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COVER PICTURE

The cover picture shows the crystal structures of
two complexes that were prepared from aqueous
reactions of histidine-based ligands  with
Re(CO);(H,0);* and serve as models of
99mTe(CO);/His-tag protein  complexes. The
complexes, similar to those found in certain
enzymes, show unexpected peptide carboxamido-
N donor bonds that underscore the stability
of the labeled His-tag proteins as discussed in
the Short Communication by R. S. Herrick,
C. J. Ziegler et al. on p. 3905ff. Artwork:
Christopher J. Ziegler.
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MICROREVIEW

Photochromic Ru Complexes
B. A. McClure, J. J. Rack* ..... 3895—-3904

Isomerization in Photochromic Ruthenium
Sulfoxide Complexes

Keywords: Photochromism / Ruthenium /
Sulfoxide complexes / Photochemistry /
Isomerization

h
L5RU”—S”“ , ‘—v—‘ L5Ru"—O=S
'R A, V' ’,
R AR

Details of spectroscopic results obtained
from studies of photochromic ruthenium
sulfoxide complexes are discussed. These
results are compared and lead to the con-
clusion that different mechanisms for ex-
cited state isomerization exist for these
compounds.

SHORT COMMUNICATIONS

Rhenium His-Tag Complexes

R. S. Herrick,* C. J. Ziegler,*
A. Gambella .......ccoovveeeirnieines 3905—-3908

Reactions of [Re(CO);]* with Histidyl-
histidine and Modified Histidines

Keywords: Medicinal chemistry / Radio-
pharmaceuticals / Rhenium

Reactions of His-tag models with [Re(CO)s;-
(H,O);]Br produce two compounds that
display an unusual mode of binding. X-ray
crystallography verifies that Ac-His-OH
and His-His-OH (see figure) each produce
a compound that has a peptide carboxam-
ido-N donor group. Challenge experiments
show that the complex with His-His-OH
resists decomposition suggesting practical
applications of complexed His-tags.

Chiral Luminescent Complexes

K. Saito, Y. Sarukawa, K. Tsuge,
T. Konno* 3909-3913

Heterochiral vs. Homochiral Linkage of
Emissive Iridium(III) Complexes with D-
Penicillaminate: Drastic Change in Emis-
sion Induced by Silver(I) Linkage

Keywords: Chiral resolution / Iridium / Lu-
minescence / S ligands / Substituent effects

Ap/Ap

Emissive Ir™™ complexes [Ir(D-Hpen)(ppy
or ppy-CF3),] were converted into Ir'Ag!-
Ir'™ complexes by linking with Ag!, which
led to a drastic blueshift of the emission
bands. Whereas the (ppy)Ir™AgIr!!! com-
plex produced only the ApAp isomer, the
ppy-CF; complex gave the ApAp and

ApAp forR=H
VS.

ADAD/ADAD forR= CF3
spontaneous
separation

ApAp and ApAp

ApAp isomers that could completely be
separated by crystallization. The emission
quantum efficiencies for the ApAp and
ApAp isomers were found to be markedly
different, indicative of the importance of
chirality in the control of emission proper-
ties.

FULL PAPERS

F-Containing Polyoxometalates

A. Banerjee, B. S. Bassil,
G.-V. Roschenthaler,*

U. Kortz* 3915-3919

Fluorine Tagging of Polyoxometalates: The
Cyclic  [{Mo0Y,04(H,0)}4{O;PC(CF3)(O)-
PO},

Keywords: Fluorine / Diphosphonates /
Polyoxometalates / NMR spectroscopy

We have discovered a simple and efficient
strategy to incorporate fluorine into po-
lyoxometalates by reaction of the fluori-
nated  diphosphonate = H,O;PC(CFj3)-
(OH)POs;H, with [MoY,04(H>0)¢]*" in
aqueous medium (pH = 6.4) resulting in
[{Mo0",04(H;0)}4{0sPC(CF;)(0)PO3}4]"*~
(1), which was structurally characterized in
solution by multinuclear NMR  spec-
troscopy and in the solid state by single-
crystal X-ray diffraction.
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Fundamental to a detailed understanding
of the vibrational spectroscopy of Prussian
Blues is an understanding of the interac-
tion between cis and trans cyanide ligands
connected through a metal atom. cis and
trans M—CN—M'—NC—M complexes
have been studied, which may be regarded
as building blocks of Prussian Blue.
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Vibrations of Bridging Cyanides

S. F. A. Kettle,* E. Diana,
E. M. C. Marchese, E. Boccaleri,
G. Croce, T. Sheng,

P. L. Stanghellini* 3920—-3929

The Vibrational Spectra of the Cyanide
Ligand Revisited: Double Bridging Cyanides

Keywords: Cyanides / Bridging ligands /
Vibrational spectroscopy / Density func-
tional calculations
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The study reports the synthesis and physi-
cal characterization of iron(Il) complexes
with Gl-triazole-based dendritic ligands.
Noncoordinated water molecules and dif-

ferent anions influence strongly the spin-
state behaviour as reflected by Mossbauer,
magnetic susceptibility, XRD, DSC and
TG measurements.

Dendritic Spin-Crossover Materials

Y. Wei, P. Sonar, M. Grunert, J. Kusz,
A. D. Schliiter, P. Giitlich* ..... 3930—39%41

Iron(I) Spin-Transition Complexes with
Dendritic Ligands, Part I1

Keywords: Spin crossover / Iron / Dendri-
mers / Moessbauer spectroscopy / Mag-
netic properties

(Pyrrol-1-yl)phosphane-substituted ~diiron
complexes [(u-pdt)Fe,(CO)sL] [pdt = pro-
panedithiolate, L = Ph,PPyr (2), PPyr; (4);
Pyr = pyrrolyl] and [(p-pdt)Fe,(CO)4L,]
[L = Ph,PPyr (3), PPyr; (5)] were prepared
as functional models for the Fe-only hydro-
genase. In the presence of HOAc, com-
plexes 2—5 can catalyze proton reduction
to H,. Introduction of (pyrrol-1-yl)phos-
phane ligands shifts the reduction poten-
tials of 2—5 to more positive values.
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Hydrogenase Models

F. Huo, J. Hou,* G. Chen, D. Guo,
XL Peng® oooeiviniiiinniiiniinnnes 3942-3951
[FeFe]-Hydrogenase Models: Overpotential
Control for Electrocatalytic H, Production
by Tuning of the Ligand m-Acceptor
Ability

Keywords: Bioinorganic chemistry / Hydro-
genase / Phosphanes / Carbonyldiiron com-
pounds / Phosphane ligands
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The synthesis and characterization of
ferrocenyl- and ruthenocenyl-function-
alized thiofluorenes are reported. These
molecules can be immobilized in a self-

.O SAc
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[NH,JOH % c=c Q

assembled monolayer on a suitable sub-
strate and used as molecular “devices” for
electrochemical applications.

Functional Metallocenes

K. Doring, N. Ballav, M. Zharnikov,*
H. Lang® ...cccceevvrervvncnnnnnnnnnne 3952—-3960
Synthesis, Electrochemical Behavior, and
Self-Assembly of Metallocene-Function-
alized Thiofluorenes

Keywords: Metallocenes / Thiols / Fused
ring systems / Self-assembly / Monolayers /
Cyclic voltammetry

Eur. J. Inorg. Chem. 2010, 3883 —3888

www.eurjic.org

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

3885



i

[n]

CONTENTS

Luminescence

D. Parker,* J. W. Walton, L. Lamarque,
N I\Y BV 1O R 3961—3966

Comparative Study of the Luminescence
Properties and Relative Stability of a Series
of Europium(III) Complexes Bearing One
to Four Coordinated Azaxanthone Groups

Keywords: Europium / Luminescence / Lan-
thanides / Macrocycles
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An emissive monocationic europium com-
plex with two azaxanthone sensitising

.
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moieties shows the best stability profile in
the series of four tested.

Dehydrogenation

G. R. Whittell, E. I. Balmond,
A. P. M. Robertson, S. K. Patra,
M. F. Haddow, 1. Manners*..... 3967—-3975

Reactions of Amine— and Phosphane—Bor-
ane Adducts with Frustrated Lewis Pair
Combinations of Group 14 Triflates and
Sterically Hindered Nitrogen Bases

Keywords: Amines / Boron / Dehydrogen-
ation / Lewis acids / Lewis bases
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MezNH'BH3 HzB_NMEZ

The “frustrated Lewis pairs” of trialkyl
Group 14 triflates and sterically encum-
bered nitrogen bases promote the dehydro-
genation of amine—borane adducts.

|FeFe]-Hydrogenases

M. K. Harb, H. Gorls, T. Sakamoto,

G. A. N. Felton, D. H. Evans,*

R. S. Glass,* D. L. Lichtenberger,*

M. El-khateeb, W. Weigand*... 3976—3985

Synthesis and Characterization of [FeFe]-
Hydrogenase Models with Bridging Moiet-
ies Containing (S, Se) and (S, Te)

Keywords: Iron / Hydrogenases / Tel-
Iurium / Selenium / Sulfur / Electrocatalysis

Diiron complexes containing mixed dichal-
cogenolato ligands (2 and 3) of the [FeFe]-
hydrogenase active site have been synthe-
sized and characterized. The electrochemis-
try of 2 and 3 reveal the ability of these
complexes to be electrocatalysts for the re-
duction of the acetic acid proton to dihy-
drogen.

N-Substituted Ferrocenium Salts

D. Siebler, C. Forster,

K. Heinze™ ......ceevveeeevveeernenennns 3986—3992
“Tail—Tail Dimerization” of Ferrocene
Amino Acid Derivatives

Keywords: Anhydrides / Conformational
analysis / Electrochemistry / Metallocenes /
Mixed-valent compounds

.
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Acid anhydrides of N-protected 1’-amino-
ferrocene-1-carboxylic acid (Fca) form hy-
drogen-bonded rings in the solid state and
in solution. Metal—metal interactions are
probed by square-wave voltammetry, pre-
parative oxidation, UV/Vis/NIR spec-
troscopy, and theoretical calculations.
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Free-standing and supported silica films
with 2D-hexagonally structured sulfonic
acid functionalized mesopores are prepared
in a one-step synthesis. Humidified samples
show exceptional proton conductivity of up
to 0.18 Sem™! at 60 °C and 95% relative
humidity.
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Proton-Conducting Films

R. Supplit, A. Sugawara, H. Peterlik,
R. Kikuchi, T. Okubo* 3993—-3999

Supported and Free-Standing Sulfonic
Acid Functionalized Mesostructured Silica
Films with High Proton Conductivity

Keywords: Mesostructure / Self-assembly /
Proton conductivity / Sol—gel processes /
Conducting materials / Template synthesis

without K*

An optically active metal-free porphyrin
decorated with four binaphthyl crown ether
moieties linked through benzene units has
been designed and synthesized. It self-
assembles into nanoparticles in the absence

(R)- or (S)-1

of potassium ions. However, both enantio-
mers self-assemble into helixes first and
then stack into a high-ordered supercoil
with opposite helicity in the presence of

Nanofibers

J. Lu, L. Wu, J. Jiang,*

X. Zhang* 4000—4008

Helical Nanostructures of an Optically
Active Metal-Free Porphyrin with Four
Optically Active Binaphthyl Moieties: Ef-
fect of Metal—Ligand Coordination on
the Morphology

Keywords: Chirality / Porphyrinoids / Self-
assembly / Optical activity / Nanostruc-
tures
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Phosphorescent Cu! complexes containing
phosphane oxide coordinating ligands are
reported for the first time. In PMMA films,
this class of complexes exhibits blue-green

to orange emissions with quantum ef-
ficiencies of up to 0.72, indicating potential
applications in electroluminescent devices.

Phosphorescent Copper(I) Complexes

W. Sun, Q. Zhang, L. Qin, Y. Cheng,*

Z. Xie, C. Lu,* L. Wang ....... 4009—-4017
Phosphorescent Cuprous Complexes with
N,O Ligands — Synthesis, Photoluminesc-
ence, and Electroluminescence

Keywords: Copper / N,O ligands / Phos-
phane ligands / Phosphorescence / Electro-
luminescence

The potassium salts of HL' or H,L!" react
with [Cu(PPh;);l] or a mixture of Cul and
Ph,P(CH,),_3PPh, or Ph,P(CsH,FeCsH,)-
PPh, to give 1—10. The crystal structures of
H,L", 1, 3—6, 8 and 10 were determined by
single-crystal X-ray diffraction. The lumi-
nescent properties of complexes 1—10 in the
solid state are reported.

Luminescent Cu(I) Complexes

M. G. Babashkina, D. A. Safin,*
A. Klein,* M. Bolte 4018—4026

Synthesis, Characterisation and Lumi-
nescent Properties of Mixed-Ligand Cop-
per(I) Complexes Incorporating N-Thio-
phosphorylated Thioureas and Phosphane
Ligands

Keywords: Chelate complexes / Copper /
Crystal Structure / Luminescence / Phos-
phanes / Thiourea
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MOF-POM Hybrids

X. Liu, Y. Jia, Y. Zhang,
R. Huang” ......cccovvevvervivunncnnnns 4027-4033

Construction of a Hybrid Family Based on
Lanthanide—Organic Framework Hosts
and Polyoxometalate Guests

Keywords: Metal—organic frameworks /
Polyoxometalates / Organic—inorganic
hybrid composites / Lanthanides

In this paper the synthesis, crystal struc-
tures, and properties of a series of 3D po-
rous polyoxometalate (POM) based coordi-
nation polymers are discussed, namely,
Lny(pde)4[SiW,040]:xH-O (Ln = Eu, Gd,
Tb, Dy; x = 19, 13, 14, 18; H,pdc = pyri-
dine-2,6-dicarboxylate). These materials
present striking thermostability, favorable
catalytic properties, and satisfactory ethan-
ol sorption.

Binuclear Pt Complexes

A. L. Fuller, F. R. Knight, A. M. Z. Slawin,
J. D. Woollins® .....ccccceeerereeneee 4034—4043

Platinum Complexes of Aromatic Selenol-
ates

Keywords: Platinum / Selenium / Hetero-
cycles
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Se,, wSe,,,

(PhO)3P

wP(OPh)3
Pt Pt
- \Se/ \Se

v

Aryl selenolates apart from forming simple
mononuclear complexes also form bi-
nuclear Pt complexes, in fact mononuclear
and binuclear species may be in equilib-
rium.

* Author to whom correspondence should be addressed.

g Supporting information on the WWW (see article for access details).
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Recent Mechanistic and Synthetic Developments in the 1\; — w7 i H
Chemistry of Transition-Metal Vinylidene Complexes o . H s
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How to tautomerise alkynes! Transition-metal vinylidene com- Chem. Eur. I,

plexes are important synthetic intermediates for a range of trans-  H 1. 10.1002/chem.201000695
formations involving terminal alkynes. This article reviews a

number of recent developments focused on understanding the

alkyne/vinylidene tautomerisation mediated by transition-metal

complexes. The coupling of experimental and theoretical meth-

ods has allowed for detailed insight into this process and the fac-

tors which control it.

) B &2
G. Bergamini, A. Sottilotta, M. Maestri, P. Ceroni,* F. Vogtle* &, & o
M
Cyclam-Cored Dendrimers Appended with Four Dendrons of e V] o
Two Different Types: Intradendrimer Energy Transfer S St 3
AV
The H effect! Two cyclam-cored dendrimers appended with den- & RS

drons of two different types, by proper protection/deprotection of
the cyclam unit, are synthesized. Interdendron naphthyl-to-dansyl
energy transfer takes place within the same dendrimer: its effi-

ciency can be reversibly tuned by protonation/deprotonation of Chem. Asian J.

the cyclam core. DOI: 10.1002/asia.201000170

Cytoplasm

F. Marlin, P. Simon, T. Saison-Behmoaras, C. Giovannangeli* N

Delivery of Oligonucleotides and Analogues: The

Oligonucleotide Conjugate-Based Approach TAﬁT
Carrier conjugates: Oligonucleotide-based therapeutic strategies Carrier
are moving closer to use in patients, but bench work is still Cargo
needed. Although oligonucleotides are validated and powerful

tools in basic research, their delivery is still the major issue im- ChemBioChem
peding their use as therapeutics. Carrier-oligonucleotide conju- DOI: 10.1002/cbic.201000138
gates currently in development are reviewed here.
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D. Bekermann, A. Gasparotto,* D. Bgrreca, A. Devi,
R. A. Fischer, M. Kete, U. Lavrenci¢ Stangar, O. I. Lebedeyv,
C. Maccato, E. Tondello, G. Van Tendeloo

ZnO Nanorod Arrays by Plasma-Enhanced CVD for
Light-Activated Functional Applications

Switch of the surface properties: Supported ZnO nanorod arrays
with tailored roughness and aspect ratios are successfully synthe-
sized by plasma-enhanced chemical vapor deposition. Such nano-
structures exhibit significant superhydrophilic and photocatalytic
properties tunable as a function of their morphological organiza-
tion (see picture). This renders them promising building blocks
for the fabrication of stimuli-responsive materials.

K. Engels, C. Beyer, M. L. Sudrez Ferndndez, F. Bender,
M. GaBel, G. Unden, R. J. Marhofer, J. C. Mottram,
P. M. Selzer*

Inhibition of Eimeria tenella CDK-Related Kinase 2: From
Target Identification to Lead Compounds

Targeting coccidiosis: Cyclin-dependant kinases (CDKs) of the
protozoan parasite Eimeria tenella, which causes the severe poul-
try disease coccidiosis, were identified from genomic sequence
data. The cell cycle and most well-characterized kinase
(EtCRK2) of E. tenella were chemically validated as drug targets
in enzyme and cell culture assays. Promising lead compounds
were identified in a combined in silico/in vitro screening ap-
proach.

W. Li, S. Choi, J. H. Drese, M. Hornbostel, G. Krishnan,
P. M. Eisenberger, C. W. Jones*

Steam-Stripping for Regeneration of Supported Amine-Based
CO, Adsorbents

Amine-based solid CO, adsorbents have been investigated inten-
sively in recent years. However, the focus has routinely been on
their adsorption capacity and not on their regeneration. Here, a
practical desorption process for supported amine adsorbents,
steam-stripping, is demonstrated for the first time.

J. Keilitz, M. Schwarze, S. Nowag, R. Schomécker, R. Haag*

Homogeneous Stabilization of Pt Nanoparticles in Dendritic
Core-Multishell Architectures: Application in Catalytic
Hydrogenation Reactions and Recycling

Cores and effect: The synthesis and stabilization of Pt nanoparti-
cles in dendritic core-multishell polymers and their application
to hydrogenation reactions are described. The catalyst is reused
14 times (total TON=22000) and can be recovered by ultrafiltra-
tion or phase separation with very low metal leaching into the
product.
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Y. Liu, C.-J. Jia, J. Yamasaki, O. Terasaki, F. Schiith*

Highly Active Iron Oxide Supported Gold Catalysts for CO
Oxidation: How Small Must the Gold Nanoparticles Be ?

The shape of gold: The title catalyst has been prepared through a
colloidal deposition method. Scanning transmission electron mi-
croscopy studies confirmed that for the catalyst, gold clusters
with a bilayer structure and a diameter of about 0.5 nm are not
mandatory to achieve the high activity (see image).

Angew. Chem. Int. Ed.
DOI: 10.1002/anie.201000452

hydrophobic
T. Fekner, X. Li, M. K. Chan* substltue/ntv/ s
) , X. Li, M. K.
Pyrrolysine Analogs for Translational Incorporation into l ;

CO,H
Proteins 1r \/\/Y

pyrrolysme Ha

A combination of crystallographic, biochemical, and synthetic a;’;'::;y ﬁ
studies related to pyrrolysine and its biochemical machinery led acceptor  carbonyl group

to the formulation of a set of principles for the design of success-  Eur. J. Org. Chem.

ful analogs for site-specific modification of proteins. The journey ~ DOI: 10.1002/ejoc.201000204
leading to it and recent practical applications of the acquired

knowledge are discussed.
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Isomerization in Photochromic Ruthenium Sulfoxide Complexes

Beth Anne McClure!?! and Jeffrey J. Rack*13l

Keywords: Photochromism / Ruthenium / Sulfoxide complexes / Photochemistry / Isomerization

The spectroscopic properties of photochromic ruthenium
sulfoxide complexes are reviewed. The mode of action is as-
sociated with an excited state S—O isomerization triggered
by light. These complexes feature large, positive Ru**/2* re-
duction potentials indicative of stabilization of the Ru dn or-
bital set. In addition, these compounds feature large quan-
tum vyields of isomerization. In aggregate, the data argue

against a promoting role for the LF states and suggest that
isomerization occurs from the CT potential energy surface.
Picosecond transient absorption experiments indicate a
change in the isomerization mechanism between mondent-
ate sulfoxide complexes and chelating sulfoxide complexes.
These results as well as potential energy diagrams for certain
complexes are discussed.

1. Introduction

Due to their favorable properties, photochromic com-
pounds have found utility in a variety of areas. These prop-
erties include distinct electronic structures exhibited by
ground and metastable states and fast switching times be-
tween these states. As such, these compounds have been em-
ployed in the formation of logic gates for molecular com-
puting applications!' ! as well as in biological applica-
tions.[>”] These compounds have also been utilized in supra-
molecular or polymeric materials for the formation of pho-
tomechanical or opto-mechanical materials.®-'?l These are
macroscopic films or crystals that change shape upon irra-
diation. The molecular basis for these applications lies in
the creation of a new molecule following light irradiation.
Photonic energy is transduced to potential energy, which
is employed to break and make bonds on a femtosecond,
picosecond or nanosecond timescale.

[a] Department of Chemistry and Biochemistry, Nanoscale and
Quantum Phenomena Institute, Clippinger Laboratories, Ohio
University
Athens, OH 45701, USA
Fax: +1-740-593-0148
E-mail: rackj@ohio.edu

By far, there are many more types of organic photochro-
mic compounds and materials relative to their molecular
inorganic counterparts. Stilbenes, azo-benzenes, fulgides,
spiro-compounds and dithienylethenes and their many de-
rivatives demonstrate the great diversity of structures fea-
turing photochromism.['31°1 By contrast, molecular inor-
ganic photochromic compounds and materials are more
rare.?°-2°1 The most well-known example in this class is so-
dium nitroprusside (SNP), Na,[Fe(CN)s(NO)].?>23 When
irradiated many transition metal nitrosyl compounds un-
dergo an intramolecular linkage isomerization. For SNP, O-
bonded nitrosyl, termed metastable state 1 (MS1), and an
n2-NO nitrosyl structure, termed metastable state 2 (MS2),
are observed when crystalline material is irradiated at low
temperature (< 100 K).[27281 These compounds and related
complexes have found utility in photorefractive applica-
tions.[29-33

We have developed a class of simultaneously photochro-
mic and electrochromic polypyridine ruthenium sulfoxide
compounds.?*>% The mode of action is due to an intra-
molecular isomerization of the sulfoxide from S-bonded to
O-bonded. The isomerization is triggered either by light or
by formal oxidation or reduction. The differential bonding
characteristics of S- and O-bonded sulfoxides produces dis-
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tinct electronic structures and electrochemical Ru3*/2* re-

duction potentials. Herein, we describe important literature
reports and highlight our spectroscopic findings from the
study of these compounds since 2001.

2. Photochemical Isomerization in Ruthenium
and Osmium dmso Complexes

Shown in Figure 1 are the absorption spectra of S- and
O-bonded isomers of [Ru(tpy)(pic)(dmso)]*, where tpy is
2,2":6',2""-terpyridine, pic is 2-pyridinecarboxylate and
dmso is dimethyl sulfoxide.[?#446] The lowest energy visible
absorption maximum observed for both isomers is assigned
to a Metal-to-Ligand Charge-Transfer (MLCT) transition
based on its intensity and wavelength and in accord with
many other ruthenium polypyridine complexes.°! Irradia-
tion of this complex by monochromatic laser light, white
light, sunlight or typical fluorescent room lighting in many
low donor or weakly basic solvents results in the formation
of a new absorption spectrum. This spectrum is similar to
that found for [Ru(tpy)(pic)(OH,)]* and is thus consistent
with an O-bonded donor.®?33 Accordingly, we assign this
new spectrum to the O-bonded isomer of [Ru(tpy)(pic)-
(dmso)]*. These absorption changes are completely revers-
ible at room temperature and mechanistic studies reveal the
isomerization to be intramolecular. This reactivity has been
found to be general for many ruthenium polypyridine sulf-
oxide complexes.

0.204

0.15

0.104

Absorbance

0.054

0.00

400 600 800
Wavelength, nm

Figure 1. Absorption spectra of S-bonded (solid) and O-bonded
(dashed) isomers of [Ru(tpy)(pic)(dmso)]+ in propylene carbonate.

Shown in Table 1 are quantum yields of isomerization
(Os_,0) for a family of photochromic ruthenium sulfoxide
complexes. From inspection of the table it can be seen that
O-donor ligands such as malonate (mal), oxalate (ox) and
acetylacetonate (acac), do not support dmso isomeriza-
tion.?3 In contrast, N-donor ligands support dmso isomer-
ization. These observations may be interpreted as a weaker
ligand field leading to deactivation of the *MLCT state.
Thus, O-donor ligand complexes feature a weaker ligand
field and, in turn, smaller or non-existent ®g .5 values.
Stronger field N-donor ligand complexes feature a greater
energy difference between the deactivating LF states and
3896
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thermally-equilibrated *MLCT states thus favoring isomer-
ization. This is a conventional argument to explain the pho-
tochemistry of ruthenium polypyridine complexes.!!

Table 1. Photochemical and electrochemical data for [Ru(tpy)-
L2(dmso)]"* complexes.

L2 Z2pax(S) /mm 2o (O) mm E°'(S)  E°'(O) @,
(e/mtem™) (e/mlem™)  /V A%

bpy 419 (8080) 490 (13668) 1.67 1.10 0.024

pic 421 (5347) 527 (4524) 1.38 0.63 0.25

tmen 429 (8161) 530 (7480) 1.65 1.03 0.007

acac 468 (5318) - 0.95 - <0.0001

ox 485 (4396) - 0.86 - -

mal 502 (5134) - 0.82 - -

However, close inspection of ®@g_,o values in Table 1 re-
veals a separate trend. For example, if S—O isomerization
involves the ligand field states then one expects the quan-
tum yield to be similar to that observed for photosubstitu-
tion. Indeed, the isomerization might be thought of as an
intramolecular photosubsitution reaction. The work of
Ford, McMillin and others have shown that photosubstitu-
tion is a dissociative process involving the ligand field states
and that photosubstitution quantum yields are on the order
of 10-3.54571 However, for [Ru(tpy)(bpy)(dmso)]**, ®g .o =
0.024(%=0.002) in propylene carbonate, an order of magni-
tude increase over the value determined for photosubstitu-
tion of CH;CN by pyridine in [Ru(tpy)(bpy)(CH;CN)]**
{® = 0.0016(*+0.0002)}.54 Moreover, ®g_,o = 0.25(+0.01)
for [Ru(tpy)(pic)(dmso)]* and ®g_.o = 0.45(+0.01) for
[Ru(bpy),(OSO)]** (where OSO is 2-methylsulfinylbenzo-
ate),’7*1 indicating an efficient conversion of photonic en-
ergy to potential energy. These large quantum yields indi-
cate that the mechanism for photoisomerization may be dif-
ferent from that proposed for photosubstitution.

Additional evidence for an active role of LF states in
photosubstitution on ruthenium(Il) arises from studies
showing that photosubstitution did not occur on analogous
osmium(I1) centers.> The ligand field splitting for Os>* is
estimated to be ca. 30% greater than for Ru?*.°81 Therefore,
although the LF states are thermally accessible from the
MLCT states in Ru?>* complexes, these states are too high
in energy to be accessible for the analogous Os>* complexes,
which presumably results in inactivity towards photosubsti-
tution. For reasons of synthetic simplicity, [Os(bpy),-
(dmso),]** was investigated for evidence of phototriggered
dmso isomerization in order to further probe the role of
ligand field states in phototriggered sulfoxide isomeriza-
tion.I>”! The structurally characterized complex features a
bis-S-bonded ground state configuration and an absorption
maximum at 355 nm, similar to that observed for photo-
chromic [Ru(bpy),(dmso),]**.[#>6%1 The electrochemistry
and photochemistry are consistent with isomerization, al-
though it is apparent that only one dmso ligand isomer-
izes.[*91 Steady state irradiation resulted in a decrease in ab-
sorbance at 355nm concomitant with an increase at
403 nm. Reversion to the bis-S-bonded isomer from the
mixed S,0-bonded metastable state is not observed at room
temperature and requires modest heating for reversion (7" =
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60 °C). The isomerization quantum yield was determined
to be 0.042(%=0.001). Transient absorption studies suggest
that isomerization does not occur from the emissive, ther-
mally relaxed charge-transfer state, but rather from a
higher-lying charge transfer state. Shown in Figure 2 is a
state energy diagram of [Os(bpy),(dmso),]**. From these
studies, it is clear that the LF states are not involved in
isomerization. That ®@g . is similar for ruthenium and os-
mium complexes indicates that isomerization involves dif-
ferent states from those utilized for photosubstitution.

0s's
a7 L S s
; ;CD =0.04
-12 |- 3
Osgs 3OSg0
s .
&~ 355 nm|
&3 =13 ps t<3.5ns
(5]
5 565 nm
+0.7 |- ©=0.23 l
Osso
©>1h(60°C)
+1.8 |-
'Oss.s

Reaction coordinate

Figure 2. State diagram for [Os(bpy)»(dmso),]>*.

Since evidence of isomerization in osmium(II) sulfoxide
complexes and a higher quantum yield for isomerization
relative to photosubstitution argue against the involvement
of the LF states, it appears that photochemical isomeriza-
tion may proceed via the MLCT states. The involvement of
the MLCT states is also supported by transient absorption
spectroscopy. Shown in Figure 3 are the ground state ab-
sorbance and transient absorption spectra of [Ru(tpy)-
(bpy)(dmso)]>*.144 The 5 ps trace reveals a weak bleach fea-
ture near 450 nm, a sharp positive absorbance at ca. 550 nm
and a broad featureless absorption at longer wavelengths
(> 600 nm). Over the next 14 ps, the bleach feature be-
comes more pronounced concomitant with a disappearance
of the sharp absorbance at 550 nm. For the 14 ps transient
spectrum, the bleach feature is ascribed to depletion of the
ground state MLCT transition for the S-bonded complex
and the long wavelength absorption is attributed to an
LMCT absorption, in accord with other studies.®-*21 Thus
these spectral features have been interpreted as the forma-
tion of the SMLCT excited state of the S-bonded isomer.
As time evolves, a new transient is revealed with the bleach
centered at 475 nm and a modest decrease of the broad ab-
sorption at longer wavelengths. The time traces evince an
isosbestic point indicating the formation of a new complex
on a rapid timescale. The 242 ps transient spectrum does
not represent an O-bonded Ru?* ground state, as mani-
fested by the absence of a strong absorption near 475 nm.
Accordingly, we ascribe the new complex to an O-bonded
SMLCT state. The spectral changes were fit to a bi-ex-
ponential decay with time constants of 2.4+0.2 ps and
36 = 0.2 ps. While the fast time constant is ascribed to relax-
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ation of the Franck—Condon state to a thermally-equili-
brated MLCT S-bonded excited state, the slower time con-
stant is attributed to both S—O isomerization along the CT
excited state surface and to direct relaxation from the S-
bonded CT state to S-bonded ground state. In conjunction
with the quantum yield, this corresponds to a time constant
for isomerization of 1.5ns. An electronic state diagram

summarizing isomerization and relaxation rates for
[Ru(tpy)(bpy)(dmso)]** is shown in Figure 4.
a)
)
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Figure 3. a) Ground-state absorbance spectra of S-bonded (solid)
and O-bonded (dashed) [Ru(tpy)(bpy)(dmso)]** b) Picosecond

transient absorption spectra of S-[Ru(tpy)(bpy)(dmso)]** in propyl-
ene carbonate solution.
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Figure 4. State diagram for [Ru(tpy)(bpy)(dmso)]**.
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3. Adiabatic vs. Non-Adiabatic Photochemical
Mechanisms

In order to gain further insight about this phototriggered
isomerization, it is necessary to understand how excited
state evolution is affected by coupling between vibrational
and electronic components. Although vibronic coupling is
often considered in the spectroscopy of transition metal
complexes, it is typically employed in describing the prob-
ability of absorption of a photon rather than the events that
occur following photon excitation.[3] McCusker’s work on
the temporal evolution of the *MLCT excited state of
[Ru(bpy);]** and its derivatives has indicated that non-ther-
mally equilibrated excited states are important in the relax-
ation dynamics of such complexes.[°!-62641 Photochemical
reactions involving these states inherently occur through the
coherent motion of select vibrational modes that either are
strongly coupled to the Franck—Condon state or other elec-
tronic potential energy surfaces. While we have found that
some ruthenium sulfoxide complexes can store absorbed
photonic energy in chemical bonds via formation of a meta-
stable O-bonded isomer, we have barely begun to under-
stand which vibrational modes are important to isomeriza-
tion and how are they coupled to the ground and excited
potential energy surfaces.!*l

According to the Born—-Oppenheimer approximation, a
potential energy surface (PES) of a molecule may be con-
structed by assuming that the electronic structure will
rapidly change in response to small changes in nuclear con-
figuration. These surfaces are frequently described as adia-
batic and are generally well modelled by ab initio treatment,
which separates electronic and nuclear components. The
construction of such potential energy surfaces often pro-
vides valuable information concerning a reaction mecha-
nism such as the relative energy levels and geometry of reac-
tants, products, intermediates and transition states. Appli-
cation of these approximations to photochemical reactions
becomes inherently more complex as the reaction now in-
cludes a ground state and one or more excited states. Ques-
tions arise concerning not only how the PES may be mod-
elled for an excited state species, but also how the molecule
relaxes from one PES to another. If the vibronic coupling
is weak, then the reaction may be modelled by considering
changes in the nuclear configuration on the excited state
PES separately from the ground state PES. Accordingly, re-
laxation to the ground state would be expected to occur
following some change in nuclear configuration governed
by the surface of the excited state PES. Such a mechanism
may be described as adiabatic since non-adiabatic and other
higher order terms may be neglected.

However, the weak coupling approximation has become
increasingly inadequate for the description of many ul-
trafast photochemical processes. Advances in computa-
tional methods and ultrafast spectroscopic measurements
have revealed that many systems are only accurately de-
scribed when non-adiabatic and other higher order terms
accounting for spin-orbit coupling or rotational modes are
included.[%>-%8] Such systems typically result in conical in-
3898
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tersections between adjacent PES’s. These intersections are
simply points at which the non-adiabatic coupling between
two or more vibrational modes and the electronic compo-
nents becomes singular. Thus, the conical intersection acts
as a photochemical funnel that facilitates rapid non-radia-
tive decay between two adjacent PES’s. For example, the
mechanism of cis-trans isomerization about a carbon-car-
bon double bond (C=C) can be described as a conical inter-
section involving rotation about the C=C as well as pyrami-
dalization at one of the carbons.) These motions allow
electronic decay to the ground state at a geometry which
would otherwise be considered an avoided crossing on a
femtosecond timescale. Another example is [RuCIsNOJ*,
which features two photochemically-induced metastable
isomers, MS1 (O-bonded NO coordination) and MS2 (n2-
NO coordination).’™ Using computational methods, coni-
cal intersections were found between the lowest energy ex-
cited state PES and ground state PES as well as between
the two lowest energy excited state PES’s. Such reactions
may be considered non-adiabatic because separation of nu-
clear and electronic components does not permit an accu-
rate description of the reaction coordinate.

As discussed above, the transient absorption spectra of
[Ru(tpy)(bpy)(dmso)]** show a direct conversion from the
S-bonded 3MLCT state surface to the O-bonded *MLCT
state surface. That is, the isomerization occurs along the
excited state SMLCT surface as depicted in Figure 4. Ac-
cordingly, it may be described as an adiabatic process in
which progression along the reaction coordinate is main-
tained on the lowest electronically excited PES, analogous
to any ground state thermal reaction. Isomerization pre-
cedes relaxation to the ground state PES. The driving force
for isomerization may be viewed in parallel to the electro-
chemical reaction in which the CT state is described as a
formally oxidized metal center (Ru**) and formally reduced
ligand (tpy "), resulting in the O-bonded state being thermo-
dynamically stable relative to the S-bonded state.[*?!

In comparison, [Ru(bpy),(OSO)]* has also been investi-
gated by picosecond transient absorption spectroscopy
(Figure 5).371 In panel a are shown the spectra of S- and
O-bonded isomers with transient spectra of each isomer
shown in panels b and c, respectively. In b, the spectra of
the S-bonded isomer reveal a bleach near 450 nm in the
first few picoseconds concomitant with a broad featureless
absorption at lower energy. In accord with [Ru(tpy)(bpy)-
(dmso)]**, these features have been interpreted as the for-
mation of a SMLCT state of S-bonded character. However,
as the spectra evolve through time, the bleach at 450 nm
decreases in intensity concomitant with a decrease of the
broad absorbance at lower energy culminating in the forma-
tion of a positive absorbance feature at 500 nm. The spec-
trum at 500 ps strongly resembles the ground state ab-
sorbance of the O-bonded isomer (panel a). The O-bonded
transient absorption spectrum features a bleach feature cen-
tered at 500 nm, which decays over time to a spectrum
which does not differ from the original ground state spec-
trum (panel ¢). Thus unlike [Ru(tpy)(bpy)(dmso)]>*, irradi-
ation of S-[Ru(bpy),(OSO)]* triggers an excited state isom-
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erization that occurs not along the *MLCT surface, but
rather directly from the S-bonded MLCT excited state to
the O-bonded singlet ground state in 150 ps. In accord with
the above definitions, we have described this reactivity as
non-adiabatic and therefore suggest the presence of a coni-
cal intersection between the CT PES of the S-bonded com-
plex with the O-bonded ground state PES. These features
with time constants for certain events are displayed in Fig-
ure 6.
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Figure 5. a) Ground-state absorption spectra of S-bonded (solid)
and O-bonded (dashed) [Ru(bpy)-(OSO)]*. b) Picosecond transient
absorption spectra of S-[Ru(bpy)»(OSO)]* in methanol. c) Pico-
second transient absorption spectra of O-[Ru(bpy),(OSO)]* in
methanol.

In order to rationalize why this complex exhibits a dif-
ferent mechanism from previously studied dmso complexes,
the energy level diagrams in Figures 4 and 6 may be com-
pared. Emission measurements for [Ru(bpy),(OSO)]" reveal
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Figure 6. State diagram for [Ru(bpy),(OSO)]*.

an unusually large Stokes’ shift of ca. 8000 cm™' for the S-
bonded isomer as compared to ca. 5800 cm™' for [Ru-
(bpy)s]**. We expect that this Stokes’ shift corresponds to
a larger reorganization energy and hence a significant
change in nuclear configuration between the Franck—Con-
don and thermally equilibrated SMLCT PES minimum.
However, this is not unique to [Ru(bpy),(OSO)]* as a simi-
larly large Stokes’ shift has been observed for [Ru(tpy)-
(bpy)(dmso)]**. In both complexes, we have interpreted the
geometry of this thermally equilibrated state to have either
an m? or asymmetric n? coordination of the sulfoxide group.
This geometry is intermediate between the S-bonded and
O-bonded structures of the ground state isomers. Unlike
[Ru(tpy)(bpy)(dmso)]**, the O-bonded 3MLCT state of
[Ru(bpy)»(OSO)]* appears to be thermodynamically un-
stable relative to the n?-excited state (Figure 6). Therefore,
rapid relaxation occurs from the n? geometry on the excited
state PES to the ground state PES where it branches be-
tween the S-bonded and O-bonded isomers accordingly. As
observed in the comparison of the ground state absorbance
spectra, the chelating sulfoxide complex exhibits particu-
larly large stabilization of the Ru dm orbitals relative to
other Ru(bpy),-type complexes. It may be that this extra
stabilization afforded by the chelating sulfoxide translates
into additional stabilization of the excited state structure as
well to a point where its energy level falls below that of the
O-bonded excited state structure.

4. Excited-State Distortion

In an effort to more quantitatively determine the magni-
tude of distortion between the ground state and MLCT
state equilibrium geometries, we have recently analyzed the
absorption and emission spectra of a series of complexes
analogous to [Ru(bpy)»(OSO)]*, in which the methyl group
on the sulfur has been replaced by a benzyl, naphthyl, or
3899
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pentafluorobenzyl group (R = Bn, Nap, BnFs).B° As
shown in Figure 7, the absorbance spectrum for [Ru(bpy),-
(OSOBnFs)|" is significantly broader than [Ru(bpy)s]**.
The full width at half maximum (fwhm) is directly pro-
portional to the distortion or nuclear displacement (AQ)
and proportional to the square root of the reorganization
energy (4*2) 193] The reorganization energy is comprised of
an outer sphere or solvent contribution (4,), and inner
sphere contribution which may be further classified into in-
traligand (4;;) and metal-ligand (4,,;) constituents. The
relative contributions of these terms is shown in Equa-
tion (1), in which Av,,; and hv;; are metal-ligand (Ru-N,
Ru-S, Ru-0) vibrational modes and intraligand (bpy) vi-
brational modes respectively.’!l Values of 500, 1300, 500
and 1350 cm™!' were assumed for hv,,;, hv,, 4, and i
based on previous studies of [Ru(bpy);]** and other ruthe-
nium polypyridine complexes.”!-7?! It was assumed that the
significantly broader spectra were due to a greater contri-
bution from the metal-ligand modes. The results of this
analysis are summarized in Table 2. Notably, the metal-li-
gand reorganization predicted for [Ru(bpy);]** was
510cm™!, which agrees well with previous results;!”!]
whereas values for [Ru(bpy),(OSOR)]" were found to be
significantly ~ greater ~with  values of 10,800 cm™!,
14,400 cm !, and 14,800 cm ! for R = Nap, BnF5 and Bn,
respectively.

(fwhm) _ hvy,
g5 = AR+ | By, coth # +4,(hv,) (1)

1.0+

0.5+

Absorbance

0.0
30000

25000 20000

Wavenumber, cm’’
Figure 7. Normalized absorbance spectra of [Ru(bpy);]** (dashed)

and [Ru(bpy),(OSOBnFs)]* (solid), OSOBnF;s is 2-pentafluoro-
phenylmethanesulfinylbenzoate.

Table 2. Absorption fitting values.

Complex fwhm Jem™! Jopgr lem™!
[Ru(bpy)s]** 3550 510
[Ru(bpy),(OSOBn)]* 7360 14,800
[Ru(bpy),(OSONap)]* 6380 10.800
[Ru(bpy),(OSOBnFs)]* 7250 14,400
3900 www.eurjic.org
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Following methods described previously, corrected emis-
sion spectra were obtained at 77 K in 4:1 EtOH/MeOH
glass and fit to Equation (2), in which Av,, and /v, are me-
dium and low frequency vibrational modes, S,, and S; are
Huang—Rhys parameters, and E; is the zero-zero splitting
energy.l”3l The parameters Av,, and /v, are analogous to the
intraligand and metal-ligand vibrational modes in Equa-
tion (1). The results are summarized in Table 3. Unlike the
spectrum for [Ru(bpy);]**, which required the inclusion of
a low frequency vibrational mode to adequately fit the spec-
trum,!”# the spectra for these complexes were fit with a sin-
gle vibrational mode. Furthermore, the medium frequency
mode is shifted to lower values of 1150-1300 cm™' com-
pared to 1400 cm™! in [Ru(bpy);]>*. These values are in rela-
tively close agreement with the S-bonded v(S=O) stretches
observed for these complexes (1093 cm™!, 1097 cm™!,
1105cm™! for R = Nap, Bn, and BnFs, respectively). This
suggests that the v(S=0) stretching mode is strongly cou-
pled to excited state decay and is consistent with the ab-
sorption spectral analysis in that intraligand bpy vibrations
are no longer the dominant mode coupling the excited and
ground state potential energy surfaces.

Sfwhm
m! )

SrS/ exp{—4 ln2~[

3Pm
5 is [ Ey—=mhv,, —lhv,
0

v—E,+mhv, +lhv, J’}

Table 3. Corrected (77 K) emission spectra fitting parameters.

Complex E, hv,, hv, S S; fwhm
fem™! fem'  fem! Jem™!
[Ru(bpy)s]2* 17,500 1400 400 08 10 600
[Ru(bpy),(OSOBn)]* 17200 1150  — 14 - 1450
[Ru(bpy),(OSONap)]* 17200 1150  — 14 - 1450
[Ru(bpy),(OSOBnFs)[* 17,300 1300  — 12 - 1600

5. Two-Color Photochromes

We recently reported two examples of photochromic ru-
thenium compounds that feature two-color reversible pho-
tochromism.38#!1 While this behavior has been observed in
certain organic photochromes notably dithienylethenes, it
remains rare in transition metal chemistry. We know of only
a few examples of reversible, two color photochromic action
in transition metal complexes. The pentacyanonitrosyl-
metallates show this behavior and Burkey and Heilweil have
reported one such organometallic example.[”> The metal ni-
trosyl compounds feature phototriggered isomerization of
the bound nitrosyl ligand from N-bonded to n?-NO to O-
bonded (isonitrosyl). Each isomer is observable by X-ray
crystallography and infrared spectroscopy with different de-
cay temperatures.??! The lack of transient data detailing the
isomerization complicates mechanistic interpretation.

The difficulty in preparing complexes with this behavior
can be explained by examining Figure 4. The ground state
isomerization from S to O is thermodynamically uphill;
production of O-[Ru(tpy)(bpy)(dmso)]** is only possible

Eur. J. Inorg. Chem. 2010, 3895-3904



Isomerization in Photochromic Ruthenium Sulfoxide Complexes

Eur|IC

through excitation of S-[Ru(tpy)(bpy)(dmso)]** followed by
isomerization and then relaxation. That is, isomerization
and relaxation are exothermic reactions; the reverse reac-
tion is thus not favorable. Referencing Kasha’s rule, exci-
tation of O-[Ru(tpy)(bpy)(dmso)]** will always yield an O-
bonded excited state which will necessarily relax to an O-
bonded ground state. This is indeed observed. The only
pathway to avoid this eventuality is to surface cross from
the O-bonded manifold of states to the S-bonded manifold
of states during IVR. Alternatively, isomerization from O
to S may be achieved by accessing different transition states
in the two reactions.[”3]

The complex [Ru(bpy),(OSSO)]**,where OSSO is di-
methylbis(methylsulfinylmethyl)silane, features three min-
ima on the Ru'" ground state potential energy surface.[!]
The ground state is a bis-S-bonded ground state, a meta-
stable S ,O-bonded isomer and a metastable bis-O,0-
bonded isomer. The ground state exhibits an MLCT ab-
sorption at 350 nm, the S,0-bonded isomer absorbs at
400 nm, and the O,0-bonded isomer absorbs at 348 and
489 nm. The absorption maxima for each isomer are similar
to that observed for [Ru(bpy)>(dmso),]** and [Os(bpy).-
(dmso),]**. Charge-Transfer excitation of the S,S isomer
yields the S,0 isomer and then the O,0-isomer in sequential
photochemical reactions. Quantum yields of isomerization
are Pgg .50 = 0.55 (=6) and Pgo_00 = 0.035(%5) with
327 nm excitation. These absorption changes are reversible
at room temperature in the absence of light. The bis-O,0-
bonded isomer reverts to the S,0-isomer slowly at room
temperature with a rate constant of 2.5(+2) X 104s™'; re-
version to the S,S isomer is much slower occurring over
the period of several days. The slow reversion rates permit
independent study of each of the three isomers.

Emission spectroscopy reveals strong evidence for a pho-
tochemical excited state O—S isomerization. Irradiation of
the S,0-isomer with 355 nm or 400 nm irradiation, but not
532 nm, shows an emission spectrum with a maximum
600 nm and a lifetime of 2 ns. The emission quantum yield
(Pgp) 1s 0.009 (£5). Presumably, the weak absorbance of
the S,0-isomer at 532 nm prevents observance of the
600 nm emission feature. Irradiation of the O,O-isomer
with 532 nm or longer wavelength shows a similar emission
at 600 nm, though of a weaker intensity. Indeed, the emis-
sion quantum yield is 1.7(#3) X 10~ with a lifetime of 2 ns.
These data indicate that O—S isomerization occurs in the
excited state. Mechanistic details for this reaction are not
presently available.

We have recently reported the photochemistry of
[Ru(bpy),(pySO)J>*, where pySO is 2-(isopropylsulfinyl-
methyl)pyridine. This complex is reminiscent of a report
from Meyer regarding [Ru(bpy).(py)(dmso)]>* (py is pyr-
idine),’® where both S- and O-bonded isomers are ob-
served from reaction of [(bpy)»(py)Ru"V=0]** with dimeth-
ylsulfide. In this example, the O-bonded isomer is initially
formed and then thermally isomerizes to yield the S-
bonded isomer. The S- and O-bonded isomers absorb at
400 and 476 nm, respectively. For the chelating complex, S-
[Ru(bpy),(pySO)J>* absorbs at 370 nm indicating that the
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chelate provides additional stabilization of the dr set rela-
tive to [Ru(bpy)»(py)(dmso)]**, since the excited states of
both complexes are MLCT bpy localized. Irradiation of
propylene carbonate solutions of [Ru(bpy),(pySO)]** with
355 nm light results in a decrease in the absorbance at
370 nm and an increase at 472 nm in accord with phototrig-
gered S—O isomerization of the sulfoxide [Ps_o = 0.11(2);
Figure 8].1381 The infrared spectrum provides structural evi-
dence for isomerization. The ground state S-bonded isomer
exhibits v(S=0) = 1090 cm™' which yields v(S=0) =
1060 cm™! upon irradiation. Consistent with the absorption
data, this new feature is ascribed to the O-bonded isomer.

5000+ 200 600

wavelength, nm

. . -1 -1
Molar extinction, M~ cm

400 600
Wavelength, nm

Figure 8. UV/Vis spectra of S-bonded (solid) and O-bonded
(dashed) isomers of [Ru(bpy),(pySO)J]**. Inset shows spectrum ob-
tained following irradiation of S-bonded isomer with white light
source.

Strikingly, charge transfer excitation (4 =475 nm) of O-
[Ru(bpy),(pySO)J** results in a decrease of the absorbance
at 472 nm and a return to a spectrum similar to the original
S-bonded spectrum [@g_,s = 0.027(6)]. A reversible photo-
chemical reaction with similar quantum yields indicates
that a photostationary state may be found. The inset of Fig-
ure 8 shows the resultant spectrum from irradiation of S-
[Ru(bpy),(pySO)J>* with a white light source. Indeed, the
spectrum is a linear combination of S- and O-bonded iso-
mers suggestive of a photostationary state. Transient ab-
sorption spectra of both S- and O-bonded spectra show
that isomerization follows formation of thermally relaxed
SMLCT states. Thus, we conclude that O—S and S—O
isomerizations are not the microscopic reverse of one an-
other, but rather that they access different transition states.

A Jablonski-type diagram summarizing our spectro-
scopic and electrochemical data are shown in Figure 9. The
S- and O-bonded ground states are separated by 0.6 eV
(4735 cm™) as revealed from cyclic voltammetry. Excitation
of S-bonded produces a '"MLCT state which relaxes to a
thermally equilibrated MLCT state (CTg in figure) in ca.
2 ps. The geometry of this state is quite different from that
of the ground state. This complex may relax directly to the
S-bonded ground state or isomerize to produce the O-
bonded ground state. The S—O isomerization time constant
is 1.5 ns. Excitation of the O-bonded ground state produces
a 'MLCT state which relaxes to a thermally equilibrated
3901
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SMLCT state (CTq in figure) in 7.4 ps. We propose that the
geometry of this state is different from both the O-bonded
ground state and the thermally equilibrated S-bonded
SMLCT state. This complex may either isomerize to the S-
bonded ground state with a time constant of 6.3 ns or to
the O-bonded ground state. The relative energy levels of the
SMLCT states are estimated from 77 K emission spectra.
Additional studies are underway to better understand this
unusual reactivity; in particular the mixing of S- and O-
bonded excited state surfaces near the intersection region
and early dynamics for the formation of these excited states.

A 7720 cm™! FCo
"~ —1
N o 2 ps ‘25\010 cm™' 7.4 ps
T —qm e - ——
g\ s N [z %o
g |3 2 |o
BL o = | |e S 2
I - O = A
gl (BIF |- |8
> o
o E|
3
_________ ' RU"O
I t 4735 cm™!
Ru''s

Figure 9. Jablonski-type diagram depicting energy levels and kinet-
ics for relaxation and isomerization in [Ru(bpy)»(pySO)J>*.

6. SO, Isomerizations

At present, there are no crystallographic data available
for metastable states of metal sulfoxide complexes. How-
ever, results from a number of crystallographic and spectro-
scopic studies of metal sulfur dioxide provide some valuable
insight.’7-7°1 The first report of a photogenerated SO,
metastable state was from Johnson and Dew.®% On the ba-
sis of infrared spectroscopy, they found that irradiation of
[Ru(NH3),CI(SO,)]CI in the solid state at low temperature
produced ultimately two isomers. The first isomer was con-
fidently ascribed to an 1n?-SO, isomer based on differences
between symmetric and asymmetric v(S=0) stretches and
180 isotopic studies. A second isomer was observed in the
infrared spectrum that appeared to be formed as a product
following irradiation of the side-bonded SO, adduct. This
isomer was tentatively assigned as an O-bonded SO, com-
plex.

Coppens later reported the first structural data of the n*-
SO, isomer through photocrystallographic techniques.!”®!
Short wavelength irradiation of crystalline [Ru(NHj3),Cl-
(SO,)]CI showed evidence of this metastable isomer. As ex-
pected, the Ru-S bond length increases from 2.080(1) A to
2.32(2) A concomitant with a decrease in the Ru—Cl bond
from 2.407(1) A to 2.32(1) A. Similar changes have been
observed in the molecular structures of metastable states of
metal nitrosyl complexes.?”-?8) An important nuance of this
experiment is the low optical density of the crystalline mate-
3902
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rial. The visible electronic transitions for this and related
complexes are Laporte-forbidden Ligand Field transitions,
which are characteristically weak. This feature facilitates
bulk conversion from the ground state to the metastable
state by permitting more light to penetrate the crystal. Even
so, the population of the n?-SO, complex is just 11.1(1) %,
indicating the difficulty of this experiment. In addition,
these metastable states are thermally unstable requiring
these experiments to be performed at liquid nitrogen and
lower temperatures.

Visible irradiation of crystalline [Ru(NH3),(OH»,)-
(SO,)I** at 13 K produces a second metastable isomer as-
signed to the O-bonded SO, complex.””! X-ray analysis of
the irradiated crystal reveals contributions from the S-
bonded ground state, two n2-SO, states and two separate
O-bonded SO, metastable isomers. At this temperature, the
new O-bonded isomers were found at 36% total contri-
bution. This report confirms the initial observation by
Johnson and Dew in 1979. Unfortunately, accurate metrical
data regarding bond lengths are not available due to the
number of isomers formed upon irradiation. Nevertheless,
it is remarkable that these isomerizations occur with reten-
tion of the crystal group and that there is no significant
degradation of the crystal upon irradiation.

Importantly, these data indicate that the n?-SO, complex
can be observed as a metastable isomer, despite that it is
the obvious transition state in the isomerization from S-
bonded to O-bonded SO,. The transition states accessed in
the formation of these isomers must be described as
“slipped” or asymmetric n? coordination, which is not un-
usual for other double-bonded donors. It indicates at the
very least that the excited state potential energy surface is
soft or, more precisely, that large changes in nuclear geome-
try occur with small energy changes. With regards to sulfox-
ide isomerizations, we interpret the presence of these meta-
stable states to support our assignment of an n>-SORR’ in
the photochemistry of chelating sulfoxides.

7. Summary

We have found that polypyridine ruthenium complexes
of monodentate and chelating sulfoxides display intramo-
lecular excited state S—O isomerization triggered by MLCT
irradiation. The lowest energy ground state isomers of these
complexes are S-bonded and feature large, positive Ru?*/?*
reduction potentials due to an apparent stabilization of the
Ru dr orbital set. Remarkably, the excited state isomeriza-
tion occurs on a nanosecond to picosecond timescale for
these complexes. Transient absorption studies have revealed
different mechanisms for isomerization for monodentate
sulfoxides vs. chelating sulfoxides. Future studies of these
complexes will involve exploitation of these properties in
molecule-based devices as well as exploration of additional
complexes that feature this reactivity.
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Ac-His-OH and His-His-OH were treated with [Re(CO)s-
(H20)3]* to yield two new compounds, which were structur-
ally characterized. Each displays a peptide carboxamido-N
donor. The complex formed with His-His-OH uses this group

as a bridging, bidentate ligand; the complex resists challenge
experiments showing that His-tags are a good way to deliver
the [M(CO)3]* core (M = 9°™Tc, Re).

Introduction

The development of a clinically useful protocol for pre-
paring [?™Tc(CO);(H,0)5]* in aqueous solution directly
from [*™TcO,],/11 combined with superior characteristics
of the [Tc(CO)5]* core, makes the search for [**™Tc(CO)sL]
complexes as candidates for radiopharmaceuticals a logical
research objective.”) As no stable nuclides of technetium
exist, cold rhenium congeners are an attractive way to pur-
sue exploratory tests on promising candidates. Recently,
clinically useful p-emitting '8!8%Re nuclides have become
available, increasing the interest in the study of rhenium de-
rivatives.’] A typical strategy for preparing a target-spe-
cificl radiopharmaceutical is to synthesize a bifunctional
chelating agent (BFCA) that chelates the metal core at one
end and incorporates a receptor-targeting biomolecule at
the other end.

Many BFCAs are prepared by a complex multistep pro-
cedure, so we were intrigued by the possibility of developing
BFCAs, which require little or no synthetic preparation.
Histidine can be modified to act as a BFCA; [M(CO)s(x>-
Ny, N, O -His)] (M = %™T¢, Re) is readily prepared and is
stable in the presence of biological nucleophiles.’! Modified
versions of these complexes, each with a linker arm coupled
to the N, amine nitrogen atom, have been prepared, ex-
tending possible uses of this ligand.l) [M(CO);]* has also
been used to bind N,-, CO,H-, or N,-His-acetyl-modified
histidines attached to peptides.[”-*! One prominent study ex-
amined the feasibility of attaching [M(CO);]" to a His-tag
fused to antibody, single-chain Fv fragments.’) Each study
demonstrated that the radiolabeled biomolecules are stable
and resist serum and other challenges. However, the size
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and complexity of the molecules prevented the researchers
from obtaining specific information on the bonding, struc-
ture or stoichiometry of these interactions.

Results and Discussion

Herein, we report surprising initial results of studies of
reactions of modified histidines as models for His-tags and
histidine conjugates with [Re(CO);]". We initiated the study
of reactions of [Re(CO);(H,0);]Br!'? (actually, [Re(CO)s-
(H,0);][Re»(CO)g(p1»-Br)s]-6H,0M)  with His-OMe, Ac-
His-OH and His-His-OH to obtain specific information dif-
ficult or impossible to obtain in larger molecules and to
explore the possibilities of using histidine peptide conju-
gates as the chelating portion of a BFCA. Treatment of
aqueous [Re(CO);(H,0);]* with His-OMe under mild con-
ditions in different solvents and at a variety of pHs

produced only previously characterized [Re(CO);(x3-
H
® 0, /40\4\
NH
P o0 N/
$] '
HyC \ /
Re ® 2
Ac-His-OH
oc'od o
Re(CO)3(H,0);*
oc. o‘i co
RE®
His-His-OH
o Q NH, N==\
= | NH
HN S
\, fo. 2
Re® 3

7N\

oc? ¢o Yco

Scheme 1. Reaction scheme showing the preparation of the new
compounds discussed in this article.
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N,,N;,0-His)] (1).51 The hydrolysis of the ester bond is
promoted by the lowered pK, of water bound to [Re-
(CO);]*.PV In contrast, reactions with Ac-His-OH and His-
His-OH gave new compounds 2 and 3, respectively
(Scheme 1); each compound has unusual bonding features
discussed below.

Complex 2 forms when Ac-His-OH is treated with
1 equiv. of aqueous [Re(CO);(H,0);5]". Unexpectedly, the
peptide conjugate is bound as a tridentate ligand via the
carboxylate oxygen atom, the Njs atom of the imidazole,
and a deprotonated amide nitrogen atom (Figure 1).[']

site Cu ions bound by adjacent His residues in certain oxy-
gen-activating copper proteins.'l In contrast, 3 was the
only product observed even when a 1:1 metal/ligand stoichi-
ometry was employed during synthesis. This compound
also features a deprotonated amide nitrogen atom; the de-
protonated peptide bond unit spans the two metal centers
with the carboxamido nitrogen atom binding one rhenium
center and the adjoining carbonyl oxygen atom binding the
other rhenium center. As the N-terminal histidine is
N, N;5,0-bound, while the C-terminal histidinate is

N, ,N;,0-bound, the compound is formally a zwitterion.

Figure 1. Molecular structure of 2 showing 35% ellipsoids. Solvent
water molecules and hydrogen atoms have been omitted for clarity.

We believe that this is the first reported structure of an
organometallic compound with a peptide carboxamido-N
donor ligand. Since both the carboxylate and amide groups
of Ac-His-OH are deprotonated, charge balance requires an
additional proton for a neutral complex. We observe this
proton in the difference map on the acyl oxygen atom of
the amide group, an unusual location for protonation. We
can confirm the presence of this proton by the increased C—
O bond length of the acyl unit [1.306(6) A], a corresponding
decrease in the adjacent C-N bond length [1.315(6) A], and
by the presence of a clear hydrogen bond to a neighboring
carboxylate acyl oxygen atom, with an O-O distance of
2.514(6) A. The acyl C-O bond length of the carboyxlate
group is as expected [1.236(6) A], and thus we believe that
this oxygen atom is not the site of protonation. 'H and '3C
NMR spectra of 2 each show pairs of peaks in unequal
populations due to restricted rotation around the amide
bond.

Reaction of His-His-OH with 2 equiv. of [Re(CO)s(-

H,0);]-
Br produced 3. Crystallographic elucidation (Figure 2) re-
vealed that there are two nearly identical molecules in the
asymmetric unit.['3 In each molecule, each histidine residue
binds one [Re(CO);]* fragment. Previously, it was suggested
that His-tagged proteins bind to [M(CO);]* ions through
two imidazole rings on contiguous histidines.”) This was
found to be the bonding framework used for copper ions
binding to a modified His-His dipeptide to model active-
3906
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Figure 2. Molecular structure of one of two structurally similar
molecules of 3 showing 35% ellipsoids. Hydrogen atoms have been
omitted for clarity.

Selected bond lengths for 2 and 3 along with literature
values for 15! are collected in Table 1. Also included are
selected bond lengths for [Re(CO);(k*-PN,-{PPh,C¢Hy-0-
C(O)NCH,CH,NH,})]"¢! (4),['5] which is the most closely
related Re' compound with a carboxamido nitrogen donor
atom.

Table 1. Selected bond lengths [A] for compounds 1-4.

Bond 1 2 3lal 4
Re—Nj 2.192 2.200(4) 2.17(2)®! —
Re-Nj _ - 2.193(7)kl -
Re-NH, 2.188 - 2.195(7) —
Re-OCO 2.147 2.169(3) 2.14(2) —
Re-NC(O) - 2.159(4) 2.16(2) 2.192
Re-O=C - _ 2.130(6) -
C-Newrboxamido - 1.315(6) 1.303(9) 1314
C-Opsrboamide - 1.306(6) 1.300(6) 1.278

[a] Average of two measurements. There are two identical molecules
in the asymmetric unit. Errors cover the observed range. [b] Imidi-
zaole on N-terminal histidine. [c] Imidazole on C-terminal histi-
dine.

The Re-NC(O) bond lengths in 2 and 3 are each close
to 2.16 A. Compound 4,'>! which has a tridentate ligand
with neutral P- and N-donor atoms and an N-donor car-
boxamido ligand, has an Re-NC(O) bond length of
2.192 A. The significantly shorter bond lengths in 2 and 3
indicate a stronger bond for the peptide carboxamido li-
gands. Similar C-O and C-N bond lengths between 1.30
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and 1.33 A in the protonated acyl-carboxamido-N unit for
2 and 3 suggests that each has a bond order midway be-
tween 1 and 2 as illustrated in Scheme 1. Further evidence
of resonance stabilization of the deprotonated amide in
each compound (Scheme 2) is the fact that either a proton
or an adjacent [Re(CO);]* fragment is bound to the car-
bonyl oxygen atom in 2 and 3; this balances the formal
negative charge the oxygen atom would otherwise collect in
the imidate resonance form. Also, peaks in the IR spectra
at 1570 and 1561 cm ! for 2 and 3, respectively, can be at-
tributed to the C-O stretch of the carboxamido carbonyl
group being lowered by resonance stabilization. Compound
4 shows a similar shortening of the C-N bond to 1.314 A;
however, the C=0 bond is lengthened only slightly from a
formal double-bond length to 1.278 A. Unlike structures 2
and 3, the carboxamido oxygen atom in 4 does not have an
H™ or [Re(CO);]* unit appended to it.

.+/H+/Re(CO)3+ .6/H+/Re(CO)3+
I ..
o e
Re(CO)s* Re(CO)s*

Scheme 2. Resonance stabilization of deprotonated amides for
compounds 2 and 3.

While peptide carboxamido-N donors are a somewhat
unusual motif, they occur in at least one important metallo-
enzyme. The A-cluster, site of acetyl coenzyme A synthase
activity in a variety of enzymes, has a Cys-Gly-Cys struc-
ture with two deprotonated amide groups and two thiolate
groups binding the metal ions.['® The enzyme structure has
been elucidated,!'®171 and the structure of a small-molecule
model of this enzyme with nickel complexes has been re-
ported.['8]

Imidazole imine, carboxylate and amine donor groups
have each been observed frequently in [Re(CO);]* com-
pounds, with the imidazole rings binding most tightly.[']
Selective binding of [Re(CO);(H,0),]* and [Re(CO)5(L-L)]
* to proteins has been observed to occur via the imine nitro-
gen atom of a surface histidine.’>!] When combined in
histidine, they make for a tightly binding tridentate ligand
whose compounds resist challenges at 37 °C by biomolecu-
lar nucleophiles.??l Comparison of imidazole Re-N; bond
lengths of 1-3 shows they are mostly similar, except that
the Re-Nj bond length of the imidazole rings on the N-
terminal histidine 3 is shorter by about 0.02 A; presumably,
this offsets the relatively weaker bonding of the amine
group and the acyl oxygen atom. The Re-OCO distance is
slightly longer in 2 than in 1 or 3.

Compounds 2 and 3 were challenged in solutions at
37 °C with 100% excess of N-methylimidazole in [Dg]dmso.
Compound 2 decomposed within 24 h; 3 showed no sign of
decomposition after 2 weeks under these conditions. De-
spite the unusual binding observed in this compound, it is
resistant to the presence of biological nucleophiles.

Eur. J. Inorg. Chem. 2010, 3905-3908
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Conclusions

In this study, we report fundamental information regard-
ing the type of binding and the binding strength of His-
tags toward the [Re(CO);]" core by using simple peptide
conjugates as models. Each conjugate was found to bind
using an unexpected carboxamido N-donor group; the car-
boxamido group functioned as a bridging, bidentate N,O-
donor group in 3. Despite the unusual bonding mode, 3
resisted challenge by biological nucleophiles supporting the
use of His-tags as a means of delivering the [M(CO);]* core.
Nonetheless, it is extremely unlikely that two [**™Tc-
(CO);]" cations will bind a HisHis conjugate due to the very
low concentration of [?™Tc(CO);(H,0);]* available under
clinical conditions. However, the novel binding mode and
strength of binding observed are leading us to pursue fur-
ther studies.

Experimental Section

General: Starting materials were obtained from commercial sources
and were used without further purification. Distilled water was
used as solvent, and reactions were run in air with no special pre-
cautions. [Re(CO);(H,O);]Br was prepared and isolated according
to a literature procedure.l'’” NMR spectra were recorded with a
Varian 400 MHz spectrometer. IR spectra were recorded with a
Nicolet Series II Magna-IR 750 spectrometer. Elemental analyses
were performed by Atlantic Microlab of Norcross, GA 30091.

2: [Re(CO)3(H,0)5]Br (0.100 g, 0.247 mmol), and acetyl-L-histidine
(0.797 g, 3.71 mmol) were heated to reflux in water (10 mL) for
60 min. A white solid formed during the reaction. The solid was
filtered, washed with cold water, dried and washed with diethyl
ether. Crystals suitable for X-ray diffraction were grown by dif-
fusion of water into a methanol solution of 2. Yield 37.3%. IR: ¥
= 3189 [v(NH)]; 2019, 1924, 1896, 1871 [v(C=0)]; 1656 [v(C=0)];
1570 [V(C=0)carbox] cm . C;;H oN3O4Re (466.42): calcd. C 28.26,
H 2.16, N 8.99; found C 28.23, H 2.08, N 8.89. 'H NMR
([DgJdmso): 0 = 12.90 (major, s, 1 H, Ny, H), 12.86 (minor, br., 1
H, N, H), 8.14 (major, s, 1 H, Cy,,,H), 8.06 (minor, s, 1 H, C,H),
7.07 (minor, s, 1 H, Ci,H), 7.04 (major, s, 1 H, Cy,,,H), 4.67 (major,
t, J = 3.6 Hz,1 H, 0-H, ), 441 (minor, t, J = 3.8 Hz, 1 H, 0-H),
3.15 (minor, m, 1 H, CH,), 3.12 (major, dd, J = 13.2, 44 Hz, 1 H,
CH,), 2.91 (minor, m, 1 H, CH,), 2.86 (major, dd, J = 13.2, 4.8 Hz,
1 H, CH,), 2.39 (s, 3 H, CH3) ppm. 13C NMR ([D¢]dmso): 6 =
179.9, 170.4 (minor), 169.8 (major), 140.4 (major), 140.3 (minor),
134.4, 116.3, 59.9 (minor), 57.7 (major), 28.3 (minor), 24.2 (major),
17.4 ppm.

3: [Re(CO);3(H,0);]Br (0.075 g, 0.186 mmol), and r-histidyl-L-
histidine (0.027 g, 0.093 mmol) were heated to reflux in water
(10 mL) for 30 min. A white solid formed during the reaction. The
solid was filtered, washed with cold water and dried. Crystals suit-
able for X-ray diffraction were grown by diffusion of water into a
methanol solution of 3. IR: ¥ =, 3240, 3154 [v(NH)]; 2012, 1866,
1853 [W(C=0)]; 1627 [W(C=0)]; 1561 [V(C=O)eurbox] cm'.
CisH4NsOgRe,'H,O (848.77): caled. C 25.41, H 1.89, N 9.88;
found C 25.33, H 1.57, N 10.00. '"H NMR ([D¢]dmso): & = 13.06
(s, I H, Nin,H), 12.82 (s, 1 H, Ny, H), 8.22 (s, 1 H, C;,,H), 8.13 (s,
1 H, Ci,H), 7.17 (s, | H, Ci,H), 7.00 (s, 1 H, C;,H), 6.18 (br., 1
H, NH,), 539 (d, J = 11.6 Hz, 1 H, NH>), 447 (m, 1 H, 0-CH),
438 (t, J = 3.8 Hz, | H, a-CH), 3.41 (br., | H, B-CH,), 3.27 (br.,,
1 H, B-CH>), 3.02 (dd, J = 164 Hz, 1 H, CH,, 2.4 Hz), 2.84 (dd,
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J =16.6 Hz, 1 H, CH,, 4.8 Hz) ppm. '*C NMR ([Dg]dmso): 6 =
180.9, 180.5, 141.0, 140.1, 134.9, 133.1, 116.7, 116.2, 57.6, 54.4,
28.2, 28.2 ppm.
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Reactions of [{Ir(ppy or ppy-CFs)2}2(u-Cl)2] {Hppy = 2-phen-
ylpyridine, Hppy-CF; = 2-[3,5-bis(trifluoromethyl)phenyl]-
pyridine} with D-penicillamine (D-H,pen) afforded emissive
Ir'" mononuclear complexes [Ir(ppy or ppy-CFs),(D-Hpen-
N,S)] as a 1:1 mixture of the Ap/Ap isomers. These complexes
were converted into I™Ag'Ir™ trinuclear structures in
[Ag{Ir(D-pen-N,S)(ppy or ppy-CFs),}{Ir(D-Hpen-N,S)(ppy or

ppy-CFj),}] by treatment with AgNOj3, which led to a drastic
blueshift of the emission bands. Whereas the (ppy)Ir'Ag'r™
complex produced the heterochiral ApAp isomer, the ppy-
CF3; complex gave the homochiral ApAp and ApAp isomers
that could completely be separated by crystallization. It was
found that the quantum efficiency of the emission band for
the ApAp isomer is much lower than that for the ApAp isomer.

Introduction

Emissive metal complexes have been extensively investi-
gated for many years due to their potential applications in-
cluding artificial photosynthesis systems,!!l light-emitting
devices,”! and Iuminescent sensors.’] In particular, increas-
ing attention has been directed toward emissive complexes
that possess chiralities, because they are promising candi-
dates as chiral luminescent sensors and potential sources of
polarized light.[*-®! Representative compounds of this class
involve octahedral ruthenium(II) species containing 2,2’-bi-
pyridine (bpy), 2-phenylpyridinate (ppy), or their deriva-
tives, and some of them have been isolated as optically
active forms by means of column chromatography and/or
diastereomeric fractional crystallization.[*7-8] It has been
recognized that octahedral iridium(III) complexes with
these ligands are commonly highly emissive and readily
color-tuned by modification of the ligands.l?25%1 However,
much less efforts have been devoted to the isolation of op-
tically active, emissive iridium(III) complexes to date.['*]
Thus, as part of our recent project on the development of
chiral mononuclear and polynuclear complexes with sulfur-
containing amino acids,['' we investigated the coordination
of D-penicillamine (D-H,pen) to [Ir(ppy)-]* and [Ir(ppy-
CF3),]" {ppy-CF; = 2-[3,5-bis(trifluoromethyl)phenyl]-
pyridinate} cores, with the aim of isolating highly emissive
iridium(III) species in optically pure forms. Whereas desir-
able mononuclear complexes with a chelating p-Hpen li-
gand, [Ir(D-Hpen-N,S)(ppy).] and [Ir(p-Hpen-N,S)(ppy-
CF3),], were successfully obtained from [{Ir(ppy or ppy-
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CF3),},(u-Cl),] and D-H,pen, they were isolated as a 1:1
mixture of the Ap/Ap isomers, showing no diastereoselec-
tivity. To our surprise, the linkage of two [Ir(D-Hpen-
N,S)(ppy).] molecules with an Ag* ion exclusively gave the
heterochiral ApAp isomer of an S-bridged Ir™AgTr™ tri-
nuclear complex, whereas the linkage of [Ir(D-Hpen-
N,S)(ppy-CF3),] produced only the homochiral ApAp and
ApAp isomers that spontaneously separated by crystalli-
zation (Scheme 1).

R 2 S R R 2
N N N
| (¢]] | | N COOH
R ! e \I < D-Hopen N e 1
R |'\ CI/|r R E—— R ||'\ s

,N/\& QXLN\

1 \
NN N2
AgNO3 \IIr/S—Ag—S\l\r/
- N /
R N= SN R
R R
R =H: ApAp

R= CF3: ApAp / ApAp

Scheme 1. Preparation of D-penicillaminato complexes.

In this communication, we report on these remarkable
stereochemical results, together with the drastic change in
the emission spectra upon the mononuclear/trinuclear con-
version.

Results and Discussion

Treatment of an ethanolic suspension of [{Ir(ppy),}-(u-
Cl),] with 1 mol-equiv. of D-H,pen in the presence of so-
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dium acetate under reflux gave a clear orange solution,
from which an orange powder (1) was isolated by adding
water.['?l Complex 1 is poorly soluble in water, but well sol-
uble in polar organic solvents such as methanol, ethanol,
and dmso. The elemental analytical data of 1 are consistent
with the formula of [Ir(D-Hpen)(ppy),], and its neutral
charge was implied by the molar conductivity in methanol
(7.5 Scm?mol!). Furthermore, 1 exhibits a vc—o band at
1702 cm™! in the IR spectrum, indicative of the presence of
a COOH group.['¥! From these results, 1 is assigned to a
neutral iridium(IIT) complex having a free COOH group,
[Ir(p-Hpen-N,S)(ppy)»], in which a p-Hpen ligand coordi-
nates to an Ir' center through amine and thiolate groups.
The electronic absorption spectrum of 1 in methanol is
characterized by a broad, intense CT band at about 400 nm
with vague shoulders at longer wavelengths and a more in-
tense m-n* band at about 260 nm (Figure 1).'4 In the 'H
NMR spectrum in [Dg]dmso, 1 gives two sets of proton
signals with nearly the same intensities (4 methyl and 2
methine signals due to b-Hpen and 32 aromatic signals due
to ppy),l'?l suggesting that 1 is a 1:1 mixture of the Ap/
Ap isomers. Consistent with this, the CD spectrum of 1 in
methanol is almost silent over the whole region.

100

5k
\
\
\

25

S~

500

N
400

600

Wavelength (nm)

Figure 1. Absorption spectra of 1 (solid line) and 2 (broken line)
in methanol.

When 1 was treated with 0.5 mol-equiv. of AgNOj in ace-
tonitrile/water, the orange solution quickly turned to yellow,
and yellow needle-like crystals (2) were obtained from the
solution.['?l Whereas 2 is rather insoluble in water and com-
mon organic solvents, the addition of acid (HCIO,) or base
(triethylamine) to a methanolic suspension of 2 gave a clear
solution. Its absorption spectral features resemble those of
1, showing MLCT and n-n* transition bands at similar
wavelengths (Figure 1). X-ray fluorescence spectrometry in-
dicates the presence of Ir and Ag atoms in 2, and its elemen-
tal analytical data are consistent with the formula of
[Ag{Ir(D-Ho spen)(ppy)} o).

The structure of 2 was determined by single-crystal X-
ray crystallography.'>! As shown in Figure 2a, 2 is a neutral
complex molecule consisting of two octahedral Ir'!l units
that are linearly linked by an Ag' atom through S atoms to
form an Ir'™Ag'Ir'™™ trinuclear structure [av. Ag-S
2.351(4) A, S-Ag-S 169.62(11)°]. Each Ir'"™" unit has a
3910
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trans(Nyyy) configuration and is chelated by two bidentate-
C,N ppy ligands and a bidentate-N,S D-pen ligand [av. Ir—
Coranssy 1.999(13) A, Tr-Cppny  1.997(13) A, Tr-N,,y
2.044(10) A, Tr-N, 2.162(8) A, Ir-S 2.432(4) A]. Of three
possible isomers, ApAp, ApAp, ApAp, crystals of 2 contain
only the heterochiral ApAp isomer with the opposite A and
A configurational Ir™ units. In 2, two carboxy groups are
in an equatorial position such that N,S-chelate rings adopt
an ob (o) conformation for the Ap unit and a /el (9) one for
the Ap unit. No counterion exists in 2, and thus 2 is formu-
lated as [Ag{Ir(D-pen-N,S)(ppy).} {Ir(D-Hpen-N,S)(ppy)2 ],
in which one of two carboxy groups is deprotonated. This
is compatible with the IR spectrum of 2 that displays C=0O
stretching bands at 1719 cm™! and 1620 cm™! due to COOH
and COO-, respectively.'3 It is noted that the COOH group
in 2 forms a strong intermolecular hydrogen bond with an
adjacent COO~ group [O-+O 2.399(10) A], thereby con-
structing a 1D chain structure.!'?]

(a)

(b)

Figure 2. Perspective views of 2 (a) and 4a (b). Ag: purple, Ir: green,
S: orange, F: yellow, O: red, N: blue, C: gray, H: light blue.

Complexes 1 and 2 are both emissive in the solid state
and in solution at room temperature. As shown in Fig-
ure 3a, the emission spectrum of 1 in the solid state shows
a broad band at about 610 nm, whereas the emission band
for 2 appears at much shorter wavelengths (540 nm). To ex-
amine the large blueshift of the emission band for 2, prelim-
inary molecular orbital calculations were performed by
using density functional theory (DFT).I'®l The DFT calcu-
lations revealed that the HOMO of 1 is mainly composed
of dn(Ir) mixed with p(S) and its HOMO-1 and HOMO-2
are dn(Ir) mixed with m(ppy).l'?! Since the LUMO of 1 is
n*(ppy), the lowest transition is considered to be dominated
by a drn(Ir)/p(S)-to-n*(ppy) charge transfer. For 2, the
HOMO and HOMO-1 are both composed of dn(Ir) mixed
with n(ppy), and the HOMO-2 is dn(Ir) mixed with p(S),
whereas its LUMO is n*(ppy) as in the case of 1. This is
indicative of the stabilization of p(S) orbitals on binding to
Ag®. Thus, the lowest excited state for 2 is assigned as an
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MLCT transition bearing a n(ppy)-n*(ppy) character with
a larger HOMO-LUMO gap, which is responsible for the
blueshift of the emission band for 1 compared to that for
2.
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Figure 3. Emission spectra of 1-4 in the solid state at room tem-
perature excited at 337 nm. (a): complexes with ppy (1: solid line,
2: broken line). (b): complexes with ppy-CF; (3: solid line, 4a:
broken line, 4b: dotted line).

Similar treatment of [{Ir(ppy-CF3),}.(u-Cl),] with D-
H,pen afforded a yellow orange powder (3),['?! which is sol-
uble in common organic solvents. This complex is confi-
dently assigned as a neutral mononuclear complex, [Ir(ppy-
CF;),(D-Hpen)], analogous to 1, based on the elemental
analysis and the molar conductivity in methanol
(18.8 Scm?mol ), together with the IR spectrum that
shows a vc—o band at 1720 cm™'. The 'H NMR and CD
spectral measurements indicated that 3 is also a 1:1 mixture
of the Ap/Ap isomers.'”l Complex 3 readily reacted with
0.5 mol-equiv. of AgNOj; in acetonitrile to give a yellow
solution, as in the case of 1. However, two kinds of species
(4a and 4b) were separately isolated from the reaction solu-
tion; yellow needle-like crystals of 4a appeared at first, and
then a yellow powder of 4b was precipitated after the re-
moval of 4a.l'?l Whereas the absorption spectra of 4a and
4b are very similar to each other, their CD spectra that
show large Ae values are nearly enantiomeric to each other
(Figure 4). In addition, 4a and 4b exhibit a single set of
signals at magnetic fields different from each other in the
'H NMR spectra.l'”l From these spectral features, together
with the X-ray fluorescence and elemental analyses, it is
concluded that 4a and 4b are the homochiral isomers
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(ApAp or ApAp) of an Ir'Ag'r™ trinuclear complex,

[Ag{Ir(D-pen)(ppy-CF3),} {Ir(D-Hpen)(ppy-CF3)2}],  the
structure of which is analogous to that of 2.
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Figure 4. Absorption and CD spectra of 4a (solid line) and 4b
(broken line) in methanol.

The direct structural information of 4a was gained by
single-crystal X-ray analysis.!>] As shown in Figure 2b, 4a
has an S-bridged Ir™Ag' T+ structure, in which two octa-
hedral Ir™™" units are linearly linked by an Ag' atom through
S atoms [Ag-S 2.390(3) A, Ir-S 2.432(3) A, S-Ag-S =
171.82(18)°]. This S-bridged trinuclear structure in 4a cor-
responds well with that in 2, but both the two Ir'™ units
adopt the A configuration. Thus, 4a is the ApAp isomer,
whereas 4b, which shows a CD spectrum enantiomeric to
that of 4a, is the ApAp isomer. A remarkable structural
feature in 4a is the presence of interunit C-H-*F contacts
[H-F 2.843(14) A, 3.044(19) A] between CF; groups and
aromatic rings. Molecular model examinations revealed an
interunit steric repulsion in the ApAp or ApAp isomer,
which explains the selective formation of the ApAp isomer
for the ppy Ir'MAgIr™ complex (2). Thus, it is assumed
that the stabilization due to the interunit C-H-+'F interac-
tion overcomes the interunit steric repulsion, resulting in
the formation of the homochiral ApAp and ApAp isomers
when ppy is replaced by ppy-CF;. In 4a, two carboxy
groups are in equatorial position with an ob (d) conforma-
tional N,S-chelate ring. Like in 2, COOH---OOC hydrogen
bonds [0-+O 2.54(2) A] that connect the trinuclear mole-
cules are also found in 4a. However, this connection does
not construct a 1D chain structure but a unique 1D double
helix structure.!!?!

Complexes 3 and 4 (4a and 4b) are also emissive in the
solid state and in solution. As shown in Figure 3b, 3 gives
an emission band at about 540 nm, which is blueshifted by
3911
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ca. 70 nm relative to the band for 1. A similar blueshift
of emission bands by replacing ppy by ppy-CF; has been
observed for other emissive iridium(I1I) systems.['4-17l Each
of 4a and 4b gives a 0-0 emission band at about 480 nm,
which is blueshifted by 60 nm relative to the band for 2.
Comparison of the emission spectra of 4a and 4b with that
of 3 reveals that the emission bands for 4a and 4b are con-
siderably blueshifted. This is in parallel with the emission
spectral correlation between 1 and 2 (Figure 3a). It should
be noted that the quantum efficiency of the emission band
for 4a (&, = 0.034) in solution (methanol, room tempera-
ture) is much lower than that for 4b (@, = 0.12), although
their emission spectral features are quite similar to each
other.l'?! Such a drastic change in quantum efficiencies for
emission bands due to diastereoisomerism has not been re-
ported to date. The difference in the conformational flexi-
bility of D-pen between 4a and 4b, which arises from the
relative stability of the conformations (/e/ vs. 0b) of an N,S-
chelate ring and that of the orientations (equatorial vs. ax-
ial) of a pendent carboxy group, is most likely responsible
for this result.['®

Conclusions

We prepared new (ppy)- and (ppy-CF3)Ir'™ mononuclear

complexes containing an N,S-chelating D-penicillaminate (1
and 3), which were converted into S-bridged Ir'Agr™!
trinuclear complexes (2 and 4) by linking with Ag!. These
mononuclear and trinuclear complexes are all emissive, and
it was found that the mononuclear/trinuclear conversion
leads to the drastic blueshift of emission bands despite the
quite similarity of their absorption spectra. Remarkably, the
linkage of 1 with Ag! afforded only the heterochiral ApAp
isomer (2), whereas the linkage of 3 produced the homochi-
ral ApAp and ApAp isomers (4a and 4b) that were easily,
completely separated by fractional crystallization. Thus, a
rare example of optically pure compounds with highly emis-
sive properties was successfully obtained by the introduc-
tion of achiral Ag', in combination with a modification of
ppy. Finally, the emission quantum efficiencies for 4a and
4b were found to be markedly different from each other,
which indicates for the first time that the chirality at a metal
center plays an important role in the control of emission
properties of metal complexes.

Experimental Section

Experimental details, together with spectroscopic data, are given in
the Supporting Information.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details, NMR spectra, packing diagrams, and
contour plots of MOs.

[1] a) E. Baranoft, J.-P. Collin, L. Flamigni, J.-P. Sauvage, Chem.
Soc. Rev. 2004, 33, 147-155; b) A.J. Esswein, D. G. Nocera,
Chem. Rev. 2007, 107, 4022-4047; c) P. Renaud, P. Leong, Sci-
ence 2008, 322, 55-56; d) S. Fukuzumi, Eur. J. Inorg. Chem.

3912

www.eurjic.org

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

2008, 1351-1362; e) J. J. Concepcion, J. W. Jurss, M. K. Bren-
naman, P. G. Hoertz, A. O. T. Patrocinio, N. Y. Murakami Iha,
J. L. Templeton, T. J. Meyer, Acc. Chem. Res. 2009, 42, 1954
1965.

[2] a) P-T. Chou, Y. Chi, Chem. Eur. J 2007, 13, 380-395; b) V.
Marin, E. Holder, R. Hoogenboom, U.S. Schubert, Chem.
Soc. Rev. 2007, 36, 618-35; ¢) J. A. G. Williams, Chem. Soc.
Rev. 2009, 38, 1783-1801.

[3] a) M. H. Keefe, K. D. Benkstein, J. T. Hupp, Coord. Chem. Rev.
2000, 205, 201-228; b) J. N. Demas, B. A. DeGraff, Coord.
Chem. Rev. 2001, 211, 317-351; ¢) K. K.-W. Lo, W.-K. Huia,
C.-K. Chunga, K. H.-K. Tsanga, D. C.-M. Nga, N. Zhub, K.-
K. Cheungb, Coord. Chem. Rev. 2005, 249, 1434-1450; d) M.
Kato, Bull. Chem. Soc. Jpn. 2007, 80, 287-294; e) J.-C. G.
Bunzli, Chem. Lett. 2009, 38, 104-109; f) V. Fernandez-Mor-
eira, F. L. Thorp-Greenwood, M. P. Coogan, Chem. Commun.
2010, 46, 186-202.

[4] H. Amouri, M. Gruselle, Chirality in Transtion Metal Chemis-
try, John Wiley & Sons, Chichester, UK, 2008.

[5] a) S. H. Chen, D. Katsis, A. W. Schmid, J. C. Mastrangelo, T.
Tsutsui, T. N. Blanton, Nature 1999, 397, 506-508; b) M. Grell,
D. D. C. Bradley, Adv. Mater. 1999, 11, 895-905; ¢) J. E. Field,
G. Muller, J. P. Riehl, D. Venkataraman, J Am. Chem. Soc.
2003, 725, 11808-11809.

[6] C.M. Dupureur, J. K. Barton, J Am. Chem. Soc. 1994, 116,
10286-10287.

[71 A. von Zelewsky, Stereochemistry of Coordination Compounds,
John Wiley & Sons, New York, 1996.

[8] a) T.J. Rutherford, M. G. Quagliotto, F. R. Keene, Inorg
Chem. 1995, 34, 3857-3858; b) X. Hua, A. von Zelewsky, Inorg.
Chem. 1995, 34, 5791-5797; ¢) R. T. Watson, J. L. Jackson Jr.,
J.D. Harper, K. A. Kane-Maguire, L. A. P. Kane-Maguire,
N. A. P. Kane-Maguire, Inorg. Chim. Acta 1996, 249, 5-7; d)
J. Lacour, S. Torche-Haldimann, J. J. Jodry, C. Ginglinger, F.
Favarger, Chem. Commun. 1998, 1733-1734; e) B. T. Patterson,
F. R. Keene, Inorg. Chem. 1998, 37, 645-650; f) F. R. Keene,
Chem. Soc. Rev. 1998, 27, 185-194; g) D. Hesek, Y. Inoue,
S. R. L. Everitt, H. Ishida, M. Kunieda, M. G. B. Drew, Chem.
Commun. 1999, 403-404; h) M. Chavarot, S. M¢énage, O.
Hamelin, F. Charnay, J. Pécaut, M. Fontecave, Inorg. Chem.
2003, 42, 4810-4816; i) P. Sun, A. Krishnan, A. Yadav, S.
Singh, F. M. MacDonnell, D. W. Armstrong, Inorg. Chem.
2007, 46, 10312-10320.

[9] a) I. M. Dixon, J.-P. Collin, J.-P. Sauvage, L. Flamigni, S. En-
cinas, F. Barigelletti, Chem. Soc. Rev. 2000, 29, 385-391; b)
M. S. Lowry, S. Bernhard, Chem. Eur. J. 2006, 12, 7970-7977;
¢) J.A.G. Williams, A.J. Wilkinson, V. L. Whittle, Dalton
Trans. 2008, 2081-2099.

[10]a) C. Schaffner-Hamann, A. von Zelewsky, A. Barbieri, F. Ba-
rigelletti, G. Muller, J. P. Riehl, A. Neels, J Am. Chem. Soc.
2004, 126, 9339-9348; b) A. Auffrant, A. Barbieri, F. Barigel-
letti, J. Lacour, P. Mobian, J.-P. Collin, J.-P. Sauvage, B. Ven-
tura, Inorg. Chem. 2007, 46, 6911-6919; ¢) R. S. Walters, C. M.
Kraml, N. Byrne, D. M. Ho, Q. Qin, F. J. Coughlin, S. Bern-
hard, R. A. Pascal Jr., J Am. Chem. Soc. 2008, 130, 16435—
16441; d) F. J. Coughlin, M. S. Westrol, K. D. Oyler, N. Byrne,
C. Kraml, E. Zysman-Colman, M. S. Lowry, S. Bernhard, In-
org. Chem. 2008, 47, 2039-2048.

[11]a) M. Taguchi, A. Igashira-Kamiyama, T. Kajiwara, T. Konno,
Angew. Chem. Int. Ed. 2007, 46, 2422-2425; b) T. Aridomi, K.
Takamura, A. Igashira-Kamiyama, T. Kawamoto, T. Konno,
Chem. Eur. J. 2008, 14, 7752-7755; ¢) A. Igashira-Kamiyama,
J. Fujioka, S. Mitsunaga, M. Nakano, T. Kawamoto, T. Konno,
Chem. Eur. J. 2008, 14, 9512-9515; d) T. Aridomi, A. Igashira-
Kamiyama, T. Konno, Inorg. Chem. 2008, 47, 10202-10204; ¢)
M. Tamura, M. Yamagishi, T. Kawamoto, A. Igashira-Kami-
yama, K. Tsuge, T. Konno, Inorg. Chem. 2009, 48, 8998-9004;
f) Y. Sameshima, N. Yoshinari, K. Tsuge, A. Igashira-Kami-
yama, T. Konno, Angew. Chem. Int. Ed. 2009, 48, 8469-8472.

[12] See the Supporting Information.

Eur. J. Inorg. Chem. 2010, 3909-3913



Drastic Change in Emission Induced by Silver(I) Linkage

Eur|IC

[13]1 K. Nakamoto, Infrared and Raman Spectra of Inorganic and
Coordination Compounds, 5th ed., Wiley, Chichester, 1997.
[14]a) S. Lamansky, P. Djurovich, D. Murphy, F. Abdel-Razzaq,
H.-E. Lee, C. Adachi, P. E. Burrows, S.R. Forrest, M. E.
Thompson, J Am. Chem. Soc. 2001, 123, 4304-4312; b) A. B.
Tamayo, B. D. Alleyne, P. I. Djurovich, S. Lamansky, I. Tsyba,
N. N. Ho, R. Bau, M. E. Thompson, J. Am. Chem. Soc. 2003,
125,7377-7387; ¢) J. Li, P. I. Djurovich, B. D. Alleyne, M. You-
sufuddin, N. N. Ho, J. C. Thomas, J. C. Peters, R. Bau, M. E.
Thompson, Inorg. Chem. 2005, 44, 1713-1727; d) 1. Avilov, P.
Minoofar, J. Cornil, L. De Cola, J. Am. Chem. Soc. 2007, 129,

8247-8258.

[15] Crystal data of 2'CH3CN'25H20 (C56H59Aglr2N706.582): M,
= 1490.6. crystal dimensions 0.45X 0.10 X 0.10 mm, mono-
clinic, P2y, a = 142408(6)A, b = 9.7406(4) A, ¢ =
22.6729(10) A, B = 94.8690(13)°, V = 3133.72) A3, Z = 2,
Peated. = 1.580 gem =3,y = 4.6734 mm~!, Mo-K,, radiation (4 =
0.71075 A), T = 200(2) K, 20,max = 55°, 31096 reflections mea-
sured of which 14278 unique (R;,, = 0.084). 651 parameters, R,
=0.0574 [I>25(1)], wR, = 0.1489 (all data), flack parameter
~0.011(10), residual electron density 1.97/-2.44 e A=3. Crystal
data of 4a'2H20 (C(,2H47AgF24Ir2N(,06S2): Mr =1984.48. Ccrys-
tal dimensions 0.30 X 0.10 X 0.05 mm, orthorhombic, 1222, a
= 10.4391(14) A, b = 28.204(4) A, ¢ = 32.179(6)A, V =
9474(2) A3, Z = 4, pegiea. = 1.391 gem3, i = 3.1447 mm~!, Mo-
K, radiation (1 = 0.71075 A), T'=200(2) K, 20,,x = 55°, 45465
reflections measured of which 10881 unique (R;,; = 0.218). 475
parameters, R1 = 0.0864 [[>2c(1)], wR2 = 0.2150 (all data),
flack parameter 0.025(12), residual electron density 2.42/—
0.89 e‘g 3. CCDC-770673 and -770674 contain the supplemen-
tary 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.

[16)M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J R. Cheeseman, J. A. MontgomeryJr., T.

European Journal
of Inorganic Chemistry

Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morok-
uma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzew-
ski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V.
Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian 03, re-
vision C.02, Gaussian, Inc., Wallingford, CT, 2004.

[17]1P. Coppo, E. A. Plummer, L. De Cola, Chem. Commun. 2004,

1774-1775.

[18] When each carboxy group is oriented in a favorable equatorial

position, the N,S-chelate ring adopts a thermodynamically
more stable /el (0 for A) conformation in the ApAp isomer (4b)
and a less stable 0b (0 for A) conformation in the ApAp isomer
(4a). Thus, the D-pen in 4a is considered to be more flexible
than that in 4b, which is compatible with the lower emission
quantum efficiency for 4a compared with that for 4b. A similar
tendency of emission quantum efficiencies between the ApAp
isomer (@.,, = 0.12) and the ApAp isomer (D, = 0.22) was
recognized for the corresponding Ir'™MAu'Ir'™  complex,
[Au{lr(D-pen)(ppy-CF3),} {Ir(D-Hpen)(ppy-CF3),}], ~ which
were derived from 4a and 4b, respectively, by metal replacement
reactions with Au'.
Received: June 24, 2010
Published Online: July 16, 2010

Eur. J. Inorg. Chem. 2010, 3909-3913 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjic.org 3913



FULL PAPER

DOI: 10.1002/ejic.201000468

Fluorine Tagging of Polyoxometalates: The Cyclic
[{Mo",04(H0)}4{0sPC(CF3)(0)PO3}4]"*
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We have discovered a simple and efficient strategy to incor-
porate fluorine into polyoxometalates by reaction of the
fluorinated diphosphonate H,O3PC(CF3)(OH)POzH, with
[MoVY,0,4(H,0)6]** in aqueous medium (pH = 6.4) resulting in
[(M0Y204(H;0)}4{O3PC(CF3)(0)PO3}4]'*~ (1), which was
structurally characterized in solution by multinuclear NMR
spectroscopy and in the solid state by single-crystal X-ray
diffraction, infrared, thermogravimetric and elemental analy-
ses. Polyanion 1 crystallizes as the mixed sodium/guanid-
inium salt Nag 5[(HoN)3Cls 5[{M0Y204(H20)}4{O3PC(CF5)(O)-
PO3}4]-8H,0O (1a) in the monoclinic system, space group
C2/c with the unit-cell parameters a = 34.0685(95) A, b =

8.0874(19) A, ¢ = 34.4101(10) A, f = 100.20(2)°, V =
9331.02(4) A3 and Z = 2. The novel polyanion 1 has a cyclic,
saddle-like structure with four {Mo,0,(H,0O)} units linked by
four fully deprotonated diphosphonate moieties. In addition,
the (CF3)C-OH moiety is deprotonated, due to the electronic
effects of the neighboring CF; group, leading to the forma-
tion of an Mo-O(C) bond. Solution 3!'P and !'°F NMR studies
of 1 indicate magnetic inequivalence of the two phosphorus
atoms in each diphosphonate moiety. The solid-state packing
of the title polyanions in 1a by loosely bound Na* counterions
leads to an AAA-type arrangement.

Introduction

The class of polyoxometalates (POMs) is a well-estab-
lished and expanding area of inorganic chemistry, mostly
due to the tremendous compositional and structural variety
combined with a multitude of interesting properties cover-
ing essentially all areas of physical and chemical sciences.[!
Diphosphonate-based polyanions have been structurally in-
vestigated only in the 1990s, and hence they represent a
rather new area of study in the very wide arena of POM
chemistry.”) These compounds usually exhibit an open-
structure type with the ditetrahedral hetero group(s) situ-
ated on the outside of the polyanion structure, in sharp con-
trast to POM structures based on Keggin or Wells—Dawson
ions.’l Such structural flexibility allows tuning of the poly-
anion properties such as stability, solubility and polarity by
modifying the nature of the hetero groups. Recently, a new
class of polyoxopalladates(Il) and -aurates(III) has been
discovered with hetero groups also situated in external posi-
tions.[ It is also worth mentioning that diphosphonates as
such have found extensive use as therapeutic drugs for the
treatment of several bone-loss diseases.)

In 1994 Pope’s group reported the folded dodecameric
heteropolytungstate [(O;PXPO3),W;,054]'¢ (X = CH,, O)
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P. O. Box 750561, 28725 Bremen, Germany
E-mail: u.kortz@jacobs-university.de
g.roeschenthaler@jacobs-university.de
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201000468.
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containing four diphosph(on)ate hetero groups.**! Both
compounds also showed high inhibitory activity towards
HIV-1 reverse transcriptase.[®! This class of compounds was
further explored, in particular to develop novel and more
potent derivatives by modifying the diphosphonate func-
tionality and as a result the POM structure. Pope’s group
prepared the methylenediphosphonate-based hexamolybd-
ate [(OsPCH,PO5)Mo40,3(H>0)4]*, the functionalised di-
phosphonate-based, polymeric polytungstate [{(O;PCHN-
(CH3),PO;)W,0¢}* ). and the diphosphate-containing
18-molybdate [(P,O7)Mo,3Os4]* 122241 Kortz reported
the diphosphate-containing hexamolybdate [(O;POPO3)-
MoO5(H,0)4]* and the 30-molybdate [{(P,O-)-
Mo 5045} 1821

Mialane, Dolbecq and co-workers elaborated upon the
work of Pope and Kortz by synthesizing a new family
of methylenediphosphonate-based polyoxomolybdates(V)
based on the {Mo"Y,0,}>* moiety, formed with or without
capping or templating agents such as formate, acetate,
carbonate and sulfite.[”] Sevov and co-workers have also re-
ported a methylenediphosphonate-containing mixed-valent
MoY/MoV species synthesized hydrothermally and with
two different protonated amines as stabilizing.®!

Fluorinated compounds have found applications in medi-
cine, materials science and catalysis largely due to some spe-
cial properties of the fluorine atom such as small size and
high electronegativity.[’) There are previous reports on
fluorine incorporation into “classical” POM frameworks,
but these structures are difficult to prepare and in addition

View this journal online at
wileyonlinelibrary.com
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only a few, internal sites could be fluorinated.'® Now we
have discovered a simple and elegant strategy to prepare
fluorinated POMSs by incorporation of fluorinated di-
phosphonate hetero groups. Here we report on the reac-
tivity of 2,2,2-trifluoro-1-hydroxyethylidenediphosphonic
acid (F3-Etidronic acid), H,O3;PC(CF3)(OH)POsH,,
towards the dinuclear, cationic MoV moiety {MoVY,04-
(H,0)6}>".

Results and Discussion

Synthesis and Structure

Polyanion 1 was prepared by reaction of the fluorinated
diphosphonate H,O;PC(CF3)(OH)POs;H, with the dinu-
clear cationic MoV unit [MoV,04(H,0)¢]*" in aqueous me-
dium (pH = 6.4) and isolated as the mixed sodium/guanid-
inium  salt  Nag s[(H,N);Cls s[{Mo0Y,04(H,0)}4{O;PC-
(CF3)(O)PO5}4]-8H,0 (1a). Single-crystal X-ray diffraction
revealed that polyanion 1 is composed of four
{MoV,04(H>0)} units, which are linked by four fully de-
protonated F3-Etidronate moieties leading to a cyclic,
saddle-like assembly (see Figure 1). The P-C-P bond angle
in 11is 110°, which is in agreement with previously reported
methylenediphosphonate-containing POMSs.[24:2¢:2d1 - The
electronic effect of the CF; group becomes apparent by the
deprotonation of the adjacent C-OH group and bonding to
the metal center, resulting in the {Mo0,04(H>O)} unit (un-
like the more common {Mo0,0O,} unit). The different elec-
tronic effects of the CH; vs. CF5 groups of Etidronate and
F3-Etidronate, respectively, towards the formation of cyclic
heteropolymolybdates(V) can be demonstrated by compar-
ing 1 with the recently reported cyclic compounds of Com-
pain et al.l''l Thus, in the latter cyclic polyanions, the C—
OH group of the diphosphonate moiety is left dangling out-
side, non-bonded to the metal center. However, in 1 the
strong electron-withdrawing CF5; group enforces deproton-
ation of the hydroxy group of the diphosphonate unit fol-
lowed by bonding to the Mo center. Such a bonding mode
of the diphosphonate unit has a marked effect on the nature
of the polyanion structure and solution stability. As dis-

Figure 1. Combined ball-and-stick/polyhedral representation of 1.
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cussed earlier, it leads to the formation of the
{Mo0,04(H>0)} units, and the C-O-Mo bonds actually pre-
vent the polyanion to adopt an even more bent ring struc-
ture. Also, not unexpectedly the additional C-O-Mo bond
imparts polyanion 1 with extra solution stability. The
known cyclic Etidronate/MoY compounds were shown to
be unstable in solution and to disintegrate into unknown
fragments, in sharp contrast to 1, which shows a markedly
improved solution stability as observed by multinuclear
NMR spectroscopy. An exception is the non-cyclic, Etid-
ronate-containing {MoV40,4} cluster of Compain et al.,
which also exhibits a deprotonated and bound C-OH group
and solution stability.['!]

An analysis of the solid-state structure of 1a reveals that
the guanidinium and sodium countercations are located all
around 1, being coordinated to peripheral polyanion oxy-
gen and fluorine atoms and crystal water molecules. The
cavity of 1 is not stabilized by countercations in the solid
state, which indicates that its cyclic structure is a result of
covalent bonding within the polyanion (rather than a tem-
plate effect involving the countercations). The solid-state
packing mode of 1a reveals an AAA-type stacking of indi-
vidual polyanions connected to each other by weak Na-+O
interactions (see Figure 2). An extended packing profile of

(b)

Figure 2. Packing diagrams of 1a in the solid state viewed along the
b-axis (a) and a-axis (b), respectively. Color code: MoOg octahedra
turquoise, P purple, F yellow, O red, C grey, Na brown.

Eur. J. Inorg. Chem. 2010, 3915-3919
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1a with both Na* and [C(NH,);]* counterions reveals that
the latter occupy spaces between two adjacent polyanions
participating in extensive N—H---O(P) hydrogen-bonding in-
teractions (Figure S1), unlike the Na* ions, which occupy
positions between two stacked polyanions. Interestingly, the
F atoms do not participate in any hydrogen bonding. The
precise number of crystal water molecules in 1a was deter-
mined by thermogravimetric analysis (see Figure S2).

NMR Spectroscopy

We have also studied the solution properties of redis-
solved 1la by multinuclear NMR spectroscopy. The
SIP{F} NMR spectrum of 1 (see Figure 3, top) shows a
pair of doublets at 6 = 18.88 and 23.15ppm (*Jpp =
12.4 Hz), respectively, indicating magnetic inequivalence of
the two P atoms within each diphosphonate moiety, in com-
plete agreement with the solid-state structure (Figure 1).
Such magnetic inequivalence can be explained by taking
into account the different bonding modes of the two P
atoms in each of the four diphosphonate units. For one of
the P atoms both P-O(Mo) bonds are in equatorial posi-
tions with respect to the two edge-shared MoQOg octahedra,
whereas the other P atom has an equatorial and an axial P—
O(Mo) bond (see Figure 4). The non-decoupled *'P NMR
spectrum of 1 (see Figure 3a inset) shows the expected split-
ting of each of the phosphorus signals due to '°F coupling
(3Jpr = 6.3 Hz). The "F NMR spectrum of 1 (see Fig-
ure 3b) shows a triplet at 6 = —67.34 ppm (CJgp = 6.3 Hz),
indicating very similar coupling constants for the interac-
tion with the two inequivalent P atoms. The NMR signals

8 (ppm)
(a)
-B"I.O -6;.2 -G;A -0;& -87.8
3 (ppm)
(b)

Figure 3. (a) 3'P{'"’F} NMR spectrum of la redissolved in D,O
(inset shows the non-decoupled spectrum), (b) °’F NMR spectrum
of 1a redissolved in D,O. Both spectra were measured at room
temperature.
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are all narrow as expected for a diamagnetic compound.
No influence of paramagnetic MoV is observed, due to anti-
ferromagnetic coupling in the dimolybdenum(V) pairs.[”]

ZEN

\10

0/0

//\\/(u-, /\/

N\

Figure 4. Structural fragment of polyanion 1 indicating the dif-
ferent bonding modes of the two P atoms within each diphos-
phonate unit, resulting in structural and hence magnetic inequiva-
lence as shown by 3'P NMR spectroscopy. The atomic shading
code is the same as in Figure 1.

FT-IR

In the IR spectrum of 1a, the characteristic peaks at 918,
747 and 715cm™! are attributed to v(Mo-O) of the poly-
anion and the characteristic bands at 1669, 1168, 1057,
1006 and 955 cm™' can be assigned to the diphosphonate
moieties in 1 (see Figure S3).

Conclusions

We have developed a simple strategy for the covalent F-
tagging of polyanions. One-pot self-assembly of preformed
F3-Etidronic acid, H;O;PC(CF5)(OH)PO;H,, with the cat-
ionic {Mo0,04(H,0)4}?* resulted in the title polyanion 1,
which was structurally characterized in the solid state and
in solution. The presence of the highly electron-with-
drawing CF; group imparts unique structural features as
well as solution stability to the molecule. Our work opens
the door for the facile preparation of a multitude of fluor-
ine-tagged POMs, especially cyclic polymolybdates, which
are expected to be stable in solution. Currently, we explore
the reactivity of F3-Etidronic acid with polyoxomolybd-
ates, -tungstates and -vanadates. In addition, we are in the
process of synthesizing other fluorinated diphosphonates,
which are expected to give rise to novel and unexpected
POM structures. We also plan to test the medicinal proper-
ties of our compounds.
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Experimental Section

General: All reagents were purchased from commercial suppliers
and used without further purification. All solvents were freshly dis-
tilled before use from appropriate drying agents. Reactions for the
synthesis of the diphosphonate were performed under dry N, by
using Schlenk techniques. The elemental analysis for 1a was per-
formed by Kanti Labs, Tirupathi (India). Infrared spectra were re-
corded on KBr pellets with a Nicolet Avatar spectrophotometer.
Thermogravimetric analyses were carried out by using a TA Instru-
ments SDT Q600 thermobalance with a 100 mL/min flow of nitro-
gen, and the temperature was ramped from 20 to 700 °C at a rate
of 10 °C/min. All NMR spectra were recorded at 298 K on 15 mm
solutions of 1a redissolved in H,O/D,O with a 400 MHz JEOL
ECS instrument. The '"F NMR measurements were recorded at
a working frequency of 376.9 MHz, and the chemical shifts were
referenced to CFCl; as external standard. The *'P NMR measure-
ments were recorded at a working frequency of 162.1 MHz by using
85% H3PO,4 in H,O as external reference.

F3-Etidronic Acid: F3-Etidronic acid was synthesized according to
a published procedure.['?! Tris(trimethylsilyl) phosphitel!3 (3.16 g,
10 mmol) in dry THF (10 mL) and trifluoroacetyl chloride (0.66 g,
5 mmol) were allowed to react at —70 °C for 1 h, and the reaction
mixture was stirred at room temperature overnight. Removal of all
volatile materials in vacuo yielded the tris(trimethylsilyl) ester of
F3-Etidronic acid. Hydrolysis of the ester by H,O/MeOH (1:1) and
subsequent removal of all volatile materials in vacuo yielded 1.2 g
(90%) of F3-Etidronic acid as a viscous liquid. A 2 M stock solution
of F3-Etidronic acid in H,O was prepared and used for subsequent
reactions.

[MoY,0,4(H,0)6]**: The [MoVY,04(H,0)¢]** cation was also pre-
pared according to the literature by using MoO; as the Mo
source.”?! To a suspension of MoOs5 (2.30 g, 16.0 mmol) in 4 m HCI
(80 mL), N,HsOH (210 pL, 4.29 mmol) was added. The mixture
was then stirred at 80 °C for 3 h to result in a deep red solution.
This solution was cooled to room temp. and then used for subse-
quent reactions.

Nag s|C(NH,);]s s[{Mo",0,4(H,0)}4{03PC(CF;)(0)PO;},4]-8H,0
(1a): To a solution of [Mo0,04H,0)¢]** in 4 M HCI (6.25mL,
0.63 mmol) was added a 2 M aqueous solution of F3-Etdronic acid
(315 uL, 0.63 mmol). The pH of the resultant solution mixture was
adjusted to 6.4 with 8 M NaOH. Subsequently, guanidinium chlo-
ride (1 g, 10.4 mmol) was added and the solution stirred for ca.
15 min to result in the formation of a precipitate, which was filtered
off. The filtrate was left overnight resulting in a red amorphous
solid of 1a, which was filtered off, washed with a 4 M NaCl solution
and then air-dried. Slow concentration of this filtrate at room tem-
perature resulted in red, needle-like crystals of 1a after 3 d. Yield:
0.26 g (61% based on Mo). IR: ¥ = 1669 (s), 1362 (w), 1279 (m),
1168 (s), 1085 (s), 1057 (w), 1006 (w), 955 (s), 942 (sh), 918 (sh), 747
(m), 715 (w) ecm™!. C,H6F1,MogN;,NagPsOss (2665.81): caled. F
8.55, Mo 28.8, Na 6.90, P 9.30; found F 8.12, Mo 28.8, Na 7.13,
P 9.35.

X-ray Crystallography: A single crystal of 1a was mounted on a
glass fiber for indexing and intensity-data collection at 296 K with
a Bruker X8 SMART APEX II CCD single-crystal diffractometer
by using Mo-K, radiation (4 = 0.71073 A). Direct methods were
used to solve the structures and to locate the heavy atoms. The
remaining atoms were found from successive Fourier syntheses.
Mo, P and two sodium atoms (Na2, Na3) were refined anisotropi-
cally, whereas the other atoms (C, N, O, F) as well as Nal and Na4
were refined isotropically. Hydrogen atoms were placed in calcu-
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lated positions. Routine Lorentz and polarization corrections were
applied, and an absorption correction was performed by using the
SADABS program.'¥ Crystallographic data are summarized in
Table 1. Figures 1, 2 and 4 were generated by Diamond Version
3.2¢ (© Crystal Impact GbR). CCDC-775102 contains the supple-
mentary 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.

Table 1. Crystallographic data for compound 1a.
Ci2Ha6F 1, M0ogN | 2NagPgOss

Empirical formula

Formula mass 2665.81
Crystal system monoclinic
Space group C2/c¢ (no. 15)
a[A] 34.069(10)

b [A] 8.0874(19)
c[A] 34.410(10)
sl 100.20(2)
VA3 9331(4)

Z 4

Pcaled. [g cmi}] 1.898

4 [mm] 1.330
Reflections:

collected 29295
unique (Riy,) 4857 (0.1657)
observed [/>2c([)] 3180
Parameters 329

GoF 1.021

R [I>2c(D)] 0.0689

R, (all data)® 0.2102

[a] R = Z||Fo| — [FVZIF,|. [b] R, = [Zw(Fy* — F2)TEw(F,?).

Supporting Information (see footnote on the first page of this arti-
cle): Packing diagram of 1a, infrared spectra of amorphous and
crystalline 1a, thermogram for 1a.
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The vibrational behaviour of complexes of general formula
[MLsCN),M'L’4] with either a cis or trans geometry has been
studied. The v(CN) modes have been assigned on the basis
of both infrared and Raman intensities. The CN vibrators are
but weakly coupled, particularly so in the cis arrangement.
The spectroscopic analysis offers insights into the interpret-
ation of the spectra of Prussian Blue species as cis and trans
M-CN-M'-NC-M complexes may be regarded as building
blocks of Prussian Blue. The structure of the complex [(CO)s-
MoCNNi(Bipy),NCMo(CO)s] confirms the expected cis ge-
ometry of the metal core. The complex [Cp(dppe)FeNCRu(4-

EtPy),CNFeCp(dppe)]**[PFs]s was prepared by oxidising
the reduced form (2+ cation) and its crystal structure was de-
termined and compared with that of the starting complex.
Analysis of the structural and spectroscopic data led to the
conclusion that the two iron atoms in the oxidised form have
different charges and that the vibrations of the two CN
groups are essentially independent. DFT calculations indi-
cate that although n-bonding and antibonding occur, electro-
static effects (as described by the IVSE model) are probably
more important.

Introduction

Although there has been continuing interest in Prussian
Blue (in its idealised formulations given as KFe![Fell-
(CN)g], Fe'5[Fe™(CN)¢], or Fe,[Fe''(CN)g];, omitting
water) and related species,!!l it cannot be said that they are
always well understood. Of particular interest to us is a de-
tailed interpretation of their vibrational spectra, particu-
larly in the v(CN) region. Given the report of single-crystal
studies many years ago,l! it may be surprising that aspects
of the interpretation of the vibrational spectra of Prussian
Blues (PBs) remain unclear. The reasons mainly lie in the
uncertainty associated with the correct characterisation of
a typical material. Ostensibly identical preparations giving
products that are analytically different, changes in spectral
properties with time, the variable effects of trapped species
in lattice holes and variations in the combinations of II and
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III valent metal species (perhaps by the incorporation of I
valent metal) are just some of the difficulties, with all lead-
ing to changes in the vibrational spectra.l’]

For a better understanding of the vibrational spectra of
PB-type compounds, we have carried out vibrational studies
on well-characterised species that may be regarded as PB
building blocks. The schematic structures of these species
are illustrated in Figure 1 and show the typical cis and trans
geometry of the M—-CN-M'-NC-M core. In Figure 2 is il-
lustrated the idealised crystal frame of the PB-type com-
pounds, that is, an infinite network of hexacoordinate metal

? Q9 2
M M
o N Heg
9 Ve

9 Thd

Figure 1. Schematic structures of the double bridging complexes:
upper: trans or linear complexes; lower: cis or angular complexes.
The ligand coordination around the M atoms is variable; the E and
F series, trans complexes, show a reversed CN coordination.
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atoms linked by bridging cyanides. It is evident that the
present complexes can be regarded as ideal subunits of this
crystalline network.

cis model

trans model

Figure 2. Idealised crystal frame of the PB-type compound show-
ing the cis and trans M—-CN-M'-NC-M cores as building blocks.

One of the less evident problems is that there may be a
tendency to expect vibrational similarity between the iso-
electronic CN™ and CO and to be guided by the interpret-
ation of the latter. Unfortunately, this expectation is usually
misplaced.™ Although both are strong-field, n-bonding li-
gands that are present in complexes with superficial simi-
larities, vibrationally the CO and CN™ ligands show signifi-
cant differences. In [M(CX);] species, whereas the values of
fcx and fy ¢ are almost the same, the most significant
interaction constants involving C—X (the cis and trans C—
X/C-X coupling constants) are smaller for X = N than for
X = O. However, interaction constants involving M—C are
either the same (trans) or larger (cis, but it is much smaller
than the trans). Because there will be a large G matrix cou-
pling between M—-C and C-X of M-C-X, we expect that
the M—C modes will exert a greater influence on the v(CN)
features than the v(CO). Indeed, some authors have ignored
the CN-CN coupling.’®) The v(CN) infrared-Raman sepa-
rations observed spectrally in [M(CN)g] anions in large
measure arise indirectly from the coupling between M—C
stretches. There is another difference. When CN™ is a ter-
minal ligand in high-symmetry species, the totally symmet-
ric vibration is not always at the highest frequency (the
pattern invariably observed for CO).Il It seems that a vib-
ronic interaction, which influences only the totally symmet-
ric vibration, is sometimes involved.

These differences as terminal ligands caution us not to
expect too many similarities as bridging ligands either. His-
torically, the two ligands have been treated differently. For
CN, so-called kinematic effects, the G matrix consequences
of the constraints imposed by the bonding of a second
metal atom, have been held to be important. For CO, they
have never been mentioned, even for species geometrically
similar to those found for CN.[7l However, this distinction
has been made less evident by the recent finding that kine-
matic effects are much smaller for cyanides than previously
believed.®! Important has been the availability of high-qual-
ity DFT calculations that we believe to provide valuable
insights. We have also made use of DFT calculations in this
study.
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Results and Discussion

The trimetallic (M-M'-M) compounds that are the sub-
ject of the present report are listed in Table 1 and their sche-
matic structures are illustrated in Figure 1.

Table 1. List of the double-bridging CN complexes.

Identification M fragment M’ fragment Charge Anion
numberl?

A1 ¢js [(CO)sMoCN] [Ni(bipy),] 0 -
A2 cis [(CO)sWCN] [Ni(bipy),] 0 -
A3 cis [(CO)sCrCN] [Ni(bipy),] 0 -
A4 cis [(CO)sMoCN] [Co(bipy)] 0 -
AS cis [(CO)sWCN] [Co(bipy)s] 0 -
A6 cis [(CO)sCrCN] [Co(bipy)s] 0 -
A7 cis [(CO)sMoCN] [Mn(bipy),] 0 -
A8 cis [(CO)sWCN] [Mn(bipy),] 0 -
A9 cis [(CO)sMoCN] [Ni(phen),] 0 -
A10 cis [(CO)sWCN] [Ni(phen),] 0 -
All cis [(CO)sMoCN] [Co(phen),] 0 -
A12 cis [(CO)sWCN] [Co(phen),] 0 -
A13 cis [(CO)sMoCN] [Mn(phen),] 0 -
Al4 cis [(CO)sWCN] [Mn(phen),] 0 -
B1 cis [Cp(dppe)FeCN]  [Ni(bipy),] +2 PF;
B2 cis [Cp(dppe)FeCN]  [Co(bipy)s] +2 PF;
B3 cis [Cp(CO),FeCN]  [Mn(bipy),] +2 PFs
C1 trans [(CO)sMoCN] [Ni(py)4] 0 -
C2 trans [(CO)sWCN] [Ni(py)s] 0 -
C3 trans [(CO)sMoCN] [Co(py)4] 0 -
C4®! grans [(CO)sWCN] [Co(py)d] 0 -
C5 trans [(CO)sMoCN] [Mn(py)4] 0 -
C6 trans [(CO)sWCN] [Mn(py)4] 0 -
D1®! srans [Cp(dppe)FeCN]  [Ni(py);(H,0)]  +2 ClO,
D2Y trans [Cp(PPh;3),RuCN]  [Ni(py)4] +2 PFs
D3® rrans [Cp(PPh3),RuCN]  [Co(py)s] +2 PFs
D4 trans [Cp(PPh;3),RuCN]  [Mn(py)4] +2 PFs
D5®! trans [Cp(PPh;),RuCN]  [Fe(py)s] +2 PF,
D6 trans [Cp(CO),FeCN]  [Ni(py);(H,O)] +2 ClOy
El trans [Cp(dppe)FeNC]  [Ru(py)s] +2 PF¢
E20! trans [Cp(dppe)FeNC]  [Ru(4-MePy),]  +2 PF,
E3® rrans [Cp(dppe)FeNC]  [Ru(4-EtPy),] +2 PF,
E4 trans [Cp(dppe)FeNC]  [Ru(Me,Py),] +2 PF,
ES trans [Cp(dppe)FeNC]  [Ru(3-MePy),]  +2 PF¢
F1 trans [Cp(dppe)FeNC]  [Ru(py)s] +3 PF¢
F2 trans [Cp(dppe)FeNC]  [Ru(4-MePy),]  +3 PF¢
F3! trans [Cp(dppe)FeNC]  [Ru(4-EtPy),] +3 PF,
F4 trans [Cp(dppe)FeNC]  [Ru(Me,Py),] +3 PF,

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

[a] The label indicates the series A-F, which are characterised on
the basis of geometry and charge (see text for details). [b] The X-
ray structure has been reported. [c] The structure is suggested by
the method of preparation, but has not been confirmed by X-ray
diffraction studies on a member of the series.

The compounds were first prepared by Vahrenkamp co-
workers.” 12l All contain two bridging CN groups, either in
a cis or trans arrangement, bonded to a common metal
atom. The species selected for the study show a systematic
variation of the geometry, the M and M’ atoms, the ligands
bonded to them and the formal charge of the complexes.
Although infrared data have been reported, we have both
repeated the measurements and augmented them with Ra-
man data wherever possible. Crystal structure data are
available for several species!®-!%! and have been extrapolated
to give the structures of similar compounds. To facilitate
the interpretation of the spectra we have grouped the com-
plexes into sets, each characterised by three common fea-
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tures: similar geometries, similar ligand types bonded to M
and M’ and identical formal ionic charges. To facilitate
comparisons, the sets A—F in Table 1 are such that the dif-
ferences are listed as systematically as possible.

Group A consists of uncharged cis complexes each con-
taining two identical M(CO)s groups (M = Cr, Mo, W) and
a central metal with two bidentate N ligands. The structure
of one of them (A12 in Table 1) has been reported in the
literature,['% that of another one (A1) has been character-
ised by us and is described later. Group B contains cis spe-
cies, two with FeCp(dppe) groups and one with two
FeCp(CO), groups, each molecule carrying a formal 2+
charge. Group C resembles group A except that four pyr-
idine-ligands are bonded to the central metal; the trans ar-
rangement for two of the structures was confirmed by X-
ray analysis. Like A, all members contain M(CO)s groups
as the terminal ligands. Group D contains trans species car-
rying a formal 2+ charge. They all have a Cp group and
two other ligating atoms as terminal ligands and a central
metal with four pyridines (or three pyridines and one
water). Group E also contains trans molecules with
FeCp(dppe) terminal groups. They are noteworthy because
the CN ligands are C-bonded to the central metal. Each
complex carries a formal 2+ charge. Group F is similar to
group E except the complexes carry a formal 3+ charge; the
trans arrangement, previously suggested,® was determined
by us for one of the structures by X-ray analysis.

Description of the Structures

Structure of Complex Al

The structure of the complex [(CO);sMoCNNi(bipy),-
NCMo(CO)s] illustrated in Figure 3 shows the expected cis
geometry of the complexes of the A series. The central
nickel has a quasi-ideal octahedral coordination with bond
angles ranging from 78 to 95°. The Ni—C(bipy) bonds show

an average distance of 2.094 A and the Ni-NC bond
lengths are estimated to be around 2.047 A. The molybde-
num atoms are surrounded by CO ligands with an average
distance of 2.033 A, whereas the Mo—CN bond lengths are
around 2.185 A. The Ni-N-C-Mo is close to linearity with
Ni—N-C and Mo-C-N angles of 170.5 and 176.9°, respec-
tively.

Figure 3. Molecular structure of the complex [(CO)sMoCNNi-
(Bipy),NCMo(CO)s].

Structure of the Complex F3

Figure 4 illustrates the structure of the complex F3,
which is part expected and part unusual. As expected, the
core skeleton is almost linear, the NC-Ru-CN angle is
177.21° and the Fe-N-C angles lie in the range 176-178°.
The hexacoordinate Ru central atom bears four ancillary
ethylpyridine ligands and maintains a nearly octahedral ar-
rangement (the angles around the Ru range from 88 to 92°).
The iron atoms are surrounded by Cp and diphenylphos-
phanylethane ligands. Because of the imperfect quality of
the diffraction data, anomalous electron density peaks ap-
pear around the CN groups and the CN bond lengths have

Figure 4. Molecular structure of the complex [Cp(dppe)FeNCRu(4-EtPy),CNFeCp(dppe)]**[PF; ]°.
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a significant uncertainty. Nevertheless, an (unexpected)
structural difference between the two CN groups is both
evident and significant. Selected bond lengths and angles
are reported in Table 2 in which the two coordinated iron
fragments are separately detailed.

Table 2. Selected bond lengths and angles of the complex [Cp-
(dppe)FeNCRu(4-EtPy),CNFeCp(dppe)**[PFs 15 (F3) (in paren-
theses, the standard deviation). For a better comparison, the two
moieties Ru—~CN-Fe(Cp)(dppe) of the complex are separately con-
sidered.

Fragment B

Ru-C 1.992(14)
FeN 1.892(12)
C-N 1.17(2)

Fe-C2 2.089(17)
Fe-C1 2.097(17)
Fe-C4 2.142(15)
Fe-C3 2.110(16)
Fe-C5 2.167(15)

Fragment o[

Ru-C’ 2.041(17)
Fe'-N' 1.941(15)
C'-N' 1.15(2)
Fe'-C2’ 2.070(14)
Fe'-Cl1’ 2.076(15)
Fe'-C4’ 2.101(14)
Fe'-C3' 2.115(16)
Fe'-C5' 2.112(15)

Ru-C(CN) [A]
Fe-N(CN) [A]
C-N[A]
Fe-C(Cp) [A]

Fe-P [A] Fe'—P av. 2.208(5) Fe-P av. 2.258(5)
C-Ru-N(py) [°] C'-Ru-N av. 90.1(5)  C-Ru—N av. 90.0(5)
Ru-C-N [°] Ru-C'-N’ 174.3(12)  Ru-C-N 176.0(12)
Fe-N-C [] Fe'-N'-C' 178.0(12)  Fe-N-C 176.5(11)

Fe-Ru distance [A] Fe'-Ru 5.12(2) Fe--Ru 5.04(2)
Ru-N(py) [A] Ru-N av. 2.109(12)
N-Ru-N [] N-Ru-N av. 90.0(5)
C—Ru-C [] C-Ru-C' 177.2(5)

[a] Figure 3 identifies the two fragments.

The data clearly show that the Ru—-C and Fe-N bond
lengths are shorter in fragment p than in fragment a. On
the other hand, the coordination of the ligands around Fe
is slightly weaker in fragment B, indicated by an increase in
the average Fe—C(Cp) and Fe-P distances. Further, in both
fragments, two of the Fe-C bond lengths are greater than
the other three, which suggests that the Cp is somewhat 13-
allylic coordinated.

It is of interest to compare the key results arising from a
crystallographic study of F3 with the corresponding data
for complex E3, which is the reduced form of F3.”J Table 3

Table 3. Averaged bond lengths and angles of [Cp(dppe)-
FeNCRu(4-EtPy),CNFeCp(dppe)**[PF¢-], (E3, reduced form)X
and of [Cp(dppe)FeNCRu(4-EtPy),CNFeCp(dppe)]**[PFs |5 (F3,
oxidised form) complexes (in parentheses, the standard deviation).
For a better comparison, the two moieties Ru—~CN-Fe(Cp)(dppe)
of the complexes are separately considered.

Structural data E3 F3
Fragment 1 Fragment 2 Fragment Fragment
a B
Ru-C(CN) [A] 2.034(3) 2.034(3) 2.041(17)  1.992(14)
Fe-N(CN) [A] 1.923-1.931(3) 1.923-1.931(3) 1.941(15) 1.892(12)
C-N [A] 1.164(4) 1.164(4) 1.15Q2) 1.172)
Fe-C(Cp) [A] 2.085(8) 2.091(6) 2.095(15)  2.121(16)
Fe-P [A] 2.207(1) 2.203(1) 2.208(5) 2.258(5)
C-Ru-N(py) [°] 88.7-91.7(1) 88.7-91.7(1) 90.1(5) 90.0(5)
Ru-C-N [7] 176.3-177.5(3) 176.3-177.5(3) 174.3(12)  176.0(12)
Fe-N-C [ 170.9-174.8(3) 170.9-174.8(3) 178.0(12)  176.5(11)
Ru-N(py) [A] 2.097(3) 2.109(12)
Fe--Ru distance [A] 5.113(5) 5.12(2) 5.04(2)
N-Ru-N [7] 86.4-91.7(1) 90.0(5)
C-Ru-C [ 177.9(1) 177.2(5)
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reports the most significant data, the two peripheral
CpFe(dppe) units being separately considered. It is clear
and significant that the two CpFe(dppe) units of the com-
plex E3 are very similar, which indicates that the electron
distribution, or the formal oxidation states, of the two Fe
atoms are the same in this species. In contrast, the two units
of the complex F3 are intrinsically different, only one of
them, fragment a in Table 3, replicates the structural values
found for the reduced form complex E3. The conclusion
seems straightforward: the electron that has been with-
drawn during the E3— F3 oxidation process is localised in
the peripheral unit f, the Fe atom of which has therefore
acquired a higher oxidation state.

CN Vibrational Spectra

As far as the v(C-N) vibrations are concerned, the ex-
pected vibrational behaviour is as follows: (i) for the cis
complexes, with an approximate local C,, symmetry, two
v(CN) modes, symmetric (A;) and antisymmetric (B,), both
being infrared and Raman-allowed; (ii) for the trans com-
plexes, with an approximate local D..;, symmetry, two v(CN)
modes, the symmetric (6,") Raman-allowed and the anti-
symmetric (c,") infrared-allowed.

All the spectroscopic data are collected in Table 4. The
infrared data are for species in the solid state and in solu-
tion. The Raman spectra are mostly of samples in the solid
state. Solution Raman spectra were obtained for only a lim-
ited number of complexes.

Among the A series, the spectroscopic data of complex
A5, which includes data from infrared and Raman spectra
both in solution and in the solid state, can be considered
typical of the spectroscopic behaviour of the cis complexes.
Two infrared absorptions in the v(CN) region are expected,
one is found at 2115 cm™! in CH,CI, solution. Two Raman
bands are expected but only one is found at 2121 cm™! (Fig-
ure 5). The assignment is clear: the Raman band is the sym-
metric mode, the infrared band, the antisymmetric. The
data for complex A5 suggest two generalisations that are
applicable to all of the species in the present study: (i) the
frequency of the symmetric mode is greater than that of the
antisymmetric and (ii) the coupling between CN vibrators
is very small (Av = 6 cm™! for A5).

The unique solution band of complex A5 gives rise, in
the solid-state Raman spectrum, to a strong band with a
weak shoulder at lower frequency, the assignment of which
to the antisymmetric mode seems plausible. Similar behav-
iour in the Raman spectra is evidenced in other cases (for
instance, A11); in such cases, the value of Av is always small
(less than 10cm™). A similar splitting with an intensity
asymmetry is also observed in the infrared spectrum on
moving from solution to the solid state. We believe it more
probable that here the additional weak band is the symmet-
ric mode. In contrast, the splitting in the solid-state Raman
spectra appears, in some complexes (A4 and A13), as two
3923

www.eurjic.org



FULL PAPER

S. F. A. Kettle, P. L. Stanghellini et al.

Table 4. Vibrational data of the complexes studied.

V(CN) [em™] Ref.
Infrared Raman
Solution (CH,Cl,) Solid (KBr disc)! Solution (CHCI3) Solid (crystals)
Al 2118 m 2131/2125 m, br (2123) 2131 s, ca. 2119 w, sh this work
A2 2123 (2]
A3 2112 (2]
A4 2114 m 2118 m, br (2115) 2120's, 2112 s this work
A5 2115 m ca 2120 m, br (2117) 2121's 2119 s, 2111 w, sh this work
A6 2119 (2]
A7 2108 121
A8 2118 12
A9 2126 12
Al10 2111 m 2111 m 2110 s this work
All 2114 m 2122 m, br (2118) 2123 s, ca. 2114 w, sh this work
Al2 2121 12
Al3 2108 m 2113 m (2112) 21155, 2110 s this work
Al4 2110 m 2114 m, 2103 w (2113) 2113 s, 2102 m this work
B1 2082 m 2080 m (2080) 12l
B2 2078 12l
B3 2131 12l
C1 2125 12l
C2 2127 12l
C3 2118 12l
Cc4 2121 12l
C5 2113 12l
Cé6 2115 12l
D1 2085 (2l
D2 2090 m 2083 s (2080) 2093 s this work
D3 2072 12l
D4 2069 (2l
D5 2066 12l
D6 2167, 2156 (4
E1 2071 m 2071 m, 2018 w (2071) this work
E2 2069 m 2071 m, 2013 w (2070) 2091 m 2090 s this work
E3 2068 m 2074 m, 2017 vw (2070) 2090 m 2097 s this work
E4 2068 m 2072 m 2090 m 2092 s this work
E5 2070 m 2068 m, 2013 vw (2068) 2090 s, 2086 s this work
F1 2089 w, 2020 s ©l
F2 2090 w, 2014 s, ©l
F3 2068 w, 2017 m 2088 w, 2005 m (2088, this work
2007)

F4 2086 w 2009 s (4

[a] The original frequencies reported in the literature are presented in parentheses.

2100 2000 1900 1800

V (em™)
Figure 5. Infrared spectrum (CH,Cl,) (upper curve) and Raman
spectrum (CHCI;) (lower curve) of complex A5.
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bands with nearly identical intensities. If adjacent CN vi-
brators scarcely couple within a molecule then intermo-
lecular coupling will surely be zero. The band doubling does
not have a factor group origin. The most obvious explana-
tion is the occupation of two symmetry non-equivalent sites
within a single crystal form.[%

The complexes of this series are interesting for testing
the correspondence between the structure determined in the
solid state by X-ray diffraction and the structure in solu-
tion, the latter determined by 'H NMR spectroscopy (all
the other complexes have little solubility in appropriate sol-
vents and too many different protons to enable a straight-
forward assignment). Reliable results have been obtained
for two complexes of the A series, which have the general
molecular formula [(CO)sMCNM/'(bipy),NCM(CO)s] but
differ in their metal atoms (Al: M = Mo, M’ = Ni; A5: M
=W, M’ = Co). The NMR spectroscopic data suggest the
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same cis structure in solution, but an old sample of complex
Al, prepared several years ago, has surprisingly given a 'H
NMR spectrum that strongly suggests a trans geometry (see
Exp. Section for details). These results indicate that the cen-
tral M'(bipy), core is not rigid and that sometime the initial
cis structure can be transformed into a more stable trans
structure. In fact, in the present case, we note that the Nill
d® ion has a well-recognised preference for a planar ar-
rangement. This could be the driving force towards a trans
structure, which can be considered a tetragonally elongated
octahedron, when free from crystal constraints. On the
other hand, the d’ Co' ion maintains a cis structure both
in solution and the solid state.

Members of series B (three in number) are structurally
similar to A: they too are 2+ cations but each member has
a different central metal atom, always with two bipy li-
gands. Only the infrared spectra reported in the literature
are available; two have a single band at around 2080 cm™!
but for the Mn compound it is at 2131 ecm™!. This is linked
to the presence of CO groups on the terminal metal atoms;
a similar pattern is seen for all the C species and for D6.
All the species with CO groups, be they cis or trans, show
frequencies that are higher than those of the other species
in the present study.

The spectroscopic data for series C (trans, uncharged)
have been reported in the literature. The infrared data ob-
tained by using KBr discs are given; a single v(CN) band
appears with a frequency ranging from 2113 to 2127 cm™!,
in agreement with their trans structure and the presence of
CO ligands.

Complex D2 is probably representative of the D series. It
has a single IR band, both when recorded in solution
and in the solid state, and a single Raman band in the
solid state (not coincident with the IR band; there is
a shift of 10 cm™). The linear geometry is spectrally appar-
ent.

Series E is novel in that in these complexes the CN coor-
dinates to the central M’ atom through the carbon, not the
nitrogen as for all other series, F excepted. Apart from this,
the molecular arrangement is very similar to that of the D
series, with a linear geometry, confirmed by crystal struc-
ture determinations of two of them. The literature reports
for each complex a single infrared band at about 2068 cm™!
when recorded in KBr. Our corresponding infrared spectra
show the same band, often with an additional weak band
at 2013-2018 cm™!. This additional band does not appear
in the solution spectra. It seems to be that of an impurity,
which, most probably, results from partial oxidation during
the grinding with KBr. This would give rise to the corre-
sponding complex of the F series (see below) and these exhi-
bit a strong infrared absorption in the relevant frequency
region. The solution spectra show a single absorption very
close to, or coincident with, the strongest band in KBr. The
Raman spectra of the solid have a single band at a fre-
quency about 20 cm ! higher than that of the infrared. This
value seems to approximate an upper limit for the splitting
between symmetric and antisymmetric modes. We were also
able to record some Raman spectra for dissolved samples
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E2—4: they all show a single band not far from that found
for the solid. Clearly, all the spectra are in accord with a
linear geometry for the complexes.

The complexes of the F species, very similar to those of
series E but with a charge 3+, show “anomalous” vi-
brational spectra, the splitting of spectral features from 50
to 90 cm™! being much greater than occurs as a result of
purely vibrational interactions (see below). The crystal
structure reported above confirms that they are linear but
not centrosymmetric molecules with two intrinsically dif-
ferent CpFe(dppe) units. We believe that the two vibrational
features are strongly localised in the two CN vibrators, the
higher frequency assigned to the v(CN) of the o unit
(Table 3) very similar to that of the parent E complex, the
lower frequency to the v(CN) of the B unit in which the
oxidation process occurs.

An important feature common to all the experimental
spectra, whether for species with a cis or trans geometry, is
that the symmetric mode has a higher frequency than the
antisymmetric. Unexpected are the very low Raman inten-
sity of the antisymmetric mode and the very low infrared
intensity of the symmetric mode in the cis complexes. The
question of the origin of this pattern remains, however. The
Raman is the easier. We have commented elsewherel¥ that
the derived polarisability tensor of the CN stretching vi-
bration is ellipsoidal. Were it accurately spherical the inten-
sity of the antisymmetric Raman feature would be zero. The
weakness of this feature is therefore understandable in
terms of near-spherical bond polarisability tensors. The
weakness of the symmetric feature in the infrared is more
difficult to understand. Were the infrared intensities to be
regarded as simple sums of bond transition dipoles oriented
along the bond axes, two bands of comparable intensities
would be predicted for cis complexes with an angle of
around 90°. Because it is difficult to see why an additive
bond dipole model should be inapplicable, the most evident
explanation is that the dipole is not along the bond, but has
a significant transverse component such that the interdipole
angle is greater than 90°. Whatever the reason, the conclu-
sion is clear: v(CN) infrared and Raman spectra, particu-
larly when considered separately, cannot be regarded as
simple indicators of molecular geometry.

The frequency separation between the symmetric and the
antisymmetric modes is a rough measure of the coupling
between the two CN vibrators. For the cis structure (A
series) the separation is usually small (the average is about
6 cm™); for the trans structures (D and E series), it is signifi-
cantly larger (the maximum value observed is a little over
20 cm™"). This agrees with the analysis of [M(CN)g] com-
plexes in which the effect of G-matrix coupling between M—
C and C-N is reflected in the observed C-N couplings. This
conclusion is relevant to the interpretation of the spectra
of Prussian Blue because it means that the effects of rrans
coupling outweigh those of cis coupling in this family of
compounds. Comparison of the D and E series indicates
that the spectra are essentially independent of whether the
coordination is CN or NC; the values of v(CN) and Av
seem little affected.
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v(CO) Spectra

The complexes of the A (cis) and C (trans) series have
two M(CO)s groups as terminal branches: do the corre-
sponding vibrational features contain useful information on
the molecular symmetry? An isolated M(CO)5 unit exhibits
Cy4, symmetry and the v(CO) modes transform as 2 A; (IR,
Raman) + B; (Raman) + E (IR, Raman). Coupling between
the two units seems unlikely but, were it to occur, would
give rise to more complex spectra. The solution spectra,
both infrared and Raman, of A5 are shown in Figure 5. The
experimental data were well reproduced by the calculations
(details are available in the Supporting Information:
Table 1SI and Figure 1SI). The infrared spectrum of the old
sample of the Al complex, which in solution has a trans
geometry, is nearly identical to that of the freshly prepared
sample with cis geometry. This observation, along with the
simplicity of the spectra, answers the above question: the
vibrational coupling between the two M(CO)s units is negli-
gible, whatever the geometry of the complex, and give no
information on the molecular geometry.

Calculations

In previous papers on the vibrational spectra of cyanide
complexes it has proved of value to view the data against a
background of model DFT calculations. The conclusions
were rather unexpected; in some considerable measure the
frequency shifts observed were related, primarily, to electro-
static effects and the internal vibrational stark effect (IVSE)
model was introduced to account for them.[®! Surprisingly,
n interactions seemed relatively unimportant. It was of
interest to extend these calculations to cover the present
series and for this we selected the species A5. We have re-
ferred to this compound several times in the above dis-
cussion and it is one of the best characterised of the species
studied. Additionally, it contains CO groups as terminal li-
gands and the prediction of their vibrational spectra pro-
vides something of an internal check on our interpretation
of CN. Unfortunately, the crystal structure of AS is not
available and so we compare the output of our calculations
with the available data for A12, a complex with the same
metal pattern as A5 and for which the structure is known.
As a second line of enquiry in the calculations we studied
the phenomenon of bond localisation, and so the loss of
the centre of symmetry, in linear complexes.

The geometrical structural data obtained from our calcu-
lations on A5 are compared with the experimental data for
A12 in Table 5. Together with the modelling of the real sys-

Table 6. Comparative calculations on a series of cyanide species.

tem A5, we have examined four simple models with the aim
of exploring the different bond contributions in the M-
CN-M' unit. Comparative results that we have obtained for
the species, from CN™ to A5, are given in Table 6.

Table 5. Significant bond lengths and angles for [(CO)sWCNCo-
(bipy),CNW(CO)s] (A5) and [(CO)sWCNCo(phen),CNW(CO)s]
(A12).

Calculated Experimental

A5 Al2
d(W-C) [A] 2.175 2.171(15)
d(C-N) [A 1.171 1.151(17)
d(N-Co) [A] 1.942 2.096(11)
[C(O)-W]q. (mean) [A] 2.048 2.031
N-Co-N [] 94.4 93.8
C-N-Co [] 166.3 161.8(11)
W-C-N [] 175.6 175.3(11)

The data for CN~ and [NaCNNa]* show the sensitivity
of the CN bond length and vibrational frequency to the
natural bond orbital (NBO) charges on C and N, recog-
nised in the IVSE model. In [WCNCo]* there is a large
increase in the p.« population (that in the p, population
remains essentially invariant through the series) with a cor-
responding change in bond length and frequency. The small
change in ¢c is such as to work in the opposite direction (a
decreased repulsion between C and N). The p,+ population
is unrealistically large in [WCNCo]* and addition of a sin-
gle CO ligand leads to a significant reduction in this pop-
ulation with a consequent increase in CN frequency and a
shorter bond length in [(CO)WCNCo]*. Addition of four
more CO ligands to the W of [(CO)WCNCo]*, addition of
two bipy ligands to Co, dimerisation and charge neutrality
to give AS further decreases the p,« population to a value
that seems much more realistic. The concomitant changes
in ¢c and ¢y are such that a weakly repulsive interaction is
replaced by an attractive one. Both of these effects act to
increase the CN frequency and shorten its bond length in
A5 relative to [(CO)WCNCo]*. Of the two, the changes in
gc and ¢y are the more dramatic and, we suspect, the more
important, in keeping with the IVSE model.

We now turn to the problem of linear but not centro-
sysmmetric complexes. We have attempted a theoretical
simulation by means of two simplified models, both based
on the same core structure Fe-N-C-Fe-C-N-Fe. In one
model the overall charge was 2+ (i) and, in the other, 3+
(i1), thus simulating the reduced and oxidised forms of the
central cores of the two E3 and F3 complexes. The
resulting calculated charge distributions were (i) Fe®-
(1.131)-N?#(-0.672)-C#(0.007)-Fe(1.069)-C"(0.007)-N"b-

Species gt gt v o™ Dr D d(CN) [A]  V(CN) [em ]
CN —0.245 -0.754 4 0 1.184 2139
[NaCNNa]* -0.126 -0.759 0.959 0.926 3.997 0 1.170 2247
[WCNCo]* —0.0878 -0.764 0.880 0.972 3.973 0.473 1.186 2038
[(CO)WCNCo]* -0.0581 -0.675 0.881 0.964 3.947 0.193 1.175 2154

A5 0.164 -0.595 1.016 -0.724 3.974 0.135 1.171 2218, 2225

[a] NBO charges.
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(-0.672)-FeP(1.131) and  (ii) Fe*(1.541)-N?*(-0.783)-C?-
(0.121)-Fe(1.034)-C?(0.190)-N"(-0.816)-Fe"(1.714).  The
asymmetry of the charge distribution in the 3+ species is
evident. We conclude that this asymmetry is inherent in the
system and not some artefact introduced, for example, by
the crystalline environment or, indeed, by the presence of
ligands.

Whereas in model (i) the symmetry of the structure is
maintained and the two C-N bond lengths are identical, in
model (ii) the C°>~NP bond length is greater than that of
the C2-N# (1.1745 vs. 1.1715 A). Consequently, the two CN
vibrations are coupled in model (i), showing two bands at
2289 (IR) and 2294 cm™! (Raman), and this coupling is, as
usual, small. In contrast, model (ii) gives rise to two bands,
the frequencies of which are well separated (at 2196 and
2096 cm™'), largely located at C*-N® and CP-NP, respec-
tively. These calculations strongly support the suggestion™
that the two terminal Fe atoms bear different positive
charges and the two observed bands are to be separately
assigned to the two CN groups. These two groups vibrate
independently, that at the higher frequency corresponding
to the CN attached to the Fe with lower charge.

Conclusions

The work described in this paper has provided some un-
expected insights into the characteristics of the cyanide li-
gand when several are present. Although this work has been
concerned with bridging cyanides, in retrospect, it seems
that much the same considerations apply to terminal cya-
nides. It seems that the cyanide groups, in large measure,
function independently. When several are bonded to the
same metal atom and are symmetry related then, indeed,
they vibrationally couple, albeit weakly and indirectly,
through the C-M and M-C bonds that link them. It seems
clear that otherwise identical metal atoms in different for-
mal valence states (certainly in different electron distribu-
tions) can be linked by CN groups. The potential for such
localisation is important in many areas of which bioinor-
ganic chemistry is perhaps the most significant.

Although it has become customary to classify cyanide
as a n-bonding ligand, the present work indicates that its
involvement in m-backbonding is not dominant and may
well show little variation. In previous papers we have shown
that the most important influence on cyanide frequencies is
that of the local electric field gradient (the IVSE model)
and it seems that it is important in the present study. This
has led us to extend our previous calculations® on the ef-
fect on v(CN) of charged species bonded to C and N in the
cyanide ligand. We used the model system ¢,-C—N-¢g;, with
¢, and ¢, variable positive charges placed at fixed distances
from C and N. ¢; was allowed to change over a range for
each fixed value of ¢,. A plot of the data obtained for an
extended range of ¢, and ¢, is illustrated in Figure 6.
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Figure 6. Plot of calculated v(CN) values in the system ¢,-C-N-g,
against the values of ¢, charge. The value of ¢, was varied systemat-
ically and plots are given for the values indicated at the right of
each curve. A high positive charge on a metal atom bonded to the
C atom can lead to surprisingly low v(CN) values.

The meaning of this plot is clear: by increasing ¢;, vV(CN)
can either increase or decrease, depending on the ¢, value.
Of particular note is the prediction of the possibility of
V(CN) values much lower than might otherwise be regarded
as reasonable. More generally, the plots account for the ap-
parently random behaviour of the v(CN) value with
changes in the oxidation states of the metal atoms to which
CN is coordinated.['3] That is, the IVSE model seems ap-
propriate and, in its absence, historically, n-backbonding
has been invoked in its place.’>!! The fact that no general
n-bonding model has emerged thus becomes understand-
able. So, discussions in the literature have tended to focus
on particular examples and so are lacking in generality.
What appears to be a general statement is that in most sys-
tems there are sufficient m/c-bonding/antibonding orbitals
available to support almost any discussion, even contradic-
tory ones. It is our opinion that although n-bonding effects
on frequencies must surely exist, it is difficult to distinguish
them from the other effects we have considered and which
surely are more important.

Experimental Section

Syntheses: The synthesis of the complexes was designed to target
preferentially either a cis or a trans structure;!'?! it was based on the
double substitution of the two labile ligands (X) of an appropriate
octahedral M’ complex with M species each of which contain a
terminal CN ligand [Equation (1)].

2IM(L)sCN]” + [M'(L')4X5] —
[(L)sMCNM'(L"),NCM(L)s] > + 2X O

The structure of the final complex is usually dictated by the struc-
ture of the octahedral M’ complex, that is, by the cis or trans posi-
tions of the two X ligands. To obtain cis complexes the starting
material was [M'(Bipy),X,] or [M'(phen),X,], which have a cis con-
figuration.['®) To obtain trans complexes the starting material was
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[M(Py)4X5], species that have a trans configuration because of a
significant ligand steric effect.l!”!

The complex [(CO)sMoCNNi(Bipy),NCMo(CO)s] (Al in the
Table 1) was prepared following a previously reported procedure.['?]
Na[Mo(CO)sCN] (116 mg) was added to a solution of [Ni(Bipy),-
(ClOy),], prepared by the addition of 2,2'-bipyridine (32 mg) to
[Ni(ClO4),6H,0] (18 mg) in acetonitrile (14 mL). The solution
turned violet and was stirred for 8 h. Then the solvent was removed
under reduced pressure and the residue extracted with dichloro-
methane (16 mL) and filtered. The filtrate was layered with petro-
leum ether (20 mL). After a few days, crystals of the complex Al
were collected and recrystallised by the same procedure as de-
scribed before.

The complex [Cp(dppe)FeNCRu(4-EtPy),CNFeCp(dppe)]**-
[PFs 15 (F3 in Table 1) was prepared by oxidising [Cp(dppe)FeNC-
Ru(4-EtPy),-CNFeCp(dppe)]**[PFs ], (E3 in Table 1) with
[Cp,Fe][PF4] following the literature method. [Cp,Fe][PFq]
(0.0052 g, molar ratio ca. 1:1) was added to a solution of E3
(0.0293 g) in CH,Cl, (3 mL). The mixture was stirred, filtered and
layered in a small tube with n-hexane (5 mL). The tube was intro-
duced into a larger Schlenk tube under an inert atmosphere and
allowed to stand for a week. Small dark-red crystal were recovered;
among them it was possible to select examples suitable for X-ray
diffraction. Any other attempts, by changing the reactant concen-
trations or the layered solvent (cyclohexane, benzene), did not im-
prove the quality of the crystals.

Vibrational Spectra: Raman spectra were collected by using two
different instruments. With a Bruker RFS 100 FT-Raman spectro-
photometer equipped with a Nd:YAG laser (1064 nm) operated at

Table 7. Crystal structure determination of F3 and Al.

50-100 mW, spectra were collected in dichloromethane or chloro-
form in a quartz standard cuvette at 2 cm™! resolution. The acqui-
sition required between 3000 and 10000 scans. A Jobin Yvon Lab-
ram 800 HR Raman microscope was also employed. Measurements
were carried out using a He-Ne 633 nm laser (20 mW). Spectra
were collected with 300-450 acquisitions, each of 70-160 s.

Infrared spectra were recorded with a Bruker EQUINOX 55 FT-IR
spectrophotometer equipped with a Globar source and DLaTGS
detector. Both CH,Cl, solutions (standard liquid sampling cell,
0.1 cm path, NaCl) and 13 mm KBr pellets were used. The spectra
were usually acquired with 32 scans at 2 cm™! resolution.

NMR Spectra: Routine NMR spectra were acquired with a JEOL
EX400 spectrometer operating at 400 MHz for 'H NMR. The spec-
trum of Al (old sample) shows two doublets (at ca. 8.66 and
8.43 ppm), which correspond to the two different protons of the
bipy groups, and two triplets (at ca. 7.84 and 7.33 ppm), which
correspond to the other H species. This strongly suggests that the
two bipy ligands are identical, that is, that the structure is trans. In
contrast, the spectrum of A5 (freshly prepared sample) shows both
eight poorly resolved NMR peaks (at ca. 9.6, 8.7, 8.65, 8.5, 8.3,
8.0, 7.65, 7.25), which suggests that the two bipy groups are dif-
ferent, that is, a cis structure.

X-ray Structure Determination: Single-crystal diffraction data were
collected with an Oxford Xcalibur CCD area detector dif-
fractometer using graphite-monochromated Mo-K, (4 =
0.71069 A) radiation. Data reduction and absorption corrections
were performed using Crysalis RED 1.171.26 (Oxford Diffraction).
The structures were solved by direct methods using SIR2004.,'8]
and refined by full-matrix least-squares analysis using SHELX-

F3 Al
Empirical formula C92H94F|8F62N6P6Ru C36H|6M02N2Ni010
Formula weight 2024.32 889.83
Temperature [K] 120(3) 293(2)
Wavelength [A] 0.71073 0.71073
Crystal system Pl C2c
Space group triclinic monoclinic
Unit cell dimensions
a [é] 13.985(2) 22.5068(7)
b [A] 14.809(2) 11.1386(3)
c[A] 23.143(2) 15.4946(6)
al] 76.510(11)
BI°] 83.425(11) 103.799(3)
7 [°] 75.255(13)
Volume [A?] 4499.8(11) 3772.3(2)
zZ 2 3
Density (calculated) [Mg/m?] 1.494 0.369
Absorption coefficient [mm™'] 0.677 0.300
F(000) [mm?] 2072 414
Crystal size [mm] 0.3X0.2X0.05 0.2X0.1x0.05
0 range for data collection [°] 3.73-23.40 4.55-31.76
Index ranges -l4=h=14 -33=h=33
~16=k=14 -l6=k=16
25=1=24 -22=1=22
Reflections collected 37984 53735
Independent reflections 9945 6191
Completeness to 0 = 30.50° 75.6% 0 = 31.76° 96.2%
Refinement method full-matrix least-squares on >
Data/restraints/parameters 9945/0/1108 6191/0/231
Goodness-of-fit on F> 1.114 1.118

Final R indices [I>20(])]
R indices (all data)
Largest diff. peak and hole [e A7)

R, =0.0765, wR2 = 0.1695
R, = 0.1565, wR2 = 0.2277
2.063 and —0.805

R, = 0.0583, wR2 = 0.1401
R, =0.1364, wR2 = 0.1926
2.034 and —0.547
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97.1% Hydrogen atoms were generated in calculated positions using
SHELX-97. Table 7 lists the crystallographic data.

CCDC-769676 (for Al), -724344 (for F3) 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.

Calculations: The computational method used DFT theory. Hybrid
B3LYP functionals with a 6-31g(d,p) basis set were used for light
elements and a LANL2DZ effective core potential basis set was
used for Fe, Co and W. All the calculations were performed with
the Gaussian 03% package on a Linux workstation. All the sys-
tems were optimised and both harmonic vibrational frequencies
and intensities calculated. Atomic charge and population analyses
were obtained by a natural bond orbital (NBO) analysis. We per-
formed an analysis of complex A5, representative of the cis com-
plexes studied in this work, which has good infrared and Raman
spectra available. It is also similar to compound A12 for which the
single-crystal structure has been reported.!'?]

Supporting Information (see also the footnote on the first page of
this article): Figure S1 shows the calculated infrared and Raman
spectra of the complex A12, Figure S2 shows the crystal packing
of the complex Al and Figure S3 shows the crystal packing of the
complex F3.
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The dendritic triazole-based complexes [Fe(G1-BOC);](tri-
flate),-xH,O (1; G1-BOC = tert-butyl {3-[3-(3-tert-butoxy-
carbonylaminopropyl)-5-([1,2,4]triazol-4-ylcarbamoyl)-
phenyl]propyljcarbamate, triflate = CF3SO3"), [Fe(G1-BOC);]-
(tosylate),xH,O (2; tosylate = p-CH3PhSOj37), [Fe(G1-DPBE);]-
(triflate),'xH,O {3; G1-DPBE = 3,5-bis(3,5-didodecaoxy-
benzyloxy)-N-[1,2,4]triazol-4-ylbenzamide}, [Fe(G1-DPBE);]-
(tosylate),xH,0O (4) and [Fe(G1-DPBE);](BF,),:xH,0 (5) were
designed and synthesized. Magnetic and thermal properties
of these novel complexes were characterized by magnetic
susceptibility measurements, °’Fe Mdssbauer spectroscopy
and thermogravimetric analysis or differential scanning calo-

rimetry, respectively. All dendritic complexes under study
show different spin-transition behaviour with respect to the
nature of different dendritic ligands and counteranions.
Complexes 1 and 2 have pronounced effects of a spin-state
change during the first heating process and gradual spin-
transition properties for further temperature treatments,
whereas 3 and 4 exhibited a very sharp spin-state change in
the first heating procedures. Complex 5 showed a gradual
spin-transition curve. In this paper, we report how the
magnetic properties of these complexes are correlated with
noncoordinated water molecules and their effects on spin
states.

Introduction

Dendritic materials are interesting due to their unique
macromolecular monodispersed nature, generation-depend-
ent properties and the possibilities they offer for anchoring
various groups for functionalization. These materials have
received much attention recently with regards to fundamen-
tal research and because of their applications in various
fields."31 For example, incorporation of metals in a den-
dritic moiety may provide an opportunity to generate new
metallodendrimer materials,[* % dendritic boxes and other
supramolecular dendritic arrangements.”-'"] These metallo-
dendrimers can be used as soluble catalysts for various or-
ganic reactions. There are a few reports in the literature:
aryl-nickel(II) dendrimers have been used as an effective
catalyst for the Karasch addition reaction of polyhaloalk-
anes to olefins,['?l P-based polypalladium complexes were
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used for the electrochemical reaction of CO, to COU3-14
and iron dendritic complexes were used as spatially encum-
bered models of nonheme iron proteins.I'> Our motivation
also falls in the same line to make metal-dendritic-system-
based complexes with various interesting properties de-
pendent on different ligands, metal ions and counteranions.

It is well documented that iron(II)-containing dendritic
complexes may exhibit thermal spin-crossover (SCO) be-
haviour. This particular unique property with an ac-
companying change of colour and magnetic behaviour is
very useful for various applications such as display devices,
optical switches and magneto-optical storage systems.!'®17]
Spin crossover is related to its electronic transition between
to.%," [low spin (LS)] and t,,*e,? [high spin (HS)]. In some
cases, this electronic transition causes a switching of colour
of the complexes with respect to its transition state. The
electron transition can be triggered by using external per-
turbations such as change of temperature, pressure, light
irradiation and magnetic field.['%%-18:-191 There are numerous
examples of the SCO behaviour of organometallic com-
plexes using various ligands but very few reports about
using dendritic ones. Still, it is quite challenging to design
and synthesize novel ligands that can show synergic effects
in terms of thermal and spin-crossover properties. Among
the reported wide range of ligand systems, 4-R-substituted
1,2.4-triazoles were the most studied, in which the func-
tional R group may be any kind of aliphatic or aromatic
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organic moiety. Its combination with iron to provide the
Fe'"Ng spin-crossover chromophore is the most attractive
one due to its relatively high chemical stability and striking
colour change upon spin transition?” that originates either
from the dd HS/LS bands or the more intensive metal-to-
ligand charge-transfer (MLCT) bands, which in many cases
overlap the thermochromic effect associated with the dd
HS/LS bands.

Earlier we published the first part of this study using
various triazole-based ligand systems combined with
iron(I) and its spin transition.?!! In this second part, our
main focus is the utilization of various triazole-based den-
dritic ligands (as shown in Figure 1) for making iron(II)
complexes with different counteranions to arrive at a struc-
ture—property relationship with respect to its spin-crossover
behaviour. We have synthesized and characterized various
triazole dendritic ligands and their iron(II) complexes, all
the while keeping SCO behaviour as the main objective.
This study is an extension of our earlier work>!l and also a
comparative study with that of some of the previously re-
ported dendritic iron(IT) complexes by Fujigaya et al. (see
structure B in Figure 1).221 They highlighted a generation
number (1) dependency of the abruptness of the spin-state
change with temperature and showed that [(G1-trz)Fe] (trz
= triazole) was the best-behaved complex in terms of the
spin-crossover properties (cooperativity) in terms of event-
ual applications.”!] We have chosen different counteranions
such as triflate (CF5SO5") and tosylate (p-CH3PhSO;5") be-
cause of their interesting influences on spin-crossover be-
haviour.[?>-231 The G1-PBE [PBE = poly(benzyl ether)] den-
dritic triazole-based complexes (see structure A in Figure 1)
are already covered in our earlier publication. In this paper,
we are mainly focussing on two dendritic triazole ligands
(structures B and C in Figure 1) with different dendritic
branches attached to triazole and their iron(I) complexes.
Structural differences of dendritic ligands play a crucial role
in “tuning” the thermal and magnetic properties of iron(II)

N-N N-N

o A ey

QN) N

NH._O NH._O

O T (0]

O-_NH HN
o S :o o::\q D i
CiaHzs  CioHas  CqaHazs  CiaHos ><O O7<
B C

Figure 1. Perspective molecular structures of different dendritic tri-
azoles: G1-PBE (A),? G1-DPBE (B) and G1-BOC (C).
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complexes because of differences in the connection between
the triazole ring and the dendron (NH-C=0 and CH, spac-
ing). Some important rules for the design and the synthesis
of the dendritic ligands and their iron(I) complexes with
magnetic thermal properties are discussed in this paper.

Results and Discussion

Synthesis of the Dendritic Triazole Ligands

The first-generation dendritic triazole G1-BOC (C), was
synthesized by heating to reflux the corresponding ferz-
butoxycarbonyl (BOC)-protected dendron DI with 4-
amino-1,2,4-triazole (atrz) in the presence of diphenyl (2,3-
dihydro-2-thioxo-3-benzooxazolyl) phosphonate (DBOP)
as a catalyst in a mixture of triethylamine and dry THF
under nitrogen (Scheme 1). The reaction was worked up by
using standard extraction techniques and the compound
was isolated from the organic phase. The crude product was
purified by column chromatography and the final com-
pound was obtained in 72% yield. The ligands A and B
were synthesized according to previously reported publica-
tions of Sonar et al.?!l and Fujigaya et al.,[??! respectively.
The dendritic triazoles in Figure 1 were prepared on the
gram scale as analytically pure compounds. The purity of
the materials was confirmed by elemental analysis,
MALDI-TOF spectrometry and NMR spectroscopy.

CO.H
atrz, DBOP,
Ny, A
D C
NHCO,Bu NHCO,tBu

Scheme 1.

Synthesis of the Iron(II) Complexes with Dendritic
Triazoles

All the iron(Il) complexes with dendritic triazoles,
[Fe(G1-BOC);](triflate),»xH,O (1), [Fe(G1-BOC);](tosyl-
ate),»xH,O (2), [Fe(G1-DPBE);](triflate),xH,O {3; Gl-
DPBE = 3,5-bis(3,5-didodecaoxybenzyloxy)-N-[1,2,4]tri-
azol-4-ylbenzamide}, [Fe(G1-DPBE);](tosylate),xH,O (4)
and [Fe(G1-DPBE);](BF,4),-xH-O (5), were synthesized in
high yield. Ascorbic acid was used as antioxidant during
the synthesis of all complexes to avoid the oxidation of
iron(IT) ions. The reactions were carried out using methanol
and THF solvent mixtures (1:5) at room temperature. After
completion of the reaction, we did not observe any precipi-
tate formation in the solvent mixture, which may be due
to similar solubility behaviour of dendritic triazole and its
complexes at room temperature. Due to this reason, we
could not purify the final iron(II) complexes, as it was diffi-
cult to separate the products by precipitation from the reac-
tion solution. After modifying the synthesis procedure, we
3931
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were able to separate the pure dendritic triazole iron(1I)
complexes at very low temperature. Specifically for the G1-
BOC-based iron(II) complexes, when the solvent of the re-
action mixture was partially removed, the remaining reac-
tion solution segregated easily into two layers. After cooling
in liquid nitrogen to around —100 °C, the pink solid G1-
BOC-based iron(IT) complex was recovered as a product at
the bottom of the flask. The same procedure was carried
out several times to get higher yields. For other dendritic
triazole-based iron(II) complexes, we used the same pro-
cedure as mentioned above and it was much easier to obtain
pure complexes in higher yields.

Powder X-ray Diffraction Experiments of the Dendritic
Triazole Iron(IT) Complexes

The powder X-ray diffraction experiments were carried
out at various temperatures (first at 300 K, then at 250, 300,
350 and again at 300 K, respectively) using fresh samples of
[Fe(G1-BOC);](tosylate),*xH-,O (2) and [Fe(G1-DPBE);]-
(tosylate),*xH»O (4) to compare the effect of different den-
dritic triazoles. The X-ray powder diffraction pattern shows
in each case a single strong diffraction peak beside some
small diffraction peaks. The broad halo peak appeared at
about 26-20° and originated from the voluminous dendritic
branches attached to triazole. It was not possible to deter-
mine the crystal structures because only eight diffraction
peaks of the poorly structured complexes under study could
be recorded.

Figure 2 shows the X-ray powder diffraction pattern
measured in the 26 range between 2 and 20° at various tem-
peratures for [Fe(G1-BOC);](tosylate),*xH,O (2). As shown
in Figure 2 (a), the diffraction pattern at 300 K shows the
strong peak at 20 = 3.440°, whereas some other small peaks
appear at the positions of 20 = 5.975, 6.912, 12.546 and
13.874°. After cooling the samples to 250 K, the strong dif-
fraction signal changes its position from 20 = 3.440° to 20

= 3.281°. This temperature effect was also noticed for other
small diffraction peaks at the positions 5.812, 6.729, 12.386
and 13.715° (Figure 2, b). When the sample is heated again
to the original temperature at 300 K, the position of the
strong signal changes only a little (to 20 = 3.243°). Other
small peaks appear at 5.788, 6,738, 12.334 and 13.718° (Fig-
ure 2, c), respectively. All these signals can be indexed as
(1,0), (1,1), (2,0), (3, 1) and (4,0) and belong to a two-di-
mensional hexagonal lattice with lattice parameters a equal
t0 29.71, 31.15 and 31.51 A for 300, 250 and 300 K, respec-
tively. After heating the iron(I) complexes again to 350 K,
the complex shows a strong diffraction peak at 20 = 3.247°
and only two small peaks appear at positions at 5.805 and
6.743° (Figure 2, d). During the heating and cooling cycles,
we observed the irreversibility of the appearances of the
peak. This is due to the loss of water after heating to 350 K
[see the thermogravimetric analysis (TGA) and differential
scanning calorimetric (DSC) measurements below]. By
cooling again to 300 K, the strong peak was observed at
position 20 = 3.306° and two small peaks remained at posi-
tions 5.906 and 6.845° (Figure 2, e). These peaks can be
indexed as (1, 0), (1, 1) and (2, 0) and belong to a two-
dimensional hexagonal lattice with lattice parameters «
equal to 31.47 and 30.91 A for 350 and 300 K, respectively.

The G1-DPBE-based iron(II) complex [Fe(G1-DPBE)j;]-
(tosylate),*xH,O (4) was also analyzed by X-ray powder
diffraction under similar conditions to the first sample mea-
surement. (Figure 3). The X-ray diffraction pattern was first
analyzed at 300 K using a fresh sample of 4. The peak ap-
peared at 20 = 4°; other small peaks were also observed at
various positions at 6.199, 6,988, 8.405 and 12.382°. These
can be indexed in two-dimensional hexagonal lattice as (2,
1), (3, 0), (3, 1) and (4, 2), respectively (Figure 3, a). On
cooling this sample to 250 K, the small peaks appeared at
positions 4.674, 6,209, 7.032, 8.422 and 12.425°, which can
be indexed as (2,0), (2,1), (3,0), (3,1) and (4,2), respectively
(Figure 3, b). After heating the sample again to 300 K, the

Intensity (arb. units)
»
3

T T T T TE T T T TR T T T T T T T T T T T T T I T T T T T T T TITTTTTTT

AN NN N d N N RS R

12 14 16 18 20
260)

Figure 2. X-ray powder diffraction pattern of a fresh sample of 2 measured at (a) 300, (b) 250 and (c) 300 K after cooling and (d) 350
and (e) at 300 K after heat treatment. The vertical line shows the changes in the 26 position of diffraction peak (1).
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Figure 3. X-ray powder diffraction pattern of a fresh sample of 4 measured at (a) 300, (b) 250 and (c) 300 K after cooling and (d) 350
and (e) at 300 K after heat treatment. The vertical line shows the changes in the 260 position of the diffraction peak.

small peaks appeared at positions 4.131, 4.767, 6.338, 7.171
and 8.543° and this is indexed as (1,1), (2,0), (2,1), (3,0) and
(3,1), respectively (Figure 3, ¢). During the next heating cy-
cle from 300 to 350 K, the complex showed a strong peak
at 20 = 2.476°. Small peaks at this temperature were ob-
served at positions 4.262, 4.909, 6.516, 7.376 and 8.695°,
which can be indexed as (1,0), (1,1), (2,0), (2,1), (3,0) and
(3,1), respectively (Figure 3, d). After cooling the sample
from 350 to 300 K, the first strong peak appeared at posi-
tion 260 = 2.458° and the small peaks appeared at positions
4.228, 4.926, 6.485, 7.341 and 8.793°. The smaller peaks
can be indexed as (1,0), (1,1), (2,0), (2,1), (3,0) and (3,1),
respectively (Figure 3, ¢).

All visible peaks can be indexed in a two-dimensional
hexagonal lattice with lattice parameters a equal to 43.64,
43.56, 42.68, 41.14 and 41.50 A for 300, 250, 300, 350 and
again 300 K, respectively. Similar results were obtained for
the liquid-crystalline dendritic triazole iron(IT) complexes
reported by Fujigaya®? and Seredyuk.?”! Our earlier paper
on this work also reported some common observations.?!]

Magnetic Measurements of the Dendritic Triazole Iron(IT)
Complexes

The magnetic properties of 1 were investigated with a
superconducting quantum interference device (SQUID)
magnetometer at variable temperatures following the se-
quence 150—350—1.7— 350 K. The results are plotted as
xmT versus T in Figure 4 (a). For a first heating process
from 150 to 250 K, the yu7 curve shows a gradual
increase in the yn 7 values. After heating above 250 K, the
curve ends in a plateau with an y\7 value around
2.8 cm?Kmol™!, which is about 20% below that expected
for the spin-only value of iron(Il) in the high-spin state. On
cooling, the yp 7 values match perfectly those of the heating
branch in the temperature between 350 and 250 K. When
the temperature is lowered from 250 K down to 1.7 K, the
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ymT value initially remains constant and then, at about
210 K, starts to lower more gradually compared to the
first heating process. It finally reaches a wvalue of
0.28 cm?Kmol ™! at 1.7 K. The spin-transition temperature
Tsc (at which 50% of all complex molecules actively in-
volved in the thermal spin transition have changed the spin
states from high spin to low spin on cooling) of complex 1
is about 30 K. After the first heating process, the ymT
curves in both cooling and heating directions are com-
pletely reversible and no hysteresis was observed. The shape
of the y\ 7T curves in this case, and somewhat similar also
in the cases of Figure 4 (b and d), resemble very much the
curves for thermal variation of the high-spin fraction in
SCO systems with low-spin transition temperatures (i.e.,
with small energy gaps between HS and LS states). It has
been proposed that in such cases the SCO characteristics,
or rather the magnetic response functions yy,7, may be es-
sentially determined by the molecular vibrations due to the
closeness of the effective vibrational gap to the electronic
[28]

gap.

The magnetic properties of 2 were studied following the
temperature sequence of 200— 350— 6— 350 K. The yyT
versus T values are shown in Figure 4b. In the first heating
process from 200 to 350 K, the yu7 values increase
from 1.7 (at 200 K) to 2.45 cm®*Kmol ! (at 305 K). In the
temperature range 280-305K, the ym7 values change
sharply and merge into a plateau with a y\7 value of
2.8 cm®*Kmol'. After this first heating process, the ymT
versus T curve shows a gradual spin transition upon cool-
ing from 350 to 6 K, at which point the y\T value reaches
0.5 cm®*K mol!. The second heating curve from 6 to 350 K
matches well with the cooling curve but cannot reproduce
the same sharp transition that was observed during the first
heating process.

The magnetic properties of the freshly synthesized
iron(IT) complex 3 were characterized by following the tem-
perature sequence of 80— 350—5.5—350 K; the results
3933
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Figure 4. Thermal dependence of yy 7 of complexes (a) 1, (b) 2, (¢) 3, (d) 4 and (e) 5.

are shown in Figure 4 (c). The 7T values increase mildly
with increasing temperature in the region 80 to 350 K, start-
ing from an yy T value of 0.85 cm?*K mol ! at 80 K. Appar-
ently, the thermal spin transition is very gradual due to
weak cooperativity between the complex molecules in this
material. After crossing the temperature from 300 K on-
ward, the spin state changes very sharply and merges into
a plateau with an yy7 value of 2.8 cm*Kmol! at 320 K.
Upon cooling from 350 to 5.5 K, the yu7 value remains
nearly constant between the 350 and 300 K zone but on
further cooling down to 280 K, 7 decreased rather grad-
ually from 2.7 to 2.2 cm®* K mol ™. At 50 K an y T value of
1.0 cm?* K mol™' was recorded. Below 50 K the yy7 value
dropped down to 0.35 cm®*Kmol ! at 5.5 K most likely due
to the well-known zero-field-splitting effect. In the second
heating process from 5.5 to 350 K, the transition curve
3934
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matches very well that of the cooling mode. The y\;T values
start rising sharply between 5.5 and 50 K. Further heating
leads to much more gradual spin transition until the sample
is heated up to 300 K. During this cycle the yy7" values
change from 1.0 to 2.3 cm®*Kmol™!. Another sharp transi-
tion appeared between 300 and 317 K, at which the yy7T
values change from 2.3 to 2.8 cm?Kmol'. A hysteresis
loop of around 15 K width has been observed in the tem-
perature region between 270 and 300 K.

The magnetic characteristics of 4 were measured in the
temperature sequence of 200— 350 — 6— 350 K, as shown
in Figure 4 (d). During the first heating step from 200 to
350 K, this iron(II) complex shows an extremely sharp spin-
state change from the low-spin to the high-spin state. The
amT values change from 0.15 to 2.9 cm? Kmol!' within a
relatively narrow temperature range of 290 to 350 K. Dur-
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ing the subsequent cooling and heating processes, the yy7'
versus 7 curve is much more gradual relative to the first
heating process. As the temperature is lowered from 350 to
300 K, ym T first remains constant and then decreases more
strongly between 330 and 300 K; the y\7 values decrease
from 2.4 to 1.7 cm®K mol!. With a further decrease in tem-
perature down to 6K, the yu7 values decrease to
0.84 cm* K mol ™!, thereby revealing an incomplete HS— LS
conversion. The drop of y\7T at temperatures below 50 K
is again most likely due to the occurrence of zero-field split-
ting of the remaining HS iron(II) ions. There was no obvi-
ous difference in the y\7 values between the cooling and
heating curves and hysteresis was not observed.

Figure 4 (e) shows the thermal dependence of the yuT
values of the iron(II) complex 5. The magnetic properties
were measured in the temperature regime between 400 and
4 K following the sequence of 330—4—400 K. At room
temperature, the yv7 value is 2.5 cm? K mol™!, which points
to the presence of a small fraction of low-spin molecules.
Cooling the sample leads to a gradual y\;T curve with val-
ues of 1.5 cm*K mol ! at 50 K and 0.44 cm?*K mol ! at 4 K.
The ymT versus T response is completely reversible. During
these measurements we did not find any plateau despite
heating the sample up to 400 K. The y\7 value at 400 K
was around 2.7 cm® K mol .

From all these measurements of the dendritic triazole
complexes under study, it is quite clear that the magnetic
behaviour depends on various factors such as the nature
of the counteranions, the structure of the dendrons attached
to the triazoles and the type of the spacer between the
triazole nitrogen and the dendron (NH-C=O and CH,
spacing).

STFe Mossbauer Spectroscopy Study of the Dendritic
Triazole Iron(II) Complexes

The measured Mossbauer spectra of all dendritic triazole
iron(IT) complexes under study are shown in Figure 5. The
corresponding hyperfine parameters obtained from least-
squares fitting to Lorentzians are collected in Table 1.

A representative Mossbauer spectrum of complex 1 re-
corded at 80 K is shown in Figure 5 (a). The spectrum
shows two quadruple doublets. The best fits could be ob-
tained with isomer shift 6 = 0.55 mms!' and quadrupole
splitting AEg = 0.28 mms ! for the inner doublet, which is
typical for iron(II) in the low-spin state, whereas the param-
eter values 6 = 1.17 mms' and AEq = 3.35 mms™' for the
doublet that consists of the outer two lines that are assigned
to the high-spin state of the iron(II) site. The large quadru-
pole splitting mainly arises from a noncubic valence elec-
tron contribution to the electric field gradient and calls for
a compressed octahedral coordination sphere around
iron(II) sites. The area ratio Ays/Aps+1s (Aus = area of the
HS doublet; Aygirs = total area of the HS and LS dou-
blets) shows that still 70% of HS exists in the sample at
80 K. The estimation is based on the assumption that the
Lamb-Madssbauer factors for HS and LS states are similar.
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The Mossbauer spectrum of complex 2 recorded at 80 K
is displayed in Figure 5 (b). The fitted parameters are & =
0.54mms ' and AEg = 0.31 mms ' with reference to the
low-spin state and d = 1.16 mms ™' and AEg = 3.42 mms!
for the high-spin state of the iron(II) sites. These parameter
values are typical for LS and HS iron(II) sites in Fe'™Ng
core complexes. The area fraction of about 35% of HS in
the sample of 2 at 80 K is much lower than that of 1 at the
same temperature. This can be explained by the hydrogen-
bonding interaction being more dominant in compound 2
than in 1, which plays a crucial role in stabilizing the LS
state.?’) A structural proof was given by single-crystal X-ray
diffraction on a trinuclear triazole iron(II) SCO compound.[3°!

The Mossbauer spectra of 3 (fresh sample) were recorded
at 80 and 4 K, respectively, and the fitted spectra are shown
in Figure 5 (¢). The parameters obtained from the fitting
procedure of the 80 K spectrum are § = 0.49 mms ! and
AEq =0.21 mms for the LS state and 6 = 1.19 mms™! and
AEq = 330 mms™! for the HS state of iron(II). The area
fraction Ays/Aps+1s comes out to be y = 0.36 at 80 K and
only slightly lower with y = 0.29 at 4 K.

The Mossbauer spectra of 4 (fresh sample) were also re-
corded at 80 and 4 K, as shown in Figure 5 (d). At 80 K
the spectrum shows a major doublet (with area fraction of
94%) with an isomer shift of 0.47 mms™! and a quadrupole
splitting of 0.21 mms !, which is assigned to the iron(II) LS
sites. The minor contribution of 6% with isomer shift of
1.16 mms ! and a large quadrupole splitting of 3.50 mms~!
refers to high-spin iron(Il) sites. Corresponding to the
SQUID data, the value of 0.15 cm®*K mol™! (at 200 K) of a
fresh sample at low temperature probably arises from a
small fraction of HS sites located at hydrated chain-end po-
sitions.1??3! Therefore, the average degree of polymerization
(Dp) can be estimated to be about 37 using the equation D,
= 2y Tus/x TN However, with Mdssbauer spectroscopy
data it is possible to calculate D, at very low temperatures,
at which the zero-field splitting prevails in many instances
and vitiates the determination of the magnetic susceptibili-
ties that originate from the spin transition. It turned out
that the 6% of iron(II) in the HS state determined by M&ss-
bauer spectroscopy at 80 K had converted totally (to less
than two percent, which is approximately the detection limit
of Mossbauer spectroscopy) into low spin upon further
cooling; the spectrum recorded at 4 K contains no more
resonances of Fe!l in the HS state. By taking an error limit
of maximum 2% in the high-spin signal into account, we
can estimate that the average chain length would contain
about one hundred iron(II) centres.

An estimate of D, was possible only for complex 4, be-
cause it was the only one among the five compounds under
study that showed an extended plateau in the y\ 7T versus 7'
plot of the low-spin phase. For the other complexes, it can-
not be decided whether the residual high-spin species in the
low-temperature region arise mainly from iron(I) com-
plexes at the end of the iron-triazole chains or whether
other influences are operative such as various kinds of de-
fects in the crystal lattice that are responsible for the incom-
plete spin transition.
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Figure 5. >"Fe Méssbauer spectra of the iron(II) dendritic complexes (a) 1, (b) 2, (c) 3, (d) 4 and (d) 5 at the temperatures indicated in

the figures.

Table 1. >’Fe Mossbauer spectrum parameters for all the iron(II) complexes under study.

Complexes Low-spin state High-spin state
T 0 AES 12 0 AEHS 12 Apns/Ans+is

K] [mms™] [mms™] [mms™] [mm/s] [mms™]  [mms™] [%]
[Fe(G1-BOC);](triflate),*xH,O (1) 80 0.55 0.28 0.14 1.17 3.35 0.18 70
[Fe(G1-BOC);](tosylate),*xH,O(2) 80 0.54 0.31 0.14 1.16 3.42 0.17 35
[Fe(G1-DPBE);](triflate),*xH,O (3) 80 0.49 0.21 0.15 1.19 3.30 0.21 36
[Fe(G1-DPBE);](triflate),*xH,O (3) 4 0.49 0.21 0.17 1.17 3.26 0.24 29
[Fe(G1-DPBE);](tosylate),*xH,O (4) 80 0.47 0.21 0.13 1.16 3.50 0.16 6
[Fe(G1-DPBE);](tosylate),*xH,O (4) 4 0.48 0.21 0.15 - - - 0
[Fe(G1-DPBE);](BF,),*xH,0 (5) 80 0.53 0.31 0.15 1.19 3.35 0.19 49

A sample of complex 5 showed nearly half of low-spin
and high-spin states at 80 K as can be distinguished from
Figure 5 (e). The parameters for the complex molecules in
the LS state are § = 0.53 mms™! and AEg = 0.31 mms ™/,
whereas for those in the HS state these values are 6 =

1.19 mms ! and AEg = 3.35mms . It is worth noting that
the relatively large quadrupole splitting of 3.35 mms ! for
HS-Fe!! sites, which seems to arise mainly from a noncubic
distribution of valence electrons around the iron(II) centres,
points to a relatively high symmetry (close to Oy) of the
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FeNg chromophore despite the bulkiness of the dendritic
ligands. There appears to be little perturbation of the FeNg
cores that leads to a rather small lattice contribution to the
electric field gradient, which usually opposes the valence
electron contribution.

Thermal Properties of the Dendritic Triazole Iron(II)
Complexes

The TGA and DSC curves of the iron(II) complexes 1 to
5 are presented in Figures 6 and 7, respectively. The TGA

European Journal

of Inorgariic Chemistry

curves of 1 and 2 show similar weight-loss profiles (see Fig-
ure 6, a and b). Both complex compounds started to show
weight loss at around 50 °C and had weight loss of about
Sand 6% when the temperature reached around 100 °C.
The weight can be attributed to the loss of about five and
six molecules of water from the iron(II) complexes 1 and 2.
In each complex there are two regions of sharp weight loss
above 150 °C, which can be attributed to the decomposition
of the alkyl chain of the complexes. During water release,
the DSC curves show strong endothermic peaks around
70 °C and one further peak at about 150 °C. Both signals
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Figure 6. TGA data of the iron(II) dendritic complexes (a) 1, (b) 2, (c) 3, (d) 4 and (e) 5.
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Figure 7. DSC data of the iron(II) dendritic complexes (a) 1, (b) 2, (¢) 3, (d) 4 and (e) 5.

are of rather complicated shape, which points to the occur-
rence of a combination of water release and structural re-
arrangement. The latter peak around 150 °C might be due
to decomposition of the compound. After the first heating
process, there were no endothermic or exothermic peaks de-
tected in the range between 50 and 250 °C. Only a small
change in the slope of the curve can be recognized around
150° for compound 1 and at about 170 °C for compound 2,
which probably indicates small structural changes due to
alkyl-chain-length reduction. The calculation of the en-
thalpy and entropy of the heating and cooling processes
was not possible due to the overlap of the signals in the
calorimetric data.

The results obtained from the thermal analysis are in
agreement with the interpretation of the magnetic proper-
ties. Water loss detected by TGA indicates a drastic change
of spin state in the magnetic response function yy 7" versus
T, which is irreversible due to the loss of noncoordinated
water. The complex signals around 70 °C observed by
DSC further confirm the irreversible nature due to struc-
tural rearrangement of the fresh sample into a thermody-
3938
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namically more stable configuration. Therefore, the ther-
mally induced release of noncoordinated water molecules
alters markedly the magnetic behaviour of these complex
compounds.

In the first heating branch of complex 3, there were two
sharp endothermic peaks in the DSC curve observed at 40
and 50 °C (Figure 7, c¢). These changes are in accordance
with the sharp increases in the y\T versus T curve in the
same temperature region. After the first warming, the y7T
versus T curve is irreversible because of loss of crystal
water. This complex shows about 1.3% loss of weight before
decomposition of the sample starts above 250 °C, as seen in
the TGA curve (Figure 6, c¢). The declining mass of the
iron(IT) complex assigns a loss of about 2.7 molecules of
water. During the second cycle of DSC, the calorimetric
feature showed much weaker endothermic and exothermic
peaks. The different temperature peak maxima in the sec-
ond cycle of DSC can be attributed to the observed small
hysteresis in the yy7 curves. In this case, it seems that the
change of spin state is a direct consequence of the release
of water and would probably not occur without it. There-
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fore, the increasing yy7 values are not an indication of
thermal spin transition, but moreover an irreversible change
of spin state.

In the case of 4, the effect of loss of water on the spin
state is even more pronounced relative to the other com-
plexes. The TGA data (Figure 6, d) signal the loss of water
around 60 °C, which amounts to 1.6 molecules of water per
formula unit. As an immediate consequence, this complex
shows abrupt and irreversible change of spin state from low
spin to high spin at about 60 °C. The DSC data did not
show any noticeable change, which is most likely due to the
fact that an extra dried sample was used particularly for
this DSC analysis. After the synthesis of this complex, the
sample was dried under high vacuum for a long time. The
TGA curve of 5 is shown in Figure 6 (e). The gradual
weight loss of the complex is due to evaporation of the sol-
vent from the complex. The weight loss between 200 and
250 °C is related to the decomposition of the compound.
The water content of the fresh complex is less than 1%,
which corresponds to the loss of less than one molecule
of water per formula unit. A rapid loss in weight due to
decomposition of the complex was observed in the tempera-
ture range of 250-380 °C. The DSC curve of 5 showed
moderate and broad (AT of around 50 °C) exothermic and
endothermic peaks at about —30 °C during heating and
cooling cycles. These peaks not only arise from a HS— LS
transition but also presumably from structural rearrange-
ments.3?!

From all these observations it is clear that in each series
of complexes, the abruptness of spin-state changes is more
pronounced in the freshly prepared tosylate-based iron(II)
complexes than in the triflate compounds. The only excep-
tion is 5, which showed a gradual change of spin state. This
is most likely due to the absence or little content of nonco-
ordinated water in this complex. Kahn et al. previously re-
ported this kind of gradual change of spin state as a func-
tion of temperature, which they suggested to arise from a
combination of thermal spin-state change and dehydration
process.>’l The dehydrated complex is stable under normal
conditions, and the sharp spin-state change is not reversible
after the heating process. The influence of noncoordinated
water on the spin state is much more pronounced in the G1-
DPBE derivatives in which the difference in the magnetic
behaviour between a fresh sample and a heated one is more
evident than in the others. For example, the freshly pre-
pared sample of 4 was diamagnetic at the beginning and
became paramagnetic after heating. Thus the observed
spin-state change that occurred above room temperature
was driven by the release of the noncoordinated water mole-
cules upon heating, and this procedure is not reversible. The
dehydrated forms of the iron(I) complexes do no show
abrupt spin-state changes around room temperature but
rather a gradual and reversible thermal spin crossover be-
low room temperature. This can be understood as a conse-
quence of changes of lattice parameters due to loss of water.
In this compound the loss of water is particularly small,
whereas the changes of the two-dimensional hexagonal lat-
tice parameters a are remarkably strong, which supports the
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aforementioned explanation. It is conceivable that the struc-
ture of a thermally cycled sample has a different hydrogen-
bonding network than a sample before thermal treatment.
For the complex 4, the lattice parameter « is bigger for the
LS state, which is consistent with similar compounds re-
ported in the literature.>3] Complex 5 shows a significant
loss of water below 350 K; it is therefore difficult to
correlate the lattice parameter « with the spin-state
change.

According to the results of the TGA measurements, the
content of noncoordinated water molecules per formula
unit is different in all the complex compounds under study
and amountstox=5inl,x=6in2, x=27in3, x=1.6
in4 and x = 1 in 5. As these numbers are only approximate
estimates, which most likely vary from one preparation to
another of one and the same compound, we have preferred
not to articulate the water content in the chemical formulae
of the five systems under study. The common feature in all
cases, however, is the more or les dramatic change of spin
state on losing water by warming the substance.

Fujigaya et al. published??! a report on (Gn-trz)Fe-based
(n = 0-2) dendritic triazole complexes that showed spin-
transition dependence on the generation number (72) of the
dendritic unit. They observed a similar behaviour for their
(Gl-trz)Fe complexes with a most abrupt spin transition.
We also selected the same triazole dendritic ligands for
making iron(IT) complexes with different counteranions and
tried to correlate the influence of various anions on the
spin-transition behaviour. From the behaviour of the y\T
versus 7 function, it is clear that noncoordinated water mo-
lecules play a crucial role. Attention should be drawn to the
possibility that the ligand influences strongly depend on
how the noncoordinated water interacts with the ligands
through hydrogen bonding. It is known that if water is hy-
drogen-bonded to the ligand through N-H---OH, interac-
tion close to the coordinating triazole ring of the ligand,
the complex tends to stabilize in the LS state; if the hydro-
gen bonding occurs in the mode N--H,0, the HS state is
favoured.[*”! Comparing the magnetic properties of [Fe(G1-
DPBE);](A),xH,0 (A = triflate and tosylate) and the com-
plexes [Fe(G1-BOC);](A),*xH,O (A = triflate and tosylate),
the NH groups indeed exist in both structures (G1-BOC
and G1-DPBE complexes), whereas the earlier studied G1-
PBE derivatives do not have such NH groups. The influence
of water in both derivatives {[Fe(Gl-DPBE);](A),:xH,O
(A = triflate and tosylate) and [Fe(G1-BOC);](A),*xH,O (A
= triflate and tosylate)} seems to be much more predomi-
nant than in the earlier studied G1-PBE derivatives because
of the formation of N-H---OH, hydrogen-bonding interac-
tion that involves the noncoordinated water molecules.
Furthermore, G1-BOC-based dendritic triazole has three —
NH groups in the structure, among which only one is con-
nected to the triazole ring. In this case, the -NH group
connected to the triazole ring in G1-BOC-based iron(1I)
complexes is less suited to the formation of N-H:-«OH, hy-
drogen bonding than the —-NH group in G1-DPBE. As a
result, G1-DPBE derivatives show much more abrupt spin
transition in the first warming procedure. On the contrary,
3939
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the magnetic properties of G1-PBE derivatives show almost
no difference between the fresh sample and the heated
one.

Conclusion

We have synthesized first-generation dendritic triazole-
based ligands and their iron(Il) complexes with different
counteranions. Their thermal, magnetic and spin-transition
properties were studied in detail using various characteriza-
tion techniques. All complexes showed spin-transition be-
haviour that is dependent on the coordinated water mole-
cules present in the iron(IT) complex. Spin-state conversion
was triggered by thermally induced water release and a
gradual spin transition took place after a first heat treat-
ment to 350 K. The [Fe(Gl-DPBE);s](BF,),»xH,O (5)
iron(IT) complex shows exceptional behaviour due to lack
or little content of crystal water in the initial sample. There-
fore, this particular iron(II) complex did not show any
change in the spin-state change behaviour between initial
and first heating cycle, whereas complexes 1 to 4 clearly
show noticeable changes in magnetic behaviour upon heat-
ing. The influence of noncoordinated water is more pre-
dominant in iron(Il) complexes with tosylate than with
triflate anions. Similar effects are also observed for Gl-
DPBE-based iron(II) complexes than G1-BOC-based deriv-
atives. The nature of the counteranions and the type of den-
dritic ligands play an important role for the magnetic be-
haviour as reflected by the y\ 7 versus T curve and by vari-
able-temperature Mdssbauer spectroscopy.

Experimental Section

Materials and Characterization: Commercially available chemicals
were reagent grade and used without further purification. The syn-
thesis of dendritic ligands were published by Fujigaya et al.?? and
Sonar et al.P'! '"H (300 MHz) and '3C (62.5 MHz) NMR spec-
troscopy was carried out on a Bruker spectrometer at room tem-
perature. Elemental analysis (C, H, N and S Analyzer) and mass
spectrometry (Ionspec Ultrima spectrometer) techniques were uti-
lized for the confirmation and purity of the samples. 1H-1,2,4-tri-
azole-1-propanenitrile was synthesized from 1H-1,2,4-triazole and
acrylonitrile as described in the literature.3!! Infrared spectra were
recorded by using a Brooker Tensor 27 with samples prepared as
pellets in KBr. DSC measurements were performed on Perkin-El-
mer, Norwalk, Connecticut, whereas TGA analyses were carried
out on TA Instruments, New Castle, Delaware. The elemental
analyses of all complexes were performed on a Vario EL (Elemen-
tal) for C, H, N and S determination. For structural investigations
powder X-ray diffraction were recorded at 300, 250 K and
then again at 300, 350 and 300 K, with Cu-K, radiation using a
PANalytical X'Pert PRO diffractometer equipped with the Paar
HTK 1200. The temperature-dependent magnetic susceptibilities
were measured on a MPMS SQUID device of Quantum Design.
The magnetic data were corrected for magnetization of the sample
holder and diamagnetic contributions. 3’Fe Maossbauer spec-
troscopy was carried out at 80 K using a constant-acceleration con-
ventional spectrometer with a nitrogen cryostat. The source used
was °’Co in a Rh matrix with an activity of about 10 mCi kept
at room temperature. For measurements at 4 K the samples were

3940

www.eurjic.org

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

immersed in helium gas in a helium cryostat. In this case the used
source was 3’Co in a Rh matrix with an activity of about 5 mCi
kept at 4 K. It was impossible to record Mdssbauer spectra at room
temperature within acceptable measuring time because of the soft-
ness of the material with too low Debye temperatures. The isomer
shift values are given with reference to a-iron.

Synthesis of Ligands and Complexes

Synthesis of G1-BOC (A): Triethylamine (1 mL, 6.88 mmol), 4-
amino-1,2,4-triazole (0.89 g, 10.6 mmol) and diphenyl (2,3-dihy-
dro-2-thioxo-3-benzoxazolyl) phosphonate (DBOP) (2.63 g,
6.87 mmol) were added to a solution of A’ (3.00 g, 6.88 mmol) in
150 mL of THF at room temperature. The mixture was heated at
reflux overnight and allowed to cool to room temperature. The
organic solvent was evaporated and the crude compound purified
by column chromatography using hexane/ethyl acetate mixture as
eluent (gradient from 100:0 to 90:10). The fraction was collected
and the solvents evaporated to dryness to give compound 5 as white
powder (yield: 72%, 2.50 g). '"H NMR (CDCls): § = 8.56 (s, 2 H,
Trz), 7.61 (s, 2 H, Ph), 7.33 (s, 1 H, Ph), 4.70 (s, 3 H, NH), 3.09 (t,
4 H, 2CH,), 2.73 (t, 4 H, 2CH,), 1.86 (t, 2 H, 2CH), 1.32 (s, 18 H,
6CH3) ppm. '*C NMR (CDCly): § = 168.14, 157.92, 143.65, 134.45,
131.31, 126.14, 79.72, 48.90, 40.35, 33.35, 31.96, 30.82, 28.69,
24.07 ppm. MALDI-TOF calcd. for C,sH3sNgOs: [M + HJ*
502.62; found 502. C,sH3sN¢Os (502.61): caled. C 59.74, H 7.62,
N 16.72; found C 59.14, H 7.09, N 16.28.

Synthesis of [Fe(G1-BOC);](triflate),"xH,O (1): A solution of
Fe(triflate),"6H,O (0.13 mmol, 0.062 g) and ascorbic acid [0.014 g;
to prevent iron(II) from oxidation] in methanol (1 mL) were added
dropwise to a solution of G1-BOC (0.4 mmol, 0.2012 g) in meth-
anol (2mL) at 60 °C while stirring. The reaction mixture was
stirred for one hour at 60 °C and then was cooled down to room
temperature. The solvent was removed under reduced pressure, and
the colourless colloidal substance precipitated on cooling with li-
quid nitrogen. The product was fast-washed with cold MeOH and
THF and dried in vacuo; yield 93%. C;;H;4FsFeN 50,5,
(1861.81): caled. C 49.63, H 6.12, N 13.53, S 3.44; found C 47.15,
H 5.93, N 12.10, S 4.14. IR (KBr pellets): ¥ = 2978.6 (m, CHj),
2936.0 (-CH,-), 758.8, 715.2, 640.1 (m, substituted Ar), 3365.8,
1690.2 (s, -CONH-), 1029.8 (s, CF;), 1277.9, 1251.5 (m, R-SO3"),
1524.5, 1455.1, 1394.2, 1367.4, 1168.8 (triazole) cm™!.

Synthesis of [Fe(G1-BOC);|(tosylate),:xH,O (2): A similar pro-
cedure as described above was employed to obtain the complex
2, except for the quantity of the Fe(tosylate),:6H,O salt (0.068 g,
0.13 mmol); yield 96%. CgoHj25FeN;305;S, (1906.07): caled. C
56.03, H 6.72, N 13.22, S 3.36; found C 54.66, H 6.96, N 11.31, S
3.33. IR (KBr pellets): ¥ = 2977.4 (m, CHj3) 2932.6 (-CH,) 684.0,
625.1 (m, substituted Ar) 3358.0, 1692.5 (s, -CONH-) 1275.1,
1251.5 (m, R-SO;3"), 1523.7, 1453.6, 1392.7, 1366.2, 1170.7 (tri-
azole) cm™!.

Synthesis of [Fe(G1-DPBE);](triflate),-xH,O (3): A methanol solu-
tion of Fe(triflate),6H,O (0.0310 g, 0.067 mmol) that contained a
small amount of ascorbic acid was added dropwise to a solution
of G1-DPBE (0.227 g, 0.2 mmol) in 20 mL of THF at 70 °C. The
reaction mixture was stirred at this temperature for about 30 min,
then cooled down to room temperature. The solvent was partially
removed under reduced pressure until the solution was separated
into two layers. The pink gelatine-form product was cooled with
liquid nitrogen, washed with cold methanol and was dried under
vacuum; yield 89%. C,;sHzugF¢FeN;1,05,S, (3767.13): caled. C
68.49, H 9.24, N 4.46, S 1.70; found C 69.13, H 10.27, N 4.40, S
2.39. IR (KBr pellets): ¥ = 1606.2, 1594.8 (s, Ar), 2921.3, 2853.6
(-CH,-), 813.4, 720.8, 681.3, 639.9 (m, substituted Ar), 1074.0 (s,
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C-0), 1699.0 (s, \CONH-), 1157.2 (s, CF;), 1252.8 (m, R-SO;),
1465.3, 1377.7, 1349.5, 1327.7, 1174.6 (triazole) cm™.

Synthesis of [Fe(G1-DPBE);|(tosylate),:xH,O (4): A similar pro-
cedure was employed to prepare 4 using Fe(tosylate),*6H,O
(0.0338 g, 0.067 mmol) and G1-DPBE (0.2271 g, 0.2 mmol); yield
93%. Cy7H36:FeN 50,55, (3811.39): caled. C 71.47, H 9.50, N
441, S 1.68; found C 71.31, H 9.51, N 4.30, S 1.79. IR (KBr pel-
lets): ¥ = 1599.3 (s, Ar), 2923.5, 2853.3 (~CH,-), 683.7 (m, substi-
tuted Ar), 1054.6 (m, C-O) 1696.4 (s, -CONH-), 1217.3 (m,
R-SO5), 1466.0, 1378.5, 1348.9, 1326.2, 1164.5 (triazole) cm ™.

Synthesis of [Fe(G1-DPBE);|(BF,),'xH,O (5): The same procedure
as for 4 was employed to prepare 5 using Fe(BF,),-6H-O (0.0231 g,
0.067 mmol) and G1-DPBE (0.2252 g, 0.2 mmol), and was dried
under vacuum; yield 90%. Cy,3H343B>FgFeN|,0,; (3762.72): calcd.
C 70.23, H 9.62, N 4.61; found C 70.28, H 9.50, N 4.41.
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[FeFe]-Hydrogenase Models: Overpotential Control for Electrocatalytic H,
Production by Tuning of the Ligand n-Acceptor Ability

Fengwei Huo,!®! Jun Hou,*!*" Guicai Chen,” Dongming Guo,®! and Xiaojun Peng*I’!

Keywords: Bioinorganic chemistry / Hydrogenase / Phosphanes / Carbonyldiiron compounds / Phosphane ligands

In the search for synthetic competitive catalysts that function
with hydrogenase-like capability, a series of (Pyrrol-1-yl)-
phosphane-substituted diiron complexes [(n-pdt)Fe,(CO)sL]
[pdt = propanedithiolate, L = Ph,PPyr (2), PPyr; (4); Pyr =
pyrrolyl] and [(p-pdt)Fe,(CO)4L;] [L = Phy,PPyr (3), PPyr; (5)]
were prepared as functional models for the active site of Fe-
only hydrogenase. The structures of these complexes were
fully characterized by spectroscopy and X-ray crystallogra-
phy. In the IR spectra the CO bands for complexes 2-5 are
shifted to higher energy relative to those of complexes with
“traditional” phosphane ligands, such as PPhj;, PMej;, and
PTA (1,3,5-triaza-7-phosphaadamantane), indicating that

(pyrrol-1-yl)phosphanes are poor c-donors and better m-ac-
ceptors. The electrochemical properties of complexes 2-5
were studied by cyclic voltammetry in CH3CN in the absence
and presence of the the weak acid HOAc. The reduction po-
tentials of these complexes show an anodic shift relative to
other phosphane-substituted derivatives. All of the com-
plexes can catalyze proton reduction from HOAc to H, in
CH;CN at their respective Fe'Fe® level. Complex 4 is the
most effective electrocatalyst, which catalytically generates
H, from HOAc at -1.66 V vs. Fc*/Fc with only ca. 0.2 V over-
potential in CH3CN.

Introduction

Hydrogen has attracted remarkable interest as a clean
and highly efficient energy carrier of the future.'! However,
presently expensive platinum-containing catalysts are used
to efficiently catalyze hydrogen evolution from the re-
duction of protons and electrons.”) Therefore, the search
for less expensive and more efficient catalysts to replace
platinum-based materials is an important goal for hydrogen
energy applications.[>4

[FeFe]-hydrogenase ([FeFe]-H,ase) can efficiently cata-
lyze the reversible reduction of protons to hydrogen with
high rates up to 6000 molecules of H, per second per
mmol.>7 The active site, which generates H,, consists of a
2Fe2S unit bridged to a 4Fe4S cluster by a cystein-S bridge,
as revealed by X-ray structure determinations!®° and IR
spectroscopic studies!!®!! illustrated in Figure 1A. The two
Fe atoms in the 2Fe2S unit are coordinated by CO and
CN-, as well as a bridging 1,3-dithiolato ligand.['>!3] Please
note that the L ligand has not been identified with certainty,
and it is possibly H>O, H or vacant based on different redox
states.

[a] Key Laboratory for Precision & Non-traditional Machining of
the Ministry of Education, Dalian University of Technology
Dalian 116024, P. R. China
Fax: +86-411-84706059
E-mail: junhou@dlut.edu.cn

[b] State Key Laboratory of Fine Chemicals, Dalian University of
Technology
Dalian 116012, P. R. China
E-mail: pengxj@dlut.edu.cn

View this journal online at
wileyonlinelibrary.com

3942

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

X

Y

L SoS S
N N\E /T Cys

'1:9434(3'0}'5)3

D

S<S, L
"N

OC“"'/'Fe‘:: _'f}FeQ"CN oc"“‘/'Fe_FeQ"CN
NG § NC co
L= Hzo, H or vacant L=CO, PMes, PTA, CN-
X=C,N, O
A B

Figure 1. Active site of [Fe]H,ase (A) and the synthetic Fe'Fe! elec-
trocatalysts for H, production (B).

Since the elucidation of the structures of [FeFe]-H,ase,
there have been numerous attempts aimed at the synthesis
of diiron complexes that mimic the active site of [FeFe]-
Hsase in the past few years.'*'81 Mono- and disubstituted
diiron complexes for electrocatalytic H, production were
developed (Figure 1B).['>24 However, the Fe'Fe! catalysts
synthesized so far require the harsh conditions of either
strong acids (i.e., HOTs or HCIO,)'-2 or a relatively high
overpotential (0.5-1.0 V).['%2%1 Ag is well known, [FeFe]-
H,ase can generate H, at neutral pH and at low potential
(ca. —0.8 V vs. Fc*/Fc¢). Thus, the major challenge now is to
search for synthetic competitive catalysts with a low over-
potential that function with [FeFe]-H,ase-like capability un-
der mild conditions for both proton and electron sources.

Theoretic!??7! and experimental'®2% 3% studies indicate
that the ligands at the diiron core have an important influ-
ence on the electrocatalytic capabilities of the 2Fe2S com-
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plexes. In this context, numerous c-donor-ligand-substi-
tuted diiron complexes, [(u-pdt)Fe,(CO)sL] and [(p-pdt)-
Fe,(CO)4L,] [L = PMe;, PMe,Ph, PPh;, P(OEt);, CN-,
1,3,5-triaza-7-phosphaadamantane (PTA)] have been exten-
sively investigated.[1%-20-28-301 (Pyrrol-1-yl)phosphanes have
been widely used to tune metal reactivity and selectivity in
homogeneous catalysis because of their exceptional m-ac-
ceptor character.?"1 Some (Pyrrol-1-yl)phosphane-substi-
tuted rhodium complexes, [Rh(acac)(CO)L] and [RhH-
(CO)L] (acac = acetylacetonato), were reported for hydro-
formylation with higher yields and better selectivity.3%-33!
However, to the best of our knowledge, there is as yet no
report on the use of (pyrrol-1-yl)phosphane-substituted di-
iron dithiolates as [FeFe]-H,ase model complexes. This led
us to explore 2Fe2S synthetic catalysts with small overpot-
entials by tuning ligand m-acceptor ability using (pyrrol-1-
yl)phosphane ligands. Thus, we herein report on (pyrrol-
1-yl)phosphane mono- and disubstituted diiron complexes
formed by CO/L exchange reaction to study the influence
of (pyrrol-1-yl)phosphanes on structure and electrochemi-
cal properties. The issue of overpotential in proton re-
duction by these complexes is also discussed.

Results and Discussion

Preparation and Spectroscopic Characterization of
Complexes 2-5

These new complexes were obtained in moderate yield by
refluxing toluene solutions of 1 with (pyrrol-1-yl)phos-
phane. The preparation of these phosphane-substituted di-
iron complexes is summarized in Scheme 1.

The reaction of 1 with 1 mol-equiv. of Ph,PPyr in re-
fluxing toluene for 48 h gave monosubstituted complex 2 in
good yield. Disubstituted complex 3 as a major product
together with a small amount of monosubstituted complex
2 was obtained by refluxing a solution of 1 with 2 equiv. of
Ph,PPyr for 48 h. In a similar way, complexes 4 and 5 were
prepared in refluxing toluene by treatment of 1 with 1 and
2 equiv. of PPyrs, respectively. However, the preparation of

European Journal
of Inorganic Chemistry

PPyr;-substituted complexes is relatively more difficult than
that of Ph,PPyr-substituted derivatives, presumably because
of the electronic effect. The reactivity of PPyr; is unusual
as compared to that of alkylphosphanes. For instance, PPhs
and PMe; can readily react with 1 to give mono- and disub-
stituted derivatives.*®] These observations are consistent
with a greatly reduced nucleophilicity for the phosphorus
atom in PPyrs;, presumably due to aromatic delocalization
of the nitrogen lone pair into the ring.[*!l

The products obtained in analytically pure form are solu-
ble in CH,Cl,, THF, and acetone. All complexes are air-
and thermally stable in the solid state but moderately sensi-
tive in solution, and were characterized by IR and NMR
spectroscopy as well as HR mass spectrometry, as detailed
in the Experimental Section. The HR-MS analyses are in
good agreement with the supposed molecular weight. The
resonances of the 1,3-propanedithiolato methylene hydro-
gen and carbon atoms in their characteristic regions show
a high-field shift as compared to the all-CO complex 1, be-
cause of the shield effects of the aromatic rings at the bulky
tertiary phosphane ligands. The IR spectra of complexes 2—
5 exhibit three major vco bands in the region 2056-
1962 cm™!. All compounds were identified by X-ray struc-
ture determinations.

Molecular Structures of Complexes 2—5

The crystal structures of 2-5 were determined by X-ray
crystallography and are shown in Figure 2. Selected bond
lengths and bond angles are listed in Table 1.

The 2Fe2S centers of all complexes are six-coordinate
and exhibit square-pyramidal geometries. The Fe-Fe dis-
tances [2.5222(10) A in 2, 2.5188(6) A in 3, 2.523(2) A in 4,
and 2.5237(8) A in 5] are in good agreement with those
found in tertiary phosphane-substituted diiron ana-
logues.[19:20.30.34]

In monosubstituted derivatives 2 and 4, the coordination
configurations are nearly identical with the tertiary phos-
phane monosubstituted derivatives [(pu-pdt)Fe,(CO)sL] [L =

SS, 1 S
OC\F [‘\\\\'F /L L1\ /S\\& /L1
(a) oc/® Nco +ae e Freo
SS, oC CO CcO
oc_ X, ,C0 ) BB
g e Sepg
/ A
o N\
1
S, 2 2 SS, 2
oc, 2, L L ~ ,\F PLE
OC“'/Fe Feﬁ’CO + OC“'/ e—— e(’CO
oc co oc co
4 5
L" = PhyPPyr
L2= PPyry

Scheme 1. (a) for 2, Ph,PPyr (1 equiv.), toluene, reflux, 48 h; for 3,
toluene, reflux, 48 h; for 5, PPyr; (2 equiv.), toluene, reflux, 72 h.
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Figure 2. ORTEP (ellipsoids at 30% probability level) view of 2 (a), 3 (b), 4 (c), and 5 (d).

Table 1. Selected bond lengths and angles for 2-5.

2 4 3 5
Bond lengths [A]
Fe(1)-Fe(2) 2.5222(10) 2.5188(6) Fe(1)-Fe(2) 2.523(2) 2.5237(8)
Fe(1)-S(1) 2.2609(15) 2.2486(8) Fe(1)-S(1) 2.274(3) 2.2768(12)
Fe(1)-S(2) 2.2594(15) 2.2584(8) Fe(1)-S(2) 2.270(3) 2.2778(12)
Fe(2)-S(1) 2.2636(15) 2.2617(7) Fe(2)-S(1) 2.268(3) 2.2733(12)
Fe(2)-S(2) 2.2635(15) 2.2563(8) Fe(2)-S(2) 2.263(3) 2.2509(12)
Fe-P,, 2.2247(1) 2.1661(7) Fe-P,,[ 2.215(8) 2.1725(1)
Fe—Cco.ap 1.802(6) 1.801(3) Fe-Cco pa¥ 1.767(6) 1.769(2)
Fe—Cco.pa™ 1.774(4) 1.783(1) P-N 1.746(2) 1.709(3)1
P-N 1.761(4) 1.7096(2)t®!
Bond angles [°]
Fe(1)-S(1)-Fe(2) 67.76(4) 67.90(2) Fe(1)-S(1)-Fe(2) 67.50(9) 67.37(3)
Fe(1)-S(2)-Fe(2) 67.79(5) 67.82(2) Fe(1)-S(2)-Fe(2) 67.64(9) 67.73(4)
P(1)-Fe(2)-Fe(1) 156.96(5) 155.11(2) P(1)-Fe(1)-Fe(2) 158.29(9) 160.60(4)
P(1)-Fe(2)-S(1) 110.99(5) 108.11(3) P(2)-Fe(2)-Fe(1) 154.16(10) 154.01(4)
P(1)-Fe(2)-S(2) 106.94(6) 107.22(3) P(1)-Fe(1)-S(1) 109.10(12) 110.74(4)
S(1)-Fe(2)-Fe(1) 56.07(4) 55.80(2) P(1)-Fe(1)-S(2) 110.19(11) 111.86(5)
S(2)-Fe(2)-Fe(1) 56.03(4) 56.13(2) S(1)-Fe(1)-Fe(2) 56.14(9) 56.25(3)
S(2)-Fe(1)-Fe(2) 56.06(8) 55.63(3)

[a] Average of five Fe-Cco b, bonds. [b] Average of three P-N bonds. [c] Average of two Fe-P,, bonds. [d] Average of four Fe-Cco pa
bonds. [e] Average of two P-N bonds. [f] Average of six P-N bonds.

3944 www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 3942-3951
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PMe;, PMe,Ph, PPh;, P(OEt);].*% The phosphane moieties
Ph,PPyr and PPyr; occupy apical positions around the Fe
atoms, and are roughly trans to the Fe-Fe bond. The Fe-P
distance of 2.1661(7) A in 4 is slightly shorter by 0.06 A
than that of 2.2247(14) A in 2, consistent with the poor
donor (or good acceptor) ability of the PPyr; ligand. One
phenyl ring in 2 and one pyrrolyl ring in 4 are nearly facing
the dithiaferracyclohexane ring similar to the PPhs-coordi-
nating complex.?®1 The angles of C(4)-S(1)-Fe(2)
[113.13(11)°] and C(6)-S(2)-Fe(2) [114.88(13)°] for 4 are
slightly larger than the corresponding angles of C(4)-S(1)-
Fe(1) [111.37(16)°] and C(6)-S(2)-Fe(1) [110.70(11)°]. This
indicates that the bulk ligand PPyr; around the diiron unit
in 4 causes the dithiaferracyclohexane ring to slant towards
the Fe(CO); unit. The larger differences between the C(6)—
S(2)-Fe(2) [115.1(2)°] vs. C(6)-S(2)-Fe(1) [109.8(2)°] angles
for 2 and C(4)-S(1)-Fe(2) [116.0(2)°] vs. C(4)-S(1)-Fe(2)
[110.1(2)°] angles for 4 further confirm the steric interac-
tions when PPyr; is replaced by Ph,PPyr. The angles of
P(1)-Fe(2)-Fe(1) in 2 and 4 are ca. 8.1° and 6.1° larger
than the C(3)-Fe(1)-Fe(2) angles, respectively. The average
Fe(2)-Cco.pa distance of 1.781(2) A for 4 is 0.02 A longer
than that of 2 [1.760(2) A], and the corresponding length of
C-O bonds [av. 1.139(13) A] for 4 is shorter than that of 2
[av. 1.143(6) A]. These features demonstrate that the intro-
duction of the m-acceptor phosphane ligand decreases the
electron donation of the iron centers and thereby leads to
weaker m-back-bonding from the iron atoms to the carbonyl
atoms. It is noteworthy that the average C-O bond length
of 1.136 in 4 is in significant agreement with that reported
for [(u-pdt)Fes(CO)g] (av. 1.136 A),B34 indicative of the sim-
ilar electronic effects of both the PPyr; ligand and CO.

The average Fe-P bond lengths of 2.215(8) A in 3 and
2.1725(12) A in 5 are in good agreement with that in phos-
phane-disubstituted analogues; the Fe-P bond length of 5
is ca. 0.04 A shorter than that of 3, further indicative of the
better m-acceptor character of the PPyr; ligand relative to
Ph,PPyr. In the case of 3 and 5, two aromatic rings face the
propanedithiolato bridge, consistent with the fact that the
'"H NMR signals for the methylene protons of the 1,3-pro-
panedithiolato bridge significantly shift to high field due to
the shield effects of the aromatic rings.

An interesting structural feature of disubstituted com-
plexes 3 and 5 is that the phosphane ligands are in apical/
apical (ap/ap) position and trans to the Fe-Fe bond, con-
trary to that of [(u-pdt)Fe,(CO)4(PTA),] featuring a ba/ba
coordination mode.?Y This observation is identical to that
found for PMe,Ph-*% and rBuNC-disubstituted®*! deriva-
tives. We note that PMe; and cyano-disubstituted com-
plexes [(n-pdt)Fe;(CO)4(PMes),] and  [(u-pdt)Fes(CO)4-
(CN),J* possess an ap/ba configuration.l*®37! It can be in-
ferred that the steric interactions of bulk phosphane with
the dithiaferracyclohexane ring are not the main factor in
the rearrangement and that electronic effects probably play
a key role. That is, the better electron-donating ligands
favor rearrangements into the ba/ba or ap/ba configuration,
whereas the ligands with better m-acceptor capability prefer
the ap/ap coordination mode.

Eur. J. Inorg. Chem. 2010, 3942-3951
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In PPyrs-substituted diiron complexes 4 and 5, as ex-
pected, the nitrogen geometries are planar, with a sum of
angles at N ranging from 358.6(9)° to 360.01(6)°. The bond
lengths within the pyrrole rings are also similar to those
found in the free ligand.l38!

n-Acceptor Ability of (Pyrrol-1-yl)phosphanes

In the IR spectra the vco bands in the CO region provide
a powerful tool for evaluating the structural and electronic
changes of carbonyl transition-metal complexes.**) The IR
data of the CO bands for complexes 2, 3, 4, and 5 are listed
in Table 2. The spectra of the all-CO parent complex 1 and
its PPhs;-monosubstituted derivative [(pu-pdt)Fe,(CO)sPPhs]
(6) are also included for comparison purposes. Compared
with the all-CO parent complex 1, the vco bands of 2-5
shift to lower frequencies, indicating an increase of electron
density on the iron cores when a CO ligand is replaced by a
Ph,PPyr/PPyr; ligand. The monosustituted series of diiron
complexes 2, 4, and 6 shows a steady increase of vco with
an increasing degree of replacement of the phenyl groups
by pyrrol-1-yl groups. It can be seen that the IR vo bands
of 6 shift by an average of 50 cm™! to lower frequencies,
whereas the vco bands of complexes 2 and 4 shift to lower
wavenumbers by ca. 32 cm™! and 18 cm™!, respectively. This
indicates that the pyrrol-1-yl group plays a key role in
decreasing the m-back-bonding of electrons from the metal
cores to the CO ligands. The v bands in 4 are higher than
those of complexes 2 and 6, showing that complex 4 has a
better w-acceptor ability and a poorer donor ability. In ad-
dition, the values of v for 4 and 5 are significantly higher
than those found for alkylphosphane-substituted deriva-
tives, [(u-pdt)Fe,(CO)sL] and [(u-pdt)Fe,(CO),L,] (L =
PMes, PMe,Ph, PTA).[?%30 For instance, the CO stretching
frequency of 5 is shifted to higher energy by nearly 45 cm™!
upon replacement of PMe; by PPyr;. The shifts to higher
frequencies for 4 and 5 indicate a significantly reduced de-
gree of m-back-bonding donation from the iron atoms to
the carbonyl ligands in these diiron complexes and therefore
demonstrate either a strong m-acceptor ability or a poor G-
donor character of the PPyr; ligand. As expected, the CO
stretching frequencies of 4 are very close to those of 1, in-
dicative of a similar m-acceptor ability of the PPyr; and CO
ligands. This effect has also been observed in other PPyrs-
substituted carbonylmetal complexes.[*] Thus, the m-ac-
ceptor capabilities of these phosphane ligands exhibit the
following trend: CO = PPyr; > PhPPyr > PPh;. As de-
scribed for PPyrs-substituted carbonylmetal complexes by

Table 2. Summary of IR vco bands for diiron complexes.

Veo [em™]

2072(m), 2034(s), 1997(s)
2049(s), 1991(s), 1964(w)
2008(s), 1964(m), 1947(s)
2056(s), 2003(s), 1990(w)
2028(s), 1984(m), 1970(s)
2044(s), 1981(s), 1930(m)

Complex

AN A W=
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Moloy et al., the good m-acceptor ability of PPyr; is attrib-
uted to the aromatic delocalization of the nitrogen lone pair
into the five-membered rings.[*!)

Electrochemistry of Complexes 2-5

The cyclic voltammograms of complexes 2-5 shown in
Figure 3 were recorded in CH;CN solution (with 0.1 m
nBuyNPFg as electrolyte), they were initiated from the open
circuit potential and scanned in the cathodic direction as
indicated in Figure 3. A summary of the redox potentials
for 2-5 and the parent all-CO complex 1 and its PPh; deriv-
atives, [(1-pdt)Fe,(CO)sPPh;] (6), is given in Table 3. It has
been demonstrated that complexes 2 and 3 display two
irreversible oxidation peaks, whereas 4 and 5 show one
irreversible oxidation peak. In publications, those reported
for ADT-, PDT-, and ODT-bridged (ODT = oxadithiolato)
analogs, 19213041421 were assumed to be the oxidation
events of Fe'Fe! to Fe"Fe! and Fe"Fe! to Fe'Fe!!, respec-
tively. In all cases discussed in this paper, it is noticeable
that the 1st oxidation for complexes 2-5 exhibits a current
intensity ca. twice that of the corresponding 1st reduction
event, which was confirmed as a one-electron process by
bulk electrolysis (vide infra).

.74V
oc S, _PPh,Pyr
oc* /Fe 'co
oC
2
0.68V'0.46 V 192V
PyPhP 2%, PthPyr
OC“/Fe Fe ,
oC
3 0.72V0.32V 166V
oc._ ,SS\ PPyrs
g /co
oC
" 0.65V AT
PyrsP_ ,Si _PPyrs < i
.Fe—Fe.,
oc* { CO 0,62V
oc 10 05 00 -05-1.0 1.5 2.0
5 E/Vvs Fc'IFc

Figure 3. Cyclic voltammograms of complexes 2, 3, 4, and 5 in
CH;CN solution (0.1 M nBuyNPFg) at a potential scan rate of
100 mVs.

Therefore, we assume the 1st oxidation of complexes 2—
5 is either a two-electron process of Fe'Fe! to Fe''Fe!! or a
combined result of two overlapping processes of Fe'Fe! to
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Table 3. Redox potentials for phosphane derivatives of 1.

Complex E, [V] Ep, [V] Ep, [V]
Fe'Fe!/Fe'Fe! Fe'Fe!/Fe!'Fe! FellFe!/Fel'Fell

1 -1.62 0.84 -

2 -1.74 0.46 0.68

3 -1.92 0.32 0.72

4 -1.66 0.65 -

5lal -1.70 0.62 -

6 -1.84 -0.40 -

[a] Complex 5 was somewhat soluble in CH3;CN.

Fe'Fe! and Fe'Fe! to Fe'Fe''. Further oxidation of these
complexes probably arises from the degradation of oxidized
species or the ligand redox process, which is beyond the
scope of this article.

Complexes 2, 3, 4, and 5 exhibit an electrochemically
irreversible reduction at —-1.74V, -1.92V, -1.66V, and
—1.70'V, respectively. Bulk electrolysis of complexes 2-5 at
each reduction potential shows a net consumption of ca.
0.95 electrons per molecule, demonstrating these reduction
events are one-electron reduction processes from Fe!Fe! to
FeFe!. However, for the electron counting of the 1st re-
duction process of the parent complex 1, whether it is a
one-electron process or a two-electron process, is disput-
able.[19-21:30:41-441 For most model complexes including
ADT, PDT, and ODT derivatives, the concerned reduction
event was considered to be a one-electron process.

In comparison to complex 1, the first reduction poten-
tials of complexes 2-5 are shifted to a relatively more nega-
tive value, consistent with the increase of electron density
at the diiron core upon replacement of CO by the better
donor ligands. Noticeably, the reduction potentials of 4 and
5 show a minor negative shift by only 40 mV and 80 mV,
respectively, as compared to complex 1. The minor shift
suggests that the PPyr; ligand is a somewhat weaker m-ac-
ceptor in comparison to CO and therefore, slightly affects
the redox capability of these diiron complexes. On the other
hand, the reduction shifts are smaller than those observed
for complex 6 and other reported phosphane-substituted di-
iron complexes.[!%20-30-42] Within the series of 2, 4, and 6,
we can see that the reduction potentials gradually shift to
more positive potentials with displacement of the phenyl
ring by the pyrrol-1-yl group, consistent with the change
trends of the IR v bands.

In all cases, a linear dependence of the peak currents (7,)
on the square root of the scan rate (v'/?) in CH5CN solution
indicates the electron-transfer reactions are diffusion-con-
trolled.™!

Electrocatalytic Proton Reduction to H,

The behavior of electrocatalytic proton reduction to H,
by 2-5 has been investigated by cyclic voltammetry in the
absence and presence of the weak acid HOAc. The cyclic
voltammograms recorded in CH3;CN solutions with dif-
ferent acetic acid concentrations (0-20 mMm) are shown in
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Figure 4. As can be seen, when 1 mm of HOAc was added,
an obvious increase in the current intensity of the first re-
duction peak at —1.74V, -1.92V, -1.66 V, and -1.70 V for
2-5, respectively, was observed. The height of the reduction
peak in each CV shows a further increase with the sequen-
tial increments of acid concentration. The current height
change at their respective reduction peak displays a good
linear dependence on the concentrations of HOAc. In ad-
dition, the reduction potentials slightly move to more cath-
odic values with increasing acid concentration. All of these
features are clearly indicative of a catalytic proton reduction
process.[19-21,30.41-43.461 The CVs of complexes 2-5 indicate
they are electrocatalytically active at the first reduction po-
tentials for proton reduction from HOAc. The electrocata-
lytic properties of complexes 2-5 are very similar to that
of [(u-pdt)Fe,(CO)sPTA] reported by Darensbourg and co-
workers,?% which also shows the first reduction peak is cat-
alytically active in the presence of a weak acid (HOAc).
To further confirm the evolution of hydrogen at the first
reduction peak, bulk electrolyses in CH;CN solutions for
2-5 were performed in a gas-tight H-type cell as described
in the Experimental Section. The electrolysis of complexes
2, 3, 4, and 5 was carried out at —-1.80V, -1.98V, —-1.72 'V,
and —1.76 V, respectively, in the presence of HOAc (50 mm).
When 12 C of charge had passed through the cell, a sample
of gas was collected and analyzed by gas chromatography,
showing hydrogen is the sole gaseous product.

By using the standard potential (-1.46 V vs. Fc*/F¢) re-
ported by Evans et al. for the HOAc reduction in

European Journal
of Inorganic Chemistry

CH;CN,7 the overpotentials of complexes 2-5 are 0.28,
0.46, 0.2, and 0.24 V, respectively. Darensbourg and co-
workers reported H, evolution by electrolysis catalyzed by
complex [(u-pdt)Fe,(CO)sPTA] at —1.94V vs. Fc*/Fc with
ca. 0.48 V overpotential for Hoy/H* (HOACc).[?%#8] It is note-
worthy that complex 4 can electrocatalytically generate H,
in weak acid at —1.66 V with only ca. 0.2 V overpotential.
This potential is quite similar to that of [(u-S-2-
RCONHC¢H,),Fe;(CO)4] (R = 4-FC¢Hy) reported by Sun
and co-workers.*’! Although hexacarbonyldiiron azadithi-
olate complexes, [{(n-SCH,),N(2-C4H;0)}Fe,(CO)¢] and
[{(1-SCH»),N(4-BrC¢H,)} Feo(CO)g], can catalyze the H,
production at lower potentials (ca. —1.13 to —1.48 V vs. Fc*/
Fc),P421 a strong acid (HCIO,) is needed. A summary of
the overpotentials for 2-5 and diiron dithiolates is given in
Table 4. To the best of our knowledge, in terms of reduction
overpotential, complex 4 is the most energy-efficient diiron
electrocatalyst for the H, production in the presence of a
weak acid (HOAc) based on ligand-substituted 2Fe2S bi-
omimics. Complex 4 with the best catalytic capability for
proton reduction displays a catalytic potential very close to
that of the noble metal Pt. In our previous work, we re-
ported (pyrrolidin-1-yl)phosphane monosubstituted com-
plex [(n-pdt)Fe,(CO)sP(NC4Hg)s] can also catalyze the H,
production in the presence of HOAc at —1.98 V with a rela-
tively high overpotential (ca. 0.52 V).?’1 However, its peak
current is higher than that of 4. Thus, it seems that a low
overpotential is achieved at the cost of low rates of catalysis.
Further experiments will be performed to confirm this in

a) b)
A
y20 LA 20 uA
e e
0.0 05 1.0 4.5 20 0.0 05 1.0 4.5 20
E/VvsFc'IFe E/VvsFc'lFc
c) d)
A
I 30 uA ; 304A
=
0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 20

E/Vvs FctiFc

E/Vvs Fc'IFc

Figure 4. Successive cyclic voltammograms of 1.0 mm solution of 2 (a), 3 (b), 4 (¢), 5 (d) with HOAc (0, 1, 5, 10, and 20 mm) in CH;CN

(0.1 m nBuyNPF4 as supporting electrolyte) at a potential scan rate of 100 mVs!.
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future work. This significant electrocatalytic feature of 4 as
well as of the analogues 2, 3, and 5 are interpreted as fol-
lows. On replacement of the CO ligand by the PPyr; ligand
(or PPyr,Ph and PPyrPh,), the low potential at the first
reduction is maintained due to the small donating ability of
the phosphane ligands relative to the CO ligand. The re-
duced species (Fe'Fe® level) of 4 provides a strong base for
proton uptake, whereas that of 1 at its FelFe® level is not a
strong enough nucleophile to react with the proton, because
the six strongly m-accepting CO ligands decrease the nucleo-
philicity of the diiron core. In contrast, the PPyr; ligand
(or PPyr,Ph and PPyrPh,) with a smaller m-acceptor ability
modulates the nucleophilicity of the diiron core of the re-
duced species (Fe'Fe? level) of 4 at a functional level for H,
production.

Table 4. Summary of overpotential for phosphane-substituted
2Fe2S complexes.

Complex Epc Eoverpotential [V]
Fe'Fe!/FeFe!
1 -1.62 0.16
2 -1.74 0.28
3 -1.92 0.46
4 -1.66 0.20
5 -1.70 0.24
6 -1.84 0.38
[(u-pdt)Fe,(CO)sPTA] 1.94 0.48
[(1-S-2-RCONHCH,),Fe,(CO) ! —1.66 0.20

[a] R = 4-FC6H4.

On the basis of the electrochemical observations de-
scribed above and similar cases of phosphane-substituted
2Fe2S complexes previously reported,!!9-21:3041-431 ap
ECCE (electrochemical/chemical/chemical/electrochemical)
mechanism for the electrocatalytic proton reduction process
by 2-5 could be proposed, as presented in Scheme 2. The
Fe'Fe! complex initially undergoes an electrochemical re-
duction to generate a one-electron reduced intermediate
Fe'Fe®, which is singly protonated to form a hydride species
Fe'Fe'H in the presence of HOAc. After a further proton-

Yl

S¢S, _e .

Fe(CO),L

L(OC),Fe L(OC),Fe Fe(CO),L

Fe'Fel

L
"

S

L(OC),Fé’

Fe'Fe!

II-‘e(CO)zL
H
Fe'Fe''H
L = CO, PhyPPyr or PPyrg

Scheme 2. Proposed ECCE mechanism for catalytic proton re-
duction to H, by complexes 2-5.
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ation of Fe'Fe'T™H and a second electroreduction event, hy-
drogen is evolved, and the starting material is reclaimed to
fulfill the catalytic cycle. Our results also show that the one-
electron reductive level Fe®Fe! is electrocatalytically active.

Conclusions

In the search for synthetic competitive catalysts that
function with [Fe]-H,ase-like capability, a series of m-ac-
ceptor (pyrrol-1-yl)phosphane-substituted diiron complexes
2-5 were prepared as functional models for the Fe-only hy-
drogenase. This work explored the derivative chemistry of
the precursor [(1-S,R)Fe,(CO);] by replacement of CO with
the exceptional m-acceptor (pyrrol-1-yl)phosphane ligands
and developed applications of (pyrrol-1-yl)phosphanes in
bio-organometallic chemistry and catalysis.

In the presence of the weak acid HOAc complexes 2-5
can catalyze proton reduction to H, at the first reduction
level Fe'Fe®. The most effective electrocatalyst is the PPyr;-
substituted complex 4. As compared to that of other o-
donor phosphane-substituted diiron complexes (most of
them catalyze proton reduction at the Fe’Fe® level with high
overpotentials), the introduction of (pyrrol-1-yl)phosphane
ligands maintains the reduction of 2-5 at relatively positive
potentials due to the ligand m-acceptor character and im-
proves the electrocatalytic ability. Since minor ligand m-
acidity modulation has a significant influence on the proton
reduction of these diiron models, the approach as exem-
plified by complexes 2-5 is worthy of further investigation
in future functional biomimetic designs of [FeFe]-H,ase. In
contrast to electron-rich diiron models supported by mul-
tiple donors, diiron models with an appropriate m-acidity
ligand have two main advantages: (a) enhanced stability
towards O, and, therefore, easy operation; (b) in terms of
thermodynamics, small overpotentials for electrocatalytic
H, production.

Electrocatalytic proton reduction to H, at moderate
overpotentials in the presence of the weak acid HOAc was
achieved through replacement of CO by moderate m-ac-
ceptor (pyrrol-1-yl)phosphanes. Ligand PPyr; may be uti-
lized as a surrogate for CO in the diiron systems. The pyr-
rol-1-yl groups are amenable to further modification so that
it should be possible to prepare water-soluble electrocata-
lysts. Further investigations are underway to improve the
proton affinity of the diiron complexes by a built-in proton
relay site and to develop more advanced and effective elec-
trocatalysts for proton reduction.

Experimental Section

Materials and Techniques: Unless noted otherwise, all reactions and
operations were carried out under nitrogen by using standard
Schlenk techniques. All solvents were dried and distilled prior to
use according to standard methods. Pyrrole and Et;N were distilled
from Na and stored under nitrogen. The following materials were
commercial chemicals and used without further purification: 1,3-
propanedithiol, PCl;, Ph,PCl, and [Fe(CO)s]. The starting materi-
als P(pyrrol-1-yl); (PPyrs3), Ph,P(pyrrol-1-yl) (Ph,PPyr), and [(p-
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pdt)Fe,(CO)¢] were synthesized according to literature pro-
cedures.?1-3% [(u-pdt)Fe,(CO)sPPh;] (6) was prepared according to
the literaturel®” as an IR and electrochemistry reference complex.
Infrared spectra were recorded with a Nicolet FT-IR spectropho-
tometer as solutions with CaF, plates. 'H, '3C and 3'P NMR were
collected with a Varian INOVA 400 M NMR spectrometer. The 'H
and '3C spectra were normally referenced to TMS, and the 3'P
spectra were referenced to 85% H;PO4. HR-MS data acquisition
was carried out with a GCT-MS instrument (Micromass, England).
Elemental analysis was performed with a PE 2400 II Elemental
Analyzer (Perkin—Elmer).

Synthesis of [(u-pdt)Fe,(CO)sL] (2) (L = Ph,PPyr): PPh,(pyrrol-1-
yl) (0.83 g, 3.3 mmol) in toluene (30 mL) was added to a red solu-
tion of [(p-pdt)Fe,(CO)g), 1 (1.27 g, 3.3 mmol) in toluene (50 mL)
through a syringe. The reaction mixture was refluxed until TLC
indicated there was no remaining carbonyl complex of the starting
material. The solvent was removed under vacuum, and the result-
ant dark red residue was purified by column chromatography on
silica gel eluting with CH,Cly/hexane (1:5, v/v). A red solid was
obtained by recrystallization from n-pentane/CH,Cl, at -30 °C.
Yield: 1.20 g (68%). Crystals suitable for X-ray studies were grown
from a mixed CH,Cly/hexane solution. C,4H,oFe;NOsPS, (608.92):
caled. C 47.32, H 3.31, N 2.30; found C 47.51, H 3.20, N 2.48. IR
(in CH,Cly): Vo = 2049, 1991, 1964 cm™!. '"H NMR (CDCls): 6 =
1.53 (m, 4 H), 1.84 (m, 2 H), 6.44 (s, 2 H), 7.19 (s, 2 H), 7.52 (m,
10 H) ppm. *C NMR (CDCls): § = 212.6, 209.2, 137.4, 137.0,
131.6, 131.5, 131.1, 128.9, 128.8, 126.5, 112.6, 29.9, 22.1 ppm. 3'P
NMR (CDCl;): 6 = 116.25 ppm. HR-MS (EI): calcd. for [M]*
608.9247; found 608.9219.

Synthesis of [(u-pdt)Fe,(CO)4L;] (3) (L = Ph,PPyr): PPh,(pyrrol-
1-yl) (1.40 g, 5.6 mmol) in toluene (50 mL) was added to a red solu-
tion of [(pu-pdt)Fe,(CO)¢), 1 (1.07 g, 2.8 mmol) in toluene (50 mL)
through a syringe. The reaction mixture was refluxed until TLC
indicated there was no remaining carbonyl complex of the starting
material. The solvent was removed under vacuum, and the result-
ant dark red residue was purified by column chromatography on
silica gel eluting with CH,Cly/hexane (1:2, v/v). A red solid was
obtained by recrystallization from n-pentane/CH,Cl, at -30 °C.
Yield: 1.4 g (61%). Crystals suitable for X-ray studies were grown
from a mixed CH,Cly/hexane solution. C;3oHz4Fe;,N>O4P,S,
(832.01): caled. C 56.27, H 4.12, N 3.37; found C 56.16, H 4.28,
N 3.56. IR (in CH,Cl,): V¢o = 2008, 1964, 1947 cm™!. 'TH NMR
(400 MHz, CDCl;): 6 = 0.81 (br., 6 H), 6.35 (s, 4 H), 7.19 (s, 4 H),
7.42 (m, 20 H) ppm. '3C NMR (400 MHz, CDCly): 6 = 213.8,
138.0, 137.6, 131.5, 130.7, 128.7, 126.6, 112.2, 29.8, 19.6 ppm. 3'P
NMR (400 MHz, CDCls): 0 = 113.17 ppm. HR-MS (EI): calcd. for
[M]* 832.0134; found 832.0156.

Synthesis of [(u-pdt)Fe,(CO)sL] (4) (L = PPyr;): Complex 4 was
prepared acording to a procedure similar to that described above
for 2. A mixture of 1 (1.0 g, 2.58 mmol) with P(pyrrol-1-yl);
(0.591 g, 2.58 mmol) in toluene (80 mL) was refluxed for 72 h. Af-
ter solvent evaporation, the resultant dark red residue was purified
by column chromatography on silica gel. The monosubstituted
complex 4 was obtained after eluting with CH,Cl,/hexane (1:10,
v/v). Following further recrystallization from n-pentane/CH,Cl, at
—-30 °C, a dark red solid was obtained. Yield: 0.95 g (63 %). Crystals
suitable for X-ray studies were grown from a mixed CH,Cl,/hexane
solution. C,oH gFe;N;05PS, (586.91): caled. C 40.91, H 3.09, N
7.16; found C 41.02, H 3.15, N 7.05. IR (in CH,Cl,): Vo = 2056,
2003, 1990 cm™'. 'H NMR (400 MHz, CDCl5): 6 = 1.64 (m, 4 H),
1.92 (m, 2 H), 6.40 (s, 6 H), 6.90 (s, 6 H) ppm. '*C NMR
(400 MHz, CDCly): 6 = 210.5, 210.4, 208.4, 123.7, 123.6 113.7,
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113.6, 29.5, 22.6 ppm. 3'P NMR (400 MHz, CDCly): 6 =
140.58 ppm. HR-MS (EI): caled. for [M]* 586.9124; found
586.9153.

Synthesis of [(u-pdt)Fe,(CO)4L,] (5) (L = PPyr;): Complex 5 was
prepared according to a procedure similar to that described above
for 3. A mixture of 1 (2.4 g, 6.20 mmol) with P(pyrrol-1-yl); (3.0 g,
13.1 mmol) in toluene (120 mL) was refluxed for 72 h. TLC showed
the main product was the disubstituted complex 5 with a small
amount of a mixture with the starting material 1 and the monosub-
stituted complex 4. Following solvent evaporation, the resultant
dark red residue was purified by column chromatography on silica
gel. The starting material 1 was eluted with hexane, and the mono-
substituted complex 4 was obtained after eluting with CH,Cl,/hex-
ane (1:10, v/v). The disubstituted complex 5 was obtained with
CH,Cls/hexane (1:4, v/v) as elute. Following further recrystalli-
zation from n-pentane/CH,Cl, at —30 °C, an orange solid was ob-
tained. Yield: 2.5 g (51%). Crystals suitable for X-ray studies were
grown from a mixed CH,Cl,/hexane solution. Cs3;H3oFe;,NgO4P5S,
(787.99): caled. C 47.23, H 3.84, N 10.66; found C 47.41, H 3.71,
N 10.82. IR (in CH,CL): Vo = 2028, 1984, 1970 cm™'. '"H NMR
(400 MHz, CDCl3): 6 = 0.90 (s, 2 H), 1.31 (s, 4 H), 6.40 (s, 12 H),
6.94 (s, 12 H) ppm. '3C NMR (400 MHz, CDCl5): 6 = 211.0, 123.7,
113.6, 29.0, 21.2ppm. 3'P NMR (400 MHz, CDCly): 6 =
138.60 ppm. HR-MS (EI): calcd. for [M]* 787.9944; found
787.9967.

X-ray Structure Determinations: The single-crystal X-ray data were
collected with a Siemens SMART CCD diffractometer. The data
were collected at 293 K by using graphite-monochromated Mo-K,,
radiation (4 = 0.71073 A) with the w-260 scan mode. Data pro-
cessing was accomplished with the SAINT processing program.>!]
Intensity data were corrected for absorption with empirical meth-
ods. The structure was solved by direct methods and refined on F,?
against full-matrix least squares using the SHELXTL-97 program
package.’? All of the non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were located by geometrical calculation, but
their positions and thermal parameters were fixed during the struc-
ture refinement. A summary of the crystallographic data and struc-
tural determinations is provided in Table 5. CCDC-617988 (for 2),
-617989 (3), -617990 (4), and -617991 (5) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif

Electrochemistry: Acetonitrile used for electrochemical measure-
ments was distilled from P,O5 and freshly distilled from CaH, un-
der N,. Measurements were made with a BAS 100 B/W electro-
chemical workstation controlled by a PC running BAS 100W 2.0
software.l’”’l (<=AUTHOR: Please add reference for software!))
The working electrode was glassy carbon (Bioanalytical Systems)
of diameter 3 mm, successively polished with 3 pm and 1 um alu-
mina and sonicated in ion-free water for 15 min prior to use. The
counter electrode was a platinum wire. The experimental reference
electrode was a non-aqueous Ag/Ag* electrode (0.01 M AgNO;/
0.1 M nBuyNPF¢ in CH5CN). The supporting electrolyte was 0.1 M
nBuyNPF¢ (Fluka, electrochemical grade). Ferrocene was used as
an internal reference. All potentials are reported relative to Fc*/Fc.
During the electrocatalytic experiments under argon, increments of
acid were added by microsyringe. Bulk electrolysis experiments
were performed under argon with a BAS 100 B/W electrochemical
analyzer, and carried out on a glassy carbon rod (4 = 3.14 cm?) in
a gas-tight H-type electrolysis cell containing ca. 18 mL of CH3CN
solution. Gas chromatography was performed with a GC 920 in-
strument equipped with a thermal conductivity detector (TCD) un-
der isothermal conditions with argon as a carrier gas.
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Table 5. X-ray crystallographic data for 2-5.

2 3 4 5
Empirical formula C24H20F62N05PSZ C39H34F€2N204P282 C20H13F€2N305PSZ C31H30F32N()O4P282
M, [gmol '] 609.20 832.44 587.16 788.37
J[A] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic triclinic tetragonal
Space group P2,/c P2(1) Pl P4A(3)
a[A] 9.2405(17) 9.373(3) 9.2604(19) 19.042(3)
b[A] 17.439(3) 16.816(5) 9.646(2) 19.042(3)
¢ [A] 16.549(3) 12.407(4) 14.459(3) 9.6956(19)
a[°] 90 90 91.520(3) 90
L1° 102.025(3) 98.333(5) 100.732(3) 90
y[° 90 90 106.683(3) 90
VA3 2608.3(8) 1934.9(10) 1211.2(4) 3515.8(10)
Z 4 2 2 4
T [K] 293 293 293 293
Pealed. [gem 3] 1.551 1.429 1.610 1.489
1 [mm] 1.369 0.982 1.472 1.079
F [000] 1240 856 596 1616
Total reflections 6099 6542 5394 7226
Reflections observed 3296 3938 4545 5019
Parameters 316 460 298 424
Goodness-of-fit on F? 0.947 1.011 1.092 1.017
R [I > 20 ()] 0.0653 0.0800 0.0398 0.0426
wR2PI [T > 26 ()] 0.1240 0.1444 0.1127 0.0619
Max. peak/hole [e A3 0.860/-0.574 0.782/-0.326 0.569/-0.739 0.322/-0.251

[a] Ry = (ZIFo| — IFIDIEIF,]). [b] wR2 = [Zw(Fo® — F2)Zw(F?)]".
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Synthesis, Electrochemical Behavior, and Self-Assembly of
Metallocene-Functionalized Thiofluorenes

Katrin Doring,/?! Nirmalya Ballav,P!¥] Michael Zharnikov,*!’! and Heinrich Lang*!?!
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With a view to preparing organometallics for the fabrication
of self-assembled monolayers (SAMs) and their possible
electrochemical applications, we report the synthesis and
characterization of ferrocene- and ruthenocene-function-
alized thiofluorenes 4b and 6b, respectively. These sandwich
compounds were accessible through a consecutive synthesis
methodology. 9,9-Dimethyl-2,7-diiodofluorene (1) with tBulLi,
Sg, and Me(CO)Cl gave 9,9-dimethyl-2-iodo-7-thioacetyl-
fluorene (2), which, with Mc-C=CH [3: Mc = (n°-CsH,)(n°-
CsHs)Fe (Fc); 5: Mc = (n°-CsHy)(n3-CsHs)Ru (Re)] following
the Sonogashira C-C cross-coupling protocol, produced the
corresponding metal alkynyl-fluorenes Mc-C=C-9,9-
FluMe,-SC(O)CHj; (4a: Mc = Fc; 6a: Mc = Rc; Flu = fluor-
enyl). Addition of NH,OH/HCIl gave thiols Mc-C=C-9,9-

FluMe,-SH (4b: Mc = Fc; 6b: Mc = Rc). Compounds 4b, 6b,
and the related precursors were characterized electrochemi-
cally by cyclic voltammetry (CV). For comparison, the CV
data of several biphenyl analogues of 4b and 6b are also re-
ported and thus the oxidation processes of the Fc, Rc, and
sulfur units have been studied. The ability of 4b and 6b to
form SAMS was demonstrated by the fabrication of such
films on Au(111) substrates. These films were subsequently
characterized by X-ray photoelectron spectroscopy and near-
edge X-ray absorption fine structure spectroscopy. The spec-
troscopic data for the 4b/Au and 6b/Au films suggest the for-
mation of contaminant-free SAMs with relatively high pack-
ing density (2.0 X 10'* and 2.2 X 10'* molecules/cm?, respec-
tively).

Introduction

During the last two decades, the self-assembly of thiols
on various metal and semiconductor substrates has received
considerable attention. With an appropriate molecular
architecture this process results in the formation of self-as-
sembled monolayers (SAMs).l'"® This architecture consists
of a combination of three essential building blocks, namely
a head group (in the given case —SH), which covalently
binds to the substrate, a spacer (e.g., an alkyl or oligophenyl
chain), which provides intermolecular interactions and
drives the self-assembly, and a tail group (e.g., -OH or
—CO,H), which, after the formation of a SAM, defines the
surface properties of the entire system. A broad flexibility
in the design of the target molecules for SAM-like systems,
and thiol-based SAMs in particular, leads to numerous
practical applications in the areas of nanotechnology, bio-
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engineering, electronics, etc.) Among other possible archi-
tectures, thiols with redox-active tail groups (e.g., ferro-
cenyl,”-13! ruthenocenyl,['¥ or other!!>-!"] moieties) can be
used as potential candidates for SAM formation on suitable
substrates (e.g., coinage metals or GaAs).I'83¢1 The corre-
sponding molecular films can then be used in different elec-
trochemical applications with the substrate itself acting as
a positive or negative electrode depending on the need. In
particular, these films can serve as active electrochemical
templates for which factors governing the rate of electron
transfer across interfacial barriers can be precisely moni-
tored and controlled. Furthermore, thiolate SAMs of ferro-
cenyl/isoquinoline-functionalized DNA probes on a Au
electrode have recently been used for electrochemical geno-
typing.13¢!

In view of the above notion, we recently reported the
synthesis and characterization of metallocene-terminated
biphenyl ethynyl thiols Mc-C=C-C4H4;~CsH,4—SH [8b: Mc
= (n°-CsHy)(n*-CsHs)Fe; 9b: Mc = (n°-CsHy)(n°-CsHs)Ru]
and their use as molecular constituents for the preparation
of homogeneous, conformal, and mixed SAMs on Au sub-
strates.?831:371 In these molecules, the electrochemically
active Mc moieties are connected to the thiol head-group
through a biphenyl-alkynyl unit, which is considered to be
a relatively good molecular conductor, a prerequisite for the
fast transfer of electrochemical signals to the substrate.[*”)
As an alternative to the biphenyl-alkynyl unit, a dialkyl-
fluorenyl moiety can be considered, which differs from bi-

Eur. J. Inorg. Chem. 2010, 3952-3960
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phenyl by a C[(CH,),CHs], connectivity in the biphenyl
backbone.[?7-3%] This connectivity fixes the phenylene units
relative to each other in a planar conformation, in contrast
to biphenyl in which possible rotation around the inner bi-
phenyl carbon—carbon bond can hinder the overlap be-
tween the phenylene 7 systems, which reduces the efficiency
of the transport properties of the biphenyl moiety. The di-
hedral angle of biphenyl in the gas phase is ca. 39°,3%
whereas the dihedral rotation is believed to be lifted in the
3D solid phase.[***1] Fluorene is frequently used as a build-
ing block for molecular wires.*>*3 According to break
junction measurements, its conductivity is comparable, al-
though slightly inferior, to that of biphenyl.*+#3] In ad-
dition, the change in the molecular backbone could also
affect the packing and orientation of the molecules in the
corresponding SAMs upon assembly of the target mole-
cules on a suitable substrate. Note that fluorene is a suitable
building block for the SAM constituents; in particular, it
has previously been shown that fluorene-based thiols form
SAMs on gold.[3%-46-48]

In this paper we present straightforward methodologies
for the synthesis of different metallocene-functionalized
thiofluorenes [Mc-C=C-9,9-FluMe,—SR: Mc = ferrocenyl
(Fc), ruthenocenyl (Rc); R = H, C(O)CH;; Fc = (n°-
CsHy)(n>-CsHs)Fe; Re = (n°-CsHy)(n>-CsHs)Ru; Flu =
fluorenyl] and also describe their electrochemical behavior
in the molecular state. Furthermore, the use of Mc-C=C-
9,9-FluMe,—SR compounds as molecular constituents for
the formation of SAMs on Au(111) substrates is demon-
strated and discussed. The films obtained were charac-
terized by several complementary spectroscopic techniques,
namely by X-ray photoelectron spectroscopy (XPS) and
near-edge X-ray absorption fine structure (NEXAFS) spec-
troscopy. The results for the Mc-C=C-9,9-FluMe,-SR
compounds are compared with the analogous data of non-
interlinked biphenyl metallocene alkynes.?®! Note that the
CMe, unit was chosen as a unit of connectivity,[*”-38 on the
one hand, for synthetic reasons*’! and, on the other hand,
for the small size of the methyl group relative to longer
alkanes, which is important for efficient molecular packing.

Eur|IC
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Results and Discussion

Synthesis

The metallocene-based thioacetyls and thiols Mc-C=C—
9,9-FluMe>—SR [Mc = Fc: 4a: R = C(O)Me; 4b: R = H;
Mc = Rc: 6a: R = C(O)Me; 6b: R = H; Fc = (n°-CsH,)(n°-
CsHs)Fe; Re = (n°-CsHy)(n’-CsHs)Ru; Flu = fluorenyl]
were prepared as outlined in reaction (1) and Scheme 1,
respectively.

Todo-functionalized 9,9-dimethylfluorene-thioacetyl 2
[reaction (1)] was accessible by the consecutive treatment of
9,9-dimethyl-2,7-diiodofluorene (1)P% with ¢BuLi, !/gSs,
and MeC(O)Cl in tetrahydrofuran at —80 °C. After appro-
priate work-up, compound 2 was isolated as a colorless oil
in 54% yield (see Exp. Sect.).

1. tBuLi
e GO
3. MeC(O)CI

2
O

Organometallics 4 and 6 were prepared by the synthetic
methodology outlined in Scheme . Compounds Mc—
C=C-9,9-FluMe,-SAc [4a: Mc = Fc; 6a: Mc = Rc; Ac =
C(O)Me] were accessible by treating 9,9-dimethyl-2-iodo-7-
thioacetylfluorene (2) with Mc-C=CH (3: Mc = Fc; 5: Mc
= Rc) in a I:1 molar ratio following the Sonogashira
carbon—carbon cross-coupling protocol.’!321 Addition of
NH,4OH followed by HCI to 4a and 6a afforded by con-
comitant precipitation of NH4Cl the appropriate thiol end-
grafted compounds Mc-C=C-9,9-FluMe,~SH 4b (Mc =
Fc) and 6b (Mc = Rc; Scheme 1), respectively, which, after
appropriate work-up, were isolated as orange (4a, 4b) or
yellow solid materials (6a, 6b) in 45-99% yields (see Exp.
Sect.).

Compounds 4a and 6a are stable towards air and moist-
ure, whereas the corresponding thiols 4b and 6b must be
kept under inert gas to avoid decomposition. All com-

[(PhsP),PdCl,]

McC=CH + | . sac  LCul McCsc . SAc
NEt;

3, Mc =Fc 2 4a, Mc = Fc

5, Mc = Rc 6a, Mc = Rc

[NH4JOH

e
HCl M

4b, Mc = Fc
6b, Mc = Rc

Mc = @_

<>

M =Fe, Ru

Scheme 1. Synthesis of 4 and 6 from 2 and Mc-C=CH [Mc = Fc (3), Rc (5); Fc = (n°-CsH,)(n’-CsHs)Fe; Rc = (n°-CsHy)(m>-CsHs)Ru;

Ac = C(O)Me].
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pounds dissolve in common polar solvents including
dichloromethane and tetrahydrofuran.

Compounds 2, 4, and 6 were characterized by elemental
analysis, spectroscopy [IR, 'H, C('H) NMR], and mass
spectrometry (ESI-TOF).

Structural information concerning the thioester and thiol
moieties in 2, 4, and 6 was obtained by IR spectroscopy
(see Exp. Sect.). Compounds 2, 4a, and 6a show a charac-
teristic veo vibration at around 1700 cm™! independent of
the substituents at the 2-position of the fluorenyl moiety.
Furthermore, a typical C=C stretching frequency at
2206 cm™' (4a, 6a) was observed for Mc-C=C-9,9-
FluMe,-SAc. Acetyl exchange in 4a and 6a for a hydrogen
atom to give 4b and 6b, respectively, is indicated by very
prominent resonance signals and vibrations of the SAc and
SH groups, which allowed the progress of the reaction to
be monitored by NMR {i.e., '"H NMR: 4a, 6a: 6 = 2.45 ppm
[SC(O)Me]; 4b, 6b: 6 = 3.56 ppm (SH)} and IR spec-
troscopy (vco: 4a, 6a: v = 1700 cm™'; vgy: 4b, 6b: ¥ =
2561 cm™!; veoc: 4a, 6a: V = 2206 cm™'; 4b: V = 2198 cm™!;
6b: v =2202cm ).

Electrochemical Behavior

Compounds 1, 2, 4a, 4b, 6a, 6b, and 9,9-dimethylfluorene
(7; synthesized according to ref.!>3l) were studied by cyclic
voltammetry to determine the redox behavior of the ferro-
cenyl and ruthenocenyl sandwich units as well as the thiol
and thioacetyl groups.

The starting material I-FluMe,-I (1) exhibits three oxi-
dation potentials at E, . = 1.39, 1.89, and 2.07 V (Fig-
ure 1). Oxidation of the iodo substituent has been reported
for the structurally related 4,4'-diiodobiphenyl with two
current peaks at E, ., = 1.65 and 1.76 V, respectively.>*>3!
For comparison, 9,9-dimethylfluorene (7) was studied by
cyclic voltammetry under similar conditions. Two irrevers-
ible oxidation events located at E, ,x = 1.33 and 1.91 V were
observed (Figure 1). These are in the same range as the po-
tential peaks for 1. This is in agreement with the data found
in the literature for similar compounds, that is, fluorene and
9,9-diethylfluorene, for which the main irreversible oxi-
dation peak was observed at E,.x = 1.32'V with a peak
located at E, . = 1.6V (vs. a silver/silver chloride elec-
trode).[’%1 As can be seen from the literature, a dimer is pro-
duced during the oxidation of the fluorene.>® Similar redox
processes were found for 9,9-dimethyl-2-phenylfluorene,
which has been explained by the doping/dedoping process
of a polymer coating the electrode.>”!

For molecule 2 irreversible oxidation events were found
at £, ox = 1.20, 1.41 (shoulder), 1.64, and 1.98 V (Figure 2).
In comparison with the similar biphenyl compound I-
CeH,~CgH4—SAc,P4 the first potential can be assigned to
the oxidation of the thioacetyl unit,’>! the following events
most likely being associated with the fluorenic entity.36-37]

For ferrocenes 4a and 4b events at £° = 0.09 V (AE =
0.10 V) (4a) and 0.07 V (AE = 0.12 V) (4b; Figure 3) for the
Fc/Fc* redox couple are typical. Compared with Fc—
3954
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Figure 1. Cyclovoltammograms of 1 (left) and 7 (right) in dichloro-
methane at 25 °C {[nBuyN]PF¢ supporting electrolyte (0.1 m), scan
rate 100 mVs™!; dashed line: blank supporting electrolyte solution
only}.

Figure 2. Cyclovoltammogram of 2 in dichloromethane at 25 °C
{[nBugN]PF4 supporting electrolyte (0.1 M), scan rate 100 mVs';
dashed line: blank supporting electrolyte solution only}.

C=CH (3) [E° = 0.11 V (AE = 0.08 V)],°®] the ferrocenyl
unit in 4 is easier to oxidize. Irreversible oxidation processes
were observed at E, ., = 1.18, 1.58, and 1.90 V for 4a and
E,ox =099, 1.35, and 1.88 V for 4b (Figure 3). The ferro-
cenyl moiety becomes irreversible only when the potential
is chosen to be more positive than E, .. = 1.18 (4a) or
0.99 V (4b).

0.13,

30of zo-f 124
20|

~_ 250 0
02700 02 04

< 150
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Figure 3. Cyclovoltammogram of 4b (black line) and 8b (grey line)
in dichloromethane at 25 °C {[nBuyN]PF4 supporting electrolyte
(0.1 m), scan rate 100 mV's™!; dashed line: blank supporting electro-
lyte solution only; inset: cyclovoltammogram of the ferrocenyl
acquired at the same conditions between —0.2 and 0.4 V}.

For the isostructural ruthenocene compounds, an
irreversible oxidation event was found for the ruthenocene/
ruthenocenium redox couple at £, ,x = 0.58 (6a) and 0.53 V
(6b; Figure 4). This is also typical of ruthenocenes, for ex-
ample, Re-C=C-C¢H,~C¢H,~SR [R = H, C(O)Me]?! or
[Ru(n’-CsHs),],P1  whereas compounds like [Ru(n?’-
CsH,PPh,),]¢%-01al and [Ru(n>-CsMes)(C;3MegH)]1®?! show
a reversible oxidation character. The supporting electrolyte
and cyclopentadienyl substituents of the ruthenocene com-
pounds may affect the redox behavior.[60-63]

Eur. J. Inorg. Chem. 2010, 3952-3960
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Figure 4. Cyclovoltammogram of 6b (black line) and 9b (grey line)
in dichloromethane at 25 °C {[nBuyN]PF¢ supporting electrolyte
(0.1 M), scan rate 100 mVs™!; dashed line: blank supporting electro-
lyte solution only}.

Furthermore, irreversible oxidations were observed at
E,ox =124, 1.71, and 1.95V for 6a and at E, ., = 1.15,
1.55, and 1.84 V for 6b (Figure 4). Comparison of these val-
ues with the potentials of 4a and 4b indicate that 4 is easier
to oxidize than 6, as can also be seen by comparing Fc—
C=CH [E° = 0.11V (AE = 0.08 V)|P® with Rc-C=CH
(Eoxp = 0.61V).B1

Comparative Assessment of the Electrochemical Behavior

Mc-C=C-CzH ~CzH ~SR versus Mc-C=C-9,9-FluMe,—
SR

A comparison of the redox behavior of the fluorenyl
compounds 4 and 6 with the related biphenyl molecules
Mc-C=C-CcHy—CgH4—SR [8: Mc = Fc; 9: Mc = Rc; R =
H, C(O)Me] studied earlier!-37! was made. The ferrocene/
ferrocenium couples of 4a and 4b are comparable to the
related compounds 8a [E° = 0.18 V (AE = 0.14 V); Mc =
Fc; R = C(O)Me] and 8b [E° = 0.04 V (AE = 0.09 V); Mc
= Fc; R = H; Figure 3].57 It can be seen that the —SH-
terminated molecules 4b and 8b are easier to oxidize than
the analogous S—-C(O)Me-protected compounds 4a and 8a,
which corresponds to the increased electron density in the
ferrocenyl unit.

The sulfur oxidations in the biphenyl molecules take
place at E, . = 1.42 (8a) and 1.24 V (8b; Figure 3).07 In
the case of the fluorenyl compounds, three irreversible oxi-
dations were found corresponding to sulfur and fluorene
(see above). Even though the sulfur oxidation cannot be
clearly identified, the consequence of the inductive effects of
the sulfur atoms [-SH, —S—C(O)Me] can be acknowledged.

The isostructural ruthenocenes 6 and 9 show, however,
irreversible oxidation of the ruthenocene/ruthenocenium re-
dox couple at E, ., = 0.58 (6a), 0.53 (6b), 0.58 [9a: Mc =
Rc, R = C(O)Me], and 0.50 V (9b: Mc = Rc, R = H; Fig-
ure 4).1311 The influence of the different sulfur end-groups
in the related ferrocene compounds can also be seen for the
ruthenocene molecules.

Furthermore, the cleavage of the sulfur-carbon bond
of -S-C(O)Me in 9a was observed at E,,. = 1.30V,
whereas with —SH in 9b this event occurred at E, ., =
0.96 V (Figure 4).3! This tendency is also noticeable in the
corresponding fluorenyl compounds 6a and 6b as well as in
the ferrocenyl compounds.

Eur. J. Inorg. Chem. 2010, 3952-3960
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It could be shown that the ferrocenyl and ruthenocenyl
oxidation events in the fluorenyl and biphenyl compounds
are comparable. Even though the oxidation processes for
the sulfur —-S-C(O)Me and —-SH units cannot be clearly
identified in Mc-C=C-9,9-FluMe,-SR, the inductive ef-
fects can be verified.

Self-Assembly

XPS

The formation of SAMs upon the adsorption of mole-
cules of 4b and 6b onto Au substrates was confirmed by
XPS spectroscopic analyses. XPS spectra for the combined
Cls/Ru3d, S 2p, and Fe 2p;, binding energy ranges are
presented in Figure 5 (a—) for SAMs of 4b and 6b on Au
along with the corresponding spectral fits. Both the C Is
and Cls/Ru3d spectra for 4b/Au and 6b/Au exhibit the main
C Is emission signal at ca. 284.4 eV, which is related to the
biphenyl backbone and the cyclopentadienyl (uC,) rings of
Fc and Rc.?831:321 The C 1s peaks of the films of 4b and
6b are somewhat broader than that for the biphenyl thiol
SAM.8 Such an effect has also been observed recently for
the SAMs of Fc-C=C-C¢H,~C¢H,~SH [8b: Fc = (n°’-
CsHy)(n>-CsHs)Fe] and Re-C=C-C4H,~C¢H,4—SH [9b: Re
= (1°-CsH4)(n°-CsHs)Ru].?831 The broadening of the C 1s
photoemission does not necessarily imply a lower homo-
geneity of the 4b and 6b films compared with the biphenyl
dithiol film but rather reflects the fact that the C 1s peak
for this type of SAM contains additional contributions
from the pC, rings, the C-S bond, and the shake-up-like
excitation in the aromatic moiety.’®! Further contributions
from the C=C and CMe, groups cannot be neglected. Fig-
ure 5 (a) shows no spectral features related to CO, C=0, or
CO,H moieties and even correlates with the observed O 1s
XPS spectra (not shown) recorded for both 4b/Au and 6b/
Au. The Ru 3ds, 3/, doublets at ca. 280.4 (Ru 3ds),) and ca.
284.6 eV (Ru 3ds),) are observed in the 6b/Au spectrum,
which can be assigned to the central Ru atom of the ruthen-
ocenyl moiety.[°® The Ru 3ds, component coincides with
the C 1s main emission and could only be resolved on the
basis of the well-distinguished Ru 3ds, component, the
known Ru3ds,/Ru3ds, spin-orbit coupling, and the
branching ratio. As for 4b/Au, additional information is
provided by the observation of the Fe 2ps;, XPS signal
shown in Figure 5 (c), which is characteristic of Fe in the
ferrocenyl moiety.[3%61 The XPS spectral features of C s,
Ru 3d, and Fe 2ps,, observed in this study are quite similar
to the XPS spectra of SAMs of 8b and 9b.28-31-32 The S 2p
spectra of both 4b/Au and 6b/Au in Figure 5 (b) exhibit a
broad S 2ps/, 1» doublet at 162.0 eV (S 2p;,,), which can be
assigned to the well-known thiolate species covalently
bonded to metal substrates.[67-681

On the basis of the intensity ratios of the C 1s and Au 4f
XPS signals and the standard attenuation lengths of these
emissions,[® effective film thickness values for 4b/Au and
6b/Au were estimated to be 14.5 and 16.5 A, respectively
(accuracy *=5%). Notably, these values are similar to those
3955
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Figure 5. XPS spectra of 4b/Au and 6b/Au at various binding en-
ergy regions: (a) Cls and Ru3d (b) S 2p, and (c) Fe 2ps,. Film
thicknesses are also provided in (a).

of 8b (18.9 A) and 9b (15.9 A),128311 which implies that like-
wise the Mc-C=C-C¢H,~C¢H,~SH and Mc-C=C-9,9-
FluMe,—SR molecules in the corresponding films have an
upright orientation. One can also use these values to assess
the approximate packing density of 4b/Au and 6b/Au by
using our recently published approach.l’” As the reference
film, the SAM of dodecanethiolate on Au was used with a
molecular density of 4.63 X 104 cm 2 (an area per molecule
of 21.6 A2) and an effective thickness of ca. 15 A. Table 1
summarizes the film thicknesses and molecular densities of
the SAMs of 4b, 6b, 8b, and 9b on Au and shows all these
SAMSs to have a comparable packing density. Thus, fluorene
compounds can be effectively used as molecular constitu-
ents for the preparation of contaminant-free SAMs on suit-
able substrates with relatively high packing density.

Table 1. Film thickness and packing density data for the SAMs 4b,
6b, 8b, and 9b.

SAMs on Au  Number of atoms  Thickness [A] Molecular density
(excluding H) (measured) [10* molcm 2]

4b 29 14.5 2.0

6b 29 16.5 22

8b 26 18.9 29

9b 26 159 24

NEXAFS Spectroscopy

Along with XPS, complementary information on the
composition and chemical identity of the target films can
be provided by NEXAFS data. NEXAFS spectra give an
insight into the electronic structures of the target films by
probing the electronic structure of the unoccupied molecu-
lar orbitals of the film constituents.’'] The superimposed
carbon K-edge and ruthenium M-edge NEXAFS spectra
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of 4b/Au and 6b/Au as well as the Fe L-edge spectrum of
4b/Au acquired at the magic angle of X-ray incidence (55°)
are presented in Figure 6 (a). These spectra are independent
of the molecular orientation on the surface.’'! The spec-
trum of 4b/Au shows a m;* resonance at ca. 285.1 eV, which
is characteristic of the biphenyl unit of the fluorenyl moi-
ety.?”] In addition, n*-like resonances at about 285.6 and
ca. 287.3 eV can be observed, which are related to the 4e;,
and 3e,, orbitals of the ferrocenyl moiety, respec-
tively.?$.7274 As a result of the structural similarity of 4b
and 6b, the spectrum of 6b/Au shows the same m;* reso-
nance of the biphenyl unit of the fluorenyl moiety at
285.1 eV,’!] whereas the resonances at 285.6 (weak) and
287.3 eV can be assigned to the 4e;, and 3e,, orbitals of
ruthenocene.®!! The 4e;, resonance for ruthenocene is
weaker than that for ferrocene, however, such weak reso-
nances are typical of metallocene compounds and may also
be found in the spectra of nickelocene or cobaltocene.’>74
The residual resonance at ca. 286.3 eV is associated with
the 4e;, orbital of ruthenocene.”>7# At even higher photon
energies, the spectral features of 4b/Au and 6b/Au look
similar and exhibit almost identical o* resonances, which
reflects the structural resemblance of the ferrocenyl and
ruthenocenyl moieties. To further support C K-edge
NEXAFS data, the Fe L-edge spectrum of 4b/Au is pre-
sented in Figure 6 (b). The spectrum clearly exhibits m*
characteristic resonances of the 4e;, and 3e,, orbitals of the
ferrocenyl moiety at both the L,- and L;-edges.’>%%75 Our
NEXAFS data for 4b/Au and 6b/Au agree well with the
NEXAFS data recently reported®3! for 8b/Au and 9b/Au,
respectively, which, together with the XPS data, suggest
that 4b and 6b are suitable candidates for the fabrication of
SAMs on the Au substrate.

T T T
a NEXAFS: C K-edge  55°

+ Ru M-edge

//\/;/\'/%
2 : 4b/Au
e H
5 :
5 //\/\,_/\—
2 :
s R R P T T
> 285 290 295
.(‘% T T T T T
= NEXAFS: Fe L-edge  55°
g|b ’

4b/Au

il 1 1 1

705 710 715 720 725
Photon energy / eV

Figure 6. Carbon K-edge and iron L-edge NEXAFS spectra of 4b
and 6b SAMs on Au(111) acquired at an X-ray incident angle of
55°. Characteristic resonances are marked by dotted lines.

Conclusions

Ferrocenyl- and ruthenocenyl-functionalized thiofluor-
enes 4b and 6b, respectively, have been synthesized. Each of
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these molecules comprises electroactive moieties, a conduc-
tive fluorene backbone, and a thiol anchoring group. The
electrochemical characteristics of 4b and 6b were studied in
detail and compared with Fc-C=C-C¢H;~C¢H,~SR [R =
C(O)CHj;, H] and Re-C=C-C¢H,4~C¢H4—SR [R = C(O)-
CH;, H]. In agreement with expectation, the cyclovoltam-
metric data revealed reversible redox events for the ferro-
cenyl-based compounds, whereas the corresponding redox
events for the ruthenocenyl-based compounds were found
to be irreversible. Furthermore the oxidation events for the
fluorenyl building block as well as for the different sulfur
end-groups (—-S—-C(O)Me and —SH) are presented. To ensure
the effective self-assembly of 4b and 6b, these molecules
were assembled on the Au(111) substrate and the resulting
films were characterized by XPS and NEXAFS spec-
troscopy. The complementary results from these spectro-
scopic techniques suggest the formation of densely packed
and contaminant-free SAMs of both 4b and 6b on the Au
substrate. 4b/Au and 6b/Au showed an upright orientation
of the molecular backbones and covalent anchoring of the
thiol end-group. In view of the unique redox behavior of
ferrocene and ruthenocene, we plan to carry out electro-
chemical experiments on these SAMs in the near future. We
also plan to perform in-depth structural characterizations
of 4b/Au and 6b/Au, in particular, their molecular orienta-
tion by using angle-dependent NEXAFS spectroscopy.

Experimental Section

General: All reactions were carried out under purified nitrogen
using standard Schlenk techniques. n-Hexane and tetrahydrofuran
were purified by distillation from sodium/benzophenone ketyl,
dichloromethane was purified by distillation from phosphorus
pentoxide, and triethylamine was dried by distillation from KOH.
Ethanol and dimethylformamide were used without further purifi-
cation. Infrared spectra were recorded with a Nicolet FT-IR 200
spectrometer. NMR spectra were recorded with a Bruker Avance
250 spectrometer. "H NMR spectra were recorded at 250.130 MHz
(internal standard, relative to CDCls, § = 7.26 ppm) and '*C{'H}
NMR spectra at 62.902 MHz (internal standard, relative to CDCls,
0 = 77.16 ppm). Chemical shifts are reported in ¢ units (parts per
million) downfield from tetramethylsilane with the solvent as the
reference signal. Cyclovoltammograms (CV) were recorded in a
dried single compartment cell purged with purified argon at 25 °C.
Platinum wires served as working and counter electrodes. A non-
aqueous saturated calomel electrode served as reference electrode.
For ease of comparison, all potentials have been converted into the
ferrocene/ferrocenium couple [Cp,Fe/Cp,Fe*] [Cp,Fe = (1°-CsHs),-
Fe] as the reference (E° = 0.00 V).[7677 Electrolyte solutions were
prepared from freshly distilled dichloromethane solutions and
[nBuyN]JPFg (dried under oil-pump vacuum at 120 °C, ¢ = 0.1 m).
The organometallic complexes were added at ¢ = 1 mm. CVs were
recorded at a scan rate of 100 mV s ! using a Radiometer Analytical
PGZ 100 VoltaLab instrument. Elemental analyses were performed
with a Flashea instrument (Thermo Electron Corporation). Melt-
ing points were determined with a Gallenkamp MFB 595 010 M
melting-point apparatus by using sealed nitrogen-purged capillar-
ies. ESI-TOF (electrospray ionization, time-of-flight) mass spectra
were recorded in dichloromethane with a micrOTOF QII spectrom-
eter from Bruker Daltonik.
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General Remarks: 9.9-Dimethyl-2,7-diiodofluorene (1), Fc-
C=CH (3),8 and Rc-C=CH (5)""! were prepared following pub-
lished procedures. All other chemicals are commercially available
and were used as received.

Synthesis of 2: (BuLi (1.6 M, 8.33 mL, 13.33 mmol) was slowly
added to 9,9-dimethyl-2,7-diiodofluorene (1; 3.00 g, 6.66 mmol)
dissolved in tetrahydrofuran (150 mL) at —80 °C. After 10 min of
stirring at this temperature, sulfur (0.21 g, 6.66 mmol) dissolved in
tetrahydrofuran (100 mL) was added dropwise and stirring was
continued for 45 min at 0 °C. Afterwards, the reaction solution was
cooled to —80 °C and MeC(O)Cl (0.52 g, 6.66 mmol) was added in
a single portion. After warming the reaction mixture overnight to
25 °C all volatile materials were removed by rotary evaporation fol-
lowed by the addition of water (25 mL). The reaction mixture was
extracted three times with dichloromethane (25 mL) and the com-
bined layers were dried with magnesium sulfate. After removal of
all volatiles under an oil-pump vacuum the residue was purified
by column chromatography [column size: 20 X 3 cm, silica gel, n-
hexane/toluene = 1:3 (v/v)]. Molecule 1 was eluted first (colorless
band) followed by the title compound (colorless band). Evapora-
tion of the solvents under an oil-pump vacuum gave a colorless oil;
yield 1.42 g (3.58 mmol, 54% based on 1).

IR (KBr): v = 2959 (w), 2921 (w), 2858 (w), 1701 (vs, ve—o), 1596
(W), 1560 (W), 1462 (w), 1447 (m), 1397 (m), 1349 (w), 1263 (m),
1213 (w), 1121 (s), 1093 (s), 1053 (w), 1002 (w), 945 (m), 882 (w),
837 (W), 811 (vs, 8ypyir), 793 (m), 736 (m), 669 (w), 614 (m), 526
(W), 494 (w), 438 (w)cm™. "H NMR (CDCLy): 6 = 1.49 (s, 6 H,
CHs), 246 [s, 3 H, SC(O)CH], 7.34-7.83 (m, 6 H, C¢Hs) ppm.
3C{'H}NMR (CDCl;): § = 26.6 (CHs), 30.0 [SC(O)CHs], 46.8 (C-
CHs), 93.5 (C-I), 120.5 (CgHs), 121.9 (C¢Hs), 126.9 (IC/C4Hs),
128.4 (CgHs), 131.8 (C4Hs), 133.25 (CoHs), 136.01 (CeHs), 137.6
(‘CICH5), 139.18 (‘CIC¢Hs), 153.4 (ICIC¢H;), 155.7 (ICIC4Hs),
193.4 (C=0) ppm. MS (ESI): m/z = 394.99 [M + HJ*. C;;H,5I0S
(394.27): caled. C 51.79, H 3.83; found C 51.97, H 3.95.

Synthesis of 4a: [(PPh;),PdCl,] (29.83 mg, 0.04 mmol, 5 mol-%)
and Cul (16.19 mg, 0.08 mmol, 10 mol-%) were added to Fc—
C=CH (3; 0.21 g, 1.02 mmol) and 2 (0.33 g, 0.85 mmol) dissolved
in triethylamine (20 mL) at 25 °C. After 24 h of stirring at 60 °C
all volatiles were removed under an oil-pump vacuum and the title
compound was purified by column chromatography [column size:
25X 2 cm, silica gel, n-hexane/dichloromethane = 1:1 (v/v)]. After
eluting the starting material 3 (orange band), molecule 4a was
eluted as an orange band. Evaporation of all solvents under an oil-
pump vacuum gave an orange-brown solid; yield 0.18 g
(0.38 mmol, 45% based on 2).

M.p. 97°C. IR (KBr): ¥ = 3101 (W, Varyy 1), 2961 (m), 2923 (s),
2852 (m), 2206 (W, ve—c), 1701 (vs, Ve=o), 1654 (s, ve=c), 1559 (m),
1458 (m), 1401 (m), 1262 (s), 1104 (vs), 1025 (m), 948 (m), 886 (m),
821 (v, Jaryin)s 739 (m), 612 (m), 530 (w), 473 (w) cm'. '"H NMR
(CDCLy): 6 = 1.52 (s, 6 H, CH), 2.45 [s, 3 H, SC(O)CHs], 4.27 (s,
pseudo-t, 7 H, CsHs, CsHy), 4.53 (pseudo-t, 3Jyy = 1.7 Hz, 2 H,
CsH,), 7.39-7.50 (m, 6 H, C¢Hs) ppm. C{'H}NMR (CDCLy): &
=27.1 (CHs), 30.3 [SC(O)CHs], 47.2 (C-CH3), 65.5 (‘C/CsH,), 69.0
(BC/CsH,), 70.1 (CsHs), 71.6 (*C/CsHy), 86.5 (C=C-C¢H3), 89.0
(C=C-C4Hs), 120.4 (CeHs), 120.9 (CeHs), 123.4 (‘C/C4Hs), 125.8
(CeH3), 126.7 (‘\C/C¢Hj3), 128.9 (CgH3), 130.8 (C4Hs3), 133.6 (C¢Hs),
137.9 (iC/C4Hs), 140.2 (‘C/C4Hs), 153.9 (CICHs), 154.8 ((C/CeHs),
194.5 (C=0) ppm. MS (ESI): m/z = 476.08 [M]*. CaoH,sFeOS
(476.41): caled. C 73.11, H 5.08; found C 73.26, H 5.12.

Synthesis of 4b: Thioacetate 4a (92.0 mg, 0.19 mmol) was dissolved
in tetrahydrofuran (2mL) and a 25% aq. NH4OH solution
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(65.7 mg, 1.93 mmol) was added in a single portion at 25 °C. After
20 min of stirring at this temperature, the reaction mixture was
acidified with 3 M HCI (1 mL) and was then extracted three times
with 15 mL portions of dichloromethane. After evaporation of the
solvent of the combined organic fractions under an oil-pump vac-
uum an orange-brown solid was obtained; yield 83.0 mg
(0.19 mmol, 99% based on 4a).

M.p. 96 °C. IR (KB): ¥ = 3080 (W, Varyi 1), 2958 (s), 2921 (s), 2852
(m), 2561 (W, vs 1), 2198 (W, Veeo), 1654 (m, veoc), 1447 (s), 1407
(m), 1262 (s), 1209 (w), 1104 (s), 1078 (m), 1024 (m), 996 (m), 923
(W), 882 (W), 814 (vs, Saryi)s 739 (m), 665 (w), 526 (m), 478 (m),
453 (m) em™’. "H NMR (CDCLy): ¢ = 1.48 (s, 6 H, CH3), 3.56 (s, 1
H, SH), 4.25 (pseudo-t, iy = 1.7 Hz, 2 H, CsH,), 4.26 (s, 5 H,
CsHs), 4.52 (pseudo-t, 3Jyy = 1.7 Hz, 2 H, CsHy), 7.24-7.64 (m, 6
H, C¢Hs) ppm. 3C{'"H}NMR (CDCl,): 6 = 27.1 (CHs), 47.0 (C-
CH,), 65.6 (‘C/CsH,), 68.9 (PC/CsH,), 70.1 (CsHs), 71.5 (“C/CsH,),
86.6 (C=C-CgHs), 88.7 (C=C-C¢Hs), 119.8 (CsHs), 120.8 (CH,),
122.6 (‘CIC4Hs), 124.2 (CeHs), 125.7 (CHs), 128.5 (C4Hs), 129.7
(‘CIC¢H;), 130.7 (CeHs), 136.8 (‘C/C4Hs), 138.3 (iCICeH3), 153.3
(‘CIC¢H;), 155.0 (‘C/CgHs) ppm. MS (ESI): m/z = 434.07 [M]*.
Ca,H,,FeS (434.37): caled. C 74.66, H 5.10; found C 74.56, H 5.37.

Synthesis of 6a: Thioacetate 6a was synthesized following the same
procedure as that used for the preparation of 4a {Rc-C=CH (5;
0.23 g, 0.90 mmol), 2 (0.29 g, 0.75 mmol), triethylamine (20 mL),
[(PPh3),PdCL,] (26.51 mg, 0.03 mmol, 5mol-%), Cul (14.38 mg,
0.07 mmol, 10 mol-%)}. After appropriate work-up [column size:
25X 2 cm, silica gel, n-hexane/dichloromethane = 1:3 (v/v)], com-
plex 6a was obtained as a yellow solid; yield 0.20 g (0.38 mmol,
51% based on 2).

M.p. 85°C. IR (KBr): ¥ = 3098 (W, Vary1-1), 3048 (w), 2958 (m),
2917 (w), 2852 (w), 2206 (W, ve=c), 1701 (vs, ve=p), 1686 (s), 1655
(m, ve=c), 1560 (m), 1459 (m), 1405 (m), 1348 (w), 1260 (vs), 1242
(vs), 1156 (m), 1119 (s), 1099 (vs), 1021 (w), 997 (m), 943 (w), 923
(W), 886 (W), 809 (VS; Jaryrra), 739 (m), 719 (w), 690 (w), 612 (m),
514 (w), 432 (m) cm™'. '"H NMR (CDCls): 6 = 0.88 (t, n-hexane),
1.26 (m, n-hexane), 1.49 (s, 6 H, CH3), 2.44 [s, 3 H, SC(O)CHj],
4.60 (pseudo-t, 3Jyy = 1.7 Hz, 2 H, CsHy), 4.64 (s, 5 H, CsHsy),
4.92 (pseudo-t, 3Juyy = 1.7Hz, 2 H, CsHy), 7.33-7.76 (m, 6 H,
CeH3) ppm. P*C{'H}NMR (CDCls): § = 14.2 (n-hexane), 22.8 (n-
hexane), 27.0 (CH3;), 30.3 [SC(O)CHj;], 31.7 (n-hexane), 47.2 (C-
CHs), 70.8 (C/CsH,), 71.9 (CsHs), 72.1 (\C/CsHy), 73.7 (*C/CsHy),
86.4 (C=C-CgH;), 87.9 (C=C-C¢Hj;), 120.4 (CcH3), 120.9 (CeHs3),
123.2 (‘CIC¢H3), 125.8 (C4Hi), 126.7 (‘C/C¢Hs), 128.9 (C¢Hs),
130.7 (CgH3), 133.6 (C4Hs), 137.9 (‘C/C¢Hs), 140.2 (‘C/CeHs3),
153.9 (‘C/IC¢H3), 154.8 (‘\C/C4¢H3), 194.5 (C=0) ppm. MS (ESI): m/z
= 521.06 [M + H]*. CyH,,ORuS-Ysn-hexane (564.70): caled. C
68.05, H 5.53; found C 68.31, H 5.69.

Synthesis of 6b: The same procedure as used for the synthesis of
4b was applied to the preparation of 6b [compound 6a (0.10 g,
0.19 mmol), 25% aq. NH4OH (65.2 mg, 1.91 mmol, 0.3 mL)]. After
appropriate work-up, compound 6b was obtained as a yellow solid;
yield 89.9 mg (0.18 mmol, 98% based on 6a).

M.p. 85°C. IR (KBr): ¥ = 3096 (W, Varyt 1), 3056 (w), 2956 (m),
2922 (m), 2855 (m), 2680 (w), 2561 (W, vs g), 2202 (W, ve=c), 1599
(w), 1459 (m), 1449 (m), 1406 (s), 1385 (m), 1361 (w), 1261 (s),
1213 (w), 1201 (w), 1152 (w), 1133 (w), 1099 (s), 1021 (s), 997 (m),
918 (W), 886 (), 809 (VS, Suryrrs). 757 (W), 736 (m), 514 (w), 457
(m), 430 (m) cm™. '"H NMR (CDCls): § = 0.88 (t, n-hexane), 1.26
(m, n-hexane), 1.53 (s, 6 H, CH3), 3.55 (s, 1 H, SH), 4.60 (pseudo-
t, 3un = 1.7 Hz, 2 H, CsH,), 4.64 (s, 5 H, CsHs), 4.92 (pseudo-t,
3Jun = 17Hz, 2 H, CsH,), 7.33-7.67 (m, 6 H, CgH,) ppm.
BC{TH}NMR (CDCls): 6 = 14.2 (n-hexane), 22.8 (n-hexane), 27.1
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(CH,), 31.7 (n-hexane), 46.9 (C-CHs), 70.8 (PC/CsH,), 71.9 (CsHs),
72.1 (‘C/CsHy), 73.7 (“CICsHy), 86.5 (C=C-C¢Hs), 87.5 (C=C-
CeHs), 119.7 (CgHs), 120.8 (CsHs), 122.4 ((C/C¢H3), 124.1 (C¢Hy),
125.6 (CgHs), 127.3 (‘C/C4Hs), 128.5 (CgHs), 130.6 (CgHs), 136.7
(‘CIC¢H;), 138.2 (ICICeHs3), 153.2 (‘CICgHs), 154.9 (‘C/CH;) ppm.
MS (ESI): m/z = 479.05 [M + HJ*. C,H,,RuS-n-hexane (522.67):
caled. C 68.93, H 5.59; found C 68.95, H 5.36.

Preparation of SAMs of 4b and 6b on Au: The gold substrates were
prepared by thermal evaporation of 200 nm of gold onto polished
single crystal silicon (100) wafers (Silicon Sense) primed with a
5 nm titanium adhesion layer. The evaporated films were polycrys-
talline with a grain size of 20-50 nm for Si or a terrace size of
100-200 nm for mica as observed by atomic force microscopy and
scanning tunneling microscopy. The grain surfaces predominantly
possess a (111) orientation.l°”-8%) The SAMs were formed by immer-
sion of the freshly prepared gold substrate into a 1 mmol solution
of the target compounds 4b and 6b in dimethylformamide at room
temperature for 24 h. After immersion, the samples were carefully
rinsed with dimethylformamide followed by pure ethanol, blown
dry with argon, and kept in argon-filled containers until characteri-
zation.

Characterization of the SAMs

4b/Au and 6b/Au were characterized by XPS and NEXAFS spec-
troscopy at room temperature. The measurements were carried out
under UHV conditions at a base pressure better than
1.5-10° mbar. XPS measurements were performed by using a Mg-
K, X-ray source and an LHS 11 analyzer and the spectra acqui-
sition was carried out in normal emission geometry with an energy
resolution of ca. 0.9 eV. The X-ray source was positioned ca. 1.5 cm
away from the samples and operated at a power of 260 W. The
binding energy scale was referenced to the Au 4f;,, peak of gold at
84.0 eV.[%] In addition to chemical identification, XPS data were
used to estimate effective thicknesses of the target SAMs on the
basis of the Icjd/Iaur intensity ratios, assuming a standard ex-
ponential attenuation of the photoelectron signal and by using the
attenuation lengths reported in ref.. As a reference, SAMs of
nonsubstituted alkanethiols, namely dodecanethiolate on a Au sub-
strate with a known thickness was fabricated by a standard pro-
cedure.B!l NEXAFS spectroscopy!’!! measurements were per-
formed with the HE-SGM beamline of the synchrotron storage
ring BESSY II in Berlin, Germany. The spectra were acquired at
the C K-edge and the Fe L-edge in the partial electron yield mode
with a retarding voltage of —150 and —400 V, respectively. Linear-
polarized synchrotron light (polarization factor of ca. 82%) with
an energy resolution of ca. 0.40 ¢V was used. Raw NEXAFS spec-
tra were normalized to the incident photon flux by division through
a spectrum of a clean, freshly sputtered Au sample. The photon
energy scale was calibrated to the pronounced m;* resonance of
highly oriented pyrolytic graphite (HOPG) at 285.38 eV.3%!
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The synthesis and spectral properties are reported of a set of
four europium(Ill) complexes containing between one and
four 3-azaxanthone sensitising chromophores. Each complex
is based on a macrocyclic cyclen core. The emission and
aqueous solution 'H NMR spectral properties are compared,
revealing information about the local complex symmetry on
the experimental timescale. A C,-symmetric mono-cationic

complex shows an overall emission quantum yield of 10 % in
HEPES buffer and exhibits the best relative stability profile
in the presence of a million-fold excess of added metal salts
or EDTA, as indicated by the time-dependence of overall eu-
ropium emission, following indirect excitation of the 3-aza-
xanthone chromophore.

Introduction

Luminescent europium complexes have been studied in-
tensively over the past twenty-five years as they are finding
many applications as components of time-resolved as-
says,[l'2l as stains for living cells®® or as responsive
probes.”12l A sensitising group is incorporated into these
systems to harvest incident light efficiently and typically ab-
sorbs light in the range 325-405 nm. Ideally, it possesses a
small singlet-triplet energy gap and usually directly coordi-
nates to the europium ion so that intramolecular energy
transfer is optimised.!':'3-13) The number of sensitising
moieties included in mononuclear systems is determined by
consideration of ligand denticity, and by the steric demands
imposed by its constitution and the size of any substituents.
Amongst a plethora of such sensitising chromophores,
azaxanthones have been examined recently as sensi-
tiserst>%16-171 and have been integrated into a variety of li-
gands. They possess a weakly basic pyridyl nitrogen that
can coordinate to the metal centre. The two constitutionally
isomeric 3- and l-azaxanthones are most readily available,
e.g., la and 2. In the 1-azaxanthone system, 2, the nitrogen
is a slightly poorer o-donor and is in a more sterically de-
manding environment due to the proximity of the a-oxygen.
The isomeric 3-aza-system, 1, is in a much less hindered
environment and allows the possibility of the cooperative
ligation of up to four pyridyl nitrogen atoms around the
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lanthanide ion, confirmed by recent X-ray characterisation
of a cyclen-tetrakis(pyridylmethyl) Eu complex.l'® The co-
operative ligation of three or more pyridyl nitrogen donors,
in analogous systems based on 2, creates highly unfavour-
able steric congestion.
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We have set out to compare the solution structure and
relative stability of a series of four europium(III) complexes
based on a cyclen core structure, incorporating between one
and four 3-azaxanthone moieties; [Eu-L']; [Eu-L?]*;
[Eu-L3P?* and [Eu-L*]**. This model study was undertaken
with a view to assessing their suitability for further develop-
ment as emissive probes.

View this journal online at
wileyonlinelibrary.com
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Synthesis and Spectroscopic Analysis

The complexes [Eu-L!] and [Eu-L?]C] were prepared in a
similar manner (Scheme 1), involving alkylation of the
known precursors 3 and 4 with the benzylic halide, 1b>
(MeCN, K,CO;3). Deprotection of the tert-butyl ester
groups using trifluoroacetic acid was followed by complex-
ation with Eu(OAc); in water. In the case of [Eu-L?]", the
complex was isolated as the chloride salt following anion
exchange chromatography. The complexes were analysed by
reverse-phase HPLC to confirm homogeneity (see Support-
ing Information). The di-cationic complex, [Eu-L3]** was
obtained by a similar overall process in which the mono-
ethyl ester, 5 (stored as the di-protonated salt to inhibit lac-
tamisation), was alkylated with three equivalents of 1b
(MeCN, K,COs3, 80%).

o}
Oy—otBu otBu O\ okt
/ \ H [\ H H
N N N N
tBuO [ j [ j [ j
N N N N;
\_/ H L/ H\_/H
tBuO
OtBu
4 5
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Scheme 1. Synthesis of [Eu-L?]*.

m@

Acid catalysed ester hydrolysis (pH 2.7, 100 °C, 2 h) fol-
lowed by reaction with Eu(OAc); at pH 5.5 allowed isola-
tion of the complex [Eu-L3]|Cl, as the chloride salt following
anion exchange. Finally, the tetra-azaxanthonyl complex,
[EuL*’*, was prepared by direct alkylation of cyclen
(MeCN, K,CO3, 60%) and complexation was undertaken
in acetonitrile using the europium triflate salt, prior to iso-
lation of the more water-soluble chloride complex.

Proton NMR analysis of each complex was undertaken
(400 MHz, D,O pD 5.5) to assess the number of isomeric
species in solution and verify the local symmetry on the
NMR timescale. The neutral complex, [Eu-L!], gave two
sets of thirty paramagnetically shifted proton resonances in
ratio 5:4. These correspond to the square-antiprismatic and
twisted square-antiprismatic isomers that have been thor-
oughly documented previously in NMR analyses of related
derivatives of DO3A (1.,4,7,10-tetraazacyclododecane-1,4,7-
triacetate).['>2%1 The mono-cationic complex, [Eu-L?]*, gave
3962
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rise to two sets of 18 proton resonances, in ratio 6:5, consis-
tent with the presence of two diastereoisomeric species with
C, symmetry. The shifts of each set showed a strong corre-
spondence with those observed for [Eu-L!], in accord with
this interpretation. For [Eu-L*]**, only one set of twelve
paramagnetically shifted resonances was observed, consis-
tent with local C; symmetry. Thus, the pyridyl H-6 proton
resonated at +12.5 ppm, with the ring ethylene protons ob-
served as a single shifted set of four resonances, at +30.0,
+14.2, -10.9 and -29.1 ppm.

Absorption and emission spectroscopic data for each eu-
ropium complex were obtained (Table 1). The lowest energy
absorption of the parent chromophore 2-methyl-3-aza-
xanthone, 1a, occurs at 324 nm (¢ = 5.60 mm ' cm~! MeOH)
and is ascribed to an n—n* transition with some degree of
n* character.

Table 1. Photophysical data for europium(III) complexes of L!-L#
(Aexe 328 nm, pH 5.8).

Complex emM om0t kppo s kpyo mst g
[Eu-L']tl 2.50 6.9 1.67 0.51 1.1
[EuL?* 5.80 10 1.7 0.65 1.1
[EuwL3P* 9.30 5.0 2.00 0.63 1.3
[Eu-LAP* 15.6 54 1.41 0.83 0.4
[a] In methanol solution, 2-methyl-3-azaxanthone has & =

5.60 mM 'cm ! (324 nm). [b] Values of the number of coordinated
water molecules, ¢, (= 20%), were determined according to ref.?!]

In a more polar medium, this absorption shifted slightly
to the red (328 nm) with a reduction in oscillator strength,
as noted for the isomeric 1-azaxanthone series.['®! For the
Eu complexes of L! to L?, a rather broad absorption band
was observed around 329 nm. Increasing the number of
azaxanthone groups increased the overall extinction coeffi-
cient of the complex. Overall metal-based emission quan-
tum yields were in the range 5-10%. Measurements of the
variation of the radiative rate constant characterising Eu
emission (590 nm) in water and D,O allowed an assessment
of the complex hydration state,?!! ¢. Each complex pos-
sesses one coordinated water molecule, except for [Eu-L4]",
which appears to lack a bound water (¢ = 0.4). In this case,
the steric demand imposed by cooperative ligation of the
pyridyl nitrogens must inhibit the approach of a water mo-
lecule to cap the eight coordinate polyhedron.

Analysis of the europium emission spectral profile of
each complex allowed certain conclusions to be drawn (Fig-
ure 1). The observed transitions correspond to emission
from the *D, excited state to the ’F, ground-state manifold
(n = 0-4 observed).

The AJ = 0 transition at 580 nm diminished in relative
intensity over the series and was smallest for [Eu-L*]** that
is eight-coordinate in solution. A low intensity for the AJ
= 0 transition in Cs-symmetric, eight-coordinate Eu com-
plexes has been observed for related tetra-phosphinate com-
plexes, based on cyclen and the intensity increased signifi-
cantly in analogues where the axial symmetry was
lifted.[?>23] The relative intensity of the electric-dipole al-
lowed AJ = 2 transitions (around 620 nm) compared to the
AJ = 1 magnetic-dipole allowed set (around 590 nm) was

Eur. J. Inorg. Chem. 2010, 3961-3966
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Figure 1. Emission spectra of the four europium complexes of L'
L* (Jexe 328 nm, 20 pm complex, pH 5.8, 293 K) showing ligand
fluorescence around 450 nm and Eu emission (580-720 nm).

more or less constant for [Eu-L!] to [Eu-L*]?*, but increased
markedly for [Eu-L#**. The relative intensity of the hyper-
sensitive AJ = 2 transition is determined both by symmetry
and the polarisability of the capping axial donor, where
present.1%24 In this case, the modest change in the first
three cases may be linked to the presence of a common,
“capping” axial water molecule, that is absent for
[Eu-L43.

Comparative Assessment of Complex Photoluminescence
Stability

A series of experiments was undertaken to assess the rel-
ative stability of each complex to the presence of a million
fold excess of Ca*, Mg?*, Mn?* or [EDTAJ*. In this set,
calcium and magnesium were chosen as common dications
that can bind competitively to the macrocyclic ligand, the
MnCl, acts as a strong reductant capable of quenching an
intermediate excited state and EDTA serves as a competi-
tive ligand for the Eu’* ion. It has been used previously, in
this sense, as a scavenging or competitive ligand.[>’! In each
case, the complex was present at 10 nM concentration in

Eur. J. Inorg. Chem. 2010, 3961-3966
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HEPES buffer, containing 0.1% bovine serum albumin, at
pH 7.4 (Figure 2). Following excitation at 337 nm, the rela-
tive Eu emission intensity was measured at 15 min and after
18 h. The presence of added CaCl, or MgCl, did not signif-
icantly perturb the Eu emission intensity and caused some
modest intensity enhancements that are difficult to rational-
ise. The effect of added MnCl, was more significant. This
ion is readily oxidised in aqueous solution, and the quench-
ing effect may be related to an electron transfer process that
is expected to be more efficient the nearer the Mn>* ion
can get to the sensitising chromophore. Complexes that are
sterically encumbered or cationic may be expected to inhibit
the encounter of the Mn?* aqua ion with the complex. The
sensitivity to quenching by added MnCl, was greatest for
the neutral complex, [Eu-L!] compared to the cationic com-
plexes, [Eu-L?]*, [Eu-L3** and [Eu-L*P*. In a control ex-
periment, the complex [Eu-L!] (0.2 mm concentration) was
excited directly at 397 nm, rather than indirectly at 337 nm
via the sensitised emission process. The added MnCl,
(added in increments up to a 1000-fold excess in this case)
caused less than a 15% change in the measured emission
intensity. Such behaviour accords with a quenching process
in which the Mn?* ion is oxidised by the excited state of
the chromophore. Thus, the added reductant does not
quench the metal excited state directly. A similar hypothesis,

30
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10

H,O0 Ca®* Mg* Mn** EDTA H,O0 Ca** Mg* Mn®*EDTA

[EuL?] [EuL?]*

Relative intensity

30

25

20
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10

H,O0 Ca* Mg* Mn** EDTA H,O0 Ca®* Mg* Mn** EDTA

[EuLS]Z+ [EuL4]3+
Figure 2. Changes in Eu emission intensity (* 20%) after 15 min
(blue) or 18 h (red) in the presence of the stated additives (10 nM
complex, 20 mm additive); intensity data for the upper pair have
been scaled with respect to the lower set.
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involving exciplex formation, has been put forward to ac-
count for the sensitivity of lanthanide emission towards
electron-rich organic donors, such as urate, ascorbate or
certain catecholates.!'7-26-27]

In terms of stability with respect to trans complexation
by excess [EDTA]?, [Eu-L3]** was the least stable and the
sterically hindered complex, [Eu-L4]** appeared to be the
most stable. What is more, for each complex examined, the
diminution of Eu emission after an overnight incubation
suggested that no complex completely resisted the exchange
process that must involve dissociation of Eu and competi-
tive re-association with EDTA.

Conclusions

Of the four complexes assessed in this comparative study,
the C,-symmetric system, [Eu-L?]", offers the most promis-
ing overall behaviour. It possesses the highest emission
quantum yield and exhibits the best stability profile in the
screening process used to establish the brightness of the Eu
emission.

Experimental Section

General: All reagents were used as received from their respective
suppliers. Acetonitrile was dried with calcium hydride. Air- or
moisture-sensitive reactions were carried out under an atmosphere
of argon. Thin-layer chromatography was carried out on silica
plates (Merck 5554) or neutral alumina oxide plates (Merck Art
5550) and visualised under irradiation at 254 nm or iodine staining.
Preparative column chromatography was carried out using silica
(Merck silica gel 60, 230-400 mesh) or neutral aluminium oxide
(Merck aluminium oxide 90, activity II-III, 70-230 mesh), soaked
in ethyl acetate prior to use. 'H- and '3C-NMR spectra were re-
corded on a Varian VXR 400 ('H at 399.97 MHz, 3C at
100.61 MHz). Spectra were recorded in commercially available deu-
terated solvents. All chemical shifts are given in ppm and coupling
constants in Hz. Electrospray mass spectroscopy was carried out
on a VG Platform II (Fisons Instruments) and accurate masses
recorded on a Thermo Finnigan LQT.

UV/Vis absorbance spectra were recorded on a Perkin—Elmer
Lambda 900 UV/Vis/NIR spectrometer. Emission spectra were re-
corded on a ISA Joblin-Yvon Spex Fluorolog-3 luminescence spec-
trometer. Lifetime measurements were carried out using Perkin—
Elmer LS55 spectrometer using FL Winlab software.

Analytical reverse phase HPLC was carried out on a Perkin—Elmer
system at 295 K using a 150 X 4.66 mm 4 micron Phenomenex Sy-
nergi 4u Fusion-RP 80i column using an H,O (+ 0.1% formic
acid)/MeCN (+ 0.1% formic acid) solvent system with gradient
elution program (Table 2).

Table 2. Gradient elution program for HPLC.

Time /min H,0 +0.1% HCO,H  CHLCN + 0.1% HCO,H
0 95 5

2 95 5

15 0 100

17 0 100

22 95 5
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Stability Assessment: Stock solutions of each of the four europium
complexes were prepared in HEPES buffer (0.1 M, 0.1% BSA, pH
7.4), with an absorbance of 0.1 at 324 nm. Each solution was di-
luted a thousand times and 50 pL aliquots were added to a Greiner
Costar half area 96 well plate. Each well was made up to 100 pL,
by addition of 45 uL of the buffer solution and 5 pL of either water,
or 400 mm aqueous solutions of CaCl,, MgCl,, MnCl, or
Na,EDTA. The emission intensity from each well at 620 nm was
recorded on a RubyStar (BMG) plate reader using an integration
window between 50 and 450 ps, following excitation at 337 nm.
Each sample preparation was repeated and the mean value of the
intensity measurements recorded.

Ligand and Complex Synthesis: The macrocyclic precursors 3 and
4 were prepared following literature methods.[16:19:27]

2-Bromomethyl-3-azaxanthone (1b)

4 ] 6
® N~ | 5 7
Br.
P (o] 8
1 9

To a solution of 2-methyl-3-azaxanthone (1.48 g, 7.0 mmol) in car-
bon tetrachloride (50 mL) was added N-bromosuccinimde (1.87 g,
10.5 mmol) and dibenzoyl peroxide (40 mg, 0.17 mmol). The mix-
ture was stirred and irradiated by a 100 W lamp for 14 h under
argon. The reaction was monitored by 'H-NMR and stopped after
14 h. The solvent was removed under reduced pressure and the
crude product was dissolved in CH,Cl, (30 mL) and washed with
dilute aqueous K,COj; solution (30 mL) to remove excess suc-
cinimide. The organic layer was dried with MgSQ,, filtered and the
solvent removed under reduced pressure. Purification by column
chromatography on silica [elution: toluene/CH,Cl, (1:1), MeOH 0—
2% using 0.1% increments] yielded a yellow solid (620 mg, 30%),
m.p. 177-179 °C. NMR (CDCls): dy = 9.44 (s, 1 H, H%), 8.31 (d,
J=84Hz 1H,H°, 7.77 (dd, J = 7.0, 8.4 Hz, 1 H, H®), 7.53 (s,
1 H, H'), 7.52 (d, J = 8.4 Hz, 1 H, H%), 7.44 (dd, J = 7.0, 8.4 Hz,
1 H, H), 4.63 (s, 2 H, CH,Br) ppm. dc = 175.9 (C%), 162.1 (C?),
161.9 (C*), 156.1 (C*), 150.9 (C*, 135.9 (C?®), 127.0 (C%), 125.4
(C7), 123.2 (C%), 118.4 (C%), 117.0 (C"), 112.1 (CY), 33.0 (CH,Br)
ppm. m/z (HRMS™) 291.9785 [M + HJ* (C,3Hy 8'BrNO, requires
291.9791), Ry = 0.57 [silica, toluene/CH,Cl, (1:1) — MeOH 5%)].

1,4,7-Tris(tert-butoxycarbonyl)-10-|2-methyl-3-azaxanthone]-
1,4,7,10-tetraazacyclododecane: 1,4,7-Tris(tert-butoxycarbonyl)-
1,4,7,10-tetraazacyclododecane (120 mg, 0.23 mmol), 2-bro-
momethyl-3-azaxanthone (67 mg, 0.23 mmol) and K,CO; (16 mg,
0.12 mmol) were stirred in dry CH;CN (3 mL) at 78 °C for 24 h
under argon. The reaction was monitored by TLC to confirm that
all the brominated starting material had been consumed. The sol-
vent was removed under reduced pressure and the resultant solid
was dissolved in CH,Cl, (25 mL) and extracted with water
(3X25mL). The organic layer was dried with MgSO,, filtered and
the solvent was removed under reduced pressure. Purification by
column chromatography on neutral alumina (CH,Cl,/MeOH; 0 to
5%) gave the product as a glassy yellow solid (145 mg, 87%). NMR
(CDCly): 6y =9.39 (s, 1 H, H%), 8.24 (d, J = 8.4 Hz, 1 H, H°), 7.82
(s, 1H,H"),7.77 (dd, J = 7.0, 8.4 Hz, 1 H, H®), 7.48 (d, J = 8.4 Hz,
1 H, H%), 7.41 (dd, J = 7.0, 8.4 Hz, 1 H, H), 4.76 (s, 2 H, H?),
3.63 (s, 2 H, HY), 3.49 (s, 4 H, HY), 3.42-2.86 (m, 16 H, cyclen Hs),
1.41 (s, 9 H, H°), 1.38 (s, 18 H, H') ppm. éc = 176.2 (C°), 170.3
(C), 169.6 (C?), 161.7 (C?), 159.8 (C*), 156.1 (C*), 150.5 (C*),
136.2 (C®), 126.8 (C), 125.4 (C7), 123.0 (C®), 118.6 (C%), 117.2
(C1), 114.7 (C1), 82.4 (CM), 82.0 (CY), 56.7 (C®), 56.5 (C) 53.7 (C?)

Eur. J. Inorg. Chem. 2010, 3961-3966



Eu(IIT) Complexes Bearing Coordinated Azaxanthone Groups

52.0-48.0 (cyclen Cs), 28.4 (C°), 28.3 (Ci) ppm. m/z (HRMSY)
724.4281 [M + H]* (C39HsgNsOg requires 724.4280), Ry = 0.4 (alu-
mina, CH,Cl, — MeOH 5%).

1,7-Bis(tert-butoxycarbonyl)-4,10-bis[2-methyl-3-azaxanthone]-
1,4,7,10-tetraazacyclododecane: 1,7-Bis(zert-butoxycarbonyl)-
1,4,7,10-tetraazacyclododecane (75 mg, 0.19 mmol), 2-bro-
momethyl-3-azaxanthone (108 mg, 0.37 mmol) and K,CO; (26 mg,
0.19 mmol) were stirred in dry CH3;CN (3 mL) at 78 °C for 48 h
under argon. The reaction was monitored by TLC to conform that
all the brominated starting material had been consumed. The sol-
vent was removed under reduced pressure and the resultant solid
was dissolved in CH,Cl, (25 mL) and extracted with water
(3X25mL). The organic layer was dried with MgSQy,, filtered and
the solvent was removed under reduced pressure to give a glassy
yellow solid which was purified by chromatography on neutral alu-
mina (CH,Cl,/MeOH; 0 to 5%) to yield a glassy solid (61 mg,
40%). NMR (CDCls): oy = 9.42 (s, 2 H, H%), 8.30 (s, 2 H, HY),
7.98 (d, J = 8.4 Hz, 2 H, H®), 7.41 (dd, J = 7.0, 8.4 Hz, 2 H, H?),
7.10 (dd, J = 7.0, 8.4 Hz, 2 H, H’), 6.62 (d, J = 8.4 Hz, 2 H, H?),
3.94 (s, 4 H, H%), 3.25 (s, 4 H, H®), 3.00-2.80 (m, 16 H, cyclen Hs),
1.40 (s, 18 H, H®) ppm. dc (CDCl3) 176.3 (C3), 171.1 (C°), 167.6
(C?), 162.0 (C¥), 155.4 (C*), 150.1 (C*, 135.2 (C?), 126.4 (C®),
124.6 (C7), 122.6 (C®), 117.7 (C%), 116.3 (C"), 111.1 (C"), 81.2 (C9),
60.5 (Cb), 56.9 (C?), 55.0-52.0 (cyclen Cs), 28.4 (C®) ppm. m/z
(HRMS™) 819.4084 [M + H]" (C46Hs5N¢Og requires 819.4076), Ry
= 0.5 (alumina, CH,Cl, — MeOH 5%).

Tri-tert-butyl 10-(Ethoxycarbonyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-tricarboxylate: Tri-zert-butyl 1,4,7,10-tetraazacyclododecane-
1,4,7-tricarboxylate (270 mg, 0.572 mmol), ethyl bromoacetate
(97 mg, 0.572 mmol) and K,CO; (40 mg, 0.3 mmol) were stirred in
dry CH;CN (SmL) at 78 °C for 36 h under argon. The solvent
was removed under reduced pressure and the resultant solid was
dissolved in CH,Cl, (25 mL) and extracted with water (3 X 25 mL).
The organic layer was dried with MgSQOy, filtered and the solvent
was removed under reduced pressure. The residue was purified by
column chromatography on silica (elution: CH,Cl,, MeOH 0-1%
using 0.1% increments) to give the title compound as a yellow oil
(244 mg, 77%). NMR (CDCl,): 6y = 4.14 (q, J = 7.2 Hz, 2 H, HY),
3.47 (s, 2 H, HY), 3.6-2.8 (m, 16 H, cyclen Hs), 1.45 (s, 27 H, H?),
1.25 (t, J = 7.2 Hz, 3 H, H®) ppm. dc (CDCl;) 170.6 (C°), 155.8
(C), 79.5 (CP), 60.3 (C9), 55.0 (CY), 53.0-47.0 (cyclen Cs), 28.7 (C?),
14.3 (C#), m/z (HRMS™) 559.3698 [M + H]* (C,;Hs5N4Og requires
559.3701), Ry = 0.6 (silica, CH,Cl, — MeOH 5%).

1-(Ethoxycarbonyl)-1,4,7,10-tetraazacyclododecane (5): Tri-zerz-bu-
tyl 10-(ethoxycarbonyl)-1,4,7,10-tetraazacyclododecane-1,4,7-tri-
carboxylate (219 mg, 0.39 mmol) was dissolved in CH,Cl, (2 mL)
and CF3CO,H (2 mL) was added. The mixture was stirred at 20 °C
for 12 h under argon. The solvent and excess CF;CO,H were re-
moved under reduced pressure and the residue was dissolved in dry
CH,Cl, (20 mL). The solution was dried with K,COj; before being
filtered and the solvent removed under reduced pressure to yield
the product as a pale yellow oil (98 mg, 98%). NMR (CDCl): oy
=4.21(q, J = 7.2Hz 2 H, HY, 3.54 (s, 2 H, HY), 3.3-2.8 (m, 16
H, cyclen Hs), 1.28 (t, J = 7.2 Hz, 3 H, H®) ppm. ¢ (CDCly) 174.4
(C®), 62.8 (CY), 55.3 (Ch), 50.0-43.0 (cyclen Cs), 14.4 (C%) ppm. m/z
(HRMS™) 259. 2129 [M + H]* (C;,H,7N4O; requires 259.2129).

1-(Ethoxycarbonyl)-4,7,10-tris[2-methyl-3-azaxanthone]-1,4,7,10-
tetraazacyclododecane: 1-(Ethoxycarbonyl)-1,4,7,10-tetraazacyclo-
dodecane (16 mg, 0.06 mmol), 2-bromomethyl-3-azaxanthone
(70 mg, 0.24 mmol) and K>CO; (25 mg, 0.18 mmol) were dissolved
in dry MeCN (3 mL). The solution was stirred at 78 °C for 48 h
under argon. The solvent was removed under reduced pressure and
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the yellow residue was dissolved in CH,Cl, (20 mL). After washing
with water (3 X20 mL), the organic layer was dried with MgSO,,
filtered and the solvent was removed under reduced pressure. Puri-
fication by column chromatography on alumina (elution: CH,Cl,,
MeOH 0-2% using 0.1% increments) gave the product as a yellow
oil (43 mg, 80%). NMR (CDCl;): oy = 9.38 (s, 2 H, H*), 9.34 (s, 1
H, H**), 8.19 (d, J = 8.4 Hz, 1 H, H%*), 8.13 (d, J = 8.4 Hz, 2 H,
H®), 7.75 (dd, J = 7.0, 8.4 Hz, 2 H, H®), 7.68 (dd, J = 7.0, 8.4 Hz,
1 H, H8*), 7.64 (s, 2 H, H'), 7.58 (s, 1 H, H'*), 7.52 (d, J = 8.4 Hz,
2 H, H%), 7.46 (d, J = 8.4 Hz, 1 H, H°*), 7.35 (dd, J = 7.0, 8.4 Hz,
2 H, H7), 7.27 (dd, J = 7.0, 8.4 Hz, 1 H, H"*), 4.09 (q, J = 7.2 Hz,
2 H, HY), 3.91 (s, 4 H, H%), 3.76 (s, 2 H, H**), 3.4 (s, 2 H, HY),
3.1-2.8 (m, 16 H, cyclen Hs), 1.19 (t, J = 7.2 Hz, 3 H, HE) ppm. J¢
=176.1 (C3), 171.4 (C®), 170.6 (C?), 161.8 (C*), 156.1 (C”"), 150.3
(C%, 135.6 (C®), 126.8 (C%), 125.0 (C7), 122.8 (C®), 118.5 (C%),
116.7 (C"), 112.2 (C"), 60.7 (C?), 55.8 (C9), 55.0 (C"), 54.0-48.0
(cyclen Cs), 14.5 (C&) ppm. m/z (HRMS*) 908.3377 [M + Na]*
(Cs;H4705N;Na; requires 908.3378), Ry = 0.40 (alumina, CH,Cl,
— MeOH 5%).

1,4,7,10-Tetrakis|2-methyl-3-azaxanthone|-1,4,7,10-tetraazacyclo-
dodecane (L*): 1,4,7,10-Tetraazacyclododecane (18 mg,
0.10 mmol), 2-bromomethyl-3-azaxanthone (114 mg, 0.40 mmol)
and K,CO; (46 mg, 0.34 mmol) were dissolved in dry MeCN
(4 mL). The solution was stirred at 78 °C for 72 h under argon.
The solvent was removed under reduced pressure and the yellow
residue was dissolved in CH,Cl, (20 mL). After washing with water
(3 X20 mL), the organic layer was dried with MgSQO,, filtered and
the solvent was removed under reduced pressure. Purification by
column chromatography on alumina (elution: CH,Cl,, MeOH 0—
1% using 0.1% increments) gave the product as a yellow oil (60 mg,
60%). NMR (CDCl,): 6y = 9.37 (s, 4 H, H*), 8.10 (d, J = 8.4 Hz,
4 H, H®, 7.76 (s, 4 H, H"), 7.53 (dd, J = 7.0, 8.4 Hz, 4 H, H®),
7.25(dd, J = 7.0, 8.4 Hz, 4 H, H7), 7.08 (d, J = 8.4 Hz, 4 H, H°),
3.87 (s, 8 H, H*), 3.00-2.80 (m, 16 H, cyclen Hs) ppm. m/z
(HRMS™) 1009.3678 [M + H]* (CgoH49OsNg requires 1009.3668),
R = 0.56 (alumina, CH,Cl, — MeOH 5%).

EuL!: 1,4,7-Tris(tert-butoxycarbonyl)-10-[2-methyl-3-azaxanth-
one]-1,4,7,10-tetraazacyclododecane (55 mg, 0.10 mmol) was dis-
solved in CH,Cl, (2 mL) and CF;CO,H (2 mL) was added. The
mixture was stirred at 22 °C, under argon, for 12 h. Excess
CF;CO,H and CH,Cl, were removed under reduced pressure and
the yellow residue was dissolved in CH,Cl,, which was again re-
moved by reduced pressure to ensure the removal of all CF;CO,H.
Deprotection of the OrBu groups was confirmed by '"H NMR, be-
fore the residue was dissolved in H,O/CH;OH (4:1 v/v, 5 mL). Ad-
dition of Eu(OAc); (48 mg, 0.12 mmol) was followed by adjustment
of the pH to 5.8, by the addition of NHj, and the mixture was
stirred at 60 °C for 48 h. After allowing the solution to cool to
room temperature, the pH was raised to 10 by the addition of NHj.
The solution was stirred for 1 h causing excess Eu* to precipitate
as Eu(OH)s, which was removed by syringe filtration. Adjustment
of the pH to 5.8 by the addition of CH;CO- H, followed by lyo-
philisation of the solvent, gave the title compound as a pale yellow
solid (52 mg, 74%), m/z (ESMS™) 703.9 [M + H]*, 726.0 [M +
Na]*, 743.9 [M + KJ*, Tps0 = 0.60 ms, 7py0 = 1.98 ms, @ypo™ =
6.9%, tr = 8.57 min.

[EuL?|Cl: 1,7-Bis(tert-butoxycarbonyl)-4,10-bis[2-methyl-3-azaxan-
thone]-1,4,7,10-tetraazacyclododecane (22 mg, 0.031 mmol) was
dissolved in CH,Cl, (2 mL) and CF;CO,H (2 mL) was added. The
mixture was stirred at 22 °C, under argon, for 12 h. Excess
CF;CO,H and CH,Cl, were removed under reduced pressure and
the yellow residue was redissolved in CH,Cl, The solvent was,
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again, removed under reduced pressure to ensure the removal of
all CF;CO,H. Deprotection of the OrBu groups was confirmed by
'TH-NMR before the residue was dissolved in H,O/CH;OH (4:1
vlv, 4 mL). Addition of Eu(OAc); (15 mg, 0.037 mmol) was fol-
lowed by adjustment of the pH to 5.8, by the addition of NH3, and
the mixture was stirred at 60 °C for 48 h. After allowing the solu-
tion to cool to room temperature, the pH was raised to 10 by the
addition of NHj. The solution was stirred for 1 h causing excess
Eu3* to precipitate as Eu(OH)z, which was removed by syringe fil-
tration. Adjustment of the pH to 5.8 by the addition of CH;CO,
H, followed by lyophilisation of the solvent, gave the product as
the acetate salt. The solid was converted into the chloride salt by
stirring in H>O for 1 h with Dowex 1 X 8 200-400 mesh CI", which
had been washed with 1 M HCIl and neutralised with water. The
Dowex was removed by filtration and the solvent lyophilised to
yield the title compound as a pale yellow solid (28 mg, 66 %), m/z
(HRMS*) 855.1798 [M — Cl]* (C33H3605Ng''Eu requires
855.1788), tr20 = 0.56 ms, 7pro = 1.54 ms, @™ = 10%, 1z =
8.91 min.

[EuL3|Cl,: 1-(Ethoxycarbonyl)-4,7,10-tris[2-methyl-3-azaxanth-
onel-1,4,7,10-tetraazacyclododecane (20 mg, 0.023 mmol) was dis-
solved in 2 mm HCI (4 mL) and the solution was stirred at 100 °C
for 2 h. Removal of the OEt protecting group was confirmed by
'TH-NMR spectroscopy. The pH was raised to 5.0 using NaOH be-
fore EuCl; (9 mg, 0.028 mmol) was added and the mixture stirred
at 60 °C for 40 h. After allowing to cool to room temperature, the
pH was raised to 10 by the addition of aqueous ammonia solution
(1 m). The solution was stirred for 1 h causing excess Eu?* to pre-
cipitate as Eu(OH);, which was removed by syringe filtration. Ad-
justment of the pH to 5.8 by the addition of acetic acid, followed
by lyophilisation of the solvent, and pumping of the residue under
vacuum to gave [EuL?]* as an off-white solid. Conversion to the
choride salt used the ion exchange resin as described above. 7(H,0)
0.50 ms, 7(D50) 1.61 ms, @™ = 5.0%, tx = 8.71 min.

[EuL4Cly: L* (12mg, 0.012mmol) and Eu(OTf); (6.5 mg,
0.011 mmol) were dissolved in CH;CN (3 mL) at 78 °C, under ar-
gon, for 40 h. The solvent was removed under reduced pressure
and the yellow residue was re-dissolved in CH;CN (0.1 mL). This
solution was dropped into Et,O (10 mL) causing immediate pre-
cipitation of the product as the triflate salt. The pale yellow solid
was converted into the chloride salt by stirring in H,O for 1 h with
Dowex 1 X8 200-400 mesh CI-, which had been washed with 1 M
HCI and neutralised with water. The Dowex was removed by fil-
tration and the solvent lyophilised to yield a yellow solid (2 mg,
15%), mlz (HRMS') 588.1404 [M - 3Cl + OHP*
(CeoH49oO9Ng3 Eu requires 588.1405), typo = 0.71ms, tpro =
1.20 ms, @yo0°™ = 5.4%, tx = 9.51 min.

Supporting Information (see also the footnote on the first page of
this article): Selected HPLC analyses of Eu complexes and 1-H
NMR spectra of selected complexes.
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Reactions of Amine— and Phosphane—Borane Adducts with Frustrated Lewis
Pair Combinations of Group 14 Triflates and Sterically Hindered Nitrogen
Bases
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Mairi F. Haddow,!?! and Ian Manners*!2!
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The ability of trialkyl Group 14 triflates in combination with
amine and pyridine bases to dehydrogenate amine- and
phosphane-borane adducts has been investigated. By using
multinuclear NMR spectroscopy, it has been shown that
Me,NH-BH; (11) is efficiently converted to [Me,N-BH;], (12)
by the so-called “frustrated Lewis pair” (FLP) of nBuzSnOTf
(4, "OTf = "OSO,CF3) and 2,2,6,6-tetramethylpiperidine (6).
Within the scope of the study, exchange of the Lewis acid
effects the rate of dehydrogenation in the order: 4 > Me;Si-
OTf (2) > Et3SiOTf (3). Exchange of the Lewis base for 2,6-
di-tert-butylpyridine (5) has also been shown to reduce the
rate of reaction, whereas 1,3-di-tert-butylimidazol-2-ylidene
(7) reacted directly with 2 to afford 1,3-bis-tert-butyl-4-(tri-
methylsilyl)imidazolium triflate (8[OTf]). For FLP combina-

tions for which dehydrogenation reaction times are longer,
detectable quantities of [H,B(pu-H)(p-NMe,)BH,] (14) are ob-
served. Both the dehydrogenation reaction and competitive
formation of this product are proposed to proceed by initial
hydride abstraction by the Lewis acid, followed by deproton-
ation by the Lewis base, or combination with further dimeth-
ylamine-borane and elimination of [Me,NH,|OTf (18[OTf]),
respectively. In contrast to 11, MeNH,-BH; (22) was not
found to cleanly dehydrogenate to either [MeNH-BH,]; or
[MeN-BH]; under the same conditions. An alternative reac-
tion pathway was observed with either 2 or 4 and 6 with
Ph,PH-BHj; (23), resulting in P-silylation or P-stannylation of
the phosphane-borane, respectively.

1. Introduction

The dehydrogenation of amine-borane adducts is of in-
tense current interest for both the preparation of new polya-
minoborane materials!’-?l and for utilisation in hydrogen
storagel® and hydrogen transfer applications.[*3? Recent
work has shown that, in addition to the thermally induced
routes described in the 1950s that require temperatures
above 100 °C, efficient processes mainly involving transition
metal catalysis have been developed. The catalysts for these
reactions can be heterogeneous or homogeneous in nature
and have been shown to be successful for a variety of metal
centers from the d-block.**3 Other Group 13-15 Lewis
acid-Lewis base adducts such as phosphane-borane ad-
ducts have also been shown to undergo metal-catalyzed de-
hydrogenation to yield linear or cyclic oligomers or high-
molecular-weight polymers.!33-38]

Led by key discoveries by Stephan and co-workers, much
recent interest has focused on the metal-free activation of
small molecules by exploiting the reactivity of mixtures
containing sterically encumbered Lewis acids and bases.[**]

[a] School of Chemistry, University of Bristol, Cantock’s Close,
Bristol BS8 1TS, United Kingdom
E-mail: ian.manners@bristol.ac.uk
Fax: +44-117-929-0509
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By so preventing the adduct formation that is typical of
these compounds, heterolytic bond cleavage of an ad-
ditional substrate, such as hydrogen, becomes the dominant
reaction pathway. This chemistry is often described as that
of “frustrated Lewis pairs” (FLP) and has been shown to
facilitate further useful reactions. For instance, the phos-
phonium or ammonium hydridoborates formed from hy-
drogen cleavage are catalytically active in the hydrogenation
of imines, protected nitriles, aziridines,[**#!l enamines and
silylenol ethers.™? The FLP approach has also proved suc-
cessful for the stoichiometric activation of many other small
molecules, including olefins*¥! and CO,.[***] Based on
these reports we were intrigued as to whether the FLP ap-
proach would also permit the efficient dehydrogenation of
amine— and phosphane-borane adducts. In this respect we
were initially encouraged by reports that ammonial*®! and
catecholborane” can be successfully activated by this
method. During the course of our work, however, Miller
and Bercaw reported that the sterically bulky tertiary phos-
phane/borane Lewis pair of PrBus and B(CgFs); reacted
with amine-borane adducts to afford the targeted dehydro-
genated products and phosphonium hydridoborate salts.[*®]
Furthermore, this topic has recently been the subject of a
theoretical study.*]

With the exception of Bertrand’s (alkyl)(amino)-
carbenes*®! and some activity displayed by BPh; systems

View this journal online at
wileyonlinelibrary.com
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towards hydrogen,’®1 FLPs almost entirely contain
B(C4Fs); (1) or a derivative thereof as the Lewis acid. Al-
though the combination of large steric bulk and high Lewis
acidity no doubt explain this observation, the cost of this
compound compares to those of precious metal catalysts,
and herein lies a limitation. There is no a priori reason why
another Lewis acid may be ineffective as long as the afore-
mentioned steric and electronic requirements are met. We,
therefore, chose to initiate this study into the dehydrogena-
tion of amine— and phosphane-borane adducts by em-
ploying less expensive Me;SiOTf (2, “OTf = ~OSO,CF3),
Et3SiOTf (3) and nBusSnOTf (4) as the Lewis acids. 2,6-Di-
tert-butylpyridine (5), 2,2,6,6-tetramethylpiperidine (6) and
1,3-di-tert-butylimidazol-2-ylidene (7) were chosen as the
sterically encumbered Lewis bases. In addition to pre-
venting reaction with 2, 3 and 4, such steric bulk was de-
emed necessary to hinder competitive ligand-exchange
chemistry with the amine and phosphane-borane adducts
of interest. With the exception of 5, these bases had pre-
viously been shown to be effective in the FLP activation
of hydrogen.’'-34 During the course of our study, similar
chemistry was reported for lutidine,>*! which also provided
precedent for the use of a pyridine base.

2. Results and Discussion

2.1. Reactions of Trialkyl Group 14 Triflates with Lewis
Bases

The mixing of 2, 3 or 4 with a slight excess of either 5 or
6 in 1,2-dichlorobenzene at room temperature afforded no
reaction as evidenced by 2°Si and !''"Sn NMR spec-
troscopy.2%>7] These combinations of Lewis acids and bases
were therefore deemed appropriate for use in the FLP acti-
vation of amine and phosphane-borane adducts. 1,3-Di-
tert-butylimidazol-2-ylidene (7), however, afforded a pre-
cipitate upon treatment with 2 in 1,2-dichlorobenzene.
Recrystallisation of the solid from CH,Cl,/hexane pro-
duced crystals that were suitable for single-crystal X-ray dif-
fraction (vide infra), and these were also analysed by multi-
nuclear NMR spectroscopy. The 'H NMR spectrum exhib-
ited a highly deshielded proton resonance at = 9.19 ppm,
which was taken as indicative of an imidazolium environ-
ment. This signal integrated in a 1:1 ratio with respect to
the olefin resonance at 6 = 7.25 ppm, and 1:9 with regard
to that assigned to the Me;Si group at 0 = 0.49 ppm. These
data are consistent with protonation of the carbene centre
and silylation of the carbon backbone. Support for the for-
mer deduction was provided by the absence from the
BC{'H} NMR spectrum of a signal that would be consid-
ered characteristic of a two-coordinate carbon atom (0 =
213.2 ppm).B8 Further evidence for the latter can be taken
from the resonance at § = —6.2 ppm in the 2°Si{'H} NMR
spectrum. The '°F NMR spectrum indicated the inclusion
of the triflate ion in the product by the presence of a singlet
at 6 = 78.2 ppm.1*°! In combination with mass spectrometry
3968
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and elemental analysis, these data support the formation
of 1,3-bis-tert-butyl-4-(trimethylsilyl)imidazolium triflate
(8[OTH]) as depicted in Scheme 1.
[OTf]
N’* Me,SiOTf NL
2
| ) | H
[N> \§Si£ N>—
[

3 r

8[OTf]

Scheme 1.

The molecular structure of 8§OTf] was confirmed by sin-
gle-crystal X-ray diffraction, for which a thermal-ellipsoid
plot is presented in Figure 1. The compound crystallised in
the orthorhombic space group Pra2; with one well-sepa-
rated ion pair per asymmetric unit. The N1-C3 and N2-
C3 bond lengths are 1.336(3) and 1.333(3) A, respectively,
which are closer to those found in 1,3-bis-zert-butylimid-
azolium cation (9) [1.325(4) and 1.328(4) AJ’53! than in the
corresponding carbene (7) [1.3665(18) and 1.3660(18) A].158!
Furthermore, the N1-C3-N2 bond angle [109.9(2)°] is also
more representative of 9 [107.4(3)°] than 7 [106.80(14)°].
These results clearly support the presence of a C3-bound
proton in 8[OTf]. The C1-C2 separation of 1.366(3) A is
significantly longer than the corresponding distances in 9
and 7 [1.342(2) and 1.343(4) A, respectively], but compar-
able to that in 1,3-diisopropyl-4-(trimethylsilyl)-2-[(trimeth-
ylsilyl)imino]imidazoline (10) [1.347(4) AL!®? which also
contains a silylethylene backbone. It is presumably the ste-
ric pressure introduced by this substituent that is responsi-
ble for the observed elongation of the C=C bond. The re-
mainder of the metrical parameters are also consistent with
the structure determined by spectroscopic means and are
included in the caption to Figure 1. It should be noted that
this reaction is analogous to that observed between 7 and
B(C4F5); when the reagents were allowed to stand at room
temperature.33-34]

In order to provide a point of reference for the current
study with respect to the literature, the abilities of the
Group 14 triflates and N-donors to activate hydrogen were
investigated. The reaction of 2 and 6 with H, (2 bar) in 1,2-
dichlorobenzene was monitored by 2°Si NMR spectroscopy.
After 18 h at 50 °C, however, the only signal apparent was
that of the starting material 2 (5 = 43 ppm).[’®! The same
result was observed for the reaction employing 2 and 5; and
when 4 and 6 were utilised, there was no conversion of the
tin reagent (4) as evidenced by ''?Sn NMR spectroscopy.l>”)
At the time of this study there was no evidence to suggest
that 5 was sufficiently nucleophilic to activate H,, so the
reaction was repeated with a Lewis acid known to facilitate
this transformation with other Lewis bases. A solution of 1
and 5 that was exposed to H, (2 bar) only exhibited a reso-
nance corresponding to the borane (6 = 55 ppm)°!l after
ca. 1 h at room temperature. On heating at 50 °C for ca.
18 h, however, two new signals were observed in the ''B
NMR spectrum, replacing that corresponding to the start-
ing borane. The predominant signal (6 = —26 ppm; Jgy =
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Figure 1. Molecular structure of 8[OTf] with thermal ellipsoids at the 50% probability level. Hydrogen atoms have been omitted for
clarity. Selected bond lengths [A] and angles [°]: C1-C2 1.366(3), C1-Sil 1.895(2), CI-N1 1.410(3), C2-N2 1.372(3), C3-NI1, 1.336(3),
C3-N2 1.333(3); N1-C1-C2 104.7(2), C1-C2-N1 109.62(2), N1-C3-N2 109.9(2), CI-N1-C3 108.40(19), C2-N2-C3 107.38(19).

87 Hz), representing 80% of the soluble boron present, was
consistent with the formation of [HB(C4F5)s] and thus H,
activation.P% It seems logical to conclude, therefore, that
it is the lower electrophilicity of the Group 14 species that
precludes the heterolysis of H, in this study. Compounds
such as amine-borane adducts, however, may still be ame-
nable to dehydrogenation by these combinations of reagents
as the bonds to be cleaved are already polarised to facilitate
the reaction.

2.2. Reactions of Dimethylamine— and Methylamine—Borane
Adducts with Mixtures of Trialkyl Group 14 Triflates and
N-Donor Bases

In previous investigations on amine-borane dehydroge-
nation we and others have found Me,NH-BH; (11) a conve-
nient substrate to study, as it readily converts to [Me,N-
BH,], (12) in the presence of a broad range of cata-
lysts.34%21 A solution of 11 with a slight excess of 2 and 6
was prepared in 1,2-dichlorobenzene and the evolution of
the mixture monitored by "B NMR spectroscopy. During
the course of the reaction, the spectra obtained were typical
of Me,NH-BHj; dehydrogenation, displaying resonances as-
signable to the starting material [0 = —14 ppm (q, Jpy =
96 Hz)], 12 [0 = 4 ppm (t, /gy = 111 Hz)] and the intermedi-
ate aminoborane, Me,N=BH, {13 [0 = 35 ppm (t, Jgy =
127 Hz)]} .11 A side product assigned as [H,B(u-H)(u-
NMe,)BH,] {14 [0 = —19 ppm (td, Jgy = 129 Hz, Jgy =
31 H2)]}%4 was also detected, albeit in small quantity. Re-
action progress was accompanied by the precipitation of a
colourless solid that was characterised as 2,2,6,6-tetrameth-
ylpiperidinium triflate ([6-H][OTf]) by 'H and '°F NMR
spectroscopy.l®! The final reaction mixture was further ana-
lysed by °Si NMR spectroscopy, and this confirmed the
expected conversion of 2 to MesSiH [15 (6 = —15 ppm)]
(Scheme 2).1°¢I The time taken for conversion of half the
starting material (¢1,,) was 10.3 min, and this was length-
ened considerably (3.66 h) on exchanging the Lewis base for
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5. Repeating the reaction with 6 but with 3 as the Lewis
acid resulted in a modest lengthening of #;, to 36.2 min
under the same conditions. Finally, when 4 was used with
the same amine, the reaction was ca. 86% complete by the
time that the first NMR spectrum could be acquired (ca.
7 min). In all the reactions, when the formation of appropri-
ate triflate salt and silane or stannane was taken into ac-
count, the product distribution was qualitatively the same
as outlined above. It is noteworthy that the amount of the
side product (14) formed relative to the product of dehydro-
genation (12) became larger as 7, increased, and this ob-
servation will be discussed in due course. In summary, the
rate of the dehydrogenation increases as both the expected
electro- and nucleophilicity of Lewis acid and base, respec-
tively, increase.

Me;SiOTf Me;SiH
2 15
Mezhl_?Hz
MezNH‘BH3 HzB_NMez
1 12

H H

6 [0t

[6-H][OTH]

Scheme 2.

When proposing a mechanism for the above transforma-
tion, three possible alternatives need to be considered.
Firstly, the Lewis acid and base may interact with the
amine-borane in a concerted manner, similar to what has
been proposed for the activation of H, by phosphanes and
boranes.[®”] Secondly, the Lewis base may deprotonate at
the nitrogen atom with the Lewis acid abstracting a hydride
from the resulting anion in a subsequent step. Alternatively,
the converse is possible with hydride abstraction preceding
3969
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deprotonation. Mixtures of either 5 or 6 with 11 in 1,2-
dichlorobenzene showed no signs of reaction under condi-
tions comparable to those of dehydrogenation, as evidenced
by '"B NMR spectroscopy. When, for example, stannyl tri-
flate 4 was treated with 11, however, conversion to 14 was
observed in the absence of any dehydrogenation by !''B
NMR spectroscopy. Only a broad resonance at 6 = 0 ppm
and accounting for trace amounts of the soluble boron
present was also observed in the "B NMR spectrum. We
tentatively assign this signal to the boronium cation,
[H>,B(NHMe,)(OTf)] (16), on account of the similarity in
chemical shift with that of [H,B(NH;3)(OEty)]* (6 =
0.21 ppm).[® Attempts to isolate a model for 16 by hydride
abstraction from Me;N-BH; (17), however, failed. During
the course of the reaction of 4 with 11, colourless crystals
were observed to precipitate from the solution, and these
were later characterised as [Me,NH,]OTf (18[OTf]) by sin-
gle-crystal X-ray diffraction!®®! and 'H and '°F NMR spec-
troscopy. When these results are taken in conjunction with
the formation of nBusSnH (19), from the initial hydride ab-
straction and as evidenced by a signal at 6 = -89 ppm (Js,p
= 1526 Hz) in the ''Sn NMR spectrum,®! the full reaction
stoichiometry can be described (Scheme 3).

nBusSnOTf  nBuzSnH Me,NH-BH;  [Me,NH,]OTf
4 19 1 18[OTf]
N
Me,NH-BH; (MeaNH)BH(OTH) H,BC ,-BH,
1 16 14
Scheme 3.

Baker, Dixon and co-workers have previously investi-
gated the reaction of H;N-BHj; (20) with the Lewis acid 1.1
They found that initial hydride abstraction was followed by
interaction of the resulting borenium cation with another
molecule of 20. Subsequent loss of H, then afforded the
coupled species [H,B(u-H)(n-NH,)BH,NH;]™ (21) as the
[HB(C¢Fs)s] salt, which could catenate further (Scheme 4).
At Lewis acid additions of > 10 mol-%, however, the con-
centration of the cyclic cation 21 appeared high enough for
the rate of an alternative reaction pathway to become sig-
nificant (Scheme 5). It should be noted that this side-reac-

H3N-BH;
+
H2 20 [H,B-NH,~BH,~NH,
HoB, | BHNH, H-BH,~NH,
21
Scheme 4.
+
nz H-
HoBZ, | "BHNH; = H3B=NH;~BH,~NH,
21
Scheme 5.
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tion effectively consumes ammonia—borane, but without
liberation of hydrogen, and is analogous to what we observe
with 4 and 11 (Scheme 3). In our dehydrogenation reac-
tions, however, the presence of a strong base provides a low-
activation-energy route to the formal dehydrogenation
product. In the absence of this reagent or when deproton-
ation is slow, the boronium cation can interact with another
molecule of 11 to afford the observed side reaction.

We attempted to extend this methodology to the de-
hydrogenation of MeNH,-BHj; (22) with the aim of achiev-
ing selective removal of either 1 or 2 equiv. of H,. The reac-
tions of 22 with a mixture of 2 and 6, by using both 1 and
2 mol-equiv. of the latter, however, afforded only a complex
mixture of products as evidenced by ''B NMR spec-
troscopy. Nonetheless, it is noteworthy that 2 equiv. of the
FLP were required to consume all of 22 and that the dehy-
drogenation products [MeNH-BH,]; and [NMe-BH]; were
not significant components of the reaction mixture.[3!

2.3. Reactions of Diphenylphosphane-Borane Adduct with
Mixtures of nBu;SnOTf and Me;SiOTf with 2,2,6,6-
Tetramethylpiperidine

In light of our results regarding the dehydrogenation of
secondary amine-borane adducts, we ventured to investi-
gate the analogous reaction of Ph,PH-BH; (23). This reac-
tion was of particular interest as phosphane-borane ad-
ducts are only sluggishly dehydrogenated by transition
metal catalysts, thus necessitating high temperatures and
long reaction times. As the mixture of 4 and 6 had been
shown to dehydrogenate 11 in the shortest period of time,
compound 23 was treated with this FLP reagent in slight
excess. The white precipitate that so formed was collected
and demonstrated to be [6+H][OT{] on the basis of 'H and
19F NMR spectroscopy. Removal of all volatiles from the
filtrate afforded a colourless oil, which was also analysed
by multinuclear NMR spectroscopy. The absence of reso-
nances at 6 = —40.0, 1.7 and 172 ppm in the ''B, 3P and
119Sn NMR spectra, respectively, indicated complete con-
sumption of both 4% and 23."!] However, there were no

e H2 MeZ
NHz~BH,~NH, ~HBZ | 'BH,

H3N'BH3 H2
20 N
—_— HZBZH:BHZ + [BHa(NH3),]"

Eur. J. Inorg. Chem. 2010, 3967-3975



Reactions of Amine- and Phosphane-Borane Adducts

signals in the former two spectra that could be assigned to
any of the expected dehydrogenation products, Ph,PH-
BH,-PPh,-BHj, [Ph,P-BH,]; and [Ph,P-BH,],.¢ Further
evidence for the occurrence of a reaction other than dehy-
drogenation was apparent from the observation of phos-
phorus-tin coupling (Jp.s, = 196 Hz) in both the 3'P and
19Sn NMR spectra. Unfortunately, the oily nature of the
product prevented further purification of the material and
thus hampered elucidation of the structure. In order to ob-
tain a crystalline product, we repeated the experiment using
2 as the Lewis acid. On employing the same procedure as
utilised with stannyl triflate 4, we also obtained an oil, but
which crystallised on cooling and could be sublimed. The
crystals obtained from the latter procedure were of a quality
suitable for single-crystal X-ray diffraction, and this enabled
the unambiguous determination of the molecular structure
as Ph,P(SiMe;)-BH; (24). This formulation is also consis-
tent with the data from multinuclear NMR spectroscopy
and mass spectrometry. Compound 24 crystallised in the
monoclinic space group P2;/n with one molecule per asym-
metric unit. There were no short intermolecular contacts,
and a thermal ellipsoid plot along with selected metrical
parameters is included in Figure 2. All bond lengths and
angles are as expected, and the structural solution is in-
cluded solely for the purpose of supporting product identifi-
cation. The similarities in the ''B and *'P NMR spectra for
24 (0g = -39 ppm, dp = —23 ppm) and the product obtained
with 4 (0g = -36 ppm, Jp = —20 ppm) suggest that an
analogous product was obtained when the latter was used
as the Lewis acid. The reaction chemistry is depicted in
Scheme 6.

C14

Figure 2. Molecular structure of 24 with thermal ellipsoids at the
50% probability level. Hydrogen atoms attached to carbon atoms
have been omitted for clarity. Selected bond lengths [A] and angles
[°]: P1-B1 1.9389(17), P1-C1 1.8170(15), P1-C7 1.8172(15), P1-Sil
2.2831(6); C1-P1-C7 105.35(7), C1-P1-B1 112.83(7), C7-P1-B1
112.65(7), C1-P1-Sil 103.95(5), C7-P1-Sil 110.01(5), B1-P1-Sil
111.55(6).
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R;EOTf

(2: E=Si, R =Me)
(4: E =Sn, R =nBu)
Phy(R;E)P-BH;
(24: E = Si, R = Me)

Ph,PH-BH;
23
(25: E =Sn, R = nBu)

Ry L
6 [OTH]
[6-H][OTH]

Scheme 6.

In contrast to the reaction with dimethylamine-borane
(11), compound 23 neither reacts with Lewis acid 2 nor is
deprotonated by Lewis base 6 in isolation. These results are
consistent with functionalisation of the phosphane occur-
ring by a concerted mechanism.

3. Conclusions

The FLP formed by nBus;SnOTf (4) with 2,2,6,6-tetra-
methylpiperidine (6) was found to dehydrogenate Me,NH-
BH; (11) both cleanly and rapidly to afford [Me,N-BH],
(12), in addition to nBusSnH (19) and 2,2,6,6-tetrameth-
ylpiperidinium triflate ([6-H][OTf]). Formally exchanging
the Lewis acid for either Me;SiOTf (2) or Et;SiOTf (3) still
resulted predominantly in dehydrogenation, but ac-
companied by increasing relative quantities of [H,B(pu-H)(u-
NMe,)BH,] (14). A similar trend was also observed on ex-
changing the base for the less nucleophilic 2,6-di-zert-butyl-
pyridine (5). The formation of both products is proposed
to proceed by hydride abstraction from the amine-borane
adduct by the Lewis acid. Selectivity is then determined by
the relative activation energies for deprotonation of the re-
sulting boronium cation vs. reaction with further 11. In
contrast to the reactivity with 11 and in the presence of 6,
compounds 2 and 4 both functionalised Ph,PH-BH; (23)
by a formal deprotonation/substitution reaction. Studies
suggest, however, that the E-O (E = Si or Sn) and P-H
bonds are cleaved in a concerted process.

4. Experimental
4.1. General Considerations

All manipulations of air- and moisture-sensitive materials were car-
ried out either under inert gas (nitrogen or argon) or in vacuo by
using standard Schlenk-line and glove-box techniques. All reaction
solvents were dried and degassed by means of a Grubbs-type sol-
vent purification system immediately prior to use.’”l Deuterated
solvents for NMR spectroscopy were purchased from the Cam-
bridge Isotope Laboratories, dried and degassed by inert-gas distil-
lation from appropriate drying agents (CaH, for CDCl; and NaK
for C¢Dyg), or used as received (D;COD). Tris(pentafluorophenyl)-
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borane was purchased from Boulder Scientific and purified in ac-
cordance with the literature.”>! Methylamine-borane,[®3 diphenyl-
phosphane-boranel’'! and 1,3-bis-zert-butylimidazol-2-ylidene!>®!
were prepared according to literature methods. The remainder of
the chemicals used within this research were purchased from Sigma
Aldrich Ltd. NMR spectra were recorded at ambient temperature
with either a Jeol INM-ECP300/400 or JNM-LA300 spectrometer.
Chemical shifts are reported relative to residual protio solvent ('H),
the deuterio solvent itself (13C) or external BFyEt,O (!!'B), 85%
H;PO, (3'P), CFCl; (*°F), Me,Si (*°Si) and MeySn (''°Sn) stan-
dards. Spectra recorded in 1,2-dichlorobenzene and CH,Cl, were
acquired unlocked. Elemental analysis was performed with an
Eurovector EA 3000 Elemental Analyser by Des Davis of the Uni-
versity of Bristol Microanalysis Laboratory. Mass spectrometry
employing either electron ionisation (EI) or chemical
ionisation (CI), were carried out with a VG Analytical AutoSpec
mass spectrometer at the University of Bristol.

4.2. Reactions of Trialkyl Group 14 Triflates with Lewis Bases

In 1,2-dichlorobenzene (0.7 mL), 0.4 mmol of the respective Lewis
acid and Lewis base were mixed. The solutions were then stirred
at 20 °C for 2 h before identification of the components by 2Si or
119Sn NMR spectroscopy. Each of the Lewis acids, Me;SiOTf (2)
[66] [2°Si NMR (79.50 MHz, 1,2-Cl,C¢Hy): & = 43 ppm)], Et;SiOTf
(3)1%¢ [°Si NMR (79.50 MHz, 1,2-Cl,C¢Hy): 6 = 44 ppm] and
nBusSnOTf (4)7% [119Sn NMR (98.16 MHz, 1,2-Cl,C¢H,): 6 =
151 ppm] showed no reactivity with either 2,6-di-tert-butylpyridine
(5) or 2,2,6,6-tetramethylpiperidine (6). Reaction of 2 (0.057 g,
0.26 mmol) with 1,3-di-tert-butylimidazol-2-ylidene (7, 0.043 g,
0.24 mmol) in 1,2-Cl,C¢Hy resulted in the rapid formation of a
colourless precipitate. The solid was collected by filtration and
recrystallised from CH,Cly/hexane to afford pure 1,3-di-zert-butyl-
4-(trimethylsilyl)imidazolium triflate (8[OTf], 0.075g, 78%) as
colourless crystals. '"H NMR (400 MHz, CDCl5): 6 = 9.19 [d, Juy
=4Hz, 1 H, N(CH)N], 7.24 [d, Jun = 4 Hz, 1 H, C(CH)N], 1.78
(s, 9 H, CHj), 1.74 (s, 9 H, CHy), 0.49 (s, 9 H, SiCH3) ppm.
BC{'H} NMR (100.53 MHz, CDCl;): § = 136.7 [s, N(CH)N],
134.2 [s, C(CH)N], 128.7 [s, CC(N)Si], 120.8 (q, Jcr = 321 Hz,
OTY), 61.8 [s, NC(CHs)3], 60.5 [s, NC(CHs)3], 30.7 [s, C(CH3)3],
29.8 [s, C(CH3)5], 1.3 [s, Si(CH3);] ppm. '’F NMR (376.12 MHz,
CDCly): 6 = —78.2 (s, OTf) ppm. *Si{'H} NMR (79.50 MHz,
CDCly): 6 = —6.2 [s, Si(CH3)3] ppm. C;sHyF3N,03SSi (401.55): C
44.76, H 7.26, N 6.96; found C 44.49, H 7.08, N 7.22. MS (EI):
mlz (%) = 253.2 (100) [M — OTf]*, 197.1 (15) [M - OTf - C,Hg]*,
181.1 (64) [M — OTf — SiC3Hg]*, 141.1 (35) [M — OTf — C,Hg —
C,4Hg]", 125.1 (55) [M — OTf — SiC3Hg — C4Hg]*, 69.0 (44) M —
OTf - SiC3Hg — C4Hg — C4Hg]* .

4.3. Attempted H, Heterolysis with Mixtures of Trialkyl Group 14
Triflates and N-Donor Bases

All reactions with dihydrogen were attempted in a manner analo-
gous to that described with MesSiOTf (2) and 2,2,6,6-piperidine
(6): A solution of 2 (0.081 mg, 0.36 mmol) and 6 (0.056 g,
0.39 mmol) was prepared in 1,2-Cl,CsHy4 (0.7 mL) in an NMR tube
fitted with a greaseless stopcock (J. Young). The solution was then
frozen at —196 °C, the tube evacuated and warmed to ambient tem-
perature before hydrogen was admitted (2 bar). After 2 h at ambi-
ent temperature, the 22Si NMR spectrum only indicated the present
of 2 (6 =43 ppm).[° The solution was then heated at 50 °C for 18 h
before the analysis was repeated.

2 and 2,6-Di-tert-butylpyridine (5) with H,: No reaction was appar-
ent by 2°Si NMR spectroscopy at ambient temperature after 2 h or
at 50 °C for a further 18 h. Only unreacted 2 was observed in solu-
tion (?°Si NMR: § = 43 ppm).[6%]
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nBusSnOTf (4) and 6 with H,: No reaction was apparent by ''°Sn
NMR spectroscopy at ambient temperature after 2 h or at 50 °C
after a further 18 h. Only unreacted 4 was observed in solution
(1°Sn NMR: § = 151 ppm).l""!

B(CgFs); (1) and 5 with H,: No reaction was apparent by ''B NMR
spectroscopy at ambient temperature after 2 h with only 1 (''B
NMR: § = 58.6 ppm) being observed in solution.[®'] The mixture
was then heated to 50 °C for a further 18 h, after which analysis
by "B NMR spectroscopy exhibited two signals: a minor peak cor-
responding to an unknown product (0 = 3.5 ppm) and a major
peak arising from [HB(C4Fs)s]” (6 = —26 ppm; Jg = 87 Hz).?l

4.4.1. Dehydrogenation of Me,NH-BH; with Mixtures of Trialkyl
Group 14 Triflates and N-Donor Bases

All dehydrogenation reactions were carried out as described in de-
tail below for the reaction of Me,NH-BHj; (11) with Me;SiOTf (2)
and 2,2,6,6-tetramethylpiperidine (6). The percentage composition
values were calculated from integration of the "B NMR spectra.
To a solution of 11 (0.025 g, 0.42 mmol) in 1,2-CI,C¢H4 (0.35 mL)
was added a solution of 2 (0.086 g, 0.39 mmol) and 6 (0.057 g,
0.40 mmol) in further 1,2-dichlorobenzene (0.35 mL). The reaction
mixture was then stirred at 20 °C for 2 h, before the components
of the mixture were identified by "B NMR spectroscopy. !'B NMR
(9.25 MHz, 1,2-Cl,C¢Hy): 6 = -22.2 (trace), —18.6 {td, Jpy = 129,
Jen = 31 Hz, [H,B(u-H)(u-NMe,)BH,] (14), 3%}, ~14.3 (q, Jpu =
96 Hz, 11, 8%), 4.1 [t, Jgyy = 111 Hz, (Me,NBH,), (12), 89 %] ppm.
Reaction of 11 with 2 and 5: "B NMR (9.25 MHz, 1,2-Cl,C¢H,):
0 =-19.5 (td, Jgu = 129, Jgy = 31 Hz, 14, 18%), —15.3 (q, Jpn =
96 Hz, 11, 27%), —1.5 (br. s, 24%), 3.3 (t, Jpy = 111 Hz, 12, 31%)
ppm. Reaction of 11 with 3 and 6: "B NMR (9.25 MHz, 1,2-
Cl,CeHy): 6 = -22.1 (br. s, 4%), —18.6 (td, Jpy = 129, Jpy = 31 Hz,
14, trace), —13.9 (q, Jsy = 96 Hz, 11, 5%), 4.2 (t, Jgy = 111 Hz,
12, 87%) ppm. Reaction of 11 with 4 and 6: "B{'H} NMR
(9.25 MHz, 1,2-CL,CsHy): 6 = —18.7 (td, Jgy = 129, Jgy = 31 Hz,
14, 2%), 4.1 (t, Jgu = 111 Hz, 12, 91%), 27.2 ppm [d, Jpy =
148 Hz, BH(NMe,),, 7%].74

4.4.2. Dehydrogenation of Me,NH-BH; with Me;SiOTf and 2,2,6,6-
Tetramethylpiperidine for the Isolation of 2,2,6,6-Tetramethylpiper-
idine Triflate: To a solution of 11 (0.025 g, 0.42 mmol) in 1,2-
Cl,C¢Hy (0.35 mL) was added a solution of 2 (0.086 g, 0.39 mmol)
and 6 (0.057 g, 0.40 mmol) in further 1,2-Cl,C¢H,4 (0.35 mL) at
20 °C. The mixture was stirred for 2 h before being filtered through
a glass-fibre pad. The white solid so collected was then dried in
vacuo. '"H NMR (399.7 MHz, D;COD): 6 = 1.83-1.76 (m, 2 H,
CH,); 1.67-1.63 (m, 4 H, CH,); 1.42 (s, 12 H, CH3) ppm. ’F NMR
(376.12 MHz, D3COD): ¢ = -80.1 (s, OTf) ppm. A spectroscopi-
cally identical product was attained through the stoichiometric re-
action of trifluoromethanesulfonic acid and 2,2,6,6-tetramethyl-
piperidine in 1,2-dichlorobenzene.

4.4.3. Determination of Reaction Rates for the Dehydrogenation of
Me,NH-BH; with Mixtures of Lewis Acids and Lewis Bases: The
relative rates of dehydrogenation of 11 by using various mixtures
of Lewis acids and Lewis bases were determined by recording ''B
NMR spectra as a function of time. The relative concentrations of
reagent and product were subsequently determined by integration
of the corresponding signals. The reactions were performed in
NMR tubes fitted with greaseless stopcocks (J. Young) on a
0.4 mmol scale in 1,2-Cl,CsHy (0.7 mL).

4.4.4. Reactions of Me,NH-BH; with N-Donor Lewis Bases: Com-
pound 11 (0.023 g, 0.4 mmol) was combined with either 5 or 6
(0.4 mmol) in 1,2-Cl,C4H4 (0.7 mL) and the mixture stirred at
20 °C for 2 h. In both cases no reactions were observed by ''B
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NMR spectroscopy, with only 11 being present in solution
(~14 ppm).[*3)

4.4.5. Reactions of Me,NH-BHj; with Trialkyl Group 14 Triflates:
Compound 11 (0.023 g, 0.4 mmol) was combined with either 2, 3
or 4 (0.4 mmol) in 1,2-Cl,C4H,4 (0.7 mL) and the mixture stirred at
20 °C for 2 h. In each case, 2Si or ''”Sn NMR spectroscopy indi-
cated a mixture of unreacted Lewis acid along with the correspond-
ing silane or stannane produced by hydride abstraction at the boron
atom. For 2: ?°Si NMR (79.5MHz, 1,2-Cl,CsH,): 6 = 16
(Me;SiH) ppm.[®®! For 3: 2°Si NMR (79.5 MHz, 1,2-C1,C¢Hy): 6 =
~2 (Et;3SiH) ppm.® For 4: 11°Sn NMR (98.16 MHz, 1,2-Cl,C¢H,):
6 = -89 (d, Jspu = 1526 Hz, nBuSnH) ppm.[®! "B NMR spec-
troscopy indicated that the sole boron-containing product pro-
duced was [H>B(p-H)(u-NMe,)BH,] (14). ''B NMR (96.25 MHz,
1,2-Cl,C¢Hy): 6 = —19 (td, Jgy = 129, Jgu = 31 Hz) ppm.[* When
the reaction mixture was allowed to stand for ca. 1 d, colourless
crystals formed that were suitable for single-crystal X-ray analysis.
Comparison of the unit-cell parameters with the literaturel®®! dem-
onstrated these to consist of [Me,NH,]JOTT, and this formulation
is consistent with the NMR spectra of the bulk sample. "H NMR
(300 MHz, D;COD): 6 = 2.67 (s, 6 H, Me) ppm. '"F NMR
(282.09 Hz, D;COD): ¢ = -80.0 (s, OTf) ppm.

4.5.1. Reaction of MeNH,-BH; with 1 equiv. of Me;SiOTf and
2,2,6,6-Tetramethylpiperidine: To a solution of MeNH,-BH; (22,
0.023 g, 0.5 mmol) in CH,Cl, (0.75 mL) was added a solution of
Me;SiOTf (2, 0.121 g, 0.55 mmol) and 2,2,6,6-tetramethylpiper-
idine (6, 0.076 g, 0.55 mmol) in further CH,Cl, (0.75 mL). The
mixture was then stirred at 20 °C for 2 h before study by ''B NMR
spectroscopy. ''B{'H} NMR (96.25 MHz, CH,CL,): § = -23.2
(4%), -22.2 (17%), -19.9 (3%), —19.0 (22, 6%),[631 -18.3 (4 %), -8.3
to —4.7 (overlapping singlets, 41%), —1.8 (13%), 28.8 (2%), 32.4
([MeN-BH]3, 10%),[631 41.2 (trace) ppm.

4.5.2. Reaction of MeNH,-BH; with 2 equiv. of Me;SiOTf and
2,2,6,6-Tetramethylpiperidine: To a solution of 22 (0.023 g,
0.5 mmol) in dichloromethane CH,Cl, (0.75 mL) was added a solu-
tion of 2 (0.242 g, 1.1 mmol) and 6 (0.152 g, 1.1 mmol) in CH,Cl,
(0.75 mL). The mixture was then stirred at 20 °C for 2 h before
analysis by "B NMR spectroscopy. 'B{'H} NMR (96.25 MHz,
CH,Cl,): 0 = -22.8 (2%), —22.0 (2%), —18.2 (trace), —8.9 (49%),
=5.5 (4%), —1.7 (13%), 1.0 (22%), 29.5 (trace), 32.4 ((MeN-BH];.
1%),1031 41.3 (6%).

4.6.1. Reaction of Ph,PH-BH; with Me;SiOTf and 2,2,6,6-Tetra-
methylpiperidine: To a solution of Ph,PH-BH; (23, 0.25¢g,
1.23 mmol) in CH,Cl, (1 mL) was added a solution of Me;SiOTf
(2, 0.31 g, 1.36 mmol) and 2,2,6,6-tetramethylpiperidine (6, 0.19 g,
1.36 mmol) in further CH,Cl, (1 mL). The mixture was stirred at
20 °C for 2 h, upon which a colourless solid was seen to precipitate.
After a further 2 h, the solid was collected by filtration and the
solvent removed in vacuo to yield a colourless oil that solidified on
cooling to —18 °C. The solid was sublimed at 45 °C (0.005 Torr) to
afford crystals of (Me;Si)PPh,'BH; (24, 0.28 g, 82%). ''B NMR
(96.25 MHz, CDCl,): 6 = -39.4 (dq, Jgp = 35, Jpu = 97 Hz) ppm.
SIP{'H} NMR (121.44 MHz, CDCly): 6 = -23.4 (br. m, Me;-
SiPPh,) ppm. 'H NMR (300 MHz, CDCls): § = 7.68-7.60 (m, 4
H, Ph), 7.47-7.40 (m, 6 H, Ph), 0.38 (d, Jyp = 6 Hz, 9 H, Me;Si)
ppm. BC{'H} NMR (75.43 MHz, CDCl;): 6 = 133.2 (d, Jcp =
8 Hz, Ph), 130.3 (s, Ph), 128.8 (d, Jcp = 9 Hz, Ph), -2.4 (d, Jcp =
9 Hz, Me;Si) ppm. 2°Si{'"H} NMR (59.60 MHz, CDCl;): 6 = 5.2
(d, Jsip = 44 Hz, Me;SiPPh,) ppm. MS-CI+ (70 eV): m/z (%) =
271.1 (75) [M* — H], 258.1 (100), [M* — BH3], 187.1 (44) [H,PPh,*];
satisfactory elemental analysis could not be obtained.
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4.6.2. Reaction of Ph,PH-BH; with Me;SiOTf: To a solution of 23
(0.075 g, 0.62 mmol) in CH,Cl, (1 mL) was added a solution of 2
(0.16 g, 0.68 mmol) in further CH,Cl, (1 mL) and the mixture
stirred at 20 °C for 2 h. 3'P and "B NMR spectroscopy indicated
that no reaction had occurred, with 23 being the only apparent
species in solution. ""B{'H} NMR (96.25 MHz, CH,Cl,): § = —41.1
(d, Jgp = 45 Hz, BH;) ppm. 3'P{'H} NMR (121.44 MHz, CH,CL,):
0 = 1.5 (br. m, 23) ppm.

4.6.3. Reaction of Ph,PH-BH; with 2,2,6,6-Tetramethylpiperidine:
To a solution of 23 (0.075 g, 0.62 mmol) in CH»Cl, (1 mL) was
added a solution of 6 (0.1 g, 0.68 mmol) in further CH,Cl, (1 mL)
and the mixture stirred at 20 °C for 2 h. 3'P NMR and "B NMR
spectroscopy indicated that ca. 5% of 23 had undergone an phos-
phane-amine exchange to afford 6:BH3,[*! with the concomitant
liberation of diphenylphosphane. '""B{'H} NMR (96.25 MHz,
CH,Cly): 6 = 41.1 (d, Jpp = 45 Hz, Ph,PH-BH3), -22.8 (s, 6:BH3)
ppm. 3'P{'H} NMR (121.44 MHz, CH,Cl,): 6 = 1.5 (br. m,
Ph,PH-BH3), ~39.7 (s, Ph,PH) ppm.["8]

4.6.4. Reaction of Ph,PH-BH; with nBu;SnOTf and 2,2,6,6-Tetra-
methylpiperidine: To a solution of 23 (0.1 g, 0.5 mmol) in CH,Cl,
(1 mL) was added a solution of nBu;SnOTT (4, 0.242 g, 0.55 mmol)
and 6 (0.077 g, 0.55 mmol) in further CH-Cl, (1 mL). The mixture
was stirred at 20 °C for 2 h, resulting in the rapid formation of a
colourless precipitate. After a further 2 h of stirring, the solid was
collected by filtration and the solvent removed in vacuo to afford
nBusSnPPh,'BH; as a colourless oil (25, 0.22 g, 92%). "B{'H}
NMR (96.25 MHz, C¢Dg): 6 = -36.4 (br. s, BH;) ppm. 3'P{'H}
NMR (121.44 MHz, C¢Dg): 6 = -20.1 (s, Jsop = 196 Hz,
nBu3SnPPh,) ppm. 'H NMR (300 MHz, C¢Dg): 6 = 7.83-7.70 (m,
4 H, Ph), 7.12-6.97 (m, 6 H, Ph); 1.52-1.39 (m, 2 H, nBu), 1.27-
1.13 (m, 4 H, nBu), 0.80 (t, Jyg = 7.16 Hz, 3 H, nBu) ppm.
13C{!H} NMR (75.43 MHz, C4Dy): 6 = 134.0 (d, Jcp = 8.65 Hz,
Ph), 130.4 (s, Ph), 129.3 (d, Jcp = 9.23 Hz, Ph), 29.6 (s, nBu), 27.8
(s, nBu), 14.1 (s, nBu), 12.3 (s, nBu) ppm. 'Sn{'H} NMR
(98.16 MHz, C4Dg): 0 = 17.1 (d, Jsnp = 196 Hz, nBu3;SnPPh,) ppm.
MS-CI+ (70 eV): mlz (%) = 490.2 (10) [M*], 477.1 (38) [MH"—
BH;], 291.1 (86) [nBusSn], 187.1 (100) [H,PPh,*]; satisfactory ele-
mental analysis could not be obtained due to the oily nature of the
product.

4.7. X-ray Structural Characterization

Single-crystal X-ray structural study was performed with a CCD
Bruker SMART APEX diffractometer equipped with an Oxford
Instruments low-temperature attachment. Data were collected at
100(2) K by using graphite-monochromated Mo-K, radiation (4, =
0.71073 A). The frames were indexed, integrated, and scaled by
using the SMART and SAINT software package,!”’! and the data
were corrected for absorption by using the SADABS program.!8!
Pertinent crystallographic data for compounds 8[OTf] and 24 are
summarized in Table 1. The structure was solved and refined by
using the SHELX suite of programs.”” All molecular structures
were generated by using ORTEP-3 for Windows Version 2.02.180
The hydrogen atoms bonded to carbon atoms were included in geo-
metrically calculated positions in the final stages of the refinement
and were refined according to the typical riding model, whereas
the hydrogen atoms attached to boron atoms were located and re-
fined with isotropic thermal parameters. All non-hydrogen atoms
were refined with anisotropic thermal parameters. CCDC-760847
(8[OTf]) and -761915 (24) contain 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.
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Table 1. Crystallographic data and refinement parameters for
8[OTf] and 24.

8[OTI] 24
Empirical formula [C14H29sti][CF303S] C15H22BPSi
Formula mass 402.55 272.20
Crystal system orthorhombic monoclinic
Space group Pna2, P2,/n
a[A] 17.5409(9) 8.9019(4)
b[A] 9.6250(5) 15.6900(8)
¢ [A] 12.1972(6) 11.7475(6)
a ] 90 90
BI°] 90 95.635(3)
y[° 90 90
VA3 2059.27(18) 1632.85(14)
V4 4 4
Pealed. [gem 3] 1.298 1.107
u [mm] 2.57 2.24
F(000) 856 584
Reflections
collected 18162 14637
independent 4225 3765
observed [/>205(1)] 4016 3026
No. of variables 236 178
Goodness-of-fit 1.052 1.017
Final R indices R; = 0.0416 R; = 0.0358
[I>2o(D)] wR, = 0.1105 wR, = 0.0783
R indices (all data) R, = 0.0473 R, = 0.0503

wR, = 0.1123 wR, = 0.0848

[a] Ry = X ||Fy| — [Fl/ZIFo| with Fo?>20(F?); wRy = [Zw(|Fo?| —
[F2D/ZIF.
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[FeFe]-hydrogenase-active-site models containing larger
chalcogens such as Se or Te have exhibited greater electron
richness at the metal centers and smaller gas-phase ioniza-
tion energies and reorganization energies relative to mole-
cules containing S atoms. Diiron complexes related to the
much-studied molecule [Fe,(n-SC3HgS)(CO)g] (1) have been
prepared with one S atom replaced either by one Se atom to
give [Fe,(n-SC3HgSe)(CO)g] (2) or by one Te atom to give
[Fea(n-SC3HgTe)(CO)g] (3). The molecules have been charac-
terized by use of mass spectrometry and PC{'H} NMR,
77Se{'H} NMR, IR, and photoelectron spectroscopic tech-
niques along with structure determination with single-crystal
X-ray diffraction, electrochemical measurements, and DFT
calculations. He I photoelectron spectra and DFT computa-

tions of 2 and 3 show a lowering of ionization energies rela-
tive to those of the all-sulfur complex 1, indicating increased
electron richness at the metal centers that favors electrocata-
lytic reduction of protons from weak acids to produce H,.
However, chalcogen substitution from S to Se or Te also
causes an increase in the Fe-Fe bond length, which disfavors
the formation of a carbonyl-bridged “rotated” structure, as
also shown by the photoelectron spectra and computations.
This “rotated” structure is believed to be important in the
mechanism of H, production. As a consequence of the com-
peting influences of increased electron richness at the metals
with less favorable “rotated” structures, the catalytic effi-
ciency of the Se and Te molecules 2 and 3 is found to be
comparable to that of molecule 1.

Introduction

The importance of developing clean renewable energy
sources and fuels is rising with the increasing depletion of
global fossil fuel reserves and the increasing demand to re-
duce our carbon footprint. One potential alternative for
fuel and energy storage is hydrogen gas. [FeFe]-hydrogenase
is one of the enzymes that produce H, in nature,'3l and
H, is one of cleanest renewable fuels available today.*!!]
Several [FeFe]-hydrogenase-active-site biomimetic com-
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pounds!'>3?l containing dithiolato,['*33 diselenolato,!33-38]
or ditellurolatol®3-3°#1 bridging ligands have been pre-
pared, characterized, and evaluated for the electrocatalytic
production of H, from weak acids.

Recent spectroscopic and computational studies have re-
vealed that substitution of S by Se or Te in the Fe,S,(CO)q
core of [FeFe]-hydrogenase models results in lower ioniza-
tion and reorganization energies for the Se or Te com-
pounds,?3>3%421 which may lead to faster electron transfer
rates and more active catalysts. However, the rate of cata-
lytic reduction was found to be substantially diminished as
the size of chalcogen increased,?*#!l which was in contrast
to one previous finding.[*] Hence, further study on com-
plexes containing heavier chalcogens rather than a S atom
is warranted.

In this paper we elucidate the influence of the chalcogen
on the electrocatalytic production of H, from [FeFe]-hydro-
genase model complexes by utilizing mixed dichalcogenol-
ato ligands. As a continuation of our previous studies in
this area,[?32%:35:3643] g series of homologous compounds 1
through 3 (Scheme 1) was prepared and evaluated with use
of electrochemistry, photoelectron spectroscopy (PES), and
density functional theory (DFT) calculations. Compounds
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2 and 3 allow direct comparison with dithiolato compound
1, extensively studied for its ability to catalyze the formation
of H, from weak acids.

Scheme 1. Mixed dichalcogen [FeFe]-hydrogenase model com-
pounds.

Results and Discussion

Reaction of 1,2-Thiaselenolane (4) and 1,2-Thiatellurolane
(5) with Fe:;(CO)lZ

Treatment of Fe3;(CO);, with 1,2-thiaselenolane (4) or
1,2-thiatellurolane (5) in THF under reflux resulted in the
formation of diiron complexes [Fe,(u-SC3HgSe)(CO)¢] (2)
or [Fe,(u-SC3HgTe)(CO)g] (3), respectively (Scheme 2).
Compounds 2 and 3 are air-stable in the solid state and
for several hours in solution. These compounds have been
characterized by IR, multinuclear NMR spectroscopy, mass
spectrometry, and elemental analysis, as well as by X-ray
crystallography. The '"H NMR spectra of 2 and 3 exhibit
three signals for the three different CH, moieties at 1.73
(CH,), 2.11 (SCH,), and 2.12 (SeCH,) ppm for 2 and 1.46
(CH,), 2.01 (SCH,), and 2.29 (TeCH,) ppm for 3. The 'H
NMR resonances of the SCH, group in 2 and 3 are shifted
upfield relative to that reported for the propanedithiolate
(PDT) complex 1 (2.26 ppm).21-32 The SeCH, and TeCH,
proton resonances in 2 and 3 are also shifted to higher field
relative to those reported for propanediselenolato (PDSe)
(2.19 ppm)P® and propaneditellurolato (PDTe) (2.3 ppm)i#4
complexes. The BC{'H} NMR spectra of 2 and 3 display
three resonances at 13.1 (SeCH,), 24.7 (SCH,), and
30.3 ppm (SeCH,CH,) for 2 and at -9.4 (TeCH,), 30.2
(SCH,), 31.9 (TeCH,CH,) ppm for 3. The '3C resonance of
TeCH, in 3 is significantly shifted to higher field relative to
the respective resonances of SCH, and SeCH,, which could
be attributed to the “heavy atom” effect.[*’] In addition, the
expected resonances for the carbonyl groups were observed
in the spectra. One signal was observed at 6 = 132.9 ppm in

0% S.X o
gy c
R e‘/ %
m +  Fe3(CO)y2 \\.":: A’r’%/\
s X o ZYc.
o° cl o ©
o) o

X =Se (4), Te (5) X =Se (2), Te (3)

Scheme 2. The reaction of 1,2-thiaselenolane (4) and 1,2-thiatellur-
olane (5) with Fe3(CO);, in THF.
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the 'H”’Se HMBC NMR spectrum of 2, which was shifted
upfield relative to those reported for PDSe (145 ppm).13°]
The '>Te NMR spectrum of 3 exhibits a signal at 6§ =
177 ppm. The mass spectra of 2 and 3 show the molecular
ion peaks followed by several peaks obtained by loss of CO
groups.

The X-ray crystallographic structure analyses reveal the
proposed structures of 2 and 3 as shown in Figures 1 and
2, and details of the crystal data are presented in Table 1.
The central [2FeSX] (X = Se, Te) moieties of 2 and 3 are in
the butterfly conformation, and the coordination geometry
around the iron cores is rather similar to those reported for
1 and for the PDSe and PDTe complexes.[>>3¢4 The Fe—
Fe distances increase according to the trend 1 < 2 < PDSe
< 3 < PDTe [with values of 2.5103(11) < 2.5373(9) <
2.5610(8) < 2.5736(10) < 2.633(1) A, respectively], which is
attributed to the increase in the atom size from S through
Se to Te.[?2:3644 As observed in 1, PDSe, and PDTe, the C2
methylene group of 2 and 3 is disordered over two positions
with 50% probability.l??3¢44 Disorder also is likely between
the location of the chalcogen atoms, especially in the case
of the S and Se atoms of molecule 2, where the Fe-Se and

Figure 1. ORTEP drawing of [Fe,(u-SCsH¢Se-p)(CO)¢] (2) at the
50% probability level (hydrogen atoms are omitted for clarity). Se-
lected distances (A) and angles (°): Fel-FelA 2.5374(9), Fel-Sl1
2.28(2), Fel-Sel 2.332(4), Fel-S1-FelA 67.7(7), Fel-Sel-FelA
65.91(11).

Figure 2. ORTEP drawing of [Fe,(u-SC3;H¢Te-p)(CO)4] (3) at the
50% probability level (hydrogen atoms are omitted for clarity). Se-
lected distances (A) and angles (°): Fel-FelA 2.574(1), Fel-Sl
2.256(7), Fel-Tel 2.5074(9), Fel-S1-FelA 69.5(3), Fel-Te2-FelA
61.76(3).
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Fe-S distances from the structure determination differ by
only 0.01 A despite the difference in the sizes of the Se and
S atoms. The covalent radius of Se is 0.15 A greater than
that of S,[*®l and the computations that are discussed later
optimize the Fe-Se distance at a value 0.15 A longer than
the Fe-S distance; the Fe—chalcogen distance from the crys-
tal structure determination is intermediate between the val-
ues optimized in the computations.

Table 1. Crystal data and refinement details for the X-ray structure
determinations of compounds 2 and 3.

Compound 2 3

Formula CyHgFe,04SSe CyoHgFe,04STe
Fw (gmol™) 432.86 481.50

T (°C) -90(2) -90(2)
Crystal system Monoclinic Monoclinic
Space group P2\/m P2,/m

a (A) 6.8382(4) 6.9666(4)

b (A) 13.3846(8) 13.3599(8)
¢ (A) 7.9201(3) 8.0803(3)
B 108.323(3) 109.792(3)
VA 2 2

p (gem3) 2.089 2.260

u (cm™) 49.19 42.32
Measured data 5614 4544

Data with I>2o(]) 1487 1402
Unique data/R,, 1636/0.0632 1676/0.0336
wWR, (all data, on F?)lal 0.1327 0.0889

R [I>2c(D] 0.0477 0.0304

S0l 1.043 1.018

Res. dens. (e A3) 1.360/-1.691 0.637/-0.913
Absorpt. method NONE NONE
CCDC No. 726555 726556

[a] Definition of the R indices: R, = (Z||F,| — [FI)/Z|F,l; wR, =
{(S[W(F,2=FA)?Z[W(F,2)?]} 2 with w! = 6%(F,2) + (aP)> + bP; P
= [2F2 + Max(F,)?)/3. [b] s = {Z[w(F,> — F (N, — Np)}2.

The IR spectra of complexes 2 and 3 exhibit three strong
absorption bands with a KBr disk and four strong absorp-
tion bands in Nujol in the range 2071-1988 cm™! for 2 and
2065-1983 cm™! for 3. These data are in the typical range
of such model complexes.!!¢:17:20:22.24.36.47-49] For compari-
son, the carbonyl stretching frequencies of the all-sulfur
PDT molecule 1 measured under the same conditions are
in the range 2074-1990 cm™'. The down-shifting of the CO
absorption bands to lower frequencies from 1 through 2 to
3 is an indication of the increased m back-donation between
the diiron center and the CO ligand caused by the rising
donor ability of the chalcogen from S through Se to Te. The
shifts are about half that observed when both S atoms are
replaced by heavier chalcogens in other [FeFe]-hydrogenase
model compounds.[3*-411

Electrochemical Investigations

The electrochemical behavior of compounds 1-3 has
been investigated along with the ability of these complexes
to catalyze the reduction of the weak acid acetic acid to
form dihydrogen and acetate. Figure 3 presents two voltam-
mograms for each compound, one with an initial negative-
3978
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going sweep (right) to investigate cathodic processes, and
one with an initial positive-going sweep (left) to explore an-
odic reactions.

4_ e =
I =

o

00 05 -1.0 -1.5 -20 -25
Evs. Fc*/Fe (V)

Figure 3. Voltammograms of ca. 1 mm 1-3 obtained in acetonitrile
containing 0.10 M tetra-n-butylammonium hexafluorophosphate by
using a glassy carbon working electrode (0.100 V/s). The gray bars
represent the range of DFT-calculated oxidation and reduction po-
tentials.

All three compounds show one principal cathodic peak
near —1.6 V vs. Fc¢*/Fc, whose height corresponds to slightly
more than an overall one-electron reduction. The peak po-
tentials are —1.652, —1.618, and —1.585V for 1, 2, and 3,
respectively. The reduction is irreversible for 2 and 3 except
at larger scan rates (1-5 V/s), where some chemical revers-
ibility is observed and where the peak current function
(ip./v'"?) decreases slightly, probably approaching the one-
electron level as recently noted for p-(1,2-ethanedithiolato)-
diironhexacarbonyl (EDT).’) Compound 1 shows some
chemical reversibility even at 0.10 V/s (Figure 3). For all
three compounds, additional cathodic processes are de-
tected at potentials past -2 V.

On the return sweep of these voltammograms, an anodic
peak is seen near —0.6 to —0.7 V, which is due to oxidation
of a product formed at the first reduction peak. This peak
is present, though smaller, in voltammograms where the
scan is reversed just past the first cathodic peak.

Scans initiated in the positive direction (Figure 3) show
an irreversible anodic peak whose height varies among the
three compounds. The peak potentials are similar, +0.773,
+0.802, and +0.791 for 1, 2, and 3, respectively. Clearly,
substitution of one of the sulfur atoms of 1 by selenium (2)
or tellurium (3) has only a minor effect on the ease of oxi-
dation of the complexes, as discussed with the photoelec-
tron spectra and electronic structure of these molecules.

As noted above, however, there is a modest but signifi-
cant increase in the ease of reduction along the series 1-3,
cathodic peak potentials moving to less negative values by
about 67 mV. Almost exactly the same shift in potential was
observed for a series of oxetane-containing dichalcogenol-
ato Fey(CO)s complexes shown in Scheme 3, [(u-
S,CsHgO){Fe(CO)s},] (OxDT), [(1-Se2CsHsO){Fe(CO)s} -]
(OxDSe), and [(u-Te,CsHgO){Fe(CO)s},] (OxDTe), in
which, however, both chalcogens were changed.3?!

Eur. J. Inorg. Chem. 2010, 3976-3985
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Scheme 3. [(u-X,CsHgO){Fe(CO)s},] (X = S, Se, Te) and [{p-
S(CH,),CHCH;S} {Fe(CO)3},] (X =S, Se).

Catalysis of the Reduction of a Weak Acid

Complexes similar to 1-3 are known to catalyze the re-
duction of acids.P!l A typical acid for the evaluation of
catalytic efficiency is acetic acid (pK, = 22.3 in acetoni-
trilel?) and a typical observation for such a weak acid is
that catalytic reduction does not take place at the reduction
peak of the catalyst but at a rather more negative potential.
Such is the case for all three of these complexes. As acid is
added, the reduction peak of the catalyst is hardly affected,
but there appears a new peak in the range —1.8 to -2.5V,
which grows in height more or less linearly with the concen-
tration of acid. Results for 1 mm catalyst and 50 mm acetic
acid are shown in Figure 4. For all complexes, the catalytic
peak is rather drawn-out along the potential axis, and for
compound 1 there is evidence for resolution of the catalytic
peak into two or three separate processes (Figure 4).

Compd Emw V)

Current

=3
I

1.5 2.0 25
Evs. Fct/Fc (V)

Figure 4. Voltammograms of ca. 1 mm 1-3 in the presence of 50 mm
acetic acid. Other conditions as in Figure 3. Return scans are omit-
ted for clarity. The overpotential, Eqgyerpor. is the difference between
the potential at which the catalytic current is half its maximum
value and the standard potential for the reduction of acetic acid,
-1.46 V.

It is difficult to evaluate the catalytic efficiency of these
complexes, because considerable direct reduction of acetic
acid occurs at the glassy carbon working electrode. The cur-
rent obtained with 50 mm acetic acid alone (no catalyst)
reaches 300 pA at —2.4 V.13l However, the currents obtained
for 50 mm acetic acid and 1 mm 1-3 greatly exceed this
amount, so these complexes can be described as moderately
good catalysts.

Another measure of efficiency is the overpotential, de-
fined in this case as the difference between the potential at
which the catalytic current is half its maximum value and
the standard potential for the reduction of acetic acid in

Eur. J. Inorg. Chem. 2010, 3976-3985
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acetonitrile, —1.46 V. The overpotential, Eqyerpor, (Shown in
Figure 4) ranges from 0.69 to 0.77 V, not unlike other sim-
ilar complexes.[>!1

Photoelectron Spectroscopy

Photoelectron spectroscopy provides an experimental
measure of the electron energies and molecular reorganiza-
tion energies of the molecules and helps to quantify the
trends in electronic structure in this series of molecules. The
ionization energies also are well-defined energy quantities
for validation of the electron energies from computational
methods and provide a foundation for modeling the electro-
chemistry and chemical behavior (vide infra). The valence
photoelectron spectra of these molecules are compared in
Figure 5.

9 8
lonization Energy (eV)

Figure 5. Hel photoelectron spectra of 1-3. The arrows near
7.5eV are the DFT-calculated adiabatic ionization energies, IE,,
and the arrows near 8 eV are the DFT-calculated vertical ionization
energies, IEy. The energy difference between IEy and IE, for each
molecule is the reorganization energy to the optimum geometry of
the cation.

The general assignments of the ionizations are based on
previously reported analogous compounds.[*3-3¢-541 The en-
ergy region displayed in the spectra contains the valence
ionizations from the Fe-based 3d orbitals and the chal-
cogen-based p orbitals. The first broad ionization profile of
each molecule, from about 7.5 to 8.8 eV ionization energy,
arises predominantly from combinations of the Fe d-based
orbitals with a weak shoulder on the low-ionization-energy
side corresponding to ionization from the HOMO of the
molecule. The chalcogen-based valence p-orbital ioniza-
tions, S through Te, are expected to be observed in the
higher-energy-ionization side of this region, on the basis of
previously reported photoelectron spectra of chalcogen-
containing [FeFe]-hydrogenase model compounds.33:36-34]
The second and third distinct ionization bands, above
9.0 eV, are assigned as having a mixture of chalcogen char-
acter and Fe d orbitals from previous studies.[*3-3%->4 These
ionization energies decrease substantially with substitution
from S through Se to Te, as expected from the decreasing
3979
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electronegativity of the atoms and the decreasing inherent
stability of the atomic orbitals.

However, the leading ionization band changes very little
with chalcogen substitution, except for the difference in the
instrument’s baseline scatter for the different data collec-
tions. A close examination of the band profile (Figure S2 in
the Supporting Information) shows that the onsets of the
ionization bands shift by only about 0.1 eV from molecule
1 (ca.7.5eV) to molecule 3 (ca. 7.4 eV). The onset of the
ionization band typically approximates the adiabatic ioniza-
tion energy for removal of an electron from the HOMO, in
which the molecule has relaxed to the optimum geometry
of the positive molecule ion. The spectra suggest that the
expected lowering of the adiabatic ionization due to the in-
creased electron richness at the metals from 1 through 2
to 3, as evidenced by the decrease in carbonyl stretching
frequencies, is counterbalanced somewhat by a decrease in
the molecular reorganization energies. This suggestion is
consistent with previous studies**-3¢-34 and is examined fur-
ther in the following section.

Computational Results

Electronic structure calculations can provide additional
understanding of the electronic structure and chemical
properties of a chemical system, provided the calculations
are appropriately validated against experimental structures,
spectroscopic observations, electrochemical measurements,
and thermodynamic properties. The DFT computational
methodology utilized in this study has previously been
shown to give good quantitative agreement with the struc-
tures, carbonyl stretching frequencies, oxidation potentials,
reduction potentials, bond energies, and pKa values of a
variety of [FeFe]-hydrogenase model compounds,[33:36-34-56]
It is important to re-examine the validity of a method for
each new class of molecules.

For the particular case of the substitutions of S, Se, and
Te atoms in the molecules of this study, the optimized geo-
metries from the computations agree very well with the
crystal structure determinations. Key structural parameters
are compared in Table S1 in the Supporting Information.
For molecule 1, the largest deviations in bond lengths are
about 0.02 A, and angles are well within a degree, except
for the averaged angles in the experimental structure of the
propane linkage between the S atoms, which is 50% disor-
dered between two conformations in the crystal, as noted
earlier. Most important is the Fe—Fe distance, which agrees
within 0.01 A. Molecule 2 shows evidence of additional dis-
order through interchange of the S and Se atoms in the
crystal, as discussed earlier. However, this disorder does not
seriously affect the determination of the Fe-Fe distance,
which the computations match within 0.001 A. Similar dis-
order may be present for molecule 3, and a relatively flat
potential energy surface for bonding to Te has been noted
earlier, but the calculated Fe-Fe distance still agrees with
the experimental value within 0.02 A. Both experimental re-
sults and computations show an increasing Fe-Fe distance
from 1 through 2 to 3.
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Agreement between the experimental and optimized
structures does not necessarily mean that the computations
yield sufficiently reasonable electron distributions and ener-
gies. The carbonyl stretching frequencies are one measure
that is sensitive to the electron richness at the metal center.
The frequencies are obtained computationally from the
multidimensional potential well about the equilibrium ge-
ometry of the molecule, and thus reflect the energy of small
geometric distortions. Furthermore, the electronic coupling
and interaction force constants between the carbonyl vi-
brations are reflected in both the splitting and the inten-
sities of the IR absorptions. Simulation of carbonyl stretch-
ing frequencies has become an important contribution to
the understanding of hydrogenase active sites and hydro-
genase mimics.’”*8 Figure S1 in the Supporting Infor-
mation shows the good agreement between the observed
and simulated IR absorption frequencies and intensities,
and most particularly the shift of the vibrations to lower
frequency from 1 through 2 to 3 with increasing donor abil-
ity from S through Se to Te. The increased electron-donor
ability of heavier chalcogens is also evidenced in the compu-
tations by the increasing positive charge on these atoms.
The Voronoi deformation electron densities!™! in the vicin-
ity of the chalcogens decreased by 0.06 ¢ from S to Se and
by 0.10 ¢ from Se to Te.

The computations also agree with the observations in the
photoelectron spectra. The HOMO is calculated to be pre-
dominantly the Fe-Fe ¢ bond, as shown in Figure 6 for
molecule 2. This orbital is followed closely by six orbitals
composed predominantly of the 3d® electrons of the two
Fe centers with some mixing of chalcogen p character, all
clustered within an energy range of less than 1 eV. The or-
bitals with primary chalcogen character are found after a
gap of approximately 0.5 eV, similar to the pattern observed
in the photoelectron ionizations. Figures of these orbitals
for all molecules are provided in the Supporting Infor-
mation. The calculated first vertical ionization energies
(IEy, obtained by the ASCF difference in energy from the
neutral molecule to the positive ion without change in ge-
ometry) and adiabatic ionization energies (IE 5, obtained by
the ASCF method with full geometry optimization of the
positive ion to its global minimum) are indicated by the
arrows in Figure 5. The vertical ionization energies (calcu-
lated at 8.08 eV for 1, 8.02 eV for 2, and 7.97 eV for 3) are
difficult to define experimentally, because of the large
number of broad overlapping ionizations in this region, but

HOMO

LUMO

Figure 6. Highest-occupied and lowest-unoccupied molecular or-
bitals of 2.
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the agreement between the calculated adiabatic ionization
energies (7.48 eV for 1, 7.43 ¢V for 2, and 7.40 eV for 3)
and the onset of ionization band intensity in each spectrum
illustrates the success of the computational model for these
molecules.

On the basis of the Fe-Fe bonding character in the
HOMO of the neutral molecule, one might expect the pri-
mary geometry relaxation in the positive ion to be a length-
ening of the Fe-Fe distance, and indeed this is found when
geometry optimization of the positive ion begins with the
structure of the neutral molecule. However, a wider search
of the potential energy surface finds a structure with a semi-
bridging carbonyl group to be the global minimum. The
optimized structure of the cation in the gas phase, shown
in Figure 7, may be viewed as a rotation by approximately
60° of one Fe(CO); group, which creates a vacant axial co-
ordination site at the iron center.[®*-®4 This structure has
been observed before and has been termed the “rotated”
structure.5+¢>7% The stabilization energy from the non-
bridged “unrotated” structure to the rotated structure is
0.28 eV for 1, 0.25 eV for 2, and 0.21 eV for 3. The decrease
in stabilization energy to the semibridged structure through
the series may be related to both the increasing Fe-Fe dis-
tance and the greater electron richness at the metal centers.

-e'
/EC=076V

-161.22 eV
E,°=0.50V
-168.91 eV
neutral _
molecule €
-161.48 eV
cations

Figure 7. Calculated neutral and cation structures of molecule 2.
The cation structure without a bridging carbonyl group is at the
top right, and the “rotated” cation structure with a semibridging
carbonyl group is at the bottom right. The numbers in black are
the gas-phase electronic energies, and the numbers in gray are the
calculated solution oxidation potentials.

The total cation reorganization energy (AE,) is the energy
difference between the vertical ionization energy, IEy, and
the adiabatic ionization energy, IE5. The AE, energies are
calculated to be 0.60 eV for 1,4 0.58 eV for 2, and 0.57 eV
for 3. The decrease in reorganization energies is visually ap-
parent in Figure 5, where the energy separation between
IEy and IE, decreases down the series. Also apparent in
Figure 5 is the decrease in the vertical ionization energies,
which follows the increase in electron richness at the metal
centers from molecules 1 to 3, but the decreasing reorgani-
zation energies reduces the shift (ca. 0.1 eV experimental,
0.08 eV calculated) of the adiabatic ionization energies
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through this series. The balance between these factors is
important to the relative behavior of these molecules.

The largest contribution to the calculation of the electro-
chemical oxidation potentials is the adiabatic ionization en-
ergy, followed by differences in solvation energies and ther-
mal contributions to the free energies of the neutral and
ionized molecules. The calculated oxidation potentials of
molecule 2 to the unrotated and rotated cation structures
discussed above are shown in Figure 7 and compared with
the cyclic voltammograms in Figure 3. An exact determi-
nation of the standard oxidation potential by cyclic voltam-
metry (CV) is not possible, because the process is not chem-
ically reversible, and the rate of transformation to the ro-
tated structure (with the lower oxidation potential) is not
known, but the calculated oxidation potentials agree well
with the region of oxidation processes in the voltammo-
gram. Note also from Figure 7 that the 0.26 eV stabilization
of the rotated structure relative to the unrotated structure of
the cation is directly reflected in the difference of oxidation
potentials to the two structures.

The calculated reduction potentials of molecule 2 are
shown in Figure 8 and also compared with the cyclic vol-
tammograms in Figure 3. The LUMO for accepting the
electron consists mainly of the metal-metal antibonding in-
teraction with some metal-chalcogen antibonding interac-
tion of the chalcogen p orbitals, as shown in Figure 6. Sim-
ilar to the removal of an electron from the HOMO, adding
an electron into the LUMO also initiates geometric change.
Various structures were explored for the anions of these
molecules obtained by reduction, and the results suggest a
complex thermodynamic and kinetic combination of re-
duction events. Reduction to the unrotated structure with
an elongated metal-metal bond is favored initially, re-
duction to the rotated structure occurring at a more nega-
tive potential (more negative by 0.27 V for 1, 0.21 V for 2,
and 0.18 V for 3). The trend does not change if the confor-
mation of the propane linker between the two chalcogens is
changed from bending over the rotated iron, as shown in
Figure 8, to bending over the unrotated iron. Reduction of
the unrotated anion to the dianion at potentials more nega-
tive than -2V leads directly to a structure with an ex-
tremely elongated metal-metal distance. However, the
global minimum structure of the dianion has a bridging
carbonyl ligand with one broken Fe—chalcogen bond, and
reduction to this structure requires less negative potential
than the first reduction of the neutral molecule to the
anion. This is termed potential inversion and is similar to
the process observed for the related molecule with a
benzenedithiolato ligand.[>>! Formation of the bridging car-
bonyl structure requires a substantial structural rearrange-
ment of the nonbridging anion, such that kinetic factors
become relevant on the CV time scale. Previously, 1 exhib-
ited a greater-than-one-electron reduction under signifi-
cantly slow CV scan rates.”!! Furthermore, the formation
of the bridging dianion from a nonbridging anion through
an energetically stable intermediate structure, becoming a
two-electron reduction processes with decreased CV scan
rates, was reported for EDT.PY The reductions are not
3981
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chemically reversible, and the calculations indicate potential
inversion with the second reduction, so it is difficult to com-
pare directly the calculated potentials with the observed CV
results. However, as Figure 3 shows, the calculated re-
duction potentials are in the region of reduction events, per-
haps slightly too negative, and confirm that there is little
shift in potential between the molecules. This occurs again,
because of the decreasing reorganization energies with
change in charge. Because of the complexity of these re-
duction processes, we do not attempt further modeling of
the reductions in the presence of acids in this contribution.

.
& 209V
A .
! AN -170.62 eV € -168.82 eV
L
e 03 v
« e
-168.91 eV %‘ ~
142V
-170.33eV -169.05 eV
neutral anions dianions

Figure 8. Calculated anion and dianion structures of molecule 2
with gas-phase electronic energies (black) and calculated solution
reduction potentials (gray).

Conclusions

Synthesis and characterization of the mixed dichalcogen-
olato [FeFe]-hydrogenase model compounds related to the
much-studied molecule [Fe,(n-SC3HgS)(CO)4], where one
sulfur atom is replaced by either a selenium atom or a tel-
lurium atom, were successful. Combinations of experimen-
tal and computational analyses have provided useful insight
into the electronic perturbations resulting from single chal-
cogen substitutions at the diiron core of the molecules. The
crystal structures show the slight increase in the Fe-Fe dis-
tance with increasing size of the chalcogen atom. The in-
creasing donor ability of chalcogens down the group and
the corresponding greater electron richness at the iron cen-
ters in the molecules is evidenced spectroscopically by the
lower carbonyl stretching frequencies and lower ionization
energies for the molecules with heavier chalcogens. How-
ever, the influence of these electronic perturbations is muted
for thermodynamic processes that involve a gain or loss of
electrons from the molecules, such that the adiabatic ioniza-
tion energies and initial oxidation and reduction potentials
vary only slightly with chalcogen substitution. The reason
is that the reorganization energy, AE,, with electron transfer
also decreases with substitution down the series, which
counterbalances the influence of increasing electron rich-
ness at the metals. The longer Fe—Fe distances in the neutral
molecules and the decreasing stabilization energies from the
unrotated structure to the rotated structure with a semi-
3982
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bridging carbonyl ligand in the ions are important factors
in these trends. The computations agree well with these ob-
servations.

Reduction processes both with and without weak acid
are studied to —2.7 V. Computations find that a number of
structural transformations are possible for the anions and
dianions that are formed in this range. A dianion structure
with a bridging carbonyl and broken iron—chalcogen bond
is found to be most stable in solution, suggesting an inver-
sion of potential with the first reduction and the possibility
for a greater-than-one-electron transfer in the first re-
duction peak, depending on the rate of transformation to
the rotated structure with the broken iron—chalcogen bond.
A slightly greater-than-one-electron process is observed in
the first reduction peak for molecule 1 at the scan rate of
this study, where the kinetic transformation may be favored
over the heavier chalcogens by the shorter Fe-Fe distance
and the greater reorganization energy. The thermodynamic
and kinetic complexity of the reductions obviates a detailed
structural and mechanistic modeling of the reduction of
protons to H,. Experimentally, the catalytic efficiency for
the reduction of protons is found to be similar for the three
molecules, with overall similar overpotentials and catalytic
peak currents. This similarity is consistent with the balance
between electronic structure and energy factors discussed
above.

Experimental Section

General Comments: All reactions were performed by using standard
Schlenk and vacuum-line techniques under an argon atmosphere.
All solvents were purchased from Fisher Scientific and dried and
distilled prior to use according to standard methods. Fe3(CO),,
(purchased from Aldrich) and other chemicals (purchased from
Acros) were used without further purification. The 'H, '*C{'H},
77Se{'H}, and 2D NMR ('H,'H COSY, 'H,'*C HSQC, 'H,”’Se
HMBC) spectra were recorded with a Bruker AVANCE 200 or
400 MHz spectrometer by using the solvent residual peak ('H,
13C{'H} NMR) or a concentrated solution of SeO, in D,O as ref-
erence. The 77Se chemical shifts are reported relative to neat Me,Se
[6(Me,Se) = 6(SeO,) + 1302.6 ppm].[’?l The '*’Te chemical shift
was measured vs. external PhTeTePh and converted to that of
Me,Te. Mass spectra were recorded with a FINNIGAN MAT SSQ
710 instrument. IR spectra were measured with a Perkin—Elmer
System 2000 FTIR spectrometer and in Nujol with a Thermo Nico-
let Avatar ESP 380 FTIR spectrometer utilizing the OMNIC ver-
sion 6.1 software. Elemental analyses were performed with a LECO
CHNS-932 apparatus. Silica gel 60 (0.015-0.040 mm) was used for
column chromatography, TLC was done with Merck TLC alumi-
num sheets (Silica gel 60 F,s,). Bis(bromomethyl) selenide,!”?! bis-
(bromomethyl) sulfide,** 1,2-thiaselenolane (4),74 and 1,2-thiatel-
lurolane (5)74 were prepared according to literature protocols.
Yield calculations were based on the substoichiometric utilized
chemicals or on Fe;(CO);, for the diiron complexes.

[Fe,(1-SC3HgSe)(CO)s]  (2):  Triirondodecacarbonyl  (0.10 g,
0.20 mmol) and 4 (0.03 g, 0.20 mmol) were heated at reflux in THF
(30 mL) for one hour. The solvent was removed from the resulting
brown-red mixture under reduced pressure. The obtained solid was
dissolved in a minimum amount of hexane and column chromato-
graphed (SiO,/hexane). From the major red fraction, 2 was ob-
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tained as a red solid (0.06 g, 69%). CoHgFe,OsSSe (433.77): calcd.
C 24.97, H 1.40, S 7.41; found: C 25.09, H 1.36, S 7.23. IR (KBr
disk): Ve—o = 2070 (s), 2030 (vs), 1993 (s), (Nujol) 2071 (s), 2031
(vs), 2000 (s), 1988 (s), 1977 (m) cm'. '"H NMR (400 MHz,
CDCly): 6 = 1.73 (m, 2 H, SeCH,CH,), 2.11 (m, SCH,), 2.12 (m,
SeCH,) ppm. '3C{!H} NMR (100 MHz, CDCl;): 6 = 13.1
(SeCH,), 24.7 (SCH,), 30.3 (SeCH,CH>), 208.2 (CO) ppm. 'H 7’Se
HMBC NMR (76 MHz, CDCly): 6 = 132.9 ppm. DEI-MS: m/z =
434 [M]*, 406 [M — COJ*, 350 [M — 3COJ*, 294 [M — 5COJ", 266
[M - 6COT*.

[Fe,(n-STeCsHgTe)(CO)s] (3): Triirondodecacarbonyl (0.10 g,
0.20 mmol) and 5 (0.04 g, 0.2 mmol) in THF (30 mL) were heated
at reflux. After one hour, the green solution became red-brown,
and it was then allowed to cool to room temperature. The THF
solvent was removed, and the obtained solid was dissolved in a
minimum amount of hexane and column chromatographed (SiO,/
hexane). The red fraction containing complex 3 (0.03 g, 31%) was
collected, and the hexane was removed. CoHgFe,O4STe+0.67hexane
(540.84): calcd. C 28.97, H 2.87, S 5.95; found: C 28.83, H 2.43, S
6.34. IR (KBr disk): Vc—o = 2063 (s), 2024 (vs), 1989 (vs), (Nujol)
2065 (s), 2026 (vs), 1996 (s), 1983 (s), 1971 (m) cm!. '"TH NMR
(400 MHz, CDCl3): 6 = 1.46 (m, 2 H, TeCH,CH,), 2.01 (m, 2 H,
SCH,), 2.29 (m, 2 H, TeCH,) ppm. 3C{'H} NMR (100 MHz,
CDCly): 0 = -9.4 (TeCH,»), 30.2 (SCH,), 31.9 (TeCH,CH,), 209.1
(CO) ppm. 'Te NMR (158 MHz, CDCl;): § = 177 ppm. DEI-
MS: m/z = 482 [M]*, 454 [M - CQOJ*, 426 [M — 2CO]*, 398 [M —
3COJ*, 370 [M - 4COJ*, 342 [M - 5CO]*, 314 [M - 6CO]".

Crystal Structure Determination: The intensity data for the com-
pounds were collected with a Nonius KappaCCD diffractometer,
by using graphite-monochromated Mo-K,, radiation. Data were
corrected for Lorentz and polarization effects, but not for absorp-
tion effects.’>7% The structures were solved by direct methods
(SHELXS)"”! and refined by full-matrix least-squares techniques
against F,> (SHELXL-97).[® All hydrogen atoms were included at
calculated positions with fixed thermal parameters. All non-hydro-
gen atoms were refined anisotropically.’”? The (S, Se) and (S, Te)
positions in 2 and 3 are superimposed. Crystallographic data (ex-
cluding structure factors) has been deposited with the Cambridge
Crystallographic Data Centre. CCDC-726555 (for 2) and -726556
(for 3) contain the supplementary 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.

Electrochemical Measurements: Instrumentation and the source
and treatment of solvent and supporting electrolyte have been re-
ported earlier.l””! All potentials are reported vs. the potential of
the ferrocenium/ferrocene (Fc*/Fc) couple measured in acetonitrile.
Voltammetric experiments were conducted at 298 K, by using ap-
proximately 1.0 mm of each compound in acetonitrile containing
0.10 M BuyNPF¢ on a Glassy Carbon working Electrode (GCE),
under an Ar atmosphere. The area of the GCE was determined to
be 0.0707 cm? from cyclic voltammetric studies of the oxidation of
ferrocene in acetonitrile by using 2.5X 107 cm?s as its diffusion
coefficient.[”]

Photoelectron Spectroscopy: Photoelectron spectra were recorded
by using an instrument that features a 36 cm radius hemispherical
analyzer (McPherson),® with a custom-designed photon source,
sample cells, detection, and control electronics. Calibration and
data analysis were described previously.®" In the figures of the
photoelectron spectra, the spectra obtained with the He I source
photons are represented by solid black lines. Both samples sub-
limed cleanly, with no visible changes in the spectra during data
collection after initial observation of ionizations from the diiron
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complexes. The sublimation temperatures (at 10> Torr) were 37-39
and 40-44 °C for complexes 2 and 3, respectively.

Density Functional Theory (DFT) Calculations: Computational
methods have been developed previously for this class of diiron
hexacarbonyl systems with S and Se heteroatoms in the bridging
positions and validated by their ability to account for geometric
structures, adiabatic ionization energies, carbonyl stretching fre-
quencies, pK, values, oxidation and reduction potentials, and other
electrochemical parameters, as well as metal-metal and pertinent
metal-ligand bond energies.*¢-34-3¢1 DFT calculations were carried
out with the Amsterdam density functional (ADF2009.01b) pack-
age.l8283 Geometry optimizations and frequency calculations (with
no imaginary frequencies in the final geometries) were carried out
by using the VWN functional with the Stoll correction im-
plemented.3# All electronic energies were obtained with the OPBE
functional.l®] Comparison of the OPBE functional to other com-
mon functionals found it to be the best for the prediction of nuclear
magnetic constants!®® and the only functional to correctly predict
the spin states of seven different iron complexes.[*>! All calculations
utilized a triple-{ Slater type orbital (STO) basis set with one polar-
ization function (TZP) for H, C, O, Fe, S, Se, and Te. Relativistic
effects by the zero-order regular approximation (ZORA)I®7-881 were
also applied during all calculations. The frozen-core approximation
was used for the inner core of all heavy atoms. The theoretical
stretching frequencies and IR absorption intensities for all species
were calculated analytically with the same computing method as
for the geometry optimizations and scaled by a factor of 1.002. For
the simulated IR spectra in Figure S1, the linewidths are adjusted
by a constant factor to approximate the linewidths in the experi-
mental spectra. Figures of the optimized geometries and molecular
orbital plots were created with the program Molekel.l®]

Supporting Information (see footnote on the first page of this arti-
cle): Comparison of the experimental IR spectra (in Nujol) in the
carbonyl stretching region (solid lines) with calculated IR spectra
(dashed lines) for each of 1-3 (Figure S1); He I photoelectron spec-
tra of the first ionization bands of molecules 1 (blue), 2 (green),
and 3 (red) (Figure S2); calculated neutral and cation structures
of 1 (Figure S3); highest occupied and lowest unoccupied orbitals,
calculated structures (Figures S4-S13); calculated geometries
(Tables S1-S11).
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Acid anhydrides of N-protected 1'-aminoferrocene-1-carbox-
ylic acid (Fca) have been prepared and spectroscopically
characterized (protection group Boc, Fmoc, Ac; 4a-4c). The
structure of the Boc-derivative 4a has been determined by
single-crystal X-ray crystallography. An intramolecular N-
H---O hydrogen bond involving the carbamate units results
in a ring structure containing the two ferrocene units, the
anhydride moiety, and the hydrogen bond. In the crystal, the

individual molecules are connected by intermolecular N—
H---O hydrogen bonds of the carbamate unit. Experimental
and theoretical studies suggest that the ring motif is also a
dominant species in solution. Electronic communication ac-
ross the anhydride moiety is found to be very weak as judged
from electrochemical, spectroscopic, and theoretical experi-
ments.

Introduction

Oligoferrocenes have attracted enormous interest in the
past years because of their applicability in molecular elec-
tronics and multi-redox catalysis.'™#! Linear processable
poly(ferrocenylenes) were pioneered by Manners, who ob-
tained these compounds by the ring-opening polymeriza-
tion of ER,-bridged [1]ferrocenophanes (E = C, Si, Ge, Sn),
and Wagner, who used BR,, linkers.[>*!

Electronic communication between 1,1’-disubstituted
ferrocene derivatives as part of larger systems could form
the basis for well-defined molecular wires, which promotes
continued research in this direction. With asymmetrical
1,1'-disubstituted ferrocenes, e.g. 1’-aminoferrocene-1-
carboxylic acid (Fca),l'% several linkages are conceivable,
which should lead to different communication channels.
In “dimers” of Fca, a symmetrical ureylene bridge
MeOOC-Fn-NH-CO-NH-Fn-COOMe (“head-head di-
mer”),l1%11 an asymmetrical amide bridge (“head—tail di-
mer”),110%12.131 and a symmetrical anhydride bridge (“tail—
tail” dimer) can be formed (Fn = 1,1'-disubstituted ferro-
cene) (Scheme 1). The different number, type, and hybrid-
ization of the bridging atoms (2-3; C, N, O atoms; formal
sp?, sp®) and the preferred relative orientations of the ferro-
cene units are believed to modulate the communication
pathways. Urea and amide bridges are reported to promote
communication between the ferrocene subunits.''"!3 In
Kraatz’s amide-bridged [Fca-Ala] oligomers with interven-
ing a-amino acids between the ferrocene units, electronic
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communication is not expected because of the blocking ala-
nine moieties.'¥ Most other ferrocene amides reported so
far are conjugates with insulating a-amino acids.'*>! For po-
tential application in molecular electronics, oligomers of
ferrocene should display sufficient electronic interaction.
Thus, it is of significant interest whether oligomers of Fca
should be assembled through amide bonds or through alter-
nating ureylene/anhydride units for this purpose.

R'O0C——=; <= COOR'
Fe (0] Fe
S L L2
H o H

"head-head"

7

RHN—~ |,
|

F
RHN—~= —_—

F
° @e—COOR'

\ RHN— < NHR
"tail-tail" Fe Fe
@WOTKQ
(0] (6]

Scheme 1. Possible “dimers” of ferrocene amino acid fca.

Fe
&2 —CcooR

In 2008, Stepnicka reported the formation of the anhy-
dride of 2-diphenylphosphanyl-ferrocene-1-carboxylic acid
by activation of the acid with N,N’-dicyclohexylcarbodiim-
ide/4-dimethylaminopyridine (DCC/DMAP).I'®  Several
older reports are concerned with the formation of the par-
ent Fc—-CO-O—CO-Fc anhydride.['l However, in contrast
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to the ureylene-bridged “head—head” dimer of Fcal'!l and
“head—tail” amides of Fca,l1%12.13] structural, conforma-
tional, and electrochemical data of bis(Fca anhydrides) are
lacking in the literature.

Anhydrides are often encountered in peptide synthesis
during activation of carboxylic acids by DCC, EDC [1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide] or acid chlo-
rides.['6-20<1 We have recently reported the activation of Fca
as an acid fluoride by cyanuric fluoride for amide cou-
pling,['3 similar to the formation of Fc-COF from Fc-
COOH."8! For certain applications, the acid chloride of Fca
is required (e.g. for solid-phase peptide synthesis and for
construction of longer oligomers).l'?! In these cases, we pre-
fer the in situ generation of the acid chloride of N-protected
Fca derivatives by 1-chloro-N,N,2-trimethyl-1-propen-1-
amine (Ghosez’s reagent!!”)) under quite neutral conditions
(compatible with the amine protecting groups employed).
During these activation and coupling procedures we also
encountered the formation of aminoferrocene carboxylic
acid anhydrides as side products. The results of our struc-
tural, conformational, electrochemical, and theoretical
studies on such “tail-tail” Fca dimers are reported here
(Scheme 1).

Results and Discussion

For acid-labile Boc- and base-sensitive Fmoc protecting
groups, neutral conditions are essential for the activation of
N-Boc- and N-Fmoc-protected Fca derivatives. This can be
accomplished by using 1-chloro-N,N,2-trimethyl-1-propen-
1-amine (Ghosez’s reagent!'”)) in dichloromethane. Thus, N-
Boc-, N-Fmoc-, or N-acetyl-protected Fca la—1¢l!010¢l
were treated with a slight excess Ghosez’s reagent to gener-
ate the respective acid chlorides 2a-2c¢ in situ (Scheme 2).
In order to prove the in situ formation of the acid chloride,
the reaction of 1c¢ with Ghosez’s reagent was conducted in
an NMR tube. Quantitative formation of the acid chloride
2¢ (without formation of anhydride 4c) is shown by the
13C{'H} NMR spectrum of the reaction mixture. Especially
the C°-COCI resonance of 2¢ at § = 75.7 ppm is signifi-
cantly different from the C®-CO-O resonance of 4¢ found
at § = 69.9 ppm (all other '3C resonances appear at very
similar chemical shifts, e.g. COCl is observed at ¢ =
169.0 ppm). Amide-bridged ferrocenes 3a-3c¢ (from cou-
pling with amino ferrocene) and anhydrides 4a-4c were
formed in the presence of HCI scavengers. In this respect,
2,4,6-collidine proved to be beneficial for anhydride forma-
tion (see Experimental Section). Anhydrides themselves are
often only poor acylating agents so that these are unwanted
side products in the synthesis of amides.*”) Amides 3a-3¢
and analogous oligoamides were reported previously.l'3] In
these coupling reactions, the anhydrides 4a—4c are usually
obtained in less than 10% isolated yield after column
chromatography. Higher yields of anhydrides 4a—4c are
achieved in the presence of 2,4,6-collidine and the absence
of amines (see Experimental Section).
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Scheme 2. Synthesis of 4a—4¢ and atom numbering for NMR as-
signments.

Mass spectrometric analyses confirm the dinuclear na-
ture of 4a—4c as molecular ion peaks are observed at the
expected m/z ratios. UV/Vis spectroscopy of 4a-4c¢ in
CH,Cl, reveals the typical ferrocene absorption band at
about A, = 460 nm, with extinction coefficients expected
for dinuclear species of about & = 1000 M 'cm™! (Experi-
mental Section). 'H and 3C NMR spectroscopic data
prove the 1,1’-substitution at the ferrocene units and the
presence of the respective protecting groups (Experimental
Section). A single signal set is observed, which suggests
rapidly interconverting species on the NMR time scale. Sig-
nificant differences in the chemical shifts of the proton and
carbon resonances are observed for nuclei in the vicinity of
the protecting groups, e.g. 0(COcurbamate/amide) = 153.3,
153.9, 169.4 ppm; 5(C") = 98.8, 98.2, 97.1 ppm; S(NH) =
6.36, 6.88, 7.60 ppm for 4a—4c, respectively. The anhydride
CO resonance is found at 6 = 168 ppm throughout the
series. Dilution of a CDCl; solution of 4a slightly shifts the
NH proton resonance of 4a from ¢ = 6.37 ppm (50 mm)
to 0 = 5.99 ppm (6 mMm), which suggests an intermolecular
interaction or a mixed intra/intermolecular hydrogen-bond-
ing situation with rapidly interconverting species. In the lat-
ter case, the chemical shift variation would be the result
of averaging an intramolecular, concentration-independent
hydrogen bond with an intermolecular, concentration-de-
pendent hydrogen bond, i.e. in a certain species one NH
group is temporarily engaged in an intramolecular hydro-
gen bond, while the second NH unit is engaged in an inter-
molecular hydrogen bond. The rather small chemical shift
variation, Ad = 0.38 ppm, points to such an intermediate
situation (see Supporting Information). For comparison
3987
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Ac—Ala—Fca-Ala-OMe features a shift variation of Ad =
0.74 ppm for the purely intermolecular interaction of a sin-
gle NH group under comparable conditions.[!>¢]

The solid-state IR spectra of 4a—4c display the character-
istic symmetric and antisymmetric CO stretching vibrations
of an anhydride unit at about 1765 and 1700 cm ™!, respec-
tively, practically independent of the protecting group. The
CO stretching vibration of the latter is found at 1709/1692,
1732, and 1668 cm™!, characteristic for carbamates and
amides, respectively. For 4a and 4c¢, these values suggest
hydrogen bonds involving this CO group in the solid
state. The NH stretching vibration is found well below
3400 cm™! for 4a and 4c¢, which indicates that all the
NH groups are hydrogen bonded in the solid state. This
can be achieved by the intermolecular hydrogen bonds
NH"'OCcarbamate/amide/anhydride or by a combination of
inter- and intramolecular hydrogen bonds NH--
OCcarbamate/amide/anhydride (VidC infra). In dilute CHzClz solu-
tion and also for 4b in the solid state, NH vibrations are
observed both above and below 3400 cm!, which indicates
the simultaneous presence of hydrogen-bonded and free
NH groups.

Crystals of 4a suitable for X-ray crystal structure analysis
were grown from diethyl ether/petroleum ether (b.p. 40/
60 °C) at 28 °C. Compound 4a crystallizes in the mono-
clinic space group P2,/n as orange blocks. The two crystal-
lographically different NH hydrogen atoms, HI and H2,
were located in the Fourier difference map and refined
freely. The individual dinuclear molecules are connected by
intermolecular hydrogen bonds N2-H2:-O5_A (symmetry
operation 1/2 — x, 1/2 + y, 1/2 — z) with N---O distances of
2.884(3) A and an unconstrained NH-+O angle of 162(2)°,
to give helices along the crystallographic b axis (Figure 1).
The intramolecular hydrogen bond N1-H1:--O7 [N---O dis-
tance 2.903(3) A; NH-+O angle of 170(2)°] leads to a large
ring containing the two ferrocene units (Fel, Fe2), the an-
hydride moiety, and the N1-H1:«O7 hydrogen bond (Fig-
ure 1). This ring motif has several consequences: (i) the ring
twists the anhydride group by a 02-C101-C102-03 torsion
angle of =57°, (ii) the ring forces the ferrocene units in an
almost orthogonal relative orientation (as defined by the
Cp1cemerfcpzccnterfcp3cemerfcp4center torsion angle of
+87°, Figure 1), and (iii) the Fel from Fe2 can be distin-

Figure 1. Molecular structure and connectivity of 4a in the solid
State.
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guished structurally and electronically. The Fel site bears
the NH hydrogen donor group, and the Fe2 site carries the
CO hydrogen acceptor group. The cyclopentadienyl rings at
Fel and Fe2 are both oriented in an almost eclipsed fashion
(C67CplcenlerfcpzcemerfCl i90-8°; Cl 17Cp3cenler7
Cpdeenier—C16 £79.0°) with an approximate 1,2’-conforma-
tion.[2! The intramolecular Fel--Fe2 distance is 6.43 A. All
other metrical data are unremarkable and within the com-
mon ranges. The intra- and intermolecular hydrogen bonds
found in the solid state of 4a, together with the solution
IR and NMR spectroscopic data, are compatible with the
assumption that intramolecular hydrogen bonds (rings) are
also present to some degree in solution.

The stability of ring motifs was probed by DFT calcula-
tions (B3LYP, LANL2DZ) on a model of 4¢.[12:13.15¢.15¢.22]
The metrical data of the calculated ring conformation 4c¢-r
agree sufficiently well with the experimentally observed val-
ues for 4a (NI1--O7 2.84A; 02-C101-C102-O3 55°
Fel-+Fe2 7.26 A). Only the relative orientation of the ferro-
cene moieties is calculated to be significantly smaller
(Cp1centerfcpzcenterfcp3centerfcp4cemer 49°)~ The ring motif
4c-r is found to be more stable than the non-hydrogen
bonded form 4¢-o by 31 kJmol™!, which substantiates the
assumption of ring formation and desymmetrization in
solution (Figure 2).

0N
284 A
273A
2741291 A

[4c-r]°’+’2"

nat. charge o
0.226
0.248 nat. charge
0.484/0.687 0.232

Y 0.667

0.435/0.682
[4c_°]0,+,2+ "
63.2/54.1°

nat. charge

0.244 nat. charge
0.245 0.242
0.487/0.685 0.679

\ 0.425/0.676

65.2°
73.9°
77.3/76.7°

Figure 2. DFT-optimized structures of 4¢-r and 4c¢-0 and natural
charges on iron for the neutral state, cations, and dications (singlet/
triplet state).

Charging of the neutral complex to give the cation [4¢]*
and the dication [4¢]** and reoptimization of the geometries
increases the Fe-Cp distances for the oxidized iron sites.
For the monocations [4¢c-0]" and [4c-r]**, the calculated
structures suggest charge-localized Fe''/Fe''' mixed-valent
systems with distances Fe™-Cp(centroid) ~ 1.80 A and
Fe'"_Cp(centroid) = 1.73 A. In the dications [4¢]**, all Fe—
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Cp(centroid) distances are found to be about 1.80 A (triplet
state) and 1.77 A (singlet state). The triplet state of the di-
cations [4¢-0]>" and [4e-r]?* is calculated to be significantly
more stable than the singlet state. Thus, the following dis-
cussion will refer to the triplet states of [4c-0]>* and
[4e-r]?t.

The calculations on 4¢/[4c]* suggest that the ring motif
remains more stable than the open form upon one-electron
oxidation to [4c]* {AE = E(dc-r]*) — E(4dc-0]") =
—53 kJmol'}. However, the stability of the ring is dramati-
cally reduced for the dication [4¢c]** {E([4c-r]>") = E([4c-
0]>*) for the triplet state}. The lower stability of the doubly
charged ring is likely due to the increased coulomb repul-
sion between the two oxidized iron sites in [4¢c]>*. We were
interested in seeing whether desymmetrization as a result of
intramolecular hydrogen bonding has an influence on the
charge (de-)localization in the mixed-valent cation [4¢c]*. To
this end, NBO analyses were performed for 4c-r, 4¢-o0, [4c-
1]*, [4c-o]*, [4e-r]**, and [4c-0]>". The calculated natural
charges on iron are compiled in Figure 2. From these val-
ues, it can be deduced that [4c-r]* is a rather charge-local-
ized system with Fe'™ at the NH donor and Fe'' at the
carbonyl hydrogen acceptor site (Robin-Day class I-11131),
Charge localization is also observed for the open form [4a-
o]". Thus, from the standpoint of charge (de-)localization,
open forms and ring forms behave similarly in this case.

Indeed, electrochemical experiments (cyclic voltammetry,
square-wave voltammetry, Figure 3) reveal only very small
potential differences for the two expected oxidation waves
for 4a—4c. This attests only a very weak (if any) electronic
communication between the two iron sites in [4a]"[4c]*.
Thus, it appears impossible to isolate pure samples of the
mixed-valent cations [4a]"—[4¢c]* because of the small com-
proportionation constant Ko << 50 (AE;», << 100 mV,
Experimental Section). For comparison, Kraatz’s ureylene-
bridged diferrocene dimethyl 1’,1'-ureylenebis(1-ferrocene-
carboxylate) features AE;,, = 137 mV and K¢ = 2071 and
our amide-bridged diferrocenes (with comparable substitu-
ents) feature AE;, = 123 mV and K¢ = 120 under compar-
able conditions (same counterions in the electrochemical ex-
periments).l'3] Thus, “head—head dimers” and “head-tail
dimers” of Fca can be oxidized to class II mixed-valent cat-
ions with some degree of charge delocalization, while oxi-
dation of “tail-tail dimers” of Fca gives rather localized

I/pA 4b
81 4c
4
o TN
4
2
0 - T T T
0.0 0.2 0.4

E/V vs. FcH/FcH*

Figure 3. SWV of 4a-4c¢ in CH,Cl,/(nBuN)(PFy).
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class I-1I mixed-valent systems. The latter finding might be
due to the twisted anhydride bridge, which results in a poor
communication pathway, and/or due to the structural asym-
metry of the system with “hydrogen-donating” and “hydro-
gen-accepting” ferrocene units in the ring conformers. A
larger splitting of the redox waves of carbamate 4a is noted
in comparison to that of 4b (Figure 3).

Compound 4a can be oxidized with AgSbFg4 in CH,Cl,
(Figure 4). Addition of 1 equiv. AgSbF¢ resulted in the ap-
pearance of the typical ferrocenium band at 825 nm (e
475m'em™!) and a very weak band at ca. 2150 nm (e
25 'em™). Addition of 2equiv. AgSbF, approximately
doubles the intensity of both(!) bands to 935 M 'cm™! at
815 nm and to 55 M 'em! at ca. 2150 nm, respectively. This
excludes the interpretation of the weak NIR band as being
due to an intervalence transition. Rather, it appears to be
associated with the presence of ferrocenium ions bearing an
NHR-substituted cyclopentadienyl ligand.

0

/M 'em

1250 1

10004 +
+2eqAg

750 1

500 +1eqAg”’

250 1

+2eq Ag+
4a

0 T + T L 1 L] 1 ¥ 1 % 1 L 1
400 600 800 1000 1200 1400 1600 1800 2000 2200
Al nm

Figure 4. UV/Vis/NIR spectra of 4a during oxidation with 0-
2 equiv. AgSbF4 in CH,ClL.

To support this assumption, FcH, Fe-COOMe, AcNH-
Fc, AcNH-Fn-COOMe, and BocNH-Fn-COOMe were
oxidized with AgSbFg under the same conditions. The
ferrocenium bands are observed at 621, 630, 759, 796, and
807 nm, respectively. For the latter three ferrocenium ions,
an additional weak NIR band with 4 > 2000 nm and ¢ <
20 M 'em™! is also observed, but for FcH* and [Fc—CO-
OMe]*, no such band at about 2000 nm could be found (see
Supporting Information). Thus, we assign the weak NIR
bands of [AcNH-Fc]*, [AcNH-Fn-COOMe]*, [BocNH-
Fn-COOMe]*, and [4a]"* to a transition that is associated
with the N-substituted cyclopentadienyl ligand.

In order to assist band assignments, time-dependent
DFT calculations (with the BVP86 functional and the
DGDZVP2 basis set?>#) on geometry-optimized mono-
nuclear ferrocenium cations [AcNH-Fc]" and [AcNH-
Fn-COOMe]* have been performed. Transitions with non-
vanishing intensities are calculated at 1928, 888, and
585 nm (= 0.0001, 0.0071, 0.0015) for [AcNH-Fc]* and at
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1909, 938, and 590 nm (f = 0.0001, 0.0062, 0.0010) for
[AcNH-Fn—-COOMe]*, respectively, which nicely repro-
duces the experimental spectra (= 2200, 759, 551 nm and
= 2150, 796, 555 nm; see Supporting Information). The low-
est-energy transition calculated (1928 nm) corresponds
mainly to the d.- (HOMO; 628) to d,> ,» (SOMO, 63p) elec-
tron excitation (Figure 5), while the next two high-intensity
transitions result from the Cp ring (plus d,.; 59B) and Cp
ring (plus d,,; 58B) to d,» » excitations.!*”! The first weak
transition gains some intensity from the admixture of the
nitrogen p, orbital to the d,. ,» orbital, thus introducing
some charge-transfer character. For the very similar
TDDEFT spectrum of [AcNH-Fn-COOMe]* and a MO
diagram of [AcNH-Fc]" see the Supporting Information.

f 480nm
0.010

el
0.008 888 nm g dos
62p dz2 63p x2-y2

0.006 °

0.004

585m
1928 nm

\

1800

0.002

0
400 600 800

1000 1200 1400

/nm

1600 2000

Figure 5. TDDFT-caclulated spectrum of [AcNH-Fc]* (Lo-
rentzian line broadening with FWHM 60 cm™') and relevant
Kohn-Sham molecular beta orbitals with an isosurface contour
value of 0.06 a.u.

Thus, no IVCT bands have been observed for [4a]* up to
2300 nm, which is in accordance with the class I-II formu-
lation of [4a]”. Rather, the observed NIR bands at about
2000 nm are assigned to a charge-transfer admixed metal-
centered HOMO to SOMO transition, which is supported
by experimental and theoretical data.

Conclusions

We have shown that “tail-tail” dimers of N-protected
Fca, namely the respective anhydrides, are formed from the
corresponding acid chlorides in the presence of bases. The
Boc-protected derivative 4a has been structurally charac-
terized by X-ray crystallography. A ring motif with an intra-
molecular hydrogen bond NH---OC is found, which desym-
metrizes the molecule in the solid state. In solution, the hy-
drogen-bonded rings are in equilibrium with open forms.
This is also supported by DFT calculations. Electrochemi-
cal experiments and chemical oxidation with AgSbF reveal
only weak (if any) electronic communication over the anhy-
dride bridge, in contrast to the ureylene or amide bridges,
which promote electronic communication. Observation of
NIR bands both in singly and doubly oxidized systems is
not indicative of intervalence transfer, but is assigned to a
charge-transfer admixed metal-centered transition in these
N-substituted ferrocenium salts. Thus, it is advisable to
3990
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characterize not only the mixed-valent species but also the
respective fully oxidized (or reduced) species in order to
correctly assign the NIR bands of potential mixed-valent
systems.

The weak electronic communication of the redox centers
in Fca anhydrides might be due to the large twist of the
anhydride unit, which prevents efficient electronic com-
munication. Thus, the design principle of molecular wires
based on Fca should focus on “head-tail” linked Fca
(amide bridges) units rather than on alternating “head-
head”/“tail-tail” linked Fca (ureylene/anhydride bridges)
units. The amide strategy is currently being investigated in
our laboratory in greater detail.

Experimental Section

General Procedures: All reactions were performed under argon at-
mosphere unless otherwise noted. Dichloromethane was dried with
CaH, and distilled prior to use. All reagents were used as received
from commercial suppliers (Acros, Sigma-Aldrich). BocNH-Fn—
COOH, FmocNH-Fn-COOH and AcNH-Fn-COOH were pre-
pared according to literature procedures.['%®-19%I NMR spectra were
recorded on a Bruker Avance DRX 400 spectrometer at
400.31 MHz ("H) and 100.07 MHz ('3C{'H}). All resonances are
reported in ppm vs. the solvent signal as internal standard CDCl;
("H: 6 = 7.26; 13C: 6 = 77.0 ppm). IR spectra were recorded with a
BioRad Excalibur FTS 3100 spectrometer by using KBr cells in
CH,Cl, and as Csl disks. Electrochemical experiments were carried
out on a BioLogic SP-50 voltammetric analyzer by using a glassy
carbon working electrode, a platinum wire as counter electrode,
and a 0.01 m Ag/AgNOj; electrode as reference electrode. The mea-
surements were carried out at a scan rate of 100 mVs™! for cyclic
voltammetry experiments and at 10 mV's™! for square-wave voltam-
metry experiments by using 0.1 M (nBuyN)(PFy) as supporting elec-
trolyte in CH,Cl,. Potentials are given relative to the ferrocene/
ferrocenium couple (E;, = 225 =5 mV under the experimental con-
ditions). UV/Vis/NIR spectra were recorded on a Varian Cary 5000
spectrometer by using 1.0 cm cells (Hellma, suprasil). FD mass
spectra were recorded on a FD Finnigan MAT90 spectrometer.
Melting points were determined by using a Gallenkamp capillary
melting point apparatus MFB 595 010 and were not corrected. Ele-
mental analyses were performed by the microanalytical laboratory
of the chemical institutes of the University of Mainz.

Crystal Structure Determination: Intensity data were collected with
a Bruker AXS Smart1000 CCD diffractometer with an APEX II
detector and an Oxford cooling system and corrected for absorp-
tion and other effects by using Mo-K, radiation (1 = 0.71073 A) at
173(2) K. The diffraction frames were integrated by using the
SAINT package and most were corrected for absorption with MU-
LABS.?%27 The structure was solved by direct methods and refined
by the full-matrix method based on F? by using the SHELXTL
software package.l*®>°1 All non-hydrogen atoms were refined aniso-
tropically. The positions of the hydrogen atoms were generated with
appropriate geometric constraints and allowed to ride on their re-
spective parent carbon atoms with fixed isotropic thermal param-
eters, with the exception of H1 and H2, which were located in the
Fourier difference map and freely refined. Cs,H36Fe;,N,O5 (672.33);
monoclinic, P2,/n; a = 12.0908(6), b = 16.5040(8), ¢ =
15.7260(8) A; f = 106.850(2)°; V = 3003.3(3) A3; Z = 4, Deyyeq. =
1.487 gem3; u = 1.017 mm™'; F(000) = 1400; 0 = 2.47-27.50°; h,
k, 1 =15 to 15, =21 to 21, -20 to 20; reflections collected/unique
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[I=2c(1)] = 33471/6901; 396 refined parameters; transmission fac-
tors, Toin/Tmax = 0.84798/1.14278; Goodness-of-fit on F2, S =
0.909; R [I=20o(D]/R [all data] = 0.0409/0.0794; wR [I=2c(])]/wR
[all data] = 0.0688/0.0877; max./min. electron density = 0.462/—
0.515¢A 3. CCDC-769441 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.

Density Functional Calculations: These calculations were carried
out with the Gaussian03/DFT seriest*%311 of programs. For geome-
try optimizations, the B3LYP formulation of density functional
theory was used that employs the LANL2DZ basis set. No sym-
metry constraints were imposed on the molecules. No solvent mod-
eling was employed. All points were characterized as minima (Nimag
= 0) by frequency analysis. Spin-unrestricted single-point TD-DFT
calculations were performed by the BVP86 functional by using a
DGDZVP?2 basis set.

Synthesis of 4a: BocNH-Fn—COOH (390 mg, 1.13 mmol) was dis-
solved in CH»Cl, (20 mL). 1-Chloro-N,N,2-trimethyl-1-propen-1-
amine (150 pL, 1.13 mmol) and 2,4,6-collidine (0.5 mL, 3.78 mmol)
were added by syringe. After the solution was stirred for 16 h at
room temperature, it was diluted with CH,Cl, (50 mL), and the
organic phase was washed with aqueous saturated NaHCO; solu-
tion (2 X 50 mL), aqueous 5% citric acid (3 X 50 mL), and brine
(1 X 50 mL) and dried with MgSO,. After the solvent was removed
in vacuo, the residue was purified by chromatography on silica [3 X
10 cm, petroleum ether (b.p. 40/60 °C)/diethyl ether, 1:2] to give
205 mg of the orange product (0.30 mmol, 54 %). M.p. 167-168 °C.
Ry = 0.73 [diethyl ether/petroleum ether (b.p. 40/60 °C) 4:1].
MS (FD): m/z = 672 (IM]*, 100%). C;,H3cN,O,Fe, (672.33)
1/8CH,Cl,: C 56.50, H 5.35, N 4.10; found C 56.43, H 5.52, N
4.00. "TH NMR (400 MHz, CDCl;): § = 6.36 (br. s, 2 H, NH), 4.84
(pt, 4 H, H”'9), 470 (br. s, 4 H, H>%), 4.58 (pt, 4 H, H%°), 4.10
(pt, 4 H, H3%), 1.46 [s, 18 H, C(CH3);] ppm (pt = pseudo-triplet
= non-resolved doublet of doublets). '*C{'H} NMR (100 MHz,
CDCl): 6 = 168.4 (s, COyunnydride)> 153.3 (s, COcarbamate), 98.8 (s,
Ch), 80.1 [s, C(CH3)3], 74.0 (s, C¥?), 72.0 (s, C*19), 69.9 (s, C®), 66.1
(s, C3%), 62.2 (s, C*9), 28.2 [s, C(CH3)3] ppm. IR (CH,Cl,, ¢ =
1072 m): ¥ = 3431 (w, NH), 3351 (w, NH), 1765 (m, CO,nnydride.sym)»
1724 (sh, COcurbamate)> 1708 (S, COunnydride,asym) €m . IR (CsI): ¥ =
3320 (m, NH), 1767 (s, COpaphydride.sym)> 1709, 1692 (s, COcurbamater
COunhydrideasym) cm . UV/Vis (CHyCly): Jax (6) = 459 nm
(1130 v 'em™). SWV (CH,Cly; vs. FcH/FcHY): E;, = +0.15,
+0.24 V.

Synthesis of 4b: FmocNH-Fn—-COOH (570 mg, 1.22 mmol) was
dissolved in CH,Cl, (15 mL). 1-Chloro-N,N,2-trimethyl-1-propen-
l-amine (160 pnL, 1.21 mmol) and 2.4,6-collidine (0.8 mL,
6.05 mmol) were added by syringe. After the solution was stirred
for 20 h at room temperature, it was diluted with CH,Cl, (50 mL),
and the organic phase was washed with aqueous saturated
NaHCO; solution (2X 50 mL), aqueous 5% HCI (2 X 50 mL),
water (1 X 50 mL), and brine (1 X 50 mL) and dried with MgSO,.
After the solvent was removed in vacuo, the residue was purified
by chromatography on silica [3 X 10 cm, petroleum ether (b.p. 40/
60 °C)/diethyl ether, 1:2; elution with diethyl ether] to give 150 mg
of the orange product (0.16 mmol, 27%). M.p. 158-161 °C. R; =
0.51 [diethyl ether/petroleum ether (b.p. 40/60 °C) 4:1]. MS (FD):
mlz (%) = 916 (100) [M]*. Cs,HyoN,O,Fe, (916.57): C 68.14, H
4.40, N 3.06; found C 67.59, H 4.95, N 2.93. '"H NMR (400 MHz,
CDCl): 6 = 7.74 (d, 3Juy = 7.4 Hz, 4 H, HF™¢), 7.64 (d, 3Jyy =
6.1 Hz, 4 H, HF™°°), 7.37 (t, Jyy = 7.4 Hz, 4 H, HF™°°), 7.29 (t,
Jun = 7.5 Hz, 4 H, Hfm°c), 6.88 (br. s, 2 H, NH), 4.88 (s, 4 H,
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H719), 475 (s, 4 H, H>S), 4.57 (s, 4 H, H®°), 4.38 (br. s, 4 H,
CH,Fm¢), 421 (t, 2 H, 3/ = 6.4 Hz, CHF™o¢) 4.09 (br. s, 4 H,
H3%) ppm. '3C{'H} NMR (100 MHz, CDCly): & = 168.4 (s,
COunnyariae)s 153.9 (5, COparbamare)s 143.8 (s, CFmoe) 141.3 (s,
CFmoe) 127.7 (s, CFmoe), 127.1 (s, CF™oe), 125.2 (s, CF™oc), 119.9
(s, CFmoc) 982 (s, C1), 74.0 (s, C3), 72.1 (s, C719), 69.9 (s, C°),
67.0 (s, CH,F™e), 66.2 (s, C34), 62.3 (s, C>%), 47.1 (s, CHFmo<)
ppm. IR (CH,Cl,, ¢ = 102 m): ¥ = 3423 (w, NH), 3331 (w, NH),
1763 (m, Coanhydride,sym): 1732 (S: Cocarbamale): 1701 (S,
COunhydridesym) €M . IR (CsI): ¥ = 3398 (m, NH), 3335 (m, NH),
1766 (S, Coanhydride,sym)a 1732 (S, Cocarbamate)a 1707 (S,
COunhydrideasym) M L. UV/Vis (CHyCly): Apax () = 460 nm
(1070 m 'em ). SWV (CH,Cly; vs. FcH/FcHY): E;, = +0.19,
+0.25 V.

Synthesis of 4c: AcNH-Fn-COOH (290 mg, 1.01 mmol) was sus-
pended in CH,Cl, (20 mL). 1-Chloro-N,N,2-trimethyl-1-propen-1-
amine (130 pL, 1.00 mmol) and 2,4,6-collidine (0.5 mL, 3.78 mmol)
were added by syringe. After the solution was stirred for 5h at
room temperature, it was diluted with CH,Cl, (50 mL), and the
organic phase was washed with aqueous saturated NaHCO; solu-
tion (2X 50mL), aqueous 5% HCl (2X 50mL), water (1X
50 mL), and brine (1 X 50 mL) and dried with MgSO,. After the
solvent was removed in vacuo, the residue was purified by
chromatography on silica (3 X 10 cm, CH,Cl,/ethyl acetate; elution
with ethyl acetate/thf, 10:1) to give 85 mg of the orange product
(0.15 mmol, 30%). M.p. 102-104 °C. R; = 0.09 [CH,Cl,/petroleum
ether (b.p. 40/60 °C) 1:1]. MS (FD): m/z = 556 (IM]*, 100%).
Cy6H,4N,O5Fe; (556.04)-C4HgO,: C 55.93, H 5.01, N 4.35; found
C 55.86, H 4.89, N 4.54. "TH NMR (400 MHz, CDCls): 6 = 7.60
(br. s, 2 H, NH), 4.87 (pt, 4 H, H”19), 4.83 (br. s, 4 H, H>%), 4.62
(pt, 4 H, H%®), 4.09 (pt, 4 H, H3*), 2.11 (s, 6 H, CH3) ppm (pt =
pseudo-triplet = non-resolved doublet of doublets). '*C{'H} NMR
(100 MHz, CDCl): 6 = 169.4 (s, COumige), 168.3 (s, COupnydride)
97.1 (s, CY), 74.0 (s, C%9), 72.0 (s, C""19), 69.9 (s, C®), 66.3 (s, C>4),
63.3 (s, C%?), 23.9 (s, CH3) ppm. IR (CH,Cl,, ¢ = 102 m): v = 3431
(w, NH), 3342 (w, NH), 1771/1759 (s+sh, COynnydride sym)» 1699 (s,
COunhydride.asym)s 1687 (8, COumige) cm™!. IR (CsI): ¥ = 3285 (m,
NH), 1765 (S, Coanhydride,sym)a 1696 (S, Coanhydride,asym)a 1668 (S:
COumige) cm . UV/Vis (CH,Cl):  Amax (¢) = 461 nm
(1100 M 'em ™). SWV (CH,Cly; vs. FcH/FcH*): E;, = +0.17,
+0.24 V.

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates of DFT-optimized 4c-r, [4¢-r]*, and [4c-
r]?* (singlet, triplet) and those of 4c-o, [4¢-0]" and [4c-0]** (singlet,
triplet) are presented. The 3C{"H} NMR spectrum of 1¢ + Gho-
sez’s reagent in CDCl; (formation of 2¢) and the comparison with
the *C{'H} NMR spectrum of 4c in CDCl; is shown. The plot of
O0(NH) vs. concentration of 4a in CDCl;, the Gaussian fits of the
square-wave voltammograms of 4a—4c¢, the UV/Vis/NIR spectra of
various substituted ferrocenes during oxidation to the ferrocenium
cations with AgSbF¢ in CH,Cl,, the results of the TD-DFT calcu-
lations on [AcNH-Fc]* and [AcNH-Fn-COOMe]*, and the MO
scheme of [AcNH-Fc]* are also given.
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synthesis

Sulfonic acid functionalized silica films with 2D-hexagonal
mesostructures of various channel sizes are prepared in a
one-step synthesis. A successful combination of in situ oxi-
dation of a mercapto-functionalized silane with an evapora-
tion induced self-assembly (EISA) process in the presence of
amphiphilic block copolymers allows the formation of a
highly structured material with a sulfonation degree of 33 %.
Analysis of the mesostructure by a combination of XRD, graz-
ing-incidence small-angle X-ray scattering (GI-SAXS), and
TEM shows that 2D-hexagonally ordered mesostructured
films are obtained by optimization of the surfactant to silica

precursor ratio. The tuneability of the mesochannel size is
demonstrated by the use of three different surfactants. The
complete oxidation of the mercapto group to sulfonic acid is
confirmed by Fourier transform infrared spectroscopy (FTIR).
The thermal stability of the material is investigated by cou-
pled thermogravimetric analysis, differential temperature
analysis, and mass spectrometry (TGA-DTA-MS). Alternat-
ing current (AC) impedance analysis of humidified samples
shows high proton conductivity of up to 0.18 Scm™ at 60 °C
and 95 % relative humidity.

Introduction

The combination of a high surface area and controllable
pore size of mesostructured sol-gel materials has attracted
considerable interest in the research communities of many
different fields.""?) As the mesochannels of such materials
are modified with functional groups the application range
is further expanded.

A particularly interesting field is the application of func-
tionalized mesostructured materials as electrolytes for fuel
cells. Today, Nafion membranes are the most commonly
used electrolytes in polymer electrolyte membrane fuel cells
(PEMFC). Its high proton conductivity is derived from ran-
domly oriented hydrophilic sulfonic acid functionalized
channels in a hydrophobic fluorocarbon matrix. Depending
on the degree of hydration, these channels have a diameter
of several nanometers.’) Sulfonic acid functionalized meso-
channels can be deliberately designed in the form of a peri-
odically structured network by sol-gel processing and sur-
factant templating to reach, or even outstrip, the proton-
conducting features of Nafion.[*®!

In addition, mesoporous silica with sulfonic acid groups
has excellent properties as a heterogeneous catalyst for es-
terification,®'324 condensation,['3-171 acylation,[!1-15-18.19]
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acetylation,['®2% Fries rearrangement of phenylacetate,!]
and protection of alcohols by tetrahydropyranylation.*? In
catalytic and solid electrolyte applications the local environ-
ment and the accessibility of the active functional groups
is strongly dependent on the synthetic route, and therefore
incorporation of the sulfonic acid moieties is a crucial step.
This functionalization can be achieved in several ways:
one method is the postsynthetic impregnation of a pre-
formed mesostructured silica matrix by reaction of the sur-
face silanol groups with a sulfonic acid precursor, such as
(3-mercaptopropyl)trimethoxysilane (MPTMS), followed
by oxidation of the functional group by either hydrogen
peroxide or nitric acid.['3:1418.25.26] The use of a perfluoro-
sulfonic acid precursor instead of MPTMS improved acid
strength and catalytic performance.l'!:?3 A postsynthetic
functionalization method for supported and free-standing
mesostructured films rather than powders was reported by
Athens et al. who prepared functionalized alumina-silica
samples in a multistep synthesis.>’] Their product showed
improved water retention at higher temperatures and
reached stable conductivity values of up to 5X 103 Scm™!
at 50% relative humidity at temperatures of up to 180 °C.
However, in addition to the high synthetic effort, the
postsynthetic impregnation has another drawback. The ma-
terial will usually have a decreasing functionalization degree
from the outer surface of the material to the center of the
mesochannels. Furthermore, the inner pore size is decreased
which may eventually result in pore blocking. In this way
the specific advantages of the mesoporous material may be

View this journal online at
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diminished. These problems can be overcome by co-con-
densation of the silica precursor with mercapto-function-
alized organosiloxane precursors that can then be oxidized
to sulfonic acid in a second step. This synthesis was per-
formed under acidic conditions with nonionic surfac-
tants!'” and with ionic surfactants for mesostrucured sil-
ical'>14 and ethane bridged silica.l?¥

A direct one-step synthesis route to mesostructured silica
doped with sulfonic acid was introduced by Margolese et
al. In his method mercaptopropyl- or 2-(4-chlorosulfo-
nylphenyl)ethyl groups are oxidized in situ in the presence
of hydrogen peroxide.[>7-3%

To date, several groups have reported the proton conduc-
tivity of sulfonic acid functionalized silica powders. The
highest reported value was 0.2 Scm™! at 140 °C and 100%
relative humidity (requires high pressure) that is a great im-
provement compared to Nafion, which reached only
6 X 10 Scm™! under the same experimental conditions.*!]
However, the preparation of stable dense disks or thin films,
required for fuel cell electrolytes, can be difficult. An appli-
cation probably requires incorporation into a polymer ma-
trix, which would significantly reduce proton conductivity
and water uptake potential. Direct deposition of electrolyte
films on electrode surfaces would therefore have obvious
advantages. Feasibility of the use of a sol-gel film as a fuel
cell electrolyte has already been demonstrated by Li et al.
who prepared a fuel cell prototype from nonfunctionalized
650 nm thick silica sol-gel films deposited by spin coating
on a porous electrode.’?! The relatively low power output
of 51 uWcem 2 was mostly attributed to the high resistance
in the system. This problem could be solved by the use of
sulfonic acid functionalized materials instead of pure silica
to improve the conductivity by five orders of magnitude.[3!]
However, at present all co-condensation methods to prepare
sulfonic acid functionalized silica involve hydrothermal syn-
thetic conditions and can only be used for the preparation
of powders. In this work, we present for the first time a
simple EISA3 method for the preparation of mesostruc-
tured sulfonic acid functionalized supported and free-
standing silica films. With our novel approach, thin electro-
lyte films containing sulfonic acid groups can be directly
applied to the electrode surface of fuel cell electrodes by the
use of such simple techniques as dip, spin or spray coating.
Thus, our new method is a significant step towards a de-
sired application in fuel cell assemblies.

Synthesis

MPTMS was added to a prehydrolyzed sol of tetraeth-
oxysilane (TEOS) in a molar ratio of 1:2. The sulfonic acid
functionality was formed by in situ oxidation of MPTMS
with hydrogen peroxide (Scheme 1) in an acid catalyzed sol-
gel process.

A temperature increase of the sol, to approximately
50 °C, indicated the occurrence of a highly exothermic oxi-
dation reaction, which happens concomitantly to the hy-
drolysis and condensation reactions that form the sol-gel
network.
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(RO),Si-CH,CH,CH,SH + 3 H,0,

l

(RO),Si-CH,CH,CH,SO,H + 3 H,0

R = CH,, H or Si

Scheme 1. In-situ oxidation of (3-mercaptopropyl)trialkoxysilane
with hydrogen peroxide.

In this study three different surfactants were applied as
templating agents: Brij-56 (C,c,EO;o, B56), Sylanox 40-A80
(EO,PO,Cy4, S40), and Pluronic-P123 (EO,,PO;(EO,,
P123). Supported films on glass slides were prepared
by spin-coating from clear sols with a molar composition
of TEOS/MPTMS/Surfactant/H,O,/H,O/HCI/EtOH =
1:0.5:5:1.73:5:0.0082:11.7. Moulding the same sols in
Teflon™ or polystyrene dishes gave free-standing films.
Highly ordered mesostructures were obtained for samples
prepared with S of 0.188 (B56), 0.079 (S40), and 0.034
(P123).

The samples prepared by moulding were labeled B56-as-
m, S40-as-m, and P123-as-m and the supported films were
denoted B56-as-f, S40-as-f, and P123-as-f, respectively. Sur-
factant extraction was performed in ethanol at 60 °C for
24 h,*1 and the resultant samples were labeled B56-ex-f,
S40-as-f, P123-as-f and B56-ex-m, S40-as-m, and P123-as-
m, respectively.

Chemical Characterization

FTIR analysis of all samples showed the typical bands
expected for the silica network: Si-O stretching at 800,
1100, and 1200 cm™!, Si—O bending at 950 cm ™!, and the O—
H stretching vibrations of silanol groups and adsorbed
water between 3100 and 3700 cm™! (Figure 1). To investi-
gate the oxidation of the mercapto group, a comparative
sample with the label SH-as was prepared without addition
of hydrogen peroxide under otherwise identical conditions.
The successful oxidation of the mercapto group was con-
firmed by the disappearance of the absorption band of the
SH group at 2565 cm ! from the FTIR spectrum.

4000 3000 2000 _ 1000
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Figure 1. FTIR spectra of (a) B56-as-m, (b) B56-ex-m and (c)
SH-as.
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Figure 2. Coupled TGA-DTA-MS of (a) B56-as-m, (b) B56-ex-m and (c) SH-as.

Extraction of the surfactant was carried out in ethanol
at 60 °C for 24 h.[*! This resulted in a reduction of the CH,
vibration bands between 2800 and 3000 cm ! to an intensity
level close to the comparative sample prepared without sur-
factant. Therefore it only shows contributions of the propyl
group of the functionalization in this region, indicating suc-
cessful extraction of the surfactant.

The mass loss in the TGA (Figure 2, a and b) was 60 %,
and reduced to 40% after extraction. When we assume a
fully condensed and oxidized network of the applied com-
position TEOS/MPTMS = 1:0.5 the composition of the
surfactant-extracted sample would be (SiO,),(SiO; sCH>-
CH,CH,SO3H)( 5. A complete thermal decomposition of
the organic moieties would leave only SiO, and result in a
weight loss of 39%. The close agreement of this value to
the experimental weight loss of 40% indicates a successful
surfactant extraction.

For a detailed analysis of the mass peaks observed dur-
ing the TGA we also measured the mercapto-functionalized
comparative sample SH-as (Figure 2, ¢). Mass spectrometry
allows us to identify the three main parts: in the first step
up to 120 °C adsorbed water (mass number: 18) is evapo-
rated. The second weight loss between 250 and 320 °C can
be attributed to the cleavage of the carbon-sulfur bond of
the mercaptopropyl group releasing SH, (34) and its oxi-
dation products SO, (64) and water (18). In the third step
between 330 and 405 °C the silicon—carbon bond cleaves
releasing weight fragments of CsHs (41), SH, (34), and their
oxidation products SO, (64), water (18), and CO, (44). The
long delay in the release of CO, up to 700 °C is explained
by hydrocarbon species being trapped in inaccessible pores.

Among these samples, the surfactant extracted sample
B56-ex-m (Figure 2, b) shows the highest weight loss and
mass intensity of water (18) between 50-120 °C. This is at-
tributed to the adsorbed water on the strongly hydrophilic
pore surface of the sample. In contrast to the comparative
sample, the second weight loss step with the release of SH,
(34) is not observed. This indicates a successful oxidation
of the mercapto group to sulfonic acid and demonstrates
the advantage of direct synthesis over postsynthetic meth-
ods where it is usually not possible to achieve full oxi-
dation.®! The sample is thermally stable until around
230 °C when the carbon-sulfur bond of the propylsulfonic
acid group is broken and SO, (64) is released. The next

Eur. J. Inorg. Chem. 2010, 3993-3999

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

overlapping weight loss step starts at 300 °C, where the sili-
con—carbon bond breaks and C;Hs (41) and further SO,
(64) are released.

The as-synthesized sample, B56-as-m (Figure 2, a), shows
an additional weight loss starting at 120 °C that can be re-
lated to the decomposition of the polyoxyethylene chain of
the surfactant by the mass peaks of CO, (44) and water
(18). At around 250 °C the decomposition of the hydro-
carbon part of the surfactant starts as indicated by a further
increase in the mass numbers.

Structural Characterization

Nonionic surfactants were used as mesostructural tem-
plates in the sol-gel process. In a screening step films were
prepared on glass slides by spin coating. The molar ratio of
three different surfactants and the silica precursor was var-
ied in the following ranges 0.047-0.285 (Brij-56), 0.020-
0.117 (Sylanox 40-A80), and 0.005-0.034 (Pluronic P123).

XRD (Figure 3) shows sharp intense 01 diffractions for
Brij-56 at S from 0.188 to 0.285, for Sylanox AS40 between
0.079 and 0.117, and for Pluronic P123 between 0.028 and
0.034. Interestingly, the d-spacing of the 01 plane gradually
increases with increasing surfactant concentrations within
these ranges. This can be explained by a more dense pack-
ing of the surfactant within the micellar rods that reduces
the extent of shrinkage during drying.

1a v :f)
'_J 6 6 | 6
:--J 5 _l 5__A_ 5
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el 3 1 5] 3
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Figure 3. XRD diffraction patterns of sulfonic acid functionalized
films templated with different surfactant molar ratios (a) Brij-56,
S =nx0.048, (b) Sylanox 40-A80, S = n < 0.020, (c) Pluronic P123,
S = nx0.0057.
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Free-standing films were prepared by molding in poly-
styrene or Teflon™ dishes with the optimized surfactant
molar ratios of 0.188 (Brij-56), 0.079 (Sylanox 40-A80), and
0.034 (Pluronic P123, Figure4), and showed analogue
XRD patterns. The thickness can be varied between 50 and
300 um by the amount of sol introduced into the mould.
While the free-standing films usually crack into several
pieces, fragments larger than 2 X 2 cm are easily obtained in
all cases.

»nic acid functionalized - 2d-hexagnoal mesostructure — transparent — sol-gel

parent — sol-gel membrane — EISA - sulfanic acid functionalized - 2d-hexagn

{-hexagnoal mesostructure — trar  “rent— l-ge] e e — EISA - sulfoni

- EISA - sulfonic acid funciionalized - zu . “onoa,

transparent — sol-gel membrane — EISA - sulfonic aciu .~

ted - 2d-hexagfioal mesostructure — transparent — sol-gel meu. "

- EISA - sulfonic acid functionalized - 2d-hexagnoal mesostructu
transparent — sol-gel membrane — EISA - sulfonic acid functionali

Figure 4. Photograph of PI23-as-m (thickness 150 pm) with 2D-
hexagonal mesostructure.

The mesostructure of films prepared by the EISA process
is usually aligned with the most dense crystallographic
plane parallel to the substrate plane.[** This textural effect
results in an intensity increase of the diffracted X-rays origi-
nating from this plane, whereas other orientations do not
show any contribution to the diffraction pattern. In the case
of a 2D-hexagonal mesostructure (with the unit cell as de-
fined in Figure 5d) the 1D pattern observed on a standard
Bragg-Brentano powder X-ray diffractometer only shows
diffraction peaks originating from the 01 plane, which is
parallel to the substrate.

This limitation can be overcome by the use of a 2D detec-
tor in a GI-SAXS setup (Figure 5). The presence of diffrac-
tion spots up to the third order indicates a high degree of

a) 20

11w

long range order. From the diffraction pattern a distorted
2D-hexagonal mesostructure can be identified. The struc-
ture contraction is explained by the anisotropic shrinkage
that occurs during the drying process preferentially in the
direction perpendicular to the substrate plane. In a strict
sense, this results in a reduction of symmetry from 2D-hex-
agonal (p6 mm) to 2D-centered rectangular (¢2 mm), but for
simplicity we will keep the 2D-hexagonal indexation. TEM
(Figure 6) confirmed the distorted 2D-hexagonal meso-
structure of the three samples. The images show a side view
of the ordered channel structure with a viewing angle paral-
lel to 01, 10 or equivalent diffraction planes.

In our previous studies we observed that a change in the
volume ratio of silica to surfactant can result in the forma-
tion of different mesostructures,*>>7! which can be related
to the phase diagram of the respective surfactant.’¥] How-
ever, in this study the only observed mesostructure was (dis-
torted) 2D-hexagonal. Molar ratios, for which other struc-
tures were expected, did not show any significant long
range order.

The parallel orientation of the mesochannels to the sub-
strate plane, as observed in this study, is obviously not de-
sirable for application as a solid electrolyte membrane.
However, such orientation is only observed on flat surfaces.
Porous substrates, which could be a porous supporting ma-
trix such as cellulose or silk as well as the electrode itself,
would probably result in random channel orientations. A
deliberate choice of surface structures such as conical holes
may even give a perpendicular orientation of the 2D-hexag-
onal mesostructured channels.*”! Another way to overcome
this alignment problem would be the use of interconnected
3D mesosphases, which may be accessed by additivest 0+
or drying induced phase transformations. >4

As described above, effective surfactant extraction was
achieved in ethanol. The samples described in this article

Figure 5. GI-SAXS diffraction pattern of sulfonic acid functionalized silica films: (a) B56-as-f, (b) S40-as-f, and (c) P123-as-f; the circle
and the asterisk in (b) indicate a diffraction spot that is due to total reflection on the substrate surface followed by diffraction (26 + 2a);
(d) shows a schematic illustration of the GI-SAXS setup and the definition of the unit cell.

Figure 6. TEM images of scratched sulfonic acid functionalized mesostructured silica films templated with three different surfactants:

left: B56-as-f, center: S40-as-f, and right: P123-as-f; scale bars 50 nm.
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bear sulfonic acid groups on every third silicon atom. Thus,
compared to nonfunctionalized silica films, reduced
crosslinking and higher flexibility of the network are ex-
pected. However, GI-SAXS and XRD (Figure 7, d-g)
analyses show that S40-ex-f and B56-ex-f still remain meso-
structured even after removal of the surfactant. In the case
of the sample P123-ex-f we were not able to measure a GI-
SAXS pattern because the film was completely detached

from the substrate.
0104 910
“e
-1 11

Intensity [a.u]

T T T T 1

1 5

2 3 4
26 [deg]

Figure 7. XRD patterns of (a) P123-as-f, (b) S40-as-f, (c) B56-as-
1, (d) S40-ex-f, and (e) B56-ex-f; the inset shows the 2D GI-SAXS
pattern of (f) B56-ex-f and (g) S40-ex-f; the intensities of d and e
are multiplied by a factor of ten.

The XRD analysis of S40-ex-f and B56-ex-f (Figure 7d
and e) shows that the degree of shrinkage varies signifi-
cantly between these two samples. The d-spacing of the 01
plane of B56-as-f is reduced from 5.1 to 4.4 nm (14%),
while S40-as-f shrank more than twice that much from 6.3
to 4.1 nm (35%). The decrease in intensity and the broaden-
ing of the diffractions in both samples indicates that the
degree of order is reduced.

Proton Conduction and Ion Exchange Capacity

The conductivity is highly dependent on the presence of
sulfonic acid groups and water. Titration of the acidity of
the samples shows the amount of acid sites per gram
(Table 1). These measured values are lower than the calcu-
lated amount of 6.8 mmolg! [for a fully condensed surfac-
tant free sample of the applied composition “(SiO,);-
(Si0, sCH,CH,CH,SO3 H),5s”]. This indicates that only
about 30% of the sulfonic acid groups are accessible. How-
ever, when compared to Nafion membranes with
0.9 mmolg! the ion exchange capacity values are about 2.5

Table 1. Conductivity, ion exchange capacity (IEC), and water ad-
sorption of as-synthesized and surfactant extracted samples.

Sample H,O adsorbed IEC Conductivity
(60 °C/95 %) [mmolg ] (60 °C/95 %)
[wt.-%] [Sem™]
B56-as-m 64 2.2 0.04
S40-as-m 68 1.9 0.09
P123-as-m 49 2.0 0.05
B56-ex-m 61 2.4 0.18
S40-ex-m 72 24 0.11
P123-ex-m 67 2.6 0.10
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times higher and therefore high proton conductivity can be
anticipated.

To control the humidity of the samples we applied satu-
rated potassium sulfate salt solution that gives a relative
humidity of 95% at 60 °C. The amount of water adsorbed
on equilibrated samples used in the analysis was determined
from the weight loss in the TGA after a holding time of
one hour at 100 °C (Table 1).

Potentiostatic AC impedance measurements were per-
formed to investigate the proton conduction of the as-syn-
thesized and surfactant extracted samples. Because of the
small thickness of the supported films and the high brittle-
ness of the prepared membranes (especially in a high hu-
midity atmosphere) we did not succeed in direct measure-
ment. Thus, we had to use powdered samples in this investi-
gation. However, we believe that for fuel cell applications,
in which the electrolyte films may be deposited directly on
the electrode surface or on porous supporting matrices,
these practical problems could be easily overcome. The
samples were equilibrated at 60 °C and 95% relative humid-
ity for at least 48 h and pressed between two silver elec-
trodes in a Teflon™ tube (2 mm diameter). In order to mini-
mize surface effects at the electrode-sample interface we
used small electrodes with diameters of 2 mm and high
sample thickness of approximately 1 cm. Table 1 summa-
rizes the conductivity values of the samples templated with
the three different surfactants in as-deposited and surfac-
tant extracted states. The as-synthesized samples showed
high proton conductivities between 0.04 and 0.09 Scm™!.
After surfactant extractions these values are further im-
proved to up to 0.18 Scm™! making them highly competitive
to commercially available Nafion membranes. Comparison
of the different samples did not show a clear relation be-
tween proton conduction and channel size. However, it is
important to realize that other factors such as the degree
of mesostructural ordering also play an important role for
the conduction mechanism. Therefore, the higher proton
conduction of B56-ex-m may be explained by the better
preservation of the mesostructure after the extraction pro-
cess.

The conductivity values observed in this study are a sig-
nificant improvement to materials of similar composition in
the literature. The highest value reported for a sulfonic acid
functionalized mesostructured silica reported so far is
0.2 Scm',3! for a material prepared by hydrothermal syn-
thesis using the ionic surfactant cetyltrimethylammonium
bromide as a structure directing agent. However, this value
was measured at 140 °C in 100% relative humidity (high
pressure), whereas the value at 60°C was less than
2X 103 Sem™!. Since they applied a similar ratio of
MPTMS to TEOS in their experiments and measured sim-
ilar ion exchange capacities (2.3 mmolg™"), this improve-
ment of two orders of magnitude has to be derived from
the specific structure of the samples prepared by EISA.
When water evaporates during the formation process, the
hydrogen bonding interactions with the silica matrix are re-
duced. This results in phase separation of the hydrophilic
polyoxyethylene groups and the silica matrix, which be-
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comes more and more hydrophobic during the process. In
this way the silica matrix rearranges to form a dense net-
work without micropores.[*) When functionalized silica is
used in an EISA process the same concept applies to the
hydrophilic sulfonic acid groups. They will be directed to
the inside of the mesochannels together with the hydrophilic
polyoxyethylene groups of the surfactant to provide chan-
nels with a high density of sulfonic acid groups for in-
creased proton conduction.

Conclusions

In conclusion, we have demonstrated a rapid one-step
process for the formation of highly organized mesostruc-
tured functionalized supported and free-standing silica
films, utilizing the EISA behavior of nonionic surfactants.
The sulfonic acid functionalization was introduced by co-
condensation of tetraecthoxysilane with MPTMS (2:1) and
in situ oxidation of the mercapto group by hydrogen perox-
ide. The mesostructural channel size was adjustable by the
choice of different surfactants. The as-synthesized material
showed a remarkable proton conductivity of up to
0.09 Sem™' (60 °C/95% relative humidity). Extraction of
the surfactant increased the conductivity to up to
0.18 Secm™!, but only supported films showed enough struc-
tural stability to survive the extraction process without
cracking. Furthermore, its high ion exchange capacity of
around 2.5 mmol g ! makes this material also interesting for
application as a solid acid catalyst.

Experimental Section

Materials: Poly(ethylene oxide)-poly(propylene oxide)-poly(ethyl-
ene oxide) block copolymer (Pluronic-P123, EO,,PO;,EO,), deca-
ethylene glycol hexadecyl ether (Brij-56, C(EO,y), and MPTMS
were supplied by Aldrich. TEOS and ethanol (99.5%) were ob-
tained from Wako chemicals. The lubricant Sylanox 40-A80 (EO,-
PO,,C,,) was kindly donated by Dow Chemicals.

Sol Preparation: TEOS (61 g) was prehydrolyzed in a solution of
ethanol (61 g, 99.5%) and dilute hydrochloric acid (5 mL, 0.07 N)
at 60 °C for 90 min. The solution was cooled and stored at —20 °C.
A portion of this stock solution (20 g) was combined with EtOH
(14.5 g, 99.5%), HCI (0.35 g, 1 N), MPTMS (4.48 g), and hydrogen
peroxide (5.36 g, 50%). The solution was stirred for one hour at
room temperature with a magnetic Teflon™-coated stirrer bar at
500 RPM. During that time the temperature initially increased to
about 50 °C but reached room temperature again after 60 min.

A comparative sample containing a mercapto functionality instead
of sulfonic acid was prepared following the same procedure but
replacing the hydrogen peroxide (50%, 5.36 g) with water (4.19 g).

Mesostructured Films: The surfactants were dissolved in the above
prepared sol to obtain molar compositions of TEOS/MPTMS/Sur-
factant/H,O,/H,O/HCI/EtOH = 1:0.5:5:1.73:5:0.0082:11.7. The
molar ratio, S, of the surfactant was varied in the following ranges:
0.047< Brij-56 < 0.285, 0.020 < Sylanox 40-A80 < 0.117, and
0.0056<< Pluronic P123 < 0.034. For example, highly ordered 2D-
hexagonally structured films were produced from compositions of
the sol (15 g) mixed with Brij-56 (2 g), Sylanox 40-A80 (2 g), or
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Pluronic-P123 (2.9 g) surfactant. Films were obtained by spin coat-
ing on glass substrates at 6000 rpm for 30s. They were dried at
room temperature for 24 h followed by aging at 60 °C for 6 h. Sur-
factant extraction was performed by immersing the films in EtOH
at 60 °C for 24 h. Free-standing films were prepared by molding in
polystyrene or Teflon™ dishes. The thickness of the films can be
adjusted between 50 and 300 um by the volume of sol used in the
preparation. The dishes were partially covered to allow slow evapo-
ration of the volatile compounds over a period of 2-3 d. The dry
films were then aged at 60 °C for 6 h.

Low Angle XRD: Bragg—Brentano XRD measurements of sup-
ported and free-standing films were carried out with a MAC
MO3xHF22 (Bruker AXS) instrument using Cu-K,, radiation with
an acceleration voltage of 40 kV and a current of 30 mA. The typi-
cal diffraction pattern was recorded between 1 and 5° (20) with a

step size of 0.004° and a scan rate of 1°min .

GI-SAXS: GI-SAXS measurements were performed with a Bruker
Nanostar with a Vantec 2000 detector (gas detector with microgap
technology) and a sample to detector distance L of 111 cm. A rotat-
ing copper anode was used as a radiation source (wavelength
0.1542 nm). The primary beam was shielded with a beam stopper.
Samples were aligned vertically at an incident angle a of 0.3° with
respect to the beam (Figure 5d). The detector was calibrated with
silver behenate as a reference standard. d-spacings were determined
from the diffraction spots by analysis of the scattering pattern with
the FIT2D software (A. P. Hammersley/ESRF).

TEM: TEM was performed with a JEOL JEM-2000EXII instru-
ment. The samples were scratched from the films deposited on glass
and applied directly to copper microgrids.

FTIR: FTIR Spectroscopy was performed with a Nicolet Magna
IR-560 spectrometer. Samples were prepared by mixing 5 mg of
powder (scratched from glass slides) with 200 mg of KBr in a mor-
tar. Pellets of 1.2 cm diameter were obtained by pressing the pow-
ders at a pressure of 40 kN.

TGA-DTA-MS: Coupled TGA, DTA, and mass spectrometry was
performed with a Rigaku TG 8120 Thermo Plus instrument with
a ANELVI MOA200TS Quadruple Mass Spectrometer with a heat-
ing rate of 10 Kmin'. An 80/20 He/O, gas mixture was used as a
carrier gas to simulate ambient atmosphere with minimum con-
tamination of other gases.

Impedance Analysis: Electrochemical impedance analysis was per-
formed with a Princeton VersaSTATS3 in the frequency range of 10
to 10° Hz. Samples were equilibrated at 60 °C and 95% relative
humidity for at least 48 h. The powders were pressed (ca. 10 kN)
between two silver electrodes of 2 mm diameter in a Teflon™ tube
of 2 mm inner diameter. Contact with the electrodes was ensured
by a spring. Data were analyzed with ZView software (Scribner
Associates). The specific conductivity was calculated according to
the formula ¢ = (1/R)(L/A), where R is the resistance corresponding
to the phase angle closest to zero at the low frequency end of the
semicircle in the Nyquist plot, L the thickness of the sample be-
tween the electrodes, and A the cross-sectional contact area of the
electrodes.

Ion Exchange Capacity (IEC): The scratched film samples (10 mg)
were suspended in NaOH solution (5mL, 0.01 N). The ion ex-
change capacity was determined by back titration to the neutral
point with HCI (0.01 N).
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Helical Nanostructures of an Optically Active Metal-Free Porphyrin with Four
Optically Active Binaphthyl Moieties: Effect of Metal-Ligand Coordination on
the Morphology

Jitao Lu,!?! Lizhen Wu,/?! Jianzhuang Jiang,*!*?l and Xiaomei Zhang*!2!
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An optically active metal-free porphyrin (1) with four chiral
binaphthyl units attached at the meso-phenyl substituents
through crown ether moieties has been designed, synthe-
sized, and characterized. Its self-assembly behavior in the
absence and presence of K* was comparatively investigated
by electronic absorption and circular dichroism (CD) spectra,
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), atom force microscopy (AFM), and en-
ergy-dispersive X-ray (EDX) spectroscopy. In the absence of
K*, metal-free porphyrin self-assembles into nanoparticles
depending mainly on the van der Waals interaction among
neighboring metal-free molecules. In the presence of K*, ad-

ditionally formed metal-ligand K-O¢;own coordination bonds
between K* and crown units of (R)- and (S)-1 molecules, to-
gether with chiral discrimination of chiral side chains and
intermolecular van der Waals interactions, induce a right-
handed and left-handed helical arrangement in a stack of
(R)- and (S)-1 molecules, respectively, with an ordered
"head-to-tail” internal molecular arrangement. This then
further hierarchically self-assembles into highly ordered fi-
brous nanostructures with a helicity opposite to that of the
original porphyrin stack. This clearly reveals the effect of the
metal-ligand coordination bonding interaction on the mor-
phology and handedness of self-assembled nanostructures.

Introduction

Nature is amazing when it comes to being able to create
various kinds of functional architectures with a preferred
helicity, such as DNA with a double-helix structure and
motifs in protein with an a-coiled helical structure.l'! In-
spired by the elegance of fascinating biological supramolec-
ular structures, numerous artificial assemblies that comprise
helical fibers and twisted ribbons of sugars,?l helicenes,!
metal complexes,[*l optically active m-conjugated systems,!
and chiral block copolymers!® have been fabricated with
the assistance of noncovalent interactions such as hydrogen
bonding, metal-ligand coordinate bonding, electrostatic in-
teractions, van der Waals forces, and n—n stacking.

As one of the most important typical representative of
n-conjugated systems, porphyrin compounds have been in-
tensively studied over the past century due to their wide
range of biological relevance and industrial applications.!”]
In recent years, the self-assembly behavior and nanostruc-
tures of porphyrin compounds have attracted extensive
research interest with an eye toward the construction of
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molecular-based electronic and optical devices such as elec-
tronic wires, switches, electroluminescence devices, field-ef-
fect transistors, and photovoltaic devices.[®! Hollow capsules
with potential applications as drug-delivery agents were
fabricated from a designed amphiphilic porphyrin com-
pound.! Monomer, trimer, tetramer, and extended wirelike
nanostructures were produced from a cyano-substituted
porphyrin on a gold surface.l'” Very recently, the successful
tuning control over the morphology of self-assembled
nanostructures of porphyrin derivatives has been achieved
by means of molecular design and synthesis through the
introduction of metal-ligand coordination or hydrogen-
bonding interactions according to this group.''! Among
these extensive investigations, great effort has been paid to
the construction of helical supramolecular architectures
with both achiral and, in particular, chiral porphyrin pre-
cursors due to their great potential applications.!'=!3 This
resulted in the synthesis of a large number of chiral por-
phyrins that contain different stereocenters such as chiral
amino acids and chiral hydrocarbons. Nevertheless, some
investigations have indicated that installing stereocenters
into the periphery of a porphyrin molecule merely provides
a possibility for the fabrication of helical supramolecular
structures instead of ensuring it outright. Actually, quite a
small fraction of nanostructures fabricated from porphyrin
compounds with peripheral substituents that contain
stereocenters exhibit helicity on the nanoscale.l'®) In fact,
some porphyrin compounds that bear peripheral chiral sub-
stituents with stereocenters that are even circular dichroism
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(CD) active at the supramolecular level do not display heli-
cal nanostructures, probably due to the lack of long-range
molecular ordering as a result of the weak intermolecular
interactions.'”l The delicate balance between noncovalent
interactions and chiral discrimination during the self-as-
sembly process therefore appears to play an important role
in the fabrication of helical supramolecular nanostructures.
This is indeed exemplified by the double-stranded helixes
that have been fabricated from porphyrins decorated with
optically active BisPYBOX [PYBOX = 2,6-bis(2-oxazolyl)-
pyridine] units in the presence of oligomers that have two
or three secondary dialkylammonium cations.[!”? However,
synergistic interplay among noncovalent interactions and
chiral discrimination during the self-assembly process and
its effect on the morphology and dimension of nanostruc-
tures formed from porphyrin compounds still remains po-
orly understood.

It is well known that the significant absorption over the
ultraviolet and visible region of porphyrin derivatives ren-
ders it possible to investigate the self-assembly process of
these tetrapyrrole compounds, in particular chiral por-
phyrins, by means of electronic absorption and CD spec-
troscopy. However, at the molecular level quite a large
number of porphyrins with peripheral subsitutents contain-
ing stereocenters do not display any circular dichroism sig-
nal in the whole absorption range of porphyrins. This is due
to the weak perturbation of the central porphyrin core by
the peripheral substituents with chiral stereocenters.l'8! In
this paper, we describe the synthesis and characterization of
a novel optically active metal-free porphyrin. Optically
active binaphthyl units were introduced onto the porphyrin
periphery to enhance the asymmetric perturbation
(Scheme 1). The self-assembly properties of this metal-free
porphyrin were also comparatively studied. In the absence
of K*, both enantiomers of this optically active metal-free
porphyrin self-assemble into nanoparticles. However, with
the assistance of K*, additional metal-ligand K—O¢,qyn CO-
ordination bonds formed between K* and the crown moie-

SN
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N
O OH
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ties of the (R)- and (S)-1 molecules, together with chiral
discrimination of chiral side chains, induce a right-handed
and left-handed helical arrangement in a stack of (R)- and
(S)-1 molecules with an ordered “head-to-tail” internal mo-
lecular arrangement, respectively, which then further hierar-
chically self-assembles into highly ordered fibrous nano-
structures with the opposite helicity to the stack. This re-
veals the effect of the metal-ligand coordination bonding
interaction on the morphology and handedness of self-as-
sembled nanostructures. The results will be helpful in pro-
viding new insight into chiral information transfer and the
expression of synthetic conjugated systems on the supra-
molecular level.

Results and Discussion

Synthesis and Characterization of Optically Active Metal-
Free Porphyrin Enantiomers (R)- and (S)-1

To enhance the asymmetric perturbation to the por-
phyrin chromophore, optically active binaphthyl units
were chosen to be attached onto the porphyrin ring through
meso-attached benzene, thereby resulting in the target
metal-free  porphyrin  enantiomers (R)- and (S)-1
(Scheme 1). Meanwhile, crown ether substituents were also
introduced between meso-attached benzene substituents
and binaphthyl units, which were expected to provide an
additional opportunity to tune the morphology and dimen-
sion of aggregates based on the formation of additional co-
ordination bonding interactions between the crown ether
units and the added K* ion. The metal-free porphyrin
enantiomers (R)- and (S)-1 were prepared from (R)/(S)-
2,2'-dihydroxy-1,1’-binaphthyl derivatives 6. As shown in
Scheme 1, (R)-/(S)-6 were obtained from the Williamson
ether synthesis reaction between (R)-/(S)-2,2'-dihydroxy-
1,1'-binaphthyl and 3,4-bis{2’-[2"'-(p-tolylsulfonyloxy)-
ethoxylethoxy}benzaldehyde (5) generated from an aro-
matic nucleophilic substitution reaction and tosylation re-

TsCl OHC\C[O O OTs

ﬂ

pyridine O O OTs
/N /
5

kecoq | (0
OH
oo
GOUEVEN
0O O O
N0 O O
OO ()

6
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refluxing

Scheme 1. Synthesis of optically active metal-free porphyrin enantiomers (R)- and (S)-(1).
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action of 3,4-dihydroxybenzaldehyde. Then treatment of bi-
naphthyl derivatives 6 in propionic acid, heated to reflux,
with pyrrole led to the isolation of optically active metal-
free porphyrin enantiomers (R)- and (S)-1 in good yields.
In line with the previous results, racemization of the corre-
sponding optically active compounds at each reaction step
under the depicted reaction conditions did not occur.[']
Satisfactory elemental analysis results were obtained for the
newly prepared metal-free porphyrin enantiomers of 1 after
purification through column chromatography followed by
repeated recrystallization from chloroform/methanol (it is
worth noting that the purple crystalline solid of 1 contains
0.5 equiv. solvated CHCls). The compound was further
characterized by MALDI-TOF mass and 'H NMR spec-
troscopic methods (Figures S1 and S2 in the Supporting In-
formation). The MALDI-TOF mass spectrum of the com-
pound clearly shows an intense signal for the protonated
molecular ion [M + HJ]*. The isotopic pattern closely re-
semble the simulated one, as shown in Figure S2. This com-
pound was also characterized by electronic absorption and
IR spectroscopy.

Electronic Absorption and CD Spectroscopy

The electronic absorption and circular dichroism spectra
of the metal-free porphyrin derivatives (R)- and (S)-1 in
chloroform are shown in Figure 1. As can be seen from Fig-
ure 1B, similar to other metal-free porphyrins, compound 1
shows a typical molecular electronic absorption spectrum
with the Soret band at 421 nm and Q bands at 511, 547,
582, and 637 nm, thereby revealing the nonaggregated mo-
lecular spectroscopic nature of the compound in CHCls.
An intense band below 270 nm is also observed, which can
be attributed to the absorption of binaphthyl groups with
evidence by the observation of the corresponding CD signal
in the same region for either (R)-1 or (S)-1 in their CD
spectra (Figure 1A).2% As clearly shown in the CD spectra
of (R)- and (S)-1, the introduction of the optically active
binaphthyl moieties through the crown ether unit onto the
meso-attached phenyl groups of the porphyrin ring induces
the appearance of CD signals of the porphyrin ligand in
both the Soret and Q absorption regions (Figure 1A); this
indicates an effective chiral information transfer from the
optically active binaphthyl moieties to the porphyrin chro-
mophore at the molecular level. In detail, in the case of (.S5)-
1, the sign of the circular dichroism is negative over almost
the entire Soret and Q bands, whereas conversely (R)-1
shows a positive circular dichroism sign. According to the
chiral exciton theory, (S)-1 is right-handed, whereas (R)-1
is left-handed on the basis of the circular dichroism pattern
in the range of 250-270 nm. It is noteworthy that, despite
the optically active binaphthyl groups being linked remotely
to the porphyrin core, the circular dichroism intensity of 1
at the porphyrin Soret band [A¢ = -3.0727 (4 = 421 nm, ¢
= 2X10°molL ! in CHCl;)] is not weaker than that of
other optically active porphyrin derivatives,?!1 thereby indi-
cating the relatively stronger chiral perturbation of the op-
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tically active binaphthyl groups, which are believed to play
important roles in the construction of helical nanostruc-
tures.

CD (mdeg)

Absorption

CD (mdeg)

300 400 500 600 700 800
Wavelength / nm

Figure 1. Circular dichrorism (CD) spectra of (S)- and (R)-1 (A)
as a dilute solution in chloroform and (C) their nanostructures
formed in the presence of potassium ions dispersed in methanol.
(B) Electronic absorption spectra of a dilute solution of metal-free
porphyrin 1 in chloroform (solid line) and its nanostructures
formed in the presence of potassium ions dispersed in methanol
(dashed line).

The electronic absorption and circular dichroism spectra
of the aggregates formed from (R)- and (S)-1 in n-hexane
in the absence and presence of potassium ions are also re-
corded and shown in Figures 1 and S3 (in the Supporting
Information), respectively, which are different from the
spectra of the corresponding compounds in CHCl;. As
shown in Figure S3A, in comparison with the electronic ab-
sorption spectra of homogeneous solutions of (R)- and (S)-
1 in chloroform, when (R)- and (S)-1 self-assemble into ag-
gregates, both the Soret and Q bands for (R)-1 or (S)-1 lose
their intensity in the aggregate phase. In particular, the So-
ret band shifts to a longer wavelength with a maximum at
432 nm, and the Q band redshifts to 518, 553, 584, and
643 nm in n-hexane. In contrast, addition of K* induces
further redshift for the porphyrin Soret band during the
self-assembly process of 1, with a maximum at 441 nm and
a shoulder around 404 nm. This reveals the further en-
hanced intermolecular interaction due to the additionally
introduced metal-ligand coordination bonds between
crown ether units and K*. The porphyrin Q absorption is
redshifted to 518, 550, 582, and 638 nm. On the basis of
Kasha’s exciton theory,[*? redshifts in the main absorption
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bands of compound 1 upon aggregation with and without
the presence of K* reveals that the porphyrin molecules
self-assemble into the J aggregates with a head-to-tail mo-
lecular arrangement in their nanostructures. However, ob-
servation of a larger degree of the redshift in the main elec-
tronic absorptions for (R)-1 and (S)-1 upon aggregation in
the presence of K* indicates a stronger intermolecular in-
teraction in the direction parallel to the porphyrin ring than
in the aggregates formed in the absence of K* due to the
formation of additional metal-ligand coordination bonds.
These are expected to improve the chiral discrimination be-
tween adjacent porphyrin molecules, thus resulting in the
formation of nanostructures with helicity. This was indeed
verified by their circular dichroism spectroscopic and elec-
tronic microscopic results as detailed below.

In the circular dichroism spectra of aggregates fabricated
from (R)- and (S)-1 in the absence of K* (Figure S3A in
the Supporting Information), both porphyrin enantiomers
experience a similar intensity decrease in almost the whole
Soret and Q regions upon aggregation. Nevertheless, no
Cotton effect was observed in the circular dichroism spectra
of (R)-1 or (S)-1 aggregates, thereby indicating the lack of
effective chiral discrimination between the porphyrin mole-
cules during the self-assembly process. However, perfect
mirroring bisignate Cotton effect is observed with a zero
crossing at 441 nm that is close to the absorption maximum
(Figure 1C). According to the semiempirical method devel-
oped by Nakanishi and co-workers,!?3! the sign of the cou-
pling and the direction of dipole moments can be used to
determine the chirality of stacked porphyrin molecules in
aggregates. In general, the circular dichroism spectrum that
features a bisignate Cotton effect showing positive features
at longer wavelengths and negative ones at shorter wave-
lengths would indicate right-handed chirality of the dipole
moments (positive chirality), whereas the opposite would
be true for left-handed chirality (negative chirality). In the
present case, the negative chirality of (S)-1 aggregates corre-
sponds to a left-handed stacking and the positive chirality
of (R)-1 aggregates indicates a right-handed stacking of chi-
ral metal-free porphyrin molecules in aggregates. The for-
mation of the supermolecular helicity, observed from the
circular dichroism spectrum, is unequivocally confirmed by
atom force microscopy (AFM) analysis of the (R)-1 or (S)-
1 aggregates as detailed below.
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Aggregate Morphology

The morphology of the aggregates formed was examined
by transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), and AFM. Samples were prepared
by casting a drop of sample solution onto a carbon-coated
grid. In line with the electronic absorption result, different
morphologies were observed for nanostructures formed in
the presence and absence of potassium ions. Figure 2A dis-
plays a large-area SEM image of nanostructures fabricated
from (R)-1 in the absence of potassium ions. As can be seen,
spherical particles with an average radius of approximately
500 nm were formed from (R)-1. This is also true for (S)-
1. A statistical analysis, conducted by measuring over 200
particles in this SEM image, indicated that the particles are
quite uniform in dimension (Figure 2B). AFM was also
used to evaluate the integrity of these nanoparticles on sil-
ica in the absence of solvent (Figure 2C), thereby showing
that the height of these nanoparticles is in the range of 450
550 nm. This result is in good agreement with that observed
by SEM.

Contrary to the self-assembly of metal-free porphyrin in
the absence of K*, both (R)- and (S)-1 self-assemble into
fibrous nanostructures with nanometer-sized diameter and
micrometer-sized length in the presence of K* (Figure 3A
and B). These fibrous nanostructures consist of bundles of
single twisted strands, as clearly revealed by the magnified
TEM image (Figure 3a). Further inspection with AFM in-
dicates that these fibrous nanostructures with left- and
right-handed helicity were formed from (R)- and (S)-1
enantiomers, respectively, which are clearly revealed by two
high-magnification AFM images chosen simultaneously
from (R)- and (S)-1 aggregates (Figure 3C and D). Careful
analysis of a single fibrous nanostructure fabricated from
(R)- and (S)-1 enantiomers shows the average helical pitch
to be about 125 nm with an angle (the angle of the groove
with respect to the main fiber axis) of about 46°. It is worth
noting that, as mentioned above, the circular dichroism
spectroscopic results demonstrate that a right-handed and
a left-handed helical arrangement was formed from (R)-
and (S)-1, respectively, in a stack of the metal-free por-
phyrin molecules in aggregates. However, according to the
AFM results, observation of nanostructures with opposite
helicity to the stack fabricated from either the (R)- or the
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Figure 2. TEM and SEM images of nanostructures fabricated from optically active metal-free porphyrin 1 in the absence of K*. (A) TEM
image of nanoparticles formed from optically active metal-free porphyrin 1 in the absence of potassium ions. (B) Diameter distribution of
nanoparticles. (C) Topographic AFM image of nanoparticles on silica.
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(S)-1 enantiomer clearly reveals the hierarchical self-as-
sembly nature of this compound. In detail, the (R)-1 mole-
cules first self-assemble into one-dimensional right-handed
helices with positive chirality depending on the synergistic
interplay of intermolecular van der Waals interactions, ad-
ditionally introduced metal-ligand coordination bonding,
and chiral discrimination among neighboring porphyrin
molecules, which, acting as elementary building blocks, fur-
ther stack into highly ordered fibrous nanostructures with
left-handed helicity (Figure 3C). In the case of the (S)-1 en-
antiomer, the left-handed helices with negative chirality are
formed at the first stage of aggregation and then stack into
highly ordered nanofibers with right-handed helicity (Fig-
ure 3D).

Figure 3. TEM, SEM, and topographic AFM images of nanostruc-
tures fabricated from optically active metal-free porphyrin 1 in the
presence of K*. (A) TEM image of nanostructures formed from
optically active metal-free porphyrin 1 in the presence of potassium
ions; (a) high-magnification TEM image of metal-free porphyrin 1
in the presence of K*, which shows the nanostructures being
formed by several fibers together. (B) SEM image of nanostructures
formed from optically active metal-free porphyrin 1 in the presence
of potassium ions. (C) AFM height image of a single left-handed
fibrous nanostructure fabricated from (R)-1; (D) AFM height im-
age of a single right-handed fibrous nanostructure fabricated from

(S)-1.

Energy-Dispersive X-ray (EDX) Spectroscopy

To understand the role of potassium ions in the forma-
tion of nanofibers, EDX spectroscopy was used to detect
the composition of the sample. Observation of the elemen-
tal signature for C, N, and O atoms in the EDX spectrum
of the nanostrucutres fabricated from (R)- or (S)-1 in the
presence and absence of K* (Figure 4A and B) confirms the
composition of nanoparticles and nanofibers from por-
phyrin derivative 1. In addition, observation of the elemen-
tal signature for the potassium atom in addition to C, N,
and O atoms in the EDX spectra of (R)- or (S)-1 aggregates
formed in the presence of K* (Figure 4A) indicates the exis-
tence and the coordination role of K* during the self-as-
sembly process of the optically active porphyrin 1 enantio-
mers in the presence of K.

4004

www.eurjic.org

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

05 1 15 2 25 3 35 4 45 5 55 6 65
B KeV
©

(0}

05 1 15 2 25 3 35 4 45 5 55 6

KeV

Figure 4. EDX spectrum of (A) nanostructures formed from op-
tically active metal-free porphyrin 1 in the presence of potassium
ions and (B) nanostructures formed from optically active metal-
free porphyrin 1 in the absence of potassium ions.

X-ray Diffraction Patterns

The internal structure of self-assembled nanostructures
was further investigated by X-ray diffraction (XRD) tech-
niques (Figure 5). As can be seen from Figure 5A, in the
absence of K™, there exists no diffraction peak in the X-ray
diffraction pattern of the nanoparticles self-assembled from
metal-free porphyrin 1, thereby indicating a lack of ordered
molecular packing in this nanostructure due to the lack of
effective intermolecular n—n interaction. In contrast, three
broad diffraction peaks at 20 = 1.26° (corresponding to
7.01 nm), 1.96° (4.51 nm), and 2.50° (3.53 nm) were ob-
served in the X-ray diffraction pattern of the nanostructures
fabricated from 1 in the presence of K*, thereby indicating
regular molecular stacking (Figure 5B). These peaks are as-
cribed to the refractions from the (001), (010), and (002)
planes, respectively. On the basis of the geometry optimiza-
tion and energy-minimized molecular structure of por-
phyrin 1 with the Gaussian 98 program at the B3LYP/6-
31G(d) level,** the molecular dimensional size is 3.2 nm
(length) X 4.5 nm (diagonal length) (Figure 5C). According
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Figure 5. (A) XRD profile of the nanostructures fabricated from
metal-free porphyrin 1 in the absence of K*. (B) XRD profile of
the nanostructures fabricated from metal-free porphyrin 1 in the
presence of K*. (C) Schematic representation of a metal-free por-
phyrin 1 molecule and K*. (D) Schematic representation of a 1/K*
dimer.
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to the XRD results and the simulated molecular structure,
a unit cell that consists of two porphyrin molecules with
cell parameters of ¢ = 7.01 nm and b = 4.51 nm is given for
compound 1 (Figure 5D).

Assembly Mechanism

On the basis of the experimental results described above,
a formation mechanism of nanofibers from both enantio-
mers of metal-free porphyrin 1 in the presence of potassium
ions was proposed and is depicted in Figure 6. As described
above, to increase the chiral perturbation and intermo-
lecular interaction, four bulky chiral binaphthyl units as
well as crown ether moieties were incorporated onto the
meso-attached phenyl groups of the porphyrin ring, which,
however, interfere with the effective intermolecular n—m in-
teraction, thereby preventing stacking of porphyrin mole-
cules from assembling along one dimension to form one-
dimensional nanostructures. As a result, nanoparticles were
formed from both enantiomers of metal-free porphyrin 1 in
the absence of potassium ion. However, in the event that
K™ ions were added to the system, additional metal-ligand
coordination bonding interactions between K* and crown
ether moieties facilitate the linear stacking of porphyrin
molecules in a “head-to-tail” manner.[*! This, in combina-
tion with the van der Waals interaction between the por-
phyrin rings and the chiral discrimination among the op-
tically active binaphthyl units during the self-assembly pro-
cess, dominates the formation of a helix with a right- and a
left-handed helical arrangement of (R)- and (S)-1, respec-
tively, which then further hierarchically self-assembles into
highly ordered fibrous nanostructures with a helicity oppo-
site to that of the original porphyrin stack.

1l
R)-1 =N —
self-assemble
Il
K+

left-handed helix highly ordered
right-handed helix

helical pitch
of ~ 300 nm

Figure 6. Schematic illustration of the hierarchical formation of
nanofibers with right-handed helicity through a one-dimensional
left-handed helix with negative chirality determined by the periph-
eral chiral side chains of the porphyrin ring in the molecule of the
(R)-1 enantiomer.

IR Spectra

IR spectroscopy was also employed to investigate the
composition of the nanostructures. The IR spectra of the
metal-free porphyrin itself, nanoparticles, and nanofibers of
1 are compared in Figure S4 in the Supporting Information.
Similar features, except for the decreased intensity in the IR
spectra of both nanoparticles and nanofibers relative to
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those of the metal-free porphyrin, unambiguously confirm
the composition of both nanoparticles and nanofibers fab-
ricated from the metal-free porphyrin. However, in the IR
spectrum of the metal-free porphyrin, two relatively sharp
absorptions at around 1260 and 1133 cm™' are assigned to
the symmetric and asymmetric C—-O-C bonding stretching
vibration, respectively. Similar absorption peaks at 1257
and 1134 cm™! are also observed in the IR spectrum of
nanoparticles fabricated from 1 in the absence of K*. How-
ever, in the IR spectrum of the aggregates formed from 1
in the presence of K*, these two absorption bands are
broadened and shifted to a lower frequency at 1257 and
1124 cm™', respectively, thereby indicating the formation of
coordination bonds between crown ether units and added
K™ ion. These results are in line with the electronic absorp-
tion result as detailed above.

Conclusion

We have designed and prepared both enantiomers of an
optically active metal-free porphyrin decorated with four bi-
naphthyl units linked at the meso-attached phenyl groups
through crown ether moieties. The self-assembly properties
of these two enantiomers were comparatively investigated
in the absence and presence of potassium ions. Without
adding K*, both enantiomers self-assemble into nano-
particles. In the presence of K*, additional metal-ligand
K—O¢;own coordination bonds formed between K* and the
crown units of (R)- and (S)-1 together with chiral discrimi-
nation of chiral side chains, and intermolecular
van der Waals interactions induce the formation of a right-
handed and left-handed helix, respectively, with an ordered
“head-to-tail” internal molecular arrangement at the first
stage of aggregation; this then further hierarchically stacks
into highly ordered fibrous nanostructures with the oppo-
site helicity. The present results not only reveal the effect
of additionally formed metal-coordination bonding on the
morphology of self-assembled nanostructures but is also
helpful in providing new insight into chiral information
transfer and expression for synthetic conjugated systems at
the supramolecular level.

Experimental Section

Measurements: Electronic absorption spectra were recorded with a
Hitachi U-4100 spectrophotometer. MALDI-TOF mass spectra
were taken with a Bruker BIFLEX IIT ultra-high resolution Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer
with a-cyano-4-hydroxycinnamic acid as matrix. Q-TOF mass spec-
tra were recorded with an Agilent Technologies 6510 mass spec-
trometer. All melting points were determined with an X-4 appara-
tus. '"H and '3C NMR spectra were recorded with a Bruker DPX
300 spectrometer. Elemental analyses were performed by the Beij-
ing Institute of Chemistry. Circular dichroism (CD) measurements
were carried out with a JASCO J-810 spectropolarimeter. Trans-
mission electron microscopic (TEM) images were measured with
a JEOL-100CX II electron microscope operated at 100 kV. High-
resolution TEM (HRTEM) measurements and energy-dispersive
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X-ray (EDX) spectra were performed with a JEOL-2010 instru-
ment working at 200 kV. Scanning electron microscopic (SEM)
images were obtained with a JEOL JSM-6700 E. Atom force micro-
scopy (AFM) images were collected in air under ambient condi-
tions by using the tapping mode with a Nanoscope III/Bioscope
scanning probe microscope from Digital Instruments. For TEM
imaging, a drop of sample solution was cast onto a carbon copper
grid. For SEM imaging, Au (1-2 nm) was sputtered onto these
grids to prevent a charging effect and to improve the image clarity.

Chemicals: DMF was freshly distilled just before use. 3,4-Di-
hydroxybenzaldehyde was purchased from Shanghai Zhixin Co.
Both chloroform and methanol (HPLC grade) were purchased
from Tianjin Kermel Co. Column chromatography was carried out
on silica gel (Merck, Kieselgel 60, 70-230 mesh) with the indicated
eluents. Optically pure (R)- and (S)-2,2'-dihydroxy-1,1'-binaphthyl
(>99% ee) were obtained from Dalian Reagent Company. All the
other chemicals were of reagent grade and used as received without
further purification. 5-Tosyloxy-3-oxa-1-pentanol (3) was prepared
according to a published procedure.!'°?]

Nanostructure Fabrication: The self-assembled nanostructures of
the optically active metal-free porphyrin were fabricated by the
solution mixture method according to the following procedure.*!
A saturated solution of potassium acetate in n-hexane was injected
into a solution of optically active metal-free porphyrin in chloro-
form (3X 10 mmM) to give a solution with a final chloroform/n-
hexane ratio of 1:1 (v/v) in a small flask. After the solution had
slowly concentrated at room temperature, some loose aggregates
remained at the bottom of the flask. Then a small amount of »-
hexane was added into the flask to suspend the aggregates in the
solvent. Successive drops of the solution were cast onto a grid (Cu
with a carbon film). The aggregated behavior in the solid state was
observed after the solvent was evaporated. The nanoparticles were
prepared according to the same method except for using pure n-
hexane instead of the saturated n-hexane solution of potassium
acetate. The experimental results were stable and reproducible un-
der the experimental conditions described above.

Preparation of 4: Potassium carbonate (3.79 g, 27.43 mmol) was
added into a solution of 3,4-dihydroxybenzaldehyde (1.87 g,
13.6 mmol) and compound 3 (5.02 g, 29.88 mmol) in CH;CN
(169 mL). The mixture was heated at reflux under a nitrogen atmo-
sphere for 16 h. After being cooled to room temperature, the mix-
ture was concentrated under reduced pressure, and water (200 mL)
was added. Then the product was extracted with dichloromethane
(3 X100 mL). The combined organic layers were washed with brine,
dried with anhydrous sodium sulfate, filtered, and concentrated.
The residue was purified by silica gel chromatography with ethyl
acetate/petroleum ether (60-90 °C) (1:2) as eluent to give the prod-
uct as a viscous oil (3.59 g, 84%). '"H NMR (300 MHz, CDCl;,
25°C): 0 = 3.69-3.76 (m, 8 H, OCH,), 3.92-4.01 (m, 4 H, OCH,),
4.21-4.26 (m, 4 H, OCH,), 6.97-7.00 (d, J = 9 Hz, 1 H, Ar-H),
7.42-7.47 (m, 2 H, Ar-H), 9.84 (s, 1 H, CHO) ppm. *C NMR
(100 MHz, CDCl;, 25°C): 0 = 61.90, 68.17, 68.20, 68.51, 68.67,
72.28,72.33, 110.80, 111.67, 112.10, 126.33, 129.77, 148.44, 153.56,
190.46 ppm. MS: calcd. for C;sH,307 [M + H]* 315.1; found 315.1.

Preparation of 5: A solution of compound 4 (3.0 g, 9.42 mmol) in
pyridine (6 mL) was cooled to —10 °C, and a solution of p-tolu-
enesulfonyl chloride (4.0 g, 20.72 mmol) in pyridine (6 mL) was
added dropwise whilst stirring. The mixture was then stirred at
—10°C for 2h and at 0°C for 12 h. The reaction mixture was
poured onto ice, acidified with aqueous hydrogen chloride, and ex-
tracted with dichloromethane (3 X 100 mL). The combined organic
layers were washed with water, dried with anhydrous sodium sul-
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fate, and concentrated. The residue was purified by silica gel
chromatography with ethyl acetate/petroleum ether (60-90 °C) (1:1)
as eluent, thereby giving the product as a viscous oil (3.67 g,
61.7%). '"H NMR (300 MHz, CDCl;, 25°C): § = 2.38 (s, 6 H,
CHs), 3.75-3.83 (m, 8 H, OCH,), 4.07-4.19 (m, 8 H, OCH,), 6.96—
6.98 (d, J = 8 Hz, 1 H, Ar-H), 7.28-7.33 (d, J = 20 Hz, 4 H, Ar-
H), 7.37 (s, 1 H, Ar-H), 7.44-7.46 (d, J = 8 Hz, 1 H, Ar-H), 7.76—
7.78 (d, J = 8 Hz, 4 H, Ar-H), 9.83 (s, 1 H, CHO) ppm. '3*C NMR
(100 MHz, CDCl;, 25°C): 0 = 21.31, 53.60, 60.25, 68.66, 68.70,
68.85, 69.40, 69.43, 69.45, 69.51, 111.89, 112.62, 126.61, 157.84,
129.81, 130.28, 132.93, 144.82, 149.01, 154.20, 190.53 ppm. MS:
caled. for C,oH33NOy;S, [M + NH,4]*" 640.2; found 640.2.

Preparation of (R)- or (5)-6: A mixture of compound 5 (3 g,
4.82 mmol), (R)- or (S)-2,2'-dihydroxy-1,1'-binaphthyl (1.15 g,
4.0210 mmol), and potassium carbonate (0.6 g, 4.35 mmol) in
DMF (25 mL) was stirred at room temperature under nitrogen for
72 h. The reaction mixture was concentrated under reduced pres-
sure, and the residue was shaken with water and extracted with
dichloromethane (3 X 100 mL). The combined organic layers was
washed with water (3 X 50 mL) and dried with anhydrous sodium
sulfate. The solvent was removed by evaporation under reduced
pressure, and the residue was purified by silica gel chromatography
with ethyl acetate/petroleum ether (60-90 °C) (1:6) as eluent, thus
leading to a white solid as the target compound 6 (0.63 g, 27.6%).
'H NMR (300 MHz, CDCls, 25°C): 6 = 3.49-3.89 (m, 8 H,
OCH,), 3.90-4.23 (m, 8 H, OCH,), 6.85-6.88 (d, J = 9Hz, 1 H,
Ar-H), 7.13-7.22 (m, 4 H, Ar-H), 7.27-7.43 (m, 6 H, Ar-H), 7.80—
7.83 (m, 4 H, Ar-H), 9.83 (s, 1 H, CHO) ppm. *C NMR
(100 MHz, CDCl3, 25°C): 0 = 69.25, 69.45, 69.49, 69.55, 69.62,
69.76, 70.21, 70.30, 111.09, 111.95, 116.04, 120.60, 120.71, 123.58,
123.64, 215.35, 125.36, 126.15, 126.18, 126.61, 127.67, 127.70,
129.03, 129.06, 129.33, 129.38, 130.16, 134.04, 149.22, 154.14,
154.17, 154.21, 190.69 ppm. M.p. 80-83°C. MS: calcd. for
C35H36NO; [M + NH,]*" 582.2; found 582.2.

Preparation of (R)- and (S)-1: A solution of pyrrole (0.20 g,
3.0 mmol) in propionic acid (13 mL) was added dropwise to a solu-
tion of compound 5 (1.15 g, 2.0 mmol) in propionic acid (17 mL)
at reflux for 30 min. Then the reaction mixture was cooled to room
temperature. Methanol (100 mL) was added, and the solution was
left standing overnight. The crystalline residue separated from the
bulk solution was collected by filtration, washed with methanol,
and then purified by silica gel chromatography. After the first green
band eluted with chloroform, the desired metal-free porphyrin was
subsequently eluted with chloroform/methanol (100:1) as eluent,
thereby giving the product as a purple crystalline solid (1 g, 20%).
Satisfactory elemental analysis results were obtained by repeated
recrystallization from chloroform/methanol or chloroform/n-hex-
ane. 'H NMR (300 MHz, CDCls, 25 °C): § = 3.60-3.87 (m, 32 H,
OCH,), 4.11-4.31 (m, 32 H, OCH,), 7.18-7.36 (m, 33 H, Ar-H),
7.52-7.57 (m, 6 H, Ar-H), 7.76-7.84 (m, 6 H, Ar-H), 7.86-8 (m,
15 H, Ar-H), 8.93 (s, 8 H, Ar-H) ppm. M.p. 195-200 °C. MS:
caled. for Cis¢H34N4O0,4 [M + H]" 2449.8; found 2449.6.
Ci56H134N40,4°0.5CHCI; (2508.4): caled. C 74.93, H 5.40, N 2.23;
found C 74.59, H 5.07, N 2.15.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental and simulated isotopic patterns for the molecu-
lar ion of optically active metal-free porphyrin 1. '"H NMR spectro-
scopic data for the optically active metal-free porphyrin 1 recorded
in CDCl;. Electronic absorption spectra and CD spectra of a dilute
solution of 1 in chloroform and its nanoparticle aggregates formed
in the absence of potassium ions dispersed in methanol. Electronic
absorption data for a dilute solution of 1 in chloroform. IR spectra
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of optically active metal-free porphyrin itself, nanoparticles formed
from optically active metal-free porphyrin in the absence of potas-
sium ions, and nanofibers formed from optically active metal-free
porphyrin in the presence of potassium ions in the region of 400—
1800 cm™! with 2 cm™ resolution. Schematic illustration for the
hierarchical formation of nanofibers with left-handed helicity
through one-dimensional right-handed helix with negative chirality
determined by the peripheral chiral side chains of porphyrin ring
in the molecule of (S)-1 enantiomer.
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Phosphorescent Cuprous Complexes with N,O Ligands — Synthesis,
Photoluminescence, and Electroluminescence
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Six heteroleptic cuprous complexes, [L'Cu(PPh;),](BF,) (1a),
[L'Cu(DPEphos)|(BF,) (1b), [L2Cu(PPhj),](BF,) (2a), [L2Cu-
(DPEphos)](BF,) (2b), [L3Cu(PPhs),](BF,) (3a), and [L3Cu-
(DPEphos)](BF,) (3b) {L! = diphenyl(2-pyridyl)phosphane ox-
ide, L? = diphenyl(8-quinolyl)phosphane oxide, L® = di-
phenyl(2-pyridylmethyl)phosphane oxide, DPEphos = bis[2-
(diphenylphosphanyl)phenyl] ether}, were prepared and
fully characterized. The electronic absorption spectra and
quantum chemical calculations indicate that the lowest ex-
cited states of these complexes can be assigned to the metal-
to-ligand charge transfer (MLCT) transition. In poly(methyl

methacrylate) (PMMA) films, these complexes exhibit blue-
green to orange emissions with long lifetimes ranging from
7.5 to 28.6 us. With wide energy-band gaps of 3.50 and
3.28 eV, complexes 3a and 3b emit efficiently in 20 wt.-%
PMMA films with photoluminescence quantum efficiencies
of 0.69 and 0.72, and emission maxima at 477 nm and
495 nm, respectively. Electroluminescent devices were fabri-
cated with these N,0O-based Cu' complexes as emitters. The
best device performance, with a peak current efficiency of
4.9 cd/A, was obtained for 3b.

Introduction

Extensive efforts have been focused on N-heterocyclic
Cu' complexes for replacing phosphorescent transition
metal complexes based on ruthenium or other noble metal
ions in chemical sensors,[! probes of biological systems,”!
and energy-conversion devices?® due to their advantages
such as having abundant resources, low cost, and nontoxic
properties. However, these tetrahedral cuprous complexes
always undergo a significant geometry change going from
the ground to excited state corresponding to a change from
d'? to d° as a result of MLCT transitions. The distortion of
the excited state narrows the energy gap and increases the
nonradiative decay of these Cu' complexes.! Compared to
classical [Cu(N,N),]* systems, mixed-ligand systems involv-
ing bulky phosphanes ([Cu(N,N)(P,P)]*) exhibit improved
emission properties, because the bulky and strong m-acidic
phosphane ligands will sterically inhibit the excited-state
distortion as well as enhance the energy level of the excited
states by stabilizing of the Cu' species.”) In 2002, McMillin

[a] State Key Laboratory of Polymer Physics and Chemistry,
Changchun Institute of Applied Chemistry, Chinese Academy
of Sciences,

Changchun 130022, P. R. China
E-mail: yanxiang@ciac.jl.cn
czlu@fjirsm.ac.cn

[b] The Graduate School, Chinese Academy of Sciences,
Beijing 100039, P. R. China

[c] State Key Laboratory of Structural Chemistry, Fujian Institute
of Research on the Structure of Matter, Chinese Academy of
Sciences,

Fuzhou 350002, P. R. China

Eur. J. Inorg. Chem. 2010, 4009-4017

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

and co-workers reported the first example of a highly emis-
sive mononuclear cuprous complex, [Cu(dbp)(DPEphos)]*
(dbp = 2,9-di-n-butyl-1,10-phenanthroline), with an impres-
sive quantum efficiency of 0.16[° (0.2613) in CH,Cl, solu-
tion and 0.69P%1 in an PMMA film. Recently, a series of
Cu' complexes combining two bis(phosphane) ligands
([Cu(P,P),]") was also found to exhibit strong emission
bands in both solid state and organic light-emitting diodes
(OLEDs).[

Over the past few years, increasing attention has also
been paid to luminescent Cu' complexes based on asym-
metric N,P ligands. These complexes display some unexpec-
ted properties perhaps due to the asymmetric electronic
character of their ligands. Recently, Peter et al. reported
several dinuclear and mononuclear Cu' complexes sup-
ported by [P,N,P] {bis[2-(diisobutylphosphanyl)phenyl]-
amide}® and [P,N] (amidophosphane) ligands® with un-
usually high quantum efficiencies, in the range of 0.16-0.70,
in solution. More recently, our group and Tsukuda et al.
reported a series of phosphorescent homo- and heteroleptic
Cu! complexes with asymmetric N,P ligands of 8-(diphenyl-
phosphanyl)quinoline (dppq) and 2-methyl-8-(diphenyl-
phosphanyl)quinoline.'®!l The Cu! complexes based on
these iminophosphane ligands exhibit higher electro- and
photochemical stability than those based on traditional di-
imine or diphosphane ligands.['!]

In the course of our studies on cuprous complexes with
N,P ligands, we isolated an unexpected phosphorescent
complex containing the oxidized N,P ligand, diphenyl(2-
pyridyl)phosphane oxide. To the best of our knowledge, cu-

View this journal online at
wileyonlinelibrary.com
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prous complexes containing phosphane oxide coordinating
ligands are few, and their luminescent properties have never
been reported.['”] The unexpected finding motivated us to
systematically explore the effects of the electronic character
of the ligands on the photophysical properties of cuprous
complexes. Herein, we report the synthesis of phosphores-
cent cuprous complexes containing phosphane oxide coor-
dinating ligands, and the applications of these complexes in
OLED:s.

Results and Discussion

Synthesis and Characterization

We synthesized six mixed-ligand Cu' complexes of the
type [Cu(N,O)(P,P)](BF,), where N,O is diphenyl(2-pyr-
idyl)phosphane oxide (L'), diphenyl(8-quinolyl)phosphane
oxide (L?) or diphenyl(2-pyridylmethyl)phosphane oxide
(L), and P,P is DPEphos or a pair of PPh; ligands. The
structures of the complexes are shown in Scheme 1. Com-
plex 1a was first obtained as a byproduct when we at-
tempted to prepare the N,P Cu' complex. In the following
studies, all complexes were directly synthesized from the ox-
idized N,P ligands (N,O), in which ligand L? was easily syn-
thesized by the reaction of 8-(diphenylphosphanyl)quin-
oline with excess H,O, in tetrahydrofuran (thf) at room
temperature. The mixed-ligand complexes were obtained
from two displacement reactions of [Cu(CH3;CN),](BE,).
Crystals of the complexes were obtained through slow con-
centration and diffusion of solvents in moderate yields
ranging from 47.2 to 86.6%, and characterized by 'H
NMR, 3'P NMR spectroscopy, and elemental analysis.

Significant upfield shifts are observed for the signal of
the a-H atom of the pyridine or quinoline ring in all com-
plexes compared to those of the free ligands in the 'H
NMR spectra, implying electron donation from the Cu ion
and the phosphane auxiliary ligands to the N,O ligands. For
instance, 1a and 1b exhibit signals at 6 = 8.44 and 8.27 ppm,
whereas L! displays a signal at § = 8.83 ppm. In comparison
with [Cu(dppq)(DPEphos)]*,['! 2b has almost the same sig-
nal for the o-H atom, but signals for other protons of the
quinoline ring are shifted downfield due to the lower elec-
tron-donating ability of ~OPPh, to the adjacent quinoline
ring than that of —PPh,. Additionally, signals in the upfield

region for 3a and 3b indicate a higher electron density rela-
tive to 1a and 1b, which is attributed to the introduction of
an electron-donating methylene unit.

In the course of our studies on cuprous complexes with
N,P ligands, we noticed that significant ligand exchange or
redistribution reactions sometimes occur. For instance, the
homoleptic species [Cu(dppq),](BF,) has been observed in
CDCl; solution alongside [Cu(dppq)(PPh;),](BF,) in a ra-
tio of 0.07:1, according to 'H NMR spectra. However, sig-
nals for the homoleptic species have not been found in the
'H NMR spectra of these N,O-based complexes probably
due to their less crowded coordination environment.

Description of the Structures

The X-ray crystal structures of all N,O complexes have
been determined. Selected bond lengths and angles are
listed in Table 1, and views of the structures of the com-
plexes showing the atom numbering appear in Figures 1, 2,
3,4,5, and 6.

The central copper atoms in all of the complexes are sur-
rounded by one O and one N atom from the N,O ligands
and two P atoms from phosphane ligands in a distorted
tetrahedral geometry. The metallacycles consisting of the
Cu, O, N, P, and one or two C atoms of the N,O ligands
are found in either a half-chair or a boat conformation. The
former is found in complexs 1a and 1b where the O atoms
are out of the Cu—N-C-P near-plane. The latter conforma-
tion is seen in 2a and 2b, where the N and P atoms are out
of the Cu—-O-C-C near-plane, and in 3a and 3b, where the
Cu and sp® C atoms are out of the O—P-N-C(sp?) plane.['?!

There are two independent molecules of 1a in the asym-
metric unit of the crystal lattice. The largest deviations from
ideal tetrahedral geometry (109.4°) are seen in the N-Cu-O
bond angles [83.98(11)° for 1a and 86.36(9)° for 1b] due to
the rigidity of L'. With PPh; as the auxiliary ligand, 1a has
a larger P-Cu-P bond angle and longer Cu-N and Cu-P
bonds than 1b, which has a DPEphos auxiliary ligand, im-
plying more steric congestion in la. Similar changes in the
P-Cu-P bond angle and the Cu-N and Cu-P bond lengths
have also been found in other complexes described here and
in [Cu(N,N)(P,P)]* systems reported previously.[!4!5] The
sum of the internal angles of the five-membered metall-
acycles of Cu—O-P(1)-C(5)-N and Cu-O-P(1)-C(1)-N are

O 8T A
& a
ol X ol X _ e X
VP Bom B
X=HH 2a X=HH 3a X=HH
X=0 2b X=0 3b X=0

Scheme 1. Molecular structures of the Cu' complexes.
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Table 1. Selected bond lengths [A] and angles [°] for 1a, 1b, 2a, 2b, 3a, and 3b.

1a 1b 2a 2b 3a 3b

CuN 2.059(3) 2.044(3) 2.146(3) 2.129(3) 2.113(3) 2.065(2)
Cu-O 2.199(2) 2.171(2) 2.105(2) 2.117(2) 2.148(2) 2.230(2)
Cu-P(2) 2.2621(10) 2.2120(9) 2.2364(9) 2.2376(9) 2.2734(9) 2.2466(7)
Cu-P(3) 2.2390(10) 2.2611(9) 2.2906(9) 2.2787(9) 2.2595(9) 2.2657(7)
O-CuN 83.98(11) 86.36(9) 94.46(9) 97.22(10) 96.98(10) 93.22(8)
N-Cu-P(2) 114.01(8) 130.02(8) 116.04(8) 120.17(8) 106.47(8) 116.39(6)
0 Cu P(2) 99.59(7) 109.68(6) 115.16(6) 114.47(7) 104.36(7) 116.50(5)
N-Cu-P(3) 121.34(8) 106.92(8) 103.17(7) 103.77(8) 108.07(8) 118.14(6)
0-Cu-P(3) 113.77(7) 104.64(6) 95.51(6) 102.59(7) 110.38(7) 94.19(5)
P(2)-Cu-P(3) 116.71(4) 113.46(3) 126.39(3) 115.74(3) 126.58(4) 114.22(2)
¥ metallacycle 537.07 534.98 689.04 686.46 688.83 675.01

Figure 1. Crystal structure of the cation of 1a with thermal ellipsoids at 30% probability. Solvent molecules, the anion, and H atoms are
omitted for clarity.

Figure 2. Crystal structure of the cation of 1b with thermal ellip-
soids at 30% probability. Solvent molecules, the anion, and H
atoms are omitted for clarity.

Figure 3. Crystal structure of the cation of 2a with thermal ellip-
soids at 30% probability. The anion and H atoms are omitted for
clarity.

537.07 and 534.98° for 1a and 1b, respectively, which are The Cu-N bond for 2b [2.129(3) A] is 0.043 A longer
slightly smaller than the value for a regular pentagon (540°), than that in the [Cu(dppq)(DPEphos)]* cation.[''] However,
indicating the near coplanarity of the metallacycles. the average Cu-P bond for 2b (2.258 A) is 0.017 A shorter

Eur. J. Inorg. Chem. 2010, 4009-4017 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjic.org 4011
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Figure 4. Crystal structure of the cation of 2b with thermal ellip-
soids at 30% probability. Solvent molecules, the anion, and H
atoms are omitted for clarity.

Figure 5. Crystal structure of the cation of 3a with thermal ellip-
soids at 30% probability. Solvent molecules, the anion, and H
atoms are omitted for clarity.

than that in the analogous N,P complex, indicating that the
N,O ligand is sterically less crowded than the corresponding
N,P ligand. The sum of the internal angles of the metallacy-
cle Cu—N-C(9)-C(8)-P(1)-O is 689.04 and 686.46° for com-
plexes 2a and 2b, respectively, indicating significant distor-
tion of the six-membered metallacycles.

Complexes based on L3 tend towards ideal tetrahedral
geometry compared to the complexes based on L!. For ex-
ample, the N-Cu-O bond angle of 3b (93.22°) is 6.85°
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Figure 6. Crystal structure of the cation of 3b with thermal ellip-
soids at 30% probability. Solvent molecules, the anion, and H
atoms are omitted for clarity.

closer to the ideal tetrahedral value of 109.4° than that of
1b. Furthermore, cuprous complexes based on L3 show
larger P-Cu-P bond angles and longer bonds than those in
L!'-based complexes, suggesting that the coordination
sphere of the central copper atoms is more congested for
the complexes based on L3. For example, the P-Cu—P bond
angle for 3a (126.58°) is 9.87° larger than that in la. The
Cu-N bond length in 3a is 2.113(3) A, which is 0.054 A
longer than that in 1a, and the average Cu-P bond length
in 3a is 2.267 A, which is 0.0159 A longer than that in 1a.
The sums of the internal angles of the Cu—N-C(5)-C(6)-
P(1)-O six-membered metallacycles are 688.83 and 675.01°
for 3a and 3b, respectively, which are markedly different
from the value of a regular hexagon (720°).

Photophysical Properties

The electronic absorption spectra of the Cu' complexes
in CH,Cl, are shown in Figure 7. The intense UV absorp-
tion bands at 256-259 nm for 1a, 1b, 3a, and 3b and 267
274 nm for 2a and 2b are ascribed to the n-n* absorption
bands of the N,O ligands. In addition to the high-energy
absorption bands, weak, broad, low-energy shoulder bands
are observed at around 355 nm for 1a and 1b, and around
385 nm for 2a and 2b, in agreement with the yellow color
of these four complexes. These low-lying bands are attrib-
uted to the MLCT transitions involving the N-heterocyclic
unit and the Cu' ion, which are always observed in diimine
(N,N) and iminophosphane (N,P) Cu' complexes.35¢:11]
However, the MLCT band was not detected in the colorless
complexes 3a and 3b. To rationalize the feature qualita-
tively, DFT calculations were performed on 3b by using 6-
31+G** coupled to the LanL2DZ basis set. As shown in
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Figure 7. UV/Vis spectra of 1-6 in CH,Cl, (¢ = 1075 m); inset: UV/
Vis spectra in the low energy band.

Figure 8, the electron density in the highest occupied molec-
ular orbital (HOMO) is mainly associated with the Cu! cen-
ter and the Cu-P o-bonding orbital, whereas that of the
lowest unoccupied molecular orbital (LUMO) is localized
on the m-antibonding orbital of the pyridine ring. This im-
plies that the lowest excited state of the complex 3b is also
attributed to the MLCT transition. The undetectable
MLCT band for 3b may be obscured by the strong m-r*
absorption band nearby.

The energy-band gaps, estimated by the edge of the ab-
sorption bands, increase in the series [L*Cu(PP)|* >
[L'Cu(PP)]* > [L2Cu(PP)]* (Figure 7), relating to the -
electron-accepting ability of the N-heterocycle on the N,O
ligands. The energy-band gap of 2.56 eV for 2b is narrower
than that of [Cu(dppq)(DPEphos)]* (2.93 eV),[!!] because
the incorporation of the electron-withdrawing —OPPh,
groupl'®l decreases the electron density of the quinoline ring

European Journal
of Inorganic Chemistry

and thus makes it easier to be reduced. The introduction of
the electron-donating methylene group between the pyr-
idine ring and the ~OPPh, group!'® increases the electron
density of the pyridine ring and enhances the energy-band
gaps from 3.06 and 2.93 eV for 1a and 1b to 3.50 and
3.28 eV for 3a and 3b, respectively. According to the DFT
calculations, 3b shows a significantly higher LUMO energy
level (—0.14685 Hartree) and a close HOMO energy level
(-0.28709 Hartree) relative to those of [Cu(NN)(PP)]* sys-
tems [e.g. the analogous 2-(2'-pyridyl)benzimidazolylben-
zene complex!!3]].

In degassed CH,Cl,, complexes 3a and 3b emit with
maxima at 556 and 558 nm, respectively, while emission
maxima of 589 and 581 nm are observed for 1a and 1b,
respectively (Table 2). The blueshift of the emission maxima
is associated with the introduction of the electron-donating
methylene unit to the pyridine rings in 3a and 3b. Mean-
while, the quantum efficiencies (¢) and lifetimes (7) increase
from 0.0005 (1.12 ps) and 0.0005 (1.05 ps) for 1a and 1b to
0.037 (2.15 ps) and 0.023 (1.71 ps) for 3a and 3b, respec-
tively, due to the enlarged energy gap that decreases the
nonradiative rate constant of the Cu' complexes (energy-
gap law). In addition, the complexes comprising the PPh;
auxiliary ligand (1a and 3a) have longer lifetimes and higher
quantum efficiencies relative to the complexes with the
DPEphos auxiliary ligand (1b and 3b), which is different to
observations in classical mixed-ligand (phenanthroline)Cu'
complexes® and consistent with a previous report of bi-
quinoline systems.!*1 Emissions for 2a and 2b in degassed
CH,Cl, are too weak to be detected, owing to the narrow
energy-band gaps that increase the nonradiative pathways.

The photophysical data in PMMA films with concentra-
tions of 20 wt.-% are listed in Table 2. In a rigid matrix,
the Cu' complexes showed emission blueshifts of tens of

Figure 8. Calculated electron density of the HOMO (left) and LUMO (right) for 3b.

Table 2. Photophysical performance of the cuprous complexes.

Complex Solution (in degassed CH,Cl,) Film (20 wt.-% in PMMA)
Abs. [nm]®], (Ige) /. [nm)] 7 [us]®! @ [%)] /. [nm)] 7 [us] @ [%)]

la 258 (4.5), 347 (3.2) 589 1.12 0.05 521 8.3 11.8
1b 256 (4.4), 358 (3.4) 581 1.05 0.05 527 7.5 12.7
2a 267 (4.5), 375 (2.9) (] 565 28.6 6.4
2b 274 (4.4), 395 (3.0) [d] 573 14.9 6.4
3a 259 (4.5) 556 2.15 3.70 477 24.6 69.3
3b 258 (4.3) 558 1.71 2.26 495 18.6 71.9

[a] ¢ = 10-5Mm in CH,Cl,. [b] Fitted by single exponential. [c] Fitted by two exponentials, a pre-exponential weighted average lifetime
(Tave) Was used and calculated by the equation 7,,. = X(A;7,/2A4;), where A; is the pre-exponential for the lifetime 7;. [d] Too weak to be

detected.
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nanometers (54-79 nm), much higher quantum efficiencies
and longer lifetimes (up to 28.6 us) relative to the liquid
phase.’%! The quantum efficiencies of 0.69 for 3a and 0.72
for 3b are amongst the highest found for cuprous complex-
esB3a3017 and significantly higher than those of 1a, 1b, 2a,
and 2b. Furthermore, an absence of concentration quench-
ing was observed in the complexes based on L3. For exam-
ple, 3b has an efficiency of 0.71 and an emission maximum
of 501 nm in its neat film, similar to those in 20 wt.-%
PMMA film. This may be associated with the bulky phos-
phane auxiliary ligand and —OPPh, that can effectively
separate the m-electron acceptors (i.e. N-heterocycles) from
each other and therefore avoid the nonradiative intermo-
lecular energy transfer.

Electrophosphorescent Properties Characterization

Multilayer OLEDs with the configuration of indium tin
oxide/poly(3,4-ethylenedioxythiophene)/emitting layer
(= 50 nm)/bathocuproine (BCP) (20 nm)/Alq; (40 nm)/LiF
(1 nm)/Al (= 100 nm) were fabricated to evaluate the elec-
trophosphorescent properties of the cuprous complexes, as
shown in Figure 9. The host materials utilized here include
poly(9-vinylcarbazole) (PVK) that can match the phospho-
rescent materials with high energy-band gapsP*!81 and
3,6-bis(carbazol-9-yl)- N-[4-(carbazol-9-yl)phenyl]carbazole
(TCCz) that is suitable for phosphorescent materials with
low energy-band gaps.**!°] The performance data of the
OLED:s are listed in Table 3.

Table 3. Turn-on voltage (Vt), current efficiency (1.), maximum
brightness (Bpax), and emission wavelength (4,.x) of the OLEDs.

Emlttlng VT ’70[3] nc[b] Bmax Amax
layer V] [cd/A]  [cd/A]  [cd/m?] [nm]
PVK:la 8.7 0.39 0.30 211 (19.3V) 535
PVK:1b 6.1 0.72 0.55 403 (13 V) 548
PVK:2a 9.3 0.32 0.22 124 (20.9 V) 620
PVK:2b 7.9 0.63 0.42 119 (16.7 V) 628
PVK:3a 9.3 0.33 0.23 124 (18.9V) 522
PVK:3b 7.7 0.84 0.58 370 (149 V) 540
TCCz1b 6.1 0.95 0.84 1502 (13.5V) 541
TCCz2b 8.5 1.57 1.08 846 (15.9V) 612
TCCz:3b 8.7 0.29 0.26 508 (18.1V) 609
3b 79 49 1.7 164 (12 V) 542

[a] Measured at 1 mA/cm?. [b] Measured at 10 mA/cm?.

—
l:(l‘ 00 nm) =N
LiF (1 nm)
Alqs (40 nm)
BCP (20 nm)
Emitting layer (~50 nm)
PEDOT:PSS (50 nm)
ITO glass I

BCP

Contrary to those of [Cu(N,N)(P,P)]* systems,®3 the
electroluminescent (EL) spectra of the complexes based on
L? or L3 have large redshifts (= 50 nm) in PVK compared
to their photoluminescent (PL) spectra in PMMA films, as
shown in Figure 10. The reason for this is not very clear
but could be related to the flexible six-membered ring of
(N-C-C-P-O-Cu), which may vibrate under the electric
field and cause a decrease in the excited-state energy.l!” Al-
though the complexes with the PPh; auxiliary ligand have
almost the same quantum efficiencies in PMMA film com-
pared to the complexes based on DPEphos, the devices
based on the former displayed lower performances. A sim-
ilar result has been observed previously by our group and
has been ascribed to the ligand dissociation reactions in
solutions.* It is likely that an undetectable ligand-dissoci-
ation reaction still occurs in these mixed-ligand systems in
CH,Cl,.

1.0 —=—20% in PMMA (PL)
. —e— neat film (PL)
—4—in DCM (PL)
——10% in PVK (EL)
— —o—10% in TCCz (EL)
3' —O—neat film (EL)
©
N—"
2 0.5-
n
c
Q
-
=
0.0 esE%s

400 500 600 700 800
Wavelength(nm)

Figure 10. EL and PL spectra of 3b.

With TCCz as the host material, the device performance
of the complexes 1b and 2b are significantly improved in
comparison with those with PVK. For instance, the current
efficiency at 1.0 mA/cm? and the maximum brightness for
1b increases from 0.72 to 0.95cd/A and from 403 to
1502 cd/m?, respectively. The improved performance of the
devices based on TCCz may be attributed to the improved
distribution of the cuprous complexes in TCCz than in
PVK_ P The blueshifted EL spectra give further evidence
for the lower aggregation level of the emitter in TCCz.

O O

Figure 9. Device architecture (left) and molecular structures of the OLED materials (right).
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However, TCCz is not a suitable host material for 3b. As
shown in Figure 10, the device based on a TCCz:3b emit-
ting layer exhibited multiple emissions with the maximum
at 609 nm, which is not from 3b but probably from the exci-
plexes. DFT calculations reveal that 3b has a relatively high
LUMO level, while the LUMO level of TCCz is estimated
to be 0.45eV lower than that of PVK, judging from the
cyclic voltammetry and absorption edge data. It may make
the cuprous complex a less than an ideal center for electron
direct-trapping in TCCz. In fact, the low current efficiency
(0.8 cd/A at 1.0 mA/cm?) and the impurities seen in the EL
spectrum (Figure 10) suggest that 3b has poor ability for
charge capture even in PVK. For comparison, pure 3b was
used as the emitting layer in this device configuration. Un-
surprisingly, the undoped device achieved an improved cur-
rent efficiency of 4.9 cd/A at 1.0 mA/cm? with an EL spec-
trum almost identical to the PL spectrum of 3b in CH,Cl,.
We believe the EL performance of this complex can be fur-
ther improved by optimizing the device configurations.

Conclusions

We report the synthesis and characterization of six
mixed-ligand Cu! complexes based on three N,O ligands.
All of the complexes are easily prepared and stable in air.
Similar to other mixed-ligands Cu' complexes, they show
the characteristic MLCT transition demonstrated by the
electronic absorption spectra and DFT calculations. Their
emissive colors depend on the electron-accepting ability of
the N-heterocyclic unit in the N,O ligands. High PL effi-
ciencies of about 0.70, without concentration quenching,
were observed in these complexes (3a and 3b) based on the
ligand diphenyl(2-pyridylmethyl)phosphane oxide with a
high n* level, implying that the cuprous complexes contain-
ing coordinated oxygen atoms are as effective phosphores-
cent emitters as the classical heteroleptic [Cu(N,N)(P,P)]*
systems.

Experimental Section

General Considerations: The compounds [Cu(CH;CN),(BF,),2%
diphenyl(2-pyridyl)phosphane oxide (L!),2!! diphenyl(2-pyridyl-
methyl)phosphane oxide (L3),*?l and 8-(diphenylphosphanyl)quin-
olinel?3! were synthesized according to literature procedures. All
other chemicals were of reagent grade and used without further
purification. All solvents were dried and distilled by standard meth-
ods. "H NMR, with TMS as internal reference, and 3'P NMR spec-
tra, with 85% H3PO, as external reference were measured with a
Bruker AV300 NMR spectrometer at room temperature. Elemental
analyses were performed with a BioRad elemental analysis system.
The UV/Vis and PL spectra were measured at room temperature
with Perkin—Elmer Lambda 45 UV/Vis and Horiba Jobin—Yvon
FluoroMax-4 spectrometers, respectively. The solution PL quan-
tum efficiencies were measured and calculated by a relative method
using [Ru(bpy)s](PFg), (@ = 0.042 in degassed water) as the stan-
dard.? The film samples were prepared by spin-coating a mixture
of the Cu' complex (20 wt.-%) and PMMA (80 wt.-%) in CH,Cl,
onto a quartz glass slide. The spectra were measured with the Fluo-
roMax-4 spectrometer equipped with an integrating sphere and
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background-corrected by subtracting the spectrum obtained using
a blank substrate, and subsequently corrected for the wavelength
sensitivity of the fluorimeter and the spectra response of the
sphere.>> The film PL quantum efficiency was determined accord-
ing to the method outlined by de Mello.*®! The luminescence-decay
measurements were performed with the time-correlated single-pho-
ton counting (TCSPC) upgrade on the FluoroMax-4 spectrometer
with a FluoroHub module. The lifetimes of solution samples were
measured by TCSPC mode in conjunction with a nanoLED pulsed
source (372 nm). The lifetimes of the PMMA film samples were
measured by multi-channel scaling mode in conjunction with a
spectraLED pulsed source (373 nm). Signals were collected with
a FluoroHub module and analyzed by the DAS6 Decay Analysis
software (HORIBA Jobin—Yvon).

Synthesis of the Ligand and the Cuprous Complexes

Synthesis of Diphenyl(8-quinolyl)phosphane Oxide (L?): To 8-(di-
phenylphosphanyl)quinoline (0.60 g, 1.92 mmol) in thf (12mL)
was added an excess of 30% H»O, at room temperature. The reac-
tion mixture was stirred for 0.5 h. The solution was poured into
water (ca. 30 mL) and extracted into CH,Cl,. The organic extract
was dried with sodium sulfate, filtered, and concentrated to afford
a yellow solid, which was purified by column chromatography to
give L2 Yield: 0.45g (71.4%). '"H NMR (300 MHz, CDCl;,
298 K): 0 = 7.36-7.50 (m, 7 H, Ar and quin-H3), 7.66 (m, 1 H,
quin-H6), 7.80-7.87 (m, 4 H, Ar), 8.05 (d, 3Juu = 8.1 Hz, 1 H,
quin-H5), 8.19 (d, 3Jyu = 8.4 Hz, 1 H, quin-H4), 8.40 (dd, *Jy
= 8.1 Hz, 1 H, quin-H7), 8.75 (dd, 3Jy i = 4.2 Hz, 1 H, quin-H2)
ppm.

Synthesis of [Cu(L')(PPhs),|(BF,) (1a): Under nitrogen,
[Cu(CH;CN)4)(BF,) (0.157 g, 0.5mmol) and PPh; (0.263 g,
1.0 mmol) were dissolved in CH,Cl, (8 mL) and stirred for 1 h. L!
(0.139 g, 0.5 mmol) was added to the solution, and the mixture was
stirred for 5h. The solution was filtered, and the solvents were
removed. The same procedure was applied in the synthesis of the
complexes 1b, 2a, 2b, 3a, and 3b. Recrystallization of the residue
from CH,Cl, and methanol (MeOH) gave yellow-green crystals of
1a. Yield: 0.27 g (56.7%). '"H NMR (300 MHz, CDCl;, 298 K): &
=7.09-7.18 (m, 26 H, Ar), 7.27-7.36 (m, 12 H, Ar), 7.55 (m, 2 H,
Ar), 7.70 (m, 1 H, Py-H5), 7.82 (m, 1 H, Py-H4), 8.29 (m, 1 H, Py-
H3), 8.44 (m, 1 H, Py-H6) ppm. 3'P NMR: 6 = —34.25 (s, PPh;),
0.69 (s, PO) ppm. C53H44BCuF,NOP;-0.2CH,Cl, (970.0): caled. C
65.79, H 4.61, N 1.44; found C 65.85, H 4.32, N 1.48.

Synthesis of [Cu(L')(DPEphos)](BF,) (1b): Recrystallization of the
residue from CH,Cl, and MeOH gave yellow-green crystals of 1b.
Yield: 0.28 g (57.9%). '"H NMR (300 MHz, CDCls, 298 K): 6 =
6.72 (m, 2 H, Ar), 6.96 (t, 3Jy .z = 7.5 Hz, 6 H, Ar), 7.05 (m, 6 H,
Ar), 7.16-7.35 (m, 22 H, Ar), 7.49 (m, 3 H, Py-HS5 and Ar), 7.81
(t, 3Jyu = 6.6 Hz, 1 H, Py-H4), 8.20 (d, 3Jy s = 4.8 Hz, 1 H, Py-
H3), 8.27 (m, 1 H, Py-H6) ppm. 3P NMR: § = —48.00 (s,
DPEphos), 0.91 (s, PO) ppm. Cs3H4,BCuF,;NO,P; (967.2): calcd.
C 65.75, H 4.37, N 1.45; found C 65.94, H 4.00, N 1.44.

Synthesis of [Cu(L?)(PPhs),|(BF,) (2a): Recrystallization of the res-
idue from MeOH gave yellow crystals of 2a. Yield: 0.30 g (61.2%)).
'"H NMR (300 MHz, CDCls, 298 K): § = 6.97-7.41 (m, 40 H, Ar),
7.51 (m, 2 H, quin-H3 and H6), 7.64 (t, 3Jy 1y = 6.3 Hz, 1 H, quin-
H5), 8.38 (d, 3Jun = 7.5Hz, 1 H, quin-H4), 8.59 (m, 2 H, quin-
H2 and H7) ppm. 3'P NMR: 6 = -34.97 (s, PPh;), 6.28 (s, PO)
ppm. Cs;HyBCuF,NOP; (1003.2): caled. C 68.17, H 4.61, N 1.39;
found C 67.77, H 4.61, N 1.53.

Synthesis of [Cu(L?)(DPEphos)](BF,) (2b): Recrystallization of the
residue from MeOH gave yellow crystals of 2b. Yield: 0.24 g
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Table 4. Crystallographic data for compounds 1a, 1b, 2a, 2b, 3a, and 3b.

la 1b 2a 2b 3a 3b
Empirical formula ~ Ci00HysByCLCuFN,OPs  CsgHugBCUF,NOsP;  CsyHuBCUF,NOP;  Cog sHyBCUF;NOs Ps  CssHsoBCUE,NO,P;  CssHigBCuF,NOSP,
Formula mass 2197.52 1002.19 1004.21 1066.26 1000.22 1014.20
Crystal system monoclinic triclinic triclinic triclinic monoclinic orthorhombic
Space group C2e Pl PI Pl P2/c Pna2,
alAl 57.11403) 12.7999(8) 12.3447(9) 12.2697(8) 12.8052(10) 33.5515(14)
bIA] 12.7707(6) 14.0967(8) 13.1441(10) 14.1003(9) 22.1640(13) 9.2554(4)
¢A] 27.2789(12) 14.3565(8) 16.4044(13) 15.6564(10) 17.9279(11) 15.6499(7)
al 90 72.3360(10) 73.6520(10) 103.0970(10) 90 90
B 91.1270(10) 75.0550(10) 83.6310(10) 97.4870(10) 95.555(5) 90
[ 90 88.6640(10) 72.6630(10) 93.7190(10) 90 90
VA% 19892.9(15) 2380.6(2) 2437.1(3) 2603.2(3) 5064.3(6) 4859.8(4)
zZ 8 2 2 2 4 4
Desea. [gem™] 1.467 1.398 1.368 1.360 1312 1.386
Abs. coeflicient 74, 0.621 0.604 0573 0582 0.609
[}
Final R indices
[I>26(D)]:
R1, wR2 0.0576, 0.1156 0.0545, 0.1549 0.0505, 0.1285 0.0581, 0.1580 0.0647, 0.1813 0.0346, 0.0809
R indices (all
data):
R1, wR2 0.1048, 0.1277 0.0713, 0.1642 0.0635, 0.1384 0.0761, 0.1724 0.0894, 0.2069 0.0384, 0.0830
GOF 0.997 1.003 1.015 1.015 1.057 1.016

(47.2%). "H NMR (300 MHz, CDCls, 298 K): 6 = 6.64-7.31 (m,
38 H, Ar), 7.49 (td, 3Jyu = 7.2 Hz, 2 H, quin-H3 and H6), 7.62
(m, 1 H, quin-H3), 8.37 (d, 3Ji11 = 7.5 Hz, 1 H, quin-H4), 8.47 (d,
3Jgu = 8.4 Hz, 1 H, quin-H7), 8.58 (d, 3/ u = 8.4 Hz, 1 H, quin-
H2) ppm. 3'P NMR: § = -48.29 (s, DPEphos), 6.78 (s, PO) ppm.
C5;H,BCUF,NO,P; (1017.2): caled. C 67.23, H 436, N 1.38;
found C 66.96, H 4.36, N 1.24,

Synthesis of [Cu(L3)(PPhs),](BF,) (3a): Recrystallization of the res-
idue from MeOH gave colorless crystals of 3a. Yield: 0.35¢g
(72.3%). TH NMR (300 MHz, CDCl;, 298 K): 6 = 3.75 (d, 2Jun
=-13.8 Hz, 2 H, CH,), 6.83 (m, 1 H, Py-H3), 7.09-7.14 (m, 24 H,
Ar), 7.31-7.46 (m, 12 H, Ar), 7.61-7.72 (m, 5 H, Ar and Py-H5),
7.89 (d, 3Jyy = 7.8 Hz, 1 H, Py-H4), 7.98 (d, 3Ji;n = 4.8 Hz, 1 H,
Py-H6) ppm. 3'P NMR: § = -2.51 (s, PPh;), 36.42 (s, PO) ppm.
Cs4HysBCuF,NOP;-CH;0H (999.2): caled. C 66.04, H 5.04, N
1.40; found C 65.84, H 4.82, N 1.24.

Synthesis of [Cu(L3)(DPEphos)](BF,) (3b): Recrystallization of the
residue from MeOH gave colorless crystals of 3b. Yield: 0.30 g
(61.2%). '"H NMR (300 MHz, CDCl;, 298 K): 6 = 3.77 (d, *Jun
= -13.8 Hz, 2 H, CH,), 6.77 (m, 3 H, Py-H3 and Ar), 6.91-7.02
(m, 5 H, Ar), 7.18-7.49 (m, 31 H, Ar), 7.69 (t, 3Junx = 7.5Hz, 1
H, Py-H5), 7.82 (d, 3Jyx = 7.5 Hz, 1 H, Py-H4), 8.02 (d, 3Jyyu =
4.5Hz, 1 H, Py-H6) ppm. 3'P NMR: 6 = —17.02 (s, DPEphos),
37.09 (s, PO) ppm. Cs4sHy4uBCuF;NO,P;-CH;OH (1013.2): calcd.
C 65.13, H 4.77, N 1.38; found C 65.30, H 4.41, N 1.12.

X-ray Crystallographic Studies: Data from selected crystals were
collected with a Bruker Smart APEX diffractometer with a CCD
detector, graphite monochromator, and Mo-K, radiation (4 =
0.71073 A). The intensity data were recorded in the w-scan mode
(187 K). Lorentz and polarization factors were used to correct the
raw intensity data, and absorption corrections were performed by
using the SADABS?7! program. The crystal structure was solved
by using the SHELXTL program and refined by using full-matrix
least squares.”$! All non-hydrogen atoms were refined anistrop-
ically. The positions of the hydrogen atoms attached to carbon
atoms were fixed at their ideal positions. Details of crystal and
structure refinement are shown in Table4. CCDC-765391,
-765392, -765393, and -765397, -765398, and -765399 contain the
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supplementary crystallographic data for complexes 1a, 1b, 3b, 3a,
2b, and 2a, respectively. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via http://
www.ccde.cam.ac.uk/data request/cif.

Density Functional Calculations: DFT calculations were performed
by using the GAUSSIAN 03 software package!®”! using a spin-re-
stricted formalism at the B3LYP level. 6-31+G** was used to opti-
mize the molecular geometry as a basis set for all elements, and
Los Alamos ECP plus DZ (LANL2DZ) was used additionally for
Cu. The HOMO and LUMO energies were determined by using
minimized singlet geometries to approximate the ground states.
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The potassium salts of H,NC(S)NHP(S)(OiPr), (HL!) or o-
CgHy[NHC(S)NHP(S)(OiPr),], (H,L") react with [Cu(PPhs)sl]
or a mixture of Cul and Ph,P(CH,);_3PPh, or Ph,P(CsH,-
FeC5sH,)PPh, in aqueous EtOH/CH,Cl, to give mononuclear
complexes [Cu(PPhs)L!] (1), [Cu{Ph,P(CH,),PPh,JL] (2),
[Cu{Ph,P(CH,)3PPh,}L!] (3) or [Cu{Ph,P(CsH,FeCsH,)PPh,}-
LY (4), or dinuclear complexes [Cu,(Ph,PCH,PPh,)LL] (5),
[Cu,(PPhs);L"] (6), [Cu,{Ph,P(CH,),PPhy},L1 (7), [Cu,{Ph,P-

(CHy)sPPh,},L"] (8), [Cu,{Ph,P(CsHFeCsH,)PPh,),L1] (9) or
[Cuy(Ph,PCH,PPh,)LY] (10). The structures of these com-
pounds were investigated by 'H and 3'P{*H} NMR, UV/Vis
spectroscopy and elemental analysis. The crystal structures
of H,LY, 1, 3-6, 8 and 10 were determined by single-crystal
X-ray diffraction. The luminescent properties of complexes
1-10 in the solid state are reported.

Introduction

In preceding papers we described heteroligand complexes
of Cu' with a number of N-thiophosphorylated thioureas
and thioamide RC(S)NHP(S)(OiPr), [R = morpholin-4-yl,
piperidin-1-yL,!1 (1-naphthy)NH,?! NH, (HLY),!-31 (pyr-
idin-2-y))NH, (pyridin-3-yl)NH, H,N-6-Py-2-NH,* Ph,
EtN,57 (EtO),P(O)CH,C4H4-4-NH,®! MeNH, iPrNH,

(BuNH, Me,N, PhNH, 2.6-Me,C(H:NH,  2.4.6-
Me;C¢H,NHP-'] and  triphenylphosphane or Ph,P-
(CH2) 1,3PPh2 and thP(C5H4FeC5H4)PPh2. We also

showed that the reactions of alkaline salts of the tetrakis-

thiourea containing a cyclam fragment with [Cu(PPhs);l]
lead to the tetranuclear Cu' complex [{Cu(PPhs),}4-
(cyclam)] (Scheme 1).[12]

We have also described a number of N-(thio)phosphoryl-
ated bis(thio)ureas, which are potentially bridging ligands,
and investigated their complexation properties towards
various metal cations.[®>!32% Only one dinuclear hetero-
ligand complex of Cu' with N-thiophosphoryl bis(thio-
urea), containing 1,10-diaza-18-crown-6, and PPh;
(Scheme 1) has been described.[®! To the best of our knowl-
edge there are no crystal structures of such types of com-
plexes. Furthermore, we have described two Cu! complexes

PhsP PPhs PhsP PPhs
S/ \ s/ \ OREE—
(1Pr02)P )\ m )\ P(OzPr)z T—O 0—\‘
[ (iPrO) P’N‘ N N ’N“\P(O'P)
T a8 N {
[ L4
(zPrOZ)P/ Y v ‘P(OiPr)z eig o o he'd
1 > N o N
PhyP PPh; N\ /  PhsP PPh;
/Cu /Cu\
Ph;P PPh; Ph;P PPhs

Scheme 1.
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[CuPPh;{RC(S)NP(S)(OiPr),}] (R = H,N-6-Py-2-NH,*
(EtO),P(O)CH,C¢H,-4-NH®l)  containing one triphen-
ylphosphane (PPhs) ligand. A number of heteroligand Cu!
complexes containing both aryl-substituted pnictides and
cyclic thioureas or pyridinethiolates have also been de-
scribed.?!"231 A combination of these two types of ligands
might lead to interesting and unusual photophysical and
electrochemical properties.>*!
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In this contribution we describe new heteroligand com-
plexes of Cu! with H,NC(S)NHP(S)(OiPr), (HL") and o-
C¢H4[NHC(S)NHP(S)(OiPr),], (H,L™; Scheme?2) and
phosphanes  [PPh;, Ph,P(CH,), sPPh,, Ph,P(CsH;-
FeCsH,4)PPh,] along with their structural characterisation
and luminescent properties. Mononuclear derivatives with
non-bridging thiourea ligands and the phosphane ligands
PPh,, Ph,P(CH,), sPPh, or Ph,P(CsH,FeCsH,)PPh, have
recently been described.['%-11]

European Journal
of Inorganic Chemistry

Results and Discussion

Synthesis

N-Thiophosphorylated thiourea HL! was prepared as de-
scribed previously.[l:3231 N-Thiophosphorylated bis(thio-
urea) H,L™ was prepared by addition of o-phenylenediamine
to 0,0'-diisopropylthiophosphoric isothiocyanate, (iPrO),-
P(S)NCS, similarly to the previously described method.[']
Reactions of the potassium salts of HL' and H,L™ with
[Cu(PPh;)sI] or a mixture of Cul and Ph,P(CH,), 3PPh, or
Ph,P(CsH4FeCsH,)PPh, in aqueous EtOH/CH,CI, led to
the mononuclear complexes [Cu(PPh;)L'] (1), [Cu{Ph,P-

H : H H
H,N 111\ _N (CH,),PPh,}L"]  (2), [Cu{Ph,P(CH,);PPh,}L'] (3) or
j( P(OiPr); | (PrO)P j]—N\ —f( P(OlPr)z [Cu{Ph,P(CsH,FeCsH,)PPh,}L'] (4), or the dinuclear com-
S S E S S pleXeS [CU2(Ph2PCH2PPh2)L12] (5), [CUZ(PPhg,)zLH] (6),
HL! : HZL" [Cu, {Ph,P(CH,),PPh,},L"] (7), [Cu,{Ph,P(CH,);PPh,},-
L"] (8), [Cu,{Ph,P(CsH4FeCsH,)PPh,},L"] (9) or [Cu,-
Scheme 2. Ph,PCH,PPh,)L"] (10) (Scheme 3).
2 2 2
HzNYN%'lr (OiPr) PrOYP7 S N—¢" P 0iP
S S g PORET _[/ ( P2 6
(liu S\ -
PPh; PhsP” u\PPh3 Ph3P/ PPh3
HN N ] N
P RCH, PRl \S'r :lg(OzPr)z i (zPrO)ZE S N—( P(OzPr)z ;
thP/Cu\Pth Ph,P” u\Pth thP/ Pth
\_/ _/
1) KOH ; 2
2; [Cu(PPhs);1] HZN\('N“ 'll’(OiPr)z (iPrO)zll’l'/’N\T N P(OzPr)z
HL or H,L! or Cul + phosphane | Ph,P(CH,);PPh, S\Cu/s . S:CU:S C 2
Ph,P” “PPh, Ph,P PPh, Ph,P” “PPh,
H,N_ N N ; 2
\( ‘\\,1|>(0f1>r)2 (iPrO)zllf—/’ N P(OzPr)z
Ph,P(CsH,FeCsH,)PPh, e B SN
Ph,P” “PPh, 4 Ph,P” “PPh, Ph,P” “PPh, 9
@Fe @ Fe @Fe @
(1Pr0)2P/ YH N/]/ P(OzPr)z (zPrO)ZP/N‘ N—|/’ P(OzPr)z
Ph,PCH,PPh 2
2 2 2 \|/|/ 5 \\// 10
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Scheme 3.
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The complexes obtained are colourless crystalline pow-
ders, soluble in acetone, benzene, CH,Cl,, DMSO and
DMF and insoluble in n-hexane. '"H and *'P{'H} NMR
spectroscopy indicated that the deprotonated thioureas LI
are coordinated through the sulfur atoms of the thio-
carbonyl and thiophosphoryl groups in all cases.

IR and NMR Spectroscopy and Photophysical Properties

The IR spectrum of H,L' contains a weak band centred
at 652 cm™! assigned to the P=S groups. The S=C-N frag-
ment in the spectrum of the bis(thiourea) is shown as a
band at 1553 cm !. There are two absorption bands at 3204
and 3422 cm ! corresponding to the NH groups in the spec-
trum of H,L!", whereas a unique band at 3348-3369 cm™!
related to the (aryl)NH group is observed in the spectra of
6-10. The IR spectra of the complexes contain a band at
594-616 cm™! for the P=S group of the anionic forms L.
These bands are shifted to low frequencies relative to the
parent ligands as a result of coordination to the Cu' ion. In
the IR spectra of 1-10 there are bands at 1537-1562 cm™!
corresponding to the conjugated SCN fragment. In the IR
spectra of 1-5 there are also a number of bands at 1609—
1629, 3120-3137, 3241-3261 and 3483-3501 cm™! corre-
sponding to the NH, group. In addition, there is a broad
intense band arising from the POC group at 988-1014 cm™!
in the spectra of H,L™ and the complexes.

In the 3'P{'H} NMR spectra of the complexes, the reso-
nances in the range J = 54.4-58.7 ppm correspond to the
phosphorus atom of the thiophosphoryl group. These sig-
nals are shifted downfield relative to those in the spectra of
HL' and H,L". The signals of the phosphorus atoms of
PPh; in the spectra of the complexes 1 and 6 are found at
0 = 0.4 and —1.5 ppm, respectively, whereas the signals for
the phosphane phosphorus atoms in the 3'P{'H} NMR
spectra of the complexes 2-5 and 7-10 exhibit chemical
shifts from ¢ = -22.4 to —10.6 ppm.

The '"H NMR spectra of H,L™ and 1-10 contain only
signals that correspond to the proposed structures. The
spectra contain a set of signals for the /Pr protons: signals
for the CH; protons at 0 = 0.85-1.47 ppm and signals for
the CH protons at 0 = 4.27-4.89 ppm. The signals for the
aromatic ring and (aryl)NH protons are observed at J =
6.70-8.29 ppm. Signals of the NH, group in the spectra of
1-5 are observed at § = 5.33-5.72 ppm. In the 'H NMR
spectrum of H,L the signal for the NHP proton is found
at 0 = 9.12 ppm. The signals for the NHP group proton are

absent in the '"H NMR spectra of 1-10. This confirms the
anionic character of the ligands in the complexes. The 'H
NMR spectra of 2, 3, 5, 7, 8 and 10 contain signals for the
CH, protons of the phosphanes Ph,P(CH,), ;PPh, at § =
1.56-2.97 ppm, whereas signals for the CsH, protons in the
spectra of 4 and 9 are observed at J = 4.20-4.29 ppm.

The absorption spectra of the complexes 1-10 were
studied in CH,Cl, solution (Figure S1 in the Supporting
Information), whereas their luminescent properties were in-
vestigated in the solid state at room temperature (Figure 1).
The data are reported in Table 1. Complexes 2-5 and 7-10
show emission in the solid state. The origin of the emission
is believed to be based on intraligand transitions centred
on the thiophosphoryl component of the ligands, which are
influenced by the nature of the phosphane. PPh; complexes
did not exhibit any luminescence properties. One interesting
point in this respect is the unusually low energy and inten-
sity of the emission of the complexes 5 and 10, which might
be due to contributions from cluster-centred charge-transfer
transition in these dinuclear aggregates, which show rather
short Cul--Cu2 distances.

Relative Intensity

450 475 500

Wavelength (nm)

525

Figure 1. Emission spectra of 2, 3, 4 and 5. The spectra of 7-10
are similar to the spectra of 2-5, respectively. The excitation wave-
length was chosen from the A, of the absorption.

Crystal Structures

Crystals of H,L™, 1, 3-6, 8 and 10 were obtained by slow
evaporation of the solvent from their solutions in acetone/n-
hexane (1) or CH,Cl,/n-hexane mixtures (1:5, v/v; see Exp.
Sect.). The molecular structures of H,L', 1, 3, 4, 5, 6, 8 and

Table 1. UV/Vis absorption and emission maxima for complexes 1-10.[4

Complex Jabs [nm] (& [dm3mol 'ecm ™)) Jem [NM] Complex Jabs [nm] (& [dm3mol 'ecm 1)) Jem [NM]
1 310 (10221) no emission 6 304 (17631) no emission
2 254 (19853), 302 (9632) 478 7 247 (31269), 306 (17564) 473
3 250 (19122), 307 (9471) 472 8 253 (28113), 306 (18103) 470
4 247 (19390), 310 (9718) 483 9 259 (33728), 311 (20824) 486
5 252 (3529), 373 (13382) 508 10 255 (3602), 379 (13127) 513

[a] Emission data obtained with excitation at A of the long-wavelength absorption. The absorption spectra of the corresponding potassium
salts show weak absorption bands at 289 (¢ = 172 dm®*mol 'ecm!) (KL') and 297 nm (¢ = 238 dm>*mol 'cm') (K,L™).
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10 are shown in Figures 2, 3,4, 5, 6, 7, 8, and 9, respectively.
Selected bond lengths and angles are given in Tables 2 and
3.

Figure 2. Thermal-ellipsoid representation of H,L!" (hydrogen
atoms have been omitted for clarity). Ellipsoids are drawn at the
30% probability level.

Figure 3. Thermal-ellipsoid representation of 1 (hydrogen atoms
have been omitted for clarity). Ellipsoids are drawn at the 30%
probability level.

Figure 4. Thermal-ellipsoid representation of 3 (hydrogen atoms
have been omitted for clarity). Ellipsoids are drawn at the 30%
probability level.

The bis(thiourea) H,L™ crystallises in the monoclinic
space group C2/c. The parameters of the C=S, C-N, P-N
and P=S bonds observed for H,L™ (Table 2) are in the
range typical for N-thiophosphorylated thiourea deriva-
tives.['¥ The two NC(S)N moieties show significant planar-
ity (Figure 2). The two chelate backbones C(S)NP(S) are in

Eur. J. Inorg. Chem. 2010, 4018-4026
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Figure 5. Thermal-ellipsoid representation of the independent mo-
lecule A of 4 (hydrogen atoms have been omitted for clarity). Ellip-
soids are drawn at the 30% probability level.

Figure 6. Thermal-ellipsoid representation of 5 (hydrogen atoms
have been omitted for clarity). Ellipsoids are drawn at the 30%
probability level.

Figure 7. Thermal-ellipsoid representation of 6 (hydrogen atoms
have been omitted for clarity). Ellipsoids are drawn at the 30%
probability level.

an anti disposition relative to the phenylene spacer. Intra-
and intermolecular hydrogen bonds of the type N-H:-O-P
and N-H--S=C, respectively, are present in the crystal of
H,L" (Table 4). Intramolecular hydrogen bonds are formed
between the oxygen atoms of the P-O groups and the hy-
drogen atoms of the (aryl)NH fragments, which in turn
leads to an (E,E) conformation of the SCNP backbones.
Intermolecular hydrogen bonds are formed between the hy-
drogen atom of one PNH group and the sulfur atom of
the C=S group, and the same types of atoms of the two
neighbouring molecules. As a result of the intermolecular
hydrogen bonds (Table 4) a polymeric chain is formed in
the crystal of H,L".
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Figure 8. Thermal-ellipsoid representation 8 (hydrogen atoms have
been omitted for clarity). Ellipsoids are drawn at the 30% prob-
ability level.

Figure 9. Thermal-ellipsoid representation of 10 (hydrogen atoms
have been omitted for clarity). Ellipsoids are drawn at the 30%
probability level.

Note that in our recent publication we published the syn-
thesis of the complex [Cu(PPh;),L"] (11), which contains
two PPh; ligands.!!! Efforts to recrystallise 11 from a
CH,Cl,/n-hexane mixture did not lead to crystals suitable
for X-ray analysis, but according to the NMR spectroscopic
data and elemental analysis, the material still contains two
PPh; ligands. In the course of this work we tried to obtain
crystals by the recrystallisation of 11 from an acetone/n-
hexane mixture. Surprisingly, according to the NMR spec-
troscopic data and elemental analysis, the crystals obtained
(suitable for X-ray diffraction) have the composition
[Cu(PPhs)LY] (1).

In the structure of 1 the geometry around the Cu atom
is trigonal, formed by two S atoms and one PPhj ligand
(Figure 3). The Cu—P bond [2.2127(7) A, Table 2] is of prac-
tically the same length as observed for the complexes
[CuPPh;{RC(S)NP(S)(OiPr),}] [R = H,N-6-Py-2-NH,™
(EtO),P(O)CH,C¢H,-4-NH® with trigonally coordinated
Cu'. The six-membered CuSPNCS metallocycle has the
conformation of a distorted boat. The fragment NC(S)NP
is almost planar with the sulfur atom of the thiophosphoryl
group deviating significantly from the average plane of this
fragment; the torsion angle S1I-P1-N1-C1 is 49.1(3)°.

In the structures of 3 and 4 the Cu! cation is in a P,S,
tetrahedral environment formed by the two sulfur atoms of
the deprotonated thiourea L! ligand and the two phospho-
rus atoms of the Ph,P(CH,);PPh, or Ph,P(CsH FeCsH,)-
PPh, molecule, respectively (Figures 4 and 5). The asym-
metric unit of 4 contains two independent molecules. The
Cu-S(C), Cu-S(P) and Cu-P bonds in 3 and 4 are markedly
longer than those in 1 (Table 2). The S-Cu-S angle in 3 and

Table 2. Selected bond lengths [A] and angles [°] for H,L™, 1, 3, and 4.

H,L! 1 3 4
C=S 1.6737(15), 1.6806(16) 1.752(3) 1.738(2) 1.730(9), 1.738(1 1!
P=S 1.9133(6), 1.9162(6) 1.9594(9), 2.121(5) 1.9831(9) 1.987(3), 1.976(3)
P-N 1.6775(14), 1.6838(14) 1.603(2) 1.602(2) 1.610(7), 1.609(7)ta!
P-O 1.5733(12), 1.5797(13), 1.578(2), 1.582(2) 1.588(2), 1.589(2) 1.593(6), 1.594(6),
1.5804(14), 1.5805(12) 1.578(6),141 1.583(6)
C-N(P) 1.377(2) 1.314(3) 1.3333) 1.316(10), 1.312(1 1)@
C-N 1.340(2), 1.343(2) 1.338(3) 1.335(3) 1.343(11), 1.356(12))
Cu-S 2.2018(7) 2.3245(7) 2.325(3), 2.329(3)8
Cu-S(P) 2.2463(8), 2.376(5) 2.3559(6) 2.385(2), 2.358(2)!
Cu-P 2.2127(7) 2.2799(6), 2.2836(6) 2.280(2), 2.314(2),
2.296(2),121 2.300(2)!
S CN 122.21(12), 122.93(12) 115.0(2) 117.5(2) 116.2(6), 115.8(6)1!
S-C-N(P) 120.61(12), 121.32(12) 129.0(2) 127.1(2) 127.1(7), 127.5(8)
N-C-N 116.44(14), 116.46(13) 116.0(2) 115.4(2) 116.6(8), 116.6(9)!
C NP 127.93(12), 128.32(12) 130.7(2) 124.9(2) 125.3(6), 125.1(7)!
N-P-S 111.12(6), 111.86(6) 109.5(2), 121.94(9) 118.52(8) 119.1(3), 118.2(3)
S-Cu-S 110.52(13), 115.86(3) 106.72(2) 106.21(9), 107.54(9)!
P-Cu P 99.62(2) 110.68(9), 109.86(9)!
P-CuS 127.29(3) 107.96(2), 110.53(2) 104.22(9), 110.22(9),
101.70(9).12) 116.24(9)i!
P-CuS(P)  116.76(3), 121.15(12) 113.35(2), 118.27(2) 105.55(8), 118.87(9), 121.81(3), 124.53(3)®)
104.40(8),14) 115.58(9)i!
Cu-S-C 107.21(8) 106.88(9) 103.6(3), 108.5(3)t! 104.30(9), 99.72(9)!"!
Cu-S-P 86.9(2), 94.65(3) 96.90(3) 97.10(11), 93.08(11) 98.38(3), 97.74(4)®
Cu-S-Cu 73.38(2), 69.95(2)

[a] Data for two independent molecules A and B. [b] Data for the Cu2-S4-C2(N4)-N3-P2(03)(04)-S3 backbone.
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Table 3. Selected bond lengths [A] and angles [°] for 5, 6, 8, and 10.

European Journal
of Inorganic Chemistry

5

6

8

10

1.735(3), 1.741(3)
1.9759(10), 1.9765(10)
1.615(2), 1.622(2)
1.571(2), 1.580(2),
1.5879(19), 1.590(2)
1.318(4), 1.325(4)
1.358(3), 1.360(4)
2.3002(8), 2.3429(8)

2.2967(8), 2.3429(8)
2.2472(8), 2.2593(8),
2.2702(8), 2.2808(9)
114.02), 115.2(2)
127.1(2), 127.6(2)
117.7(2), 118.4(3)
123.3(2), 126.5(2)
116.46(9), 119.65(10)
108.57(3), 110.49(3)

97.90(3), 99.81(3)
102.05(3), 103.03(3),
107.53(3), 112.21(3)
107.17(3), 115.21(3),
123.04(3), 123.66(3)
102.28(9), 104.29(9)

94.73(4), 95.81(4)

1.751(6), 1.774(5)
1.987(2), 1.988(2)
1.598(5), 1.599(5)
1.571(4), 1.574(4),
1.583(4), 1.584(4)
1.296(7), 1.313(8)
1.347(8), 1.350(8)
2.3845(13), 2.4164(16),
2.4204(14), 2.5020(17)
2.3327(16), 2.3371(17)
2.2277(16), 2.2355(15)

117.0(5), 117.2(4)
125.3(5), 126.2(5)
116.8(5), 117.5(5)
127.4(4), 128.5(4)
113.9(2), 115.19(19)
99.15(5), 100.57(5),
106.23(6), 115.15(6)

98.28(6), 104.58(5),
114.95(6), 120.35(6)
116.22(6), 120.18(6)

93.50(17), 95.03(17),
107.7(2), 107.92(19)
99.25(8), 99.85(7)

C=S 1.769(3), 1.756(3)lal 1.724(3), 1.733(3)
P=S 1.9934(10), 1.9917(10)t! 1.9772(10), 1.9837(11)
P-N 1.617(2), 1.613(2)al 1.606(2), 1.624(2)
P-O 1.577(2), 1.583(2), 1.570(2), 1.576(2),
1.576(2),141 1.584(2)tl 1.583(2)
C-N(P) 1.326(3), 1.311(4)al 1.315(4), 1.318(4)
C-N 1.324(4), 1.346(4)l 1.355(4), 1.370(4)
Cu-S 2.3122(7), 2.5598(7), 2.3124(8), 2.3437(8)
2.3799(7).1a1 2.4309(7)lal
Cu-S(P) 2.3236(7), 2.3250(8)kal 2.3618(8), 2.3812(8)
Cu- 2.2364(7), 2.2422(7)kl 2.2756(9), 2.2960(8),
2.3121(8), 2.3155(9)
S-C-N 116.2(2), 115.3(2)lal 114.4(2), 114.5(2)
S-C-N(P) 125.9(2), 127.0(2)al 127.7(2)
N-C-N 117.8(2), 117.6(3)al 117.8(3), 117.9(3)
C-N-P 124.6(2), 125.8(2)fal 125.4(2), 125.5(2)
N-P-S 118.55(9), 116.80(9) 117.78(10), 119.41(10)
S-Cu-S 98.10(2), 106.57(3), 103.26(3), 104.27(3)
108.96(2), 99.92(2),
107.24(3),[81 107.34(3)1
P-Cu-P 111.18(3), 121.11(3)
P-Cu-S 122.16(3), 103.03(3) 101.07(3), 105.63(3),
106.95(3), 121.47(3)
P-Cu-S(P) 116.76(3), 121.15(12) 101.19(3), 105.98(3),
113.02(3), 116.46(3)
Cu-S-C 107.21(8) 102.64(10), 102.84(10)
Cu-S-P 86.9(2), 94.65(3) 99.39(4), 102.05(4)
Cu-S-Cu

68.27(4), 70.27(4)

[a] Data for the Cu2-S4-C2(N4)-N3-P2(03)(04)-S3 backbone.

Table 4. Hydrogen-bond lengths [A] and angles [°] for H,L!, 1, 3,
4, 5,6, 8, and 10.

D-H-A D-H H-A D-A D-H-A
HLL N1-H[-§2#! 0.792) 2.57(2) 33441(15) 170.0(18)
N2-H202 0.832) 231(2) 2.9644(17) 135.9(19)
N3-H3-84%2 081(2) 2.56(2) 3.3286(16) 158(2)
N4-H4-03 087(2) 2.22(3) 2.8957(18) 134(2)
1™ N2-H2A-NI#! 0893) 2233) 3.1153) 1720
N2-H2A--O2#! 0.894) 247(3) 29993)  118(3)
39 N2-H2B-NI#! 086(3) 2.37(3) 32223)  17202)
N2-H2B-O1#! 0.86(3) 2.53(3) 3.0993) 1243
49 N2-H2A-NI#! 088 210  2978(10) 1724
N2A-H2AA-NIA® 088 234  3.166(11) 1564
59 N2-H2A-S3 0.86(3) 2.72(3) 3.5033)  153Q3)
N2-H2B-N1#! 094(4) 2.32(4) 32443)  1673)
N4-H4B-S1 0.834) 2.854) 3.561(3) 1454
67 N3H3-N2 0.693) 226(3) 2851(@4)  144(4)
N4-Hde-Cl11#! 0.77(4) 2.69(4) 34374)  164(4)
8 N3-H3-83 0.85(6) 2.72(6) 3.5356)  161(5)
108 N3 H3-S2#1 0.84(2) 2.83(3) 3.6282)  15803)
N4 H4-N1 086(2) 2.153) 2.8423)  137(3)

[a] Symmetry codes: #1: —x + 1, y, —z + 3/2; #2: —x + 1, -y + 1,
—z + 1. [b] Symmetry codes: #1: —x + 1, —y, —z. [c] Symmetry codes:
#1: —x + 1, -y, —z + 1. [d] Symmetry codes: #1: —x + 1, -y + 1,
—z. [e] Symmetry codes: #1: —x + 1, -y + 1, —z + 1; #2: —x + 1,
-y + 1, —z + 2. [f] Symmetry codes: #1: —x + 1, -y + 1, —z + 1. [g]
Symmetry codes: #1: —x + 1, -y + 2, —z + 1.

4 is significantly smaller than that in 1. The P-Cu-P angle
in 4 is significantly larger than in 3 (Table 2), as expected
for the replacement of the flexible -(CH,);— group by the
ferrocenediyl unit.
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In the dinuclear complex 5 the Ph,PCH,PPh, ligand
bridges two Cu' ions with two deprotonated thiourea
groups coordinated to the Cu atoms through the thiophos-
phoryl and thiocarbonyl sulfur atoms of the ligand, the lat-
ter acting as a (u,n',n')-Cu-S-Cu bridge, thus forming a
dinuclear entity (Figure 6). Both Cu' atoms in 5 are in a
tetrahedral PS; environment. The same type of anionic
thiourea ligand was observed in the structure of poly-
nuclear Cu' complexes.!-37-211l' The Cul--Cu2 distance
of 2.8355(4) A is slightly longer than the sum of two
van der Waals radii of Cu' (2.80 A).[2¢

In the crystal, two molecules of the complexes 1 and 3—
5 form centrosymmetric dimers as a result of intermolecular
hydrogen bonds (Table 4). These intermolecular hydrogen
bonds are formed by the hydrogen atom of the NH group
and the nitrogen or oxygen (1 and 3) or solely nitrogen (4
and 5) atoms of the N-P-OiPr group of a further molecule.
In the crystal of 5 there are also intramolecular hydrogen
bonds formed by the NH hydrogen atom of one molecule
of L' and the P=S sulfur atom of a second molecule of L'
(Table 4).

In the structures of 6 and 8, each Cu! cation is in a P,S,
tetrahedral environment formed by two sulfur atoms of the
deprotonated N-thiophosphoryl bis(thiourea) L™ and two
phosphorus atoms of two PPh; ligands (6) or one
Ph,P(CH,);PPh, ligand (8; Figures 7 and 8). The Cu-S(C),
Cu-S(P) and Cu-P bonds (Table 3) in 6 and 8 are similar
to those found in the mononuclear analogues.['"'? The S—
Cu-S angles in 8 are significantly larger than those in 6,
4023
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whereas the P-Cu-P angles in 8 are smaller than those in 6
(Table 3). In the crystals of 6 and 8 an intramolecular hy-
drogen bond is formed by the NH hydrogen atom of one
pendant arm of L' and the NPS nitrogen atom of the sec-
ond pendant arm (Table 4). The second NH hydrogen atom
of L forms an intermolecular hydrogen bond with the
chlorine atom of a CH,Cl, molecule in the crystal of 6
(Table 4). Two molecules of 8 form a centrosymmetric di-
mer in the crystal due to intermolecular hydrogen bonds
between the second NH hydrogen atom of L and the C=S
sulfur atom (Table 4). This type of intermolecular hydrogen
bonding is typical of mononuclear analogues.['-1%]

The structure of 10 is similar to that of 5. In the complex
10, the deprotonated thiourea L™ coordinates two Cu!
atoms, which are also interconnected by two C=S sulfur
atoms, forming an S,Cu, four-membered ring (Figure 9).
The Ph,PCH,PPh, ligand also bridges the two Cu' atoms,
thus completing a tetrahedral PS; environment. The
Cul--Cu2 distance [2.7629(10) A] is slightly shorter than
the sum of two van der Waals radii of Cul.?l In the crystal
of 10 there is an intramolecular hydrogen bond formed by
the NH hydrogen atom of the pendant arm and the P=S
sulfur atom of the second pendant arm (Table 4).

It is reasonable to assume that the formation of 5 and 10
is mainly caused by the rather small bite angle of
Ph,PCH,PPh,, which often does not allow for perfect che-
late binding of metal cations and consequently leads to a
bridging coordination, thus forming dinuclear structures?”]
and often even promoting M—M bond formation.[?8]

Conclusions

The potassium salts of L' or L™ react with [Cu(PPhs);1]
or a mixture of Cul and Ph,P(CH,), sPPh, or Ph,P-
(CsH4FeCsH,)PPh, to form mononuclear (1-4) or dinu-
clear (5-10) complexes. Recrystallisation of 1 from an ace-
tone/n-hexane mixture leads to a complex with one PPh;
molecule, whereas recrystallisation of 1 from a CH,Cl,/n-
hexane mixture gave the product 11 with two PPhs li-
gands.'! The formation of dinuclear complexes 5 and 10 is
favoured by the small bite angle of Ph,PCH,PPh,.

Complexes 2-5 and 7-10 exhibit emission in the solid
state at ambient temperature, which can be assigned to
SILCT (or *MLCT) transitions. In contrast, 1 and 6 fail to
emit under these conditions, probably due to fast relax-
ation.

Experimental Section

Physical Measurements: Infrared spectra were recorded with a
Bruker IFS66vS spectrometer in the range 400-3600 cm™'. NMR
spectra were obtained with a Bruker Avance 300 MHz spectrometer
at 25°C. 'H and 3'P{'H} NMR spectra (CDCl;) were recorded at
299.948 and 121.420 MHz, respectively. Chemical shifts are re-
ported with reference to SiMe, ('H) and H;PO, (*'P{'H}). Ab-
sorption spectra of 104M (1-5) or 10° M (6-10) solutions in
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CH,Cl, were measured with a Lambda-35 spectrometer. Fluores-
cence was measured with a Spex FluoroMax-3 spectrofluorimeter
on solid samples at room temperature. Elemental analyses were
performed with a CHNS HEKAtech EuroEA 3000 analyser.

Syntheses: N-Thiophosphorylated thiourea HL! was prepared ac-
cording to a previously described method.[>’]

H,L™: A solution of o-phenylenediamine (0.540 g, 5 mmol) in an-
hydrous CH,Cl, (15 mL) was treated under vigorous stirring with
a solution of (iPrO),P(S)NCS (0.263 g, 1.1 mmol) in the same sol-
vent. The mixture was stirred for 1 h. The solvent was removed in
vacuo, and the product was purified by recrystallisation from a
CH,Cly/n-hexane mixture (1:5, v/v). Yield: 2.758 ¢ (94%). 'H
NMR: 6 = 1.35-1.47 (m, 24 H, CHs, iPr), 4.89 (dsept, 3Jy . = 6.2,
3Jpu = 10.5Hz, 4 H, OCH), 7.07-7.32 (m, overlapping with the
solvent signal, C¢H; + NHP), 9.12 [br. s, 2 H, (aryl)NH] ppm.
SIP{'H} NMR: 6 = 53.0 (s) ppm. IR: ¥ = 652 (P=S), 993, 1003
(POC), 1553 (S=C-N), 3204, 3422 (NH) cm'. CyyH36N4O4P>S,
(586.72): caled. C 40.94, H 6.18, N 9.55; found C 41.01, H 6.12, N
9.48.

Complex 1: Complex 1 was prepared according to a previously de-
scribed method,!"! but the residue was recrystallised from an ace-
tone/n-hexane mixture (1:5, v/v). 1: Yield: 0.264 g (91%). M.p. 141-
142 °C. "H NMR (CDCl;): 6 = 1.30 (d, 3Jyy.u = 6.0 Hz, 6 H, CH;,
iPr), 1.31 (d, 3Jyu = 6.1 Hz, 6 H, CHa, iPr), 4.75 (dsept, 3Jy 1 =
6.0, 3Jp = 10.8 Hz, 2 H, OCH), 5.72 (br. s, 2 H, NH.), 7.28-7.51
(m, 15 H, Ph) ppm. 3'P{'H} NMR (CDCl;): § = 0.4 (s, 1 P, PPh;),
54.4 (s, 1 P, NPS) ppm. IR: ¥ = 601 (P=S), 1008 (POC), 1546
(SCN), 1614, 3127, 3249, 3496 (NH,) cm!. C,sH3 CuN,O,P>S,
(581.15): caled. C 51.67, H 5.38, N 4.82; found C 51.82, H 5.29, N
4.90.

Complexes 2-5: A suspension of HL! (0.128 g, 0.5 mmol) in aque-
ous ethanol (35 mL) was mixed with an ethanol solution of potas-
sium hydroxide (0.031 g, 0.55 mmol). A mixture of Cul (0.095 g,
0.5 mmol) and Ph,P(CH,),PPh, (n = 1, 0.192g; n = 2,0.199¢g; n
= 3, 0.206 g; 0.5mmol) or Ph,P(CsH,FeCsH4)PPh, (0.277 g,
0.5 mmol) in CH,Cl, (25 mL) was heated at reflux for 0.5 h and
then added dropwise under vigorous stirring to the obtained potas-
sium salt. The mixture was stirred for 1 h, and the resulting precipi-
tate of KI was filtered off. The filtrate was concentrated until crys-
tallisation started. Isolated crystals were obtained from a CH,Cl,/
n-hexane mixture (1:5, v/v). 2: Yield: 0.265 g (74%). M.p. 107—
108 °C. '"H NMR (CDCl;): 6 = 1.13-1.34 (m, 12 H, CH3, iPr), 2.25
(br. s, 2 H, CH,), 4.73 (dsept, 3Jyn = 6.2, 3Jpy = 10.5Hz, 2 H,
OCH), 5.70 (br. s, 2 H, NH,), 6.97-7.86 (m, overlapping with the
solvent signal, Ph) ppm. 3'P{"H} NMR (CDCls): § = —12.4 (br. s,
2 P, PPhy), 56.8 (s, 1 P, NPS) ppm. IR: ¥ = 607 (P=S), 1011 (POC),
1557 (SCN), 1611, 3120, 3241, 3491 (NH,) cm!. C33H4CuN>-
0,P5S, (717.28): caled. C 55.26, H 5.62, N 3.91; found C 55.10, H
5.68, N 3.97. 3: Yield: 0.314 g (86%). M.p. 92-93 °C. 'H NMR
(CDCly): 6 = 1.15 (d, 3Jpq = 6.2 Hz, 6 H, CH3, iPr), 1.18 (d, 3Jy
= 6.1 Hz, 6 H, CHs, iPr), 1.56-1.97 (m, 2 H, CH,), 2.36 (br. s, 4
H, CH,), 4.67 (dsept, 3Jyyu = 6.1, 3Jpy = 10.7 Hz, 2 H, OCH),
5.51 (br. s, 2 H, NH>), 6.96-7.83 (m, overlapping with the solvent
signal, Ph) ppm. 3'P{'H} NMR (CDCl;): 6 = -19.8 (br. s, 2 P,
PPh,), 58.0 (s, 1 P, NPS) ppm. IR: ¥ = 610 (P=S), 1004 (POC), 1558
(SCN), 1621, 3132, 3258, 3501 (NH,) cm!. C34H4CuN,O,P5S,
(731.31): caled. C 55.84, H 5.79, N 3.83; found C 55.68, H 5.84, N
3.78. 4: Yield: 0.345 g (79%). M.p. 174-175 °C. 'H NMR (CDCl5):
0=1.19 (t, 3Jyyu = 6.0 Hz, 12 H, CH3, iPr), 4.20 (br. s, 4 H, CsHy),
4.29 (br. s, 4 H, CsHy), 4.69 (dsept, *Jy g = 6.2, 3Jpp = 10.3 Hz, 2
H, OCH), 5.33 (br. s, 2 H, NH,), 7.21-7.76 (m, overlapping with
the solvent signal, Ph) ppm. 3'P{'H} NMR (CDCl;): § = —-17.6 (br.
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s, 2 P, PPh,), 58.7 (s, 1 P, NPS) ppm. IR: v = 612 (P=S), 996 (POC),
1553 (SCN), 1609, 3137, 3261, 3488 (NH,) cm!. C4;H44CuFeN,-
0,P3S, (873.25): caled. C 56.39, H 5.08, N 3.21; found C 56.54, H
4.99, N 3.26. 5: Yield: 0.245 g (96%). M.p. 167-168 °C. '"H NMR
(CDCly): 6 = 1.23 (d, 3Jyir = 6.2 Hz, 24 H, CHj, iPr), 2.90 (br. s,
4 H, CH,), 4.64 (dsept, 3Jy g = 6.1, 3Jp = 10.5 Hz, 4 H, OCH),
5.68 (br. s, 4 H, NH,), 6.76-7.74 (m, overlapping with the solvent
signal, Ph) ppm. 3'P{'H} NMR (CDCl;): 6 = —-10.6 (br. s, 2 P,
PPh,), 57.3 (s, 2 P, NPS) ppm. IR: ¥ = 616 (P=S), 994, 1013 (POC),
1538, 1562 (SCN), 1629, 3136, 3255, 3483 (NH,) cm !. C30Hs4Cus-
N4O4P4S4 (1022.11): caled. C 45.83, H 5.33, N 5.48; found C 46.04,
H 5.27, N 5.42.

Complex 6: A suspension of H,L!" (0.293 g, 0.5 mmol) in aqueous
ethanol (35 mL) was mixed with an ethanol solution of potassium
hydroxide (0.062 g, 1.1 mmol). A solution of [Cu(PPhs);1I] (0.977 g,
1.0 mmol) in CH,Cl, (25 mL) was added dropwise to the obtained
potassium salt under vigorous stirring. The mixture was stirred for
1 h, and the resulting precipitate of KI was filtered off. The filtrate
was concentrated until crystallisation started. Isolated crystals were
obtained from a CH,Cl,/n-hexane mixture (1:5, v/v). Yield: 0.880 g
(86%). '"H NMR: § = 1.19 (d, 3Jyu = 6.1 Hz, 12 H, CHj, iPr),
1.23 (d, 3Juu = 6.1 Hz, 12 H, CHj3, iPr), 4.75 (dsept, 3Jy 1 = 6.2,
3Jpn = 10.7 Hz, 4 H, OCH), 6.98-7.10 (m, 2 H, C¢Hy), 7.28-7.47
(m, 60 H, Ph), 7.58-7.70 (m, 2 H, CsHy), 7.77 [d, *Jpy; = 8.1 Hz,
2 H, (ary)NH] ppm. 3'P{'H} NMR: § = —1.5 (s, 4 P, PPh3), 54.4
(s, 2 P, NPS) ppm. IR: ¥ = 597 (P=S), 995 (POC), 1540 (SCN),
3348 (NH) cm™!. CooHosCu,N4O4P¢S, (1760.96): caled. C 62.75, H
5.38, N 3.18; found C 62.58, H 5.27, N 3.25.

Complexes 7-10: A suspension of H,L" (0.293 g, 0.5 mmol) in
aqueous ethanol (35 mL) was mixed with an ethanol solution of
potassium hydroxide (0.062 g, 1.1 mmol). A mixture of Cul (0.19 g,
1.0 mmol) and Ph,P(CH,),PPh, (n = 1, 0.384 g; n = 2, 0.398 g; n
= 3, 0412g 1.0 mmol) or Ph,P(CsH,;FeCsH,)PPh, (0.554 g,
1.0 mmol) in CH,Cl, (25 mL) was heated at reflux for 0.5 h and
then added dropwise to the obtained potassium salt under vigorous
stirring. The mixture was stirred for 1 h, and the precipitate was
filtered off. The filtrate was concentrated until crystallisation
started. Isolated crystals were obtained from a CH,Cly/n-hexane
mixture (1:5, v/v). 7: Yield: 0.671 g (89%). 'H NMR: J = 1.04 (br.
s, 12 H, CH,, iPr), 1.14 (d, 3Jyu = 6.2 Hz, 12 H, CHj;, iPr), 2.24
(br. s, 4 H, CH,), 4.59 (br. s, 4 H, OCH), 6.76-7.98 [m, overlapping
with the solvent signal, C¢H, + Ph + (aryl)NH] ppm. 3'P{'H}
NMR: 0 = -13.2 (br. s, 4 P, PPh,), 56.9 (s, 2 P, NPS) ppm. IR: ¥
= 594 (P=S), 1006 (POC), 1551 (SCN), 3362 (NH) cm™.
C7,HgyCuyN4O4P6S, (1508.64): caled. C 57.32, H 548, N 3.71;
found C 57.51, H 5.40, N 3.76. 8: Yield: 0.561 g (73%). 'H NMR:
6 =1.09 (d, 3Jyn = 6.0Hz, 12 H, CH;, iPr), 1.18 (d, 3Jypu =
6.0 Hz, 12 H, CHj, iPr), 1.81 (br. s, 4 H, CH,), 2.33 (br. s, 8 H,
CH,), 4.63 (dsept, 3Jy i = 6.1, 3Jpyr = 10.6 Hz, 4 H, OCH), 6.81-
7.70 [m, overlapping with the solvent signal, CsH, + Ph + (aryl)-
NH] ppm. 3'P{'H} NMR: § = -20.2 (br. s, 4 P, PPh,), 56.6 (s, 2 P,
NPS) ppm. IR: v = 601 (P=S), 991 (POC), 1548 (SCN), 3353 (NH)
em!. Cy4HggCuyN4O4P6S, (1536.70): caled. C 57.84, H 5.64, N
3.65; found C 57.62, H 5.58, N 3.71. 9: Yield: 0.710 g (78%). 'H
NMR: ¢ = 1.17 (d, 3Jy i = 6.1 Hz, 24 H, CH;, iPr), 4.25 (br. s, 16
H, CsHy), 4.65 (br. s, 4 H, OCH), 6.70-7.88 [m, overlapping with
the solvent signal, CsH4 + Ph + (ary)NH] ppm. 3'P{'H} NMR: ¢
= -18.1 (br. s, 4 P, PPhy), 58.1 (s, 2 P, NPS) ppm. IR: ¥V = 604
(P=S), 1014 (POC), 1552 (SCN), 3367 (NH) cm!. CggHooCu,-
Fe,N4O4P¢S4 (1820.58): caled. C 58.06, H 4.98, N 3.08; found C
58.19, H 4.90, N 3.02. 10: Yield: 0.378 g (69%). 'H NMR: J = 0.85
(br. s, 12 H, CHs, iPr), 1.11 (d, *Jyu = 6.2 Hz, 12 H, CHj;, iPr),
2.97 (br. s, 2 H, CH,), 4.27 (br. s, 4 H, OCH), 7.06-7.38 (m, over-
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lapping with the solvent signal, C¢H4 + Ph), 8.29 [d, “Jpy = 9.2 Hz,
2 H, (aryl)NH] ppm. 3'P{'"H} NMR: 6 = -22.4 (s, 2 P, PPh,), 54.9
(s, 2 P, NPS) ppm. IR: v = 610 (P=S), 988 (POC), 1537, 1559
(SCN), 3369 (NH) cm!. C4sHs6Cu,N4O4P4S, (1096.19): caled. C
49.31, H 5.15, N 5.11; found C 49.48, H 5.06, N 5.18.

Crystal Structure Determination and Refinement for H,L", 1, 3-6,
8, 10: The X-ray diffraction data for crystals of H,L", 1, 3-6, 8
and 10 were collected with a STOE IPDS-II diffractometer. The
images were indexed, integrated and scaled by using the X-Area
package.*’) Data were corrected for absorption by using the PLA-
TONPY program. The structures were solved by direct methods
using the SHELXSE! program and refined first isotropically and
then anisotropically using SHELXL97.3!] Hydrogen atoms were
revealed from Ap maps and those bonded to C were refined by
using a riding model. Hydrogen atoms bonded to N were freely
refined in H,L", 6 and 8. In 10, U(H) values were set to 1.2U¢y(N),
and N—H distances were restrained to 0.90(3) A. All figures were
generated by using the Mercury program.’? CCDC-746321
(H,LM), -742126 (1), -742127 (3), -742128 (4), -742129 (5), -746318
(6), -746320 (8) and -746319 (10) contain the supplementary crys-
tallographic 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. HyL": CyoH3sN4O4P5S,, M,
= 586.71, monoclinic, space group C2/c, a = 20.9638(11), b =
11.7659(5), ¢ = 25.9717(15) A, = 110.682(4)°, V = 5993.3(5) A3,
Z =8, p=1.300gcm3, u(Mo-K,) = 0.455 mm™!, reflections: 18620
collected, 5240 unique, R;,; = 0.0527, R;(all) = 0.0368, wR,(all) =
0.0847. 1: C,5H3;CuN,O,P,S,, M, = 581.12, monoclinic, space
group P2,/n, a = 18.5869(14), b = 8.3540(8), ¢ = 19.9721(15) A, 8
= 115.697(5)°, V = 2794.5(4) A3, Z = 4, p = 1.381 gem3, u(Mo-
K,) = 1.070 mm™!, reflections: 36121 collected, 5191 unique, Ri, =
0.0710, Ry(all) = 0.0534, wR,(all) = 0.0709. 3: C34H4,CuN,0,P3S,,
M, = 731.27, monoclinic, space group P2,/n, a = 16.4108(6), b =
12.2076(4), ¢ = 20.0240(6) A, = 100.177(3)°, V = 3948.4(2) A3, Z
=4, p=1230gem 3, u(Mo-K,) = 0.810 mm !, reflections: 20673
collected, 7208 unique, R;,; = 0.0526, R;(all) = 0.0483, wRy(all) =
0.0873. 4: C41Hy44CuFeN,O,P;5S,, M, = 873.20, triclinic, space
group PI, a = 11.5630(8), b = 19.9018(14), ¢ = 22.1295(13) A, a =
116.568(5), f = 99.682(5), y = 90.364(5)°, V = 4470.7(5) A3, Z = 4,
p = 1297 gem3, u(Mo-K,) = 1.035 mm, reflections: 36215 col-
lected, 15725 unique, R;,; = 0.1939, R;(all) = 0.1530, wRy(all) =
0.1990. 5: C3oHs4Cu,N4O4P4S,, M, = 1022.06, monoclinic, space
group P2,/c, a = 13.1707(5), b = 32.2392(13), ¢ = 11.1962(4) A,
B = 98.891(3)°, V = 4696.9(3)A3, Z = 4, p = 1.445gcm3,
#(Mo-K,) = 1.262 mm !, reflections: 22460 collected, 8202 unique,
Rin 0.0490, Ry(all) = 0.0459, wRy(all) = 0.0686. 6:
CgoHo4CuyN,O4P6S42CH,Cl,, M, = 1930.70, triclinic, space group
PI, a=13.4500(5), b = 17.3046(7), ¢ = 22.2429(8) A, a. = 74.416(3),
B = 85214(3), y = 70.672(3)°, V = 4705.53)A3, Z =2, p =
1.363 gem3, u(Mo-K,) = 0.808 mm™!, reflections: 50169 collected,
17546 unique, R;,; = 0.0446, R (all) = 0.0639, wR(all) = 0.1201.
8: C;4HgsCurN4,O4PS4CH,Cl,, M, = 1621.53, triclinic, space
group PI, a = 13.1235(5), b = 18.1183(6), ¢ = 19.0561(7) A, a =
69.187(3), f = 74.416(3), y = 69.245(3)°, V' = 3907.4(2) A3, Z = 2,
p = 1378 gem 3, u(Mo-K,) = 0.892 mm !, reflections: 68964 col-
lected, 14595 unique, Ri, = 0.0605, R;(all) = 0.0584, wRy(all) =
0.1125. 10: C4sHs56CuyN4O4P4S4, M, = 1096.14, monoclinic, space
group P2/c, a = 13.8418(13), b = 33.901(3), ¢ = 11.1897(10) A, f8
= 98.988(7)°, ¥V = 5186.3(8) A3, Z = 4, p = 1.404 gem 3, p(Mo-
K,) = 1.148 mm!, reflections: 67245 collected, 9156 unique, Ri,; =
0.1228, R;(all) = 0.1561, wR(all) = 0.1106.

Supporting Information (see footnote on the first page of this arti-
cle): Absorption spectra of 1-10 in CH,Cl,.
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A series of 3D polyoxometalate (POM) based coordination
polymers, namely, Ln,(pdc)4[SiW,0,40]'xH,O (Ln = Eu, Gd,
Thb, Dy; x = 19, 13, 14, 18; Hypdc = pyridine-2,6-dicarboxyl-
ate), have been hydrothermally synthesized and charac-
terized by elemental analyses, IR spectroscopy, thermogravi-
metric analyses (TGA), XRD, and single-crystal X-ray dif-
fraction analyses. Single-crystal X-ray diffraction reveals that

they are all isostructural, and the Keggin polyanions
[SiW;,040]*" are wrapped as noncoordinating guests in the
nonlinear channels of the 3D host framework with 43.62-8
topology that is formed by rare-earth metal ions and organic
ligands. Furthermore, cyclic voltammetry (CV), ethanol-sorp-
tion properties, and catalytic properties are also discussed.

Introduction

Metal-organic frameworks (MOFs), a promising new
class of materials, have attracted increasing attention due to
their fascinating structural diversity and their potential for
a wide variety of applications in various fields including
catalysis, gas storage, selective absorption, magnetism, and
optical materials.'?! In this respect, polyoxometalates
(POMs), which are a significant family of metal-oxide clus-
ters, are suitable and effective for the design and construc-
tion of functional organic-inorganic hybrid materials be-
cause of their diverse topological properties and great po-
tential applications in catalysis, photochemistry, medicine,
and magnetism.*-! The current applications of supported
POMs as environmentally benign catalysts are widely ap-
plied in many different fields due to their high surface area,
stability, and activity.[®l Many compounds have been used
for supporting POMs such as activated carbon and ion-
exchange resins. Since these supports have many shortcom-
ings, the exploitation of other supports has become a new
area of research interest. Undoubtedly, metal-organic
frameworks are one of the optimal supports. Generally, this
approach associates MOFs and POMs with their distinctive
properties and merits, and leads to the generation of new
materials with improved properties and functions. However,
the rational design and construction of 3D porous organic—
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inorganic hybrid materials based on MOFs and POMs are
still challenging.

Acting as linkers, lanthanide ions have received less at-
tention than many high-dimensional POM-based organic—
inorganic hybrid materials, which are structurally decorated
with transition-metal ions or their coordination poly-
mers.[”81 Moreover, it is very interesting to investigate
whether or not both early rare-earth metals and late rare-
earth metals can construct MOFs to encapsulate POMs.
Several accounts of progress have been made regarding this
topic,>!9 whereas high-dimensional rare-earth complex-
network-encapsulating polyoxoanions are still scarce. Pyr-
idine-2,6-dicarboxylate, an attractive multidentate ligand,
has been selected as bridging ligand on account of its rela-
tively high coordination numbers and versatile coordination
behaviors.

In this paper, the topics being discussed include the syn-
thesis, crystal structures, and properties of a series of 3D
porous POM-based coordination polymers, namely,
Lny(pde)4[SiW,040]'xH,O (Ln = Eu, Gd, Tb, Dy; x = 19,
13, 14, 18; H,pdc = pyridine-2,6-dicarboxylate). Single-
crystal X-ray structure analyses reveal that they are all iso-
structural, and that the Keggin polyanions [SiW,040]* are
wrapped in the nonlinear channels of the 3D framework
formed by rare-metal ions and organic ligands. In addition,
their cyclic voltammetry (CV), ethanol-sorption properties,
and catalytic properties are also discussed.

Results and Discussion

Synthesis and IR Spectroscopy

The successful preparation of compounds 1-10 depends
upon the exploitation of hydrothermal techniques. Hydro-
thermal synthesis has recently been proven to be a particu-

View this journal online at
wileyonlinelibrary.com
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larly effective technique in the preparation of organic-inor-
ganic hybrid materials.'' Tt is well known that many fac-
tors can influence the reaction, including the type of initial
reactants, starting concentrations, pH values, reaction time,
and temperature.l'?l Many parallel experiments show that
the type of initial reactants and the reaction time are crucial
factors in the formation of the title compounds.

In the IR spectrum of compound 5, the characteristic
peaks at 971, 914, 802, and 758 cm™! are attributed to the
Keggin polyoxoanion, and the peaks at 1610, 1563,
1446 cm™! are attributed to the carboxylic groups of pdc.
Similar IR spectra are found in compounds 1-10, and five
compounds of them are shown in Figure S1 in the Support-
ing Information. It indicates that they are all isostructural,
and XRD results prove our assumption.

Structure Description

Since all ten compounds are isomorphic, compound 5
has been selected as an example to describe their crystal
structures. The structure of the well-known Keggin core is
unexceptional, including a central {SiO,4} tetrahedron sur-
rounded by twelve {WOg} octahedrons arranged in four
groups of three edge-sharing octahedral units {W;0,3}.
Each of the trinuclear units is in turn linked by corner shar-
ing to each other and to the central {SiO,} tetrahedron. As
shown in Figure 1, there are two crystallographically inde-
pendent Eu'" atoms, and they are similar to the previous
report.['31 The Eul ion is eight-coordinated by four oxygen
atoms and a nitrogen atom from different pdc ligands, and
three oxygen atoms from water molecules. The average
Eul-O(water) distance is 2.40 A, which is longer than the
average Eul-O(pdc) distance of 2.39 A and shorter than
the average Eul-N(pdc) distance of 2.50 A. The Eu2 ion is
different from the Eul ion; it is nine-coordinated by four
oxygen atoms and a nitrogen atom from different pdc li-
gands, and four oxygen atoms from water molecules. The
average Eu2-N(pdc) distance of 2.53 A is longer than the
average Eu2-O(water) distance of 2.43 A. The average Eu2—
O(pdc) distance is 2.47 A. The Eu-O and Eu-N bond
lengths are all within the normal ranges.l'*!

In compound 5, there are two kinds of cyclic units, as
shown in Figure 2. One is that two nine-coordinated Eu'"
and two eight-coordinated Eu" ions are connected with the
oxygen atoms of four pdc ligands to form a tetranuclear
cyclic unit with dimensions of 9.40 X 8.34 A. Moreover, one
[SiW 5040]* ion is linked by two such tetranuclear units
through hydrogen bonding. The other is that four nine-co-
ordinated Eu'™ and four eight-coordinated Eu'"! ions link
oxygen atoms of eight pdc ligands to form a octanuclear
cyclic unit with dimensions of 13.8 X 15.3X 16.5x17.5 A.
All [SiW,040]* anions are located in cages formed by a
tetranuclear cyclic unit and an octanuclear cyclic unit con-
necting each other (as shown in Figure 3).

The Keggin polyanions [SiW,04]* are wrapped in the
nonlinear channels of the 3D framework (Figure S2 in the
Supporting Information) formed by rare-metal ions and or-
4028
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Figure 1. Polyhedral and ball-and-stick drawing of compound 5.
Hydrogen atoms and water molecules have been omitted for clarity.

Figure 2. Tetranuclear cyclic unit and octanuclear cyclic unit in
compound 5.

ganic ligands; the extensive hydrogen-bonding interactions
between guest molecules and the framework play an impor-
tant role in stabilizing the 3D structure. As shown above,
Eu'" can be defined as a four-connected node. It can been
seen in Figure4 that the 3D framework comprises a
(43-62-8) topology.

Eur. J. Inorg. Chem. 2010, 4027-4033
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Figure 3. Cages formed by the tetranuclear cyclic and octanuclear
cyclic unit.

Figure 4. Representation of the 43-6%-8 topology network of com-
pound 5 along the [001] direction.

Thermogravimetric Analyses (TGA)

The TG curve of compound 5 (Figure S3 in the Support-
ing Information) shows a 2.8% weight loss between 20 and
107 °C, in accord with crystallographic water (calculated
value: 2.3%). From 107 to 137 °C, compound 5 loses its
coordinated water with a 3.59% weight loss (calculated
value: 3.24%). The 2.55% weight loss (calculated value:
2.48%) from 400 to 520 °C is ascribed to the decomposition
of pdc molecules. When the temperature is higher than
586 °C, decomposition of the main framework occurs.
Compounds 1-10 show similar weight-loss stages.

Powder X-ray Diffraction (PXRD)

The experimental and simulated PXRD patterns of com-
pounds 1-10 are in comparatively good agreement with
each other, thereby indicating the phase purity of the prod-
ucts. The differences in intensity may be due to the pre-
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ferred orientation of the powder samples. Similar experi-
mental PXRD patterns are found in compounds 1-10; five
compounds of them are shown in Figure S4 in the Support-
ing Information, and it has been proven that they are all
isostructural. Enlightened by single-crystal X-ray diffrac-
tion and TG results, powder X-ray diffraction experiments
were conducted to investigate the stability of compound 5
under different conditions (see Figure 5). Compound 5
loses all water when it is heated at 340 °C for 0.5 h, and
the color turns from yellow to yellowish brown. When it is
immersed in water for 24 h, it presents an interesting revers-
ible course and its color returns to yellow. When it is heated
at 500 °C for 0.5 h, it turns from yellow to brown. Except
for few slight differences, by comparing these results it
would seem that they match very well with each other. It
may be attributed to the subtle change of the relative posi-
tions of some atoms in the crystal lattice. The main metal-
organic frameworks of compound 5 remain stable when it
is heated at a high temperature, which shows its excellent
stability and potential for applications that require this
characteristic.

after heating at 500° C

after rehydration

after heating at 340° C

as-synthesized
simulated
T T T T T
5 10 15 20 25 30 35
20/

Figure 5. Powder XRD patterns of compound 5 after different
treatment.

Photoluminescent Properties

Compounds 1-10 exhibit photoluminescent properties at
ambient temperature. The maximum emission peak of com-
pound 5 (Figure S5 in the Supporting Information) is lo-
cated at 361 nm. The data of compound 5 is similar to
H,pdc, albeit slightly blueshifted, which shows that the lu-
minescent behavior is ligand-based emission. The blueshift
in the emission may be attributed to the chelating of the
H,pdc ligand to the metal ion, which effectively increases
the rigidity of the ligand and reduces the loss of energy.['”]
Compounds 1-10 exhibit photoluminescent properties sim-
ilar to those of compound 5 (Figure 6).
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Figure 6. Cyclic voltammograms of 5-CPE (CPE = carbon-paste
electrode) in 1 M H,SO, solution at different scan rates (from inner
to outer: 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, and 0.175 Vs1).

Electrochemical Properties

The electrochemical behaviors of 5-CPE at different scan
rates in the potential range of +1.0 to —0.8 V have been
studied. There exist four reversible redox peaks I-1", II-II",
II-IIT', and IV-IV' with half-wave potentials E., = (E,, +
E, )2 = 0472 (I-1'), —0.201 (II-1I'), —0.418 (III-III"),
—-0.612 (IV-1V') V (scan rate: 100 Vs'), respectively. Three
redox peaks II-II", TII-I11", and IV-IV’" with approximate
electron ratios of 1:1:2 can be observed and attributed to
polyanions [SiW,04]*". Redox peaks IT-1I", TII-IIT" corre-
spond to two consecutive one-electron processes, and IV—
IV’ corresponds to a two-electron process.['®) Redox peak
I-1" was assigned to the Eu centers with slight differ-
ences.!”! It may be attributed to the chelating of the H,pdc
ligand to the metal ion. When the scan rates were varied
from 0.05 to 0.175Vs! for 5~-CPE, the peak potentials
changed gradually: the cathodic peak potentials shifted to-
ward the positive direction and the corresponding anodic
peak potentials toward the negative direction with increas-
ing scan rates. The peak currents are proportional to the
scan rate, which indicates that the redox process of 5-CPE
is surface-controlled.'® In addition, 5~CPE is very stable.
When the potential range was maintained between +1.0 and
—0.8 V, the peak currents remained almost unchanged after
several cycles. After 5-CPE was stored at room temperature
for about 1 month, the peak changed only slightly and
could be renewed by adding some carbon paste.

Ethanol-Sorption Properties

Although polyanions [SiW,04]* are located in cages
formed by octanuclear cyclic units, cages formed by tetra-
nuclear units may have potential to sorb guest molecules.
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Similar work has been reported by some other research-
ers.'l To test our estimation, compound 6 was used for
gas-sorption measurements. As shown in Figure 7, the
amount of ethanol sorption increases gradually with the in-
crease of p/py and increases suddenly at a definite pressure
(plpo = 0.5). Finally, it almost levels off at p/p, = 0.8.
Whether ethanol can be sorbed into the compound depends
on two factors. One is the lattice expansion energy (E;),
whereas the other is ion-dipole and hydrogen-bonding in-
teractions between the alcohols and the compound (E;,?1).
If (Ein — E1) > 0, then ethanol can be sorbed into the com-
pound. The process of desorption is similar to that of ad-
sorption except for a slight shift. This type of hystereses can
be attributed to host-guest interactions, and it causes the
guest molecule to escape very slowly during desorption.

0-0-0©0e-0

o _ o/o /.

8? o ./
o /]

Uptake (mg / g)

I o

o
&%%5-0
o—o—o—oab‘—bb'”‘vb‘)

0.0 02 0.4 06 0.8 1.0
p/p,

Figure 7. Ethanol adsorption—desorption of compound 6. Filled
and open symbols represent adsorption and desorption branches,
respectively.

Catalytic Properties

Catalytic properties of POM-based coordination poly-
mers have been reported over the past few years.*?! The
synthesis of ethyl acetate was selected as a test reaction to
assess the catalytic properties of compound 6. As shown in
Table 1, compound 6 is significantly more active and selec-
tive toward the synthesis of ethyl acetate than H,SO,4. The
synthesis of ethyl acetate cannot be carried out without any
catalyst. Moreover, the UV/Vis spectrum (Figure 8) shows
that the maximum absorption peak of H4SiW,04 is lo-
cated at around 260 nm, but there is no apparent absorp-
tion peak for compound 6. This result shows that there is
no POM leaching from the MOF for compound 6 in aque-
ous solution. Therefore, it is reasonable to believe that an
MOF-supported POM catalyst cannot experience a loss of
activity or create any pollution problems. Compound 6 is
in fact recyclable without any loss of catalytic activity and
selectivity over 10 cycles.
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Table 1. Results of the catalysis tests.

Catalyst Conversion  Selectivity
[mol %] [mol %]
Gdy(C7H;3NOY)4[SiW,044]-13H,0 >99 >99
H,SO, 80 81
None 0 0
06
0.5
H-lSiWIZO-ﬁ)

S 04
E
2
S
2 03
<

0.2

0.1

Compound 6
0.0 ¥ T T T T
220 240 260 280 300 320
Wavelength / nm

Figure 8. UV/Vis spectrum of compound 6 and H;SiW,04.

Conclusion

We have hydrothermally synthesized and characterized
a series of 3D porous POM-based coordination polymers
Lng(pde)s[SiW,040]'xH>O (Ln = Eu, Gd, Tb, Dy; x = 19,
13, 14, 18; Hopdc = pyridine-2,6-dicarboxylate). These ma-
terials present striking thermostability and favorable cata-
lytic properties. Although the nonlinear channels of the 3D
host framework are filled with Keggin polyanions, these
compounds still exhibit ethanol-sorption properties. If the
polyanions could be successfully replaced by other anions
without the host framework collapsing, more and more ma-
terials with improved properties and functions could be pre-
pared. Furthermore, it has been proven that early rare-earth
metals and late rare-earth metals can both construct metal—
organic frameworks to encapsulate polyoxometalates.

Experimental Section

Materials and Methods: All reagents were purchased commercially
and used without further purification. Infrared spectra were ob-
tained (as KBr pressed pellets) with a Nicolet 170SXFT/IR spec-
trometer. Thermogravimetric analyses (TGA) were performed un-
der nitrogen with a heating rate of 10 °Cmin~' with a Perkin—Elmer
TGA 7 thermogravimetric analyzer. The C, H, and N elemental
analyses were performed with a Perkin—Elmer 2400 CHN elemental
analyzer. Powder X-ray diffraction (PXRD) of samples were col-
lected with a Japan Shimadzu XRD-6000 X-ray diffractometer
equipped with graphite-monochromatized Cu-K, radiation (1 =
0.154 nm) (40 kV, 30 mA, step 0.02°, speed 5°min'). Fluores-
cence spectroscopy data were recorded with a Hitachi Model RF-
5301PC spectrofluorometer equipped with a 450 W xenon lamp as
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the excitation source, and the measurements were performed at
room temperature. All electrochemical measurements were carried
out with a CHI 660 electrochemical workstation at room tempera-
ture. Cyclic voltammograms were recorded with a 384B polaro-
graphic analyzer. A typical three-electrode cell with a CPE working
electrode, a platinum counter electrode, and a silver/silver chloride
reference electrode was used for the voltammetry experiments. A
Micromeritics ASAP 2010 surface area and porosity analyzer was
used to measure ethanol sorption. The products of catalysis experi-
ments were analyzed by GC (N2000).

Synthesis of Las(C;H3NO4)4SiW1,04]:20H,0 (1): A mixture of
Kg[a-SiW,;036]-13H,O  (0.1610 g, 0.05 mmol), La(NOs);:6H,0
(0.0866 g, 0.2 mmol), and pdc (0.0260 g, 0.15 mmol) was dissolved
in distilled water (10 mL) at room temperature. After stirring for
30 min, the suspension was placed into a 25 mL Teflon-lined stain-
less-steel container and heated at 130 °C for 4 d. After slow cooling
to room temperature, yellow block crystals were filtered, washed
with distilled water, and dried in a desiccator at room temperature
to give a yield of 56% based on W. CygHs,LayN4O76SiW 5
(4449.32): caled. C 10.01, H 1.33, N 1.67; found C 10.04, H 1.38,
N 1.60.

Synthesis of Cey(C;H3NO4)4[SiW1,040]:16H,0 (2): A mixture of
H,SiW ,0,49:nH,0(0.282 g, 0.1 mmol), Ce(NO;);-6H,O (0.0906 g,
0.2 mmol), and pdc (0.0290 g, 0.17 mmol) was dissolved in distilled
water (10 mL) at room temperature. After stirring for 30 min, the
suspension was placed into a 25 mL Teflon-lined stainless-steel
container and heated at 130 °C for 4 d. After slow cooling to room
temperature, colorless block crystals were filtered, washed with dis-
tilled water, and dried in a desiccator at room temperature to give
a yield of 39% based on W. Cr3Hy4CeyN4O7,SiW, (4382.20):
caled. C 10.00, H 1.34, N 1.63; found C 10.06, H 1.38, N 1.61.

Synthesis of Nd4(C;H3NO4)4[SiW,049]:19H,0 (3): The prepara-
tion procedure was similar to that for 2, except that Ce(NOj3);
6H,0 was replaced by Nd(NO3);:6H,0. Colorless block crystals
were filtered, washed with distilled water, and dried in a desiccator
at room temperature to give a yield of 37% based on W.
C5sH35oN4Nd,075SiW 5 (4398.68): caled. C 9.97, H 1.53, N 1.67;
found C 10.02, H 1.48, N 1.66.

Synthesis of Smy(C;H3NO,)4[SiW,040]:'11H,0 (4): The prepara-
tion procedure was similar to that for 1, except that La(NOj3);
6H,O was replaced by Sm(NO;);-6H-O. Colorless block crystals
were filtered, washed with distilled water, and dried in a desiccator
at room temperature to give a yield of 53% based on W.
CosH34N4O¢7SiSmyWy, (4312.11): caled. C 9.96, H 1.11, N 1.65;
found C 10.01, H 1.18, N 1.68.

Synthesis of Euy(C7H3NO4)4[SiW,04'19H,0 (5): The prepara-
tion procedure was similar to that for 1, except that the La(NO3);°
6H,O was replaced by Eu(NO3);-6H,0. Colorless block crystals
were filtered, washed with distilled water, and dried in a desiccator
at room temperature to give a yield of 52% based on W. CygHjso-
EuyN,075SiW,, (4484.85): caled. C 10.02, H 1.63, N 1.63; found
C 10.04, H 1.68, N 1.61.

Synthesis of Gd4(C;H3NO4)4[SiW,049]:13H,0 (6): The prepara-
tion procedure was similar to that for 1, except that La(NO3);
6H,0 was replaced by Gd(NO3);:6H,0. Colorless block crystals
were filtered, washed with distilled water, and dried in a desiccator
at room temperature to give a yield of 55% based on W.
Cr3H33Gd4N4O4SiW 1, (4397.91): caled. C 9.98, H 1.13, N 1.62;
found C 10.02, H 1.16, N 1.61.

Synthesis of Tby(C7H3NO4)4[SiW,04]'14H,0 (7): The prepara-
tion procedure was similar to that for 2, except that Ce(NOj3);
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Table 2. Crystal data and structural refinements for compounds 5, 6, 7, and 8.

5 6 7 8
Empirical formula C28H50EU4N4075SiW12 C28H38Gd4N4OGQSiW12 C28H40N407osin4W12 C23H48DY4N4074SiW12
M, 4484.85 4397.91 4496 4582.36
Crystal system monoclinic monoclinic triclinic monoclinic
Space group C2/c C2/c C2/c C2/c
a[A] 30.418(6) 30.554(5) 30.342(6) 30.418(10)
b [A] 16.302(3) 16.306(3) 16.219(3) 16.302(5)
c[A] 21.780(4) 21.656(4) 21.787(4) 21.780(12)
a[°] 90 90 90 90
A1 133.83(3) 134.437(2) 134.13 133.826(3)
y[° 90 90 90 90
VA3 7792(3) 7704(2) 7695(3) 7792(6)
V4 4 4 24 50
D¢ yieq. [mgm3] 3.823 3.792 2.781 4.449
F(000) 8000 7776 5736 8800
GOF 1.089 1.007 1.414 1.042
Rint 0.0863 0.0930 0.1195 0.0933
R [I>20(1)] 0.0766 0.1247 0.0763 0.0897
WwR,! (all data) 0.2075 0.2395 0.2003 0.2537

[a] Ry = Z||Fo| — [FVEIF,|. [b] wRy = Z[w(F5 — FOPVE[w(FE)*”.

6H,O was replaced by Tb(NOs3);-5H,0. Colorless block crystals
were filtered, washed with distilled water, and dried in a desiccator
at room temperature to give a yield of 34% based on W.
Cr3Hy4oN4O70SiTbysW 5 (4496.17): caled. C 10.01, H 1.21, N 1.67;
found C 10.08, H 1.28, N 1.64.

Synthesis of Dy (C;H3NO4)4[SiW,,049]-18H,0 (8): The prepara-
tion procedure was similar to that for 1, except that La(NOj3);
6H,0 was replaced by Dy(NOs);-6H,0. Yellow block crystals were
filtered, washed with distilled water, and dried in a desiccator at
room temperature to give a yield of 50% based on W. CosHygDy,-
N4074SiW , (4582.36): caled. C 9.96, H 1.43, N 1.67; found C 9.98,
H 1.41, N 1.61.

Synthesis of Ho (C7H3NO4)4[SiW,04]-16H,0 (9): The prepara-
tion procedure was similar to that for 2, except that Ce(NOj3);
6H,O was replaced by Ho(NOj3);:6H,O. Colorless block crystals
were filtered, washed with distilled water, and dried in a desiccator
at room temperature to give a yield of 37% based on W.
CosHysHoyN4,O7,SiW, (4481.44): caled. C 9.98, H 1.34, N 1.64;
found C 10.03, H 1.38, N 1.61.

Synthesis of Ery(C;H3NO,)4SiW,040]:16H,0 (10): The prepara-
tion procedure was similar to that for 2, except that Ce(NO;);
6H,O was replaced by Er(NOs);6H,O. Colorless block crystals
were filtered, washed with distilled water, and dried in a desiccator
at room temperature to give a yield of 36% based on W. CygHyyEr,-
N,40,,SiW 1, (4490.76): caled. C 10.00, H 1.36, N 1.67; found C
10.06, H 1.38, N 1.61.

Preparation of 5-CPE: A compound 5 modified carbon-paste elec-
trode (CPE) was fabricated as follows: graphite powder (0.5 g) and
compound 5 (30 mg) were mixed and ground together in an agate
mortar with a pestle to achieve an even, dry mixture. Paraffin
(0.3 mL) was then added to the mixture, which was stirred with a
glass rod. The homogenized mixture was used to pack 3 mm inner-
diameter glass tubes, and the surface was wiped with weighing pa-
per. Electrical contact was established with a copper rod through
the back of the electrode.

X-ray Crystallography: Intensity data of 1-10 were collected with
a Bruker Smart Apex CCD area-detector diffractometer with
graphite-monochromated Mo-K, (4 = 0.71073 A) radiation at
room temperature. All absorption corrections were applied by using
the multiscan program SADABS. The structures were solved by
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direct methods and refined on F? by full-matrix least squares using
the SHELXTL-97 program package on a legend computer.*?! All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were located in the calculated positions and refined by using a ri-
ding model. However, only the structures of compounds 5, 6, 7,
and 8 (Table 2) were obtainable; data of the other compounds were
not sufficient for analysis. On the basis of IR and PXRD and ele-
mental analyses, it can be proven that they are all isostructural.
CCDC-753342 (5), -725110 (6), -752239 (7), and -752240 (8) con-
tain 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.

Ethanol-Sorption Properties: A sample of compound 6 (0.250 g)
was used for gas-sorption measurements at 77 K. Compound 6 was
heated overnight under vacuum at 200 °C to remove guest solvent
molecules from the framework. Before the measurement was taken,
the sample was evacuated again by using the “outgas” function of
the surface area analyzer for 10 h (at 200 °C for 6).

Synthesis of Ethyl Acetate: A standard synthesis of ethyl acetate
procedure was performed. A mixture of ethanol (9.5 mL), acetic
acid (6 mL), and compound 6 (0.058 g) was placed into a three-
neck flask and heated at 110 °C for 1h. After the reaction was
complete, the products were analyzed with GC. H,SO, was selected
as a reference; the procedure was similar to that for compound 6.

Supporting Information (see footnote on the first page of this arti-
cle): IR specta, X-ray powder diffraction patterns, emission spectra,
and TGA curves.
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Several synthetic methods are used to prepare naphthalene-
based aromatic 1,2-diselenoles. A new one-pot synthesis
starting from naphthalene is wused to produce the
known compound naphtho(1,8-c,d][1,2]diselenole (Se,naph).
Friedel-Crafts alkylation is used on Se,naph to substitute
either one tert-butyl group to form 2-tert-butylnaphthol1,8-
c,d][1,2]diselenole (mt-Se,naph) or two tert-butyl groups to
form  2,7-di-tert-butylnaphtho([1,8-c,d][1,2]diselenole  (dt-
Se,naph). Bromination of mt-Se;naph results in dibromina-
tion of the naphthalene ring, rather than reaction at sele-

nium, to give 4,7-dibromo-2-tert-butylnaphtho[1,8-c,d][1,2]-
diselenole (mt-Se;naphBr,). Reduction of the Se-Se bond in
Se,naph, mt-Se;naph, dibenzo|c,e][1,2]diselenine (di-
benzSe,), or diphenyl diselenide (Se,Ph,) with LiBEt3; H, fol-
lowed by in-situ addition of [PtCl,{P(OPh)s},] yields the four-
coordinate mono- and dinuclear platinum(Il) bis(phosphite)
complexes [Pt(Se,naph){P(OPh)s},] (1), [Pt(mt-Sesnaph)-
{P(OPh)3},] (2), [Pty(dibenzSe;),{P(OPh)s},] (3), cis-[Pt(SePh),-
{P(OPh)3},] (4), and trans-[Pt,(SePh)4{P(OPh)s},] (5).

Introduction

The first synthesis of naphtho[l,8-c,d][1,2]diselenole
(Se,naph) was reported in 1977 by Meinwald et al. (Fig-
ure 1).11 In their work, Se,naph was synthesized by adding
two equivalents of selenium powder to dilithionaphthalene
and then exposing the reaction mixture to air to obtain the
desired product in 18-22% yield. Today this preparation is
still the most referenced procedure for making this com-
pound. In 1988, Yui et al. reported a different synthetic
route to Se,naph, which involves the addition of sodium
diselenide (Na,Se,) to 1,8-dichloronaphthalene, producing
Se,naph in a 69% yield.”) Others have started with 1,8-di-
bromonaphthalene, synthesized 1,8-dilithionaphthalene,
then added elemental selenium (as in Meinwald et al.’s pro-
cedure); however, low yields are reported (16%).5! These
reported procedures are, in reality, quite lengthy and pres-
ent a number of synthetic hurdles, i.e. lengthy synthesis of
1,8-dichloro-* or 1,8-dibromonaphthalene.l!

Se

Se

Figure 1. Naphtho[1,8-¢,d][1,2]diselenole (Se,naph).

In 1994, a synthetic procedure for the sulfur analog,
naphtho[1,8-¢,d|[1,2]dithiole (S,naph) was published using
unsubstituted naphthalene as a starting material.’) We have
extended that synthesis to the selenium system and devel-
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oped a facile, “one-pot” synthesis for Se,naph. We have in-
vestigated substitution of this ring using Friedel-Crafts
alkylation and report the synthesis of 2,7-di-tert-butyl-
naphtho[l,8-¢,d|[1,2]diselenole (dt-Se,naph) and 2-fert-
butylnaphtho[1,8-¢,d][1,2]diselenole (mt-Se,naph). Reaction
of mt-Se,naph with bromine gives 4,7-dibromo-2-zert-butyl-
naphtho[l,8-¢,d][1,2]diselenole (mt-Se,naphBr,) (Figure 2).

Se Se Se

Se

Se
OO )

Br

Se

Figure 2.  2,7-di-tert-butylnaphtho[1,8-¢,d|[1,2]diselenole  (dt-
Se,naph), 2-zert-butylnaphtho[1,8-¢,d|[1,2]diselenole (mt-Se,naph),
and 4,7-dibromo-2-tert-butylnaphthol[1,8-¢,d][1,2]diselenole (mt-
Se,naphBr»).

The crystal structure of Se,naph has previously been re-
ported,[”l along with several other compounds having an
Se-Se bond; such as dibenzo[c,e][1,2]diselenine (dibenzSe,)
and diphenyl diselenide (Se,Ph,) (Figure 3).51 Similar
backbones in each of these compounds produce similar
chemical environments for the selenium atoms. Although
the compounds are structurally similar around the selenium
atoms, there are major differences in the conformation that
the backbone forces on the selenium substituents. As a re-
sult, the Se—Se bond length varies as a function of the flexi-

Eur. J. Inorg. Chem. 2010, 4034-4043
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bility of the diaryl backbone. Se;naph has the longest Se—Se
bond length at 2.3639(5) A, followed by dibenzo[c,e][1,2]-
diselenine (benzSe,) [2.323(2) A, and then diphenyl diselen-
ide (Se,Ph,) [2.29(1) A]. The direct relationship that can be
drawn is the more rigid the backbone, the longer the Se-Se
bond.

Se—Se Se=—Se

“ﬁ@@

Figure 3. a: Naphtho[1,8-¢,d][1,2]diselenole (Se,naph), b: dibenzo-
[¢,e][1,2]diselenine (dibenzSe,), and c¢: diphenyl diselenide (Se,Phs,).

These compounds can be used as ligands, by reducing
the Se-Se bond to form dianionic Se,naph or dibenzSe,
or monoanionic SePh (the reduced, negatively charged
ligands are indicated by italics). There are very few
metal complexes reported that have Se,naph (or any naph-
thalene derivative) or dibenzSe as a ligand. These are
limited to the platinum(II) bis(phosphane) complexes, [Pt-
(Sesnaph)(PPhy),], [Pt(Sesnaph)(PMes),], and [Pt(dibenzSe,)-
(PPhs),].l'%! Furthermore, there are only a few reported
mononuclear square-planar complexes having two SePh li-
gands. These include cis- and trans-[Pt(SePh),(PPhs),],
trans-[Pt(SePh),{P(nBu)s},], and trans-[Pt(SePh),(PEts),].
Not only does SePh form mononuclear complexes, but
there are several examples of the formation of dinuclear
complexes with SePh moieties bridging the two metal cen-
ters (Figure 4).111-13]

Ph Ph
PhSe,  .Se,  .PPh;  PhSe,  .Se,  .PPhMe,
P “Pd :
php” s&” seph MezPhP/ \‘/ \SePh
Ph Ph

Figure 4. Known dinuclear complexes with bridging SePh ligands.

P(OPh);
Se—Pt—P(OPh),

L OQ
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©/ Se

4

Se*Pt P(OPh)3 Se.,,

PhSe,,,

(PhO)sP
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Eur|IC
of Inorganic Chemistry

To date, there is only one reported “series” of related
complexes. This series contains platinum bis-triphenylphos-
phane complexes with the general formula LPt(PPhs),,
where L is Se,naph, dibenzSe,, or two molecules of SePh
(Figure 5). These complexes were not synthesized in a single
laboratory, but have been reported independently by several
groups. [Pt(PPhs),(Se,naph)], [Pt(PPhs),(dibenzSe,)], and
cis-[Pt(PPhs),(SePh),] were obtained via oxidative addition
reactions with [Pt(PPhs)4] and the respective neutral dis-
elenium compound.['%!-14l These complexes are very sim-
ilar around the Pt metal center despite the flexibility of
the backbone.

PPh
Pt PPh3

PPhy PPhy

Se— Pt PPhs ©/Se Pt PPh;

b c

Figure 5. a: [Pt(PPh3),(Se,naph)], b: [Pt(PPhs),(dibenzSe,)], and c:
cis-[Pt(PPh;),(SePh),].

In order to expand the number of di-selenium containing
complexes and to obtain a series of these types of platinum
complexes from which to draw structural insights, we have
synthesized and characterized a new group of complexes
produced by reactions using cis-[PtCl,{P(OPh);},] as a
starting material. The resulting four-coordinate mono-
and di-nuclear platinum(II) bis-phosphite complexes are
[Pt(Se;naph){P(OPh)s}o] (1), [Pt(mi-Sesnaph){P(OPh)s},]
(2), [Pty(dibenzSe,),{P(OPh)s},] (3), cis-[Pt(SePh),{P-
(OPh)3},] (4), and trans-[Pty(SePh)4{P(OPh)s},] (5) (Fig-
ure 6). The X-ray structures of these compounds are re-
ported along with a detailed comparison of their structures
focusing on the geometry around the Pt'" metal center.

P(OPh)3

Se,/ \\\\\\ P(OPh)3
/ \ / \

~P(OPh)3

Fl’h
wSe,,,

7 Pt\ /Pt\
Ph
5

SePh

Figure 6. Complexes reported in this work: [Pt(Se;naph){P(OPh)s},] (1), [Pt(mt-Sesnaph){P(OPh)s},] (2), [Pta(dibenzSe,),{P(OPh)s},] (3),

cis-[Pt(SePh),{P(OPh)s},] (4) and trans-[Pt>(SePh),{P(OPh)3},] (5).

Eur. J. Inorg. Chem. 2010, 4034-4043
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Results and Discussion

Several useful ligands have been prepared by novel syn-
thetic methods in the course of this research. Naphtho[1,8-
¢,d|[1,2]diselenole (Se,naph) is synthesized using a one-pot
reaction starting from naphthalene (26% yield). This syn-
thesis was modelled after one reported by Ashe et al. for
the sulfur analog naphtho[1,8-c,d][1,2]dithiole.[°] It was also
found that substitution of the naphthalene ring in Se,naph
with either one fert-butyl group to form 2-tert-butylnaph-
tho[1,8-¢,d][1,2]diselenole (mt-Se,naph) or two tert-butyl
groups to form 2,7-di-tert-butylnaphtho(1,8-¢,d][1,2]diselen-
ole (dt-Se,naph) was possible via a standard Friedel-Crafts
alkylation.l”-13] The addition of dibromine to mt-Se,naph
gave no reaction between selenium and bromine. Instead,
electrophilic aromatic substitution dominates to produce
the doubly substituted compound 4,7-dibromo-2-tert-
butylnaphtho[1,8-c¢,d][1,2]diselenole (mt-Se,naphBr,)
(Scheme 1). This is unusual, since reacting organoselenium
compounds with dibromine generally results in oxidative
addition with addition of the dibromine to the selenium
atom, which adopts a “T-shaped” geometry.[16-18]

Se——Se
Se—Se 2 Bry, CH,Cl, Br
2h,Tt OO
Br
mt-Seznaph mt-SeznaphBry

Scheme 1. The reaction scheme for the preparation of 4,7-dibromo-
2-tert-butylnaphtho[1,8-¢,d][1,2]diselenole (mt-Se,naphBr,).

The bromine selectivity can be explained by the elec-
tronic directing influence of selenium and the steric bulk of
the tert-butyl group. Both selenium and zerz-butyl groups
donate electrons into the m-system, activating the naphth-
alene ring and directing incoming electrophiles to the ortho
or para positions. The first attack at the position para to
selenium would be sterically more favorable, keeping the
two large bromine and fert-butyl groups further apart.
However, the second substitution reaction is directed to the
ortho position on the second ring to avoid the steric interac-
tion with the first bromine atom.

A unique characteristic of these compounds is the sele-
nium NMR spectroscopy. These compounds are made up
of 7’SeSe, Se”’Se, and 77Se”’Se isotopomers. Any selenium
sample is a mixture of several stable isotopes, but only 7’Se,
natural abundance of 7%, is NMR active. When the sele-
nium atoms are in different chemical environments, the 7’Se
NMR contains two major signals. For example, in mt-
Se,naph, the first two isotopomers give rise to singlets cen-
tered at 414 and 360 ppm, whilst the latter gives an AX
spectrum with Js..s. = 345 Hz (Figure 7). The peak at 6 =
360 ppm corresponds to the selenium atom closest to the
tert-butyl group, based on comparison to the 7’Se spectra
of Se,naph (6 = 420 ppm) and dt-Se,naph (6 = 353 ppm).
The 77Se NMR spectrum of mt-Se,naphBr,, is similar,
showing two shifts at 454 and 374 ppm, however, the peaks
were broad and the Jg..g. could not be determined.
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(a) (b)

Se(a)——Se(b)

Jh )

T T T T T T T T
420 410 400 390 380 370 360 350 ppm

Figure 7. The 7’Se NMR for mt-Se;naph.
X-ray structural characterization was conducted for dt-

Se-naph and mt-Se,naphBr, (Table 1, Figure 8), however,
mt-Se,naph is a persistent oil and could not be crystallized.

Table 1. Selected interatomic distances [A] and angles [°] for dt-
Se,naph and mt-Se,naphBr,.

dt-Se;naphl®  mt-Se,naphBr,

Se(1)-Se 2.3383(5) 2.3383(14)
Se(1)-C(1) 1.934(3) 1.93509)
Se(2)-C(9) 1.888(9)
Se(1)-Se(2)-C(9) 90.9(3)
Se(2)-Se(1)-C(1) 93.16(10) 93.9(2)
Se(1)-C(1)-C(2) 122.4(2) 122.0(7)
Se(1)-C(1)-C(10) 113.2(2) 114.4(6)
Se(2)-C(9)-C(8) 121.6(7)
Se(2)-C(9)-C(10) 119.1(7)
C(2)-C(1)-C(10) 124.3(3) 123.6(8)
C(10)-C(9)-C(8) 119.3(8)
C(1)-C(10)-C(9) 124.8(3) 121.7(8)
C(4)-C(5)-C(10)-C(1) -0.9(2) -1.0(5)
C(6)-C(5)-C(10)-C(9) -0.9(2) -1.0(5)
C(4)-C(5)-C(10)-C(9) 179.1(2) 180.0(10)
C(6)-C(5)-C(10)-C(1) 179.1(2) 180.0(10)
Mean plane deviations

Se(1) —0.1989(57) -3.2451(39)
Se(2) -3.3015(40)

[a] Se(2) is Se(1A), C(10) is C(6), C(9) is C(1A) and C(6) is
C(4A)'.

The Se-Se bond lengths of dt-Se,naph [2.3383(5) A] and
mt-Se,naphBr, [2.3388(14) A] are almost identical, but they
are shorter than in Se,naph, [2.3639(5) A].1") In dt-Se,naph
the selenium atoms are forced out of the plane, but this
does not occur in Se,naph or mt-Se,naphBr,. Despite the
deviation from planarity of dt-Se,naph, a comparison of
torsion angles around the bridgehead carbon atoms of the
backbone reveals little variation between Se,naph, dt-
Se,naph and mt-Se,naphBr, (Figure 9).

The crystal packing in Se,naph, dt-Se,naph and mt-
Se,naphBr, shows significant differences. Se,naph forms
herringbone nt-stacks that are linked by an Se---Se interac-
tion, with a m-m distance between naphthalene rings on

Eur. J. Inorg. Chem. 2010, 4034-4043
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CI9A)
Cl10A)

C(8A)

Cl4)

C(4A)

C(12A)

Figure 8. Molecular representation of mt-Se,naph (top) and mt-

Se,;naphBr; (bottom).

Figure 9. Out-of-plane deflections of a) Se,naph, b) dt-Se,naph,
and c¢) mt-Se,naphBr,.

separate molecules of 3.81 A.[7 However, due to the bulky
tert-butyl arms, there are no intermolecular interactions be-
tween Se atoms in the crystal packing of dt-Se,naph. In mt-
Se,naphBr,, there is no intermolecular Se--*Se interaction,
however, there is a close intermolecular Br(4)---Br(8)’ con-
tact [3.4790(13) A]. This interaction and the resulting pack-
ing, is illustrated in Figure 10.

Reduction of the Se-Se bond in Se,naph, mt-Se,naph, or
dibenzo[c,e][1,2]diselenine (dibenzSe,) forms the dianion of
those species {the presence of which, is denoted by italics
in a molecular formula, e.g. [Pt(mz-Se;naph)(P(OPh)3),]}.
The analogous reduction of diphenyl diselenide (Se,Ph,)
gives monoanionic SePh (also indicated by italics). Forma-
tion of the anion is followed by in situ addition of
[PtCl,{P(OPh);},], which yield the four-coordinate mono-
and di-nuclear platinum(I) bis-phosphite complexes
[Pt(Seznaph){P(OPh)s},] (1), [Pt(mi-Se naph){P(OPh)s},]

Eur. J. Inorg. Chem. 2010, 4034-4043
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Figure 10. View of crystal packing in mt-Se,naphBr, along the b-
axis.

), [Pto(dibenzSe>),{P(OPh)s},] (), cis-[Pt(SePh),{P-
(OPh);}.] (4), and trans-[Pty(SePh),{P(OPh);}.] (5).

Scheme 2 shows the reaction to form 1 and 2.
(PhO)P P(OPh);

Pt
/7 \
1. LiEtgH Se Se

2. P{(P(OPh)3),Cl, R
OO e )

R=H(

Se—Se

), tert-butyl (2)
Scheme 2. Synthesis of 1 and 2.

Complexes 1 and 2 have been fully characterized by ele-
mental analysis, MS, IR, Raman, and 'H, 3C, 3'P, 7"Se,
and 'Pt NMR spectroscopy. We were unable to isolate
bulk samples of complexes 3-5 and these complexes have
been characterized by X-ray crystallography and multinu-
clear NMR spectroscopy.

The 3'P, 7’Se, and °°Pt NMR spectroscopic data for 1-
5 are given in Table 2 In its >'P NMR spectrum, 1 displays
a singlet at 6 = 87 ppm, and both platinum (Jpp, = 4711 Hz)
and selenium (Jp_g. = 28 Hz) satellites are visible. The 7’Se
NMR contains a peak at 6 = 140 ppm (Js.p = 28 Hz)
(Jse.pt = 205 Hz). The Pt NMR displays a triplet centered
at —4711 ppm with selenium satellites visible (Jpp =
4711 Hz) (Jpise = 205 Hz).

The 3'P NMR spectrum for 2 displays a typical [ABX]-
pattern (A = P, X = Pt) indicative of direct coordination
of two inequivalent phosphorus atoms to the platinum cen-
ter. Both signals have platinum and selenium satellites; 0 =
89 (Jp.p = 68 Hz) (Jpp, = 4686 Hz) (Jp.s. = 19, 28); 6 = 86
(Jp.p = 68 Hz) (Jpp, = 4669 Hz) (Jp.s. = 35 Hz). The 7"Se
NMR of 2 consists of two signals, each split by two inequiv-
alent phosphorus atoms into a doublet of doublets with
platinum satellites. The upfield peak at 6 = 138 ppm is as-
signed to the 7’Se furthest from the fert-butyl arm by com-
parison with 1. The Pt NMR displays an apparent triplet
4037
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Table 2. NMRI#I data for complexes 1-5.

1 2001 20 3 4/5

— 31
0=""P 87 89 86 85 84
[ppm]
Top [H] 68 68
Jew [HZ 4711 4686 4669 4685 4724
Joso [H7 28 19.28 35 21 28
5=7Se  140(t) 258 (dd) 138(dd) 225(t) 222 (1)
Jop[H7] 28 19.35  7.28 21 28
Jep [Hz] 205 327 212 183 188
5=19Pt 4711 (1) (ﬁ; > 4570 (1) 4075
Jop[Hz 4711 4979 4685 4729
Tpise [HZ 205 183

[a] All NMR samples were prepared from crystalline samples in
CDCls. [b] In complex 2, two signals result from the 7’Se atom
present in one of two inequivalent positions, either the position
closest to or furthest away from the substituted fert-butyl arm. At
this time, based on comparisons to complex 1, it is thought that
the 7’Se peak at J = 138 ppm corresponds to the 7’Se atom furthest
from the zert-butyl substituent. [c] See footnote [b].

(doublet of doublets with similar coupling constants) cen-
tered at —4575 ppm (Jp,p = 4680 Hz).

The NMR spectroscopic data for 3 indicates the mono-
nuclear complex [Pt(dibenzSe,){P(OPh);},] is the predomi-
nant species in solution.['” The 3'P NMR for 3 displays a
typical [AX]-pattern relating to the direct coordination of
two equivalent phosphorus atoms to the platinum center
and selenium satellites are also observed; 6 = 85 (Jpp; =
4685 Hz) (Jp.ge = 21). The 77Se NMR displays a triplet with
platinum satellites at ¢ = 225 (Jsep = 21 Hz) (Jgepy =
183 Hz). The '°>Pt NMR spectrum displays a triplet cen-
tered at —4570 ppm with selenium satellites visible (Jp.p =
4685 Hz) (Jpi.se = 183 Hz). We were unable to separate 4
and 5 and the 3'P, 7’Se, and Pt NMR spectra were mea-
sured using samples that contained crystalline material of
at least some crystals of both complexes, as determined by
X-ray studies. The NMR spectroscopic data, however, are
indicative of the presence in solution of just compound 4.

The 3'P NMR spectrum displays a typical [AAX]-pattern
with a single signal at 6 = 85 ppm with platinum satellites
(Jppe = 4724 Hz). As in 3, the 77Se NMR spectrum of 4/5
exhibits a triplet with platinum satellites; 6 = 222 (Jsep =
28 Hz) (Jse.pe = 188 Hz). The '”°Pt NMR spectrum displays
a triplet centered at —4075 ppm (Jp,p = 4729 Hz).

The X-ray crystal structures of 1, 2, and 4a are shown in
Figure 11, while Figure 12 shows 3 and 5. The X-ray analy-
ses show that in every complex, the platinum center lies in
a distorted square-planar environment.

The differing molecular structures of 4 and 5 were quite
unexpected. As described above, the 3'P NMR clearly sug-
gest that only one species is present in the solution after
synthesis and purification of the reaction mixture. Crystalli-
zation using pentane diffusion into a dichloromethane solu-
tion produced orange block crystals, which were charac-
terized by X-ray crystallography, revealing the monomeric
4038
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Figure 11. Molecular representations of the core atoms in 1 (top),
2 (middle), and one molecule of 4a (bottom).

structure of 4, however, this same solution also yielded crys-
tals of binuclear 5.

Complexes 1, 2, and 4 have strong similarities. Selected
bond lengths and angles can be found in Table 3. Each of
these complexes is monomeric, containing a four-coordi-
nate Pt"" center having two —P(OPh); ligands and two sele-
nium ions from one or more of the selenium containing
ligands. A comparison of bond lengths within this series of
mononuclear complexes shows that all of these complexes
have very similar Pt-P bond lengths ranging from
2.2232(13) A to 2.2390(16) A, with complex 2 having the

Eur. J. Inorg. Chem. 2010, 4034-4043
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N
Pt(1A)
£

Figure 12. Molecular representations of 3 (top) and 5 (bottom).

shortest Pt—P bond length. The Pt-Se bond lengths have a
larger difference. The Pt-Se bond lengths are longest in
4/4a ranging from 2.481(2) A to 2.463(2) A, slightly shorter
in 1 at 2.4600(7) A and 2.4527(7) A, and yet shorter in 2 at
2.4356(5) A and 2.4256(5) A. The short Pt-Se distances in
2 are possibly an effect of the electron donating terz-butyl
arm on the naphthalene ring. It is noticeable on going from
1 to 2 the six membered PtSe,C; ring changes substantially.
In 1 the ring is essentially a boat conformation with a hinge
at the Se---Se vector whilst in 2 the ring is a twisted chair
conformation this difference presumably arises as a conse-
quence of the sterically demanding tert-butyl group in 2.
The Se(1)-Pt(1)-Se(2) bond angles increase from
85.55(2)° in 1, to 87.47(7)° in 4 to 89.43(8)° in 4a, and fi-
nally to 89.885(17)° in 2. It is interesting that the only dif-
ference between 1 (the smallest angle) and 2 (the largest
angle) is the substitution of the zerz-butyl substituent on the
naphthalene ring. The steric bulk of the tert-butyl group
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Table 3. Selected interatomic distances [A] and angles [°] for 1, 2,
and 4 (4! is the second independent molecule of 4).

1 2 4 41

Pt(1)-Se(1) 2.4600(7) 2.4356(5) 2.474(2)  2.481(2)
Pt(1)-Se(2) 24527(7)  2.4256(5) 2.463(2)  2.481(2)
Pt(1)-P(1) 2.2390(16) 2.2232(13) 2.229(5)  2.235(5)
Pt(1)-P(2) 2.2324(14) 2.2385(14) 2.224(4)  2.235(5)
Se(1)-C(1) 1.921(6)  1.914(5) 1.852)  1.87(2)
Se(2)-C 1.924(6)  1.930(4)  1.94(2)
Se(1)-Pt(1)-Se(2) 85.55(2)  89.885(17) 87.47(7)  89.43(8)
Se(1)-Pt(1)-P(1) 91.194)  86.94(3)  177.85(13) 171.09(14)
Se(2)-Pt(1)-P(2) 88.80(4)  88.02(4)  173.70(14) 171.09(14)
P(1)-Pt(1)-P(2)  94.67(6)  95.29(4)  92.35(18) 99.3(2)
Se(1)-Pt(1)-P(2)  169.82(5) 176.93(3) 86.50(13) 86.11(15)
Se(2)-P(1)-P(1) 176.33(4) 175.083) 93.73(13) 86.11(15)
Pt(1)-Se(1)-C(1)  100.17(17) 107.59(13) 110.3(6)  105.0(6)
Pt(1)-Se(2)-C 107.63(18) 116.77(15) 112.8(5)  105.0(6)

pushes the selenium atom nearest to it out of the plane of
the naphthalene ring, rendering the Se-Pt-Se bond angle
larger than in 1, where the selenium atoms may be con-
strained by a need to stay in the plane of the rings to par-
ticipate in m-resonance. However, the size of the Se(1)-
Pt(1)-Se(2) bond angle in 4 falls in the middle of the series
of complexes, despite not being restricted by the backbone,
as in 1 and 2. The similarity of the bond angle (only ca. 4°
difference) amongst the complexes is likely not coincidental,
even if the ligands have no strong geometric preferences, the
geometry of the complex is still limited by the tendency of
Pt'" to be square planar.

Compared to 4 in the Se-Pt-Se angles, the cis-bond
angles Se-Pt-P in the three complexes are universally sim-
ilar. The Se(1)-Pt(1)-P(2) bond angle in 4 is 86.50(13)° and
the Se(2)-Pt(1)-P(1) bond angle is 93.73(13)° with the
Se(1)-Pt(1)-P(1) bond angle being 91.19(4)° and the Se(2)—
Pt(1)-P(2) bond angle being 88.80(4)°. The bond angle dif-
ferences in 2 are similar to the other two complexes, with
the Se(1)-Pt(1)-P(1) bond angle being 86.94(3)° and the
Se(2)-Pt(1)-P(2) bond angle being 88.02(4)°. The two trans
Se-Pt-P bond angles of the three complexes likewise differ
from each other by only a few degrees. The difference be-
tween the two angles is 7.5° in 1, 4.2° in 4 and 1.8° in 2.

The smallest of the frans Se-Pt-P bond angles occurs in
1, with an angle of 169.82(5)°. Other than a bond angle of
173.40(14)° in 4, all the other trans bond angles in all three
complexes are very close to 176°. Like all the other angles,
the P(1)-Pt(1)-P(2) bond angles of 1, 2, and 4 are very sim-
ilar, except in 4b, where it is the largest by 4° at 99.3(2)°.
Somewhat strangely, the steric strain presented by the rerz-
butyl group in 2 and the greater degree of freedom allowed
by the lack of a constraining background in 4 do not seem
to cause much variation in the structure around the metal
center. The metal center appears to be dictating the geome-
try and forcing the ligands to arrange themselves so that
the complex has as close to a square planar motif it can.

Complexes 3 and 5 are different from the three just dis-
cussed, in that they each crystallize as a dinuclear complex
with two four-coordinate Pt'! metal centers in a diamond
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core motif. Each Pt ion in both complexes is coordinated
by three selenium ions and one —P(OPh); ligand. A list of
selected bond lengths and angles for 3 and 5 are shown in
Tables 4 and 5. The difference between the two coordina-
tion spheres is that 3 has dianionic bis-selenium ligands
based on the biphenyl backbone, while the platinum centers
in 5 are ligated by individual SePh ligands. One of the sele-
nium atoms on the biphenyl in 3 is in a bridging position,
which forces the ligand to twist and strain in order for the
platinum to coordinate the other selenium atom. In 5, the
bridging and terminal positions are occupied by the SePh
ligands instead.

Table 4. Selected interatomic distances [A] and angles [°] for com-
plex 3.

Pt(1)-P(1) 2.202(2)  Pt(31)-P(31) 2.200(2)
Pt(1)-Se(2) 2.4370(10) Pt(31)-Se(32) 2.4449(11)
Pt(1)-Se(31) 2.4582(10) Pt(31)-Se(31) 2.4544(10)
Pt(1)-Se(1) 2.4569(10) Pt(31)-Se(1) 2.4628(10)
Se(1)-C(19) 1.928(9)

Se(31)-C(49) 1.944(10)

Se(32)-C(56) 1.960(9)

Se(2)-C(26) 1.922(10)

P(1)-Pt(1)-Se(2)  88.50(7)  P(31)-Pt(31)-Se(32) 88.72(7)
P(1)-Pt(1)-Se(31) 93.86(7)  P(31)-Pt(31)-Se(l)  94.00(7)
Se(2)-Pt(1)-Se(1)  93.64(3)  Se(32)-Pt(31)-Se(31) 93.44(4)
Se(31)-Pt(1)-Se(1) 83.89(3)  Se(31)-Pt(31)-Se(1) 83.85(3)
Se(2)-Pt(1)-Se(31) 173.11(4) Se(32)-Pt(31)-Se(1) 172.28(4)
P(1)-Pt(1)-Se(1)  177.60(7) P(31)-Pt(31)-Se(31) 177.84(7)
C(19)-Se(1)-Pt(1)  93.93)  C49)-Se(31)-Pt(31) 93.2(3)
C(19)-Se(1)-Pt(31) 106.5(3)  C(49)-Se(31)-Pt(1)  107.1(3)
Pt(1)-Se(1)-Pt(31)  96.04(3)  Pt(31)-Se(31)-Pt(1)  96.22(3)
C(26)-Se(2)-Pt(1)  110.1(3)  C(56)-Se(32)-Pt(31) 110.6(3)

Table 5. Selected interatomic distances [A] and angles [°] for 5.

Pt(1)-P(1) 2.186(2)  Pt(31)-P(31) 2.193(2)
Pt(1)-Se(2) 2.4493(9) Pt(31)-Se(32) 2.4445(8)
Pt(1)-Se(1A) 2.4697(9) Pt(31)-Se(3A) 2.4632(8)
Pt(1)-Se(1) 24771(8) Pt(31)-Se(31) 2.4763(8)
Se(1)-Pt(1A) 2.4697(9) Se(31)-Pt(3A) 2.4632(8)
Se(1)-C(19) 1.927(7)  Se(31)-C(49) 1.931(7)
Se(2)-C(25) 1.932(8)  Se(32)-C(55) 1.925(8)
P(1)-Pt(1)-Se(2)  85.83(6) P(31)-Pt(31)-Se(32)  84.01(5)
P(1)-Pt(1)-Se(1A)  95.66(6)  P(31)-Pt(31)-Se(3A)  96.90(5)
Se(2)-Pt(1)-Se(1)  94.71(3)  Se(3A)-Pt(31)-Se(31) 84.07(3)
Se(1A)-Pt(1)-Se(1) 83.89(3)  Se(32)-Pt(31)-Se(31) 94.99(3)
Se(2)-Pt(1)-Se(1A) 175.74(3) Se(32)-Pt(31)-Se(3A) 176.46(3)
P(1)-Pt(1)-Se(1)  178.57(5) P(31)-Pt(31)-Se(31)  178.86(6)
C(19)-Se(1)-Pt(1A) 98.9(2)  C(49)-Se(31)-Pt(3A) 100.5(2)
C(19)-Se(1)-Pt(1)  104.2(2)  C(49)-Se(31)-Pt(31)  103.7(2)
Pt(1A)-Se(1)-Pt(1) 96.11(3)  Pt(3A)-Se(31)-Pt(31) 95.93(3)
C(25)-Se(2)-Pt(1)  106.6(2)  C(55)-Se(32)-Pt(31) 106.3(2)

Rather unsurprisingly, given their similar coordination
spheres, the bond lengths in 3 and 5 are very similar
throughout the complexes (Table4, Table5). The Pt-P
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bond lengths are similar at ca. 2.20 A in 3 and ca. 2.19 A in
5. The Pt-Se bonds in both complexes differ depending on
whether they are coordinated in a terminal or bridging
fashion, but are again markedly similar between the two
complexes. In 3, the terminal Pt-Se bond lengths are
~244 A, whereas the bridging bond lengths are
about 2.46 A. In 5, the terminal Pt-Se bond lengths are
ca.2.45 A, and the bridging bond lengths are ca. 2.47 A.

Like the bond lengths, the bond angles in 3 and 5 are
very similar. Complex 3 has two obtuse angles and two
acute angles around the platinum centers, which form a flat-
tened X with a platinum atom in the center. The Se-Pt-Se
bond angle of the diamond core is 83.89(3)°, and the bond
trans to this, across the platinum center, is 88.50(7)°. The
other two angles around the platinum center are ca. 94°.
The Pt-Se—Pt bond bridging the diamond core is 96.04(3)°.

The bond angles in 5 track very closely to those in 3.
The Se—Pt—Se bond angle of the diamond core is 83.89(3)°
and trans to this, the angle is 85.83(6)°. The other two
angles around the platinum center are 94.71(3)° and
95.66(6)°. The bridging Pt-Se-Pt angles are both almost
exactly 96°. From this data, it seems as though the visibly
twisted biphenyl-based diselenium ligand is not responsible
for the distortion of the geometry around the metal center
in 3, since the SePh ligands in 5 end up giving the complex
an extremely similar set of bond lengths and angles without
the ligand imposing a geometric restriction.

Experimental Section

General: All synthetic procedures were performed under nitrogen
using standard Schlenk techniques unless otherwise stated, reagents
were obtained from commercial sources and used as received. Dry
solvents were collected from an MBraun solvent system. 'H, '3C,
3P, and 7’Se spectra were recorded on a Jeol DELTA GSX270
spectrometer. '>>Pt spectra were obtained on a Bruker AVII400.
Chemical shifts are reported in ppm and coupling constants (J) are
given in Hz. IR (KBr pellet) and Raman spectra (powder sample)
were obtained on a Perkin—-Elmer system 2000 Fourier Transform
spectrometer. Elemental analysis was performed by the University
of St. Andrews, School of Chemistry Service. Positive-ion FAB
mass spectra were performed by the EPSRC National Mass Spec-
trometry Service, Swansea. Precious metals were provided by Cei-
mig Ltd.

Synthetic Remarks: The compound cis-[Pt{P(OPh);},Cl,] was pre-
pared by adding two equivalents of P(OPh)j; to cis-[PtCl,(cod)] (cod
= 1,5-cyclooctadiene) in dichloromethane at room temperature in-
stead of by the procedure reported by Sabounchei et al.*%]

Synthesis of Naphtho[1,8-c,d][1,2]diselenole (Se;naph): Crystalline
naphthalene (6.10 g, 47.6 mmol) was added to a 500 mL round bot-
tom Schlenk flask. The flask was evacuated and purged with nitro-
gen. Butyllithium (BuLi) (46.8 mL of 2.5 M in THF, 117 mmol) was
added dropwise via syringe with stirring, followed by the slow ad-
dition of TMEDA (17.7 mL, 117 mmol). Upon addition, the flask
became slightly warm and a white precipitate (pcc) formed. The
pee dissolved as the solution yellowed and then became increas-
ingly darker until it was dark reddish in color. A reflux condenser
was added to the flask, which was then warmed to ca. 70 °C for
two hours. The mixture was allowed to cool to room temperature,
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at which time the reflux condenser was replaced by a septum. The
mixture was then cooled to —70 °C using a dry ice/acetone bath.
Tetrahydrofuran (THF) (ca. 150 mL) was added dropwise via sy-
ringe. Selenium powder (11.1 g, 141 mmol) was then added at once.
The reaction mixture was allowed to slowly warm to room tem-
perature and was stirred overnight under nitrogen.

Caution! As the mixture warms to room temperature, the flask be-
comes slightly pressurized. Make sure the stopper is clipped and
the flask is opened to nitrogen.

The next day, the flask was opened and the mixture was poured
into a 2 separating funnel where ca. 500 mL of distilled water and
ca. 300 mL of hexane was then added. It was difficult to see the
separation line, but as the water layer was removed the line became
more evident. The hexane layer, a clear purple solution, was col-
lected. Silica gel was added to the organic layer and the solvent
was evaporated. The silica gel/product was placed on top of a silica
column and the product was eluted with hexane. The purple band
was collected and the solvent evaporated. The purple solid was dis-
solved in a minimal amount of dichloromethane. The solution was
then layered with hexane and placed in the freezer for recrystalli-
zation; yield 3.544 g, 26%. 'H and 7’Se NMR matched those of
the previous reported samples.!'!

Synthesis of 2,7-Di-fert-butylnaphtho[1,8-¢,d][1,2]diselenole (dt-

Se,naph) and  2-fert-butylnaphtho|1,8-c¢,d][1,2]diselenole  (mt-
Se,naph):  2,7-Di-tert-butylnaphtho[1,8-¢,d][1,2]diselenole  (dt-
Seonaph) and  2-fert-butylnaphtho[1,8-¢,d][1,2]diselenole  (mt-

Se,naph) were prepared by methods reported for the thiol ana-
logues.'>191 Se;naph  (0.38 g, 1.3 mmol), terz-butyl chloride
(0.43 mL, 3.9 mmol), and CH3NO, (ca. 7 mL), were added to a
100 mL round bottom Schlenk flask. The reaction was heated with
stirring to about 80 °C and AICl; (36 mg, 0.27 mmol) was added.
The mixture continued to heat at about 80 °C for one hour. After
the reaction cooled to room temperature, distilled water was added,
which then was extracted with dichloromethane. The organic layer
was removed, dried with MgSOy, filtered, and the solvent was evap-
orated. These compounds were purified by column chromatog-
raphy on silica gel elution using hexane, with mt-Se,naph eluting
first, then dt-Se,naph, followed by starting material. dt-Se,naph
was crystallized by slow evaporation of a pentane solution to give
orange blocks (17 mg, 3%). mt-Se,naph is a dark red oil (104 mg,
23%), and finally 81 mg (21%) of the starting material was reco-
vered.

mt-Se,naph: '"H NMR (CDCl5): 6 = 7.52-7.17 (m, 5 H), 1.53 (s, 9
H) ppm. 77Se NMR (CDCls): 6 = 414 (s), 414 (d, Jse.sc = 345 Hz),
360 (s), 360 (d, Jsese = 345 Hz) ppm. 3C NMR (CDCly): § =
144.3, 139.5, 138.8, 138.3, 136.5, 126.8, 125.8, 124.8, 123.3, 122.0,
36.5,29.2 ppm. MS (TOF MS Cl):m/z = 339 [78Se, 8°Se], 341 [*°Se].

dt-Se,naph: 'THNMR (CDCly): § = 7.52-7.44 (m, Jy y = 8, 21 Hz,
4 H), 1.56 (s, 18 H) ppm. 77SeNMR (CDCls): § = 353 (s) ppm.
BCNMR (CDCly): 6 = 144.05, 140.37, 136.99, 134.98, 125.82,
124.37, 36.66, 29.10 ppm. MS (TOF MS CI): m/= = 396 [*Se, Se],
398 [%9Se].

Synthesis of 4,7-Dibromo-2-tert-butylnaphtho|1,8-¢,d][1,2]diselenole
(Se;naphBr,): A solution of 2-tert-butylnaphtho[l,8-¢,d]|[1,2]di-
selenole (mt-Se,naph) (0.11 g, 0.33 mmol) in dichloromethane
(10 mL) was cooled to 0°C and slowly treated with bromine
(0.11 g, 0.034 mL, 0.66 mmol). An analytically pure sample was ob-
tained by crystallisation from diffusion of pentane into a dichloro-
methane solution of the product (0.1 g, 74%). IR (KBr tablet): V.«
= 3424 (br. s), 3069 (W), 2955 (s), 2854 (w), 1584 (w), 1568 (w),
1514 (w), 1482 (s), 1466 (vs), 1392 (s), 1361 (s), 1282 (s), 1218 (s),
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1186 (w), 1147 (s), 1116 (vs), 996 (vs), 913 (s), 881 (s), 860 (w), 820
(), 799 (s), 741 (s), 663 (W), 558 (W), 509 (w), 485 (w), 468 (w), 381
(w) em'. '"HNMR (CDCly): 6 = 7.77-7.64 (m, 2 H, 3,5-H), 7.53—
740 (m, 1 H, 6-H), 1.52 [s, 9 H, -C(CH;)] ppm. '3C NMR
(CDClLy): § = 134.5 (s), 133.6 (s), 132.9 (s), 131.4 (s), 131.2 (s), 130.6
(), 130.2 (s), 130.1 (s), 124.9 (s), 124.1 (s), 29.8 (s), 28.7 (s) ppm.
77SeNMR (CDCly): 8 = 454, 374 ppm. MS (TOF MS EI*): mi/z
(%) =497.98 (100) [M*].

Synthesis for [Pt(L){P(OPh)3},], L = Se,naph (1) and mt-Se,naph
(2): In a Schlenk tube, ca. 10 mL of dry THF was added to 1 mol-
equiv. of L, the resulting purple solution was stirred for 10 min and
then, 2 mol-equiv. of a 1 M solution of LiBEt;H in THF was added
dropwise via syringe. Upon addition, the purple solution turned
bright yellow and gas evolution was observed. This solution was
stirred ca. 15 min and [Pt{P(OPh);},Cl,] was added. The solution
turned orange in color and was stirred 12 h, after which ca. 1 g of
silica gel was added and the solvent was evaporated under vacuum.
The flask containing the orange solid was opened to the air and
the solid was placed on top of a short hexane-packed silica gel
column. The column was eluted with hexane to remove any unre-
acted starting material and then washed with CH,Cl,. The CH,Cl,
band was collected and the solvent was removed under vacuum.
Orange crystals were obtained for 1 (97 mg, 53%) and 2 (109 mg,
50%) after recrystallization from CH,Cl, by pentane diffusion.

[Pt(Se,naph){P(OPh)s},] (1): Se,naph (47 mg, 165 mmol), 0.33 mL
of 1M soln of LiBEt;H in THF, and [Pt{P(OPh);},Cl,] (147 mg,
165 mmol). Cy4sH3404P-PtSe,-CH,Cl,: caled. C 47.60, H 3.23;
found C 47.79, H 3.10. FAB* MS: m/z = 1100 [M*]. IR (KBr):
Vmax = 1587, 1486, 1182, 1159, 918, 778, 757, 687, 596, 496 cm™!.
Raman: ¥ = 30720, 1591, 1538, 1333, 1007, 851, 733, 530, 200 cm™ .
All NMR samples were prepared from crystalline samples in
CDCl;. '"H NMR: § = 7.6 (d, Juu = 7Hz), 7.5 (d, Juu = 7 Hz),
7.2-6.9 (m), 6.9 (t, Jy.x = 7 Hz) ppm. 13C NMR: § = 150.9, 136.3,
135.1,129.8, 126.9, 125.2, 124.7, 120.9 ppm. 3'P NMR: 6 = 87 ppm
(Jppe = 4711 Hz) (Jp.se = 28 Hz). 77Se NMR: § = 140 ppm (t,
Jsep = 28 Hz) (Jsepy = 205 Hz). 5Pt NMR: 6 = 4711 ppm (t,
Jpep = 4711 Hz) (Jpise = 205 Hz).

[Pt(mt-Se,naph){P(OPh)3},] (2): mt-Se,naph (64 mg, 187 mmol),
0.37mL of 1M soln of LiBEt;H in THE, and [Pt{P(OPh);},Cl,]
(166 mg, 187 mmol). CsoH4406P,PtSe,:0.5CH,Cl,:: caled. C 50.50,
H 3.78; found C 50.51, H 3.49. FAB* MS: m/z = 1156 [M*]. IR
(KBr): V. = 1588, 1488, 1186, 1160, 922, 776, 756, 686, 595, 497
cm !, Raman: v = 3066, 1595, 1586, 1515, 1340, 1007, 857, 733, 185
cm!. All NMR samples were prepared from crystalline samples in
CDCl;. '"H NMR: 6 = 7.4-7.0 (m), 6.9 (t, Jyy = 7 Hz)., 1.7 (s)
ppm. *C NMR: ¢ = 151.0, 150.9, 147.0, 142.5, 132.9, 132.1, 131.9,
129.7, 129.6, 126.5, 125.5, 125.2, 125.0, 123.9, 123.2, 121.0, 120.9,
120.7, 120.6, 38.2, 31.6 ppm. 3'P NMR: 6 = 89 ppm (d, Jp.p =
68 Hz), (Jpp, = 4686 Hz) (Jps. = 19, 28) 86 ppm (d, Jp p = 68 Hz),
(Jppt = 4669 Hz) (Jp s. = 35). 7’Se NMR: ¢ = 258 ppm (dd, Js.p
=19, 35Hz) (Jse.py = 329 Hz), 138 ppm (dd, Js.p = 7, 28 Hz)
(Jse.pt = 212 Hz). '3Pt NMR: 6 = 4575 ppm (observed is apparent
triplet Jp, p = 4680 Hz).

Synthesis of [Pty(dibenzSe;),{P(OPh);},] (3): In a Schlenk tube,
ca. 10 mL of dry THF was added to 1 mol-equiv. of dibenzSe,, the
resulting pale orange solution was stirred for 10 min and then
2 mol-equiv. of a 1 m solution of LiBEt;H in THF was added drop-
wise via syringe. Upon addition, the solution turned very pale yel-
low, then clear with gas evolution. This solution was stirred
ca. 15 min and [Pt{P(OPh);},Cl,] was added. The solution turned
bright yellow in color and was stirred 12 h, after which time ca. 1 g
of silica gel was added and the solvent was evaporated under vac-
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uum. The flask containing the yellow solid was opened to the air
and the solid was placed on top of a short hexane-packed silica gel
column. The column was eluted with hexane to remove any unre-
acted starting material and then washed with 2:1 CH,Cl,/hexane.
The resulting bright yellow band was collected and the solvent was
removed under vacuum. X-ray quality crystals were obtained for 3
after recrystallization from CH,Cl, by pentane diffusion. FAB*
MS: m/z 1631 [M*] (matches theoretical isotope profile for 3). IR
(KBr): Vimay = 1588, 1486, 1184, 1160, 1025, 922, 765, 687, 595, 491
cm . Raman IR: ¥ = 3066, 1589, 1030, 1008 cm '. NMR samples
were prepared from crystalline samples in CDCl;. 3'P NMR: § =
85 ppm (Jpp, = 4685 Hz) (Jp.s. = 21). 77Se NMR: ¢ = 225 ppm (t,
Jp.se = 21) (Jpise = 183 Hz). Pt NMR: 6 = ~4570 ppm (t, Jp.p
= 4685 Hz) (Jprse = 183 Hz). The NMR spectroscopic data seem
to suggest that the predominant species in solution is
[Pt(dibenzSe,){P(OPh);},].

Synthesis of cis-[Pt(SePh),{P(OPh);},] (4) and [Pty(SePh){P-
(OPh)3},] (5): In a Schlenk tube, ca. 10 mL of dry THF was added
to 1 mol-equiv. of Se,Ph,, the resulting yellow solution was stirred
for 10 min and then 2 mol-equiv. of a 1 M solution of LiBEt;H in
THF was added dropwise via syringe. Upon addition, the solution
turned pale yellow with gas evolution. This solution was stirred

ca. 15 min and [Pt{P(OPh);},Cl,] was added. The solution turned
bright orange in color and was stirred 12 h, after which timeca. 1 g
of silica gel was added and the solvent was evaporated. The flask
containing the orange solid was opened to the air and the solid
was placed on a small hexane silica gel column. The column was
eluted with hexane to remove any unreacted starting material and
then washed with 2:1 CH,Cly/hexane. This orange band was col-
lected and the solvent was removed under vacuum. Complexes 4
and S co-crystallized out of the same CH,Cl, solution by pentane
diffusion. Complex 4 is deep orange in color, almost red, whereas
5 is bright yellow. All data was obtained from crystalline solid that
contained both 4 and 5. C,gH40O¢P,PtSe, (4) (1127.80): caled. C
51.12, H 3.57 and for CgyHsoOgP,Pt,Sey (5) (1635.02): caled. C
44.08, H 3.08; found C 44.62, H 2.81. FAB* MS: m/z 1635 [M*]
(matches theoretical isotope profile for 5, but there are higher mo-
lecular ion peaks in the sample). IR (KBr): V., = 1587, 1485,
1183, 1156, 919, 784, 686, 601, 488 cm™'. Raman IR: ¥ = 3063,
1597, 1576, 1220, 1169, 1071, 1001, 226, 178 cm~'. NMR samples
were prepared in CDCl;. 3'P NMR: 6 = 84 ppm. (Jpp, = 4724 Hz)
(Jp.se = 28 Hz). 77Se NMR: & = 222 ppm (t, Jp.se = 28 Hz) (Jse-py
= 188 Hz). 5Pt NMR: 6 = 4075 ppm (t, Jp.p = 4729 Hz). NMR
spectroscopic data seem to suggest that the mononuclear species 4
exists in solution, rather than the dinuclear species 5.

Table 6. Crystallographic data for compounds dt-Se,naph, mt-Se,naphBr, and 1-5.

dt-Se,naph mt-SeonaphBr, 1 2 3 4 5
Empirical formula ~ CjgH,,Se, CH;BrSe;  CyoHsq06Se,PoPt PtCsHyOP>SexCl,  CoHsoClLiOP-PHSes  CraoH 124015PPtSeCly CooHsoOgPoPtoSe,
Formula weight ~ 396.29 499.99 1099.74 1240.78 1800.78 355326 1634.96
Temperature [°C] ~ —148(1) ~148(1) —148(1) —148(1) ~180(1) ~148(1) ~180(1)
Crystal colour,
habit orange, block red, prism orange, block yellow, platelet yellow, prism orange, block yellow, prism
Crystal dimensions
[mm?] 0.55X 040X 0.30 0.09X0.06X0.06 022X0.15X0.07 041x0.14X0.10  020X020x020  0.52X0.10 X 0.06 0.10X0.03 X 0.03
Crystal system orthorhombic monoclinic orthorhombic monoclinic monoclinic monoclinic triclinic
Lattice parameters  « = 11.333(11) A ¢ =9.638NA  a=133483150A a=171347(5A a=120039(15A  a=611793) A a=10.1847(12) A
b=120791DA b=71125A  bh=1355805A b=26.536008) A b =2043022) A b=119162(4) A b =13.7001(16) A
c=1202911) A ¢=104998)A ¢=2285358)A ¢ =11.0032(3) A ¢ =250093) A ¢ =18.9059(9) A ¢ =2033802) A

B =90°

,7} =94.263(15)°

B=90°

= 99.836(3)°

/= 98.6466(18)°

a = 83.840(7)°

£ =102.4922(8)° S = 82.868(7)°

- - - - - - y = 85.896(8)°
Volume [A?] 1647(3) 717.6(8) 4134.3(3) 4884.6(2) 6043.1(13) 13626.1(11) 2794.7(6)
Space group Pcca P2,/m P2,2,2, Ce Ce C2c Pl
Z value 2 4 4 4 4 2
Do, [gfem?] 1.598 2314 1.767 1.687 1.979 1.732 1.943
F000) 792 472 2144 2440 3440 6960 1560
m(MoKa) [cm ] 44.807 107.166 52.68 45.75 73.15 48.776 77.13
Number of reflec-
tions measured 13383 4132 43187 25442 19245 52775 18111
Rin 0.032 0.039 0.095 0.041 0.0453 0.329 0.047
Min.—max. trans-
missions 0.130-0.261 0.373-0.526 0.398-0.692 0.304-0.633 0.7102-1.0000 0.383-0.746 0.6118-1.0000
Independent reflec-
tions 1508 1362 9468 11089 8754 11981 9897
Observed reflection
(no. variables) 1314 (94) 1267 (115) 8094 (515) 9956 (578) 7937 (722) 7175 (826) 7534 (688)
Reflection/param-
eter ratio 16.04 11.84 18.38 19.19 12.12 14.5 14.39
Residuals: R,
[ > 2.00s(1)] 0.0385 0.0452 0.048 0.0345 0.0362 0.125 0.0453
Residuals: R (all
reflections) 0.0444 0.0499 0.0629 0.042 0.0414 0.1953 0.067
Residuals: wR, (all
reflections) 0.1011 0.1072 0.061 0.0543 0.0705 0.3989 0.0726
Goodness-of-fit
indicator 1.093 1.181 1.051 0.987 0.874 1.145 0.975
Flack parameter - - -0.006(5) 0.001(3) -0.005(7) - -
Max. peak in final
diff. map [e/A] 0.83 0.66 2.59 1.54 1.744 6.56 1.807
Min. peak in final
diff. map [e/A3] -0.55 -0.99 -1.02 -0.70 —1.424 -10.18 —1.542
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X-ray Crystallography: Crystal structure data for 1, 2, dt-Se,naph
and mt-Se,naphBr, were collected using the St. Andrews Robotic
Rigaku Saturn CCD diffractometer using Mo-K, radiation (graph-
ite monochromator optic, 4 = 0.71073 A), 4 was determined by
using a Rigaku SCX-Mini whilst 3 and 5 were determined by using
a Rigaku MMO007 rotating anode and Mercury CCD. All data were
corrected for absorption. The structure was solved by direct meth-
ods and refined by full-matrix least-squares methods on F? values
of all data. Refinements were performed using SHELXTL (version
6.1, Bruker-AXS, Madison WI, USA, 2001). The experimental de-
tails including the results of the refinement are given in Table 6.

CCDC-759117 (for 1), -759118 (for 2), -759119 (for 3), -759120
(for 4), -759121 (for 5), -759122 (for dt-Se,naph), -759123 (for mt-
Se,naphBr,) 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.
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