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C O N S P E C T U S

Modeled after boron-based scorpionate ligands, acyclic and cyclic phosphorus-containing compounds possessing reac-
tive groups can serve as excellent precursors for the assembly of novel phosphorus-supported ligands that can coor-

dinate multiple sites. In such ligands, the phosphorus atom does not have any role in coordination but is used as a structural
support to assemble one or more coordination platforms. In this Account, we describe the utility of inorganic heterocyclic
rings such as cyclophosphazenes and carbophosphazenes as well as acyclic phosphorus-containing compounds such as (S)PCl3,
RP(O)Cl2, and R2P(O)Cl for building such multisite coordination platforms. We can modulate the number and orientation of
such coordination platforms through the choice of the phosphorus-containing precursor. This methodology is quite general
and modular and allows the creation of well-defined libraries of multisite coordination ligands. Phosphorus-supported pyra-
zolyl ligands are quite useful for building multimetallic architectures. Some of these ligands are prone to P-N bond hydroly-
sis upon metalation, but we have exploited the P-N bond sensitivity to generate hydrolyzed ligands in situ, which are useful
to build multimetal assemblies. In addition, the intimate relationship between small molecule cyclophosphazenes and the
corresponding pendant cyclophosphazene-containing polymer systems facilitated our design of polymer-supported cata-
lysts for phosphate ester hydrolysis, plasmid DNA modification, and C-C bond formation reactions. Phosphorus hydrazides
containing reactive amine groups are ideal precursors for integration into more complex ligand systems. The ligand
(S)P[N(Me)NdCH-C6H4-2-OH]3 (LH3) contains six coordination sites, and its coordination response depends upon the oxida-
tion state of the metal ion employed. LH3 reacts with divalent transition metal ions to afford neutral trimetallic derivatives
L2M3, where the three metal ions are arranged in a perfectly linear manner in many cases. Incorporating an additional meth-
oxy group into LH3 affords the ligand (S)P[N(Me)NdCH-C6H3-2-OH-3-OMe]3 (L′H3), which contains nine coordination sites:
three imino nitrogen atoms, three phenolate oxygen atoms, and three methoxy oxygen atoms. The reaction of L′H3 with
transition metal salts in 1:1 ratio leads to the in situ formation of a metalloligand (L′M), which on further treatment with
lanthanide salts gives heterobimetallic trinuclear cationic complexes [L′2M2Ln]+ containing a M-Ln-M linear array (M )
transition metal ion in a +2 oxidation state). Many of these 3d-4f compounds behave as single-molecule magnets at low
temperatures. Although challenges remain in the development of synthetic methods and in the architectural control of the
coordination platforms, we see opportunities for further research into coordination platforms supported by main group ele-
ments such as phosphorus. As we have shown in this Account, one potential disadvantage, sensitivity of P-N bonds to
hydrolysis, can be used successfully to build larger assemblies.

Vol. 42, No. 8 August 2009 1047-1062 ACCOUNTS OF CHEMICAL RESEARCH 1047Published on the Web 05/19/2009 www.pubs.acs.org/acr
10.1021/ar800221e CCC: $71.50 © 2009 American Chemical Society

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

A
ST

R
IC

H
T

 o
n 

A
ug

us
t 2

9,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ay

 1
9,

 2
00

9 
| d

oi
: 1

0.
10

21
/a

r8
00

22
1e



I. Introduction

Poly(pyrazolyl)borates, more commonly known as scorpi-

onates, are among the most ubiquitous and versatile multi-

dentate ligands.1,2 Their applications in coordination and

organometallic chemistry are well documented and cover

much ground, ranging from synthesis of model compounds

that mimic metalloenzymes3 to stabilization of low coordina-

tion of main group elements.4 One of the main reasons for the

success of this family of ligands lies in the fact that their syn-

thesis is essentially modular. Predesigned pyrazolyl coordi-

nating groups with varying steric and electronic features are

anchored on a central boron atom in a single-step synthesis.

The boron atom functions as an inert (noncoordinating) sup-

port for the coordinating groups. It also controls the topolog-

ical orientation of the pyrazolyl groups. The success of the

poly(pyrazolyl)borate family has spurred interest in examin-

ing the applicability of its design features to other systems

involving carbon,5 silicon,6 or phosphorus supports.7 In view

of our interest in inorganic rings, we were interested in apply-

ing this modular synthetic methodology for developing a fam-

ily of cyclophosphazene-based multisite coordination ligands.

Very quickly this program was expanded to many other types

of phosphorus-supported ligands, and we were able to dem-

onstrate the efficacy of this approach for building a number of

multimetal assemblies. This Account focuses, mainly, on our

recent efforts on using these new phosphorus-supported mul-

tisite coordination ligands for building transition metal aggre-

gates including heterometallic 3d-4f assemblies, some of

which have been shown to possess single-molecule magne-

tism behavior.

II. Cyclophosphazene and
Carbophosphazene-Based Ligands and
Their Metalation Behavior

II.1. Pyrazolyl Cyclophosphazenes and Cyclophosphazene
Hydrazides. Our entry into phosphorus-supported ligands

began by considering whether multisite coordination ligands

can be built using cyclophosphazenes as supports. Chlorocy-

clophosphazenes such as N3P3Cl6 (1), 2,2-Ph2N3P3Cl4 (2), 2,2-

(NH2)2N3P3Cl4 (3), and 2,2-spiro-(C12H8O2)N3P3Cl4 (4) were

utilized as convenient precursors for building multipyrazolyl

ligands: [N3P3(DMPz)6] (5) (DMPz ) 3,5-dimethyl pyrazolyl),

[2,2-Ph2N3P3(DMPz)4] (6), [2,2-(NHCH2CH2CH2NH)N3P3(DMPz)4]

(7), and [2,2-(NH2)2N3P3(DMPz)4] (8).8-10 Monometallic, homo-

bimetallic, and heterobimetallic compounds were readily

obtained from these ligands.8-11 In all cases, the pyrazolyl

nitrogens were effectively used for coordination. Another inter-

esting observation was that metalation increased the hydro-

lytic sensitivity of the pyrazolyl cyclophosphazene ligands, and

in some instances, an in situ P-N bond hydrolysis was

observed.9 In all cases, the planarity of the cyclophosphazene

ring was distorted upon coordination. Also, the P-N bonds

flanking the site of coordination underwent elongation in each

case.

We were able to extend the small molecule chemistry of

the cyclophosphazene ligands to the corresponding macro-

molecules12 by making adjustments in the design of the

ligand. A multipyrazolyl cyclophosphazene containing a poly-

merizable group N3P3(3,5-Me2Pz)5(O-C6H4-p-C6H4-p-CHdCH2)

(13) was copolymerized with divinylbenzene to afford a cross-

linked multisite coordinating polymer (14), which was readily

metalated with CuCl2 to afford the metalated polymer (15)

(Chart 1).13 The latter is an effective heterogeneous catalyst in

phosphate ester hydrolysis involving three model phosphate

esters: p-nitrophenyl phosphate (16), bis(p-nitrophenyl) phos-

phate (17), and 2-(hydroxyl-propyl)-p-nitrophenyl phosphate

(18) (Chart 2).13 The hydrolysis proceeds with significant rate

enhancement for all three substrates in comparison to the cor-

responding uncatalyzed reaction. The highest rate enhance-

ment (2.8 × 105) was observed for bis(p-nitrophenyl)

phosphate. Most interestingly, the catalyst can be recycled sev-

eral times without significantly affecting the rates of the

hydrolysis reaction. In addition to being a very good catalyst

for phosphate ester hydrolysis, the heterogeneous catalyst 15
was also found to be an excellent reagent for modifying plas-

mid DNA.14

The strength of the above methodology is that it is ame-

nable to polymer ligand engineering and allows the prepara-

tion of a number of polymer-based ligands. Accordingly, we

incorporated phosphines instead of pyrazolyl groups as coor-

dinating groups. The resulting multiphosphine polymeric

ligand (19) is effectively metalated by Pd(0) to afford (20)

(Chart 1).15 The latter is a robust heterogeneous catalyst for

the Heck arylation reaction (Scheme 1). Another attractive fea-

ture is that because of the cross-linked polymer support, pal-

ladium leaching is minimal. Consequently 20 can be recycled

several times for the catalytic reaction without any significant

reduction in activity.15

Following the successful utilization of the pyrazolylcyclo-

phosphazenes, it was of interest to see whether other P-N

ligands can be built using cyclophosphazene supports. N-Me-

thylhydrazine regiospecifically reacted with chlorocyclophos-

phazenes to afford N3P3[N(Me)NH2]6 (21), N3P3(OPh)[N(Me)-

NH2]5 (22), gem-N3P3Ph2[N(Me)NH2]4 (23), gem-N3P3(O2C12H8)-

[N(Me)NH2]4 (24), and N3P3(OPh)5[N(Me)NH2] (25) (Chart 3).16
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Importantly, nucleophilic substitution chemistry of cyclophos-

phazenes allows the placement of the desired number of

hydrazide arms, as well as control of their stereochemistry.

Further, all of these cyclophosphazene hydrazides possess

reactive terminal -NH2 groups, which were utilized to prepare

a number of cyclophosphazene-supported multiferrocene

assemblies by condensation with ferrocene-2-carboxaldehyde

(26, 27) (Chart 3).16 X-ray crystal structure of the hexafer-

rocene compound N3P3[N(Me)NdCH-C5H4FeC5H5]6 (26) reveals

that the cyclophosphazene platform conveniently supports the

six ferrocene arms, the latter being symmetrically disposed,

three on each side of the planar cyclophosphazene ring. Cyclic

and differential pulse voltammetric studies on these ferrocene

assemblies reveal that a single, essentially reversible oxida-

tion peak is observed indicating that all the pendant ferrocene

moieties present in these compounds are oxidized at the same

potential.16 This behavior is similar to what we observed for

stannoxane-supported multiferrocene assemblies.17

Cyclophosphazene hydrazides, can also be utilized as mul-

tisite coordination ligands. Thus, the tetrahydrazide spiro-

N3P3(O2C12H8)[N(Me)NH2]4 (23) reacts with metal salts to afford

2:1 complexes (28-31) (Chart 4). In these compounds each

of the cyclophosphazene ligands functions as a nongeminal N3

donor (Chart 4).18 It is of interest to note that even hydrated

metal salts can react with the cyclophosphazene hydrazides

without causing P-N bond hydrolysis. This is in contrast to the

hydrolytic sensitivity of the pyrazolyl cyclophosphazenes

noted above.

Cyclophosphazene hydrazides can be elaborated into more

complex coordinating platforms (32) by condensation with

salicylaldehyde.19 The tetrahydrazone (32), thus obtained, has

on either side two imino nitrogen atoms and two phenolate

oxygen atoms providing two pockets of coordination suitable

for binding two metal ions. In accordance with this expecta-

tion, the reaction of 32 with Cu(OAc)2 · H2O or CuCl2 in pres-

ence of sodium hydride leads to a dinuclear compound, which

dimerizes in the solid state affording a tetranuclear compound

(33) containing a central Cu2O2 ring (Scheme 2).19 Remark-

ably, the formation of the latter is accompanied by the forma-

tion of 15 contiguous rings.19

II.2. Pyridyloxy Cyclophosphazenes. Both pyrazolyl

cyclophosphazenes and cyclophosphazene hydrazides

described above are rigid ligands. Coordination of the pyra-

zolyl arms (in conjunction with the cyclophosphazene ring

nitrogen atom) leads to the generation of five-membered

rings. The flexibility of the cyclophosphazene coordination

platform can be considerably enhanced by incorporating a

hinge atom that serves as a spacer between the coordinating

arm and the cyclophosphazene support. This idea was

exploited by Brodie et al. and us in the design of pyridyloxy

cyclophosphazenes.20-22 We have found that hexakis(2-py-

CHART 1. Metalated Multisite Coordination Polymers

CHART 2. Substrates Used in Phosphate Ester Hydrolysis

SCHEME 1. Heck Arylation Reaction by Using Polymer 20
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ridyloxy)cyclophosphazene 34 binds with transition metal ions

to afford dinuclear complexes.20 In these complexes, the flex-

ible ligand periphery efficiently binds to the metal ions using

a variety of coordination modes. For example, with Zn(II) a

homodinuclear complex (35) is formed (Chart 5).20 On the

other hand, in the heterodinuclear complex 36, while the

cobalt ion is bound only by one of the pyridyloxy arms,

the copper ion is bound by four pyridyloxy groups and one

ring nitrogen atom.20 In an interesting reaction, 34 upon treat-

ment with CuCl2 followed by Co(NO3)2 · 6H2O afforded a tri-

nuclear heterobimetallic complex (37) (Chart 5).20 The

formation of this compound involves an unusual P-O bond

cleavage involving one of the phosphorus-pyridyloxy bonds.

A central six-coordinate cobalt can be viewed as bridging two

copper-metalated cyclophosphazene rings.20 Recently, dicop-

per derivatives of pyridyloxy cyclotetraphosphazenes have

been prepared. In some of these systems, the two copper

atoms separated by the phosphazene unit experience antifer-

romagnetic coupling.21

The nuclearity of the metal complexes can be modulated

by ligand design. The reaction of N3P3(O2C12H8)(OC5H4-2-N)4
(38) with metal salts leads to exclusive formation of mono-

nuclear complexes (39-41) (Scheme 3).22

CHART 3. Cyclophosphazene Hydrazides and Hydrazones

CHART 4. Metal Complexes of Cyclophosphazene Hydrazides
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In addition to the ligands described here, an important con-

tribution to cyclophosphazene ligands is the deprotonation

methodology developed by Steiner and co-workers for build-

ing multimetallic architectures.23

II.3. Carbophosphazene-Based Ligands. Unlike cyclo-

phosphazenes, heterocyclophosphazenes such as cyclocarbo-

phosphazenes have been much less studied. Utilizing

[{NPCl2}{NCCl}2] (42) as the precursor, we prepared [{NP(3,5-

Me2Pz)2}{NC(3,5-Me2Pz)}2] (43). The experience of pyrazolyl

cyclophosphazenes suggested to us that the P-N bonds in

[{NP(3,5-Me2Pz)2}{NC(3,5-Me2Pz)}2] (43) would be prone to

hydrolysis upon metalation while the C-N bonds would be

more robust.24 This expectation was realized in the reaction

of 43 with CuX2 (X ) Cl, Br), which afforded novel examples

of cyclocarbophosphazene-containing tetramers [{N3C2(3,5-

Me2Pz)2P(O) · CuCl}2O]2 (44) and [{N3C2(3,5-Me2Pz)2P(O) ·

CuBr2}O{N3C2(3,5-Me2Pz)2P(O) · Cu(3,5-Me2PzH)}]2 (45) (Scheme

4). Interestingly these tetramers are held together by P-O-P

and P-O-Cu linkages. Importantly, the formation of the tet-

rameric assemblies is driven by an in situ P-N bond cleav-

age. The reaction intermediates containing P-OH groups

condense to generate the P-O-P linkages.24 It is to be noted

that during this process the C-N bonds remain intact. The

coordination arms attached to the carbon centers hold the

metal assembly together.

III. Acyclic Phosphorus Systems

III.1. Phosphorus Pyrazolides. The prospect of a phospho-

rus atom acting as a support to hold multiple pyrazolyl arms

is quite interesting. In contrast to boron, the advantage with

phosphorus is the tunability of the oxidation state, as well as

the ease of changing the number of pyrazolyl arms. Accord-

ingly, we prepared MeP(S)(3,5-Me2Pz)2 (46) and studied its

reaction with CuCl2. To our surprise, we have observed that in

presence of slight traces of adventitious moisture, the reac-

tion affords a tetranuclear copper phosphonate (47) (Scheme

5).25 The structure of the latter showed that it is made up of

SCHEME 2. Tetranuclear Copper Assembly

CHART 5. Metal Complexes of 34
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two dinuclear copper cores, which are bridged to each other

by two capping tridentate phosphonate ligands. The mecha-

nism of this reaction was probed, and this revealed that the

parent ligand itself is quite stable to hydrolysis. Upon meta-

lation the electrophilicity of the phosphorus center is accen-

tuated, which leads to desulfurization and P-N bond

SCHEME 3. Monometallic Derivatives of 38

SCHEME 4. Tetranuclear Assemblies Obtained by P-N Hydrolysis
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cleavage. The in situ generated phosphonic acid and pyra-

zole ligands assist the formation of the tetranuclear assem-

bly.25 Based on this inference, we have shown that the direct

reaction of a phosphonic acid with transition metal salts in

presence of ancillary nitrogen-containing ligands such as pyra-

zole leads to the formation of a variety of multinuclear molec-

ular transition metal phosphonates, representative examples

(48, 49) of which are shown in Chart 6.26 However, this aspect

will not be covered in this Account.

Metal-induced P-N bond hydrolysis of phosphorus pyra-

zolides is also found with P(O)(3,5-Me2Pz)3 (47),27 [(S)P(2-pypz)3]

(48),28 Ph2P(O)(3,5-Me2Pz) (49),29 and PhP(O)(3,5-Me2Pz)2 (50).29

For example, interaction of the latter with PdCl2 generates

[Pd(3,5-Me2Pz)3Cl]+[PhP(O)(OH)OP(O)2Ph]- (51) (Scheme 6).29

III.2. Phosphorus-Supported Hydrazones. Phosphorus

hydrazides such as (S)P[N(Me)NH2]3 (52) and PhP(O)[N-

(Me)NH2]2 (53) have been utilized by Majoral and co-workers

for the preparation of macrocycles and cryptands.30 The coor-

SCHEME 5. Tetracopper Assembly Obtained by Hydrolysis of 46

CHART 6. Multicopper Assemblies Prepared by Using Phosphonate and Pyrazole Ligands
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dination chemistry of these compounds has received some

attention.31 We felt that the versatility of these systems can be

greatly enhanced by elaborating them into hydrazones.

Accordingly, we assembled the multisite coordination ligand

P(S)[N(Me)NdCH-C6H4-2-OH]3 (LH3) (54) from the condensa-

tion of (S)P[N(Me)NH2]3 and o-hydroxybenzaldehyde.32 LH3

has three imino nitrogen atoms and three acidic phenolic oxy-

gen atoms as potential coordinating sites. Remarkably, the

reaction of LH3 with a number of first row divalent transition

metal salts afforded homometallic trinuclear complexes in

almost quantitative yields (Scheme 7).32-34 In all cases, the

two terminal metal centers are encapsulated by a facial 3N,3O

coordination environment. In many cases, the central metal

ion has a 6O coordination environment (Scheme 7). The pres-

ence of solvent molecules changes the nature of coordina-

tion of the central metal atom in some instances [L2Cd3 · 2H2O

(55); L2Mn3 · MeOH (56), and L2Zn3 · MeOH (57); Scheme 7].34

Perfectly linear arrangement of the metal atoms in these L2M3

trinuclear compounds [M ) Mn (58), Co (59), Ni (60), Zn (61),

Mg (62)] gives rise to a paddle-wheel-type architecture when

viewed from one end of the molecule.32,33

An interesting aspect of the stereochemistry of the tri-

nuclear complexes is that although the ligand is achiral, coor-

dination with metal ion induces chirality in the complexes. The

three chelate rings formed upon complexation can have λλλ
(all the rings oriented in the same direction, clockwise with

respect to intermetal axis) or δδδ orienations (all rings ori-

ented in the same direction, anticlockwise with respect to

intermetal axis). In L2Cd3 · 2H2O (55), L2Mn3 · MeOH (56),

L2Zn3 · MeOH (57), L2Co3 (59), L2Ni3 (60), and L2Zn3 (61), the

orientation of the three chelating rings in the front and back

side of the complex are the same; that is, these compounds

exist as pure enantiomers in their molecular structures. In

L2Mn3 (58) and L2Mg3 (62), the orientations in the front and

back are opposite, that is, these exist in the meso forms. Inter-

estingly the Mt-Mc-Mt bond angles are a perfect 180° for the

meso forms. In other instances, these bond angles are always

slightly less than 180°. The crystal structures of L2Cd3 · 2H2O

(55), L2Mn3 · MeOH (56), and L2Zn3 · MeOH (57) reveal the

presence of chiral recognition in their supramolecular struc-

tures corresponding to the interaction of molecules with a

Λ-Λ configuration with those having ∆-∆ configuration.

These C-H · · · SdP intermolecular interactions afford a zig-

zag one-dimensional double-bridged polymer chain.34

Among the various trinuclear complexes, L2Cd3 ·2H2O (55)

and L2Mg3 (62) show emission in the solid-state, solution, doped

polymer, and thin films (Figure 1). The luminescent properties

observed in the solid state (emission at λ ) 448 nm for L2Mg3

and 493 nm for L2Cd3 ·2H2O) is very similar to that found in

dichloromethane solution (λ ) 442 nm for L2Mg3 and 458 nm

for L2Cd3 ·2H2O).33,34

SCHEME 6. Hydrolysis of Phosphorus Pyrazolides upon Interaction with Transition Metal Ions
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In contrast to the trinuclear complexes formed in the reac-

tions of LH3 with divalent metal salts, exclusive mononuclear

complexes LM [M ) Sc (63), Cr (64), Mn (65), Fe (66), Co (67),

and Ga (68)] are formed in its reaction with trivalent metal salts.35

All three phenolate oxygen atoms of a given ligand along with

the three imino nitrogen atoms encapsulate the trivalent metal

ion in a facial 3N,3O coordination environment. Both LMn (65)

and LFe (66) are high-spin complexes. The electrochemical

behavior of LMn (65) (eq 1; Figure 2) reveals that the complex

is reversibly reduced as well as oxidized by a single-electron pro-

cess suggesting that the hexadentate [L]3- ligand stabilizes man-

ganese in oxidation states ranging from +2 to +4.35

The strategy utilized for the preparation of LH3 has the merit

that it is easily adaptable for other types of ligands. As a test of

this concept, we condensed 4(5)-imidazole carboxaldehyde with

(S)P[N(Me)NH2]3. The in situ generated ligand containing three

imidazole arms, [{(S)P[N(Me)NdCHIm]3 (69), was allowed to react

with metal salts to afford mononuclear complexes [L ·M][NO3]2 [M

) Co (70); Cd (71)] and [L ·M][ClO4]2 [M ) Ni (72)].36 The molec-

ular structures of the mononuclear complexes are quite similar

and consist of the metal ion being encapsulated by the neutral

hexadentate ligand. The metal ion is present in a distorted trigo-

nal prismatic coordination environment. The Zn(II) complex pre-

sented an interesting situation (Scheme 8). One full molecule of

a dicationic mononuclear Zn(II) complex (73) and half of a tetra-

cationic 20-membered Zn(II) metallamacrocycle (74) were

present in its asymmetric unit along with four nitrate anions (see

Figure 3 for the structure of the macrocycle). Such a coexistence/

cocrystallization of metal complexes possessing different com-

positions (structures) in the same unit cell of a crystalline lattice,

if not unprecedented, is certainly very rare. Solution studies using
31P NMR and ESI-MS revealed that in solution also both the mac-

rocycle and the mononuclear structures exist and are perhaps

present in a dynamic equilibrium.36

IV. 3d-4f Assemblies: New Single-Molecule
Magnets
The spontaneous organization of linear trimetallic assemblies

using phosphorus-supported tris hydrazone ligands can be

advantageously fine-tuned by subtle variations on the aro-

SCHEME 7. Synthesis of Trinuclear Metal Assemblies

[LMnIV]+ y\z
+e-

-e-
[LMnIII] y\z

+e-

-e-
[LMnII]- (1)
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matic substituents. We were intrigued by the possibility of gen-

erating new magnetic materials in general and single-

molecule magnets in particular by using the family of ligand

systems described in this Account. This was motivated by the

recent interest in molecular magnetism in general and in

superparamagnetism and single-molecule magnets (SMMs) in

particular.37,38 SMMs, once magnetized, retain their magneti-

zation (or undergo a slow relaxation of magnetization) below

certain temperatures, even after the field is switched off. The

criteria for SMM behavior appear to be the presence of a large

ground state spin (S) and a large uniaxial magnetic anisot-

ropy (large negative D and small E considering the following

Hamiltonian anisotropy term: H ) DSTz
2 + E(STx

2 - STy
2)). The

potential applications of SMMs (in diverse fields ranging from

data storage to quantum computing) coupled with the inter-

esting physics associated with them has prompted many

chemists to prepare a wide range of complexes so that they

can be studied thoroughly in terms of their magnetic

behavior.37,38 The discovery that the mixed valent dodeca-

nuclear manganese cluster [Mn12O12(CH3COO)16(H2O)4] (75)

(ground state S )10) containing Mn3+ and Mn4+ sites is a

SMM at low temperatures39 has prompted the examination of

many polynuclear metal complexes.38 More recently some

lanthanide complexes as well as some mixed 3d-4f com-

plexes have also been shown to behave as SMMs.40,41 The

latter are a new paradigm in this area involving magnetic

interactions between a lanthanide and a transition metal ion.

Traditionally, in all the systems that have been examined the

lanthanide metal ion was chosen with an intention of bring-

ing about magnetic anisotropy. This design naturally excluded

Gd(III) since by possessing a half-filled 4f shell it is usually con-

sidered as an isotropic magnetic center with a quenched

orbital contribution. However, we decided to look at this

FIGURE 1. Emission spectra of L2Cd3 complex in (a) solution, (b) solid state, (c) thin film, and (d) doped polymer. Reproduced with permission
from ref 34. Copyright 2005 American Chemical Society.

FIGURE 2. Cyclic voltammogram of LMn in CH2Cl2 recorded
against Ag/AgCl. Scan rate 100 mV S-1. Reproduced with
permission from ref 35. Copyright 2008 Wiley.
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choice from a different perspective. The fact that the ground

state spin of Gd(III) (S ) 7/2) is very high can be looked upon

as an advantage to generate high-spin complexes. In order to

bring anisotropy to the system, we decided on using the

highly anisotropic Co(II) ions. Such a strategy of bringing

together an anisotropic Co(II) and a high-spin Gd(III) has never

been attempted hitherto. An appropriate ligand design for

forming the Co-Gd assembly was formulated to include more

coordination sites than those offered by LH3. In keeping with

this reasoning, we modified LH3 and prepared L′H3 (76) by the

SCHEME 8. Mononuclear 73 and Macrocyclic Zn(II) (74) Compounds Formed from 69
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condensation of o-vanillin with (S)P[N(Me)NH2]3.42-45 L′H3 (76)

contains nine potential coordinations sites: three imino nitro-

gen atoms, three phenolate oxygen atoms, and three meth-

oxy oxygen atoms. The latter, although weakly binding to

transition metal ions, have good affinity for lanthanide ions.

Accordingly, L′H3 (76) was first reacted with Co(O2CCH3)2 ·

4H2O salt followed by Gd(NO3)3 · 6H2O to give [L′2Co2Gd][NO3]

(77) (Scheme 9). Eighteen coordination sites of the two ligands

are completely utilized to hold the three metal ions together

(Figure 4). The two cobalt ions present in this trimetallic com-

plex are six-coordinate in a distorted octahedral geometry

(3N,3O coordination) (Figure 4). The central gadolinium ion

FIGURE 3. Structure of the macrocycle 74. Reproduced with
permission from ref 36. Reproduced by permission of The Royal
Society of Chemistry (RSC).

SCHEME 9. Synthesis of 77, [L2Co2Gd][NO3]

FIGURE 4. Structure of the cationic portion, [L2Co2Gd]+, of 77.
Reproduced with permission from ref 42. Copyright 2007 American
Chemical Society.
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has a coordination number of 12 (12O, six phenolate and six

methoxy oxygens) in a distorted icosahedral geometry (Fig-

ure 5). Thus, the Gd(III) and Co(II) centers are connected to

each other by means of three bridging phenolate oxygen

atoms, which generate three four-membered GdCoO2 rings

(Figure 4). The Co-Gd-Co array is perfectly linear, and the

whole complex has a paddle-wheel architecture when viewed

from one end of the molecule (Figure 6). While the Co-Gd

distance is 3.307(1) Å, the inter-Co-Co distance is 6.614(2) Å.

The end-end distance of the cationic complex (between the

two terminal sulfur atoms) is 17.120(5) Å.42

Detailed magnetic studies on the cationic complex estab-

lished that it is a new SMM. The plot of �T vs T indicates a

continuous increase until a final maximum is reached at 28.5

cm3 · K · mol-1 (Figure 7). After this temperature, the �T value

decreases presumably because of magnetic anisotropy/weak

antiferromagnetic interactions. Field dependence of magneti-

zation revealed no true saturation even at 7 T and 1.81 K

(inset of Figure 7) indicating that significant anisotropy pre-

vents saturation. This is also confirmed by the observation that

the data do not superimpose on a single master curve (inset

of Figure 7). Although no significant hysteresis was observed

in the M vs H plot, SMM behavior was confirmed by ac sus-

ceptibility measurements, which showed nonzero �′′ values

(Figure 8). A slow relaxation of the magnetization was clearly

inferred, and it was possible to estimate the relaxation time.

From an Arrhenius-type plot (Figure 9), the energy gap for the

SMM, ∆, was estimated to be 27.2 K, while the pre-exponen-

tial factor τo was obtained as 1.7 × 10-7 s. In order to estab-

lish whether quantum tunneling has a significant role in the

relaxation of the magnetization, the frequency dependence of

the ac susceptibility was measured at 3.8 K under the influ-

ence of small DC fields. The latter removes the degeneracy of

(ms states and therefore allows measurement of relaxation

time of the nonquantum tunneling processes. The near invari-

ance of the τo values at zero and 1000 Oe field gives a good

indication that the relaxation of magnetization occurs predom-

inantly through nonquantum tunneling pathways.42 The syn-

thetic strategy used for Co2Gd complexes has been

successfully extended to other Co2Ln complexes (Ln ) Eu, Tb,

Dy, Ho).43

The synthetic strategy used for preparing the heterometallic

linear trinuclear 3d-4f complexes using L′H3 is entirely general.

To demonstrate this, we prepared the full range of complexes

[L′2Ni2Ln][ClO4] (Ln ) La (78), Ce (79), Pr (80), Nd (81), Sm (82),

Eu (83), Gd (84), Tb (85), Dy (86), Ho (87), and Er (88)). All of

these complexes are isostructural with the Co2Gd complex

described above. The Ni-Ni separations in these complexes

range from 6.84 to 6.48 Å. The phenomenon of lanthanide con-

traction is demonstrated quite elegantly in the variation of the

metric parameters. Thus, the Ni-Ni, Ni-Ln, and Ln-Ophenolate

bond distances in these complexes show a gradual reduction

proceeding from 78 to 88 (Table 1; Figure 10).44

The importance of Co(II) for the SMM behavior of the

Co2Gd complex is indicated when it is replaced by Ni(II).

Thus, the analogous Ni2Gd complex does not show SMM

FIGURE 5. Distorted icosahedral arrangement around GdIII in 77.
Reproduced with permission from ref 42. Copyright 2007 American
Chemical Society.

FIGURE 6. Paddle wheel arrangement of [L2Co2Gd]+ in 77.
Reproduced with permission from ref 42. Copyright 2007 American
Chemical Society.

FIGURE 7. Temperature dependence of �T (where � ) M/H) at
1000 Oe for complex 77. Inset shows a plot of magnetization vs
H/T between 1.8 and 10 K. Reproduced with permission from ref
42. Copyright 2007 American Chemical Society.
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behavior although it has a remarkable ST ) 11/2 ground

state induced by an intramolecular Ni · · · Gd ferromagnetic

interaction. On the other hand, replacing Gd with Dy

restores the SMM behavior in Ni2Dy complex as a result of

the high-spin ground state of the complex and the mag-

netic anisotropy brought by the Dy(III) metal ion. The mag-

netic behavior of the remaining Ni2Ln compounds show

that these are paramagnetic systems.44

We have also been able to prepare the first examples of tri-

nuclear Mn2Ln [Ln ) Eu (89), Gd (90), and Dy (91)] complexes

utilizing the above strategy. These complexes are paramag-

netic and show weak ferromagnetic interactions for the MnII/

GdIII and the MnII/DyIII complexes at low temperature.45

FIGURE 8. Temperature (top) and frequency (bottom) dependence of the in-phase and out-of-phase ac susceptibility at different frequencies
and different temperatures under zero dc field. Reproduced with permission from ref 42. Copyright 2007 American Chemical Society.

FIGURE 9. τ vs T-1 plot at Hdc ) 0. The solid lines represent an
Arrhenius fit of the data. Reproduced with permission from ref 42.
Copyright 2007 American Chemical Society.

TABLE 1. Important Bond Distances (Å) for 78-88

Ni-Ni Ni-Ln Ln-Ophenolate

Ni2La (78) 6.8409(11) 3.4209(7) 2.538(5)
Ni2Ce (79) 6.7942(9) 3.3973(5) 2.513(4)
Ni2Pr (80) 6.7617(16) 3.3811(9) 2.495(4)
Ni2Nd (81) 6.7337(10) 3.3673(7) 2.482(4)
Ni2Sm (82) 6.6679(11) 3.3345(7) 2.450(5)
Ni2Eu (83) 6.6449(9) 3.3230(6) 2.435(4)
Ni2Gd (84) 6.6268(19) 3.3142(10) 2.423(4)
Ni2Tb (85) 6.5952(9) 3.2976(6) 2.409(4)
Ni2Dy (86) 6.5570(8) 3.2795(5) 2.392(4)
Ni2Ho (87) 6.5056(10) 3.254(6) 2.377(4)
Ni2Er (88) 6.4845(8) 3.2440(6) 2.361(4)

FIGURE 10. Ln-Ophenolate distance following the lanthanide
contraction. Reproduced with permission from ref 44. Copyright
2009 American Chemical Society.
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V. Outlook

Although it has been 85 years since Alfred Werner was

given the Nobel prize for putting coordination compounds

on the map of chemistry, the design and assembly of new

ligands for interaction with transition metal ions continue to

be a central theme in this area and will remain so for many

more years. Ligand design influences the nature of metal

assembly, their structure, and properties and hence impacts

not just coordination chemistry but many areas influenced

by it including organometallic chemistry, catalysis, bioinor-

ganic chemistry, and materials. In this context, main group

element supported ligand systems have considerable poten-

tial. Already boron-supported ligands, particularly the pyra-

zolyl borates, have proven themselves as extremely

versatile. Other families such as phosphorus-supported

ligand systems as detailed in this Account have been

emerging only in recent years but have an exciting future.

The challenges to be addressed in this area are the issues

of discovering appropriate synthetic methods and control-

ling the number, nature, and stereochemistry of the coor-

dination platforms supported by the main group element.

Another issue is the stability of the ligands, which is related

in part to the nature of the bond that connects the coordi-

nating motifs with the main group element, although as we

have shown in this Account, the sensitivity of the P-N

bonds to hydrolysis under some situations can be utilized

gainfully.

We are thankful to the Department of Science and Technol-
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Delhi, and Indian Institute of Technology, Kanpur, for sup-
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(Department of Chemistry, National University of Singapore,
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structural form for a decanuclear copper(II) assembly. Dalton Trans. 2005, 3143–
3145.

27 Chandrasekhar, V.; Nagendran, S.; Kingsley, S.; Krishnan, V.; Boomishankar, R.
Si-O and P-O motifs in inorganic rings and clusters. Proc. Ind. Acad. Sci. (J. Chem.
Sci.). 2000, 112, 171–178.

28 Fleming, J. S.; Psillakis, E.; Jeffery, J. C.; Mann, K. L. V.; McCleverty, J. A.; Ward,
M. D. Preparation of the new podand ligand S)P(pzpy)3 [pzpy ) 3-(2-pyridyl)-
pyrazol-1-yl], and the syntheses and crystal structures of copper(ll) and copper(l)
complexes of its hydrolysis product [OSP(pzpy)2]-, and a double helical copper(l)
complex of [O2P(pzpy)2]-. Polyhedron 1998, 17, 1705–1714.

29 Kingsley, S.; Vij, A.; Chandrasekhar, V. Formation of a novel phenyldiphosphonic
acid anion dimer through metal assisted hydrolysis of the P-N bond. Inorg. Chem.
2001, 40, 6057–6060.

30 Caminade, A.-M.; Majoral, J. P. Synthesis of phosphorus-containing macrocycles
and cryptands. Chem. Rev. 1994, 94, 1183–1213.

31 Katti, K. V.; Reddy, V. S.; Singh, P. R. Coordination chemistry of phosphorus(III) and
phosphorus(V) hydrazides. Chem. Soc. Rev. 1995, 24, 97–107.

32 Chandrasekhar, V.; Azhakar, R.; Andavan, G. T. S.; Krishnan, V.; Zacchini, S.;
Bickley, J. F.; Steiner, A.; Butcher, R. J.; Kögerler, P. A phosphorus supported
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