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Coordination Versatility of Pyrazole-Based
Ligands towards High-Nuclearity Transi-
tion-Metal and Rare-Earth Clusters

Keywords: N ligands / Cluster compounds /
Magnetic properties / Transition metals /
Rare earths

The coordination chemistry of pyrazole-
based ligands is reviewed. The formation of
polymetallic clusters and other supra-
molecular structures such as metallocycles
or metallohelicates shows the versatility of
the ligand. Magnetic properties of the de-
scribed compounds are detailed.
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Fluorinated Ionic Liquids

C.-P. Zhang, Z.-L. Wang,

Q.-Y. Chen, C.-T. Zhang, Y.-C. Gu,

J-C. Xia0* cviriierecincnncnnns 3419—-3422
Synthesis and Physicochemical Properties
of Bis(fluoroalkanesulfon)amide-Based
Tonic Liquids
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Physicochemical properties
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A series of bis(fluoroalkanesulfon)amides
were synthesized in good yield from the
reaction of fluoroalkanesulfonamides and
fluoroalkylsulfonyl fluorides. Combination

4a-n

of these amide anions with imidazolium
cations afforded a variety of novel ionic
liquids, which demonstrated high densities
and wide liquid range.

Alkaline-Earth Metal Cations

Y. Sarazin,* V. Poirier, T. Roisnel,

J.-F. Carpentier® ..........ccecuuee 3423—3428
Discrete, Base-Free, Cationic Alkaline-
Earth Complexes — Access and Catalytic
Activity in the Polymerization of Lactide

Keywords: Alkaline earth metals / Cations /
Anions / Ring-opening polymerization /
Lactides
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/ M = Zn, Mg Fast, controlled, immortal ROP !
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0 o PDI = 1.05-1.20

~——20

A pinch of precious salts: Stable, base-free,
discrete cations of alkaline-earth metals
(Mg—Ba) and zinc are available in good
yields by simple procedures. These highly

~——0

Lewis acidic species promote efficiently the
controlled, immortal ring-opening poly-
merization of L-lactide, and the catalytic
activity increases with the ionic radius.
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Iron(II)porphodimethene complexes were
formed by an electron-transfer reaction be-
tween the Fe'! and porphyrinogen centers
in the Fe''! porphyrinogen complex. CV of
the oxidized complex shows the reversibly

I1/111

accessible Fe oxidation states; the redox
potential is nearly 1 V more positive than
that for a typical heme cofactor, which sug-
gests an oxidizing nature of the tetrapyrrole
framework in the L** moiety.

Iron Porphyrins

D. Bhattacharya, S. Sarkar* ... 3429-—-3435
Synthesis, Structural, Redox and Moss-
bauer Characterization of Four-Electron-
Oxidized Tetrakis(cyclohexyl)iron(IT)por-
phodimethene with Different Axial Lig-
ations

Keywords: Crystal engineering / Electron
transfer / Iron / Porphyrinoids /
Moessbauer spectroscopy
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The La;_tMn,_tO5 system exhibits revers-
ible topotactic behaviour through an oxidi
zing—reducing process. On the basis of the
surface evolution followed by SEM and

@ Laor Mnatom
@ Laor Mn vacancy

Lag 962MnNy 66,03

AFM, we present a diffusion mechanism of
La and Mn cations through the grain
boundaries.

Perovskite Compounds

R. Cortés-Gil, J. M. Alonso,
M. L. Ruiz-Gonzalez,

J. M. Gonzalez-Calbet* 3436—3440

Topotactic Migration of Cationic Vacan-
cies in La;_,Mn;_,04

Keywords: Lanthanum / Manganese /
Perovskite / Microscopy / Surface chemis-
try

[Pt(cbdc)(HL,),] complexes bearing the
cyclobutane-1,1-dicarboxylate (cbdc) di-
anion and 6-benzylamino-2-chloro-9-iso-
propylpurine derivatives (HL,) have been
synthesized from [Pt(cbdc)(dmso),], fully
characterized and tested for their in vitro
cytotoxicity against chronic myelogenous
leukaemia and breast adenocarcinoma hu-
man cancer cell lines.

Cytotoxic Platinum(II) Complexes

L. Dvorak, I. Popa, P. Starha,

Z. Travnicek* 3441—-3448

In Vitro Cytotoxic-Active Platinum(II)
Complexes Derived from Carboplatin and
Involving Purine Derivatives

Keywords: Platinum / Nucleobases / Cyto-
toxicity / Antitumor agents
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The binuclear gold(I) complexes [(tpy-
CsH4C=CAu),{p-Ph,P(CH,),PPhy}] (n =
2—6) display dual luminescence at room
temperature. Spectrophotometric titration

950 1000 1050 1100 1150
Wavelength (nm)
and quantum yields demonstrate that they
can behave as good energy donors for Eu'!
and Yb'!" emission.

Gold(I) Acetylides

X.-L. Li,* K.-J. Zhang, J.-J. Li,
X.-X. Cheng, Z.-N. Chen ....... 3449—-3457
Dual Luminescent Dinuclear Gold(I)

Complexes of Terpyridyl-Functionalized
Alkyne Ligands and Their Efficient Sensi-
tization of Eu'"! and Yb™ Luminescence

Keywords: Gold / Lanthanides / Dinuclear
complexes / Sensitized luminescence / Alk-
ynes
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NIR-Absorbing Complex

A. Masuya, N. Iki,* C. Kabuto, Y. Ohba,
S. Yamauchi, H. Hoshino ...... 3458—3465

pH-Responsive Switching of the Near-
Infrared Absorption of the Water-Soluble
Bis(o-diiminobenzosemiquinonato)platinum-
(IT) Complex

Keywords: Absorption / Platinum / Rad-
icals / N ligands / Electronic structure
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1100

A water-soluble singlet diradical complex
of Pt!'" has been prepared that shows in-
tense absorption of near-infrared (NIR)
light in basic solutions. The complex shows
pH-responsive switching of the NIR ab-
sorption upon ligand-centered oxidation
followed by dimerization caused by an in-
crease in the rest potential of the solution
at low pH.

Enhanced NLO Response in POMs

M. R. S. A. Janjua, W. Guan, L. Yan,
Z.-M. Su,* A. Karim,
JoAKDAr i 3466—3472

Quantum Chemical Design for Enhanced
Second-Order NLO Response of Terpyrid-
ine-Substituted Hexamolybdates

Keywords: Polyoxometalates / Organic—in-
organic hybrid composites / Second-order
polarizability / Charge transfer / Density
functional calculations

Small variations in the initial configuration
of system 1 (886.55 X% 1073Y esu) have pro-
duced large variations in the long-term be-
havior of system 7 (4622.92 X 1073 esu).
The butterfly effect in quantum mechanics
may encapsulate this idea, which leads to a
remarkable increase in NLO response.

Zr-Containing POMs

W. Zhang, S.-X. Liu,* C.-D. Zhang,
R.-K. Tan, F.-J. Ma, S.-J. Li,
Y.-Y. Zhang  ....ceeeveiiiinininnens 3473-3477

An Acetate-Functionalized Tetranuclear
Zirconium Sandwiching Polyoxometalate
Complex

Keywords: Polyoxometalates / Sandwich
complexes / Zirconium / Clusters / Stabili-
zation

&

X0y

AcH/Ac™

Dimeric  zirconium-sandwiching  poly-
oxometalate complex KyH¢[Zr,(OH)s-
(CH;CO0),(0-PW5037),]'23H,0 (1) was
prepared from ZrCl, and K;[PW,,03] and
characterized by single-crystal X-ray, ther-
mogravimetric, and elemental analysis, IR,
UV, and NMR spectroscopy, and cyclic
voltammetry. It is stable in a wide pH range
for a long time and has good electrocata-
lytic activity in the reduction of nitrite.

Rare-Earth Coordination Chemistry

S. Tanase,* S. Sottini, V. Marvaud,
E. J. J. Groenen,
L.-M. Chamoreau ................. 3478—3483

Anion-Induced Assembly of Hexacoordi-
nate Rare-Earth(III) Complexes

Keywords: Rare earths / Schiff bases /
Structure elucidation / EPR spectroscopy /
Magnetic properties
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Unusual hexacoordinate complexes with
general  formula  [RE{(Hsal)s;tren},]-
(CF3S80;);:nCH;CN [RE = Eu (1), Gd (2),
and Tb (3); n = 0.5 or 1.5] were obtained
from the reaction of tris[2-(salicylidene-
imino)ethylJamine, (Hsal)stren, with RE-
(CF3S05)5-nH>0 both in the presence and
absence of tetrabutylammonium hydroxide.
The synthesis, crystal structure, and
properties of complexes 1—3 are described
in detail.
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A novel hexacoordinating non-Schiff base
ligand (H4L) with N,O4 donor atoms and
its mono- and tetranuclear Cu'! complexes

have been synthesized and characterized by
single-crystal X-ray diffraction and mag-
netic measurements.

Cubane-Type Cu Complex

D. Maity, A. D. Jana, M. Debnath,
N. G. R. Hearns, M.-H. Sie, H. M. Lee,
R. Clérac,* M. Ali* ......cceeuueee 3484—3490

A ps-Alkoxo-Bridged Tetranuclear [Cuyl,]
Copper(II) Complex of a Hexadentate
N,O4 Donor Ligand with a [6 + 0] CusO4
Cubane Core: Synthesis, Crystal Structure,
and Magnetic Properties

Keywords: Copper / N,O,4 donor ligands /
Magnetic properties

Two new polynuclear compounds have
been synthesized by using the cyanato lig-
and and bpa linker with cobalt and nickel
as the transition metals. This combination
leads to the formation of M—(gauche-
bpa),—M (M = Co and Ni) bridges and a
global 2D network through interchain hy-
drogen bonds. Although the bpa intermet-
allic bridges exhibit slight antiferromag-
netic interactions, packing of the chains
causes a 2D canting effect.

Weak Ferromagnetism

N. de la Pinta, G. Madariaga, L. Lezama,
M. L. Fidalgo, R. Cortés* ..... 3491—-3497

Weak Ferromagnetism Caused by a 2D
Effect in Two New Cobalt(Il)~ and
Nickel(I1)—1,2-Bis(4-pyridyl)ethane (bpa)
Polynuclear Compounds

Keywords: Polynuclear structures / Mag-
netic properties / Structure-magnetism re-
lationship / N ligands / Cyanato ligands /
Cobalt / Nickel

Ternary rare earth/organic/inorganic/poly-
meric hybrid materials containing both in-
organic networks (Si—O—Si) and organic
polymeric C—C chains have been as-
sembled. The small bridge molecule ligand
precursor (mercaptobenzoic acid)-Si is con-
structed through mercapto functionali-
zation wth different coupling reagents and
the polymer ligand is synthesized by a poly-
merization reaction.

D : C(=0)NH,CH,CH,CH,

RE 3 EuorTb

Rare Earth Polymeric Hybrids

K. Sheng, B. Yan,* H.-F. Lu,

L. Guo 3498—3505

Ternary Rare Earth Inorganic—Organic
Hybrids with a Mercapto-Functionalized
Si—O Linkage and a Polymer Chain: Coor-
dination Bonding Assembly and Lumi-
nescence

Keywords: Organic-inorganic hybrid com-
posites / Rare earths / Polymers / Bridging
ligands / Sulfur / Luminescence
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Cu(Me;CCOO), *2H,0

Paddle-wheel dicopper complex 2 and
chain complex 3 were synthesized from the
same reactants but at different tempera-
tures: 25 and 50 °C, respectively. Unlike the
antiferromagnetic interactions that take

3%

place between radicals and copper(II) ions
through the pyridine nitrogen atom, signifi-
cant ferromagnetic interactions occur when
nitroxide coordinates copper ions directly.

Copper—Radical Complexes

X.-d. Chen, R. Rong, Y. Wang,
Q.-h. Zhao, S. G. Ang,
B.-W. Sun® ...cooeieveiiiiinnnienennne 3506—3512

L.-1. Zhu,

Three Novel Copper—Radical Complexes:
Syntheses, Crystal Structures, and Mag-
netic Properties

Keywords: Copper / Magnetic properties /
Radicals / Structure elucidation
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L. Nauton, A. Gautier* .......... 3513-3519

Click Chelators — The Behavior of Plati-
num and Palladium Complexes in the Pres-
ence of Guanosine and DNA

Keywords: Platinum / Palladium / Click
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2+

Nern ol

H2N—<\ }/ \ 2/:/)""”*2

HO
HO

N
N, N=N
™
o] WY o |

M = Pd; Pt

Click chelators comprising platinum and
palladium are able to bind guanosine,
induce conformational change of the nu-

O
HO! OH

OH

Binding to guanosine

——ooeo—()

Relaxation of
supercoiled plasmid

cleotide and relax supercoiled DNA. The
similarity between these Pt and Pd" com-
plexes with cisplatin is discussed.

Thiosemicarbazone Pd Complexes

P. Chellan, N. Shunmoogam-Gounden,

D. T. Hendricks, J. Gut, P. J. Rosenthal,

C. Lategan, P. J. Smith, K. Chibale,

G. S. Smith* .....ccovvuvrvrrinnnnnne 3520—-3528

Synthesis, Structure and in Vitro Biological
Screening of Palladium(I) Complexes of
Functionalised Salicylaldimine Thiosemi-
carbazones as Antimalarial and Anticancer
Agents

Keywords: Palladium / Salicylaldimine /
Anticancer activity / Antimalarial activity /
Thiosemicarbazone

Mononuclear salicylaldiminato(thiosemi-
carbazone)palladium(I) complexes have
been synthesized. The free ligands and
their palladium complexes were evaluated
for their antimalarial and anticancer activi-

ties. The palladium complexes show en-
hanced antiplasmodial activity over their
free thiosemicarbazone ligands, whilst the
opposite effect is observed for in vitro an-
ticancer studies.

Ferromagnetic Coordination Polymers

O. V. Nesterova, S. R. Petrusenko,

D. S. Nesterov,* V. N. Kokozay,

B. W. Skelton, J. Jezierska, W. Linert,
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A Cu™Ni! Complex with Ethylenediamine:
Crystal Structure and Ferromagnetic Be-
haviour of an Aqua-Bridged Hetero-
metallic Chain Containing Ambidentate
Ni(OAc),>~ Blocks

Keywords: Copper / Nickel / Chain struc-
tures / Direct synthesis / Ferromagnetic be-
haviour / High-field EPR spectroscopy

Heft |Cu0 +Ni(OAc), + NH,OAc + ethylenedlamlne|
44
3] S=1 S=1/2
2 A <
+.:=Ni=(11-0H,)~Cu=(11-OH,)-Ni-...
1 T T T
0 100 200 300

T

The first aqua-bridged heterometallic 1D
polymer [Cu(en)a(p2-H,0),Ni(OAC),],:
4nH-O has been prepared by direct syn-
thesis and was magnetostructurally charac-
terized.

* Author to whom correspondence should be addressed.
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B. W. Harper, A. M. Krause-Heuer, M. P. Grant, M. Manohar,
K. B. Garbutcheon-Singh, J. R. Aldrich-Wright* o

Advances in Platinum Chemotherapeutics

Evolution of platinum anticancer agents: Research into plati- @&
num-based anticancer compounds has led to the development of =
a myriad of drugs, with only a small handful gaining approval.

This review highlights the current techniques for improving these

approved drugs to retain or improve efficacy whilst reducing

toxic side-effects. We focus on cancer-specific targeting, drug de-

livery and the prodrug approach. Chem. Eur. J.
DOI: 10.1002/chem.201000148

———————
_ Vs region Bluels =

. . . i Green Green7 =
* H
S. U. Lee,* J. C. Kim, H. Mizuseki, Y. Kawazoe transmiSE Eisanie =——

The Origin of the Halogen Effect on the Phthalocyanine Green
Pigments

Going green! Nonplanar deformation of the tetraazatetrabenzo-
porphyrin chromophore of the halogenated copper-phthalocya-
nine (na,mf(Hal)-CuPc) molecule is the main role of halogena-
tion in the manufacture of phthalocyanine green pigments. The Chem. Asian J.

present study may serve as an important reference point for de- DOI: 10.1002/asia.200900601
signing novel halogen-free green pigments.

Nonplanar
Deformation

_ o NH2

hv

H. L. Barks, R. Buckley, G. A. Grieves, E. Di Mauro, g > rﬁ«\ ) k‘|/> Nk/ ] “/>
N.V. Hud’* T.M. Orlando* f:rma:::e & g:gnineN ;’;sninNs

Guanine, Adenine, and Hypoxanthine Production in
UV-Irradiated Formamide Solutions: Relaxation of the
Requirements for Prebiotic Purine Nucleobase Formation

Relaxed requirements: We demonstrate the formation of ade- Chem Bi Chem
nine, hypoxanthine, and guanine from heated (130°C), U V-irradi- DOI: 10.1002/cbic.201000074
ated formamide solutions in the absence of an inorganic catalyst. T )

Evidence is also provided that “classical” HCN pathways for

purine nucleobase production are also active in heated and UV-

irradiated formamide reactions.

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2010, 3398—3400



W. Zhang, J. Sun, T. Bai, C. Wang, K. Zhuang, Y. Zhang,
N. Gu*

Quasi-One-Dimensional Assembly of Magnetic Nanoparticles
Induced by a 50 Hz Alternating Magnetic Field

ChemPhysChem We've got the power: Spoke-like assemblies of magnetic nanopar-

DOI: 10.1002/cphc.201000056 ticles are fabricated by the exposure of a colloidal suspension to
an alternating magnetic field of power frequency 50 Hz (see pic-
ture). In such a low-frequency alternating magnetic field, the as- : ; pWLEYVCH
semblies retain super-paramagnetism.

scores+173 Units,

CHEMMEDCHEM

CHEMISTRY ENABLIVG DRUG DISCOVERY

O. Korb, H. M. Moller, T. E. Exner*

NMR-Guided Molecular Docking of a Protein—Peptide Complex
Based on Ant Colony Optimization

The combination of NMR experimental data and docking tools
ChemMedChem can greatly increase the reliability of predicted docking poses.
DOI: 10.1002/cmdc.201000090  For the complex of the antibody SM3 with its epitope, the
PLANTS docking program and the ChemPLP scoring function
complemented with intra-ligand trNOE and STD distance con-
straints are able to correctly predict the complex structure as the
best-ranked docking pose.

T ©/k T. J. Korstanje, J. T. B. H. Jastrzebski, R. J. M. Klein Gebbink*
[ \ / Catalytic Dehydration of Benzylic Alcohols to Styrenes by
A : fr .+~  Rhenium Complexes
\; ST on—— s p
[ - i \ W The oxygen content of biomass-based materials can be reduced
N\ /( / ) by selective dehydration of hydroxyl groups. As a first step to-

wards biomass-based chemicals, rhenium-based catalysts are
shown to be active in the dehydration of various benzylic alco-
hols to styrene moieties. The turnover frequencies are superior to
the benchmark catalyst sulfuric acid, without sacrificing any se-
lectivity.

I e ‘,"“\:
ChemSusChem
DOI: 10.1002/cssc.201000055

L. Bini, C. Miiller, D. Vogt*

Mechanistic Studies on Hydrocyanation Reactions

Cyano’ the times: This Review summarizes the state of the art in
transition metal-catalyzed alkene hydrocyanation to form nitriles,
with special emphasis on mechanistic studies. Ligand electronic
and steric effects play a dominant role in determining the catalyst
ChemCatChem performance. Although the majority of the existing techniques
DOI: 10.1002/ccte.201000034 concern nickel-catalyzed hydrocyanation, catalysis with com-
plexes of other metals, such as cobalt and copper, is also dis-
cussed.
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Coordination Versatility of Pyrazole-Based Ligands towards High-Nuclearity
Transition-Metal and Rare-Earth Clusters

Marta Viciano-Chumillas,®"! Stefania Tanase,!?l*l L. Jos de Jongh,* and Jan Reedijk*!!

Keywords: N ligands / Cluster compounds / Magnetic properties / Transition metals / Rare earths

The synthesis of transition-metal and rare-earth clusters has
become a very active research field, mainly because these
compounds can behave as molecule-based magnets. The for-
mation of such compounds strongly depends on the choice
of the bridging ligand. This review covers the progress made
by pyrazole-based ligands in the formation of new transition-

metal and rare-earth clusters. Synthetic approaches, struc-
tural diversity and magnetic properties are described. The
formation of other interesting supramolecular structures,
such as metallocycles or metallohelicates is also described to
emphasize the richness of this type of ligands.

Introduction

Polynuclear clusters have become an appealing research
field because of their relevance in bioinorganic chemistry as
functional models for the active site of metalloenzymes,'-%!
and also because of their interesting magnetic properties.>#
These paramagnetic clusters can behave as molecule-based
magnets, exhibiting a remnant moment below a critical
temperature.’ - The choice of the bridging ligand is crucial
for the formation of these cluster compounds. Carboxylates,
Schiff base derivatives and more recently oximes have been
widely studied as bridging ligands.[® ?1 The use of pyrazole-
based ligands is still limited.!'®1?] Therefore, in this review,
the coordination versatility of pyrazole-based ligands for
the formation of polymetallic compounds, especially deal-
ing with high-nuclearity clusters, is presented. Synthetic ap-
proaches, structural diversity and magnetic properties are
described.

Pyrazoles are five-membered heterocyclic aromatic rings
consisting of three carbon atoms and two nitrogen atoms
at the positions 1 and 2 (Figure 1). The N(1)-H has an acid
character due to the proton, whereas the N(2) has a basic
character due to the lone pair in the sp? orbital. Tautomer-
ism exists in the case of symmetrical substitution or non-
substitution on the ring, unless the substituent is in position
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1. This is because breaking the N-C bond is more difficult
than breaking the N-H bond. Five-membered heterocycles,
such as pyrazoles, are m-excessive. Consequently, they are
poorer m-acceptors and better m-donors than six-membered
heterocycles. Hence, they can act as a hard donor site.!l'3-14]
Numerous synthetic routes have been used to obtain pyr-
azole-based ligands. Two routes are the most common: the
condensation of a 1,3-diketone (1,3-dicarbonyl) with hy-
drazine derivatives and the 1,3-dipolar cycloaddition of di-
azoalkane with alkynes.[!3]

4
3 \ N 5
2N—N1

H

Figure 1. Pyrazole (Hpz).

Pyrazoles can behave either as monodentate or as biden-
tate ligands, after deprotonation of the N(1)-H group. The
pyrazolato anion can act as an endo (n?) or an exo-biden-
tate (n'-n!) bridging ligand (Figure 2). This coordination
ability or nucleophilicity is controlled by the nature of the
metal ion and the substituents on the pyrazole ring. Substit-
uents at the 3- and 5-positions modify the steric properties,

Hpz pz~ pz~ pz~-
D NP N @
(Y 0 ()¢
N—NH N—N N——N N——N
/ i’ / \ \ /
M M M M
pn'n'! n’

Figure 2. Common coordination modes of the pyrazole ligand and
the corresponding anionic ligand.
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whereas substituents at the 4-position can mainly influence
the electronic properties.

The study of the coordination chemistry of pyrazole li-
gands began in 1889 with the report of a silver(I) complex,
[Ag(pz)],.l'®) Much later, Trofimenko and co-workers stimu-
lated the research with the introduction of poly(pyrazolyl)-
borate chelating ligands in coordination chemistry.l'7-201 Af-
ter this discovery, numerous papers and reviews have been
written illustrating the rich coordination chemistry of pyr-
azole-based ligands.['31421-24] In the literature, three major
reviews devoted to polynuclear compounds have been re-
ported.['%12 The first review was published in 1997 high-
lighting the catalytic activity of polynuclear heteroatom-
bridged pyrazole complexes.['”) Two other reviews have ap-
peared more recently.l'®!l One deals with di-, oligo- and
polynuclear transition-metal complexes with substituted
pyrazole ligands having chelating side arms.!'!l The other
review describes the structural diversity of pyrazole ligands
for the formation of all types of metal compounds in all
ranges of nuclearities.['”) In this review, the aim is to provide
an overview of the pyrazole-based ligands used to form

transition-metal and rare-earth clusters, with a more de-
tailed description of their magnetic properties and with a
focus on the ability of the pyrazole ligand to provide a path-
way for magnetic exchange interactions. Deprotonated pyr-
azoles can link two metal ions, which results in a metal—
metal distance of 3.5-4.5 A. Substituents on the pyrazole
ring can induce changes in the intermetallic distances, hence
controlling the magnetic exchange interactions. Therefore,
the compounds discussed in this manuscript are grouped
depending on the type of substituents on the pyrazole li-
gand. In this work, pyrazoles substituted at the N1 position,
polymers and dinuclear compounds are not discussed.

Polynuclear Compounds
Pyrazole Ligands with Non-Coordinating Substituents

Most cluster compounds incorporate the pyrazole ligand
or its derivatives with non-coordinating substituents, such
as Br, NO,, Me, Mes (2,4,6-trimethylphenyl), and so on, at

peratures and high magnetic fields.

properties” at Leiden University, October 2009.

Jan Reedijk (1943 ) is Professor of Chemistry (since 1979) at Leiden University, NL. After his Ph.D. (1968) he lectured
at Delft University of Technology until 1979. His research interests include coordination and bioinorganic chemistry of
transition-metal ions applied to catalysis, materials, medicine, ion-exchange and surface chemistry. He has (co)-authored
over 1100 refereed research publications and patents (1965-2009) and has supervised (1973-2009) about 80 postdocs,
90 graduate students and over 250 MSc students. He was a founding editor of the European Journal of Inorganic Chemis-
try (EurJIC) and was on its board from 1998 to 2008.

L. Jos de Jongh graduated in experimental physics at the University of Amsterdam (1968), where he also received a
Ph.D. in 1973 with a thesis entitled **Experiments on simple magnetic model systems” (edited as a Monograph in Physics
by Taylor & Francis, London, 1974; also published in Adv. Phys. 2001, 50, 947). He then joined the Leiden University,
becoming Professor of Experimental Physics in 1986. His research interests span low-dimensional magnetism, magnetic
nanoparticles and molecular clusters, nanowires, phase transitions, superconductivity, experimental techniques at low tem-

Stefania Tanase (1972) received her Ph.D. from the University of Bucharest ( Romania) in 2002. She has worked in the
group of Prof. Jan Reedijk at Leiden University (2001-2009) on oxidation catalysis, bioinorganic chemistry and materials.
In 2004, she was awarded a VENI research grant by the Netherlands Organization for Scientific Research. Currently, she
is working at University of Amsterdam in the group of Prof. Gadi Rothenberg. Her research interests include sustainable
conversion of lignin into bulk chemicals and bio-inspired oxidation catalysis using heterogeneous catalysts.

Marta Viciano-Chumillas (1980) obtained her MSc degree from Universitat de Valéncia (Spain) in 2003. In Septem-
ber2005 she joined the group of Prof. Dr. Jan Reedijk at Leiden University as a PhD student, who together with Prof.
L. Jos de Jongh and Dr. Stefania Tanase supervised her PhD work. She successfully defended her thesis entitled *“Phenol-
pyrazole ligands in the design of manganese(IIl) compounds.: Synthesis, characterization and study of the magnetic

3404

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2010, 3403-3418



Coordination Versatility of Pyrazole-Based Ligands

the 3-, 4-, or 5-position of the pyrazole ring (HR-pz). Fig-
ure 3 shows some of the pyrazole ligands discussed in this
section.

R4
R N RS
N——NH
HL1a:R®=R*=R5=H HL1h: R® = H; R*= H; R® = Mes
HL1b: R3=H; R*=Me;R®=H  HL1i:R®=H; R*=H; R®=Bu
HL1c:R®*=H;R*=C;R®=H  HL1j:R®=H; R*=H; R®=4-F-Ph
HL1d: R®=H;R*=Br;R®=H  HL1k: R®=Me;R*=H; R®=Me

HL1e:R3=H;R*=1;R®=H
HL1f: R®=H; R*=NO,; R5=H
HL1g: R®=H; R*=CHO; R%=H

HL1I: R® = CF5; R*= H; R® = CF4
HL1m: R® = tBu; R*=H; R5 = tBu

Figure 3. Some of the pyrazole ligands with non-coordinating sub-
stituents discussed in this review.

Trinuclear complexes are the most common clusters with
pyrazole ligands or pyrazole derivatives containing non-co-
ordinating substituents. These compounds can adopt two
different types of structure. The first type is a linear struc-
ture, formed when the pyrazole is deprotonated, and it brid-
ges the metal ions (Figure 4a); other ligands are found at
the terminal positions (i.e. halogens, acetylacetonate, non-
deprotonated pyrazoles or cyclopentadienyl ligands). Some
examples reported contain nickel(II),?321 cobalt(I1),1?7-281
palladium(1I) ions,”® and palladium(II)/cobalt(Il) mix-
tures.[?8! Weak antiferromagnetic interactions were observed
between the paramagnetic metal ions in all cases.

a) b)

) N—N ()
\M/ \M/

" / \N —
SIS T o

N—N
L1\M/ \M/L2
/o

OR

N N—
’ N\ |/
/ \“r"“\_)

L3

Figure 4. Structural types of trinuclear pyrazole-bridged com-
pounds.

The second possible type of structure for trinuclear com-
pounds is the triangle (Figure 4b, ¢). Monovalent group 11
ions [copper(I) (Figure 5), silver(I) and gold(I)] and mer-
cury(Il) ions form compounds with a general formula
[M(R-pz)]5.2°#! In the case of gold(I/III), compounds of
type [M3(R-pz)5(L),] are formed.[*3*] Nevertheless, com-
pounds with other nuclearities can also be formed, such as
tetranuclear or hexanuclear compounds.%3*1 In some cases,
the distance between the trinuclear units is small, which

Eur. J. Inorg. Chem. 2010, 3403-3418
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leads to the formation of dimers of trinuclear units.[46-4]
Trinuclear heterobimetallic gold(I)-silver(I) compounds
have been synthesized with 3,5-diphenylpyrazole and other
type of bridging ligands.’%>!1 Compounds with the general
formula [M3(R-pz)s] are formed with divalent metal ions,
such as palladium(II),P? platinum(IDB3 or platinum(I1/111)
ions.[3

Figure 5. Molecular structure of [Cus(L1f);].2%

[M;3-p3-O(RNH™ (R’ = H, Me; m = 4, 5, 7) centred tri-
angles are reported with several transition-metal ions, such
as iron(IIl), cobalt(II/IIT) and copper(Il) ions (Figure 4c).
Compounds X,[Fes(u3-O)(L1f)¢CL5]Cl, (X* = HNEt;",
Bu,N*, PPh,*) have a structure which resembles the basic
carboxylates because of the presence of six pyrazole li-
gands.P* Mossbauer spectroscopy, magnetic susceptibility
and EPR studies revealed the presence of antiferromagnetic
interactions between the iron(III) ions and the achievement
of a ground state of St = 1/2.54 In this case, the pyrazole
ligands mediate stronger antiferromagnetic interactions
than the analogous carboxylates.”* Another example is a
mixed-valence cobalt(II/IIT) compound, [Cos(us-OH)(L1a),-
(dbm);]-2THF (Hdbm = dibenzoylmethane), with a ps-hy-
droxide bridge.’>) Numerous compounds were synthesized
with the copper(Il) ion. Many of them were reported by
Raptis and co-workers,?®%21 who studied the influence of
non-coordinating substituents on the pyrazole ring and of
the terminal ligands, L. The general formula of these com-
plexes is [Cus(u3-OR")(R-pz);L;]"* (R’ = H, Me; L = CI,
Br-, HL1a, RCO,~, HL1g, H,O, EtOH; R-pz~ = Lla-, L1f",
Llh and m = 0, 1, 2) (Figure 6).572 Most of the trinu-
clear centred copper(Il) triangles are synthesized from a
copper(II) salt and the pyrazole ligand in a molar ratio 1:1
or 1:2, in the presence of base and with use of different
counterions.’® Other possible synthetic routes are: (i) the
substitution of the terminal ligand or the centred anion in
a preformed trinuclear compound; (ii) the addition of a
bridging ligand such as carboxylate, an acid, a base or
NaBr to a trinuclear copper(Il) compound.[36-5%-60.63.651 The
control of the pH is crucial in the formation of the triangu-
lar structure, since numerous species often exist in solution.
In some cases, compounds of higher nuclearity, or polymers
that retain the trinuclear structure are obtained.[01:63-67.72]
Another synthetic route to obtain trinuclear-centred cop-
per(IT) compounds is by oxidation of mononuclear cop-
per(I) complexes.[°®! Apparently, the introduction of substit-
3405
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uents at the 4-position of the aromatic ring does not affect
the formation of trinuclear copper(Il) complexes. The use
of 3,5-substituted pyrazoles precludes the formation of the
triangle, because of the steric effects of such side groups in
the ligand. In these cases, mononuclear or dinuclear cop-
per(Il) complexes were obtained.’%%* So far, in only one
case with substituents at the 3,5-positions, the trinuclear
structure is retained.[® By following similar procedures as
those described for the synthesis of O(R’)-centred cop-
per(Il) triangles (R’ = H, Me), but with different amounts
of the counterion, compounds with the formula [Cus(p3-X),-
(R-pz);X5]> (X~ = CI', Br and R-pz- = Lla—LIf") are
formed (Figure 6).565%611  Trinuclear copper(Il) com-
pounds with two types of bridging ligands, such as hydrox-
ide and chloride ligands for [Cus(u;-OH)(pn-Cl)Cl(L1a)s-
(HL1a),],[”3 and oxide and perchlorate ligands for [Cus(us-
0)(ClO4)(L1a)3(HL1a);]*CH;0H,7 were also reported. In

Figure 6. Molecular structure of anion [Cus(ps-O)(L1f);Cl5]> 179
(top) and anion [Cus(ps-Br),(L11);Brs]> 7 (bottom).

these trinuclear copper(Il) compounds, the introduction of
substituents on the pyrazole ring does not induce any sig-
nificant structural differences, such as Cu-+Cu distances or
Cu—s-Y [Y = p-O>, OH-, OMe, p-X (X = CI, Br)]
distances. The main structural difference between all the tri-
nuclear copper(Il) triangles is the central bridging atom
that induces the distortion of the Cu—p-Y—Cu angle when
going from p-O2 through OH™ to p-X (X~ = CI, Br).

Magnetic susceptibility and EPR studies were performed
for some of the trinuclear copper(Il) compounds
(Table 1).156:57:65.68.69.7L.731 Strong antiferromagnetic interac-
tions between the copper(Il) ions are operative in the case
of the compounds with a Cu—3-Y—Cu angle of approxi-
mately 120° (Y> = O%*). Generally, a decrease in the magni-
tude of the antiferromagnetic exchange interaction is ob-
served when the Cu—;3-Y—Cu angle decreases (Y = OH"),
and ferromagnetic interactions become operative when the
Cu—p3-Y—Cu angle is approximately 80° (Y = CI, Br).
This change in the magnetic behaviour is explained by the
principles of the orbital complementarity and overlap-
ping.51 In some of the O(R)-centred copper(Il) triangles,
small values of magnetic susceptibility (values lower than
those expected for a St = 1/2) at low temperature are
found.!*®73 This common phenomenon can be described by
the presence of antisymmetric exchange between the cop-
per(I) ions in view of the magnetic susceptibility and EPR
studies.[®]

Mononuclear and trinuclear copper(I/Il) complexes with
pyrazole ligands were used as starting materials to synthe-
size compounds of higher nuclearity by addition of other
bridging ligands (i.e. carboxylate, pyridazine or nitrate li-
gands).[?%-61.75.76 Pyrazole-based ligands have also been
used as additional bridging ligands with mononuclear com-
pounds to form tetranuclear copper(Il) compounds!’” or to
bridge two trinuclear units, thus forming hexanuclear cop-
per(I) compounds with the formula [PPN][Cug(p3-O),(R-
pz)s(4-R’'-3,5-Ph,-pz)s] (R-pz = Lla, Llc, L1d; R" = H,
C1).[?l In these hexanuclear copper(II) compounds, DFT
calculations and magnetic studies indicated that the low-

Table 1. Magnetic and structural data for trinuclear copper(II) compounds.!

Compound Cu-Y-Cul’ Cuzps-Y©  J/em 1l gl ra Ref.
(PPN),[Cus(15-O)(L1a);Cly] 119.59, 119.59, 120.82 n.r. 250 21 . [s6]
(PPN),[Cus(1s-OH)(L 12);Cl] 118.54, 117.26, 104.38 0.524 - . nr. 1561
[Cus(u;-OH)(L1a)5(MeCO,)(HL 12)] 1180, 115.5, 1026 0.563 <0 . gu = 2015, g, = 2.050, 169
2. = 2200

[Cus(OH)CLy(L1a)s(py)alpy 1022, 1133, 7093 nr. 74,2115 217 . 73]
[Cus(OH)(L 1a)5(HL 12),(NO5),]-H,0 1120, 1150, 1164 0.478 <0 . 2.1 [68)
[Cus(u;-OH)(L1a)s(HL12),(Me;CCOy),)-  116.32, 111.98, 108.40 0.567 1177, 2.047 nr. i
(Me;CCOOH), 90.3,-90.3

(BugN),[Cus(ps-Cl)s(L12)sCl] 86.05 . +14.3 2.07 g, =205, g =211 [56.57]
(BugN),[Cus(pis-Br)o(L11)3Brs] 77.41-81.07 . +1.55 gL =246 g, =201 g =208 [57]

g = 2.42

[Cus(15-OMe)CI(L1h)5(HL1h),]Cl 105.77, 105.09, 101.87 n.r. 100 219 g =221, g/= 147 [69]
[Cus(115-OMe)Br(L 1h)s(HL 1h),]Br 107.43, 104.61, 10440 n.r. 103 2.20 g, =219, g = 1.5 [69]

[a] PPN™* = bis(triphenylphosphoranylidene)ammonium cation; ligand abbreviations HL1a-HLIf are given in Figure 3; n.r. = not re-
ported. [b] Cu—Y—Cu angle (Y = O%>, HO", Cl, Br). [c] Distance of ps-Y from the Cus plane. [d] The J values describe the magnetic
exchange interactions depending on the geometrical parameters of each compound; the reported J values have been converted according
to the Hamiltonian H = —22J;S,S; for comparison. [e] g values obtained from the fitting of the magnetic susceptibility data. [f] g values
obtained from EPR measurements.
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symmetry distortion within each trinuclear unit and the
antisymmetric exchange at low temperatures are important
to determine the magnetic behaviour.[”®!

Another class of trinuclear compounds that is not very
common is formed by the linear heterobimetallic com-
pounds with the formula (cyclam)M[(n-C)U(L1k)4], (M =
Ni, Cu, Zn, Co; cyclam = 1,4,8,11-tetraazacyclotetra-
decane). They are synthesized from the homoleptic dimer
[U(L1k)4], and the compound [M(cyclam)Cl,]. In the case
of nickel(IT) and cobalt(II) compounds, weak ferromagnetic
interactions between the metal ions are present with J val-
ues between 2.8-19 cm™! (Ni''-U") and 15-48 cm™! (Co'-
U1Y).[79:80]

The use of lanthanide ions with pyrazole ligands is still
very limited, especially in the synthesis of high-nuclearity
compounds rather than the common polymeric structures.
It has been observed that the size of the lanthanide ions can
sometimes determine the type of structure and nuclearity of
the resulting compounds under similar reaction condi-
tions.B1-821  [Nds(L1a)(HL1a),J(HL1a)(tech), (tech =
1,2,3,4-tetrahydroquinoline) is a triangular compound in
which the pyrazole ligand displays several coordination
modes, including endo (n?) and exo (n'-n') modes.®?! An-
other example is a tetranuclear europium(Il) compound,
[Eug(L1m)g], which has a linear structure formed by a di-
mer of dinuclear units. In this compound, the pyrazole li-
gand binds the metal ions in the endo (1?) and exo (n>1?)
coordination modes (Figure 7).181

Figure 7. Molecular structure of [Euy(L1m)g].[81

Tetranuclear copper(Il) compounds are generally synthe-
sized from a copper(Il) salt, the pyrazole ligand, another
type of ligand and a base. In these compounds, the pyrazol-
ate anion bridges two dinuclear units.®3-84 For example, the
compound with the formula [Cuy(L1a),L,]CIO4 (HL = 1,3-
diamino-2-propanol), has a dinuclear unit formed by two
copper(Il) ions bridged by a pyrazolato ligand and by 1,3-
diamino-2-propanolato.®3! Another example is the com-
pound [CuyL,(L1a),(CH;0H),](ClOy), {L = 1,1-bis(2-pyr-
idyl)-1-methoxymethanol}.[®* Magnetic susceptibility stud-
ies define both compounds as dinuclear complexes with
weak antiferromagnetic interactions between the dinuclear
copper(II) units, ascribed to the countercomplementary be-
haviour of the bridging pyrazole that decreases the value
of the magnetic exchange imposed by the other bridging
ligand.®384 Another example is the compound [CugFa(pig-
F)(L1j)s(HL1j),], which contains a p,-F bridge between the
four copper(Il) ions that interact antiferromagnetically.[®>!
A tetranuclear zirconium(IV) compound is obtained by
conversion of a dinuclear compound in wet toluene.!®¢! Tet-
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ranuclear heterobimetallic compounds with palladium(II)
ions and silver(I) or gold(I) ions have also been re-
ported,5>%71 as well as those with zinc(II) and sodium(I)
ions.®® Some of the tetranuclear compounds that are re-
ported in the literature were minor side products that were
only characterized by X-ray crystallography.[8%-°%

The reaction of CuX, (X = CI, Br, NO;3") with 3(5)-
tert-butylpyrazole (HL1i) and sodium methoxide in meth-
anol affords the heptanuclear compounds [{Cus(HL11)(ps-
X)(u3-OH)3},CulXs (X = Cl, Br, NO5).P192 With CuF,
under the same reaction conditions, a hexanuclear cyclic
copper(Il) compound is formed (see metallocycles).
Using a ligand with large steric hindrance at the 3,5-posi-
tions of the pyrazole ring precludes the formation of these
heptanuclear species and affords a trinuclear compound (as
described above).) The heptanuclear copper(Il) com-
pounds are double-cubanes in which a vertex of a cop-
per(Il) ion coordinated by six hydroxide ligands is shared.
Antiferromagnetic interactions between the copper(Il) ions
were found in all compounds, and the variation of the mag-
netic exchange interaction is in agreement with magne-
tostructural correlations on the basis of the Cu-O-Cu
angles (the so-called Haase correlation)®¥ for the [Cuy(ps-
OR),]** and [Cu,(u-OH)J** species, leading to a ground
state of St = 1/2.°1:92]

[Feg(ps-0)4(L1a);,Cly] is an octanuclear iron(IIl) com-
pound with a Fe4,O4 cubane structure, where the inner
iron(I1T) ions are connected with the outer iron(III) ions
through pyrazole bridges and with the chloride ligands at
terminal positions.”>! This compound is the first example
of an all-iron(III) cubane.® The compound has an unusual
stability due to the [Fe,O4]*" core. Replacement of the ter-
minal chloride ligands with other ligands and the introduc-
tion of the fourth substituent on the pyrazole ring (HL1b
and HL1c) were reported.®® These compounds exhibit sim-
ilar redox properties, demonstrating that the [Fe,O4]** core
is redox-active.l’® Strong antiferromagnetic interactions be-
tween the iron(IIl) ions are present in the compound
[Feg(pg-0)4(L1a);,Cly]. The fit of the experimental mag-
netic data indicates strong antiferromagnetic coupling be-
tween the inner and the outer iron(Ill) ions (J =
—50.55 cm™!), whereas much weaker coupling is observed
between the iron(II) ions within the core (J =
—2.1cm").°% The stronger antiferromagnetic interactions
between the inner an the outer iron(IIl) ions are in agree-
ment with the larger Fe-O-Fe angles, approximately 119°,
as compared with the Fe-O-Fe angles within the inner core,
approximately 98°. DFT studies were performed to confirm
the parameters obtained from a fit of the experimental mag-
netic susceptibility data.®® A gallium(III) analogue was
synthesized.l’’l Other examples of octanuclear clusters in-
volve molybdenum(V/VI)®®! or zinc(I) ions.*’! The com-
pound [Ni(bma)(H,O0);][Nig(OH)s(L1a),,]:6DMSO {bma =
bis(2-benzinidazolylmethyl)amine} consists of an anionic
structure composed from an octanuclear nickel(Il) unit,
[Nig(OH)¢(L1a);»], and a cation formed by a mononuclear
nickel(II) entity, [Ni(bma)(H,O);]*. In the former case, the
eight nickel(IT) ions form a cube and the Ni--Ni---Ni angles
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are around 90°. Antiferromagnetic interactions are present
between the nickel(II) ions in the octanuclear anion, leading
to S = 0, but the ground state of the molecule is St = 1,
resulting from the mononuclear counterion.!'® DFT calcu-
lations were performed to estimate the magnetic exchange
interactions.['0%!

Chandrasekhar and co-workers have employed the com-
bination of phosphonates and pyrazoles (HLla, HLIK,
HLI1l and HL1m) as ligands to form a tetranuclear cad-
mium(II) compound!'°!l and copper(Il) complexes of dif-
ferent nuclearities,'°>1% ranging from tetranuclear to
hexadecanuclear (Figure 8). All compounds display anti-
ferromagnetic interactions of different strengths.[192-105]

Figure 8. Molecular structure of the neutral compound [(Cu;,L11)4-
(13-OH)(1-OH);5(13-BuPO3),(ug-1BuPO;)5].104

The combination of two pyrazole moieties, i.e. bis-
(pyrazole) ligands, was successfully used to form tetranu-
clear copper(I1I) compounds!!® and also porous coordina-
tion polymers with palladium(I1), platinum(II), silver(I) or
copper(I) ions.107-110]

Pyrazole Ligands with Substituents Containing Donor
Atoms

Substituents with donor atoms on the pyrazole ring can
increase the number of possible metal-binding sites that
may lead to polynuclear type of compounds. Commonly,
the substituents are placed at the 3- and 5-positions of the
aromatic ring. Variation of the side arm chain lengths gives
some control over metal-metal separation, while the
number and type of side arm donor sites allow the determi-
nation of electronic and coordinative properties.'>?? Re-
cently, a review has been published by Meyer and co-
workers, dealing with polynuclear transition-metal com-
plexes with compartmental pyrazolate ligands.[''] The main
part of the review was dedicated to dinuclear compounds.

Pyrazole Ligands with N-Donor Substituents, Amines

Figure 9 shows the ligands used for the compounds de-
scribed in this section. An important part of this research
has been developed by Meyer and co-workers,[''!-12¢] who
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have studied the coordination ability of the 3,5-disubsti-
tuted pyrazole ligands with chelating side arms, mainly with
N-donor atoms. These ligands differ in the chain lengths of
the chelating side arms and the number of donor sites.

R*

RQR.‘N/W\NR‘RQ

N—NH

HL2a: R* = H; R'" = Me; R2 = —(CH,),-NMe,
HL2b: R* = H; R'" = RZ = -(CH,),-NEt
HL2c: R* = H; R" = Me; R? = —(CH,);-NMe;
HL2d: R* = H; R'" = R? = (CH,)3-NMe,
HL2e: R* = H; R'" = R = (CH,),-SMe

2R
Bae e
T e 1

Figure 9. Pyrazole-based ligands
amines.

HL2f: R* = H; R' = Me; R? = —(CHj),-SEt
HL2g: R* = H; R'" = R = -(CH,),-SEt
HL2h: R* = H; R'" = Me; R = —(CH,),-SiPr
HL2i: R* = Ph; R'" = Me; R = —(CHy)-py
HL2j: R* = H; R = Me; R? = 8-quinoline

N—NH

YOS

HyL2m
with N-donor substituents,

Tetranuclear nickel(I) compounds with the general for-
mula [NiuL,]®" were synthesized with stoichiometric
amounts of the metal salt, the pyrazole-based ligand
(HL = HL2c-HL2h, see Figure 9), the base and an appro-
priate amount of the bridging ligand, such as azide and/or
carboxylate.'1>-1201 Another synthetic approach employed
the reaction of dinuclear complexes with labile co-ligands
and with azides.[''®-118:120] In some cases, the assembly of
these dinuclear nickel(IT) units can lead to other topologies
such as 1D chains.'!>123] The similar central core of the
tetranuclear nickel(IT) structures is formed by dinuclear
nickel(IT) units, [Ni,L]**, which are connected by azide and
carboxylate bridges (Figure 10).[115-1201 Table 2 shows the
values of the magnetic exchange interactions for the tetra-
nuclear nickel(I) compounds discussed above. In most of
the tetranuclear compounds, overall antiferromagnetic in-
teractions are present between the nickel(Il) ions (high-
spin), leading to a ground state of St = 0, except for the
first four compounds in Table 2, in which ferromagnetic in-
teractions between the nickel(Il) ions are dominant.[!'¢]
Ferromagnetic exchange interactions between nickel(I1)
ions are found in the presence of end-on azido bridges. In
the case of end-to-end azido bridges, weak antiferromag-

Figure 10. Molecular structure of the cation [Nig(L2f),(p-1,1-N3),-
(14-1,1,3,3-N3)(0,CMe),]*.['17)
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Table 2. Magnetic data for a selection of tetranuclear nickel(I) compounds.

Compound J lcm1b] g Ref.
[Ni4(L20)a(t-1,1-N3)a(1i-1,3-N3),](Cl0,),2CH,0-0.5H,0 +1.8; +4.2 221 [116]
[Nl4(L20)2(u-1,1-N3)2(H-1,3'N3)2](C104)2'2C3H60'C5H12 +25, +2.5 2.16 [1io]
[Niy(L2¢)s(1t-1,1-N)a(1-1,3-N3)5](BPhy)»-2C5H,O +3.4: -1.0 222 [116)
[Niy(L2d)s(pt-1,1-N)a(i-1,3-Na),](BPhy)»-2C5H,O +0.9: -5.8 227 [116)
[Nis(L2d)5(t-1,1-N3)a(i-1,3-N)](BPhy ) +2.0: +4.7 2.19 [116)
[Niy(L22)s(pis-1,1,3-N3)o(MeOH),](CIO, 4.6 -24.0; +32.1 2.19 [11s)
[Ni4(L2f)2(u'l,1'N3)2(H4-1,1,3,3'N3)(02CMC)2]'C104'C3H60 -1 10, +106, +2 2.15 17
[Ni4(L2f)2(u'l,1'N3)2(H4-1,1,3,3'N3)(02CPh)2]'C104'NaCIO4'2C3H60'H20 11 1, +51, +9 2.15 {7
[Niy(L2h)5(t-1,1-N3)a(tis-1,1,3,3-N3)(0,CMe)o]-ClO, _133: +129; +26 2.15 oy
[Nig(L2h)s(p-1,1-N)s(pia-1.1,3.3-N3)(0,CAda),]-ClOCsHO _111: +86; +5 2.15 117
[Nig(L2e)s(1s-1,1,3.3-N3)(O,CAda),]-ClO, ~30: +98; 12 2.15 (117
[NiL(L2g)(1s-1,1,3,3-N3)(0,CAda),-ClO, 50; +66; +7 2.15 [17)
[N]4(L2d)2(}1-1 ,1-N3)2(u-1 ,3-N3)2](BPh4)2‘2C3H6O 7162, +2 2.01 (18]
[Niz(LZC)(}l-l,1-N3)(}13-],1,3-N3)(N3)]2'2CH2C12 7197, +6 2.29 (18]
[Nig(L2g)5(1t-1,3-N3)(pa-1,1,3-N3)5(0>,CMe))(CIO,), +57; -51; ~18: +6 229 [119)
[Nig(L2g)s(1t-1.3-N3)(pa-1.1,3-N3)5(0,CPh)}(CIO,)s +25: -61: ~12; +5 2.38 [119)
[Nig(L2h)s(p-1,3-N3) (13- 1.1,3-N3)o(0,CPh)(CIO,) +27; -53; -3; +6 2.30 [119)
[Nig(L2g)2(OCN,H,),(OCN,H;),)(CIO,), +3.4 225 121

[a] The azide nomenclature does not follow the rules of IUPAC. Here p-1,1-N3 and p-1,3-Nj is used for the end-on and end-to-end
bridge, respectively. [b] The J values describe the magnetic exchange interactions depending on the geometrical parameters of each
compound; the J values reported have been converted according to the Hamiltonian H = —X2J;;S;S; for comparison. Ligand abbreviations

are given in Figure 9.

netic or ferromagnetic exchange interactions can oc-
cur.['16-1201 The sign of the magnetic exchange constant be-
tween the nickel(II) ions depends mainly on the Ni—N3—Ni
torsion angle and the Ni-N-N angle values. This has been
previously established by common magnetostructural corre-
lations based on the azide bridge.l''¢-12% So, if the Ni—-N;—
Ni torsion angle is around 90°, ferromagnetic interactions
should be operative. Besides exploring azide as bridging li-
gand, other ligands, such as ureal'?'l and cyanide,['?¥ have
been used in combination with HL2a and HL2b ligands,
respectively. With urea as a ligand, a tetranuclear nickel(IT)
compound is formed, in which the presence of two low-spin
nickel(IT) ions and two high-spin nickel(IT) ions that inter-
act ferromagnetically is confirmed by magnetic suscep-
tibility studies.!'?!]

The coordination ability of the HL2a ligand towards
other metal ions, such as copper(Il) or zinc(I) ions, was
also explored. The pyrazolato ligand bridges the two metal
ions, and in some cases, the dinuclear structures, [M,L2a]*
(M = Cu' and Zn"), are linked by carbonates incorporated
from air,l''-114 1y, -peroxido,!'?? phosphatol!'?! or oxazetid-
inylacetato ligands.[''” An octanuclear copper(I) com-
pound, which can be described as a [(MesCu)4(uy-O)>
(Mes = 2.4,6-trimethylphenyl) anion with two dinuclear
copper(I)-pyrazole clamps containing the HL2i ligand, has
also been reported.['?°l The use of more bulky pyrazole li-
gands (i.e. HL2j) affords tetranuclear copper(I) compounds,
which were studied by NMR spectroscopy.!'?”)

The incorporation of other functional groups in the
amino substituents of the pyrazole ring, such as imidazole
(HL2j'23 and HL21"2% ligands) or 1,4,7-triazacyclonanane
(HL2m ligand),['*°! has also been studied. In most of the
cases, pH potentiometric studies in aqueous solution were
performed in combination with the crystallographic charac-
terization of the different polynuclear species formed in the
presence of the copper(II) ion.[123-129]
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Pyrazole Ligands with N-Donor Substituents, Pyridines

2-Pyridylpyrazole derivatives (Figure 11) have been
proven to be good ligands for obtaining different assem-
blies, such as metallohelicates!!3%131l or clusters.[13Z-140] To-
gether with another bridging ligand, for example, phos-
phonate, they provide a good approach to isolate a deca-
nuclear copper(Il) cage with the formula [Cus(p;-OH),-
(tBuPO5)3(L3a),(MeOH)],' 10MeOH-2H,0.'*!1" The reac-
tion of an iron(II) salt with the 3-(2-pyridyl)pyrazole ligand
formed by the decomposition of the ligand tris[{3-(2-

N—NH
HL3a: R'g=Rs=H
HL3b: R'g = H; Rg = tBu
HL3c: R's =Me; Rg =H

HL3d: Rig =R"g = H
HL3e: R'g = Me; R'g = H
HL3f: R's = R" = Me

HL3g: Rs = H HoL3i: Rs = Me
HL3h: Rs = bipy HoL3j: Rs = Ph
HoL3k: R = Py
/N N NN
/l\{ N—NH L\
N N HL3I "‘/ \
\_/ _

Figure 11. Pyrazole-based ligands with N-donor substituents, pyr-
idines.
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pyridyl)pyrazol-1-yl}hydroborate] (Tp™Y), leads to a tetra-
nuclear  compound, [Fes(HL3a),(L3a)s(p-0),](PFg)-:
4CH;CN.I33)

The coordination ability of the 3-(2-pyridyl)pyrazole li-
gand (HL3a) and its derivatives (HL3f, HL3g and HL3h)
is also confirmed by the formation of copper(Il) tetranu-
clear grids with the core [CusL¢]** or [CusLsJ** (Figure 12)
in an isolated fashion or in 1D chains,[133:134.136.138,140] 1y
such types grids, strong antiferromagnetic interactions are
present between the copper(Il) ions. The antiferromagnetic
magnetic behaviour and its strength were explained on the
basis of the number of pyrazole bridges, the distorted geom-
etry of the pyrazole ligands and the orientation of the mag-
netic orbitals of the copper(Il) ion.[!33:134.136.138,140] Qther
grid-type structures are formed with cobalt(Il) and manga-
nese(1I) ions.'4%1 Different typologies and nuclearities can
also be found with the cobalt(Il) ion and the HL3f li-
gand,!'371 the copper(Il) ion and the HL3I ligand,!'4?!
and the copper(I) and copper(Il) ions with the HL3c li-
gand.[1¥]

Figure 12. Molecular structure of the cation,

(dmf),]>+.[136)

[Cuy(L3g)s

Coordination of 5-tert-butyl-3-(pyrid-2-yl)-1 H-pyrazole
(HL3b) to copper(Il) and cobalt(II/III) leads to metallo-
cycles (see below). In the case of copper(ll) salts with non-
coordinated anions, a cubane-based structure is formed,
[Cuu(ps-OH)4(L3b),](Cl0,)4xCH,Cl, (x = 1-2).143 Small
antiferromagnetic interactions between the copper(Il) ions
are present, as expected on the basis of Hatfield and Hodg-
son’s studies of the correlation with the bridging angle.['*4
The Cu-O-Cu angles found in this compound are within
the range in which both antiferromagnetic and ferromag-
netic interactions can be present. Using bis(pyrazole)pyr-
idine ligands (H,L3i and H,L3j) affords octanuclear cop-
per(I) compounds!!*l and hexanuclear silver(I) com-
pounds.I'#] The binding of ligand H,L3k to cobalt(Il) af-
fords an octanuclear cobalt(IT) compound ring and a non-
anuclear cobalt(II/II1) compound grid.'*1 Both com-
pounds display antiferromagnetic interactions resulting in a
total ground-state spin of St = 0 [for the octanuclear co-
balt(Il) compound] and 4 [for the nonanuclear cobalt(Il/
IIT) compound], in which the latter displays SMM behav-
iour.[147]
3410
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Pyrazole Ligands with O-Donor Substituents, Alcohols

The ligands described in this section, H,L4a-H,L4d
(Figure 14), have been used by Winpenny and co-workers
to explore the coordination chemistry of nickel(II) and
manganese(II/ITII)  ions.['*81331  [Mn,;,0,(OH),(L4c),s-
(HL4c)4(NO3)4(H>0),4] is a mixed-valent compound con-
taining two manganese(Ill) and twelve manganese(Il)
ions.'*8] Strong antiferromagnetic interactions between the
metal centres lead to a ground state of St = 0.['48] After the
synthesis of this cluster and the wheel [Nioy(OH)g(L4a);¢-
(0,CMe)-4(HL4a),¢] that is described below as a metallocy-
cle'#91 derivatives of pyrazolinol-type ligands (HL4b,
HL4c, HL4d) were synthesized to study their binding to
nickel(II) ions in the presence of pivalate (piv) bridging
ligands. As a result, different topologies were obtained with
nuclearities ranging from [NiyNay], [NisNay], [NisLig] and
[NigM,] (M = K!, Rb!, Cs') to [Nig].['’” In these com-
pounds, the presence of antiferromagnetic interactions be-
tween the nickel(IT) ions gives the zero-spin or low-spin
ground states in most of the cases. For [NisLig], weak ferro-
magnetic interactions are operative within the cluster, which
yields a ground state of St = 1.9 [NigM,] and [Nig] clus-
ters are formed by two pseudo-cubanes linked by p-O brid-
ges.[1>% The magnetic behaviour of both types of clusters
are explained in terms of the magnetostructural correlations
within the [Niy(u3-O)4] core, in which Ni—-O-Ni angles
smaller than 99° favour ferromagnetic interactions, whereas
larger angles promote antiferromagnetic interactions.[!>%
The incorporation of alkali metals in the final structure of
some of the compounds allowed the extension of this
study.l'>!1 Thus, reactions were performed with the dinu-
clear complex [Niy(H,O)(piv)4(Hpiv)y] (Hpiv = trimeth-
ylacetic acid) as a starting material and with HL4c, to form
[NigMg>(OH)»(LA4c)4(piv)io(HLAc)4(MeOH),] and [NigM]
(M = Sr'', Ba') clusters.'>!1 The first compound is formed
by two nickel(Il) triangles bridged by magnesium(II) ions.
Ferromagnetic exchange interactions are present between
the nickel(Il) ions forming the triangle. The nonanuclear
compounds, [NigSr(OH),(L4c)s(piv)o(HL4c)s(Hpiv),-
(CH;CN)] and [NigBa(OH)(L4c)s(piv)io(HLAC)s s(Hpiv)o 7-
(CH3CN),], are formed by two tetranuclear nickel(IT) units
bridged by strontium(II) and barium(II) ions, respec-
tively.'>'1 Dominant antiferromagnetic interactions are
present between the nickel(II) ions leading to two indepen-
dent ground states both with St = 2, corresponding to the
two tetranuclear units.['>!! The use of silver(I) as a second
metal ion resulted in the serendipitous formation of the
large antiferromagnetic cluster [Nir; Ag(pts-OH)4(p3-OH)g-
(L4d);3(piv)2o(Hpiv)4(CH3;CN);3 s(H0) 5].'°%1 The explo-
ration of new carboxylic acids, i.e. zerz-butylbenzoic acid
and benzoic acid as well as azido ligands, has demonstrated
the unpredictability of the pyrazolinone ligands with three

new compounds, Na[NigNa(OH),Fg(tBuPhCO»)g-
(HL4a)g], [NigNa,(N3),,(rBuPhCO,),(L4a)4(HL4a)e-
(EtOAC) 6] and [NigNaz(N3) 1 2(PhC02)2(L4a)4(HL4a)6-

(EtOAc)g).'>3! Figure 13 shows the molecular structure of
[NiSNaz(N3)12(PhC02)2(L43)4(HL43)6(EtOAC)6], in which
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ferromagnetic interactions between the nickel(Il) ions are
propagated through the azide ligands; micro-SQUID mea-
surements indicate a single-molecule magnet behaviour.!'>3!

Figure 13. Molecular structure of the compound [NigNa,(N3);,-
(PhCO,),(L4a),(HL4a)s(EtOAC)].'5

Pyrazole Ligands with O-Donor Substituents, Phenols

The phenol-pyrazole-based ligands used for the com-
pounds described in this section are shown in Figure 14. An
octanuclear manganese(I1l) compound with the formula
[Mng(p4-O)4(L5d)g(thf),] was reported by some of us, in
which strong antiferromagnetic interactions are operative
between all the manganese(IIl) ions (Figure 15).1">4 This
compound resembles other octanuclear iron(IIT) com-
pounds with a cubane core, described above.”>?¢ The sta-
bility of the cluster core with different phenol-pyrazole li-
gands (H,L5a, H,L5d, H,L5¢) has been studied in various
solvents.['>%155 When ligands with small substituents on the
pyrazole ring (H,L5a, H,L5d) are used, the core [Mng(p,-
0)4(L)g] (L = 5a%, 5d*) is retained.[!>] However, the use of
bulkier groups (ethyl) drives the formation of a hexanuclear
compound with the formula [Mng(p3-O)4(p3-Br),(HLSe)s-
(L5¢)].1'>% Strong antiferromagnetic interactions are opera-
tive in all octanuclear compounds, because the core motif
does not change considerably and the magnetic behaviour
is ruled mainly by the Mn—O—Mn angles. By contrast, in the
hexanuclear compound [Mng(p3-O)4(p3-Br),(HLSe)s(L5e)],
weak ferromagnetic interactions are found. This behaviour
was explained in terms of a canted structure in which all
the Jahn-Teller magnetic axes have different orienta-
tions,[!>%)

Trinuclear oxide-centred compounds have also been ob-
tained with phenol-pyrazole ligands.'3%192] They have the
general formula [Mn;(ps-O)(R-pz);(L).(S),]” (HoR-pz =
H,L5a-H,L5d, H,L5f, H,L5g; L = azide, carboxylate li-
gand; S = methanol, ethanol; x = 1, 2; y = 0—4).1156-162] The
doubly deprotonated phenol-pyrazole ligands are in the
same plane as the [Mn;(pus-O)]”* core, whereas bridging li-
gands, such as azide or carboxylates and alcoholic solvents,
are present at the axial positions of the manganese(I11) ions.
The introduction of a substituent on the fifth position of
the pyrazole ring such as methyl or phenyl (H,L5d, H,L5f)
drives the carboxylate to bind to two manganese(III) ions
from the same trinuclear unit, instead of bridging the trinu-
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4
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HN—N OH

N—NH

HaL5h

Figure 14. Pyrazole-based ligands with O-donor substituents,
alcohols and phenols.

Figure 15. Molecular structure of [Mng(ps-O)4(L5d)g(thf)g].['34

clear manganese(I11) units.['®%-1611 If the carboxylate ligand
is small, i.e. acetate, these trinuclear manganese(I1l) units
can form chains, because of the hydrogen bonds established
between the carboxylate and the solvent molecules.!'¢%-161]
When the carboxylate ligand is bulkier, such as benzoate,
the trinuclear units become isolated, and no intermolecular
hydrogen bonding interactions are observed.l'®!] In the ab-
sence of a substituent on the fifth position of the pyrazole
(H,L5a, H,L5b, H,L5¢c, H,L5g), the trinuclear units are
linked by a bridging ligand,[136-160-162] acetate or azide,
forming 1D chains. In all these trinuclear manganese(III)
compounds, overall antiferromagnetic interactions are pres-
ent in the trinuclear unit. Ferromagnetic interactions be-
tween the trinuclear units are operative in most of the 1D
chains,[1361601 showing long-range magnetic ordering or
single-chain-magnet behaviour. It was found that ferromag-
netic interactions between the manganese(Ill) ions of the
trinuclear unit are favourable when the Mn—-O-Mn angle
values are smaller than 120° (value for an equilateral tri-
angle) (Table 3, Figure 16).[16%-161]
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Table 3. Selected magnetic and structural data for trinuclear oxide-bridged manganese(Ill) compounds containing phenol-pyrazole li-

gands.

Compound Jy lem 1@l J, lem 1l zJ' lem! g Mn-O-Mn"! Ref.
[Mns(p13-0)(L5a)5(MeOH)5(0,CMe)], 3,01 3,01 +0.32 188 119.88; 119.15; 119.98  [159:160]
[Mns(p13-O)(L5b)5(MeOH )(0,CMe)], 321 321 +0.68 193 120.42; 119.41; 120.14 1159
[Mn(p13-0)(L5b)5(EtOH)4(0,CMe))], 1.87 561 20014 199 12043 118.44; 121.13 1156
[Mn(p13-0)(L5¢)3(MeOH )3(N5)],-2nMeOH 3.87 820 ~0.07 212 11991; 119.17; 119.35  157)
[Mns(p3-0)(L5¢)5(MeOH (N3], 4,66 735 ~0.30 212 12033; 118.75; 120.61  1157)
[Mns(p13-0)(L5¢)5(MeOH )5(0,CMe)], 1.58 5.50 027 204 120.56; 119.18; 120.20 1158
[Mn(p13-O)(L5¢)5(EtOH ):(0,CMe)], _1.02 439 ~0.31 202 120.3; 119.3; 120.4 (18]
[Mn(p13-O)(L5¢)5(EtOH ):(0,CMe)], ~0.72 313 ~0.18 202 119.54; 120.15; 12022 158]
[Mn(13-0)(L5d)5(0,CMe)(MeOH)5]-1.5MeOH 7.1 +4.4 198  120.61: 116.10; 120.85  [160]
[Mn;(115-O)(L5a)5(MeOH )y(N3)],»nMeOH 62 37 200 120.79: 118.96; 120.11  [160]
[Mn,(115-O)(L5d)5(0,CMe)(EtOH)-EtOH 103 +10.9 187 112,65 122.73; 124.08  [161]
nBusN[Mn;(113-0)(L5d)3(0>CPh),] 42 103 188 124.67: 117.91; 117.35  [161]
BusN[Mns(113-0)(L5)5(0>CPh),] 48 102 193 117.75: 125.58: 116.66  [161]
[Mn3(13-O)(L5g)2(MeOH),(0,CMe)], 20 6.4 199 121.50: 119.43, 119.03 16

[a] The J values describe the magnetic exchange interactions depending on the geometrical parameters of each compound according to
the Hamiltonian H = —X2J;5;S;. [b] Mn—u;-O-Mn angle. Ligand abbreviations are given in Figure 14.

Figure 16. Molecular structure of [Mn3(u3-O)(L5d);(0,CMe)-
(MeOH);]*1.5MeOH.[1¢0]

Another example of a trinuclear compound is
Na[{Mn(HL5f)(L5f)(MeOH),},]JHCO,.['%3 The two man-
ganese units are bridged by a sodium(I) ion, which derives
from the use of sodium methoxide as a base. Remarkably,
a formate ion, which is coordinated to the sodium(I) ion is
spontaneously formed by the decomposition of methanol
and/or sodium methoxide.[3]

A tetranuclear nickel(IT) compound with the formula
[Niz(OH)(OMe)3(HL5d)4(MeOH);]'MeOH has been re-
ported with the ligand H,L5d.['* Ferromagnetic interac-
tions between the nickel(IT) ions are present, leading to a
ground state of St = 4.

Tao and co-workers extended the chemistry of these
types of ligands to other transition-metal ions, such as the
copper(Il) ion."®] The result is the formation of large cages
with the formula (HNEt;),[Cu,;(CH5CN),(H>O)(u-N3)g-
(H3-N3)2(L5&)18]'3H20'2EtOH and [Culs(EtOH)z(Hzo)z-
(L5b)16]9.5H,0.[1%31 Predominant antiferromagnetic inter-
actions were found between the copper(Il) ions in both
compounds, although some ferromagnetic interactions are
present between some of the copper(Il) ions in (HNEts),-
[Cuzi(CH3CN)»(H20)(1-N3)6(p3-N3)2(L5a)5]-3H,O-
2EtOH.['%] Monte Carlo simulations were performed to
evaluate the magnitude of the magnetic exchange interac-
tions: J; > 340 cm™!, J, = -290(20) cm™!, J; = -3(1) cm!
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and J; = -368(2)cm !, J, = -53(2) cm ! for (HNEt3),-
[Cus 1 (CH3CN),(H,0)(1-N3)6(p3-N3)»(L5a),5]-3H,0-
2EtOH and [Cu,,(EtOH),(H,0),(L5b)6]:9.5H,0, respec-
tively.['3] A phenol-bis(pyrazole) ligand (H;L5h) was used
to synthesize a mixed-valence manganese(II/III) linear tri-
nuclear compound, [Mn;(HL5h),(O>,CMe);(MeOH);].1'661
Antiferromagnetic interactions between the manganese(Il/
III) ions are present in the molecule, leading to a ground
state of St = 3.[160]

Pyrazole Ligands with Other Functional Groups with N-
and/or O-Donor Substituents

In this section, compounds with ligands that cannot be
described by the previous classifications will be presented
(Figure 17).

The functionalization of the pyrazole ligand with acid
groups as substituents on the pyrazole ring, like 3,5-pyraz-
oledicarboxylic acid (H;L6a), introduces numerous coordi-
nation sites. Coordination polymers have been obtained by
hydrothermal synthesis with a variety of transition-metal
ions, 1671691 anthanides!!7%! or a combination of 3d- and 4f-
metal ions, such as Cu'Ln",.[17L.1721 Ap example with
the 3,5-pyrazoledicarboxylic acid as a ligand is a trinuclear
copper(Il)  compound with formula [Cus(L6a),-
(H,0),],['%"! Strong antiferromagnetic interactions between
the copper(Il) ions are mediated by the pyrazole ligand,
whereas weaker ferromagnetic and antiferromagnetic inter-
actions between the copper(Il) ions are mediated by the
carboxylate ligands in a syn-anti-equatorial-equatorial and
a syn-anti-axial-equatorial type of bridge, respectively.[!¢”]
The use of an additional ligand, like imidazole (HIm), al-
lows the formation of a tetranuclear copper(Il) compound
with a U-shaped core, [Cuy(L6a)4(Im)y4]-4Dma-9H,0, in
which weak antiferromagnetic interactions are present.[!73]
Decomposition of an amide-pyrazole derivative ligand to
an L6a’ ligand during the synthesis resulted in the forma-
tion of trinuclear linear copper(Il) compounds.[!’* Mag-
netic susceptibility studies revealed weak antiferromagnetic
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Figure 17. Pyrazole-based ligands containing other functional groups with N- and/or O-donor substituents.

interactions ascribed to the large separation between the
copper(Il) ions.['7* The HL6b ligand has been used in the
synthesis of a linear trinuclear copper(Il) compound.!!”!
Hydrolysis of the HL6D ligand during the synthesis resulted
also in the formation of a tetranuclear copper(Il) com-
pound with the HL6c ligand. Weak antiferromagnetic inter-
actions between the copper(Il) ions were observed in this
case.[170]

Pyrazole-3,5-dicarboxamides are often used as interme-
diates in the synthesis of pyrazoles with chelating amine
side arms. Therefore, the coordination ability of this type
of ligands has also been studied, because when the amide
is deprotonated, the metal ion can coordinate through the
nitrogen atoms, whereas if it remains protonated, the coor-
dination would be through the oxygen atom. The ligand
N,N’-bis(2-pyridylmethyl)pyrazole-3,5-dicarboxamide
(HsL6d) forms tetranuclear [2X 2] grids with the general
formula [M4(HL6d),]-8H,O (M = Cu'l, Ni'").['77l Magnetic
susceptibility and EPR studies were performed only for the
copper(I) compound.['””! The nickel(II) compound is dia-
magnetic, whilst antiferromagnetic interactions between the
copper(Il) ions are mediated by the pyrazole bridges. Other
examples of tetranuclear nickel(I) and copper(Il) com-
pounds have been reported with the ligand H,L6e.l'78:179]
These compounds have different topology depending on the
metal ion used: linear for nickel(IT) ions and helical for cop-
per(II) ions.['7! Weak and strong antiferromagnetic interac-
tions have been found between the nickel(IT) and copper(I1I)
ions, respectively.'’”1 Heterobimetallic compounds with the
same ligand are also reported.[78]

Diimine-pyrazole ligands are known to stabilize large
clusters.['8-183] Two hexanuclear nickel(II) compounds have
been reported, which are composed of three bimetallic
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units, [Niy(L6£)X5] (X~ = CI, Br), bridged by a halogen
(Figure 18).[18%-1811 " Also,  hexanuclear copper(Il) com-
pounds are obtained with the same type of ligands.['®?] EPR
and magnetic susceptibility studies revealed strong antifer-
romagnetic interactions between the copper(Il) ions. The
coordination of this type of ligands (HL6g) with cobalt(II)
ions affords tetranuclear complexes, in which antiferromag-
netic interactions are operative.'®31 A linear tetranuclear
manganese(III) compound has been reported with H;L6h,
in which the salicylideneaminate moiety acts as a chelating
ligand and the pyrazole ligand bridges the manganese(I1I)
ions.['81 Weak antiferromagnetic interactions between the
manganese(I1I) ions are observed.['® N-heterocyclic car-
bene groups have been found at the 3,5-position of pyrazole
rings. The same ligands used in combination with silver(I)
yielded tetranuclear and octanuclear compounds depending
on the substituents of the carbene ligand.[!8]

Figure 18. Molecular structure of [Niy(L6f)Cls].'80-181]
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The coordination ability of ligands containing two dif-
ferent substituent groups on the pyrazole ring has also been
explored.l'8¢1871 As a result, a linear trinuclear copper(Il)
compound has been synthesized with the H;L6i ligand that
contains both an oxime and an acid substituent groups.
Strong antiferromagnetic interactions between the cop-
per(Il) ions are operative in this compound.['®”1 Another
example is a tetranuclear nickel(Il) compound with the
HLO6k ligand, in which the nickel(II) ions are in low-spin
electronic configuration.!'8¢) Polytopic hydrazone-based li-
gands (H,L6n and H4L60) containing the pyrazole group
have been used for the synthesis of three different tetranu-
clear copper(Il) grids.['8%189 In the case of nickel(Il) ion
and H,L6m, a trinuclear compound is formed, in which
the magnetic interactions between the nickel(II) centres are
negligible.'1 A linear tetranuclear copper(Il) compound
was synthesized containing two different types of pyrazol-
ate ligands, H;L6j and H;L61.'°! Strong antiferromagnetic
interaction between the copper(Il) ions is present, as con-
firmed by magnetic susceptibility and EPR studies.['°!]

Other Architectures

Metallocycles

Metal-directed self-assembly processes often form well-
defined architectures.['°>1%91 Cyclic metal-organic com-
pounds with a central cavity, or metallocycles, are one of
these structural examples found in supramolecular chemis-
try.[192-1931 Some examples with pyrazole-based ligands have
been reported in the literature.[??:85:93:196-1991 Ap octanu-
clear copper(Il) wheel, [Cug(L1k)g(OH)g] (HL1k = 3,5-di-
methylpyrazole), was formed by oxidation of [Cu(L1k)],,
which is catalytically active in some oxidation reactions.*"]
The reaction of the wheel with primary alcohols affords oc-
taalkoxido derivatives.’) Removing the chloride anion
from [Cus(ps-O)(L1a);Cl31> and [Cus(us-Cl)5(L1a);Cly>
affords the rings [{cis-Cu(p-OH)(L1a)},] (n = 6, 8, 9, 12
and 14), where the distorted square-planar copper(Il) ions
are connected by p-pz ligands outside the ring and p-OH
ligands inside the ring.['”] Two of these units encapsulate
different ions (chloride, carbonate and sulfate) that are sta-
bilized by numerous weak hydrogen bonds. The ring size
does not depend on the encapsulated anion.['”] Copper(II)
cages of smaller nuclearity have also been reported.33:19€]
An example is the compound [{Cus(HL11)4(L11)>(p-F)>(ps-
F)},]F> (HL1i = S-tert-butylpyrazole), in which antiferro-
magnetic interactions are present between the copper(Il)
ions, the stronger path being the one mediated by the [Cu(p-
F),]** bridges.[>’l Another example is the hexanuclear cop-
per(IT) cage [Au(PPhj3),][Cus(n-OH)s(L11)6CI] {HL11 = 3,5-
bis(trifluoromethyl)pyrazole}, in which strong antiferro-
magnetic interactions are present between the copper(Il)
ions.['%81 The zinc(II) ion has also been found to be suitable
for the synthesis of a neutral macrocycle,['°” in which the
mercaptoethanolato ligands are inside the ring and the pyr-
azole ligands are outside; a channel with a diameter of
4.7 A is generated from this structure.
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Pyrazole ligands bearing substituents with donor atoms
are also capable of forming metallocycles.[83149200-202] The
3(5)-pyrid-2-yl-5-(3)-(tert-butyl)pyrazole ligand (HL3b) af-
fords a metallocrown with the formula [Cu(u-F){u-
(L3b)}¢(H,0),]*8CH,Cl, (Figure 19).2°! This metallocycle
contains a water molecule in the cavity stabilized by hydro-
gen bonding. Therefore, the binding of guest molecules,
such as Na*, K*, NH,*, MeNH;" and four amino acids, in
the cavity was studied.?°? Larger guests cannot bind inside
the cavity; therefore, they bind exogenously to the two
bowl-shaped cavities.”°”! Strong hydrogen bonds stabilize
all these structures.?90-2911 Magnetic susceptibility studies
reveal antiferromagnetic interactions that are barely affec-
ted by the guest binding.?°! The use of weakly coordinat-
ing anions of the copper(Il) salt affords tetranuclear com-
pounds.®! Other metal ions such as cobalt(Il) afford the
mixed-valence Co(II/III) metallocrown, [Cog(pn-OH)g{p-
(L3b)e}]"* (m = 2 or 3).12%21 A large cage is formed by 24
high-spin nickel(IT) ions in [Niy(OH)g(L4a),,(O>CMe)ss-
(HL4a);¢] (HL4a = 3-methyl-3-pyrazolin-5-one).l'*! It is
described as an octamer of chemically trinuclear-based
building blocks. Antiferromagnetic interactions between the
nickel(IT) ions are present, and even at low temperature
many excited states are populated.['4]

Figure 19. Molecular structure of the metallocycle [Cu(p-F){p-
(L3b)} .2

Metallohelicates

Another group of supramolecular architectures is formed
by metallohelicates, based not only on coordinative bonds,
but also on intermolecular non-covalent interactions, such
as electrostatic interactions, hydrogen bonding and n-7
stacking.[?93-2041 Only a few examples have been reported
thus far involving pyrazole ligands.['3%-131.2051 The first re-
ported compound is [{Ru(L3a);},Cus]Cl0,4.2%] It was syn-
thesized by adding a copper salt to the [Ru(HL3a);]-
(ClIOy4), in the presence of triethylamine. Other metallohel-
icates contain the ligand 3,5-bis(2-pyridyl)pyrazole (HL3d).
The compounds [{M(p-L3d);},{M(p-OH)}(SCN);-6H,O
(M = Ni'l, Zn'") were synthesized under solvothermal con-
ditions.['*% In such compounds, the [Nis(u-OH)>* cluster
core is wrapped by two terminal [Ni(u-L3d)s] units with
SCN- as a counteranion.['3% These compounds were used
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in combination with CuSCN to obtain other compounds,
[Cup2(CN) 1 (SCN)[{M(p-L3d)3} -, {M(u-OH)}] (M = Ni"!,
Zn'"),113% in which the double-helical strands are stabilized
by hydrogen bonding. Antiferromagnetic interactions be-
tween the nickel(IT) ions were found in [{Ni(u-L3d)s},-
{Ni(n-OH)}](SCN);-6H,0 and [Cuy»(CN);1(SCN)4J[{Ni(p-
L3d)s}»>{Ni(u-OH)}].l'3%1 Another example is the com-
pound [{Fe(u-L3d);},Fes;(n-O)](NCS),-10H,O (Figure 20),
where the [Fe;O]*" core with high-spin iron(II) ions is
wrapped by two [Fe(L3d)s;] units with low-spin iron(II)
ions.[131] Mossbauer spectroscopy confirmed the oxidation
states of the iron(II) ions, and antiferromagnetic interac-
tions between high-spin iron(II) ions were found to be pres-
ent in the core.['3!

Figure 20. Molecular structure of [{Fe(u-L3d)s},Fes(n-O)J(NCS),+
10H,0.1131

Conclusions

To conclude, pyrazole-based ligands are very versatile li-
gands, as they are able to form different architectures, rang-
ing from polynuclear clusters to metallocycles or metallo-
helicates. The incorporation of other coordinating groups
to the pyrazole ring increases the number of coordination
sites and therefore the variety of polymetallic compounds
that can be formed. In addition to the ability to bridge two
or more metal ions, pyrazole ligands also provide an effec-
tive magnetic exchange pathway between them. The mag-
netic properties of the obtained compounds show large di-
versity, varying from (strongly) antiferromagnetic to ferro-
magnetic.
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A series of bis(fluoroalkanesulfon)amides were synthesized
in good vyield from the reaction of fluoroalkanesulfon-
amides and fluoroalkylsulfonyl fluorides. Ionic liquids based

on these amide anions and an imidazolium cation demon-
strated high densities and a wide temperature range for the
liquid state.

Introduction

Ionic liquids have attracted significant attention in recent
years.[' Due to their favorable properties such as high ionic
mobility, negligible vapor pressure, wide electrochemical
window, good thermal stability, and high conductivity, nu-
merous ionic liquids have been synthesized and used as sol-
vents for electrochemistry, biochemistry, polymer chemistry,
organic synthesis, and catalytic process as well as separation
science.l!"?! Reactions conducted in ionic liquids often show
improved reactivity and selectivity.”! In addition, ionic li-
quids could be used as high-performance lubricants.!
Thus, much attention has been paid to the application of
ionic liquids in tribology. Ionic liquid crystals are new li-
quid-crystalline compounds, which are considered to be
novel materials not only displaying lamellar mesophases but
also exhibiting nematic columnar phases. Studies on liquid-
crystalline ionic liquids have shown that the choice of the
anion has a strong influence on the mesophase behavior.™
Piperidinium, piperazinium, and morpholinium cations
combined with different types of anions exhibit rich meso-
morphic behavior.l’! Indeed, besides liquid-crystalline be-
havior, the physicochemical properties of ionic liquids are
much influenced by the type of anion. For example, ionic
liquids containing the bis(trifluoromethanesulfon)amide
anion are very hydrophobic. A high charge/discharge ca-
pacity and a wide operating temperature range could be
obtained for lithium batteries by employing bis(fluoroalk-
anesulfon)amide-based ionic liquids as electrolytes.[®
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Thus, it is inferred that bis(fluoroalkanesulfon)amides
might be the suitable anion to endow ionic liquids with use-
ful properties. However, only a few bis(fluoroalkanesulfon)
amides have been reported so far.”l To expand the research
on amide-type ionic liquids, we explored the preparation of
bis(fluoroalkanesulfon)amides and investigated the synthe-
sis and physicochemical properties of these amide-based
ionic liquids.

Results and Discussion

As shown in Table 1, treatment of fluoroalkanesulfon-
amide with the corresponding fluoroalkylsulfonyl fluoride
gave the symmetrically substituted amide (entries 1-5). Tri-
ethylamine was used as the solvent as well as the catalyst
and reagent for the reaction. Hydrodeiodination inevitably
happened under these basic conditions,®! affording the cor-
responding hydrogenolysis amide (entries 2-4). A longer re-
action time was needed with elongation of the fluoroalkyl
chain. The reaction of fluoroalkanesulfonamides with dif-
ferent chain length and fluoroalkylsulfonyl fluoride re-
sulted in the formation of asymmetrically substituted
amides (entries 6-8). Diamides li-1k were readily obtained
from the reaction of the disulfonyl fluorides with trifluoro-
methanesulfonamide (entries 9-11). Bis(fluoroalkanesul-
fon)amide salts 5 with short alkyl chain are slightly soluble
in water, which leads to the loss of the salts while being
washed with water during workup (entries 7-9). However,
washing with water is necessary for complete removal of
water-soluble fluorides and iodides. Otherwise, large
amounts of HF and I, would be generated during the acidi-
fication stage, making further purification difficult. For
those amides with high boiling point and high fluorine con-
tent, extraction with F113 (CF,CICFCl,) became a rela-
tively efficient procedure for the isolation of the final prod-
uct (entries 4-5, 11).
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Table 1. Preparation of symmetric and asymmetric amides.

RPSO,N(HNEt;)SO,R

RPSO,NHSO,Rf* (1a-h)

H,SO,
Rf'SO,NH, + RPSO,F % or = or
RPSO,NH(HNEt3)SO,R*SO,NH(HNEt;)SO,Rf RPSO,NHSO,RMSO,NHSO,RE  (1i-k)
5
Entry Rflld RESO,F Time (h) RESO,NHSO,Rf* or RE|SO,NHSO,RF*SO,NHSO,Rf®  Yield (%)
1 CI(CF,), CI(CF,),SO,F 12 [CI(CF),SO,,NH (1a) 81
2 I(CF,),0(CF,),  I(CF,),0(CF,),SO,F 29 [H(CF,),O(CF>),SO,,NH (1b) 86
3 I(CF,),0(CF,),  I(CF,);O(CF,),SO,F 36 [H(CF),0(CF,),SO,,NH (1c) 82
4 [(CFy)O(CF,), I(CF,)O(CF,),S0.F 60 [H(CF,)¢O(CF»),SO,,NH (1d) 41
5 CICF,)O(CFy),  CI(CF,)¢O(CF,),SO,F 50 [CI(CF,)¢O(CF-),SO,,NH (le) 46
6 CF5(CE,); I(CF),O(CF,),SO,F ) CF5(CF,);SO,NHSO,(CF),O(CF,),H (1f) 88
7 CI(CF,), I(CF),O(CF,),SO,F 29 CI(CF,),SO,NHSO,(CF,),0(CF),H (1g) 70
8 CF, I(CF),O(CF,),SO,F 37 CF3SO,NHSO,(CF,),O(CF>),H (1h) 69
9 CF, FSO,(CF,),0(CF,),SO,F 27 CF;SO,NHSO,(CF,),0(CF>),S0,NHSO,CF; (1i) 64
10 CF, ESO,(CF,),0(CF,),0(CF,),SO,F 43 CF3SO,NHSO,(CF,),0(CF,),0(CF,),S0,NHSO,CF; (1j) 94
11¥  CF, ESO,(CF,),0(CF,)5O(CFE,), SO,F 48 CF3S0,NHSO,(CF,),0(CFE,)5O(CF,),SO,NHSO,CF; (1k) 66

[a] Rf'SO,NH, were synthesized according to our previous work.[) [b] Isolated yield. [c] Purified by column chromatography.

Reaction of these bis(fluoroalkanesulfon)amides with
NaOH in methanol could convert them into the corre-
sponding sodium salts (Table 2). Subsequent anion ex-
change reaction with imidazolium iodides afforded the
room-temperature ionic liquids 4a-n in good yields. It was
found that the ionic liquids, even sodium salts 2a—i, were
soluble in a variety of organic solvents, thus making the
purification simple and efficient. The good solubility might
result from the coexistence of the long lipophilic fluoroalkyl
chain and the hydrophilic amide group. However, the ionic
liquids with short fluoroalkyl chain became slightly soluble
in water, leading to their inevitable loss during workup.
Therefore, the yield of 4a and 4k was relatively lower as
compared with other ionic liquids (entries 1, 11).

Densities and thermal properties are given in Table 3. All
of these ionic liquids exhibited higher density than the com-
monly used ones, which might be the result of the increase

Table 2. Synthesis of ionic liquids.

in fluorine content. For instance, with N,N-dimethylimid-
azolium as the cation, elongation of the fluoroalkyl chain
would increase the density (entries 2, 6, and 7, entries 8
and 10, entries 11 and 13), which is much higher than that
observed with bis(trifluoromethanesulfon)amide as the
anion.l'7 On the other hand, the variation of the density
showed a trend similar to that in common ionic liquids (en-
tries 2-5, entries 11 and 12, entries 13 and 14). For example,
with [H(CF,),O(CF»),SO,],N" as the anion, changing the
alkyl group from methyl (in 4b) to butyl (in 4e) caused the
density to decrease from 1.82 to 1.68 g/cm? (entries 2-5).
Another important feature of these ionic liquids is their low
glass transition temperature and good thermal stability.
N,N-dimethylimidazolium-based ionic liquids are usually
solid at ambient temperature even when bis(trifluorome-
thanesulfon)amide is used as the anion. However, all of
ionic liquids 4a-n are liquid at room temperature, showing

R
NS o R
RPSO,NHSO,Rf* (1a—d, 1f-h) RPSO,NNaSO,RF* i‘] ! /3‘) RSO ﬁso Rf*
e ’ NaOH At / (ad) <NJ e
or MeOH or H,0 ) 1<)
RPSO,NHSO,RMSO,NHSO,RP (1i-k)  rt.  RPSO,NHSO,RMSO,NHSO,RF e 1/2[RPSO,NSO,RI*SO,NSO,RF]
2a-i 4a-n
R E o
Entry RESO,NNaSORF or RESO,NNaSORF'SO,NNaSO,RE  Yield (%) ng e (N@_} R?SOZZrSOZR’A Yield (%)™
N
/ /A 2RPSONSO,RFSONSORE]
1 [CI(CF,),S0,],NNa (2a) 72 R = CH, (3a) [mmim]{[CI(CF,),S0,,N} (4a) 58
2 [H(CF,),0(CF,),S0,] ,NNa (2b) R = CH, (3a) [mmim]{[H(CF»),0(CF,),S0,] N} (4b) 87
3 [H(CF),0(CF,),S0,],NNa (2b) 93 R =C,Hs (3b) [emim]{[H(CF,),0(CF,),S0,],N} (4¢) 91
4 [H(CF,),0(CF,),S0,],NNa (2b) R = 1-C3H; (3¢) [pmim]{[H(CF,),0(CF,),S0,] .N} (4d) 87
5 [H(CF),0(CF),S0,],NNa (2b) R = n-C4H, (3d) [bmim]{ [H(CF,),0(CFE,),SO,],N} (de) 91
6 [H(CF):0(CF),S0,] ,NNa (2¢) 73 R =CH, (3a) [mmim]{[H(CF,):0(CF,),S0,] ,N} (4) 95
7 [H(CF,)sO(CF,),SO,] ,NNa (2d) 71 R =CHj; (3a) [mmim]{[H(CF,),O(CF,),S0,] ,N} (4g) 89
8 CF;3(CF,);80,NNaS0,(CF,),0(CF,),H (2¢) 75 R =CH; (3a) [mmim][CF;(CF,);SO,NSO,(CF,),0(CF,),H] (4h) 95
9 CI(CF,),SO,NNaSO,(CF,),0(CF,),H (2f) 87 R =CH; (3a) [mmim][CI(CF,),S0,NSO,(CF,),0(CF,),H] (4i) 71
10 CF3S0,NNaSO0,(CF,),0(CF,)H (2g) 75 R =CH; (3a) [mmim][CF;SO,NSO,(CF,),0(CF,),H] (4j) 76
11 CF;S0,NNaSO,(CF),0(CF,),SO;NNaSO,CF; (2h) g R = CH,; (3a) [mmim],[CF;SO;NSO,(CF,),0(CF,),SO,NSO,CF;] (4k) 51
12 CF,S0,NNaSO,(CF),0(CF.),SO;NNaSO,CF; (2h) R = n-C;H, (3d) [bmim]>[CF;SO,NSO,(CF),0(CF,),S0,NSO,CF;] (41) 72
13 CF;SO0,NNaSOs(CF,),0(CF,),0(CF),SO,NNaSO,CF; (2i) o R=CH; (32) [mmim]-[CF:SO:NSO5(CF;),0(CF,);0(CF,),SO;NSO,CF;] (4m) 76
14 CF;SO,NNaSO,(CF,),0(CF,),0(CF,),SO,NNaSO,CF; (2i) R =n-C4Hy (3d)  [bmim],[CF;SO,NSO,(CF,),0(CF,),0(CF,),SO,NSO,CF;] (4n) 85

[a] Isolated yield.

3420

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2010, 3419-3422



Bis(fluoroalkanesulfon)amide-Based Ionic Liquids

Eur|IC

European Journal
of Inorganic Chemistry

Table 3. The properties of bis(fluoroalkanesulfon)amide-based ionic liquids.

R
Entry (/%J Rf3802%802Rf4 p T, Ty U
N or
/ 112[RPSO ﬁso RMSO %so Rf)
2 2 2 2 (g Cm—})[a] (oC)[b] (oc)[c] (mmz S—l )[d]
1 4a 1.89 -103.4 398.9 160.3
2 4b 1.82 -97.6 414.0 164.1
3 4c 1.75 -99.4 393.0 127.1
4 4d 1.73 -97.3 398.0 133.2
5 4e 1.68 -97.6 393.0 158.4
6 4f 1.92 -86.4 393.1 236.2
7 4g 1.95 -83.2 407.9 465.1
8 4h 1.75 -94.1 402.0 217.9
9 4i 1.85 -101.0 406.1 175.0
10 4j 1.71 -81.9 422.7 70.0
11 4k 1.81 -80.6 444.9 712.5
12 41 1.66 -86.5 447.5 667.0
13 4m 1.89 —113.8 446.0 1359.7
14 4n 1.71 -71.1 4433 968.8

[a] Pycnometer, 25 °C. [b] Determined by DSC. DSC data were recorded in the range —150 to 200 °C with a heating rate of 10 °C/min.
[c] Determined by TGA. T4 was T, [d] Ubbelohde viscosity meter, 25 °C.

a rather low glass transition temperature below —80 °C.
Moreover, they are all thermally stable to >390 °C, as de-
termined by thermogravimetric analysis (TGA), demon-
strating a wide temperature range for the liquid state. It can
be inferred that the bis(fluoroalkanesulfon)amide anions
contribute to this peculiar thermal behavior. Moreover, the
viscosity of these ionic liquids was influenced by the anions
and cations. Elongation of the fluoroalkyl chain in amides
increased their viscosity (Table 3, entries 1, 2, 6, and 7, en-
tries 8-10, entries 11 and 13, entries 12 and 14). Changing
the alkyl group on the cation from methyl to ethyl, propyl,
or butyl resulted in a decrease of the viscosity (entries 2-5,
entries 11-12, and entries 13-14).

Conclusion

A series of bis(fluoroalkanesulfon)amides were synthe-
sized in good yield from the reaction of fluoroalkanesulfon-
amides and fluoroalkylsulfonyl fluorides. The combination
of bis(fluoroalkanesulfon)amide anions with imidazolium
cations afforded a variety of novel ionic liquids, which dem-
onstrated high densities from 1.66 to 1.95 g/cm® and a wide
liquid range. Further investigations on the applications of
these ionic liquids in lithium batteries are going on.

Experimental Section

General: Unless otherwise stated, NMR spectra were recorded in
deuteriated acetone at 300 MHz ('"H NMR) and 282 MHz ('°F
NMR). All chemical shifts were reported in ppm relative to TMS
and CFCl; (positive for downfield shifts) as external standards. An-
alytical pure Et;N and MeOH were used without any purification.
Fluoroalkanesulfonamides were synthesized according to our pre-
vious publication.’! CI(CF,),SO,F, FO,S(CF,),O(CF,),SO-F,
FO,S(CF2),0(CF2)40(CF2),SO,F,  FO,S8(CF2),0(CF2)sO(CF2),-
SO,F, and imidazolium iodides 3a-d were prepared according to

Eur. J. Inorg. Chem. 2010, 3419-3422
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the literature.''! Other reagents used below were all purchased from
commercial sources.

Typical Procedure for the Preparation of 1la—c, 1f—j: In a 1000 mL
round-bottomed  flask, I(CF,),O(CF,),SO,F (180g, 95%,
0.401 mol) was added to a mixture of I(CF,),O(CF,),SO,NH,
(155 g, 0.365 mol) and Et;N (300 mL) and heated at reflux for 29 h.
After cooling, the resulting biphasic system was separated. The
lower brown fluorous layer was diluted by CH,Cl, (700 mL),
washed with H>O (6 X 400 mL), and dried with anhydrous Na,SOy,.
The solvent was evaporated, and the brown residue was dried in
vacuo. After being acidified with concentrated H,SO,, the crude
product was obtained by vacuum distillation. Vacuum redistillation
afforded pure [H(CF,),O(CF,),SO,],NH (1b) (110 °C/60 Pa, 182 g,
0.315 mol, 86%) as a white solid. '"H NMR: 6 = 6.51 (tt, J = 52.1,
3.6 Hz, 2 H) ppm. '°F NMR: 6 = -138.7 (d, J = 52.1 Hz, 4 F),
~117.0 (s, 4 F), -89.1 (s, 4 F), -81.1 (t, J = 12.4 Hz, 4 F) ppm. MS
(ESI): m/z (%) = 575.8 (100) [M — H]. IR (KBr): ¥ = 3580, 1629,
1426, 1333, 1287, 1148, 977, 838, 749, 616, 526 cm.
CgH;FcNOgS, (577.22): caled. C 16.65, H 0.52, N 2.43; found C
16.73, H 0.56, N 2.25.

Typical Procedure for the Preparation of 1d, le, and 1k: CI(CF,)e-
O(CF,),SO-F (5.87 g, 96%, 10.5mmol) and CI(CF,)sO(CF,),-
SO,NH, (5.39 g, 10.1 mmol) were mixed in Et;N (10 mL). Then
the mixture was heated at reflux for 50 h. After removing the upper
Et;N layer, the lower brown fluorous residue was washed with H,O,
dried in vacuum, acidified with concentrated H,SO,, and extracted
by F113. The crude product was purified by column chromatog-
raphy on silica gel by using dichloromethane/acetonitrile (4:1) as
the eluent. Pure [CI(CF,)¢O(CF,),SO,],NH (1e) was obtained as a
white solid (4.87 g, 4.66 mmol, 46%). ’F NMR: 6 = -125.1 (m, 4
F), -121.7 (m, 4 F), -121.1 (m, 4 F), -120.0 (m, 4 F), -116.7 (s, 4
F), -82.7 (m, 4 F), -80.9 (m, 4 F), -68.5 (t, J = 12.3 Hz, 4 F) ppm.
MS (ESI): m/z (%) = 1043.7 (100) [M — H]". IR (KBr): ¥ = 3650,
1369, 1342, 1207, 1147, 1099, 1047, 985, 887, 778, 706, 699, 683,
656, 624, 545, 516 cm™'. C;¢HCI,F3,NO4S, (1046.17): caled. C
18.37, H 0.10, N 1.34; found C 17.99, H <0.3, N 1.57.

Typical Procedure for the Preparation of 2a—i: In a 25 mL round-
bottomed flask, 1b (2.33 g, 4.04 mmol) was dissolved in CH;OH
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(15 mL), and NaOH (0.165 g, 4.12 mmol) was added. The reaction
mixture was then stirred at room temperature for several hours.
After removing the solvent, the residue was extracted with ethyl
ether (3 X 10 mL). The ether layer was evaporated, and the solution
was dried in vacuum to give pure [H(CF,),O(CF,),SO,],NNa (2b)
as a white solid (2.25 g, 3.75 mmol, 93%). '"H NMR (D,0): 6 =
6.33 (tt, J = 52.1, 3.2 Hz, 2 H) ppm. ’F NMR (D,0): 6 = -135.8
(dt, J=52.1,42Hz, 4 F),-114.2 (s, 4 F), -85.9 (m, 4 F), -78.7 (t,
J = 124 Hz, 4 F) ppm. MS (ESI): m/z (%) = 575.8 (100) [M —
Na] . IR (KBr): v = 1371, 1343, 1289, 1187, 1137, 1091, 994, 854,
771, 650, 624, 574, 527 cm™!. CgH,F {NNaOgS, (599.20): calcd. C
16.04, H 0.34, N 2.34; found C 16.26, H 0.75, N 2.64.

Typical Procedure for the Preparation of 4a—n: Under vigorous stir-
ring, a solution of 3a (0.802 g, 3.58 mmol) in H,O (10 mL) was
added to a solution of 2e (2.09 g, 3.47 mmol) in H,O (10 mL), and
the mixture was stirred at room temperature for 8 h. After remov-
ing the water layer, the lower phase was collected and washed with
water (5X 20 mL). The pure product 4h was dried at 80 °C under
reduced pressure to afford a light yellow liquid (2.22 g, 3.29 mmol,
95%). 'TH NMR: 6 = 8.93 (s, 1 H), 7.67 (d, J = 1.5 Hz, 2 H), 6.52
(tt, J=52.2, 3.6 Hz, 1 H), 4.04 (s, 6 H) ppm. '"’F NMR: § = -139.9
(dt, J =52.2,4.0Hz, 2 F), -127.2 (m, 2 F), -122.2 (m, 2 F), -118.1
(s, 2 F), -114.4 (t, J = 13.8 Hz, 2 F), -90.0 (m, 2 F), -82.3 (m, 2
F), -82.2 (m, 3 F) ppm. MS (ESI): m/z (%) = 97.1 (100) [M*], 577.8
(100) [M 1. IR (KBr): v = 3166, 3132, 1578, 1425, 1355, 1286, 1177,
1078, 1031, 1009, 981, 874, 856, 748, 696, 649, 624, 591, 520 cm™.
C3H 0F17N305S, (675.34): caled. C 23.12, H 1.49, N 6.22; found
C 22.87, H 1.50, N 6.20.

Supporting Information (see footnote on the first page of this arti-
cle): NMR spectra for compounds 1a-k, 2a—i, and 4a-n.
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Well-defined, base free cations of zinc and the alkaline-earth
metals (Mg, Ca, Sr, Ba) supported by a multidentate phenol-
ate ligand and stabilized by perfluorinated weakly coordinat-
ing counterions are readily available by simple procedures;
the solid-state structures of the magnesium and calcium de-

rivatives were elucidated. Upon treatment with an excess of
iPrOH, these complexes generate highly efficient binary
catalytic systems for the immortal ring-opening polymeriza-
tion of L-lactide, yielding poly(L-lactide)s with controlled
architectures and molecular features.

Introduction

Owing to the increasing interest in polymers from bio-
logical sources and catalytic systems to prepare them in an
effective and rational fashion,!'! the last decade has wit-
nessed the development of neutral discrete initiators
(mostly complexes of the lanthanides, aluminum, or zinc
stabilized by bulky ligands)?! specifically tailored to pro-
mote the controlled ring-opening polymerization (ROP) of
cyclic esters. Such enthusiasm can be paralleled with the
polymerization of a-olefins mediated by single-site group
IV metallocenes. As it soon became apparent that the cata-
lytically active species generated upon treatment with meth-
ylaluminoxanel®! consisted of base-free cationic metal spe-
cies, efforts were devoted to the preparation of ion pairs in
which a cationic group IV metal complex was associated
to weakly coordinating anions such as B(C¢Fs), .[*! They
eventually met with success, and many such complexes have
appeared along the years. A similar trend — yet differently
motivated — has recently emerged in the field of ROP, and
a handful of well-defined cationic zinc,!®! magnesium,>>°!
aluminum,”! or lanthanide!® compounds as alternative cat-
alysts suitable for controlled polymerizations have been dis-
closed.24:9

These examples are, however, strictly limited to metals of
small to moderate size, and they do not extend to the larger
alkaline-earth (Ae) elements calcium, strontium, and bar-
ium. Even though a few of their neutral complexes are now
available to catalyze the transformation of small mole-
cules,['% well-defined, base-free cationic derivatives have so
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far remained elusive. Such paucity can be attributed to the
synthetic difficulties (which increase on going from neutral
to cationic species) intrinsically related to the Ae elements:
due to the large ionic radii (Ca®>* 1.14, Sr?* 1.32, Ba?*
1.49 A),['! their complexes are usually kinetically labile and
readily engage in detrimental equilibria of the Schlenk type.
Itoh et al. synthesized Mg—Ba cations supported by macro-
cycle-containing phenoxy ligands, but the presence of co-
ordinated Lewis bases (solvents, water) makes their use as
catalysts or as models for catalytic reactions somewhat ill-
advised.!'?!

As part of studies aimed at developing Ae-based cata-
lysts for the ROP of cyclic esters,['3] we report herein the
first general procedures for the preparation of phenolate
solvent-free Mg-Ba (and Zn) cationic complexes, their so-
lid-state structures, and remarkable catalytic activity for the
controlled immortal ROP of lactide (LA).

Results and Discussion

Itoh’s proligand, 2-{(1,4,7,10-tetraoxa-13-azacyclopenta-
decan-13-yl)methyl}-4,6-di-tert-butylphenol  ({LO3}H),[”]
quantitatively reacts with Bochmann’s acid, [H(OEt,),]*
[HoN{B(C¢Fs)s}o] "M in Et,O to yield the doubly
acidic, protonated [{LO*}H-H]* [HoN{B(C¢Fs)s},]~ (1)
(Scheme 1), which readily crystallizes from a CH,Cl,/
pentane mixture. The choice of the unusual [H,N{B-
(CgF5)3}o] as our weakly coordinating counterion over of
the more traditional [B(C¢Fs)4]~ was motivated by its far
better crystallization properties.[!3]

Double protonolysis of the homoleptic precursors
[MX,(thf),] {M = Zn, X = Et, N(SiMes),, n = 0; M = Mg,
X = alkyl, n = 0; M = Ca, Sr, Ba, X = N(SiMejs),, n = 2}
with 1 in Et,O cleanly afforded the corresponding base-free
cationic complexes 2-6 in a single-step procedure with good
yields (> 70%). These salts were characterized by NMR
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Scheme 1. Synthesis of compounds 1-6.

spectroscopy (1- and 2D) and elemental analysis, which
indicated that the coordination sphere around the metal
cation was adequately filled by the ligand {LO?}~ for all
compounds (albeit in a different fashion according to the
size of the metal, vide infra), and the presence of additional
molecules of thf or Et,O was not required to yield stable
cations. The '°F NMR spectroscopic data were consistent
with the absence of interaction between the cations and
their counteranions, and therefore these compounds exist in
solution as charge-separated ion pairs. In the 'H NMR
spectra of 1-6 recorded in CD,Cl,, the signals for the
macrocycle show increasing levels of complexity on going
from 1 through 2-3 to 4-6 (see the Supporting Infor-
mation). The spectrum of 1 is essentially characterized by
the presence of four sets of multiplets in the region 2.5-
4.4 ppm, while seven sets of multiplets are present between
2.8 and 4.4 ppm in the cases of the structurally related 2
and 3. For the larger elements (4-6), several fairly well re-
solved signals are obtained in the region 2.2-4.6 ppm, some
of which could be unambiguously assigned with the aid of
2D NMR spectra.

Compounds 2-6 proved surprisingly stable; no sign of
decomposition was detected in their NMR spectra recorded
over several hours. Recrystallization of 2-4 from CH,Cl,/
pentane mixtures gave colorless crystals, and their struc-
tures were determined by X-ray diffraction methods. The
Zn and Mg salts 2 and 3 were also prepared in high yields
by protonolysis of the neutral heteroleptic precursors
[{LO*MX] {M = Zn, =N(SiMes),, or Et; M = Mg, X =
alkyl} with [H(OEt,),] [HoN{B(CeFs)s},] ;' this method
was, however, not applicable to the larger elements, as in
these cases we could not isolate the heteroleptic neutral pre-
cursors. These two procedures were also extended to other
phenol-based proligands, for instance, to prepare species of
the type [{LO*}H-H]'[H,N{B(CFs)s}o] or [{LO*}M]*-
[HoN{B(C¢Fs)3}»]” (M = Zn, Mg, or Ca; {LO'} = 4-tert-
butyl-2,6-bis(morpholinemethyl)phenoxy, {LO?} = 2,4-di-
tert-butyl-6-(morpholinemethyl)phenoxy, {LO*} = 2,4-di-
tert-butyl-6-{[2-(methoxymethyl)pyrrolidin-1-yljmethyl}-
phenoxy).[16]
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Compounds 2 and 3 are isostructural and crystallize in
the space group PI. A view of the cationic fragment in 3
(3%) is displayed in Figure 1. The structure of the counter-
ion [HoN{B(C¢Fs)3},] is similar to that described in the
literature with a range of H---F inter- and intramolecular
stabilizing interactions.!%13® There is no contact between
the metal center and neighboring fluorine atoms, which is
consistent with the solution NMR spectroscopic data. The
magnesium atom in 3* is thus six-coordinate and adopts a
highly distorted trigonal-prismatic geometry. This unusual
geometry for Mg is imposed by the tethered, semirigid na-
ture of the multidentate {LO?}~ ligand. The Mg-O dis-
tances to the macrocycle span the range 2.109(2)—
2.222(2) A and are marginally shorter than those observed
in the methanol-containing analogue [{LO*}Mg:CH;OH]"-
[BPh,]".['21 While the NOOOO core is perfectly planar in
the latter compound, the absence of additional Lewis base
in 3% strongly affects the geometry around the Mg cation,
as the macrocycle is folded around the metal, with a dihe-
dral angle of over 82° between the O67-O70-N73 and O61—
064-N73 planes (Figure 1, bottom). The Mgl-O81 dis-
tance of 1.900(2) A to the o-bonded oxygen atom (phenoxy
fragment) in 3* is considerably shorter than those to the n-
bonded ones (tethered macrocycle).

2

Figure 1. ORTEP diagram of the cationic fragment in 3 (3*) (ther-
mal ellipsoids set at the 50% probability level): bottom view (top)
and side view (bottom). The counterion and hydrogen atoms are
omitted for clarity.

Eur. J. Inorg. Chem. 2010, 3423-3428
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The solid-state structure of calcium derivative 4 shows
no close contact between the cationic metal center and its
counterion. Cationic fragment 4% consists of a centrosym-
metric Ca,O, bimetallic core, in which the two Ca atoms
are bridged by the oxygen atoms of the phenoxy moieties
[Cal-O76 = 2.349(1), Cal-0O76' = 2.288(1) A; Figure 2].
Each Ca atom is seven-coordinate, and the coordination
sphere is completed by the N and the four O atoms of the
anchored macrocycle. Instead of the expected pentagonal
bipyramid, the geometry around the metal adopts a dis-
torted capped trigonal prism arrangement. The distances
between Ca and O [2.434(1)-2.541(1) A] or N [2.551(1) A]
n-donors are comparable to those described for related
compounds. Here also, the normally planar geometry of the
aza-crown-ether tether is distorted [the angle between pla-
nes defined by N61-O70-073 and N(61)-O(64)-O(67) is
78.25°] owing to its coordination to the large metal center,
which does not sit inside the N61-064-067-070-073

Figure 2. ORTEP diagram of the cationic fragment in 4 (4*) (ther-
mal ellipsoids set at the 50% probability level). The counterion and
hydrogen atoms are omitted for clarity.

Table 1. Immortal ROP of lactide with complexes 2-6.1
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pocket but is clearly above (1.12 A) the mean plane formed
by these atoms.

With the exception of the yttrium system reported by
Mountford et al. (which offered good control, but very
limited activities),!® all cationic systems for the ROP of
LA3d.7a-70.7d.8¢] or g_caprolactonel>6-7¢.7082-8b] are severely
hampered by low activities and poor control over the poly-
merization parameters, which is most likely due to the cat-
ionic mechanism probably involved (“activated chain-
end”).I’® By contrast, we found that the addition of iPrOH
as an external initiator/transfer agent to compounds 2-6
generates binary catalysts for the controlled “immortal”
ROP of L-LA, some of them featuring very high activities
(Table 1).'1 At 100 °C, without alcohol (entry 1), the Zn-
based salt 2 does not allow good control of the reaction.
The production of polymer in this case results either from
a cationic polymerization or from the presence of residual
protic impurities in the monomer. However, upon addition
of 10 equiv. of iPrOH, an efficient (albeit slow) system is
generated (entries 3-4): the conversion of 1000 equiv. of
monomer is complete within 16 h, and the resulting poly(L-
LA)s (PLLAs) exhibit narrow molecular weight (MW) dis-
tributions (M,/M, = 1.08-1.25). The agreement between
theoretical and experimental MWs was excellent, which
indicated that reversible chain transfer between dormant
and growing macromolecules characteristic of “immortal”
ROP according to the so-called “activated monomer
mechanism” was fast and efficient (Scheme 2).I'8 The sys-
tem displayed first-order dependence on monomer concen-
tration, with an apparent propagation rate constant
(kpapp'®™) of 0.0041 min'. Analysis of low-MW PLLA
samples by NMR spectroscopy and MALDI-TOF mass
spectrometry were consistent with the existence of a single
family of polymer chains, all capped by -OH and —C(O)-
OCH(CH3), termini. Complete conversion of L-LA was en-
sured within 16 h when 5-50 equiv. of iPrOH were added
(entries 2, 4, and 5); the MWs decreased with increasing
alcohol loading and matched rigorously their expected val-
ues.

Entry Initiator LA/M*/OH T [°C] Time [h] Yield [%o]®) M, iheo [gmol 1€ M, ggc [gmol 9 M /M,
1 2 1000:1:0 100 3 65 93600 49400 1.70
2 2 1000:1:5 100 16 99 28600 31800 1.38
3 2 1000:1:10 100 3 60 8600 8400 1.08
4 2 1000:1:10 100 16 99 14300 13300 1.25
5 2 1000:1:50 100 16 97 2900 3200 1.15
6 2 1000:1:10 100 16 95 13800 15800 1.13
7 3 500:1:10 100 5 28 2100 2500 1.08
8 4 1000:1:10 60 1 12 1900 2900 1.08
9 4 1000:1:10 60 2 28 4100 4800 1.08
10 4 1000:1:10 60 5 57 8300 8700 1.05
11 4 1000:1:10 60 8 75 10900 11600 1.05
12 4 1000:1:10 60 11 90 13000 12900 1.07
13 5 1000:1:10 30 48 6800 14000 1.20
14 6 1000:1:10 100 0.05 30 4400 11000 1.21
15 6 5000:1:50 100 0.5 77 11200 14800 1.70

[a] Polymerization in toluene with [L-LA]y = 2.0 M. [b] Isolated yield following reprecipitation. [c] Calculated from [L-LA]/[iPrOH], X
monomer conversion X M o + Mp.om, With My o = 144 gmol ™! and M p.on = 60 gmol'. [d] Determined by size exclusion chromatog-
raphy vs. polystyrene standards and corrected by a factor of 0.58.1'1 [e] Nucleophile = BnNH,.
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Scheme 2. Activated monomer mechanism for the immortal ROP of L-LA catalyzed by 2*-6*/ROH.

The use of 10 equiv. of BnNH, as a more nucleophilic
initiator/transfer agent!® also provided an efficient binary
catalyst, and full conversion of 1000 equiv. of L-LA was
reached in 16 h (entry 6). Such amine end-capped PLLAs
are not readily accessible with neutral catalysts operating by
the usual “coordination-insertion” mechanism, as primary
amines tend to lead to catalyst poisoning in this case.

Compounds 3 (entry 7), 5 (entry 13), and 6 (entries 14—
15) also provided efficient catalytic systems. While the Mg-
based system 3/ROH was comparatively slow and only con-
verted 500 or less equivalents of L-LA in a controlled fash-
ion, the opposite problem was encountered with 5* and 6™,
the cations of more electropositive elements Sr and Ba. Re-
markably, these two systems proved extremely active, and
at 100 °C they were plagued by transesterification reactions,
which led to a broadening of the MW distributions at high
monomer conversion. Thus, while the system 6//PrOH con-
verted 30% of the monomer ([L-LAJ/[6)/[[PrOH] =
1000:1:10) in 3 min with good control (entry 14), full con-
version took less than 30 min, but the resulting M, /M,, val-
ues were above 2.0. The activity of these two systems could
be tamed down to reassert control over the polymerization
parameters (M, /M, =1.20-1.40) by decreasing the tem-
perature and/or monomer conversion. Gratifyingly, 6 still
afforded a satisfactory control for the ROP of up to
5000 equiv. of monomer, with as much as 50 equiv. of trans-
fer agent (entry 15).

The best results were obtained with the cationic calcium
4* (entries 8-12). The binary system 4//PrOH allowed at
60 °C the complete conversion of L-LA ([L-LA]/[4]/[iPrOH]
= 1000:1:10) in a fully controlled fashion. The match be-
tween calculated and observed MWs was excellent, and the
values M, /M, were systematically below 1.08. Efficient re-
versible chain transfer was further corroborated by NMR
and MALDI-TOF-MS end-group analyses performed on a
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low-MW PLLA sample. The MALDI-TOF mass spectrum
also indicated that transesterification processes occurred ex-
tremely rapidly, as the Bernouillian distribution of a single
population of chains with increments of 72 Da (i.e., half a
lactide unit) was obtained. The kinetics were of first order
in monomer concentration, and the apparent rate constant
(kpapp™ = 0.21 min™') was much higher than that with the
Zn analogue, in spite of a lower polymerization temperature
selected for the calcium cation. The unique ability of the
highly Lewis acidic 4* to polymerize 1-LA was illustrated
with a comparative experiment: in a repeat of entry 10 but
with Ca(OTY), (OTf = CF3SO;5") instead of 4, the attempted
ROP of 1000 equiv. of monomer with the triflate salts did
not produce any polymer.[>]

Within this family of cationic complexes, the order of
activity follows the trend Mg < Ca < Sr < Ba, that is, the
activity increases with the ionic radius and the electroposi-
tivity of the metal.?!! The particularly high activities dis-
played by 4*-6* are likely the result of their exacerbated
Lewis acidity, which we attribute to a combination of three
factors: (1) the highly electropositive nature of Ca, Sr, and
Ba, (2) the absence of solvent molecule(s) in the first coordi-
nation sphere of the cationic center, and (3) the noncoordi-
nating nature of the [H,N{B(C¢Fs)3}-]~ counterion.[!4

Conclusions

In conclusion, we have developed a new, general, one-
step protocol for the preparation of well-defined, base-free
cations of zinc and the Ae elements, in which the metal
center is stabilized by a sole (albeit multidentate) phenoxy
ligand and a weakly coordinating anion. This procedure
gives good to excellent yields, even for the larger elements
Ca—Ba. We anticipate that it is extendable to a broad range

Eur. J. Inorg. Chem. 2010, 3423-3428
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of phenol proligands. The stability of compounds 2-6 is
particularly surprising, given the oxophilic and highly labile
nature of these metals. The non-innocent choice of the
weakly coordinating anion [H,N{B(C4F5)s},] has enabled
the determination of the structures of base-free cationic
complexes Mg and Ca. The first well-defined salts of the
larger Ae for the (immortal) controlled ROP of L-LA have
been disclosed, and the excellent activities and control dis-
played by the Sr-, Ba-, and especially Ca-based cations open
up a new field of investigations for synthetic chemists.

Experimental Section

1: [H(OEt),]" [HoN{B(C¢F5)3},] (2.28 g, 1.91 mmol) was added in
portions to a solution of {LO}H (0.84 g, 1.92 mmol) in Et,O
(100 mL) at room temperature. The colorless solution was stirred
at room temperature for 1 h, and volatiles were then removed under
vacuum to give a sticky foam. Repeated washings with pentane
(3X50mL) yielded a white powder, which was dried in vacuo to
constant weight. Yield 2.47 g (87%). CgHysBoF30N,05 (1478.6):
caled. C 49.55, H 3.14, N 1.89; found C 49.63, H 3.08, N 1.84. 'H
NMR (500.13 MHz, CD,Cl,, 298 K): 6 = 8.48 (br. s, 1 H, OH),
7.53 (d, *Jyu = 2.3 Hz, 1 H, Hyom), 7.09 (d, *Jyy = 2.3 Hz, 1 H,
Hgom), 6.46 (s, 1 H, NH™), 5.71 (br. s, 2 H, NH>), 4.38 (d, 3Jyy =
5.6 Hz, 2 H, Ar-CH»-N), 3.90-3.55 (br. m, 16 H, H_), 3.56-3.27
(m, 4 H, Hy), 1.48 [s, 9 H, C(CHs)3], 1.33 [s, 9 H, C(CHs)5] ppm.
BC{'H} NMR (125.76 MHz, CD,Cl,, 298 K): 6 = 150.7 (i-C),
149.1 (C-F), 147.2 (C-F), 145.3 (0-C), 140.3 (C-F), 138.4 (C-F),
137.9 (C-F), 137.5 (p-C), 136.0 (C-F), 127.7 (m-C), 126.6 (m-C),
116.9 (0-C), 70.3, 69.3, 68.8, 63.5, (all Cqy.), 58.9 (Ar-CH,-N), 55.3
(Ar-CH,-N-CH,), 34.7 [C(CH3)3], 34.6 [C(CH3);], 31.3 [C(CHj3)3],
30.4 [C(CH3)3] ppm. '°F NMR (188.31 MHz, CD,Cl,, 298 K): 6§ =
~131.8 (d, 3Jgg = 19 Hz, 0-F), —160.5 (t, 3Jgg = 19 Hz, p-F), -166.1
(t, 3Jpr = 19 Hz, m-F) ppm. "B NMR (96.29 MHz, CD,Cl,,
298 K): 0 = -8.44 ppm.

6: In a standard procedure, a solution of 1 (0.40 g, 0.27 mmol) in
Et,O (15 mL) was added dropwise at room temperature to a solu-
tion of Ba[N(SiMes),]>(thf), (0.17 g, 0.28 mmol) in Et,O (15 mL).
The colorless solution was stirred at 20 °C for 90 min, and volatiles
were removed in vacuo. The resulting oil was washed with cold
pentane (2 X 25 mL) to give a white powder, which was dried under
vacuum. Yield 0.38 g (0.23 mmol, 85%). CgHysBaB,F;0N,O5
(1613.9): caled. C 45.40, H 2.75, N 1.74; found C 44.63, H 2.89, N
1.74. "TH NMR (500.13 MHz, CD,Cl,, 298 K): 6 = 7.42 (d, */Jyy =
2.5Hz, 1 H, H,rom), 7.08 (d, *Juy = 2.5Hz, 1 H, Hyrom), 5.71 (br.
s, 2 H, NH,), 4.36 [d, 2Jyy = 11.5Hz, 1 H, Ar-CH(H)-N], 3.95
(m, 2 H, Hy), 3.83 (m, 1 H, H), 3.74 (br. q, 3 H, H), 3.58
(m, 1 H, H,y), 3.53-3.31 (m, 6 H, H,y), 3.26 [d, >Jy = 11.5 Hz,
1 H, Ar-CH(H)-N], 3.23-3.12 (m, 2 H, H), 3.08 (m, 1 H, H),
2.88 (m, 1 H, H.y), 2.75 (m, 1 H, Hy), 2.62 (m, 1 H, H), 2.34
(m, 1 H, Hgy), 1.52[s, 9 H, C(CH3);], 1.29 [s, 9 H, C(CH3);] ppm.
BC{'H} NMR (125.76 MHz, CD,Cl,, 298 K): 6 = 157.9 (i-C),
149.3 (C-F), 146.9 (C-F), 140.6 (C-F), 138.8 (p-C), 138.1 (C-F),
137.7 (C-F), 137.6 (0-C), 135.7 (C-F), 127.5 (m-C), 125.6 (m-C),
124.0 (0-C), 70.6, 69.6, 69.5, 69.3, 69.2, 69.1, 68.5, 66.9 (all Cgyc),
63.7 (Ar-CH,-N), 59.1 (N-Cyy), 53.7 (N-Ceyo), 35.2 [C(CH3)5], 34.1
[C(CH3);3], 31.5 [C(CH3)s], 31.4 [C(CH3);] ppm. "F NMR
(188.31 MHz, CD,Cl,, 298 K): 6 = —133.3 (d, 3Jgr = 19 Hz, 0-F),
—-160.6 (t, 3Jgr = 19 Hz, p-F), -166.0 (t, *Jgr = 19 Hz, m-F) ppm.
1IB NMR (96.29 MHz, CD,Cl,, 298 K): § = -8.46 ppm.

CCDC-768296 (for 3) and CCDC -768295 (for 4) contain the sup-
plementary crystallographic data for this paper. These data can be
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obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Full experimental procedures, 'H NMR spectra for com-
pounds 1-6, polymerization data, kinetic plots, characterization of
various PLLA samples (NMR, MALDI-TOF and SEC analyses),
and crystallographic data for 3 and 4.
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Synthesis, Structural, Redox and Mossbauer Characterization of Four-
Electron-Oxidized Tetrakis(cyclohexyl)iron(II)porphodimethene with Different
Axial Ligations

Dibyendu Bhattacharya!®l and Sabyasachi Sarkar*12l
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Monocationic Fe' porphodimethene complexes, [L**Fe—
XY {1, X=T"and Y =135 2, X =Br and Y = [Fe''Br,]-; LA4
= tetrakis(cyclohexyl)porphodimethene}, were achieved by
induced electron-transfer reactions between the square-
planar, intermediate-spin, iron(IlI)porphyrinogen complex
[EtyN][LFe™] [L = tetrakis(cyclohexyl)porphyrinogen tetra-
anion] and different oxidants. Single-crystal X-ray diffraction
analysis reveals that 1 and 2 have a square-pyramidal geom-
etry in which the iodide and bromide ligands occupy the ax-
ial position, respectively. Compound 1 exhibits an extended
two-dimensional solid-state structure that comprises porpho-

dimethene cation and triiodide anion chain columns in a 1:1
ratio, which are packed alternately. Electrochemical assess-
ment with cyclic voltammetry reveals reversibly accessible
Fe'"I oxidation states; however, the redox potential is nearly
one volt more positive than that for a typical heme cofactor,
which suggests the highly oxidizing nature of the tetrapyr-
role framework in the four-electron-oxidized L4 moiety. In
addition, definitive experimental oxidation state and spin
state assignments for the intermediate-spin [Et,N][LFe"] and
high-spin Fe' states of 1 and 2 were afforded by Méssbauer
characterization.

Introduction

In the years following the exploration of the redox pro-
cesses in some enzymes and their model compounds that
involve not only metal centers but also coordinated li-
gands;!!?! several metal complexes with redox-active (non-
innocent) ligands (e.g. porphyrins, pterins, flavins, quinines,
dithiolenes, or phenoxyl-based systems) have been exam-
ined to determine the new aspects in synthetic chemistry
and catalysis.[®] The commonalities of these types of com-
pounds include (a) one-electron ligand-based redox couples
and (b) frontier orbitals of mixed metal-ligand charac-
ter.l-3 The macrocyclic ligand “porphyrinogen” goes be-
yond those limitations in that (a) it reacts in discrete two-
electron steps and (b) the orbitals that support the redox
chemistry are cleanly localized on the organic part, in the
formation or breaking of one or two spirocyclopropane
rings (A), formed by C,—C, coupling between the adjacent
carbon atoms of neighboring pyrroles.”]

Iron is the most important transition metal found in bio-
logical systems and plays various roles in many important
life processes.*! Recently, we developed the direct incorpo-
ration of the ferric ion approach as an effective strategy
for the simple one-pot synthesis of four-coordinate, square-
planar iron(I1I) complexes [EtyN][LFe"] (where L = tetra-
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kiscyclohexyporphyrinogen tetra-anion).’l This method
helps to offset the difficulties encountered in the biosynthe-
sis of hemel® and in other reported tedious metalation
methods of porphyrinogens.[’-8]

The oxidation of [Li(thf),],[L'Fe'"] with excess copper(II)
chloride as the oxidant was reported to lead to the forma-
tion of [L'AAFe""-CI][CuCls] (L' = meso-octamethylporphy-
rinogen tetraanion) with unprecedented metal cluster
counteranions.””) Furthermore, the reaction of [Li(thf),]-
[L'Fe] with excess CuCl, led to the isolation of
[L'AAFe"_CI|[FeCly]. However, the synthesis procedures
are complicated and the reported redox behaviors of the
iron porphyrinogen complexes towards different oxidants
are unclear and require further explanations. In this con-
text, a cleaner oxidation of the iron porphyrinogen with the
[(cp).Fe]* cation was reported, in which acetonitrile
(MeCN) was coordinated axially, which resulted in the iso-
lation of the three-electron-oxidized dicationic entity,
[L'AAFell_MeCNJ**.IBl Recently, [L'’“Fe-MeCNJ]** was
used for the preparation of newer derivatives [L'"4Fe-X]",
where X = CI-, Me;SiO~.1'% It is worth noting that all the
above-mentioned redox reactions were studied with n*-
bound lithium ([Li(thf),]*) or sodium ([Na(thf),]*) cation
bound organometallic entities. We believe that the substitu-
tion of such a m-bound countercation by the tetraalkyl-
ammonium cation in metalloporphyrinogens dramatically
alters the redox behavior of the purely anionic part to a
greater extent than meso-substitution of the peripheral li-
gand, and as a result the redox chemistry could be different
altogether.[>!1]
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The development of a new and simple synthetic strategy
that allows the isolation and characterization of por-
phyrinogen complexes with redox-active metals and a study
of their reactivity have now rendered their experimental and
theoretical description accessible.[®-11]

With these facts in mind and in conjunction with our
exploration of a new route to the one-pot, direct Fe-in-
corporated porphyrinogen complex synthesis,®! we now re-
port the simple and efficient one-pot synthesis of two new
four-electron-oxidized iron(II)porphodimethene complexes
[LA%Fe-X][Y][1, X =T and Y =15; 2, X = Br and Y
= (Fe"Br,); LA? = tetrakis(cyclohexyl)porphodimethene]
from the direct Fe'-incorporated parent complex
[Et,N]J[LFe]. Compound 1 and 2 were further charac-
terized by single-crystal X-ray diffraction analysis, cyclic
voltammetry, and Md&ssbauer spectroscopy.

Results and Discussion

Synthesis of Complexes 1 and 2

Treatment of [Et,N]J[LFe''] with three equivalents (or
greater) of elemental iodine in dichloromethane (decm) at
room temperature gave 1 as the sole product in high yields
(Scheme 1). However, 2 was obtained in a yield of only 35%
because the iron for both the counteranion, [FeBr,] , and
[LAAFe-Br] is provided by the parent complex. The authen-
ticity of the compounds was confirmed by elemental analy-
sis and IR and ESI-MS spectroscopy. The infrared spec-
trum of parent complex shows a sharp absorption band at
3073 cm™! (pyrrole aromatic C—H), and this band is signifi-
cantly shifted to 3113 cm™' in 1 and 2. This arises as a result
of the formation of the cyclopropane ring, which causes
structural changes in the porphyrinogen skeleton.®-!!l The
ESI mass spectra of 1 and 2 show molecular ion peaks at
mlz = 782.25 and 734.26, respectively. The structures of
complexes 1 and 2 were further confirmed by single-crystal
X-ray diffraction analysis. ORTEP diagrams of 1 and 2 are
shown in Figure 1, and their pertinent crystallographic data
can be found in Table 2. The core geometry is essentially
square pyramidal; the four nitrogen atoms of porphodime-
thene are coordinated to the central Fe'l atom with the axial
ligation of a halide anion.

Figure 1. ORTEP plot of 1 (left) and 2 (right), with thermal ellip-
soid drawn at the 30% probability level. Hydrogen atoms, solvent
molecules, as well as counterions are omitted for clarity.

The formation of four-electron-oxidized products can be
envisaged as occurring through a rare halogen-induced elec-
tron-transfer reaction across the Fe'' porphyrinogen.!'!-12
The halogens used in these reactions act as an external oxi-
dant, which provoke the electron transfer between the Fe'!
center and the porphyrinogen anion (L*). The four elec-
trons that are released in the oxidation of L* to LA* are
shared by the one internal oxidant, Fe™, and by the three
halides to yield product 1 and 2 (Scheme 1).

Solid-State Structures of 1 and 2 by X-ray Crystallography

ORTEP diagrams of the cationic part of 1 and 2 are
shown in Figure 1. The crystallographic data are provided
in Table 2. Compounds 1 and 2 crystallize in the space
group P1 with two cationic molecules per asymmetric unit.
The lattice of 1 contains one 15, one I, and two dcm mole-
cules and 2 contains one [FeBry] and two acetone mole-
cules.

The distance between the two pairs of adjacent C, atoms
of the macrocycle in [LA*Fe"-X]* (where X = I or Br) is
less than a single bond length [d(C,—C,) = 1.580(5) A and
1.594(5) A] and are smaller than those in [LFe"']",[! which
suggests that the macrocycle is oxidised. The cyclopropane
groups form nearly equilateral triangles with C,~C,,,.s,—C,
angles of 63.3(6) and 62.8(7)° for 1 and 2, respectively.

The presence of the spirocyclopropane rings distorts the
macrocycle and the constituent pyrroles. The presence of
alternating formal single and double bonds in the pyrroles
is plainly evident by N=C double bonds {d,,[N1-C1, N2—
C9] = 1.309 A}, which are significantly shorter than their
neighboring N-C single bonds {d,, [N1-C4) N2-C6] =
1.436 A} in 1. The C,~C, straps constrain the macrocycle

nBulLi / thf FeCl; / thf/ 30 min lodine / dcm
——————> Liy(thf),L Et,N][LFe'] =i o ARl
“ ooc 2n athhs Et,NCI / dem [ELNILFeT) Agon/ih | 1lls]

(1) 80 %
Bromine in CCly/dcm
(10:1)/3h

[L**Fe'—Br][FeBry]
(2)35%

Scheme 1. Synthesis of four-electron-oxidized iron(II)porphodimethenes 1 and 2.
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along one axis, which causes the 4-N core to deform from
a square to a rectangle {{N1-Fe7-N2] = 134.1° and [N2-
Fe7-N4] = 132.1°} in 1. The deformation in complex 2
(136.5°) is more severe. The ruffled conformation of the L4
macrocycle is replaced by a bowl conformation in LA4,
which is reminiscent of calixarenes!'3! and calixpyrrole,['4]
in which all the four pyrrole planes are tilted upwards rela-
tive to the 4-N plane. The conformational change from ruf-
fle to bowl is accompanied by an upward movement of the
Fe'! center from the 4-N plane. Thus, the Fe' center has
a five-coordinate, distorted, square-pyramidal coordination
geometry with the four porphodimethene nitrogen atoms
on the base of the square plane, while the axial halogen
ligands occupy the apical site.

Figure 2 shows the distorted square-pyramidal coordina-
tion geometry in iron porphodimethenes. The structural
features of these porphodimethenes are dependent on the
nature of the counteranions; different Fe-N and Fe-axial
bond lengths and angles can be obtained. The presence of
interacting CuyCls clusters influence the structural proper-
ties of the iron porphodimethene moiety, thus the iron atom
may move slightly inward in [LA2Fe'"-C1)][(Cu4Cls)].l"!

X MeCN Cl Br I
d(Fe—X), A 2064 2185225 2395 2447
d(Fe—N)," A 2116 2192/2.161 2170 2,173
d(Fe—4N plane)® 0726  0.063/0.733 0833 0.865
Z(N1-Fe-N4), 8323 899/805 80.9 809
£ (NI-Fe-N3),¢ 139.88 176.2/1323 1331 133.1
ref. 8 9/10 this work  this work

Note: “average distance. "distance between the mean N4 core and the Fe atom. “average of four

angle. “average of two angle.

Figure 2. View of a displaced Fe!' center in which different axial
molecules/ions can be coordinated to form a distorted square-py-
ramidal coordination environment in Fe''porphodimethenes. The
bond lengths and angles in the various compounds are presented.

Compounds 1 and 2 are of particular interest. Firstly,
among these iron porphodimethenes, the N-Fe-N bond
angles are not affected by the counteranions (133.1°).

Secondly, the Fe-N bond lengths are very similar, and
the out-of-plane displacement of the Fe!' center from 4-N
core (0.833-0.866 A) is therefore similar. Thus, our results
establish the stable existence of and intrinsic metrics for
[LAAFe''-X]* in the presence of an anionic axial ligand and
in the absence of an interacting counterion.

The four-electron-oxidized macrocycle is a much weaker
donor than the parent L* porphyrinogen, as evidenced by
the long Fe-N(pyrrole) bonds; the [Fe-N(pyrrole)] bond
(1.896 A, parent complex)!® is 0.27 A shorter than the Fe—
N bond in compounds 1 and 2 [d,, (Fe-N) = 2.170 A]. All
four Fe-N distances in this [LA2Fe'"-X]* entity, however,
are significantly longer than the corresponding distances in
the previously reported dicationic MeCN axially coordi-
nated complex, [LA2Fe'"-MeCN)]** (with cobalticarborane,
[(C,BoH{1),Co]», as a counteranion).’] However, there is
good agreement in the increase in the Fe—axial bond length
from MeCN > Cl > Br > [.[8-10
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Compound 1 exhibits an extended two-dimensional so-
lid-state structure, which comprises a 1:1 ratio of porphodi-
methene cations and triiodide counterions. The anion com-
ponent of the present derivatives is considered to be com-
posed of triiodide anions and iodine molecule units. The
polymeric anion of the zigzag chain lies along the ab and
ac planes as illustrated in Figure 3. The triiodide anion unit
was found to be linear and symmetric, and the 16-17 bond
length is 2.766(3) A. The slightly bent nature of the triiod-
ide anion was reported in the iodine-doped metallophthalo-
cyanines.[']

Figure 3. Polymeric anionic structure of the zigzag chain projected
in the ab (top) and ac plane (below) in the triiodide-iodine salt in

The tritodide units are linked by the iodine molecule
unit. The bridging I3-17 distance is 3.236(3) A, and the 11—
12-13 angle is 87.7(2)°. The bond length is obviously shorter
than the sum of the van der Waals radii for iodine atoms.
The I-T distance in this iodine molecule unit is 2.743(5) A,
which is longer than that of usual iodine molecules
(2.68 A).['1%1 The bond lengths are in the range of other po-
lyiodide anions!'”! and similar to those in the reported poly-
meric pentaiodide anions in mixed-valence binuclear ferro-
cenium derivatives.['®!

The packing views projected in the (a) ab (b) bc, and (c)
ac plane are shown in Figure 4. The cation and anion chain
columns are packed alternately. In the cation column, the
cyclohexyl rings do not overlap between neighboring cat-
ions but are stacked stepwise [Figure 4(b)]. The triiodide
and free iodine molecules form a layer and the cationic part
is trapped between the two layers of the triiodide-iodine
network.

The shortest distance between a carbon atom in the pyr-
role ring and the iodine atom is about 4.2 A. The distance
is close to the sum of the van der Waals radii for C(H)-I.
That is, the interactions between the cation—anion columns
are of the order of a “van der Waals interaction”.['] Al-
though the interaction is not so strong, it can be thought
that a rigid polymeric anion structure controls the cation
structure.
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Figure 4. Perspective view projected in the (a) ab (b) bc and (c) ac plane of the complex 1.

Redox Potential

Figure 5 shows the cyclic voltammogram of complex 1
in acetonitrile. Reversible Fe'V!!I waves are observed with
E»=+1.08 and +1.36 V (vs. Ag/AgCl electrode) for 1 and
2, respectively, as verified by the linear plot of the cathodic
and anodic current vs. vy, (scan rate, v = 100-1000 mVs).
As the porphyrinogens are fully oxidized (predicted to re-
spond normally to a pair of successive two-electron oxi-
dations),P! there are no ligand-centered oxidations expected
for porphodimethenes. Therefore, reversible peaks with
Ei» = +0.56 V in 1 results from the I>/I" couple in the
absence of any ligand oxidation process.!''l The oxidation
potential for the Fe'" couple in 2, however, is more posi-
tively shifted, which is consistent with the greater electron-
withdrawing nature of the axial bromide ion and related
porphyrin complexes.

For comparison, the most difficult iron cofactors to re-
duce in biology are the ferrodoxins, the reduction potential
of the ferric form in porphyrinogen is — 0.15V vs. Ag/
AgClLP! With regard to their porphyrin relatives, however,
iron(IIT)porphyrinogen is ca. 0.5 to 1.3 V more difficult to
reduce than the heme cofactors (depending on the nature
of the axial ligands).>2% In sharp contrast, owing to the
highly oxidizing nature of the tetrapyrrole framework in the
four-electron-oxidized porphodimethene (LA%) moiety, the
Fe'"II oxidation potential (E;, = +1.08 V vs. Ag/AgCl) is
nearly one volt more positive than that of a typical heme
cofactor.[?!]
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Figure 5. Cyclic voltammogram (solid black line) and differential
pulse voltammogram (dotted gray line) (showing oxidation poten-
tial only) of 1 in MeCN (1 mmM) in 0.1 M TBAPFg with scan rate of
100 mV/s vs. Ag/AgCl.

Moéssbauer Spectroscopy

Definitive experimental oxidation state and spin state as-
signments for the iron centers of [Et,N][LFe'] and the
four-electron-oxidized iron porphodimethene complexes (1
and 2) were afforded by Mossbauer spectroscopy. Fitted
STFe Mossbauer spectra of polycrystalline samples were re-
corded at 298 K, shown in Figure 6, and the results are
summarized in Table 1.

Maossbauer data for square-planar Fe''' compounds in
the literature is very scarce, and therefore, no benchmark is
available for planar, S = 3/2 Fe''! compounds. Weighardt et
al. recently described the tetrahedral Fe''' (d°, Sg. = 3/2)

111
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Figure 6. Fitted >’Fe Mossbauer spectra of solid [EtyN][LFe!]
(top), solid 1 (middle), and solid 2 (bottom) at 298 K. Solid lines
represent the best fits of the Lorentzian line shape. The vertical
axis is an arbitrary transmission scale. Mdssbauer parameters are
given in Table 1.

Table 1. Fitted ’Co in Rh matrix Mossbauer data of

[Et,NJ[LFe"], 1, and 2 at 298 K.

Complex Skl 9 (mmsHP  |AEg| (mms ) [ ol

[ELNJLFe™] 32 0.15 0.38 100

1 2 0.88 391 100

2 2 0.90 3.92 96
521 0.36 0.00 4

[a] Intrinsic spin state of central iron atom. [b] Isomeric shift vs. a-
Fe (298 K). [c] Quadrupole splitting. [d] Amount of major and
minor component. [e] [FeBr,]” is noncommunicating and in the
high-spin state.

complex coupled antiferromagnetically to the noninnocent
pda— ligand in [Fe™(pda? )(pda™)]°, [pda = N,N’-bis(penta-
fluorophenyl)-o-phenylenediamido].??! A discrete interme-
diate-spin (Sg. = 3/2) c-organoiron(I1l) complex in a truly
four-coordinate environment has also been reported re-
cently, in which four aromatic C-donor phenyl rings are co-
ordinated, [Li(thf),][Fe'™(C¢Cls)s] (C¢Cls = pentafluoro-
phenyl).[>3] The dominant contribution in both reported
complexes is a doublet with a low isomer shift of 7S = 0.20-
0.23mm/s and a large quadrupolar splitting of
AEo=3.00 mm/s at 77 K, typical of a Fe''! entity in an S
= 3/2 or a spin-admixed state. We recently reported such a
complex, [EtyN]J[LFe""], and the oxidation and spin states
were thoroughly characterized by magnetic moment mea-
surements, electron spin resonance spectra and theoretical
calculations.!

The Mossbauer spectrum of [EtyN][LFe""] exhibits a
very narrow, quadruple doublet (/S = 0.15 mm/s, AEq =
0.38 mm/s) and is the first report of an intermediate spin,
S = 3/2, square-planar inorganic Fe!™' complex. The small
values for both IS and AE, for [LFe'']” are somewhat un-
expected for an intermediate-spin Fe'! ion.’1 Such a low
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IS value, which indicates a high electron density around the
iron nucleus and a low quadruple value, accounts for the
asymmetry around the iron neighbors. This can be ex-
plained by the fact that the meso-alkyl groups of the por-
phyrinogen provide flattened tetrahedral cage around Fe',
The steric crowding of the C—H bonds frustrates the axial
coordination of the metal center. The C—H--*metal interac-
tion imposes a coordination asymmetry that induces intra-
molecular C-H bond activation.?”! For instance, axial agos-
tic interactions have been suggested to be present between
the Fe''' center and the remote methyl substituents of the
porphyrinogen ring in [Li(thf),][L'Fe'].[26]

The Mossbauer spectrum of the [LA%Fe'™-I]* cation (IS
= 0.88 mm/s, AEg = 3.91 mm/s) (Figure 6, middle) is very
intriguing as well. The large quadruple splitting clearly indi-
cates a high-spin state, Sg. = 2;?”! this implies a higher sym-
metry around the iron neighbors. The Mdssbauer spectrum
of the dicationic entity [LA2Fe'"-MeCN]** shows even a
larger AEq value, 4.66 mm/s.[®!

The Mdssbauer spectrum of [LAAFe'-Br]|[Fe'"'Br,] is
complicated because of the presence of two iron centers in
the molecule (Figure 6, below). Because of the two iron cen-
ters, an asymmetrical signal arises; the spectrum for
[LAAFe!'-Br]* present a similar isomeric shift and AEq
value as observed with the [LA2Fe''“I]* moiety. This result
supports the presence of two noncommunicating iron cen-
ters present in the crystal lattice. Consistent with the re-
ported value, the counteranion [FeBry] is presented as a
high spin Fe'"' (Sg. = 5/2) state (IS = 0.36 mm/s, AEG =
0.00 mm/s).?8! Therefore, the main feature of the spectrum
with the large quadrupole splitting is likely to be resulting
from [LA2Fe''-Br]*, the sharp singlet (although of possibly
insufficient intensity) at ca. 0.40 mm/s is likely to be from
the [FeBry]™ anion, and the broad unresolved feature may
be an impurity or possibly unreacted [Et,N][LFe].

Conclusions

Two new four-electron—oxidised, high-spin Fe'! porpho-
dimethenes were synthesized and characterized. Such a re-
action can be viewed as an induced electron-transfer reac-
tion between the parent Fe''' porphyrinogen and the hal-
ogens, where both the ligand and the metal centers are
participants in the multielectron redox process; this is
unique in the literature. Compound 1 shows an extended
two-dimensional, solid-state structure that comprises por-
phodimethene cation and triiodide anion chain columns in
a 1:1 ratio, which are packed alternately. The redox poten-
tials of the reversible Fe''"!I couples are one volt more posi-
tive than that for a typical heme cofactor. Finally, the oxi-
dation states and the spin states of the square-pyramidal
Fe'' and square-planar Fe'"' complexes were afforded by
Maossbauer characterization.

Experimental Section

Materials and Physical Methods: All reactions and manipulations
were performed under a pure argon atmosphere by using modified
Schlenk and vacuum-line techniques. Solvents, pyrrole, and cyclo-
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hexanone were obtained from S. D. Fine Chemicals Ltd., India,
and they were purified and dried before use by standard methods.
Et4,NCl, iodine, and bromine were obtained from Acros Organics.
The ligand 5,10,15,20 tetrakiscyclohexylporphyrinogen (L) was
synthesized as reported earlier.?’! The lithium salt of the ligand was
synthesized by using a standard procedure.?” The parent complex
[Et,N][LFe™] was prepared from our earlier reported procedure.!
Electronic absorption spectra were recorded with a USB 2000
(Ocean Optics Inc.) UV/Vis spectrophotometer equipped with fiber
optics. Infrared spectra were recorded on a Bruker Vertex 70 FTIR
spectrophotometer as pressed KBr disks. Analysis for carbon, hy-
drogen, and nitrogen were carried with a Perkin—-Elmer 2400 micro-
analyser. Cyclic voltammograms were recorded with a BASi Epsi-
lon EC bioanalytical systems Inc instrument, with a glassy carbon
electrode as the working electrode, Pt wire as the auxiliary elec-
trode, and an Ag/AgCl electrode as the reference electrode. All elec-
trochemical experiments were performed under an argon atmo-
sphere at 298 K. Potentials are referenced against internal ferrocene
(Fc) and are reported relative to the Ag/AgCl electrode [E;,(Fc*/
Fc) = +0.49V vs. Ag/AgCl]. The cyclic voltammograms and
differential pulse voltammograms (DPV) were measured with 0.1 m
BuyNPFy as the supporting electrolyte in CH3;CN. A scan rate of
100 mV/s was employed.

Mossbauer Spectroscopy: Mossbauer spectra were recorded by
using a conventional constant acceleration Mdssbauer spectrome-
ter (Wissenschaftliche Elecktronik GmbH) with a 3’Co in Rh ma-
trix as the Mossbauer source. The Doppler velocity was varied
from —12.5 mm/s to +12.5 mm/s to cover the entire energy range
corresponding to the magnetically split Mdssbauer spectrum. The
absorbers for Mossbauer spectroscopy were prepared from finely
ground powder by pressing it in a copper ring with a diameter of
12 mm and by fixing the open ends with transparent tapes. Cali-
bration spectra with natural iron foil were taken before and after
each measurement at 298 K. Discrete doublets and hexaplets with
Lorentzian peaks were fitted to the spectra by using a least-squares
code developed at the Indian Institute of Technology, Kanpur, In-
dia. The isomer shift and the quadruple splitting have an uncer-
tainty of about 0.04 mm/s, whereas the hyperfine field has an uncer-
tainty of 1 kOe.

X-ray Crystal-Structure Determination of 1 and 2: Suitable single
crystals of 1 and 2 with dimensions of 0.30 X 0.30 X 0.15 mm and
0.25x0.20 X 0.15 mm, respectively, were selected for indexing and
the collection of intensity data. Measurements were performed with
graphite-monochromatized Mo-K, radiation (/. = 0.71073 A) on a
Nonius Kappa CCD diffractometer. The unit cell parameters and
crystal-orientation matrices were determined for two complexes by
least-squares refinements of all reflections. The intensity data were
corrected for Lorentz and polarization effects, and an empirical
absorption correction was also employed by using the SAINT pro-
gram.B!l Data were collected by applying the condition I > 26(1).
Intensity data were collected at 100(2) K within the limits 0.95° <
0 < 28.30° for 1 and 0.94° < 0 < 28.42° for 2. All these structures
were solved by direct methods and followed by successive Fourier
and difference Fourier syntheses. Full-matrix least-squares refine-
ments on F? were carried out by using SHELXL-97 with aniso-
tropic displacement parameters for all non-hydrogen atoms. Hydro-
gen atoms were constrained to ride on the respective carbon or
nitrogen atoms with isotropic displacement parameters equal to 1.2
times the equivalent isotropic displacement of their parent atom in
all cases. Complex neutral atom scattering factors were used
throughout for all cases. All calculations were carried out by using
the programs SHELXS 97,1322 SHELXL97,32°1 PLATON 99,33
and ORTEP-3.133%], The figures were generated by using the Dia-
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mond 3.le program. Details of the structure determinations are
given in Table 2. CCDC-291418 (for 1) and -761286 (for 2) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 2. Crystallographic data and structure refinement for 1 and

2.

1 2
Emperical formula CysHeoClyFelgNy  CygHgoBrsFe,N4O,
M, 1698.83 1315.35
Crystal system triclinic orthorhombic
Space group Pl Pl
a(A) 11.619(5) 13.2905(2)
b (A) 12.808(5) 24.1141(4)
¢ (A) 17.701(5) 15.0699(3)
a (°) 85.656(5) 90
£ () 73.024(5) 90
7 (%) 71.922(5) 90
V(A3 2394.7(15) 4829.73(14)
Z 2 4
T (K) 100(2) 150(2)
A (A) 0.71069 0.71073
Deareq. (gem3) 2.356 1.809
& (mm1) 4.707 5.076
F(000) 1594 2568
Goodness-of-fit 1.062 1.036
RPWR®PI [I>25(D)]  0.0357/0.0913 0.0285/0.0715
R¥/wR,®T (all data)  0.0473/0.0969 0.0443/0.0777

[a] Ry = Z||Fo| ~ |[FIVEIF|. [a] wRy = {Z[w(Fy* — FPVE[w(F?) 1} 172,

[LAAFe"-1]-15:1,-2CH,Cl, (1): To a dem solution of [Et,N][LFe'"]
(1.0 g, dissolved in 30 mL of decm) was slowly added an iodine
(1.0 g) solution in dem (20 mL) over a period of 1 h, which resulted
in a change in color of the solution to brown. The solution was
filtered, and petroleum ether (40 mL, b.p. 40-60°) was added to the
filtrate. On standing at 4 °C for 6 h, shining black crystals with a
green hue appeared. These were filtered, washed with petroleum
ether, and dried in vacuo to yield 1.4 g. (80%) of 1. (-) ESI-MS
(10% acetonitrile): m/z = 782.25. C4sHgoClyFelgNy (1628.09): caled.
C 33.94, H 3.71, N 3.44; found C 33.53, H 3.63, N 3.67.

[LA2Fe"-Br|[Fe'""Br,|-2(CH3),CO (2): To a dcm solution of
[EtsN]J[LFe"] (1.0 g, dissolved in 30 mL of dcm), was slowly added
a bromine (1.0 g) solution in CCly (20 mL) over a period of 3 h,
which resulted in a change in color of the solution to deep brown.
The solution was filtered and petroleum ether (40 mL) was added
to the filtrate and kept at 4 °C for half an hour. A microcrystalline
solid was collected by using G-3 frit and redissolved in acetone and
layered with petroleum ether. On standing at 4 °C for 2 d shining
bright red crystals appeared. These were filtered, washed with pe-
troleum ether, and dried in vacuo. Yield 0.5 g (35%) of 2. (-) ESI-
MS (100% acetonitrile): m/z = 734.26. CusHgoBrsFe,N,40,
(1212.22): caled. C 45.58, H 4.99, N 4.62; found C 45.13, H 4.67,
N 4.17.
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A reversible topotactic oxidizing-reducing process has been
clearly evidenced in the annealing treatment followed to sta-
bilize rhombohedral and orthorhombic La;_/Mn;_ ;O3
(0.016 =t =0.038) samples. The study of the surface evol-
ution followed by characterization by scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM) gives

evidence for a diffusion mechanism of La and Mn cations
through the grain boundaries which provides a fast pathway
in the perovskite related compound; however, contrary to
theoretical predictions, the overall cationic ratio (La:Mn 1:1)
is kept.

Introduction

LaMnOs. 5 systems exhibit a rich and complex chemistry
showing unique behaviour among the LaMO5; (M = transi-
tion metal) perovskite compounds. Most of the transition
metals are able to adopt several oxidation states, however
LaMnOs; is the only compound of this series that shows
a noteworthy oxygen excess. This has motivated extensive
research moved by the need to increase basic knowledge as
well as to find potential applications, such as catalysis, solid
oxide fuel cells, oxygen sensors and, more recently, colossal
magnetoresistance behaviour, based on nonstoichiometric
phenomena.

The crystalochemical behaviour of LaMnQOs3.5 is complex
and different approaches have been described. Early
attempts to prepare LaMnOj; perovskite showed that it was
oxidized when heated in air, requiring lower oxygen activiti-
ties.['l Although traditionally formulated as LaMnO5., it
is acknowledged that the perovskite structure cannot accept
additional oxygen as interstitial due to size limitations.[!
Preliminary studies indicate the presence of La and Mn va-
cancies in a manganite formulated as LaMnOj5 ;,.131 How-
ever, more recently, a detailed study by means of neutron
diffraction coupled to high resolution electron microscopy
and density measurements concluded that the defect chem-
istry of LaMnQOs.5 should be described as equal numbers
of La and Mn vacancies which are randomly distributed.*!
This disordered distribution contrasts to the related oxygen
deficient LaMnOs_, system, in which clusters of defects

[a] Departamento de Quimica Inorganica, Facultad de Quimicas,
Universidad Complutense,
28040 Madrid, Spain
Fax: +34-91-3944352
E-mail: jgcalbet@quim.ucm.es

[b] Instituto de Magnetismo Aplicado, UCM-CSIC-ADIF,
Las Rozas, P. O. Box 155, 28230 Madrid, Spain

Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/¢jic.201000086.
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as well as new ordered superstructures,>® have been de-
tected due to short and long-range ordering. Oxygen vac-
ancy ordering can be accommodated through the formation
of new superlattices as, for instance, LaMnO, ;5,1 whereas
symmetry changes have been described as a function of ¢
values. LaMnO; perovskite crystallizes with orthorhombic
symmetry (S.G. Pnma, No. 62) while for higher values
(0 = 0.1) rhombohedral symmetry has been recorded (S.G.
R3¢, No. 167).

Since defects on LaMnO; are Schottky-type rather than
interstitials, the oxidative process provokes the appearance
of Mn*" and then the coexistence of Mn3*" and Mn*",
which is related to the interesting magnetic and transport
properties of this system.l”d This behaviour suggests that the
oxidation and reduction processes in the so-called
LaMnOs;., better formulated as La;_,Mn;_,O3 [t = 6/(3+7)],
must be controlled by the presence of cationic vacancies.
Diffusion processes in perovskites have been traditionally
considered as being due to oxygen ion vacancies®! as oxy-
gen mobility is, in principle, faster than cationic mobility.
Nevertheless, it should be noted that ion migration is a
complex process influenced by many different factors such
as temperature, ion size, vacancy concentration and higher
order defects. In addition, extended defects, for instance
grain boundaries, seem to play a prominent role since atoms
in grain boundaries are known to be much more mobile
than in the lattice.

The aim of this work is to study, by means of SEM and
AFM techniques, the evolution of the surface of polycrys-
talline La; ,Mn;_,O5 as a function of cationic vacancy con-
centration induced by different thermal treatments.

Results and Discussion

The starting sample, heated in air up to 1400 °C and
labelled as A in Figure 1, is assigned as an orthorhombic
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perovskite (S. G. Pnma) according to previous results.”] An-
nealing of this sample in air at 900 °C is accompanied by
an orthorhombic-rhombohedral (S. G. R3¢, sample B) tran-
sition. After treatment in air at 1400 °C (sample C), the
original orthorhombic symmetry is recovered. Cationic
composition analysis indicates a La:Mn 1:1 ratio in all three
samples. lodometric analysis shows a 10% Mn** and 90%
Mn3** composition for both orthorhombic samples A and
C. Annealing at 900 °C provokes an oxidation process (seen
in sample B), which is reflected in the increase of the Mn**
content to 24%. As a consequence, X-ray diffraction data
show that the lattice volume (see Table 1) decreases as the
Mn** concentration increases.['” In parallel, thermogravi-
metric analysis indicates that sample B suffers a weight loss
higher than that of samples A and C. As there is no inter-
stitial oxygen, this behaviour can be only understood if the
above samples exhibit different cationic vacancy concentra-
tions. On the basis of both the Mn oxidation state and the
La:Mn 1:1 ratio, and taking into account that, in all cases,
the anionic sublattice is complete, samples A and C have a
composition of Lag 9g4Mn( 93403, whereas sample B can be
formulated as Lag¢s,Mng96,03. At this point, it is worth
stressing that the starting concentration of cationic vacan-
cies is restored through an oxidation and reduction process.

7(°C)
1400 +---p———————————rmm - - -
900 — -
¥ ES air
I3
©
B-Sample
A-Sample
100 148 196 t(h)

Figure 1. Schematic representation of the heating treatments under-
taken to obtain samples A, B and C.

Table 1. Compositional characteristics and cell volume of
La;_,Mn;_,O;5 pellet as a function of different annealing tempera-
tures.

Treatment ~ Composition Cell volume Mn** Mn3*
[A%] Conc. (%) Conc. (%)

100 h, LagossMngossOs  60.405(6) 10 90

1400 °C (sample A)

+48h, LagoeoMngoOs  59.972(8) 24 76

900 °C (sample B)

++ 48 h, LagogsMng 05405 60.405(6) 10 90

1400 °C (sample C)

In order to characterize the surface, a SEM study was
performed. Figure 2 (parts a—c) shows representative SEM
micrographs corresponding to samples A, B and C. From
these images, the increase of the grain size at the lowest
annealing temperature, 900 °C (sample B), is observed (Fig-
ure 2, b). The size enhancement is accompanied by an in-
crease in the cationic vacancy concentration, which is in
agreement with the composition analysis. Moreover, the
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surfaces of samples A and C are very similar (see parts a
and ¢ in Figure 2). This fact underlies the importance of
the temperature effect, independent of the pathway followed
and, together with the composition study, suggests a
reversible oxidation-reduction process through the
1400— 900— 1400 °C consecutive treatments as the initial
surface is recovered at 1400 °C.

Figure 2. SEM micrographs of the La; Mn,_O; pellet after dif-
ferent heating processes: (a) A, (b) B and (c) C treatments (see
Figure 1).

In order to investigate the composition on the pellet sur-
face, analysis by X-ray energy dispersive spectroscopy
(XEDS) was carried out. In all the three cases the La:Mn
1:1 ratio was kept. Furthermore, the surface map obtained
by this characterization suggests a homogeneous La:Mn
distribution. This analysis supports the absence of La or
Mn rich phases in agreement with XRD data. This result
contrasts with the predictions of Souza et al that suggest a
higher tendency for La vacancy generation on the sur-
face.['!]

In order to shed some light on the surface grain growth
mechanism in this material, an AFM study was performed.
Figure 3 depicts two AFM images corresponding to sam-
ples B and C. Differences concerning the grain boundaries
as well as the size and shape of the grains are evident. In
fact, Lag osxMny 96,03 (sample B) exhibits a large grain size,
in accordance with the SEM study, with polyhedral shape
and flat boundaries including small inhomogeneities. On
the contrary, LagggsMng 93405 (sample C) shows a smaller
grain size with a rounded and more homogeneous surface
that is also in agreement with the SEM study. A more de-
tailed topographic study was carried out by analyzing the
surface height along and across the grains (Figure 4, a—f).
Parts b and ¢ of Figure 4 display the topographic changes
found in two crystalline grains corresponding to
Lag 9gaMng 9403 along the lines drawn in Figure 4 (a).
3437
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Level differences of about 200 nm were seen in both cases.
Topographic analysis across some edges of different grains
was carried out on the framed area in Figure 4 (a), as
shown in the enlarged image d in Figure 4. In this case,
sharper depth differences between the grains are evident
(Figure 4, e) rising to the value of 650 nm. A 3D image
corresponding to the area shown in part a of Figure 4 was
generated (Figure 4, f) clearly showing the rounded mor-
phology characteristic of Lag ¢g4Mng 9g4O3.

Figure 3. AFM micrographs corresponding to (a) Lag 9soMng 06203
and (b) Lag 9g4Mng 93403.

Following the same procedure, a different topography of
the surface has been found for LagosMng96,O3 (sample
B), after annealing Lag ¢g4Mng 95405 at 900 °C. The grains
become flat with sharp edges (Figure 5, a). The topographic
analysis along and across the grains (see lines marked in
Figure 5, a) reveals a surface roughness of about 40 nm in
each case (Figure 5, b—c). It is worth noting that the depth
differences are of one order of magnitude less than those of
Lag 984Mng 95403. Taking into account the lattice parameter
of the cubic perovskite subcell (0.38 nm) it can be estimated
that the grain boundaries in Lag ¢95oMny 96,03 are filled with
around 1600 new perovskite unit cells.

(a) 3
‘ a| (b)
P
"L
X =
- =
- e N
.Oum g
|| s
v 0.00  X[um] 174
3
q| ()
Q
E
£
N
o
S
o
000 X[um] 1.85

Figure 5. (a) AFM image corresponding to Lag 9s:Mng 96,03. (b),
(c) Surface profiles along the plotted areas in (a).

After final annealing at 1400 °C (sample C), the initial
morphology is recovered as observed in Figure 6. The
rounded morphology and the characteristic roughness, of
the order of hundreds of nanometres, becomes evident (Fig-
ure 6, b—c). Figure 6 (d) shows the enlarged image corre-
sponding to the framed area in Figure 6 (a) where the topo-
graphic analysis reveals similar depth values between the
grains.

In summary, sample A, LagggsMng 93403, consists of
rounded grains. After the same pellet is annealed and
quenched at 900 °C, the surface is modified (sample B) ex-
hibiting flat grains of Lag 96:Mng 95,03 composition where
the grain boundaries are filled. These experimental observa-
tions allow the proposal of a diffusion mechanism through
the grain boundaries which provide fast cation diffusion
paths in the perovskite related material. Under more oxidiz-
ing conditions (900 °C), La and Mn cations migrate from
the bulk towards the crystal surface in order to react with
oxygen and create new perovskite lattices on the surface.

(b)

@ & =

0.00 Z[nm] 231.35

0.00 X[um] 5.17

(c)

0.00 Z[nm] 188.42

0.00 X[um] 6.61

(e)

0.00 Z[nm]645.03

Figure 4. (a) AFM image corresponding to Lag 9gaMng 95403; (b), (c) surface profiles along the areas plotted in (a); (d) enlarged image
of the framed area in (a); (e) analysis of the grains depth in (d); (f) detailed three dimensional representation of a Lag 9g4Mng 93403 surface

corresponding to the micrograph (a).
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Figure 6. (a) AFM image corresponding to Laggg4Mng 9g4O3. (b),
(c) Surface profiles along the plotted areas in (a); (d) enlarged im-
age of the framed area in (a), and (e) analysis of the grain depths.

Identical numbers of La and Mn cation vacancies are
formed and randomly distributed over the lattice, ensuring
that the La:Mn 1:1 ratio is always kept. This is the reason
why at 900 °C the sample exhibits a higher cationic vacancy
concentration compared to that at 1400 °C, despite exhibit-
ing the same La:Mn ratio and oxygen content. As the final
annealing at 1400 °C reinstates the original composition,
the cationic diffusion process must be reversible. At this
temperature the cationic vacancy concentration decreases
as a consequence of La and Mn migration from the crystal
surface to the bulk material returning to the initial
Lag 9gaMng 95403 composition. The above process is de-
picted schematically in Figure 7.

(@) (b)

°
..:.. b ....‘... S s ® .. .....
L] ° L ° ° L] L ] e . & ° e
'l 00 o0 -0
® >
[ 00 09
o b b
b 900°C
i L
¢ air
1400 °C

@ Laor Mnatom
@ Laor Mn vacancy
e O atom

Layg.05sMNg 93405 Lag 66,MNg 06205

Figure 7. Schematic representation of the mechanism proposed for
surface evolution as a function of the annealing temperature and
sample composition. (a) Surface corresponding to Lag ¢g4Mng 9403
sample which exhibits depth grain boundaries (b) surface corre-
sponding to Lag¢s:Mng o053 showing the filling of the grain
boundaries as a consequence of the cationic diffusion at 900 °C.
The reversible character of the process is indicated.

The cationic diffusion process has also been described in
other related perovskite oxides.['>!3 The annealing process
used to stabilize SrTiO3 in oxidative conditions gives rise to
the formation of Sr-rich phases of the so-called Ruddlesden—
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Popper type (Sr,,+,T1,03,+1) and various forms of titanium
oxide on the surface.['”! Phase segregation is also produced
under reducing conditions giving rise to Ti-rich phases
(such as TiO and TiO,). Obviously, the surface exhibits a
drastically different composition compared to the bulk.
Hence, although oxidizing and reducing processes in
SrTiO3 and Lag 9g4Mng 93405 are both tuned by the cationic
diffusion, the final result is different since new chemical
phases appear on the SrTiO; surface while oxidation in
Lag 9g4Mng 95403 and reduction in Laggs,Mng 96,05 pro-
ceed through a reversible topotactic pathway.

Theoretical studies suggest that orthorhombic and rhom-
bohedral perovskites in the La-Mn-O system exhibit a ten-
dency towards La vacancy formation over Mn vacancy for-
mation.''! Nevertheless, since secondary phases such as
Mn O,, La,0O5 and La,MnO, were not detected, even after
a careful inspection at a local level by means of trans-
mission electron microscopy, and the composition analysis
always indicates a La:Mn 1:1 ratio, it seems reasonable to
assume that the cationic vacancy concentration is always
the same in both sublattices. This is in agreement with pre-
vious studies by Van Roosmalen et al.[l and Huang et al,l!¥l
suggesting that La and Mn cationic migration, as well as La
and Mn vacancies, must be coupled in spite of the different
cationic size. In fact, Schulz et all' suggest that the cation
diffusion coefficients in Lag oSty GagoMgy 10,9 are very
similar for all types of cations investigated including A and
B site cations that are strongly dependent on temperature,
similar to the material studied here.

Conclusions

The morphology of the La;, ,Mn;_,O3 surface is clearly
altered when the sample is treated under different annealing
conditions. The evolution of this surface can be followed by
means of SEM and AFM by successive annealing of the
same pellet. The surface of the as prepared pellet at 1400 °C
exhibits rounded grains with abrupt changes in depth be-
tween them. Annealing at 900 °C provides a more oxidizing
atmosphere and new perovskite lattice is formed filling the
holes between grains as a consequence of the migration of
La and Mn through these pathways and further recombina-
tion with the oxygen at the surface. As a result, the depth
between grains decreases and they become flat. Annealing
at higher temperature, 1400 °C, provides more reducing
conditions and the surface roughness is recovered suggest-
ing that the inverse cation diffusion progresses from the sur-
face to the bulk. Therefore, reduction and oxidation in
La; ,Mn,_,Oj3 are reversible topotactic processes, as the per-
ovskite skeleton is preserved, controlled by migration of La
and Mn cations through the grain boundaries.

Experimental Section

A sample of LaMnO; (nominal composition) was prepared by
heating stoichiometric amounts of La,O3; and MnO, in air at
1400 °C for 100 h with intermediate milling. The as prepared sam-
3439
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ple underwent two consecutive annealing processes in air for 48 h,
the first at 900 °C and the second at 1400 °C. Each thermal treat-
ment was followed by final quenching to room temperature. The
X-ray diffraction study was carried out with a Philips X‘Pert (Cu-
K, radiation) diffractometer. Cationic composition analysis was
performed by means of XEDS. Oxidation states were determined
by iodometric analysis, following Fyfe’s method.['®) Oxygen content
was inferred by thermogravimetric analysis with a Cahn D-200
electrobalance equipped with a furnace and a two-channel register,
allowing the simultaneous detection of the weight loss and the reac-
tion temperature. The sample was heated in a H, (200 mbar) and
He (300 mbar) atmosphere up to 800 °C at a rate of 6 °C/min.

The surface study was carried out with SEM (JEOL JSM 6400)
and AFM (Nanotec Tapping mode VSxM software) microscopes.
For this study the sample was pressed into a pellet (2 mm
height X 18 mm diameter) followed by metallographic grinding
with 320 pm grit SiC paper and subsequent polishing with diamond
paste of 3 um, 1 um and 0.25 pm. Once prepared, the pellet was
treated under the same heating conditions than the powdered sam-
ple, as shown in Figure 1.

Supporting Information (see also the footnote on the first page of
this article): XEDS surface maps corresponding to SEM micro-
graphs of samples B and C. The lanthanum and manganese maps
suggest a surface homogeneous cationic distribution for both sam-
ples.
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In Vitro Cytotoxic-Active Platinum(II) Complexes Derived from Carboplatin
and Involving Purine Derivatives
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Six platinum(Il) complexes of the general formula [Pt(cbdc)-
(HL,)2] (1-6; cbdc = cyclobutane-1,1-dicarboxylate and HL,—
HLg = benzyl-substituted 6-benzylamino-2-chloro-9-iso-
propylpurine derivatives) have been synthesized by the reac-
tion of [Pt(cbdc)(dmso),] with the corresponding HL, com-
pound. The prepared complexes were characterized by ele-
mental analysis and FTIR, Raman and NMR (*H, *C, N and
195pt) spectroscopy. Based on the results of these techniques, it
can be concluded that the central Pt atom of the complexes
1-6 is coordinated to two oxygen atoms originating from the
cyclobutane-1,1-dicarboxylate group and to two nitrogen
atoms from two HL, molecules, that is, having a PtN,O, do-
nor set. Detailed multinuclear and two-dimensional NMR
studies indicated the N-7 atom to be the coordination site of
the purine derivatives. The coordination mode was proven
by a single-crystal X-ray analysis of the [Pt(cbdc)(dmso)-

(HL;)]'H,O (7a-H,0) intermediate [HL; = 2-chloro-6-(2-
methoxybenzyl)amino-9-isopropylpurine]. The geometry is
slightly distorted square-planar and the central Pt atom is
coordinated to one bidentate cyclobutane-1,1-dicarboxylate
dianion, one dmso molecule through the sulfur atom and one
HL; molecule through the N-7 atom of the purine ring, that
is, with a PtNO,S donor set. The complexes 1-6 were tested
for their in vitro cytotoxicity against K-562 (chronic myeloge-
nous leukaemia) and MCF7 (breast adenocarcinoma) human
cancer cell lines. Values of ICs, (drug concentrations lethal
for 50 % of the tumour cells) ranged from 4.5 to 14.1 pm for
the K-562 cells and from 4.3 to 21.0 uMm for the MCF7 cells.
The in vitro cytotoxicities were in several cases comparable
or even higher than those of therapeutically used platinum-
based anticancer drugs, that is, cisplatin, carboplatin and
oxaliplatin.

Introduction

One of the best known platinum-based complexes used
in the treatment of cancer is cis-diamminedichloridoplatin-
um(II) complex (cisplatin).l! Since 1978 it has been used in
chemotherapy against testicular, ovarian, oesophageal,
lung, head, neck and other human malignancies.”) How-
ever, the therapy itself is accompanied by several unwanted
side-effects (e.g., nephrotoxicity and ototoxicity) and drug
resistance. These limitations led to the preparation of new
platinum(IT) complexes, that is, diamminecyclobutane-1,1-
dicarboxylatoplatinum(II) (carboplatin), (1R,2R)-diamino-
cyclohexaneoxalatoplatinum(II) (oxaliplatin) and diam-
mineglycolatoplatinum(IT) (nedaplatin), which have also
been approved as platinum-based anticancer drugs. In the
case of carboplatin and nedaplatin, the carrier N-donor li-
gands (NH3) are identical to those in cisplatin. However,
the replacement of the chlorido-leaving ligands in cisplatin
by the cyclobutane-1,1-dicarboxylate (carboplatin) or
glycolate (nedaplatin) dianion led to the suppression of un-
wanted side-effects such as nephrotoxicity.*!
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The derivatives of  6-benzylamino-2-chloro-9-iso-
propylpurine (HL,) used for the preparation of the plati-
num(Il) complexes 1-6 were chemically derived from a 6-
benzylaminopurine (N6-benzyladenine, bap) skeleton. The
latter represents one of the groups of plant growth regula-
tors called cytokinins.! 6-Benzylamino-2-chloro-9-iso-
propylpurine itself is an inactive precursor of cyclin-de-
pendent kinase (CDK) inhibitors such as 6-benzylamino-2-
(3-hydroxypropylamino)-9-isopropylpurine (bohemine) or
6-benzylamino-2-(2-hydroxymethyl-1-propylamino)-9-iso-
propylpurine (roscovitine, ros).’] These types of organic
compounds have formerly been used in the synthesis of
metallocomplexes, including platinum(IT) and platinum(IV)
complexes. Compounds cis-[PtCl,(HL),], trans-[PtCl,-
(HL),], [Pt(ox)(HL),], [PtCl(H*HL)], cis-[PtCl,(H*HL)]-
Cl, and [PtCls(H*HL)] have been reported and their in vi-
tro cytotoxic activity on selected human cancer cell lines
have also been discussed (HL = variously substituted bap;
H*HL = protonated form of bap derivatives; see ref.®] and
references cited therein). The best results were obtained for
cis-[PtCl,(ros),], the ICsq, (concentration of the tested com-
pound lethal for 50% of cells) values of which were equal
to 1 um for the K-562 (chronic myelogenous leukaemia), G-
361 (malignant melanoma) and HOS (osteogenic sarcoma)
human cancer cell lines and to 2 pum for the MCF7 (human
breast adenocarcinoma) cells. The in vitro cytotoxicity of
this complex exceeds that of cisplatin, the 1Cs, values of

3441

vvvvvvvvvvvvvvvvvvvvvv



FULL PAPER

L. Dvortak, I. Popa, P. Starha, Z. Travnicek

which were determined to be 3, 3, 5 and 11 pm, respectively,
for the above cell lines. With the exception of the above-
mentioned compounds with 6-benzylaminopurine deriva-
tives, complexes of the type [Pt(1,4dach)(L),]X involving
different types of nucleobase or their derivatives (L = ade-
nine, hypoxanthine, 9-methylguanine, cytosine and 1-meth-
yleytosine) and 1,4-diaminocyclohexane (1,4dach) can be
regarded as platinum(II) complexes with similar types of N-
donor ligand; X = SO,> or Cl,).l"!

A total number of 308 platinum(II) complexes involving
the [PtN,(cbdc)] motif have been reported to date (Sci-
Finder Scholar, 2004 edition). Moreover, 28 X-ray struc-
tures of platinum(II) square-planar complexes have been
deposited at the Crystallographic Structural Database
(CSD ver. 5.31, November 2009 update),® but only two of
them, namely [Pt(cbdc)(2-mp),] and [Pt(cbdc)(hmi),]-H,O,
have two unidentate N-donor heterocyclic ligands (2-meth-
ylpyridine, 2-mp; hexamethyleneimine, hmi) coordinated to
the Pt'" atom.! In relation to this, the complexes 1-6 repre-
sent the first ever prepared carboplatin-based complexes
with two substituted purine molecules coordinated to the
metal centre.

In this work we report the preparation and characteriza-
tion of the platinum(Il) complexes [Pt(cbdc)(HL,),] 1-6
bearing N-donor carrier ligands derived from 6-ben-
zylamino-2-chloro-9-isopropylpurine (HL,) and the cyclo-
butane-1,1-dicarboxylate dianion (cbdc) as the leaving bi-
dentate O-donor group. The complexes prepared were
screened in an acetoxymethyl (AM) assay for their in vitro
cytotoxicity against K-562 and MCF7 human cancer cell
lines.

Results and Discussion

Synthesis

The 6-benzylamino-2-chloro-9-isopropylpurine deriva-
tives (HL,), depicted in Scheme S1 (see the Supporting In-

O
GASG DMSO\ /CI water DMSO\ /O
PtCl, W Pt + Ag,chdc —t> Pt
5 rt.
DMSO/ \CI 24h DMSO/ \O
¢}

Cl Cl R
N DMSO NN
XY s
P rt. =
Cl N N Br 4 days Cl N N NH
H 2
K,CO, )\

formation), were synthesized from 2,6-dichloropurine, as
shown in Scheme 1.1

A series of light-grey platinum(II) complexes 1-6 of the
general formula [Pt(cbdc)(HL,),], formally derived from
carboplatin, were prepared by a general procedure with
[Pt(cbdc)(dmso),] as a key intermediate, which was allowed
to react with 2 molequiv of the 6-benzylamino-2-chloro-9-
isopropylpurine derivatives (HL;—HL4) to give the final
products of general formula [Pt(cbdc)(HL,),] (summarized
in Scheme 1; dmso = dimethyl sulfoxide).l''] The reactions
were performed in distilled water/isopropyl alcohol (1:1,
v/v) at 90 °C. The substitution of the two dmso molecules
proceeded in two steps, as reported for the reactions of
[Pt(cbdc)(dmso),] with 1,2-diaminocyclohexane (dach),
aminocyclohexane (ach) and n-propylamine (pa).l''l In the

Figure 1. Molecular structure of [Pt(cbdc)(dmso)(HL,)]-H,O
(7a-H,0O) with non-hydrogen atoms drawn as thermal ellipsoids at
the 50% probability level. Hydrogen atoms have been omitted for
clarity.

\Z
+2 Pt
N N 00°C /§ \ 24 26
)Nl\ \> 2 days NN 0= >
~
c” >N TN NN O

Cl

Scheme 1. Mechanism for the synthesis of 6-benzylamino-2-chloro-9-isopropylpurine derivatives (HL,) and the [Pt(cbdc)(HL,),] com-
plexes 1-6 via the [Pt(cbdc)(dmso)(HL,)] intermediates (shown in grey). R = 5-bromo-2-fluoro (HL,; complex 1), 3,4-dichloro (HL,; 2),
3-bromo (HLj3; 3), 2-trifluoromethyl (HLy; 4), 3-trifluoromethyl (HLs; 5) and 4-trifluoromethyl (HLy; 6) derivatives of 6-benzylamino-2-

chloro-9-isopropylpurine.
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cases of the complexes 1-6, the syntheses proceeded by a
two-step reaction mechanism, the first stage involving the
substitution of one dmso molecule in the starting
[Pt(cbdc)(dmso),] complex by one HL, molecule to form
[Pt(cbdc)(dmso)(HL,)]. It is supposed that intermediates of
this type are quite stable, probably due to the relative kinetic
inertness of the latter complex and the intra- and intermo-
lecular non-covalent interactions (e.g., hydrogen bonds)
present both in the solid state and solution, which makes
the substitution of the second dmso molecule quite difficult
and the whole process longer. The described mechanism
was proven by determining the molecular (Figure 1) and
crystal structures of [Pt(cbdc)(dmso)(HL,)]-H,O (7a-H,0).
Subsequently, the second dmso ligand was substituted by
another HL, molecule to form the final product
[Pt(cbdc)(HL,,),] (see Scheme 1).

FTIR and Raman Spectroscopy

Most of the bands observed in the FTIR spectra of 1-6
between 640 and 900 cm™! could be assigned to the purine
skeletal vibrations of the coordinated HL, molecules.['”]
The very strong bands detected in the 1609-1621 cm™' re-
gion belong to v(C=N),, vibrations. The weak-to-medium
bands observed between 3050 and 3142 cm ! may be attrib-
uted to v(C-H),, vibrations, whereas the maxima of the
v(C—H),, vibrations were detected in the 2873-2983 cm!
region. The v(C-Cl),; vibration is characterized by a band
of medium or strong intensity with the maximum between
1163 and 1171 cm™!. Three bands with maxima at around
1480, 1530 and 1580 cm™' can be assigned to v(C=C),, vi-
brations. The v,((C=0) vibration can be attributed to the
band observed at 1679-1680 cm™!, which is the typical re-
gion for this vibration and it has previously been assigned
to the carboxy groups of the cbdc dianion.!'!:!3! The bands
observed for 1-6 in the 150-600 cm™! region, with maxima
at 540-545 and 554-563 cm™!, could be assigned to the
v(Pt-N) and v(Pt-O) stretching vibrations, respectively.['¥]
The presence of these two vibrations in the far-FTIR spec-
tra indirectly confirmed the coordination of both types of
organic ligands, that is, HL,-HL¢ and cbdc, to the central
Pt!! atom.

As can be seen from the data given in the Exp. Sect., only
some of the above characteristic vibrations were detected in
the Raman spectra of 2, 3, 5 and 6 (1 and 4 were burnt
under the laser beam). Nevertheless, it can be noted that
the positions of the band maxima assignable to these vi-
brations for both the HL, and cbdc ligands correlate well
in the FTIR and Raman spectra of the particular complexes
1-6. The bands with maxima at 3063-3140 and 2870-
2987 cm! can be assigned to v(C-H),, and v(C-H),; vi-
brations, respectively.l'>! The very strong skeletal vibration
of the purine ring was detected in the range of 1338-
1340 cm~!.[16]

NMR Spectroscopy

All the signals of the free HL, molecules detected in the
'H and '*C NMR spectra of the appropriate starting com-
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pounds (HL,,) were also found in the spectra of the com-
plexes 1-6. However, most of these signals were shifted as
a consequence of the coordination of HL,, to the Pt'! atom
and the formation of the final products 1-6. The highest
coordination shifts (A = dcomplexes — Jligana) Were found for
the 8-H and 6-H signals in the '"H NMR spectra; these were
shifted significantly more than for the other proton signals.
Significant coordination shifts were also observed in the !3C
NMR spectra for the C-5 and C-8 atoms of the purine moi-
eties of HL,: the C-5 signals are shifted upfield and the C-
8 signals downfield by more than 3.0 ppm. These findings
indirectly support the conclusion that the organic molecules
HL,, are coordinated to the Pt" atom through their N-7
atoms.

'H-5N gs-HMBC experiments were performed on 2-6
(unfortunately, signals from the nitrogen atoms in the struc-
ture of 1 were not detected) to confirm the above conclu-
sion. Table | summarizes the chemical and coordination
shifts obtained, the values of which correlate well for the
individual nitrogen atoms for all the complexes. The largest
values of Ad were found for the N-7 atom of the purine ring
with values of around —110 ppm (Table 1). The coordina-
tion shifts for the N-1, N-3, N-6 and N-9 atoms are much
smaller. These NMR results clearly prove that 6-benz-
ylamino-2-chloro-9-isopropylpurine derivatives (HL,) are
coordinated to the metal centre of the prepared plati-
num(II) complexes through the N-7 atom.

Table 1. Results of the 'H-'>N gs-HMBC experiments given as
chemical shifts with the coordination shifts (Ad = dcomplexes — Fligand)
given in parentheses.

J [ppm]

N1 N3 N6 N7 N9
1lal _ _ _ _ _
2 2077 2253(12) 963 (84) 1293 (-1094) 1852 (7.1)
3 2324(71)  nol 974 (7.7)  129.1 (-107.7) 1849 (8.8)
4 2308(63)  noM 924 (59) 128.0 (-109.3) 184.1 (7.2)
5 2318 (40) 2239(03) 973(54) 1290 (-111.6) 1853 (6.2)
6  2324(44) 2250(05 96.5(53) 129.0 (-112.0) 1854 (64)

[a] Signals from the N-1, N-3, N-6, N-7 and N-9 atoms of 1 were
not detected. [b] The N-3 signal was not observed for 3, HL; or 4.

Signals characterizing the cyclobutane-1,1-dicarboxylate
dianion were detected in both the "H and '3C NMR spectra
of 1-6 (see the Exp. Sect.) and these signals were refined by
TH-13C gs-HMQC and gs-HMBC 2D NMR experiments.
The most characteristic signal of the coordinated cbdc di-
anion, which belongs to the C-22 and C-23 atoms of the
two carboxy groups, was found at around 177.5 ppm.

The Pt NMR spectra of 1-6 exhibit signals between
—1631 and —1620 ppm. Note that the '°>Pt NMR chemical
shifts of platinum(Il) complexes with the formula
[Pt(cbdc)(L)], in which L symbolizes two monodentate or
one bidentate N-donor ligand, namely amine, cyclopen-
tylamine (cpa), 1,2-ethylenediamine (en), 1,2-diaminopro-
pane (meen), N,N-dimethylethylenediamine (Me,en) and
1,2-diaminocyclohexane (dach), range from -1968 to
—1647 ppm.['7] Thus, it can be said that the shifts for 1-6
approach the upper limit of '>Pt NMR chemical shifts of
3443
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the cited complexes. Moreover, these values are also similar
to those obtained for oxalatoplatinum(Il) complexes (ca.
—1690 ppm) involving 6-benzylamino-2-chloro-9-isopro-
pylpurine-based N-donor ligands.[®"]

Single-Crystal X-ray Analysis of [Pt(cbdc)(dmso)
(HL-)]'-H,O (7a-H,0)

Attempts to prepare single crystals of platinum(II) com-
plexes 1-6 suitable for single-crystal X-ray analysis were un-
successful. Nevertheless, very important findings about the
compositions and coordination modes of these complexes
were obtained by analysis of the [Pt(cbdc)(dmso)(HL,)]
H,O (7a-H,0) intermediate, the molecular (Figure 1) and
crystal (Figure 2) structures of which were determined by
this important method (Table 2). Selected bond lengths and
angles are presented in Table 3 and non-bonding contacts
are given as a footnote in Figure 2.

Table 2. Crystal data and structure refinement details for
[Pt(cbdc)(dmso)(HL,)]-H,O (7a-H,0).

Molecular formula C,4H3,CINsO,PtS

Formula weight 765.15

Temperature ng] 120(2)

Wavelength [A] 0.71073

Crystal system orthorhombic

Space group Pbca

Unit cell dimensions

a[A] 13.8086(3)

b [A] 14.4052(3)

c[A] 28.3693(5)

a[°] 90

Bl 90

7 [°] 90

v [A3 5643.1(2)

Z, Deaieq. [gem 3] 8, 1.801

Absorption coefficient [mm '] 5.193

Crystal size [mm] 0.40 %< 0.35x0.30

F (000) 3024

0 range for data collection [°] 2.83=60=25.00

Index ranges (h, k, /) -16=h=16
-17=k=12
-32=/=33

Reflections collected/unique (R;,;) 44469/4960 (0.0393)

Max./min. transmission 0.3049/0.2305

Data/restraints/parameters 4960/0/363

Goodness-of-fit on F? 1.256

Final R indices [/>20(])]
R indices (all data)
Largest peak/hole [e A7)

R, = 0.0285, wR, = 0.0616
R, = 0.0334, wR, = 0.0639
0.822/-1.789

The [Pt(cbdc)(dmso)(HL,)]"H,O (7a-H,O) complex has
a distorted square-planar arrangement with a PtNO,S do-
nor set and it contains one water molecule of crystallization
(Figure 1). The donor atoms originate from 2-chloro-6-(2-
methoxybenzyl)amino-9-isopropylpurine (HL;), the biden-
tate-coordinated cyclobutane-1,1-dicarboxylate dianion
and the S-coordinated dmso molecule. The coordination
site of HL; is the N(7) atom of the purine moiety.

The HL,; molecule consists of three aromatic systems,
benzene (A), pyrimidine (B) and imidazole (C), with the
biggest deviations from planarity being 0.003(5) A for
C(13), 0.018(4) A for N(1) and 0.012(4) A for C(5). The tor-
3444
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sion angles C(6)-N(6)-C(9)-C(10), C(5)-C(6)-N(6)-C(9)
and N(6)-C(9)-C(10)-C(15) are equal to 165.1(4), 176.6(4)
and —120.6(5)°, respectively. The dihedral angle formed by
the benzene and purine rings is 53.62(13)°. Moreover, the
dihedral angle between the purine ring and the basal plane
formed by the atoms of the PtNO,S donor set was deter-
mined to be 87.34(8)°. The cyclobutane-1,1-dicarboxylate
dianion is coordinated to the metal centre through its O(1)
and O(3) atoms. The Pt-O bond lengths determined for
7a-H,O (Table 3) correlate well with those of the cyclobu-
tane-1,1-dicarboxylatoplatinum(II) complexes deposited in
the CSD,® which range from 1.977 to 2.065 A (mean of
2.016 A). The dihedral angle, typical of platinum(II) com-
plexes coordinated to the cbdc dianion, formed by the basal
plane (PtNO,S donor set) and the cyclobutane ring, is
equal to 79.5(2)°. The dimethyl sulfoxide molecule is coor-
dinated to the Pt' atom through its S(1) atom.

Table 3. Selected bond lengths and angles for 7a:-H,O.
Bond lengths [A]

Bond angles [°]

Pi(1)-O(1)  2.018(3) O(1)-Pt(1)-0(3)  89.89(13)
Pi(1)-0(3)  2.004(3) O(1)-Pt(1)-N(7)  88.56(15)
Pt(1)-N(7) 2.011(4) O(1)-Pt(1)-S(1)  178.00(11)
Pt(1)-S(1)  2.1819(12) O(3)-Pt(1) N(7)  178.45(15)
N(1)-C2)  1.331(6) O(3)-Pt(1)-S(1)  88.94(10)
N(1)-C(6)  1.346(6) N(7)-Pt(1)-S(1)  92.60(12)
C(2)N@3)  1.312(6) Pt(1)-N(7)-C(5)  128.0(3)
N(3)-C@4)  1.353(6) Pt(1) N(7)-C(8)  125.3(3)
C(4)-C(5)  1.367(6) Pt(1)-O(1)-C(22)  119.9(3)
C(4)-N©)  1.372(6) Pt(1)-0(3)-C(23)  119.8(3)
C(5)-C(6)  1.407(6) Pt(1)-S(1)-C(20)  107.2(2)
C(5)-N(7)  1.380(6) Pt(1)-S(1)-C(21)  108.7(2)
N(7)-C8)  1.313(6) Pt(1)-S(1)-0(6)  118.7(2)
C(8)-N(©)  1.350(6) C(5)-N(7)-C®8)  106.6(4)
O(1)-C(22)  1.302(6) N(7)-C(5)-C(4)  108.3(4)
0(3)-C(23)  1.308(6) N(7)-C(5)-C(6)  134.3(4)
C(22)-0(2) 1.218(6) N(7)-C(8)-C(9)  111.4(4)
C(22)-C(24) 1.520(7) 0(1) C(22)-0Q2)  121.3(5
C(23)-0(4) 1.216(6) O(1)-C(22)-C(24) 117.2(4)
C(23)-C(24) 1.525(7) 0(3)-C(23)-0(4)  121.1(5)
S(1)-C(20)  1.763(6) 0(3)-C(23)-C(24) 117.7(4)
S(1)-C(21)  1.745(6)

S(1)-0(6)  1.455(4)

A network of intra- and intermolecular hydrogen bonds
and non-covalent contacts stabilize the crystal structure of
7a-H,O (Figure 2). As a consequence of the intramolecular
N(6)-H(6)-+O(5) hydrogen bond [d(D-H) = 0.8800 A,
d(H-+A) = 2.435(4) A, d(D-+A) = 2.815(5) A and <(DHA)
= 106.5(3)°], the methoxy group is orientated towards the
imidazole ring. The water molecule is involved in hydrogen
bonds of the O-H-+-O type with the O(2) and O(4) atoms of
two different 7a molecules to form the following hydrogen
bonds: O(7)-H(7W)--O(4)! [d(D-H) = 0.89(7) A, d(H--A)
=1.93(7) A, d(D-+A) = 2.767(6) A and <(DHA) = 157(6)°]
and O(7)-H(7V)--04#)' [d(D-H) = 0.81(7) A, d(H-A) =
2.00(7) A, d(D-A) = 2.806(6) A and <(DHA) = 168(6)°]
[Figure 2; symmetry codes: (i) 1 — x, y + 0.5, 0.5 — z; (ii) x
+ 0.5, y, 0.5 — z]. Finally, C-H---O, C-H---Cl, C--+Cl and
CI-+:O non-covalent contacts were detected in the crystal
structure of the complex 7a-H,O and their parameters are
given in Table S1 of the Supporting Information.
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Figure 2. Part of the crystal structure of [Pt(cbdc)(dmso)(HL,)]-H,O (7a-H,O) showing N-H-+O and O-H-+O hydrogen bonds (dashed
light-grey lines) and C-H-+O non-covalent contacts (dashed dark-grey lines). Hydrogen atoms not involved in hydrogen bonds have been
omitted for clarity. Symmetry codes: (iii)) 0.5 — x, y — 0.5, z; (iv) x, y = 1, z; (v) 0.5 = x, y + 0.5, z; (vi) x = 0.5, y — 1, 0.5 — z; (vii)) 1 — x,

y—10.5,0.5 -z (viii) x - 0.5, », 0.5 — z.

In Vitro Cytotoxic Activity

The prepared complexes 1-6 were tested for their in vitro
cytotoxic activity by performing a calcein AM assay on the
chronic myelogenous leukaemia (K-562) and breast adeno-
carcinoma (MCF7) human cancer cell lines (Table 4).

Table 4. 1Csy values (um) of the in vitro cytotoxicity of the com-
plexes 1-6 and platinum-based anticancer drugs against K-562
(chronic myelogenous leukaemia) and MCF7 (breast adenocarci-
noma) human cancer cell lines; the cells were exposed to the com-
pounds for 72 h; experiments were repeated three-times.

Complex I1Cso [puMm] Ref.
K-562 MCF7

1 9.5+25 9.0%+2.3 this work
2 48+0.6 43+0.2 this work
3 45+1.0 5.0x0.3 this work
4 70+1.3 79+23 this work
5 14133 21.0=14 this work
6 7519 19.2+8.6 this work
Cisplatin 4.7 10.9 [18a]
Carboplatin 60.0 250.0 [18D.18¢]
Oxaliplatin 8.8 18.2 [182]

The results reveal very promising cytotoxic activities with
ICs, values in the range of 4.5-14.1 and 4.3-21.0 um for the
K-562 and MCF7 cell lines, respectively. In the case of the
K-562 cells, complexes 2 and 3 have an in vitro cytotoxicity
comparable to that of cisplatin. Moreover, these com-
pounds, together with 4 and 6, exceed the activity of oxali-
platin and all the tested substances are significantly more
effective than carboplatin. As for the MCF7 human cancer
cells, 1-6 are again more cytotoxic than carboplatin. The in
vitro cytotoxic activities of the complexes 1-4 were evalu-
ated as even higher than those of commercially used plati-
num-based drugs cisplatin and oxaliplatin.

Conclusions

The seven novel [Pt(cbdc)(HL,),] (1-6) and
[Pt(cbdc)(dmso)(HL,)]'H,O (7a-H,O) cyclobutane-1,1-di-
carboxylatoplatinum(II) complexes derived from carbopla-
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tin have been prepared by a synthetic strategy with
[Pt(cbdc)(dmso),] as a key intermediate. The products ob-
tained were fully characterized. Based on the results of vari-
ous physicochemical techniques it can be concluded that
the central Pt!! atom is tetracoordinated to two unidentate
N-donor carrier ligands derived from 6-benzylamino-2-
chloro-9-isopropylpurine (HL;—HLg) and the bidentate O-
donor cyclobutane-1,1-dicarboxylate dianion (cbdc). Multi-
nuclear and two-dimensional NMR studies proved the N-7
atom to be the coordination site of the HL,, ligands, which
was also confirmed by single-crystal X-ray analysis of the
[Pt(cbdc)(dmso)(HL,)]"H,O (7a‘H,0O) intermediate. 1Cs,
values for the in vitro cytotoxicity of the prepared plati-
num(Il) complexes showed that several of the prepared
complexes can be considered to have comparable or even
higher in vitro cytotoxicity than the platinum-based anti-
cancer drugs, that is, cisplatin, carboplatin and oxaliplatin.

Experimental Section

Materials: The chemicals and solvents were purchased from com-
mercial sources, namely Sigma-Aldrich, Acros Organics, Lachema
and Fluka, and they were used as received.

The 6-benzylamino-2-chloro-9-isopropylpurine derivatives (HL,;
see Scheme S1 in the Supporting Information) were synthesized
from 2,6-dichloropurine according to previously reported pro-
cedures for the preparation of the 2,6,9-trisubstituted purine deriv-
atives.'% The synthetic strategy is given in Scheme 1. The molecules
of HL,-HLs were characterized by elemental analysis, melting-
point determination and FTIR, Raman and NMR ('H, '3C and
I15N) spectroscopy. The results can be found in the Supporting In-
formation. Yields ranged from 76-88 %.

Methods: Chemical analysis (C, H, N) was performed with a Flash
EA1112 Elementar Analyzer (ThermoFinnigan). The purities of
the prepared organic compounds HL,~HL; were determined with
a Beckman HPLC. Melting points were determined with a Biichi
B-540 melting-point apparatus with a temperature gradient of
2 °Cmin!. The FTIR spectra were obtained with KBr pellets (400
4000 cm ') and by using the Nujol technique (150-600 cm ') with
a Nexus 670 FT-IR device (ThermoNicolet). Raman spectroscopy
was performed on the complexes 2, 3, 5 and 6 (1 and 4 burned
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under the laser beam) in the 150-3750 cm ™! region with a FT-Ra-
man Nicolet NXR 9650 spectrometer with a liquid-nitrogen-cooled
NXE Genie germanium detector.

'H, 13C and ""*Pt NMR spectra as well as 'H-'H gs-COSY, 'H-
13C gs-HMQC and 'H-'3C gs-HMBC ([D;]DMF solutions) data
were collected with a Bruker Avance 300 spectrometer for HL,, and
1-6 {[Pt(cbdc)(dmso),] is insufficiently soluble in the used solvent}.
'"H-"SN gs-HMBC experiments were performed on complexes 26
(at natural abundance) using the same device. Spectra were cal-
ibrated against SiMe, (for 'H and '*C) and K,PtCl, (D,O; for
195pt, —1628 ppm) and against the residual signals of the solvent
(for PN, 104.7 ppm). The multiplicities in the proton spectra are
defined as: s = singlet, d = doublet, t = triplet, quint = quintet,
sept = septet, dd = doublet of doublets and m = multiplet.

Synthesis of [Pt(cbdc)(dmso),]: The silver(I) salt of cyclobutane-1,1-
dicarboxylic acid (Agycbde) and cis-[PtCly(dmso),] were synthe-
sized according to previously reported methods with cyclobutane-
1,1-dicarboxylic acid (cbdca) and PtCl, used as starting com-
pounds.['78:191 The prepared cis-[PtCl,(dmso),] was dissolved in dis-
tilled water and an equimolar amount of Ag,cbdc was added to
the solution.'!! The mixture was stirred in darkness at room tem-
perature for 24 h. The solvent was evaporated and white crystals of
[Pt(cbdc)(dmso),] formed (Scheme 1). Yield 88%. IR (Nujol): ¥ =
567 (s, PtO) cm™'. IR (KBr): ¥V = 1663 (CO) cm™. C,oH3O04PtS,
(493.46): caled. C 24.34, H 3.68; found C 24.42, H 3.96. M.p. 200
202 °C.

Synthesis of [Pt(cbdc)(HL,),;] 1-6: [Pt(cbdc)(dmso),] (0.2 mmol)
was dissolved in distilled water (15 mL) and the appropriate 6-
benzylamino-2-chloro-9-isopropylpurine derivative (HL,; 0.4 mmol)
suspended in isopropyl alcohol (20 mL) was added (Scheme 1).['!]
The mixture was stirred at 90 °C and a light-grey precipitate
formed in 2 days. The product was removed by filtration, washed
with cold distilled water and dried in the desiccator over silica gel.

[Pt(chdc)(HL,),] (1): IR (Nujol):: v = 563 (vs, PtO), 541 (vs,
PtN) cm ! IR (KBr): ¥ = 3142 (w), 3095 (w), 3053 (w, CH,), 2980
(m), 2933 (w), 2873 (w, CHyy), 1679 (m, CO), 1621 (vs, CN), 1583
(s), 1540 (m), 1484 (s, CC), 1171 (m, CClyem'. 'H NMR ([D;}-
DMF): 6 = 9.38 (t, J = 6.4 Hz, 1 H, 6-H), 9.08 (s, | H, 8-H), 7.59
(s, 1 H, 15-H), 7.49 (d, J = 8.4 Hz, 1 H, 13-H), 7.32 (d, J = 7.7 Hz,
1 H, 12-H), 4.96 (d, J = 6.0 Hz, 2 H, 9-H), 4.87 (sept, J = 6.7 Hz,
1 H, 17-H), 2.86 (m, 2 H, 25-H?, 27-H%), 1.80 (m, 1 H, 26-H?),
1.67 (m, 2 H, 25-H®, 27-H"), 1.63 (d, J = 6.8 Hz, 6 H, 18-H, 19-
H), 1.48 (m, 1 H, 26-H?) ppm. 3C NMR ([D,]DMF): 6 = 177.4
(C-22, C-23), 155.3 (C-6), 153.7 (C-2), 150.1 (C-4), 144.0 (C-8),
141.9 (C-10), 132.3 (C-11), 130.8 (C-14), 130.6 (C-12), 129.7 (C-
13), 128.8 (C-15), 116.5 (C-5), 56.8 (C-24), 49.9 (C-17), 44.3 (C-9),
31.4 (C-25, C-27), 22.1 (C-18, C-19), 15.9 (C-26) ppm. 5Pt NMR:

= 1626 ppm. C3gH34BroCLF,N,,0,Pt (1134.51): caled. C 38.11,
H 3.02, N 12.35; found C 37.74, H 2.82, N 12.57.

[Pt(chdc)(HL,),] (2): IR (Nujol): ¥ = 563 (v, PtO) em . IR (KBr):
v = 2980 (w, CH,), 1633 (vs, CN), 1586 (m, CC), 1169 (m,
CCl)cm . Raman: v = 3123 (w), 3064 (m, CH,,), 2982 (s), 2942
(vs), 2873 (w, CH,), 1587 (s), 1535 (w), 1483 (m, CC), 1164 (m,
CCl), 565 (w, PtO)cm'. '"H NMR ([D;]DMF): § = 9.44 (t, J =
6.4Hz, 1 H, 6-H), 9.32 (s, 1 H, 8-H), 7.68 (d, J = 1.8 Hz, 1 H, 11-
H), 7.58 (dd, J = 8.4, 1.8 Hz, 1 H, 14-H), 7.53 (d, / = 8.4 Hz, | H,
15-H), 4.96 (d, J = 6.2 Hz, 2 H, 9-H), 4.84 (sept, J = 6.8 Hz, | H,
17-H), 2.90 (m, 2 H, 25-H2, 27-H2), 1.80 (quint, J = 7.7 Hz, 1 H,
26-H2), 1.67 (m, 2 H, 25-HP, 27-HP), 1.62 (d, J = 6.8 Hz, 6 H, 18-
H, 19-H), 1.47 (m, 1 H, 26-H®) ppm. '*C NMR ([D,JDMF): 6 =
177.6 (C-22, C-23), 155.2 (C-6), 153.9 (C-2), 150.3 (C-4), 143.9 (C-
8), 140.9 (C-10), 132.1 (C-12), 131.1 (C-15), 130.6 (C-13), 130.0 (C-
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11), 128.5 (C-14), 116.7 (C-5), 56.8 (C-24), 49.8 (C-17), 44.1 (C-9),
31.4 (C-25, C-27), 22.1 (C-18, C-19), 15.8 (C-26) ppm. 'N NMR
([D7]DMF): 6 = 232.7 (N-1), 225.3 (N-3), 185.2 (N-9), 129.3 (N-7),
96.3 (N-6) ppm. '°Pt NMR: 6 = 1622 ppm. C;33H34Cl¢N;,O4Pt
(1078.51): caled. C 40.09, H 3.18, N 12.99; found C 39.89, H 3.11,
N 13.20.

[Pt(cbdc)(HL3),] (3): IR (Nujol): ¥ = 554 (vs, PtO), 540 (vs,
PtN) cm . IR (KBr): ¥ = 3138 (w), 3092 (w), 3054 (w, CH,,), 2978
(m), 2936 (m), 2878 (w, CH,y), 1679 (s, CO), 1620 (vs, CN), 1584
(vs), 1524 (m), 1477 (s, CC), 1166 (m, CCl) cm'. Raman: ¥ = 3140
(w), 3063 (m, CH,,), 2983 (s), 2942 (s), 2870 (w, CH,), 1679 (w,
CO), 1583 (s), 1537 (w), 1484 (m, CC), 1166 (m, CCl), 540 (w,
PtN)cm'. '"H NMR ([D;]DMF): 6 = 942 (t, J = 6.6 Hz, 1 H, 6-
H), 9.31 (s, 1 H, 8-H), 7.65 (t, J = 1.7 Hz, 1 H, 11-H), 7.58 (dd, J
=179, 1.3Hz 1 H, 15-H), 747 (dd, J = 7.9, 2.0 Hz, 1 H, 13-H),
7.28 (t,J =79 Hz, 1 H, 14-H), 4.94 (d, J = 6.4 Hz, 2 H, 9-H), 4.85
(sept, J = 6.8 Hz, 1 H, 17-H), 2.89 (m, 2 H, 25-H?, 27-H?), 1.79
(m, 1 H, 26-H%), 1.69 (m, 2 H, 25-H", 27-HP), 1.62 (d, J = 6.7 Hz,
6 H, 18-H, 19-H), 1.48 (m, 1 H, 26-H®) ppm. 3*C NMR ([D-]-
DMF): 6 = 177.5 (C-22, C-23), 155.2 (C-6), 153.9 (C-2), 150.0 (C-
4), 144.3 (C-8), 142.5 (C-10), 131.1 (C-13), 130.9 (C-14), 130.6 (C-
15), 127.2 (C-11), 122.5 (C-12), 116.6 (C-5), 56.8 (C-24), 49.8 (C-
17), 44.6 (C-9), 31.4 (C-25, C-27), 22.1 (C-18, C-19), 15.8 (C-
26) ppm. Pt NMR: 6 = -1621 ppm. C;cH36Br,CI,N;,O4Pt
(1098.53): calced. C 39.36, H 3.30, N 12.75; found C 39.76, H 3.11,
N 13.04.

[Pt(chdc)(HLy4),] (4): IR (Nujol): ¥ = 562 (vs, PtO), 540 (vs,
PtN) cm . IR (KBr): ¥ = 3095 (w), 3050 (w, CH,,), 2982 (m), 2939
(w), 2883 (w, CH,), 1679 (m, CO), 1621 (vs, CN), 1583 (s), 1536
(w), 1482 (m, CC), 1163 (s, CCl)cm !. '"H NMR ([D;]DMF): § =
9.44 (t,J = 6.4 Hz, 1 H, 6-H), 9.42 (s, 1 H, 8-H), 7.74 (m, 3 H, 13-
H, C14-H, 15-H), 7.48 (m, 1 H, 12-H), 5.64 (d, J = 6.0 Hz, 2 H,
9-H), 4.88 (sept, J = 7.0 Hz, 1 H, 17-H), 2.90 (m, 2 H, 25-H?, 27-
H%), 1.80 (m, 1 H, 26-H?), 1.66 (d, J = 6.8 Hz, 6 H, 18-H, 19-H),
1.61 (m, 2 H, 25-H®, 27-HP), 1.43 (m, 1 H, 26-H®) ppm. '3C NMR
([D7]DMF): 6 = 177.7 (C-22, C-23), 155.2 (C-6), 154.1 (C-2), 150.1
(C-4), 143.7 (C-8), 138.1 (C-10), 133.1 (C-14), 128.2 (C-15), 127.7
(C-13), 127.4, 123.8 (C-16), 126.7 (C-12), 116.6 (C-5), 56.9 (C-24),
49.9 (C-17), 41.4 (C-9), 31.5 (C-25, C-27), 22.1 (C-18, C-19), 15.8
(C-26) ppm. Pt NMR: § = —1631 ppm. CisH3,Cl,F¢N;,O4Pt
(1076.73): calcd. C 42.39, H 3.37, N 13.01; found C 42.33, H 3.28,
N 13.19.

[Pt(cbdc)(HLs);] (5): IR (Nujol): ¥ = 560 (m, PtO), 542 (s,
PtN) cm . IR (KBr): ¥ = 3093 (w), 3050 (w, CH,,), 2982 (w), 2941
(w), 2884 (w, CH,), 1680 (m, CO), 1609 (vs, CN), 1583 (s), 1537
(w), 1484 (m, CC), 1166 (s, CCl) cm™!. Raman: ¥ = 3072 (s, CH,,),
2987 (vs), 2946 (vs, CHy), 1609 (w, CN), 1579 (s), 1538 (m), 1480
(m, CC), 1170 (w, CCl)cm™!. 'TH NMR ([D;]DMF): 6 = 9.48 (t, J
=6.2Hz 1 H, 6-H), 9.31 (s, 1 H, 8-H), 7.88 (d, / = 7.9 Hz, 1 H,
15-H), 7.84 (s, 1 H, 11-H), 7.65 (d, J = 7.9 Hz, 1 H, 13-H), 7.55 (t,
J=79Hz, 1 H, 14-H), 5.03 (d, J = 6.2 Hz, 2 H, 9-H), 4.83 (sept,
J=68Hz | H, 17-H), 2.89 (t, J = 8.0 Hz, 4 H, 25-H, 27-H), 1.78
(quint, J = 8.0 Hz, 2 H, 26-H), 1.61 (d, J = 6.8 Hz, 6 H, 18-H, 19-
H) ppm. *C NMR ([D;]DMF): § = 177.6 (C-22, C-23), 155.1 (C-
6), 154.0 (C-2), 150.0 (C-4), 144.8 (C-8), 141.2 (C-10), 132.3 (C-
15), 130.8, 130.4, 130.0, 129.6 (C-12), 130.1 (C-14), 130.7, 127.1,
123.5, 119.9 (C-16), 125.1, 125.0 (C-11), 124.5, 126.4 (C-13), 116.6
(C-5), 56.8 (C-24), 49.8 (C-17), 44.8 (C-9), 31.4 (C-25, C-27), 22.1
(C-18, C-19), 15.8 (C-26) ppm. Pt NMR: J = 1620 ppm.
C33H36CLFgN(O4Pt (1076.73): caled. C 42.39, H 3.37, N 13.01;
found C 42.01, H 3.34, N 13.26.

[Pt(cbdc)(HLg),] (6): IR (Nujol): ¥ = 560 (m, PtO), 545 (m,
PtN) cm . IR (KBr): ¥ = 3142 (w), 3097 (w), 3055 (w, CH,,), 2983
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(W), 2939 (w), 2883 (w, CH,y), 1679 (m, CO), 1618 (vs, CN), 1585
(s), 1530 (w), 1483 (m, CC), 1167 (m, CCl) cm™!. Raman: ¥ = 3072
(s, CH,,), 2984 (s), 2945 (vs), 2876 (w, CH,)), 1679 (w, CO), 1618
(m, CN), 1582 (s), 1534 (m), 1483 (m, CC), 1164 (m, CCl), 549 (w,
PtN) cm!. 'H NMR ([D;]DMF): 6 = 9.47 (t, J = 6.2 Hz, 1 H, 6-
H), 9.35 (s, 1 H, 8-H), 7.75 (d, J/ = 8.2 Hz, 2 H, 11-H, 15-H), 7.65
(d, J = 8.2Hz, 2 H, 12-H, 14-H), 5.02 (d, J = 6.2 Hz, 2 H, 9-H),
4.84 (sept, J = 6.8 Hz, 1 H, 17-H), 2.90 (t, J = 8.0 Hz, 4 H, 25-H,
27-H), 1.80 (quint, J = 8.0 Hz, 2 H, 26-H), 1.62 (d, J = 6.8 Hz, 6
H, 18-H, 19-H) ppm. '3C NMR ([D;]DMF): 6 = 177.7 (C-22, C-
23), 155.2 (C-6), 154.0 (C-2), 150.0 (C-4), 144.6 (C-10), 143.8 (C-
8), 130.8, 127.2, 123.6 (C-16), 129.4, 129.0, 128.6, 128.1 (C-13),
128.7 (C-11, C-15), 125.8, 125.8 (C-12, C-14), 116.7 (C-5), 56.8 (C-
24), 49.8 (C-17), 44.6 (C-9), 31.4 (C-25, C-27), 22.1 (C-18, C-19),
158 (C26)ppm. Pt NMR: J = -1621 ppm.
Ci3gH;36CLFgN | (O4Pt (1076.73): caled. C 42.39, H 3.37, N 13.01;
found C 41.93, H 3.27, N 13.36.

[Pt(cbdc)(dmso)(HL-)|-H,O (7a-H,0): The complex was prepared
using the same synthetic strategy as in the cases of 1-6, but in a
shorter reaction time. The powder product obtained after 24 h was
removed by filtration. It was found that the product contains a
mixture of [Pt(cbdc)(HL;),] and [Pt(cbdc)(dmso)(HL;)] (7a).
Recrystallization ~ of  this  mixture gave  crystals  of
[Pt(cbdc)(dmso)(HL,)]-H,O (7a-H,O) suitable for a single-crystal
X-ray analysis.

Single-Crystal X-ray Analysis of [Pt(cbdc)(dmso)(HL-)]'H,O
(7a-H,0): Diffraction data were collected with an Xcalibur™ 2
diffractometer (Oxford Diffraction Ltd.) with Mo-K, radiation
(Monochromator Enhance, Oxford Diffraction Ltd.) and a Sap-
phire2 CCD detector at 100 K. Data collection and reduction were
performed by using CrysAlis software.*] The same software was
used for data correction of the absorption effect by the empirical
absorption correction using spherical harmonics as implemented in
the SCALE3 ABSPACK scaling algorithm. Both structures were
solved by direct methods using SHELXS-97 software and refined
on F? using the full-matrix least-squares procedure (SHELXL-
97).211 Non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were located in a difference map and refined with the riding
model [C-H: 0.95 and 0.99 A, N-H: 0.88 A and Uy (H) =
1.2U.4(CH, CH,, NH) or 1.5U.4(CHj3)]. The molecular and crystal
structures were drawn using DIAMOND,?? which was also used
to interpret the additional structural parameters. The crystal data
and structure refinement are summarized in Table 2.

CCDC-770266 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

In Vitro Cytotoxic Activity: Testing of the in vitro cytotoxicity was
performed by a calcein acetoxymethyl (AM) assay on the breast
adenocarcinoma (MCF7) and chronic myelogenous leukaemia (K-
562) human cancer cell lines. Cell lines were kept in plastic tissue
culture flasks and grown on Dulbecco’s modified Eagle’s cell cul-
ture medium (DMEM) under conditions of 37 °C, 5% CO, atmo-
sphere and  100%  humidity. = The  suspension (ca.
1.25%10° cellsmL ") of cancer cells was distributed between 96-
well microtitre plates (Nunc) and preincubated (12 h). Diluted
DMEF solutions of the complexes 1-6 (final DMF concentration of
0.6%) were added to the suspensions of the cancer cells in concen-
trations of between 0.2 and 25 um. After 72 h of incubation, the
cells were incubated for another hour with calcein AM. The fluo-
rescence of the live cells was measured at 485/538 nm (excitation/
emission) with Fluoroskan Ascent (Labsystems). Experiments were
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repeated three times and the ICs, values are given in Table 4 to-
gether with their standard deviations.

Supporting Information (see also the footnote on the first page of
this article): The structural formulae of the 6-benzylamino-2-
chloro-9-isopropylpurine derivatives (HL,,), the results of elemental
analyses, melting-point determinations and FTIR, Raman and
NMR data ('H, '3C and '°N).
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Reaction of (tpyCeH,C=CAu), {tpyCeH,C=CH = 4'-(4-eth-
ynylphenyl)-2,2":6',2""-terpyridine} with diphosphane li-
gands Ph,P(CH,),PPh, (x = 2 dppe, 3 dppp, 4 dppb, 5
dpppen, 6 dpph) in CH,Cl, afforded the corresponding dual
luminescent binuclear gold(I) complexes [(tpyCsH,C=CAu),-
(n-dppe)] (1), [(tpyCeH C=CAu)z(n-dppp)] (2), [(tpyCeHsC=
CAu),(p-dppb)] (), [(tpyCeHsC=CAu),(n-dpppen)] (4),
[(tpyCsH4C=CAu),(n-dpph)] (5). Crystal structural analysis
of complexes 1:2CH,Cl, and 2-2CH,Cl, show that the terpyr-
idine moieties are free of coordination in these gold(l)-acet-
ylide-phosphane complexes. Spectrophotometric titration

between complex 1 and [Eu(tta);] (Htta = 2-thenoyltrifluoro-
acetone) or [Yb(hfac);(H,O);] (Hhfac = hexafluoroacetyl-
acetone) gave a 2:1 ratio between Ln(f-diketonate); (Ln =
Eu, Yb) units and the complex 1 moiety, indicating the forma-
tion of Au,Ln, complexes. Both the luminescence titrations
and the luminescence quantum yields of Au,Ln, (Ln = Eu,
Yb) solutions show that the energy transfer occurs efficiently
from the binuclear gold(I) antennas 1-5 to Eu'" and Yb' cen-
ters, and all complexes 1-5 are good energy donors for sensi-
tization of visible and NIR luminescence of Eu™ and Yb™
ions.

Introduction

Lanthanide(IIT) luminescence has attracted intensive re-
search efforts because of its distinct advantages such as high
color purity induced by narrow emission bands, long radia-
tive lifetimes of the excited states in the range of microsec-
onds to milliseconds, large Stokes’ shifts, and relatively im-
movable emission positions.!'”2) Because of these advan-
tages, lanthanide(I1T) complexes have been extensively ap-
plied to biomedical assays, optical communication, mag-
netic resonance imaging, lasers, and as components of the
emitter layers in multilayer organic light-emitting devices
(OLEDS), etc.’! But direct excitation of the Ln'! centers
always leads to inefficient luminescence because of the ex-
tremely weak absorption from Laporte-forbidden f-f transi-
tions of the Ln"" ions.['” In order to improve the lumines-
cence yields of Ln"" ions, one of the most feasible strategies
is to use strong absorbing organic or d-block metallorganic
antenna chromophores as ligands and sensitizers.[?3-6-8l
Ln(B-diketonate); moieties represent another efficient and
well-investigated type of Ln"' co-ordinating unit. The two
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coordinated water molecules in [Ln(B-diketonate);(H,O),]
compounds can be easily replaced by chelating chromo-
phores such as phenanthroline or polypyridine, which re-
sults in highly luminescent ternary complexes.[®7-82.9]

With respect to energy-transfer processes and minimi-
zation of nonradiative deactivation in the d-f assembly, it is
very advantageous to use polypyridine-functionalized alk-
ynyl ligands to assemble d-f arrays because they contain
both soft donors in the alkynyl positions and hard donors
in the polypyridine moieties.[®7-8 The polypyridine unit
can provide high coordination number and eliminate water
molecules from the first coordination sphere of Ln™ cen-
ters effectively because of its good chelating ability. On the
other hand, the good linearity and conjugacy of polypyr-
idine-functionalized alkynyl ligands are favorable to the en-
ergy transfer from the antenna ligand to the Ln™ lumines-
cence centers.[*78a] A series of polypyridine-functionalized
alkynyl ligands were utilized for the construction of d-block
chromophores by incorporation with [Ln(p-diketonate);-
(H>0),] compounds achieving sensitized lanthanide lumi-
nescence in our previous work.?-6-71

Other important effects in achieving efficient energy
transfer from the antennas to Ln"™" (Ln = Eu, Yb) centers
include the energy match between the triplet state and the
D, energy level of the Eu! ions,[®»!1% and the overlap de-
gree between the emission bands of the antennas and the
absorption spectra of Yb!'LI% So whether the triplet states
of the antennas can be determined easily, especially at room
temperature, becomes very important to avoid a blind at-
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tempt. The organometallic Au' phosphane acetylides have
exhibited easily observed phosphorescence emission proper-
ties due to the heavy atom effect of the Au' ions or auro-
philic interactions,’d-11-14] 5o that their triplet states can be
easily concluded. In addition, their long phosphorescence
lifetimes favor energy transfer.[6-7-114:120.14b] ]t hag been re-
ported that the Au' acetylide phosphane chromophores are
favorable antenna chromophores for sensitization of lantha-
nide luminescence when using 5-ethynyl-2,2’-bipyridine as
a bridging ligand in the AuyLn, or Au,Ln, complexes, but
the reported quantum yields of Eu'!' complexes are rela-
tively low (0.010-0.012),74 and the triplet states of the an-
tennas in dichloromethane solutions could not be observed
at room temperature. In order to obtain an intensely phos-
phorescent system at room temperature, and understand
further how to better match the triplet states of gold(I) an-
tennas and the emitting levels of Ln™! and figure out which
Ln™ ions may be sensitized efficiently, the conjugated de-
gree of the alkyne system should be more extended because
most phosphorescent systems at room temperature have a
large conjugated degree apart from the heavy
atom.[0-7d-11.14b] Op the basis of this consideration, the ter-
pyridyl-functionalized alkyne ligand 4'-(4-ethynylphenyl)-
2,2":6',2" -terpyridine  (tpyC¢H4C=CH) is a judicious
choice, and a series of its intense room temperature phos-
phorescent Pt!'! complexes have been synthesized and used
as efficient sensitized chromophores in our previous work.[®!
For this work a series of binuclear gold(I)-alkynyl-phos-
phane complexes were prepared by depolymerization of
polymeric (tpyC¢H4C=CAu), with diphosphane ligands
Ph,P(CH,),PPh, (x = 2 dppe, 3 dppp, 4 dppb, 5 dpppen, 6
dpph) in CH,Cl,. The luminescence titrations and lumines-
cence quantum yields of Au,Ln, (Ln = Eu, Yb) solutions
demonstrate that all complexes 1-5 are good energy donors
for sensitization of visible and NIR luminescence of Eu'!
and Yb™ ions.

Results and Discussion

Syntheses of Gold(I) Complexes and Characterization

The dinuclear gold(I)-phosphane-acetylide complexes
were prepared by general methods established previously!’d]
through the reaction of diphosphane ligands with the corre-
sponding gold(I) coordination polymer (tpyCsH4,C=CAu),
(Scheme 1) and purified by chromatography on short silica-
gel columns using dichloromethane/methanol (100:2) as
eluent. Recrystallization was carried out through slow dif-
fusion of n-hexane into the corresponding concentrated
dichloromethane solutions, from which pale yellow crystals
of complexes 1:2CH,Cl,, and 2:2CH,Cl, suitable for X-ray
diffraction were obtained. In the IR spectra, all the dinu-
clear gold(I)-phosphane-acetylide complexes 1-5 exhibit
Ve—c modes at about 2110 cm™!, which falls into the normal
range of terminally o-coordinated alkynyl ligands.[6”]
Lower frequency for the ve—c bands is not observed, indi-

cating no m-coordination mode of the C=C bond ex-
ists [6:7:15-17]
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Scheme 1. Synthetic routes to complexes 1-5.

Crystallographic Studies

The crystal structures of 1-2CH,Cl, and 2-2CH,Cl, were
determined by single-crystal X-ray diffraction. Selected
bond lengths and angles are presented in Table 1. The mo-
lecular structures of 1:2CH,Cl, and 2-2CH,Cl, are shown
in Figures 1 and 2, respectively. Complexes 1:2CH,Cl, and
2-2CH,Cl, crystallize in the triclinic system with space
group PI and monoclinic system with space group C2/c,
respectively. Complex 1-:2CH,Cl, adopts a trans conforma-
tion. Complex 2:2CH,Cl, adopts a gauche conformation
with a PI-C71-C72-C71A torsion angle of 175(2)°. The
Au' centers in the two complexes adopt quasilinear coordi-
nation geometries as reported in many gold(I)-acetylide-
phosphane complexes,[''"1417-191 and the C-Au-P angles
are in the range of 177.2(4)-178.5(2)°, deviating slightly
from 180°. The bond lengths of Au-P [2.271(2)-2.282(4) A]
and Au-C [1.971(12)-2.027(6) A] are in good agreement
with the lengths in analogous Au-acetylide sys-
tems.['1-14.17-20] The C=C distances [1.162(10)-1.224(15) A]
are comparable to those in the similar dinuclear gold(I)-
arylacetylide-phosphane complexes.”! The intramolecular
Au--Au distances are 7.078 A in 1-2CH,Cl, and 5.294 A in
2-2CH,Cl,, while the closest intermolecular Au--Au dis-
tances are 8.840 A in 1-2CH,Cl, and 6.556 A in 2-2CH,CL.

Table 1. Selected bond lengths [A] and angles [°] for 1-2CH,Cl, and
2:2CH,Cl,.

1'2CH2C12 2'2CH2C12

Au-Pl 2.271(2) Aul-Pl 2.282(4)
Au-C23 2.027(6) Aul-Cl 1.971(12)
C22-C23 1.162(10) Cl1-C2 1.224(15)
C23-Au-P1 178.5(2) Cl-Aul-P1 177.2(4)
C22-C23-Au 175.5(8) C2-Cl-Aul 173.8(11)
C19-C22-C23 178.7(8) C3-C2-Cl 179.4(14)

Eur. J. Inorg. Chem. 2010, 3449-3457
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Figure 1. ORTEP drawing of 1-2CH,Cl, with atom labeling scheme showing 30% thermal ellipsoids. Phenyl rings of dppe, CH,Cl,
molecules, and hydrogen atoms are omitted for clarity (symmetry code for A: —x -2, -y -1, —z—1).

Figure 2. ORTEP drawing of 2-2CH,Cl, with atom labeling scheme showing 30% thermal ellipsoids. Phenyl rings of dppp, CH,Cl,
molecules, and hydrogen atoms are omitted for clarity (symmetry code for A: —x + 1, y, 0.5 —z).

These Au--Au distances are much longer than 3.6 A,l!1d
indicating no intramolecular or intermolecular Au-+Au in-
teraction in these complexes.

C-H---Au Interaction

Weak X-H--M hydrogen bonds have received much at-
tention in recent years, and they could be structurally sig-
nificant in constructing supramolecular architectures, espe-
cially when no other classical hydrogen bonds and M-M
interactions exist in a structure.l'4®-190-19d] A5 the metal cen-
ters act as Lewis bases, the electron-rich metals such as late
transition metals in low oxidation states are favored. The
X-H-M interactions with angles less than 130° have gen-
erally been excluded.['>?!1 In the crystal structure of
1-2CH,Cl,, as shown in Figure 3, the molecules of 1 are
linked through C14-HI14A-Au (-x -3, -y -1, —2) (dy--au
= 3.067A, LC-H-Au = 154.7°) and C27-H27A-Au (x,
y+1, 2) (digpu = 3.163 A, ~C-H--Au = 159.5°) interac-
tions to produce 2-D layers, and the 2-D layers are rein-
forced through m--m stacking interactions occurring be-
tween two exactly parallel pyridine rings consisting of six
atoms (N2, C6-C10) and its symmetric ring at the —x — 3,
—y — 2, —z position [intercentroid distance 3.694(4) A, per-

Eur. J. Inorg. Chem. 2010, 3449-3457
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pendicular distance 3.486(3) A, offset 1.222(3) A]. Similar
weak interaction has been observed in the crystal structure
of [tpyC¢H4C=CAuPPh;].l'4! The 2-D layers further inter-
act with each other forming 3-D frameworks through C25-
H25A:Cll (—x -2, -y, —z — 1) weak hydrogen bonds [d};...cy
=2.820 A, dcos..c; = 3.658 A, £C25-H25ACll (-x—2, —
y,—z—1)=151°Tand CI2-=-CI2 (-x - 3, -y — 1, -z, 3.129 A)
weak interactions (see Figure 4).?21 No obvious weak inter-
action was observed for 2:2CH,Cl,.

Figure 3. The 2-D layer of 1-2CH,Cl, induced by C-H---Au and
n---1 interactions. CH,Cl, molecules and hydrogen atoms are omit-
ted for clarity except H14A, H27A and their symmetrical atoms.
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Figure 4. The 3-D framework of 1:2CH,Cl,. Phenyl rings of dppe
and most hydrogen atoms are omitted for clarity.

Photophysical Properties

Absorption Spectra

UV/Vis absorption data for 1-5 in dichloromethane solu-
tion at 298 K are summarized in Table 2. The correspond-
ing electronic absorption spectra are depicted in Figure 5.
Though the spacers between two P donors in the diphos-
phane ligands change, the absorption spectra of complexes
1-5 are similar throughout the series, and they all display
two distinct and intense absorption bands with one maxima
at ca. 232 nm, and the other at ca. 315 nm with a shoulder
absorption at ca. 303 nm. By comparison with the corre-
sponding absorptions of the complexes [Pt{Ph,P(CH,),-
PPh,}(C=CCxHutpy),] (n = 1, 2, and 3) in our previous
work and the analogous [tpyCsH4C=CAuPPh;] and
[(tpyCcH4C=CAu),(u-dppd)] {dppd = 1,10-bis(diphenyl-
phosphanyl)decane} complexes reported by the Vicente
group,®14%] the former higher energy bands arise primarily
from diphosphane-centered transitions, and the latter lower
energy bands are mainly due to intraligand (IL) n=—1* tran-
sitions of the C=CC4Hutpy units, mixed probably with

Table 2. UV/Vis absorption data of 1-5 in dichloromethane solu-
tion at 298 K.

Compound . [nm] (¢ [M'em 1))
1 232 (103500), 301 (90230), 315 (96660)
2 232 (99500), 303 (85910), 315 (90340)
3 232 (113000), 303 (93080), 316 (96310)
4 232 (94400), 303 (79720), 314 (82880)
5 232 (104500), 302 (89550), 314 (93580)

[

2

S

S

4

250 300 350 400
Wavelength (nm)

Figure 5. UV/Vis absorption spectra of 1-5 in dichloromethane
solutions at 298 K.
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some Au orbital character. The low-energy absorption
bands in complexes 1-5 display vibrational character with
the vibronic spacings around 1257 cm !, corresponding to
vibrational stretching frequencies of the pyridyl in
C=CC4¢H,tpy units.[ In addition, complexes 1-5 exhibit
large molar absorption coefficients (¢ = 7.972X10* to

1.130 X 10%), which reveals their strong light-absorbing abil-
ity.[6:7d]

Luminescence

The luminescence data, including emission wavelengths,
lifetimes, and quantum yields of 1-5, are presented in
Table 3. The emission spectra of 1-5 in the solid state and
in dichloromethane solution at 298 K are shown in Fig-
ures 6 and 7, respectively. All the dinuclear gold(I) com-
plexes 1-5 exhibit dual emission bands both in the solid
state and in dichloromethane solution at 298 K. Most low-
energy bands for complexes 1-5 in the solid state and in the
dichloromethane solution display vibronic character with
spacings in the range of 1225-1339 cm™! which is typical of
the ve-c and ve-n aromatic vibrational modes in the alkynyl
ligands.[!4®1 As no obvious n-+m stacking and Au-Au in-
teractions are observed in the crystal structure of complex
2 and the emission bands of complexes 1-5 are similar, the
low energy emissions may arise from intraligand character.
Compared with the emission spectrum of tpyCsH4C=CH,
together with consideration of the smaller Stokes’ shifts,
the high-energy emissions of binuclear gold(I) complexes 1—
5 arise most probably from the !(n—n*) excited state of the
alkynyl ligand. With reference to the larger Stokes’ shifts,[?3]
the vibrational spacings of typical vc-c and ve-n aromatic
vibrational modes, and the emission properties of the re-
ported gold(I)-alkynyl-phosphane complexes, especially
those of [tpyCsH4C=CAuPPh;] and [(tpyCsH4,C=CAu),(u1-
dppd)],l74-1114%] the Jow-energy emission bands at ca. 490—
540 nm of complexes 1-5 are tentatively assigned to the
3(m—n*) excited state of the acetylide ligand, mixed proba-
bly with some Au orbital character. In order to obtain
deeper insight into the emissive properties, the radiation
lifetime of the intense low-energy emission band at ca.
502 nm of complex 4 in dichloromethane solution was de-
termined, and the long lifetime of 13.6 ps further proves the
triplet parentage of the low-energy band.[® It is worth not-
ing that the lower energy emission band at ca. 502 nm of
complex 4 in dichloromethane solution is more obvious,
and it is red-shifted 7-11 nm relative to those of complexes
1, 2, 3, and 5, indicating that a stronger interaction between
Au' and the tpyCcH4,C=C unit may exist in complex 4, in-
ducing stronger spin-orbital coupling and the increasing
conjugated degree of the alkyne system. This can also be
observed from the comparison between complex 1 and 2. In
complex 1, the Au'~C distance is 2.027(6) A, a little longer
(0.056 A) than that of 1.971(12) A in complex 2, which indi-
cates stronger interaction between Au' and the
tpyCsH4C=C unit in complex 2, and the phosphorescence
emission of complex 2 in dichloromethane solution is more
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obvious than that of complex 1, and also a little red-shifted
relative to that of complex 1. In addition, the lower energy
emission band at ca. 502 nm with a shoulder at 536 nm of
complex 4 is close to that of 503 nm with a shoulder at
533 nm in [(tpyCsH4C=CAu),(n-dppd)], which is assigned
to the intraligand 3(n—n*) excited state of the acetylide li-
gand.[14P]

Table 3. Luminescence data of 1-5.

Compound )”em [nm] )“em [nm] (Tem [HS]) dsem[a]
(solid) (CH,Cl,)

1 393 sh, 418 374 0.10891
505 sh, 540 492 (w)

2 394, 416 sh 377, 400 0.07451
505, 540 sh 495 (w), 530 sh

3 395, 420 sh 375 0.14191
510, 544 sh 494, 529sh

4 420 375 0.13311
506, 540 sh 502 (13.6), 536 sh

5 398, 420 sh 373 0.1340(a
511, 541 sh 491, 525

[a] The quantum yields in degassed CH,Cl, are determined relative
to that of [Ru(bpy);](PFg), (@ = 0.062) in degassed CH;CN.?4
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Figure 6. Emission spectra of 1-5 in the solid state at room tem-
perature.
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Figure 7. Emission spectra of 1-5 in fluid dichloromethane solution
at room temperature.

Spectrophotometric Titration

Absorption Spectra Titration

The structural determination indicates the terpyridine
units are free of coordination in complexes 1:2CH,Cl, and

Eur. J. Inorg. Chem. 2010, 3449-3457
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2:2CH,Cl,. These gold(I)-alkynyl-phosphane complexes
can therefore be used as building blocks to react, through
the polypyridine chelation, with Ln' ions to form a
Au,Ln, array as reported in our previous work.[®) We have
tried our best to synthesize the Au,L.n, complexes, but no
crystal suitable for single-crystal X-ray diffraction was ob-
tained. So in order to explore how the UV/Vis absorption
bands change when the dinuclear gold(I) complexes are co-
ordinated to Ln'" ions, titrations were carried out by add-
ing Gd(hfac);(H,O), to the dichloromethane solution of
complex 1. It must be mentioned that because significant
dissociation often occurs in very diluted solutions,®1 the
original total concentrations of Au, units were kept at ca.
1.0X 10 molL™" and those of [Gd(hfac);(H,0),] at ca.
2.0X 10> molL"'. Figure 8 (a) shows that the absorbance
increases little by little, following the gradual addition of
the dichloromethane solution of Gd(hfac);(H,O), to that
of 1, and a graph of absorbance at 360 nm gives a smooth
curve that fits well to a 2:1 binding ratio of Gd/Au, (Fig-
ure 8, b), which is similar to those of [{Pt(PPh,(CH,),-
PPh,)(C=CCsHatpy),} {Ln(hfac)s},] (n = 1, dppm; n = 2,
dppe; n = 3, dppp; Ln = Eu, Nd, Yb) complexes in the

previous work.[6]
0.35- //"—'
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Figure 8. a: Changes in the UV/Vis absorption spectra by titration
of 1 with Gd(hfac);(H,0), in dichloromethane. b: Changes of ab-
sorbance at 360 nm vs. the ratio of Gd to Au, moiety by titration
of 1 with Gd(hfac);(H,0), in dichloromethane.

Luminescence Titration

For Ln™" complexes, both the singlet and triplet states of
the ligand may transfer energy onto the Ln™ ions, but be-
cause of the short-lived character of the singlet state, energy
transfer from it is often inefficient. So whether the energy
gaps between the lowest triplets of the “metal complexes
ligands” and Ln' emitting levels are suitable for achieving
sensitized luminescence of Ln'" is of primary importance.
Though the triplet states of complexes 1-5 can not replace
the triplet states of their corresponding Gd™ complexes,
the easily determined triplet states of complexes 1-5 and
their good luminescent properties at room temperature still
make possible in a first step the following evaluations: (1)
Whether complexes 1-5 can be used as sensitized chromo-
phores for Ln'" luminescence; (2) which Ln'" ions may be
3453
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more efficiently sensitized. For example, all the triplet states
of complexes 1-5 in dichloromethane solution in the range
of 18904-20367 cm ! are lower than the emitting °D, tran-
sition of Tb™! (20400 cm™') and are therefore not expected
to sensitize Tb'! emission, but they all exceed to a sufficient
extent the °D, level at 17241 cm™! (580 nm) of the corre-
sponding Eu™" complexes (see Table 4), so it is possible to
use complexes 1-5 as antenna chromophores to achieve the
sensitized luminescence of Eu!! centers. In order to obtain
more accurate data of the triplet states of the expected
Au,Ln, complexes, the luminescence of the Au,Gd, dichlo-
romethane solutions, which were prepared from complexes
1-5 and [Gd(hfac);(H,0),] according to the corresponding
1:2 ratio, were determined without O,. The lowest energy
emitting state of Gd™, at 32150 cm™', is too high to be ex-
cited by the antenna Au'-alkynyl chromophores used in this
study. Consequently, the emission spectra of the Gd™ com-
plexes show exclusively Au'-alkynyl-centered emission. The
corresponding data are summarized in Table 4. Only the
triplet states of 4-Gd, can be observed at room temperature.
The emission spectrum of 4-Gd, in dichloromethane solu-
tion is depicted in Figure 9. The energy gap between the
triplet state of 4-Gd, at about 19342 cm™! (517 nm) and the
Dy energy level of Eu™ is 2101 cm™!, which is suitable for
efficient energy transfer to Eu' ions and prevention of pos-
sible energy back transfer.l>’! Since complexes 1-5 are ho-
mologous, they are expected to behave as good energy do-
nors to transfer energy to Eu'' centers effectively. In order
to observe how the Eu'"-centered emission intensity
changes when complexes 1-5 are coordinated to Eu(tta)s,
emission titrations were carried out in the aerated dichloro-
methane solutions. Upon excitation at 300-380 nm, the
Eu'"-centered emission was enhanced greatly during the ti-
tration of [Eu(tta);(H-,O),] by adding different amounts of
complex 1, following the different Au,/Eu ratios 0, 0.05,
0.10, 0.15, 0.20, 0.30, 0.40, and 0.50 (Figure 10). At a Au,/
Eu ratio higher than 0.50, the Eu"'-centered emission inten-
sity decreased. The intensity of the Eu™-centered emission
at a Au,/Eu ratio of 0.50 was 2.74-times that of [Eu(tta);-
(H,0),]. This large enhancement confirms the energy trans-
fer from the [(tpyC¢H4C=CAu),(u-dppe)] unit to the Eu'!!
center effectively.

The maximum excitation wavelength of Eu''-centered
emission increased following the addition of [Eu(tta)s-
(H>0),] to the dichloromethane solution of complex 1,
however it did not increase again when the Eu/Au, ratio
was ca. 2.0 (Figure S1), confirming the 1:2 binding ratio
between complex 1 and Eu(tta);. The Eu-centered emis-
sion quantum yields of 1-Eu, to 5-Eu, in dichloromethane
solutions fall in the range 0.0400-0.0472, which is similar
to those (0.0373-0.0445) of mononuclear Pt''-phosphane-
alkynyl-Eu™ complexes of the same alkyne ligand
tpyC¢H4C=CH,® further confirming that the efficient en-
ergy transfer occurred from the [(tpyCeH4C=CAu),(n-
Ph,P(CH,),PPh,)] (x = 2-6) series of units to the Eu™! cen-
ters. The luminescence data, including emission wave-
lengths, lifetimes, and quantum yields of 1-Ln, to 5-Ln,,
are presented in Table 4. All the Eu' solutions exhibit

111
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Table 4. Luminescence data of 1-Ln, to 5-Ln, solutions at 298 K.

Solution )‘em [nm] (Tem [HS]) (CHZCIZ) gz)em[a’b]
1-Eu, 618 (600.7) 0.04468!
2-Eu, 618 (612.1) 0.0407%!
3-Eu, 618 (610.6) 0.04401!
4-Eu, 618 (606.9) 0.04058!
4-Gd, 398, 420 sh

511, 541 sh
5-Eu, 618 (606.5) 0.0400!
1-Yb, 980 (15.8) 0.007915!
2-Yb, 980 (15.7) 0.007910!
3-Yb, 980 (15.8) 0.00791!
4-Yb, 980 (15.4) 0.0077M!
5-Yb, 980 (15.9) 0.0080!!

[a] The quantum yields in degassed CH,Cl, were determined rela-
tive to that of [Ru(bpy)s](PFg), (@ = 0.062) in degassed CH;CN.[>4
[b] The quantum yields of Yb'™ complexes in dichloromethane
solution at 298 K were estimated by the equation @ = t,4/7¢, in
which 7., 1s the observed emission lifetime and 7, is the radiative
or “natural” lifetime of 2 ms. All the solutions containing Eu, Gd,
and Yb were prepared from complexes 1 and [Eu(tta);(H,0),],
[Gd(hfac)3(H,0),], and [Yb(hfac);(H,0),] according to the corre-
sponding ratio 1:2.
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Figure 9. The emission spectrum of 4-Gd, in dichloromethane
solution at 298 K.

8000+
7000+
6000+
5000
4000
3000
2000+
1000

Emission Intensity

600 650 700
Wavelength (nm)

Figure 10. Changes in Eu'"-centered emission intensity upon ti-

tration of Eu(tta);(H,O), with complex 1 in dichloromethane upon
excitation with 300 nm.

characteristic emission bands of Eu' ions at about 580,

596, 618, 652, and 695 nm for 1-Eu, to 5-Eu, solutions (pre-
pared from [Eu(tta);(H,O),] and complexes 1-5 according
to a 2:1 ratio) corresponding to the transitions Dy—"F,,
"F,, "F,, "Fs, "F4, respectively, with the dominant band at
618 nm (Figure S2).
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Upon titration of [Yb(hfac);(H,0),] with complex 1 in
dichloromethane solution, a dramatic enhancement of Yb'!
emission was observed with the Au,/Yb ratios changing
from 0, 0.10, 0.20, 0.30, 0.40 to 0.50 (Figure 11), which indi-
cates that efficient energy transfer occurs from the Au,-alk-
ynyl unit to Yb' centers. The intensity of Yb-centered
emission at ca. 980 nm with the Au,/Yb ratio at 0.50 was
3.37-times that of [Yb(hfac);(H,0),]. All the Au,YDb, solu-
tions (prepared from [Yb(hfac);(H,O),] and complexes 1-5
according to a 2:1 ratio) exhibit the characteristic emission
bands of Yb"! corresponding to the 2Fs,—2F5,, transition
at ca. 980 nm. The intrinsic quantum yields of Yb'! emis-
sion may be estimated by @ = 7,/7, Where 7.y, is the ob-
served emission lifetime and 7, is the “natural lifetime” [
The Au,Yb, solutions show emission lifetimes from 14.6—
15.9 pus and intrinsic quantum yields from 0.0073-0.0080
(see Table 4), which are comparable to those (0.0073-
0.0080) of Pt'-phosphane-alkynyl-Yb™ complexes of the
same alkyne ligand tpyCsH,C=CH in our previous work.[°]
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Figure 11. Changes of the Yb!!'-centered emission intensity upon
titration of Yb(hfac);(H,O), with complex 1 in dichloromethane
upon excitation with 330 nm.

Conclusions

In conclusion, a series of dual luminescent binuclear
gold(I) complexes of terpyridyl-functionalized alkyne li-
gands have been synthesized. Spectrophotometric titration
and the quantum yields of Ln'"' demonstrate that they can
behave as good energy donors for sensitization of Eu'™" and
Yb'' emission, and as efficient chromophores, they are
comparable to those of Pt complexes.[!

Experimental Section

Materials and Reagents: The reagents 1,2-bis(diphenylphosphanyl)-
ethane (dppe), 1,3-bis(diphenylphosphanyl)propane (dppp), 1,4-
bis(diphenylphosphanyl)butane  (dppb), 1,5-bis(diphenylphos-
phanyl)pentane  (dpppen), 1,6-bis(diphenylphosphanyl)hexane
(dpph), tetrahydrothiophene (tht), and H;[AuCl;] were commer-
cially available without further purification. 4'-[4-{2-(trimethyl-
silyl)-1-ethynyl} phenyl]-2,2":6",2"'-terpyridine (tpyCsH4C=CTMS),
(tpyCsH4C=CAu),, [Eu(tta);(H,0),], and [Ln(hfac);(H,O),] (Ln =
Gd, Yb) were prepared by the published methods.?%79->7] All sol-
vents were purified and distilled using standard procedures before
use except those for spectroscopic measurements which were of
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spectroscopic grade. All other reagents were of analytical grade and
were used as received.

Preparation of Complexes: All reactions were carried out under dry
argon using Schlenk techniques at room temperature and a
vacuum-line system unless specified.

[(tpyCsH4C=CAu),(n-dppe)] (1): Dppe (20.3 mg, 98%, 0.050
mmol) was added to a dichloromethane (15mL) solution of
(tpyCs¢H4C=CAu), (52.9 mg, 0.10 mmol) with stirring at room
temperature for 30 min. The solution was concentrated and the
product was purified by chromatography on a short silica-gel col-
umn using dichloromethane/methanol (100:2) as eluent. Addition
of n-hexane to the concentrated solution gave the product as a pale
yellow powder (yield 45 mg, 62%). Pale yellow crystals were ob-
tained by layering n-hexane onto the concentrated dichloromethane
solution in the absence of light. C;,Hs,Au,NgP,-CH,Cl, (1542.06):
caled. C 56.87, H 3.53, N 5.45; found C 56.57, H 3.59, N 5.36.
ESI-MS: m/z (%) = 1457.4 [M + H]*, 1124.7 [M - tpyCsH,C=
C]*. '"H NMR (CDCls): § = 8.75-8.72 (m, 8 H, tpyCcH4C=C),
8.67 (d, *Jym = 8.0Hz, 4 H, H3'), 7.90-7.85 (m, 8 H,
tpyCsH,C=C), 7.72-7.66 (m, 12 H, tpyCsH,C=C and PPh,), 7.53—
7.51 (m, 12 H, PPh,), 7.35 (m, 4 H, H5"), 2.70 (s, 4 H, CH,) ppm.
IR spectrum (KBr): ¥ = 2110 [m (C=C)] cm™.

[(tpyC¢H4C=CAu),(n-dppp)] (2): This compound was prepared by
the same synthetic procedure as that of 1 except for using dppp
instead of dppe. Color: pale yellow, yield: 43 mg, 59%. Pale yellow
crystals were obtained by layering n-hexane onto the concentrated
dichloromethane solution in the absence of light. C;3HssAu,NgP5
(1471.15): caled. C 59.58, H 3.70, N 5.71; found C 59.63, H 3.77,
N 5.69. ESI-MS: m/z (%) = 1471.3 [M + H]*, 11382 [M -
C¢H4C=C]". 'TH NMR (CDCl;): 6 = 8.74-8.72 (m, 8 H, H3 and
H6'), 8.67 (d, 3Juy = 8.0 Hz, 4 H, H3"), 7.87 (td, 3Juy = 8.0, */uu
=2.0Hz,4H,H4'),7.84(d, J=7.2Hz 4 H, tpyC.H,C=C), 7.77-
7.72 (m, 8 H, tpyCsH,C=C and PPh,), 7.65-7.63 (m, 4 H, PPh,),
7.49-7.44 (m, 12 H, PPhy), 7.34 (m, 4 H, H5"), 2.87 (m, J = 4.5 Hz,
4 H, PCH,), 1.99 (m, 2 H, PCH,CH,) ppm. IR spectrum (KBr): ¥
=2110 [m (C=C)] cm ™.

[(tpyCsH4C=CAu),(n-dppb)] (3): This compound was prepared by
the same synthetic procedure as that of 1 except for using dppb
instead of dppe. Color: pale yellow, yield: 45mg, 61%.
C4HssAu,NgP, (1485.18): caled. C 59.82, H 3.80, N 5.66; found
C 59.52, H 3.85, N 5.60. ESI-MS: m/z (%) = 1152.1 [M -
tpyC¢H4C=C]". 'TH NMR (CDCls): § = 8.74-8.72 (m, 8 H, H3 and
H6'), 8.67 (d, 3Juy = 8.0 Hz, 4 H, H3"), 7.87 (td, 3Juy = 7.6, *Juu
=2.0Hz,4H, H4'), 7.84 (d, J = 8.0 Hz, 4 H, tpyC,H,C=C), 7.71-
7.63 (m, 12 H, tpyCsH,C=C and PPh,), 7.50-7.49 (m, 12 H, PPh,),
7.35 (ddd, 3Jyy = 8.0 and 4.8, “Jyy = 1.2 Hz, 4 H, H5'), 2.44 (m,
4 H, PCH,), 1.83 (m, 4 H, PCH,CH,) ppm. IR spectrum (KBr): ¥
=2110 [m (C=C)] cm™.

[(tpyCsH,4C=CAu),(n-dpppen)] (4): This compound was prepared
by the same synthetic procedure as that of 1 except for using
dpppen instead of dppe. Color: pale yellow, yield: 48 mg, 64 %.
C;5HssAu,NgP, (1499.21): caled. C 60.07, H 3.90, N 5.61; found
C 59.86, H 3.96, N 5.65. ESI-MS: m/z (%) = 1166.5 [M —
tpyC¢H4C=C]*. '"H NMR (CDCls): § = 8.73-8.72 (m, 8 H, H3 and
H6'), 8.66 (d, 3Juy = 8.0 Hz, 4 H, H3"), 7.87 (td, 3Jyuy = 7.6, *Juu
=2.0Hz,4H,H4'),7.85(d, J=8.0Hz 4 H, tpyC;.H,C=C), 7.74-
7.64 (m, 12 H, tpyCsH,C=C and PPh,), 7.49-7.46 (m, 12 H, PPh,),
7.35 (ddd, 3Jyy = 7.6 and 4.8, *Jyy = 1.2 Hz, 4 H, H5'), 2.41 (m,
J =6.0Hz, 4 H, PCH,), 1.69 [s, 6 H, PCH,(CH,)3] ppm. IR spec-
trum (KBr): ¥ = 2109 [m (C=C)] cm .

[(tpyCsH4C=CAu),(n-dpph)] (5): This compound was prepared by
the same synthetic procedure as that of 1 except for using dpph
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instead of dppe. Color: pale yellow, yield: 76 mg, 90%.
Cr6HgoAu,NgP, (1513.23): caled. C 60.30, H 4.00, N 5.56; found
C 60.01, H 4.03, N 547. ESI-MS: m/z (%) = 11809 [M -
tpyCsH4C=C]*. '"H NMR (CDCls): 6 = 8.73-8.72 (m, 8 H, H3 and
H6'), 8.66 (d, 3Juy = 8.0 Hz, 4 H, H3"), 7.87 (td, 3Juy = 7.8, “Jun
=2.0Hz,4 H, H4'), 7.83 (d, J = 8.4 Hz, 4 H, tpyC;H,C=C),7.72—
7.63 (m, 12 H, tpyCs;H,C=C and PPh,), 7.49-7.46 (m, 12 H, PPh,),
7.35 (ddd, 3Jyy = 7.6 and 4.8, “Jyy = 1.2 Hz, 4 H, H5'), 2.43 (m,
J=17.5Hz, 4 H, PCH,), 1.60 (s, 4 H, PCH,CH,) ppm. 1.48 (m, 4
H, PCH,CH,CH,). IR spectrum (KBr): ¥ = 2111 [m (C=C)] cm ..

Crystal Structure Determination: Crystals suitable for X-ray diffrac-
tion studies of 1-2CH,Cl,, and 2-2CH,Cl, were obtained by layer-
ing n-hexane onto the corresponding dichloromethane solution in
the absence of light. Single crystals were sealed in capillaries with
mother liquors. 1:2CH,Cl, and 2:2CH,Cl, were measured with a
RIGAKU MERCURY CCD and RIGAKU SCXmini dif-
fractometer, respectively, using the w-scan technique at room tem-
perature with graphite-monochromated Mo-K, radiation (4 =
0.71073 A). The CrystalClear software package®2") and Bruker
SAINT were used for data reduction and empirical absorption
correction, respectively. The structures were solved by direct meth-
ods. The heavy atoms were located from the E-map, and the rest
of the non-hydrogen atoms were found in subsequent Fourier maps.
The non-hydrogen atoms were refined anisotropically, whereas the
hydrogen atoms were generated geometrically with isotropic ther-
mal parameters. The structures were refined on F? by full-matrix
least-squares methods using the SHELXTL-97 program pack-
age.l’!] The crystallographic data of 1-2CH,Cl, and 2-:2CH,Cl, are
summarized in Table 1.

CCDC-770767 (for 1-2CH,Cl,) and CCDC-770768 (for 2-CH,Cl,)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Physical Measurements: 'H NMR spectra were measured with a
Bruker Avance III (400 MHz) spectrometer with SiMe, as the in-
ternal reference. Infrared (IR) spectra were obtained from KBr pel-
lets using a Bruker Optics TENSOR 27 FT-IR spectrophotometer.
UV/Vis absorption spectra were recorded with a Purkinje General
TU-1901 UV/Vis spectrophotometer. Elemental analyses (C, H, N)
were carried out with a Perkin—Elmer model 240C elemental ana-
lyzer. Electrospray mass spectra (ES-MS) were performed with a
Finnigan LCQ mass spectrometer using a dichloromethane/meth-
anol mixture as the mobile phase. Steady-state excitation and emis-
sion spectra in the UV/Vis region were recorded with a Perkin—
Elmer LS55 luminescence spectrometer with a red-sensitive photo-
multiplier type R928 or an Edinburgh F900 fluorescence spectrom-
eter. The steady-state near-infrared (NIR) emission spectra were
measured with an Edinburgh FLS920 fluorescence spectrometer
equipped with a Hamamatsu R5509-72 supercooled photomulti-
plier tube at 193 K and a TM300 emission monochromator with
NIR grating blazed at 1000 nm. The NIR emission spectra were
corrected via a calibration curve supplied with the instrument.
Emission lifetimes were determined with an Edinburgh Analytical
Instrument (F900 fluorescence spectrometer) and the resulting
emission was detected by a thermoelectrically cooled Hamamatsu
R3809 photomultiplier tube. The emission quantum yields (&) in
the UV/Vis region in degassed dichloromethane solutions at room
temperature were calculated by @, = @ B,/B,)(ns/n.)*(DyD,) using
[Ru(bpy);](PF¢), in acetonitrile as the standard (@., = 0.062),
where the subscripts r and s denote reference standard and the
sample solution, respectively; and n, D and @ are the refractive
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index of the solvents, the integrated intensity and the luminescence
quantum yield, respectively.’*3?l The quantity B in the equation
@, = OB,/B,)(nsin)*(DyD,) is calculated by B = 1-10 -, where
A is the absorbance at the excitation wavelength and L is the optical
path length. All the solutions used for determination of emission
lifetimes and quantum yields were prepared after rigorous removal
of oxygen by three successive freeze—pump-thaw cycles under vac-
uum in a 10-cm? round-bottomed flask equipped with a side arm
I-cm fluorescence cuvette and sealed from the atmosphere by a
quick-release Teflon® stopper.[°?]

Supporting Information (see also the footnote on the first page of
this article): Changes of the excitation spectra and the maximum
excitation wavelength with the emission at 618 nm upon titration
of complex 1 with [Eu(tta);(H,0),] in dichloromethane following
different Eu/Au, ratios (Figure S1), and Eu'''-centered emission
spectra of 1-Eu, in dichloromethane solution (Figure S2).
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Bis(o-diiminobenzosemiquinonato)platinum(II) Complex

Atsuko Masuya,!?l Nobuhiko Iki,*!*! Chizuko Kabuto,™ Yasunori Ohba,!! Seigo Yamauchi,!!
and Hitoshi Hoshino!?!

Keywords: Absorption / Platinum / Radicals / N ligands / Electronic structure

The electronic structure of a water-soluble near-infrared
(NIR)-absorbing complex was determined to be singlet dirad-
ical [PtH(L1S9),)?- [(LSQ)2— = o-diiminosulfobenzosemiquinon-
ate radical] by X-ray diffraction and 'H NMR spectroscopy.
Cyclic voltammetry (CV) showed redox reactions of [Pt!-
(L'SQ),]% to give [PtY(LSY) (LB (E,! = -0.26 V vs. Fc*/Fc)
and [Pt"(LISQ)LPPY)]3- (Ey,2 = -1.46 V) [(L'™®Y)~ = o-diiminosul-
fobenzoquinonate, (L?P')3- = o-phenylenediiminesulfonate].

The monoradical structure of the latter was confirmed by
electron paramagnetic resonance (EPR) spectroscopy. Split-
ting of the reduction wave of [Pt"(LISQ)(L™®Q)]~in CV and the
weak EPR signal suggested the formation of a dimer. Be-
cause the rest potential of the solution exceeds E,,! at pH 4.0,
the decrease in the NIR absorption at pH <4.0 can be attrib-
uted to the oxidation of [Pt"(LS?),]?- followed by dimeriza-
tion.

Introduction

Near-infrared (NIR) light of 700-1200 nm effectively
penetrates biological tissues and hence in vivo optical-
imaging techniques based on NIR absorption, such as op-
tical coherence tomography (OCT) and photoacoustic tomo-
graphy (PAT), have received much attention.!'?l In these
techniques, NIR-absorbing organic dyes such as SDA7460
or Indocyanine Green play important roles as contrast
agents improving the signal-to-noise ratio. Recently, Au
nanocages have emerged as efficient NIR-absorbing con-
trast agents for OCT and PAT.[34

One of the most effective ways to further enhance the
contrasting ability of NIR-absorbing agents is to introduce
a functional group that responds to a specific molecule or
ion, the concentration of which in a particular targeted tis-
sue or organ is different to that of the background. A tar-
get-responsive agent thus obtained is able to easily differen-
tiate the NIR-absorption of the targeted region from that
of the background. To our surprise, however, there seem
to have been no investigations into target-responsive NIR-
absorbing dyes for optical imaging. This situation is in con-
trast to the case of NIR fluorescent imaging in which tar-
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get-responsive NIR fluorescent dyes have been designed by
covalently joining a NIR fluorophore and a pH-,[! pyr-
ophosphate-,1° or NO-responsivel’l modulator to enable se-
lective enhancement of NIR fluorescence arising from the
targeted area.

As a candidate for target-sensitive NIR-absorbing dyes,
we investigated the platinum(II) complex with 3,5-dibromo-
1,2-diaminobenzene and revealed the involvement of redox
reactions in the NIR absorption.l®] More recently, we found
that the complex did not display NIR absorption in aque-
ous solution, but did so strongly in hydrophobic media such
as surfactant micelles and liposome bilayers.’l Thus, the
complex shows a response to the hydrophobicity of the mi-
croenvironment and could be applied as an NIR-absorbing
contrasting agent to stain cell membranes. Notably, the
complex per se exhibits responsive ability towards hydro-
phobicity without attaching any target-responsive func-
tional group.

The response of this complex to hydrophobic environ-
ments posed the question as to whether a Pt complex of
o-phenylenediamine derivatives exhibits NIR absorption in
hydrophilic media. This prompted us to prepare a water-
soluble Pt!'! complex with an o-phenylenediamine derivative
bearing a sulfo group. Herein we show the NIR absorption
properties of the complex in aqueous solutions and also the
unexpected pH-responsive switching of the NIR absorp-
tion. By using X-ray analysis, cyclic voltammetry (CV),
spectroelectrochemistry, and electron paramagnetic reso-
nance (EPR) spectroscopy we have been able to attribute
the switching ability to a change in the electronic structure,
which results from oxidation followed by dimerization of
the complex.
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Results and Discussion

In this paper we have labeled the oxidation states of the
o-phenylenediamine ligand (H,R) as shown in Scheme 1
and proposed by Wieghardt et al.l'”l The aromatic closed-
shell form is (RPPH)> (o-diiminophenolato ligand), the
open-shell radical form is (R™Q)~ (o-diiminosemiquinonate
radical ligand), and the quinone-type closed-shell form is

(R™Q)0 (p-diiminobenzoquinone ligand).

RIBQ)O

RPDI)2— RISQ)—

Scheme 1. Oxidation states of o-phenylenediamine (H,RPPY).

Preparation of the Complex

To prepare the water-soluble Pt complex, we employed

3,4-diaminobenzenesulfonate [DABS, (H,LPP")] produced
by the reduction of 2-nitroaniline-4-sulfonate (Scheme 2).
In accordance with the previously reported procedure for
the preparation of the bis(o-diiminobenzosemiquinonato)-
platinum(Il) complex,!'! (H,LPPY)~ was treated with
K,[PtCly] in aqueous solution in the presence of a base
(pH 10, NaOH) at room temperature for 2 d to afford a
green precipitate of Na,[Pt'(L™SQ),] in which the ligand was
autoxidized during preparation. The assignment of the oxi-
dation state of the ligand to (L'SQ)>" was later confirmed
by X-ray crystallography (see below). Both the cis and trans
isomers (with respect to the positions of the sulfo groups)
of the complex should be formed. The '"H NMR spectrum
recorded in D,O exhibits two sets of signals from the aro-
matic protons (Figure S1, 6 = 6.80-7.40 ppm), which sug-
gests that cis/trans isomerization of Na,[Pt"(L'SQ),] is slow
on the NMR timescale.

H,N SOsNa gncy,, Hel  HaN SOy
D/ H20, 24h D/
O2N CIH;3N

KoPtCly
H,0, pH 10 (NaOH)

H

cis-Na, [ P(L'S®),]

Scheme 2. Reaction scheme for the preparation of the ligand
(H5LPPY) and the Pt complex.
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UVI/Vis/NIR Spectral Analysis

During the preparation of single crystals, we noticed that
alkaline solutions of Na,[Pt"(L'SQ),] were a deep-blue color
(see the picture in the Table of Contents). In fact, the com-
plex exhibits very intense absorption at 705nm (¢ =
1.1X10°m 'ecm ™) in solution at pH 12 (Figure 1). Thus,
the Pt!"-o-phenylenediamine complex exhibits NIR absorp-
tion even in aqueous solution, in contrast to the bis(3,5-
dibromo-1,2-diiminobenzosemiquinonato) complex. We
also noticed that the deep-blue color readily disappeared at
lower pH, which prompted us to study the change with pH
of the absorption spectra of [Pt"(L'?),]*>" in aqueous solu-
tion (Figure 1). Upon lowering the pH from 12 to 7, the
blue color of [Pt"{(L'SQ),]?>" is almost unchanged. In con-
trast, when the pH was reduced from 6 to 2.9, the color of
the solution changed from deep blue to pale yellow with a
steep decrease in the absorption at 705 nm (Figure 2) and a
slight increase in the absorption bands at 420 and 822 nm
(Figure 1). Upon decreasing the pH, the spectra show an
instantaneous response to the change in pH. In contrast,
upon increasing the pH, it takes very long time for the ab-
sorbance to equilibrate resulting in an apparent hysteresis
within a limited time of measurement (ca. 1 min for each
point; Figure 2). In any case, it is striking that the complex
clearly exhibits switching of the NIR absorption properties
at a pH of around 4.5, which implies that the complex can
be used as a pH-responsive NIR-absorption probe. At the
same time, the pH-responsive behavior poses the question
as to how the complex responds to H* despite the fact that
the ligand does not have a proton-responsive functional
group with a pK, at 4.5. The long time required for equili-
bration upon increasing the pH ruled out simple acid disso-
ciation as the cause of the color change because proton
dissociation/association is usually very rapid. This
prompted us to elucidate the electronic structure of the
blue-colored complex to be designated as [Pt"(L!SQ),]?> and
also the mechanisms of the NIR absorption and the pH-
responsive behavior by using various characterization meth-
ods.

Abs.

300 500 700 900
Wavelength/nm

1100

Figure 1. pH-dependent absorption spectra of an aqueous solution
of Na,[Pt'(L'SQ),]. [Na,y[Pt"(LSQ),]] = 1.0x 103 ™, I = 0.1 (Na-
ClO,), pH 2.9-12, N, (pH was adjusted by the addition of H,SO,
or NaOH solution).
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Figure 2. pH dependence of the absorbance of Na,[Pt'(L'SQ),] at
705 nm. [Na,[Pt"(L'SQ),]] = 1.0x10°m, I = 0.1 (NaClO,), N..
The pH was first decreased from 12.0 to 2.9 (open diamond) and
then increased from 2.9 to 11.9 (closed diamond).

X-ray Analysis

As stated earlier, we were aware of the involvement of
redox chemistry in the complexation between Pt'l and o-
phenylenediamine ligands.[®! On the other hand, Wieghardt
and co-workers!'% have shown that X-ray diffraction is the
most reliable tool for assigning the redox state of the o-
phenylenediamine ligands in the complex (Scheme 1) be-
cause it allows scrutiny of the lengths of the C-C and C-N
bonds, which reflects the bond order, that is, the electronic
structure (Table 1). To determine the structure of the NIR-
absorbing complex, denoted as [Pt''(L'™SQ),]>~ in the pre-
vious section, we attempted to isolate single crystals of the
sodium salt. However, the X-ray analysis revealed that the
quality of the crystals was poor and the refinement of the
structure failed, which was attributed to the loss of crystal
water during the measurement. To expel water from the
crystal lattice, we replaced the Na* ion with a bulky and
hydrophobic cation, n-propyltriphenylphosphonium
(PPrPhs*), by addition of the bromide salt to a solution of
the complex at pH 10. Thus, we successfully obtained high
quality single crystals suitable for X-ray analysis. The OR-
TEP diagram of (PPrPh;),[Pt"(L™SQ),] in Figure 3 shows
that the complex adopts a square-planar coordination ge-
ometry with a zrans configuration with respect to the posi-

tion of the sulfo groups. The space group is P2;/c and the
two ligands are crystallographically related by a center of
symmetry. The complex has two counter-ions (PPrPh;*) in
the unit cell, which shows that the complex is dianionic. No
water molecule was found in the crystal lattice, which justi-
fies the introduction of the highly hydrophobic counter-ion
and is also effective for the tight packing of the complex
with PPrPhs* in the crystal lattice through n—n interactions
between the overlapping phenyl rings [the shortest distances
are C2-C17 3.333(8) and C1-C17 3.482(8) A]. In addition,
two NH groups form hydrogen bonds with the sulfo group
of the neighboring complex [N1--O3 3.028(6), N2---O2
3.023(6), H1--03 2.21, H2--02 2.14 A].

Figure 3. ORTEP diagram of (PPrPh;),[Pt'(L!SQ),] (at the 50%
probability level). Open circles represent imine hydrogen atoms. All
other hydrogen atoms have been omitted for clarity.

From the viewpoint of the assignment of the electronic
structure of the complex, the electric charge on the DABS
ligand in the complex is a convenient measure for distin-
guishing the oxidation states, as shown in Scheme 1. Antici-
pating the charge of Pt'l to be intact (2+), each ligand
should be dianionic in the complex because the total charge
of the complex is 2—. Because the sulfo group has one nega-
tive charge, the o-phenylenediimine part also possesses one
negative charge. Therefore the ligand can be assigned to o-
diiminosulfobenzosemiquinonate (L'™Q)>~, as shown in

Table 1. Bond lengths of the three different oxidation states of the o-phenylenediamine ligand (R™?, R'SQ and RPP') in the transition-
metal(II) complexes and the ligand (L) in the [Pt'"-DABS] complex (assigned as [Pt'/(L'SQ),]>" in this study).

N
S
K
H
Bond length [A] Ref.
C-N Cl-C2 C2-C3 C3-C4 C4-C5 C5-Co C6-Cl1
RIBQ 1.30@! 1.45 1.43 1.34 1.43 b el (o]
RISQ 1.350 1.42 1.41 1.37 1.42 bl el {1
RPDI 140! 1.40 1.40 1.40 1.40 bl el {1
L in [Pt'- 1.348(7)l! 1.427(7) 1.409(7) 1.372(8) 1.403(8) 1.369(7) 1.416(7) this study
DABS] 1.345(7)kel

[a] Average bond lengths of C1-N1 and C2-N2. [b] Same as C3-C4. [c] Same as C2-C3. [d] CI-N1. [e] C2-N2.
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Scheme 2. Furthermore, the electronic structure was con-
firmed by scrutiny of the bond lengths of the aromatic ring
(Table 1). The bond lengths of the aromatic rings can be
differentiated into two shorter C—C bonds [C3-C4 1.372(8)
and C5-C6 1.369(7) A] and four longer ones [C1-C2
1.427(7), C2-C3 1.409(7), C4-C5 1.403(8), and C6-Cl
1.416(7) A]. In addition, the C-N bond lengths are N1-C1
1.348(7) and N2-C2 1.345(7) A. By comparing the bond
lengths in the three distinct oxidation states of the o-pheny-
lenediamine ligands reported (Table 1),l'% the electronic
structure of the present complex should be neither LPP!
with a fully aromatic hexagon structure nor L'BQ with fully
alternating double/single bonds. The bond lengths coincide
well with that in o-diiminosulfobenzosemiquinonate
(LISQ)27-.

Hence, the deep-blue complex that exists in alkaline solu-
tion can be formulated as [Pt"(L'SQ),]> with a diradical
structure to support the complexation scheme showing the
involvement of autoxidation (Scheme 2). In addition, the
'H NMR spectrum of (PPrPh;),[Pt'{(L'SQ),] dissolved in
DMSO shows peaks of ArH protons in the usual aromatic
region (0 = 6.87-7.31 ppm) with no paramagnetic shifts,
which is also the case for Na,[Pt"(L'SQ),] (Figure S1). This
indicates that the two radical centers are antiferromag-
netically coupled and that the complex [Pt{(LISQ),]>
should be a singlet (total spin quantum number, Sty = 0
ground state). Wieghardt and co-workers assigned the in-
tense NIR absorption of planar singlet diradical complexes
of o-phenylenedimamine derivatives with d® metals not to a
n—n* or ligand-to-metal transition, but to ligand-to-ligand
charge transfer (LLCT).l'?! In a similar fashion, the intense
NIR absorption of [Pt'{(L'SQ),]*" at 705 nm can be assigned
to LLCT.

Electrochemistry

The cyclic voltammogram of Na,[Pt'(L'S?),] recorded at
a scan rate of 10 mVs™! in a DMSO solution containing
0.1 m (nBuyN)CIO, as supporting electrolyte exhibits three
successive redox waves at E',, = —0.26, E%, = —1.46, and
E3, = -2.08 V versus Fc*/Fc (Figure 4). Each redox wave
shows reversible electron transfer in the redox series. As-
suming each redox step to be a one-electron transfer reac-
tion at the ligand center, the redox series can be depicted
as in Scheme 3, in accordance with the redox behavior of
analogous Pt complexes with 3,5-di-rert-butyl-o-phenyl-
enediamine.l'”) Notably, the reduction wave at E',, exhibits
scan-rate dependence (Figure S2). At scan rates of 10 and
20 mVs~!, one reduction peak appears, as in the case shown
in Figure4. On the other hand, at scan rates above
50 mVs !, the reduction wave splits into two (E',.' = -0.28
and E'," = —0.45V). The splitting of the cathodic peak
E',. at high scan rates indicates that the oxidation of [Pt'!-
(L'SQ),1> to [P(LISQ)(LBR)]  is readily followed by a sub-
sequent reaction to form another redox-active species. We
suppose that [Pt(LSQ)(L™Q)]- forms a dimer [{Pt'{(L'SQ)-

Eur. J. Inorg. Chem. 2010, 3458-3465
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(L™)},]>, as shown in Equation (1), which is consistent
with the results of the EPR measurement of [Pt'(L!SQ)-
(L'™BQ)] (see below).

2APLI(LISQLIB)] == [{PU(LISQ(LIR) P ()

-3 2 -1 0 1
EN vs. Fc'IFc

Figure 4. Cyclic voltammogram of Na,[Pt'(L'S?Q),] in DMSO.
[Na,y[P(LISQ),]] = 1.0 X 1073 m, [(nBusN)CIO,4] = 0.10 M, potential
vs. Fc*/Fe, glassy carbon working electrode, Pt wire counter-elec-
trode, a scan rate of 10 mVs .

H H -
038 N‘\ /N\
N N SO3~
H H
Elin —e || +e
I H H 12-
038 N‘\ N
N N SO5~
L H H .
E21,2 —e || te”
I H H 13-
038 N’\ °N
N N 803_
(. H H .
Ep —e | +e
[ H H 14-
038 N‘\ °N
N~ °N SO;~
(. H H -

Scheme 3. The ligand-centered redox series of Na,[Pt!/(LSQ),].

At scan rates of 10 and 20 mVs!, the dissociation of
the dimer to monomer is faster than the CV scan rate and
therefore only one reduction peak for the monomer is ob-
served. At scan rates above 50 mVs !, the dissociation of
the dimer to the monomer is slower than the CV scan rate
and thus a new reduction peak arising from the dimer at
Elpc”, more negative than the E lpc’ value for the monomer,
is observed.
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Absorption spectra of Na,[Pt"(L'Q),] in DMSO solu-
tion were measured under controlled electrochemical poten-
tial (Figure 5). Without electrolysis, [Pt'{(L!S?),]?>" displays
a very intense absorption band at 724nm (¢ =
1.1 X 10° m'cm™), very similar to that observed in aqueous
solution (Figure 1), which suggests the same LLCT transi-
tion. Only a small bathochromic shift (19 nm) is observed in
DMSO solution compared with the absorption in aqueous
solution. Upon applying a potential of —0.05 V, which cor-
responds to the one-electron oxidation of [Pt'{(L!SQ),]>", the
absorption band at 724 nm disappears and others at 439
and 838 nm appear (Figure 5). Because these two absorp-
tion bands observed in DMSO closely resemble those ob-
served in aqueous solution at low pH (Figure 1), the spec-
tral change caused by oxidation of [Pt'(L™?),]*>" corre-
sponds well to the change caused by decreasing the pH of
the solution. Hence, we can infer that the pH-responsive
color change of [Pt!(L'SQ),]?>~ is caused by oxidation. It has
been reported that upon lowering the pH, the bis(o-di-
iminobenzosemiquinonato)platinum(Il) complex shows a
color change similar to that of [Pt''(L'SQ),]>-, which is
caused not by a change in the redox potential of the com-
plex but by an increase in the rest potential of the solution
at lower pH.['31 We also investigated the pH dependence of
E',, of [Pt"(L'SQ),]> upon decreasing the pH of the solu-
tion from 10.0 to 3.0 (Figure 6), which showed that the E',,
value was almost constant, being in the narrow range of
-0.19 to —0.21 V. This indicates that the complex does not
accept or release protons in the pH range. On the other
hand, the rest potential of the sample solution shows a large
increase from —0.70 to —0.10 V and exceeds E',, at pH 4.0,
which leads to the oxidation of [Pt'{(L'SQ),]*>". Thus, the
switching off of the NIR absorption at low pH is caused by
a high rest potential of the solution, which causes the oxi-
dation of [Pt(L'™SQ),]> to a species such as [Pt(L'SQ)-
(L™Q)] and the dimer [{Pt"(L'SQ)(L™Q)},]>". Therefore,
upon increasing the pH, the dimeric species [{Pt"(L'SQ)-
(L™Q)},]> should eventually give [Pt'(L'SQ),]*" by re-
duction by the rest potential. Because dissociation of
[{PtU(LISQ)(LIBQ)},]> to the monomeric species [Pt(LISQ)-

600

800 1000

Wavelength/nm

Figure 5. Absorption spectra of Na,[Pt"(L!SQ),] (solid line) and the
electrochemically one-electron-oxidized species (dotted line) in
DMSO. [Na,[Pt'(L'SQ),]] = 1.0 X 10* M, [(nBuyN)CIO,] = 0.10 M,
potential vs. Fc*/Fc, Pt mesh electrode, Pt wire counter-electrode,
cell thickness: 1 mm.
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(L™Q)]" is slow, as shown by CV, the color change of the
complex solution upon increasing the pH should be slow to
attain equilibrium, as described earlier (Figure 2).

0
X
» & * * o ®e e o
-0.2 S
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€ -04 ©
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< ¢ rest potential
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-0.8
2 4 6 8 10
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Figure 6. Dependence of E',, of [Pt"{(L'SQ),]>~ and the rest poten-
tial of the solution on the apparent pH. [Na,[Pt'{(L'SQ),]] =
1.0 X 1073 M, [(nBugN)CIO4] = 0.10 M in DMSO.

In addition, because E',, can be controlled by substitu-
ents, the pH-switching region of the NIR absorption is tun-
able. Namely, owing to the electron-withdrawing SO;~
groups, the E'y, value of [Pt™(L'™SQ),]> is larger than that
of the bis(o-diiminobenzosemiquinonato)platinum(II) com-
plex (E',, = -0.26 to —0.28 V) in DMSO, which results in a
color change at a lower pH of around 1 pH unit.[!?]

EPR Spectroscopy

To clarify the electronic structures of the one-electron-
oxidized and -reduced species of [Pt'{(L'SQ),]>" shown in
Scheme 3, we studied the chemically oxidized or reduced
complexes by EPR spectroscopy. First, we recorded at room
temperature and at 77 K the EPR spectrum of [Pt'{(L'SQ)-
(L™Q)]-, which seemed to exist at lower pH and be a pre-
cursor of the dimer at pH <4.0 (Table 2). At room tempera-
ture, the complex in DMSO exhibits a signal at g = 1.980,
similar to the g values reported for [M(RSQ)(RBQ)]-type
complexes (see Table 2), which supports the electronic
structure of the present one-electron-oxidized complex as
[PtII(LISQ)(LBQ)]-. Notably, the signal intensity is as low as
around 1% of what is expected from the solute concentra-
tion, which indicates that the concentration of paramag-
netic species [Pt™(L™SQ)(L™Q)]~ in DMSO decreases signifi-
cantly as a result of the formation of substantial amounts of
the diamagnetic dimer [{Pt'(LSQ)(L!BQ)},]>". The DMSO
solution at 77 K does not give any measurable EPR signal,
which suggests that the complex is completely dimerized.
Regardless of the temperature, the aqueous solution of the
complex is EPR silent, which indicates that [Pt(LSQ)-
(L™Q)]- completely dimerizes in aqueous solution at
pH <4.0. It may be said that the highly polar environment
forces the monomer, which has a hydrophobic moiety, to
dimerize [Equation (1)]. From above, one can conclude that
the one-electron oxidation of the diamagnetic complex
[PtI(LISQ),]>~ should yield the paramagnetic complex [Pt
(L™SQ)(L™Q)]- immediately followed by the formation of the

Eur. J. Inorg. Chem. 2010, 3458-3465
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Table 2. EPR parameters for [M(R'SQ)(R!BQ)]-type complexes.
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M Ligand Solvent Temperature g Ref.

P!t DABS water room temperature —lal this study
water 77K —lal this study
DMSO room temperature 1.980M! this study
DMSO 77K —lal this study

Pt!! o-phenylenediamine DMSO room temperature 1.982 (i

Pd!! o-phenylenediamine DMSO room temperature 1.996 (i

Nilt o-phenylenediamine DMSO room temperature 1.997 (

P!t 3,5-di-tert-butyl-o-phenylenediamine ~ CH;CN 30K 1.988l¢l (o]

[a] EPR silent. [b] The intensity of the signal was quite low. [c] g, value.

diamagnetic dimer [{Pt"(L™SQ)(L™Q)},]?>" in aqueous solu-
tion (Scheme 4). This is consistent with the CV results,
which reveal a reduction peak of the dimer species
[{PtY(LISQ)(LIBQ)},]> at high scan rates (Figure S2, b). Di-
merization of [M(RISQ)(R!BQ)]-type complexes is not pe-
culiar to the present complex [{Pt(LSQ)(L'™Q)},]>, but
has been exemplified by several one-electron-oxidized com-
plexes. For instance, [M"(R™SQ)(RBQ)]-type complexes such
as bis(o-diiminobenzosemiquinonato)platinum(II), bis(o-di-
iminobenzosemiquinonato)palladium(Il), and  bis(o-di-
iminobenzosemiquinonato)nickel(Il) display a low-intensity
EPR signal only in DMSO solution at room temperature,
which suggests the formation of the dimer (Table 2).[!'!] In
addition, crystallographic evidence for bis(o-diiminobenzo-
semiquinonato)platinum(II),['3]  bis(N-phenyl-o-diimino-
benzosemiquinonato)platinum(I1),['" and  bis(3,5-di-zert-
butyl-o-diiminobenzosemiquinonato)nickel(II)!°! have
shown that two [M"(R'SQ)(R!BQ)] units are connected
through M"-M" interactions. Therefore one can anticipate
that [{Pt"(L'SQ)(L™Q)},]>> may adopt the same dimeric
structure connected through a Pt"—Pt! interaction.

[PH(L'SY),1>- blue solution

+e” ||—€

[PHLS)(LENT

1

2_

M N sor
e S@/F’t!l 4@’ 3
3 HN— HN
H N
NI N -
-0 Sz@é/Pt” 7@803
3 HN— HN

yellow solution

{[PHL'S)(LBY >

Scheme 4. Reaction scheme for the pH-responsive switching of the
NIR absorption of Na,[Pt'[(L!SQ),].

Secondly, we investigated one-electron-reduced species
[PtI(LISQ)(LPPY] obtained by reduction of [Pt{(LISQ),]>
with a 10-fold amount of SnCl, in alkaline DMSO, which
shows a clear EPR signal at 77 K with the metal hyperfine
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coupling for three principal directions (Figure 7, d). All
three central lines of the rhombic signal are split into a
doublet by coupling with %Pt (33.7%, I = '4). Simulations
(Figure 7, a—c) were performed to determine the EPR pa-
rameters (g, = 1.962, g, = 2.207, g. = 1.776) and hyperfine
coupling with 5Pt (33.7%, I = Ya; A,'%5P = 695, 4,'95P
= 259.5, A.'%Pt = 465 MHz; for the assignment, see the
Supporting Information). By using these g values and hy-
perfine coupling constants, we estimated the spin density at
the central Pt to be 32.3% according to the method of
Holm (see the Supporting Information).['*!3 The value is
a reasonable estimate because the DFT calculation of the
analogous [Pt!(RISQ)RPP)]-type square-planar complex
of 2-anilino-4,6-di-zert-butylphenol indicated that the out-
of-plane d,. orbital of the Pt'" readily mixes with the p.
orbital of the ligand and thereby acquires some metal char-
acter (spin density: 23.7%).[1¢]

(a) 195pt, 1= 1/2,33.7 %

1=0,66.3 %

(c) Sim
(d) Exp
300 350 400
B/ImT

Figure 7. EPR spectrum of [Pt'{(LSQ)(LPPY)]3- at 77 K. (a) Simu-
lated for 1°°Pt, I = '%; (b) simulated for 7 = 0; (c) (a) + (b); (d) chem-
ically generated [Pt'(LISQ)(LFPPH]*- in frozen DMSO solution. [[Pt"
I(L1SQ),17] = 1.0X 103 M, [SnCl,] = 1.0 X 102 M, microwave fre-
quency 9.23081 GHz, microwave power 10 mW, field modulation
5G.

Thus, the EPR spectrum of the one-electron-oxidized
species of [Pt(LSQ),]>~ with a very weak signal of [Pt'l-
(LSQ)(LBQ)]- at room temperature suggests the formation
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of the dimer [{Pt(L'Q)(L™Q)},]>". Also, the EPR spec-
trum of the one-electron-reduced species of [Pt'(L!SQ),]>
confirms the paramagnetic structure of [Pt'{(LISQ)(LPPH]3-,
This EPR evidence for the imino radical electronic structure
of [P(LBSQYLEBAT and [P(LISQ)LFPY)3, which are
both adjacent to [Pt'(L'SQ),]>* in the redox series
(Scheme 3), in turn support the diradical structure of [Pt-
(LS,

Conclusions

In this study we have successfully prepared a water-solu-
ble singlet diradical complex [Pt"(L'SQ),]>" to show that
strong absorption of NIR light can be achieved with a Pt!!
complex in aqueous solution. It has also been clarified that
the pH-dependent NIR absorption switching of [Ptl-
(L'SQ),]>" is caused by an increase in the rest potential of
the solution that leads to its oxidation to form [Pt'(L!SQ)-
(L™Q)]-  immediately followed by dimerization to
[{Pt(LISQ)(LBQ)},]>~. Taking advantage of the high water
solubility and the switching behavior, the diradical [Pt-
(L'SQ),]?>" complex can be applied as a highly sensitive NIR-
absorbing contrast agent that responds to the pH and/or
redox potential of its microenvironment.

Experimental Section

Materials and Methods: Potassium tetrachloroplatinate(Il) was pur-
chased from Nacalai Tesque (Kyoto). Sodium 2-nitroaniline-4-sul-
fonate was purchased from Tokyo Chemical Industry Co., Ltd. (To-
kyo). Tin(Il) chloride dihydrate was purchased from Wako Pure
Chemical Industries, Ltd. (Tokyo). All reagents were used without
further purification.

The electronic spectra were recorded with Shimadzu UV-3100PC
and JASCO V-570 spectrometers. The '"H NMR spectra were ob-
tained with a Bruker DPX-400 spectrometer using D,O or [Dg]-
DMSO as solvents and (3-trimethylsilyl)propanesulfonic acid so-
dium salt (DSS) as an external standard for D,O. Electrospray ion-
ization mass spectrometry (ESI-MS) was performed with a Bruker
APEX III Fourier-transform ion-cyclotron resonance mass spec-
trometer. The cyclic voltammetric measurements were performed
with a Hokuto Denko HAB-151 using a glassy carbon working
electrode, a Ag/AgNOj; reference electrode, and a Pt counter-elec-
trode in DMSO solution containing 2 mm NaOH to dissolve the
complex and 0.1 M (nBu),;NCIO, as the supporting electrolyte un-
der N,. Potentials are referenced to the half-wave potential
(+0.024 V) of the ferrocenium/ferrocene couple (Fc*/Fc). Spectro-
electrochemistry was performed with Hokuto Denko HAB-151 and
JASCO V-570 instruments using a spectroelectrochemical cell (light
path length: 1 mm) with a Pt mesh working electrode, a Pt counter-
electrode, and an Ag/AgNO; reference electrode. The pH measure-
ments were performed with a TOA HM-30V pH meter with a G51—
5421C combined electrode. The EPR spectra were recorded with a
Varian E112 spectrometer and simulated using a program written
in our laboratory.

H;LPPLHCL: A solution of sodium 2-nitroaniline-4-sulfonate
(2.1 g) in water (15 mL) was added to a solution of SnCl,-2H,0O
(9.0 g) dissolved in a mixture of 66% (v/v) ethanol (30 mL) and
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12M HCI (10 mL). The reaction mixture was stirred at 0 °C for
24 h to give white precipitates. The crude product was filtered and
recrystallized from heated 6 M HCI to give colorless crystals of 3,4-
diaminobenzenesulfonic acid monohydrochloric acid (H;LPP-HCI,
0.12 g, 52% yield). '"H NMR (400 MHz, D,0): § = 6.88 (d, J =
8.18 Hz, 1 H, ArH), 7.17 (dd, J, = 2.11, J, = 8.17 Hz, 1 H, ArH),
7.21 (d, J = 2.08 Hz, 1 H, ArH) ppm. C¢HoCIN,OS (224.66):
caled. C 32.08, H 4.04, N 12.47, S 14.27, C1 15.78; found C 31.85,
H 3.95, N 12.38, S 13.98, Cl 15.46.

Na,[Pt(L'SQ),]: A solution of K,[Pt''Cl,] (0.21 g) dissolved in
water (ca. S mL) was added in small portions to an aqueous solu-
tion of H;LPPI-HCI (0.22 g) in water (10 mL) and then aq. NaOH
was added to adjust the pH to 10. Stirring the mixture at room
temperature for 2 d gave a dark-green precipitate, which was col-
lected by filtration, washed with cold water, and dried in vacuo to
afford Na,[Pt"(L'SQ),] as a powder in both the cis and trans forms
[0.27 g, 47% vyield (total)]. '"H NMR (400 MHz, D,0): § = 6.78/
6.93 (d, J = 8.84/8.84 Hz, 1 H, ArH), 7.01/7.02 (dd, J; = 1.92/2.00,
J> =8.76/8.72 Hz, 1 H, ArH), 7.37/7.38 (d, J = 1.64/1.52 Hz, 1 H,
ArH) ppm. 3C NMR (100 MHz, D,0O): 6 = 119.1/119.2 (ArCH),
121.2/121.5 (ArCH), 121.5/122.5 (ArCH), 138.5/138.3 (ArQ),
157.1/156.6 (ArC), 159.3/159.9 (ArC) ppm. Although the assign-
ment was not clear, the intensities of the two signals of cis- and
trans-Na,[Pt''(L'SQ),] were in an approximate 1:1 ratio. MS (ESI):
caled. for [M — 2Na]> 282.4844; found 282.4850; calcd. for [M —
Na]™ 587.9585; found 587.9595.

(PPrPhy),[Pt"(L'SQ),]:  n-Propyltriphenylphosphonium bromide
(PPrPh;Br; 0.077 g) was added to a deep-blue aqueous solution of
Na,[Pt!(L'SQ),] (0.056 g in 10 mL water), the pH of which had
been adjusted to 10 with aqueous NaOH. Crude purple crystals
were formed and collected by filtration, washed with cold water,
and dried in vacuo to afford (PPrPhs),[Pt!(L'SQ),] (0.081 g, 75%
yield) as a powder. The diffusion of acetone vapor to a methanolic
solution of (PPrPh;),[Pt'(L'SQ),] afforded purple-colored single
crystals of trans-(PPrPh;),[Pt(L'SQ),]. TH NMR (400 MHz, [Dg]-
DMSO): 6 = 1.07 (t, J = 7.27 Hz, 3 H, CH,CH3), 1.56 (m, 2 H,
CH,CH,CH3), 6.87 (dd, J, = 1.64, J, = 8.66 Hz, 1 H, ArH), 6.98
(d, J =8.76 Hz, 1 H, ArH), 7.31 (s, 1 H, ArH), 7.77 (m, 12 H,
ArH), 7.90 (m, 3 H, ArH), 10.0 (br., 2 H, NH) ppm. The two pro-
ton signals of the methylene moiety of PPrPh; were not observed
due to overlapping with the water peak. Cs4Hs4N4OqP,PtS,
(1176.16): caled. C 55.14, H 4.63, N 4.76, S 5.45; found C 54.81,
H 4.80, N 4.80, S 5.20.

X-ray Crystallography: Single-crystal X-ray diffraction data were
collected with a Bruker AXSII CCD diffractometer using Mo-K,,
radiation (1 = 0.71073 A) employing a “Bruker Helios multilayered
confocal mirror” as monochromator and a “Bruker TXS fine-focus
rotating anode” as radiation source. Data integration and re-
duction were performed with the SAINT and XPREP software and
the absorption correction was performed by the semi-empirical
method with SADABS.I'7] The structure was solved by the direct
method using SHELXS-97'8! and refined by using least-squares
methods on F? with SHELXL-97.1'8 The two NH protons were
found as follows. The final difference Fourier map showed two
peaks in the expected positions with N1-HI of 0.82 A and N2-N2
of 1.0 A, which were first refined with the isotropic temperature
factors. However, they did not converge to expected N-H distances.
Therefore the positions were fixed in the amide geometry (N-H
0.88 A) and only temperature factors were refined to give reason-
able values (B, = 2.5 and 4.8 A2 for HI and H2, respectively),
thus proving clearly the existence of the N-H bonds. X-ray analysis

Eur. J. Inorg. Chem. 2010, 3458-3465



pH-Responsive Switching of a Platinum(II) Complex

Eur|IC

was undertaken using the free GUI software of Yadokari-XG
2009.1"1 Crystal data and structure refinement for complex
(PPrPh;),[Pt"(LSQ),] are summarized in Table 3.

Table 3. Crystallographic data for (PPrPhs),[Pt'(L™SQ),].

Parameter (PPrPh;),[Pt"(LSQ),]
Empirical formula Cs4Hs4N4O6P,PtS,
Formula mass 1176.16

Temperature [K] 173

Wavelength [A] 0.71073
Crystal system monoclinic
Space group P2,/c

Unit cell dimensions

a[A] 9.969 (2)
b[A] 17.477(3)
¢ [A] 15.006(3)
£ ) 106.627(2)
Volume [AJ] 2505.3(8)
VA 2

Density (calcd.) [g/cm?] 1.559
Absorption coefficient [mm™] 3.003
F(000) 1188
Crystal size [mm? 0.10 X 0.05%0.04
Crystal color purple

Reflections included in
the refinement (total)
Independent reflections
Reflections with [7>2a(1)] 4408 [R(int) = 0.0418]
Completeness to .y [70] 99.9

Refined parameters 315

Final R indices [all data] R,[#1 = 0.0476, wR,®! = 0.1025
Final R indices [I>2a(1)] R,[#1 = 0.0398, wR, = 0.0979
GOF on F? 1.158

p (max, min) [eA 3] 1.608, —1.731

[a] RI(F) = z“”Fo' - |Fc"/Z|Fo| [b] WRZ(FZ) = [EW(FOZ - FC2)2/2W(F02)2]‘/2.

25674 (1.83°<0<26.50°)

5196 [R(int) = 0.0587]

CCDC-766406 contains the supplementary crystallographic data
for this paper. These data can be obtained, free of charge, from The
Cambridge Crystallographic Data Center at www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): 'H NMR spectrum of Na,[Pt'(LSQ),], cyclic voltam-
mogram of Na,[Pt'[(LSQ),], EPR spectrum of [Pt!(LISQ)(LBQ)]-,
and an estimation of the EPR parameters and spin density at the
Pt'! center.
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Density functional calculations

A dramatic increase in the second-order nonlinear optical
(NLO) response of terpyridine-substituted hexamolybdates
has been observed from 886.55X 1073°esu (system 1) to
4622.92 X 103%esu (system 7). The dipole polarizabilities
and second-order nonlinear optical (NLO) properties of ter-
pyridine derivatives of hexamolybdates have been investi-
gated by using time-dependent density functional theory
(TDDFT). The quantum mechanical design suggests that
[MogO15(N4Co5H;4(CF3), (CN)y)]% (system 7) is the best

choice among all studied systems to improve nonlinearity.
The electron-withdrawing ability of electron-acceptor groups
(F, Cl, Br, I, CF3, and CN) at the end of the terpyridine ligand
directs the charge transfer (CT) from the POM cluster to the
terpyridine segment along the z axis, which leads to an ef-
ficient second-order NLO molecular design. These small
changes in molecular composition by substitution may have
disproportionately huge effects on the NLO properties, which
can be attributed to the so-called “butterfly effect”.

Introduction

Polyoxometalates (POMs) are a versatile and diverse
class of inorganic cluster systems recognized by fascinating
structural, electrochemical, catalytic, magnetic, medicinal,
and photophysical properties.'-# The development of ratio-
nal methods for the modification and functionalization of
POM systems may provide the means to fully exploit these
desirable attributes. Preparation of POMs incorporating
various main groups, organic, and organometallic frag-
ments now constitutes a significant area of research, whose
scope and pace continue to increase.l!

The design and synthesis of second-order nonlinear op-
tical (NLO) materials have been attracting more and more
appreciation due to their potential implications in optoelec-
tronics.[*81 On the basis of experimental and theoretical re-
search work, various principles and rules to enhance sec-
ond-order NLO response have been developed, for example,
the planar donor m-conjugated bridge acceptor (D-m-A)
model,”! bond length alternation (BLA) theory,['" auxiliary
donors and acceptors model for heterocycles,'!'~131 and
twisted m-electron systems.['41¢ Directed by these strate-
gies, large second-order NLO responses can be achieved by
optimizing the D/A strength or elongating the conjugated

[a] Institute of Functional Material
Chemistry, Faculty of Chemistry, Northeast Normal University,
Changchun 130024, P. R. China
Fax: +86-431-8568-4009
E-mail: Dr_Janjua2010@yahoo.com
zmsu@nenu.edu.cn
[b] Department of Chemistry, University of Sargodha,
Sargodha 40100, Islamic Republic of Pakistan
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bridge.l'” In the past two decades, considerable efforts have
been focused on the development of one-dimensional (1D)
NLO materials. However, this work is also devoted to im-
prove the nonlinearity of 1D systems.

Presently, POM-based organic-inorganic hybrid materi-
als are the center of debate in our research group.['®21l
POMs have been found to be extremely versatile inorganic
building blocks for constructing functionally active materi-
als, and POM-based organic-inorganic hybrid compounds
are the combination of POMs with organic ligands.[?>2¢!
Several reasons make these hybrids excellent candidates for
novel NLO materials. Firstly, they offer a wide range of
metals with different coordination states and various or-
ganic groups which possess large m-conjugated sys-
tems.?”2%1 Secondly, many of these compounds are known
to possess intense low-lying electronic transitions.[’?l Last
but not least, POMs have been found to be extremely flexi-
ble building blocks as the non-centrosymmetric molecular
structures can be achieved easily for such compounds.l??2°

In the present work, we have designed different sorts of
molecular systems by introducing various electron ac-
ceptors at the end of the terpyridine ligand. We performed
TDDFT analysis on the terpyridine derivatives of hexamol-
ybdates and have calculated remarkably enhanced first hy-
perpolarizabilities (second-order polarizabilities). The sys-
tems with enhanced second-order NLO response have been
constructed by incorporation of different electron-with-
drawing groups (F, Cl, Br, I, CF;, and CN) at the endmost
and lateral terminal positions (R and R!) of the terpyridine
ligand. It is noteworthy that in all our studied systems the
electron-accepting property of the POM cluster has been
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changed, as it acts as a donor and the terpyridine ligand
acts as an acceptor (D-bridge-A) by the charge-transport
property of the n-conjugated bridge. This work may provide
a basis to experimentalists for designing materials with en-
hanced NLO response.

Results and Discussion

We have designed different types of systems by substitut-
ing various electron acceptors at the endmost and lateral
terminal positions of the terpyridine ligand. After making
calculations on numerous systems, we came to know that,
interestingly, positions R! and R, as shown in Figure 1, are
most suitable to increase nonlinearity in terpyridine-substi-
tuted hexamolybdates. The f§ value of system 1 is calculated
to be 886.55X 103 esu. On the basis of this considerable
NLO response of system 1, we were inspired to design sys-
tems 2-7, which show appealingly large second-order NLO
responses as compared to system 1. First of all, the geomet-
rical optimization of systems 1-7 was carried out under the
C,, symmetry constraint, where the initial geometric data
were obtained from the crystal structure.*”] The structures
of these systems are depicted in Figure 1, and the optimized
bond lengths and angles are compared in Table 1, which
are in reasonable agreement with the reported experimental
data. As shown in Figure 1, a hybrid structure incorporat-
ing a terpyridine ligand bearing various electron-acceptor
moieties to a hexamolybdate cluster has been designed. The
imido-functionalized hexamolybdate cluster exhibits fea-
tures characteristic to other arylimido derivatives,*°# such
as a short Mo-N bond length, a linear/near-linear Mol—
NI-C1 bond angle, a closer distance of the central oxygen

System 1- R! =R = H (C,, symmetry) R!
||| 5 System 1a- R!

=R =H (no symmetry)

R
[ .
0 Designed derivatives of System 1
y :

2-R'=R=F

3-R'=F;R=Cl

4-R'=F;R=Br

5-R'=F;R=1

6-R'=CFy;R=1

7-R!'=CF;; R=CN

7a-R! = CF3; R = CF;3

7b-R!'=CN; R=CN

Figure 1. The orientation and calculation models of studied sys-
tems.
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(O1) to the imido-bearing Mol atom than to the other Mo
(Mo2, Mo3, Mo4, Mo5, and Mo6) atoms. Moreover, C1—
N1 and Mo1-N1 distances (A) of the designed systems have
also shown good consistency with the experimental values
of system 1. This agreement between experimental and cal-
culated parameters of system 1 gives us confidence that the
present study is consequential for this research, although
the symmetry axis is along the z axis for our studied sys-
tems (1-7).

Table 1. Bond lengths (A) and angles (°) calculated by DFT for
systems 1-7.

System 1 2 3 4 5 6 7
CI-N1 1.344 (1.375)@ 1.340 1.340 1339 1339 1.336 1.335
Mol-N1 1.820 (1.747)  1.824 1.824 1.823 1.824 1.829 1.831
Mol-Ol 2222 (2213) 2221 2221 2220 2221 2220 2222
Mo2-01 2364 (2.346) 2364 2364 2364 2364 2.363 2.363
Mo3-0l1 2368 (2.336) 2368 2368 2367 2367 2.367 2.367
Mo4-Ol1 2364 (2.323) 2364 2364 2364 2364 2.363 2.363
Mo5-0Ol 2368 (2.332) 2368 2368 2367 2367 2367 2.367
Mo6-O1 2439 (2.364) 2442 2442 2443 2444 2447 2446
CI-NI-Mol 180 (175.83) 180 180 180 180 180 180

[a] Experimental values in parentheses are from ref.[3%!

Static Second-Order NLO Response

In order to have a better understanding of the second-
order NLO response (ff), a knowledge of the dipole polari-
zability is also important. The average polarizability, <a>
is defined in [Equation (1)].
<a> = 1/3 (ayy + ay, + a..) (1)

There are three components of dipole polarizability a..,

a,,» and a... There exists C,, symmetry in our studied sys-
tems, and the a.. component has the largest value as com-
pared to the a., and a,, components, and the property of
the studied compounds (1-7) is predominantly evaluated by
the z-direction transition (Figure 1). The formula of dipole

polarizability along the z direction is defined in Equa-
tion (2).

= E, 2

Equation (2) shows that the a value is directly pro-
portional to the transition moment and inversely pro-
portional to the transition energy. The transition moment
(M_#™) and the corresponding dominant molecular orbital
(MO) transitions of systems 1-7 are enlisted in Table 3. The
average polarizability, <a>, of the systems is in the follow-
ing order: 7> 6>5>4>3>2>1, as shown in Table 2.
The calculated dipole polarizability coefficients for systems
1-7 are listed in Table 2.
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Table 2. The computed dipole polarizabilities (1 X 102*esu) for

systems 1-7.

System Oyx Gy a.. <a>

1 105.73 65.22 285.01 151.98
2 106.76 65.08 320.90 164.25
3 108.66 66.90 334.51 170.02
4 109.97 68.32 342.30 173.53
5 110.69 68.40 348.60 175.90
6 123.53 71.82 415.19 203.51
7 135.89 70.09 476.00 227.32

The TDDFT results demonstrate that the electronic tran-
sitions in systems 2, 3, and 6 mainly occur from the POM
(HOMO and HOMO-4) to the terpyridine ligand
(LUMO++6) along the z direction. This tendency of charge
transfer also occurs in system 4 (HOMO and HOMO-4 to
LUMO+8), 5§ (HOMO to LUMO+2 and LUMO+1), and
7 (HOMO and HOMO-4 to LUMO+2). The frontier mo-
lecular orbitals involved in the dominant electron transi-
tions in systems 2-6 are shown in Figures 2 and 3, and all
these transitions have 4, symmetry, as listed in Table 3.
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Figure 2. The frontier molecular orbitals of systems 2-6 involved
in the dominant electron transitions.

The changes in the molecular structures modify the con-
tribution of different orbitals to the electronic transitions.
The dominant electronic transitions for the studied com-
pounds have the same A; symmetry, and the major charge
transfer originates from the POM cluster to the terpyridine
ligand along the z axis. This attribute indicates that the ter-
3468

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Acceptor

Donor Conjugated bridge

Charge Transfer

t'—. /.1

'J

LUMO+2 (7)

Figure 3. The frontier molecular orbitals of system 7 involved in
the dominant electron transitions with D-A molecular configura-
tion of the POM.

Table 3. Excitation energy (in eV), oscillator strengths (f), sym-
metry (S), transition moment (M_#"= a.u.),") and corresponding
dominant MO transitions of systems 2-7.

System E f S ME™ MO transition

2 225 0634 4, 3.395 HOMO — LUMO+6 (59%)
HOMO-4 — LUMO+6 (30%)

3 226 0739 4, 3.654 HOMO — LUMO+6 (64%)
HOMO-4 — LUMO+6 (24 %)

4 226 0776 A4, 3737 HOMO — LUMO+8 (66%)
HOMO-4 — LUMO+8 (23%)

5 134 0331 4, 3.179  HOMO — LUMO+2 (54%)
HOMO — LUMO+1 (39%)

6 214 0525 4 3.168 HOMO — LUMO+6 (43%)
HOMO-4 — LUMO+6 (20%)

7 1.04 0387 4, 3.884 HOMO — LUMO+2 (85%)

HOMO-4— LUMO+2 (7%)

[a] Mxng = Mvng =0

pyridine ligand acts as an acceptor and the POM (hexamol-
ybdate) acts as a donor in our all designed systems. The
direction and degree of charge transfer have been remarka-
bly enhanced in system 7 relative to system 1, and all the
system operate through a D-n-bridge-A configuration. The
direction of CT from the POM to the terpyridine segment
has been reasonably improved by incorporation of F, Cl,
Br, and I (2-5), while the presence of CF; and CN (systems
6 and 7) have significantly enhanced the optical nonlinear-
ity.

In our compounds, the direction of the dipole moment
is along the z axis, S, 18 defined in Equation (3).

Buee = Zpifdlnl i = x.3,2 ©)

where ;= (3/5)Z; = « .- By

The computed f,.. values with their individual compo-
nents for systems 1-7 are shown in Table 4. There are seven
components of the second-order polarizability as a result
of the C,, symmetry. As we have mentioned that the ...
component has the largest value, the major share of the
second-order polarizability is the f... component, and the

major charge transfer is also along the z direction. All the
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systems (2-7) have larger second-order polarizability than
system 1 as shown in Table 4, which indicates that all the
studied systems have an excellent second-order NLO re-
sponse.

Table 4. The computed static second-order polarizabilities and their
individual components (1 X 103 esu) for systems 1-7.

SYStem ﬂ::: ﬂ}y: ﬂxx: ﬁyzy ﬂzyy ﬁx:x .Bzxx ﬁvec

1 144480 1.87 30.72 1.87 1.87 30.72 30.72  886.55
2 1971.50 1.90 75.03 190 190 7503 7503 122921
3 203720 1.68 7224 1.68 1.68 7224 7224  1266.79
4 2079.90 2.16 72.10 216 216 7210 7210 1292.63
5 208490 1.76 6632 1.76 1.76 6632 6632 129193
6 3457.50 2.60 303.38 2.60 2.60 303.38 303.38 2258.32
7 6028.10 3.34 1672.60 3.34 334 1672.60 1672.60 4622.92

The computed f,.. values of the studied systems show
that the NLO response is in the following order: 7 > 6 > 5
~4 >3 >2 > 1. The ... component of system 7 has the
highest value, as it shows the largest f,.. among systems
1-7. However, in our systems the accepting ability of the
terpyridine ligand has been enhanced by incorporation of
various electron-withdrawing groups, which help to increase
the optical nonlinearity in such types of organic-inorganic
hybrid compounds.

In system 7, the two CF; groups at the lateral terminal
position and the CN group at the endmost terminals of the
terpyridine enhance the withdrawing ability of the terpyrid-
ine segment, so the f.. value increases from 886.55 X
1073% esu (system 1) to 4622.92 X 1073 esu (system 7). Sys-
tem 7 offers maximal NLO response among all seven sys-
tems by establishing a D-bridge-A configuration, which
also indicates that the POM acts as a donor in our all
studied systems. The degree of charge transfer and the syn-
ergistic effect between the POM (D) and the terpyridine
ligand have been strongly enhanced by introduction of dif-
ferent electron acceptors by various ways, particularly
through the increased strength of the electron acceptor.
Most importantly, for our studied organic-inorganic hybrid
materials, nonlinearity has been appealingly improved by
the introduction of the CF; and CN simultaneously, which
is helpful in enhancing the degree of charge transfer by
decreasing the excited state energy, which leads to a remark-
able increase in the first hyperpolarizability (see Figure 3
and Table 3).

Oudar and Chemlal®! formulated a simple link between
molecular hyperpolarizability and electronic transition in
low-lying crucial excited states. On the basis of the complex
sum-over-states (SOS) expression, the paradigm two-level
model can be defined by Equation (4).

Aok,

P Ap. “

In Equation (4), Aug. is the dipole moment between the
ground state (g) and the excited state (e), f. is the oscillator
strength, and AE,. is the transition energy. These factors
(Aitge, fos» and AE,) are closely related with each other and
governed by choice/strength of donor/acceptor along with
conjugated bridge. The most favorable combination of these
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factors can provide a larger f value. On the basis of this
rule in the above model, we have designed different func-
tionalized terpyridine derivatives of hexamolybdate systems
by introducing different acceptors at the end of the terpyr-
idine ligand. Overall, for our studied systems, low excitation
energy along with high oscillator strength are the decisive
factors to improve nonlinearity. The redshift of the absorp-
tion band indicates the substitution of the acceptor, which
is much pronounced in system 7. The excitation energy of
system 7 is 1.04 eV, while that of system 2 is 2.25 ¢V, which
indicates that a low-lying transition energy is a decisive fac-
tor towards enhanced NLO response in system 7. Clearly,
the excitation energy will tend to make a dominant contri-
bution to the f,.. values of the studied compounds, as we
have already illustrated that the f value is directly pro-
portional to oscillator strength and inversely proportional
to the transition energy.

In short, the large f,.. values come from the strong oscil-
lator strength and small transition energy as shown in
Table 3. The NLO response of systems 1-7 follows the or-
der7>6>5=4>3>2>1, and it is obvious that
system 7 offers the maximum S value by establishing a D-
bridge-A configuration. It is also clear that substitution of
a strong electron acceptor has a majestic influence on the
second-order NLO properties in our studied systems. From
these results, it can be concluded that incorporation of elec-
tron-acceptor groups at the end of the terpyridine ligand is
helpful in enhancing nonlinearity and of course the f value
as well. Therefore, larger f,.. values are generated, as elec-
tron transition occurs from the POM cluster to the terpyr-
idine segment along the z axis.

It is generally believed that the low-lying HOMO-
LUMO energy gap might enhance molecular second-order
NLO properties. The HOMO-LUMO energy gaps of sys-
tems 1-7 decrease in the following order: 1 > 2 >3 =4 =
5 > 6 > 7, while the NLO response increases accordingly
as follows: 1 <2 <3 <4=5<6 < 7. Moreover, it can
be seen from Figure 4 that the HOMO-LUMO energy gap
of system 7 has a minimal value of 0.17 eV, which supports
its highest nonlinearity in our studied systems; the incorpo-
ration of electron acceptors (F, Cl, Br, I, CF5, and CN) are
vital determinants for the larger f value. These POM-based
organic—inorganic hybrid compounds can become an excel-
lent kind of material in the second-order NLO field. The
electron-acceptor in the terpyridine segment enhances the
first hyperpolarizability, as the POM cluster acts as a donor
and the terpyridine ligand acts as an acceptor in all the
studied systems 1-7 (Figure 5).

On the basis of systems 1-7, we were also inspired to
probe into the following questions. First, all the systems
have been optimized under the C,, symmetry constraint; is
there any role of torsion of the terpyridine ligand in mod-
ifying the charge-transfer? Second, what is the role of CF;
and CN at the end of the terpyridine ligand individually?
In order to answer these questions, we investigated the be-
havior of the terpyridine ligand by optimizing the crystal
system (1a) with original torsion (crystal system having no
symmetry: C;) as illustrated in Figures 1 and 6. We found
3469
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Figure 4. Molecular orbital energy diagram, fe. X 1073 esu, and
HOMO-LUMO energy gaps of systems 1-7.
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Figure 5. An incremental boost in NLO response (X 1073 esu)
from systems 1 to 7.

that, even with the torsion of the terpyridine ligand as in
system 1la, the direction of charge transfer was from the
POM cluster to the terpyridine ligand, that is, HOMO —
LUMO+6 and HOMO-5 — LUMO+3, as shown in Fig-
ure 6 and Table 5. The f,.. value of system 1a is calculated
to be 926.72 X 1073% esu, which is comparable with the f
value of system 1 (system with C,, symmetry), calculated
to be 886.55X 103 esu.

To further study the individual role of CF; and CN, we
also calculated systems 7a and 7b, as shown in Figures 1
and 6. On substituting CF; (system 7a) on both terminal
positions R and R!, the f,. value was computed to be
3060.89 X 1073 esu, while on substituting CN (system 7b),
the fye. value was calculated to be 3965.15X 1073° esu (see
Tables 5 and 6). From this it is clear to see that CN has
more influence on enhancing NLO response as compared
to CF3, as shown in Table 6. Therefore, we may say that
system 7 has the synergetic effect of the two substituents
3470
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Figure 6. The frontier molecular orbitals of systems 1a, 7a, and 7b
involved in the dominant electron transitions.

Table 5. Excitation energy (E in eV), oscillator strengths (f), sym-
metry (S), transition moment (M_.#™ in a.u.),[® and corresponding
dominant MO transitions of systems 1a, 7a, and 7b.

System E f S M= MO transition

1a 235 0554 A; 3.099%1 HOMO — LUMO+6 (45%)
(Torsion) HOMO-5 — LUMO+3 (32%)
7a 208 0413 A, 2842 HOMO — LUMO+4 (46%)
(CF3-CF3) HOMO-4 — LUMO+4 (43%)
b 1.01 0373 A, 3889 HOMO — LUMO+2 (87%)
(CN-CN) HOMO — LUMO+I1 (6%)

[a] Under C,, symmetry constraint systems 7a and 7b have the
maximum value of M_&". [b] M 8™ = 3.099 for system la (with
torsion, no symmetry).

(CF; and CN) towards the maximal NLO value as com-
pared to all the studied systems. The simultaneous presence
of CN at the terminal position and CFj3 at the lateral ter-
minal position of the end terpyridine ligand has produced
the By value figured out to be 4622.92 X 1073° esu (system
7).

Table 6. The computed static second-order polarizabilities and their
individual components (1 X 1073 esu) for systems 1a, 7a, and 7b.

SyStem /;::z ﬂyyz ﬂxxz [fyzy ﬁzyy ﬁx:x ﬁz)oc ﬁvec

1a 1511100 — - - - - - 926.72
(Torsion)

Ta 418640 2.76 911.86 2.76 276 911.86 911.86 3060.89
(CF5CF3)

b 4751.10 335 1853.50 3.35 2.16 3.35 1853.50 3965.15
(CN-CN)

[a] The tensor f,,, has a maximum value computed to be
1511.10 X 10-3° because of no symmetry (with torsion).
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In a few words, the small variations in the initial configu-
ration of our studied system 1 have produced large varia-
tions in the long-term behavior of system 7. So, the butter-
fly effect in quantum mechanics may encapsulate this idea,
which leads to a remarkable increase in NLO response from
886.55 % 103 esu (system 1) to 4622.92 X 10 3° esu (system
7).

Conclusions

We have successfully designed different molecular sys-
tems with significantly large molecular static second-order
polarizability, particularly system 7 with a remarkably large
NLO response, computed to be 4622.92 X 103 esu, which
is more than 5.2 times that of system 1. The presence of
halogens (F, Cl, Br, or I) at the end of the terpyridine ligand
has a considerably large effect on the f value, whereas the
simultaneous existence of CF; and CN at the end of the
terpyridine segment has a very large effect on the second-
order molecular response. Moreover, the direction of charge
transfer from POM to terpyridine ligand is a vital determi-
nant in designing highly efficient second-order NLO materi-
als. Interestingly, the electron-accepting property of the
POM cluster has been changed in presence of a n-conjuga-
tion bridge and a terpyridine segment: the POM turned out
be a donor and the terpyridine ligand acts as an acceptor
in our all studied systems. These small changes made by
incorporation of different acceptors in our studied systems
have proven to have a disproportionately huge effect on
NLO response, the so-called “butterfly effect” illustrates
this point nicely. The present investigation provides impor-
tant insight into the attractively large NLO properties of
terpyridine-substituted hexamolybdates. This work may
help experimentalists in designing remarkably large-second-
order-NLO materials.

Experimental Section

Methodology

The DFT calculations were carried out by using the ADF2006.01
suite of programs.3? The zero-order regular approximation
(ZORA) was adopted in all the calculations to account for scalar
relativistic effects.?3] The generalized-gradient approximation
(GGA) was employed in the geometry optimizations by using the
BeckP*¥ and Perdewl**! (BP86) exchange-correlation (XC) func-
tional. For the calculations, we made use of the standard ADF
TZP basis set, which is a triple-{ plus polarization STO basis set.
Triple-C plus polarization basis sets were used to describe the val-
ence electrons of all atoms, whereas for the transition-metal molyb-
denum atom, a frozen core composed of 1s to 3spd shells was de-
scribed by means of single Slater functions. In calculations of the
polarizability, second-order polarizability, and excitation, the
RESPONSE and EXCITATION modules®*® implemented in the
ADF program were used on the basis of optimized geometries. The
van Leeuwen—Baerends XC potential (LB94) was chosen for calcu-
lations of all the response properties.*”! The reliability of the LB94
potential to calculate polarizabilities and hyperpolarizabilities has
already been proven and well-documented.?®4%1 The adiabatic lo-
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cal density approximation (ALDA) was applied for the evaluation
of the first and second functional derivatives of the XC potential.
Moreover, the value of the numerical integration parameter used
to determine the precision of numerical integrals was 6.0. The func-
tional and basis set choices for our studied organic-inorganic hy-
brid compounds were based on the research work that has already
been reported.#!42!
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An Acetate-Functionalized Tetranuclear Zirconium Sandwiching
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The dimeric, zirconium-sandwiching compound K Hg|Zr,-
(OH)6(CH3COO0),(0-PW4037)2]-23H,0 (1) was obtained by
the reaction of lacunary [PW;,;03¢]”~ and ZrCl, in a 1 M potas-
sium acetate buffer. It was characterized by elemental and
thermogravimetric analysis, X-ray crystallography, solution

183W NMR, FTIR, and UV spectroscopy, and cyclic voltamme-
try (CV). All the studies indicate that compound 1 is stable
both in the solid state and in solution. The cyclic voltammo-
grams indicate good electrocatalytic activity in the reduction
of nitrite.

Introduction

Polyoxometalates (POMs) are discrete molecular metal—
oxo clusters with structural and compositional diversities
and unique physicochemical properties that have a multi-
tude of potential applications in many different areas.!]
Grafting or incorporating organometallic groups, lantha-
nides, or transition metals into the polyanion framework
leads to large numbers of functionalized POM derivatives.
Among them, the transition-metal-sandwiching POMs con-
stitute one of the largest subclasses in this field. Moreover,
in the transition-metal family, zirconium and hafnium com-
pounds, including their oxides, have unique chemical and
physical properties leading to their applications as, for ex-
ample, oxygen sensors, fuel cells, catalysts, and catalyst sup-
ports.? In particular, they are very useful Lewis acid cata-
lysts.’] However, relative to those of other families of transi-
tion metals, the zirconium- or hafnium-based POMs are
still less explored, so their synthesis attracts more and more
interest in the field of POM chemistry.

There were few well-characterized zirconium-containing
POMs decades ago. In 1989, the first example of the zirco-
nium-sandwiching POM, a trinuclear zirconium-containing
Knoth type sandwich silicotungstate, [Zr3(1,-OH)s(A-B-
SiW034)5]'", was reported by Finke and co-workers.*8] In
recent years, there has been a dramatic advance in studies
on various types of zirconium complexes in combination
with several POMs, including zirconium-containing POMs
with structures of the Keggin,** 42l Wells-Dawson,®! and
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Lindqvist type.l) However, zirconium-sandwiching POMs
functionalized with organic ligands are still rare. Recently,
Hill and co-workers reported chiral zirconium-containing
Wells-Dawson type POMs functionalized with enantiomer-
ically pure dicarboxylates such as tartrate and malate.[”! In
our work, by utilizing ZrCl, and monolacunary Keggin
polyoxotungstates, K;[PW,,059], we successfully prepared
an acetate-functionalized, tetranuclear, zirconium(IV)-
sandwiching POM complex K4Hg[Zr4(OH)s(CH3COO),(0-
PW,0037),]-23H,0 (1), which consists of two dilacunary [o-
PW ;05> and a central tetranuclear [Zry(OH),-
(CH5COO),] cluster. Compound 1 is stable in solution be-
tween pH 0 and 8.5. Herein we report the synthesis, molec-
ular structure, and spectroscopic characterization of 1 in
detail.

Results and Discussion

Synthesis and Stabilization

The formation of the polyoxoanion in 1 can be repre-
sented by Equation (1).

471+ + 2[(1-PW11039]77+ 2CH3C007 + IOHQO g
2WO,* + 14H" + [Zr4(OH)¢(CH;CO0)x(a-PW14037),]'" (1)

In this experiment, we used monolacunary polyoxotung-
state K;[PW,,050] as precursor; however, it disassembled to
dilacunary [a-PW4O37]®" during the reaction. This could
be explained by a POMs self-assembly mechanism.®
Interestingly, the CH;COOH/CH;COO" solution both acts
as buffer and affords CH;COO™ functionalized ligands.
Moreover, as reported by Kortz et al., when the ratio of
Zr** to POM precursor is changed from about 4:1 to 8:1,
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the resulting product changes from tetranuclear to hexa-
nuclear zirconium-sandwiching POM.*T However, in our
study, we changed this ratio from 4:1 to 6:1, and from 8:1
to 10:1, but the product was still 1. Therefore, in our experi-
ment, the increase in Zr** concentration does not seem to
change the product of the reaction, which shows that 1 is
stable in solution and also has a loose synthetic restriction.

To further investigate the stability of compound 1 in
aqueous solution, in situ UV spectroscopic measurements
of 1 (4X 10 *mol L ') were performed in aqueous solution.
The UV spectra of 1 in aqueous solution all display similar
absorption peaks at 252 nm between pH values of 0 and
8.5; however, the absorption begins to decrease at pH = 9
(Figure S5). Moreover, the UV spectrum of 1 in aqueous
solution was also monitored from 0 d to 28 d, and the spec-
tra all displayed one absorption peak, no obvious change
being observed in four weeks (Figure S4). These results
show that the aqueous solution of 1 is stable at pH 0-8.5
for at least four weeks.

Description of the Crystal Structure

X-ray crystallography of 1 reveals that the polyoxoanion
framework of 1 crystallizes in the triclinic space group C2v.
Compound 1 is constructed from two dilacunary [o-
PW,,057]* subunits linked by a Zr,(OH)s(CH;COO), cen-
tral cluster, leading to a sandwich-type structure (Figure 1).
During the reaction, the monolacunary polyoxotungstate
K;[PW,039] precursor disassembles to dilacunary [o-
PW,,057]%", and all of the bond lengths and angles of the
molecular structure in [0-PW,oO03;]® are within the normal
ranges and consistent with those described in the litera-
ture.[*e4e101 Each Zr** center is seven-coordinate and de-
fined by three p,-OH ligands, three oxygen atoms from
[0-PW,,057]°, and one oxygen atom from the CH;COO~
ligand. It displays a distorted monocapped trigonal-pris-
matic coordination geometry. Four Zr centers are con-
nected by 1,-OH and functionalized CH3;COO™ ligands to
form a new tetranuclear cyclic cluster [Zry(OH)s(CHs-
COOQO),] (Figure?2), which constitutes the whole poly-
oxoanion framework of 1 with two [0-PW;,057]* subunits.
The cyclic structure of the [Zry] core in 1 differs from the
adamantane-type structure and the rhombus-like structure
observed in two other tetranuclear zirconium-substituted
polyoxotungstates reported by Mizuno and co-workers and
Xue and co-workers.[1%-4¢] As the shape of the central clus-
ter, the connection of the ligands, the coordination number
of the Zr centers, and the protonation of bridged oxygen
ligands are all different from each other. The Zr-O bond
lengths range from 2.100 to 2.205 (Zr—Opyigged), 2.236 to
2.258 (Zr-0,), and 2.091 to 2.158 (Zr-O,,) A. The Zr-O-
Zr angles range from 105.8(6) to 146.6(6)°, and the Zr--Zr
separations range from 3.481 to 3.510 A (Table S in the
Supporting Information). The bridged ligands CH;COO™
are undoubtedly connected to the Zr centers and stabilize
the central [Zrs(OH)s(CH5COOQO),] core. This further en-
hances the stabilization of the molecular structure. In ad-
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dition, since 1 was synthesized under acidic conditions, it is
common in POMs that six protons are used to balance the
charge of 1.

Figure 1. Main structural unit of 1; octahedra: WOy; tetrahedra:
PO,; large spheres: Zr; small spheres: O.

(o7 026
052 027 "‘
022 051

Figure 2. The connection modes of Zr in 1.

The bond valence sum (BVS)!'l values of zirconium,
tungsten, and phosphorus indicate that the respective val-
ences are +4, +6, and +5. Notably, the BVS values of the
six bridged oxygen atoms in the central cluster (014, 027,
031, 037, 049, 052) are 0.990-1.201, suggesting that all
these bridged oxygen atoms are monoprotonated. It has
been reported that the protonated oxygen atoms play an
important role in POMs-based catalysts.['?l Therefore, for
compound 1, the loose synthetic restriction, stabilization in
solution, and large numbers of protonated bridged oxygen
atoms are advantages for prospective catalytic applications.

FTIR Spectroscopy and Thermogravimetric Analysis

The IR spectrum of 1 (Figure S2) shows the characteris-
tic bands of the Keggin POM framework at 1065, 1038,
949, 779, 663 cm™'; all correspond to the peaks of the heter-
opoly complex of the Keggin structure previously re-
ported.['¥] The resonances at 1541 and 1419 cm™! are as-
signed to the v,((C=0) and v,,(C-O) stretching vibrations

Eur. J. Inorg. Chem. 2010, 3473-3477
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of the CH;COO" ligands.'"*! These results suggest that the
CH;COO" ligands are coordinated to the Zr cations by me-
ans of the carboxyl oxygen atoms. The IR spectral results
are in good agreement with the X-ray single-crystal struc-
tural analyses. Thermogravimetric (TG) measurements of 1
also supported its chemical composition (see Figure S3 in
the Supporting Information). The TG curve of 1 shows a
total weight loss of 8.65% in the range 20-460 °C, which
agrees with the calculated value of 8.71% (Figure S1). The
weight loss of 7.06% at 20-235 °C corresponds to the loss
of 23 lattice and coordinated water molecules (calcd.
6.78%). The weight loss of 1.59% at 200-460 °C is due to
the removal of two acetate ligands (caled. 1.93%). Between
460-610 °C, a gradual decomposition of 1 is observed, and
no weight loss is observed at temperatures higher than
610 °C.

Solution '¥3W NMR Spectrum

The crystallographic results show that, because of coor-
dination with the Zr, cluster, the ten WO, octahedra are
divided into six kinds according to the ratio 1:2:2:2:1:2. The
183W NMR spectrum of 1 in D,O (Figure 3) shows a six-
line spectrum with peaks at —166.7 (1 WX2), —-159.4
(2WX2), —-152.1 2WX2), -130.6 2WX2), -116.6
(1WX2), and -112.4 (2 W X2) ppm, in which the inte-
grated intensities and the peak positions are all in accord
with the coordination environment of tungsten atoms in the
POM framework [0-PW,,05,]°~. Thus, obviously, the mo-
lecular structure of 1 in the solid state is maintained in solu-
tion. The results of '3W NMR spectroscopic studies fur-
ther confirm the stabilization of 1 in solution.

2100 -120 -140 -160 -180
S/ppm

Figure 3. "W NMR spectrum of 1 in D,O at room temperature.

Electrochemistry

The electrochemical behavior and the electrocatalytic
properties for the NO, ™ salt of 1 were studied in a solution
of 0.5 M H,SO,4 + 0.5 M Na,SO, in the potential range +200
to —1000 mV (scan rate: 100 mVs™!, Figure 4). There exist
two reversible redox waves with midpoint potentials (E,,;q)
of —632 (II-1I') and —775 (III-111") mV, where E.,iq = (Epc
+ E,.)/2, E,. and E,, being the cathodic and anodic peak
potentials, respectively. The redox peaks II-II" and ITI-I1T"
should be ascribed to the two consecutive two-electron pro-
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cesses of W centers.'>!?l In addition, the irreversible anodic
peak I with a potential of —357 mV is assigned to the elec-
trochemical signature of the Zr,,,. subunit,['% and its cath-
odic counterpart may be embedded in the reduction peak
of W due to weakness of its signal.[!¢]

254 I

25+ r

III

T T T T T T T T
-900 -800 -700 -600 -500 -400 -300 -200

E/mV

Figure 4. Cyclic voltammogram of 1.0 mm solutions of 1 in 0.5 m
H,SO, + 0.5M Na,SO, at scan rates of 100 mVs'; the working
electrode was glassy carbon, and the reference electrode was Ag/
AgCl.

Catalytic reduction of NO, species, especially of nitrite,
by POMs, has become a classical test for their electrocata-
lytic activity. The electrocatalytic reduction of nitrate re-
mains a challenge in the NO, series, because a complete
process requires several electrons. Therefore, electrocatalytic
reduction of NO, by 1 constitutes a further step in the
investigation of its electrocatalytic activity. We found that 1
displays a notable electrocatalytic activity in the reduction
of nitrite (Figure 5). On addition of NO,, all the reduction
peak currents increase, and the corresponding oxidation
peak currents decrease dramatically, which indicates that
both of the reduced species show electrocatalytic activities
toward the reduction of nitrite. In comparison, no re-
duction of nitrate took place on the glassy carbon electrode
in the absence of 1.

0+
204 2
40
<
=
~ 604 b
-804 (‘;
€
-1004
-1000 -800 -600 -400 200
E/mV

Figure 5. Cyclic voltammograms of 1 (1.0 mm) in the 0.5 M H,SO,/
Na,SO, solution containing (a) 0, (b) 5, (c) 10, (d) 12, and (e)
15 mM NaNO,. Scan rate: 100 mVs'!; the working electrode was
glassy carbon, and the reference electrode was Ag/AgCl.
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Conclusions

We synthesized and structurally characterized an acetate-
functionalized zirconium-containing POM K H¢[Zr4(OH)s-
(CH3COO0),(PW4037),]-23H,0 (1). As shown by UV/Vis
and '83W NMR spectroscopy, 1 is stable over a wide pH
range, and the stabilization of a solution of 1 can last for a
long time. Examinations of cyclic voltammograms show an
electrochemical signature for the Zr..,. subunit and display
electrocatalytic activity toward the reduction of nitrite.
Furthermore, large numbers of protonated oxygen atoms
are observed in the structure of the molecule, which is an
important feature for prospective catalytic applications. In
our next study, we will try to obtain new zirconium-con-
taining complexes based on other kinds of vacant POMs
and explore the catalytic applications of these complexes.

Experimental Section

Materials, Methods, and Instrumentation: The lacunary POM pre-
cursor K;[PW;,039] was synthesized according to the published lit-
erature,l'”! and its purity was determined by IR spectroscopy. All
other reagents were readily available from commercial sources and
used as received without further purification. The IR spectra in
KBr pellets were recorded in the range 4004000 cm ' with an Al-
pha Centaur FTIR spectrophotometer. Elemental analyses (C, H
and N) were performed with a Perkin—Elmer 2400 CHN Elemental
Analyzer. K, P, Zr, and W were determined with a PLASMASPEC
(I) ICP atomic emission spectrometer. Thermogravimetric analysis
was carried out by using a Perkin—Elmer TGA?7 instrument, with
a heating rate of 10 °C/min, under a nitrogen atmosphere. UV/Vis
absorption spectra were obtained by using a 752 PC UV/Vis spec-
trophotometer. The '83W NMR spectra were measured with an
Avance-400 Bruker NMR spectrometers at an operating frequency
of 16.66 MHz, with a 2.5 kHz sweep width, 50 s pulse width, and
5's pulse delay, NS 58256, LB 10.00 Hz. Electrochemical measure-
ments were performed with a CHI660B electrochemical work-
station (Chenhua Instruments Co., Shanghai, China). A three-elec-
trode system was employed in this study. The glassy carbon elec-
trode (d = 3 mm) was used as a working electrode, the Ag/AgCl
electrode as a reference electrode, and the Pt coil as a counterelec-
trode. All potentials were measured and reported vs. Ag/AgCl. All
the experiments were conducted at ambient temperature (25—
30 °C).

K4HelZry(OH)4(CH3CO0),5(0-PW1¢037)2]23H, 0 (1): To a
CH;COOH/CH;COOK buffer (20 mL, 1M, pH 4.8) was added
ZrCl, (0.48¢g, 1.02mmol). After complete dissolution,
K4[PW ;03] (0.7 g, 0.24 mmol) was added. The solution was
stirred for 1 h at 50 °C. Then it was cooled to room temperature
and filtered. Evaporation of the solvent at room temperature re-
sulted in needlelike colorless crystals of compound 1 after two
weeks (yield 63% based on W). C4HgyK40;07,PaWyoZry (6084.71):
caled. C 0.81, H 1.09, K 2.59, P 1.03, W 60.40, Zr 5.98; found C
0.86, H 1.06, K 2.51, P 0.99, W 60.53, Zr 6.07.

X-ray Structure Analysis: Single-crystal X-ray diffractometry was
conducted with a Bruker Smart Apex CCD diffractometer with
Mo-K,, monochromated radiation (A = 0.71073 A) at room tem-
perature. The linear absorption coefficients, scattering factors for
the atoms, and the anomalous dispersion corrections were taken
from ref'8] Empirical absorption corrections were applied. The
structure was solved by the direct method and refined by the full-
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matrix least-squares method on F? by using the SHELXS-97 pro-
gram'?l. Anisotropic thermal parameters were used to refine all
non-hydrogen atoms except for some oxygen atoms. Those hydro-
gen atoms attached to lattice water molecules were not located. The
composition and formula of 1 containing four potassium counteri-
ons and 23 hydrated water molecules were determined by complete
elemental analysis and TG/DTA analysis. Through X-ray crystal-
lography of the polyoxoanion in 1, all four potassium cations and
20 hydrated water molecules per formula unit were identified un-
ambiguously, but three hydrated water molecules were not deter-
mined because of disorder. The largest residual electron density was
located less than 1.0 A from the W addenda atoms and was most
likely due to an imperfect absorption correction often encountered
in the solution and refinement of polyoxotungstate structures. An-
isotropic thermal parameters were used to refine all non-hydrogen
atoms except for oxygen atoms O3, O4, O8, 012, 021, 028, 041,
052, and 058, which were refined by using isotropic thermal pa-
rameters. CCDC-753608 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif. The crystal data and struc-
ture refinement results of 1 are summarized in Table 1; selected
bond lengths (in A) and angles (in °) are given in Table S1.

Table 1. Crystal data and structural refinement for compound 1.

Formula H44C4K4O 103P2W2()Zr4
Formula weight /gmol™! 5972.06

T /K ) 296 (2)

Wavelength /A 0.71073

Crystal system Triclinic

Space group Pl

alA 13.1561 (8)

bIA 20.2527 (13)

clA 23.4140 (15)

al° 106.2950 (10)

pr° 105.4350 (10)

A 94.6460 (10)

VIA3 5689.7 (6)

VA 2

Deare 'Mgm3 3.490

4 /mm! 20.751

F(000) 5217.6

Crystal size /mm 0.205X% 0.172 X 0.138
Goodness-of-fit on F? 1.014

Final R indices [I>26(1)] R; = 0.0755, wR, = 0.1939
R indices (all data) R; =0.0991, wR, = 0.2077

[a] Ry = ZIFo| — [FVZIFol, wRy = {X[w(Fo” — FAPVZIw(FES) T,

Supporting Information (see footnote on the first page of this arti-
cle): Additional structural view of 1, IR spectrum, TG curve, UV
spectra, and selected bond lengths and bond angles in 1.
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Rare-earth(Ill) complexes of the general formula [RE{(Hsal)3-
tren},](CF3S03)3-nCH3;CN, where RE is Eu (1), Gd (2), and Tb
(3), and (Hsal)stren is tris[2-(salicylideneimino)ethyl]amine,
have been synthesized and structurally characterized. X-ray
crystallographic studies show that the rare-earth(IIl) center
is coordinated by six oxygen atoms that belong to the
phenolato groups of two (Hsal)stren ligand molecules to give
an unusual hexacoordinate geometry. The molecular struc-
ture is stabilized by strong intramolecular interactions estab-

lished between the hydrogen atoms located on the three
imino nitrogen atoms and the deprotonated phenol oxygen
atoms of each ligand. Luminescence studies have indicated
the presence of efficient nonradiative deactivation pathways
in 1-3, and only a weak ligand emission was observed (Aexc
=275nm, Aoy = 545 nm) in all cases. Temperature-dependent
magnetic susceptibility studies have shown that crystal field
effects are dominant for complex 3, whilst small antiferro-
magnetic interactions have been observed in 2.

Introduction

In recent years, significant efforts have been made to de-
sign polydentate ligands for the coordination of rare-ear-
th(III) ions.'*) These studies have been motivated by nu-
merous applications of rare-earth(IIT) complexes in medi-
cine,l>9 catalysis,/”l materials science,®”) and molecular
magnetism.['% In particular, rare-earth(I1I) complexes with
heptadentate tripodal Schiff base ligands have attracted
considerable interest due to their potential application as
magnetic resonance contrast agents.'' 2!l A range of com-
plexes have been prepared by template condensation of
tris(2-aminoethyl)amine with various ring-substituted sali-
cylaldehydes in the presence of different rare-earth(III)
salts.1315-211 These complexes are seven-coordinate and
they are remarkably stable toward air and moisture, appar-
ently due to the efficient encapsulation of the rare-earth(I11)
ion in the N,4O; cavity of the Schiff base ligand. When the
complexes are prepared from nonsubstituted salicylalde-
hyde and a rare-earth(III) salt containing a monodentate,
poorly coordinating anion, such as Cl, similar species are
formed.['5-20-221 However, these species are labile and lose
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the ligand in solvents that have strong donor properties.!'!

Attempts to isolate rare-earth(IIT) complexes of tris[2-(sali-
cylideneimino)ethyllamine and (Hsal)stren (Figure 1) by di-
rect reaction with rare-earth(IIT) nitrates have shown that
the absence of base favors the formation of nine-coordinate
[RE{(Hsal)stren}(NO3)s] species, whereas, in the presence
of base, heptacoordinate species of the type [RE{(sal)s-
tren}] are formed.['>] During our studies on the synthesis of
a series of rare-earth(IIT) complexes with Schiff base li-
gands, we have observed that the reaction of the free ligand
(Hsal)stren with RE(CF3S0O5);-nH,O (RE = Eu, Gd, Tb),
both in the presence and absence of tetrabutylammonium
hydroxide, led to the hexacoordinate complexes [RE{(Hsal);-
tren},](CF5S05);-nCH;CN [RE = Eu (1), Gd (2) and Tb
(3); n = 0.5 or 1.5]. In this paper, we describe the synthesis,
crystal structure, and properties of complexes 1-3.
Scheme 1 illustrates the anion effect on the type of the com-
plexes obtained by the reaction of (Hsal)stren with a variety
of rare-earth(III) salts.

it \
N N N
OH HO
N
A
HO

Figure 1. Structure of the ligand tris[2-(salicylideneimino)ethyl]-
amine.
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(Hsal) tren + REX;:nH,0

M{

HO™

lx =Cr, HO™ \Fasoa'

[RE{(Hsal)tren}(NO,),] —9 = [RE{(sal)tren)] <— 12— [RE{(Hsal)tren},J(CF,SO,),

Scheme 1. Anion effect on the type of mononuclear rare-earth(II) complexes of the (Hsal)stren ligand.

Results and Discussion

Synthesis and Spectroscopic Characterization

The reaction of RE(CF;S05);-6H,O (RE = Eu, Tb, Gd)
with (Hsal)stren in a molar ratio of 1:1 in acetonitrile leads
to the isolation of the complexes [RE{(Hsal)stren},]-
(CF5S05)3-nCH;CN (1 = 0.5 or 1.5) as microcrystalline sol-
ids, which is confirmed by elemental analysis and crystallo-
graphic studies. The IR spectra of 1 and 3 are almost iden-
tical; however, all the bands are slightly shifted (1-3 cm™)
in that of 2. The broad band for the weak O-H stretching
vibration of the ligand at approximately 3005 cm ' is re-
placed by a band at about 3490 cm™' in 1-3, due to the N—
H vibration of C=N*-H moiety in the complexes. This
band indicates that a hydrogen atom is still involved in in-
tramolecular hydrogen bonding with the phenolic oxygen.
All complexes show the typical four-band pattern of Schiff
base ligands (16481477 cm™'). The characteristic vg—¢ Vi-
brations of the ionic triflate ions are observed at approxi-
mately 1260 cm~'. Positive ion electrospray mass spectro-
metric analysis of 1-3 in acetonitrile/water gave ion molecu-
lar peaks corresponding to the fragments [RE{(sal)stren} +
H]* and [RE{(Hsal)stren}(H,0);(CF;SOs),]*. The UV/Vis
absorption spectrum of the ligand shows characteristic
bands at 276, 342 and 425 nm. The spectral features ob-
served for 1-3 are similar to those observed for the corre-
sponding ligand. Excitation in the UV absorption bands
(m—n* and n—n*) of the free ligand does not result in an
observable rare-earth(I1T)-based emission in 1-3. This result
points to the presence of efficient nonradiative deactivation
pathways in the complexes. A weak ligand emission was
observed (Aexe = 275 nm, Agy, = 545 nm).

Crystallographic Studies

X-ray crystallographic studies reveal that complexes 1
and 3 crystallize in the monoclinic space group P 2,/n, and
complex 2 crystallizes in the rhombohedral space group R3.
In all cases, the potentially heptadentate tripodal ligand,
(Hsal)stren, acts as a tridentate ligand with the rare-ear-
th(II) ion surrounded by six oxygen atoms that belong to
the phenolato groups of two ligand molecules. A perspec-
tive drawing of the complex cation, [Eu{(Hsal)stren},]**, of
1 is shown in Figure 2. The coordination geometry around
the rare-earth(I11) ion can be described as slightly distorted
octahedral. The mean value of the RE-Oppenoxo distances
(2.267, 2.274, and 2.271 A for 1,2, and 3, respectively) is in
the range of those observed for rare-earth(IIl) complexes
with similar Schiff base ligands.!!-!3-15:18.191 The average
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carbon-nitrogen bond lengths for the imino group is 1.296,
1.290, and 1.289 A for 1, 2, and 3, respectively, in agreement
with the C=N distance.['3!5-19] Hydrogen atoms located on
the three imino nitrogen atoms of each ligand are involved
in intramolecular hydrogen bonds with the deprotonated
phenol oxygen atoms, indicating that a proton migration is
involved during coordination, which is similar to other re-
ports on Schiff base rare-earth(IIl) complexes (1: av. N--O
=2.674 A, N-H-+O = 131.5% 2: av. N-+O = 2.80 A, N-H--
0 =131.9% 3: av. N-+O = 2.672 A, N-H---O = 131.3°).113:31]
The shortest intermolecular distances between the rare-ear-
th(ITT) ions are 12.783, 10.348, and 13.253 A for 1, 2, and
3, respectively (Table 1).

Figure 2. Molecular structure of the complex cation [Eu{(Hsal)s-
tren},]** in 1. Hydrogen atoms not involved in hydrogen bonds
were omitted for clarity.

Temperature-Dependent Magnetic Susceptibility and EPR
Studies

Temperature-dependent magnetic susceptibility data of
compacted polycrystalline samples of 2 and 3 have been
measured in the 2-300 K temperature range in a 0.1 T mag-
netic field (Figure 3). Gd"" has a 3S,,, ground state that is
located at some 10* cm™! below the first excited state and
is not perturbed by crystal field effects.*?] Therefore, the
7.80 cm? K mol ! value of y,,T observed at 300 K for 2 cor-
responds to the value expected for one Gd'" ion
(7.88 cm*K mol ™). The y,,T value remains almost constant
until 100 K, and then it decreases gradually reaching a
value of 3.43 cm*Kmol ! at 4 K (Figure 3). The tempera-
ture dependence of yy;' obeys the Curie-Weiss law, yp =
CI(T — 0), over the whole temperature range with C =
7.91 cm®*Kmol ! and § = -5.5. The small negative value of
the paramagnetic Curie—Weiss temperature can be attrib-
uted to the zero-field-splitting of the Gd™" ion as well as to
3479
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Table 1. Selected bond lengths and angles for [RE{(Hsal);tren},]-
(CF3SO3)3'/’!CH3CN.

Bond lengths / A

Bond angles / °

Compound 1
Eul-02 2.250(4) 02-Eul-05 99.23(13)
Eul-O5 2.250(4) 02-Eul-Ol 85.95(14)
Eul-O1 2.268(3) 05-Eul-0Ol 89.75(14)
Eul-0O6 2.274(4) 02-Eul-06 171.37(12)
Eul-0O4 2.279(4) 0O5-Eul-06 86.14(13)
Eul-03 2.283(4) O1-Eul-06 100.91(13)
02-Eul-04 87.38(14)
0O5-Eul-04 84.32(14)
O1-Eul-0O4 170.27(14)
06-Eul-04 86.42(13)
02-Eul-03 88.45(14)
05-Eul-03 172.20(14)
O1-Eul-03 89.39(14)
06-Eul-03 86.40(13)
04-Eul-03 97.52(13)
Compound 2
Gd1-0l1 2.269(3) 01-Gd1-01 86.27(10)
Gd1-0l1 2.269(3) 01-Gd1-01 86.27(10)
Gdl1-0l1 2.269(3) 01-Gd1-01 86.27(10)
Gd1-02 2.280(3) 01-Gd1-02 171.17(10)
Gd1-02 2.280(3) 01-Gd1-02 89.40(11)
Gd1-02 2.280(3) 01-Gd1-02 101.13(10)
01-Gd1-02 89.40(11)
01-Gd1-02 101.13(10)
01-Gd1-02 171.17(10)
02-Gd1-02 83.89(11)
01-Gd1-02 101.13(10)
01-Gd1-02 171.17(10)
01-Gd1-02 89.40(10)
02-Gd1-02 83.89(11)
02-Gd1-02 83.89(11)
Compound 3
Tb1-06 2.255(4) 06-Tb1-01 98.97(15)
Tb1-0O1 2.265(4) 06-Tb1-03 89.74(17)
Tb1-03 2.273(4) O1-Tb1-03 86.02(18)
Tb1-02 2.277(4) 06-Tb1-02 172.49(16)
Tb1-04 2.278(4) O1-Tb1-02 88.44(16)
Tb1-05 2.283(5) 03-Tb1-02 89.55(17)
06-Tb1-04 86.19(15)
O1-Tb1-04 171.54(16)
03-Tb1-04 100.78(16)
02-Tb1-04 86.60(15)
06-Tb1-05 84.64(17)
O1-Tb1-05 87.28(17)
03-Tb1-05 170.49(17)
02-Tb1-05 97.02(16)
04-Tb1-05 86.53(16)

a very weak antiferromagnetic interaction between the
Gd™ ions. Such antiferromagnetic behavior can be ex-
plained by the presence of a small amount of magnetically
ordered (antiferromagnetic) clusters and is consistent with
observations during EPR experiments (see below) that were
prohibited at low temperature by the magnetic properties
of the compound.

For Tb', the energy separation between the 2S*!L;
ground state and the first excited state is so large that only
the ground state is thermally populated at room and low
temperature.3?) However, the crystal field effect partly re-
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Figure 3. Temperature dependence of y\7 for 2 (O) and 3 (@) in
0.1 T applied field.

moves the degeneracy of the "Fg ground state, giving >S*!'L;
states, which further split into Stark levels by crystal field
perturbation. For 3, the y,,T value at 300 K is equal to
12.19 cm? K mol™!, which is slightly higher than the calcu-
lated value of 11.82 cm?* Kmol™! for the free Tb™ ion. From
300 to 4K, the yu7T value decreases slowly to
2.55cm?Kmol ! (Figure 3); this behavior is typical of the
depopulation of the Stark levels of Tb!!! by lowering the
temperature.3?!

Figure 4 shows the X-band EPR spectrum of a polycrys-
talline sample of 2, resulting from the paramagnetic Gd™!
(S = 7/2) center. The resonances span a broad field range
up to 800 mT. Figure 5 shows the J-band spectrum, which
consists of an intense line at about g = 2, surrounded sym-
metrically by a number of weaker lines. A very weak line at
half field is also observed. The shape of the J-band spec-
trum reveals that the Zeeman interaction is much larger
than the zero-field splitting at 275 GHz, which allows an
accurate determination of the g value from this spectrum.
Starting from this value, we were able to simulate both the
X- and J-band spectra with the following set of parameters:
an isotropic g = 1.9912 =0.0003, an axial zero-field-split-
ting tensor with D = 0.0697 +0.0016 cm™!, and an axial
fourth-order contribution of —0.0018 +0.0006 cm !. The
latter contribution is of course too small to contribute sig-

it
Wy
\//

i /é /

0 200 400 600 800

Magnetic field / mT

Figure 4. Experimental (thick line) and simulated (thin line) X-
band EPR spectrum of complex 2 at room temperature.
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nificantly at J-band, but improves the simulation of the X-
band spectrum. The simulated spectra reproduce the posi-
tions of the resonances well, but not the intensity. A value
of g slightly lower than the free-electron value is commonly
observed for Gd™ complexes. The 4f7 ground-state configu-
ration of Gd™! gives rise to a 3S;, term, and the small devi-
ation from the free-electron value results from a slight ad-
mixture of an excited J = 7/2 term that carries orbital angu-
lar momentum.31 The significant second-order zero-field
splitting reflects the fact that the symmetry of the coordina-
tion sphere of the Gd"! in complex 2 is lower than cubic,
in agreement with the crystal structure described above.

/L

)
[

9.4 9.6 9.8 10.0 10.2
Magnetic field / T
. Y|
\( ‘ ’\‘-u
1 L 1 IIII 1 1 1 1 1 L 1 L 1 1
48 52 92 96 100 104 10.8

Magnetic field / T

Figure 5. Experimental (thick line) and simulated (thin line) J-band
EPR spectrum of complex 2 at room temperature. The intensity of
the weak line at half field has been multiplied by a factor of 50. A
magnified view of the region around g = 2 is shown in the inset.

Conclusions

We have shown that the ligand tris[2-(salicylideneimino)-
ethyllamine has a more versatile coordination chemistry
than reported previously and is able to form unusual hexa-
coordinate rare-earth(I1l) complexes by an anion-induced
assembly process. Mononuclear complexes with the general
formula [RE{(Hsal)s;tren},](CF3SO3);:nCH;CN  (where
RE(III) = Eu, Gd, or Tb) were synthesized and structurally
characterized. In these compounds, the rare-earth(III) ion
is surrounded by six oxygen atoms that belong to the phen-
olato groups of two (Hsal)stren ligands to give an unusual
hexacoordinate geometry, which is strongly stabilized by in-
tramolecular interactions. Study of the luminescence prop-
erties revealed the presence of efficient nonradiative deacti-
vation pathways and only a weak ligand emission was ob-
served in all cases. Magnetic studies have shown that the
crystal field effects are dominant for the complex with Tb'!
(3). For the Gd™" derivative (2), small antiferromagnetic in-
teractions were observed due to the presence of a small
amount of magnetically ordered (antiferromagnetic) clus-
ters, and the analysis of the EPR spectra indicated an iso-
tropic g value and a small axial zero-field-splitting tensor
for the Gd"" ion.
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Experimental Section

Materials: All reagents and solvents were purchased from Aldrich
and were used as received unless otherwise stated. The ligand
(Hsal)stren has been synthesized according to the published pro-
cedure.[??!

Synthesis: To a solution of (Hsal)stren (0.35 mmol) in CH3CN
(10 mL) was added RE(CF3S03);:6H,0O (0.35 mmol) dissolved in
CH;CN (10 mL). The yellow solution was stirred for 10 min and
then filtered to remove any impurities. Slow diffusion of ethyl ether
into the filtrate at 4 °C resulted in the formation of yellow crystals
after a few hours.

[Eu{(Hsal)stren},](CF3S05);:1.5CH;CN (1): Yield: 252 mg (48%).
CeoHgs sEuFoNy 50,585 (M = 1577.85 gmol™!): caled. C 45.67, H
4.12, N 8.43, S 6.10; found C 45.81, H 4.26, N 8.71, S 5.98. IR:
Vmax = 3492 (w, br), 2946 (w), 2853 (w), 1648 (s), 1608 (s), 1544 (s),
1478 (s), 1450 (m), 1345 (m), 1266 (s), 1220 (s), 1156 (m), 1085 (w),
1030 (s), 1005 (m), 890 (m), 870 (m), 760 (m), 635 (m), 574 (m),
517 (w) cm™!. UV/Vis (A/nm): 276, 340, 425. ESI-MS: m/z = 608.9
[Eu(Hsal){(sal),tren}]*, 963.1 [Eu{(Hsal)stren}(H,O)3(CF5S05),]*.

[Gd{(Hsal)stren},](CF3S03)3:0.5CH3CN (2): Yield: 270 mg (47 %).
CssHg1 sFoGdNg 501585 (1542.10 gmol™!): caled. C 45.18, H 4.02,
N 7.72, S 6.24; found C 44.93, H 4.01, N 7.32, S 6.32. IR: V. =
3490 (w, br), 2946 (w), 2855 (w), 1644 (s), 1606 (s), 1542 (s), 1472
(s), 1452 (m), 1338 (m), 1251 (s), 1216 (s), 1150 (m), 1075 (w), 1026
(s), 1004 (m), 887 (m), 875 (m), 779 (m), 757 (m), 737 (m), 634 (m),
572 (m), 517 (w) em™!. UV/Vis (A/nm): 277, 320, 400. ESI-MS: m/z
= 613.9 [Gd(Hsal){(sal),tren}]*, 968.1 [Gd{(Hsal)stren}(H,O0);-
(CF5805),]".

[Th{(Hsal)stren},](CF;S03)5 1.5SCH;CN (3): Yield: 117 mg (21%).
CesoHga sFoNo 50,58:Tb (1584.81 gmol™!): caled. C 45.47, H 4.10,
N 8.40, S 6.07; found C 45.62, H 4.33, N 8.62, S 6.21. IR: V. =
3492 (w, br), 2946 (w), 2853 (w), 1648 (s), 1608 (), 1545 (s), 1478
(s), 1450 (m), 1345 (m), 1266 (s), 1220 (s), 1157 (m), 1085 (w), 1030
(s), 1005 (m), 890 (m), 870 (m), 760 (m), 638 (m), 574 (m), 517 (w)
cm !, UV/Vis (A/nm): 275, 380, 510. ESI-MS: m/z = 6149
[Tb(Hsal){(sal),tren}]*, 969.1 [Tb{(Hsal)stren}(H,0)3(CF5S05),]*.

Physical Characterization: Elemental analysis for C, H and N was
performed with a Perkin—Elmer 2400 series II analyzer. Infrared
spectra (4000-300 cm ') were recorded with a Perkin—Elmer Para-
gon 1000 FTIR spectrometer equipped with a Golden Gate ATR
device, using the reflectance technique. Ligand field spectra were
obtained with a Perkin-Elmer Lambda 900 spectrophotometer
using the diffuse reflectance technique, with MgO as a reference.
Electrospray mass spectra (ESI-MS) in acetonitrile/water solution
were recorded with a Thermo Finnigan AQA apparatus. DC mag-
netic data were recorded using a Quantum Design MPMS-5
SQUID susceptometer. The magnetic susceptibilities were mea-
sured from 2 to 300 K on polycrystalline samples in a gelatin cap-
sule with an applied field of 0.1 T. Data were corrected for magne-
tization of the sample holder and for diamagnetic contributions,
which were estimated from Pascal constants. Continuous-wave
EPR spectra of complex 2 were obtained at room temperature for
two microwave frequencies, X-band (9.49 GHz) and J-band
(275 GHz). The X-band spectrum was measured on a polycrystal-
line powder and recorded with a Bruker Elexsys E 680 spectrome-
ter, equipped with a standard TE(, cavity. The modulation ampli-
tude and the microwave power amounted to 1 mT and 3.2 mW,
respectively. The experiment at J-band used the same powder,
which was dispersed in an eicosane matrix (Fluka, 99.8 %) in order
to avoid self-orientation of the microcrystals in the high magnetic
field. The spectrum at this frequency was measured with a self-built
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Table 2. Summary of the crystallographic data obtained for complexes 1-3.

1

2

3

Empirical formula
Formula weight /gmol !
T/K

Wavelength /A

Crystal system

Space group

alh

b /A

c/A

al®

pre

y/°

V /A3

Z

Dcalc / g Cm73

4« /mm™!

Crystal size /mm
Reflections collected
Independent reflections
Internal R factor
Number of parameters
Goodness-of-fit S on F? )
Largest peak and hole in final difference map /e A3
Final R indices [/>2c(/)]

R indices (all data)

CeoHea sEUFoNo 501553
1577.85

CsgHe1 sFoGdNg 50155
1542.10

CooHea sFoNo 5015S:Tb
1584.81

250(2) 250(2) 250(2)
0.71073 0.71073 0.71073
monoclinic trigonal monoclinic
P2,/n R3 P2,/n
16.1696(11) 17.203(1) 16.129(2)
23.0070(5) 17.203(1) 23.060(2)
19.2260(17) 40.263(2) 19.178(2)

90 90 90

91.727(9) 90 92.028(14)

90 120 90

7149.1(8) 10319.2(10) 7128.5(13)

4 6 4

1.466 1.483 1.477

1.055 1.147 1.171

0.33x 0.31 X 0.25 0.14% 0.13x 0.13 0.24% 0.22%X 0.17
95034 15590 84414

20510 6625 20767

0.0840 0.0654 0.0884

884 287 856

0.980 0.930 1.015

1.310 and —1.009 0.770 and -0.521 1.187 and —1.139
R1 = 0.0588 R1 =0.0515 R1 = 0.0665
wR2 = 0.1585 wR2 = 0.0982 wR2 = 0.1817
R1 =0.1370 R1 =0.1619 R1=0.1713
wR2 = 0.1967 wR2 = 0.1281 wR2 = 0.2253

spectrometer,”* by using a microwave power of about 5.5 uW and
a field modulation of 1.2 kHz with an amplitude of about 0.7 mT.
For the measurement in the half-field region a microwave power of
about 10 pW was used. Simulations of the EPR spectra were per-
formed using the Matlab toolbox Easyspin.[?>2¢]

X-ray Crystallography: A single crystal of each compound was se-
lected, mounted onto a glass fiber, and transferred in a cold nitro-
gen gas stream. Intensity data were collected with a Bruker-Non-
ius-Kappa-CCD with graphite-monochromated Mo-K,, radiation.
Unit-cell parameters determination, data collection strategy and
integration were carried out with the Nonius EVAL-14 suite of
programs./?’7] Multiscan absorption correction was applied.*®! The
structures were solved by direct methods using the SIR97 pro-
gram®” for 1 and 3, and the SHELXS-97 programB% for 2. All
three structures were refined anisotropically by full-matrix least-
squares methods using the SHELXL-97 software package.*% Hy-
drogen atoms of the C=N*-H moiety were found on the Fourier
difference map for 2 (Table 2).
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A ns-Alkoxo-Bridged Tetranuclear [CuyL,] Copper(II) Complex of a
Hexadentate N,O4 Donor Ligand with a [6 + 0] CuyO4 Cubane Core:
Synthesis, Crystal Structure, and Magnetic Properties
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A novel hexacoordinating non-Schiff base ligand (H4L) with
N,O,4 donor atoms has been synthesized by simple Mannich
reactions. The use of this ligand with Cu(ClO,),-6H,0 in dif-
ferent molar ratios as well as pH leads to the formation of a
mononuclear species and a tetranuclear Cu®! complex pos-
sessing a cubane [CuyL,] core with almost equal Cu---Cu sep-
aration. In the presence of an excess amount of copper(Il)
ions and triethylamine at reflux, the mononuclear [CuH,L]

species can be converted into the tetranuclear one, whereas
the reverse process was not observed even after prolonged
reaction time. Both the complexes have been characterized
by single-crystal X-ray diffraction and magnetic measure-
ments. Magnetic studies reveal that complex 1 displays a
paramagnetic Curie-type behavior whereas 2 displays a sin-
glet-spin ground state induced by strong intramolecular anti-
ferromagnetic interactions.

Introduction

High-nuclearity transition-metal complexes have been at-
tracting continuous interest due to their relevance in the
research fields of metalloproteins to mimic polymetallic
active sites,['l molecular magnetism,>3 or the emerging sci-
ence of nanomaterials.! The flexibility of the coordination
sphere around Cu'l, in combination with steric and crystal
packing forces, leads to a tremendous structural diversity
of Cu'-based systems. Indeed, these small structural
changes at the molecular scale usually have significant ef-
fects on their magnetic properties.l”) Quite generally, transi-
tion-metal complexes with a cubane-type structure (M4L,)
possess intramolecular hydroxo, alkoxo, azido, sulfido, or
iminato bridges[®®! and constitute a very interesting class
of compounds.”>!% Their originality is often found in their
high-spin ground state that is induced, for example, by the
pseudo-orthogonality of the magnetic orbitals of the metal
ions.H1-15]
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In this work, we report on a mononuclear and a tetranu-
clear cubanel'''%!6type Cu'" complex based on a novel
hexa-coordinating N,O, ligand. To the best of our knowl-
edge, this constitutes the first report in which a hexa-coor-
dinating N,O,4 donor ligand has been employed to generate
a [6 + 0] cubane Cu,Oy core.

Results and Discussion

Syntheses and Structural Characterizations

The hexadentate HyL ligand was synthesized by simple
Mannich condensation of N,N’-bis(2-hydroxyethyl)ethyl-
enediamine with 2,4-di-zert-butylphenol and formaldehyde
in MeOH. Straightforward reaction of this ligand with
1 equiv. of Cu(ClOy),'6H,0 in MeOH under reflux condi-
tions [with 2equiv. of triethylamine (TEA)] leads to 1,
whereas 2 is obtained when 2 equiv. of Cu(ClO,),:6H,O
were used in the presence of 4 equiv. of TEA. Compound 1
was found to be converted into 2 when 1 equiv. of 1 is re-
acted with 0.5 equiv. of Cu(ClOy4),-6H-,O under reflux for
an extended time (Scheme 1). The reverse was not observed,
even in the presence of an excess amount of the ligand.

Compound 1 crystallizes in a monoclinic C2/c space
group. Crystal structure analysis revealed that 1 is a mono-
meric species, [Cul(H,L)], in which the copper(Il) ion has
a distorted-octahedral geometry with four oxygen and two
nitrogen atoms of the H,L ligands acting as donors (Fig-
ure 1). Two oxygen (O1 and O1*; *: 1 — x, y, %> — z) and
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wd WoON %5 noted that the axial oxygen atoms (02, O2*) remain pro-

T tonated (H2a and H2a*) under the experimental reaction
conditions. This partial protonation on the ligand helps the
columnar helical packing of mononuclear units (Figure 2).

The complementary nature of the mononuclear unit and

Cull:HyL:TEA =2:1:4 Cull:H,L:TEA =1:122 the equatorial-to-axial connection of adjacent mononuclear
/ \ units through hydrogen-bonding interactions [O2-
excess HyL
[Cuyly)] T—*— > [Cu(H,L)] Table 1. Selected bond lengths and angles for 2.
excess Cu(II)
Bond lengths [A] Bond angles [°]
Scheme 1. Cul-01  1.910(2) 01-Cul-02 103.88(9)
Cul-02 2.639(2) O1-Cul-N1 92.80(10)
two nitrogen (N1 and N1*) atoms occupy the equatorial ~Cul-NI1 = 2.061(3) O1-Cul-O1t 90.89(9)
ositions, whereas the axial sites are occupied by two oxy- Cul-OI  1.910(2) O1-Cul-02* 90.31(9)
p > pied by Y Ccul-02® 2.639(2) O1-Cul N1 165.73(10)
gen atoms (O2 and O2%). Cul-N1E  2.061(3) 02-Cul-N1 75.42(9)
01-Cul-02 90.31(9)
02-Cul-02fal 159.87(8)
02-Cul-N1 89.89(9)
0O1E-Cul-N1 165.73(10)
02[8-Cul-N1 89.89(9)
NI1-Cul-N1fl 86.99(11)

Ol1lL-Cul-020 103.88(9)
O1B_Cul-N|[] 92.80(10)
02[a-Cul-N1[@ 75.42(9)

[a] 1 —x, p, Y2 — z.

Figure 1. The ORTEP diagram of 1 with 30% ellipsoidal prob-
ability (*: 1 —x, y, V2 — 2).

The four equatorial donor atoms (N1, N1*, O1, O1%*) are
slightly away from the mean-square plane. The deviations
of the two N1 and two O1 atoms from the plane are +0.238,
—0.238 and +0.249, —0.249 A, respectively. The axial oxygen
atoms (02, O2*) have a distance of 2.639 A from the Cu
center. The equatorial oxygen (O1, O1*) and nitrogen (N1,
NI*) atoms are trans to each other in respect to the central
Cu atom. The four opposite bond angles around the Cu site
along the basal plane are equal, namely, the angle O1-Cu-—
N1 equals N1*~Cu-O1* (92.79°) and the angle O1-Cu-

NT1* equals N1-Cu-O1* (165.74°). All the important bond Figure 2. Intermolecular hydrogen-bonding interaction leading to
lengths and bond angles are listed in Table 1. It should be the helical assembly of mononuclear units along the ¢ axis in 1.

o w-a

Figure 3. Packing arrangement of the helical columns in 1.
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H2A--012, 02-H2A 0.84 A, H2A--O1* 2.08 A, 02--01*
2.922(7) A; 02-H2A--01 175° a: x, —y, ¥ + z] are respon-
sible for this helical assembly. The axis of the helix is the
crystallographic ¢ axis (Figures 2 and 3) and has a pitch
length of 12.05 A, which is equal to the length of the ¢ axis.
The packing arrangements of the helical columns are shown
in Figure 3.

Complex 2 crystallizes in the P1 space group and consists
of a discrete tetranuclear Cu'" unit self-assembled by two
L* ligands to form a [CusO4] central cubane core (Fig-
ure 4). The central core of 2 consists of four alkoxo-bridged
copper metal ions (Cul, Cu2, Cu3, and Cu4) giving an ap-
proximately cubic array of alternating copper and oxygen
atoms. Consequently, copper(Il) centers are linked in a ps-
bridging fashion by an alkoxo-oxygen atom of the aliphatic
backbone of the L* ligands.

The ps-bridging oxygen atoms are deprotonated, afford-
ing two tetra-anionic ligands and finally a neutral complex
2, [CuyLl,]. Each amine phenolate acts as a hexadentate li-
gand leading to five- and six-membered chelate rings with
bite angles of 85 and 93°, respectively. Each copper(II) cen-
ter is pentacoordinate with an NO,4 donor set of atoms. The
coordination environment is best described as square py-
ramidal with the basal plane occupied by the phenolate
oxygen atom, imino nitrogen, and alkoxide oxygen atoms of
the aliphatic part of one L* ligand as well as an additional
alkoxide oxygen atom of a second L* ligand moiety. The
apical position is occupied by an alkoxide oxygen atom of
the second ligand molecule at a rather long donor distance
(Table 2). The donor atoms of all basal coordination planes
deviate by less than 4 pm from the corresponding mean
planes of the related copper(Il) centers and are only slightly
displaced toward the apical ligand (0.07 to 0.15 A).

The cubane-type complexes have been classified accord-
ing to the Cu-Cul'”l and Cu-O!'3! distances and they gen-
erally come in two categories, namely, type-I and type-II. A
rare class type-III has also been reported.['!-1216] According
to the commonly adopted convention of classifying cubane
structures, type-I cubane is characterized by two short and
four long Cu---Cu distances (thus also called a [2 + 4] cub-
ane), whereas, type-II possesses four short and two long

Table 2. Selected bond lengths and angles for 2.
Bond lengths [A]

Cul-Ol 1.884(7) Cu3-04 1.982(6)
Cul-02 1.947(7) Cu3-05 1.876(6)
Cul-04 2.388(6) Cu3-06 1.941(6)
Cul-06 1.972(5) Cu3-08 2.442(7)
Cul-N1 2.047(7) Cu3-N3 2.038(8)
Cu2-02 2.449(6) Cu4-02 1.969(6)
Cu2-03 1.876(7) Cu4-06 2.434(7)
Cu2-04 1.948(7) Cu4-07 1.881(6)
Cu2-08 1.965(6) Cu4-08 1.942(6)
Cu2-N2 2.053(8) Cu4-N4 2.053(7)
Bond angles [°]

O1-Cul-02 171.7(3) Cul-02-Cu2 89.1(3)
O1-Cul-04  100.0(2) Cul-02-Cu4 109.6(3)
01-Cul-06 94.9(3) Cul-04-Cu2 90.9(2)
02-Cul-04 88.0(2) Cul-04-Cu3 90.9(2)
02-Cul-06 84.9(3) Cu2-04-Cu3 108.4(3)
04-Cul-06 75.9(2) Cul-06-Cu4 92.6(3)
02-Cu2-03  102.8(3) 07-Cu4-08 169.2(3)
02-Cu2-04 86.3(2) 06-Cu4-N4 109.5(3)
02-Cu2-08 72.9(2) 02-Cu4-N4 166.2(3)
03-Cu2-04  170.8(3) 07-Cu4-N4 95.4(3)
03-Cu2-08 95.6(3) 08-Cu4-N4 81.3(3)
04-Cu2-08 86.1(3) 06-Cu3-N3 81.3(3)
04-Cu3-05 94.5(3) 08-Cu3-N3 113.0(3)
04-Cu3-06 87.0(2) O1-Cul-N1 96.1(3)
04-Cu3-08 73.4(2) 02-Cul-N1 82.9(3)
05-Cu3-06  172.2(3) 04-Cul-N1 110.9(3)
05-Cu3-08 101.8(3) 06-Cul-N1 165.7(3)
06-Cu3-08 86.0(2) 02-Cu2-N2 111.9(2)
02-Cu4-06 73.0(2) 03-Cu2-N2 96.6(3)
02-Cu4-07 97.1(2) 04-Cu2-N2 80.6(3)
02-Cu4-08 85.4(2) 08-Cu2-N2 165.4(3)
06-Cud4-07  104.7(3) 04-Cu3-N3 166.1(3)
06-Cu4-08 86.2(3) 05-Cu3-N3 96.1(3)

Cu---Cu distances (a [4 + 2] cubane). For the rare type-II1
geometry, all six Cu---Cu distances are nearly identical, a [6
+ 0] cubane. The six Cu-+Cu distances observed in 2 fall
within a very short range of 3.104 to 3.200 A and accord-
ingly the present [CuyO4] core structure should be classified
as type-11I or a [6 + 0] cubane. Two different groups of Cu-—
O-Cu bond angles at the bridging oxygen atoms are found:
(1) a set of angles that fall between 89.1 and 92.6° and

Figure 4. The ORTEP diagram (30% ellipsoidal probability) of the alkoxo-bridged cubane unit in 2 (solid bonds between Cu centers are
within the 1.94-1.97 A range and the dashed bonds are within the 2.39-2.45 A range).
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(i1) the other set of angles within the 106.1-109.6° range.
The bridging angle of 89.1° is by far the smallest angle ob-
served for alkoxo-bridged compounds in a [Cu,O,] frag-
ment.'4% Intracomplex metal-metal separations in the
present complex are Cul-Cu2 3.104 A, Cul-Cu3 3.126 A,
Cul-Cu4 3.200 A, and Cu3-Cu4 3.146 A (Table 1). The
packing arrangement of the tetranuclear species is shown
in Figure 4. To the best of our knowledge, this probably
provides the first example in which a hexa-coordinating li-
gand with N,O, donor atoms forms a rare [6 + 0] cubane
Cuy04 core without any exogenous bridging ligand (Fig-
ure 5).

Figure 5. Packing diagram of complex 2. The cubane cores are rep-
resented by white spheres.

Electronic Spectra

The absorption spectrum of the monomeric complex
shows a sharp peak at 430 nm (¢ = 8373 M 'cm™!) and a
shoulder at 557 nm (¢ = 4303 M 'cm™') corresponding to
ligand-to-metal charge-transfer (LMCT) transitions. After
prolonged treatment of the monomer in an excess amount
of metal precursor and TEA, the tetramer is produced as
seen by the LMCT absorption band at 457nm (¢ =
8747 m'cm™!). The conversion was not followed spectro-
photometrically, as it occurs under prolonged reflux condi-
tions, so only the absorbance of the initial and final states
of the reaction solution were measured as shown in Fig-
ure 6.

12000

tetramer
9000 [

6000 [

&M 'Cm’

3000 f monomer

O 1 1 1 1 1 1
300 350 400 450 500 550 600 650

wavelength (nm)

Figure 6. UV/Vis spectra for complexes 1 and 2 in MeCN. [1] = [2]
=50X10° ™.
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Magnetic Properties

The magnetic properties of complexes 1 and 2 have been
measured from 300 to 1.8 K at 1000 Oe (Figure 7). At room
temperature, the product of the molar magnetic suscep-
tibility and temperature (y7) is 0.42 and 1.24 cm?Kmol™!
for 1 and 2, respectively, which is in good agreement with
the presence of one and four S = 4 Cul! spins, respectively.
The magnetic properties of 1 are relatively straightforward.
The 4T product stays constant all the way down to 1.8 K
(Figure 7) as a textbook example of paramagnetic Curie be-
havior seen for magnetically isolated spins. This result is in
good accord with the crystal structure of 1 (vide supra) that
confirms the complete isolation of the monomeric Cu®® spe-
cies. The yT product of 0.42 cm*Kmol ! is thus the Curie
constant and the deduced g factor is higher than 2, at ap-
proximately 2.1, as is often seen for Cu'' systems.

1.4
1.2

1 E
0.8 |
0.6 |

T (cm3-K/mol)

0.4

1
0.2 f

0

100 150 200 250 300
T (K)

0 50

Figure 7. Temperature dependence of the y7 product for complexes
1 (filled circles) and 2 (open circles) at 1000 Oe [with y being equal
to magnetization (M)/magnetic field (H)]. The solid line is the best
fit of the experimental data of 2 using the simplified tetranuclear
Heisenberg model described in the text.

For 2, the yT product at room temperature
(1.24 cm? K mol™) is slightly lower than the expected value
of 1.5cm?*Kmol !, which is explained by the presence of
intramolecular antiferromagnetic interactions as seen by the
decrease of yT when lowering the temperature (Figure 7).
At 1.8 K, the yT product reaches almost zero, at approxi-
mately 0.02 cm?Kmol™!, as expected for a complex with a
singlet ground state (St = 0). Inspection of the crystal struc-
ture (vide supra) reveals that the used ligand is sufficiently
bulky to efficiently separate the [CuyO4] cores from each
other, which implies extremely negligible intermolecular
magnetic interactions. If, at a first stage, the slight differ-
ences in the Cu—O-Cu angles can be ignored, a close in-
spection of the [Cu,O4] core reveals two types of Cu-O
bonds with different lengths: short Cu-O bonds of about
1.9 A and long Cu-O bonds of about 2.4 A. The short Cu—
O bonds (ca. 1.9 A) involve an oxygen atom bonded to cop-
per in an equatorial position of its coordination sphere,
whereas the long Cu—O bonds (ca. 2.4 A) imply an oxygen
atom in an axial position (Jahn—Teller axis). Consequently,
two different pathways for the interactions between the Cu'!
metal ions can be identified that are mediated by double
oxygen bridges with short—short/short-long (J;) or two
long—short (J,) Cu-O bond lengths. The spin/interaction
topology is thus given by Scheme 2.
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Scheme 2.

We have attempted to fit the y7 data using a well-known
model invoking a [CuyO4] cubane that has pseudo-Sy site
symmetry that essentially treats the [CusO4] core as two
coupled Cu" dimer pairs.*!"4? The topology of the [Cu,O4]
core is thus viewed as shown in Scheme 2 in which J; is the
exchange between two Cull sites forming a regular square
and J, is the cross exchange between the opposite vertex of
the square. The isotropic exchange Hamiltonian based on
this topology is shown in Equation (1)

H=-2J(Scu1 + Scu2)'(Scus + Scua) — 2J2(Scui*Scuz + Scus Scus)
(D

in which J; and J, are the exchange constants as shown in
Scheme 2, and S; are the spin operators for each Cu'' metal
ion for the “/” site. By ignoring the contribution of anisot-
ropy in the system and in the weak-field approximation, the
resulting expression derived from the Van Vleck formula is
[Equation (2)].

This analytical expression has been used to fit the experi-
mental y7 data measured at 1000 Oe but this approach
leads to nondetermined J parameters for which the error on
the values is larger than the values themselves. The present
situation is a typical case of overparametrization found in
fitting procedures, that is, an infinite number of (J;, J,) ex-
change parameter pairs could fit the experimental data.
Therefore, the number of fitting parameters must be re-
duced to only two (J and g) by considering J = J, = J, as
there is no structural justification to suppress one of the
two interactions in the [CuyO4] core. By using this simpli-
fied model, the experimental data are perfectly reproduced
down to 1.8 K with J/kg = —-14.9(5) K and g = 2.0(1) (red
line in Figure 7). It is worth mentioning that the obtained
J parameter is an average value of J; and J,. The sign of
the magnetic interaction confirms that this Cu!' tetramer
complex possesses an St = 0 spin ground state.

_ 2N, g% u; kT kT

2exp( 2/, )+exp(u)+56xp(%
B

Conclusion

In summary, using a simple Mannich-type reaction we
have prepared a novel hexacoordinating bis(hydroxyethyl)-
ethylenediamine-bis(phenolate) ligand. This new ligand is
able to stabilize both mono- and tetranuclear Cu!' com-
plexes depending on the ligand/metal ratio and pH condi-
tions. The mononuclear complex, 1, can be converted to the
tetranuclear 2 by heating 1 at reflux with an excess amount
of both the copper(IT) ion and TEA. However the reverse
process was not observed. The tetranuclear [CuyO4] core in
2 possesses a [6 + 0]-type cubane conformation that was
observed for the first time using a hexacoordinating ligand.
Whereas 1 displays an expected paramagnetic Curie behav-
ior, magnetic measurements reveal dominating antiferro-
magnetic interactions in 2. Complex 2 belongs to a rare [6
+ 0]-type cubane. Unlike the other [6 + 0]-type cubanes,
which show overall ferromagnetic interactions arising from
competing ferromagnetic and antiferromagnetic interac-
tions propagating through two exchange pathways (J; and
J>) in S, or C, symmetries, complex 2 shows dominating
antiferromagnetic interactions inducing an St = 0 ground
state.

Experimental Section

Materials: Starting materials (reagent grade) for the synthesis of
the HyL ligand: 2,4-di-tert-butylphenol (Lancaster), formaldehyde
(Merck India), and N,N’-bis(2-hydroxyethyl)ethylenediamine (Ald-
rich Chemicals) have been used as received. Solvents like methanol,
ethanol, petroleum ether, and acetonitrile (Merck India) were of
reagent grade and dried by standard methods before use.

Synthesis of the H,L. Ligand: This was prepared by using simple
Mannich condensation.[*>* In a typical procedure, N,N’'-bis(2-
hydroxyethyl)ethylenediamine (2.22 g, 15 mmol) in MeOH along
with 2,4-di-tert-butylphenol (6.19 g, 30 mmol) and formaldehyde
(3mL, 41%, 35 mmol) was stirred for 2 d. The solution was kept
in air to evaporate the solvent partially. A white solid appeared
within 2 d. After filtration, the solid was washed with cold meth-
anol and dried in air.

Synthesis of [Cu(H,L)] (1): Caution! Since perchlorate salts are po-
tentially explosive, only small amounts of the materials should be
handled with care.

The H4L ligand (1.0 mmol) was added to a methanolic solution
of Cu(ClO4),*6H,0 (1 mmol). Triethylamine (TEA; 2.0 mmol) was
added and the resulting solution was heated at reflux for 6 h. On
cooling, a green crystalline product was obtained. After filtration,
the solid was washed with methanol and dried in air. Diffraction-
quality crystals were obtained by very slow evaporation of a solu-
tion of the sample in dichloromethane at 5 °C. The composition of

)

xT
Fes 1+6exp(i‘?]+exp(w)+3exp(MJ+5exp

kT ksT

B
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the complex was determined by elemental analysis based on
C36Hs53CuN,0, (644.4): caled. C 67.09, H 9.07, N 4.35; found C
67.21, H 9.15, N 4.46. IR: ¥ = 3442 (br), 2957-2867 (s), 1429 (s),
12971255 (s), 833, 727 cm .

Synthesis of [CuyL,] (2): Two methods can be used to synthesize
compound 2. Method (a): TEA (4.2 mmol) was added to a solution
of HyL (1.0 mmol, 0.584 mg) in dichloromethane (20 mL) and
heated at reflux for 15 min. Cu(ClO4),°6H,0 (2 mmol) in acetoni-
trile (60 mL) was added dropwise to this hot solution. The resulting
solution was heated at reflux for 6 h. After cooling down to room
temperature, the solution was filtered and kept in refrigerator. After
a week, dark brown block-shaped crystals formed and were filtered
and washed with ice-cold methanol and dried in air. Method (b):
Complex 1 (green product, 1.0 mmol) was dissolved in dichloro-
methane, and Cu(ClO,),:6H,0 (0.5 mmol) in acetonitrile (60 mL)
was added dropwise. The resulting solution was heated at reflux
for 24 h. After cooling down to room temperature, the solution was
filtered and kept in the refrigerator. After a week, dark brown
block-shaped crystals were obtained and filtered. The crystals were
washed with ice-cold methanol and dried in air.

The composition of 2 was determined by elemental analysis as
based on C;,H;;,CuyN4Og (1415.86): caled. C 61.07, H 7.97, N
3.96; found C 61.21, H 8.15, N 3.92. IR: ¥ = 3442 (br), 2957-2867
(s), 1429 (s), 12971255 (s), 833, 727 cm ™.

Physical Measurements: Elemental analyses were carried out using
a Perkin-Elmer 240 elemental analyzer. Infrared spectra (400—
4000 cm ') were recorded from KBr pellets on a Nicolet Magna IR
750 series-1I FTIR spectrophotometer.

X-ray Crystallography: Intensity data for complexes 1 and 2 were
collected at 148(2) and 273(2) K on a smart CCD diffractometer
using graphite-monochromatized Mo-K,, radiation (1 = 0.71073 A)
in w-20 scan mode (2.75° < 20 < 27.50°). As judged by the diffrac-
tion peaks, no decomposition of the crystals occurred during the
data collection. The intensities were corrected for Lorentz and po-
larization effects and for absorption using the y-scan data. The
structure was solved by direct methods using SHELXS-97431 and
was refined anisotropically on F? using the full-matrix least-squares
procedure of SHELXL-97%! and hydrogen atoms were included in
the model at their calculated positions with d(C-H) = 0.93-0.97 A
and Uj,o(H) values of 1 with 5 equiv. of C for methyl protons and
1.2 equiv. of C for other protons at convergence [¢ weights, i.e.,
1/6*(F)]. Structural data are summarized in Table 3.

Magnetic Studies: The magnetic susceptibility measurements were
carried out with the use of a Quantum Design SQUID magnetome-
ter MPMS-XL. This magnetometer works between 1.8 and 400 K
for direct current (dc) applied fields ranging from -7 to 7 T. Mea-
surements were performed with microcrystalline samples of 1
(16.99 mg) and 2 (9.74 mg). Before any measurement, the sample
was checked for the presence of ferromagnetic impurities by meas-
uring the magnetization as a function of the field at 100 K. For
pure paramagnetic or diamagnetic systems, a perfect straight line
is expected and is observed for these compounds, thus indicating
the absence of any ferromagnetic impurities. The magnetic data
were corrected for the sample holder and the diamagnetic contri-
bution.

CCDC-746247 (for 1) and -745854 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.
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Table 3. Crystal data and details of the structure determination.

1 2
Formula C36H53CUN204 C72H] |2CU4N408
Formula weight 644.38 1415.86
Crystal system monoclinic triclinic
Space group C2/c (no. 15) PI (no. 2)
a[A] 18.6612(17) 14.8140(14)
b [A] 16.3168(15) 16.5896(17)
c[A] 12.0534(11) 19.2368(19)
a [’ 90 64.871(6)
N 90.974(5) 68.302(6)
7 [°] 90 83.947(6)
VA3 3669.6(6) 3969.4(7)

4 2
D(calced.) [gem 3] 1.166 1.185
#(Mo-K,,) [mm] 0.632 1.106
F(000) 1388 1504
Temperature [K] 148 273
0 min., max. [°] 1.7, 28.9 1.4, 28.8
Dataset -25:24; -21:22; -16:16  —19:19; -22:22; -25:25
Total, unique data 25714, 4555 60489, 20237
R(int) 0.013 0.273
Observed data [I > 2a(])] 1964 5196
N (reflections) 4555 20237
N (parameters) 205 817
R 0.0563 0.0866
wR2M! 0.1299 0.2715
S 0.87 0.86
Max., av. shift/error 0.00, 0.00 0.00, 0.00
Min., max. residual
density [e A~ -0.35,0.75 —0.81, 0.62

[a] R(Fo) = Z|Fo| — [FVEIF|. [b] wR2(F5) = {Z[w(F5 — FoPVEw(F)T} .
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The combination of bpa [1,2-bis(4-pyridyl)ethane] with the
pseudohalide cyanato (NCO") ligand leads to the preparation
of two new isomorphous compounds exhibiting the general
formula [M(NCO),(bpa);], [M = Co (1) and M = Ni (2)]. Both
compounds consist of M—(gauche-bpa),—M chains linked by

hydrogen bonds to give a global 2D network. Co™ and Ni!
ions are octahedrally coordinated to four bpa ligands and two
terminal NCO groups. The two compounds exhibit slight
antiferromagnetic interactions through bpa groups and a 2D
effect leading to a ferromagnetic component.

Introduction

The 4,4-dipyridyl-type organic groups are well known to
be excellent spacers for the preparation of coordination
polymers. Among these ligands, the flexibility of the 1,2-
bis(4-pyridyl)ethane ligand (bpa) is especially remarkable
and provides a clear advantage over other related rigid 4,4'-
dipyridyl organic ligands.

The bpa ligand can adopt two different conformations,
anti and gauche (Scheme 1), as a consequence of the free-
dom of rotation exhibited by the ethyl group. Both con-
formers are able to perform as coordinating ligands, either
bridging or terminal, and/or as crystallisation molecules. As
a result, bpa is characterised by a high capability to be in-
corporated into the structural framework, as illustrated by
the increasing amount of bpa polymers reported during the
last years.[!!

Our previous works with bpa concern four families of
polymers where this ligand is combined with pseudohalides
{azido (N3),”! dicyanamido [N(CN),],l*¥! thiocyanato (NCS)i
and cyanato (NCO)I!}. The use of these ligands focuses on
the generation of significant magnetic interactions through
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Scheme 1. Conformations of the bpa ligand.

intermetallic bridges. It is worth mentioning that few exam-
ples of M—L-bpa [L = NCS[® and N(CN),*7] can be found
in the literature. For L = N3 and NCO the [M(Nj3),(bpa)]
(M = Mn, Fe, Co and Ni)?>8l and [M(NCO),(bpa),]-bpa
(M = Mn and Co)P! compounds have been characterised to
date.

In this context, this paper reports on the synthesis and
magnetostructural characterisation of the polynuclear com-
pounds [M(NCO),(bpa),],, [M = Co (1) and Ni (2)]. These
isomorphous compounds exhibit M-—(gauche-bpa),-M
chains that are connected through hydrogen bonds to give
a 2D global network. The metal ions are octahedrally coor-
dinated, and this arrangement gives rise to a 2D effect
showing a ferromagnetic component. The absence of direct
intermetallic bridges through the cyanato groups precludes
the existence of stronger magnetic interactions between the
metallic centres.
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Results and Discussion

Structural Analysis

Compounds 1 and 2 are isomorphous. At first sight both
exhibit linear M—(bpa),—M chains extending along the [010]
direction (Figure 1) where the metallic ions are octahedrally
coordinated. Four bpa groups occupy the equatorial posi-
tions of the coordinating sphere, whereas in the axial ones
two N-bonded terminal cyanato ligands can be found for
both compounds. The two bpa ligands, bridging octahedral
metal ions, adopt the gauche conformation. The intermet-

Figure 1. Packing of the chains for 1 and 2 on the xy plane to give
a 2D global network. The discontinuous lines represent hydrogen
bonds.

Table 1. Selected bond lengths [A] and angles [°] for [M(NCO)s,-
(bpa),] [M = Co (1) and Ni (2)].1

Co (1) Ni (2)
M-N(1) 2.201(4) 2.145(5)
M-N(2)i 2.209(4) 2.147(5)
M-N@3) 2.099(3) 2.074(4)
N(3)-C(13) 1.150(5) 1.154(7)
C(13)-0(1) 1.214(6) 1.197(7)
N(1)~M-N(1) 90.9(2) 90.6(3)
N(1)-M-N(2)ii 175.0(1) 175.5(2)
N(1)-M-N(2)i 91.8(1) 92.0(2)
N(1)-M-N(3) 85.6(1) 86.2(2)
N(1)-M-N(3) 92.0(1) 90.8(2)
N(2)i-M-N(2)ii 85.9(2) 85.6(3)
N(Q2)ii-M-N(3) 90.1(1) 90.3(2)
N(Q2)i-M-NQ3) 92.5(1) 93.1(2)
N(3)-M-N(@3) 176.5(2) 175.4(3)
C(13)-N(3)-M 151.4(4) 151.5(5)
N(3)-C(13)-0(1) 179.3(6) 178.3(7)

[a] Symmetry transformations used to generate equivalent atoms: i
=x+1,y—z+1/2;ii=x,y-1,zii=-x+1,y-1,-—=z+ 1/2.
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allic distance through the bpa links is 9.95 A for 1 and
9.87 A for 2. The torsion angle py—C-C—py for the bpa li-
gands is 68.0(5)° for 1 and 67.1(7)° for 2. Similar low values
of the torsion angles have been found for other M—(gauche-
bpa),~M chains.*>1 With regard to the skew propeller
configurations of the four coordinated pyridine moieties
around the metal ion, the dihedral angle between the two
independent pyridine moieties is 74.1(2)° and 72.6(3)° for
compounds 1 and 2, respectively.

Table 1 summarises the most significant bond parameters
for 1 and 2. As observed, the values for the bond angles are
near to the ideal ones. The M—Ny,,, distance [2.201(4) A for
1 and 2.145(5) A for 2] is slightly longer than the M—Nnco
distance [2.099(3) A for 1 and 2.074(4) A for 2]. The cy-
anato ligands are nearly linear [N-C-O 179.3(6)° for 1 and
N-C-0 178.3(7)° for 2].

These M—(bpa),—M chains are connected through hydro-
gen bonds (Table 2) giving rise to a 2D global network
shown in Figures 1 and 2. It is worth remarking that the

Table 2. Selected most important intermolecular hydrogen bonds
for compounds 1 and 2.1

1

C9-H9V C9--0O1% H9--01" C9-H9--0Ol1
0.93 3.397(6) 2.54 154.2
CIl-H1v Cl1--N3Y H1--N3Y C1-H1-+N3
0.93 3.618(6) 2.88 137.3

2

C9-H9W C9--0O1% H9--01"V C9-H9--0Ol
0.93 3.400(8) 24 154.3
CIl-H1v Cl--N3Y HI1--N3Y CI1-H1-+N3
0.93 3.602(7) 2.87 136.8

[a] Symmetry transformations used to generate equivalent atoms:
v=-x+12,y+ 12, z+ 112, v=x,-y z-1/2.

Figure 2. View along the [010] direction of structures 1 and 2. The
discontinuous lines represent the hydrogen bonds.
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hydrogen bonds linking the N atoms of the cyanato groups
with the C1 atom of the bpa groups connect molecular
units related by x, —y, z — 1/2 symmetry transformations,
since the distance between metallic atoms related by this
symmetry is the shortest one in these structures (6.999 A
for 1 and 6.959 A for 2).

IR and UV/Vis Spectroscopy and Thermal Behaviour

A summary of the most important IR bands correspond-
ing to compounds 1 and 2, together with their tentative
assignments,l'% are given in Table 3. As can be seen, the
two spectra exhibit an intense absorption at about
2200 cm !, which is associated with the asymmetric stretch-
ing mode of the cyanato ligand. A broad band of medium
intensity at about 3500 cm™! for 1 (Figure S4) must be asso-
ciated with the OH stretching vibrations of the atmospheric
water.

Table 3. IR bands [cm '] and assignments for compounds 1 and 2.

1 2
y(C-H)bpa 3200-2800 3200-2800
Ve C-N)nco 2193 2194
W(C=C), (C=N)p,, 1613 1611
WATC-C)ppa 1424 1416
WC-O)nco 1224 1222
Sep(ATC—H)ppa 1069/1019 1071/1019
Vip(ArC—H)ppa 809 819
S(NCO)nco 635 625

The frequencies of the IR bands related to the bpa ligand
in the compounds are very close to their positions in the
free ligand (which are also displayed in Table 3), showing
that the pyridyl rings behave similarly in the complexes.
These results correlate well with similar coordinations of
the ligands to the metal ions, as observed in the structure
of isomorphous compounds.

The diffuse reflectance spectrum for compound 1 (Fig-
ure S6) exhibits three transitions attributed to spin-allowed
transitions from T 4(F) to *T, (F) (v; = 9200 cm™), *A,,
(F) (v, = 18800 cm ™) and “T;, (P) (v3 = 20300 cm™), as
corresponds to high-spin octahedral Co'. At 35000 cm™!
the spectrum shows a charge-transfer band. The values of
Dg = 960 cm™! and B = 869 cm™! calculated from these
transitions are common for octahedral Co' complexes.!'!]
The value of B is indicative of 89.5% of covalence for the
Co-N bonds in compound 1.

Table 4. Thermoanalytic data for compounds 1 and 2.
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For 2 (Figure S7), the UV/Vis spectrum exhibits the typi-
cal transitions for octahedral Ni'! compounds!!'?lwith values
of Dg = 1010cm !, B = 1032 cm ! (99.1% covalence) and
C = 2938cm™! (C/B = 2.85) calculated for spin-allowed
transitions from 3A,,(F) to 3Ty(F) (v; = 10100 cm™),
3T 1o(F) (v2 = 16200 cm), 3T 4(P) (v3 = 29100 cm ') and
the spin-forbidden transition from 3Ay,(F) to 'E, (v¥* =
13500 cm ™).

The TG curves (Figures S8 and S9) obtained for 1 and 2
(25-600 °C), under argon, indicate the occurence of two
steps (Table 4). The first one, which corresponds to a weight
loss of 36.82% (1) and 35.80% (2), takes place between
145 °C and 223 °C (1) and 175 °C and 255 °C (2) and can
be attributed to one molecule of bpa. The second step takes
place between 223 °C and 330 °C (1) and 255 °C and 375 °C
(2) and corresponds to a weight loss of 46.88% (1) and
41.90% (2). This step can be associated with the pyrolysis
of the other molecule of bpa and the two cyanato groups.

As seen for the thermal behaviour (Figure S8), the ther-
mal decomposition for compound 2 starts at a higher tem-
perature than for 1. This is indicative of a slightly higher
stability of the Ni compound that is also reflected in the
shorter Ni-N bond lengths and the higher rate of covalency
concluded by UV/Vis spectroscopy.

ESR Spectroscopic and Magnetic Properties

ESR spectroscopic measurements were carried out at
several temperatures over the range 2-300 K for com-
pounds 1 and 2. As expected for compound 2, having a
non-Kramer metallic ion, ESR spectra did not show any
signals over the whole temperature range. For compound 1,
even if X-band isotropic spectra were recorded below
100 K, just those corresponding to temperatures lower than
30 K acquired rhombic resolution.

The spectrum at 4 K (Figure 3) can be described in terms
of an effective spin doublet S = 1/2. The sum of the three
observed g values, g, = 2.21, g, = 2.75 and g3 = 7.70, are
close to the theoretical value of 13 proposed by Abragam
and Prycel!?l, which is consistent with the slightly distorted
octahedral sphere around Co'! in compound 1.

The thermal variation of y,, for 1 shows a continuous
increase from y,, = 12.24 X 103 cm*mol ™! at room tempera-
ture. As observed in Figure 4, where y,,,”' and y,,T values
vs. temperature are displayed, the Curie-Weiss law is
obeyed down to 50 K with values of Cy, = 4.10 cm®*K mol !

Step T; Ty AT %Ameyperimental  YoAMneoretical Assignation (per unit formula)
1 145 223 36.82 36.02 Loss of one bpa molecule
[Co(NCO),(bpa),] (1) 2 223 330 46.88 46.22 Pyrolysis other bpa molecule and two cyanato groups
Total 145 330 185 83.70 82.24
1 175 255 35.80 36.04 Loss of one bpa molecule
[Ni(NCO),(bpa),] (2) 2 255 375 41.90 46.24 Pyrolysis other bpa molecule and two cyanato groups
Total 175 375 200 77.70 82.28

[a] T; [°C] = initial temperature, T, [°C] = final temperature, AT = T, — T;, Y%0AMexperimentat = €Xperimental mass loss percentage,

YoAMpeoretical = theoretical mass loss percentage.
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Figure 3. Experimental and calculated ESR powder spectra for 1 at 4 K.
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Figure 4. Thermal evolution of y,,T and y,,”' for compound 1 and the corresponding Curie-Weiss curve.

and 6 = -63.0 K. The decreasing values of y,,T (from y,,T
= 3.36 cm>Kmol ! at room temperature) should be inter-
preted in terms of the spin-orbit coupling rather than con-
sidering significant antiferromagnetic interactions between
the Co'! centres.

The magnetic susceptibility for 2 continuously increases
from 40.82 X 103 cm®*mol! at room temperature. Figure 5
shows the thermal variations of y,,”' and y,,,7. The inverse
of y., follows the Curie-Weiss law along the whole range of
temperature (C,, = 1.23 cm?> Kmol ! and 6 = —2.04 K). The
xm T product slowly decreases with decreasing temperature
from y,,7 = 1.25 cm®>Kmol™!' at room temperature down to
33K (¢mT = 1.15cm*Kmol"). Upon further cooling, a
slight increase of y,, 7" can be observed with a maximum at
126 K (ymT = 1.22cm?*Kmol ™). At lower temperatures,
the y,, T values tend to zero. This anomaly will be discussed
below.

The decrease of y,,,T upon cooling for 2 should be attrib-
uted to the occurrence of slight antiferromagnetic interactions
3494
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between atoms connected through bpa ligands. Thus, if we
consider the chains only, magnetic data for 2 can be treated
on the basis of the Weng equation [Equation (1)] for the cal-
culation of y,,,7 down to 33 K. This equation is applicable to
linear chains with S = 1 being based upon the spin Hamilto-
nian H = -XS;S;4;. The best fit (shown in Figure 5) has been
carried out by using J = -0.8 cm™!' and g = 2.21 in agreement
with very weakly coupled octahedral Ni'" ions.

_Ng’f*[  2+da+Bd’
Zm kT L3+Ca+Da2+Ea3

)

where 4 = 0.019, B = 0.777, C = 3.436, D = 3.232, F =
5.834, a = JIKT, N and k are the Avogadro and Boltzmann
constants, respectively, g is the Landé factor, and £ is the
Bohr magneton.

As observed, the theoretical fit (solid line) does not ac-
count for the anomaly at low temperatures. Assuming that
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Figure 5. Thermal evolution of y,,7 and y,,”' for compound 2 and the corresponding theoretical Curie-Weiss curve.

the intrachain exchange through bpa only accounts for the
occurrence of weak antiferromagnetic interactions, the low-
temperature anomaly observed for 2 should be explained
by considering a 2D effect related to the packing of the
chains.

Figure 6 displays a 3D view of the metallic centres for 2
by considering the antiparallel coupling not only along the
Ni—(bpa),—Ni chains but also between consecutive centres
connected through hydrogen bonds along the x and z direc-
tions. It is worth remarking that consecutive atoms along z
are not magnetically equivalent (they are related by the x, —
y, z + 1/2 symmetry transformation). On the other hand,
the intermetallic distance between these atoms is the short-
est one in the structure (6.959 A): shorter than the distance
through bpa ligands (9.869 A) and the distance on the xy
planes (10.593 A). Taking into account these considera-
tions, an interchain canting effect along z can be proposed.
This canting could give rise to a weak ferromagnetic com-

@ PFositive spin
Negative spin

— @ Ni-(bpa)y-Ni

Figure 6. Chart of interactions proposed for compound 2.
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ponent that accounts for the slight anomaly in the thermal
variation of the y,,,7 product for 2.

To definitively confirm the existence of a canting phen-
omenon, measurements at different magnetic fields should
show a field dependence of the y,,,7 values in the anomaly,
as thus occurs. Measurements at 0.1 T and 1 T have been
performed and, as expected, the lower the field the larger
the variation of y,,7 in the anomaly.

Since compounds 1 and 2 are isomorphous, the absence
of this effect for 1 can be explained by considering that the
stronger decrease of effective magnetic moment () for
Co!l, due to the spin-orbit coupling, could be obscuring the
weak ferromagnetic component.

Conclusions

Compound 1 and 2 are new examples of the system M-
bpa-L where M is a divalent cation and L is N3, NCO,
NCS or N(CN),. The structural features of all the com-
pounds characterised indicate that only the azido pseu-
dohalide can compete with bpa in the formation of inter-
metallic bridges. These compounds have bpa intermetallic
bridges, so their magnetic interactions are insignificant. On
the other hand, the bulkiness of the bpa ligand does not
seem to be an impediment for the stabilisation of octahedral
spheres consisting of four bpa groups and two pseudohalide
ligands for M(1):bpa(2) compounds.[7¢:74:9¢.9d.9¢.13] Thjg js
because of the free rotation of the ethyl group.

In relation to M(1):bpa(2) compounds, some additional
aspects should be remarked upon. Two polymorphous com-
pounds of formula [Co(NCS),(bpa),] have been reported to
date. One of them, by Park et al.,['¥ consists of interpen-
etrated 2D units where each octahedral sphere is connected
to another four through N,N'—bpa groups. On the contrary,
for the second polymorphous compound®°®! each octahe-
dral sphere is connected to another two through double
N,N'—bpa bridges. This latter structural unit is common for
the rest of M(1):bpa(2) compounds reported so far*>! (in-
cluding compounds 1 and 2). In fact, there are even more
3495
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similarities among these structures since not only the re-
sulting chains but also their packing on the xy planes are
nearly identical for these compounds. What is novel in com-
pounds 1 and 2 is the 2D global network observed in their
structures, which gives rise to a 2D effect leading to the
ferromagnetic component between the chains.

Experimental Section

Synthesis: The synthesis of compound 1 was carried out by mixing
an aqueous solution (10 mL) of KNCO (41 mg, 0.5 mmol) with an
aqueous solution (20 mL) of Co(NO3),-6H,0 (73 mg, 0.25 mmol).
After 30 min of stirring, a warm methanolic solution (20 mL) of
1,2-bis(4-pyridyl)ethane (bpa) (46 mg, 0.25 mmol) was added. The
resulting solution was filtered off the precipitate and was left to
stand at room temperature. Several days later, prismatic, pink, X-
ray-quality single crystals were obtained. Compound 2 was simi-
larly synthesised by using Ni(NO3),:6H,O (73 mg, 0.25 mmol). In
this case, prismatic, blue, X-ray-quality single crystals were ob-
tained. Elemental analyses results were in good agreement with the
structure. 1: CosH>4CoNgO, (511.4): caled. C 61.06, H 4.73, N
16.43; found C 60.12, H 4.71, N 16.40. 2: CsH4NgNiO, (511.2):
caled. C 61.09, H 4.73, N 16.44, found C 60.60, H 4.67, N 16.25.

Physical Measurements: Microanalyses were performed with a
LECO CHNS-932 analyser. Infrared spectroscopy was performed
with a MATTSON FTIR 1000 spectrophotometer over the 400—
4000 cm™! region. Thermal analyses were obtained by using a TA
Instruments SDT-2960 DSC-TGA unit at a heating rate of 5 °C.
Diffuse reflectance spectra were recorded at room temperature with
a CARY 2415 spectrometer over the range 5000-45000 cm™'. ESR
spectroscopy was performed on powdered samples at the X-band
frequency, with a Bruker ESR 300 spectrometer equipped with a
standard OXFORD low-temperature device, which was calibrated
by the NMR probe for the magnetic field. The frequency was mea-
sured with a Hewlett-Packard 5352B microwave-frequency com-
puter. Magnetic susceptibilities and the magnetisation of powdered
samples were carried out over the temperature range 1.8-300 K at
values of up to 1000 G for the magnetic field by using a Quantum
Design Squid magnetometer, equipped with a helium continuous-
flow cryostat. The experimental susceptibilities were corrected for
the diamagnetism of the constituent atoms (Pascal tables).!!3]

Crystal Structure Determination: Single-crystal X-ray measure-
ments for compounds 1 and 2 were performed at room temperature
with an Enraf-Nonius CAD-4 automatic four-circle diffractometer
with graphite-monochromated Mo-K,, radiation (1 = 0.71070 A),
operating in the /260 scanning mode by using suitable crystals for
data collection. Accurate lattice parameters were determined from
the least-squares refinement of 25 well-centred reflections. Intensity
data were collected in the 6 range 2.27-29.96° for compound 1,
and in the ¢ range 2.28-30.08° for compound 2. During the data
collection, two standard reflections, periodically observed, showed
no significant variation. Corrections for Lorentz and polarisation
factors were applied to the intensity values. The structure was
solved by heavy-atom Patterson methods using the program
SHELXS97'% and refined by a full-matrix least-squares procedure
on F? using SHELXL97.'71 Non-hydrogen atomic scattering fac-
tors were taken from the International Tables of X-ray Crystal-
lography.['® In Table 5 crystallographic data and processing param-
eters for compounds 1 and 2 are shown. The higher values of R,
and wR, for compound 2 can be associated with the lower quality
of the crystals formed. CCDC-206333 (1) and -206334 (2) contain
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the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 5. Crystallographic data and refinements for compounds 1
and 2.

Compound 1 2
Empirical formula C26H24C0N602 C26H24N6Ni02
M, [gmol '] 511.4 511.2
Crystal system monoclinic monoclinic
Space group C2le C2/c

a[A] 18.814(3) 18.746(7)
b [A] 9.945(3) 9.869(6)
c[A] 13.995(2) 13.914(4)
p [1 107.77(1) 107.58(3)
VA3 2493.6(9) 2454(2)
Pealed. [gCM ] 1.362 1.384
Pobsd. [gem ] 1.40 1.43

u [mm] 0.723 0.826

F (000) 1060 1064

0 range [°] 2.27-29.96 2.28-30.08
Collected reflections 3699 3650
Independent reflections 3602 3554
Parameters 159 159
Ri(F,)™ 0.076 0.1046
WRy(Fy2)M! 0.1774 0.205
APmax! Apmin [6 A7 0.926/-0.935 1.494/-0.836

[a] Ri(Fo) = [(ZIFo| — [FIDIZIFD]. [b] wRa(Fo?) = {Z[w(Fy> - F2)*)
SIWE2 2 w = U[oX(|F.)) + (0.03P), P = (F.> + 2F.2)/3.

Supporting Information (see footnote on the first page of this arti-
cle): Structure views, IR and UV/Vis spectra, and TG curves for 1
and 2.
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Ternary Rare Earth Inorganic—Organic Hybrids with a
Mercapto-Functionalized Si—O Linkage and a Polymer Chain:
Coordination Bonding Assembly and Luminescence
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A series of ternary organic/inorganic/polymer hybrid materi-
als have been assembled on the basis of the coordination
chemistry principle. Mercapto-functionalized MBA-Si from
MBA (4-mercaptobenzoic acid) behaves as the first coordina-
tion unit, which forms sulfide linkages, resulting in an inor-
ganic Si-O network after hydrolysis and copolycondensation
with TEOS (tetraethoxysilane). The organic polymers PVPD
[poly(4-vinylpyridine)] and PMMA [poly(methyl methacryl-
ate)] play a role of the second coordination unit, whose or-

ganic polymeric C-C chain originates from addition polymer-
ization of the monomers 4-VPD (4-vinylpyridine) and MMA
(methyl methacrylate), respectively. These hybrids are char-
acterized in detail to compare with the binary hybrids with-
out an organic polymer unit, whose results reveal that the
microstructure, the thermal stability, and especially the pho-
toluminescence properties of the hybrid system are improved
with the introduction of the polymer as the coligand.

Introduction

The study on luminescent rare earth (especially Eu** and
Tb3*) complexes has gained great interest during the past
decades for their fascinating properties including high
quantum efficiency, narrow emission bands, high color pu-
rity, large Stokes shifts, and long lifetime, which can be ex-
pected to have large potential applications in the fields of
luminescent sensors, lasers, fluorescent probes, light-emit-
ting diodes, optical amplifiers, and so on.[!! Nevertheless,
due to their poor thermal stability and low mechanical re-
sistances, rare earth complexes have been excluded from
practical applications.”l Therefore, many researchers incor-
porate rare earth complexes into an inert host (silica gel or
polymer matrix) to construct organic-inorganic hybrids by
using the sol-gel method®# to combine remarkable mutual
features of both organic and inorganic components.!

Typically, according to the interfacial force between the
organic and inorganic phases of the hybrid materials, the
synthetic procedures can be categorized into two main
routes.[l One is called the conventional doping method: the
organic compound is dispersed or dissolved into an inor-
ganic host through weak physical interactions (such as hy-
drogen bonding, van der Waals forces, or electrostatic
forces)!”! and easily introduces inhomogeneity and leaching
or clustering of the photoactive center, which results from

[a] Department of Chemistry, Tongji University,
Siping Road 1239, Shanghai 200092, P. R. China
Fax: +86-21-65982287
E-mail: byan@tongji.edu.cn
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/¢jic.201000273.
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the high vibration energy of the hydroxy groups surround-
ing rare earth ions. The other synthesis method involving
covalent bonds can avoid these shortcomings. The resulting
hybrid materials show improved chemical stability and
compatibility owing to the covalent linking of the two
parts.®] Thus, more and more attention has been paid to the
chemically bonding method to construct organic—inorganic
hybrid materials. Carlos et al. have done important work
and have lately written a review on lanthanide-containing
light-emitting organic-inorganic hybrids.”] More recently,
Binnemans gives a more extensive overview of the different
types of lanthanide-based hybrid materials and compared
their respective advantages and disadvantages.[']

The critical step to assemble molecular-based hybrid ma-
terials is to design a functional molecular bridge that can
coordinate rare earth ions and covalently bond to silox-
anes.''! Our group has realized six main modification
paths, amino group, carboxyl group, hydroxy group, sul-
fonic group, and methylene group modification, and further
introduced an organic polymer into the hybrid materials
not only as a matrix but also as a component that can coor-
dinate to the rare earth ions through the oxygen or nitrogen
atom, as they have attractive properties such as low cost,
light weight, easy to fabricate, and convenient to control
various optical parameters.!”l In our organic/inorganic/
polymer hybrid materials, the bridge molecule acts as small
molecular ligand and the polymer acts as a macromolecular
ligand or coligand.['3) Under these circumstances, both the
small bridge molecules and the polymer can absorb exci-
tation energy and transfer it to rare earth ions to obtain
hybrid materials with excellent luminescent properties.

Eur. J. Inorg. Chem. 2010, 3498-3505
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In this paper, a mercapto-group-functionalized aromatic
compound is selected for the preparation of the precursor,
for the mercapto group is very active in many reactions.!'#]
Binary organic-inorganic hybrids based on 2-MBA (2-mer-
captobenzoic acid) have been investigated in detail .['>] Here,
we construct the ternary rare earth (Eu, Tb) organic/inor-
ganic/polymeric hybrid materials based on 4-MBA by using
a different polymer and the sol-gel method, and we synthe-
sized the binary organic-inorganic hybrids simultaneously
for comparison.

Results and Discussion

The scheme for the synthesis process and the predicted
compositions of the precursors and the binary and ternary
hybrid materials are presented in Figure 1 and Figures S1
and S2 in the Supporting Information. As we know, it is
very difficult to prove the exact structure of these kinds of
noncrystalline hybrid materials, and it is hardly possible to
solve the coordination behavior of rare earth ions. However,
the main composition and their coordination effects can be
predicted according to the rare earth coordination chemis-
try principle and the organic functional groups present.
Considering the molecular structure of ligands 4-MBA-Si
(P!, P2, P%), the carboxylate group remains after the mer-
capto modification of 4-MBA. So it can be assumed that
the three COO™ groups can provide six coordination sites
from the chemical behavior of the aromatic carboxylates.['®!
The S atom in the sulfide linkage is not coordinated to the
rare earth ions because of its large steric hindrance and its
weak coordination ability. For the ternary hybrids intro-
duced by polymers PVPD [poly(4-vinylpyridine)] and
PMMA [poly(methyl methacrylate)], the functional groups
within them can provide one coordinated nitrogen atom
(pyridine of PVPD) or oxygen atom (methacrylate of
PMMA). Furthermore, according to the previous research
of Horrocks,['”! it can be deduced that one or two water
molecules may participate in the coordination of these hy-
brids. The prediction has also been confirmed by infrared
spectra. Here it needs to be referred that the scheme is only
to show the average coordination chemistry behavior
around rare earth ions, which does not represent the exact
structure of the hybrids.

The Fourier transform infrared spectra of the initial li-
gand MBA and the three precursors (P' denote MBA-
TEPIC, P? denote MBA-APS and P3 denote MBA-CPS,
where TEPIC = 3-(triethoxysiyl)propyl isocyanate, APS =
(3-aminopropyl)trimethoxysilane, and CPS = (3-chloro-
propyl)trimethoxysilane) are presented in Figure 2a. As is
clearly seen, there exists a broad band centered at around
2934 and 2874 cm™! in the three precursors, which can be
ascribed to the asymmetric stretching vibration and sym-
metric stretching vibration for the methylene (-CH,-) group
of the coupling reagents. The vanishing of the v(S-H) at
2541 cm ! for the three precursors compared to MBA and
the appearance of the v(C-S—C) at 696 cm™' suggest the
modification of the coupling reagent. The large broad band
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Figure 1. The predicted structure of the ternary hybrid materials.

at about 3414 cm™! and the low absorption peak at 921 cm™!

in the three precursors are assigned to the stretching vi-
bration and the out-of-plain bending vibration of O-H. The
disappearance of the stretch vibration of (N=C=0) at
2250-2275 cm™! for P!, the (N-H) at 1209 cm™! for P2, and
the v(C—Cl) at 800 cm ! for P? indicate the coupling reagent
is grafted onto MBA. Additionally, the existence of a
stretching vibration of Si—C at 1196 cm™' and the stretching
vibration of Si—O at 1099 and 1047 cm™! suggest the forma-
tion of the siloxane bonds. Figure 2b shows the FTIR spec-
tra of selected hybrid materials. The two absorption bands
at 1594 and 1424 cm™! correspond to the symmetric vi-
bration and asymmetric vibration of the carbonyl group
(COQO"), respectively. The three absorption bands around
2934 cm™! are due to the -CH,— vibration, and the broad
band at 3396 cm™! corresponds to the O-H (vs). The strong
3499
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peak at 1383 cm™! is assigned to the stretching vibration of
NO;~, which indicates the nitrate group is not coordinated
to RE**. Further, there also exists the Eu-O vibration at
545 cm™! which suggests the carbonyl group COO™ is coor-
dinated to the rare earth ions. For PVPD-Eu-M!, the Eu—
N vibration is located at 476 cm™!.
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Figure 2. FTIR spectra of (a) the free ligand MBA and the three
precursors MBA-Si (P!, P2, P3, respectively) and (b) for the selected
hybrids.

Figure 3 shows the ultraviolet absorption spectra
(5% 10* M DMF solution) of MBA, P!, P2, and P3. It is
observed that there exists a broad absorption band for each
compound (at 273, 264, 279, and 280 nm for MBA, P!, P2,
and P3, respectively), which is ascribed to the major n—n*
electronic transitions. Comparing the precursors with the
original compound MBA, a blueshift (about 9 nm) of the
absorption peak appears for P!, whereas for P? (about
6 nm) and P3 (about 7 nm) it shifted to a longer wavelength.
This phenomenon indicates that the electron distribution of
the conjugating system has changed after modification of
MBA. Besides, we also can infer that the coupling reagents
are grafted to MBA successfully.
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Figure 3. The ultraviolet absorption spectra of the free ligand MBA
(A), precursors P! (B), precursor P? (C), and precursor P3 (D).

Figure S3 (Supporting Information) presents the X-ray
diffraction (from 10 to 70°) spectra of the selected hybrid
materials Eu-M!, PVPD-Eu-M!, and PMMA-Eu-M!,
which reveal that all the obtained hybrid materials are
amorphous in the whole range. All the materials exhibit
similar XRD patterns with a broad peak centered at around
23°, which is the characteristic diffraction of amorphous
siliceous backbone material.l'81 By comparison to the bi-
nary hybrids, there is no new diffraction peaks for the ter-
nary hybrids with PVPD or PMMA, which show that the
introduction of the macromolecular ligands in the hybrid
system cannot affect the disordered silicon skeleton.
Furthermore, there are many narrow weak peaks in these
samples, corresponding to the incomplete hydrolysis—con-
densation of the excessive TEOS (tetraecthoxysilane) mole-
cules. TEOS molecules can carry on the hydrolysis—conden-
sation process themselves or with a silane coupling reagent.
If the hydrolysis—condensation process of the excessive
TEOS molecules takes place among themselves, the ordered
Si—O network can form a better crystal state. Then the nar-
row peaks appear, but the small amount of the ordered Si—
O network brings the weak intensity. In addition, neither
of the samples exhibit measurable amounts of the phase
corresponding to the free ligands or the free salts, which
can support the formation of the covalently bonded hy-
brids.

The DSC and TGA data for the ternary polymeric hy-
brid material PVPD-Eu-M! (Figure 4) shows 9% weight
loss at 170 °C, which is due to the loss of the residual and
coordinated water molecule. Between 170 and 600 °C, a
weight loss of 37% is observed, which is ascribed to the
decomposition of the organics in the material. Correspond-
ing with this weight loss, are two obvious exothermic peaks
at 210 and 530 °C observed from the DSC curve, which is
concordant with the pyrolysis of the material releasing en-
ergy. There are additional weight losses of 4% between 600
and 800 °C and a very gradual loss of 1% at 1000 °C with-
out obvious absorbing and releasing energy in the DSC
curve. The residual weight (49 %) is mainly inorganic Si-O
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networks (1090 cm™' in FTIR). The results show that this
kind of organic/inorganic/polymeric hybrid material is
stable under 210 °C. This thermal stability is higher than
the pure complex and also better than the binary organic/
inorganic hybrid material according to the literature.['”!

Exc
100 - 1
Lo
an
-1
[}
20 ]
= (e}
£ 73
fa7) -
= 70 £
-3 E
60
-4
50 :
800°C
: : : : . : T T T -5
0 200 400 600 200 1000

Temperature °C)

Figure 4. Selected DSC and TGA traces of the ternary hybrid ma-
terial PVPD-Eu-M!.

Figure S4 (Supporting Information) and Figure 5 show
the micrographs of the selected binary and ternary hybrid
materials, respectively. It can be seen from the images of all
hybrids that homogeneous systems are formed. Moreover,
phase separation phenomenon cannot be observed, which
always appears in the conventional doping method. By
comparison with the binary and the ternary hybrid materi-
als, we can observe distinct differences of the micromor-
phology. For the binary hybrids, the microstructure exhibits
the irregular shaped particles on the surface, whereas for
the ternary hybrids, a more regular and uniform micro-
structure with ordered morphology on the surface can be
obviously observed. This result verifies that the organic
polymer (organic polymeric chains) may play an important
role in the formation of the ultimate complicated hybrid
system. For ternary hybrids, Figure 5a exhibits a petal-
shaped, flake-layered, and globular structure. Figure 5b
presents very ordered dendritic structure. Figure 5¢,d show
the perthitic structure with many small irregular particles
on the surface. Figure Se displays a regular and ordered
globular structure. Figure 5f also has many ordered stripes
with many small-sized uniform flake layers on the surface,
which is amplified and clearly shown in Figure 5g for analy-
sis. The luminescent center with the polymer is firstly ac-
complished by chelation not only through a small bridge
molecule MBA-Si but also through macromolecular ligands
PVPD or PMMA. Owing to the coordination effect and the
steric hindrance of the polymer (as the terminal ligand), the
structure of the luminescent center becomes rigid. Sub-
sequently, the cohydrolysis and copolycondensation process
is completed around the luminescent center. Therefore, it is
easy to form a flake or globular structure. The flake struc-
ture can be stacked to petal shaped or layer shaped under
different experimental conditions (polarity of the solvent,
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for example). Moreover, the polymers PVPD or PMMA be-
have as the termini ligand through simple chelation of the
nitrogen or oxygen atom, The long organic chains supply
the template effect to induce the cohydrolysis and copoly-
condensation process, which results in the long dendritic or
stripe-shaped morphology. In summary, we can conclude
that a more ordered and regular microstructure can be
achieved with the introduction of the polymer.

(2)

polymer

Lo S Q) mg
(f) (2)

Figure 5. SEM images of the ternary hybrid materials: (a) PVPD-
Eu-M!, (b) PMMA-Eu-M!, (c) PMMA-Eu-M?, (d) PVPD-Eu-M?,
(e) PVPD-Tb-M!, (f) PMMA-Tb-M3, (g) amplified image of (f).

Figure S5 (Supporting Information) exhibits the UV/Vis
diffuse reflection absorption spectra of selected europium
and terbium hybrids. As can be seen, there is a large broad
absorption band in each hybrid that is attributed to the n—
n* electronic transition of the aromatic ring in the hybrid
system. It is worth noting that the large broad band over-
laps from 220 to 500 nm, which proves that not only the
small molecular ligand MBA could absorb abundant energy
in the UV/Vis region, but the macromolecular ligand PVPD
or PMMA can also enhance the absorbance ability. This
energy can be transferred to rare earth ions through the
“antenna effect” and sensitize the rare earth ions.

Figure 6 show the selected excitation spectra of all the
europium hybrid materials in the solid state at room tem-
perature, which are preformed under the maximum wave-
3501
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length of 613 nm for Eu?*. A broad absorption band in the
range from 220 to 450 nm is attributed to the mercapto-
modified Si-O linkage host.['’! Here, the organically modi-
fied Si—O hybrid hosts not only behaves as the host but also
as the ligands for the coordination bonds between MBA-Si
(M!, M?, M?) and Eu3*.?% The absorption of the photo-
active organically modified group and the —Si—O- network
both play a role in the energy transfer and luminescence of
Eu®" within the hybrid systems. It is noteworthy that the
wide excitation bands should contain the charge transfer
state of Eu—O between Eu** and the MBA-Si unit. Besides,
the weak narrow lines located at 393 nm are probably due
to transitions within the 4f° configuration of Eu** ("F—°L¢
transition) and overlapped with the wide excitation of the
host.2!l

EX A =613 nm
on

2 Eu-m' .I
— | B——PVPD-Eu-m' ‘|
2 |e— PMMA- Eu- b’ | ||
— 2 bl
= |° Eu-M ) ".
= e PVPD-Eu-M° \
T |F—— PMMA-Eu-pt’
£ e Eu-M* :
2 |H— PVPD-Eu-m°
= 3
T | —— PMMA-Eu-M
= .
o

31::0 35'0
Wavelength (nm)

Figure 6. Selected excitation spectra of the europium hybrid materi-
als; the curves from A to I denote Eu/Tb-M!, PVPD-Eu/Tb-M!,
PMMA-Eu/Tb-M!, Eu/Tb-M?, PVPD-Eu/Tb-M?, PMMA-Eu/Tb-
M2, Eu/Tb-M3, PVPD-Eu/Tb-M?3, PMMA-Eu/Tb-M3, respectively.

Figure 7 presents the luminescence spectra of ternary eu-
ropium and terbium organic/inorganic/polymeric hybrid
materials in the visible range (from 550 to 700 nm for euro-
pium and from 400 to 600 nm for terbium). For europium
hybrids, all the emission spectra display the characteristic
Eu’* Dy—"F, (J = 0-4) intra-4f° transitions at 575, 589,
614, 649, and 700 nm, respectively.['”l Among these emis-
sion peaks, the orange emission at 589 nm and the predomi-
nant red emission at 614 nm (associated with >Dy—’F, and
SDy—"F, transitions, respectively) are obviously observed,
whereas the other transitions are relatively weaker. The de-
tailed luminescence data are shown in Table 1. As we know,
the *Dy—"F, transition is the electric dipole transition with
hypersensitivity to the local symmetry of the coordination
sphere of the Eu* ions, whereas the magnetic dipole transi-
tion Dy—"F, is practically independent of the host mate-
rial, so the intensity ratio of the red and orange intensities is
considered as the coefficient to the symmetry around Eu®*.
When the ratio is higher, the europium ion generally occu-
pies a lower symmetry microenvironment,?? and the data
shown in Table 1 indicate that the europium ion may oc-
3502
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cupy the low symmetry sphere in ternary hybrids containing
PMMA. For terbium hybrids, we can see that the narrow
emission lines are recorded upon a broad emission band
from 350 to 650 nm. The narrow lines are ascribed to the
characteristic Tb** emission with peaks at 486, 542, 581,
and 618 nm corresponding to *D,—"F; (J = 6-3), respec-
tively, whereas the broad band are attributed to the emis-
sion of the organically modified Si—-O group that is not
transferred to the terbium ion.
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Figure 7. The emission spectra of (a) Eu hybrids and (b) Tb hy-
brids; the curves from B to J denote Eu/Tb-M!, PVPD-Eu/Tb-M!,
PMMA-Eu/Tb-M!, Eu/Tb-M2, PVPD-Eu/Tb-M?2, PMMA-Eu/Tb-
M2, Eu/Tb-M;, PVPD-Eu/Tb-M?, PMMA-Eu/Tb-M?3, respectively.

For further investigation of the photoluminescence prop-
erties, we measure the decay curves of all the europium and
terbium hybrid materials at room temperature. All the typi-
cal decay curves can be described as a single exponential
(In[S(2)/So] = —k,t = —t/7; Figure S6 in the Supporting Infor-
mation shows the decay curve of the Eu-M! hybrids). The
resulting luminescent lifetimes of the europium hybrids are
summarized in Table 1. Furthermore, we selectively deter-
mined the emission quantum efficiency of the D, Eu’* ex-
cited state for europium-containing hybrids on the basis of
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Table 1. Luminescence efficiencies and lifetimes for the europium
hybrid materials.

Hybrid Materials ~ Ipo/Ip® 7 [ms]® A4, Ay n % n,
Eu-M! 2.67 0.432 195 2120 8 ~
PVPD-Eu-M! 3.71 0.485 224 1839 11 ~2
PMMA-Eu-M! 3.65 1.052 241 951 25 ~1
Eu-M? 221 0478 176 1916 8 ~2
PVPD-Eu-M? 3.49 0.618 228 1390 14 ~1.5
PMMA-Eu-M? 3.52 0.794 229 1030 18 ~1
Eu-M3 2.25 043 194 2132 8 ~2
PVPD-Eu-M? 3.03 0.658 187 1333 12 ~1.5
PMMA-Eu-M? 3.31 0.958 220 824 21 ~1

[a] Integrated intensity of the D, — ’F, emission curves. [b] For
the 3D, excited state of Eu’*, whose error is 50 ps. [c] For D,
quantum efficiency.

emission spectra and the lifetimes of the D emitting level.
Assuming that only nonradiative and radiative processes
are essentially involved in the depopulation of the *Dj, state,
# can be defined by Equation (1).1?]

_A,_+A. (1

Here, A, and A,, represent radiative and nonradiative
transition rates, respectively. 4, can be obtained by sum-
ming over the radiative rates 4, for each *Dy—"F, (J = 0—
4) transition of Eu**. Because *Dy—F; belongs to the iso-
lated magnetic dipole transition, it is practically indepen-
dent of the chemical environments around the Eu’* ion as
an internal reference for the whole spectra; the experimental
coefficients of spontaneous emission, 4, can be calculated
according to the equation.?*?3] The emission intensity, /,
taken as integrated intensity S of the >Dy—'F, 4 emission
curves. On the basis of the above discussion, the quantum
efficiencies of the europium hybrid materials can be deter-
mined, as shown in Table 1. Seen from Equation (1), the
value # mainly depends on the values of two factors: one is
lifetime and the other is [y/I,; (red/orange ratio). If the
lifetime and red/orange ratio are large, the quantum effi-
ciency must be high. As can be seen clearly from Table 1,
the quantum efficiencies of the europium hybrid materials
are determined in the order: PMMA-Eu-M > PVPD-Eu-
M > PMAA-Eu-M for the same coupling reagent. That is,
the ternary polymer-containing hybrids exhibit higher lumi-
nescence quantum efficiency than the binary hybrids, in
particular, the ternary PMMA polymer-containing hybrids
show the highest luminescence quantum efficiency, which
are in accord with the order of luminescence intensities and
lifetimes. The results reveal that with the introduction of
the polymer as the macromolecule ligand or coligand, the
luminescence properties of the overall hybrid system are im-
proved by the increasing ratio of the radiative transitions.
Here it is noteworthy that the absolute overall quantum
yields had better be measured in order to show the real
luminescent behavior, but here we merely want to compare
the different hybrids relatively. The deep investigation needs
to be underway.
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To study the coordination environment surrounding the
lanthanide ions, especially the influence caused by vi-
brations of water molecules according to Horrocks,!'! it is
expected that the probable number of coordinated water
molecules (n,,) can be calculated by Equation (2).

Ny = 1.05 (Aexp - Arad) (2)

On the basis of the results, the coordination number of
water molecules (Eu containing hybrid materials) can be
estimated to be 1-2. The coordination water molecules pro-
duce severe vibrations of the hydroxy group, resulting in
large nonradiative transitions and a decrease in the lumines-
cent efficiency. The 4-MBA-Si (P!, P2, P3) bridge molecules
provide three coordinated COO™ groups to occupy the
equal six coordination number and the functional group of
polymers show the one coordinated N (PCPD) or O
(PMMA) atom. So the total coordination number for the
Eu (Tb) ion in the ternary hybrids is 8-9, which corre-
sponds to rare earth coordination chemistry behavior.

Conclusions

In summary, on the basis of coordination chemistry, ter-
nary rare earth/organic/inorganic/polymeric hybrid materi-
als containing both inorganic networks (Si—O-Si, first li-
gand) and organic polymeric C-C chains (second ligand)
have been assembled. The small bridge molecule ligand pre-
cursor MBA-Si is constructed through mercapto function-
alization with different coupling reagents and the polymer
ligand is synthesized by polymerization reaction. The re-
sults reveal that the ternary hybrid materials present more
regular morphology, stronger luminescence intensity, longer
lifetimes, and higher quantum efficiency than the binary hy-
brids, indicating that the introduction of the polymer can
induce the self-assembly process of the microstructure and
sensitize the luminescence of the hybrid materials.

Experimental Section

Materials: 4-Mercaptobenzoic acid (4-MBA), tetraethoxysilane
(TEOS), and the three cross-linking reagents [3-(triethoxysilyl)-
propyl isocyanate (TEPIC), (3-aminopropyl)trimethoxysilane
(APS), (3-chloropropyl)trimethoxysilane (CPS)] were all analytical
reagents. Other starting reagents were used as received.
Europium and terbium nitrates were obtained by dissolving the
corresponding oxides in concentrated nitric acid.

Synthesis of Precursors and Polymers: Three precursors and the
polymer are prepared according to ref.'3 and depicted in Figure S1
(Supporting Information).

Precursor 1 (P'). Modification by TEPIC: 4-MBA (1 mmol) was
first dissolved in refluxing anhydrous THF by stirring, and then
TEPIC (1 mmol) was added to the solution dropwise. The whole
mixture was heated at reflux at 80 °C for 3 h under an atmosphere
of argon in a covered flask. After cooling, the solvent was removed
under reduced pressure, and then the residue was washed with hex-
ane (3X20mL). P! was obtained as a yellow oil. Yield: 0.34 g,
85%. C17H,7;NO¢SSi (401.56): caled. C 50.85, H 6.78, N 3.49;
found C 50.53, H 6.87, N 3.56. '"H NMR (400 MHz, CDCl53): 6 =
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0.63 (t, 2-H, CH,Si), 1.25 (t, 9-H, CH,CHy), 1.57 (m, 2-H,
CH,CH,CH,), 3.20 (t, 2-H, CH,CH,CH,), 3.73 (g, 6-H, CH>CH}),
7.35(q, 1-H, -CsHy), 7.42 (t, 1-H, NH), 7.68 (d, 1-H, -C4H,), 7.87
(q. 1-H, -CgH.), 8.74 (d, 1-H, -C4H,), 11.30 (s, I-H, OH) ppm.

Precursor 2 (P?). Modification by APS: 4-MBA (1 mmol) was first
dissolved in refluxing pyridine by stirring, and then APS (1 mmol)
was added to the solution dropwise. The whole mixture was heated
at reflux at 100 °C for 8 h under an atmosphere of argon in a cov-
ered flask. After cooling, the solvent was removed under reduced
pressure, and then the residue was washed with hexane (3 X 20 mL).
P? was obtained as a yellow oil. Yield: 0.31 g, 87%. C,¢H»05SSi
(358.53): caled. C 53.60, H 7.31; found C 53.23, H 7.23. '"H NMR
(400 MHz, CDCl3): 6 = 0.66 (t, 2-H, CH,Si), 1.25 (t, 9-H,
CH,CH;) 1.71 (m, 2-H, CH,CH,CH,), 3.17 (t, 2-H, CH,CH,CH,),
3.54 (q, 6-H, CH,CHs;), 7.21 (q, 1-H, -C¢H,), 7.45 (d, 1-H, -CcH,),
7.76 (q, 1-H, -CsH,), 7.97 (d, 1-H, -CsH,), 11.02 (s, 1-H, OH) ppm.

Precursor 3 (P3). Modification by CPS: 4-MBA (1 mmol) was first
dissolved in DMF by stirring, and then CPS (1 mmol) was added
to the solution dropwise. K,CO; (0.01 g) was added as catalyst.
The whole mixture was heated at reflux at 120 °C for 6 h under an
atmosphere of argon in a covered flask. After filtration, the solvent
was removed under reduced pressure, and then the residue was
washed with hexane (3 X20 mL). P3 was obtained as a yellow oil.
Yield: 0.26 g, 83%. C;3H,,05SSi (316.45): caled. C 49.34, H 6.37;
found C 49.57, H 6.53. '"H NMR (400 MHz, CDC15): 6 = 0.75 (t,
2-H, CH,Si), 1.89 (m, 2-H, CH,CH,CH,), 3.13 (t, 2-H,
CH,CH,CH,), 3.61 (s, 9-H, CH;, 7.12 (q, I-H,
-CgH,), 7.30 (d, 1-H, -CsHy), 7.78 (q, 1-H, -C¢H,), 8.08 (d, 1-H,
-C¢Hy), 11.02 (s, 1-H, OH) ppm.

Synthesis of the Polymer PYPD (PMMA): 4-Vinylpyridine (PVPD)
[or methyl methacrylate (PMMA)] (1 mmol) was weighed and
transferred into a separating funnel. It was then washed with 0.1 m
sodium hydroxide solution to remove the inhibitor. After oscillating
for 5 min and standing for 2 h, the water phase and upper oil phase
were separated. The residual water was removed with anhydrous
copper sulfate. After purification and reduced pressure distillation
under a nitrogen atmosphere, the monomer was injected into a cov-
ered three mouth flask with azobisisobutyronitrile (AIBN) (or
benzoyl peroxide, BPO) as an initiator. The mixture was dissolved
in methanol [or blend-solvent (BS) of toluene and ethyl acetate]
and maintained at 65 °C (or 70 °C) for 8 h (or 6 h) under flowing
high-purity nitrogen. After removal of the solvent, a canary yellow
and stringy liquid was obtained. The product was dried in a vac-
uum desiccator after recrystallization by using methanol and anhy-
drous ether (see Figure S1, Supporting Information).

Synthesis of the Binary (Ternary) Rare Earth Inorganic/Organic/
Polymeric Hybrid Materials: The binary hybrids are prepared ac-
cording to ref.I'3 (Figure S2, Supporting Information). The typical
procedure for the preparation of the ternary hybrid materials is
as follows (Figure 1). The above-prepared precursor (1 mmol) was
dissolved in dry ethanol with stirring, and then a stoichiometric
amount of Ln(NO;);:6H,O [corresponding amount of polymer
(PVPD for example) with DMF solution] was added dropwise. Af-
ter 3 h, TEOS and H,O were added to the solution to allow a sol—
gel process, and then one drop of diluted hydrochloric acid was
added to promote hydrolysis. The molar ratio of Ln(NO;);*6H,O/
P!(/Polymer)/TEOS/H,O was 1:3(:3):6:24. After hydrolysis, an ap-
propriate amount of hexamethylenetetramine was added to adjust
to pH 6-7. The mixture was agitated magnetically in a covered Tef-
lon beaker to obtain a single phase, and then it was aged at 65 °C
for gelation in about 7 d. The final hybrid material named Eu-M!
or Tb-M! (PVPD-Eu-M! or PVPD-Tb-M!) was collected as mono-
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lithic bulks and ground into powdered material for the photophysi-
cal studies.

Physical Measurements: All measurements were performed at room
temperature. Infrared spectra were recorded with a Nexus 912
AO0439 FTIR spectrophotometer. We mixed the compound with
the dried potassium bromide (KBr) and then pressed into pellets.
The spectra were collected over the range 4000400 cm™! by averag-
ing 32 scans at a maximum resolution of 8 cm™!. 'H NMR spectra
were recorded in CDCl; with a Bruker Avance-400 spectrometer
with tetramethylsilane (TMS) as an internal reference. The ultravio-
let absorption spectra (5X 10*M DMF solution) were recorded
with an Agilent 8453 spectrophotometer. The UV/Vis diffuse reflec-
tion spectra of the powder samples were recorded with a BWS003
spectrophotometer. X-ray powder diffraction patterns were re-
corded by using a Rigaku D/max-rB diffractometer system
equipped with a Cu anode in a 260 range from 10 to 70°. Thermo-
gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) traces were performed with a Netzsch STA 409 at a heating
rate of 15 °C/min under a nitrogen atmosphere. The fluorescence
spectra were obtained with a RF-5301 spectrophotometer equipped
with a stablespec-xenon lamp (450 W) as the light source. Lumines-
cent lifetimes were recorded with an Edinburgh FLS 920 phos-
phorimeter by using a 450-W xenon lamp as the excitation source
(pulse width, 3 ps). The microstructures were checked by scanning
electronic microscopy (SEM, Philips XL-30).

Supporting Information (see footnote on the first page of this arti-
cle): Figures of the synthesis process of precursors or polymer, the
binary hybrids, selected X-ray diffraction graph of hybrid materials,
SEM of binary hybrids, UV/Vis diffuse reflection absorption spec-
tra, and the decay curves of the hybrid materials.
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Three Novel Copper—Radical Complexes: Syntheses, Crystal Structures, and
Magnetic Properties
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Three novel copper-radical complexes [Cu(PhCOO),-
(NITpPy),(H;0)] (1), [Cus(MesCCOO),(NITpPy),] (2), and
[{Cuy(MezCCOO)(NITpPY)},] (3) [NITpPy = 4,4,55-tetra-
methyl-2-(4-pyridyl)-2-imidazoline-1-oxyl  3-oxide] were
synthesized and characterized structurally as well as mag-
netically. It is noteworthy that the syntheses of complexes 2
and 3 are similar except for the temperature of the reaction
between Cu(Mez;CCOO),-2H,0 and the NITpPy radical li-

gand. Our magnetic study of complexes 1 and 2 reveals that
the antiferromagnetic interactions occur with a J value
around -10 cm™! between copper(Il) and radicals when radi-
cals use the pyridine nitrogen atom connected to the cop-
per(ll) ion. Yet the best-fit parameters of complex 3 reveal
that significant ferromagnetic interactions (J, = 20.5 cm™)
take place in the copper radical when radicals coordinate the
copper(ll) ion with nitroxide directly.

Introduction

The design and synthesis of magnetic materials with a
transition metal and organic bridging ligands have attracted
considerable interest not only as bioinorganic model com-
plexes and catalysts; they are also studied for their intri-
guing structural, magnetic, and spectral properties. The co-
ordination chemistry of copper(Il) complexes with various
carboxylates has been investigated for a long time. This is
because carboxylate is a versatile ligand with good binding
ability and diversity among its bonding modes; in addition,
carboxylate ligands can provide different super-exchange
pathways that transmit magnetic interactions between para-
magnetic metal atoms.!-?!

On the other hand, the combination of paramagnetic
metal ions and organic N-oxyl N’-oxides (nitronyl ni-
troxides) has attracted much more attention in the last dec-
ades.’31 However, the weakly basic character of nitronyl
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nitroxides strongly limits their coordination ability, which
has inspired the development of functionalized nitronyl ni-
troxide radicals. To this end, many kinds of strong co-
ligands have been employed in the synthesis of stable radi-
cals, such as pyridine and imidazole.[®”) Using these stable
radicals, some discrete molecules, high-spin clusters, linear
chains, and two-dimensional systems have been obtained
and studied.® 131 Among the functionalized nitroxide radi-
cal ligands, the pyridyl-substituted nitroxide radicals are ex-
tensively used to assemble metal-radical coupling com-
plexes due to their donor nitrogen atoms. Recently, several
polymeric metallic magnetic materials with pyridyl-substi-
tuted nitroxide radicals as the bridging ligands between
metals have been reported, such as [{Cu(NITmPy),(Ns)»},]
14 and [{Cuy(MesCCO,)4(NITmPy)},]"! [NITmPy =
4,4,5,5-tetramethylimidazoline-2-(3'-pyridyl)-1-oxyl ~ 3-ox-
ide]. However, reports on such systems are still scarce. To
establish such complexes, we have tried to apply many kinds
of different carboxylates in cooperation with NITpPy
[4,4,5,5-tetramethyl-2-(4-pyridyl)-2-imidazoline-1-oxyl ~ 3-
oxide]. In this paper, we report three novel compounds that
are discrete molecules: [Cu(NITpPy),(PhCOO),(H,0),] (1),
paddle-wheel  dicopper complex  [Cu,(Me;CCOO)
4NITpPy),] (2), and a chain complex [{Cu,(Me;CCOO)
4NITpPy)},] (3). It is noteworthy that the synthesis condi-
tions of complexes 2 and 3 are similar except for the tem-
perature of the reaction between Cu(Me;CCOO),-2H,0
and the NITpPy radical ligand. Complex 2 is synthesized
at room temperature (25 °C), whereas complex 3 is synthe-
sized at 50 °C (Scheme 1).
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Cu(Me3CCOO0)z -2H,0 | \

Scheme 1.

Results and Discussion
Crystal Structure

Single-crystal X-ray analysis reveals that [Cu(NITpPy),-
(PhCOO),(H,0),] (1) crystallizes in the triclinic space
group PI. In the compound molecule, the crystallographi-
cally independent unit contains half a copper(II) ion, one
benzoic acid molecule, one NITpPy ligand, and one aqua
molecule. From the symmetrical operation, the structure of
the complex shows a centrosymmetric mononuclear mole-
cule (Figure 1, a). The copper(Il) ion lies in a distorted oc-
tahedral coordination environment with two aqua oxygen
atoms (OS5, O5A); two oxygen atoms form two different
PhCO, (O1, O1A), which are located in the equatorial
plane, as well as two nitrogen atoms (NI, N1A) from
NITpPy ligands that occupy the axial positions. The atoms
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of N2, N3, C13, O3, and O4 in the nitroxide group are
nearly planar and form a dihedral angle of 14.36(7)° with
the pyridine rings; the distances and angles in the nitroxide
group are similar to those reported by Caneschi et al.l'‘l
The whole benzoic acid molecule (Figure sl in the Support-
ing Information) nearly occupies the same plane with a di-
hedral angle of 0.528(3)° between the phenyl ring and carb-
oxylate, whereas it forms a dihedral angle of 13.596(1)° with
the metal equatorial plane. In addition, the uncoordinated
carboxylate oxygen atoms form intramolecular hydrogen
bonds with the coordinated water molecules (O5:O2A
2.6767(8) A). The packing plot (Figure s1) shows there are
face-to-face m—m interactions between the aromatic rings of
benzoic acid molecules with centroid—centroid distances of
3.67 A on average and the closest intermolecular radical N—
0--O-N distance is 3.96(3) A, which indicates that there

Figure 1. Perspective view of (a) [Cu(NITpPy),(PhCOO),(H,0),] (1), (b) [Cus(Me3;CCO,)4(NITpPy),] (2), and (¢) [{Cuy(Me3;CCO,)4-
(NITpPy)},] (3), with an atom- numbering scheme and the omission of all hydrogen atoms for clarity.
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might be intermolecular magnetic interactions in complex
1.

The crystal structure of [Cu,(Me;CCO,)4(NITpPy),] (2)
is illustrated in Figure 1 (b). In this dinuclear compound,
the four oxygen atoms and one nitrogen atom bonded to
the copper ion are located at the apices of a distorted
square pyramid. The basal coordination sites are occupied
by four oxygen atoms of four Me;CCO, ", whereas the axial
position is occupied by one nitrogen atom from the NITpPy
group. The Cu" ions are not coplanar with the basal plane,
but have an out-of-plane displacement of 0.19(6) A. The
four carboxylate bridges between both copper ions form a
paddle-wheel-type cage with a Cu—Cu distance of 2.62(2) A,
which is a typical value for dimeric copper(Il) carboxylate
adducts."”! For complex 2, the average bending angle (¢y)
of the OCO moieties of the carboxylato groups to the Cu-
0:O-Cu plane is 2.71(7)°, which is possibly due to the
intermolecular effects, because for an isolated dinuclear
complex the symmetric structure without bending is ex-
pected to have the least intramolecular strain energy. Ad-
ditionally, from the packing operation (Figures2 in the
Supporting Information), the nearest radical N-O--O-N
distance between neighboring molecules is 4.28(5) A, which
shows that the intermolecular magnetic interactions in com-
plex 2 cannot be ignored.

The X-ray crystal structure of [{Cu,(Me;CCO,)y-
(NITpPy)},] (3) shows that the complex is an extended zig-
zag chain of alternating dicopper(Il) carboxylate and ni-
troxide elongated along the a axis (Figure I¢). In the pad-
dle-wheel-type dimeric copper(Il) carboxylate adducts, the
Cul-Cu2 distance is 2.62(4) A, which is a typical value for
dimeric copper(Il) carboxylate adducts.!”1 One of the pad-
dle-wheel apical positions is occupied by the oxygen atom
of the NO groups with a Cul-O1 bond length of 2.26(5) A,
which is longer than the Cu-O(tempo) (tempo = 2,2,6,6-
tetramethylpiperidine-1-oxyl) bond length of 1.946 A in the
previously reported dimeric [Cu,(Cl3CCO,)4(tempo),];11&:1]
the other positions are occupied by the nitrogen atom of
the pyridyl group with a Cu2-N3 length of 2.16(4) A. The
dihedral angle between the pyridine ring and the nitroxide
group is 32.33(6)°, which is bigger than that in complex 1.
It possibly contributes to the effects of the radical O coordi-
nation to the copper(Il) ion. In addition, the two NO
groups of each NITpPy ligand have bond lengths of 1.27(4)
and 1.26(7) A for the coordinated and uncoordinated NO
groups, respectively, as is generally observed.?’!

Magnetic Properties

Variable-temperature, solid-state magnetic studies were
performed on powdered crystalline samples of complexes
1-3ina 2kG (0.2 7T) field and in a temperature range of
2.0-300 K. The temperature dependences of the molar mag-
netic susceptibility, yn ! and yp 7T, for complexes 1, 2, and 3
are shown in Figure 2, Figure 3, and Figure 4, respectively.
According to the yp ' T line, the magnetic behaviors of the
three complexes follow the Curie—Weiss law yn = C/(T — 0)
3508
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in a high temperature range, about 100-300, 50-300, and
140-300 K for complexes 1-3, respectively, with a Curie
constant (C) of 1.00, 1.16, and 2.00 cm®*K mol !, respec-
tively, and a Weiss temperature (0) of —7.09, —-45.17, and
-312.34 K, respectively.
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Figure 2. Temperature dependence of yy7 and yy ' of 1 at an
applied field (H) of 20 kOe. The solid lines represent the best fit to
the Curie-Weiss law and the calculated magnetic susceptibilities by
the parameters reported in the text.
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Figure 3. Temperature dependence of y\7 and yy; ' of 2 at an

applied field (H) of 20 kOe. The solid lines represent the best fit to
the Curie-Weiss law and the calculated magnetic susceptibilities by
the parameters reported in the text.

1.1

1300
1.0
4250
09
s 12003
£ o8 g
A o
;T( =]
"z 074 1150 §
8/ =
&~ 06 1100 X
3
051 150
0.4
Ho
T T T T T T T
0 50 100 150 200 250 300
I'(K)
Figure 4. Temperature dependence of y\7 and yy; ' of 3 at an

applied field (H) of 20 kOe. The solid lines represent the best fit to
the Curie-Weiss law and the calculated magnetic susceptibilities by
the parameters reported in the text.
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With regards to the y\ 7T versus 7T curve, the yy 7T values
of complexes 1-3 all decrease with a decrease in tempera-
ture.

For complex 1 (Figure2), the yu7T value
0.99 cm3mol 'K at 300 K is slightly lower than the value
(1.125 for g = 2.0) expected for three uncoupled spins (S =
%) of two nitronyl nitroxide radical ligands and one copper
center, which reveals that there are antiferromagnetic inter-
actions between the radical ligands and the copper(II) ion.
With a decrease in temperature, yy 7 decreases slightly and
reaches a value of about 0.94 cm*mol 'K at 100 K. How-
ever, at around 50 K, yyp7 begins to drop sharply and fi-
nally reaches 0.081 cm*mol 'K at 2 K, which is possibly
due to the effect of intermolecular antiferromagnetic inter-
actions.

To get more information from the magnetic data, we con-
sidered a central symmetric linear system of three S = '5
spins, S;—S,—S3, in which S| and S5 refer to the nitroxide
sites and S, refers to the copper(Il) ion, with an exchange
Hamiltonian of H = -2J(S,S, + 5,53).2!l Here we assumed
gcu = Zrad = &, which was also adopted in analyzing the
magnetic properties of complexes 2 and 3. Equation (1),
which was derived from the Van Vleck equation, was em-
ployed to fit the observed y\7T versus T plot by means of
a least-squares method. Equation (2) shows the definition
of ym. Meanwhile, in consideration of the magnetic cou-
pling between neighboring NITpPy radicals through the
NO--ON pathway, the mean-field approximation, zJ' was
employed. All the other symbols have the usual meaning.

_(Nﬂggz 1+exp(-2J /kT)+10exp(J/KT) (1)
Lo 4kT ~ 1+exp(=2J /kT)+2exp(J/ kT)
Xy Zo (2)

T1=2,(2)' N2

The results best fitted to the experimental data yielded J
=-1089cm™, zJ' = -0.52cm™!, and g = 1.98 for complex
1. The solid line in Figure 2 represents the theoretical curve.
The agreement factor (R) is 1.22 X 107 {R was defined as
2[()fM)obsd. - (XM)calcd.]z/Z[(XM)obsdA]z} .

In Figure 3, the y\ T value of complex 2 began to dimin-
ish wvisibly with a decrease in temperature from
1.02 cm*mol 'K at 300 K to 0.30 cm*mol 'K at 10 K. Af-
ter that, yu7 showed an abrupt drop to 0.13 cm*mol 'K
at 2 K. The yyT value of complex 2 at room temperature
was much lower than that calculated for four noncorrelated
S = Y spins (1.5 for g = 2.0). According to this and the
clear decrease in yy; 7, it suggests there are strong antiferro-
magnetic interactions in complex 2.

To analyze the magnetic behavior of complex 2 more
quantitatively, we considered a central symmetric linear tet-
ramer of four S = ' spins, S1—-5,-S5-S4, with the exchange
Hamiltonian of H = —-2J,(5,S, + S3S4) — 2J,5,55,21 in
which two exchange coupling constants are obtained. S,
and S; refer to copper(Il) ions, S; and Sy refer to the ni-
troxide sites of the NITpPy radicals, and J; and J, stand for
the copper(IT)-copper(Il) and copper(Il)-radical magnetic
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interactions, respectively. According to a previous report,™
the magnetic behavior based on the above isotropic Hamil-
tonian can be given as shown in Equation (3).

2Nu;g’ )ﬁ 3)
kT B
A=10exp(=E,/kT)+2exp(—E, /kT)
+2exp(—E; /kT)+2exp(—E, /kT)
B=5exp(—E,/kT)+3[exp(—E, / kT)+exp(-E, / kT)
+2exp(—E, / kT)]+exp(—E / kT)+exp(—E4 / kT)
E =-J,-J,
E,=J,-J,
Ey=(J;+J)"
E =3 +J)"
E,=J,+@J} -2J,J, +J})"?
E,=J,—(4J} =2J,J, +J})'"?

Z =

Because of the intermolecular magnetic coupling, the
molar susceptibility can be expressed by Equation (3). As a
result, the best fit (10-300 K) with J; = -166.1 cm™!, J, =
—9.74cm!, zJ' = -5.06 cm™!, and g = 2.16 for 2 is obtained
as the solid line in Figure 3. The agreement factor (R) is
2.23 X107

In Figure4, the ym7 value of complex 3 was
0.98 cm?*mol ' K at 300 K, which is lower than the expected
value (1.125 for g = 2) for three noncoupled S = % spins,
two from the dicopper ions and one from the NITpPy radi-
cal in 3. In addition, it can be clearly seen from Figure 4
that the plot of y\7 versus T reveals three domains: (i)
from 300 to about 120 K, 7T rapidly decreases from 0.98
to 0.60, which is larger than for one independent S = %5
spin; (ii) between about 120 to 10 K, the 7 value remains
nearly unchanged with the decreasing temperature, and (iii)
below 10 K, ymT drops to approximately 0.42 at 2 K. In
addition, the plot of yy ' versus 7 in the range 2-110 K
essentially follows the Curie—Weiss law with a Curie con-
stant (C) of 0.6 cm?>Kmol™' and a Weiss constant (0) of
—0.59 K. All of the above-mentioned phenomena are coinci-
dent with that described in a previous report of
[{Cuy(Me;CCO,)y(NITmPy)} .1

In complex 3, the crystal structure shows that two kinds
of coordinate bonds link the Cu™-Cu'' cores by the tri-
methylacetic acid groups and by the radicals, which means
three different coupling interactions occur in this chain
{ON-[N—(J")-Cul—(J})-Cu2—(J5)-ONJ}-N—(J')-Cul'—(J;)-
Cu2’'—(J5)-ON]-N-}. As there is a lack of models for three
different J-scheme chains, and the distances between cop-
per(IT) and the radical NO through the pyridyl ring are
longer than 7 A, here we assume that the major variable-
temperature magnetic susceptibilities are contributed by
two kinds of interactions, between the Cu—Cu cores and the
Cu—(O)radicals (S;—S>—S3) with the exchange Hamiltonian
of H = -2J,5,S, — 2J,5,S5, in which S; and S, refer to
copper(Il) ions and S refers to the nitroxide sites of the
radical. Thus, an approximate fit is performed by employing
Equation (3)P? for complex 3.
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Additionally, the contributions of interactions between
copper(Il) and the radical through the pyridyl ring and in-
terchain magnetic interactions are represented as zJ', so
Equation (2) was employed. Finally, an approximate fit per-
formed by employing Equation (4) gave the best results (10—
300K) with J; = -151.7em™!, J, = 20.5ecm!, zJ' =
-3.57cm™!, and g = 2.0. A solid line represents the calcu-
lated magnetic susceptibilities by the parameters above in
Figure 4. The agreement factor (R) is 3.48 X 107*,

Nuyg’ \1+exp(=E, /kT)+10exp(-E, / kT) 4)
4kT " 1+exp(—E, /kT)+2exp(~E, / kT)

=X

E, =_(Jl2 -J\J, +J22)]/2
E,=—(J,+J,)/2—(J} =JJ, +J)"* /2

Through the above studies of magnetic properties, it can
be seen that the magnetic exchange interactions between the
metal ion and the radical through the pyridyl rings are
much weaker than the copper—copper magnetic interac-
tions, which is presumably because of the long intramolecu-
lar distances between the oxygen atoms of the NO groups
and the nearest copper(II) ion (longer than 7 A). For com-
plex 1, the analysis results are coincident with previous re-
ports.[>3] In paddle-wheel dicopper systems like complex 2,
the radicals are usually looked upon as being two isolated
spins in other reports,?*! from which a model could be ap-
plied to analyze complex 2 and a good fitting result might
also be obtained. But by considering the interactions be-
tween copper(Il) and the radical, the results are more com-
prehensive. For complex 3, a similar system was studied in
the literature,['> in which the alternating chain model was
employed firstl>)] to analyze the magnetic data of the linear
complex [{Cuy(Me;CCO,)4(NITmPy)},,], but the result was
poor, so the interactions between copper(Il) and the radical
were omitted. However, the chain of complex 3 reported
here, firstly, cannot be seen as an alternating chain model
as introduced in the literature,”¥ in which two interaction
parameters (J and aJ) were calculated. In complex 3, the
radical connecting the paddle wheels with the nitroxide and
pyridine nitrogen has two different interactions with the
two copper(Il) ions (J,, J’, respectively), in which J' is just
like the interactions between Cu'' and the radical in com-
plexes 1 and 2. Secondly, J, here cannot be ignored in the
way it was in the literaturel!” since the copper(I)—(O)-
NITpPy distance is definitely shorter than 5 A, which re-
veals noticeable coupling interactions between the copper
orbitals and the unpaired radical electron. Therefore, in this
paper, complex 3 was analyzed as three spin units con-
nected to the zigzag chain by the pyridyl rings. The interac-
tion between the three spin units was taken together with
interchain magnetic interactions as zJ' to simplify the
model. The final fitting result also verified that there are
significant ferromagnetic interactions in Cu-radical with J,
= 20.5cm'; the stable values of y\T in the temperature
range 120-10 K are probably due to the balance between
the antiferromagnetic interactions of two copper(IT) ions
3510
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and Cu-radical ferromagnetic interactions. As in complex
3, the unpaired electron of the nitroxide radical delocalizes
on the n orbital of the five-atom fragment (ONCNO),[2¢
which is orthogonal to the magnetic orbital d,. ,» of the
copper(Il) ion and leads to the ferromagnetic interaction
between copper(Il) and the radical. The sharp decrease of
xmT below 10 K might be caused by the effect of interchain
antiferromagnetic interactions.

Conclusion

Three novel complexes were obtained successfully. The
temperature of the reaction between Cu(Me;CCOO),-2H,O
and the NITpPy radical is very essential to the synthesis, as
the product will be complex 2 at room temperature (25 °C),
whereas it will be complex 3 at 50 °C. The fitted parameters
for the magnetic data study of complexes 1 and 2 provide
evidence for the antiferromagnetic interaction between the
copper(Il) ion and NITpPy radicals that are connected by
the pyridyl ring, whereas the magnetic data of complex 3
contains a nearly flat portion between 120 and 10 K of the
xmT versus T plot, which reveals that there are not solely
antiferromagnetic interactions in the chain. With the model
of Cu—Cu—~(O)NITpPy, the best-fitted result reveals that
there are ferromagnetic interactions (J, = 20.5 cm™') exiting
in Cu-radical when nitroxide radicals coordinate with the
copper(Il) ion directly.

Experimental Section

Synthesis: All reagents and chemicals were purchased from com-
mercial sources. The carboxylates, [Cu,(1-RCO»)4(H>0),], in which
R = C¢Hs— or Me;C—, were prepared as described previously.l?”)
Basic copper(Il) carbonate (2.65 g, 12 mmol) and the carboxylic
acid (1.46 g for benzoic acid, 1.23 g for pivalic acid; 12 mmol) were
dissolved in water (ca. 100 cm?®) at pH 5-6. The solution was al-
lowed to stand at 25 °C for several days, giving precipitated prod-
ucts, which were recovered by means of reduced-pressure distil-
lation and filtration. The nitronyl nitroxide (NITpPy) used in this
work was synthesized as described previously.[®”]

[Cu(NITpPy),(PhCOO),(H,0),] (1): A solution of NITpPy
(0.0235 g, 0.1 mmol) in methanol (5 mL) was added dropwise to a
solution of Cu(C¢HsCOO),-2H,0 (0.068 g, 0.2 mmol) in methanol
(15 mL). The mixture was stirred for 2 h in the dark and then fil-
tered. The clear dark blue filtrate was allowed to stand at room
temperature for 7 d, following which single crystals suitable for an
X-ray diffraction analysis were obtained. C3gH46CuNgO,( (810.36):
caled. C 56.32, H 5.72, N 10.37; found C 56.14, H 5.52, N 10.14. IR
(KBr): v = 3664.1-3138.7, 1604.5, 1558.7, 1456.5, 1365.4, 1315.1,
1138.8, 839.1, 706.7, 675.7 cm™".

[Cu(Me;CCOO)4(NITpPy),] (2): Cu(Me;CCOO),-2H,0 (0.0556 g,
0.2 mmol) was dissolved with prolonged stirring at room temp. in
methanol (15 mL). Then NITpPy (0.0936 g, 0.4 mmol) was dis-
solved in methanol (10 mL). Both solutions were mixed while stir-
ring was continued for 2 h. Then the solutions were filtered. The
clear dark blue filtrate was allowed to stand at room temperature
for 5 d, following which single crystals suitable for an X-ray diffrac-
tion analysis were obtained. Cy4HggCu,NgOy, (1000.15): caled. C
52.84, H 6.85, N 8.40; found C 53.26, H 6.52, N 8.13. IR (KBr): ¥
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= 3583.5-3268.9, 2977.4, 1611.9, 1569.5, 1410.5, 1378.7, 1310.3,
1159.1, 821.7, 786.9, 657.7, 615.3 cm™".

[{Cu(Me;CCOO)4(NITpPy),},] A3): Cu(Me;CCOO0),2H,0
(0.0556 g, 0.2 mmol) was dissolved with prolonged stirring at 50 °C
in methanol (15 mL). Then NITpPy (0.0936 g, 0.4 mmol) was dis-
solved in methanol (10 mL). Both solutions were mixed while stir-
ring was continued for 2 h. Then the solutions were filtered. The
clear dark blue filtrate was allowed to stand at room temperature
for 8 d, following which single crystals suitable for an X-ray diffrac-
tion analysis was obtained. C3,Hs,Cu,N3Oqg (765.87): caled. C
50.18, H 6.84, N 5.49; found C 50.54, H 6.50, N 5.24. IR (KBr): ¥
= 3666.1-3326.3, 1610.5, 1550.7, 1396.5, 1317.4, 1217.1, 1168.8,
835.2, 777.3, 725.2 cm .

Physical Measurements: Elemental analyses for carbon, hydrogen,
and nitrogen were carried out on a Vario-EL III elemental analyzer.
Infrared spectra were recorded on a SHIMADZU IR prestige-21

Table 1. Selected distances [A], bond lengths [A], and angles [°] for
complexes 1-3.

Complex 1
Cul-0O1 1.967(4) Cul-N1 2.029(5)
Cul-05 2.630(5)
O1A-Cul-Ol 180.00 NI-Cul-N1A  180.00
O5A-Cul-05 180.00 O1A-Cul-0O5  96.38(2)
O1A-Cul-N1 89.15(2) 0O1-Cul-05 83.62(2)
O1-Cul-NI 90.85(2) NI-Cul-0O5 85.35(2)
NI1A-Cul-O5 94.65(2)

Complex 2
Cul-05 1.99(5) Cu2-06 1.98(7)
Cul-07 1.97(2) Cu2-08 1.96(7)
Cul-09 1.97(6) Cu2-010 1.95(2)
Cul-Ol1 1.94(2) Cu2-012 1.94(9)
Cul-N1 2.18(2) Cu2-N1 2.20(7)
Cul--Cu2 2.61(2)
O11-Cul-07 169.8(5) 012-Cu2-010  90.0(4)
0O11-Cul-09 89.0(4) 012-Cu2-08 168.0(4)
07-Cul-09 88.8(6) 010-Cu2-08 88.6(4)
O11-Cul-0O5 89.8(4) 012-Cu2-06 89.6(4)
07-Cul-05 90.2(4) 010-Cu2-06 170.0(4)
09-Cul-05 167.7(4) 08-Cu2-06 89.8(4)
O11-Cul-Nl1 96.0(3) 08-Cu2-N4 95.6(4)
O7-Cul-Nl1 94.2(3) 012-Cu2-N4 96.0(4)
09-Cul-NI1 95.9(3) 010-Cu2-N4 96.4(4)
0O5-Cul-Nl1 96.4(3) 06-Cu2-N4 93.9(4)

Complex 3
Cul-05 1.92(7) Cu2-04 1.92(9)
Cul-09 1.93(4) Cu2-08 1.93(7)
Cul-03 1.96(1) Cu2-06 1.96(9)
Cul-07 1.97(5) Cu2-010 1.98(5)
Cul-0O1 2.26(5) Cu2-N3 2.16(4)
Cul-Cu2 2.62(4)
05-Cul-09 175.36(1) 04-Cu2-08 171.63(1)
05-Cul-03 90.31(1) 04-Cu2-06 89.42(2)
09-Cul-03 88.65(5) 08-Cu2-06 88.95(2)
05-Cul-07 89.79(1) 04-Cu2-010 89.05(2)
09-Cul-07 90.03(1) 08-Cu2-010 89.89(2)
03-Cul-07 164.82(1) 06-Cu2-010 161.43(2)
05-Cul-0O1 93.82(1) 04-Cu2-N3 95.43(2)
09-Cul-0O1 90.72(1) 08-Cu2-N3 92.93(2)
03-Cul-0O1 90.57(1) 06-Cu2-N3 103.00(2)
07-Cul-0O1 104.57(1) 010-Cu2-N3 95.57(2)
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FTIR-8400S spectrometer in the spectral range 4000-400 cm!,
with the samples in the form of potassium bromide pellets. Tem-
perature-dependent magnetization (M-T7) and magnetic hysteresis
(M vs. H) (Figures 2-4) of three complexes were measured in the
temperature range from 2 to 300 K using a Quantum Design vi-
brating sample magnetometer (VSM) in a physical property mea-
surement system (PPMS). Data were corrected for the sample
holder and diamagnetism was estimated from Pascal constants.

X-ray Structure Determination: The single-crystal X-ray diffraction
data of the three complexes were recorded by using a Rigaku
SCXmini diffractometer with the w-scan technique at 298 K with
graphite-monochromated Mo-K,, radiation (4 = 0.071073 nm). The
lattice parameters were obtained by using the CrystalClear soft-
ware.”8! The absorption correction was carried out by using a
multiscan method. N independent reflections and N, with
I1>2.00(I) were observed. The details of the data collection, crys-
tallographic data, and reduction are summarized in Table sl in the
Supporting Information. The structure was solved by full-matrix
least-squares methods using F? data. The SHELXS-97 and
SHELXL-97 programs!?’! were used for structure solution and re-
finement, respectively. Reliability factors were defined as R; =
Y(|F,| — |[F)/X|F,| and the function minimized was Ry, = [Zw(F3 —
F2)2/w(F,)*)”>, where in the least-squares calculation the unit weight
was used. All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were inserted at their calculated positions and
fixed at their positions. Selected bond lengths and angles of 1, 2,
and 3 are listed in Table 1. The molecular graphics were prepared
by using the DIAMOND program.!

CCDC-759170 (for 1), -759171 (for 2), and -759172 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): The packing plots of complexes 1 and 2 are revealed
in Figure sl; plots of the reduced magnetization for complexes 1—
3 are shown in Figures s2-s4, respectively. Table sl contains the
crystal data and structure refinements for these three complexes
and Table s2 shows the intermolecular hydrogen-bond information
of 1.
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Triazole chelators, synthesized by click chemistry, are conve-
nient ligands for palladium(Il) and platinum(Il). Conforma-
tional changes induced by the complexation of these Pd" and

Pt complexes with guanosine are similar to those of cispla-
tin. In addition, these complexes behave like cisplatin with
regard to the relaxation of supercoiled plasmid DNA.

Introduction

The emergence of “click chemistry” as a new paradigm
for organic synthesis, invoking only simple, high-yielding
and easily workable transformations, has facilitated an ex-
traordinary expansion of the number of molecules available
for medicinal chemistry.['l Among these click reactions is
the copper-catalyzed Huisgen [2+3] cycloaddition, also de-
noted as copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC), which has received unrivalled attention, and has
furnished an impressive array of new biologically relevant
compounds.’! In general, 1,2,3-triazole has proven itself
useful for metal binding, and it is not surprising that such
ligands find use in bioinorganic chemistry.’! Schibli and co-
workers take advantage of the