in
[CsN4H22]0.5[Zn(HPO,),] is constructed by alternate linkages
involving ZnO, and HP(2)O, groups. The units are so
connected to form four-membered rings, which are edge-
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shared to form ladder-like chains with the HP(1)O, tetrahedra
grafted on to this chain. Thus, HP(1)Oy acts as a pendant to
the anionic one-dimensional chain (Figure 46a). A quadruply
protonated TETA molecule present in the middle of this
chain balances the charge and stabilizes the crystalline
assembly through extensive H-bonding with the oxygens of
the inorganic moiety. In contrast, four-membered rings formed
by ZnO4 and HPO, groups are corner-shared in [C4sN>H»]-
[Zn(HPOy),] ‘H,0%®0 to form the one-dimensional chain
(Figure 46b). It is to be noted that there is no pendant HPO,
group from the Zn site because all the oxygens coordinated
to Zn come from the bridging HPO, groups. In the case of
[C4N,H 5]0.5[FeF(HPO,)(H,PO4)],**® where the metal is in
octahedral coordination, the isolated infinite chains of
[FeF(HPO4)(HPO,4)],, run along the a-axis with the dipro-
tonated piperazine molecules inserted between them as shown
in Figure 46¢c. The macroanionic inorganic framework
consists of vertex-sharing FeF,04, PO3(OH), and PO,(OH),
polyhedra. In the [FeF(HPO.)(HPO4)] , chain, the FeF,O,
units share their trans F apices, with the PO3;(OH) and
PO,(OH); tetrahedra grafted onto the chain in a symmetrical
bridging manner. The trans F vertex sharing of the FeF,04
octahedra creates the infinite linear {-Fe-uF-Fe-uF-Fe-}
backbone. Such a topology of the inorganic framework is
present in the mineral tancoite.’®” An interesting example
of 1D structure is exhibited by a piperazine templated cobalt
phosphate, [C4H 2N, ] s[Co(HPO,)(PO4)] - H,0,%*° where two
corner-shared four-ring chains are fused together by a three-
coordinated oxygen to form a strip-like structure (Figure
46d).

Two-dimensional layered templated metal phosphates are
diverse both in terms of the stoichiometry as reflected by
their varied M/P ratios and in terms of their rich structural
variety. Even within the same stoichiometry, a diverse range
of topologies is observed. A variety of 2D layered or sheet
structures can be built by the corner-sharing of strictly
alternating metal polyhedra and PO, tetrahedra leading to
numerous apertures within the sheet. Sometimes, the layered
structures are built by the condensation of some commonly
occurring chains or SBUs. It is, therefore, difficult to find
commonalities among the sheet structures. Furthermore, the
frequency of occurrence of certain types of sheet structures
varies from one family to the other. Two-dimensional sheets
are mainly described in terms of the nets by the vertex
symbols following the guidelines described by O’Keeffe and
Hyde.>*® Let us look at three different layered structures
encountered frequently in the literature (Figure 47).
[CsHLN][CsHgN»] [Al3(PO4)]309 has a layered structure with
an Al/P ratio of 3:4 and is made up of 4.6.8 nets. The
stoichiometry of AlP,O;6> is found in a number of 2D
layered compounds with various topologies of which the
present example is a common one. The structure is con-
structed from alternative linkages of AlO4 and POy, tetrahedra
in which all the vertices of AlO4 but only three-quarters of
the PO, are shared and the remaining vertex is a PO4 group.
Such connectivity of AlO4 and PO, groups leads to a 4.6.8
net within the sheet (Figure 47a), which is stacked in an
AAAA sequence. However, the stacking sequence could be
different (e.g. ABAB) for the same stoichiometry and net with
a different amine. The same layered topology can be
described by the corner-sharing of a SBU, which is a capped
six-membered ring (6MR) resembling a D4R with one corner
missing (see inset of Figure 47a). Another common layered
topology is exemplified by a cobalt phosphate,
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a cobalt phosphate,”*° and (c) a vanadium phosphate.*'°

[C,H 2N, 1 s[Co(HPOL)(PO4)] - H20,%%° found in other fami-
lies of metal phosphates as well. The connectivity between
the CoO, and HPO, tetrahedra gives rise to four-membered
rings, which are connected edge-wise forming one-dimen-
sional zigzag ladder-like chains. The chains are joined via a
phosphate group as shown in Figure 47b, resulting in the
formation of a bifurcated 12-membered aperture within the
layer. On the other hand, the layered structure of
VOPO4(C,HoN,)*'? is built up of isolated corner-shared trans
chains of VOsN octahedra. PO, tetrahedra cross-link such
chains to form the layered structure (Figure 47¢). Another
interesting feature in this structure is that the N-atom of the
ethylenediamine binds with vanadium to complete its
octahedral coordination. This additional role of the amine
to fulfill the coordination of the metal is observed in some
of the metal phosphates.

A three-dimensional open-framework metal phosphate is
sometimes fully cross-linked (similar to zeolite) where all
the oxygen atoms of the POy, tetrahedra are connected to the
metal or an interrupted framework with one or two terminal
HPO, or H,PO,4 groups. There are many metal phosphates
where the coordination of the metal is more than 4, like a
five-coordinated trigonal bipyramid or square pyramid or a
six-coordinated octahedron where all the five or six coor-
dination may not be satisfied by the oxygens from phosphate
groups, and interruptions may occur due to the terminal -H,O,
-OH, or -F atom. Similarly, the PO4 group may not be four-
connected. For five- and six-coordinated systems, there is a
frequent occurrence of M—X—M (X = O, —OH, F) linkages
(finite or infinite), while in the case of four-coordinated
tetrahedral systems such linkages are prohibited by Lowen-
stein’s rule, which is strictly followed in the case of Al.%
In the case of Zn phosphates, Zn—O—Zn linkages have been
observed wherein the oxygen of the phosphate group
becomes tricoordinated as in [CgH2Nylos[Zn3(HPOy)-
(PO4),]. >
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(©)

Figure 47. The polyhedral and ball-and-stick views of three common types of layers exemplified by (a) an aluminum phosphate,®*® (b)

Open-framework structures can be described in terms of
finite or infinite (chain or layer-like) components. Finite
components in the case of zeolites are described in terms of
the SBUs. Open-framework zeotypes can also be described
in terms of 3D nets following Wells*!' and Smith®'? or the
Schlifi symbols.>'® The open-framework phosphates are
structurally complex with differing finite components or
SBUs, wherein the metal polyhedra are condensed to form
oligomeric species, which in combination with the POy
tetrahedra form various SBUs (Figure 48). Only a few of
these are common with the zeolites. One can describe the
structure in terms of the connectivity of the SBUs or find a
one-to-one correspondence of nets by joining the center of
these SBUs to a simple structure type like diamond or NbO
(homeomorphism).?'*>!> Férey has developed the concept
of building units and scale chemistry, which can be used as
an a posteriori tool to analyze the structure as well as to
imagine new topologies.*'® Geometrical principles of this
kind have been described by O’Keeffe and co-workers.*'”
Even with all these techniques and concepts, structural
descriptions often become hard. In such cases, a recognizable
infinite component such as a chain or a layer is discerned
and its polyhedral connectivity described in detail.

Let us take three prototype examples to understand the
structural description (Figure 49). Let us take a relatively
simple example of the structure description of a cobalt
phosphate of the composition [CoN2H 0]2[Co4(POy)4] * H,0,3'8
with a Co/P ratio of 1/1. The connectivity of strictly
alternating CoQO4 and POy tetrahedra leads to the open-
framework network as shown in Figure 49a. On inspection,
it is found that the structure is built from double four rings
(D4R) (see inset of Figure 49a) formed by the vertex linkage
of the CoO4 and POy, tetrahedra. The double four-rings are
linked to each other via oxygens to eight other D4R units
through Co—O—P or P—O—Co linkages, forming eight-
membered channels along all the three crystallographic
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Figure 48. Various SBUs in Open-Framework Phosphates. Figure
generated from refs 263 and 745 with permission. Copyright 2001,
1999 Elsevier.

directions. The water molecules and the protonated ethyl-
enediamine molecules sit in the middle of these channels.
This kind of framework topology built up exclusively from
double four ring (D4R) units was theoretically predicted 40
years ago.’'? This framework type is called ACO, and to-
date there is no aluminosilicate zeolite known to have the
ACO framework type. On the other hand, MIL-31,
[C2oH5,N4][Gag(PO4)oF3(OH)2(H,0)] - 2H,0,% is a perfect
example of scale chemistry and homeomorphism to describe
an otherwise complex structure (Figure 49b). The structure
of MIL-31 is built from two different kinds of hexameric
building units (SBU-6), where the gallium polyhedra exhibit
three different coordinations: tetrahedral, trigonal bipyramidal
(tbp), and octahedral. The connectivity between the SBU-6
units leads to the 3D structure with an 18-membered channel,
the topology of which can be related to “hexagonal tungsten
bronze” if one replaces the SBU-6 hexamer by a single
octahedron (Figure 49b).%%

Let us examine a complex case where there is no
recognizable SBUs as exemplified by the FePO,
[CaN3H ]2[FesF4(H,PO4)(HPO,),(PO4)4] - 0.5H,0,%! a 3D
structure with an 18-membered channel. The complex
network is built from FeO4F,, FeOsF, FeOq, PO4, PO;OH,
and PO,(OH), polyhedra, having an infinite Fe—X—Fe (X
= O, F) connectivity and the presence of an unusual edge-
shared FeOg and PO4 dimer. Without going into the intrica-
cies of polyhedral connectivities, one can discern a layer from
the 3D structure (inset of Figure 49c) by careful selection.
Incidentally, the layer topology bears close resemblance
to the one observed in [FesF3(PO4)s(H,0)3](H,0),°
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[(H3N(CH2)4NH3)3],322 the only difference being that in the
seven-membered aperture of the discerned layer, a pendant
H,PO4 group protrudes, while in the former case it is just a
terminal water connected to the iron site. The layers thus
formed are cross-linked by the PO, tetrahedra along the
c-axis in the ABAB fashion through the formation of a four-
membered ring to form the 3D structure. Such cross-linking
of layers forms an 18-membered elliptical channel along the
a-axis (Figure 49b) and a 16-membered channel along the
b-axis. The ABAB stacking of the layers parallel to the ab-
plane renders the seven-membered aperture inaccessible. In
this connection, it is to be noted that both MIL-31 and
[C4N3H1(,]2[FC5F4(H2PO4)(HPO4)2(PO4)4] '05H20 contain an
18-membered channel, which is quite large and should be
denoted as an extra-large pore (greater than 12MR) molecular
sieves.*?* Such extra-large pore frameworks are characteristic
of the metal phosphate family, the first discovery being an
18-membered AIPO (VPI-5) by Davis et al.*** Zeolites are
primarily limited by 12MR channels®’® with the exception
of UTD-1,’* a high-silica zeolite with a 14MR channel.
Thus, the quest for extra-large pore molecular sieves®>* has
yielded many new extra-large frameworks in the metal
phosphate family, which we will examine later in the review.

3.5. Main Group Metal Phosphates
3.5.1. Aluminium Phosphates

Playing with the iso-electronicity of AIPO, with SiO,,
Flanigen and co-workers discovered a new generation of
microporous materials, aluminophosphate, AIPO4-n, and
subsequently promoted a tremendous growth in the area of
open-framework metal phosphates.*®! The original AIPO4-n
family has an Al/P ratio of unity, and the framework is
neutral. But it is no longer limited to neutral frameworks.
Later discoveries reveal the presence of anionic 3D open-
framework structures along with a range of lower-dimen-
sional structures. The various low-dimensional structures (0,
1, 2), as well as 3D AIPO, structures, are listed in Table
],283.285-287.299.326-439 The rich structural diversity of alu-
minophosphate has been reviewed,*****! and we will briefly
touch upon the various dimensionalities of AIPO’s here.

Zero-Dimensional Structures. There is only one zero-
dimensional AIPO reported with an Al/P ratio of 1:4, formed
in the presence of an organic ammonium cation,
[CoH 0N, 14 INHAI[AL(PO4)4],>** where the central AlO, tet-
rahedron shares the four corners with four PO, tetrahedra
but does not form a closed ring.

One-Dimensional Structures. The anionic 1D AIPO is
mainly limited to the three most common types discussed
earlier (Figure 46), namely, the corner-shared chain of four-
membered rings, the ladder, and tancoite (Table 1). The Al/P
ratio in these 1D materials is 1:2. The bridging phosphate
in the corner-shared chain can have one or both HPO, groups
instead of PO, groups, thus varying the charge of the
macroanion from —1 to —3. Similarly, in the case of the
ladder, the dangling phosphate group may be H,PO, or HPO4
except where it is a terminal F atom and the Al/P ratio turns
out to be unity.424 In the tancoite chain with AlO¢—,(OH/F),
(x = 0—2) octahedra, the corner-shared chain can have
bridging PO., HPO,, and H,PO, groups. There are two rather
uncommon 1D AIPO’s reported in the literature (Figure 50).
One of them reported by Ozin and co-workers**>%® with
an Al/P ratio of 3/5 (UT-2,7), can be described as three
corner-shared four-membered rings connected to edge-shared
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Figure 49. Structures of three open-framework phosphates: (a) a cobalt phosphate;®'® (b) a gallium phosphate*>° (Reprinted with permission
from ref 263. Copyright 2001 American Chemical Society); (c) an iron phosphate.*?'

four-membered rings to form six-membered rings (Figure
50a). On the other hand, [A,A-Ir(en);][Al;(PO4)4] *xH,0O (x
~ 3.45)*2 with an AI/P ratio of 3/4 has a 1D structure that
can be visualized as a ladder where the alternate dangling
HPO4/H,PO, groups are absent and instead are bridged by
another one (Figure 50b).

Two-Dimensional Structures. Two-dimensional layered
AlIPO’s with a large variety in terms of the Al/P ratios and
structures are known (Table 1). Among the sheet structures
consisting of strictly alternating AlO, and POj tetrahedra,
the A13(PO4)43_ stoichiometry creates various layer topolo-
gies as identified by Yu and Xu (Figure 51).**' The various
types include4+6¢ 12’287,341,37(),4364.6 N 8(1)_’309,339,349,368,373,383
426-8(I1)*°  4-6(I)—30"  4-6(II)—,33+356365.372:402.414
4-6(IIN)—,** 4-6(IV)—,*° and 4+8 nets.*®3*** The next
abundant stoichiometry in the sheet structures is Al,P;0;,
with an Al/P ratio of 2/3 and anionic charge of —I1,
[AIQ(HPO4)(PO4)2]17, or —2, [Alz(HPO4)2(PO4)]27, where
P and Al polyhedra occur alternately. There could be five
different types of sheet structures as given in Figure 52.>%*
Types 1 and 2 are found in [CeHgN][AL(HPO,),(PO,)***
and [CsHgN][AL(HPO,),(PO,)].>** Type 3 is found in UT-

3393 and UT-5,%%7 while type 4 is found in UT-4.%” Type 5
is found in [C4H2N]L[AL(HPO,)(PO4),].*** In addition to
the above, [CoHaN][AL(HPO4)»(PO,)]*' with the same
stoichiometry bears close resemblance to type 2 where
breaking the linkage between the five-coordinated Al and
one of the four-coordinated P atoms generates the layer
topology. The Al/P ratio of 1:2 is found in two sheet
structures with strictly alternating AlO4 and POj tetrahedra
connecting to form 4+20°% and 412 nets,*' respectively.
There are single occurrences with Al/P ratios of 1:1**° and
4:5%%¢ wherein the sheet structures are related to the AIPO-
41 (AFO) type in the former case while the latter has a double
sheet built from the D4R SBU.

Layered AIPO with Al in More than Four Coordination.
Sheet structures involving Al in five or six coordination
generally leads to Al1—(OH)—Al linkages, which can be finite
or infinite. However, there are examples where AlO, (x >
4) polyhedra and PO, tetrahedra alternate, as in the
[AI(H,0),(HPO,),] ! stoichiometry,?*379387 where AlO,-
(H20), octahedra and PO, tetrahedra form eight-membered
apertures. Similarly, alternating connectivity of AlOs, AlOy,
and PO, polyhedra in [C3HsN,],[Alz(HPO,)(PO,),]* 7?3
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Figure 50. Two relatively complex and uncommon 1D structures
found in the aluminium phosphate family.*>*** Panel a adapted
from refs 363 and 402. Copyright 1996 and 1999 American
Chemical Society.
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Figure 51. Two-dimensional sheet structures and their SBUs.
Reprinted with permission from ref 441. Copyright 2003 American
Chemical Society.

forms a double sheet built from D6R SBUs. Apart from the
above examples,??%-342379-384387 4] Jayered AIPO’s (Al in
more than four coordination) have Al1—(OH)—Al linkages
in some form.

A large number of layered AIPO’s with an Al/P ratio of
1:1 with the general stoichiometry Al,X»(PO4),Y> (X = OH,
F, O and Y = H,O, NH,) where the Al coordination is more
than four, have structures similar to AIF(HPO,)(C,HgN,)***
closely related to the o-VO(HPO,)*2H,0 structure*** (Figure
47¢). In this structure, the corner-shared infinite metal
polyhedra are cross-linked by POy tetrahedra. The AI—(OH)—Al
linkage can be generated by AlOg octahedra,****9%**! by
alternate AlO5 and AlOg¢ polyhedra397’415 or by AlOs distorted
trigonal bipyramids.*!***%4°° The fifth and sixth coordination
of Al polyhedra are satisfied by the N of the amine®** or by
the oxygen of water,37-406:415:420421433 The hound water and
bridging —OH groups can be removed by heating, thereby
reducing the Al coordination. One can end up with a
tetrahedral AI—O—Al linkage, breaking the so-called Lo-

Murugavel et al.

.

()
Figure 52. Schematic depiction of five different types of layer
topologies found in Al P30, stoichiometry. Reprinted with permis-
sion from ref 384. Copyright 1998 American Chemical Society.
The black and white circles indicate the up and down features of
triply bridging phosphate groups. The arrows show the edge-sharing
bridged-6MR.

wenstein’s rule. One such example is [C,H;oN,][ALLO-
(PO,)]**7 obtained by heating [C,H;oN1][AL(OH)»(PO,),-
(H20)]-H,0O at 225 °C. To our knowledge, the only other
example where Lowenstein’s rule is broken is
Csz[Alzo(POA;)z].392 There are structures with infinite
Al—(OH)—Al linkages built from some common SBUs
(SBU-4,%?° SBU-8*"), from complex units,?>” or by joining
tancoite-type chains (with infinite AlI—X—Al linkages).**?

Three-Dimensional Structures. The majority of AIPO-n
possess a (4;2)-connected framework, which means that the
Al and P atoms occupy four-connected vertices of a 3D net
and O atoms occupy two-connected positions between the
four-connected vertices. This immediately reveals the Al/P
ratio to be unity, the framework to be neutral, and AlO4 and
PO, tetrahedra to be alternating. This rule also precludes the
presence of rings formed by odd numbers of T atoms (P
and Al) in the framework, and therefore MFI-type structures
containing five-ring units are not found in the AIPO family.
The most important feature of (4;2)-connected AIPO-n is
that they are truly microporous because of their high stability
(up to even 1000 °C) even after removal of the contents of
the channel.?®! However, there are AIPO-n members that
do not obey the (4;2) connection where the Al coordination
is five or six with terminal —OH or H,O groups, still
maintaining the Al/P ratio of unity. In this class of materials,
it is possible to remove the —OH bridges or the terminal
waters by heating and making Al fully tetrahedral.

More than 25 AIPO framework types have been listed in
the Atlas of Zeolite Framework Types.”’”® Among them, some
are analogues of aluminosilicate zeolites [e.g., AIPO-5 (AFI),
AIPO-8 (AET), AIPO-16 (AST), AIPO-17 (ERI), AIPO-20
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Figure 53. Framework of AIPO-CJBI1 (a) viewed along ¢ axis and (b) side view showing the connection of three types of cages. Reprinted
with permission from ref.**! Copyright 2003 American Chemical Society.

(SOD), AIPO-24 (ANA), AIPO-34 (CHA), AIPO-35 (LEV)],
and the rest of them are novel [e.g., AIPO-11 (AEL), AIPO-
12 (TAMU)/AIPO-33 (AIT), AIPO-14 (AFN), AIPO-18
(AEI), AIPO-21 (AWO), AIPO-22 (AWW), AIPO-25 (ATU),
AIPO-31 (ATO), AIPO-40 (ARR), AIPO-41 (AFO), AIPO-
52 (AFT), AIPO-53A/-53B/-EN3/IDF-2, UiO-12-as, UiO-
12.500 (AEN), AIPO-J4/VPI-5 (VFI), AIPO-H, (AHT),
AIPO-H3/AIPO-c (APC), AIPO-D (APD), UiO-6 (OSI),
UiO-7 (ZON)].?"® Apart from these, 3D AIPO’s related to
some of the zeolite structures are the GIS-,2%> LTA-,*#" and
SOD-types.*®! Synthesis of many of these AIPO’s can be
found in ref 272, and the structural details can be found in
the Atlas.?’ We shall briefly touch upon a few important
structural aspects.

Structures with strictly alternating AlO, and POy, tetrahedra
as in zeolites are found in AIPO-5, AIPO-11, AIPO-12-
TAMU, AIPO-16, AIPO-31, and AIPO-52. Structures with
one or two —OH bridges leading to five coordination of Al
on heating become fully tetrahedral as in AIPO-17,> AIPO-
18, AIPO-21,72%33¢42¢ AIPO-40, AIPO-41, AIPO-EN3, and
MIL-34.%** There are a few new members of this group, but
detailed thermal studies leading to full tetrahedral frameworks
are yet to be established (e.g., MU-10,**" MU-13,**® IST-
1%%). In some instances, the 3D structure is hydrated where
the fifth and sixth coordinations of Al are satisfied by H,O
and the remaining four provided by phosphate oxygens (e.g.,
AIPO-H,, AIPO-H;, VPI-5).%**

VPI-5 with 18-membered pore openings is the first extra-
large pore molecular sieve. The structure of VPI-5 transforms
to AIPO-8 with a 14-ring pore opening upon heating by
changing the six coordination of Al. The structural trans-
formation can be topotactic in the calcination process to
remove the occluded template or bridging —OH groups (e.g.,
AIPO-21 to AIPO-25).4?¢ Complex AlI—O(H)—Al linkages
leading to edge-sharing between Al polyhedra are also
common and many times form well-defined SBUs (e.g.,
AIPO-12,*1 AIPO-15,7*%%% AIPO-14, APDAB200,""
Ui0-26,*'% and others®®*). A large number of 3D AIPO’s
have been prepared in the presence of the F~ ion, which
most of the time bridges the Al atoms through corner- or
edge-sharing and increases the Al coordination to five or six
forming various SBUs. In AIPO-CJ2°3¢¢ and ULM-3, an
analogue of GaPO,**? Al polyhedra are corner-shared to form

SBU-4 and SBU-6 units, as well as in UiO-6 and -7,3%3%0
with the Al polyhedra sharing corners through the F atoms.
In MIL-27°*° and ULM-6,%*°> complex structures containing
F—F edge-shared Al polyhedra are seen.

There are a large number of AIPO’s in which the Al/P
ratio is less than unity and the framework is negative (see
Table 1). JDF-20 (A/P = 5/6)*** with a 20-membered extra-
large pore channel presents the first such example with an
interrupted framework having a terminal P—O bond. A
number of AIPO’s with the Al/P ratio less than unity have
since been prepared, and they include AIPO-HAD (Al/P =
4/5),7%% [CeHaiN4ls[Alo(POL)12]* 17THO (AP = 3/4)°%°
AIPO-DETA (Al/P = 2/3),>*® AIPO-CJB1 (Al/P = 12/13),*%°
AIPO-CJ4 (AP = 1/2),*!! [CeH 1¢NL1[AL(HPO,)(PO,)],*1?
AIPO-CJB2 (Al/P = 11/12),**° AIPO-CJ11 (AP = 11/
12),%% and (NH4)3[Al(PO,);3].**° A good account of these
structures has been given by Yu and Xu.**' All these
structures contain alternating PO, tetrahedra and Al-centered
polyhedra where the Al coordination is sometimes five$>4%°
or six.*'"*? The most important feature of these materials
is that they are anionic, just as the aluminosilicate zeolites.
So there is a possibility for these materials to show Bronsted
acidity and ion-exchange capacity, if the occluded species
is removed by calcination, with the protons remaining to
balance the negative charge. Unfortunately, most anionic
AIPO structures collapse during calcination. However, Ruren
Xu and co-workers were able to show Bronsted acidity in
AIPO-CJBI, [(CH2)6N4H3] [A112P13052], which is stable upon
removal of the template (Figure 53a). The structure of AIPO-
CJBI is also interesting with an 8MR channel and three
different kinds of cages (Figure 53b).

3.5.2. Gallium Phosphates

After the tremendous success of AIPO molecular sieves, the next
natural choice of the element to extend the idea was gallium.
Parise™'first described several GaPO frameworks related to the
AIPO-n family. Several other groups have investigated the synthesis
of GaPO frameworks in order to form large pore molecular sieves.
The major breakthrough was the discovery of cloverite, a gallium
phosphate framework with a 20-membered channel achieved by
Kessler and co-workers?®® by employing the fluoride route. Ferey
and co-workers**’have contributed significantly to this family
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through their systematic studies employing the fluoride route to
produce a series of gallium fluorophosphates (ULM-n series). The
ubiquitous presence of various SBUs in the fluoride-containing
solids led them to propose a mechanism for their formation. Today,
gallium phosphates constitute a large family of templated networks
with a range of zero-, one-, two- and three-dimensional struc-
tures.288,293,294,299,32(’),331,346,377,405,443—516 The formulae and unit
cell parameters of the members of these families are listed in Table
2. Like in the AIPO family, the ratio of Ga and P varies from unity,
but unlike AIPO, the Ga/P ratio is sometimes greater than unity.
Like AIPO, GaPO also exhibits five and six coordination besides
four, with a higher propensity for higher coordination.

Zero-Dimensional Structures. Two important types of
0D structures, namely, S4R and D4R, are found in the GaPO
family. The molecular structure of the S4R [C¢HzNyl-
[Ga(HPO,)(PO4)(OH)]-H,0%° is similar to the ZnPO-S4R
(Figure 45), the only difference being that the GaPO-S4R
has one pendant HPO4/H,PO,4 group from a Ga site while
the fourth coordination is satisfied by an —OH group. In
ZnPO-S4R, there are two pendant HPO4/H,PO, groups. The
other 0D structure is a D4R, which is obtained quite
frequently. 03496592306 The jsolated D4R structures have
occluded fluoride,**> while others have occluded oxygen**®>%
(Figure 54). Considering the fact that the D4R units are
present in several GaPO materials (cloverite,288 ULM-5,%%
ULM-18,*%% etc.) and in many zeolites (LTA) and metal
phosphate structures (Figure 49a), it is possible that this
monomeric structures can be transformed to higher dimen-
sional structures, similar to S4R-ZnP0,.>*> This aspect will
be discussed in a later section.

One-Dimensional Structures. Since the six coordination
of Ga is more pronounced, the tancoite-type chain is
commonly found in the GaPO system,*76:477:488.:495.509 e
corner-shared chains of four-membered rings*’>**! and
ladders®'? also occur. Other than the three common 1D
structures, two new types have been observed*’”*** (Figure
55). In one of them, the D4R units join by corner-sharing to
give a chain structure (Figure 55a). The other (Figure 55b)*"
is also closely related to the corner-shared chain of four-
membered rings (compare Figure 46a).

Two-Dimensional Structures. It is surprising that the
number of 2D structures in the GaPO family is small
compared with the 3D structures (see Table 2). Various types
of sheet structures of GaPO are known with features such
as alternating Ga and P polyhedra,>%->'3% edge-shared Ga
polyhedra cross-linked by phosphate,***** linking of SBUs
(SBU-6,%24% D4R *° side-opened D4R**® or heptamer°®®),
and zigzag ladders (Mu-23).°'° The last one is an example
where the Ga/P ratio (5/4) is greater than unity.

Three-Dimensional Structures. Unlike the AIPO family,
the number of zeotype frameworks in the GaPO system is
less. However, few structures isotypic with the AIPO-n
family (e.g., GaPO-14 (AFN), GaPO-34 (CHA), and GaPO-
AEN, -ATU, -AWO, -LTA, and -ZON) have been observed.
The 20-membered channel structure in cloverite (-CLO)>%8
does not have an AIPO counterpart.”’® The smaller abun-
dance of zeotype structures in GaPO is due to absence of
the (4;2) connection. Instead, they show infinite Ga—X—Ga
linkages in various SBUs and thereby new topologies?¢>232%0
(ULM-n, MIL-n, MU-n, and others; see Table 2). This family
of solids displays a variety of pore systems including a large
number of extra-large pore channels bound by 14 (BIPYR-
GaP0),*”® 16 (ULM-5,* ULM-16,*¢%>'! and others**?), 18
(MIL-31, -46, -50),320-511:314 () 288:483.493 34 24 polyhedra

Murugavel et al.

(Ga8P, NTHU-1).°** The largest crystalline pore GaPO with
a 24-membered channel [Gay(DETA)(PO,),]+2H,O (NTHU-
1; Figure 56) has a neutral framework with DETA coordi-
nated to one of the Ga atoms and has one of the lowest
framework densities (10.9 T-atom, Ga or P).

The 3D framework structures involving fluorinated Ga-
PO’s have been discussed by Ferey?*® with reference to their
SBUs. We will discuss only the newer ones and their salient
features. Two recently discovered GaPO structures, MIL-46"!
and MIL-50,>"* with 18-membered ring channels demonstrate
the power of the SBU concept. The presence of the
hexameric building unit Ga;P; (SBU-6) is common in both
the structures. This unit is also encountered in many layered
(ULM-8,%°MIL-30") and 3D structures (ULM-3, 436461464487
ULM-4,%% ULM-5,* ULM-16,*° TREN-GaPO,*’" and
MIL-31%2°). The topological analysis of these 3D structures
reveals the presence of a common layer formed by hexameric
blocks of Gas(PO4);F, connected by an additional building
unit. Ferey and co-workers™'! have shown (Figure 57) that
the size of the latter determines the space (and therefore the
channel size) between the hexamer layers. For example, the
direct condensation of such hexamer sheets leads to TREN-
GaPO*"! with a 12MR channel. Connection by a four-ring
unit (part of an infinite double crank-shaft chain) or by a
cubane-shaéped D4R unit creates a 16-ring channel as in
ULM-16%° and ULM-5,*% respectively. Connecting the
hexamer sheets by pentamer Ga;P, induces an 18-ring
channel as in MIL-46>'" (or similarly MIL-31 can also be
explained). The important outcome of such a description is
that one is able to employ the notion of scale chemistry'®
and predict a new structure. For example, if the hexamer
sheets are connected by another hexameric SBU (SBU-6)
Gaz(POy)3F,, one should get a hexagonal bronze type
structure as in tungstates.’’’ Such a prediction has been
realized in MIL-50.>"*

3.5.3. Indium Phosphates

The ability to form open-framework phosphates by Al and
Ga with five and six coordination prompted researchers to
explore indium phosphates, since In would be expected to
adopt six coordination more readily. Dhingra and Haushal-
ter’'® first reported organically templated open-framework
InPO, [CoH 0N, ][Ino(HPO4)4], with an eight-membered chan-
nel where In had octahedral coordination. In Table 3, we
list the layered and 3D InPO structures.'®%¢ There are no
reports of zero- and one-dimensional structures in this family.

Two-Dimensional Structures. The 2D sheet structure
reported by Chippindale,®*' [CsHsNH][In(HPO4)(H,PO,),],
is formed by the cross-linking of ladder-like ribbons by
phosphate groups, while InPO,F(Hen)>*? is similar to
AIF(HPO,)en*** (Figure 47c¢). Alternate InOg and PO, groups
form a 4—12 net,>* isostructural with GaPO-CJ14.%"3

Three-Dimensional Structures. Among the 3D structures,
a pillared-layered structure with a 16-membered channel®*°
and others with 10MR,*** 14MR,*** 16MR,*** and 8MR”*
channels made by the fluoride route with different amines
are important (see Table 3). Most of these structures have
been reviewed,?%? except two. [C4H;eN3]o[CsH 4N,]-
[Ine sFs(H,0)2(PO.)4(HPO4) ]+ 2H,0°** is formed in the
presence of HF-pyridine and DETA. The 16-membered
extra-large pore channel is formed when InO4F, octahedra
cross-link layers formed by the cross-linking of tancoite-
type chains (Figure 58). [CsH 4N, ][IngFy(POy),] - 4H,0,°%¢ on
the other hand, has all the PO, groups connected by their
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Figure 54. The molecular D4R unit found in a gallium phos-
phate.>%¢

(b)

Figure 55. Complex 1D structures in the gallium phosphate family:
(a) D4R units are corner-linked;*’” (b) closely related to a corner-
shared chain of four-membered rings. Reference 492— Reproduced
by permission of the Royal Society of Chemistry.

four corners to In polyhedra resulting in a fully connected
framework with a SMR channel.

3.5.4. Zinc Phosphates

Since the discovery of first microporous zinc phosphates with
zeolite-like topologies by Stucky and co-workers,””® a large
number of zinc phosphates have been synthesized in the
presence of organic, as well as inorganic temp-
lates.>79-281:291292295.298.305.527-625 The structural diversity
among the zinc phosphates is remarkable and encompasses
the entire hierarchy of open-framework structures including
zero-, one-, two-, and three-dimensional structures (Table
4). Most of these structures are built from vertex-linked ZnO,
and PO, tetrahedra, but examples of ZnOg and ZnOs subunits
are also known0%-230-574.581.585 GQeveral zinc phosphates
possessing zeolitic structures with strictly alternating Zn/P
tetrahedra have also been reported (see Table 4). In most
other structures, the frameworks are interrupted by the
presence of terminal P—OH, P=0, or Zn—(OH,) groups. In

Murugavel et al.

Figure 56. Three-dimensional GaPO with 24MR channel. Re-
printed with permission from ref.’** Copyright 2001 American
Chemical Society.

ULM-8, DAO-GaPO

2D structures
TREN-GAPO
Hexamers sheet Direct
connection

Hexagonal Bronze
Type Structure ?

Figure 57. Occurrence of the hexameric building blocks Gas(PO,);F,
in fluorinated gallium phosphates. Reprinted with permission from ref
511. Copyright 2002 American Chemical Society.

addition, connectivity between two or more ZnQy, tetrahedra
through Zn—O—Zn linkages>*®>** and coordination of the
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3 t{ t{ 3 3 IR
glEl< < o = TR = g . . 530,560,568
e o < < 5§ ;8% & 2 nitrogen of the amine to Zn can also occur.””">"">°° The
ARk § = 8 S s g = = bridging oxygen atom is often trigonally coordinated, a
Sl &= = o o E o situation not observed in aluminosilicate zeolites or AIPO’s.
Slg|t ol s 58 Large pore materials bound by 16, 18, 20, and 24 T atoms
SEld @ @ @ ;i o fr °<OC (T = Zn or P) have been reported in the organically
R~ o = o o ©® IT g8 8 R templated zinc phosphate family. It is difficult to control and
£ a4 » g v =lge & & . . :
E ST 2 3 Se—a & — predict the structural features of the zinc phosphates in the
= T ‘ﬁ' o< l l l l presence of a particular amine. Even a single amine can yield
= = = 2 % bl od oG several structures of different dimensionalities (for example,
< < ZC;°< < T Lrhne o o as many as seven to eight structures are known with
2 g,ﬁg!g\g:?;gﬁ%% i ig%fgﬁi\r DABCO, 1,3-DAP, en, and PIP).
& \I[ID I TI\ = CIT = CIJI\ = TIJ T W F 3 W o F ol Zero-Dimensional Structures. Several 0D structures are
g e SRR found in the family of organically templated zinc phos-
3 S s 8 S 8S8ss s S 280.305.547,585.613.618,621 s .
£ phates. =727 252-002079528 The basic building unit for most
> of the structures®®>->*7985621 i5 the same S4R unit made with
£ 5 L £ g 3sTi& 5 & alternate Zn and P polyhedra where a H,PO4 or HPO, group
gslalz & & & 2Ry g 9 bridges and remains dangling from the Zn centers as shown
% in Figure 45 in the case of [CsH sN,][Zn(H,PO,),(HPO,)].**
e However, in Zn(H,O)(HPO4)(C4H;N30),°!3 there are no
H Q dangling H,PO4 or HPO, groups, but instead the N-atom of
z = the amine and O-atom of H,O bind to Zn to satisfy the
g E coordination (Figure 59a). The structure of [Zn(phen)],-
= o o (H,sPOy,),(H,PO,)®'® is somewhat complex wherein the S4R
E o 5” % unit is capp‘ed l?y another'bri.dging HPO, group and Zn adopts
2 T oL 2 five coordination by binding to the 1,10-phenanthroline
= o o 3 e molecule (Figure 59b). This forms an important secondary
E‘ B el = g é building unit, namely 4=1, found in the zeolites, thomsonite,
=)= = g & = and edingtonite.”’’® All these OD structures are potential
| El= S T 37 2 9 for the building of higher dimensional
g 5|2 3 == 8 £ = monomers or the building of higher dimensional struc-
RS % Q-8 £ ¥ tures through transformation.
g <o} = 2 EERF = 63 5 One-Dimensional Structures. A large number of 1D
£ 3 = E; % 85: ég = % & 2 structures have been discovered in the family of templated
8 & 2 Z = E o E% 5 Ué, o zinc phosphates. Among the 1D structures, the corner-shared
b= E Jd £ = =ZE @N 5 5 =2 g chain of four-membered rings and the ladder structures with
~ z % ,Z: Z ZE@:Z: z =z ﬁ’ a Zn/P ratio of 1:2 are most common (see Table 4). In the
« T € &z ZEIT T £ o ladder compound [(C3H4N,)Zn(HPO,)],° the Zn/P ratio is
= U E O U UUEL U u 2 unity because of the absence of dangling HPO,4, which is
= replaced by an amine, imidazole. The absence of the tancoite-
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(b)
Figure 59. Monomeric zinc phosphate structures: (a) single S4R
unit with bound amine;®'? (b) a molecular 4=1 unit.®

type chain indicates that Zn does not favor octahedral
coordination in the templated phosphate family. Other than
the corner-shared chain and ladder structures, there are a few
other 1D structures shown in Figure 60. The structure Na,Zn-
(PO4)(OH)+7H,0>*! consists of infinite corner-linked ZnO,
tetrahedra, each bridged by a PO, group, thus forming a chain
of corner-shared three-rings (Fisgure 60a). The structures of
[CeH N1 [Zn(H,PO4),(HPOL)?”  and  Zn(C4HeNo)-
(HPO,)*® are similar (Figure 60b,c) where Zn- and P-
centered polyhedra are alternately corner-shared. In the
former, there are two dangling H,PO, groups from the Zn
center, while for the latter, 4-methylimidazole binds to Zn.
The structures of [CHgN3le[Zn(OH)(PO4);°*®  and
[Zn(phen),](HPO4)(H,PO,)®'® are interesting. In the former,
Zn centers of 4=1 SBUs are connected by a —OH bridge,
while in the latter H,PO4 groups connect the S4R units to
form the chain (Figure 60d,e).

Two-Dimensional Structures. The 2D sheet structures
of the ZnPO family present rich variety, including strictly
alternating ZnO, and PO, tetrahedra with various nets and
Zn—0O—Zn units linked by a tricoordinated oxygen from the
phosphate. It is difficult to discuss all the 2D structure types
(see Table 4), and we will limit ourselves to a few typical
ones. Among the structures with strictly alternating ZnO4
and PO, tetrahedra, the commonly found one is that with a
Zn/P ratio of 2/3 where a 12-membered bifurcated aperture
is formed when the HPO, groups cross-link zigzag ladders
(Figure 47D)293:562:564.570.575 Then  there are also structures
with 4.8291:557558:604 and 4.6.8%°% nets. Among the sheet
structures with a tricoordinated oxygen, a stoichiometry of
Zns(HPO4)>(PO4)s with a Zn/P ratio of unity is the most
common?9-285:986.594.597.624 (Rjoyre 61). This structure is
formed by the joining of strip-like quasi-1D structures (Figure
62) formed by corner-shared four-membered rings connected
via a three-coordinated oxygen. The strip-like quasi-1D
structure itself has been isolated in the cobalt phosphate
family.?®" The sheet structure can be described in terms of
columns formed by ZnsP, cage-like units.>®” Some of the
sheet structures contain the ladder unit, joined variously in
the presence of a tricoordinated oxygen to give new
topologies®3-2%%-388:695 (Figyre 63).

Three-Dimensional Zinc Phosphates. The 3D open-
framework structures of the ZnPO family are exotic and
diverse (see Table 4). The Zn atom is tetrahedrally coordi-
nated in these structures most of the time. But unlike the
AIPO family, there is frequent occurrence of Zn—O—Zn
linkages forbidden in the case of Al by the Lowenstein
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Figure 60. One-dimensional structures in the family of zinc
phosphates: (a) chain of corner-shared three-rings;>®' (b, c) alternat-
ing Zn and P tetrahedra;>*>”-*®® (d) chain of 4=1 SBUs;**® (e)
connected S4R units.®'® Partly reprinted with permission from ref
531. Copyright 2002 American Chemical Society.

rule.?® In addition, the ratio of Zn/P is often less than one,
because of the interruption caused by the terminal OH groups
of the PO4 moiety or terminal H,O attached to the Zn atom.
These are probably the reasons why Zn forms such a large
variety of structures including zeotypes, interrupted frame-
works, large pore structures, helical structures, and so on.
Unfortunately, these frameworks are not stable once the
template is removed, except in one or two cases,”** where
the structures have inorganic templates.

A large number of ZnPO structures analogous to zeolites,
forexample, SOD, 25527 ABW 527551 7EQ_X 527528 Ep 565591
CHA 574385 G[§ 295.577:584.588.601 5§ THOO77:590:596.611 pave
been discovered with various templates. There are also 3D
ZnPO structures related to gismondine®®? and sodalite.®”” The
first chiral zeotype framework, NaZnPO,-H,0,>*' called
CZP-type, was discovered in the ZnPO family. Other than
the zeotype chiral frameworks, there are structures with
helical channels,%->87:612:620 among which [Co(dien),]-
[H3O][ZH2(HPO4)4]620 is templated by a chiral coordination
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Figure 61. A common layer topology in the zinc phosphate
family.>¢

Figure 62. Strip-like features in the layered zinc phosphate shown
in Figure 61.

Figure 63. Zinc phosphate layer showing the presence of a four-
ring ladder and a three-ring chain.”®®

complex (Figure 64) and has one of the lowest framework
densities (FD = 9.7). The formation of extra-large pore

Figure 64. The ZnPO framework (top) viewed along the [110]
direction showing the 12-membered ring channels and two types
of helical channels and (bottom) the right-handed (R) and the left-
handed (L) helical channels (color code: Zn white, P light blue, O
pink). Reprinted with permission from ref.®*° Copyright 2003
Wiley-VCH.

channels bound by l6’279,281,295,604,609,619 18,544 20’582 and
24°%6 T-atoms (Zn and P) indicate that the ZnPO family has
the potential to form many such structures with large
channels. It is interesting that unlike the GaPO family, there
is no commonality between the structures that can be
described by the SBU concept. Most of these structures are
described by infinite units such as a c.s. chain (Figure 65a)
or a ladder (Figure 65b) connecting the layers to form the
extra-large pore channels except in cases such as [CsHsN>]-
[Zn3(HPO,)(PO,),] - 2H,0,°*°where an oligomeric building
unit is present. It is interesting that several amines (TETA,
en, and 1,3-DAP) form GIS-type or GIS-related structures.
In en-GIS, the amine sits in the [4°8%] cage (Figure 66a),
while in TETA-GIS, the amine extends from the cage to
the channel (Figure 66b). It is unclear what role the amine
plays in determining the formation of the GIS structure.

3.5.5. Beryllium Phosphates

An interesting feature associated with Be-containing open-
framework structures is the tendency to form a three-ring
unit as in lovdarite (LOV).>’® This is considered to be a
necessary condition to form low framework density struc-
tures.®® Due to the toxicity of Be, efforts to prepare these
materials have been limited, and there are no reports of
organically templated O-, 1-, and 2D structures. After the
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Ladder

(a) (®)

Layer

Figure 65. Three-dimensional zinc phosphates viewed along the
a-axis where layers are connected by (a) c.s. chain®* and (b)
ladder*®® to form the 16-membered channel. Reference 604 —
Reproduced by permission of the Royal Society of Chemistry.

b)

Figure 66. Location of the amine inside the GIS zinc phosphate
with (a) en in the cage®®® and (b) TETA across the channel.

discovery of the zeotype open-framework structures of BePO
by the groups of Meier®?” and Stucky,’*’” a number of open-
framework BePO structures have been reported.’*®>1-028-633
Interestingly, the majority of these are templated by am-
monium or inorganic cations, analogous to aluminosilicate
zeolites that include ABW, ANA, EDI, FAU, GIS, LOS,
MER, RHO, and SOD, as well as the new zeotype topology
BPH?"° (many of these structures are listed in ref 631). The
greater propensity to form a zeolitic structure in the BePO
family probably lies in the fact that Be is always tetrahedrally
coordinated in its oxygen environment and its size (0.27 A)
is close to Si*t (0.24 10\) in the tetrahedral coordination. There
are a few organically templated open-framework BePO’s,
dominated by zeolitic structures, (e.g., GME,%3? GIS, 632633
and the novel structure described in ref 628).

3.5.6. Tin Phosphates

The first open-framework SnPO, was reported by Cheetham
and co-workers.®** Following this discovery, a number of
organically templated SnPO’s have been discovered, which
include O-, 1-, 2-, and 3D structures (Table 5).280’570’634_647
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Unlike other main block open-framework phosphates, the
Sn(Il) phosphates contain pyramidal SnO; building units,
which share corners with three PO, units, and the lone pair
of electrons presumably assumes the fourth vertex of the
pseudotetrahedron. The presence of the square-pyramidal
SnOj4 unit giving rise to Sn—O—Sn linkages is also encoun-
tered. To date, there is only one report of a Sn(IV) phosphate
with an organic template, where Sn(IV) is octahedrally
coordinated.®*”

Zero-Dimensional Structures. One of the first examples
of a OD monomeric structure was discovered in the organi-
cally templated SnPO family. The structure is made up of
alternate Sn and P polyhedra, forming a S4R unit with
dangling HPO, groups from the Sn centers,®* similar to the
ZnPO monomer shown in Figure 45. However, while the
ZnPO monomer contains two dangling HPO, groups,
the SnPO monomer has only one dangling HPO,.

One-Dimensional Structures. There are two 1D structures
in the organically templated SnPO family, of which one is
related to the ladder structure®*' while the other one is
complex.®*’” The ladder is special in that it does not have
any dangling HPO4 or H,PO, units from the metal sites. In
the other 1D structure, a x#3-O atom joins the Sn sites giving
rise to an infinite chain of trimers of Sn(IV)—O octahedra
(Figure 67).%4

Two-Dimensional Structures. There are three 2D struc-
tures reported in the SnPO family. One of them has a
complex structure formed by connecting the cage-like units
(Figure 68a).%*> The other two structures having a Sn/P ratio
of 1:1 and with the general formula of [SnPO4]™ form very
simple nets including 6+6 and 48 rings?®0->70:039.641.645
(Figure 68b,c).

Three-Dimensional Structures. The majority of open-
framework 3D structures of the SnPO family have a Sn/P
ratio of 4:3 with the general formula of [Sns(PO,);]” and
are invariably built from corner-sharing SnO; trigonal
pyramidal and POy tetrahedral units. There are a few oxy or
hydroxy Sn(II) phosphates where the Sn/P ratio is 2:1°%¢ or
3:2,%% which show the presence of Sn—O—Sn linkages with
a square-pyramidal SnOy4 unit in addition to a SnOs unit.
No extra-large pore channels are found in open-framework
SnPO’s, and they are mostly bound by 8-, 10- and 12-
membered rings (see Table 5).

3.5.7. Other Main Group Open-Framework Phosphates

Magnesium. To our knowledge, there is a report of a 2D
layered structure®*® where Mg is octahedrally coordinated
and of one 3D open-framework zeotype structure of DFT
topology.®*’

Antimony. Cheetham and co-workers®” have reported the
first open-framework Sb(III) phosphate. Like SnPO, the lone
pair of electrons is associated with the Sb(III)-centered
polyhedra. The framework of [H3;N(CH,),NH;]; s-
[(SbO),(SbF),(PO4)] is based upon a network of SbOsE,
SbO4FE (pseudo-octahedra, E = lone pair), SbO4E and
SbOsFE (pseudo-tbp), and POy tetrahedra with 8- and 12-
membered channels.

Cadmium. Although Cd and Zn are in the same group,
there is no report of an open-framework cadmium phosphate
structure either by organic or by inorganic templating.
However, there is one recent report of an 1D cadmium
phosphate where 2,2'-Bpy chelates the metal.®>! Alkali metal
intercalated layered cadmium phosphates have been reported
by Rao and co-workers.%>
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)
Ced
Figure 67. Complex 1D chain in a tin(IV) phosphate. Reference
647 — Reproduced by permission of the Royal Society of
Chemistry.

3.6. Transition Metal Phosphates

Once it was realized that open-framework phosphates were
not restricted to tetrahedral coordination of the metal and
that transition metals can partly substitute Al in zeolitic AIPO
frameworks,®> efforts were initiated to form open-framework
phosphates exclusively with transition metals. The discove
of an amazing iron phosphate mineral cacoxenite,®>*
[AlFe2s(OH)12(PO4)17(H20)24]*51H20, a large pore open-
framework structure with a free diameter of 14.2 A, indicated
that octahedral—tetrahedral open-framework structures can
be formed with transition metals by hydrothermal reactions.
There have been attempts to synthesize open-framework
transition metal phosphates with properties related to redox-
based catalysis, magnetism, and so on.

3.6.1. Molybdenum Phosphates

Molybdenum is well known to assume various oxidation
states ranging from +6 to +3 forming MoOg octahedra in
an oxo environment. Mo in the +6 state has a d° configu-
ration and is not as interesting as Mo in the +5 state, which
has unpaired d-electrons. Mo in +35 is characterized by short
M=0 bonds, leading to distorted MoOs octahedra, formation
of dimers through Mo—Mo linkages, and a greater tendency
of isopolymerization of Mo-centered polyhedra through
Mo—O—Mo linkages. Several templated molybdenum phos-
phates have been synthesized hydrothermally, primarily by
the groups of Haushalter.®>>~°® The first organically tem-
plated open-framework molybdenum phosphate (MoPO)
made under hydrothermal conditions by Haushalter et al.,®>
(MC4N)1.3(H30)0'7[M0408(PO4)2]'2H20, was also the first
transition metal open-framework phosphate. It is to be noted
here that the chemistry of reduced molybdenum phosphates
has been studied by several groups, specially by Raveau and
Haushalter, and their focus mainly pertained to solid-state
high-temperature synthesis (>700°C). Many of the high-
temperature materials incorporated inorganic cations into the
framework, rendering them condensed most of the time.
Reduced molybdenum phosphates have been reviewed by
Haushalter®® and Raveau®®’ and briefly by Férey.’*> We
shall briefly examine the hydrothermally synthesized Mo-
PO’s. In Table 6, we have listed the various molybdenum
phosphates according to dimensionality.

Zero-Dimensional Structures. As mentioned earlier, Mo
has a tendency to polymerize to Mo—O—Mo linkages; the
0D structures are based on multinuclear Mo—O clusters.
Thus Keggin ions and related species are omnipresent, and
these are well described by Pope and Miiller.®®® There are a

Table 6. Lattice Parameters, Templates, and Dimensionalities of the Various Templated Molybdenum Phosphates Reported in the Literature

ref
656

type
0D cluster
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Na*, PPhy*, H;O0"

lattice parameters

17314 A, b = 18.181 A, ¢
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SG*
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F
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Chemical Reviews, 2008, Vol. 108, No. 9 3619

657

0D (cluster)

1D

TEA

o

y = 90°

B=

12235 A, b = 19.141. A, ¢

=b=c

a
a
a

Pn3

[EtsN]6[Na;sM024P17097(OH)3,] - xH,O

TEA

y =90°

ﬁ:

12.451 A; oo = 80.54°, 8

7.497 A; o

P2,2,2
Pl

(EtuN)2[M0405(PO4)(H; sPO4),] - 2H,0

6.425 A, b = 8.686 A, ¢

665

1D ladder

PIPH,

75.14°,

[C4H 12N, ][M0O,(H2PO4)(PO4)] - H,O

[l VaN=] — (o Nea}
v v O Ne) NeolNe)
NeolNe) O O O NolNe)
QA A A AaAA
[\ NN} onon o onon
+
Z 2
Z jan)
; < T .o
£t 5 2 ZE
EZ = = ZZ
o
o~
-
[a\]
Il S
Q iy I
- Q
=) o T
[o)} e} o -
~ o )
Il S > 2
>~ =) Il I
[N
3 o] Il
o R Il
S
— N 00 o< ‘e
< IS ot
PRI S S G
S x® o ®y
<«
o= Dol
< 17 g S
%5 X e Tl
4 —
ﬂsm' Lo, = %3
— (@)} Ry
1 Sy o8
< - T
o = LS ~
< 1< S
o o IS
S w8 Teo <o
o o o
RISy Il
-, 3
S SH ==
SIS SIS N SIS
535 3 £
It ﬁ_lv—' o NI
A8 & O an

Q
= jan
= <
] = —
X2 59 3
Qa £ &
= gﬁ o)
@S 32 = 9
=25 25 ¢ E
=7 T=& —3
=0 = = S =
I 8% & 39
zT =z & L%
=3 %9 2 &<
= 2% F 22
s Z S =
o= F% &2 I3
55 £& £ EZE
zZ2 23 0 ZZ

space group.

“SG =



3620 Chemical Reviews, 2008, Vol. 108, No. 9

Figure 68. Layered structures in the tin(II) phosphate family: (a)
cage-like units joined to form the layer;*** (b) alternate Sn and P
forming a 6+6 net;**° (c) alternate Sn and P forming a 4+8 net.?°

few OD clusters (e.g., CSQ[MOz(HPO4)4(H20)z]669), containing
the Mo—Mo triple bond. (PPhs),[(H30),NaMogP4Oos-
(OH)]-:5H,0°°® and  [EuN]e[Na;sMoaP17097(OH)3]*
xH,0%7 contain the MogPs unit (Figure 69). The cohesion
between the cluster units is ensured by alkali cations.
One-Dimensional Structures. The 1D structures of
molybdenum phosphates are mainly heterometallic where the
Mo—O clusters (like the one in Figure 69) are joined by
some other transition metal to form the chain. However,
[Et;N],[Mo4Og(PO,)(H, sPO,),] - 2H,0°%* is an example of
a pure Mo—O cluster forming the 1D structure. The Mo4Og
cubes are connected by PO, tetrahedra to form the 1D chain,
with two terminal H, sPO, groups (Figure 70a). There is a
recent example of a 1D MoPO chain, where Mo- and
P-centered polyhedra alternate to a form ladder-like 1D
structure  (Figure 70b).°% 1In the ladder structure,
[C4H12N2][M0oO,(H,PO4)(PO4)] - H,O, the coordination of Mo
is six with two short terminal M=O bonds and a dangling

Murugavel et al.

656

(®)

Figure 70. Two 1D structures in the MoPO family: (a) cubane-
like units connected to form the chain;*** (b) four-ring ladder.®

H,PO, attached to Mo. This is a rare example of an
octahedral—tetrahedral ladder structure (compare Figure 70b
with Figure 46a).

Two-Dimensional Structures. There are several 2D
MoPO’s synthesized hydrothermally, with certain common
building units. For example, [N(Cs;H7)4][NH4][Mo04Os-
(PO4)2]65 8 is built from the cubic building block
[Mo403(PO4)2]2_, similar to the one observed in the 1D
structure.®®* On the other hand, Na3[M0,04(HPO,4)(POy)] -
2H,0%° comprises an edge-shared dimeric M0,Oj building
block with a Mo—Mo bond.

Three-Dimensional Structures. Several open-framework
MoPO’s have been synthesized hydrothermally as given
in Table 6. The first MoPO,%° built from the cubic building
block displays interesting reversible water absorption iso-
therms. MogO2(PO,)4(HPO,),* 13H,0%and
(NH,)[Mo0,P,00] - H,0,°0? built from a Mo, unit, also exhibit
reversible water absorption isotherms. In all these structures,
Mo is in the +5 oxidation state.

3.6.2. Vanadium Phosphates

Vanadium phosphates have been extensively investigated,
not only due to their catalytic activity®’® but also due to their
rich structural chemistry. The diverse structural variety arises
due to the ability of vanadium to exhibit variable oxidation
states (+3, +4, and +5) and to adopt different coordination
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geometries (tetrahedral, square-pyramidal, tbp, and octahe-
dral).®”" Apart from the catalytic activity, layered compounds
such as VO(POy)*2H,0 are interesting due to their potential
uses as solid sorbents and ion exchangers.®”* A large number
of vanadium phosphates have been synthesized by solid-state
methods, often incorporating inorganic cations. Like the
molybdenum phosphates, condensed vanadium phosphates
exhibit various vanadium subnetworks wherein the VO,
polyhedra are isolated, corner-shared, edge-shared into a
V,Oy oligomeric unit, or connected into infinite chains and
are then linked to PO, tetrahdera.®’* Haushalter and co-
workers,®’* successfully synthesized the open-framework
VPO [(CH3);NH]K4[V19010(H20)2(OH)4(PO4)7] * 4H,0 un-
der hydrothermal conditions in the presence of an organic
amine. Since then several VPO systems containing organic
amines and possessing 0-, 1-, 2-, and 3D structures have been
discovered (Table 7).310:674-703

Zero-Dimensional Structures. The OD structures, as in
the MoPO family, are hetero-polyanionic clusters as exem-
plified by (H30),[V4(HPO,4)(PO4);06F],[NC/H 4]6®*° and
[C4H oNOJs [V VY 03:(OH)6(PO,)] - 2H,0.°%° The former is
an octameric anion built from the tetrahedral arrangement
of VYOsF octahedra sharing edges and vertices capped by
phosphorous tetrahedra, while the latter is a bicapped Keggin
cluster. There are several Keggin-type clusters as well, but
we shall not be discussing them in this review.

One-Dimensional Structures. Three organically tem-
plated 1D VPQO’s are known in the literature, of which one
has a complicated ribbon structure, constructed from VIVOsN
octahedra and POy, tetrahedra where monoprotonated en acts
as a ligand.684 Each VOsN octahedron shares corners in a
cis disposition with two adjacent VOsN octahedra to produce
a zigzag polyhedral chain capped by PO; tetrahedra (Figure
71a). The other two are relatively simple, one of them being
tancoite-type®’ and the other being kronkite-type®” (Figure
71b). In the tancoite-type, V is in +3 oxidation state and
the V"MQOg octahedra are trans-corner-shared by OH
bridges,*”! while in the latter VOs(H,0) octahedra are corner-
linked by bridging H,PO4 and HPO4 groups to form the 1D
structure®® similar to those in kronkite, Na,Cu(SOy),*
2H,0.7%*

Two-Dimensional Structures. There are several organi-
cally templated 2D VPO’s with different sheet structures
(Table 7). The oxidation states of V can be +3,310:694701
+4,678:679.683,696,698.702 —i—5,693 and sometimes mixed-valent
(+4/45).996697.702 The VO, polyhedra adopt bp,°”5¢7°
square-pyramidal,®®**%°® and octahedral arrangements®?*-%%®
and sometimes combinations of two, such as rbp and
octahedral®’®%%7 or square-pyramidal and octahedral.”®* The
majority of the sheet structures are related to the layered
VO(PO4)+xH,O structure typem5 (Figure 72), where the
VOPO, layers have V(+4) in the tbp coordination,®”8°7% in
the square-pyramidal coordination,®”® in the octahedral
coordination,*®®%*® or in defective VOPOy layers,®’® with
edge-sharing of VOg and POy, tetrahedra. Other than these,
there are complex V,O, networks formed by edge-shared
VOs square pyramids,ég)3 face-shared VOg octahedra,®®* or
a trimer®’ of V—0—V—0—V involving trigonal bypyra-
midal and octahedral V polyhedra. Sometimes VO, polyhedra
form infinite chains through V—0O—V linkages to form a
tancoite-like chain, which is then linked by the VOs square-
pyramidal unit to form the layer.”%? In [C4H,N,],-
[V4,OsH(HPO,4),(PO,),], the infinite trans-corner-shared
V—0—V—0 chain of VOs square pyramids are linked by a
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ladder-like unit’®? to form the layer (Figure 73a). An
interesting example of VOg octahedra forming an infinite
2D sheet is found in [CN3He][(VO,)3(PO,)(HPO,)],*”* where
it forms a hexagonal tungsten oxide®'’ sheet, popularly
known as the Kagome lattice (Figure 73b).

Three-Dimensional Structures. Open-framework VPO
structures are numerous and versatile. Many important 3D
structures have been already discussed in an earlier review,2%?
(e.g., inorganic double helices,’”* giant voids,®®” and large
elliptical channels®”®). Several vanado-fluoro phosphates have
been reported by the groups of Férey®®! and Haushalter.®*°
There are also structures containing V—O—V—0—V trimers
made up of VOs octahedra and VOs square pyramids®’”7%
or V=0—V infinite chains as in (C4H,N2)[VO(H,0)s-
VO(H,0)(VO),(HPO,)(PO,);]******  and  (NH4),[VO-
(H,0)31:[VO(H,0)][(VO)(PO4),],+ 3H,0%%¢  (tancoite-type
chain) (Figure 74a). A couple of mixed valent (+4/45)
VPO’s have been reported with structures formed by
connecting VOPO, layers (see Figure 72) with H,PO4
groups®®®*7 (Figure 74b).

3.6.3. Iron Phosphates

Besides the ability of iron to exhibit different oxidation
states and form various polyhedra, it also forms several
phosphate minerals with dense structures,’”® as well as a
large pore open-framework structure, cacoxenite,®>* as
mentioned earlier. In these materials, iron assumes +2 and
+3 or sometimes mixed valency and adopts octahedral, sgp,
tbp, and tetrahedral geometries. Several iron phosphates
incorporating inorganic cations have been synthesized.”’
Férey and co-workers, using the fluoride route, showed that
open-framework iron phosphates could be formed incorpo-
rating organic cations. Another interest in exploring open-
framework iron phosphates relates to their magnetic prop-
erties. The quest for magnetic molecular sieves led Férey
and co-workers as well as others to discover a large number
of oxy-fluorinated open-framework iron phosphates. Today,
iron phosphates probably constitute the largest family of
transition metal open-framework phosphates, encompassing
1-, 2-, and 3D structures.??®-321322708743 Qroapically tem-
plated iron oxy-phosphates have been reviewed by Lii et
al.,”** and iron fluoro-phosphates have been reviewed by
Férey et. al.”*> We have listed all the organically templated
iron phosphates in Table 8 according to their dimensionality.

One-Dimensional Structures. One-dimensional FePO struc-
tures are dominated by the tancoite-type chains®-7!6-730-736.738.743
with an Fe/P ratio of 1:2, with infinite trans-corner-shared
F/OH-bridged FeF,O¢—, (x = 0—2) octahedra (see Figure
46c¢). There are three 1D structures that are more complex,
and one of them is formed by linking the SBU-9 unit (Figure.
75:31).729 In SBU-9, there is a tetranuclear Fe—O cluster,
which consists of two central FeOg octahedra that share a
common edge, with the two hydroxo oxygens involved in
the shared edge serving as corners for two additional FeOg
octahedra. This tetranuclear cluster is variously capped by
PO, tetrahedra in different structures and their connectivity
through the Fe—O—P linkage leads to different dimension-
alities and different structure types in the same dimensional-
ity. In another 1D structure, strip-like 1D ribbons contain
Fe in the mixed-valent state, similar to that observed in the
cobalt phosphate in Figure 46d. This is only the second
example of such a strip-like structure and the only case of
an organically templated FePO where Fe is solely in
tetrahedral coordination.”*® The last case is a 1D ribbon-
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Table 7. Continued

ref
690

type

template

lattice parameters
PIPH,

SG“

formula
[C4H12N2]o5[(VO)4V(HPO4)2(PO4):F2(H20)4] « 2H2 0

3D

8.954 A; oo =y =90°, 8

o

18425 A, b = 7417 A, ¢

a=
93.69°

10.090 A; o = 104.50°, B

7.298 A, b = 8929 A, ¢

100.39°, y = 92.13°

690

3D

K+

a =

Ko[(VO)3(PO4):Fo(H20)] - H.0O

8.214 A; o = 90.40°, 8

o

10.187 A, b = 10.241 A, ¢

95.93°, y = 117.33°

3D 692

CHH2

a=

[CoHioN2][(VO)3(H20)2(HPO4)(PO4): ]

,b=12263 A, c = 12362 A; o = 69.041°, 8

65.653°, y = 87.789 °

o

a=10.252 A

696

3D, 10MR

NH4

[NH4]2[VO(H20)3]2[ VO(H0)][(VO(POa)2 12+ 3H0

697

3D, 12MR

PIPH,, H;0"

14813 A=y =90°, f =

A, b=28877A, ¢

a = 9.645
91.94°

P2/n

[C4H 12N, ][H2O][(VOPO4)4(H,0)H,PO4] < 3H,O

space group.

“SG =
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(b)

Figure 71. One-dimensional structures found in the VPO family:
(a) en bound in a complex chain;*** (b) kronkite-like chain.®®>

Figure 72. Layered structure of VOPO,*xH,0.7%°

like structure built by the cross-linking of F—Fe—F—Fe—F—
Fe—F corner-shared trimers of octahedra (Figure 75b).”*!
Two-Dimensional Structures. Two-dimensional struc-
tures of the FePO family are diverse in terms of the Fe
polyhedra, the Fe oxidation states, and the connectivity
between the Fe polyhedra and the PO, tetrahedra. For
example, infinite chains of trans-corner-shared Fe octahedra
are linked by PO, tetrahedra to form the layer’'® isostructural
with AIPO,*** InPO,%?* VPOQ1%*70 and TiPO*** (see
Figure 47c) where en coordinates with the metal. In ULM-
10,7%° corner-shared Fe octahedra are mixed-valent, and in
MIL-4, the corner-shared chain of octahedra are in the cis
orientation.**? The chains are also formed by the edge-
sharing of Fe octahedra, which are then connected by either
PO, tetrahedra’'"”'? or both PO, and Fe octahedra to form
the layer.”>” Tetrameric clusters formed with all-FeOs tbp
geometry can be connected by the POy unit to form a
layer.”?’ In a similar way, a hexameric cluster, consisting
of a dimer of edge-sharing octahedra, which again shares
edges with four Fe"'Os thp units to complete the hexamer,
is connected to another by corner-sharing and through POy
groups to form the layer.””® There are a few examples where
dimeric FeF,O¢_, octahedra in the form of SBU-4 are
connected to form the layer’*®> (Figure 76) or strictly
alternating Fe and P polyhedra form the layer.”*"-734
Three-Dimensional Structures. This family of solids shows
extra-large pore channels that include 16-,""771® 18-3?! and
20-membered’'® channels. Like the GaPO family, a number
of structures are built from the SBU-6 unit,06713.724.725.743
and some of them are isostructural with members of the
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(b)

Figure 73. Structures of two layered vanadium phosphates: (a)
with alternate ladder and V—0O—V chain (Reprinted with permission
from ref 702. Copyright 2003 Elsevier.); (b) a kagome lattice.®”*

GaPQ*6:438:461:464 a4 AIPO?%? families (e.g., ULM-3 and
-4). Other than the common SBU-6, complex SBUs such as
the D4R formed by FeOs bp structures with a tetrahedrally
coordinated oxygen in the center get connected by Fe—O—P
linkages to form a 3D structure.”**7*® A complex SBU-9
(see Figure 48i) can also get connected through Fe—O—P
linkages to form an extra-large pore (20-membered ring)
channel. The 3D structures are made with the linkages based
on infinite chains of Fe polyhedra, (e.g., the 16 MR channel
in ULM-15 is built from tancoite-type trans chains,”'” the
18MR channel is formed from cis Fe—F—Fe corner-shared
chains,**! as in Figure 49c, or infinite edge-shared Fe"Og
octahedra further connected by Fe"'Og octahedra and HPO,
form a layer, which is then pillared by HPO4 groups to form
the 3D structure).””® Alternate edge- and corner-shared
FeO4F, octahedra get connected by SBU-4 to form a
channel,”® or a finite chain of Fe—F—Fe pentamers’> or
dimers’? get interconnected by a POy group or by both POy
and Fe polyhedra to form the 3D structure, the latter’?’ also
having edge-shared PO, tetrahedra and FeOgs octahedra, a
rare situation in the FePO family®*' and previously seen in
VPO.°”® There are examples where FeOg octahedra and PO,
tetrahedra are strictly alternating,”'®73? one of them with a
pillared structure’'® and the other built from ladder-type
units.”*? Interestingly, both these structures are analogous
to InPO structures.”'®32°

3.6.4. Cobalt Phosphates

Cobalt(I) readily adopts tetrahedral coordination in ad-
dition to five and six coordination,’*® exhibits interesting
magnetic properties, can be doped in AIPO’*” or GaPO
frameworks,”*® and can give rise to catalytic activity.”*’

The first organically templated pure cobalt phosphate
framework (CoPO) was reported by Thomas and co-
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workers.”>® There was not much progress in the CoPO
system for some time,”>! probably due to the difficulty
associated with stabilizing Co*" in tetrahedral coordination
in the presence of large organo-ammonium cations. Stucky
and co-workers’>? reported a few interesting zeolitic CoPO’s
incorporating alkali or ammonium cations and organically
templated cobalt phosphates stabilized by AI** doping in
the framework.””” Stucky also proposed the idea of
template—framework charge matching whereby when the
charge and volume of the organic cation is varied, Co*" is
incorporated into the framework extensively depending on
the negative charge created by the Co>"/M>" (M = Al, Ga)
ratio. However, Rao and co-workers have later shown that
pure cobalt phosphate frameworks can be synthesized by
employing organo-ammonium phosphates in a predominantly
organic medium®*® or by using the Co(en);>" complex as
the source of Co.>'® There are now several examples of
organically templated CoPO’s encompassing 1-, 2-, and 3D
structures (Table 9),279:280.318:573.576.622.750-761

One-Dimensional Structures. There are several 1D
organically templated CoPO’s, and the more common types
are those with corner-shared chains of four-membered
rings®?%757:759-761 and ladders of edge-shared four-membered
rings’>® with a Co/P ratio of 1:2 (Figure 46a,b). A rather
unusual structure with a strip-like?®® 1D structure of fused
corner-shared chains of four-membered rings having an
infinite Co—O—Co linkage, due to the presence of a
tricoordinated oxygen, was shown earlier in Figure 46d. The
only other example of such a structure is that recently
discovered in the FePO family.”*” There is a recent report
of a complex 1D structure formed by a double chain of three
rings where CoOs tbp units and distorted CoOg octahedra
create a chain of Co—O—Co linkages through corner-sharing
(Figure 77).9%

Two-Dimensional Structures. There are several 2D sheet
structures in the CoPO family, with Co in tetrahedral
coordination, which show both Co—O—Co0?’%731:738 and
alternating Co—O—P?%%->7%73% Jinkages. For example, there
are three structures with a Co/P ratio of 1:1 having the same
layer topology,’>"”>® where an infinite chain of corner-shared
CoQy tetrahedra are connected by PO, tetrahedra to form
the layer structures (Figure 78a). A similar layer structure
has been observed in the ZnPO family.(’o3 On the other hand,
the sheet structure of [C4H2N,][C02(PO4),],2”° with a Co/P
ratio of 1:1 and containing infinite Co—O—Co linkages, can
be considered to be formed by the fusion of alternate four-
ring ladders and three-ring chains, similar to the structure
of [C4HN2][Zny(PO,),]°*® (Figure 63). There are a few
structures formed by strictly alternating CoO, and POy
tetrahedra where zigzag ladders are joined by PO, tetrahedra
to form a 12-membered bifurcated aperture within the layer
(Figure 47b).28%758 On the other hand, the structure of
[C10H28N4]05[Co(PO4)CI] contains strictly alternating CoOsCl
tetrahedra and PO, tetrahedra and is better described in terms
of corner-sharing SBU-4 units (Figure 78b).>"¢

Three-Dimensional Structures. Several 3D open-frame-
work structures have been discovered recently (see Table
9), and many of them are zeolitic or zeolite-related with
strictly alternating CoO, and PO, tetrahedra (e.g., the first
pure CoPO open-framework zeotype structure (called DFT-
framework type),”>® NH,- and Rb-templated ABW struc-
tures, > ethylenediammonium-templated ACO,*'® and GIS
structures”>* and a couple of sodalite-related structures).?”*-¢!
Specially interesting is the ACO framework type (Figure 49a)
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(b)

Figure 74. Three-dimensional vanadium phosphates showing the presence of (a) a tancoite-like chain (Regrinted with permission from ref

696. Copyright 2000 American Chemical Society.) and (b) pillaring of VOPO, layers by the PO, units.®

discovered in the pure CoPO family, although the same
structure had been reported earlier but with small amount
of AI** doping.”*” There are several chiral frameworks that
can be considered to be hybrids of tridimite and ABW.”5>
There are 3D structures with alternating CoO4 and POy
tetrahedra forming eight-membered’”*>’® and 16-membered
channels, as in [C4H¢N3]3[Cos(POy4)s(HPO4)3]*H,O tem-
plated by diethylenetriamine (Figure 79a).*'® There are
examples within the 3D structures where infinite Co—O—Co
linkages are present as in [C4H;oN2]2[C0o7(PO4)¢] with a 12-
membered channel”>7° or in Cs,[Co3;(HPO.)(PO4),]+H,0
with a 16-membered channel; Co exhibiting four, five, and
six coordination in the former is noteworthy (Figure 79b).

7

3.6.5. Zirconium Phosphates

Zirconium phosphates are an important class of compounds
because of their potential applications in proton ion conduc-
tivity, ion exchange, and catalysis.”®? The focus of zirconium
chemistry research has been on the layered o- and y-phases
(o- and y-ZrP) and their derivatives. By means of intercala-
tion and ion-exchange under mild conditions, it has been
possible to modify o- and y-ZrP leading to inorganic—organic
functional derivatives.”®® Zirconium adopts six-coordinated
octahedral geometry with Zr in the +4 oxidation state.
Clearfield and co-workers’®* reported a new layered zirco-
nium phosphate-fluoride in DMSO, [Zr(PO4)F(OSMe,)], and
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”@S li’ 1 lg '; ”E 19 li’ 15 !‘9 — subsequently Xu and co-workers’®® reported organically
5 templated zirconium phosphate-fluoride with 1D double-
= stranded ladder structure. The first organically templated 3D
5 open-framework zirconium phosphate-fluoride (ZrPO-1 or
s . s .2 < < ZrPOF-1) was discovered by Kemnitz and co-workers.”®®
= ) = = .2 . . .
2l 5 o § &}“@ Q = Q = The family of organically templated ZrPO has since ex-
= s ol panded considerably with new structure types in 1-, 2-, and
~ 3D networks (Table 10).76577¢
S One-Dimensional Structures. There are several interest-
o é ing 1D structures in the ZrPO family (Figure 80), and many
o % 5 of them are not found in other organically templated metal
Q = % 5 & phosphates. For example, a ladder-like 1D structure in the
T ?Tj? L Q C2>' - octahedral—tetrahedral system, [C4H;oN]; 5[Zr(HPO,)-
6‘“ ’o:g E Z - = (PO4)F2],765 has two terminal F atoms and a dangling HPO,
) = HE Sle) - group from the Zr atoms (Figure 80d). The only other
|2 = 38 £ 2 £ = E octahedral—tetrahedral ladder-like structure is that in the
g ¢ =2 8&3 £ ¢ & & MoPO family,®®> where there are terminal short Mo—O
Elx &8 23 =% = £ & ¥ bonds (see Figure 70b). Especially interesting is the 1D
2lg £ 38 Z3£ 9 = & - - , -
= £ 2 ¢ ex £ 3 8 = structure, the first of its type in organically templated
= T 0 LF EFS F & £ B phosphates, in which each Zr is linked to neighboring Zr
E £ 8 RS S5 g & o atoms in the chain by three bridging phosphate groups
El 25 55 599 =5 o= o= 2 through Zr—O—P—O—Zr linkages’®® (Figure 80e). Such a
S| |2 #z zZz zzz =z =z z % : - . . :
© S T A=t R S T T I chain structure is, however, found in an iron sulfate min-
fﬁ (:j 5 55 55% 5 (Ij 5 O] eral.””” Another interesting 1D structure is the kronkite
= = = == === = =2 =2 type’® chain where each Zr is linked to neighboring Zr atoms
= by two bridging phosphate groups using four equatorial
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(%

Figure 77. Complex 1D structure of a cobalt phosphate. Reference
622 — Reproduced by permission of the Royal Society of
Chemistry.

(b)

Figure 78. Structures of layered cobalt phosphates with (a) infinite
Co—0—Co linkages’*® and (b) corner-sharing of SBU-4 units.’”®

(b)

Figure 79. Three-dimensional cobalt phosghates (a) with a 16 MR
channel®'® and (b) with a 12MR channel.”>®

positions, while the two axial trans sites of Zr atoms have
terminal -OH or F (Figure 80a,c).”’*”’® The other example
of a kronkite-type chain is that in the VPO family®® (see
Figure 71b). In [NH,]3[Zr(PO,),F]+0.5H,0,””® two kronkite-
type chains get fused together to form a ribbon-like 1D

Chemical Reviews, 2008, Vol. 108, No. 9 3629

structure (Figure 80b), similar to that in the iron sulfate
minerals ramsomite, krausite, and botryogen.””®

Two-Dimensional Structures. The 2D structures of the
ZrPO family are %enerally related to o- or y-ZrP structures
(Figure 81).”7%7%0 Thus, the structures of [C3HsN,]-
[Zr(HPO4)>(H,PO,)]7®® and [CoH oN,][Zr(PO,),]""? are re-
lated to o-ZrP, where each Zr is connected to six PO,
tetrahedra through Zr—O—P linkages, while the structures
of [CsHisN2]o5[Zry(HPO4)»(PO4)F3] - 0.5H,0,¢7 [CoH 1oN2]o 5-
[Z1(PO,)(HPO,)],"*® and [CeH 6N2los[Zr2(POs)(HPO,),Fa] -
0.5H,0"7° are related to y-ZrP. In y-ZrP, 1D ladder-like
motifs’® are connected into a 2D double layer sheet by
bridging through PO, oxygens. Apart from these, there are
sheet structures with four- and eight-membered ring
apertures,”’"’”> formed by alternating ZrOg octahedra and
PO, tetrahedra via corner-sharing (Figure 82).

Three-Dimensional Structures. Though there are several
3D open-framework structures reported with different amines
(Table 10), most of them’®”%° are identical to ZrPO-1,”%
made up of strictly alternating ZrOg—,F (x = 0 and 1)
octahedra and PO, tetrahedra, with an eight-ring tunnel. The
dehydrated forms of ZrPO-1 type structures are also re-
ported.””®> There is one 3D ZrPO with a 10-membered
channel made of ZrOs, ZrOsF, and ZrO4F, octahedra and
HPO, tetrahedra.””®

3.6.6. Titanium Phosphates

Titanium phosphates are an attractive class of compounds
with a range of potential applications. For example, the well-
known layer structures, a-Ti(HPO4),*H,0’®" and
y-Ti(H,PO4)(PO,) - 2H,0,”%% have been extensively studied
for their ion-exchange properties.”®® The dense potassium
titanylphosphate KTiPO, (KTP) has attracted much attention
due to its nonlinear optical properties.”** Microporous
titanosilicates (ETS-4, -10) are used as oxidation catalysts,”®
while the mesoporous titanium phosphates show ion-
exchange and catalytic properties.”*® Poojary et. al.”®” first
reported 3D titanium phosphates with an open architecture,
while Ekambaram and Sevov’®® characterized the first
organically templated mixed-valent open-framework TiPO.
Today the area of organically templated titanium phosphates
has considerably expanded and includes 1-, 2-, and 3D
structures as listed in Table 11.99%772787-800 poroys titanium
phosphates have been briefly reviewed by Férey®*! with
respect to their formation under hydrothermal conditions.

One-Dimensional Structures. There are only a couple
of 1D structures in the family of organically templated
TiPO’s. Both the structures’®>’*® are based on the corner-
sharing of TiOg octahedra through —Ti—O—Ti— linkages
but with interesting differences. One is analogous to the
tancoite-type chain with all trans-corner-sharing while the
other one is chiral with alternate cis- and trans-corner-sharing
TiO¢ octahedra (Figure 83). Both the chains have similar
PO, bridges (compare Figure 83 with Figure 46c).

Two-Dimensional Structures. Several 2D structures are
known in the TiPO family. For example, the structures of
MIL-6, (n = 2, 3)’% are made of alternate corner-sharing
TiO4F, octahedra and PO, tetrahedra, related to
VOPO,-2H,0"* (see Figure 72) but exhibiting different
monoclinic distortions, while [C;HoN,][Ti(OH)(PO,4)]*%+79%7%3
with bound ethylenediamine has the ULM-11 topology and
is related to VO(HPO,) - 2H,0**? (Figure 47c). MIL-44"7%800
has a structure related to ethylenediamine-intercalated
y-TiP,’®* and MIL-28, (n = 2, 3)"*° has a 10-membered
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Figure 80. One-dimensional structures in the ZrPO family.
Reference 776 — Reproduced by permission of the Royal Society
of Chemistry.

aperture within the layer created by linking of the tancoite-
type chains by TiO4(H,0), octahedra (Figure 84).
Three-Dimensional Structures. The large family of open-
framework TiPO’s includes structures that are mixed-valent
(-i-3/-|-4),788’791’794 are oxy-ﬂuorinated,791’798 and have chan-
nels bound by eight polyhedra, except for a few cases with
12-membered channels.”®%79%3% Like in the ZrPO family,
there is no report to date of an extra-large pore structure in
the TiPO family. Titanium sometimes forms a subnetwork
through Ti—X—Ti (X = F, —OH, —O) linkages but in most
cases Ti and P polyhedra alternate in the framework. Thus
[Ti,0(PO4)2(H,0),] has a dimer of corner-shared TiOg
octahedra,”®” [NH4 o[ Tiz0(HPO4)>(PO4),]"® has a trimer of
TiOg corner-shared chains, and MIL-15"°' has Ti—F—Ti
linkages with a 7MR channel. Frameworks built with
alternating Ti and P polyhedra include [Ti3(PO4)4(H20),]*
NH3,787 [C3H10N2]045[TimTiW(PO4)(HPO4)2(H20)2] with mixed-
valent Ti,”®® and another mixed-valent compound that
becomes tetravalent on removal of the template.”* Apart
from these, there are several 3D structures with alternate Ti
and P polyhedra reported by Pang and co-workers.?7-798-:800

3.6.7. Other Transition Metal Phosphates

Transition metals like Ni, Mn, Sc, Nb, and Cu form open-
framework phosphates, and we list them in Table 12.89-81¢

Nickel. The only open-framework Ni phosphates known
to date are those due to Férey, Cheetham, and co-workers.
They have unusual magnetic properties and posses 24-
membered ring large pores. The materials called VSB-15
and VSB-5,%% (VSB = Versailles-Santa Barbara) are stable
at relatively high temperatures, and some of their properties
are discussed later in the review.

Manganese. Manganese is known to exhibit various
oxidation states ranging from +2 to +7 and form layered
and microporous oxide structures.®'” The family of organi-
cally templated MnPO’s includes 1-,2-,and 3D structures®**+312
but is dominated by 2D sheet structures.

Three common types of 1D structures occur in the MnPO
family that include two tancoite-type chains,*’ one ladder-
type,®'? and two simple chains of corner-shared alternate Mn
and P polyhedra.®®® In all these structures, Mn is in the +3
oxidation state and has F ions coordinated to it. They exhibit

pseudo-isomerism due to Jahn—Teller ordering of the Mn>™"
ions, 807:808

Chemical Reviews, 2008, Vol. 108, No. 9 3631

Several 2D MnPO’s are reported. In these structures, Mn
is in the +2 oxidation state, and most of them have the Mn
subnetwork with extensive Mn—O—Mn linkages. Thus, two
sheet structures are known with edge-shared MnOg octahedra,
connected by MnOs bp units and POy tetrahedra®**8°
(Figure 85a). Both of them have ethylenediammonium
cations in the interlamellar space, and one of them has the
charge of the extra organo-ammonium cations compensated
by an isolated H,PO,  anion sitting in the interlamellar space.
The Mn—O network can also form a hexameric unit
composed of two MnQOg, two MnOs(H,0) octahedra, and two
MnO4(H,0) tbp units, all edge-shared, which are then further
connected by Mn polyhedra and PO, tetrahedra to form the
layer.®® Similar structures with the same SBU have been
observed in MgPO®*® and FePO’?® families. Even more
extensive Mn—O—Mn linkages have been observed where
square-planar chains of corner-sharing MnQOg octahedra
are capped by PO, tetrahedra, which share an edge with one
MnOg and corners with three others®'® (Figure 85b). There
is just one example where Mn and P polyhedra alternate to
create a 4+6 net,®'! which is isostructural with an AIPO.*'#
There is a recent report of a 3D structure with a small pore,*”’
but a truly open-framework MnPO is yet to be made.

Scandium. The first pure scandium phosphate open-
framework structure was reported by Riou et al®'? (Figure
86a); it has an eight-membered channel and is isostructural
with an open-framework InPO>'®* and FePO.”** Open-
framework ScPO’s having 8-, 10-, 12-, and 14-membered
channels are also known.”**#!* One of them is scandium
phosphate-fluoride (Figure 86b), which has an InPO ana-
logue.526 In these structures, ScOg¢ octahedra and PO,
tetrahedra are alternately corner-shared and Sc has the +3
oxidation state.

Niobium and Copper. Both Nb and Cu have just made
their appearance in the family of organically templated metal
phosphates with a 2D and 1D structure, respectively %816
The layered structure of the niobium phosphate®!® is
analogous to that of VOPO4+2H,0 (see Figure 72) but with
a negatively charged inorganic network, [NbOF(POy4)] . An
organically templated 1D CuPO chain®'® has just been
discovered where CuO4Cl, octahedra are edge-shared and
the HoPO, tetrahedra decorate the chain by both bridging
and dangling modes (Figure 87); this is similar to the
topology in fornacite and vauquilinite.””®

3.6.8. Actinide and Lanthanide Phosphates

Both actinides and lanthanides are capable of showing
variable oxidation states and high coordination numbers, ’4°
so it was quite natural to speculate that more structurally
diverse framework types would be found in these families.
Surprisingly, there are only a few organically templated
actinide phosphates known, limited to uranium species. The
first organically templated uranium phosphate was discovered
by the group of O’Hare,®'® and now we have a few 1-, 2-,
and 3D structures as shown in Table 13.3'%%22 In all these
structures, uranium is in the +6 oxidation state and generally
assumes the pentagonal bipyramidal (pbp) geometry, thus
leading to pbp—tetrahedral framework structures. In the 1D
structure,®'® UO; pbp units and POy tetrahedra alternate
forming four-membered rings, which are corner-shared to
form the neutral chain. The 2D structures®'® contain infinite
chains of edge-sharing UO; pbp units cross-linked by
bridging PO, tetrahedra to form 2D sheets (Figure 88). There
are three 3D UPO open-framework structures known to
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Figure 82. Layered structures in the ZrPO family. Reprinted with
permission from ref.””> Copyright 2002 Chemical Society of Japan.

date.3?°822 All are pillared layered structures (Figure 89).
There are, however, interesting differences both in the
topology of the layers and in the pillaring modes. For
example, in [(Csz)zNHz]z[(Uoz)s(PO4)4]820 and (N,C4H»)-
(UO)[(UO,)(PO,)]4+2H,0,%%% the layers are the same as
those in the anionic 2D sheets of [(UO;)>(PO4)(HPO,)]™ (see
Figure 88), and these layers are pillared by UQOg¢ octahedra
and UO; pbp units, respectively, joining the PO, groups of
the layer and thereby forming intersecting tunnels (Figure
89a). In [N2CeHi4L2[(UO2)6(H20)2F2(PO4)2(HPO,)4] - 4H,0,%!
the layers are formed by infinite zigzag chains of alternate
edge- and corner-shared UO7 pbp units, cross-linked by PO,
tetrahedra, and then pillared by UOsF(H,O) pbp units to form
the intersecting channels (Figure 89b).

Among the lanthanide phosphates, only a templated cerium
phosphate fluoride is known. This has a layered structure
built of CeO3Fs polyhedra and PO, tetrahedra.®*

3.7. Substituted Metal Phosphates

After the discovery of AIPO frameworks in 1982, Union
Carbide researchers realized immediately that in order to
modify the chemical properties to make them catalytically
active and ion-exchangeable, elements with different valences
have to be doped in the tetrahedral site of the framework.
There are two tetrahedral sites in the framework, namely,
Al and P. The Union Carbide researchers discovered several
exciting series of materials by substituting Si for P to form
silico-aluminophosphates (SAPO-1),*** by substituting other
metals in the Al site to form metal aluminophosphates
(MAPO-n),3*#%2% and also by substituting metals in the
SAPO-n framework to form metal-silico-aluminophosphates
(MAPSO-n).82° All these framework compositions can be
written with the general formula (Si.M,,AlL,P,)O, where x
varies from 0—0.20 and w from 0—0.25.2°* Substitution of
Si preferentially takes place at the P site, while metal
exclusively substitutes Al in the framework, making a
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negatively charged framework analogous to zeolites. These
framework charges are balanced by H™ after template
removal by calcination. The materials thus exhibit acid
catalytic activity that is altered as a function of framework
type and the nature of the substituting element.®**® The
various transition metal ions that have been substituted in
the AIPO-n and SAPO-n frameworks and their catalytic
activities have been documented in a review by Hartmann
and Kevan.®?” Another interesting feature of these materials
is that substitution by other elements not only modifies the
parent AIPO-n framework but often creates unique frame-
work types not known in the AIPO-n or aluminosilicate
zeolites, for example, SAPO-40 (AFR),?’%* MAPSO-46
(AFS), MAPO-39 (ATN), and MAPO-36 (ATS).?’° Today,
substitution by other elements is no longer limited to the
AIPO framework but has been extended to GaPO, ZnPO,
and other metal phosphate frameworks, and sometimes the
other metals take up independent crystallographic positions
leading to a mixed metallic phosphate framework. Just as
Si preferentially substitutes at the P site in AIPO to form
the SAPO materials, pentavalent As also takes up P sites in
AIPO framework to form AIAsPO-n**® leading to doping
in the anionic PO4 moiety; more importantly, sometimes the
anionic moiety can also have independent crystallographic
positions making a mixed anionic framework. In the fol-
lowing section, we discuss these classes of materials briefly.

3.7.1. Doped and Bimetallic Open-Framework Phosphates

The discovery of MAPO-n and MAPSO-n prompted the
incorporation of various metal ions in the AIPO framework,
and as a result, a large number of doped AIPO frameworks, as
well as new zeotype structures, have been discovered.”*”748:829-857
A large number of zeo-type structures are known with Mg
containing aluminophosphates: MgAPO-50 (AFY),?’° DAF-1
(DFO),*?° STA-1 (SA0),**? STA-2 (SAT,’* CHA, and
GIS®), STA-5 (BPH),®**> STA-6 (SAS),%*” Mg-STA-7,348
and others.®**™>* Similarly, incorporation of Co has led to
several zeo-type structures: ACP-1 (ACO),”*7843 ANA,7
CHA,#"89EDI,3" FAU,”*” Co-DAF-4 (LEV),%! MER,”*’
PHI,’*’ RHO,**® Co-STA-7,**® SOD,”*” THO,’*’ and
others 834-830:840.844.846.854 gyycky and co-workers’*® have
reported a number of MAPO’s (M = Co, Mn, Mg, and Zn)
having large cage zeolitic structures with multidimensional
channels (UCSB-6 and UCSB-10, now called SBS and SBT
framework types, respectively). Other metals such as
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Figure 83. Chiral 1D chain of a titanium phosphate closely related
to the tancoite chain.”®®

A
B/

Figure 84. Layered titanium phosphate featuring the tancoite chain.
Reprinted with permission from ref 799. Copyright 2002 American
Chemical Society.
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V! have also been incorporated in the AIPO framework.

Various metals (including Ti, V, Mn, Fe, Co, Ni, Zn, and
U)747-748.858-874 have been incorporated in the GaPO frame-
work in place of Ga. Several doped Ga phosphates, which
have known zeotype structures (e.g., EDL**!' GIS 33863
LAU %862 50D ¥ and THO’*’) and novel topologies (e.g.,
CGF®®*872 and CGS®®*#%%) have also been reported. Apart
from these, several MnGaPO are reported by Wang and
co-worker,s**”#8871 along with a chiral network. Structures
with SBS and SBT topology have been reported in the
MGaPO system doped with Co, Mg, and Zn.”*® Recently,
V-doped GaPO,*”° layered Ni- and Ti-doped GaPO,*’* and
uranium-containing gallium phosphates®”* with 3D structures
have been reported.

Unlike AIPO and GaPO frameworks, transition metal
incorporation in the ZnPO framework has not led to new
structure types. Among the transition metals, mainly Co has
been doped in the ZnPO structures.®”>"*3* There is one
example where Fe** has been doped.®®> Co-ZnPO structures
include 2D%¥7%7° and several 3D structures with CZP 37376878
THO,*®' and DFT®* topologies. There are a few 3D
M-ZnPO’s (M = Co/Fe) formed with piperazine or 2-methyl
piperazine, which are ZnPO analogues.

Several bimetallic phosphates are known with Mo and
other metals.®*¢#? These include Mn- and Cd-containing
1D,388:890 Zn-containing 2D,%8¢ and Fe-,%%" Co-,% Nj-, %!
and Cd-(:ontaining890 3D MoPOQO’s, as well as Co- and Fe-
containing WPO’s.%? A few bimetallic phosphates are also
known with the combinations Fe and V,3*%%* Co and Be,?>
and Nb and V.®' Al and Fe have been doped in the ZrPO-8
framework,%”® and V, Fe, Co, and Zn have been substituted
in VSB-1.27 To our knowledge, there are only a couple of
trimetallic 3D phosphates.®*®

Murugavel et al.

3.7.2. Metalloborophosphates

Boron forms both trigonal and tetrahedral coordination
with its oxygen environment’*® and is known to form BPO,
analogous to AIPO,.*° Surprisingly to date, there is no
example of an open-framework structure of pure BPO.,
analogous to AlPOs-n. However, B doping in the AIPO
structure is known.”®® More importantly, B and P form
complex anionic oxide networks built of BO,, BO3, and PO4
units, which are stabilized by NH,*, alkali, alkaline earth,
and other cations! or by a transition metal complex.”* This
area of research has been developed primarily by Kniep and
co-workers, Jacobson, and others.”**%7 The first organically
templated metal borophosphate with an open-framework
structure reported by Sevov was CoB,P30,,(OH)-enH,.”*
Since then, several inorganic—organically templated metal-
loborophosphates with 0-, 1-, 2-, and 3D structures have been
reported.””' =% Thus, OD cluster anions of cyclic and
noncyclic types are known with VBPO structural units
stabilized by organo-ammonium cations or transition metal
complexes, 206:907.909911.913.914.924.925927 Ao quced MoBPO
anion related to the Wells Dawson cluster has been re-
ported.”*? A couple of chain metalloborophosphate structures
are also known with V and Fe where NH," acts as the
template.”'® A layered VBPO templated by imidazole is also
reported.”’? A large number of templated metalloborophos-
phate 3D structures are known with metals such as Be, Mg,
V. Mn, Fe, Co, Ni, Cu, and Zn 203-903908.910.915-917.919-921,923.93
Among the 3D structures, the most interesting ones are those
with a zeotype topology related to CZP, made with various
metals, M'M"(H,0),[BP,0;]yH,0 (M' = Li, Na, K; M"
= Mn, Fe, Co, Ni, Zn; y = 0.5, 1).°4 One such compound,
NaZn(H,0),[BP,Os] H,0, on dehydration transforms to the
CZP topology.®"® Zeolitic MBPOs also include GIS (ZnBPO
and Zn,_,Co,BP0),”%%915 ANA (M'BeBPO, M' = K¥,
NH,", Na*),% and zeotype FeBPO.?'®"?° There are isos-
tructural borophosphates of M(C,H;oN»)[B,P30,2(OH)] (M
= Mg, Mn, Fe, Ni, Cu, Zn)’'° and M(C4H,N,)-
[B,P5012(OH)] (M = Co, Zn) families.”’” A hierarchical
derivative of NbO has been found in a ZnBPO.”?! In a
ZnBPOCI compound, DABCO binds to Zn as well as acting
as a template”>® (Figure 90). A 3D structure of a fluorinated
borophosphate related to the GIS topology has been isolated
from a water-free flux of H;BO5 and NH,H,PO4.7%® If we
ignore the presence of F in the structure, it can be considered
as the first open-framework pure borophosphate. There is
also a fluorinated borophosphate, (C,H;oN,)[BPO4F;], with
a chain structure.”*

3.7.3. Mixed Anionic Phosphate Framework

It is possible to substitute As>* in the P site of AIPO-
n.8%% A similar substitution gives rise to organically templated
mixed anionic fluorinated iron(III) arsenate phosphates.”*!
A scandium-containing open-framework sulfate-phosphate
(cyclen-ScSPO) templated by the aza-macrocycle (cyclen)
has been characterized (Figure 91).°? The only other
organically templated phosphate-sulfate known is a layered
Ce-phosphatehydrogensulfate.”*®> A few organically tem-
plated metal phosphate—phosphites are known with Zn”>*3
and Fe.”**%3’ These possess 2D and 1D structures, respec-
tively. One-dimensional structures containing both phosphate
and diphosphate (P,O7) units have been reported with Ga
and V in the presence of en”*® and 1,3-DAP.”*’ Templated
diphosphates of Ga,” %% €y, and Ni,>%* are reported. The
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(b)

Figure 85. Polyhedral view of two layered manganese phosphates.
Panel a: Reference 806 — Reproduced by permission of the Royal
Society of Chemistry. Panel b reproduced from ref 810. Copyright
2003 American Chemical Society.

family of organically templated pure metal sulfates and
phosphites is fast growing following the first reports by the
groups of Rao”*? and Harrison,’** respectively. On the other
hand, reports onopen-framework arsenates, thoughlong-known, >
are not as extensive due to the toxicity of As>?7:063:822.:944

3.8. Hybrid Structures Involving Phosphate
Moieties

The use of phosphate alone in the design of open-
framework materials imposes some limitations. The nature
and size of the phosphate ion and more generally of
tetrahedral polyanions are limiting factors because they have
to share their oxygens with at least three cations to ensure a
3D structure. This difficulty can be overcome if the metallic
center can be linked by a chelating agent. Thus, metal centers
have been linked through multidentate organic ligands.*’
The structures of these coordination polymers have the
potential for rational design through control of the shape,
size, and functionality of the pores. The stability of these
systems on removal of the space-filling species has been
demonstrated.”*® The richness of the organic ligands and the
thermal stability of the phosphate moiety can be combined
to create new open-framework materials. This has led to the
discovery of hybrid porous solids in which the framework
is built from both organic and inorganic moieties. Open-
framework metal phosphates can be fully or partially
substituted by an appropriate choice of an organic chelating
agent, which provides a greater flexibility and creates
additional possibilities of making hybrid open-framework
solids. Furthermore, since most inorganic open-framework
structures are built of metallic centers or clusters linked by
diamagnetic linkers (phosphates), strong long-range magnetic
interactions are not favored. It becomes, therefore, desirable
to have linkers that favor long-range superexchange coupling
between magnetic centers. Several metallo-organic frame-
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works based on dicarboxylate linkers®*”**® and oxalate
frameworks with organic templates have been reported.”*®
We can classify these materials under three categories based
on the incorporation of (i) anionic ligands such as carboxy-
lates, (ii) neutral ligands, and (iii) transition metal complexes
into the phosphate framework.

3.8.1. Anionic Ligand in Phosphate Frameworks

Carboxylates can act as flexible anionic linkers in forming
open-framework structures. Among the carboxylates, the
oxalate anion with four potential donor sites is attractive not
only due to its ability to form framework structures”*® but
because it can participate in strong magnetic superex-
change.”* The ability of the oxalate ion to partly substitute
the phosphate in the framework was first reported in a Sn(Il)
oxalate-phosphate.”>® Several organically templated metal
oxalate-phosphates have since been investigated.®©>-09¢-91-969
Thus, oxalate phosphates of Y, 096:961-963 \ [y 956.968 g 952-957
C0,%7 Mo0,%%° 7n,%% A1,958-960 G, 9649 and 1n°5! having
1-, 2-, and 3D structures are known. There are three different
types of oxalate coordinations in metal-oxalate-phosphate
structures, namely, bis-bidentate, mono-bidentate and bis-
mono and bis-bidentate.”>® Among them, the bis-bidentate
mode is the most common, while the mono-bidentate is less
common. In the 1D structures of V?®' and Mo,°® the oxalate
anion just caps the metal in a mono-bidentate coordination
(Figure 92). On the other hand, there are several 2D oxalate-
phosphates with A1,°% Ga 265966 v 696.962.963 Ee 956 apq
Mn.?® In most of these, 2D layers of metal polyhedra are
linked by phosphates and oxalates with the oxalate anion
acting as a bis-bidentate ligand within the plane (in-plane).
One such compound is (H;TREN)[My(HPO4)(C104)25]*
3H,OM = Fe?™, Mn2+)95 6 where a 2D honeycomb lattice
is formed by the in-plane oxalate units along with M"Og
octahedra and HPO, units. The structure can also be
described by partial replacement of the oxalate units in the
2D honeycomb structure of tris-oxalatometallate®*® by the
phosphate group (Figure 93). The oxalate units acting only
in the mono-bidentate manner are also known, for example,
in a gallium oxalate-phosphate.”®® A new type of layer
structure built by D6R units connected by phosphate and
oxalate groups has been reported in V-Ox-PO4 where both
bis-bidentate and mono-bidentate oxalate units are present.”®?
A column of D6R units has been previously observed in a
3D Al-Ox-PO.°* On the other hand, most of the 3D
framework structures are formed of metal-phosphate layers
pillared by bis-bidentate oxalate bridges®> where the oxalate
units are out-of-plane with respect to the inorganic layer.
The oxalate anion may be incorporated in the metal-
phosphate layer and also act as a pillar to such hybrid layer,
thus performing a dual role.”>> Among the 3D structures,
specially noteworthy is the 3D Fe™" oxalate-phosphate with
a large 1D channel of hexagonal symmetry (Figure 94).°%*
An interesting mixed-valent Fe®>*’>* oxalate-phosphate where
the oxalate groups act as bis-bidentate and mono-bidentate
ligands has been reported.”>” Metal phosphates incorporating
other carboxylates such as acetate””” and isonicotinate®”’
have been reported.

3.8.2. Neutral Ligands in Phosphate Frameworks

Organic—inorganic hybrid compounds incorporating neu-
tral ligands, 4,4'-bipyridine (4,4'-bpy), 2,2'-bipyridine (2,2'-
bpy), 1,10-phenanthroline (1,10-phen), terpyridine (terpy),
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Figure 86. Three-dimensional scandium phosphates. Reprinted with permission from refs 813 and 526. Copyright 2002 and 2004 American

Chemical Society.

Figure 87. One-dimensional chain of a copper chlorophosphate.
Reprinted with permission from ref 816. Copyright 2004 Elsevier.

pyrazine, etc., in combination with metal polyhedra and PO,
tetrahedra have yielded many interesting structures. Today,
a large number of structures are known’’?"*%? due to the
systematic investigation mainly by the group of K. H. Lii.
In many of these structures, the metal phosphate layers are
covalently linked by 4.,4'-bpy pillars. Such a structure was
first reported by O’Hare,”’* where the ZnPOsF layers are
pillared by 4,4'-bpy to form the 3D structure. This is a rare
example of a fluorophosphate (POsF) framework. A few 1D
structures are also known with Cu and Ag where the
metal—bpy form the chains and the HPO, and H POy, units
are dangling.””> A two-dimensional network is known where
V(II) or V(V) sites are linked through both 4,4'-bpy and
phosphate ligands into a 2D layer structure.”’®*’® Among
the 3D structures, the pillared layer structure is the most
common one with alternating organic and inorganic do-
mains.”’>9749797982 Ty0 such interesting structures consist
of neutral sheets of fluorinated cobalt phosphates, which are
pillared through 4,4'-bpy and pyrazine (Figure 95), thus
demonstrating the role of the pillaring organic linker in tuning
the size of the pore as well as the magnetic coupling.”®*> Many
a time, the metal phosphate layer is bimetallic in nature.””*°%°
Several complex structures are also described in the literature,
for example, a CdSO, structure-type obtained in a Ni/4,4'-
bpy/PO, system.””” Organic linkers other than 4,4'-bpy that
are used to construct hybrid networks are 2,2'-bpy,”®
1,10-phen,”®*9%* terpy, 8383 bis-terpy,”®® and phenazine.”®’

3.8.3. Transition Metal Complexes in Phosphate
Frameworks

A new class of hybrid materials is obtained when instead
of having an organic template interacting weakly with an
inorganic framework (as is normally the case), an inorganic
complex is incorporated into the structure through covalent
bonds. Quite a few such materials are reported by Morris
and co-workers.*3>8529%88991 Generally aza-macrocyclic
ligands are used for this purpose, although linear amines such

as en have also been employed.”®® An interesting structure
is obtained by CYCLAM, when D4R units are joined
together by a six-coordinated Ga-CYCLAM complex (Figure
96).%%%9°1 This provides another extra parameter to modify
the materials by incorporation of functional metals at the
framework metal site as well as in the CYCLAM-complex,
thereby leading to multifunctional materials.”®!

3.9. Mechanism of Formation of Open Framework
Metal Phosphates

So far in this review, we have presented a large number
of open-framework structures representing various geometries
and pore sizes. The mechanism of formation of these
structures under hydrothermal conditions is however not
understood. The major challenge in the area of open-
framework materials also relates to the rational design of
new materials with desired properties. To achieve this goal,
a full knowledge of reaction mechanism is most essential.
Investigations of the reaction mechanism become difficult
because of the reaction conditions (closed vessel, high
temperature, several reactants, variables such as the concen-
tration, pH, nature of amine, etc.). As a result, several
different approaches have evolved to tackle this problem.
The first approach is to propose a model based on the reaction
products and a close inspection of the structural building units
(SBU). Thus, Férey?****° proposed SBUs in the formation
of open-framework structures, while Ozin and co-workers”??
proposed that the 3D structure may result from the trans-
formation of the c.s. chain and layered structures. Another
approach is to carry out real-time isolation of the reactive
intermediates and transform them to the ultimate 3D solids,
thus finding the condensation pathway. Thus, Rao and co-
workers®®® proposed an Aufbau principle for complex open-
framework structures of metal phosphates with different
dimensionalities. A large number of transformation studies
are now reported in the family of Zn,305-555-588.603.604.621,993.994
AL’” and Ga phosphates,488’495’502 wherein low-dimensional
structures are transformed to higher dimensional ones includ-
ing the 3D frameworks. It is important that in situ charac-
terization methods are also employed to check the validity
of the model through the identification of the intermedi-
ates.””® The in situ studies require the investigation of both
crystalline intermediates and soluble intermediates. Thus, an
in situ study for the formation of transition metal doped
aluminium phosphate has been reported based on angular
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Figure 88. The layered topology of a uranium phosphate.
Reprinted with permission from ref 822. Copyright 2004 Elsevier.

template

and energy dispersive X-ray diffraction (ADXRD and
EDXRD) employing synchroton radiation.”®’

18-crown- 6
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TriEAH
TPA
DEAH
DABCOH,
PIPH,

enH,

O’Hare, Férey, and co-workers employed time-resolved
EDXRD to study the crystalline intermediates and elucidate
the kinetics and mechanism of formation of organically
templated Ga,95:940941:998.999 7, 1000.1001 ;4 AJ1002 o
phates. In situ NMR spectroscopy has been used to inves-
tigate the soluble intermediates.'®”~'%7 Theoretical and
computational studies are also useful to design templates and
microporous solids and to predict stabilities and conditions
of formation.'°*%-191° Férey and co-workers**>*°° carried out
a study of the chemistry and the structures of the ULM-n
series in which they observed that all the structures could
be described on the basis of a few types of SBUs (tetramers
M,P,, hexamers M3P3, and octamers M4P,, see Figure 48)
with a formal charge of —2, which form a neutral species
with the organo-ammonium cations and allow the precipita-
tion of the products.?**?°° Combined ex situ and in situ NMR
measurements on the different nuclei have revealed the
presence of a reactive species in the solution (called a
prenucleation building unit, PNBU) with structures close to
that of the SBU for AIPO,-CJ2, ULM-3, and ULM-4.'%*19%
The results suggest a crystallization mechanism by dissolu-
tion—nucleation—growth for AIPO4-CJ2 and ULM-3 and
crystallization via a solid—-solid reorganization from an
amorphous phase for ULM-4. The existence of small
oligomeric units seems to be a general phenomenon in metal
phosphate chemistry and has been observed in both micro-
and mesoporous Ti(IV) ghosphates.1007

Ozin and co-workers”*proposed a model for the forma-
tion of microporous aluminophosphates where a linear
aluminophosphate c.s. chain would reassemble through
hydrolysis—condensation reactions in solution to precipi-
tate 2- and 3D networks, mediated only by the breaking
and the creation of a few bonds. Rao and co-workers have
carried out experimental studies on the transformation of
various low-dimensional to higher dimensional zinc
phosphates and also of the degradation of higher dimen-
sional structures,?0>->8%-988.603.993.994The stidies indicate that
the monomers (0D) transform to higher dimensional struc-
tures (1D c.s. chain or ladder, 2D layer, and 3D frameworks
including sodalite-related networks) on mild heating in water
in the presence of amine or zinc acetate. In most of the
transformed structures, the presence of the S4R unit was
evident.?398%99% The transformation of another S4R unit to
a layered zinc 6phosphate on reaction with zinc acetate has
been reported®?' (Figure 97). In situ *'P MAS NMR
investigations revealed the structural integrity of the S4Rs.
The recent in situ EDXRD study'®' on the transformation
of the monomer [C¢N,H,3][Zn(HPO4)(H,PO4),]°%° has led
to the conclusion that the transformations occurs via a
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[CeHisN2L[(UO2)6(H20)2F2(PO4)2(HPO4)4] - 4H20

[(UO2)(H2PO4)2(H20)1[C12H2406] - 3H,O

[(UO2)(H2PO4)2(H20) 15[ C12H2406] * SHO
[CsHi6N][(UO2)2(HPO4)(PO4)]
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[C2H10N2]o5[CeF3(HPO,)]
space group
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Table 13. Lattice Parameters, Templates, and Dimensionalities of the Various Templated Actinide and Lanthanide Phosphates Reported in the Literature
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(a)

(b)

Figure 89. Three-dimensional uranium phosphates. Panel a: Reference 820 — Reproduced by permission of the Royal Society of Chemistry.
Panel b reproduced from ref 821. Copyright 2004 American Chemical Society.

Figure 90. A 3D zinc borophosphate. Reprinted with permission
from ref 926. Copyright 2003 American Chemical Society.

dissolution—reprecipitation mechanism or in some cases by
direct topochemical conversion of one organically templated
solid to another.

A higher acid/amine ratio generally favors the formation
of lower dimensional structures (with a high proportion of
H,PO,~ and HPO,>~ groups), suggesting that the formation
of the final structure is likely to be controlled by the degree
of deprotonation of H,PO,” and HPO,*~ moieties.>*>**°
With a view to investigating the transformation of lower
dimensional structures under appropriate conditions, trans-
formations of one-dimensional zinc phosphate ladders (tem-
plated by TETA and DAP)*®®3 and three layered zinc
phosphates (templated by TETA, DAP, and DAHP)>%¢03
have been carried out. The ladder and the layer structures
were subjected to (i) hydrothermal heating at 150 °C, (ii)
hydrothermal treatment in the presence of zinc acetate, and
(iii) hydrothermal treatment in the presence of varying
concentrations of an added amine (mainly piperazine, PIP,
or imidazole, IMD). The various products obtained by the
transformation of the TETA ladder are shown in Figure 98.

Figure 91. A 3D scandium sulfate-phosphate. Reference 932 —
Reproduced by permission of the Royal Society of Chemistry.

In all the transformed structures, there are only a few or no
HPO, and H,PO, groups compared with the parent ladder.
We also see the presence of the parent ladder motif in the
structures as illustrated in Figure 98. For example, the ladder
[C6éH22N4lo5[Zn(HPO4),] on treatment with excess PIP gives
the gismondine structure constructed from crankshaft chains,
which is nothing but four-membered rings connected through
their edges (ladders).”®® A gallium phosphate with 1D
tancoite chain structure has also been shown to transform to
a 3D structure. #3493

The transformation of layered structures produced both
3D and 1D structures besides new 2D layered structures
under simple reaction conditions.®®> Though the 2D layers
give rise to 3D channel structures, the 2D to 3D transforma-
tion is not as straight forward as one may imagine.”
Interestingly, heating the layered compound in water gives
a ladder structure along with a 3D structure suggesting that
the formation of the ladder structure may play an important
role in the formation of the 3D structure. This led Rao and
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(a)

Figure 92. One-dimensional oxalate-phosphates. Reprinted with
permission from refs 961 and 665. Copyright 1999 American
Chemical Society.

Figure 93. Honeycomb lattice topology in an iron oxalate-
phosphate. Reprinted with permission from ref 956. Copyright 2003
American Chemical Society.

Figure 94. Iron oxalate-phosphate with a symmetrical 1D hex-
agonal channel.”*

co-workers to propose that the one-dimensional ladder is the
initial (primary) product of the transformation of the layer
structures.®* The ladder then transforms to the 3D structures
as indeed described in the ladder transformation study.’®®
When the layers were heated in presence of PIP, a c.s. chain
was obtained, which can be derived from the ladder by a
hydrolysis condensation reaction.®*® A recent in situ EDXRD
study by Férey and co-workers*****! shows that the forma-
tion of 3D structures occurs after a one-dimensional structure
is formed.”*®**' The study of zinc phosphates has also

Murugavel et al.

Figure 95. Organic—inorganic hybrid cobalt fluorophosphates with
the amine molecules acting as pillars between the Co—F—PQO,
layers. Reprinted with permission from ref 982. Copyright 2004
American Chemical Society.

Figure 96. A 3D gallium phosphate where the Ga-CYCLAM
complex joins the D4R units. Reference 991 — Reproduced by
permission of the Royal Society of Chemistry.

«Zn(1)04
<Zn(2)0,
PO,

2-
[PaPONHPAO] (Zn(H:PO,)HPO PO

Figure 97. Scheme showing the transformation of a monomeric
zinc phosphate to layered structures containing the features of the
monomer.®?! Reprinted with permission from the table of contents
of ref 621. Copyright 2003 American Chemical Society.

revealed a pathway of sequential crystallization involving
the formation of a metastable low-dimensional chain phase
before the growth of 3D complex structures.'®® Férey and
co-workers have found that a 1D c.s. chain species
([AI(PO4)]* ), occurs during the hydrothermal synthesis of
the supersodalite MIL-74.'%%
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[CeNsHzzJo 5[ Zna(POL):(HPO,)]

[CaN2H2][Zny(PO4);]

Figure 98. Schematic representation of the transformation of a ladder to various other structures under different reaction conditions. The

features of the ladder are found in the transformed structures.

Since the deprotonation of the HPO, and H,PO,4 groups
drives the transformation reactions, it would be expected that
in the presence of acid, the reverse should happen. That is,
3D or 2D structures should degrade to 1D or OD structures.
It has indeed been found that 3D structures undergo
transformations under acidic conditions, while the layered
structure remains almost unchanged under acidic conditions.
The 3D zinc phosphate transforms sequentially to another
3D structure, the ladder, and the layer as the concentration
of acid is increased”®? (Figure 99). The occurrence of the
layer at higher acid concentrations suggests that the layer
phase may possibly form via the intermediacy of the ladder.
However, contrary to the general expectation, the absence
of the ladder structure (more HPO, groups) in the most acidic
regime is surprising. Clearly, the mechanism of formation
of 3D open-framework phosphates is far more complex.

Xu and co-workers®****® have found that a 1D c.s. chain
aluminium phosphate can be assembled into a 3D network
through the insertion of transition metal cations, where the
cations coordinate the terminal oxygen atoms of the chain
and thereby retain the signature of the chain in the final 3D
structure. These workers also report that the one 1D c.s. chain
transforms to another chain as the ratio of H;PO,4 and amine
is varied. Férey and co-workers**®#*> have found that two

acid

[CeN4HazoJo 5[Zny(HPO)3)

[CeN4Hzz]os[Zn(HPO,),]
(acid = IM H3PO,, 1M HCI, 1M H,SO,)

Figure 99. Schematic representation of the action of acid on a
3D zinc phosphate leading to structures of different dimensionali-
ties.”??

anionic chains similar to tancoite transform to 3D GaPO
ULM-3. This process has been followed by in sifu, time-

resolved EDXRD, which reveals that the dissolution of the
one-dimensional phase occurs before the rapid crystallization
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of ULM-3. The role of chains in the formation of extended
framework tin(IT) phosphates and related materials has been
pointed out.'®!!

It is instructive to examine the relative reactivities of the
c.s. chain and the ladder structures. Which is more reactive?
The ladder with dangling HPO, and H,PO, groups from the
Zn sites is expected to be more reactive. Transformation
studies with PIP generally show the appearance of c.s. chain
structures incorporating the PIP>83-:603:9941001 44 the initial
product, and the signature of this chain is maintained in the
subsequently transformed 3D structures such as the inter-
rupted sodalite (clover-like channel)®” and expanded
sodalite.”*®°?* The supersodalite MIL-74 is also formed via
a c.s. chain.'®? Linear amines seem to stabilize ladder
structure, and the transformed structures always have the
ladder motif.>®® The nature of the amine could decide
whether it stabilizes the c.s. chain or the ladder. It would be
interesting to find an amine that stabilizes both the c.s. chain
and the ladder and study the transformations of the two 1D
structures.

Theoretical and computational studies have been employed
to design microporus solids making use of designed templates
as well as SBUs.'?%~1019 The correct experimental conditions
to form these structures are, however, not known. Many
discrete D4R units have been discovered recently in the
GaPO system. Can one transform them to ACO or LTA
topologies, which are exclusively built from D4R? In fact,
such an attempt by Morris and co-workers®®® has led to
layered structures, where the integrity of the D4R is hardly
maintained.

3.10. Properties and Applications

The open-framework metal phosphates have been of great
interest because of their potential applications in catalysis,
gas separation, and ion exchange.’®'°'? The catalytic
activities are mainly limited to AIPO and related materials
(MAPO, SAPO, and MAPSO), because of their thermal
stability. Catalytic activities of these materials have been
reviewed by Corma,'®'? Hartman and Kevan,**’ Thomas,'***
and others. Metal-containing aluminophosphate molecular
sieves offer tremendous potential as heterogeneous catalysts
for liquid-phase oxidation reactions in the production of fine
chemicals.*” The versatility of the CoAIPO-36 (and MnAIPO-
36) molecular sieve catalyst in the aerobic oxidation of
cyclohexane and in the aerobic (Baeyer—Villiger) lacton-
ization of ketones (Mukiyama conditions) has been dicussed
by Thomas.'”* The recent success of Thomas and co-
workers'?'® in preparing an AIPO-based catalyst for the
oxidation of n-alkanes at the terminal C atoms with high
selectivity using molecular oxygen in liquid-phase reaction
has been considered to be a breakthrough. Recent develop-
ments in regio- and shape-selective oxyfunctionalization of
alkanes in air have been reviewed by Thomas et al.'®'
Interestingly, other than AIPO-based materials, the applica-
tions of open-framework phosphates have been very limited.
This is due to the poor thermal stability of the frameworks
upon removal of the template by calcination. Some of the
materials, such as the nickel phosphates (VSB-1 and
VSB-5),%0%8%3 where there is no organic material inside the
channel, are reasonably stable, have high BET surface areas,
and exhibit ion-exchange properties, shape-selective catalysis,
and hydrogen adsorption.®**'*'” Open-framework materials
seem to be potential candidates for hydrogen storage.
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Another interesting feature of the transition metal contain-
ing open-framework solids is the observation of interesting
magnetic properties. This class of materials shows different
types of magnetic ordering (from ferromagnetism to anti-
ferromagnetism). Thus, oxalate-phosphate frameworks are
classical antiferromagnets as observed in Fe,?339%7 Co,%%7
and Mn’*® oxalate-phosphates. Some of the phosphate
frameworks, on the other hand, show canted antiferromag-
netic ordering (VSB-1),%? ferromagnetic ordering around
15 K (C0P04),755 and antiferromagnetic ordering as in
several Fe(IlI) phosphates.”*> Hybrid framework solids
containing transition metal ions also exhibit interesting
magnetic exchange between the metal phosphate layers via
the organic linkers, as seen in the cobalt fluorophosphate
pillared by 4,4'-bpy and pyrazine.”® It would be of great
value if one were to discover a magnetic channel structure
that can be used for separation of oxygen and nitrogen from
air.

3.11. Future Prospects

The research in the area of open-framework phosphates
will continue to be attractive not only because of the interest
in the design and synthesis of new materials with tunable
properties, but also because of the beautiful architectures and
the complex mechanisms of formation. When we were
finalizing this manuscript, an article appeared in Nature
where ionic liquids and eutectic mixtures have been used
for the first time both as solvent and as template to prepare
zeotype AIPO.''® There is little doubt that many new
interesting families of open-framework metal phosphates,
some with valuable sorption, magnetic, or catalytic proper-
ties, will be discovered in the near future.

4. Note Added in Proof

The area of organically-templated metal phosphates is ever
expanding with various groups across the world actively
participating in the research. The main part of this review
has covered the work in this area till 2004. There have been
some interesting developments in 2005 and 2006, and we
will briefly present some of these results in this note. A
noticeable development is the emergence of ionic liquids in
the synthesis of open-framework materials and has been
reviewed recently by Parnham and Morris.'”'® Another
significant discovery is the observation of tunable yellow-
to-white luminescence in a zinc gallophosphate and tuning
of luminescence through the insertion of heteroatoms in
NTHU-1 by Wang and co-workers.'*° A number of AIPO’s
have been reported with 1-,1021:1022 p_1023.1024 554 3.
structures.'%2*7192% A novel 1-D chain has been synthesized
by an ionothermal method,'*** and some of the 3-D structures
adopt zeolytic topology.'®® Recently Yu and Xu have
discussed the various aspects of open-framework AIPO’s in
a tutorial review.'*?’ Several templated GaPO’s with 1-,'9%
2-,192% and 3-D structures'**® with various coordinations of
Ga have been reported. Few templated InPO’s'%!71033 with
1-,1031 21032 and 3-D structures'®*® have been reported,
including the first 1D tancoite-type chain in the InPO family,
and its transformation to other structures is notable.'®'A
number of organically templated ZnPQ’s'***~'%4* with a range
of structures encompassing 0-,134 1., 10351037 _ 1034.1035.1038.1039
and 3-D'035:1036.1030 hetworks have been reported. The 0-D
ZnPO, [Hy(N,CoHyp)]*[Zn(H,PO4)4], instead of forming a
four-membered ring, has four dangling H,PO4 groups from



Metal Complexes of Organophosphate Esters

the Zn center,'®* similar to a 0-D AIPO.>** The authors have
proposed that it is possible to form the four-membered ring
through the condensation of two such 0-D monomers.'%**
Among the 2-D structures, a few chloro-derivatized ZnPO’s
with interesting layer topologies'®? and the presence of
exotic water hexamer’s between the ZnPO lattices in
NTHU-3 are worthy of mention (Liao et al.).'**® In the 3-D
ZnPQ’s, a reversible interconversion of two 3-D structures
under hydrothermal conditions (Wiebcke et al.)'% and a
report of an extra-large pore 20 MR channel are noteworthy
(Zeng et al.)."®*° Low-dimensional structures of BePO’s have
been reported of which one is a 1-D double chain with a
10-ring aperture and another a 2-D layer with a 4.8 net.'**!
Amine-templated layered SnPO’s with a Sn/P ratio of 1.0
have been reported.'**?

There has been not much work in the area of organically
templated transition metal phosphates, except for some layered
vanadyl phosphates,'®** 3-D zeotype CoPO’s,'*** and scan-
dium phosphates with varying dimensionality (1-D, 2-D, and
3-D).1%5 Few substituted or bimetallic AIPO’s (MAPQ’s), #6104
GaPO’s (MGaPQ),!020-1047:1049 3q4 MZnPO’s (M = Co,
Ni)!%° have been reported, among them zeolitic CoAIP’s
synthesized by ionothermal route is noteworthy.'*® Metal-
loborophosphates have been reviewed by Kniep and co-
workers.'®! Mixed anionic phosphate-arsenate'*>* and metal-
oxlate- phosphates involving main group and transitional
metals have been reported.'%*'%>* Tonic liquids have been
used for the synthesis of an iron-oxlate-phosphate.'%* A
large number of hybrid frameworks employing organic
ligands and phosphate groups in combination with various
metals have been reported.'®> The ligands (for example, 2,2'-
bipy, 4,4'-bipy, Phen, etc.) do not act as templates but connect
or decorate the metallo- phosphate frameworks. Weckhuysen
and co-workers have carried out detailed studies, which
provide support for the crystallization of microporous
CoAPO-5 from the intermediate low-dimensional struc-
tures.'®*® Catalytic application of porous metal phosphates
is dominated by the transition metal in substituted AIPOs.'%’
However, a nanoporous nickel phosphate (VSB-5) exhibits
some shape selectivity for epoxidation of cyclic olefins.'%%®
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