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Abstract: The field of medicinal inorganic chemistry is
rapidly advancing. In particular organometallic complexes
have much potential as therapeutic and diagnostic agents.
The carbon-bound and other ligands allow the thermody-
namic and kinetic reactivity of the metal ion to be con-
trolled and also provide a scaffold for functionalization.
The establishment of structure—activity relationships and
elucidation of the speciation of complexes under condi-

tions relevant to drug testing and formulation are crucial
for the further development of promising medicinal appli-
cations of organometallic complexes. Specific examples in-
volving the design of ruthenium and osmium arene com-
plexes as anticancer agents are discussed.

Keywords: anticancer agents - arene ligands - organome-
tallics - osmium - ruthenium

Introduction

The study of metals in biology is a rapidly expanding field,
especially the subfield of bioorganometallic chemistry,
which explores the role of metal complexes containing
direct metal-carbon bonds. The most notable example of a
natural bioorganometallic compound is vitamin B12, which
contains cobalt bound directly to a carbon atom (cyanocoba-
lamin as isolated, C-bound adenosylcobalamin as a coen-
zyme).

Organometallic chemistry offers a potentially rich field
for the development of new medicinal agents with novel
mechanisms of action." The benefits include the variety of
distinct molecular architectures that can be designed, owing
to varying coordination numbers and geometries, choice of
metals and ligands, oxidation states, and overall reactivity
and charge. Organometallic complexes provide a scaffold
which can be functionalized and designed. In this Focus
Review, we discuss the logical design of organometallic anti-
cancer compounds and illustrate how this process is aided
by an understanding of their aqueous solution chemistry
under biologically relevant conditions.
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Diagnosis and Therapy

Metals bound to organic fragments have found widespread
use as both radiopharmaceuticals and imaging agents. In
particular, the technetium(I) carbon monoxide fragment
[*™Tc(CO),]* is becoming widely used in radiopharmaceuti-
cals, as are analogous rhenium compounds.'*'? The first or-
ganometallic compound used in clinical nuclear medicine,
and in particular in cardiac imaging, was cardiolite
(Figure 1). The advantages of organometallic labelling tech-
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Figure 1. Examples of organometallic therapeutic complexes.

www.chemasianj.org 1891



www.chemasianj.org



FOCUS REVIEWS

niques in the preparation of radiopharmaceuticals have re-
cently been emphasized.!"”

One mode of action of bioorganometallic agents can in-
volve activation by cleavage of a metal-ligand bond, to re-
lease the active component. For example, the cyanide com-
plex sodium nitroprusside (Figure 1) delivers nitric oxide to
smooth muscle to achieve vasodilation. One of its targets is
the heme protein guanylate cyclase. Carbon monoxide is
also increasingly being recognized as an important natural
biological small molecule which can be delivered by metal
ions. Like NO, CO can function as a neurotransmitter, and
also has cardioprotective effects. Promising CO-releasing or-
ganometallic complexes (CORMs) include CO complexes of
manganese, ruthenium, and iron (see Figure 1).“'®1 The
ability to tune the thermodynamics and kinetics of CO re-
lease from these complexes in aqueous solution under bio-
logically relevant conditions is crucial to their mode of
action.

Although heavy metals are often associated with toxicity,
they can have useful applications in organometallic drugs.
For example, the organomercury compound merthiolate
(ethylmercury mercaptobenzoate), is used as an antiseptic
and antifungal agent, and organoarsenic complexes such as
salvarsan, first made by Paul Ehrlich in 1909, have found ap-
plication for the treatment of syphilis. The true structure of
salvarsan has only recently been elucidated."”? The success
of organometallic therapeutics is illustrated by salvarsan,
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named one of the top 46 pharmaceuticals by Chemical &
Engineering News in 2005.'% A new arsenic—glutathione
compound (dimethylarsenic(IIl) glutathione; Z10-101, dari-
naparsin) is currently in phase II clinical trials as a potential
oral anticancer drug (see Figure 1). Organometallic com-
plexes containing precious metals, such as gold(III) and plat-
inum(II), also have therapeutic potential.'**]

Cyclopentadienyl Complexes

A range of organometallic compounds in which the organic
component is a six-electron donor m’-cyclopentadienyl
ligand capable of binding to the metal center through m in-
teractions exhibit promising anticancer activity.

The dicyclopentadienyl Ti'V complex titanocene dichloride
(Figure 2 A) has a pseudo-tetrahedral structure with two cy-
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Figure 2. Examples of cyclopentadienyl metal complexes with biological
activity.

clopentadienyl (Cp) rings and two chloride ligands coordi-
nated in a cis geometry. Originally chosen because of the
possibility of forming bifunctional cross-links on DNA simi-
larly to cisplatin, the complex entered clinical trials. Howev-
er, these were abandoned because of difficulties of formula-
tion. Its solution chemistry is complicated by facile hydroly-
sis, formation of hydroxo complexes, and eventually loss of
the Cp ligands, which are readily protonated. This behavior
makes identification of the active species, as well as formu-
lation, difficult.”>?* Nonetheless, there is continuing interest
in this class of metallocenes through modification of the Cp
group (Figure 2B),” as well as various analogues contain-
ing different metals such as molybdenum, and these may
lead to more controlled aqueous chemistry and to com-
pounds more suitable for administration.”*”)

Cyclopentadienyl rhodium®! and ruthenium complexes
with potential therapeutic applications have also been re-
ported. In particular the organometallic Ru" Cp complexes
derived from the class of indolocarbazole alkaloids (for ex-
ample, staurosporine) have been designed as inhibitors for
certain protein kinases (Figure 2 C).[%!

Modified ferrocene ([Fe(CsHs),]) sandwich complexes are
of interest owing to their redox activity, which is within the
range of biologically accessible potentials. A notable exam-
ple is that of ferrocifen, which consists of ferrocene modified
by incorporation of tamoxifen, and its derivatives (Figure 3).
These, and their Ru analogues, are being explored as poten-
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Figure 3. Ferrocene-based ferrocifen and ferroquine complexes with anti-
cancer and antimalarial activity, respectively.

tial breast cancer drugs.®*? The systematic study of selec-
tive estrogen receptor modulators (SERMs) combining or-
ganometallic chemistry and biology may well lead to novel
drugs.”¥ Similarly, the antimalarial drug chloroquine exhib-
its enhanced activity when bound to the ferrocene unit in
ferroquine (Figure 3).5+%!

However, cyclopentadienyl derivatives can be relatively
unstable in aqueous media since the negatively charged cy-
clopentadiene ligand is readily protonated and displaced
from the metal. Neutral six-membered arene rings cannot
be protonated and consequently are more inert to displace-
ment in aqueous solution. The following sections are fo-
cussed on recent data from our research group concerned
with the chemistry and anticancer activity of metal arene
complexes with an emphasis on aqueous solution chemistry
that can be fed into the drug design process.

n°-Arene Ruthenium Complexes

A number of ruthenium complexes have been shown to dis-
play promising anticancer activity, and two Ru™ complexes
are currently in clinical trials, [ImH][trans-RuCl,(dmso)Im]
(NAMI-A) and [ImH][trans-RuCl,Im,] (KP1019).%*" Tt has
been proposed that their mode of action involves their
in vivo reduction to the more reactive Ru" species, and this
has led to increased interest in pseudo-octahedral organo-
metallic Ru" arene complexes (see Figure 4) in which the
arene stabilizes ruthenium in the +2 oxidation state.***!

These half-sandwich “piano-stool” type constructs
(Figure 4) offer much scope for design, with the potential
for modifications to the arene and its substituents (R), the
monodentate leaving group (X), chelating ligand (YZ), and
overall charge of the complex (n+). These features provide
handles for the control of both the thermodynamics and ki-
netics of these systems as well as their overall structural ar-
chitecture. They also provide an ability to fine-tune the
chemical reactivity of the complexes, potentially allowing
control of pharmacological properties including cell uptake,
distribution, interactions with biomolecules, toxic side ef-
fects, and detoxification mechanisms. These structural varia-
bles have been systematically investigated in our laboratory
and are discussed in the following sections.>%

Ruthenium arene complexes containing the chelating
ligand ethylenediamine, for example [(n’-arene)Ru(en)Cl]*,
show promising activity both in vitro and in vivo, and are
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Figure 4. Half-sandwich metal arene complexes which exhibit cytotoxicity
towards cancer cells. A) General chemical structure of Ru" arene “piano-
stool” complexes, [(n’-arene)Ru(X)(Y)(Z)]"*. B)[(n*-bip)Ru(en)CI]*;
bip=biphenyl, en=ethylenediamine. C) [(n*-p-cym)Ru(acac)Cl]; p-
cym = p-cymene, acac = acetylacetonate. D) [(n°-p-cym)RuCl,(pta)]; pta=
1,3,5-triaza-7-phosphatricyclo[3,3,1,1]decane.*!

thought to have a mode of action that is analogous to that
of cisplatin. The intact chloro adduct is a “pro-drug” which
is activated in vivo by hydrolysis of the Ru—Cl bond (re-
placement of CI~ by a water molecule). This is largely sup-
pressed in the blood where high chloride concentrations are
found (ca. 100 mm), whereas in the nucleus (4 mm Cl7) the
complex is largely hydrolyzed to give the reactive species,
[(n*-arene)Ru(en)(OH,)’*.™ The aqua species is then
thought to bind to nuclear DNA with a high affinity for the
N7 position of guanine (G) bases.**! This high affinity for
G has even been observed in the presence of a 250-fold
excess of glutathione.[*) Despite similarities in the proposed
mode of action, there are clearly differences from cisplatin.
A different mode of binding to DNA is observed, as the
ruthenium arene complexes can form only monofunctional
adducts (compared to the bifunctional adducts formed by
cisplatin), and, intriguingly, DNA treated with [(n’-arene)-
Ru(en)Cl]* is more difficult for enzymes to repair than
DNA treated with cisplatin.'”-*! Excitingly, ruthenium arene
complexes containing chelating en ligands, [(n°-arene)-
Ru(en)CI]*, are found to be active against cisplatin-resistant
cell lines, indicating a different detoxification mechanism.*!

Arene Hydrophobicity

The biological activity of Ru" arene complexes, [(n’-are-
ne)Ru(en)Cl]*, has been shown to be highly dependent on
the nature of the bound arene, with increasing hydrophobic-
ity correlating with increased cytotoxicity (where ICs, values
correspond to the drug concentrations that inhibit growth of
cells by 50%; see Table 1 and Figure 5).*"

Not only does the arene stabilize ruthenium in the +2 ox-
idation state, but it also provides a hydrophobic face to the
molecule, which may assist passage across cell membranes
and play a role in biological recognition processes. The in-
crease in activity with increase in hydrophobicity is primari-
ly thought to be due to the ability of the extended arenes to
intercalate into DNA, thus causing further distortion of the
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Table 1. ICs, values for ruthenium arene complexes and platinum drugs
in human ovarian A2780 cancer cells after 24 h drug exposure (data from
reference [49]).

Arene/Pt Drug ICs, [um]
bz 17
p-cym 10
bip 5
dha 2
tha 0.5
cisplatin 0.6
carboplatin 6
o1 O O OO0
W ~
benzene p-cymene biphenyl
Ru.., (bz) (p-cym) (bip)
o | (\>/ N o~
w0 QO

dihydroanthracene tetrahydroanthracene

(DHA) (THA)

Figure 5. Ruthenium(II) complexes containing various arenes, [(n’-are-
ne)Ru(en)Cl]*.

DNA structure. NMR studies have shown that the biphenyl
(bip) analogue, [(n®*-bip)Ru(en)CI]*, binds to DNA through
a combination of both coordination bonds and noncovalent
intercalation.”®>!! Furthermore, complexes with extended
arenes capable of intercalation are able to compete effec-
tively and displace the intercalator ethidium bromide from
DNA, as monitored by quenching of ethidium fluores-
cence.”) This is supported by the observation that in the X-
ray crystal structure of the 9-ethylguanine (9EtG) adduct
with the dihydroanthracene (dha) arene complex, [(n’-
dha)Ru(en)(9EtG)]**, the extended arene base-stacks with
the coordinated 9EtG (Figure 6 A).F? Therefore, the flexi-

Figure 6. Base stacking of an extended arene and intercalation into
DNA. A) Space-filling representation of the X-ray crystal structure of
the dihydroanthracene 9-ethylguanine adduct, [(n°-dha)Ru(en)(9EtG-
N7)]**. B) Model of the ruthenium complex bound to B-DNA, illustrat-
ing how the coordinated arene could intercalate between G base pairs.
Figure adapted from reference [52].
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bility of the extended arene to bend and twist is likely to
affect the anticancer activity of this class of compound. In
addition, the rate of reaction with cyclic guanosine mono-
phosphate (¢cGMP) is highly dependent on the coordinated
arene, so that complexes containing an extended arene bind
to cGMP more rapidly than those containing an unsubstitut-
ed arene like benzene.” This suggests that binding is pro-
moted by favorable arene—purine hydrophobic stacking in-
teractions.

Furthermore, the choice of arene affects both the rate of
hydrolysis of the Ru—Cl bond and the acidity of the result-
ing coordinated aqua ligand. Hydrolysis is twice as fast
when the arene is tetrahydroanthracene (tha) compared to
bip, and the acidity of the aqua ligand decreases (pK, 8.01
and 7.71 for tha and bip, respectively).*’! The rate of hydro-
ysis is important as hydrolysis is thought to be the activation
step for this class of complexes. The acidity of the coordinat-
ed water determines the speciation of [(n’-arene)Ru(en)-
(OH,/OH)]*”* at physiological pH values, with the hydroxo
complex thought to be less reactive than the aqua complex.

Leaving Group (X)

The role of the leaving group has been investigated by
Wang et al.”¥ in a systematic study. There is a correlation
between the rate of hydrolysis for [(n’-arene)Ru(en)X]"*
and the cytotoxicity of the complex towards cancer cells,
with high activity for complexes that aquate readily (e.g.,
X =halide) and inactivity for those that do not aquate (e.g.,
X =pyridine). An interesting exception to this rule is when
X is thiophenolate. This complex is active towards A2780
human ovarian cancer cells (ICs, 23 um), despite being rela-
tively inert to hydrolysis. The mechanism of activation may
be different and involve oxidation of the thiolate, followed
by hydrolysis of the sulfenate group.”>>®

Chelating Ligand (YZ)

The reactivity of ruthenium(II) arene complexes is highly
dependent on the nature of the YZ chelating ligand in [(n°-
arene)Ru(YZ)CI]"* complexes. Replacing the neutral en
chelate with an anionic O,0-chelator like acetylacetonate
(acac; Figure 4) significantly increases the rate and extent of
hydrolysis (too rapid to measure by NMR spectroscopy for
acac complexes).’”*¥! The increased electron density on the
ruthenium center manifests itself in a considerable increase
in the pK, value (increase in basicity) of the coordinated
water (from 825 to 9.41 for arene=p-cym) of the aqua
adduct.”” The chelated ligand also influences the rate of
binding to DNA nucleobases (which is rapid when XY is
acac), but more significantly also influences the nucleobase
selectivity. When the chelated ligand is a hydrogen-bond
donor such as ethylenediamine (en), binding occurs to N7 of
guanine, N7/N1 of inosine, and N3 of thymine, with weak
and almost no binding to the N3 and N7 atoms of cytosine
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and adenine, respectively. In competition with other nucleo-
bases, [(n’-arene)Ru(en)Cl]* binds selectively to the N7
atom of guanine. This appears to be due to the favorable hy-
drogen bonds formed between the NH protons of en and
the C60 exocyclic oxygen atom of guanine (observed in the
X-ray crystal structures of G adducts), and to the unfavora-
ble steric clashes with the C6NH, group on binding to ade-
nine. Replacing en with an aprotic N,N-chelating ligand, like
bipyridine, which is incapable of forming such hydrogen
bonds, generally leads to inactive complexes.

In contrast, complexes containing acac as a chelating
ligand have a similar affinity for both G and A nucleobases
(though do not bind to C or T). The chelating oxygen atoms
of acac can act as hydrogen-bond acceptors towards the
C6NH, group of adenine. Molecular models of the guanine
adduct suggest that binding would be stabilized if N1H-C=
O6 adopts the tautomeric form, N1=C-O6-H, allowing hy-
drogen bonding between the acac oxygen atom and the OH
group.””

Charge

The choice of both the chelating ligand YZ and leaving
group X determines the overall charge on these complexes.
It is likely that positively charged complexes will be electro-
statically attracted to negatively charged DNA; however,
their high charge may hamper passage across cell mem-
branes. Neutral arene complexes, which cross cell mem-
branes more readily, acquire a positive charge upon activa-
tion by replacement of the negatively charged chloride
ligand by a neutral water molecule once inside the cancer
cell. The activated complex is then attracted electrostatically
to DNA.

n’-Arene Osmium Complexes

Our laboratory, and more recently others,” %! have explored
a new class of potential anticancer agents containing the
heavier congener of ruthenium, osmium. Osmium has the
reputation of being highly toxic and relatively substitution
inert, in keeping with the normal behavior of a third-row
transition metal, and as a consequence has been relatively
little investigated for use in therapeutic agents. Though the
nature of the arene was found to have some impact on the
chemistry of osmium arene half-sandwich complexes, it was
found to be very subtle and subsequently our efforts have
been focused on systematically varying the nature of the
chelating ligands, as this was found to have the most dramat-
ic effect on the kinetics and thermodynamics of the rutheni-
um analogues. The following section discusses how we were
able to tune both the kinetics and thermodynamics of these
half-sandwich osmium(II) arene complexes based on the
structure—activity relationships established previously for
ruthenium(IT) arene anticancer complexes, allowing us to
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design successfully a new class of cytotoxic complexes which
are potential anticancer agents.

N,N- and O,0-Chelating Ligands

Osmium analogues of the active ruthenium complexes con-
taining N,N-chelating ligands were prepared (Figure 7).
Though the Os and Ru complexes were isostructural in the
solid state (Figure 8), the osmium complexes were much
more inert, with ligand exchange rates 40 to 100 times (de-
pending on the pH value) slower than for the active rutheni-
um analogues, and consequently exhibited slower rates of
binding to G nucleobases.

Wﬁ% S\ —‘ + VN
<<j'>_<\L Vi > N1/~
|
Os..,, Os..,,
o 1 NH - o
N 9T Nl

Figure 8. X-ray crystal structure of Os" and Ru" complexes [(n°-bip)-
M(en)Cl]*. They are isostructural in the solid state (50% probability el-
lipsoids). Hydrogen atoms and counterions have been omitted for clarity.

In addition, water bound to osmium was significantly
more acidic by 1-2 pK units than when bound to analogous
ruthenium complexes.”® In our efforts to design com-
plexes with faster kinetics, that is, rates similar to ruthenium
analogues, we replaced the neutral N,N-chelate en with the
anionic O,0O-chelate acac, as this was found to both increase
the rate of hydrolysis and reduce the acidity of coordinated
water bound to ruthenium.® This change was successful in
increasing the rate of hydrolysis (too fast to measure by
NMR spectroscopy) as well as the pK, value of the bound
water molecule in the aqua complex (ApK, 1.3 units). As for
ruthenium, the nucleobase specificity also changed and
binding to both the N7 and N1 atoms of adenosine was also
observed. Despite achieving rapid hydrolysis and a higher
pK, value for bound water, we observed the formation of an
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hydroxo-bridged dimer, [(m°-arene)Os(u-OH);0s(n’-
arene)]*, formed by loss of the acac chelate. These dimers
were found to be inert with respect to reactions with nucleo-
bases and therefore represented a route by which this class
of compounds could be deactivated in vivo. In addition, it
was established that these compounds form readily at low
concentrations of osmium, and notably at the micromolar
concentrations typically used in both the cytotoxicity assays
and in chemotherapy. Under these conditions, all the
osmium was found to be present as the inert hydroxo-bridg-
ed dimer, which appeared to form much more readily for
osmium than for the analogous ruthenium complexes.'*!

Our efforts then turned towards maintaining the reactivity
of this class of compounds (high rates of hydrolysis, pK, of
bound water, and reactivity of the aqua complex), while sta-
bilizing the complex towards loss of the chelated ligand and
avoiding subsequent formation of the inert hydroxo-bridged
dimer.

Our first strategy was to replace the six-membered che-
late from acac with the related anionic O,0-chelating li-
gands 3-oxy-2-methyl-4-pyrone (maltolate) and 3-hydroxy-
1,2-dimethyl-4(1H)pyridine (pyridonate, unpublished re-
sults), which on binding to osmium form more stable five-
membered chelate rings (see Figure 7). The osmium arene
complexes containing this class of ligands retained the high
rate of hydrolysis (still too fast to measure by '"H NMR spec-
troscopy), similar pK, values for the coordinated water
ligand, and the aqua complexes reacted rapidly with both G
and A nucleobases. On exploring aqueous stability, it was
found that they were indeed more stable than the six-mem-
bered acac chelate analogue (Figure 9) with the pyridonate
complex showing very high stability (a lone pair of electrons
located on the N atom in the ligand ring plays a role in sta-
bilizing resonance structures). However, the maltolate com-
plex showed no activity towards human cancer cells up to
100 um test concentrations, though the pyridonate complex
showed moderate activity towards human ovarian A2780
cancer cells with an ICs, value of 30 pm.[! These observa-
tions suggest that the higher stability of the complexes im-
proves the biological activity.

The mechanism of dimer formation may involve bond
cleavage of one of the Os—O bonds and subsequent loss of
the chelated ligand. This is supported by the fact that all bi-

% Dimer ——
P [«)] o] o
o o o o

acac
maliolate
pyridonate

0 500 1000 1500 2000
[Os]/ ym ——

N
o

o

Figure 9. Dependence of hydroxo-bridged dimer formation on total
osmium concentration for solutions of the osmium acac (A), maltolate
(®@), and pyridonate (m) complexes [(n°-p-cym)Os(XY)CI] (incubation at
310 K for 24 h, based on 'H NMR peak integrals).[%!
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functional complexes [(n’-arene)Os(X)Cl,] show significant
instability with respect to hydroxo-bridged dimer formation,
independent of the nature of the donor ligand X.[°!

N,O-Chelating Ligands

We continued to modify our design of the complexes so as
to introduce stability towards formation of the hydroxo-
bridged dimer, to investigate whether this would lead to
higher activity. Such stability might also be important for
potential drug formulation and administration. This led us
to use mixed-atom chelators containing both N- and O-
donor atoms, in an attempt to harness both the stability and
reactivity associated with N,N and O,O chelators, respective-
1.6

The use of five-membered chelating ligands with a pri-
mary amine -NH, donor, such as glycine (Figure 10) and 1-
alanine, resulted in complexes which hydrolyzed rapidly
(too fast to measure by "H NMR spectroscopy), but which

Vs

Os.., Os..,,
a1 © a1 9

H,N o HoN, 0
" = _
- >

Os.., _Os

i a1

Figure 10. Osmium(II) arene complexes with various N,O-chelating li-
gands.

were unstable with respect to formation of the hydroxo-
bridged dimer, though these did demonstrate greater stabili-
ty than the six-membered chelate analogue (3-alanine. As a
result of their instability, these complexes were inactive to-
wards human cancer cells. However, replacement of the pri-
mary amine by the st acceptor pyridine as the N donor, as in
picolinate (pico), reduced the rate of hydrolysis as well as
the pK, value of bound water. Most significantly, this result-
ed in complexes which were stable in aqueous solution even
at the micromolar concentrations used in the cytotoxicity
tests, and which show promising activity (e.g., the ICs, value
of [(n’-arene)Os(pico)Cl] against A2780 cells is 4-5 um), in
some cases comparable to that of the anticancer drug carbo-
platin.[!

In addition to potent activity, it was found that hydrolysis
of [(n’-p-cym)Os(pico)Cl] was suppressed at chloride con-
centrations typically found in the blood (ca. 100 mm), sug-
gesting that the unreactive chloride complex, or the “pro-
drug”, would be present in the blood. Hydrolysis only oc-
curred at lower chloride concentrations typical of the cell
nucleus (ca.4 mm), suggesting that selective activation by
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hydrolysis could occur in the cell nucleus where the possible
biological target, nuclear DNA, is found. Remarkably, the
“pro-drug” chlorido form of the p-cymene picolinate com-
plex, [(n°-p-cym)Os(pico)Cl], was stable for two months in
isotonic saline solutions (stored in the dark), demonstrating
favorable potential for drug formulation.[*

Nuclear DNA is a likely biological target and DNA bind-
ing often correlates well with the cytotoxicity of metal anti-
cancer complexes. The N,O-chelated pico complexes were
found to bind to N7 of G, as well as to N7 and N1 of A.
Both the kinetic and thermodynamic stability of the G
adduct were greater than that of the A adduct, and a strong
preference for G was observed in competition experiments.
Notably, at the micromolar concentrations typical of cyto-
toxicity tests (50 um), Os was found to bind primarily to N7
of G. We reported the first crystal structures of osmium
bound to G and A nucleobases, and these are shown in
Figure 11. These complexes were prepared as racemic mix-
tures. The X-ray crystal structures suggest that interligand

A)

Figure 11. X-ray crystal structures of osmium adducts of G and A nucleo-
bases. A) [(n°-p-cym)Os(pico)(9EtG-N7)]* and B) [(n’-p-cym)Os(pico)-
(9EtA-N7)]* (50% probability ellipsoids). Remaining hydrogen atoms
and counterions have been omitted for clarity.

interactions may play an important role in the biological
recognition of G and A nucleobases on DNA, as the nucleo-
base functionality lies on opposite sides of the chelate for G
and A bases, with potential short-range interactions between
the chelate donor group and the nucleobase functionality.
[(m®-arene)Os(YZ)CI]"* complexes containing the m-ac-
ceptor pyridine group as the N-donor group bind irreversi-
bly to polymeric DNA at rates that compare well with that
for the anticancer drug cisplatin.’! Binding involves both
coordinative bonds, inhibiting RNA synthesis with stop-sites
formed predominantly at G and A residues (which agrees
well with the small-molecule binding studies), and noncova-
lent interactions between the arene and DNA. In the case
of extended arene ring systems, for example, biphenyl, this
corresponds to intercalation, as these complexes are able to
displace ethidium bromide effectively from DNA. Notably,
these noncovalent interactions are greater for [(n®-bip)O-
s(en)CI]* than those of its ruthenium analogue. Binding to
DNA induces distortions that extend four base pairs around
the adduct. However, this did not lead to bending of the
DNA, unlike the anticancer drug cisplatin, but does result in
a large degree of unwinding, more so than for either cispla-
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tin or ruthenium complexes of the type [(n°-arene)-
Ru(en)CI]*.

These osmium complexes are non-cross-resistant with cis-
platin towards cancer cells, and in one case even more
active against cisplatin-resistant cells, suggesting promise for
tackling the common problem of developed (and intrinsic)
drug resistance in chemotherapy. These studies imply that
though the cytotoxicty of Os" arene complexes correlates
with DNA binding, they are a potential new class of novel
anticancer agents with both a different mechanism of action
and of detoxification compared to the anticancer drug cis-
platin.

Conclusions and Perspectives

The field of bioorganometallic chemistry, and in particular
the development of organometallic therapeutics, is develop-
ing rapidly and has much potential. We have shown that
there are parallels between the structure-activity relation-
ships for ruthenium(II) and osmium(II) half-sandwich
piano-stool complexes of the type [(n%-arene)M(YZ)X]"",
but also some significant differences. Figure 12 illustrates

100

ICsp
I M

B

Formation of
dinuclear species

0-0

Figure 12. Bar charts illustrating the relationship between cytotoxicity to-
wards human A2780 ovarian cancer cells, stability with respect to inert
hydroxo-bridged dimer formation, rates of hydrolysis, and acidity of the
aqua adduct for osmium arene complexes [(n®*-arene)Os(XY)CI]"* con-
taining different XY=N,N-, N,O-, and O,O-chelating ligands (adapted
from reference [66]). There appears to be an optimum window of activity
in which hydrolysis rates and acidity of coordinated water in the aqua
adduct are intermediate in value, thus minimizing loss of the chelated
ligand and formation of the inactive hydroxo-bridged dimer. This appears
to be achieveable especially by the use of N,O-chelating ligands, with
N,N chelates being at one end of the scale (slow hydrolysis, low pK,
value) and O,0 chelates at the other (fast hydrolysis, high pK, value).
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the relationships between the cytotoxic activity, stability
with respect to formation of inert hydroxo-bridged dimers
in aqueous solution, kinetics of hydrolysis, and acidity of co-
ordinated water for osmium arene complexes containing dif-
ferent chelating ligands.'*%! A systematic approach and
rational chemical design have been employed to fine-tune
both the kinetics and thermodynamics of reactions of these
complexes in aqueous solution, so as to access the appropri-
ate reactivity and stability windows which lead to cancer cell
cytotoxicity. A detailed understanding of how these organo-
metallic complexes behave in aqueous solution under bio-
logically relevant conditions has been crucial in these stud-
ies, and further advances in this field may lead to the devel-
opment of many more potential organometallic therapeutic
agents.
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Abstract: Reaction mechanisms for the
isomerization of prostaglandin H, to
thromboxane A,, and degradation to
12-L-hydroxy-5,8,10-heptadecatrienoic
acid (HHT) and malondialdehyde
(MDA), catalyzed by thromboxane
synthase, were investigated using the

cation radical intermediates was found.
Both reactions proceed with the homo-
lytic cleavage of endoperoxide O—O to
give an alkoxy radical. This intermedi-
ate converts into an allyl radical inter-
mediate by a C—C homolytic cleavage,
followed by the formation of throm-
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through a one electron transfer, or the
degradation into HHT and MDA. The
proposed mechanism shows that an
iron(III)-containing system having elec-
tron acceptor ability is essential for the
6-membered ring formation leading to
thromboxane A,. Our results suggest

unrestricted Becke-three-parameter
plus Lee—Yang—Parr (UB3LYP) density
functional level theory. In addition to
the reaction pathway through Fe™-por-
phyrin intermediates, a new reaction
pathway through Fe™-porphyrin -

Introduction

Thromboxane A, (TXA,) and prostacyclin (PGL,) are arach-
idonic acid metabolites. TXA, is a potent mediator of plate-
let aggregation, vasoconstriction, and bronchoconstriction,™
whereas PGI, is a potent mediator of platelet anti-aggrega-
tion and vasodilation.”” In addition, these mediators are also
related to diabetes mellitus and arrhythmias, and play a key
role in cardiovascular and pulmonary diseases.”) TXA, and
PGI, are produced from prostaglandin H, (PGH,) using
thromboxane synthase (TXAS) and prostacyclin synthase
(PGIS), respectively, which are members of the cytochrome
P450 (P450) superfamily™®! (Scheme 1). Nonenzymatic hy-
drolysis of TXA, and PGI, leads to more stable compounds,
thromboxane B, (TXB,) and 6-keto-prostaglandin F;, (6-
keto-PGF,,, respectively. TXB, is produced in a molar ratio
of 1:1:1 with two other breakdown products of PGH,, that
is, 12-L-hydroxy-5,8,10-heptadecatrienoic acid (HHT) and
malondialdehyde (MDA)."”! The molar ratio varies depend-
ing on the reaction condition.”!

The P450 superfamily has a heme-thiolate moiety as its
catalytic center (Figure 1). This enzyme group has a variety
of functions including drug metabolism and steroid biosyn-
thesis. Many studies have been conducted on this group of
enzymes because of their important medical and biological
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that the step of the endoperoxide O—O
homolytic bond cleavage has the high-
est activation energy following the
binding of prostaglandin H, to throm-
boxane synthase.

- density
isomeriza-

functions.® Typical reactions catalyzed by P450s are mono-
oxygenation reactions,®” which require an oxygen donor,
and electrons from reductases. TXA, and PGI, biosyntheses
by TXAS and PGIS, respectively, are classified as isomeriza-
tion reactions that are unusual among the reactions cata-
lyzed by P450. Interestingly, despite low amino acid se-

7
ol 808 BA A1
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O y

1" H
OH

Prostaglandin H, (PGH,)
Thromboxane Prostacyclin
Synthase \ Synthase
fe) — COOH
> COOH
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o
+ EREN
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Ks COOH 3 :
(0] Y HO OH
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OH
P HG COOH
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HO" ™0 ; .
OH HO OH

Thromboxane B, 6-keto-Prostaglandin F,,

Scheme 1. Conversion of prostaglandin H, into thromboxane A,, degra-
dation to HHT and MDA by thromboxane synthase, and conversion into
prostacyclin by prostacyclin synthase.
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Figure 1. Heme-thiolate, Fe"-protoporphyrin IX with a cysteinate as an

axial ligand, is an active center of cytochrome P450.

quence identity (16%) between human TXAS and bovine
PGIS," both enzymes catalyze isomerization reactions
from the same substrate, PGH,. Moreover their products,
TXA, and PGI,, have opposing actions.

Since TXA, was discovered to be a potent mediator for
platelet aggregation,!l many studies on TXA, and TXAS
have been conducted,? and hypothetical mechanisms were
reported.!*"! One is an Fe'-catalyzed mechanism proposed
by Turner and Herz,"®! and another is an ionic O—O bond
cleavage mechanism by a proton proposed by Diczfalusy
and Hammarstrom.'"¥ However, at that time, there had
been little information about what TXAS was, until it
became clear that TXAS was a member of the cytochrome
P450 superfamily, and that TXA, biosynthesis was not cata-
lyzed by Fe but by Fe"-porphyrin.'® A reaction mecha-
nism of TXA, biosynthesis has been proposed by Hecker
and Ullrich based on experiments with PGH, analogues and
[5,6,8,9,11,12,14,15-°H] PGH, (Scheme 2)."! First, the endo-
peroxide oxygen atom at C(9) attaches to the heme iron(I1I)
of TXAS (i). EPR, resonance Raman, and UV/Vis spectro-
scopic studies showed that a TXAS-PGH, analogue com-
plex has a hexacoordinate low-spin heme.>"' The mecha-
nism proceeds with the homolytic cleavage of the PGH, en-
doperoxide O—O bond, resulting in a hexacoordinate Fe'-
porphyrin intermediate (ii) with an alkoxy radical. This is
followed by f-scission of the alkoxy radical yielding prod-
ucts with a carbon-centered radical (iii). Finally, the sub-

Abstract in Japanese:
FOUREY U EEBERICLDZTOREYT S UUH, OROVKREFH AN
DEHEIERIE, RUM2-L-EROF -5 8 10-ATATHN) ITUEEHHT)ET
AV 7 LT ERMDAAND 7R RIE D RIGHEEIZ DL TUB3LYPE R
BSUEERVCTIRE L B OBER. FeV-RIL D) thRKEB DR
BEF-RIL T4 - hFASTHILDRGER BT IRBAROM
Stz MADBBRELIVRRILAFORDO-OFFEREY T4V IBRICK
YIEEY, TILAXIIPHIVERRT B, COTIILAFIITHILPRIKE
C-CHEHREYTAVIRRIZKYTUILSDANIZEDLD, TDHR. —8
FBEHEFE-ABBEBREARINENDUREHUAMNERL., K
BIREMELLEVEHHTEMDAN ST B, SEIDHEHI LY, —EF%2
BHeEE DR -RIL D)o A ROV REF YU AIZE S AR EPRK
DERICHETHLIEN b Motz Tz, TORET SO UHMROUR
FHUEREBERICEMLZZOBREREBNIVERILFXFIROO-OE
REVTvIRRTHLZEN LM,
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Scheme 2. Previously proposed reaction mechanism of TXA, biosynthe-
sis. (R": CH,CH=CHC,H,COOH, R*: CH=CHCHOHGC;H;). See
Ref. [15].

strate forms a zwitterion (iv) by one electron transfer from
the carbon-centered radical to the heme-iron to give TXA,,
or alternatively, decomposes into HHT and MDA.

Homolytic and heterolytic cleavage of the O—O bond of
peroxides are reactions of relevance to P450 chemistry and
organometallic chemistry.'*!”) Both TXAS and PGIS favor
the homolytic cleavage of the O—O bond based on the reac-
tions with 10-hydroperoxyoctadeca-8,12-dienoic acid and 15-
hydroperoxyeicosatraenoic acid.***! The kinetics for PGH,
and its analogues, suggest that the rate-limiting step for
TXA, biosynthesis is not the isomerization process
(Scheme 2) but the substrate-binding step of TXAS.

A number of studies by mutagenesis analyses and homol-
ogy modelling have been published for predicting the three-
dimensional TXAS structure.”?! However, the crystal
structure of TXAS is not available at the moment, although
X-ray structures were determined for human and zebra fish
PGISs.™! Magnetic circular dichroism and EPR analyses
showed that TXAS has a more hydrophobic distal heme
pocket than those in classical P450s.!"!

Although many experiments for TXAS have been report-
ed, the reactive intermediates are difficult to detect. There-
fore, the details of the fast isomerization process of TXA,
biosynthesis remain obscure. The role of the iron-porphyrin
system in TXA, biosynthesis and in its decomposition into
HHT and MDA has not yet been established. Although the
proposed mechanism by Hecker and Ullrich is rational,™ a
reaction pathway that considers the Fe™-porphyrin mt-cation
radical intermediates has not been proposed in mechanistic
studies of TXA, biosynthesis. The redox change from Fe'™
to Fe™ after the O—O bond cleavage of PGH, could not be
observed in the EPR spectrum of TXAS catalyzed PGH,
isomerization.”” Hence, in this study, we have investigated
the isomerization mechanism for TXA, biosynthesis and the
role of the iron(III)-porphyrin system using models of P450
(A), PGH, (B), TXA, (C), and HHT (D) (Figure 2), using
the unrestricted Becke-three-parameter plus Lee—Yang—Parr
(UB3LYP) density functional level of theory.?l Theoretical
studies on oxidation mechanisms of hydroxylation,"" ep-

Chem. Asian J. 2008, 3, 1900-1911
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Figure 2. Models of TXAS (A), PGH, (B), TXA, (C), and HHT (D).

oxidation,®"*? sulfoxidation,™ and N-demethylation,*¥ and
on the mechanism of N—N bond formation in the presence
of NO reductase” by the model of P450, have contributed
significantly to the improvement in P450 science.’®! The
present studies are the first theoretical studies for isomeriza-
tion reactions catalyzed by cytochrome P450.

Results and Discussion
In order to examine the role of the Fe''-porphyrin system in
thromboxane A, biosynthesis, we investigated reaction
mechanisms of the isomerization of PGH, to TXA, both in
the presence and absence of the iron porphyrin, and com-
pared them. BII and BI basis sets are described in the Com-
putational Method section.

Isomerization in the Absence of Iron-Porphyrin

The isomerization reaction mechanism of PGH, model B, to
TXA, model C, in the absence of the iron porphyrin A at

—0.78 2454 0.81
B TS1

AE¥ =
12.2
kJ mol™"

++

CHEMISTRY

AN ASIAN JOURNAL

the UB3LYP/BII//UB3LYP/BI level was investigated. Both
singlet and triplet spin states are considered. The spin states
are symbolized as a symbol for the species with a number in
the upper left (for example, singlet: 'X, triplet: *X). The op-
timized structures of singlet and triplet reaction intermedi-
ates, and the transition states of isomerization from 'B to C
are illustrated in Figure 3. All potential energy profiles are
summarized in Figure 4.

First, the homolytic cleavage of the O(1)~O(2) bond in
singlet endoperoxide 'B leads to the singlet alkoxy radical
intermediate 1 through the transition state 'TS1. Along
with this process, the spin densities of O(1) and O(2) change
from 0.00 and 0.00 in 'B to —0.78 and 0.81 in '1, respectively.
The spin localizations on O(1) and O(2) in '1 indicate that
the formation of alkoxy radicals is homolytic. The formation
of the open-shell singlet alkoxy radical intermediate '1
occurs with an activation energy of 86.5 kJmol™'. The triplet
alkoxy radical 1 lies lower in energy than the singlet inter-
mediate "1 by 1.2 kImol ! (Figure 4).

In the second step, a (-scission of alkoxy radical O(2) in
the triplet intermediate *1 leads to an allyl radical *2 through
a transition state *TS2 with an activation energy of
122 kImol™ (Figure 4). The singlet transition state 'TS2
and the intermediate '2 cannot be located because of the
spontaneous fragmentation to products, MDA and D. Al-
though there would be conical intersections between singlet
and triplet potential energy surfaces, we cannot properly
locate the points using B3LYP functional theory. A zwitter-
ionic intermediate of 2, previously proposed by Hecker and
Ullrich™ (iv in Scheme 2), cannot be located at the

0.00

1.4711.443
0.00

c

Figure 3. Optimized structures of the formation of TXA, model (C) from PGH, model (B) for the singlet and triplet states at the UB3LYP/BI level. Dis-
tances are in angstrom. Activation energies are at the UB3LYP/BII//UB3LYP/BI level. Numbers in bold are spin densities.
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Figure 4. Energy profiles of the formation of TXA, model (C) from
PGH, model (B) for the singlet and triplet states in the absence of A.
Energies are in kJmol ™' at the UB3LYP/BII//UB3LYP/BI level.

UB3LYP/BII, UB3LYP/BI, and UB3LYP(CPCM)/BII
levels, leads to fragmentation products MDA, and a model
of HHT D (Figure 5a). The explicit water coordination to
the zwitterion 2 does not change the conclusion (Figure 5b).

Me, —
¥ A optimization PN Me
a) _ A A R

o o
Me, —
— optimization OMO
] — ; oM,
b) -0 Yo H =

/ H-0O
H
/

H-O

Figure 5. Trials for geometry optimizations of zwitterionic intermediate at
the UB3LYP/BII, UB3LYP/BI, and UB3LYP(CPCM)/BII levels.

In the third step, the allyl radical intermediate *2 forms a
6-membered ring intermediate including a carbon radical *3,
by the binding of the carbonyl oxygen O(2) to the allyl
carbon C(2) (Figure 3). The decrease of spin densities on
the allyl radical C(2) and C(4) atoms from 0.70 and 0.72 to
—0.03 and 0.00, and the increase of spin density on the car-
bonyl carbon atom C(1) from —0.02 to 0.95, show that the
formation of the six-membered ring proceeds by a radical
coupling bond formation between O(2) and C(2) atoms with
an activation energy of 102.7 kJmol'. This high activation
energy implies that the six-membered ring formation occurs
neither in the gas phase nor without catalyst. An optimiza-
tion of singlet 6-membered biradical intermediate leads to a
cationic intermediate '3, which is lower in energy by
63.9 kImol™' than *3 (Figure 4). Finally, the zwitterion '3
forms the TXA, model 'C with ionic rearrangement, and
proceeds with a low activation energy of 2.7 kJ mol ..

Isomerization in the Presence of the Iron-Porphyrin System

To examine the role of the Fe-porphyrin system in the

thromboxane biosynthesis, we investigated several electronic

1904 www.chemasianj.org
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structures for a model reaction mechanism of PGH, isomeri-
zation catalyzed by P450, and compared the catalytic reac-
tion using iron-porphyrin with the noncatalytic reaction. It is
known that hydroxylation and epoxidation reactions, includ-
ing hexacoordinate iron-porphyrin species, favor doublet or
quartet reaction pathways.”**3"! Qur results show compara-
ble differences in the energetics. Hence, the following dis-
cussion describes primarily the structures for the doublet re-
action pathway. However details of structures of quartet in-
termediates are provided in the Supporting Information.

The optimized structures of doublet reaction intermedi-
ates, transition states of isomerization from B to C, and tran-
sition states of degradation to MDA and D are illustrated in
Figure 6. All potential energy profiles are summarized in
Figure 7. In Figure 6 and 7, spin states are symbolized as a
symbol for the species with a number in the upper left (for
example, doublet: 2X, quartet: *X, sextet: °X). In the penta-
coordinate Fe"-porphyrin A, the sextet state °A is lower in
energy than the doublet state >A and the quartet state ‘A by
29.3 kJmol™' and 9.0 kJmol™, respectively (Figure 7). It is
consistent with experimental evidence for sextet high-spin
pentacoordinate TXAS.>! In the first step, the endoperox-
ide O(1) of the substrate A coordinates with the Fe atom in
the formation of a hexacoordinate Fe complex, *4. The
quartet state of the iron-porphyrin complex “4 is degenerate
with ?4. Experimental observation shows the doublet low-
spin for hexacoordinate TXAS complexes with PGH, or its
analogues.®”*%! In the sextet state 4, the Fe—O(1) dis-
tance of 2.868 A was located (structural data are provided in
the Supporting Information). Compared to an X-ray Fe—
OH, distance of 2.28 A for a resting P450,,,,,*" the Fe—O(1)
distance is too long for °4 to be a hexacoordinate complex.
In addition, the iron-porphyrin °A is stabilized with only
1.3 kJmol™! by interaction with 'B. One can conclude that 4
is still a pentacoordinate system, and predict that much
weaker interaction occurs between the sextet cytochrome
P450 and PGH, than the doublet and quartet P450s. The ho-
molytic cleavage of the O(1)~O(2) bond of *4 leads to the
intermediate 25" through the transition state *TS5". Along
with this process, the negative spin density of O(2) increases
from 0.00 in 24 to —0.82 in ?5". The spin localization on
O(2) in 25" indicates the formation of an alkoxy radical as
well as an increase in the O(2) negative spin density. The in-
crease of spin density number on Fe from 1.26 to 2.07, and
the increase of positive charge from +0.99 to +1.10, indi-
cate that Fe is oxidized from Fe™ to Fe'. These results indi-
cate that the O(1)—O(2) bond cleavage is homolytic, and
that the Fe—O(1) bond length decreases as Fe' oxidises to
Fe'. The formation of the alkoxy radical intermediate 25"
occurs with an activation energy of 52.5 kJmol™, which is
much lower than the 86.5 kI mol™' required for '1 formation
(see above). These results indicate that the Fe™-porphyrin
system reduces the activation energy of the O—O bond
cleavage by 34.0 kJmol .

For the comparison of several electronic configurations,
we examined the doublet pathway leading to the doublet
Fe-porphyrin m-cation radical intermediate 5™ (Figure 8)
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the UB3LYP/BII//UB3LYP/BI level. Numbers in bold and in italics are calculated spin densities and natural charges at the UB3LYP/BII//UB3LYP/BI
level, respectively.
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Figure 7. Energy profiles of the formation of TXA, model (C) from PGH, model (B) by P450 model (A) for the doublet state. Energies are at the
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Figure 8. Electronic structures of the doublet Fe™-porphyrin complex
(35"), the doublet Fe"'-porphyrin m-cation radical complex (*5™) and the
quartet Fe'-porphyrin complex (*5").

through the transition state *TS5™, and the quartet pathway
leading to the Fe' intermediate 5™ (Figure 8) through the
transition state “TS5™. In Figure 8, ¢ and a,, refer to a singly
occupied orbital for the substrate and a high-lying occupied
orbital for the porphyrin moiety, respectively. In the present
paper, these electronic structures are symbolized as a com-
plex symbol with a Roman numeral in the upper right (for
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s for 2A and 'B.

example, Fe™-porphyrin: X", Fe'"-porphyrin m-cation radi-
cal: X", These electronic structures were determined based
on analyses of calculated spin densities, and Kohn-Sham
molecular orbitals.

In the doublet Fe™ pathway, the activation energy for the
formation of 5™ is 62.2 kJmol™' (Figure 6 and 7). The spin
density on Fe does not change very much (from 1.26 in %4 to
1.14 in 28™), whereas the negative spin density on the por-
phyrin moiety increases from —0.26 to —0.69 by loss of one
electron from the a,, orbital. These results indicate the for-
mation of the Fe™-porphyrin m-cation radical in 5™, The ac-
tivation energy for the 5" formation is 70.8 kJmol™
(Figure 7). The activation energies for the 5™ and 5" for-
mations are higher than that for ?5" formation, which is
52.5kJmol !, These results show that the homolytic cleav-
age of the O—O bond proceeds mainly through the transi-
tion state 2TS5"Y. The Fe'V intermediates, 28" and 45", are
more stable than the Fe™-porphyrin m-cation radical inter-
mediate 2™ by ~27 kJmol™'. The most stable sextet inter-
mediate, ®5™, is higher in energy by 33.3 kJmol™' than 25".
Note that we cannot locate ®5" because of its instability.
The previous DFT studies on hydroxylation also showed
that hexacoordinate sextet intermediates are much higher in
energy than the doublet and quartet intermediates.”

To investigate the effect of vinyl groups in the heme-thio-
late complex on the energy gap of the FeV-porphyrin and
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Fe™-porphyrin m-cation radical complexes, we also calculat-
ed hexacoordinate complexes, 25" (vinyl), containing two
vinyl groups at the UB3LYP/BII//UB3LYP/BI level. A small
energy difference of 0.2 kJmol™' for the relative energies
between the Fe'Y and the Fe™-porphyrin m-cation radical
complexes is found (Figure 9).

2.303(2.435)
AE = 0(27.5) kJmol™"
25V (vinyl)(25"(vinyl))

\2303(2.435)
AE = 0(27.3) kJmol™’
25|V(25|l|)

Figure 9. Optimized structures of alkoxy radical intermediates at the
UB3LYP/BI level and relative energies at the UB3LYP/BII//UB3LYP/BI
level.

In the second step (Figure 6), the alkoxy radical 25" con-
verts to an allyl radical 26" with C(1)—C(2) bond cleavage
through the transition state *TS6" with an activation energy
of 11.4 kJmol™. This activation energy of 11.4 kJmol™ is
comparable to that for noncatalytic *2 formation
(12.2 kJmol ™). The decrease of negative spin density on the
alkoxy radical O(2) atom from
—0.82 to 0.00, and shortening
of the O(2)—C(2) bond length
from 1.350 A to 1.213 A show
that the formation of a formyl
group proceeds by [-scission.
The negative spin densities on
C(2), and C(4) increase from
—0.15 and —0.05 to —0.67 and
—0.71, respectively, indicating
the formation of an allyl radi-
cal with a C(1)—C(2) homolyt-
ic bond cleavage at 25"
During this step, the spin den-
sities of the Fe™-porphyrin
system do not change much,
indicating that the spin state of
Fe' is unchanged. In the case
of the Fe" pathway, an allyl
radical  intermediate, 26™,
forms with p-scission of the

occuple

AE / kJmol

+30

+20

+10
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mediates 27"V and *7™ with an energy change of

—6.9kJmol™! and —7.1 kImol ™!, respectively. The Fe"'-por-
phyrin m-cation radical intermediates, 6™ and 7™, are
higher in energy by 20 kJmol™' than the Fe'" intermediates,
26" and 27"V (Figure 7). Note that the quartet pathway from
45"V 10 “7V through 6" is energetically similar to the doublet
pathway. An Fe™ complex with a zwitterionic intermediate
(%) cannot be located at the UB3LYP/BII/UB3LYP/BI
level, and leads to 6" (Figure 10).1*!

Figure 10. Trial for geometry optimization of zwitterionic Fe™

the UB3LYP/BI level.

complex at

The binding of the carbonyl oxygen O(2) to the allyl
carbon C(2) in the intermediate 7" leads to a six-mem-
bered ring oxanyl cation 8. The transition state between
27V and *8 could not be determined by conventional optimi-
zation techniques in the Gaussian 03 program arising from
the discontinuity of the energy curve between 27" and *8 at
the UB3LYP/BI level. Therefore, we performed a geometry
scan to determine O(2)—C(2) distance. The resultant energy
profile is summarized in Figure 11 at the UB3LYP/BII/

e _MO135 0132 _MO135 -0.149

vacant MO136 -0.123

; g M0134 -0.165

-1 MO134 -0.175

.

-~

MO131 -0.211 MO138 -0.038

MO131 -0.197

alkoxy radical as occurs in the 3.4
formation of %6™.

In the third step, the rota-
tion of the formyl group in 26"
and 26" results in the forma-

tion of other allyl radical inter-

the energy of 24"
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28 26 24
0(2)-C(2) distance

3.0 22 20

«a\lﬁﬂ =

Figure 11. Geometry scans for the O(2)—C(2) bond formation at the UB3LYP/BII//UB3LYP/BI level and key
 orbitals of the 6-membered ring formation at the UB3LYP/BI level. All energies for the scan are relative to
. The numbers in the plain text indicate orbital energies in Hartree.
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UB3LYP/BI level. The point 2SP' in Figure 11 lies in the
highest energy region at the UB3LYP/BII/UB3LYP/BI
level along the energy curve. SP' can be regarded as a
transition state with six-membered ring formation. The acti-
vation energy is estimated to be 29.5 kJmol™'. Furthermore,
we investigated the changes in the molecular orbitals of the
geometries between 27" and 8 at the UB3LYP/BI level. The
key p-orbitals of representative points on the potential
curve 27V, R**® (a point with a O(2)—C(2) distance of
2.65 A), R*®(a point with a O(2)—C(2) distance of 2.63 A),
and 8 are also illustrated in Figure 11. In *7", the w*(d,,)-
(MO136) orbital, which consists of d,, (Fe), p (O(1)), and p
(S) orbitals, is vacant and an allyl radical orbital ¢ (MO134)
is occupied. With the shortening of the O(2)—C(2) bond
length, these m* and ¢ orbitals further overlap (R*® in
Figure 11). At the point of R*®, the order of energies of m*
and ¢ orbitals are reversed, leading to occupied m* and
vacant ¢ orbitals. As a result, 28 vacates ¢ orbitals and occu-
pies t* orbitals. Therefore, we conclude that the six-mem-
bered ring formation occurs with one electron transfer from
the allyl group to Fe (Figure 12). In the ring closure process

0]
Me:'* IJ' one electron Me +
- transfer
3 3
n,(d,z)+_i§_ +58-
SH
ZTIV 28

Figure 12. Schematic molecular orbital interaction of the one electron
transfer from the allyl orbital (¢) to the iron d orbital (7w*(d,,)).

from 27" to 28, the negative charge, by the natural popula-
tion analysis of O(1), increases from —0.68 to —0.85, and
that on C(1) decreases from +0.44 to +0.56. The spin densi-
ty on Fe of 1.14 in *8 indicates the low spin Fe'" state. These
results show that 28 can be classified as a complex of Fe'll-
porphyrin with the zwitterionic substrate. Since the transi-
tion state between *7™ and 28 could also not be located, a
geometry scan for the O(2)—C(2) bond formation from the
doublet Fe™ intermediate *7™ to 8 was also performed
(Figure 11). The highest energy region of the pathway from
27 t6 28 through 2SP™ is comparable to that of the pathway
from *7'V to 28 through 2SP". The activation energy in the
former pathway is estimated to be 9.5 kJmol™!. The activa-
tion energy of 102.7 kImol™" for *3 formation in the case of
a noncatalytic reaction (see above) is much greater than the
estimated activation energies of 29.5kJmol™ and
9.5 kJmol ™! for 28 formation from 27" and 7™, respectively.
These results imply that the one electron transfer from the
allyl group to Fe is essential to facilitate six-membered ring
zwitterion formation, and that the six-membered ring zwit-
terion formation can occur throughout the Fe™ pathway if
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the Fe™-porphyrin m-cation radical forms with an alkoxy
radical 27™ forms. In case of a quartet state *7'Y, ring forma-
tion without one electron transfer leads to a 2-oxanyl radical
Fe" intermediate “8"™. The reactive intermediates with cat-
ionic or radical substrate depending on spin states, such as
8 and ‘8", have been already located in previous density
functional studies on ethane epoxidation®™ and benzene hy-
droxylation® using the P450 model A, and on ethylbenzene
hydroxylation by an oxo-iron-porphyrin catalyst [(Fe=0)Cl-
(Por)].B"! These reports also show that the cationic complex
is more stable than the radical complex.

Finally, the O(1)—C(1) bond formation of the zwitterionic
intermediate 8 leads to a complex of a model of TXA, (C)
with A, *PD1, without any barrier. Even in the case of a
noncatalytic reaction, the activation energy of noncatalytic
C formation is 2.7 kJmol™ and is very low. The quartet
pathway for the formation of the complex of the TXA,
model with A, “PD1, from ‘8" through *TS7" is higher in
energy than the doublet pathway. The fragmentation prod-
uct 2PD2, a complex of MDA and D, is formed by homolytic
cleavage of the C(5)—C(6) bond through one transition state
*TS8"™ from 7%, or through the other transition state *TS8™
from *7™. The activation energy of 20.9 kimol ™ for frag-
mentation from *7' is lower than that of 29.5 kJmol ™' for
2PD1 formation (Figure 7). The activation energies for frag-
mentation and TXA, formation may change if one investi-
gates the free energy profile by using the whole enzyme
model, and if one carries out detailed dynamics of one elec-
tron transfer process from 7 to PD1. The doublet pathway
from *7™ through *TS8™ proceeds without any activation
energy at the UB3LYP/BII//UB3LYP/BI level. The quartet
fragmentation pathway from *7'V to “PD2 through “TS8"
with an activation energy of 28.8 kI mol ! is higher in energy
than the doublet Fe'Y fragmentation pathway of
20.9 kJmol .

Conclusions

As shown above, two reaction pathways through the Fe' in-
termediates or Fe"-porphyrin mt-cation radical intermediates
were located by using density functional calculations. The
overall reaction is exothermic, therefore TXA, formation
should proceed spontaneously with a homolytic O—O bond
cleavage. A very recent report on the endoperoxide isomeri-
zation reaction by a heme thiolate complex strongly sup-
ports the homolytic cleavage of the O—O bond."*!! Our re-
sults using model compounds show that the Fe™-porphyrin
ni-cation radical intermediates are higher in energy by ap-
proximately 20 kJmol™" than the Fe™-porphyrin intermedi-
ates. A comparison between the energetics of C—H hydrox-
ylation using model A with the aid of density functional
theory, and the energetics of the reaction using the whole-
enzyme model of cytochrome P450.,, with the aid of the
combined quantum mechanics/molecular mechanics (QM/
MM) calculations, show that the protein environment re-
verses relative energies between the Fe™ and Fe'V inter-
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mediates, and lowers the energy for the Fe™ intermedi-

ates.” In the case of TXA, biosynthesis, the protein envi-
ronment may make the Fe™-porphyrin m-cation radical
pathway more accessible by steric and electrostatic effects.

On the basis of the present results, we have proposed re-
action mechanisms through two different oxidation states
for thromboxane A, biosynthesis (Scheme 3). First, the en-
doperoxide oxygen atom at the C(9)-position of PGH, at-
taches to the heme iron of the TXAS active site. Next, an
alkoxy radical intermediate is formed by O—O homolytic
bond cleavage, followed by the formation of an allyl radical
intermediate with C(11)—C(12) bond cleavage of the alkoxy
radical intermediate. Finally, the formation of a 6-membered
ring with one electron transfer leads to the production of
TXA,, and the homolytic cleavage of C(8)—C(9) bond com-
petitively leads to fragmentation products (HHT and
MDA). The proposed mechanism differs from the previous
one with respect to the one electron transfer that occurs
with the six-membered ring formation (see Schemes 2 and
3).

Our results showed some mechanistic insights into TXA,
biosynthesis as follows. (i) The one electron transfer to the
heme iron from the allyl group in the oxanyl ring formation
step is essential to facilitate TXA, formation. In other
words, TXA, formation requires an Fe-containing catalyst
with one-electron acceptor ability. This situation is consis-

R4
—
R3, AX
2 1”6)
°
PGH, —iove
HoOC HO, é.P i .
8/ _ / rotein Protein
", 12
NN
92~ 0
o3
<& N RS
— ! - _
P4 \
50 Protein R% )’3'6\

e

“Protein

Scheme 3. Newly proposed reaction mechanism of TXA, biosynthesis.
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tent with previous results” which showed that TXA,
cannot be produced with non-heme Fe catalysts. Not only
Fe™-containing catalysts but also other metal-containing cat-
alysts with one-electron acceptor ability may catalyze TXA,
formation.™! (ii) The rate limiting step after PGH, binding
to TXAS is the homolytic cleavage of the O—O bond in
PGH,.

The present study shows the mechanism of the isomeriza-
tion reaction catalyzed by cytochrome P450, and the role of
the heme-thiolate system. The results provided important in-
sights into understanding the unusual reactions by P450, for
example, PGI, biosynthesis.

Computational Methods

Reasonable model selection with satisfactory accuracy is essential for
quantum mechanical studies. We used a model for P450, A, which con-
sists of a porphyrin ring that represents protoporphyrin IX, and an SH
ion that represents the cysteine residue. This model, A, has been studied
by Shaik and co-workers, and gave satisfactory results in the gas-phase,’!
and is a good model for the cytochrome P450 active site.*!! In the model
for PGH,, B, two side chains were replaced with methyl and vinyl groups
(Figure 2). All calculations in the present study were performed with the
Gaussian 03 program,®”! and by using the symmetry-broken unrestricted
Becke-three-parameter plus Lee-Yang-Parr (UB3LYP) DFT method.?
The B3LYP functional is able to provide a satisfactory description for
structures and energetics of the iron-containing system.***! For all geom-

R4 R4 R4
) HHT p P
TXA,
/ o) 0 Rsl,,, o
R3|||| \ R3|u| ~+
) MDA ol ) — S
0 e 0
! _,i—elu_ !
s S. S,
Protein Protein Protein
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etry optimizations, and normal coordinate analyses at stationary points,
we used LANL2DZ effective core potential with a basis set for Fe,*”! 6-
31G(d) basis set for all atoms in the PGH, model B, N atoms, and the
SH group, and 3-21G basis set for the others. This basis set combination
is termed BI in this paper. We also optimized the model A with a larger
basis set, BII (quasi-relativistic Stuttgart-Dresden—Cologne (SDD) effec-
tive core potential with one f function of exponent a=10.035 basis set!**!
for Fe, and 6-311+ G(d) for the others). No significant change was con-
firmed on bond distances and spin densities at the UB3LYP/BII/
UB3LYP/BII level compared to the UB3LYP/BI level (details are pro-
vided as Figure S4 and Scheme S1, Supporting Information), hence the
BI basis set was employed for geometry optimization. In single point
energy calculations, we used the BII basis set. Doublet (S=1/2: S refers
to total spin angular momentum), quartet (S=3/2), and sextet (§=5/2)
open-shell systems were considered. To investigate a reaction mechanism
of the isomerization reaction from the PGH, model, B, to the TXA,
model, C, in the absence of the iron-porphyrin A, we used the UB3LYP/
BI method for geometry optimizations, subsequent normal coordinated
analyses for the stationary points, and the UB3LYP/BII method for the
single point energy calculations of UB3LYP/BI optimized structures. The
molecular orbitals in Figure 11 were visualized using GaussView 3.0l
Natural charges are computed with the NBO 5.G program.©”!
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Elaboration of rac-Like Active Species from Lewis Base Functionalized
Unbridged Zirconocenes for Isospecific Propylene Polymerization

Hwa Kyu Kim, Seong Kyun Kim, Jun Ha Park, Seung Woong Yoon, Min Hyung Lee,* and

Abstract: A series of ortho or meta
Lewis base functionalized unbridged
zirconocenes, [{1-(E,-Ph)-3,4-
Me,CsH,},ZrCl,] (E=NMe,, OMe; n=
1, 2), and a half-functionalized zircono-
cene, [{1-(p-Me,NC¢H,)-3,4-Me,CsH,}
{1-(p-tolyl)-3,4-Me,CsH,}ZrCl,], were
prepared. The crystal structures of
these compounds determined by X-ray
diffraction revealed the presence of
only C,-symmetric rac-like isomers in
the asymmetric units. In combination
with methylaluminoxane (MAO) coca-
talyst, the meta-functionalized com-
plexes afforded mixtures of polymers

Youngkyu Do*!*!

functionalized complexes did not give
rise to polymerization. Stepwise solvent
extraction of the polymer mixtures
showed that the polymers consist of
amorphous, moderately isotactic, and
highly isotactic portions, the weight
ratio of which is dependent on the re-
action temperature. *C NMR spectral
analysis indicated that the [mmmm]
methyl pentad value of the isotactic
portion reached around 90%. Among
the meta-functionalized zirconocenes,
the di-OMe-substituted one afforded
the largest amount of the isotactic por-
tion at all temperatures, and the por-

tion comprised 82 wt% of the crude
polymer obtained at 25°C. In contrast,
propylene polymerization with the
half-functionalized unbridged zircono-
cene resulted in the formation of
nearly atactic polypropylene with a
narrow MWD of around 2. These re-
sults corroborate the proposition that
the rigid rac-like cation—anion ion pair
of type [rac-L,ZrP]*[Me-MAO]~ gen-
erated in situ, through Lewis acid-base
interactions between the functional
groups and [Me-MAO]", is responsible
for the isospecific propylene polymeri-
zation with the given class of function-

that exhibit multimelting transition
temperatures and broad molecular-
weight distributions (MWDs) in pro-
pylene polymerization at atmospheric
monomer pressure, whereas the ortho-

zirconium

Introduction

The correlation between the nature of single-site catalytic
systems based on Group 4 metal complexes and the proper-
ties of the resulting polymers has been well-established over
the last few decades."'" In particular, the structure—proper-
ty relationship between the coordination geometry of the
catalyst precursors and the stereoregularity of polypropy-
lene in propylene polymerization has attracted great atten-
tion owing to the various opportunities to tailor the micro-
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alized unbridged zirconocenes and fur-
ther indicate that the formation of such
ion pairs can be favored by difunction-
alization at the meta position of the
phenyl ring with OMe groups.

metallo-

structure and thereby the physical properties of polypropy-
lenes."!! Through proper manipulation of the catalyst struc-
ture, highly isotactic and syndiotactic polypropylenes can
now be easily accessible from ansa-metallocene catalysts
with a fixed geometry of C, and C, symmetries, respective-
ly.[g’m]

Less focus, however, has been placed on unbridged metal-
locenes owing to their aspecific nature in propylene poly-
merization. Nonetheless, several unbridged metallocene cat-
alyst systems that exhibit stereospecific polymerization of
propylene have been achieved through variation of the cy-
clopentadienyl ligand. For example, Erker et al. showed that
catalysts with a bulky ligand can induce isospecific polymeri-
zation at a relatively low polymerization temperature (I;
Scheme 1),"7%! and Waymouth and co-workers demonstrat-
ed that geometry switching between rac-like and meso-like
isomers of [(2-PhInd),ZrCl,] systems (II; Scheme 1) leads to
the formation of isotactic—atactic stereoblock polypropy-

Chem. Asian J. 2008, 3, 1912-1921
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Scheme 1.

lene,*'~"! which was recently re-interpreted by Busico et al.
that cation-anion “interlocking” is responsible for the ste-
reocontrol.*? Razavi and Atwood also reported that
bis(1-methylfluorenyl)zirconium dichloride can produce iso-
tactic polypropylene with an [mmmm] methyl pentad con-
tent of 83% at temperatures of around 60°C.”*1 All these
findings are based on the introduction of hindered ligand ro-
tation in the catalyst structure during the course of isospecif-
ic propylene insertion.

When the industrial significance of the production of iso-
tactic polypropylene and the merit of synthetically easy ac-
cessibility are considered, it is still of great interest to devel-
op unbridged metallocene catalytic systems capable of in-
ducing isospecific polymerization of propylene. In this
regard, our group recently disclosed a novel synthetic strat-
egy for the synthesis of isotactic polypropylene by using var-
ious para-Lewis base substituted unbridged zirconocenes in
combination with methylaluminoxane (MAOQO) cocatalyst
(I; Scheme 1).5*¥1 It was revealed that the interaction of
Lewis acidic sites in [Me-MAO]~ with Lewis basic atoms of
functionalized unbridged zirconocene cations prevents rapid
ligand rotation, thus leading to the formation in situ of rigid
C,-symmetric-like cation-anion ion pairs for isospecific
polymerization. We also found that the amount of the iso-
tactic portion of the resulting polypropylene is affected by
the strength of the Lewis acid-base interactions.* Although
the foregoing findings indicate that such Lewis acid-base in-
teraction is primarily responsible for the isospecific propaga-
tion of propylene, it would be intriguing to investigate the
optimum functionalization on the phenyl ring in terms of
the position and the number of functional groups to achieve
higher isospecificity, as well as to maximize the amount of
the isotactic portion, from which detailed aspects of the ste-
reocontrol occurring in the given class of unbridged metallo-
cene systems would be understood.

Chem. Asian J. 2008, 3, 1912-1921
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To this end, we prepared new derivatives of general for-
mula [1-(E,-Ph)-3,4-Me,CsH,],ZrCl, (E=NMe,, OMe; n=
1, 2), in which the Lewis basic group E was singly or doubly
introduced at the ortho or meta position of the phenyl ring,
and their propylene-polymerization behavior was examined.
Finally, to elucidate experimentally our proposition that
rigid rac-like cationic active species generated in situ are re-
sponsible for the isospecificity, the propylene-polymerization
properties of a half-functionalized unbridged zirconocene
were also investigated.

Results and Discussion
Synthesis and Characterization

Synthetic routes to the ortho and meta Lewis base function-
alized ligands and the corresponding zirconocenes are de-
picted in Scheme 2. Reaction of Grignard reagents (for 001

E;
En\* i, i, En\f i, iv, e
— R -
\ /% \ / ¢
En
| E, ES | &,
oN1 | 2-NMe, Li oZrN1 | 2-NMe,
mN1 | 3-NMe, Li mZrN1 | 3-NMe,
mN2 | 3,5-(NMe,), | Li mZrN2 | 3,5-(NMe,),
001 | 2-OMe MgBr oZr01 | 2-OMe
mO1 | 3-OMe MgBr mZrO1 | 3-OMe

mO2| 3,5-(OMe), |Li mzro2 | 3,5-(0Me),

Scheme 2. Synthesis of ortho and meta Lewis base functionalized un-
bridged zirconocenes. Reaction conditions: i) 3,4-Dimethylcyclopent-2-
enone/THF; ii) p-TsOH/CH,Cl, or aq. HCl; iii) nBuLi/Et,0; iv) '/, [ZrCl,
(thf),]/toluene.

and mO1) or lithium salts (for mO2, oN1, mN1, and mNN2)
of E,-substituted bromobenzene (E=o0- or m-NMe, and
OMe; n=1, 2) with 1 equivalent of 3,4-dimethylcyclopent-2-
enone in THF followed by dehydration with p-TsOH or
HCl afforded the desired final ligands, 1-(E,-Ph)-3,4-
Me,CsH;. For the preparation of the mN2 ligand, 1-Br-3,5-
(Me,N),C,H; was newly synthesized according to a modifi-
cation of the literature procedure®® and employed as start-
ing material.

The synthesis of unbridged zirconocenes was achieved by
the transmetalation of lithium salts of the ligands with
0.5 equivalent of [ZrCl,(thf),] in toluene. All the zircono-
cenes were obtained as light-yellow solids in moderate
yields (40-50%). Any interference in the transmetalation
caused by the ortho or meta Lewis base functionalities was
not observed. To prepare a half-functionalized unbridged
zirconocene, on the other hand, we chose the zirconocene
[{1-(p-Me,NC¢H,)-3,4-Me,CsH,}{1-(p-tolyl)-3,4-
Me,CsH,}ZrCl,] (ASZr), which bears mixed Cp (cyclopenta-
dienyl) ligands in which the NMe, and Me groups are at-
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tached on the para position of each phenyl ring. The synthe-
sis of ASZr includes the initial preparation of [{1-(p-tolyl)-
3,4-Me,CsH,) ZrCL]** followed by treatment of it with
Li[1-(p-Me,NC¢H,)-3,4-Me,CsH,]?* (Scheme 3).

ci=Zr=Ccl

Scheme 3. Synthesis of a half-functionalized unbridged zirconocene. Re-
action conditions: i) nBuLi/Et,0, Me;SiCl/THF, ZrCl,/n-heptane; ii) Li[1-
(p-Me,NC¢H,)-3,4-Me,CsH,]/toluene.

NMe,

ASZr

The solid-state structures of selected complexes 0ZrNl,
mZxrN1, 0ZrO1, mZx02, and ASZr were determined by X-
ray diffraction studies. Single crystals suitable for X-ray
structural determination were obtained by cooling solutions
of CH,Cl,/n-hexane or diethyl ether/n-hexane to —20°C.
The molecular structures are shown in Figure 1, and
Tables 1 and 2 summarize the detailed crystallographic data
and selected interatomic distances and angles, respectively.
The 0ZrN1, mZxN1, and mZrO2 complexes crystallize in
the space group P1, whereas 0ZrO1 and ASZr crystallize in
the space groups P2,/c and P2,/n, respectively. Interestingly,
only the C,-symmetric rac-like isomers were seen in the
asymmetric units of all the structures, as similarly observed
in the para-functionalized unbridged zirconocenes reported
previously.***! Whereas the Zr—Cl and Zr—Cg (ring cent-
roid) bond lengths/distances and the CI1-Zr-CI2 and Cgl-Zr-
Cg2 angles are nearly similar to those of the related un-
bridged zirconocenes,”**1 including the para-functional-

02 Q )
G 5255

i CHE
e,

mZr0O2 (top view)

mZr0O2 (front view)

Figure 1. Crystal structures of 0ZrN1, mZrN1, 0ZrO1, mZrO2, and ASZr (35% ellipsoid probability). H

atoms and solvent molecules are omitted for clarity.
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ized zirconocenes, the meta-functionalized dimethoxy com-
plex mZrO2 showed the smallest Cl1-Zr-CI2 and the largest
Cgl-Zr-Cg2 angle among the series of functionalized zirco-
nocenes. Notably, the dihedral angle between the Cp and
phenyl rings is affected by the position and the number of
the functional group: 1) the angle decreases in the order
ortho-, meta-, and para-functionalized zirconocenes with
monosubstitution (0ZrN1 and 0ZrO1 vs. mZxN1 vs. ASZr);
2) the NMe,-functionalized zirconocene forms a larger angle
than the OMe-functionalized one (0ZrN1 vs. 0ZrO1); and
3) the greater the substitution, the larger the resulting angle
(mZrO2 vs. mZrN1). These features are consistent with the
steric effect between the Cp and phenyl rings, which may in-
terfere with the electronic conjugation capable of leading to
planar geometry in the ligand fragment.

Propylene Polymerization
Bis-Type Functionalized Zirconocenes

Propylene polymerization with all the zirconocenes 0ZrN1,
0Zr01, mZxN1, mZxO1, mZxN2, mZrO2, and ASZr were
carried out at various temperatures under MAO activation
at atmospheric monomer pressure. The meta-functionalized
zirconocenes produced polypropylenes with moderate to
low activities, whereas the ortho analogues did not result in
any polymerization under the given conditions, probably
owing to the large steric hindrance of the ortho substituents
(Table 3). The activities of the meta-functionalized zircono-
cenes were lower than those of the corresponding para-func-
tionalized ones [{1-(E-Ph)-3,4-Me,CsH,},ZrCl,] (E =p-NMe,
(pZxN1), p-OMe (pZrO1)),?**! which indicates that propyl-
ene-insertion reactions are retarded by steric effect from the
meta substituents on the phenyl ring. Among the meta-func-
tionalized zirconocenes, the
OMe-substituted zirconocenes
were more active than the
NMe,-substituted ones at all
temperatures. Consistent with
these results is the observation
that  the  difunctionalized
mZrN2 produced negligible
amounts of polypropylene
under the given conditions,
whereas mZrO2 exhibited
moderate activity comparable
to that of the monosubstituted
mZrO1.

The crude polypropylenes
obtained with the meta-func-

?“g;ﬂ

N1 C,O-.?/N,

W‘ROC’I:@__QQ_:@CIZ tionalized zirconocenes
fj mZxN1, mZxO1, and mZrO2
J displayed broad molecular-
weight distributions (MWD,
ASZr

M,/M,) ranging from 3.7 to
14.1, which indicates the in-
volvement of multicatalytic
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Table 1. Crystallographic data and parameters for 0ZrN1, mZrN1, 0ZrO1, mZr0O2, and ASZr.
Compounds 0ZrN1 mZxN1 0Zr01 mZrO2 ASZr
Formula C3H;3CLN,Zr (C50H3,CLN,Zr), CysH3,CL,0,Zr C;H;,CL,0,Zr CyH3;CLNZr
Formula weight 586.73 1173.46 560.64 620.69 557.68
Crystal system triclinic triclinic monoclinic triclinic monoclinic
Space group Pl Pl P2/c P1 P2/n
a[A] 9.3442(19) 12.9660(7) 11.2537(4) 9.1088(18) 13.5258(13)
b[A] 10.547(2) 15.3702(9) 13.7928(5) 12.204(2) 14.0667(17)
c[A] 15.361(3) 16.0674(8) 20.4420(8) 13.872(3) 14.1561(16)
al?] 78.33(3) 62.796(2) 90.00 95.43(3) 90.00
AN 77.58(3) 85.956(2) 95.451(2) 102.21(3) 105.055(8)
v [°] 71.93(3) 87.752(2) 90.00 108.12(3) 90.00
VA 1390.5(5) 2840.7(3) 3158.7(2) 1411.0(5) 2600.9(5)
V4 2 2 4 2 4
Peatea [gem ] 1.401 1.372 1.179 1.461 1.424
u [mm™] 0.609 0.596 0.536 0.613 0.646
F(000) 608 1216 1152 640 1152
T [K] 130(2) 130(2) 130(2) 130(2) 130(2)
0 range [°] 2.05-34.89 1.43-35.45 1.82-30.81 1.52-31.50 1.86-20.87
hkl range —15—14, —16—16, —21-15, —25-25, —-16—16, —14—19, —-13-13, —16—17, —13-13, —14—-14,

—24—20 —25-26 —29-27 -20—20 -14—14
Measured reflns 33833 39651 41795 37739 16470
Unique reflns (R;,) 10978 (0.0566) 22966 (0.0480) 9801 (0.0762) 8883 (0.0513) 2732 (0.1626)
Reflns used for re- 10978 22966 9801 8883 2732
finement
Refined parameters 324 648 378 342 305
R1E (1>20(1)) 0.0420 0.0447 0.0530 0.0349 0.0421
wR2"! (all data) 0.1194 0.1218 0.1366 0.1136 0.1266
GOF on F* 1.005 1.006 1.025 1.009 1.056
O (Max/min) [eA~*]  0.980, —1.365 0.787, —0.552 0.527, —0.712 0.549, —0.947 0.386, —0.391

[a] RI=S || F,| = | F | /S| F, | [b] wR2 = {[Sw(F = FOPYEw(E V) -

Table 2. Selected bond lengths/distances [A] and angles [°] for 0ZrN1,
mZxN1, 0ZrO1, mZr02, and ASZr.

Compounds o0ZrN1 mZrN1 0Zr0O1 mZrO2 ASZr
Zr—Cll 2.4437(10) 2.4528(6) 2.4498(8) 2.4459(8)  2.456(2)
Zr—CI2 2.4377(10) 2.4478(6) 2.4439(8)  2.4436(9)  2.446(2)
Zr—Cglll  22227(11) 2.2225(10) 2.2116(12) 2.2257(11) 2.218(4)
Zr—Cg2ll  2.2227(10) 2.2219(10) 2.2130(14) 2.2194(12) 2.230(4)
Cll-Zr-CI2  96.12(3)  96.90(2)  95.65(3)  95.51(3)  96.43(9)
Cgl-Zr-Cg2 131.87(5) 131.24(4) 129.96(5) 132.75(5) 130.19(14)
Cpl-Ph1l  45.09(13) 12.71(13) 20.95(16) 13.82(12) 5.1(4)
Cp2-Ph21  21.94(13) 19.01(13) 18.1(4) 29.49(13) 7.0(4)

[a] Cg=centroid of Cp ring. [b] The Cp ring bearing a p-NMe, group.
[c] Dihedral angles between the planes.

active species in the meta-functionalized zirconocene/MAO
catalyst systems. Although the MWD values from mZrN1
were in a relatively narrow range of around 4 at all tempera-
tures, the multimodality was clearly seen for the polymers
from the OMe-functionalized mZrO1 and mZrO2 with a de-
creased MWD value at high temperature. For example, the
GPC (gel-permeation chromatography) curves for the poly-
mers obtained with mZrQO2 are shown in Figure 2. Despite
inactivity in propylene polymerization, ethylene polymeri-
zation with the difunctionalized mZrN2 was further investi-
gated at relatively high temperature to see if the multicata-
lytic active species can be formed in situ. The results show
that mZrN2 did produce high-molecular-weight polyethy-
lene with a broad MWD, thus confirming the generation of
the multicatalytic active species upon MAO activation
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(Table 3, runs 19 and 20). In agreement with the GPC re-
sults, DSC (differential scanning calorimetry) diagrams of
the polymers from mZrN1, mZrO1, and mZrO2 exhibited
multimelting transitions with a maximum 7}, value ranging
from 129 to 159°C, which indicates the formation of a mix-
ture of polypropylenes of different crystallinity. Although
the T,, value gradually deceased as the reaction temperature
increased, the apparent melting transition of the polypropy-
lene produced at 70°C reflects the formation of crystalline
polypropylene even at high temperature.

The selected crude-polymer samples were further fractio-
nated by stepwise solvent extraction into three portions: di-
ethyl ether soluble, diethyl ether insoluble and n-heptane-
soluble, and diethyl ether insoluble and n-heptane-insoluble
portions. As reported earlier,*” these portions correspond
to atactic-like, moderately isotactic, and highly isotactic
polypropylene, respectively. The methyl regions of the
BCNMR spectra for the n-heptane-insoluble portions ob-
tained with mZxN1, mZrO1, and mZrO2 at 25°C exclusive-
ly show the peak attributable to the [mmmm] methyl pentad
sequence, in conjunction with very small peaks for the ster-
eoerrors originating from the site-controlled mechanism that
matches with the ratio [mmmr]/[mmrr]/[mrrm]~2:2:1
(Figure 3).>%*! Most remarkably, the calculated [mmmm)]
values reached around 90 %, which is as high as those ob-
tained with the para-functionalized zirconocenes and the
well-known isospecfic, C,-symmetric catalysts."?! This result
indicates that the meta-functionalized zirconocenes are able
to induce isospecific polymerization of propylene in combi-

www.chemasianj.org 1915





FULL PAPERS

M. H. Lee, Y. Do et al.

Table 3. Propylene polymerization data with bis-type functionalized zirconocenes and ASZr."!

Run Catalyst 1, T, Activity MM MM T, Diethyl ether Diethyl ether insoluble/  Diethyl ether insoluble/
[(kg PP)/ %1072 soluble n-heptane soluble n-heptane insoluble
[h] [°C] ((mol Zr)hbar)] [°Cl  [wt%] [Wt%] [Wt%] [mmmm]
1 0ZxN1 2 25,50 trace
2 mZrN1 2 0 2 201 4.05 156.2 n.d. n.d. n.d.
3 2 25 35 12 3.69 150.0 28 38 34 0.90
4 2 50 29 157 4.10 139.5 42 24 18
5 2 70 4 207 443 133.8 n.d. n.d. n.d.
6 mZrN2 2 25,50 trace
7 0Zr0O1 2 25,50  trace
8 mZrO1 2 0 9 223 423 159.3 n.d. n.d. n.d.
9 2 25 52 57 10.0 1521 15 38 47 0.91
10 2 50 192 183 14.1 144.4 27 48 25
11 2 70 104 195 4.15 129.3 47 53 0
12 mZr0O2 4 0 18 101 9.37 155.7 n.d. n.d. n.d.
13 2 25 69 51 8.09 155.0 9 9 82 0.87
14 2 50 126 36 8.18 146.6 25 14 61
15 2 70 117 14 4.75 134.6 26 45 29
16 ASZrx 2 0 1046 72 2.13 n.o. 93 7 0
17 1 25 1846 28 2.85 n.o. 98 2 0
18 1 50 1196 4 2.08 n.o. 100 0 0
191 mZxN2 0.5 50 170 386 12.4 135.0
200! 1 70 292 304 11.5 1334

[a] Polymerization conditions: P(propylene)=1 bar, [Zr]=5.0 pmol, cocatalyst=MAO, [Al]/[Zr]=1000, solvent=50 mL toluene. [b] Determined by
GPC. [c] Determined by DSC. [d] Determined by C NMR spectroscopy. [e] Ethylene polymerization: P(ethylene)=1 bar. PP =polypropylene, n.d.=

not determined, n.o.=not observed.
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Figure 2. GPC curves for the polypropylenes obtained with mZrO2 at 0,
25, 50, and 70°C (Table 3, runs 12-15, respectively).

nation with MAO cocatalyst. The formation of highly isotac-
tic polypropylene is also consistent with the observation of
high 7, values of the crude polypropylene as described
above.

The amount of the n-heptane-insoluble portion of poly-
mer decreased with increasing reaction temperature, where-
as those of the diethyl ether soluble and rn-heptane-soluble
portions increased, which indicates that the thermal equili-
bria between active species responsible for each extracted
portion are largely affected by temperature. Among the
meta-functionalized zirconocenes, mZrO2 afforded the larg-
est amount of the n-heptane-insoluble portion at all temper-
atures. In particular, the n-heptane-insoluble portion from
mZr0O2 comprised 82 wt% of the crude polypropylene ob-
tained at 25°C, thus reflecting the prevailing isotactic propa-
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Figure 3. >*C NMR spectra of the n-heptane-insoluble portions of the pol-
ypropylenes obtained with mZrN1, mZrO1l, and mZrO2 at 25°C
(Table 3, runs 3, 9, and 13, respectively).

gation of propylene in the polymerization. This amount is
even larger than those from the para-functionalized zircono-
cenes (pZrN1 and pZrO1) reported previously under the
same reaction conditions.**>) mZr0Q2 also gave rise to an
appreciable amount of the highly isotactic portion (29 wt %)
at 70°C, whereas mZrO1 gave hardly any (~0 wt % ). These
results suggest that the difunctionalization by OMe groups
at the meta position of the phenyl ring is much in favor of
the formation in situ of rigid C,-symmetric-like cation—-anion
ion pairs of the type [rac-L,ZrP]*[Me-MAO]" for isospecific
propagation, and the resulting ion pair is effectively main-
tained during the polymerization even at elevated tempera-
ture. The increased chance of Lewis acid-base interactions
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from two functional groups on the phenyl ring is probably
responsible for this feature. The OMe-substituted mZrO1
produced more n-heptane-insoluble portion than the more
Lewis basic, NMe,-substituted mZrN1 (Table 3, runs 3 vs. 9
and 4 vs. 10), although the difference was not large. This ob-
servation is somewhat contrary to the previous result ob-
tained with para-functionalized zirconocene systems, in
which the amount of the isotactic portion decreased in the
order of decreasing Lewis basicity of the functional group,
that is, NMe, > OMe > SMe."! This result might be ascribed
to the increased steric hindrance between the functional
groups and the MAO anion possibly due to the narrower in-
teraction space for the meta-functionalized zirconocenes
than the para ones, which could thus affect the Lewis acid—
base interactions required for the formation of C,-symmet-
ric-like ion pairs. mZrO1, which bears a small OMe group
with two O(sp®) lone-pair electrons, appears not to be affect-
ed by steric hindrance, thus rendering it suitable for attain-
ing such interactions, unlike mZrN1, which probably suffers
from steric hindrance due to a relatively bulky NMe, group.
In fact, the isotactic portions obtained with mZrO1 were of
quite similar amounts to those with the para-OMe-function-
alized zirconocene (pZrO1) at various temperatures under
atmospheric monomer pressure.®! Furthermore, this steric
consideration associated with the formation of rac-like ion
pairs is in parallel with the activity trends, such as the inferi-
or activity of mZrN1 relative to mZrO1 and the inactivity of
mZrN2, which probably result from the interference of the
noninteracting, free meta-NMe, group with the insertion of
propylene monomer. Another explanation for the less iso-
tactic portion with mZrN1 might be due to the improper
conformational orientation of the meta-NMe, group for ach-
ieving effective interaction with the bulky MAO anion. For
effective interaction, the lone-pair electrons of the nitrogen
atom should point toward a more open rear end, which may
require the ligands to be slightly rotated. As a result, this
could lead to structural change of the C,-symmetric-like
active species responsible for the isospecific propagation of
propylene, thus producing an increase in the lower-tacticity
portions.

Half-Functionalized Zirconocene (ASZr)

To elucidate experimentally our proposition that rigid rac-
like cationic active species generated in situ are the origin
for the observed high isospecificity, the propylene-polymeri-
zation behavior of a half-functionalized unbridged zircono-
cene, ASZr, was explored at various temperatures (Table 3).
The ASZr/MAO catalytic system showed increased activity
relative to the meta- and para-functionalized bis-type zirco-
nocenes, but produced polypropylene of which molecular
weight was quite low and decreased with increasing temper-
ature (Table 3, runs 16-18). Most interestingly, the crude
polypropylene exhibited a narrow MWD of around 2 with a
unimodal feature, which suggests that this catalytic system
consists almost entirely of a single-active-site catalyst
(Figure 4). Furthermore, the stepwise solvent extraction and
the "C NMR spectra reveal that the crude polypropylene
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Figure 4. GPC curves for the polypropylenes obtained with ASZr at 0,
25, and 50°C (Table 3, runs 16-18, respectively).

produced at 0°C contained 93 wt % of diethyl ether soluble
([mmmm]~14%) and 7wt% of n-heptane-soluble
([mmmm] =32 %) portions, whereas the polymers obtained
at 25 and 50°C were composed almost entirely of diethyl
ether soluble portions. The [mmmm] value of the n-hep-
tane-soluble portion implies the formation of slightly iso-
rich polypropylene from ASZr/MAO, which could also be
indicative of the presence of Lewis acid—base interaction be-
tween the cationic active species from ASZr and the MAO
anion, which can induce hindered ligand rotation. However,
this isotacticity is still lower than that obtained with the re-
lated para-functionalized zirconocene pZrN1, which afford-
ed 53-67 % of the [mmmm] values for the n-heptane-soluble
portion at various temperatures. As the n-heptane-soluble
portion could include low-molecular-weight but highly iso-
tactic polypropylene, DSC analysis was used for further in-
vestigation. Although the DSC diagram shows essentially no
melting transition for the crude polymer, inspection of the
n-heptane-soluble portion revealed a very broad, weak melt-
ing transition ranging from around 60 to 140°C without any
indication of distinct high-melting peaks. This result is some-
what different from the high-melting peaks at around 150°C
observed for the n-heptane-soluble portion from pZrN1.
Opverall, it can be said that ASZr/MAO produces nearly
atactic polypropylenes. The low-molecular-weight polymers
from ASZr are also in good agreement with the formation
of low-tacticity polypropylene, as similarly observed for
para-SMe-functionalized zirconocene.”

These findings indicate that when the heteroatom is func-
tionalized only at one side of the ligands, the resulting cata-
lytic active species are not able to induce isospecific propa-
gation of propylene. In other words, the Lewis acid-base in-
teraction between one ligand of zirconocene and the MAO
anion is not sufficient to prevent the ligands from rapidly ro-
tating in solution; thus, it is hardly capable of leading to the
C,-symmetric-like active species required for isospecific
propagation. Therefore, these results support our proposi-
tion that the generation in situ of rigid rac-like cation—-anion
ion pairs of the type [rac-L,ZrP]*[Me-MAO]  through
Lewis acid-base interactions between the functional groups
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Scheme 4. Proposed thermal equilibria and the propagation of propylene with the possible active species from
para or meta Lewis base (E=NMe,, OMe) functionalized unbridged zirconocenes upon MAO activation.

and [Me-MAO]™ is responsible for isospecific propylene
polymerization with the given class of functionalized un-
bridged zirconocenes (IS; Scheme 4). Furthermore, it could
also be suggested that each of the active species in the ther-
mal equilibria is involved in the propagation of propylene
with different stereospecificity, that is, isotactic, iso-rich, and
atactic propagation, respectively (Scheme 4).

Conclusions

A series of ortho or meta Lewis base functionalized unbridg-
ed zirconocenes was prepared, and their catalytic properties
toward propylene polymerization were investigated under
MAQO activation at atmospheric monomer pressure. Where-
as the ortho-functionalized complexes did not give rise to
polymerization, the meta-functionalized complexes pro-
duced mixtures of polymers that comprise amorphous, mod-
erately isotactic, and highly isotactic portions, whose weight
ratios were dependent on the reaction temperature. Among
the meta-functionalized zirconocenes, the di-OMe-substitut-
ed mZrO2 afforded the largest amount of the isotactic por-
tion (82wt% of the crude polymer), with an [mmmm]
methyl pentad value of around 90% at 25°C. In contrast,
the observation of nearly amorphous polypropylene by the
half-functionalized unbridged zirconocene ASZr is suppor-
tive of the proposition that the generation in situ of rigid
rac-like ion pairs of the type [rac-L,ZrP]*[Me-MAO]~
through Lewis acid-base interactions between the functional
groups and [Me-MAO]™ is responsible for isospecific propyl-
ene polymerization with the given class of functionalized un-
bridged zirconocenes. These results further indicate that the
formation of such ion pairs can be favored by difunctionali-
zation at the meta position of the phenyl ring with OMe
groups.

Experimental Section

General Considerations

All operations were performed under nitrogen gas by using standard
Schlenk and glovebox techniques. Anhydrous toluene, CH,Cl,, THF,

1918 www.chemasianj.org

: £ E E
VO — O O — O
= r__\’ A ‘-./ Ry A \/ X
P PT N PN

=/ l laniline, 2-methoxyphenylmagnesium

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. H. Lee, Y. Do et al.

Et,0, n-heptane, and n-hexane (Al-
drich) were purified by passing
through an activated alumina column.
All solvents were stored over activat-
ed molecular sieves (5 A, Yakuri Pure
Chemicals Co.). Chemicals were used
without further purification after pur-
chase from Aldrich (2-bromo-N,N-di-
methylaniline, 3-bromo-N,N-dimethy-

o

bromide, 3-methoxyphenylmagnesium
bromide (1.0m solution in THF), 1-
bromo-3,5-dimethoxybenzene, nBuLi
atactic (2.5Mm solution in n-hexane), p-TsOH,
Me;SiCl) and Strem (ZrCl,, [ZrCl,
(thf),]). 3,4-Dimethylcyclopent-2-
enone,®  1-Br-3,5-(H,N),C;H,, ) 1-
(p-Me,NC¢H,)-3,4-Me,CsH;,B and 1-
(p-CH,C4H,)-3,4-Me,C;HP were
prepared according to the literature procedures. CDCl; was dried over
activated molecular sieves (5A) and used after vacuum transfer to a
Schlenk tube equipped with a J. Young valve. MAO was used as a solid
obtained by evaporation of the solvent from a solution of PMAO (pure
methylaluminoxane; Chemtura, 30T) in toluene. Polymerization-grade
propylene monomer from Honam Petrochemical Corporation was used
after purification by passing through Labclear and Oxiclear filters. 'H
and "CNMR spectra of compounds were recorded on a Bruker
Avance 400 spectrometer at ambient temperature. All chemical shifts (J)
are reported in ppm with reference to the residual peaks of CDCl; for
proton (0 ="7.24 ppm) and carbon (6 =77.0 ppm). Elemental analysis and
HR EI-MS were performed on an EA 1110-FISONS instrument (CE In-
struments) and a VG Auto Spec spectrometer, respectively, at KAIST.

Syntheses

1-(0-Me,NC4H,)-3,4-Me,CsH; (oN1): nBuLi (1 equiv, 8.0 mL) was added
to a solution of 2-bromo-N,N-dimethylaniline (4.00 g, 20 mmol) in Et,0
(50 mL) at 0°C. After the mixture was stirred for 2 h at room tempera-
ture, it was cooled to —78°C, and then a solution of 3,4-dimethylcyclo-
pent-2-enone (1 equiv, 2.20 g, 20 mmol) in THF (20 mL) was slowly
added by cannula. The reaction mixture was allowed to warm slowly to
room temperature and stirred overnight. The resulting brownish solution
was treated with water (10 mL) followed by concentrated HCI (20 mL).
Next, the aqueous layer was isolated and washed with Et,O (50 mL). The
separated aqueous portion was neutralized by treatment with 10% aque-
ous NaOH. The solution was extracted with Et,0 (2x50 mL), and the
combined organic portions were dried over MgSO,. Filtration followed
by evaporation of solvent afforded an oily residue. Purification by
column chromatography (silica gel, EtOAc/n-hexane=1:10) gave oN1
(1.38 g, 32%) as a pale-yellow oil. '"H NMR (400.13 MHz, CDCl,): 6=
7.27 (d, J=7.6Hz, 1H), 7.12 (t, J=7.3Hz, 1H), 7.01 (d, J=8.0Hz, 1H),
6.93 (t, J=7.4Hz, 1H), 6.71 (s, 1H), 3.36 (s, 2H), 2.65 (s, 6H), 1.96 (s,
3H), 1.89 ppm (s, 3H); “C{'H} NMR (100.62 MHz, CDCL,): 6=151.3,
142.3, 135.5, 135.2, 134.5, 131.0, 129.2, 126.8, 122.1, 118.4, 46.7, 43.8, 13.3,
12.6 ppm; HRMS (EI): m/z caled for CsH;oN: 213.1518; found: 213.1505.
1-(m-Me,NC4H,)-3,4-Me,CsH; (mN1): A procedure analogous to that for
oN1 was employed with 3-bromo-N,N-dimethylaniline (4.00 g, 20 mmol)
to afford mN1 (127g, 30%) as a light-yellow solid. 'HNMR
(400.13 MHz, CDCly): 0="7.17 (t, J=8.0Hz, 1H), 6.86-6.83 (m, 2H), 6.64
(s, TH), 6.59 (d, J=9.4Hz, 1H), 3.28 (s, 2H), 2.96 (s, 6H), 1.98 (s, 3H),
1.90 ppm (s, 3H); “C{'H} NMR (100.62 MHz, CDCL;): §=150.9, 143.3,
137.1, 135.5, 135.4, 131.4, 129.1, 113.7, 111.0, 108.9, 45.4, 40.7, 13.4,
12.6 ppm; HRMS (EI): m/z caled for CsH;gN: 213.1518; found: 213.1514.
1-Br-3,5-(Me,N),C¢H;: A modified literature procedure was employed."!
p-Formaldehyde (1.80 g, 60 mmol) was added to a stirred solution of 5-
bromo-m-phenylenediamine (2.80 g, 15 mmol) in acetonitrile (30ml) at
0°C. The reaction mixture was allowed to warm slowly to room tempera-
ture and stirred for 3 min. Four portions of sodium cyanoborohydride
(3.00 g total, 48 mmol) was added to the reaction mixture over 40 min,
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and the mixture was stirred for a further 25 min. Glacial acetic acid was
added dropwise until the solution became neutral. Stirring was continued
for 45 min with the occasional addition of acetic acid to keep the pH neu-
tral. The solvent was evaporated, and 2N aqueous KOH was added until
the solution was of pH=9. This solution was extracted with EtOAc (3 x
50 mL), and the combined organic portions were dried over MgSO,, fil-
tered, and evaporated to dryness, which afforded an oily residue. Purifi-
cation by column chromatography (silica gel, EtOAc/n-hexane=1:9)
gave 1-Br-3,5-(Me,N),CH; (0.40g, 11%) as an ivory solid. '"H NMR
(400.13 MHz, CDCl;): 6=6.26 (d, J=2.1Hz, 2H), 5.88 (s, 1H), 2.90 ppm
(s, 12H); BC{'H} NMR (100.62 MHz,CDCl;): 6 =152.3, 124.0, 104.9, 95.4,
40.6 ppm; HRMS (EI): m/z caled for C,(H;sN,Br: 242.0419; found:
242.0415.

1-{3,5-(Me,N),CsH;}-3,4-Me,CsH; (mN2): A procedure analogous to that
for oN1 was employed with 1-bromo-3,5-(N,N,N',N'-tetramethyldiamino)-
benzene (1.21 g, S mmol) to afford mN2 (0.53 g, 41%) as a light-yellow
solid. '"H NMR (400.13 MHz, CDCl,): 6=6.62 (s, 1 H), 6.33 (d, J=2.0Hz,
2H), 6.01 (s, 1H), 3.28 (s, 2H), 2.95 (d, 12H), 1.97 (s, 3H), 1.90 ppm (s,
3H); “C{'H} NMR (100.62 MHz, CDCl,): §=151.8, 144.1, 137.5, 135.2,
131.1, 99.9, 96.9, 45.6, 41.0, 13.4, 12.6 ppm; HRMS (EI): m/z caled for
C;H,N,: 256.1940; found: 256.1952.

1-(0-MeOC¢H,)-3,4-Me,CsH; (001): A solution of 3,4-dimethylcyclo-
pent-2-enone (2.20 g, 20 mmol) in THF (20 mL) was added slowly to a
solution of 2-methoxyphenylmagnesium bromide (1.0m in THF) in THF
(20 mL) by cannula at —78°C. The reaction mixture was allowed to
warm slowly to room temperature and stirred overnight. The resulting
orange solution was treated with saturated aqueous NH,Cl (50 mL) to
stop the reaction. Next, the organic portion was separated, and the aque-
ous layer was further extracted with Et,0 (50 mL). The combined organ-
ic portions were dried over MgSO,, filtered, and evaporated to dryness
to afford a light-orange oily product. The crude product was redissolved
in CH,Cl, (30 mL), and then a catalytic amount of p-TsOH (~0.1 g) was
added as solid to the solution at room temperature, followed by stirring
for about 60 min. Evaporation of the solvent and purification by column
chromatography (silica gel, EtOAc/hexane=1:10) afforded oO1 (1.20 g,
30%) as an ivory solid. "H NMR (400.13 MHz, CDCl;): 6=7.38 (d, J=
7.5Hz, 1H), 7.12 (t, J=7.7Hz, 1H), 6.92-6.87 (m, 3H), 3.88 (s, 3H), 3.35
(s, 2H), 1.97 (s, 3H), 1.90 ppm (s, 3H); “C{'H} NMR (100.62 MHz,
CDCly): 6=156.7, 139.0, 135.8, 135.6, 135.5, 127.6, 126.7, 125.6, 120.5,
111.0, 55.2, 47.4, 13.3, 12.6 ppm; HRMS (EI): m/z caled for C,H;sO:
200.1201; found: 200.1223.

1-(m-MeOCgH,)-3,4-Me,CsH; (mO1): A procedure analogous to that for
001 was employed with 3-methoxyphenylmagnesium bromide (1.0M in
THF, 20 mL), which afforded mO1 (1.00 g, 25%) as a pale-yellow oil.
'"H NMR (400.13 MHz, CDCL): =718 (t, J=7.9Hz, 1H), 7.03 (d, J=
7.7Hz, 1H), 6.96 (t, J=1.7Hz, 1H), 6.69 (dd, J=8.1, 2.5Hz, 1H), 6.64 (s,
1H), 3.80 (s, 3H), 324 (s, 2H), 1.96 (s, 3H), 1.88ppm (s, 3H);
BC{'H} NMR (100.62 MHz, CDCl;): 6=159.8, 142.3, 137.8, 136.1, 135.5,
132.1, 129.4, 117.3, 111.4, 110.2, 55.2, 45.3, 13.4, 12.6 ppm; HRMS (EI):
m/z caled for C,,H;40: 200.1201; found: 200.1208.
1-{3,5-(MeO),C¢H;}-3,4-Me,CsH; (m02): A solution of 1-bromo-3,5-di-
methoxybenzene (4.34 g, 20 mmol) in Et,0 (20mL) was treated with
nBuLi (1 equiv, 8.0 mL) at 0°C. After the mixture was stirred for 2 h at
room temperature, a solution of 3,4-dimethylcyclopent-2-enone (1 equiv,
2.20 g, 20 mmol) in THF (20 mL) was slowly added by cannula at —78°C.
The reaction mixture was allowed to warm slowly to room temperature
and stirred overnight. Further workup and dehydration were carried out
in a manner analogous to the procedure for 0O1. Recrystallization from
ethanol at —20°C afforded m0O2 (132 g, 33%). 'H NMR (400.13 MHz,
CDCl,): 0=6.64 (s, 1H), 6.59 (d, J=2.2Hz, 2H), 6.28 (t, J=2.1Hz, 1H),
3.79 (s, 6H), 3.23 (s, 2H), 1.96 (s, 3H), 1.88 ppm (s, 3H); “C{'H} NMR
(100.62 MHz, CDCL,): 6=160.9, 142.3, 138.3, 136.2, 135.4, 132.4, 102.8,
98.3, 55.3, 45.4, 13.4, 12.6 ppm; HRMS (EI): m/z caled for C;sH;30,:
230.1307; found: 230.1297.

[{1-(0-Me,NC¢H,)-3,4-Me,CsH,},ZrCl,] (0ZrN1): A solution of oN1
(0.853 g, 4.0 mmol) in Et,0 (20 mL) was treated with nBuLi (1 equiv,
1.6 mL) at —78°C. The reaction mixture was allowed to warm to room
temperature and stirred for 4h. The resulting reaction mixture was
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evaporated to dryness, and the lithium salt of oN1 was combined with
[ZrCly(thf),] (0.5 equiv, 0.755 g, 2 mmol). Toluene (30 mL) was then in-
troduced into the solid mixture at —78°C. After the reaction mixture was
allowed to warm to room temperature, it was stirred at 60°C overnight.
The yellow reaction mixture was filtered through a celite pad, and the fil-
trate was evaporated to dryness. Washing with n-hexane followed by
drying in vacuo afforded oZrN1 (0.616 g, 52%). Single crystals suitable
for X-ray diffraction were grown from CH,Cl,/n-hexane at —20°C.
"H NMR (400.13 MHz, CDCl,): 6=7.45 (d, J=7.8Hz, 2H), 7.18-7.02 (m,
4H), 7.00 (t, J=7.3Hz, 2H), 6.68 (s, 4H), 2.62 (s, 12H), 1.71 ppm (s,
12H); BC{'H} NMR (100.62 MHz, CDCl;): 6=151.4, 130.0, 127.8, 127.6,
126.6, 122.9, 121.7, 119.0, 118.6, 44.5, 13.2 ppm; elemental analysis: calcd
for C3H3CLN,Zr: C 61.41, H 6.18, N 4.77; found: C 60.46, H 6.23, N
4.70.

[{1-(m-Me,NC4H,)-3,4-Me,CsH,},ZrCl,] (mZxN1): A procedure analo-
gous to that for 0ZrN1 with an mN1 ligand was employed, which resulted
in bright-yellow crystals of mZrN1 (0.567 g, 48%). Single crystals were
grown from Et,0/n-hexane at —20°C. 'H NMR (400.13 MHz, CDCL,):
0=17.29 (t, J=8.0Hz, 2H), 6.81 (d, J=7.7Hz, 2H), 6.77 (s, 2H), 6.66 (d,
J=83Hz, 2H), 621 (s, 4H), 3.00 (s, 12H), 1.82ppm (s, 12H);
BC{'H} NMR (100.62 MHz, CDCLy): 6=151.1, 134.3, 129.7, 128.0, 123.5,
116.6, 113.5, 111.6, 109.6, 40.6, 13.3 ppm; elemental analysis: calcd for
C;3H3CLN,Zr: C 61.41, H 6.18, N 4.77; found: C 62.04, H 6.37, N 4.77.
[{1-(3,5-(Me,N),C4H3)-3,4-Me,CsH,},ZrCly] (mZrN2): By following the
above procedure for oZrN1 with mN2 (0.513 g, 2.0 mmol), mZrN2
(0.321g, 48%) was obtained as a light-yellow solid. 'HNMR
(400.13 MHz, CDCly): 6=6.26 (s, 4H), 6.25 (d, J=2.2Hz, 4H), 6.00 (s,
2H), 298 (s, 24H), 1.85ppm (s, 12H); “C{'H} NMR (100.62 MHz,
CDClLy): 6 152.1, 134.8, 127.7, 124.5, 116.9, 100.0, 96.6, 40.8, 13.4 ppm; ele-
mental analysis: calcd for C3,H,CLL,N,Zr: C 60.69, H 6.89, N 8.33; found:
C 60.45, H 6.80, N 8.66.

[{1-(0-MeOC¢H,)-3,4-Me,CsH,},ZrCl,] (0Zr0O1): By following the above
procedure for 0ZrN1 with 001 (0.801 g, 4.0 mmol), 0ZrO1 (0.504 g,
45%) was obtained as yellow crystals. Single crystals were grown from
CH,Cl,/n-hexane at —20°C. '"H NMR (400.13 MHz, CDCl;): §="7.36 (dd,
J=179, 1.7Hz, 2H), 7.26 (d, J=8.9Hz, 2H), 7.01-6.97 (m, 4H), 6.40 (s,
4H), 391 (s, 6H), 1.83ppm (s, 12H); “C{'"H}NMR (100.62 MHz,
CDCly): 6=155.7, 1284, 128.3, 127.8, 122.4, 120.8, 119.8, 118.1, 111.3,
55.1, 13.2 ppm; elemental analysis: calcd for Cy,3H;,Cl,0,Zr: C 59.98, H
5.39; found: C 59.97, H 5.64.

[{1-(m-MeOCH,)-3,4-Me,CsH,},ZrCl,] (mZrO1): A procedure analogous
to that for 0ZrN1 was employed with mO1 (0.801 g, 4.0 mmol), which re-
sulted in mZrO1 (0.519 g, 46 %) as a light-yellow solid after washing with
Et,0 (10 mL) and n-hexane (10 mL) followed by drying under vacuum.
'"H NMR (400.13 MHz, CDCL;): 6=7.35 (t, J=8.0Hz, 2H), 7.05 (d, J=
8.1Hz, 2H), 6.98 (t, /=2.3Hz, 2H), 6.82 (dd, /=82, 2.6 Hz, 2H), 6.22 (s,
4H), 3.85 (s, 6H), 1.79ppm (s, 12H); “C{'"H}NMR (100.62 MHz,
CDCLy): 6=160.2, 134.8, 130.2, 128.3, 122.1, 117.6, 116.4, 113.0, 110.8,
55.3, 13.2 ppm; elemental analysis: calcd for Cy,3H;,Cl,0,Zr: C 59.98, H
5.39; found: C 60.59, H 5.62.

[{1-(2,4-(MeO),C¢H;)-3,4-Me,CsH,},ZrCl,] (mZr02): A procedure analo-
gous to that for oZrN1 was employed with m02 (0.921 g, 4.0 mmol),
which afforded mZrO2 (0.447 g, 36 %) as a yellow solid. Single crystals
suitable for X-ray structural determination were obtained by cooling a
solution of mZr0O2 in Et,0/n-hexane at —20°C. 'H NMR (400.13 MHz,
CDCly): 0=6.59 (d, J=22Hz, 4H), 6.39 (t, J=2.1Hz, 2H), 6.19 (s, 4H),
3.83 (s, 12H), 1.85 ppm (s, 12H); “C{'H} NMR (100.62 MHz, CDCL):
0=161.4, 135.5, 128.3, 122.3, 116.7, 103.5, 99.4, 55.4, 13.3 ppm; elemental
analysis: caled for C;H;,CL,O,Zr: C 58.05, H 5.52; found: C 58.61, H
5.66.

[{1-(p-Me,NC¢H,)-3,4-Me,CsH, }{1-(p-tolyl)-3,4-Me,CsH,}ZrCl,] (ASZr):
A solution of 1-(p-tolyl)-3,4-Me,CsH; (0.369 g, 2.0 mmol) in Et,0
(20 mL) was treated with nBuLi (1 equiv, 0.8 mL) at —78°C. The reaction
mixture was allowed to warm to room temperature and stirred for 4 h.
The resulting lithium salt was subsequently treated with excess Me;SiCl
(3.0 equiv, 0.76 mL) in THF at 0°C. After the reaction mixture was
warmed to room temperature, it was further stirred overnight. The result-
ing reaction mixture was evaporated to dryness and extracted with n-
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hexane (30 mL). Drying in vacuo afforded 1-(p-tolyl)-3,4-Me,CsH,SiMe;
(0.51 g, 99%) as an ivory solid. "H NMR (400.13 MHz, CDCl;): 6=7.19
(d, J=8.0Hz, 2H), 7.05 (d, /=8.1Hz, 2H), 6.51 (s, 1H), 3.65 (s, 1H),
2.30 (s, 3H), 2.00 (s, 3H), 1.91 (s, 3H), —0.23 ppm (t, 9H); “C{'H} NMR
(100.62 MHz, CDCl,): 6=144.6, 137.1, 135.4, 135.0, 134.7, 129.8, 128.8,
126.3, 53.5, 21.1, 14.6, 12.5, —2.0 ppm. Next, a slurry of ZrCl, (0.420 g,
1.80 mmol) in n-heptane was added to a solution of 1-(p-tolyl)-3,4-
Me,CsH,SiMe; (0.50 g, 1.94 mmol) in n-heptane (10 mL) by cannula at
—78°C. After the reaction mixture was warmed to room temperature, it
was stirred overnight. Washing with n-hexane (2x10mL) followed by
drying in vacuo afforded [{1-(p-tolyl)-3,4-Me,CsH,}ZrCl;] (0.57 g, 83%)
as a yellow-brown solid. "H NMR (400.13 MHz, CDCL,): 6 7.49 (d, J=
8.1Hz, 2H), 7.20 (d, /J=7.9Hz, 2H), 6.76 (s, 2H), 2.36 (s, 3H), 2.34 (s,
6H). The obtained solid was combined with the lithium salt of 1-(p-
Me,NC¢H,)-3,4-Me,CsH; (032 g, 1.5mmol) in a dry box. Toluene
(20 mL) was then introduced to the solid mixture at —78°C. After the re-
action mixture was allowed to warm to room temperature, it was heated
to 60°C and stirred at this temperature overnight. The reaction mixture
was filtered through a celite pad, and the filtrate was evaporated to dry-
ness. Washing with n-hexane followed by drying in vacuo afforded ASZr
(0.616 g, 52%). Single crystals were grown from CH,Cl,/n-hexane at
—20°C. '"HNMR (400.13 MHz, CDCl,): §=7.37-7.32 (m, 4H), 7.23 (d,
J=7.6Hz, 2H), 6.77 (d, J=8.8Hz, 2H), 6.21 (s, 2H), 6.13 (s, 2H), 3.00 (s,
6H), 2.38 (s, 3H), 1.79 (s, 6H), 1.75ppm (s, 6H); “C{'H} NMR
(100.62 MHz, CDCL,): 6=149.8, 137.0, 130.7, 129.7, 127.8, 127.3, 126.3,
125.1, 124.2, 122.5, 121.6, 115.8, 114.7, 112.6, 40.5, 21.2, 13.2, 13.1 ppm; el-
emental analysis: calcd for C,H3;CLNZr: C 62.45, H 5.96, N 2.51; found:
C 62.06, H 6.05, N 2.77.

X-ray Structure Determination

Crystallographic measurement was performed by using a Bruker
Apex II-CCD area detector diffractometer with graphite-monochromated
Moy, radiation (1=0.71073 A). A specimen of suitable size and quality
was selected and mounted onto a glass capillary. Structures were solved
by direct methods, and all non-hydrogen atoms were subjected to aniso-
tropic refinement by full-matrix least squares on F* with the SHELXTL/
PC package. Hydrogen atoms were placed at their geometrically calculat-
ed positions and refined as riding on the corresponding carbon atoms
with isotropic thermal parameters. Detailed crystallographic data for
0ZxN1, mZxrN1, 0ZrO1, mZrO2, and ASZr are given in Table 1. CCDC-
689731 (0ZrN1), -689732 (mZxN1), -689733 (0ZrO1), -689734 (mZr02),
and -689735 (ASZr) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_re-
quest/cif.

Propylene Polymerization

Freshly distilled toluene (48 mL) was transferred into a well-degassed
250-mL glass reactor charged with preweighed s-MAO (solid MAO;
[Al)/[Zr]=1000), and the temperature was adjusted by using an external
bath. After saturation of propylene monomer at 1 bar with vigorous stir-
ring for 30 min, polymerization was started by the injection of a solution
of catalyst (5.0 pumol of Zr) in toluene (2.0 mL). All the polymerization
reactions were quenched by the injection of acidified ethanol (10% HCI
in EtOH; 5mL) after the desired reaction time (t,). The resulting poly-
propylenes were further precipitated by addition of acidified EtOH
(200 mL). After the mixture was stirred for 1-2 h, the polypropylenes
were collected by filtration or decantation of the solution (in the case of
a sticky polymer) and washed with EtOH several times. The resulting
polypropylenes were dried in a vacuum oven at 80°C to constant weight.

Ethylene Polymerization

Ethylene polymerization with mZrN2 was performed analogously at
1 bar ethylene pressure under MAO activation ([Al]/[Zr] =1000).

Polymer Extraction

Solvent extraction of all the polypropylenes was carried out by using a
Soxhlet extractor. A preweighed sample of polypropylene was first ex-
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tracted with boiling Et,O (100 mL) for 12 h. The residue was then ex-
tracted with boiling n-heptane (100 mL) for another 12 h. Evaporation of
the resulting solutions by a rotary evaporator afforded diethyl ether solu-
ble and diethyl ether insoluble/n-heptane-soluble portions of polypropy-
lene, respectively. The obtained portions and the remaining residue (di-
ethyl ether insoluble/n-heptane-insoluble portion) were finally dried
under vacuum at 80°C to constant weight.

Polymer Analysis

BCNMR spectra of the polypropylenes were recorded on a Bruker
Avance 400 (*C: 100.62 MHz) spectrometer for the diethyl ether soluble
and diethyl ether insoluble/n-heptane-soluble portions at 100°C and on a
Bruker AMAX 500 (**C: 125.77 MHz) spectrometer for the n-heptane-in-
soluble portions at 120°C with a pulse angle of 90°, an acquisition time
of 25, and a relaxation delay of 8s. The samples were dissolved in
1,1,2,2,-[D,]tetrachloroethane to form a 10wt% solution (~90 mg/
0.5 mL) in 5-mm tubes. All the measurements were performed after com-
plete dissolution by warming (for the diethyl ether soluble and diethyl
ether insoluble/n-heptane-soluble portions) or preheating (for the n-hep-
tane-insoluble portions) to about 110°C in an oil bath. The chemical shift
of the residual peak of the solvent (6 =74.1 ppm) was used as an internal
standard. Peak assignments and the determination of methyl pentad se-
quence distributions were made according to the reported literature.!'”
The molecular weights (M,,) and MWDs (M,/M,) of the polypropylenes
were determined by GPC (Polymer Laboratories PL-GPC 220, 140°C) in
1,2 4-trichlorobenzene with standard polystyrenes as a reference. The
melting temperatures (7,) of the polypropylenes were measured by DSC
(TA Instruments 2910 MDSC) at a heating rate of 10°Cmin~'. Any ther-
mal history in the polymers was eliminated by first heating the samples
to 180°C at 20°Cmin "', cooling to 30°C at 20°Cmin "', and then record-
ing the second DSC scan from 30 to 180°C.
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Decreased Turn-On Times of Single-Component Light-Emitting
Electrochemical Cells by Tethering an Ionic Iridium Complex with

Imidazolium Moieties

Hai-Ching Su,"”! Hsiao-Fan Chen,™ Chung-Chih Wu,**! and Ken-Tsung Wong*"!

Abstract: We report a significant de-
crease in turn-on times of light-emit-
ting electrochemical cells (LECs) by
tethering imidazolium moieties onto a
cationic Ir complex. The introduction
of two imidazolium groups at the ends
of the two alkyl side chains of [Ir(ppy),
(dC6-daf)]*(PFs)~  (ppy=2-phenylpy-
ridine, dC6-daf=9,9'-dihexyl-4,5-dia-
zafluorene)  gave  the  complex
[Ir(ppy)»(dC6MIM-daf)**[(PF) ],

ene). Both complexes exhibited similar
photoluminescent/electrochemical

properties and comparable electrolumi-
nescent efficiencies. The turn-on times
of the LECs based on the latter com-
plex, however, were much lower than
those of devices based on the former.
The improvement is ascribed to in-

Keywords: electrochemical cells -
electroluminescence - ionic liquids -

creased concentrations of mobile coun-
terions ((PF,)7) in the neat films and a
consequent increase in neat-film ionic
conductivity. These results demonstrate
that the technique is useful for molecu-
lar modifications of ionic transition-
metal complexes (ITMCs) to improve
the turn-on times of LECs and to real-

ize single-component ITMC LECs
compatible  with  simple driving
schemes.

(dC6MIM-daf =9,9-bis[6-(3-methylimi-
dazolium)hexyl]-1-yl-4,5-diazafluor-

Introduction

Solid-state light-emitting electrochemical cells (LECs) have
several advantages over conventional organic light-emitting
diodes (OLEDs). In LECs, electrochemically doped regions
induced by spatially separated ions under a bias form ohmic
contacts with electrodes to give balanced carrier injection,
low operating voltages, and consequently high power effi-
ciencies.' As such, LECs generally require only a single
emissive layer, which can be easily processed from solutions,
and can conveniently use air-stable electrodes, whereas
OLEDs typically require more-sophisticated multilayer
structures and low-work-function cathodes.* Compared
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iridium - light-emitting devices

with conventional polymer LECs that are usually composed
of an emissive conjugated polymer, a salt, and an ion-con-
ducting polymer,'?! LECs based on ionic transition-metal
complexes (ITMCs) show several further advantages and
have attracted much attention in recent years.**"! In such
devices, no ion-conducting material is needed as these metal
complexes are intrinsically ionic. Furthermore, higher elec-
troluminescence (EL) efficiencies are expected owing to the
phosphorescent nature of the metal complexes. Recently, we
reported highly efficient green and orange LECs (external
quantum efficiency (EQE)>7% photon/electron) made
from neat films of ionic iridium complexes with a bulky di-
azaspirobifluorene-based auxiliary ligand for superior steric
hindrance and to retain high efficiency in the neat films.*!
An even higher EQE, >10% (power efficiency>36
ImW™), was achieved with a host—guest LEC configura-
tion,®>! which was prepared by doping the orange-emitting
Ir complex (guest) into the green-emitting one (host) and ef-
fectively suppressing the self-quenching effects.*”)

Although ITMC LECs have several promising advantages,
they usually suffer from long turn-on times (Z,,,, the time
taken to reach maximum brightness after a constant bias is
applied) ranging from seconds to several hours due to the
time needed for counterions to drift and accumulate near
electrodes under an electric field.**"! To achieve practical

Chem. Asian J. 2008, 3, 1922 -1928
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application, several techniques for improving the turn-on
times of ITMC LECs, such as decreasing the thickness of
the emissive layer,'® increasing the applied bias,®!*! prebias-
ing,®! and increasing the ionic conductivity of the emissive
layer, 14227l have been reported. Decreasing the thickness
of the emissive layer of ITMC LECs diminishes the turn-on
time, but deteriorates the device efficiency due to exciton
quenching near electrodes."® Increasing the bias voltage of
ITMC LECs shortens the turn-on time, but leads to a lower
peak EQE value and a higher degradation rate.'” The use
of a prebiasing technique, in which a higher bias than neces-
sary is first applied for a brief period, helps to accelerate the
turn-on time of the LEC device.! However, the prebiasing
technique complicates the driving circuits and the integra-
tion process for applications. Addition of LiCF;SO;/poly-
(ethylene oxide),l”” LiCF;SOs/crown ether,"! and ionic lig-
uids such as 1-butyl-3-methylimidazolium hexafluorophos-
phate (BMIM™*(PF,)")® into the emissive layer of ITMC
LECs increases the concentration of mobile ions. This in
turn increases the ionic conductivity of the emissive layer as
the current in the device under the same electric field in-
creases. Therefore, the time needed for enough ions to accu-
mulate near the electrodes under an applied field to turn on
the device is decreased. However, the mixing of two- or
three-component systems complicate the fabrication process
and could also cause issues of phase compatibility between
components, non-uniformity,”! and device stability.!

The chemical attachment of ionically charged ligands to
metal complexes represents an alternative and promising ap-
proach to increase the ionic conductivity and to improve the
turn-on speed of LECs, as phase compatibility is less of an
issue in such configurations. Bolink et al. reported a homo-
leptic iridium complex containing ionically charged ligands,
which give a net charge of +3 for each complex.””) The
LEC based on this complex showed a much improved turn-
on time, but also suffered from other issues, for example,
color shift during operation and low efficiency, that are rele-
vant to practical applications as well. Recently, Zysman-
Colman etal. also reported homoleptic ruthenium-based
and heteroleptic iridium-based ITMCs containing tethered
ionic tetraalkylammonium salts.®!! Similarly, LECs con-
structed by using such complexes also exhibited decreased
turn-on times; however, the EL efficiencies of these com-
plexes were not satisfactory in comparison to general EL ef-
ficiencies achievable with ITMCs. Hence, further studies on
ITMCs containing ionically charged ligands that can give
improved turn-on times, stable operation, and high emission
efficiency are still highly needed.

In this paper, we demonstrate the decrease in turn-on
times of single-component iridium-based ITMC LECs with
tethered imidazolium moieties. This new ITMC is achieved
by fusing two imidazolium groups at the ends of the two
alkyl side chains of a more conventional ITMC, [Ir(ppy),
(dC6-daf)]*(PF,)~ (1, ppy=2-phenylpyridine, dCé6-daf=
9,9'-dihexyl-4,5-diazafluorene), to form the new complex [Ir-
(ppy)o(dCOMIM-daf)**[(PFs); (2; dC6MIM-daf=9,9-
bis[6-(3-methylimidazolium)hexyl]-1-yl-4,5-diazafluorene)
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(Scheme 1). To study the effects of the chemical tethering of
imidazolium groups on the properties of ionic iridium com-
plexes, the photophysical, electrochemical, and LEC charac-
teristics of complex 2 are compared with those of the refer-
ence complex 1. Experimental results show that although
both complexes exhibit similar photoluminescence (PL)/
electrochemical properties and comparable EL efficiencies,
the turn-on times of the LECs based on 2 are significantly
shorter than those of devices based on 1. This indicates that
chemical attachment of ionic iridium complexes with imida-
zolium groups increases the ionic conductivity of the films
but does not influence their emissive properties as much.
Such techniques should be useful in the molecular modifica-
tion of ITMCs to obtain desired characteristics.

Results and Discussion
Synthesis

The synthesis of complexes 1 and 2 is shown in Scheme 1.
The ligands dC6-daf (3) and dC6Br-daf (4) were synthesized
by nucleophilic substitution of the 4,5-diazafluorene anion
generated by NaH deprotonation with 1-bromohexane and
1,6-dibromohexane, respectively. The dibromo intermediate

— 1-bromohexane, NaH
N T,
N/ =N 7N
N N= THF  92%

3
‘ X
N Cl\
Ir /Ir
o TN 6\/@ -
2 x 2 ~ N\Ir?\"
¢ N
==
1,2-ethanediol then NH,PF ~—7

Br. Br

AN

88%

1,6-dibromohexane, NaH

\_/ / \ —
N N= THF 43% 7N\
=

ZN

@

~
N=\ /EN/
® | N=(HClsm —(CHa)s—N
— \) 2F’Fe
a%e :
=N N

1-methylimidazole

e —

neat then KPFg

1,2-ethanediol then NH,PF¢

47% over two steps

Scheme 1. Synthetic pathways and structures of complexes 1 and 2.
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4, which suffered from self-polymerization, could only be
obtained in 43 % yield. Instead of using pure dC6MIM-daf
(5) for the subsequent complexation, we prepared it in situ
by treating dibromo compound 4 with neat 1-methylimida-
zole directly, followed by ion-exchange with potassium hexa-
fluorophosphate to afford 5, which was subjected to com-
plexation with the chloro-bridged dimeric iridium complex
by adapting a literature procedure® ! to give the com-
plexes 1 and 2.

Photophysical Properties

Homogeneous thin films of both complexes 1 and 2 were
obtained by spin-casting from solution in CH;CN. We also
tried to prepare a physically blended film of 1 and ionic
liquid BMIM™*(PF,)~ for comparative studies; however, the
resulting cloudy films indicated strong phase separation and
incompatibility between 1, which has long alkyl chains, and
the ionic liquid, which is highly polar. Figure 1a and b

S 1.2 : 3 .
= 063 & 12 06 =
< o038 04 o8 0.4\
0.4 0.2 04 02
0.0 o8- O IOV, . Wl 0 0 0.0 X e, il 00
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Alnm Alnm

Figure 1. Absorption and PL spectra in CH,Cl, (10°M) (—) and as
neat films (Q), as well as EL spectra (@), with a forward bias voltage of
2.8 V for complexes a) 1 and b) 2.

shows the UV/Vis and PL spectra of 1 and 2, respectively, in
CH,Cl, (107°m) and as neat films (~100 nm). Similar ab-
sorption features were observed for both complexes either
in solution or as films. The absorption spectra of these com-
pounds show intense bands (¢ >10*mM™'cm™) in the UV part
of the spectrum (200-350 nm), which are associated with the
ligand-centered (LC) transitions of the ligands.?**! These
LC bands are accompanied by weaker, broad bands (e~ (1-
5)x10°m~'ecm™) extending from 350 to just over 400 nm,
which are associated with the metal-to-ligand charge-trans-
fer (MLCT) transitions (both allowed and spin-forbid-
den).”** The high intensity of the MLCT bands in Ir-based
complexes was attributed to the effective mixing of these
charge-transfer transitions with
the energetically higher-lying
spin-allowed transitions of the

C.-C. Wu, K.-T. Wong et al.

ends of the alkyl chains in 1 has no significant modulating
effect on the energy gaps.

The PL quantum yields (QYs) of complexes 1 and 2 in
CH,Cl,, determined with a calibrated integrating sphere
(see Experimental Section for details), are 0.59 and 0.47, re-
spectively (Table 1). Room-temperature transient PL data
of 1 and 2 in CH,Cl,, determined by the time-correlated
single-photon-counting technique (see Experimental Section
for details), exhibit single-exponential-decay behavior, and
the extracted excited-state lifetimes for 1 and 2 are 1.12 and
0.94 s, respectively (Table 1). Excited-state lifetimes on the
order of microseconds are the signature of phosphorescence,
which is associated with emission from the *MLCT states of
the complexes formed through strong intersystem crossing
mediated by the iridium atom. Spin-coated neat films of
complexes 1 and 2 exhibit PL spectra similar to those ob-
served for their solutions (Figure 1). The measured PL QYs
and excited-state lifetimes of the neat films are, respectively,
0.33 and 0.66 ps for 1 and 0.35 and 0.75 ps for 2 (Table 1).
The lower PL QYs and shorter excited-state lifetimes for
the neat films indicate that interaction between closely
packed molecules provides additional deactivation path-
ways. However, the PL QYs of 1 and 2 as neat films still
retain about 56 and 75% of the values in solution. The
highly retained PL QYs for the neat films of 1 and 2 are
likely to be associated with their sterically bulky dC6-daf
and dC6MIM-daf ligands. Notably, self-quenching in neat
films of complex 2 is not as severe as that in neat films of
complex 1 perhaps due to better steric hindrance provided
by the imidazolium groups in 2.

Cyclic Voltammetry

Figure 2 depicts the electrochemical characteristics of com-
plexes 1 and 2 probed by cyclic voltammetry (CV; see Ex-
perimental Section for experimental details), and the mea-
sured redox potentials are summarized in Table 1. Com-
plexes 1 and 2 exhibit reversible redox peaks at similar po-
tentials (vs. Ag/AgCl); there is a reversible oxidation poten-
tial at 1.33 and 131V for 1 and 2, respectively, and a
reversible reduction potential at —1.47 and —1.48V for 1
and 2, respectively. The highest occupied molecular orbital
(HOMO) of [Ir(ppy),(N"N)]PF, complexes was reported to
be a mixture of the orbitals of iridium and the phenyl group
of the C”N ligand, whereas the lowest unoccupied molecu-
lar orbital (LUMO) is mostly localized on the N/N

Table 1. Physical properties of complexes 1 and 2.

ligands.2**! The mixing is fa-  Complex  Ap.p [nm]" PL QY 7 [ps] Ew/f[:] E/”d AE‘[/E]
i : V] [V]¢ [V]
cilitated by the strong spin— [

A y, g sp I Solution® Neat Solution!® Neat Solution!® Neat
orbit couph.ng of t}.w. Ir' film film film
center. Solution PL emission is 7 568 562 0.59 0.33 112 0.66 1133 147 280
in the yellow range (=570 nm) , 570 562 0.47 035 0.94 0.75 +131 —148 282

for both complexes 1 and 2,
which indicates that tethering

of imidazolium groups at the E,*™and E,

1924 www.chemasianj.org
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[a] Measured in CH,Cl, (10~°m) at room temperature. [b] PL peak wavelength. [c] Excited-state lifetimes.
[e] Oxidation potential. [f] Reduction potential. [g] The electrochemical gap AE, is the difference between
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Figure 2. Cyclic voltammogram of complexes 1 (—) and 2 (O). All po-

tentials were recorded versus Ag/AgCl (saturated) as a reference elec-
trode.

ligand.” As the structures of 1 and 2 differ only in the ter-
minal alkyl chain of the N”N ligand, their HOMO and
LUMO distributions should be similar and should give simi-
lar redox potentials. The presence of imidazolium moieties
in 2 exhibited limited influence on the electrochemical prop-
erties of the Ir center, especially for the frontier molecular
orbitals.

Clearly, the peak current of complex 2 is lower than that
of complex 1 at around —1.40 V. Similar behavior was also
observed upon mixing complex 1 with the ionic liquid
BMIM*(PF,)~ (2 equiv). Increasing the CV scan rate from
100 to 400 mVs™! gave a higher peak current. These results
indicate that the pendant imidazolium ions may interact
with the reduced species and consequently retard the diffu-
sion toward the electrode.

Device Results

In the operation of LEC devices, when a constant bias volt-
age is applied, a delayed EL response, associated with the
time needed for counterions to be redistributed in the
LECGs, is typically observed. In the case of neat films of ionic
iridium complexes, the redistribution of the anions ((PFg)")
leads to formation of a region of Ir"V/Ir™ complexes (p type)
near the anode and a region of Ir'/Ir" complexes (n type)
near the cathode.'” With the formation of p and n regions
near the electrodes, carrier injection is enhanced, thus lead-
ing to gradually increasing device current and emission in-
tensity. Device characteristics based on the structure of the
glass substrate/indium tin oxide (ITO)/1 or 2 (100 nm)/Ag
device are discussed below and summarized in Table 2. The
EL spectra of the devices based on complexes 1 and 2 are
shown in Figure 1a and b, respectively, for comparison with
their PL spectra. The EL spectra are basically similar to the
PL spectra, which indicates similar emission mechanisms.
Time-dependent brightness and current densities of the
LEC device based on complex 1 operating at 2.7 and 2.8 V
are shown in Figure 3a. The current in the device increased
slowly with time after the bias was applied and kept increas-
ing even after 10 h of operation. The time for turning on the
device (tym.on), defined as the time to achieve a brightness
of 1cdem™2, was 65 min at 2.8 V. The brightness increased
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Table 2. Characteristics of LEC devices based on complexes 1 and 2.

Complex Armax EL urneon max Lo Next.max [%],
(bias [V])  [nm]®  [min]®  [min]? [cdem] " 0 lm W]
1(2.8) 566 65 500 105 5.5,18.7

12.7) 566 84 > 600 > 56¢! 5.5,19.2

2 (2.8) 577 12 200 79 4.0,14.7

227 57716 200 31 45,171

[a] EL peak wavelength. [b] Time required to reach a brightness of
1 cdem™2 [c] Time required to reach the maximum brightness. [d] Maxi-
mum brightness achieved at a constant bias voltage. [e] Maximum bright-
ness was not reached after 10 h. [f] Maximum external quantum efficien-
cy and maximum power efficiency achieved at a constant bias voltage.
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Figure 3. Dependence of brightness (filled symbols) and current density
(empty symbols) on time at 2.7 (circles) and 2.8 V (squares) for the
single-layered LEC devices based on complexes a) 1 and b) 2.

with current and reached a maximum of 105 cdm ? in about
500 min at 2.8 V. For devices at 2.7 V, the brightness reached
56 cdm™? and was still increasing at 600 min. Comparatively,
the LEC based on complex 2 showed a much faster re-
sponse. As shown in Figure 3b, this device turned on sharply
in 12 min at 2.8 V and took only about 200 min to reach the
maximum brightness of 79 and 31 cdm 2 at 2.8 and 2.7 V, re-
spectively. Such improved turn-on times confirm that chemi-
cally tethering imidazolium groups onto complex 2 increases
the density of mobile counterions ((PF,)”) in the neat films
and consequently increases the neat-film ionic conductivity.

Efficient LECs are essential for operation at a practical
brightness with the lowest possible bias, which would ensure
the stable operation of LECs.[%*161%21 Hence, it is impor-
tant to examine the effect of chemical tethering of imidazo-
lium groups with an ionic iridium complex on the device ef-
ficiencies of LECs. Time-dependent EQE values and the
corresponding power efficiencies of the device based on
complex 1 with biases of 2.7 and 2.8 V are shown in Fig-
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ure 4a. When a forward bias had just been applied, the
EQE was rather low due to unbalanced carrier injection.
During the formation of the p- and n-type regions near the
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Figure 4. Dependence of EQE (filled symbols) and corresponding power

efficiency (empty symbols) on time at 2.7 (circles) and 2.8 V (squares)
for the single-layered LEC devices based on complexes a) 1 and b) 2.

electrodes, the balance of the carrier injection was im-
proved, and the EQE of the device increased rapidly. The
peak EQE value and the peak power efficiency for the
device based on complex 1 with biases of 2.8 and 2.7 V are
55% and 18.7ImW™', and 5.5% and 19.2ImW', respec-
tively. The time-dependent evolution trend in device effi-
ciency of the device based on complex 2 is similar to that of
the device based on complex 1, but it took much less time
(within 100 min) for the former to reach the peak device ef-
ficiency. The peak EQE value and the peak power efficiency
for the device based on complex 2 at 2.8 and 2.7 V are 4.0%
and 14.7ImW~!, and 45% and 17.11m W', respectively.
The EL efficiencies of both devices are comparable, which
indicates that chemical tethering of imidazolium groups with
an ionic iridium complex gives a faster device response but
does not influence the EL efficiencies significantly. Hence,
the technique of integrating ionic-liquid moieties onto the
ITMC directly serves as a useful and promising alternative
to improve the turn-on speed of LECs and to realize single-
component ITMC LECs that are compatible with simple
driving schemes.

Conclusions

We have reported a significant decrease in turn-on times of
single-component iridium LECs by the chemical tethering
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of imidazolium moieties. The desired multifunctional com-
plex was achieved by fusing two imidazolium groups at the
two ends of the alkyl chain in [Ir(ppy),(dC6-daf)]*(PF,)~
(1) to form the complex [Ir(ppy),(dC6MIM-daf) > [(PF,) ],
(2). Experimental results show that both complexes exhibit
similar PL/electrochemical properties and comparable EL
efficiencies. The turn-on times of the LECs based on com-
plex 2, however, is much lowered compared to those of de-
vices based on complex 1. Improved turn-on times result
from increased concentrations of mobile counterions
((PF¢)7) in the neat films and a consequent increase in neat-
film ionic conductivity. These results demonstrate that such
a technique is useful for molecular modifications of ITMCs
to improve turn-on times of LECs and to realize single-com-
ponent ITMC LECs compatible with simple driving
schemes.

Experimental Section

General

'H and “C NMR spectra were collected on a 400 MHz spectrometer at
room temperature. Photophysical data in solution were collected at room
temperature by using a 10~ M solution of 1 and 2 in CH,Cl,, which was
purged with nitrogen gas for several minutes prior to measurement. Neat
films of 1 and 2 were spin-coated onto quartz substrates from solutions in
CH;CN, and photophysical data were collected under ambient conditions.
The thickness of the spin-coated films was about 100 nm, as measured by
ellipsometry. UV/Vis spectra were recorded on a spectrophotometer. PL
spectra were recorded by using a cooled charge-coupled device (CCD)
coupled to a monochromator with the 325-nm line of a He/Cd laser as
the excitation source. PL QYs for solution and thin-film samples were
determined with a calibrated integrating sphere system. Excited-state
lifetimes of samples were measured by using the time-correlated single
photon counting (TCSPC) technique, in which a photomultiplier and a
subnanosecond pulsed UV laser diode were used as the detector and the
pulsed excitation source, respectively, and the PL signals were detected
at the peak PL wavelengths. Oxidation and reduction potentials were de-
termined by CV in solutions of 1 and 2 (1.0 mm) in CH,Cl, containing
0.1M of tetra-n-butylammonium hexafluorophosphate (TBAPF() as a
supporting electrolyte at a scan rate of 100 mVs™'. A glassy carbon elec-
trode and a platinum wire were used as the working and counter electro-
des, respectively. The redox couple of ferrocene/ferrocenium (Fc/Fct),
which occurs at E”=+0.47 V in CH,Cl,/TBAPF,, was used an internal
standard for the oxidation and reduction of 1; the redox potential of Fc/
Fc* was observed to shift to E°=+0.39 V for the oxidation of 2, and
E°=+0.42V for the reduction of 2 vs. Ag/AgCl (saturated). All poten-
tials were recorded versus Ag/AgCl (saturated) as a reference electrode.

ITO-coated glass substrates were cleaned and treated with UV/ozone
prior to spin-coating of the emissive layer. The preparation of solutions
of 1 and 2 and the spin-coating of neat films (~100 nm) of 1 and 2 were
performed under nitrogen atmosphere in a glove box. After spin-coating,
the neat films were then baked at 70°C for 15 h, followed by thermal
evaporation of a 150-nm Ag top contact in a vacuum chamber
(=107° Torr). The electrical characteristics of the LEC devices were mea-
sured by using a source-measurement unit and an Si photodiode calibrat-
ed with a Photo Research PR-650 spectroradiometer. All device meas-
urements were performed at a constant bias voltage (2.7 or 2.8 V). EL
spectra were recorded with a calibrated CCD spectrograph.

Syntheses

dCé6-daf: 4,5-Diazafluorene® (500 mg, 2.97 mmol) and sodium hydride
(357 mg of 60 %, 8.92 mmol) were dissolved in THF (30 mL), and 1-bro-
mohexane (1.26 mL, 8.92 mmol) was added in one portion. The mixture
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was heated under reflux for 2 h, and the reaction was quenched with
water. The solvent was evaporated, and the reaction mixture was extract-
ed with diethyl ether and dried with MgSO,. The crude product was puri-
fied by column chromatography on silica gel (hexane was used as eluent
to remove excess 1-bromohexane, and the product was flushed out with
ethyl acetate) to afford pure dC6-daf (920 mg, 92%) as a sticky, dark
fluid. "HNMR (400 MHz, CDCl;, 25°C): 0=8.66 (dd, *Jyy=4.8 Hz,
“Jun=1.6 Hz, 2H), 7.69 (dd, *J;;;=8.0 Hz, “Jyy=1.6 Hz, 2H), 7.27 (dd,
Jun=38.0Hz, ‘=48 Hz, 2H), 1.98 (t, *Jyu=4.0Hz, 4H), 1.14-0.99
(m, 12H), 0.76 (t, *Jyu=7.2 Hz, 6H), 0.69-0.61 ppm (m, 4H); "C NMR
(100 MHz, CDCl,, 25°C): 6=158.3, 149.3, 144.7, 130.4, 122.7, 51.3, 39.3,
31.5,29.6, 24.1, 22.5, 14.0 ppm; MS (ESI+): m/z (%) caled for Cp;H3;N,:
337.2644 [M +H]*; found: 337.2640 (100).

1: Bis-()-chlorotetrakis(2-phenylpyridinato-C2 N)diiridium (IL1)1**
(322mg, 030mmol) and 9,9-dihexyl-4,5-diazafluorene (212 mg,
0.63 mmol) were dissolved in 1,2-ethanediol (25 mL) under Ar, and the
mixture was kept at 150°C for 16 h. The solution was cooled to room
temperature, and an aqueous solution of NH,PF, (750 mg in 7.5 mL de-
ionized water) was added to yield a yellow suspension. The solid was
then filtered and dried in an oven (80°C) for 12 h. The crude product
was purified by column chromatography on silica gel (CH,Cl,/MeCN =
10:1) to give 1 (544 mg, 88%) as a yellow solid. '"H NMR (400 MHz,
CDCl;, 25°C): 0=8.01 (d, Jyu=8.0Hz, 2H), 7.91 (d, *Jyu=8.0 Hz,
2H), 7.76 (td, *Jyy=8.0 Hz, */yy=1.2 Hz, 2H), 7.67-7.63 (m, 6H), 7.53
(dd, Ny 11 =8.0 Hz, *Jy y=5.2 Hz, 2H), 7.04-6.97 (m, 4H), 6.92 (td, *Jyy =
8.0 Hz, Yy =1.2Hz), 6.39 (d, *Jyy;;=8.0 Hz, *J;;;=2.0 Hz, 2H), 2.12 (t,
3Jun=38.0 Hz, 4H), 1.15-1.02 (m, 12H), 0.79 (t, /s =8.0 Hz, 6 H), 0.72—
0.64 ppm (m, 4H); "CNMR (100 MHz, CDCl;, 25°C): §=167.7, 160.6,
148.7, 147.5, 145.0, 144.6, 143.6, 138.1, 134.3, 131.9, 130.4, 127.4, 124.4,
123.0, 122.7, 119.4, 59.6, 37.5, 31.6, 29.3, 24.6, 22.5, 14.1 ppm; MS
(BSI+): m/z (%) caled for C,HyIrN,: 8383581 [M+H]|*, 837.3508
[M]*; found: 837.3582 (50), 837.3559 (100).

4: 4,5-Diazafluorenel® (200 mg, 1.19 mmol) and sodium hydride (60 %,
140 mg, 3.57 mmol) were dissolved in THF (40 mL), and 1,6-dibromohex-
ane (1.84 mL, 11.9 mmol) was added in one portion. The mixture was
stirred for 1h, and the reaction was quenched with water. The solvent
was evaporated, and the reaction mixture was extracted with diethyl
ether and dried with MgSO,. The crude product was purified by column
chromatography on silica gel (CH,Cl, was used as eluent to remove
excess 1,6-dibromohexane, and the product was flushed out with ethyl
acetate) to afford pure 9,9-bis(6-bromohexyl)-4,5-diazafluorene (dC6Br-
daf, 4; 255 mg, 43%) as a colorless liquid. "H NMR (400 MHz, CDCl,,
25°C): 6=8.66 (dd, *Jyy=4.8 Hz, *Jyy=1.6 Hz, 2H), 7.69 (dd, *Jyu=
8.0Hz, *Jyuy=1.6Hz, 2H), 7.27 (dd, *Jyu=8.0Hz, *J;;=4.8 Hz, 4H),
3.26 (t, *Jyy=7.2 Hz, 4H), 2.02-1.97 (m, 4H), 1.63 (quint, *J;;=7.2 Hz,
4H), 1.17 (quint, *Jyy=7.2 Hz, 4H), 1.07 (quint, *J,4=7.2 Hz, 4H),
0.68-0.60 ppm (m, 4H); CNMR (100 MHz, CDCl,, 25°C): 6=158.2,
149.4, 144.4, 130.4, 122.9, 51.2, 39.1, 33.9, 32.5, 29.0, 27.7, 23.9 ppm.

2: A mixture of 4 (255 mg, 0.55 mmol) and 1-methylimidazole (4.38 mL,
55 mmol) was heated to 100°C for 1 h. The reaction was quenched with
water, the mixture was extracted with CH,Cl,, and the water layer was
collected. KPF, (500 mg, 2.75 mmol) was then added to the aqueous solu-
tion, and the mixture was extracted with CH,Cl,. The organic layers were
combined, dried with MgSO,, and evaporated. The excess 1-methylimida-
zole was partially removed under vacuum conditions (50°C, 0.4 Torr).
The crude product was used in the next step without further purification.
Bis-(u)-chlorotetrakis(2-phenylpyridinato-C? N)diiridium (I1T)-

(187 mg, 0.17 mmol) and crude 9,9-bis(6-(3-methylimidazolium)hexyl)-1-
yl-4,5-diazafluorene (289 mg, 0.37 mmol) were dissolved in 1,2-ethanediol
(20 mL) under Ar, and the mixture was kept at 150°C for 16 h. The solu-
tion was cooled to room temperature, and an aqueous solution of
NH,PF, (450 mg in 5 mL deionized water) was added to yield a yellow
suspension. The solid was then filtered and dried in an oven (80°C) for
1 h. The crude product was purified by column chromatography on Al,O;
(CH,Cl,/CH;CN =3:1) and then precipitated with THF and diethyl ether
to afford pure 2 (350 mg, 47% over two steps) as a yellow solid.
'H NMR (400 MHz, [Dg]acetone, 25°C): 0=8.89 (s, 2H), 8.34 (d, *Jyu=
8.0 Hz, 2H), 8.23 (d, *J;;5=8.0 Hz, 2H), 7.98 (t, *J;;;=8.0 Hz, 2H), 7.91
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(d, *Jyu=5.2 Hz, 2H), 7.87 (d, *Jyu=8.0 Hz, 2H), 7.77 (d, *Jyy=4.4 Hz,
2H), 7.72-7.68 (m, 6H), 7.16 (t, *Jyuy=5.2 Hz, 2H), 7.04 (t, Jyy;=8.0,
2H), 6.92 (t, Jyuy=8.0Hz, 2H), 6.44 (d, *Jyu=64Hz, 2H), 427 (t,
*Jun=72Hz, 4H), 404 (s, 6H), 2.30 (t, */yu=72Hz, 4H), 1.82 (t,
*Jun=72Hz, 4H), 1.26-1.19 (m, 8H), 0.97-0.88 (m, 2H), 0.79-0.68 ppm
(m, 2H); *C NMR (100 MHz, [D¢]acetone, 25°C): 6 =167.8, 161.2, 149.7
147.9, 145.3, 145.2, 144.6, 138.9, 136.5, 135.1, 132.0, 130.2, 127.9, 124.8,
124.1, 123.7, 122.8, 122.6, 119.9, 59.8, 49.8, 37.2, 36.1, 25.8, 24.3 ppm; MS
(ESI+) m/z (%) caled for Cs;HsgIrNg: 999.4397 [M]**; found: 999.4353
(100).
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A Precoordination Complex of 1,2,3-Trimethyl-1,3,5-triazacyclohexane with
tert-Butyllithium as Key Intermediate in Its Methylene Group Deprotonation

Carsten Strohmann* and Viktoria H. Gessner'®

Abstract: a-Lithiated tertiary methyl-
amines are important building blocks
in all fields of chemistry, such as for

compounds with 1,2,3-trimethyl-1,3,5-
triazacyclohexane (1), such as a pre-
coordination adduct of tert-butyllithi-

sents a potential intermediate of the
lithiation of the methylene group of
this ligand. By means of molecular

the synthesis of new ligand or catalyst  um,
systems. However, the access to these
compounds is still limited and the reac-
tion mechanism, in general, not fully
understood. We present herein X-ray
diffraction analyses of organolithium

Introduction

The direct deprotonation of tertiary N-methylamines is a
challenging task in organic and organometallic synthesis for
gaining important building blocks.!! These building blocks
enable the facile introduction of a nitrogen function, which
is of central interest in various fields of research, for exam-
ple, in ligand or natural material syntheses. However, to
date, only few amines are known to undergo this type of re-
action, for instance, N,N,N',N'-tetramethylethylenediamine
(TMEDA), N,N,N,N"’,N'-pentamethyldiethylenetriamine
(PMDTA), and (1R,2R)-tetramethylcyclohexane-1,2-di-
amine [(R,R)-TMCDA].[ Therefore, o-lithiated amines are
usually only accessible by transmetalation or via aminobor-
anes, which can be deprotonated more readily.” In general,
the hindered o-lithiation is assumed to be the result of the
repulsion between the carbanion center and the lone pair of
the nitrogen. However, the mechanism of this deprotonation
often proceeds via precoordinated intermediates according
to the complex-induced proximity effect (CIPE).F! These
complexes determine the reaction pathway and decrease the
barrier, so that also the direct a-lithiation of N-methyl-
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[(/BuLi);»CgH;sN;], which repre-

Keywords: lithiation - lithium - N
ligands - structure—activity relation-
ships - structure elucidation
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structures and computational studies,
the regioselectivity of this deprotona-
tion reaction can be understood. Fur-
thermore, the rBuLi adduct gives a hint
to an alternative deaggregation process
of organolithium compounds.

amines becomes possible. X-ray diffraction analysis of po-
tential intermediates is a crucial tool to get a more detailed
insight into the ongoing processes, although there have only
been few examples of structural analyses of such species,
and the mechanism of many reactions is still unclear.!s

Recently, N. W. Mitzel and co-workers showed that the
tridentate, cyclic ligand, 1,3,5-trimethylhexahydro-1,3,5-tri-
azine (1), undergoes a-lithia-

tion. Here, deprotonation
Me. .~ -Me
occurs not at the methyl group ’\Il\ )N
of the triazacyclohexane, but at N
its methylene bridge, resulting Me
in the formation of the first 1

doubly N-substituted carbanion.

This fact raises two essential questions: 1) Do any inter-
mediate structures exist, which enable deprotonation of the
amine? 2) Can the regioselectivity of the deprotonation be
explained by precoordination according to the CIPE
model? First, we herein present molecular structures of 1
with phenyllithium (PhLi) and fert-butyllithium, whereby the
latter represents a special type of aggregation. Subsequently,
DFT studies based on the molecular structures give an ex-
planation for the selectivity of the lithiation of the triazacy-
clohexane 1.

Results and Discussion

Out of various mixtures of tert-butyllithium and 1 in n-pen-
tane, [(fBuLi);»C¢H;sN;] (2) crystallizes at —78°C in the
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monoclinic crystal system, space group P2,. Compound 2
contains three molecules of tert-butyllithium coordinated by
the tridentate ligand to give the highly symmetric molecule
(pseudo-C;, symmetry). However, symmetry is broken aris-
ing from the disorder of one of the methyl groups (C15—
C18), which was refined using a split model, describing all
atoms of the methyl group in two positions with occupancies
of 0.6 and 0.4. Figure 1 shows the main isomer of compound
2. The Li—C distances range from 2.093(14) to 2.292(18) A,
the Li-N distances from 2.156(16) to 2.190(11) A, and are
thus comparable with monomeric and dimeric lithium
alkyls.®! The three lithium atoms form an almost equilater-
al triangle. Every lithium atom has three contacts: two to
the carbanion centers and one to the nitrogen atom of the
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Figure 1. Left) Molecular structure of [(1BuLi); CsH;sN;s] (2) in the crys-
tal. Only the main isomer of the disordered methyl group is depicted. Se-
lected bond lengths [A] and angles [°]: Lil-C7 2.169(16), Lil-Cl1
2.168(15), Li2-C11 2211(15), C(15B)-Li(3) 2.093(14), C(15B)-Li(2)
2.292(18), Li3-C7 2.182(13), Lil-N1 2.163(6), Li2-N2 2.156(16), Li3-N3
2.190(11) Lil-Li3 2.563(13), Lil-Li2 2.536(14), Li2-Li3 2.529(8), C7-C6
3.616(13), C7-C1 4.371(11), C7-C5 4.38415; Lil-C7-Li3 72.2(4), Lil-C11-
Li2 70.8(4), Li3-C15B-Li2 70.3(4). Right) Representation of the molecu-
lar structure of compound 2.

Abstract in German: o-Lithiierte tertidire Methylamine sind
wichtige Bausteine in allen Bereichen der Chemie, wie bei-
spielsweise zur Synthese neuer Liganden oder Katalysator-
systemen. lhr synthetischer Zugang ist jedoch sehr be-
schrinkt und der Reaktionsmechanismus im Allgemeinen
nicht vollig verstanden. Rontgenstrukturanalysen von Orga-
nolithiumverbindungen mit dem dreizdhnignen Liganden
1,2,3-trimethyl-1,3,5-triazacyclohexan, darunter ein
auBergewohnliches Aggregat von tert-Butyllithium, [(fBu-
Li);:CsH;sN;], geben Hinweis auf mogliche Mechanismen
der Deprotonierung der Methylenbriicke des Liganden. Die
Regioselektivitidt dieser Deprotonierungsreaktion kann mit
Hilfe der Molekiilstrukturen und quantenchemischen Stud-
ien erklart werden. Dariiber hinaus deutet das ¢BuLi-
Addukt auf einen weiteren moglichen Daggregationsprozess
der oligomeren Lithiumorganyle hin.
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ligand. Contrary to the oligomeric lithium organics, in which
the Li; surfaces of the polyhedron are p'-capped by the
carbanionic units, the tert-butyl groups in 2 coordinate only
to two lithium atoms, thus forming a Li—C six-membered
ring. 2 is a rare example of a molecular structure formed by
three alkyllithium groups. Generally, organolithium com-
pounds tend to form structures, such as hexamers, tetramers,
dimers, or monomers.> %!

With its three fert-butyllithium groups coordinated by one
ligand, compound 2 represents an extraordinary type of mo-
lecular structure.”’ In a thought experiment, this structure
suggests a further possibility for the deaggregation of orga-
nolithium compounds. In general, it is assumed that the
cleavage of the oligomeric structures of organolithium com-
pounds, such as tetramers and hexamers, proceeds via the
dimeric compounds, which again break into monomers.
However, compound 2 suggests another possibility for this
process. Based on the tetrameric structure of (¢BuLi),, the
tert-butyllithium monomer can be formed by cutting off one
edge from the (rBuLi), tetrahedron. For instance, this can be
achieved by adding (—)-sparteine or (R,R)-TMCDA as
Lewis base, which are known to build monomers with rBuLi
in the crystal. The three remaining fert-butyllithium groups
can then be stabilized by a tridentate ligand as found in an
experiment with triazacyclohexane 1 (Figure 2).

.CMe,

Me,C. . CMe; cime,

Lis
v Ll\' ,L o
~tBuLi Li
me,C \ |7 zome, "
."“'“L/--CMe;' e
ey ™
(BuLi), N_N-
Me,C, .CMe, CMe, Me™ " Me
Lig—=Li
\I._ir
‘ 4 N—
Me-N—i—" Me
[N
1
Me
2

Figure 2. Hypothetical formation of compound 2 by cutting off one edge
of the (rBuLi), tetrahedron and stabilizing the remaining fert-butyl
groups by 1.

Out of an equimolar mixture of 1 and phenyllithium
in  n-pentane/dibutylether, the dimeric compound
[PhLi-C¢H5N3], (3) crystallizes in the monoclinic crystal
system, space group P2,/c (Figure 3). The molecule possess-
es an inversion center. Thus, the central four-membered Li—
C—Li—C ring, which is typical for dimeric alkyllithium com-
pounds, shows no deformation towards an envelope confor-
mation (sum of angles of 360°), although this deformation is
generally observed in dimeric organolithium com-
pounds.>"# The Li—C distances in the central four-mem-
bered ring amount to 2.211(3) and 2.237(3) A, the Li—N dis-
tances to 2.133(3), 2.439(3), and 2.457(3) A, with two distan-
ces being significantly longer than in analogous dimeric
compounds. Altogether, the lithium centers have five con-
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Figure 3. Molecular structure of [PhLi-C¢H;sNs], (3) in the crystal. Select-
ed bond lengths [A] and angles [°]: Li-C7’ 2.237(3), C7-Li 2.211(3), Li-N1
2.457(3), Li-N2 2.439(3), Li-N3 2.133(3), C6-C7 3.579(4), C5-C7 4.294(5),
C1-C7 4.115(6); Li-C7-Li> 66.42(12), C7-Li-C7> 113.58(12).

tacts each, whereas two of them are considerably elongated.
Besides [PhLi-(—)-sparteine],, a sparteine-surrogate,® and
the TMEDA adduct, compound 3 is a rare example of a di-
meric phenyllithium structure.”’ Interestingly, the tridentate
ligand PMDTA forms a monomeric structure with PhLi, in
which the lithium atoms are coordinated by all three nitro-
gen atoms of the ligand.'” In contrast, triazacyclohexane 1
forms a dimer with phenyllithium, in which only one of the
three nitrogen centers is coordinated at the lithium atoms.
Considering tBuLi, an analogous symmetric, dimeric
structure is not possible because of the sterical hindrance of
the tBuLi groups. This is confirmed by DFT studies, which
showed no stationary point for a dimeric structure [fBu-
Li-C¢H,sN;],.'Y Nevertheless, besides the crystal structure 2,
also a monomeric molecular structure rBuLi-CsH;sN; and a
coordination polymer with central BuLi dimers, coupled by
two ligand molecules, are imaginable. Such a polymeric
fBuLi structure was recently discovered in our working
group with N,N'-dimethylpiperazine as ligand.'!! Calcula-
tions at the B3LYP/6-31+G(d) level showed that 2 is the
most stable type of structure, being energetically favored by
27 kImol™" over *, of the tetrameric (fBuLi), and one mole-
cule of triazacyclohexane 1 (Figure 4). Monomeric fBu-
Li-C{H;sN; 4 is also 6 kImol™' more favorable than !/,
(rBuLi), plus one molecule of triazacyclohexane 1, and the
addition of two monomers to the unsymmetrical dimer
[(fBuLi), (C¢H;5N3),] (model system for the coordination po-
lymer) yields additional 19 kJmol™'.l? Altogether, 2 is the
thermodynamically most stable adduct between fert-butyl-
lithium and triazacyclohexane 1, as found in experiment.
Investigations of the reactivity of triazacyclohexane 1 con-
ducted by N. W. Mitzel and co-workers showed selective de-
protonation of the ligand by tBuLi at the methylene bridge,
and not at the methyl group.”) Therefore, we wanted to
know if this selective reaction can be explained by the iso-
lated molecule 2 or further possible intermediates built
during the deprotonation process. DFT calculations were
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Figure 4. Relative energies (AH) of compound 2 and monomer fBu-
Li-C¢H,5N; (4) in comparison to triazacyclohexane 1 and (rBuLi),.

performed to gain a more detailed insight into possible
mechanisms of this reaction."” At the B3LYP/6-31+ G(d)
level, the reaction barriers of the deprotonation of the
methyl group and the methylene bridge were calculated.
Furthermore, reaction pathways via compound 2 and a mo-
nomer-based transition state were calculated."” Based on
compound 2, the lithiation of the methylene bridge turned
out to be favored by 21 kJmol ! over the lithiation of the
methyl group via the monomeric transition states by
7kJmol~'. Both the monomer-based mechanism and the
mechanism via compound 2 possess barriers sufficiently low
for the process of the reaction (Figure 5), so that both reac-

Me methylene

methyl Ew methyl
/128 kJ mol” /100 kJ mol”
ﬂf JJ:
/ methylene ] f." methylene
favored /'" /107 kJ mol™ disfavored / / 93kJmol”
aggregate 1/ aggregate

[((BuLi)y CeHysNal| // tBuLi-CgHysN, /
2 14 4 4

0 kJ moal” 0kJ mol”

reaction coordinate reaction coordinate

Figure 5. Comparison of the barriers (AH") of the lithiation of the methyl
group and the methylene bridge of triazacyclohexane 1 via 2 and the mo-
nomer-based mechanism; B3LYP/6-31 4+ G(d).

tion pathways should be possible. Whether the reaction pro-
ceeds via compound 2 or via a monomeric transition state
depends on the existence of an equilibrium between both
species. If the barrier between compound 2 and monomer 4
is too high, the reaction will only proceed via the more fa-
vored compound 2 (Figure 5). However, both pathways
prefer the deprotonation of the methylene bridge as seen in
the experiment.[*)
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The differences in the reaction barriers of the lithiation of
the methyl group and the methylene bridge are easy to ex-
plain by means of the crystal structures. In compound 2, the
carbanion center and the hydrogen atom of the methylene
bridge, which is located directly below the carbanion center,
come close to each other. In the crystal, the carbanionic
center C7 shows a closer contact to the methylene bridge
C6 of 3.616(13) A than to the methyl groups [C1: 4.371(11);
C5: 4384 (15) A]. Arising from this spatial proximity the
barrier is decreased and deprotonation becomes possible.
An analogous proximity for the deprotonation of the methyl
group is not observed in compound 2. This is also true for
the hypothetic monomeric compound BuLi-CsH;sN; (4).
For the deprotonation of the methyl group via monomer 4,
even a conformational change of the methyl group from the
equatorial to the axial position is required (Figure 6). Con-
sequently, the regioselectivity of the deprotonation reaction
of triazacyclohexane 1 can be explained by means of pre-
coordination according to the CIPE.F!

methylene VS, methyl
Me
Me
eBUAE By Me.l Me
A 'LL‘" FodBus tBu
it AL K vl
N N P [(tBuLi); CeHisN:] (2)
~, 5_7' - 7,_.,:N—
HCTITR
Me, Me
~C~Me
H
H~e L via
;%‘j\ H . fBULI-CoH <N, (4)
S i

Figure 6. Illustration of the relevant transition states.

The same tendencies can be found for a dimeric structure
of triazacyclohexane 1 analogous to [PhLi-C¢H;sNs], (3).
Such a dimer is not possible for tert-butyllithium because of
the sterical hindrance, however, it can be formed by smaller
organolithium bases. Calculations at the B3LYP/6-31+ G(d)
level with methyllithium as lithiumalkyl (Figure 7) showed
also a favoritism by 37 kJmol™" of the deprotonation of the
methylene bridge over the deprotonation of the methyl
group with a barrier of only 99 kJmol . This favoritism by
the dimer-based mechanism is also caused by the spatial
proximity between the carbanionic center and the methyl-
ene bridge. Although phenyllithium does not undergo such
a readily deprotonation and methyllithium, no deprotona-
tion of the ligand at all, in comparison to tert-butyllithium
or n-butyllithium, the spatial proximity can also be found in
the molecular structure of 3: the carbanionic center C7
shows a closer contact to the methylene bridge C(6) of
3.579(4) A and a farther contact to the methyl groups C5
and C1 of 4.294(5) and 4.115(6) A. Altogether, the regiose-
lectivity of the deprotonation of 1,2,3-trimethyl-1,3,5-triaza-
cyclohexane (1) can be understood by the spatial proximity
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Methylene Group
Deprotonation
via
[MeLi-CsH,sN,]2

AH =99 kJ mol™

Methyl Group
Deprotonation
via
[MeLi-C¢H:sNsl,

AH =137 kJ mol™

Figure 7. Illustration of the relevant transition states of the dimer-based
mechanism; B3LYP/6-31 4+ G(d).

of reactive groups according to the CIPE independent of
the aggregation type of the intermediate (monomer, dimer,

aggregate).

Conclusions

In conclusion, we present herein molecular structures with
the tridentate ligand 1,3,5-trimethylhexahydro-1,3,5-triazine
(1): [(rBuLi);»C¢H sN3] (2) and [PhLi-C¢H;sNs], (3). Com-
pound 2 exhibits an extraordinary type of aggregation,
which gives hint to a deaggregation process of tetrameric or-
ganolithium compounds by breaking into a monomer unit
and three alkyllithium groups coordinated by a tridentate
ligand. Based on the presented structures, DFT studies of
the lithiation of the ligand show that monomer- and dimer-
based mechanisms, as well as a mechanism via compound 2
are possible. All pathways show an energetic favoritism of
the deprotonation of the methylene bridge over the depro-
tonation of the methyl group. This regioselective deprotona-
tion of the methylene bridge can be explained by the spatial
proximity of the reactive groups in the precoordinated com-
plexes according to the CIPE.

Experimental Section

Deprotonation Reactions

All experiments were carried out under a dry, oxygen-free argon atmos-
phere by using standard Schlenk techniques. Involved solvents were
dried over sodium and distilled prior to use.

2: 1,3,5-Trimethylhexahydro-1,3,5-triazine (1) (160 mg, 1.24 mmol) was
dissolved in n-pentane (5 mL) and cooled to —40°C. At this temperature,
tBuLi (1.7M solution in n-pentane, 1.5 mL, 2.55 mmol) was carefully
added. Cooling to —78°C gave colorless needles of 2. Compound 2 was
also obtained with 1 equivalent and 3 equivalents of tBuLi. At tempera-
tures higher than —20°C, deprotonation of the ligand and thus transfor-
mation of the compound was observed.
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3: 1,3,5-Trimethylhexahydro-1,3,5-triazine (1) (160 mg, 1.24 mmol) was
dissolved in n-pentane (5 mL) and cooled to —60°C. At this temperature,
PhLi (2.0M in dibutylether, 0.7 mL, 1.40 mmol) was carefully added to
give two phases. Cooling to —78°C gave colorless crystals of 3 at the
phase interface after 12 h. Phenyllithium also undergoes deprotonation
of the triazacyclohexane ligand 1, however, less readily than fert-butylli-
thim. After 5 days at room temperature, one third of the ligand was de-
protonated. The lithiated species were trapped with acetophenone ac-
cording to N. W. Mitzel and co-workers.*”l With methyllithium, no depro-
tonation of the ligand was observed.

X-ray Measurements

X-ray measurements were performed on a Bruker APEX-CCD [Mo-K,:
2=0.71073 A, T=173 K] diffractometer. The crystals of both compounds
were mounted in an inert oil (perfluoropolyalkylether) at —60°C (N,
stream), by using the X-TEMP 2 device."” Crystal structures were solved
with direct methods, and refined against F> with the full-matrix least-
squares method by using SHELXS-90 (G. M. Sheldrick, University of
Gottingen 1990) and SHELXL-97 (G. M. Sheldrick, SHELXIL.97, Univer-
sity of Gottingen 1997). Crystallographic data (excluding structure fac-
tors) have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC 676876 for 2, and
CCDC 676877 for 3. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_re-
quest/cif. Ortep plots of both molecular structures in the crystal are avail-
able in the Supporting Information.

Crystallographic data of 2: Colorless needle crystals from n-pentane,
0.5%0.5x0.2 mm?®: C;gH,,Li;N;, M =321.37, monoclinic, space group P2,
a=9.104(7), b=14.593(10), ¢=9.480(5) A, B=116.599(10)°, V=
1126.2(12) A%, Z=2, p=0.948 Mgm>. 6239 reflections measured with 260
in the range 2.50-24.00°, 3459 unique reflections (R;,=0.0341). R,=
0.0686, wR,=0.1638 (all data). The methyl group (C15—C18) is disor-
dered, and therefore all atoms are refined over two sites with occupan-
cies of 0.6 and 0.4. The split atoms were not refined anisotropically. Thus,
pseudosymmetry element m is broken by this disorder resulting in space
group P2, and not P2,/m.

Crystallographic data for compound 3: Colorless needles from n-pentane,
0.5%0.3x0.1 mm?*: C,,H,Li,N,, M =426.50, monoclinic, space group P2,/
¢, a=7.764(10), b=18.85(2), ¢=9.401(13) A, B=109.25(5)°, V=
1299(3) A%, Z=4, p=1.091 Mgm™>. 9878 reflections measured with 26 in
the range 2.16-25.0°, 2276 unique reflections (R, =0.0368). R;=0.0450,
wR,=0.1039 (all data).

Computational Studies

If not otherwise mentioned, all calculations were done without symmetry
restrictions. Starting coordinates were obtained with Chem3DUltra 10.0.
Optimization and additional harmonic vibrational frequency analyses (to
establish the nature of stationary points on the potential energy surface)
were performed with the software package Gaussian 03 (Revision D.01)
at the B3LYP/6-31+G(d) level.'” The vibrational frequency analyses
showed one imaginary frequency for the transition states representing
the corresponding vibration for the deprotonation. For the educts, no
imaginary frequencies were obtained. Coordinates of all calculated struc-
tures are available in the Supporting Information.
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[Ru(bpy),(dcbpy)NHS] Labeling/Aptamer-Based Biosensor for the
Detection of Lysozyme by Increasing Sensitivity with Gold Nanoparticle

Amplification

Jianguo Bai,' " Hui Wei,"”! Bingling Li,"””! Lihua Song,™ Lan¥un Fang,'”! Zhaozi Ly,
Weihong Zhou,*" and Erkang Wang*!?!

Abstract: A novel [Ru(bpy),
(dcbpy)NHS]  labeling/aptamer-based
biosensor combined with gold nanopar-
ticle amplification for the determina-
tion of lysozyme with an electrochemi-
luminescence (ECL) method is pre-
sented. In this work, an aptamer, an
ECL probe, gold nanoparticle amplifi-
cation, and competition assay are the

has been prepared. Its high selectivity
and sensitivity are the main advantages
over other traditional [Ru(bpy);]** bio-
The electrochemical impe-
dance spectroscopy (EIS) and atomic
force microscopy (AFM) characteriza-
tion illustrate that this biosensor is fab-
ricated successfully. Finally, the biosen-
sor was applied to a displacement assay

SENSOrs.

in different concentrations of lysozyme
solution, and an ultrasensitive ECL
signal was obtained. The ECL intensity
decreased proportionally to the lyso-
zyme concentration over the range
1.0x107°-1.0x 10 * molL™" with a de-
tection limit of 1.0x 107" molL~". This
strategy for the aptasensor opens a
rapid, selective, and sensitive route for

main protocols employed in ECL de-
tection. With all the protocols used, an
original biosensor coupled with an
aptamer and [Ru(bpy),(dcbpy)NHS]

Introduction

Protein detection plays an important role in many areas for
fundamental research.!'! In recent years, a number of pro-
tein-binding methods with high degrees of specificity have
been developed, including antigen—antibody systems, nucleic
acid hybridization techniques, and protein-ligand systems.”!
Among them, antigen—antibody systems are the most versa-
tile techniques. In 1990, a new ligand which showed high af-
finity and selectivity, referred to as an aptamer, was report-
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the detection of lysozyme and poten-

biosensors - tially other proteins.

ed independently by the laboratories of Joyce, Szostak, and
Gold.P! Aptamers are artifical synthetic oligonucleotides
with small size and are easily and reproducibly synthesized
compounds which show high affinity and sensitivity to rec-
ognize a certain target.! Recent works have indicated that
target-aptamer systems offer more considerable advantages
compared with antigen—antibody systems and present an al-
ternate candidate to antigen—antibody systems.” Taking into
account the advantages of aptamers, a biosensor fabricated
with an aptamer holds great promise for applications in pro-
teomic microarrays and therapeutic agents owing to their
small size, easy modification, high binding affinity, and re-
sistance against denaturation.

Recently, a variety of aptamer-based analytical methods
have been developed for protein recognition and detection,
including fluorescence,® surface plasma resonance (SPR),’
AFM,® quartz crystal microbalance,”’ electrochemistry,!”!
electrochemiluminescence (ECL)," and so on. Among all
these methods, different ECL detection routes have been re-
cently developed and hold obvious potential for the multi-
faceted advantages of ECL. Since Noffsinger and Daniel-
son'? first reported the chemiluminescence of tris(2,2-
bipyridine)ruthenium(IIT) and then Leland and Powell™ re-
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ported the coreactant tri-n-propylamine (TPrA), which ex-
hibited the highest ECL efficiency, ECL has received much
attention owing to its inherent sensitivity, selectivity, low
cost, wide linear range, and utilization in different analytical
areas such as clinical tests and biomolecule detection.'* In
view of these advantages, a wide range of electrochemilumi-
nescence probes based on tris(2,2"-bipyridine)ruthenium(III)
have been proposed and tested in different sensing systems
in recent years."

Aptamer-based displacement immunoassays are ultrasen-
sitive since the labeled protein has an obviously lower affini-
ty to the aptamer compared with the unmodified one.l'"]
Wang et al.'"! developed quantum-dot/aptamer-based mutia-
nalyte electrochemical aptamer biosensors with subpicomo-
lar detection limits 3—4 orders of magnitude lower than most
advanced aptamer biosensors reported.!'!

Herein, by adopting lysozyme as a model analyte, we
combine displacement assays with the ECL detection
method to present a ruthenium tris(2,2"-bipyridine-4,4'-dicar-
boxylic acid) N-hydroxysuccinimide ester ([Ru(bpy),
(dcbpy)NHS]) labeling/aptamer-based biosensor for protein
detection. First, the gold electrode was immersed in p-ami-
nothiophenol (p-ATP) solution to assemble a p-ATP mono-
layer, and then the gold electrode was dipped into the col-
loidal gold to improve the adsorption capacity. A thiolated-
oligonucleotide solution was dropped onto the gold elec-
trode surface to generate the aptamer monolayer, which was
subsequently treated with 6-mercapto-1-hexanol to block
the electrode. [Ru(bpy),(dcbpy)NHS]-labeled lysozyme was
bound to the aptamer monolayer for the next step. Last, the
displacement assay was carried out in different concentra-
tions of lysozyme solution, and then the ultrasensitive ECL
signal was obtained. The ECL intensity decreased propor-
tionally to the lysozyme concentration over the range 1.0 x
107°-1.0x10*molL™! with a detection limit of 1.0x

Abstract in Chinese:
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1072 molL™". Furthermore, this biosensor was applied suc-
cessfully to determine the content of lysozyme in egg, which
guaranteed the feasibility of this method to analyze biologi-
cal samples. Through this protocol, ECL probes, synthetic,
and labeling techniques are successfully brought into apta-
mer-based bioassays, which makes the protein detection
more sensitive and provides a new model for the applica-
tions of ECL probes at the same time. Moreover, gold nano-
particle amplification further increases the sensitivity of the
detection and makes the method more practical. Finally,
with lysozyme as a model analyte, this protocol could be uti-
lized as a versatile and powerful tool for the detection of
further proteins and molecules in the clinical, pharmaceuti-
cal, and bioassay fields.

Results and Discussion
Effect of Electrolyte Buffer on ECL Intensity

Tris(2,2"-bipyridine)ruthenium(IIT) coupled with the coreac-
tant tri-n-propylamine (TPrA) has been demonstrated to ex-
hibit the highest ECL efficiency. Many early works have in-
vestigated the ECL mechanism of the [Ru(bpy);]**/TPrA
system. It is clear that the ECL intensity depends signifi-
cantly on the concentration of both [Ru(bpy);]** and TPrA;
the solution pH value and the electrode material are also
important.!'”] It has been reported that a strong ECL was
produced when tris(2,2"-bipyridine)ruthenium(IIT) was dis-
solved in MeCN containing TPrA as the ECL coreactant.””!
In addition, a similar result is also obtained for electroche-
miluminescence labels. In our experiment, the ECL intensity
is enhance with increasing pH value. However, when the pH
value is over 10.70, a white deposition appears. Thus, PB
buffer (pH 10.55, 100 mmolL™!) containing TPrA
(100 mmol L") and MeCN (50 mmolL™") was selected as
the electrolyte for ECL study.

AFM Characterization of the Fabricated Biosensor

The surface structure and morphology of the fabrication
progress of the biosensor is characterized by AFM as shown
in Figure 1. Figure 1a exhibits an image of the bare gold
substrate. Figure 1b shows a clustered surface morphology,
covered by irregularly shaped gold nanoparticles (GNPs)
with an average size of 13 nm. This morphology is greatly
different from that of the bare Au surface shown in Fig-
ure 1a. Figure 1c shows the image of an aptamer layer im-
mobilized on the GNP-amplified gold substrate, which
shows a slight increase in fabrication density compared to
Figure 1b in this step. However, when [Ru(bpy),
(dcbpy)NHS]-labeled lysozyme is immobilized on the apta-
mer, one can see the difference from Figure 1¢ in terms of
both particle size and surface morphology, which demon-
strates that the biosensor is successfully fabricated.

Chem. Asian J. 2008, 3, 1935-1941
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Figure 1. AFM images of a) the Au surface, b) gold nanoparticles on Au,
c) the aptamer surface, and d) the [Ru(bpy),(dcbpy)NHS]-labeled lyso-
zyme surface.

The Selection of Monolayer for GNP Amplification

Gold nanoparticle amplification is a well-known method for
signal enhancement in biosensors.”!) The difficulty is that
gold nanoparticle sols are unstable especially when electro-
lytes are added, owing to inevitable rapid precipitation and
flocculation. To make sure of the stability of the self-assem-
bled monolayer (SAM) for GNP amplification, three SAMs
including 1,6-hexanedithiol, cysteamine, and p-ATP were in-
vestigated. Among the three SAMs cysteamine is the best
conductor because of its shorter chain, and GNPs are easy
to precipitate when it is added. 1,6-Hexanedithiol shows a
better stability than cysteamine, whereas its conductivity is
not satisfactory. In considering both stability and conductivi-
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Figure 2. Impedance plot of the bare Au electrode (a), p-ATP modified
Au electrode (b), and gold nanoparticles on the Au electrode (c) in the
presence of 5 mmolL™" [Fe(CN)]>* with 0.1 molL™' KCl as the sup-
porting electrolyte. The electrode potential was 0.24 V versus Ag/AgCl.
The frequency range was 0.01 Hz to 10 kHz.
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ty, the monolayer of p-ATP was utilized for anchoring
GNPs. Then, this process was characterized using electro-
chemical impedance spectroscopy (EIS). As shown in
Figure 2, curve a represents the electrochemical impedance
of the bare Au electrode, which shows a very small semicir-
cular domain. When p-ATP is assembled on the Au elec-
trode surface, we can see a slight change in the impedance
in curve b. In the next step, the Au electrodes were dipped
into colloidal gold to adsorb on the surface of p-ATP. We
observed a strange phenomenon, as shown in curve ¢, which
is very similar to curve a.”?! The reason may be attributed to
the fact that GNPs are good conductors that can improve
the adsorption capacity of the electrode. Therefore, the elec-
tron transfer from [Fe(CN)]>™™ to the electrode would be
enhanced and thus induces a decreased semicircle domain
compared to curve b. Meanwhile, this result also illustrates
that the GNPs could increase the effective electrode surface
area and thus displays the potential to immobilize more
aptamer molecules to amplify the signal. This is consistent
with the ECL measurement as well. Compared to the sens-
ing surface without GNPs, six times the enhancement of the
final ECL signal is obtained in our experiment (data not
shown here), fully proving the amplification function of the
GNPs.

ECL Measurement of Lysozyme

Typical ECL intensity—potential curves of [Ru(bpy),
(dcbpy)NHS]-labeled lysozyme immobilized on a gold elec-
trode and [Ru(bpy),(dcbpy)] solution on a gold electrode
are shown in Figure 3. As exhibited in curve a, the ECL in-
tensity of [Ru(bpy),(dcbpy)] reaches a maximum at a poten-
tial of about 1.30 V versus Ag/AgCl. However, two ECL
waves occur at the gold electrode in curve b, with the first
ECL wave at a potential of 0.8 V, which is less positive than
that for the oxidation of [Ru(bpy),(dcbpy)] (whereas the

8001
7001
600+ b a
1st

5004

4004

ECL intensity

3004

2nd
200

1001

T T T T
025 050 075 100 125 150
E (Ag/AGC)/V

Figure 3. ECL profiles of [Ru(bpy),(dcbpy)] solution on the gold elec-
trode (a) and [Ru(bpy),(dcbpy)NHS]-labeled lysozyme immobilized on
the gold electrode (b); 100 mmol L' PB buffer containing 100 mmol L™
TPrA and 50 mmolL™ MeCN (pH 10.55) scanned from 0.20 to 1.60 V

with a scan rate of S0 mVs~'.
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second wave occurs at a potential of 1.14 V for the oxidation
of [Ru(bpy),(dcbpy)NHS]-labeled lysozyme). Some earlier
works also reported a similar behavior when a much lower
concentration of [Ru(bpy);]** was used (just 1.0 nm in the
presence of 0.10M TPrA). The first ECL wave probably
originates from TPrA and the second ECL wave may be
[Ru(bpy),(dcbpy)NHS]-labeled lysozyme.”! There may be
two reasons for this behavior. 1) The concentration of TPrA
is much higher than that of [Ru(bpy),(dcbpy)] at the surface
of the electrode; thus, there is more opportunity for TPrA
to be oxidated. 2) When [Ru(bpy),(dcbpy)NHS] is labeled
on lysozyme, it can not transfer freely like TPrA to reach
the electrode surface; hence, TPrA has a quicker oxidation
rate. We thus draw the conclusion that the two ECL peaks
are attributable to the oxidation of TPrA and [Ru(bpy),
(dcbpy)NHS]-labeled lysozyme, respectively. It can be seen
that lysozyme is well labeled, and the best potential for
ECL detection is 0.80 V.

It is important to consider that the oxidation of the thiol
layer and aptamers may induce loss of sensitivity toward the
analytes. Thus, only the first-cycle ECL signal of the CV was
recorded for the standard calibration curve. Almost no
background ECL signal is observed before the [Ru(bpy),
(dcbpy)NHS]-labeled lysozyme incubates with the biosen-
sor. However, a great increase of ECL is observed when the
[Ru(bpy),(dcbpy)NHS]-labeled lysozyme is captured on the
electrodes. Figure 4 shows the ECL intensity at different
concentrations of lysozyme after incubation with the biosen-
sor. The ECL signal decreases with an increase in lysozyme
concentration because the labeled lysozyme has a lower af-
finity to the aptamer than the unmodified one, which agrees
well with the principle of displacement immunoassays de-
scribed above. The detection limit of this method is 1.0x
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Figure 4. The ECL profiles of different concentrations of lysozyme after
incubation with the fabricated electrodes. Concentration of lysozyme:
a)0, b)1.0x10"* molL™", ¢)1.0x107?molL™", d)1.0x10" molL"},
€) 1.0x10 mol L}, £) 1.0x 10~ mol L7, 2) 1.0x10* molL";
100 mmol L™ PB buffer, containing 100 mmol L™ TPrA and 50 mmol L™
MeCN (pH 10.55) scanned from 0.25 to 0.80 V with a scan rate of
50 mVs~'. Inset: Maximum ECL intensity as a function of the logarithm
of the lysozyme concentration in mol L™".
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107 mol L}, which is more sensitive than other ECL meth-
ods reported.?!

The specificity analysis of the ECL biosensor was exam-
ined using two common proteins, BSA and CytC, as shown
in Figure 5. It was found that, when BSA, CytC, and lyso-

2000

1500

1000

ECL Intensity

500+

Blank BSA CytC Lysozyme

Figure 5. Specificity analysis of the ECL biosensor. The concentration of
BSA, CytC, and lysozyme were 1.0x10®molL™". The results are the
average of three experiments.

zyme with the same concentration (1.0x 107" molL™") were
incubated and detected individually with the biosensor, only
in the presence of lysozyme was an obvious decrease in
ECL displayed. Therefore, it can be seen that no significant
interference was obtained for these proteins, and a high se-
lectivity for this biosensor was observed.

Applications

To investigate the feasibility of this biosensor for the analy-
sis of biological samples, the content of lysozyme in egg was
examined. Lysozyme is a familiar small enzyme with well-
known structure and properties, making up 3.5% content in
egg. The lysozyme in an egg white sample was diluted to
107 mol L~! and then analyzed by this method. The average
concentration of detection sample according to the standard
curve is 6.2x107" molL™" with a relative error of 10.6%
(n=5). In view of the activity of lysozyme in egg, the result
is still satisfactory.

Conclusions

A sensitive and selective electrochemical aptasensor for ly-
sozyme has been developed by self-assembly, gold nanopar-
ticle amplification, and displacement immunoassay proto-
cols. This method shows remarkably high sensitivity as a
result of all these protocols used. A sixfold enhancement of
the ECL intensity was obtained in our experiment when p-
ATP was used for the GNP amplification. The biosensor has
been utilized to measure lysozyme with a detection limit of
1.0x 107" mol L™". Finally, this protocol could be applied to

Chem. Asian J. 2008, 3, 1935-1941
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a real sample, and it could potentially be applied to the de-
tection of other proteins.

Experimental Section

Reagents

For synthesis, commercially available chemicals were used without fur-
ther purification unless specified. RuCl;:xH,0, HAuCl, sodium hexa-
fluorophosphate, lysozyme, 4-aminothiophenol (p-ATP), 1,6-hexanedi-
thiol, cysteamine, and 6-mercapto-1-hexanol were purchased from Sigma
(St.Louis, MO); tri-n-propylamine (TPrA), N,N’-dicyclohexylcarbodii-
mide (DCC), and N-hydroxysuccinimide (NHS) were purchased from
Pierce (Rockford, IL); 2,2'-bipyridine (bpy) was purchased from First
Reagent Factory in Shanghai, China. Oligonucleotides were obtained
from Shenggong Bioengineering Ltd. Company (Shanghai). The sequence
of aptamer was 5'(SH)-(CH,)s-TTTTTTTTTTATCTACGAATTCAT-
CAGGGCTAAAGAGTGCAGAGTTACTTAGS3'. Other reagents were
all of analytical reagent grade. Ultrapure water from a Milli-Q plus
system (Millipore Co.) was exclusively used in all aqueous and rinsing
procedures. The 0.1 mol L~! PB buffer (pH 10.55) containing 0.1 mol L™
TPrA was used as the electrolyte for the ECL intensity—potential mea-
surement.

Apparatus

The electrochemical measurements were performed with a three-elec-
trode system. The working gold electrodes were fabricated as a lysozyme
biosensor before use. A KCl-saturated Ag/AgCl electrode and a platinum
wire electrode were used as the reference and the auxiliary electrode, re-
spectively. The scan rate was fixed at 50 mV's™'. Because the ECL perfor-
mance depended on the gold electrode pretreatment history, the gold
electrodes were polished with 0.30 and 0.05 um a-Al,O; power, then ul-
trasonically cleaned in ethanol and water for 3 min each, and washed
with water thoroughly. The gold electrodes were subsequently scanned in
H,SO, solution (0.10 molL™") over the range —0.20 to +1.6 V for about
200 cycles to achieve a constant cyclic voltammogram and then washed
with water again. The ECL emission was detected with a Model MPA
Chemiluminescence Analyzer Systems (Xi'an Remax Science & Technol-
ogy Co. Ltd., Xi’An, China). The voltage of the photomultiplier tube
used in the Model MPA Chemiluminescence Analyzer was set at 850 V
in the process of detection. The ECL peak intensities were used for
quantitative analysis in our study. For [Ru(bpy),(dcbpy)NHS]-labeled ly-
sozyme the ECL peak intensities at +0.80 V were used for quantitative
analysis. Only the ECL generated from the first circle of cyclic voltam-
metry was recorded because of the oxidation of thiolayer and lyozyme-
binding aptamer would lead to an ECL intensity loss for further use. The
"H NMR spectra were recorded on a Varian Gemini 400 (MHz) spec-
trometer. Transmission electron microscopy (TEM) samples were exam-
ined by a HITACHI H-8100 electron microscope operated at an acceler-
ating voltage of 200kV. All the AFM images were taken with an
SPI3800N microscope instrument (Seiko Instruments, Inc.) in tapping
mode in air at ambient temperature.

Preparation of Gold Nanoparticles

Gold nanoparticles with a diameter of approximately 13 nm was pre-
pared according to a well-known method.”! In brief, 10 % HAuCl, solu-
tion (170 uL) was heated to reflux and then sodium citrate (2 mL,
0.1 mol L") was introduced to the boiling solution with stirring. The solu-
tion was kept boiling for another 15 min and cooled to room tempera-
ture. The diameter of gold the nanoparticles was about 13 nm according
to TEM (picture not shown).

Preparation of [Ru(bpy),(dcbpy) NHS]-Labeled Lysozyme

This compound was prepared similarly to some published procedures
with several modifications. All the ruthenium complexes were character-
ized by 'H NMR spectra, and the results agreed with those in the litera-
ture.””! The synthetic route to the ruthenium complexes is shown below.
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4,4'-Dimethyl-2,2"-bipyridine (1): This compound was prepared essential-
ly as described elsewhere .*"! Freshly distilled 4-picoline (50 mL) with
10% Pd/C (2 g) was heated at reflux for 3 days. Benzene (20 mL) was
added to the mixture over 30 min. The solution was filtered while still
hot and washed with benzene. The filtrate was concentrated in vacuum
overnight. The white crystals were recrystallized from ethyl acetate,
yielding 5.8 g.

4,4'-Dicarboxy-2,2"-bipyridine (2): The procedure described by Zhou et
al.”® was used to obtain a much higher yield (95%) than the traditional
method.® The solution containing 1 (1 g) and sulfuric acid (95-98%,
25 mL) was stirred, then potassium dichromate (4.8 g) was added to the
solution gradually. The process was highly exothermic, so the reaction
temperature should be controlled between 70 and 80°C with water cool-
ing. The reaction mixture was stirred for an additional 30 min until the
temperature fell to room temperature. The dark green solution was
poured into 180 mL of ice water and allowed to stand for 4 h in the ice
water bath. Removal of the dark green precipitate by filtration resulted
in a light yellow solid, which was heated at reflux with nitric acid (50 %,
30 mL) for 4 h. After acidification, the solution was poured into ice water
(80 mL) and filtered again. White crystals (1.18 g) were obtained after
washing and drying.

cis-Dichlorobis(bipyridine)ruthenium (3): RuCl; (1.5 g) and 2,2'-bipyri-
dine (1.8 g) were heated at reflux in DMF (60 mL) for 3 h. Most of the
DMF was evaporated and cooled to room temperature. Acetone (50 mL)
was added to the remaining solution and kept at 0°C overnight. Crystals
formed after filtration and were washed with water. The crude product
was heated at reflux in a mixture of water—ethanol (40 mL, 1:1) for 1 h,
filtered, and treated with lithium chloride (30 g) carefully. The ethanol in
the solution was distilled, and after cooling in an ice bath, dark brown
crystals were obtained, which were washed with water and dried in vacuo
for 3 h. Yield: 2.1 g.

4: A mixture of methanol (15mL) and water (10mL), 2 (300 mg),
NaHCO; (300 mg), and 3 (500 mg) were heated for 4 h under reflux.
After heating, the solution was cooled to room temperature and saturat-
ed ammonium hexafluorophosphate (5 mL) was added to precipitate the
product, which was refrigerated overnight. The dark purple precipitate
was collected by filtration and washed with water. Yield of hexafluoro-
phosphate salt of 4: 250 mg.

5: In this experiment N,N'-dicyclohexylcarbodiimide (DCC) and N,N'-dii-
sopropylcarbodiimide (DIC) were considered as potential coupling re-
agents. Because the by-products from DCC can be easily separated from
the product, DCC was used as the coupling reagent. N-hydroxysuccini-
mide (NHS) is a popular active ester to simplify the workup progress.
Compound 4 (40 mg, 40 umol) was dissolved in anhydrous acetonitrile
(2mL) and DCC (17.3 mg, 84 pmol) and NHS (8.8 mg, 88 pmol) were
added and stirred in an ice bath for 48 h in the dark. The filtrate of the
crude product was added to anhydrous 2-propanol (15 mL) to precipitate
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at 0°C for 4 h. The orange-colored NHS ester was collected by filtration
and washed with dry ether (5 mL) three times.

6: Compound 5 (2 mg) was dissolved in anhydrous DMF (100 pL), and
lysozyme (2 mg) was dissolved in carbonate buffer (900 uL, 50 mmol L™},
pH 9.0). Then the [Ru(bpy),(dcbpy)NHS] solution was added dropwise
to the lysozyme solution with stirring at room temperature. Six hours
later, the formed [Ru(bpy),(dcbpy)NHS]-lysozyme conjugate was stored
at 4°C.

Fabrication of the Biosensors

The fabricated biosensors were prepared in four steps. First, the pretreat-
ed gold electrodes were immersed in p-ATP ethanol solution
(100 pmol L") at room temperature for 24 h in the dark to prepare thiol
self-assembled monolayers (SAM) on the surface of the gold electrodes.
Before the next step the newly formed SAM was rinsed with ethanol and
water and dried with a N, stream. Second, the gold electrodes were
dipped into the colloidal gold for 10 h. The gold nanoparticle modified
electrodes were rinsed with water and dried with a N, stream. Third, the
lysozyme-binding aptamer (10 uL, 2.0 umolL™") in TE buffer
(50 mmol L™ Tris-HCl, 1 mmolL™" EDTA) was dropped onto each gold
electrode for 20 h and then rinsed with water and dried with a N, stream.
The surface of the gold substrates and the GNPs were blocked with
200 pL. of 6-mercapto-1-hexanol (20 mmolL™") for 30 min, followed by
rinsing with water. Finally, [Ru(bpy),(dcbpy)NHS]-labeled lysozyme
(10 pL) in phosphate buffer (50 mmolL™", pH 7.5) was dropped on the
Au/SAM/S-aptamer surface, and 30 min later the desired Au/SAM/S-
aptamer/[Ru(bpy),(dcbpy)NHS]-labeled lysozyme structure was ob-
tained. The schematic diagrams of the procedures for the fabrication of
biosensor are shown below.

SO, O, @ s-Aptamer
SHA-NH,| S NH, Q s s-Aptamer | FS{ANH, ()-s-Aptamer
p-ATP S4_~NH, Gold s NH; ()-s-Aptamer
S H, Nanoparticles |FS<_NH,, S{_NH(" )-s-Aptamer
Au Au Au Au
? ’
c: £ G‘C}'NHZ szplamer; ‘;'
6-mercapto-1-hexanol LA .SQ.NHZ -Aptamer” “%a  Lysozyme
rS{_NH,( }-s-Aptamer® % e
Ru-labeled Lysozyme || %NHZ s Aptamer"’, ompetition assay
Au s
C}MH2 -Aptamer
S{ENH, -s-Aptamer® % as
3 i
NH, (7)-s-Aptamer — ECL detection
NH, -Aptamer "%
Au 4>

Displacement Assay and ECL Detection

The fabricated biosensors above were incubated with different concentra-
tions of lysozyme solution at 37°C for 1h, followed by washing with
water, and put in PB solution (100 mmolL™', pH 10.55) containing TPA
(0.1 molL™") and then scanned from 0.25 to 0.80 V.
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Polyethyleneimine-Functionalized Platinum Nanoparticles with High
Electrochemiluminescence Activity and Their Applications to Amplified

Analysis of Biomolecules

Tao Li, Yan Du, and Erkang Wang**

Abstract: Polyethyleneimine-function-
alized platinum nanoparticles (PtNPs)
with excellent electrochemilumines-
cence (ECL) properties were synthe-
sized and applied to the amplified anal-
ysis of biomolecules. These particles
were prepared at room temperature,
with hyperbranched polyethyleneimine
(HBPEI) as the stabilizer. The UV/Vis
absorption spectra and transmission
electron microscopy images clearly
confirmed the formation of monodis-

possess high stability against salt-in-
duced aggregation, enabling them to be
employed even under high-salt condi-
tions. Owing to the existence of many
tertiary amine groups, these particles
exhibited excellent ECL behavior in
the presence of tris(2,2'-bipyridyl)ru-
thenium(I). An HBPElI-coated parti-

Keywords: DNA - electrochemilu-
minescence enzyme catalysis
platinum nanoparticles - polymers

cle possessed an ECL activity that was
at least 60 times higher than that of a
tripropylamine molecule. Furthermore,
these particles could be immobilized
on the 3-aminopropyltriethoxysilane-
treated quartz substrates to amplify the
binding sites for carboxyl groups.
Through this approach, PtNPs were ap-
plied to the amplified analysis of the
hemin/G-quadruplex DNAzyme by
using the luminol/H,0, chemilumines-
cence method.

perse PtNPs. Such particles proved to

Introduction

In the past decades, nanoparticles have exhibited their ver-
satility in the fields of physics, chemistry, biology, medicine,
and material science owing to their novel optical, electronic,
thermal, or catalytic properties."? Another significant ad-
vantage of nanoparticles is that the particle properties are
easily tailored by surface coating or modification with bio-
molecules, inorganic and organic materials (e.g., polyelectro-
lytes)®! to prepare various functional materials with desired
properties for different purposes.**! Polyelectrolytes are
charged polymers that are capable of combining both steric
and electrostatic stabilization,”! and they have served as
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ideal protectants to prepare various nanoparticles with de-
sired properties.1*3 To date, these polyelectrolyte-protect-
ed particles have been widely employed in various fields
such as catalytic reactions,®® gene delivery mediation,”” and
DNA interaction,' indicating their great potential in appli-
cations to chemical and biological analysis.

Since Bard et al. opened the door to exploring the elec-
trochemiluminescence (ECL) properties of nanoparticles in
2002, the preparation and application of various nanoma-
terials with ECL activity have attracted considerable atten-
tion.['*2% The encapsulation of ECL reagents (e.g., tris(2,2'-
bipyridyl)ruthenium(II) ([Ru(bpy);]**) and Iuminol) in
silica nanomaterials pioneers a new approach to preparing
nano- and/or microparticles with high ECL activity.'">!
These functional particles have been employed to develop
some solid-state ECL detectors,'”?" and construct ECL sen-
sors for biological/chemical analysis.’’*! In the presence of
a peroxide such as H,0, and [S,04]*", some semiconductor
nanomaterials (e.g., CdS and CdSe) exhibit ECL activity as
well.?*2 Under these conditions, this kind of luminescent
materials is also used to fabricate ECL sensors with various
applications. It is well known that molecules with tertiary
amine groups (e.g., tripropylamine) can serve as effective
coreactants to catalyze the ECL emission of [Ru(bpy),]**.*")
Accordingly, we hypothesize that those particles coated with
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plenty of tertiary amine groups should possess high ECL ac-
tivity in the presence of [Ru(bpy),]**. However, to the best
of our knowledge, the investigation of the ECL properties
of polyamine-coated nanoparticles has not been reported so
far.

Recently, the preparation of catalytic DNAs (also called
DNAzymes) for use as new biocatalysts in the biochemical
fields has attracted increasing interest.’***! Lu et al. have se-
lected a metal ion-dependent DNAzyme that is capable of
cleaving a single RNA linkage in vitro.*” This specific de-
oxyribozyme can serve as a novel sensing element for the
detection of metal ions, especially Pb>* P! enabling the de-
velopment of colorimetric biosensors for Pb", >3 or adeno-
sinel based on the DNAzyme-directed assembly of gold
nanoparticles (AuNPs). An interesting kind of G-quartet-
based DNAzyme formed by hemin and guanine-rich DNA
aptamers possesses peroxidase-like activities,® catalyzing
the H,0O,-mediated oxidation of 2,2-azinobis(3-ethylbenzo-
thiozoline)-6-sulfonic acid®**! or luminol.’** Thus, these
DNAzymes can serve as catalytic beacons for DNA analy-
sis™ and protein detection®”. By introducing a monolayer
of the hemin/G-quartet DNAzyme onto gold substrates,
Willner etal. have developed a few chemiluminescence
(CL) aptasensors for the detection of DNA and telomerase
activity.*®**! In their work, AuNPs were employed to ampli-
fy the immobilization of thiolated aptamers on the substrate
surface; thus the detection sensitivity for DNA analysis was
improved by over 10-fold.”” Because of its two carboxyl
groups, hemin was also immobilized on the amino group-
functionalized substrate by peptide bond formation to con-
struct another kind of DNAzyme-based aptasensor.!*!! Pre-
sumably, the nanoparticles coated with plenty of primary
amine groups can also be employed to amplify the immobili-
zation of hemin, thus improving the capability of aptamer-
based CL sensors for bioanalysis (e.g., DNA detection).
With this idea in mind, here we explore platinum nanoparti-
cles (PtNPs) functionalized with hyperbranched polyethy-
leneimine (HBPEI) for potential bioapplications.

HBPEI is a hyperbranched polyamine. This specific poly-
electrolyte is chosen as the protectant to prepare PtNPs be-
cause it has a unique molecular structure where numerous
tertiary and primary amine groups coexist, contributing sig-
nificantly to the versatility of nanoparticles. In this work, the
HBPEI-coated PtNPs were investigated by cyclic voltamme-
try in the presence of [Ru(bpy);]** to explore their ECL
properties. Furthermore, these functional particles were
used for amplifying the immobilization of hemin/G-quartet
DNAzyme on the amino group treated quartz substrates to
reveal their potential in bioapplications.

Results and Discussion
HBPEI-protected PtNPs were prepared by reducing chloro-
platinic acid (H,PtCls) with sodium borohydride (NaBH,) at

room temperature in the presence of HBPEI (see the Ex-
perimental Section). The formation of PtNPs was monitored
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by UV/Vis absorption spectra (Figure 1). The main absorp-
tion center of H,PtCl; was observed at 259 nm, with a weak
absorption at 212 nm (Figure 1, curve a). After the addition
of HBPEI, the color of the solution changed to pale yellow.
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Figure 1. UV/Vis absorption spectra of a) 37 um H,PtClg; b) after the ad-
dition of 0.566 mgmL~' HBPEI, c) after the addition of 1 mg NaBH, in a
45 min reaction period.

The UV/Vis spectra showed that the main absorption center
of [PtClg]* disappeared whereas another strong peak was
observed at 205 nm (Figure 1, curve b). These phenomena
indicated there was a complexation between HBPEI and
the Pt atom, which might contribute to the stability of
HBPEI-protected PtNPs.[*) The maximal absorption of col-
loid platinum is generally observed at about 215 nm."! The
addition of NaBH, resulted in a change of the solution color
from pale yellow to dark brown, and a peak was observed at
212 nm in the absorption spectrum (Figure 1, curve c), indi-
cating the formation of HBPEI-protected nanoparticles.
However, reducing H,PtCl; with NaBH, without the protec-
tant HBPEI led to a black precipitate. This indicates that
the HBPEI coated onto the particle surface prevents the
PtNPs from aggregating in aqueous solutions.

Transmission electron microscopy (TEM) clearly illustrat-
ed the high monodispersity of the as-prepared PtNPs (Fig-
ure 2A). The particle sizes varied from 1.8 to 3.2 nm, with
an average size of 2.4 nm. Furthermore, HBPEI-protected
PtNPs exhibited high stability against salt-induced aggrega-
tion. It is well known that gold particles are subject to ag-
gregation in the presence of a high concentration of salt so-
lution (e.g., 0.2m NaCl), resulting in a color change from
red to blue.* However, we found that the HBPEI-stabi-

Figure 2. TEM image (A) and the proposed surface structure (B) of
HBPEI-coated PtNPs. Scale bar: 20 nm.
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lized PtNPs remained monodisperse after the addition of
0.5M NaCl into the as-prepared colloid (data not shown). By
adding a large volume of ethanol to the colloid in the pres-
ence of citrate, PtNPs were deposited out and separated
from the excess stabilizer. In this process, no aggregation of
particles was observed throughout. The high stability against
salt-induced aggregation enabled the HBPEI-protected
PtNPs to be used for bioanalysis even under high-salt condi-
tions, for example, the [Ru(bpy);]**-based ECL reaction
and biomolecule analysis.

Similarly, other nanoparticles such as Au and CdTe can
also be synthesized with HBPEI as the protectant (see the
Supporting Information), but these particles are subject to
aggregation in high-salt conditions. So, only PtNPs are
adopted here, owing to their high stability. More important-
ly, these particles had specific surface structures owing to
the coating of HBPEI (Figure 2B). Many tertiary and pri-
mary amine groups coexisted on the surfaces of the PtNPs,
giving them new properties and potential in chemical/bio-
logical applications.

It is well known that tertiary amines possess high ECL ac-
tivity in the presence of [Ru(bpy);]**.?”! Accordingly, we
predicted that the HBPEI protectant should exhibit a high
ECL activity owing to numerous tertiary amine groups exist-
ing in its structure, which was confirmed by cyclic voltam-
metry on a platinum disk electrode in the [Ru(bpy);]** solu-
tion. Figure 3 A shows that this polyamine possesses a re-
markable ECL activity. Under the detection conditions, the
intensity of 5 um HBPEI was approximate to that of 30 um
TPA. That is, the ECL activity of this polyamine was about
six times higher than that of TPA. It was observed that the
ECL intensity of HBPEI was directly dependent on the pH
of the detection solution (Figure 3B). The maximum of the
ECL signal of HBPEI was observed at pH 8.0, revealing the
typical ECL characteristics of tertiary amines.

Under the above conditions, the HBPEI-coated PtNPs ex-
hibited high ECL activity as well, as shown in Figure 4.
When investigated by cyclic voltammetry in SmMm [Ru-
(bpy)s]** dissolved in pH 8.0 phosphate buffer (Figure 4,
curve a), the addition of 10 nm particles (the corresponding
concentration of Pt atoms is 3.7 uM) gave rise to an obvious
increase in the ECL signal (Figure 4, curve b). As the con-
centration of PtNPs increased, the ECL signal increased re-
markably (Figure 4, curve c). It was observed that the ECL
intensity of 6 um TPA was lower than that of 100 nm parti-
cles (Figure 4, curve d), that is, the average ECL activity of
a particle was at least 60 times higher than that of a TPA
molecule, indicating the excellent ECL behaviors of
HBPEI-functionalized PtNPs. It might be attributed mainly
to two factors: 1) The protectant HBPEI possesses the in-
trinsic ECL properties (shown in Figure 3). The coating of
numerous HBPEI on the surface of PtNPs gives them high
ECL activity. 2) The Pt particles might adsorb onto the Pt
working electrode and contribute to the ECL efficiency
owing to increasing the electrode area, but this contribution
is negligible as compared with that from the coating of
HBPEI (see the Supporting Information).
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Figure 3. Investigation of the ECL properties of HBPEI by using cyclic
voltammetry in the potential range of 0-1.25V (vs Ag/AgCl) on a plati-
num disk electrode (¢ =500 pum) in 5 mm [Ru(bpy);]** dissolved in 50 mm
phosphate buffer of pH 8.5. A) Voltammograms of a) 5 mm [Ru(bpy);]**,
b) after the addition of 5 um HBPEI, c) after the addition of 30 um TPA.
The arrows represent the scan direction (the scan rate is 0.05 Vs™').
B) Dependence of the ECL intensity of 5 um HBPEI on pH of the detec-
tion conditions. The voltage of the photomultiplier tube is set at 850 V.
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Figure 4. Comparison between the ECL activity of HBPEI-protected
PtNPs and TPA by using cyclic voltammetry in the presence of 5 mm
[Ru(bpy)s]** (pH 8.0). a) 0 nm particles; b) 10 nm particles; c) 100 nm par-
ticles; d) 6 um TPA. The arrows represent the scan direction. Other ex-
perimental conditions are equal to those in Figure 3.

It should be noted that, although numerous polymer-pro-
tected nanoparticles have been synthesized, there is very
little research directed at exploring the ECL properties of
this kind of particles. In comparison with those ECL nano-
materials reported previously,'>®! the HBPEI-coated PtNPs
revealed relatively high ECL activity, mainly owing to the
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existence of many tertiary amine groups on their surfaces.
The excellent ECL properties and high stability against salt-
induced aggregation enabled such particles to serve as ECL
labels for bioanalysis. For example, this kind of ECL nano-
probes was employed to label target proteins or peptides, so
that the targets could be sensitively detected by using the
[Ru(bpy);]*"-based ECL method.

Besides tertiary amine groups, there are plenty of primary
amine groups on the surfaces of HBPEI-functionalized
PtNPs (Figure 2B). Therefore, these functional particles can
be employed to amplify the binding sites for carboxyl
groups, and thus improve the sensitivity for analyzing bio-
molecules. Here we applied the HBPEI-coated PtNPs to
amplify the immobilization of hemin on quartz substrates,
thus introducing more hemin/G-quartet DNAzyme onto the
substrate surface (Scheme 1). First, the substrates were
treated with 3-aminopropyltriethoxysilane (APTES) to con-
struct a monolayer of amine groups on the surface. Hemin,
an anion porphyrin with carboxyl groups, was then immobi-
lized on the substrates by peptide bond formation. Finally,
the hemin-modified substrates were incubated with an 18-
mer DNA aptamer, d(GTGGGTAGGGCGGGTTGG), to
form a supramolecular complex with peroxidase-like activi-
ty, which can catalyze the oxidation of luminol by H,O, to

L
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generate strong CL emission.’®* Scheme 1A depicts the
direct immobilization of hemin and the formation of hemin/
G-quadruplex DNAzyme on the substrates. In this case, the
immobilization capacity of hemin and DNAzyme was
mainly dependent on the density of amine group sites on
the substrate surface. However, after modification with the
HBPEI-functionalized PtNPs by the linkage of succinic an-
hydride, the binding sites for hemin on the substrates were
amplified to great extent. Through this approach, more
hemin and DNAzyme were introduced onto the substrates
(Scheme 1B).

Because both hemin and DNAzyme can catalyze the
H,0O,-mediated oxidation of luminol, the catalyst-modified
substrates were characterized by using the luminol/H,0O, CL
method (Figure 5), revealing that such particles were capa-
ble of effectively amplifying the luminescent readout. When
the hemin-modified substrates (2 and 5) were investigated,
the use of HBPEI-protected PtNPs amplified the CL signal
by about 5-fold (Figure 5A). After incubation with the
DNA aptamer, hemin interacted with the G-quadruplex
structure to form the G-quadruplex-based DNAzyme with
relatively high catalytic activity (substrates 3 and 6), reflect-
ed by an approximately 3-fold increase in the CL signal
(Figure 5B). In comparison with the direct immobilization
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Scheme 1. Procedure of the use of HBPEI-protected PtNPs for the amplified analysis of DNAzyme. A) Direct immobilization of hemin/G-quadruplex
DNAzyme on the quartz substrate. 1: APTES-treated substrate; 2: hemin-modified substrate; 3; DNAzyme-modified substrate. B) Amplified immobili-
zation of DNAzyme on the quartz substrate by using the HBPEI-coated PtNPs. 1: APTES-treated substrate; 4: PtNPs-amplified substrate; 5: hemin-

modified substrate; 6: DNAzyme-modified substrate.
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Figure 5. Chemiluminescence characterization of quartz substrates in dif-
ferent cases by using the luminol/H,0, method. A) Integrated CL signal
of analyzing the hemin-modified substrates: a) before modification (sub-
strate 1), b) after direct modification with hemin (substrate 2), c) after
PtNP-amplified modification with hemin (substrate 5). B) Integrated CL
signal of analyzing the DNAzyme-modified substrates: a) before modifi-
cation (substrate 1), b) after direct modification with DNAzyme (sub-
strate 3), c) after PtNP-amplified modification with DNAzyme (substrate
6). Experimental conditions: [luminol]=0.5mm, [H,0,]=30mm in
25 mm HEPES (pH 8.0) containing 20 mm KCl and 200 mm NaCl. The
voltage of the photomultiplier tube is set at 300 V.

approach, the use of PtNPs increased the immobilization ca-
pacity of DNAzyme, thus resulting in an approximately 4.5-
fold improvement in the catalytic activity. The results indi-
cated such particles, in fact, served as effective signal ampli-
fiers.

With a supramolecular G-quadruplex-based DNAzyme as
the catalytic label, Willner et al. have presented a novel ap-
proach for sensing DNA.! In their work, hemin was immo-
bilized on gold substrates, and then bound by two guanine-
rich single-strand DNAs to form a hemin/G-quadruplex
complex that catalyzed the oxidation of luminol by H,O,.
This DNAzyme has two free nucleic acid parts. A single-
strand DNA with a complementary sequence of the two
parts is capable of decomposing this G-quadruplex-based
DNAzyme, giving rise to a decrease in the CL signal. By
using this approach, the complementary DNA was detected
at 0.6 pm. Similarly, we have employed this supramolecular
DNAzyme to develop a colorimetric aptasensor for the sen-
sitive detection of various single-strand DNAs with different
sequences.”] Accordingly, we presumed that the HBPEI-
functionalized PtNPs could be employed to construct a CL
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aptasensor for the amplified detection of DNAs by using
the suparmolecular DNAzyme as the catalytic label (see the
Supporting Information). Presumably, the sensitivity for an-
alyzing single-strand DNAs would be improved at least 4-
fold using HBPEI-functionalized PtNPs as the signal ampli-
fiers.

According to a previous report, bare Pt particles could
catalyze the H,O,-mediated oxidation of luminol. However,
the HBPEI-coated PtNPs were here found to possess poor
catalytic behavior in the luminol/H,0, system. In contrast,
the G-quadruplex-based DNAzyme exhibited peroxidase-
like activity, which was at least 15-fold higher than that of
PtNPs under the same conditions (see the Supporting Infor-
mation). Furthermore, from Figure 5 it could be concluded
that there were about five DNAzyme molecules on the sur-
face of one Pt particle, that is, the CL signal yielded by
DNAzyme was about 75-fold higher than that by HBPEI-
coated PtNPs. Therefore, such particles had little influence
on the CL readout when they served as signal amplifiers for
the DNAzyme-based analysis of biomolecules.

Conclusions

In this work, HBPEI-functionalized PtNPs with high ECL
activity have been prepared and applied to the amplified
analysis of the hemin/G-quadruplex DNAzyme. These nano-
particles were synthesized at room temperature, with
HBPEI as the stabilizer. The UV/Vis absorption spectra and
TEM images clearly confirmed the formation of monodis-
perse PtNPs. Such particles proved to possess high stability
against salt-induced aggregation, enabling them to be used
for biological/chemical analysis even under high-salt condi-
tions. More importantly, the polyamine coating on the sur-
face of PtNPs gave them some new properties and potential
in bioapplications. Owing to the existence of many tertiary
amine groups, these particles exhibited excellent ECL be-
havior in the presence of [Ru(bpy);]**. A functional particle
possessed an ECL activity that was at least 60 times higher
than that of a TPA molecule, enabling its use as an ECL
label in bioanalysis. Furthermore, the functional particles
could be immobilized on APTES-treated quartz substrates
to amplify the binding sites for carboxyl groups. Through
this approach, the PtNPs were applied to the amplified anal-
ysis of the hemin/G-quadruplex DNAzyme by using the lu-
minol/H,0, CL method. The CL signal of analyzing DNA-
zyme was thus improved ca. 4.5-fold. It was reasonably pre-
dicted that the HBPEI-coated PtNPs are also applicable to
the amplified analysis of other biomolecules (e.g., DNAs
and proteins). Our results suggest that such functional parti-
cles possess great potential in bioapplications.

Experimental Section

Materials: Hyperbranched polyethyleneimine (HBPEI), sodium borohy-
dride (NaBH,), 3-aminopropyltriethoxysilane (APTES), tripropylamine
(TPA), tris(2,2"-bipyridyl)ruthenium(1I) ([Ru(bpy)s]**), N,N'-dicyclohex-
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ylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), succinic anhydride,
N,N’-dimethylformamide (DMF), and luminol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Hemin, DNA aptamer (5 GTG
GGT AGG GCG GGT TGG 3'), 2-(N-morpholino)ethanesulfonic acid
monohydrate (MES), and 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES) were obtained from Sangon Biotechnology Co., Ltd
(Shanghai, China). Chloroplatinic acid (H,PtCly) and 30% H,O, were
purchased from Sinopharm Group Chemical Reagent Co., Ltd (Shang-
hai, China). All reagents were used as received without further purifica-
tion. The stock solution of hemin (5 mm) was prepared in DMSO and
stored in the dark at —20°C. The 5 mm working solution of [Ru(bpy);]**
was freshly prepared by diluting the 10 mm stock solution with 0.1m
phosphate just before use. 18 MQ water purified by a Milli-Q system
(Millipore, Bedford, MA, USA) was used throughout.

Instrumentation: A CARY 500 Scan UV/Vis-NIR spectrophotometer
(Varian, USA) was used to record the absorption spectra of the colloids
at room temperature. A JEOL 2010 transmission electron microscope
was used to obtain the TEM images. The accelerating voltage was set at
200kV. A Model MCDR-A Chemiluminescence Analyzer Systems
(Xi’An Remax Analytical Instrument Co. Ltd., Xi’An, China) was used
to record the luminescence signal. A Model CHI800 voltammetric ana-
lyzer (CH Instruments, Austin, TX) was used for cyclic voltammetry
measurement in the ECL experiments.

Preparation of HBPEI-protected PtNPs: All glassware used in the syn-
thesis was immersed in aqua regia overnight, and rinsed thoroughly with
water. H,PtCl, (200 pL, 19.3 mm) and HBPEI (39 uL, 0.15 gmL™") were
added to water (10mL) in a round-bottom flask. Freshly prepared
NaBH, solution (100 uL, 0.01 gmL™") was added to this under vigorous
stirring, resulting in a color change from pale yellow to dark brown
within about 10 min. The solution was kept stirring for another 35 min at
room temperature, and then stored at 4°C. The formation of PtNPs was
monitored by UV/Vis absorption spectroscopy. The TEM images showed
a particle size varying from 1.8 to 3.2 nm, with an average size of 2.4 nm.
The as-prepared colloid remained stable at 4°C for several months. NaCl
(0.5 M, final concentration) was added to this colloid, and no aggregation
was observed. Before being used for further investigation and applica-
tion, an equal volume of citrate solution (38.8 mm) was added to the as-
prepared colloid followed by a large volume of anhydrous ethanol. The
suspension was then centrifuged at 10000 rmin~" for 10 min. The deposit
was collected and redissolved in water to prepare the PtNP solution. The
separation experiments were repeated twice to remove the excess protec-
tant from the colloid.

ECL properties of the PtNPs: The purified colloid was added into a solu-
tion of 5 mm [Ru(bpy);]** dissolved in 50 mm phosphate buffer (pH 8.0).
The ECL behavior of the PtNPs was investigated by cyclic voltammetry
on a Pt disk electrode (500 um diameter) in the potential range of 0 to
1.3V (vs Ag/AgCl). The ECL signal changing with the potential in the
first cycle was recorded by an MCDR-A system. The voltage of the pho-
tomultiplier tube was set at 850 V.

Amplified immobilization of hemin on substrates: Before use, all quartz
substrates (10x5x2 mm) were immersed overnight in piranha solution
freshly prepared by mixing 98 % H,SO, with 30% H,O, at a volume
ratio of 3:1 (Warning: piranha solution violently reacts with organic com-
pounds and should be handled with extreme caution!). The substrates
were rinsed thoroughly with water and ethanol, and then immersed over-
night in anhydrous ethanol (400 uL) containing 10% (v/v) APTES. After
rinsing with ethanol to remove the excess APTES, the substrates were
heated in an oven at 120°C for 30 min to solidify the cross-linkage of si-
loxane. The APTES-treated substrate was immersed in dry DMF solution
(400 uL) containing 0.013 g succinic anhydride, heated at 88°C for 5 h,
and then cooled to room temperature. To this solution were added NHS
(0.032 g) and DCC (0.027 g), and the mixture was shaken overnight
under anhydrous conditions at room temperature to construct a monolay-
er of NHS active ester on the substrate surface. Then, the substrate was
immersed in a solution of PtNPs prepared by mixing the purified colloid
(200 uL) with an equal volume of MES buffer (0.1m MES, 0.5m NaCl,
pH 6.0), and was shaken at room temperature for 2 h. Finally, the sub-
strate was incubated with the NHS active ester of hemin (5 um) in the
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MES buffer for 2 h to immobilize hemin onto the PtNP surfaces by pep-
tide bond formation. The hemin-NHS active ester was freshly prepared
by shaking the hemin overnight with DCC/NHS in anhydrous DMF at
room temperature.

Construction of the monolayer of hemin/G-quadruplex DNAzyme:
Before use, 5 OD (optical density) of the hemin-binding aptamer was dis-
solved in TE buffer (10 mm Tris-HCI, 0.1 mm EDTA, pH 7.4) and heated
at 88°C for 10 min to dissociate any intermolecular interaction, then al-
lowed to cool to room temperature gradually. An equal volume of hy-
bridization buffer (50 mm HEPES, pH 7.4, 40 mm KCI, 400 mm NaCl,
0.1% (w/v, gmL™") Triton X-100, 2% (v/v) DMSO) was added to this
DNA solution and the mixture was kept at room temperature for 40 min,
allowing the aptamer to fold into the G-quartet structure. The hemin-
modified substrate was immersed in the hybridized aptamer solution con-
sisting of 2 um aptamer, 25 mm HEPES (pH 7.4) 20 mm KCI, 200 mm
NacCl, 0.05% Triton X-100, and 1% DMSO, and was then kept at room
temperature for 2 h to form the hemin/G-quartet complex, that is, a mon-
olayer of catalytic DNAzyme was constructed on the substrate.

Chemiluminescence Analysis of DNAzyme-Modified Substrates: The
DNAzyme-modified substrates were characterized by using the luminol/
H,0, CL method. Typically, the substrates were placed into a quartz cuv-
ette containing 0.5 mm luminol and 30 mMm H,O, dissolved in the detec-
tion buffer (25 mm HEPES, pH 8.0, 20 mm KCI, 200 mm NaCl). The inte-
grated CL signal was recorded by an MCDR-A system. The voltage of
the photomultiplier tube was set at 300 V.

Acknowledgements

This work was supported by the National Natural Science Foundation of
China with the grants 20675078, 90713022, and 20735003, 973 project
2007CB714500, and the Chinese Academy of Sciences KICX2.YW.H11.

[1] X. Sun, S. Dong, E. Wang, Polymer 2004, 45, 2181-2184.

[2] Y. C. Cao, R. Jin, C. A. Mirkin, Science 2002, 297, 1536-1540.

[3] K.S. Mayya, B. Schoeler, F. Caruso, Adv. Funct. Mater. 2003, 13,
183-188.

[4] A. Rogach, A. Susha, F. Caruso, G. Sukhorukov, A. Kornowski, S.
Kershaw, H. Mohwald, A. Eychmuller, H. Weller, Adv. Mater. 2000,
12,333-337.

[5] W.S. Choi, H. Y. Koo, J.-H. Park, D.-Y. Kim, J. Am. Chem. Soc.
2005, 127, 16136-16142.

[6] S.-L. Xu, H. Cui, Luminescence 2007, 22, 77-87.

[7] S. Zaitsev, R. Cartier, O. Vyborov, G. Sukhorukov, B.-R. Paulke, A.
Haberland, Y. Parfyonova, V. Tkachuk, M. Bottger, Pharm. Res.
2004, 21, 1656-1661.

[8] A.B.R. Mayer, J. E. Mark, J. Polym. Sci. Part A: Polym. Chem.
1997, 35, 3151-3160.

[9] T. L. Pugh, W. Heller, J. Polym. Sci. 1960, 47, 219-227.

[10] P-L. Kuo, W.-F. Chen, H.-Y. Huang, L.-C. Chang, S. A. Dai, J. Phys.
Chem. B 2006, 110, 3071-3077.

[11] D. Radziuk, A. Skirtach, G. Sukhorukov, D. Shchukin, H. Mohwald,
Macromol. Rapid Commun. 2007, 28, 848—855.

[12] M. V. Vasylyev, G. Maayan, Y. Hovav, A. Haimov, R. Neumann,
Org. Lett. 2006, 8, 5445—5448.

[13] W.P. Cheng, A.1. Gray, L. Tetley, T. L. B. Hang, A. G. Schatzlein,
I. F. Uchegbu, Biomacromolecules 2006, 7, 1509—-1520.

[14] B. Steitz, H. Hofmann, S. W. Kamau, P. O. Hassa, M. O. Hottiger, B.
von Rechenberg, M. Hofmann-Amtenbrink, A. Petri-Fink, J. Magn.
Magn. Mater. 2007, 311, 300-305.

[15] Z. Ding, B. M. Quinn, S. K. Haram, L. E. Pell, B. A. Korgel, A.J.
Bard, Science 2002, 296, 1293-1297.

[16] Y. Bae, N. Myung, A. J. Bard, Nano Letr. 2004, 4, 1153-1161.

[17] L. Zhang, S. Dong, Anal. Chem. 2006, 78, 5119-5123.

[18] L. Qian, X. Yang, Adv. Funct. Mater. 2007, 17, 1353-1358.

[19] L. Zhang, S. Dong, Electrochem. Commun. 2006, 8, 1687-1691.

www.chemasianj.org 1947



http://dx.doi.org/10.1016/j.polymer.2004.01.010

http://dx.doi.org/10.1016/j.polymer.2004.01.010

http://dx.doi.org/10.1016/j.polymer.2004.01.010

http://dx.doi.org/10.1126/science.297.5586.1536

http://dx.doi.org/10.1126/science.297.5586.1536

http://dx.doi.org/10.1126/science.297.5586.1536

http://dx.doi.org/10.1002/adfm.200390028

http://dx.doi.org/10.1002/adfm.200390028

http://dx.doi.org/10.1002/adfm.200390028

http://dx.doi.org/10.1002/adfm.200390028

http://dx.doi.org/10.1002/(SICI)1521-4095(200003)12:5%3C333::AID-ADMA333%3E3.0.CO;2-X

http://dx.doi.org/10.1002/(SICI)1521-4095(200003)12:5%3C333::AID-ADMA333%3E3.0.CO;2-X

http://dx.doi.org/10.1002/(SICI)1521-4095(200003)12:5%3C333::AID-ADMA333%3E3.0.CO;2-X

http://dx.doi.org/10.1002/(SICI)1521-4095(200003)12:5%3C333::AID-ADMA333%3E3.0.CO;2-X

http://dx.doi.org/10.1021/ja053981u

http://dx.doi.org/10.1021/ja053981u

http://dx.doi.org/10.1021/ja053981u

http://dx.doi.org/10.1021/ja053981u

http://dx.doi.org/10.1002/bio.929

http://dx.doi.org/10.1002/bio.929

http://dx.doi.org/10.1002/bio.929

http://dx.doi.org/10.1023/B:PHAM.0000041462.19131.08

http://dx.doi.org/10.1023/B:PHAM.0000041462.19131.08

http://dx.doi.org/10.1023/B:PHAM.0000041462.19131.08

http://dx.doi.org/10.1023/B:PHAM.0000041462.19131.08

http://dx.doi.org/10.1002/(SICI)1099-0518(19971115)35:15%3C3151::AID-POLA8%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/(SICI)1099-0518(19971115)35:15%3C3151::AID-POLA8%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/(SICI)1099-0518(19971115)35:15%3C3151::AID-POLA8%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/(SICI)1099-0518(19971115)35:15%3C3151::AID-POLA8%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/pol.1960.1204714919

http://dx.doi.org/10.1002/pol.1960.1204714919

http://dx.doi.org/10.1002/pol.1960.1204714919

http://dx.doi.org/10.1021/jp055688m

http://dx.doi.org/10.1021/jp055688m

http://dx.doi.org/10.1021/jp055688m

http://dx.doi.org/10.1021/jp055688m

http://dx.doi.org/10.1002/marc.200600895

http://dx.doi.org/10.1002/marc.200600895

http://dx.doi.org/10.1002/marc.200600895

http://dx.doi.org/10.1021/ol062052k

http://dx.doi.org/10.1021/ol062052k

http://dx.doi.org/10.1021/ol062052k

http://dx.doi.org/10.1021/bm060130l

http://dx.doi.org/10.1021/bm060130l

http://dx.doi.org/10.1021/bm060130l

http://dx.doi.org/10.1016/j.jmmm.2006.10.1194

http://dx.doi.org/10.1016/j.jmmm.2006.10.1194

http://dx.doi.org/10.1016/j.jmmm.2006.10.1194

http://dx.doi.org/10.1016/j.jmmm.2006.10.1194

http://dx.doi.org/10.1126/science.1069336

http://dx.doi.org/10.1126/science.1069336

http://dx.doi.org/10.1126/science.1069336

http://dx.doi.org/10.1021/nl049516x

http://dx.doi.org/10.1021/nl049516x

http://dx.doi.org/10.1021/nl049516x

http://dx.doi.org/10.1021/ac060451n

http://dx.doi.org/10.1021/ac060451n

http://dx.doi.org/10.1021/ac060451n

http://dx.doi.org/10.1002/adfm.200600253

http://dx.doi.org/10.1002/adfm.200600253

http://dx.doi.org/10.1002/adfm.200600253

http://dx.doi.org/10.1016/j.elecom.2006.07.025

http://dx.doi.org/10.1016/j.elecom.2006.07.025

http://dx.doi.org/10.1016/j.elecom.2006.07.025



FULL PAPERS

[20] L. Zhang, B. Liu, S. Dong, J. Phys. Chem. B 2007, 111, 10448-
10452.

[21] X. Wang, J. Zhou, W. Yun, S. Xiao, Z. Chang, P. He, Y. Fang, Anal.
Chim. Acta 2007, 598, 242 -248.

[22] Z. Chang, J. Zhou, K. Zhao, N. Zhu, P. He, Y. Fang, Electrochim.
Acta 2006, 52, 575-580.

[23] L. Zhang, X. Zheng, Anal. Chim. Acta 2006, 570, 207-213.

[24] G. Jie, B. Liu, H. Pan, J. Zhu, H. Chen, Anal. Chem. 2007, 79, 5574 -
5581.

[25] H. Jiang, H. Ju, Anal. Chem. 2007, 79, 6690 -6696.

[26] S.-N. Ding, J.-J. Xu, H.-Y. Chen, Chem. Commun. 2006, 3631-3633.

[27] M. M. Richter, Chem. Rev. 2004, 104, 3003-3036.

[28] R.R. Breaker, Nat. Biotechnol. 1997, 15, 427-431.

[29] G. M. Emilsson, R. R. Breaker, Cell. Mol. Life Sci. 2002, 59, 596—
607.

[30] J. Li, W. Zheng, A. H. Kwon, Y. Lu, Nucleic Acids Res. 2000, 28,
481-488.

[31] J. Li, Y. Lu, J. Am. Chem. Soc. 2000, 122, 10466—10467.

[32] J. Liu, Y. Lu, J. Am. Chem. Soc. 2003, 125, 6642-6643.

[33] J. Liu, Y. Lu, J. Am. Chem. Soc. 2005, 127, 12677-12683.

[34] J. Liu, Y. Lu, Anal. Chem. 2004, 76, 1627-1632.

[35] P. Travascio, P. K. Witting, A. G. Mauk, D. Sen, J. Am. Chem. Soc.
2001, 123, 1337-1348.

E. Wang et al.

[36] P. Travascio, Y. Li, D. Sen, Chem. Biol. 1998, 5, 505-517.

[37] Y. Xiao, V. Pavlov, T. Niazov, A. Dishon, M. Kotler, I. Willner, J.
Am. Chem. Soc. 2004, 126, 7430-7431.

[38] V. Pavlov, Y. Xiao, R. Gill, A. Dishon, M. Kotler, I. Willner, Anal.
Chem. 2004, 76, 2152-2156.

[39] T. Niazov, V. Pavlov, Y. Xiao, R. Gill, I. Willner, Nano Lett. 2004, 4,
1683-1687.

[40] D. Li, B. Shlyahovsky, J. Elbaz, I. Willner, J. Am. Chem. Soc. 2007,
129, 5804 -5805.

[41] Y. Xiao, V. Pavlov, R. Gill, T. Bourenko, I. Willner, ChemBioChem
2004, 5, 374-379.

[42] Z. Q. Tian, S. P. Jiang, Z. Liu, L. Li, Electrochem. Commun. 2007, 9,
1613-1618.

[43] A. Henglein, B. G. Ershov, M. Malow, J. Phys. Chem. 1995, 99,
14129-14136.

[44] H. Li, L. J. Rothberg, J. Am. Chem. Soc. 2004, 126, 10958—10961.

[45] T. Li, S. Dong, E. Wang, Chem. Commun. 2007, 4209-4211.

[46] R. Gill, R. Polsky, I. Willner, Small 2006, 2, 1037-1041.

Received: April 2, 2008
Revised: May 28, 2008
Published online: August 22, 2008

1948 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Asian J. 2008, 3, 1942 -1948



http://dx.doi.org/10.1021/jp0734427

http://dx.doi.org/10.1021/jp0734427

http://dx.doi.org/10.1021/jp0734427

http://dx.doi.org/10.1016/j.aca.2007.07.050

http://dx.doi.org/10.1016/j.aca.2007.07.050

http://dx.doi.org/10.1016/j.aca.2007.07.050

http://dx.doi.org/10.1016/j.aca.2007.07.050

http://dx.doi.org/10.1016/j.electacta.2006.05.036

http://dx.doi.org/10.1016/j.electacta.2006.05.036

http://dx.doi.org/10.1016/j.electacta.2006.05.036

http://dx.doi.org/10.1016/j.electacta.2006.05.036

http://dx.doi.org/10.1016/j.aca.2006.04.018

http://dx.doi.org/10.1016/j.aca.2006.04.018

http://dx.doi.org/10.1016/j.aca.2006.04.018

http://dx.doi.org/10.1021/ac062357c

http://dx.doi.org/10.1021/ac062357c

http://dx.doi.org/10.1021/ac062357c

http://dx.doi.org/10.1021/ac071061j

http://dx.doi.org/10.1021/ac071061j

http://dx.doi.org/10.1021/ac071061j

http://dx.doi.org/10.1039/b606073k

http://dx.doi.org/10.1039/b606073k

http://dx.doi.org/10.1039/b606073k

http://dx.doi.org/10.1021/cr020373d

http://dx.doi.org/10.1021/cr020373d

http://dx.doi.org/10.1021/cr020373d

http://dx.doi.org/10.1038/nbt0597-427

http://dx.doi.org/10.1038/nbt0597-427

http://dx.doi.org/10.1038/nbt0597-427

http://dx.doi.org/10.1093/nar/28.2.481

http://dx.doi.org/10.1093/nar/28.2.481

http://dx.doi.org/10.1093/nar/28.2.481

http://dx.doi.org/10.1093/nar/28.2.481

http://dx.doi.org/10.1021/ja0021316

http://dx.doi.org/10.1021/ja0021316

http://dx.doi.org/10.1021/ja0021316

http://dx.doi.org/10.1021/ja034775u

http://dx.doi.org/10.1021/ja034775u

http://dx.doi.org/10.1021/ja034775u

http://dx.doi.org/10.1021/ja053567u

http://dx.doi.org/10.1021/ja053567u

http://dx.doi.org/10.1021/ja053567u

http://dx.doi.org/10.1021/ac0351769

http://dx.doi.org/10.1021/ac0351769

http://dx.doi.org/10.1021/ac0351769

http://dx.doi.org/10.1021/ja0023534

http://dx.doi.org/10.1021/ja0023534

http://dx.doi.org/10.1021/ja0023534

http://dx.doi.org/10.1021/ja0023534

http://dx.doi.org/10.1016/S1074-5521(98)90006-0

http://dx.doi.org/10.1016/S1074-5521(98)90006-0

http://dx.doi.org/10.1016/S1074-5521(98)90006-0

http://dx.doi.org/10.1021/ja031875r

http://dx.doi.org/10.1021/ja031875r

http://dx.doi.org/10.1021/ja031875r

http://dx.doi.org/10.1021/ja031875r

http://dx.doi.org/10.1021/ac035219l

http://dx.doi.org/10.1021/ac035219l

http://dx.doi.org/10.1021/ac035219l

http://dx.doi.org/10.1021/ac035219l

http://dx.doi.org/10.1021/nl0491428

http://dx.doi.org/10.1021/nl0491428

http://dx.doi.org/10.1021/nl0491428

http://dx.doi.org/10.1021/nl0491428

http://dx.doi.org/10.1021/ja070180d

http://dx.doi.org/10.1021/ja070180d

http://dx.doi.org/10.1021/ja070180d

http://dx.doi.org/10.1021/ja070180d

http://dx.doi.org/10.1002/cbic.200300794

http://dx.doi.org/10.1002/cbic.200300794

http://dx.doi.org/10.1002/cbic.200300794

http://dx.doi.org/10.1002/cbic.200300794

http://dx.doi.org/10.1016/j.elecom.2007.03.006

http://dx.doi.org/10.1016/j.elecom.2007.03.006

http://dx.doi.org/10.1016/j.elecom.2007.03.006

http://dx.doi.org/10.1016/j.elecom.2007.03.006

http://dx.doi.org/10.1021/j100038a053

http://dx.doi.org/10.1021/j100038a053

http://dx.doi.org/10.1021/j100038a053

http://dx.doi.org/10.1021/j100038a053

http://dx.doi.org/10.1021/ja048749n

http://dx.doi.org/10.1021/ja048749n

http://dx.doi.org/10.1021/ja048749n

http://dx.doi.org/10.1039/b712165b

http://dx.doi.org/10.1039/b712165b

http://dx.doi.org/10.1039/b712165b

http://dx.doi.org/10.1002/smll.200600133

http://dx.doi.org/10.1002/smll.200600133

http://dx.doi.org/10.1002/smll.200600133




CHEMISTRY

AN ASIAN JOURNAL

DOI: 10.1002/asia.200800151

Photophysical and Duplex-DNA-Binding Properties of Distamycin Dimers
Based on 4,4'- and 2,2'-Dialkoxyazobenzenes as the Core
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Abstract: Distamycin-based tetrapep-
tide (1) was covalently tethered to both
ends of the central dihydroxyazoben-
zene moiety at either the 2,2" or 44
positions. This afforded two isomeric,
distamycin-azobenzene—distamycin sys-
tems, 2 (para) and 3 (ortho), both of
them being photoisomerizable. Illumi-
nation of these conjugates in solution
at approximately 360 nm induced pho-
toisomerization and the time course of
the process was followed by UV/Vis
and 'HNMR spectroscopy. The kinet-
ics of the thermal reversion at various
temperatures of cis to trans isomers of

Santanu Bhattacharya*!® <

the conjugates obtained after photoillu-
mination were also examined. This af-
forded the respective thermal-activa-
tion parameters. Both the molecular ar-
chitecture and the location of the sub-
stituent around the core azobenzene
determined the rate and activation-
energy barrier for the cis-to-trans back-
isomerization of these conjugates in so-
lution. Duplex-DNA binding of the

Keywords: azo compounds - DNA
structures - minor groove binders -
peptides - photochemistry

conjugates and the changes in DNA-
binding efficiency upon photoisomeri-
zation was also examined by CD spec-
troscopy, thermal denaturation studies,
and a Hoechst displacement assay. The
conjugate 2 showed higher DNA-bind-
ing affinity and a greater change in the
DNA-binding efficiency upon photo-
isomerization compared with its 2,2-
disubstituted counterpart. The experi-
mental findings were substantiated by
using molecular-docking studies involv-
ing each conjugate with a model
duplex d[(GC(AT),,CG)], DNA mole-
cule.
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The azobenzene group is known to undergo cis-to-trans pho-
toisomerization reversibly upon UV/Vis photoillumination.™
Such light-induced isomerization of azobenzene is accompa-
nied by significant changes in geometry and polarity of the
chromophore.”) The unique properties of this moiety has
been utilized by introducing it both in the side chain and at
the backbone of peptide, proteins, oligonucleotides, and
phospholipids, so that light-induced photoisomerization
leads to significant changes in the properties of such biomol-
ecules.’"! Recently, attention has been focused on achieving
artificial control of gene expression because of its potential
applications in cell biology and pharmacology. Thus, an azo-
benzene group has been tethered into many transcription
factors to convert them from a non-DNA-binding protein to
an active form. The resulting conjugates are capable of rec-
ognizing the appropriate binding sites at the promoter
region in the presence of light.®? Furthermore, azobenzene
has also been appended at various positions of the T7-pro-
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moter site to modulate the transcription machinery in the
presence or absence of light.['%)

Distamycin has been a good choice for the design of
DNA-minor-groove-binding small molecules as it has poten-
tial to permeate across human cells and could participate in
regulation of transcription of specific genes.'!! Owing to our
interest in the design of DNA-binding/cleaving systems,!'!
earlier we examined in detail the AT-sequence-specific
DNA-recognition properties of a number of synthetic dista-
mycin analogues including its tail-to-tail dimers.!'>** We also
reported the synthesis and characterization of distamycin-
linked oligodeoxynucleotides."” We have now developed
photoisomerizable DNA-binding molecular entities based
on distamycin. Accordingly, we have synthesized conjugates
by appending two distamycin arms at both ends of two iso-
meric dihydroxyazobenzene moieties. The azobenzene core
might be compatible with the minor groove of DNA, as
such loci are known to accommodate hydrophobic aromatic
rings."®) Herein, we report the synthesis of two azobenzene
distamycin conjugates 2 and 3 (Scheme 1) that bear tetra N-
methylpyrrole-based polyamide groups at the 2,2’- and 4,4'-
positions of the dialkoxyazobenzene core. Each distamycin
arm has been connected to the azobenzene core through an
N-methyldiethylenetriamine linkage. This feature ensures
protonation in solution at both ends of the azobenzene core
at the C termini of the distamycin oligopeptide arms at
physiological pH values. With the compounds 2 and 3 in
hand, we sought to know whether there is any influence on
the rate of azobenzene isomerization in solution while the
oligopeptide arm is connected through the ortho (2,2") or
para (4,4") positions of the core azobenzene. We were also
interested to know how incorporation of an azobenzene
moiety in conjugates 2 and 3 interferes with the distamycin

o N o N/
WG e
ost) = | o H H NN
G I H
I H 1
(Distil_~, < > Ne (@)  hv (1 min)
° N C ! A (fast)

2a

100 % trans
(Ground state)

(Disti}
o]
o
T
B
o A (slow)
°
3a
80 % trans
20 % cis

hv (2 min)
_—

(Ground state)

Scheme 1. Schematic representation of the effect of photo-illumination and thermal reversal of 4,4-di-alkoxy-
azobenzene distamycin derivatives 2 and 2,2'-di-alkoxyazobenzene distamycin derivatives 3.
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binding on duplex-DNA minor grooves. Finally, it was of in-
terest to see how photoisomerization of distamycin—azoben-
zene conjugates alters their duplex-DNA binding.

To address the above issues, we first examined the photo-
isomerization of ligands 2 and 3 in dimethylsulfoxide
(DMSO) solution by irradiating them at a wavelength of ap-
proximately 360 nm. This was followed by both UV/Vis
spectroscopy and 'HNMR analyses. Poly [d(AT)]-poly
[d(TA)] DNA-binding abilities of individual conjugates and
the changes in DNA-binding efficiency during the photoiso-
merization process were studied by CD spectroscopy, ther-
mal denaturation studies, and a Hoechst displacement assay.
We have also compared the DNA-binding affinity of differ-
ent photoirradiated forms of 2 and 3 with that of the parent
distamycin 1. Ligand 2 showed higher DNA-binding affinity
and induced a greater change in the duplex-DNA binding
upon photoisomerization compared with its ortho—ortho di-
substituted counterpart, 3. To understand the basis by which
the interactions of such conjugates are governed on the
duplex DNA, molecular docking by using duplex
d[(GC(AT),,CG)], DNA as a model scaffold was per-
formed. Both experimental and theoretical studies demon-
strate that DNA-binding characteristics of such new azoben-
zene—distamycin conjugates are remarkably dependent on
the position of the connectivity between the azobenzene
and the oligopeptide units.

Results and Discussion
Structural Features of Conjugates

All the bis-alkoxy-substituted azobenzene distamycin conju-
gates (2, 3) and parent distamycin 1 were minimized at the
HF/3-21G level of theory by
using the Gaussian 03" pro-
gram. The total energies and
relative energies of the cis and
trans forms of these structures
have been recorded in Table 1.
These calculations indicate
that the linker length between
the azobenzene and distamycin
arm in 2 and 3 ranges from
2 10.7-11 A. Moreover the dis-
setaoner tance around the azobenzene
moiety (XPhN=NPhX) (X=

—OCH,~) changes from ap-

o proximately 11.8 A to approxi-
- mately 8.3 A in the case of 2

and approximately 6.5 A to ap-
proximately 5.4 A in the case
of 3 during trans to cis isomeri-
3b zation. The calculated energy
e difference between the trans
and cis forms of 2 is approxi-

mately 13.12 kcalmol !, where-
as that for 3 is approximately

Chem. Asian J. 2008, 3, 1949 -1961
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Table 1. The total and relative energies of Gaussian (HF/3-21G)-opti-
mized 1 and the cis and trans forms of the ligands 2 and 3, the distance
around the azobenzene (XPhN=NPhX) (X=—OCH,—), and the length
along the linker with azobenzene moiety [-(CH,),NMe(CH,),NHYPhN=
NPhYNH(CH,),NMe(CH,),—] (Y =—OCH,CO) for both isomeric forms
of the azobenzene—distamycin conjugates.

Ligand Total energy Relative energy Distance around azobenzene,
[a.u.] [kcalmol '] azobenzene-linker distance [A]

1 —1953.30907 -

2a —4920.96862 0.0 11.77,25.86

2b —4920.94771 13.12 8.26, 18.65

3a —4920.96104 0.0 6.53,22.35

3b —4920.94379  10.82 5.42,20.66

10.82 kcalmol * (Table 1). Moreover, it has been found that
in the trans form, both distamycin arms adopt a crescent
shape and the pyrrole amide bonds orient opposite to each
other around the azobenzene core. Isomerization brings
both distamycin arms in close proximity. Therefore, the ef-
fective angle between two distamycin arms around the azo-
benzene core changes during photoisomerization, however,
the extent of closeness between the distamycin arms in cis
form of the ligands is very much dependent on the position
of connectivity of the distamycin arms around the azoben-
zene core.

Synthesis

Compound 1 has been synthesized by adapting a procedure
described earlier."® The syn-
thesis of 2 started with the al-
kylation of 4,4'-dihydroxyazo-

benzene, 4 with greater than OH

three equivalents of methyl

bromoacetate in dry acetone !
under reflux conditions. The Ny

dimethyl ester, § was first hy-
drolyzed to the diacid, 6 and
then converted to the corre- OH
sponding acid chloride, 7. This
was then directly coupled with
four equivalents of 1 in dry
THF in the presence of N,N-
diisopropylethylamine (DIEA)
at room temperature to furnish
2 as an orange solid in approxi-
mately 50 % yield of the isolat-
ed product after chromato-
graphic purification over neu-
tral alumina (Scheme 2).
Compound 3 was synthe-
sized via 2,2'-dihydroxyazoben-
zene 8, which was subjected to
alkylation at both ends using
more than three equivalents of
methyl bromoacetate in dry
acetone under reflux condi-
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tions. The dimethyl ester 9 was first hydrolyzed and then
converted to the corresponding N-hydroxysuccinimide ester
11 by using 1,3-dicyclohexylcarbodiimide (DCC) in dry N,N-
dimethylformamide (DMF). Finally, the activated diester 11
was coupled with excess 1 in THF at room temperature to
afford 3 in 50% yield of the isolated product (Scheme 3).
All final products and intermediates were fully character-
ized to ascertain their given structures.

Isomerization of the Conjugates in Solution

Azobenzene is photoactive and assumes one of two isomeric
states (cis or trans) depending upon the wavelength of light
used to illuminate the molecule. The trans isomer absorbs
UV light at approximately 360 nm and upon illumination, it
isomerizes into the cis isomer. Because the cis isomer ab-
sorbs light with a wavelength of 460 nm, illumination of the
cis state with visible light causes the cis isomer to relax back
to the trans isomer. As the absorption peaks of the two iso-
mers overlap, complete conversion to the cis or trans isomer
cannot generally be accomplished. Upon illumination, these
systems therefore reach photostationary states that are com-
prised of a mixed population of trans and cis isomers. Thus,
a detailed investigation of the isomerization process of the
azobenzene in 2 and 3 (Scheme 1) is important to know the
composition of the trans and cis isomeric forms at a photo-
stationary state and to determine the kinetics of the cis to
trans thermal-isomerization process in solution.

Scheme 2. Reagents, conditions, and yields. i) Methyl bromoacetate, K,CO3, [18]crown-6, acetone, reflux, 14 h,
75%; ii) 0.5m NaOH, THEF, reflux, 2 h, followed by acidification with 0.5m HCI, 90 % iii) SOCL,, THF, reflux,
3h, 90%; iv) DIEA, THF, RT, 4 h, 50 %.
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Scheme 3. Reagents, conditions, and yields. i) Methyl bromoacetate,
K,COs, [18]crown-6, acetone, reflux, 14 h, 70%; ii) 0.5m NaOH, THF,
reflux, 2 h, followed by acidification with 0.5m HCI, 90 %; iii) DCC, NHS,
DMEF, 0°C, 30 min, then RT, 4 h, 99%; iv) THE, RT, 4 h, 50%. NHS=N-
hydroxysuccinimide.

UV/Vis Spectral Study

The isomerization process was examined by irradiating the
distamycin-based azobenzene conjugates 2 and 3 in DMSO
solution at approximately 360 nm (Figure 1). Upon photo-
illumination of a solution of 2 (12 um), the absorption band
intensity at approximately 365 nm owing to the m—m* transi-
tion decreased with a considerable blue shift and the n—m*
transition at approximately 450 nm increased. This process
was continued over a period of 60s and a photostationary
state was reached. Similarly, illumination of a 24 pm DMSO
solution of 3 for 60 s reduced the intensity of the m—n* tran-
sition and slightly reduced the magnitude of the n—x* transi-
tion. It required approximately 2 min to reach the photosta-
tionary state. No change was, however, observed at approxi-
mately 304 nm (distamycin band) for both the conjugates 2
and 3 upon photoillumination. These results indicate that
trans-to-cis photoisomerization results in greater steric strain
between the oligopeptide arms and azobenzene core in the
ortho—ortho disubstituted azobenzene—distamycin conjugate
3 compared with its para disubstituted counterpart, 2. This
could be one of the reasons why a longer time was required
for 3 compared with that of 2 to reach the photostationary
state.
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'"H NMR Spectral Study

"HNMR spectroscopy pro-
vides a convenient way to de-
termine the cis and trans com-
position of the ligands at the
photostationary state. Accord-
ingly, we monitored the
changes in the 'HNMR spec-
tra of a solution (1 mm each)
of 2 and 3 in [D¢]DMSO upon
photoillumination at approxi-
mately 360 nm at periodic time
intervals after each illumina-
tion. The results are shown in
Figure 2 and Figure 3.

The 'HNMR spectrum
looked simpler for the conju-
gate 2 owing to the 4,4'-disub-
stituted symmetrical nature
around the azobenzene core.
Compound 2 in the trans iso-
meric state possessed hydrogen
atoms in the 3, 3, 5, and 5" po-
sitions (meta protons to azo-
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Figure 1. Changes in the absorption spectra of solutions of 2 (12 um, a)
and 3 (24 um, b) in DMSO upon photoillumination at ~360 nm.
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tion. In spite of the changes in

H*H,* H*H.* W, A
b) a a b b b . /,/ /\\ Wy
H the azobenzene ring protons,

T T HN—<\ﬁ° By oyl 0

7
/o /—NH

o only small changes were ob-
served with the methylene hy-
drogen atoms connected with
the 2, 2’ hydroxy groups of the
azobenzene unit (Figure 3c¢).
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Figure 2. '"H NMR spectra of a DMSO solution of 1 mm 2 before (a) and after (b) 10 min of photoillumination
at ~360 nm. Chemical shifts of the respective azobenzene protons before and after illumination are indicated
with respect to TMS as the standard. The symbol “*” refers to the sample after photoillumination.

benzene) at approximately 7.1 ppm (/=8.7 Hz), whereas the
2,2, 6, and 6' hydrogen atoms (ortho protons to azoben-
zene) were positioned downfield (owing to the ring-current
effect of the azobenzene ring) at approximately 7.8 ppm
(/=8.7Hz) at 25°C (Figure 2a). Illumination of 2 for ap-
proximately 10 min completely shifted the 3, 3, 5, and 5" hy-
drogen atoms and the 2, 2', 6, and 6’ hydrogen atoms upfield
at approximately 6.8 and 6.86 ppm (J=8.7 Hz), respectively
(Figure 2B). This interpretation of the spectrum is consis-
tent with earlier observations."”) Based on the NMR spectral
study, approximately 10 min was required to reach the pho-
tostationary state for compound 2 in which approximately
100 % of the cis isomeric form was generated in the photo-
stationary state.

The azobenzene core in 3 possessed three different types
of protons in the trans isomeric form. Both the ortho and
para protons of the azobenzene (6, 6/, 4, 4 hydrogen atoms)
appeared like doublets at approximately 7.5 ppm (/=
8.1 Hz) and a triplet at approximately 7.47 ppm (J=8.7 Hz),
respectively (Figure 3a). The meta protons corresponding to
3,3, 5,5 hydrogen atoms appeared as multiplets at approxi-
mately 7.1-7.2 ppm. In addition to these, another set of
peaks (less intense doublet-like and triplet-like peaks) ap-
peared at approximately 6.6 ppm and 6.8 ppm, respectively.
These peaks originated owing to the presence of a small
amount (~20%) of the cis isomer of 3 at 25°C. Although il-
lumination of 3 for approximately 3 min intensified both
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6.0 an intense singlet at approxi-
mately 4.7 ppm, and as a weak
singlet at approximately
4.4 ppm. In the photostationary
state, they were transformed
into one intense singlet at ap-
proximately 4.4 ppm, with a
weak singlet at approximately 4.7 ppm. Compound 3 re-
quired approximately 25 min to reach the photostationary
state. Analysis of integration revealed that the composition
of the two isomers trans/cis owing to 3 was approximately
8:2 at 25°C before photoillumination. However, the relative
composition of the isomers trans/cis transformed into ap-
proximately 2:8 in the photostationary state, which corre-
lates well with earlier reports.”*”!

Kinetics of cis-to-trans Isomerization and Thermal-
Activation Parameters

To check the thermal reversibility of the photoisomerization
process, the photoirradiated forms of both compounds 2 and
3 in solution were heated at different temperatures in the
dark. Then, the kinetics of the thermal reversion of the con-
jugates from the cis-to-trans form was measured by follow-
ing the changes in absorbance at a wavelength of 360 nm for
the para- and 365 nm for the ortho-substituted azobenzene—
distamycin conjugates. Expectedly, the thermal reversion
process was found to be faster with the para-substituted azo-
benzene—distamycin conjugate 2 compared with the ortho-
substituted conjugate 3. A plot of log [ay/(a,—a,)] against
time (¢) afforded a straight line (correlation coefficient=
0.999, Figure 4 a) indicating that the cis-to-trans thermal iso-
merization process of both 2 and 3 followed a first-order ki-
netic pathway. From the slope of the straight lines, the rate
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Figure 3. '"H NMR spectra of a DMSO solution of 1 mm 3 before (a) and
after (b) 25 min of photoillumination at ~360 nm. c¢) Chemical shifts of
the -OCH, group before and after 25 min of photoillumination. Chemical
shifts of the respective azobenzene protons and methylene protons
before and after illumination are indicated with respect to TMS as stan-
dard. The symbol “*” refers to the sample obtained after photoillumina-
tion.

constants at different temperatures were obtained and the
relevant values are given in Table 2. These rate constants at
different temperatures also allowed us to calculate the acti-
vation energy (E,) and the frequency factor (A) for the cis-
to-trans thermal isomerization process by using the Arrhe-
nius rate equation (Figure 4b). Both E, and A were further
used in the Eyring equation™ to calculate the free energy
(AG?), enthalpy (AH?), and entropy (AS”) of activation
for the cis-to-trans isomerization of 2 and 3. The relevant
parameters are recorded in Table 3.
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Figure 4. a) Plot of log [a,/(a,—a,)] versus time, t/sec, during the course of
the thermal reversion of conjugate 3 at 60°C. b) Arrhenius plots of the
rate constant (k) for cis-to-trans thermal isomerization of 2 and 3 in
DMSO followed at different temperatures (7).

Table 2. The rate constants of the cis-to-trans thermal isomerization of the
azobenzene moiety of 2 and 3 in DMSO as monitored by UV/Vis spectrosco-

py-

Ligand k" (40°C) & (50°C) K (55°C) k (60°C) k (65°C) k (70°C)
[57'] [s7'] [s7'] [s7'] [s7'] [s7']

2 47x107°  112x107* 21x10™* 4.4x107*

3 31x107° 64x107

9.6x107° 19.1x107°

[a] The rate constant (k) of cis-to-trans thermal reversion was obtained by
using the following equation, log[ay/(a,—a,)] =k/2.303, where a,=absorbance
of ligand at room temperature before illumination, a,=absorbance after
heating the ligand solution at a particular temperature for time (7). See the
Experimental Section for details.

Table 3. The activation energy, frequency factor, activation free energy, en-
thalpy, and activation entropy for thermal cis-to-trans isomerization of 2 and
3.

Ligand Eaiﬂl Alal AH7P! AS7] AG7P
[kcalmol™'] [sec”!]  [kcalmol™'] [kcalmol'K™'] [kcalmol™']

2 22.4 2.1x10" 21.8 —4.5 232

3 26.5 1.6x10% 259 —0.34 26.0

[a] Plot of rate constant vs temperature produces a straight line where the in-
tercept and slope of the straight line determines the frequency factor (4) and
activation energy (E,), respectively, by using equation Ink=InA—E/RT.
[b] Free energy (AG?), enthalpy (AH?), and entropy (AS”) of activation
were measured at 55°C (328 K) by using the Eyring equation, where E,=
AH? +RT, and AS” =[In A-1.00—In (kzT/h)]R, where kj is the Boltzmann
Constant and h is the Plank constant.
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These results indicate that both the molecular architecture
and the location of the substituent around the core azoben-
zene moiety determine the rate and activation energy barri-
er for the cis-to-trans isomerization process. It has been
found that once photoisomerized, the ligand 3 required a
higher thermal-energy barrier to convert back to the trans
form compared with that of ligand 2. Such higher activation
energy and frequency factor values for 3 indicate the larger
structural change that occurs during cis-to-trans isomeriza-
tion of 3 compared with 2. Moreover, the larger frequency
factor (A) for 3 was found to favor the cis-to-trans isomeri-
zation process entropically. However, the higher positive
free energy of activation for the thermal isomerization of 3
compared with 2 indicates a different molecular environ-
ment of 3 in the cis configuration, which might impede the
thermal cis-to-trans isomerization process.

Duplex-DNA Binding
CD Titration Studies with Poly [d(AT)]-poly [d(TA)]

It is of interest to study the variation in DNA-binding mode
of two distamycin arms around the azobenzene core while
changing the location of distamycins from 4,4’ to 2,2" with
respect to the azobenzene. To compare the DNA-binding af-
finity between the trans and cis isomeric forms of 2 and 3,
we carried out DNA-binding experiments separately with 2
and 3 before and after photoillumination by adding an ali-
quot of ligand solution into 20 um poly [d(AT)]-poly [d(TA)]
as shown in Figure 5 and Figure 6. Titration of compound 2
(trans form) at room temperature with poly [d(AT)]-poly
[d(TA)] in NaCl buffer solution yielded negative and posi-
tive CD bands centered at 303 and 336 nm. These bands
arose solely from the induction of optical activity of the
DNA-bound non-chiral distamycin—-azobenzene conjugate
molecule (so-called induced CD).”!! The CD titration was
also performed with compound 3 and its photoirradiated
forms (Figure 6). Moderate ICD enhancement at 336 nm
was observed with the 2:8 trans/cis isomeric form of 3 com-
pared with that with the 8:2 trans/cis isomeric form. The sat-
uration values of the [ligand]/[DNA] ([D]/[P]) ratios for in-
dividual isomeric forms of ligands (2 and 3) have been ob-
tained by plotting ICD;;¢ against [D]/[P] ratio. The azoben-
zene—distamycin conjugate 2, in the trans form, required a
[D)/[P] ratio of 0.3 and the corresponding cis isomer re-
quired a 0.2 [D]/[P] ratio to saturate its binding on the
double-stranded DNA minor groove (Figure 7a). In con-
trast, the 8:2 transicis isomeric form of 3 required a [D]/[P]
ratio of 0.46 and the corresponding value for the 2:8 trans/
cis isomeric form is 0.4 (Figure 7b).

Trans-to-cis isomerization for both conjugates improved
the duplex-DNA binding as evidenced from the lower [D]/
[P] ratio to saturate DNA binding and higher ICD intensity
compared with the corresponding trans forms. However, iso-
merization of 3 from the 8:2 transicis to the 2:8 transicis
forms did not significantly improve the binding of its dista-
mycin arms as reflected from the smaller difference in ICD
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Figure 5. CD titration involving 2 in the 100% trans (a) and ~100% cis
(b) form performed in presence of 20 um poly [d(AT)]-poly [d(TA)] in
10 mm Tris-HCI, 150 mm NaCl, and 0.1 mm EDTA buffer solution at
pH 7.4 and 25°C under dark conditions. In panel (a) and (b), trace “1”
corresponds to the CD spectrum of poly [d(AT)]-poly [d(TA)] and trace
11 and 13 correspond to the [conjugate]/[poly [d(AT)]-poly [d(TA)]]
ratios of 0.4 and 0.3, respectively.

values between isomeric forms of 3 obtained before and
after photoisomerization. These observations suggest that
the geometrical alignment of distamycin around the core
azobenzene differ in both isomerized forms of 2 and 3,
which eventually causes the difference in their DNA-binding
efficiencies. Thus, the overall difference in DNA recognition
between both isomerized forms is not pronounced because
the azobenzene isomerization here cannot bring both dista-
mycin arms to an optimal orientation for the enhancement
of the base-pair recognition along minor grooves while
maintaining the duplex B-DNA structure.

We also carried out DNA-binding experiments with the
parent distamycin molecule 1 under the same experimental
conditions to explain the binding mode and binding-site size
of both isomeric forms of azobenzene—distamycin conjugates
along the DNA minor groove. The ligand 1, required a 0.2
[D]/[P] ratio to saturate DNA binding on the minor-groove
surface (Figure 7c). This corresponds to an apparent bind-
ing-site sizes of approximately 5 base pairs, which correlates
with the theoretical value expected for 2:1 overlapped bind-
ing mode.?" The differences in DNA-binding mode between
1 compared with azobenzene-distamycin conjugates (2 and
3) have been explained in detail from theoretical perspec-
tives (see below).
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Figure 6. CD titration curves involving 3 in the 8:2 trans/cis (a) and 2:8
cis/trans (b) isomeric forms performed in presence of 20 um poly
[d(AT)]-poly [d(TA)] in 10 mm Tris-HCl, 150 mm NaCl, and 0.1 mm
EDTA buffer solution at pH 7.4 and 25°C under dark conditions. In
panel (a) and (b), trace “1” corresponds to the CD spectrum of free poly
[d(AT)]-poly [d(TA)] and trace 10 and 13 correspond to [ligand]/[poly
[d(AT)]-poly [d(TA)]] ratio of 0.5.

Photoisomerization of DNA bound Conjugates

We also examined the influence of DNA binding on the
photoisomerization of the DNA-bound ground state of the
ligand by irradiating the sample at approximately 360 nm.
This effect was examined by measuring the changes in the
ICD band at 336 nm at 25°C. Photoillumination of the trans
form of ligand 2 (6 um) bound to DNA (20 um) for 10 min
enhanced the ICD intensity at 336 nm. However, illumina-
tion for more than 10 min did not bring about any further
change in the magnitude of the ICD band (Figure 8a). A
similar experiment was also performed with the 2,2'-disub-
stituted azobenzene—distamycin conjugate, 3. In this case, il-
lumination of the sample for 30 min caused a small enhance-
ment in ICD intensity, which did not change any further
upon illumination of the sample beyond 30 min (Figure 8b).
No change was observed in the DNA band, which con-
firmed that UV irradiation at 360 nm did not cause any sig-
nificant changes in the poly [d(AT)]-poly [d(TA)] secondary
structure.

Interestingly, for both ligands (2 and 3), there was an en-
hancement in the DNA binding after illumination of the
DNA-bound trans forms. These observations suggest that
the azobenzene group in 2 and 3 undergoes photoisomeriza-
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Figure 7. Comparison of the ICD intensities at 336 nm of both isomeric
forms of ligands 2 (a) and 3 (b) obtained during titration with 20 um poly
[d(AT)]-poly [d(TA)] in NaCl buffer solution at 25°C. 2a and 2b men-
tioned in the Figure correspond to the 100 % trans and 100 % cis form of
the ligand 2, whereas 3a and 3b correspond to the 8:2 trans/cis isomeric
form and the 2:8 trans/cis isomeric form of the ligand 3. ¢) Comparison
of changes in 336 nm ICD intensities during titration with distamycin 1
and with both isomeric forms of ligands 2 and 3, respectively, with 20 pm
poly [d(AT)]-poly [d(TA)] in the same buffer solution at 25°C.

tion and enhances ICD intensity and hence their DNA-bind-
ing affinity even when the conjugate is complexed to the
duplex-DNA minor groove. However, enhancement of such
an ICD intensity is almost 50 % less as compared with the
ICD enhancement observed with the individual photoillumi-
nated form of the ligands (2 and 3) than the corresponding
trans form with a similar [D]/[P] value. Thus, the photoiso-
merization of the trans-to-cis form was suppressed when the
ligand was pre-complexed to DNA.
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Figure 8. Changes in ICD intensity upon illumination at 360 nm of poly
[d(AT)]-poly [d(TA)] precomplexed with ligand 2 or 3 at a [ligand]/[D-
NA] ratio of 0.3 in NaCl buffer solution. a) Trace a: ICD intensity of
DNA bound to 100% trans form of ligand 2 and trace a* indicates the
ICD intensity of the above ligand-DNA complex obtained after 10 min
of photoillumination. b) ICD intensity of the DNA-bound approximate
8:2 trans/cis isomeric form of ligand 3, and trace a* indicates the ICD in-
tensity of the above ligand—-DNA complex obtained after 30 min of pho-
toillumination.

Duplex-DNA Melting Points

Minor-groove binders like distamycin and Hoechst 33258
enhance the helix-to-coil transition temperature through se-
quence-specific recognition of bases of duplex DNA.™! Ac-
cordingly, we performed thermal-denaturation experiments
with ligand-DNA complexes at a saturating [D]/[P] ratio in

CHEMISTRY

AN ASIAN JOURNAL

NaCl buffer solution. The DNA-melting experiment, as
monitored by following the absorbance at 260 nm, demon-
strates that the trans isomeric form of 2 and predominantly
the trans (80 %) isomeric form of ligand 3 stabilize duplex
DNA more than that of the parent distamycin 1. Compound
2 stabilized the duplex by approximately 9°C, whereas both
isomeric forms of compound 3 stabilized poly [d(AT)]-poly
[d(TA)] by approximately 13°C (Table 4). DNA complexed
with both illuminated and non-illuminated solutions of li-
gands 2 and 3 possessed almost similar T, values (Figure 9).

0.020 -
0.015 4

0.010 4

dAldT60

0.005 -

T/°C

Figure 9. Thermal melting of 20 um poly [d(AT)]-poly [d(TA)] complexed
with various azobenzene-distamycin conjugates in 10 mm Tris-HCI,
150 mm NaCl, and 0.1 mm EDTA buffer solution at pH 7.4 and at saturat-
ing [ligand]/[DNA] ratios. The label of each curve corresponds to DNA:
20 um poly [d(AT)]-poly [d(TA)] 1 at [D]/[P]=0.2, 2a and 2b at [D]/
[P]=0.3, and 0.2, 3a and 3b at [D]/[P] =0.46 and 0.4, respectively.

However, it is important to note that the photoilluminated
forms of each ligand required a reduced concentration of
ligand to reach the same T, value as compared with the cor-
responding trans form, indicating greater thermal stabiliza-
tion of duplex DNA by the cis forms of the conjugates.

Estimation of Binding Constants

Hoechst 33258 is a well-known DNA-minor-groove binder.
The fluorescence emission owing to Hoechst dramatically
enhances upon binding to duplex DNA.?? We have experi-

Table 4. The melting temperatures values, apparent binding constants (K,,,), and saturation [D]/[P] ratio obtained from binding of 1, 2 and 3 in their
ground state and upon photoillumination with poly [d(AT)]-poly [d(TA)] in NaCl buffer.[a]

Ligands T, [°C]™ AT, [°C] Kapp[‘” AG [kcalmol '] Docked energy ~ H-bond distance! [A] Saturated
[107°m7] [D)/[P]

1 67.4 2.7 6.5 —6.97 -11.29 2.50,2.74, 2.32, 2.54 0.2

Hoechst -12.1 -13.03 2.26,2.18

2a 74.5 9.8 7.4 -8.24 -21.93 3.35,5.29, 6.54,2.74, 4.61, 5.63 0.3

2b 74.0 9.3 7.2 —7.87 -21.57 3.49,5.25,5.78,2.58, 2.92, 3.69, 4.85, 4.30,2.56 0.2

3a 78.5 13.8 4.6 —8.63 —22.39 3.81, 4.54, 4.30, 3.03, 2.25, 2.67, 5.04, 5.51,4.05  0.46

3b 78.9 14.2 4.8 —7.64 —21.33 3.97,5.45, 5.46, 4.69, 3.50, 2.45, 4.27,4.55,3.52 04

[a] The docked energies, free binding energies (AG), and number of amide bond contacts with DNA bases obtained form Autodock calculations of dif-
ferent ligands with modeled duplex [d(GC(AT),;CG)], DNA are also tabulated. See the experimental section for details. [b] 7}, indicates the average
melting temperature value of two independent melting experiments that were preformed with the complexes of poly [d(AT)]-poly [d(TA)] in the pres-
ence of different ligands in 150 mm NaCl, 10 mm Tris-HCI, and 0.1 mm EDTA buffer solution, pH 7.4 at the saturated [D]/[P] ratio. The error is within
+0.2°C. [c] AT, corresponds to the difference in T,, between DNA and DNA-ligand complexes. [d] K,,,,=apparent binding constant from Hoechst dis-
placement assay. [e] Distance between the ligand, amide bond and DNA bases.
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mentally determined the apparent DNA-binding constants
of different isomeric forms of azobenzene—distamycin conju-
gates by estimating their efficiency in replacing fully bound
Hoechst from the poly [d(AT)]-poly [d(TA)] DNA-minor-
groove surface in NaCl buffer solution (Table 4).

Both isomeric forms of compounds 2 and 3 were added
into saturated Hoechst—poly [d(AT)]-poly [d(TA)] complex
solution. The trans form of 2 at room temperature was able
to displace the DNA-bound Hoechst more efficiently than
the trans isomeric form of 3. This indicates a higher appar-
ent binding constant for 2a compared with 3a at room tem-
perature (Table 4). However, no significant changes in bind-
ing constant were observed between both isomeric forms of
either 2 or 3. This is a limitation of this indirect competitive
binding assay unlike direct CD titration studies. Interesting-
ly, both isomeric forms of 2 and 3 rapidly quench Hoechst
fluorescence preferably when 50 % of Hoechst was displaced
from the duplex minor-groove surface (Figure 10). This fact

8 3a 3b
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: 2%,
N\ ST
801 AN §X2
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60 3b 0
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8 40 AN\
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Figure 10. Changes in fluorescence intensity (I) of Hoechst while adding
either distamycin analogue 1 or different photoisomeric forms of azoben-
zene—distamycin conjugates (2a, 2b, 3a, 3b) into the saturated Hoechst—
poly [d(AT)]-poly [d(TA)] complex in NaCl buffer solution at 25°C.
Inset: y axis of the bar correspond to various ligand concentrations
([L]so) to displace 50% Hoechst from the DNA minor-groove surface.
Apparent binding constants (K,,,) were calculated from the respective
[L]s, values and considering K, (Hoechst)=1.5x10"m' and [Hoechst
33258]=250 nm.

clearly indicates the co-operative nature of ligand binding
on the duplex minor-groove surface. Initial binding of the
ligand might produce some conformational change on the
DNA surface, which may allow preferred binding by the
next ligand through concomitant removal of Hoechst from
the duplex minor-groove DNA surface. Such a binding
nature was found to be unique with azobenzene—distamycin
covalent conjugates compared with the parent distamycin
analogue.

Ligand Docking

To understand the experimental observations further, we ex-
plored the duplex-DNA binding of the ligands 1-3 by using
the docking analysis with AUTODOCK version 3.05. The

1958 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. Bhattacharya et al

optimized distamycin analogue 1, on rigid docking with
d[GC(AT),(CG],, gave a binding energy of —6.97 kcalmol™!
(Table 4) by satisfying four hydrogen bonding contacts be-
tween the N-methylpyrrole amide bond of the distamycin
and the A-T base pairs of DNA and the other noncovalent
interactions with the oxo group of the ribose sugar moiety
(see Figure SI-1 in the Supporting Information). The
number of hydrogen-bonding contacts support the DNA
base-pair recognition efficiency of 1 as obtained from the
saturation [D]/[P] ratio. The docking of 2a shows that the
azobenzene core allows both distamycin arms to satisfy the
extended mode of binding unlike the hairpin conformation
observed with the distamycin derivatives based on y-amino
butyric acid linkers.”?! More pyrrole amide bonds are
available in the hydrogen-bonding contacts with AT base
pairs, especially in the case of 2b compared with 2a as ex-
perimentally evidenced from the higher ICD intensity and
lower [D]/[P] ratio of 2b than 2a (see Figure SI-1 in the
Supporting Information and Table 4). In the trans form,
either one or both benzene moieties of the planar azoben-
zene group is located close to the duplex-DNA surface to
involve hydrophobic interactions with the DNA bases. Thus,
in the presence of a long (~11 A) linker unit, less pyrrole
amides were able to form hydrogen-bonding contacts with
the DNA bases. On the other hand, in the cis form, the non-
planar azobenzene moiety prefers to remain out of the
DNA helical surface, which allows more pyrrole amide
bonds to satisfy the hydrogen bonding interaction with the
DNA bases. There is also another reason for the better hy-
drogen bonding contacts with the para—para disubstituted
2b when compared with 2a: an overall decrease in the
length of the moiety [—(CH,),NMe(CH,),NHXPhN=
NPhXNH(CH,),NMe(CH,),~] (where X =—OCH,CO) from
21.53 A to 14.06 A along with the linker that contains the
azobenzene moiety together with a basic difference of ap-
proximately 3.5 A around the azobenzene moiety [YPhN=
NPhY] (where Y=0) during the trans-to-cis photoisomeri-
zation of 2 as obtained from the optimized conformation
(see Figure SI-1 in the Supporting Information and Table 1).

This explains the improved ICD intensity of the cis form
compared with the trans isomer. However, the difference in
the saturated [D]/[P] ratio observed with these isomers
cannot be explained by this argument. The difference in the
orientation of 2b and 2a on the duplex-DNA surface was
one of the factors that might contribute in the difference in
the saturation [D]/[P] ratios. Moreover, the Hoechst dis-
placement assay failed to show such a subtle difference in
binding between 2b and 2a (7.2x107°m7!, 7.4x10° M)
owing to the weaker contacts with the AT base pairs and
the lower binding energy over Hoechst (—12.10 kcalmol ';
Table 4). On the other hand, comparable thermal melting
temperatures of 2a and 2b show that 2a compensates its
fewer number of hydrogen bonding contacts by a substantial
stacking of the pyrrole units of distamycin arms and ben-
zene units of azobenzene with the ribose sugar moiety along
with the sum of van der Waals and electrostatic interactions
with duplex DNA (see Figure SI-1 in the Supporting Infor-
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mation). Hence, they have similar dock energies (—21.93,
—21.57 kcalmol ") and binding energies (—8.24, —7.87 kcal
mol™!), much like the melting temperature values (Table 4).
Such little difference in binding free energies between 2a
and 2b supports the small variation in melting-temperature
values and the apparent binding constant (K,,,) values.

The docking conformation for the 2,2'-disubstituted li-
gands (3a and 3b) also shows the extended binding mode
(Figure SI-1 in the Supporting Information), however, both
3a and 3b show a similar range and number of hydrogen-
bonding contacts with the AT base pairs. This is consistent
with comparable ICD intensities between both isomeric
forms of 3 (Table 4). This is because in the ortho-substituted
azobenzene moiety there is a minimal variation in the
length. This occurs with both isomers around the azoben-
zene moiety (~1.1 A) or along the linker length containing
the azobenzene moiety (from 2235 A to 20.66 A) while
transforming 3a to 3b (Table4). The lower K,,, (4.6x
10°m ! and 4.8x10°m ") obtained from experiments arises
from the absence of strong hydrogen-bonding contacts with
DNA bases and lower binding free energy compared with
Hoechst. The gain of stacking, van der Waals, and electro-
static interactions are similar in both 3a and 3b owing to
their minimal change in the length around the azobenzene
core, which manifests in similar 7, values.

Conclusions

The azobenzene has been widely used as photoresponsive
chromophore to regulate the molecular structure by trans-
to-cis isomerization with light and its thermal reversion with
heat. The incorporation of the azobenzene into the oligo-
peptide distamycin moiety provides a model system to
probe the feasibility of this “light switch” in regulating
DNA-binding characteristics through the introduction of a
conformational change involving distamycin scaffolds.
Herein, we report a convenient procedure to conjugate dis-
tamycin at different locations (2,2 vs 4,4) with respect to
the core azobenzene unit. The detailed photoisomerization
kinetics were examined by '"H NMR and UV/Vis spectrosco-
py. The UV/Vis studies, kinetic analysis, and 'H NMR spec-
troscopy indicate that photoisomerization depends on the
location of the substituent around the azobenzene unit.
Thus the ortho—ortho disubstituted ligand 3, required longer
for photoisomerization and also a higher thermal-energy
barrier for cis-to-trans isomerization compared with that of
ligand 2.

The changes in DNA binding after photoisomerization
were investigated by CD spectroscopy and thermal melting.
The conformational freedom of distamycin was restricted
while appended with the azobenzene core and this loss of
flexibility was more pronounced with the ortho—ortho disub-
stituted conjugate 3 compared with its para—para counter-
part 2. This was reflected in the reduction in the ICD inten-
sity, lower apparent binding constant, and requirement of
higher ligand concentration to saturate the minor-groove
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binding by distamycin in ligand 3 compared with 2. On the
other hand, the requirement a reduced [ligand]/[DNA] ratio
suggests that both isomeric forms of 2 favor distamycin
binding along duplex DNA compared with that of 3. The
unique characteristics of both isomeric forms of azoben-
zene—distamycin conjugates, that is, the co-operative binding
nature on the minor-groove surface of poly [d(AT)]-poly
[d(TA)] and higher duplex-DNA stabilization of 7-11°C
more than their parent distamycin analogue 1, are notewor-
thy. Work is now underway to examine the rate of photoiso-
merization and DNA-binding affinity of distamycin ana-
logues by changing the electronic nature of the para—para
disubstituted azobenzene core.*”

Experimental Section
Materials and Methods

All reagents used in this study were of highest purity available and were
used without further purification. TLC was performed by using silica gel-
G and preparative column chromatography was done on silica gel (60—
120 mesh size). Solvents such as CH,Cl, and CHCI; were dried over
P,Os, Et;N was dried over KOH, THF was dried by using sodium and
benzophenone ketyl, and DMF was vacuum distilled over anhydrous
MgSO,. 'H NMR spectra were recorded on JEOL JNM A-300 or with a
Bruker AMX 400 spectrometer and *C NMR spectra were recorded on
Bruker DMX 500 spectrometer. Chemical shifts (0) are reported in ppm
downfield from the internal standard (TMS). Electrospray ionization
(ESI) mass spectra were measured on an Esquire spectrometer (Bruker).
Compound 8 was commercially available and compound 4 was prepared
as described earlier."”) Distamycin analogue 1 is a tetra N-methylpyrrole-
based tetrapeptide was synthesized as described."*® Poly [d(AT)]-poly
[d(TA)] is a double-stranded alternating copolymer and was obtained
from Sigma Chem. Co. and used as received. Samples with total volume
of 1 mL of poly [d(AT)]-poly [d(TA)] were prepared and 1 mg per ml of
poly [d(AT)]-poly [d(TA)] afforded 20 A, units. The concentration of
poly [d(AT)]-poly [d(TA)] was determined spectrophotometrically by
using &, =6650M ' DNA. The poly [d(AT)]-poly [d(TA)] concentration
in the sample was 80 um DNA phosphate (40 uM in terms of base pairs).

Photoisomerization and UV/Vis Analysis

Photoillumination was performed using a xenon lamp 450 with a light in-
tensity of around 40 W, which transmitted light of approximately 360 nm.
The photoisomerization was measured with a particular concentration of
ligands 2 and 3 in DMSO by using a UV/Vis spectrophotometer (Shi-
madzu 2100) at 25°C. The samples were irradiated at 1~360 nm and the
time course of the photoisomerization process was monitored by record-
ing the spectra at different time intervals. This provided the information
on the time required for reaching a photostationary state of each azoben-
zene—oligopeptide conjugate. Once photostationary states were attained,
each sample solution was then heated to a specific temperature and the
corresponding spectral changes were recorded at that temperature after
regular time intervals. A plot of log [ay/(ay-a,)] (Where a,=absorbance of
ligand at room temperature before illumination, a,=absorbance after
heating the ligand solution after illumination, at a particular temperature
for time f) with time (¢) furnished a straight line. This demonstrated that
the photoisomerization of azobenzene in 2 and 3 followed first-order ki-
netics and the rate constant (k) could be obtained from the slope of the
straight line. All kinetic experiments were carried out with a freshly pre-
pared solution and each experiment was carried out at least twice. The
observed k values were within =3 % of the value reported in Table 2.

The experimentally determined rate constants at different temperatures
were plotted against 1/7 (T =absolute temperature) to obtain the activa-
tion energy (E,) and frequency factor (A) from the slope and intercept of
the Arrhenius equation. Further, the activation enthalpies (AH?), activa-
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tion entropies (AS7), and activation free energies (AG?) for the cis-to-
trans isomerization of 2 and 3 were obtained from Eyring plots.?*%!

'"H NMR Spectroscopy

'"H NMR experiments for the configurational analysis of conjugates 2 and
3 were carried out at 295 K by using a JEOL JNM A-300 spectrometer.
Individual samples of 1 mm concentration were taken in [Dg]DMSO and
the corresponding changes in the molecular configuration upon photoillu-
mination were determined by recording "H NMR spectra. Integration of
the respective azobenzene proton peaks allowed the determination of the
percentage of the trans and cis form of each ligands in their photostation-
ary state.

Circular Dichroism Spectroscopy

CD spectra were recorded by using a JASCO (J-715) model spectropo-
larimeter equipped with a Perkin—Elmer temperature controller. The ex-
periments were carried out in 150 mm NaCl, 0.01M Tris-HCl (Tris = tris-
(hydroxymethyl)aminomethane), 0.1 mm ethylenediaminetetracacetic
acid (EDTA) buffer solution at pH 7.4 by using 20 um duplex poly
[d(AT)]-poly [d(TA)] in the presence and absence of the conjugates at
25°C. All CD titrations were averaged over at least two acquisitions and
the scan rate was maintained at 50 nmmin~' with optical cells of path
length of 1 cm. Titration was performed in the dark and care was taken
to minimize the isomerization of azobenzene—distamycin conjugates. The
changes in ICD intensity at 336 nm were plotted against different [lig-
and]/[DNA] ratios to obtain the concentration of ligand required to satu-
rate the duplex-DNA binding.

Effect on DNA Melting Points

The stabilities of ligand/duplex-DNA complexes were determined from
thermal denaturation experiments. UV/Vis spectra were acquired on a
Beckman 640 UV/Vis spectrophotometer equipped with a temperature
programmable cell block by following the changes in absorbance at
260nm as a function of temperature. The samples were heated at
0.5°Cmin' and the absorbance values were recorded for every 0.5°C
rise in temperature. All 7, experiments were carried out twice in the
above mentioned NaCl buffer solution at saturated [ligand]/[DNA]
ratios. The average melting-temperature value of two independent melt-
ing experiments is mentioned in Table 4.

Hoechst Displacement Assay

The fluorescence intensity of Hoechst 33258 increases dramatically on
binding with duplex poly [d(AT)]-poly [d(TA)]. Initially, 0.25 um Hoechst
was taken in NaCl buffer solution and various aliquots of concentrated
poly [d(AT)]-poly [d(TA)] solution were added progressively to saturate
Hoechst binding on the duplex-DNA surface. Different azobenzene—dis-
tamycin conjugates were then added into a saturated solution of
Hoechst-DNA complex and the displacement of Hoechst from double-
stranded DNA was measured by a decrease in the fluorescence emission
intensity at 464 nm (4., =355nm) and at 25°C. Titration was performed
under dark conditions and much care was taken to minimize the isomeri-
zation of azobenzene—distamycin hybrids. The concentration of individual
ligands for achieving 50% quenching of DNA-bound Hoechst fluores-
cence was used for calculating the apparent binding constant (K,,,). The
binding constant (K,) of Hoechst with poly [d(AT)]-poly [d(TA)] in NaCl
buffer solution was found to be 1.5x10’m~" by Scatchard analysis.””’!

Ligand-Docking Studies

A duplex oligodeoxynucleotide sequence of d[GC(AT),,CG], was pre-
sented to nucgen program of AMBERS?®! version instead of poly
[d(AT)]-poly [d(TA)] DNA. The modeled duplex DNA was then docked
with the optimized ligand structures by using AUTODOCK version
3.05.%) The grid center was taken as a center of the macromolecule with
a grid size of 80x80x126 and a grid spacing of 0.4186 A. A Lamarckian
genetic algorithm (GA) was used owing to the existence of 32-48 rotata-
ble bonds in these ligands and to evaluate the right ligand-DNA confor-
mation as it is known to reproduce various experimental ligand-DNA
complex structures.’” The flexible docking procedure was repeated until
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substantial interactions of the extended binding mode of the ligand with
DNA were obtained. Further, the lowest dock conformation obtained
from the flexible docking was again submitted for rigid docking to
remove the internal energy of the ligand (steric clashes) by retaining the
hydrogen-bonding interaction with the duplex-DNA bases.
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Selective Colorimetric Sensing of Geometrical Isomers of Dicarboxylates in
Water by Using Functionalized Gold Nanoparticles

Amrita Chatterjee, Dong Ju Oh, Kyung Mi Kim, Kyung-Seog Youk, and Kyo Han Ahn**!

Abstract: A colorimetric sensing system based on gold nanoparticles functional-
ized with a water-soluble anion-recognition motif, an o-(carboxamido)trifluoroace-

tophenone analogue, has been developed. The nanoparticle system selectively
senses specific isomers of dicarboxylates that are geometrically favorable for the
binding-induced aggregation process; thus, it discriminates a trans-dicarboxylate
fumarate from its cis-isomer maleate, and benzene-1,4-dicarboxylate from its iso-

Keywords: dicarboxylates
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nanoparticles - sensors

meric benzene-1,2-and benzene-1,3-dicarboxylates in water, exhibiting a color

change from red to blue.

Introduction

In recent years, surface functionalization of gold nanoparti-
cles (AuNPs) has attracted growing attention owing to their
tunable photophysical properties and various potential appli-
cations, including in colorimetric nanosensors in the chemical
and biological sciences.'! The visual-sensing ability of AuNPs
relies on changes in the surface plasmon resonance (SPR),
which is dependent on the aggregation state, surface mor-
phology, and so on."*?! Generally, the aggregation of AuNPs
in solution through analyte-triggered interparticle cross-link-
ing leads to a change in color from red to blue or purple,
which is useful for observing molecular-recognition even-
ts.'>3 This fundamental optical property of AuNPs has been
intensively used for the development of nanoparticle probes
for biological macromolecules.'™* Also, AuNPs have been
successfully used for the development of molecular probes
for small molecules of organic and inorganic analytes.

We have focused on the unique signaling mechanism of
AuNPs; that is, their aggregation through the binding-in-
duced interparticle cross-linking leads to changes in SPR.
The interparticle cross-linking requires a “three-body” mo-
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lecular-recognition event between a ditopic analyte and two
nanoparticles. Such molecular interactions can be dependent
on the directionality of two interacting end groups of the an-
alyte, and thus may be used for specific sensing purposes
such as the selective sensing of geometrical isomers of or-
ganic compounds, for example, the selective recognition and
sensing of geometrical isomers such as that between trans
and cis isomers or between 1,2-, 1,3-, and 1,4-disubstituted
benzene derivatives. Only a limited number of examples of
the selective sensing of such geometrical isomers are known
so far.¥! To recognize and sense geometrical isomers, we
need recognition and sensing systems that discriminate both
the geometry and the functionality of the analytes. The syn-
thesis of such systems is rather difficult to realize in the case
of organic receptor systems.

The importance of anions in a wide range of biological
and chemical processes® encourages the development of
various recognition and sensing systems for specific anions.!
Accordingly, AuNP-based optical sensors for biologically
important small-molecule anions have also been deve-
loped.'>%¢7 Most of the sensing systems were examined in
organic solvents; thus, there is still a need to develop AuNP-
based colorimetric sensors that probe anions, particularly in
aqueous media.

Recent efforts have been made in the development of se-
lective sensing methods for carboxylates owing to their pres-
ence in a variety of biologically important molecules.*®
Opver the last few years, we have developed several molecu-
lar receptors and sensors based on a novel recognition
motif, o-(carboxamido)trifluoroacetophenone (CATFA),”
which efficiently recognizes anions such as carboxylates.”"!
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This binding motif is neutral and recognizes anions through
the reversible formation of a covalent bond at the trifluo-
roacetyl carbon atom, which seems to be a promising prop-
erty for its application to nanoparticle-based sensing systems
for geometrical isomers. Thus, we synthesized gold nanopar-
ticles functionalized with the CATFA derivative 8a
(Scheme 1) as a colorimetric sensing system for isomeric di-
carboxylates, which required post-treatment with poly(vinyl
alcohol) to improve its stability in water.'”! Although the
CATFA-functionalized AuNP system showed the unique
recognition property of discriminating a trans dicarboxylate,
fumarate, from its cis isomer, maleate, the corresponding
change in SPR was less pronounced probably because the
polymer layer sterically hindered the molecular-recognition
event required for the interparticle cross-linking. Further-
more, the polymer-modified sensing system has to be opti-
mized against several experimental variables such as the
concentrations of the ligand, polymer, and analyte. To over-
come these undesirable properties and to secure the stability
of the nanoparticles in water, we devised a new sensing
system in which AuNPs are functionalized with a water-solu-
ble CATFA analogue. The CATFA ionophores readily form
hydrated species at the trifluoroacetyl carbonyl group in the
presence of water molecules, which limits their applications
for sensing weak-binding anions in aqueous media. One way
to overcome this limitation may be found in integrated rec-
ognition systems such as the functionalized nanoparticles.
As the nanoparticle-based recognition systems involve not a
single recognition event but multiple molecular interactions,
the weaker binding affinity of CATFA ionophores in water
may be overcome. This is our rationale for investigating

CHO CHO CH(OH)CF3
NO NO
o e e
R R R
3a:R=H 4b: R = OBn 5a:R=H
3b:R=0H 5b: R=0Bn
F;C._O
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R R R ©
6a:R=H 7a:R=H 8a:R=H
6b: R =0Bn 7b: R=0Bn 8b: R =0Bn
F;C. O
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(¢}

F2C_O
vii /é/om viii
HO o S0 o
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Scheme 1. Synthesis of CATFA derivative 1. i) PhCH,Br, K,CO;, acetone,
reflux, 3 h, 94%; ii) TMSCF; (1.2 equiv), CsF (10 mol %), DME, 95 %;
iii) Fe (5 equiv), NH,Cl (1.2 equiv), EtOH/H,0 (1:1), 2 h, 80°C, 89 %;
iv) CuCl (5 mol %), DEADH, (5 mol %), 1,10-phenanthroline (5 mol %),
K,CO; (10 mol %), 4-A molecular sieves, toluene, 85°C, 1.5h, 68%;
v) thioctic acid, oxalyl chloride (1.2 equiv), DMF (cat. amount), CH,Cl,
3 h, 0-25°C; vi) K,CO; (1.2 equiv), THF, 1 day, 25°C, 31 %; vii) BF5-Et,0,
Me,S, CH,Cl,, 1 day, 25°C, 84 %; viii) K,COs,, 1,4-butane sultone, acetone,
reflux, 2 h, 40 %. Bn =benzyl, DEAD =diethyl azodicarboxylate, DME =
1,2-dimethoxyethane, DMF = N,N-dimethylformamide, TMS = trimethyl-
silyl.
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nanoparticle-based sensing systems functionalized with water-
soluble CATFAs. Although the new nanoparticle sensing
system does not require the polymer-stabilization step, it
shows much improved stability in water. More importantly,
the water-soluble sensing system exhibits higher sensitivity
toward specific dicarboxylate anions. This is the first example
in which selective sensing of carboxylates is realized by using
a water-soluble trifluoroacetophenone ionophore. The AuNP
sensor neatly discriminates fumarate, a key component of the
Krebs cycle™!! with other important biological activities,'?!
from maleate. Moreover, the present system can also discrim-
inate benzene-1,4-dicarboxylate, the anionic form of industri-
ally important terephthalic acid,™™ with high sensitivity from
its geometrical 1,2- and 1,3-isomers.

Results and Discussion

The CATFA derivative of thioctic acid 1, which has a sulfo-
nate functionality, was readily synthesized by following the
route in Scheme 1. The functionalized AuNPs 2 (Figure 1)
were prepared by the treatment of citrate-stabilized gold hy-
drosols ((13+1) nm, 9.0 nm; adjusted to pH 11)!"! with a
methanolic solution of 1 and were isolated from the excess
ligand material by centrifugation. A solution of AuNPs 2
was stable for several months under refrigeration (0-5°C)
without showing any decomposition.

The solution of AuNPs was characterized by UV/Vis and
FTIR spectroscopy, TEM, energy-dispersive X-ray spectros-
copy (EDX), and X-ray photoelectron spectroscopy (XPS).
The final concentration of the solution of functionalized
AuNPs was estimated to be 6.8 nm from the UV/Vis spec-
trum of the solution of nanoparticles.* The average diame-
ter of the gold core was (13+1) nm as determined by TEM
(Figure 1), which is similar to that of the original citrate-sta-
bilized particles. The FTIR spectrum of the solution of
nanoparticles showed the required amide N-H and sulfo-
nate O=S=0 (1076 and 1163 cm ') stretching vibrations (see
the Supporting Information, Figure S1b).!'"!

EDX analysis gave the atom percentage values of the
functionalized AuNPs 2 (Au: 17.53; S: 3.17; K: 0.89; F:
3.06%). In the high-resolution XPS analysis (Figure 2), the
appearance of a peak at around 162 eV (S(2p;,)) proves
that the sulfur atom is bound to the AuNP surface (S-
Au),'" and the small band near 169 eV is an indication of
the presence of sulfonate (SO;”) species.!'’” The N(1s) peak
at around 401 eV and the C(1s) signal at around 285 eV also
confirm the presence of amide N-H™ and C—S bonds, re-
spectively.'®! The number of capping ligands present per
nanoparticle is about 4200 as estimated from EDX analysis,
with the assumption that the average nucleation number is
about 68000 gold atoms per particle (the atom density of
bulk gold is about 58.01 atoms nm~>).['7*19)

To carry out the titrations, each specific solution of ana-
lyte (5.0 mm; stock solution) was added incrementally to an
aqueous solution of 2 (300 uL of the initial solution was di-
luted to 1.0 mL to give a 2.0 nM solution of AuNPs), and
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Figure 1. Schematic representation of the functionalized AuNP 2 (top)
and TEM image taken from an ensemble of 2 (bottom).

A) B)
Sz Au (4)

96 94 92 90 88 86 84 82 80 78
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Figure 2. XPS spectra in the regions of A) S(2p), B) Au(4f), C) C(1s),
and D) N(1s) in the AuNPs 2 deposited onto a silicon substrate.

UV/Vis spectra were recorded at 10-min intervals after each
addition. In this AuNP-based system, both the geometrical
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disposition and the conformational flexibility of the carbox-
ylate groups affected the aggregation as well as the color
change. In the case of fumarate, the SPR band (1,.,=
524 nm) initially decreased in intensity with little change in
wavelength upon addition of analyte, but after addition of
100 pL (5.0 mm) of analyte, the band broadened and shifted
to longer wavelength, which resulted in a large red shift of
(59+5) nm (Figure 3A).”" The color of the solution also
changed accordingly from red to purple, which indicates
nanoparticle aggregation. This aggregation was further con-
firmed by TEM (Figure 3B).

In the case of other aliphatic dicarboxylates (i.e., maleate,
succinate, glutarate), a decrease in the intensity of the SPR
band was observed along with small wavelength shifts (Fig-
ure 2A), and accordingly no color change was observed
even at higher analyte concentrations. When 200 pL
(5.0 mm) of each of the aliphatic dicarboxylates was added

A)

0.8 4

——AUuNP 2

056 —— 4.5 x 10~*m fumarate
§ ——— 4.5 x 10~*m maleate
g 0.4 1 —— 4.5 x 10~*m glutarate
2 —— 4.5 x 10~m succinate
fo2

0.0

-0.2 T T T T T T T 1

400 450 500 550 600 650 700 750 800
Wavelength / nm

B)

C

Figure 3. A) Changes in the UV/Vis spectrum of an aqueous solution of 2
(2.0 nm, 1.0 mL) upon addition of fumarate, maleate, succinate, and gluta-
rate (100 pL, 4.5x107*m). B) TEM image of 2 after addition of fumarate.
C) Colorimetric assay with an aqueous solution of 2 (2.0 nm) i) without
analyte and with 200 pL (5.0 mm) of ii) fumarate, iii) maleate, iv) succi-
nate, and v) glutarate as sodium salt.
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to the solution of AuNPs (300 pL, 2.0 nm; Figure 3 C), only
fumarate turned the color of the solution from red to blue;
the other anions caused little color change. Also, the color
remained unchanged even at higher concentrations of the
other dicarboxylates.

These results can be explained by assuming the selective
aggregation of AuNPs through interparticle cross-linking.
The trans geometry of fumarate favors interparticle cross-
linking with the nanoparticles, which is not possible in the
case of maleate owing to its unfavorable geometry. In the
case of the other aliphatic dicarboxylates, the cross-linking
seems to be unfavorable due to their conformational flexi-
bility. In these cases, intraparticle cross-linking, that is, mo-
lecular interactions between two carboxylate groups of the
analyte and the trifluoroacetyl binding sites in the same
nanoparticle, rather than interparticle cross-linking, seems
to be dominant.

To verify the geometrical and conformational factors fur-
ther, we also carried out the sensing experiments for a series
of di- and tricarboxylates of benzene. The nanoparticle
probe 2 showed remarkably high sensitivity towards ben-
zene-1,4-dicarboxylate (terephthalate) among other geomet-
rical isomers and analogues: the SPR band broadened and
shifted rapidly toward longer wavelength upon addition of
3.0 uL (5.0 mm) of the analyte, which resulted in a large red
shift of (69+5)nm. Thus, benzene-1,4-dicarboxylate is a
more favorable analyte for the interparticle cross-linking of
AuNP 2 compared to fumarate.

The color of the solution changed from red to blue
through extensive nanoparticle aggregation, which was fur-
ther confirmed by TEM analysis (Figure 4 B). Other carbox-
ylates such as benzene-1,3-dicarboxylate, benzene-1,3,5-tri-
carboxylate, and benzene-1,4-diacetate exhibited small de-
creases in the intensity of the SPR band with little wave-
length shifts (Figure 4 A), and accordingly no color change
was observed (Figure 4C, set I) at lower concentrations (up
to 16 um). The TEM images of these samples, for example,
benzene-1,3-dicarboxylate and benzene-1,3,5-tricarboxylate
(see the Supporting Information, Figures S6 and S7, respec-
tively), showed little aggregation in accordance with the
UV/Vis spectral and color changes. However, these anions
behaved differently at higher analyte concentrations (>
10~*m; Figure 4C, set II). Benzene-14-diacetate showed a
distinct color change from red to blue, whereas benzene-1,3-
dicarboxylate and benzene-1,3,5-tricarboxylate, both of
which provide two carboxylate groups with the same geo-
metrical disposition, showed “half-way” color changes to
purple. The two substrates seem to induce some degree,
though not extensive, of nanoparticle aggregation. These re-
sults clearly indicate that the disposition of the carboxylate
groups is an important factor for inducing the effective in-
terparticle cross-linking of probe 2 by the molecular-recogni-
tion process. In the case of benzene-1,2-dicarboxylate, the
vicinal carboxylate groups are not suitably disposed to
induce the interparticle cross-linking; instead, an intraparti-
cle linkage seems to be more favorable, and no visible color
change results.

Chem. Asian J. 2008, 3, 1962 -1967
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Figure 4. A) Changes in the UV/Vis spectrum of an aqueous solution of 2
(2.0 nm, 1.0 mL) upon addition of terephthalate, phthalate, isophthalate,
benzene-1,3,5-tricarboxylate, and benzene-1,4-diacetate (16 um each).
B) TEM image of 2 after addition of terephthalate. C) Colorimetric
assays with an aqueous solution of 2 (2.0 nm): i) without analyte and with
ii) terephthalate, iii) phthalate, iv) benzene-1,4-diacetate, v) isophthalate,
and vi) benzene-1,3,5-tricarboxylate as sodium salt. I: with 10 uL of ana-
lyte; II: with 50 pL of analyte.

Conclusions

We have demonstrated that gold nanoparticles functional-
ized with a water-soluble trifluoroacetophenone derivative
constitute a stable and efficient sensing system that discrimi-
nates isomeric dicarboxylate anions in water. The nanoparti-
cle system selectively senses specific isomers of dicarboxy-
lates that are geometrically favorable for the binding-in-
duced aggregation process; thus, it discriminates the trans
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dicarboxylate fumarate from its cis isomer maleate, and ben-
zene-1,4-dicarboxylate from its isomers benzene-1,2- and
benzene-1,3-dicarboxylate in water, by exhibiting a color
change from red to blue. The results presented herein clear-
ly demonstrate that the sensing approach with a receptor-
functionalized gold nanoparticle system is promising for the
selective sensing of geometrical isomers, a rather demanding
task by the conventional “molecular-sensor” approach. Cur-
rent efforts are directed towards the development of nano-
particle-based probes for the selective detection of other
biologically important anions in aqueous media.

Experimental Section

Materials and Methods

'H, "C, and "F NMR spectra were recorded on a Bruker DPX-300 spec-
trometer. Coupling constants (J) are reported in hertz. Chemical shifts
are shown in ppm. An external CF;COOH standard (6 =0.00 ppm) was
used for ’F NMR spectral measurements. UV/Vis spectra were recorded
on an HP 8453 spectrophotometer. FTIR spectra were recorded at a
spectral resolution of 4 cm™' with a Bomem DAS8 FTIR spectrometer
equipped with a liquid-nitrogen-cooled mercury—-cadmium-telluride
(MCT) detector. Diffuse reflectance infrared Fourier transform (DRIFT)
spectra of 1% samples in KBr (Sigma-Aldrich, spectroscopy-grade) were
recorded by using a DRIFT attachment (Praying Mantis Model, Harrick
Scientific Corp.). TEM images were recorded on a JEOL 2100 micro-
scope operating at 100 keV. Samples for TEM were prepared by spread-
ing a drop of aqueous solution of nanoparticles onto standard carbon-
coated copper grids (400 mesh). EDX analysis was carried out in a Phi-
lips XL series (XL 30S FEG) unit. High-resolution soft XPS was per-
formed at the 8A1 beam line of a Pohang light source. The base pressure
of the chamber was 2 x 107" Torr. The incident photon energy was about
630 eV. The photoelectrons emitted from the sample by the incident pho-
tons were analyzed with an electron analyzer (Physical electronics:
Model PHI 3057 with an Omega lens and a 16-channel detector). At this
photon energy, the energy resolution of the technique was >200 meV.
The binding energy was calibrated by measuring the Au(4f) peak from
Au-deposited Si substrate. High-resolution mass spectra were recorded
on a JEOL JMS-700 spectrometer.

Syntheses

4b: 5-Hydroxy-2-nitrobenzaldehyde (3b; 2.5g, 0.015m) and K,CO;
(3.1 g, 1.5equiv) were placed in a 250-mL two-necked flask equipped
with a reflux condenser. Acetone (100 mL) was added, and the mixture
was heated under reflux for 30 min. Benzyl bromide (2.6 mL, 0.023 m)
was then added, and the mixture was heated under reflux for another
3 h. The mixture was then cooled to room temperature and filtered, and
the filtrate was evaporated in vacuo. The residue obtained was dissolved
in EtOAc (60 mL) and washed successively with water (2x20 mL) and
brine (20 mL), dried over Na,SO,, and evaporated in vacuo. The resulting
residue was purified by column chromatography (silica gel; 5% EtOAc
in hexanes) to give 5-(benzyloxy)-2-nitrobenzaldehyde (4b; 3.45 g, 94%)
as a yellowish solid. 'H NMR (CDCl,;, 300 MHz): 6=5.17 (s, 2H), 7.18
(dd, J=9.1, 29Hz, 1H), 7.31-7.43 (m, 5H), 8.10 (d, /=9.1 Hz, 1H),
10.42 ppm (s, 1H); "CNMR (CDCl;, 75 MHz): 6=69.9, 113.1, 118.0,
126.1, 126.4, 127.5, 127.7, 133.1, 133.8, 141.1, 161.9, 187.3 ppm.

5b: Compound 4b (3.0g, 0.012mol) and anhydrous CsF (0.185¢g,
10 mol %) were placed in a 250-mL two-necked flask. DME (60 mL) was
added, and the mixture was cooled to 0°C. TMSCF; (2.0m in THEF,
0.014 mol, 0.72 mL) was added, and the mixture was stirred for 5h at
room temperature. HCI (10 %, 30 mL) was then added, and the resulting
mixture was stirred for 30 min. The mixture was extracted with EtOAc,
washed successively with water (20 mL) and brine (20 mL), dried over
Na,SO,, and evaporated in vacuo. The residue was purified by column
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chromatography (silica gel; 10% EtOAc in hexanes) to afford pure 1-[5-
(benzyloxy)-2-nitrophenyl]-2,2,2-trifluoroethanol (5b; 3.72 g, 95%) as an
off-white solid. 'HNMR (CDCl,;, 300 MHz): 6=2.95 (s, 1H), 5.18 (s,
2H), 6.30-6.38 (m, 1H) 7.06 (dd, /=9.1, 2.8 Hz, 1H), 7.35-7.45 (m, 5H),
7.50-7.61 (m, 1H), 8.12ppm (d, J=9.1Hz, 1H); "CNMR (CDCl,,
75 MHz): 0=652, 65.6, 66.0, 66.4 (q, J=32Hz, CH(OH)CF;), 69.8,
114.3, 114.5, 117.2, 120.9, 124.6, 128.3 (q, /=281 Hz, CF;), 126.6, 127.0,
127.6, 127.8, 131.1, 134.2, 140.2, 161.7 ppm; "’F NMR (CDCl;, 282 MHz):
0=—1.4ppm.

6b: Fe powder (1.4 g, 25 mmole) and NH,Cl (0.321 g, 6.0 mmol) were
placed in a 100-mL two-necked flask equipped with a reflux condenser
and a dropping funnel. Aqueous EtOH (50%, 20 mL) was added, and
the mixture was heated under reflux for 10 min. A solution of 5b (1.63 g,
5mm) in EtOH (20 mL) was added dropwise through a dropping funnel,
and heating was maintained at 80°C for 2 h. The mixture was cooled to
room temperature, filtered, and concentrated in vacuo. The concentrated
solution was extracted with EtOAc (2x15mL), washed with brine
(20 mL), dried over Na,SO,, and evaporated in vacuo. The solid residue
was purified by column chromatography (silica gel; 10% EtOAc in di-
chloromethane) to give 1-[2-amino-5-(benzyloxy)phenyl]-2,2,2-trifluoro-
ethanol (6b; 1.33 g, 89%) as a brownish-white solid. '"H NMR (CDCl,,
300 MHz): 6 =4.95-5.01 (m, 3H), 6.78-6.90 (m, 3H), 7.30-7.60 ppm (m,
5H); PC NMR (CD;0OD, 75 MHz): 6 =62.4, [69.8, 70.2, 70.6, 71.0] (q, J=
32 Hz, CH(OH)CF;), 71.4, 112.4, 116.1, 119.8, 123.5 (q, /=278 Hz, CF;),
117.6, 122.6, 128.2, 128.4, 129.0, 137.9, 139.6, 152.6, 158.5 ppm; "“F NMR
(CDCl;, 282 MHz): 6 =—2.26 ppm.

7b: CuCl (9.8 mg, 0.1 mmol), 1,10-phenanthroline (18 mg, 0.1 mmol), and
4-A molecular sieves were placed in a 100-mL two-necked flask equipped
with a reflux condenser. Toluene (30 mL) and K,CO; (28 mg, 0.2 mmol)
were added, and the mixture was stirred for 30 min at room temperature.
DEADH, (18 mg, 0.1 mmol) and 6b (0.59 g, 2.0 mmol) were added suc-
cessively, and the mixture was heated for 1.5 h in an oil bath at 80-90°C
under oxygen atmosphere. Upon cooling to room temperature, the mix-
ture was diluted by addition of diethyl ether (20 mL) and filtered through
a pad of celite. The solution was washed successively with water (20 mL)
and brine (10 mL), dried over Na,SO,, and evaporated in vacuo. The re-
sulting residue was purified by column chromatography (silica gel; 10 %
EtOAc in hexanes) to give 1-[2-amino-5-(benzyloxy)phenyl]-2,2,2-tri-
fluoroethanone (7b; 0.40g, 68%) as an orange solid. M.p.: 81.3°C;
"H NMR (CDCl,, 300 MHz): 0=4.99 (s, 2H), 6.23 (br's, 2H), 6.66 (d, J=
9.1 Hz, 1H), 7.14 (dd, J=2.7, 9.1 Hz, 1H), 7.22 (t, J=1.8 Hz, 1H), 7.32—
7.43 ppm (m, 5H); "CNMR (CDCl;, 75 MHz): 6=71.1, 1104, 111.5,
115.3, 119.2, 123.0 (q, /=289 Hz, CF;), 113.3, 113.4, 113.4, 113.5, 119.1
127.8, 128.3, 128.4, 128.8, 136.8, 149.0, 179.6, 180.0, 180.4, 180.9 ppm (q,
J=33 Hz, COCF;); “FNMR (CDCl,;, 282 MHz): 6 =5.98 ppm; HRMS:
mlz caled for C;sH,F;NO,: 295.0820 [M]*; found: 295.0807.

8b: Thioctic acid (0.206 g, 1.0 mmol) and dichloromethane (3 mL) were
placed in a 25-mL round-bottomed flask, and the mixture was cooled to
0°C. Oxalyl chloride (0.152 g, 1.2 mmol) was added, and the mixture was
stirred for 10 min at 0°C. DMF (1 drop) was added, and the reaction
mixture was stirred for 3 h at room temperature. The solution was evapo-
rated in vacuo. The thioctyl chloride obtained was used directly in the
next step, but was dissolved in THF (1.5 mL) prior to use. A solution of
7b (0.189 g, 1.0 mmol) and K,CO; (0.165 g, 1.2 mmol) in THF (1.5 mL)
were placed in a sealed tube, the solution of thioctyl chloride in THF was
added, and the reaction mixture was stirred overnight at room tempera-
ture. The solvent was evaporated, ethyl acetate (10 mL) was added, and
the mixture was washed with aqueous HCl (10%, 5mL) and brine
(10 mL). The organic layer was dried over Na,SO, and evaporated in va-
cuo. The resulting residue was purified by column chromatography (silica
gel; 15% EtOAc in hexane) to give N-[4-(benzyloxy)-2-(2,2,2-trifluoro-
acetyl)phenyl]-5-(1,2-dithiolan-3-yl)pentanamide (8b; 0.145 g, 31%) as a
yellow solid. M.p.: 94°C; '"H NMR (CDCl;, 300 MHz): 0 =1.44-1.61 (m,
2H), 1.69-1.83 (m, 4H) 1.87-1.98 (m, 1H), 2.42-2.52 (m, 3H), 3.07-3.23
(m, 2H), 3.54-3.63 (m, 1H), 5.10 (s, 2H), 7.30-7.47 (m, 7H), 8.70-
8.76 ppm (m, 1H); *C NMR (CDCl,;, 75 MHz): 6=24.9, 28.6, 34.5, 38.1,
38.3, 40.1, 56.2, 70.5, 110.5, 114.4, 118.2, 122.1 (q, J=289.8 Hz, CF;),
116.3, 122.8, 125.0, 127.4, 128.2, 128.6, 135.8, 137.0, 153.2, 171.7, 181.7,
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182.2, 182.7, 183.1ppm (q, J=34.5Hz, COCF;); "FNMR (CDCl,,
282 MHz): 6=6.28 ppm; HRMS: m/z calcd for C;sH,,0O;NF;S,: 483.1150
[M]*; found: 483.1148.

9: A solution of 8b (0.12 g, 0.25 mmol) in dichloromethane (2 mL) was
placed in a two-necked flask, and Me,S (2 mL) was added under nitrogen
atmosphere. BF;-Et,O (177 pL) was then added, and the reaction mixture
was stirred for 10 h at 30°C. The solvent was evaporated in vacuo, and
ethyl acetate (10 mL) and water (5 mL) were added to the residue. The
aqueous layer was separated and extracted with ethyl acetate. The com-
bined organic layer was washed with brine, dried over Na,SO,, and
evaporated in vacuo. The residue obtained was purified by column chro-
matography (silica gel; 25% EtOAc in hexane) to give N-[4-(hydroxy)-2-
(2,2,2-trifluoroacetyl)phenyl]-5-(1,2-dithiolan-3-yl)pentanamide 5;
0.083g, 84%) as a yellow solid. M.p.: 115°C; 'HNMR (CD;OD,
300 MHz): 6=1.44-1.53 (m, 2H), 1.57-1.73 (m, 4H) 1.83-1.92 (m, 1H),
2.32 (t, J=7.3 Hz, 2H), 2.40-2.47 (m, 1H), 2.77 (brs, 1H), 3.02-3.16 (m,
2H), 3.53-3.58 (m, 1H), 6.77-6.81 (m, 1H), 6.95-7.0 (m, 1H), 7.92—
7.96 ppm (m, 1H); "CNMR (CD,0D, 75 MHz): 6=26.4, 29.98, 35.9,
37.7, 38.8, 39.5, 41.4, 57.6, 98.8, 99.0, 99.4, 99.8 (q, J=31.0 Hz), 117.5,
118.1, 118.8, 122.6, 126.4, 130.3 (q, /=286.0 Hz, CF;), 125.4, 126.0,131.1,
155.1, 173.3 ppm; “F NMR (CD;0D, 282 MHz): 6 =—8.95 ppm; HRMS:
ml/z caled for C;HsO;NF;S,: 393.0680 [M]*; found: 393.0674.

1: Compound 9 (0.040 g, 0.10 mmol) and K,CO; (0.016 g, 0.12 mmol)
were placed in a two-necked flask. Acetone (5 mL) was added, and the
mixture was heated under reflux for 10 min. 1,4-Butane sultone (12.2 uL,
0.12 mmol) was added, and the reaction mixture was heated under reflux
for 2 h. Upon cooling to room temperature, the mixture was filtered, and
the filtrate was evaporated. The crude residue was triturated sequentially
with diethyl ether (2x1 mL), dichloromethane (2x1mL), ethyl acetate
(2x1mL), and water (1 mL). The sticky liquid obtained was dried in va-
cuo to give the desired potassium N-[4-(4’-butoxysulfonate)-2-(2,2,2-tri-
fluoroacetyl)phenyl]-5-(1,2-dithiolan-3-yl)pentanamide (1; 0.023 g, 40%)
as a yellow liquid. '"H NMR (CD;OD, 300 MHz): 6 =1.45-1.52 (m, 2H),
1.587-1.74 (m, 4H) 1.85-1.92 (m, 1H), 2.1-2.26 (m, 1H), 2.34-2.42 (m,
3H), 3.09-3.20 (m, 3H), 3.49-3.75 (m, 2H), 6.67-6.77 (m, 2H), 8.13-
8.17 ppm (m, 1H); *C NMR (CD;0D, 75 MHz): 6 =26.6, 26.7 30.0, 35.9,
38.8, 39.1, 395, 414, 57.6, 64.5, 73.7 116.8, 117.3, 117.5, 117.8, 121.5,
124.5, 127.4, 1304 (q, /=221 Hz, CF;), 128.6, 155.1, 157.0 173.6 ppm;
F NMR (CD,0D, 282 MHz): 6 =—2.88 ppm; MS (ESI): m/z =538.
Preparation of solution of CATFA-functionalized AuNPs: A solution of
sodium citrate dihydrate (130 mg, 0.44 mmol) in deionized water (5 mL,
purified by using a Milli-Q™ water-purification system) was added quick-
ly to a light-yellow solution of HAuCl,-3H,0O (57 mg, 0.144 mmol) in de-
ionized water (100 mL) under reflux. The resulting solution became
deep-red within minutes, was stirred for 30 min under reflux, and was al-
lowed to cool to room temperature. The reaction mixture was filtered
through a cellulose nitrate membrane filter (pore size: 0.2 um) to give a
gold colloidal solution, which was diluted with deionized water (135 mL)
and used in the following CATFA functionalization. For the functionali-
zation, the pH of the diluted gold colloidal solution (20 mL, 9.0 nm) was
adjusted to 11 with 0.5M aqueous NaOH. A methanolic solution of 1
(2.0 mm, 2.0 mL) was added dropwise to this solution, and the resulting
mixture was stirred at room temperature for 2 days. The CATFA-func-
tionalized nanoparticles were then centrifuged twice (at 10000 rpm) for
20 min followed by decantation of supernatants to remove the excess
CATFA. The purified CATFA-functionalized AuNPs were redissolved in
deionized water. The pH of the resulting solution was around 7, and the
concentration of the resulting solution of AuNPs, as calculated from UV/
Vis spectral data, was 6.8 nM.
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Controlled Self-Assembly of Functional Metal Octaethylporphyrin 1D
Nanowires by Solution-Phase Precipitative Method

Man-Ho So, V. A. L. Roy, Zong-Xiang Xu, Stephen Sin-Yin Chui, Mai-Yan Yuen,
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Abstract: Metal octaethylporphyrin M-
(OEP) (M=Ni, Cu, Zn, Pd, Ag, and
Pt) nanowires are fabricated by a
simple solution-phase precipitative
method. By controlling the composi-
tion of solvent mixtures, the diameters
and lengths of the nanowires can be
varied from 20 to 70 nm and 0.4 to

are examined by powder XRD and
SAED measurements, revealing that
these M(OEP) nanowires are formed
by the self-assembly of M(OEP) mole-
cules through intermolecular m--x in-
teractions along the s stacking axis,
and the M** ion plays a key role in the
nanowire formation. Using the bottom

contact field effect transistor structure
and a simple drop-cast method, a
single-crystal M(OEP)  nanowires-
based field effect transistor can be
readily prepared with prominent hole
transporting behaviour and charge-car-
rier mobility up to 10°~107% cm?*V's™*
for holes, which are 10 times higher

10 pm, respectively. The Ag(OEP)
nanowires have lengths up to 10 um
and diameters of 20-70 nm. For the M-
(OEP) nanowires, the growth orienta-
tion and packing of M(OEP) molecules

wires

Introduction

Nanomaterials such as nanoparticles, nanowires and nano-
tubes have demonstrated useful applications in catalysis,
electronics, and biological studies.l'! Of particular interest to
us is one dimensional (1D) nanowires and nanotubes, which
have strong anisotropic growth properties, excellent single
crystallinity, and unique electronic and optical properties.”!
Recently, self-assembled organic nanomaterials have in-
spired a surge in research interest, arising from their flexibil-
ity, nonlinear optical effects, high photoconductivity and
promising applications in electronic and optical nanodevi-
ces.”8l 1D organic nanowires, such as those of metal phtha-
locyanines,”’ perylene derivatives,'*) and oligoacene deriva-
tives,” are usually prepared by self-assembly processes, with
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than that of vacuum-deposited M-
(OEP) organic thin-film transistors
(OTFTs).

nano-

the molecules being held together by intermolecular 5t in-
teractions and growing anisotropically along the m---7 stack-
ing axis. More recently, we have shown that self-assembled
1D organometallic nanowires can be obtained and grown
anisotropically resulting from intermolecular Pt--Pt interac-
tions.!) These chain-like intermolecular Pt--Pt interactions
guide the assembly and stacking of the Pt" organometallic
complexes in a linear manner, resulting in anisotropic
growth of the nanowires along the axis of Pt--Pt interac-
tions.

Metalloporphyrins are an important class of metal com-
plexes that have been studied in many fields including cata-
lysis, biochemistry, electrochemistry, and photochemistry.”]
They are well-documented to display intermolecular w7
interactions in the solid state and have recently been exten-
sively studied in the context of the preparation of nanostruc-
tures. Examples of nanostructures prepared from free por-
phyrin or metalloporphyrin include nanoparticles,”®! nano-
wires,’l nanotubes,'” nanorings,*'"! and nanosheets.'”! The
water-soluble porphyrins, meso-tetrakis(4-sulfonatophenyl)-
porphyrin diacid form ([H,TPPS,]*"),**413 and meso-tetra-
kis(4-carboxyphenyl)porphyrin diacid form ([H,TCPP]**),"
individually can assemble into 1D nanostructures by acid-in-
duced aggregation. The self-assembly reaction between
anionic [H,TPPS,]*~ and cationic Sn" meso-tetrakis(4-pyri-
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dyl)porphyrins ([Sn(OH),TPyP]** and [Sn(OH)-
(H,O)TPyP]**) leads to the formation of nanotubes. '’
Additionally, Zn" meso-tetrakis(4-pyridyl)porphyrin
(ZnTPyP) can self-assemble into 1D tube-like hollow hexag-
onal nanoprisms in the presence of the surfactant cetyltrime-
thylammonium bromide.'* In addition, the vapor diffusion
method has also been reported to induce self-assembly of
molybdenum(V) dodecaphenylporphyrin [Mo(DPP)(O)-
(H,0)]* into nanotubes.'® All these literature reported
metalloporphyrins and porphyrins used for nanostructure
formation have phenyl or pyridyl substitutuents at the meso-
position of the porphyrinato ring," which hinder direct in-
termolecular interactions between porphyrin molecules.
Planar metal octaethylporphyrins (M(OEP)) are sterically
unencumbered. Intermolecular m--7 interactions between
M(OEP) (for M=Ni, Cu, and Zn) molecules in the solid
state have been reported.' Devices such as organic thin-
film transistors (OTFTs),'! organic light-emitting devices
(OLEDs)," and organic solar cells"*! based on thin films of
metal octaethylporphyrins, have already been documented.
Yet, the preparation and applications of M(OEP) nanowires
have not been narrated in the literature. Herein, we demon-
strate the self-assembly of M(OEP) (where M =Ni, Cu, Zn,
Pd, Ag, and Pt) molecules into functional 1D nanowires.
The M(OEP) nanowires studied in this work can be fabri-
cated at ambient conditions by a simple precipitative meth-
od.** No surfactant or template is needed to assist the
fabrication of nanowires. The size of the nanowires can be
controlled by changing the composition of solvent mixtures.
We have examined the growth, orientation, and crystal
packing of M(OEP) molecules that lead to the formation of
1D nanowires. The divalent metal cation in the octaethyl-
porphyrin ring results in a larger extent of “face-to-face”
stacking and better overlap of M(OEP) molecules by inter-
molecular 77 interactions in comparison with free octa-
ethylporphyrin (H,OEP) molecules. Compared to the bulk
thin film counterparts, these M(OEP) nanowires exhibit
substantially better charge transporting properties.

Results and Discussion

The chemical structure of octaethylporphyrin and metallo-
porphyrins studied in this work are depicted in Figure 1. Ni-
(OEP), Cu(OEP), Pd(OEP), and the free base H,OEP were
purchased from commercial sources. Ag(Por) (Por=meso-
tetraphenylporphyrin (TPP), meso-tetrakis(4-tolyl)porphyrin
(TTP) and OEP dianions),?”! Zn(OEP),!™ Pt(OEP),* and
[Au(OEP)]CL* were synthesized according to the litera-
ture methods with some modifications. Ag(F,, TPP) was syn-
thesized by reacting meso-tetrakis(pentafluorophenyl)por-
phyrin (H,F, TPP) with AgNO; in acetic acid under reflux
conditions. The ORTEP drawing and crystal data of Ag-
(F5TPP) are shown in Figure 2 and Table 1, respectively.

In the initial experiments, M(OEP) nanowires were pre-
pared by injecting a THF solution containing M(OEP)
(100 um, 1 mL) to H,O (9 mL). The molecular packing in
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Figure 1. Chemical structures of octaethylporphyrin and metalloporphyr-
ins.

C(S) Cin

Figure 2. ORTEP drawing of Ag(F, TPP) with atom-numbering scheme.
Hydrogen atoms are omitted for clarity. The ORTEP drawing of the mol-
ecule is made with thermal ellipsoids at the 30 % probability level. Select-
ed bond distances (A): Ag(1)-N(1/1%), 2.082(2) and Ag(1)-N(2/2%),
2.085(2). Selected bond angles (°): N(1*)-Ag(1)-N(1), 180.00(15); N(1*)-
Ag(1)-N(2), 89.48(9); N(1)-Ag(1)-N(2), 90.52(9); N(1*)-Ag(1)-N(2%),
90.52(9); N(1)-Ag(1)-N(2%), 89.48(9), and N(2)-Ag(1)-N(2*), 180.0(2).

the M(OEP) nanowires were examined by powder XRD
and the results are depicted in Figure 3 (see also Supporting
Information, Figure S1). Remarkably, the XRD pattern of
M(OEP) (M=Ni, Cu, Zn, Pd, Ag, and Pt) nanowires indi-
vidually shows two intense diffraction peaks at around 26
values of 7.22° and 7.96°. To study the XRD pattern of M-
(OEP) nanowires in more detail, we retrieved the X-ray
crystal structure data of Ni(OEP), Cu(OEP), and Zn(OEP)
from the literature,”’) and simulated their XRD patterns.
These three M(OEP) (M =Ni, Cu, and Zn) samples are iso-
structural to each other and Ni(OEP) was used as a refer-
ence. Our simulation showed that the peak with a 26 value
of 7.22° (d=12.26 A) resembled the calculated positions of
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Table 1. Crystal data and structure refinement for Ag(F,,TPP)

Ag(FyTPP)
empirical formula CyHgAgF,N,
molar mass [gmol '] 1080.41
temperature [K] 301(2)
wavelength [A] 0.71073
crystal system trigonal
space group R3
unit cell dimensions
a[A] 20.379(4)
b[A] 20.379(4)
c[A] 24.627(5)°
al?] 90
BT 90
7 [] 120
V[AY 8858(3)

V4 9

Pene Mgm™] 1823

absorption coefficient [mm™'] 0.648

F(000) 4743

crystal size [mm?] 0.4x0.3x0.15

range of 60 [°] 2.00-25.67

index ranges —24<h<19, —15<k<24,

-30<1<29
reflections collected 16763
independent reflections 3743 [R;,,=0.0176]
completeness [%] to 6 100.0
absorption correction none

refinement method
data/restraints/parameters
GOF on F?

final R indices [/>20(])]
R indices (all data)
largest diff. peak and
hole [e A%

full-matrix least-squares on F*
3743/0/313

1.072

R1=0.0308, wR2=0.0730
R1=0.0471, wR2=0.0857
1.702, —0.301

Pt(OEP) nanowires

Ag(OEP) nanowires

Pd(OEP) nanowires

Zn(OEP) nanowires

Cu(OEP) nanowires

(L

Ni(OEP) nanowires

H,OEP nanomaterials

|

0 25 30
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-
o

15 2
20/°

Figure 3. Powder XRD patterns of M(OEP) nanowires.

the [010] (26=7.232°) and [100] (26=7.262°) Miller planes
of the crystal structure of Ni(OEP), whereas another peak
with a 26 value of 7.96° (d=11.12 A) corresponded to the
calculated position of the [1-10] (260 =7.933°) Miller plane of
the crystal structure of Ni(OEP). These two characteristic
peaks indicated that these M(OEP) nanowires have a strong
preferred molecular orientation in which the [100], [010],
and [1-10] Miller planes of the crystal structure of Ni(OEP),
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Cu(OEP), and Zn(OEP) are parallel to the plane of the sili-
con wafer substrate. The XRD patterns of Pd(OEP), Ag-
(OEP), and Pt(OEP) nanowires individually revealed the
presence of intense peaks at 26 values of 7.22° and 7.96°,
similar to the XRD patterns obtained from Ni(OEP), Cu-
(OEP), and Zn(OEP) nanowires (Figure 3). These results
revealed that the packing of M(OEP) molecules in these
nanowires exhibits a high degree of structural resemblance
to that found in the X-ray crystal structures of M(OEP).
Also, these results demonstrate that the packing of Pd-
(OEP), Ag(OEP), and Pt(OEP) molecules in the nanowires
adopt a similar arrangement to that found in the reported
crystal structures of Ni(OEP), Cu(OEP), and Zn(OEP).I”!
The appearance of intense peaks from the [100], [010], and
[1-10] Miller planes indicate that all the M(OEP) (M =Ni,
Cu, Zn, Pd, Ag, and Pt) nanowires formed at a fast aniso-
tropic growth rate along the [001] direction, which is the c-
axis of the crystal structure of Ni(OEP). The growth direc-
tion of the nanowires is subsequently confirmed by selected
area electron diffraction (SAED) analysis on a single nano-
wire (see discussion below). The XRD pattern of H,OEP
prepared under the same conditions did not show the two
diffraction peaks at 260 values of 7.22° and 7.96° (Figure 3).
Instead, a polycrystalline solid sample of H,(OEP) was
formed as evidenced by close matching between the experi-
mental and simulated XRD patterns (see Supporting Infor-
mation, Figure S1g). Interestingly, the as-synthesized solid
sample of Pt(OEP) contained a mixture of two crystalline
phases, as revealed by four diffraction peaks (26 values of
7.24°, 7.95°, 8.84°, and 9.60°; see Supporting Information,
Figure S1f). The first two peaks matched the peaks position
of the [100]/[010] (26=7.24°) and [1-10] (260=7.95°) Miller
planes of the crystal structure of Ni(OEP). However, the
latter two peaks matched the peak positions of the [001] and
[010] Miller planes of the reported crystal structure of Pt-
(OEP),*! respectively. Using the solution-phase precipita-
tive method, the XRD pattern of the Pt(OEP) nanowires
obtained showed two peaks that are similar to those of the
other M(OEP) nanowires. We note that the XRD pattern of
both Pd(OEP) and Pt(OEP) nanowires are different from
the simulated XRD pattern of the reported crystal structure
of PA(OEP)?¥ and Pt(OEP),® respectively, indicating that
both the reported crystal structures of Pd(OEP) and Pt-
(OEP) are not suitable for describing the packing of these
molecules in the nanowires (see Supporting Information,
Figure S1d and S1 f).

The morphology of the M(OEP) nanowires were exam-
ined by TEM (Figure 4) and SEM (see Supporting Informa-
tion, Figure S2). The findings revealed that uniform 1D M-
(OEP) nanowires were formed by the precipitative method.
The diameters for all the M(OEP) nanowires are in the
range of 20-70 nm and the monodispersity of the diameters
is about 10, revealing that the M(OEP) nanowires are uni-
formly assembled (Table 2). The average length of Cu(OEP)
nanowires is the shortest (about 150 nm) whilst that of other
M(OEP) nanowires range from 480-680 nm. Identification
of the metal was confirmed by energy dispersive X-ray
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Figure 4. TEM images of a) Ni(OEP); b) Cu(OEP); c¢) Zn(OEP); d) Pd-
(OEP); e) Ag(OEP) and f) Pt(OEP) nanowires fabricated at 10 um con-
centration of M(OEP) in 90 % v/v H,O/tetrahydrofuran.

(EDX) microanalysis of the nanowires (see Supporting In-
formation, Figure S3). Exami-
nation of the as-synthesized
solid sample of M(OEP)
showed that the wires were of
the micrometer scale (Bulk Ag-
(OEP) is illustrated as an exam-
ple; Supporting Information,
Figure S4a). We have also ex-
amined the morphology of free
H,OEP and meso-substituted
metalloporphyrins prepared by
the precipitative method
(Figure 5). Free H,OEP, on the
other hand, formed irregular-
shaped nanomaterials  (Fig-
ure 5a). [Au(OEP)]CI gave ir-
regular-shaped and seriously ag-
gregated materials (Figure 5b). <
Three meso-substituted Ag(I) b 4

porphyrin complexes, namely
Ag(F, TPP), Ag(TPP), and Ag-
(TTP), were also examined
under the same preparation

500 nm
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Table 2. Average diameter and monodispersity of the M(OEP) nano-
wires prepared at 10 um concentration of M(OEP) in 90% (v/v) H,O/tet-
rahydrofuran.

M(OEP) d [nm]® Monodispersity [% ]! [ [nm]*
Ni(OEP) 69.4+82 11.8 630 (340-1000)
Cu(OEP) 237429 122 150 (60-250)
Zn(OEP)  384+41 107 480 (250-600)
Pd(OEP) 424+44 10.4 680 (390-1020)
Ag(OEP) 278438 137 600 (250-1100)
Pt(OEP) 41.1£4.6 11.2 570 (230-880)

[a] The average diameter (d) is measured from 300 randomly selected
nanowires. [b] Monodispersity of the diameter of nanowires is calculated
as follow: monodispersity = (standard deviation/average diameter)x100%.
[c] Owing to the aggregation of nanowires, the average length (/) of the
nanowires can only be roughly estimated. Bracketed values indicated the
range of the length of the nanowires.

conditions (Figure Sc—e). Monodispersed spherical Ag-
(F»TPP) nanoparticles were obtained, and the average di-
ameter and monodispersity of the nanoparticles were
58.29+6.89 nm and 11.82%, respectively (Figure 5c). Ag-
(TTP) and Ag(TPP) both assembled into irregular-shaped
nanomaterials (Figure 5d and Se, respectively).

To examine the growth direction and crystallinity, SAED
analysis was performed on a single M(OEP) nanowire. As
depicted in Figure 6, the ordered diffraction spots reveal the
single crystallinity of these M(OEP) nanowires. Since the
crystal structures of Pd(OEP), Ag(OEP), and Pt(OEP) are
similar to that of Ni(OEP), Cu(OEP), or Zn(OEP) as dis-
cussed before, the crystal structure data of the latter three
complexes were used here to index the diffraction spots and
growth direction of the three M(OEP) (M=Pd, Ag, and Pt)
nanowires. The growth direction of these M(OEP) nano-
wires are all along the [001] direction, which is the c-axis of
their crystal structures. All the SAED patterns were taken

Figure 5. TEM images of a) H,OEP nanomaterials; b) [Au"/(OEP)]Cl materials; c) Ag(F, TPP) nanoparticles
and d) Ag(TPP) irregular-shaped nanomaterials. ¢) SEM image of Ag(TTP) irregular-shaped nanomaterials.
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Figure 6. SAED patterns of a)Ni(OEP); b) Cu(OEP); c)Zn(OEP);
d) Pd(OEP); e) Ag(OEP) and f) Pt(OEP) nanowire taken at [1-10] zone
axis. Insets are the corresponding nanowires.

at the [1-10] zone axis of the nanowires. The [1-10] Miller
plane of the M(OEP) nanowires is normal to the electron
beam, consistent with the data that the [1-10] Miller plane
shows an intense peak in the powder XRD patterns. As
these M(OEP) nanowires preferentially grew along the
[001] direction, the peak for the [001] Miller plane is not
readily observed in their powder XRD patterns. The [110]
Miller plane (diffraction peak at a 26 value of 12.06°), which
is orthogonal to the [1-10] Miller plane, was not intense in
the powder XRD patterns and was found parallel to the
electron beam. As a result, the M(OEP) nanowires had sev-
eral dominant [100], [010], and [1-10] Miller planes on their
surfaces and only a minor proportion was oriented in the
[110] Miller plane. The [001] Miller plane was found to be
perpendicular to the plane of the substrate and arranged
along the longitudinal axis of the nanowires. We have also
examined the crystallinity of the as-synthesized solid sample
of M(OEP) (Supporting Information, Figure S4b). Concen-
tric diffraction rings were observed in their SAED patterns,
indicative of the polycrystalline nature of these solid sam-
ples.

The c-axis of M(OEP) crystals is the direction of stacking
of the M(OEP) molecules by intermolecular s+t interac-
tions. Self-assembly of molecules along the m--m stacking
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nanowire

Porphyrins stacking inside nanowire

b) =L

H,0EP

Figure 7. a) View of stacking of porphyrin molecules along c-axis ([001]
direction) showing clearly intermolecular 5+ interaction along c-axis to
assemble the nanowires. Broken lines indicate the intermolecular st~ in-
teraction. Inset shows the view of the crystal packing arrangement of por-
phyrin molecules at c-axis. The CIF file of Ni(OEP) triclinic B form crys-
tal is used here as an example to illustrate the packing and self-assembly
of M(OEP) porphyrin molecules. b) View of packing of free H,OEP mol-
ecules. Broken lines indicate the intermolecular m--m interaction. The
CIF file of triclinic H,OEP is used here. Hydrogen atoms are omitted
here for clarity.

axis to form nanowires has been reported in the litera-
ture.”®*! Figure 7a depicts the stacking of M(OEP) mole-
cules by intermolecular st interactions (broken line). The
intermolecular -t distance is 3.472 A, 3.467 A, and
3.430 A for Ni(OEP), Cu(OEP), and Zn(OEP), respectively,
as determined from their reported crystal structures.'”) The
intermolecular -7 stacking interactions should be associat-
ed with 1D crystal growth of the nanowires. As revealed by
its crystal structure, H,OEP molecules also show intermolec-
ular sm-m interactions (intermolecular m--7w distance is
3.494 A; Figure 7b),” but they were found to self-assemble
into irregular-shaped nanomaterials only (Figure 5a). This
reveals the importance of the metal cation presented in the
octaethylporphyrin rings. The M(OEP) molecules obviously
show a larger extent of “face-to-face” stacking between the
porphyrin rings, owing to the non-covalent dipolar interac-
tions between the metal cation and m-electrons of the por-
phyrin ring (comparison of Figure 7a with Figure 7b). View-
ing along the c-axis signifies the better overlapping of M-
(OEP) molecules along the m-m stacking axis direction
(inset of Figure 7a), consequently leading to a faster crystal
growth of the nanowires along the [001] direction. Thus, we
reason that no nanowires formed in the Ag(F, TPP), Ag-
(TPP), and Ag(TTP) cases because of the steric hindrance
of the four meso-phenyl substituents that are perpendicular
to the porphyrin rings, and consequently the prohibition of
the assembly of linear 1D nanowires through intermolecular
-7 interactions.
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Size-controlled synthesis of nanomaterials is a critical step
in achieving functional nanomaterials. In this work, Ag-
(OEP) was selected to investigate the optimized conditions
for the fabrication of M(OEP) nanowires. As depicted in
Figure 8, the composition of solvent mixtures is critical in

Figure 8. SEM images of the Ag(OEP) nanowires formed at various
ratios of H,O to THF: a) 90%, b) 70%, ¢) 50% and d) 35% (v/v) H,O/
THEF. The concentration of Ag(OEP) is kept at 10 um. Insets are the
SEM images of the same samples at higher magnification.

governing the dimensions of the Ag(OEP) nanowires. The
average diameter, monodispersity, and average length of the
Ag(OEP) nanowires increase as the ratio of H,O to tetrahy-
drofuran (THF) decreases (Table 3 and see also Supporting

Table 3. Average diameter and monodispersity of the Ag(OEP) nano-
wires prepared at various ratios of H,O to THF. The concentration of
Ag(OEP) was kept at 10 um.

H,O/THF [% v/V] d [nm]® Monodispersity [% ]! [ [nm]®!

90 27.84+3.8 13.7 60014

70 371458 15.6 >4000

50 474478 16.5 >10000
35 66.5+18.8 28.2 >10000
30 no nanowires formed

10 no nanowires formed

[a] The average diameter (d) is measured from 300 randomly selected
nanowires. [b] Monodispersity of the diameter of nanowires is calculated
as follow: monodispersity = (standard deviation/average diameter)x100 %.
[c] Owing to the aggregation of nanowires, the average length (/) of the
nanowires is roughly estimated. [d] The range of the length of the nano-
wires is 250-1100 nm.

Information, Figure S5). Nanowires prepared at lower water
content (35% and 50% v/v, H,O/THF) were dramatically
longer (>10 pm) than those (about 250-4000 nm) prepared
at higher water content (70 % and 90 % v/v, H,O/THF). The
monodispersity of the nanowires obtained was 13.7% at
higher water content (90% v/v, H,O/THF), and 28.2% at
lower water content (35% v/v, H,O/THF), manifesting that
the nanowires obtained at higher water content were more
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uniform. Also, nanowires fabricated at lower water contents
were in larger bundles, containing about 20-30 nanowires
(insets of Figure 8). At 10% and 30% (v/v) H,O/THF, Ag-
(OEP) molecules did not give any nanowires.

UV-visible absorption spectroscopy was used to monitor
the change of the Soret and Q bands of Ag(OEP) upon for-
mation of nanowires (Figure 9). Upon increasing the water
content, the absorbance of the Q bands of the Ag(OEP)
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Figure 9. a) Freshly prepared Ag(OEP) nanowires dispersion in 10-90 %
(v/v) H,O/THF. b) UV-visible absorption spectra showing the Q band
region of Ag(OEP) nanowires fabricated at 10-90% (v/v) H,O/THF re-
corded with a 1cm quartz cuvette. ¢) UV-visible absorption spectra
showing the Soret band region of the same Ag(OEP) nanowires sample
recorded with a 1 mm quartz cuvette.

molecule at 524 and 558 nm decreases. The peak absorban-
ces at 541 and 577 nm, attributed to the aggregation of Ag-
(OEP) molecules, increase upon changing the composition
of the H,O/THF mixture from 35% to 90% (v/v), consistent
with the TEM data that Ag(OEP) nanowires started to
form under these conditions. The 4,,, of the Q bands red-
shifts upon aggregation of Ag(OEP) molecules to form
nanowires. The intensity of the Soret band of Ag(OEP) mol-
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ecule at 406 nm decreases and eventually flattens upon ag-
gregation of the molecules.

Size control of M(OEP) nanowires, by changing the ratio
of H,O to THF, can be understood by considering the steps
of nucleation and growth in the course of the precipitative
method, as depicted in Figure 10. M(OEP) was firstly dis-

50 % H,0/ THF

Nucleation

Nucleus
THEF alone
="

90 % H,0/ THF

Figure 10. Schematic diagram illustrating the effect of different composi-
tion of H,O (poor solvent) to THF (good solvent) on the self-assembly
of M(OEP) nanowires.

solved in a “good” solvent (THF). A “poor” solvent (H,O)
was added to induce formation of nuclei. At high water con-
tent (90% v/v, H,O/THF), a fast nucleation step resulted
and most of the dissolved M(OEP) molecules were precipi-
tated to form nuclei. The thickness of the nanowires became
uniform. In the growth step, the remaining M(OEP) mole-
cules would assemble and grow on the nuclei. Ostwald rip-
ening might also take place to consume small nuclei or crys-
tals for growth.””’ Owing to the anisotropic nature of the in-
termolecular interactions between M(OEP) molecules, one
dimensional linear nanowires were obtained. Since only a
small number of M(OEP) molecules remained, the nano-
wires fabricated were shorter. At low water content (50 % v/
v, H,O/THF), as less H,O was added, the nucleation rate
was reduced, resulting in a wider distribution of the thick-
ness of nanowires. Since most of the M(OEP) molecules did
not precipitate out, more molecules were available for as-
sembly into longer nanowires.

We have also examined the effect of the M(OEP) concen-
tration on the size of nanowires (see Supporting Informa-
tion, Figure S6). At 20 pum concentration of Ag(OEP)
(90% v/v, HyO/THF), the average diameter and monodis-
persity of the Ag(OEP) nanowires were 27.94+3.3 nm and
11.8%, respectively. The average length of the nanowires
was about 400 nm. This result is similar to the Ag(OEP)
nanowires fabricated at 10 um concentration of Ag(OEP).
However, at higher Ag(OEP) concentrations of 50 or
100 pm (90 % v/v, H,O/THF), the size of the Ag(OEP) wires
increased from the nanometer to the micrometer scale (>
1 um) and the diameters were not uniform. Presumably, a
large amount of nuclei were formed, owing to the high Ag-
(OEP) concentration. These nuclei and small crystals could
easily aggregate together and grow into large micrometer-
scale crystals.
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We have also studied the effect of the solvent system on
the fabrication of nanowires (see Supporting Information,
Figure S7). CHCIl; is a “good” solvent while methanol
(MeOH) is a “poor” solvent for Ag(OEP). Ag(OEP) nano-
wires fabricated at 95% (v/v) MeOH/CHCI; (10 um concen-
tration of Ag(OEP)) were shorter (about 4-5 um) and the
average diameter of the nanowires was about 200 nm. Those
fabricated at 90 % (v/v) MeOH/CHCI; were much longer (>
10 um) and the average diameter of the nanowires was
about 500 nm. In 10-80% (v/v) MeOH/CHCI;, no crystal-
line sample of Ag(OEP) was found. Compared to those pre-
pared in H,O/THF, the nanowires formed in MeOH/CHCl,
were generally not uniform and larger.

We used bottom contact field effect transistor structure as
a tool to analyze the charge transporting properties of the
M(OEP) nanowires fabricated at 10 pm concentration of M-
(OEP) in 90% (v/v) H,O/THF solution mixture. A suspen-
sion of M(OEP) nanowires was drop cast on the top of a
lithographically patterned bottom contact field effect tran-
sistor (FET) structure (Figure 11). These M(OEP) nano-

Figure 11. SEM image of the surface of a bottom-contact device with M-
(OEP) nanowires connecting the source (S) and drain (D) electrodes.

wires, which aggregated together forming a film connecting
the source and drain electrodes, exhibited a clear gate mod-
ulation on the channel current for different gate bias, as de-
picted in Figure 12 (see also Supporting Information, Fig-
ure S8). The drain-source current I,¢ negatively increased
with negative gate voltages of V; indicative of a p-type field
effect transistor behavior. However, the channel was open
even at V;=0V probably arising from the bulk conduction
or parallel conduction caused by the aggregation of nano-
wires between source and drain electrodes. Although an
ideal field effect transistor behaviour with a closed channel
at zero gate voltage was not found for these FET devices, a
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Figure 12. Transfer characteristics of devices that consist of a) Ag(OEP)
and b) Ni(OEP) nanowires at different drain-source voltages.

clear gate modulation on the drain current has been ob-
served.” In this regard, a simple FET analysis can be used
to evaluate the charge mobility. Since a saturation of the
drain current was not attained, the charge-carrier mobility
(u, cm®>V~'s7) was calculated in the linear regime (where
Vs <Vis) using the I, versus Vi relation. The results are
summarized in Table 4.%! The charge-carrier mobility of all

Table 4. Charge-carrier mobility of different M(OEP) nanowires fabri-
cated at 10 um concentration of M(OEP) in 90 % (v/v) H,O/THF.

M(OEP) Charge-carrier mobility [cm?V~'s™]
H,OEP 3.0x107°
Ni(OEP) 6.0x1072
Cu(OEP) 42x107°
Zn(OEP) 2.1x107?
Pd(OEP) 1.2x1073
Ag(OEP) 6.6x1072
Pt(OEP) 1.6x1073

M(OEP) nanowires are about 107°-1072cm*V~'s™!, which
are at least two orders of magnitude higher than that of
H,OEP nanomaterials (1075 cm*V~'s™"). We attribute this
large discrepancy in charge-carrier mobility to the larger
extent of face-to-face stacking of M(OEP) molecules, result-
ing in better overlapping of M(OEP) molecules and higher
charge-carrier mobility,*” as a consequence of the presence
of an M** ion in the porphyrinato ring. We have fabricated
and characterized devices with Ag(F, TPP), Ag(TPP), and
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Ag(TTP) nanomaterials, all of which did not exhibit field
effect transistor performance. These three meso-substituted
porphyrins have bulky phenyl substituents, and hence inter-
molecular m---7 interactions are prohibited. Owing to their
good crystallinity, the M(OEP) nanowires exhibited charge
mobility an order of magnitude higher than the vacuum-de-
posited M(OEP) thin films.['*!

Conclusions

We have successfully demonstrated the fabrication of uni-
form M(OEP) (M=Ni, Cu, Zn, Pd, Ag, and Pt) nanowires
with well-defined size and shape by a simple, surfactant-
free, and solution-phase precipitative method. The narrow
distribution of the diameters of M(OEP) nanowires reveals
uniform assembly of the nanowires. The size of the M(OEP)
nanowires can be controlled by changing the composition of
solvent mixtures. Previous works on porphyrin nanowires
made use of UV-visible spectrophotometry for the charac-
terization revealing that the porphyrin molecules self-assem-
ble together by J-aggregation or ionic interaction. In this
work, we characterized the nanowires by XRD and SAED
techniques, and have provided evidence that the nanowires
grow along the m--; stacking direction of M(OEP) mole-
cules. The better stacking of M(OEP) molecules results
from the electrostatic interaction between the metal cation
and m-electrons of the porphyrin ring, leading to an aniso-
tropic growth of nanowires. The M(OEP) nanowires exhibit-
ed a charge-carrier mobility of 107-1072cm?V's™!, which
are at least two orders of magnitude higher than that of
H,OEP. The charge-carrier mobility of the devices based on
M(OEP) nanowires are an order of magnitude higher than
the vacuum-deposited M(OEP) thin films.

Experimental Section

Chemicals

All the chemicals were analytical reagent grade, and were used as re-
ceived without further purification except otherwise noted. 5,10,15,20-tet-
rakis(pentafluorophenyl)porphyrin  (H,F, TPP, Frontier Scientific),
2,3,7,8,12,13,17,18-octaethylporphyrin  (H,OEP, Frontier Scientific),
2,3,7,8,12,13,17,18-octaethylporphyrin  nickel(II) (Ni(OEP), Aldrich,
97%), 2,3,7,8,12,13,17,18-octaethylporphyrin copper(Il) (Cu(OEP), Al-
drich), 2,3,7,8,12,13,17,18-octaethylporphyrin palladium(Il) (Pd(OEP),
Aldrich), AgNO;, (Aldrich, >99.0%), Zn(CH;COO),2H,0 (Aldrich,
>98%), PtCl, (Aldrich, 98%), KAuCl, (Oxkem Limited) were pur-
chased from commerical sources and used without further purification.
Tetrahydrofuran (THF) was purchased from TEDIA and purified by
PURESOLYV solvent purification systems from Innovative Technology
Inc. meso-Tetraphenylporphyrin (H,TPP),P!) meso-tetrakis(4-tolyl)por-
phyrin (H,TTP),*!) Ag(Por) (Por=TPP, TTP and OEP dianions),”" Zn-
(OEP),!™ Pt(OEP),”" and [Au"'(OEP)]CI,*? were synthesized and char-
acterized by the literature methods.

Instrumentation

Nanowires were characterized by powder X-ray diffraction (XRD), trans-
mission electron microscope (TEM), selected area electron diffraction
(SAED) analysis, energy-dispersive X-ray microanalysis (EDX), scanning
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electron microscope (SEM), and ultraviolet-visible spectroscopy (UV/
Vis). The powder XRD measurements were performed on a Bruker D8
ADVANCE X-ray diffractometer with parallel Cu K, radiation (A=
1.5406 A). The scanning rate is 0.005%s in the 26 range from 5 to 30° and
the step size is 0.05°. The XRD samples were prepared by either drop-
ping a freshly prepared dispersion of M(OEP) nanowires onto silicon
wafer substrates or placing recrystallized solid samples onto glass slides.
Powder XRD simulation was performed by Mercury version 1.4, using
those atomic coordinates from the reported CIF files. The simulation
wavelength was set at 1.5406 A. The 26 range was from 5 to 30° and step
was 0.05°. The peak full width at half maximum (FWHM) was set at 0.1°.
TEM and SAED analysis were done on Philips Tecnai G2 20 S-TWIN
with an accelerating voltage of 200 kV. The TEM images were taken by
Gatan MultiScan Camera Model 794. The EDX analysis was performed
on Oxford Instruments Inca with a scanning range from 0 to 20 keV. The
SEM images were taken on LEO 1530 FEG operating at 5 kV. The TEM
samples were prepared by dropping a drop of the suspension of freshly
prepared M(OEP) nanowires on the formvar-coated copper grids and
then dried in a vacuum desiccator. The SEM samples were prepared by
dropping the suspension of freshly prepared M(OEP) nanowires onto sil-
icon wafers. The SEM samples were coated with a thin layer of gold by
sputter coater. UV/Vis absorption measurements were recorded on a
Perkin-Elmer Lambda 900 UV-visible spectrophotometer. 'H NMR
spectra were recorded on Bruker DPX-300 or Avance400 FT-NMR spec-
trometers with chemical shifts (in ppm) relative to tetramethylsilane. Pos-
itive ion mass spectra were recorded on a matrix-assisted laser desorp-
tion/ionization mass spectrometer (Voyager-DE STR, Applied Biosys-
tems, USA) equipped with a N, laser (337 nm).

Single-Crystal X-ray Diffraction: Crystals of Ag(F, TPP) were obtained
by slow evaporation of a n-hexane solution of Ag(F,TPP). A purple
crystal having dimensions of 0.4 x0.3x0.15 mm mounted in a glass capil-
lary was used for data collection at 28°C on a Bruker Smart CCD 1000
using graphite monochromatized Mo-K,, radiation (1=0.71073 A). The
structure was solved by direct method employing SHELXS-97 program
on PC?! Ag and many non-H atoms were readily located at the begin-
ning. The positions of the other non-hydrogen atoms were found after
successful refinement by full-matrix least-squares using program
SHELXL-97. CCDC 682925 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_re-
quest/cif.

Synthesis

Ag(F,TPP): Acetic acid (20 mL) was first degassed with argon for
30 min. Degassed acetic acid was heated to reflux at 120°C under an
argon atmosphere. H,F,,TPP (94 umol), AgNO; (0.94 mmol), and
CH;COONa (1 mmol) were added to the refluxing acetic acid. The solu-
tion mixture was refluxed for an hour under an argon atmosphere. The
metalation was monitored by the disappearance of the Q band using
UV-Visible spectrophotometry. The mixture was cooled to room temper-
ature and transferred to a separating funnel. CH,Cl, (50 mL) was used to
extract the product. The CH,Cl, layer was washed with water (3 x50 mL)
and subsequently with saturated Na,COj; solution (3 x50 mL) to remove
acetic acid, AgNO;, and CH;COONa. CH,CI, solvent was removed
under reduced pressure and the solid was dried under vacuum. The solid
was dissolved in CHCI; (3 mL) and purified by column chromatography
on a neutral 90-alumina using CH,Cl,/n-hexane (3% v/v) as eluent. Ag-
(F, TPP) was eluted out at the first red band. Upon removal of solvent, a
reddish—purple solid was obtained. Successful crystal growth was attained
by slow evaporation of an n-hexane solution of Ag(F,,TPP). The crystals
obtained were cubic purple crystals. Yield 40 %; UV/Vis (CHCL;): A4
(log £)=419 (5.62), 499 (3.56), 537 (4.29), 569 nm (3.82); MS (MALDI-
TOF): m/z=1081 [M7*]; elemental analysis: caled (%) for
C,HgN,F,,Ag;: C48.92, H0.75, N 5.19; found: C48.77, H 0.74, N 5.13.
Ag(TPP): Yield 70%; UV/Vis (CHCL): A, (log £)=426 (5.48), 506
(3.51), 541 (4.10), 574 nm (3.48); MS (MALDI-TOF): m/z=721 [M*]; el-
emental analysis: caled (%) for CyuHyN,Ag,: C73.34, H3.92, N7.78;
found: C 73.21, H 3.90, N 7.58.
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Ag(TTP): Yield 67%; UV/Vis (CHCL): Ap., (log ¢)=427 (5.51), 507
(3.54), 542 (4.14), 576 nm (3.59); MS (MALDI-TOF): m/z =777 [M*]; el-
emental analysis: caled (%) for C,H3N,Ag: C74.23, H4.67, N7.21;
found: C 74.06, H 4.63, N 7.05.

Ag(OEP): Yield 60%; UV/Vis (CHCL): A, (log €)=408 (5.50), 525
(4.18), 559 nm (4.34); MS (MALDI-TOF): m/z=641 [M™]; elemental
analysis: caled (%) for C;H,N,Ag;: C67.49, H6.92, N8.75; found:
C67.25,H6.91, N 8.53.

Zn(OEP): Yield 50%; "H NMR (400 MHz, CDCl,, 25°C, TMS): 6 =1.95
(t, *J(H,H)=7.53 Hz, 24H; CH,), 4.14 (q, *J(H,H)=7.55 Hz, 16 H; CH,),
10.18 ppm (s, 4H; meso-CH); UV/Vis (CHCL,): 4, (log €)=402 (5.46),
533 (4.14), 569 nm (4.28); MS (MALDI-TOF): m/z =596 [M*]; elemental
analysis: caled (%) for CiH,N,Zn;: C72.29, H7.41, N9.37; found:
C71.16, H 7.33, N 9.06.

Pt(OEP): Yield 75%; 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6=1.90
(t, *J(H,H)=7.57 Hz, 24H; CH,), 4.02 (q, *J(H,H)=7.55 Hz, 16H; CH,),
10.02 ppm (s, 4H; meso-CH); UV/Vis (CHCL;): A, (log €)=381 (5.50),
501 (4.15), 535 nm (4.79); MS (MALDI-TOF): m/z =727 [M*]; elemental
analysis: caled (%) for C;HuN,Pt;: C59.41, H6.09, N 7.70; found:
C59.32, H6.01, N 7.54.

[Au"'(OEP)]CI: Yield 43%; 'HNMR (300 MHz, CDCl;, 25°C, TMS):
6=2.01 (t, JJ(H,H)=738 Hz, 24H; CH,), 429 (q, *J(H,H)=7.48 Hz,
16H; CH,), 10.76 ppm (s, 4H; meso-CH); UV/Vis (CHCL;): A, (log €)=
389 (5.28), 510 (3.85), 546 nm (4.13); MS (MALDI-TOF): m/z =729 [M*
]; elemental analysis: caled (%) for C;HyuN,ClAu;: C56.51, H 5.80,
N 7.32; found: C 56.10, H 5.65, N 7.12.

M(OEP) Nanowires: The precipitative method was adopted to synthesize
the M(OEP) nanowires.”" ! Generally, a THF solution containing M-
(OEP) (100 um, 1 mL) was injected to H,O (9 mL) at once to give an
orange suspension of nanowires. The nanowires were collected by centri-
fugation and stored for further characterizations. To optimize the condi-
tions for the preparation of M(OEP) nanowires, Ag(OEP) was chosen to
examine the effect of a different composition of solvent mixtures and
concentration on the formation of M(OEP) nanowires.

Field Effect Charge-carrier Mobility Measurement

A gate oxide SiO, layer (100 nm, relative permittivity =3.9) was thermal-
ly grown on n-type Si substrates (the gate electrode). Image reversal pho-
tolithography followed by a standard lift-off process was done for the Ti/
Au source/drain contact patterns. The fabricated devices have a channel
length of 1.5 to 5 um and a width of 400 to 1048 um. A suspension of M-
(OEP) nanowires was drop cast on the top of the bottom contact devices
and dried inside the glove box. The fabricated devices were characterized
inside an Mbraun nitrogen glove box (oxygen and water level were kept
less than 0.1 ppm) by a probe-station using a Keithley semiconductor pa-
rameter analyzer, K4200. Since saturation of the drain current was not at-
tained, the charge-carrier mobility («) was calculated in the linear regime
using the equation below (where Vpg < Vgs),

_ L Iy )
KT WC, Vs Vs
where W is the channel width; L is the channel length; C,, is the capaci-
tance of the SiO, insulating layer; Vg is the gate voltage; Vi is the
drain-source potential and [ is the channel (drain-source) current.
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Abstract: Various trinuclear rhodium
complexes of the type [Rh;(PP);(us-
OH),(u;-OMe),_|BF, (where PP=
Me-DuPhos, dipamp, dppp, dppe; dif-
ferent ligands and u-bridging anions)
are presented, which are formed upon
addition of bases such as NEt; to sol-
vate complexes [Rh(PP)(solvent),|BF,.

Introduction

Investigations on the asymmetric hydrogenation, especially
of dehydroamino acid derivatives, with cationic rhodium
complexes have for decades been of academic and industrial
interest. In the established mechanistic concepts!!! the so-
called solvate complexes play a fundamental role. Since they
are very sensitive and difficult to handle owing to their high
reactivity usually diolefin complexes of the type [Rh(PP*)-
(diolefin)]anion (PP*=chelating chiral bisphosphine) are
applied as precatalysts or are generated by conversion of a
respective bis-diolefin complex [Rh(diolefin),Janion with
one equivalent of the chiral ligand. By hydrogenating the di-
olefin, mostly (Z)-1,5-cyclooctadiene (cod) or 2,5-norborna-
diene (nbd), the actual catalyst, that is, the solvate complex,
is formed.?

Already in 1977 Halpern et al. described polynuclear rho-
dium complexes. Besides the possibility of the formation of
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They were extensively characterized by
X-ray diffraction and NMR spectrosco-
py (‘*Rh, 'P, *C, 'H). Their in situ for-

Keywords: asymmetric catalysis
hydrogenation - rhodium - kinetics -
phosphine ligands

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mation resulting from basic additives
(NEt;) or basic prochiral olefins (with-
out addition of another base) can cause
deactivation of the asymmetric hydro-
genation. This effect can be reversed
by means of acidic additives.

an arene-bridged dimer [Rh(dppe)(BF,)], (dppe=1,2-bis-
(diphenylphosphino)ethane)® a trinuclear complex of the
type [Rhs(dppe);(us-OMe),]* was characterized.[*! The latter
one forms by addition of NEt; and other bases such as
KOMe to the solvate complex [Rh(dppe)(MeOH),]|BF,. As
a structural principle it was found that three rhodium cen-
ters form a regular triangle whereas each bidentate dppe
ligand is coordinated to a rhodium cation. The P-Rh-P plane
is perpendicular to the Rh; plane, and u;-bridging methoxy
anions are located above and below the Rh; plane. An anal-
ogous structure of [Rhs(binap);(u;-OH),]ClO, (binap=(2,2'-
bis-(diphenylphosphino)-1,1"-binaphthyl)) has been reported
by Saito et al.”)

In the first publications on asymmetric hydrogenation
with monodentate phosphines and chelating bis-phosphines,
respectively, the influence of NEt; additives on the enantio-
selectivity was investigated.’) Such basic additives are still
common practice.l”’ Thus, it is rather surprising that trinu-
clear complexes which can result from such additives are
practically not discussed as part of catalytic systems with
very few exceptions.”) The objective of this work therefore
was to investigate the influence of trinuclear complexes on
the activity of asymmetric hydrogenations.

Results and Discussion

By following the method of adding base (NEt;) to a respec-
tive solvate complex described by Halpern et al. we succeed-

¥ /WILEY
) inferSciencer 1979
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Figure 1. X-ray structure of the cation in [Rh;((S,S)-Me-DuPhos);(us-
OH)(u;-OMe)|BF, (ORTEP, 30% probability ellipsoids). The hydrogen
atoms (except H of the OH bridge) are omitted for clarity.

ed in synthesizing several new trinuclear complexes in yields
of isolated product of up to 90%. In Figure 1a selected X-
ray structure is presented.”’) As shown in the example differ-
ent anions above and below the Rh; plane are possible!'” as
are different ring sizes in the phosphine ligands (see the
Supporting Information).

The bonds between the rhodium atoms of about 3 A are
longer than Rh—Rh bonds previously described in the litera-
ture.""'” The X-ray structures prove that ideal symmetry
does not exist in the crystal owing to irregular Rh—Rh dis-
tances. However, those differences apparently compensate
on the NMR time scale since the *P NMR spectra of the
complexes with similar bridging anions exhibit only a dou-
blet. In the case of dissimilar anions eight peaks are ob-
served (ddd).

The chemical shifts in the *P NMR spectrum of the trinu-
clear complexes lie in the range of several species which
could be present in the catalytic system.'” Here,
1%Rh NMR spectroscopy renders an adequate method to
unequivocally distinguish between species. The respective
spectrum with the Me-DuPhos ligand (Figure 2) proves that
also species with dissimilar u;-bridging anions can be discri-
minated in this way. The trinuclear complexes exhibit a high
formation tendency and stability. They are stable in solution
over a long period of time!™ and as solids are relatively
stable in air.""!

To resolve the question of whether trinuclear complexes
are suitable diolefin-free precatalysts for asymmetric hydro-
genation the test substrate methyl (Z)-a-acetamido cinna-
mate (MAC) was hydrogenated with [Rhs(dipamp);(us-
OH),|BF, under standard conditions (0.0l mmol Rbh;
1.0 mmol prochiral olefin; 15.0 mL methanol; 25.0°C;
101.3 kPa; Figure 3).'”! For reasons of comparison the same
figure additionally shows the hydrogenation of MAC with
the solvate complex [Rh(dipamp)(MeOH),|BF, and with

1980 www.chemasianj.org
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Figure 2. *'P-'"Rh HMQC spectrum of trinuclear Me-DuPhos complexes
with different u;-bridging anions in CD,CL,.["!
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Figure 3. Comparison of hydrogen consumption curves of the hydrogena-
tion of methyl (Z)-a-acetamido cinnamate (MAC) with different dipamp
complexes: [Rh(dipamp)(MeOH),|BF, (blue), [Rh(dipamp)(cod)]|BF,
(red), [Rhs(dipamp);(u;-OH),]|BF, (green); each 0.01 mmol Rh; 1.0 mmol
MAC; 15.0 mL methanol; 25.0°C; 101.3 kPa.l'*!

the cod complex [Rh(dipamp)(cod)|BF,. The hydrogen con-
sumption curve proves that hydrogenations can be per-
formed using the trinuclear complexes in principle. Howev-
er, considerable induction periods occur that are even more
pronounced than with the analogous cod complex.

The trinuclear complex itself is not active in the hydroge-
nation owing to a lack of coordination sites. However, the
equilibrium between the trinuclear complex and the solvate
complex, which is apparently strongly shifted to the side of
the trinuclear complex™ is—in the presence of prochiral
olefin in excess—disturbed by the formation of diastereo-
meric catalyst—substrate complexes which then further react
with hydrogen. This leads to a continuous decrease of the
trimer concentration. Macroscopically, the induction period,
that is, the period of increasing hydrogenation activity, is ob-
served.

As already mentioned, enantioselective catalyses have
been described in the presence of basic additives such as
NEt,."# Since the hydrogenation of MAC with the solvate

Chem. Asian J. 2008, 3, 1979-1982





Trinuclear Rhodium Complexes in Asymmetric Hydrogenation

complex [Rh(dipamp)(MeOH),]BF, proceeds as a pseudo-
zero-order reaction (saturation range of the underlying Mi-
chaelis—Menten kinetics'), it is easily quantified and thus
suitable to determine the influence of NEt; additives on ac-
tivity.

Figure 4 shows the hydrogen consumption for the system
MAC/[Rh(dipamp)(MeOH),|BF,. In comparison, analogous
hydrogenations were performed in which different amounts
of NEt; were added (NEt;/Rh=1 to 35) to the reaction solu-

50
45
40
35
30
VimL 25
20
15

10

(1] 10 20 30 40 50 60 70 80
t/ min

Figure 4. Hydrogen consumption curves of the hydrogenation of MAC
with [Rh(dipamp)(MeOH),|BF, (red). Addition of NEt; to analogous hy-
drogenations after ca. 20% conversion: green=0.01 mmol, gray=
0.05 mmol, black=0.1 mmol, blue=0.35mmol (each 0.01 mmol Rh;
2.0 mmol MAC; 15.0 mL methanol; 25.0°C; 101.3 kPa).

tion after each ca.20% conversion of the prochiral olefin.
The addition of base results in an instant color change of
the reaction solutions from red/orange to red/brown and an
activity loss that is the more significant the higher the NEts/
Rh ratio. After a very short transition period an approxi-
mately constant activity is reached again. The *'P NMR
spectrum after completion of the hydrogenation reveals only
the typical signals of the trinuclear complex.!™!

Thus, it could be quantified for the first time that basic
additives such as NEt; can negatively influence the catalytic
activity owing to the fast formation of practically non-hydro-
genation-active trinuclear complexes. In principle it is possi-
ble—and exploratory analyses prove it (see the Supporting
Information)—that some prochiral olefins can be basic
enough to initiate the formation of inactive trinuclear com-
plexes, without other basic additives!

The formation of trinuclear complexes in the presence of
base suggests that by subsequent addition of acid the reverse
reaction to the solvate complexes can be accomplished.*”)
Hydrogenations with trinuclear complexes as precatalysts
indeed show that upon addition of HBF,, with BF,™ already
present in the system as an anion, the hydrogenation activity
increases considerably (Figure 5). Within the range of repro-
ducibility the same activity (and selectivity) as with the sol-
vate complex is observed at an acid/Rh ratio of 100. Appa-
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Figure 5. Hydrogenation of MAC with dipamp complexes: blue =[Rh-
(dipamp)(MeOH),|BF, as reference; trinuclear complex [Rh;(dipamp),
(u;-OH),|BF, with acid as additive: green: HBF,/Rh=100, red: HBF,/
Rh=30, black: HBF/Rh=10; gray=[Rh(dipamp)(cod)|BF,; violet=
[Rhs(dipamp);(u;-OH),|BF, (each 0.0l mmol Rh; 1.0 mmol MAC;
15.0 mL methanol; 25.0°C; 101.3 kPa.).

rently, in the presence of an appropriate excess of acid the
inactive trinuclear complexes are—at least in the example
shown here—completely transformed into the active solvate
complex [Rh(dipamp)(MeOH),|BF,.

The relevance of the results becomes evident considering
that the addition of acid in asymmetric hydrogenations is
described even for industrial processes.?!! The actual reasons
for that, however, remain partly unclear. The degradation of
catalytically inactive trinuclear species described here is a
possible explanation for the known effect of activity increase
after addition of acid to a hydrogenation system.??

Conclusions

In summary, the application of newly described, stable trinu-
clear rhodium complexes as diolefin-free precatalysts for
asymmetric hydrogenation is in principle possible; however,
those hydrogenations are macroscopically characterized by a
comparatively low activity. It could be proven that basic ad-
ditives such as NEt; commonly used to manipulate enantio-
selectivities can lead to a deactivation by formation of the
respective trinuclear complexes. Exploratory analyses fur-
thermore showed that appropriate prochiral olefins can be
basic enough to initiate the formation of trinuclear com-
plexes without other basic additives. By means of acidic ad-
ditives, however, the formation of trinuclear complexes can
be thwarted or the decomposition of trinuclear complexes
can be accelerated.

Experimental Section

All reactions and manipulations were performed in a dry argon atmos-
phere using standard Schlenk-type techniques. Hydrogenation experi-
ments were performed as described in reference [2b]. All 'H and
'P NMR spectra were taken on a Bruker 300MHz spectrometer. All *C

www.chemasianj.org 1981





FULL PAPERS

and '”Rh NMR experiments were carried out on a Bruker 400MHz spec-
trometer. Diffraction data were collected on a STOE-IPDS II diffractom-
eter [A(Moy,)=0.71073 A]. The structures were solved by direct methods
(SHELXS-97 (Sheldrick, 1997)) and refined by full-matrix least-square
techniques against F° (SHELXL-97). XP (Siemens Analytical X-ray In-
struments, Inc.) was used for structure representations. As observation
criterion, />20(I) was used. The non-hydrogen atoms were refined ani-
sotropically. The hydrogen atoms were placed into theoretical positions
and were refined by using the riding model.
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Abstract: The new barium nitrido-
osmate oxide (BasO)(OsN;), was pre-
pared by reacting elemental barium
and osmium (3:1) in nitrogen at 815-
830°C. The crystal structure of (BasO)-
(OsNj), as determined by laboratory
powder X-ray diffraction (R3, No 148:
a=b=8.112(1) A, ¢=17.390(1) A, V=

Ga). Density functional calculations,
using a hybrid functional, likewise indi-
cate the existence of oxygen in the Bay
polyhedra. The oxidation state 4+ of
osmium is confirmed, both by the cal-
culations and by XPS measurements.
The bonding properties of the OsN;*~
units are analyzed and compared to the

Raman spectrum. The compound is
paramagnetic from room temperature
down to T=10 K. Between room tem-
perature and 100 K it obeys the Curie—
Weiss law (u=1.68 ug). (BagO)(OsN3),
is semiconducting with a good electron-
ic conductivity at room temperature
(8.74x1072Q'cm™). Below 142K the

991.0(1) A, Z=3), consists of sheets of
trigonal OsN; units and trigonal-anti-
prismatic BasO groups, and is structur-
ally related to the “313 nitrides”
AE;MN; (AE=Ca, Sr, Ba, M=V-Co,

lations -

Introduction

Binary and ternary nitrides have continued to be a field of
major interest in solid-state inorganic chemistry."! Cur-
rently, nitrides of the electron-rich transition metals (Ru-
Cd, Re-Hg) are attracting particular interest. Recent work,
using diamond anvil cells (DACs), claimed the synthesis and
characterization of several binary nitrides starting from the
elements.'> Among those OsN,, and the hypothetical
OsN have been studied theoretically.>?! Nitrides of
osmium are expected to be possible superhard materials
since the bulk modulus of the element is already very
high.”? While “OsN” has remained elusive so far, OsN,
(osmium diazenide) has been synthesized.' The reaction of
elemental osmium with N, has been stated to occur above
50 GPa and 2000 K, yielding OsN, with dinitrogen moieties
inserted into the Os lattice. However, no fully convincing
structural solution has been provided and no independent
analytical probe (elemental analysis, spectroscopy) has been
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temperature dependence of the con-
ductivity resembles that of a variable-

g range hopping mechanism.
semi- g pping

employed to support the proposed model. Therefore, from a
general point of view, more confirmed structural as well as
chemical information on osmium nitrides is highly desirable.
Since all binary nitrides of osmium were calculated to be
metastable or unstable at ambient pressure, we have focused
on the preparation of ternary nitrides. Electropositive
metals (alkali and alkaline earth metals) stabilize the transi-
tion-metal-nitrogen bond owing to weak counterpolariza-
tion, the same phenomenon might also be rationalized
based on common acid-base concepts.”>?* Besides the well-
known nitride-oxoosmates which contain the anion OsO;N~
(however, frequently incorrectly called nitridoosmates) the
existence of ternary nitridoosmates has been mentioned
only once thus far,” without giving structural details. In-
tending to synthesize barium nitridoosmates from the metals
in a flow of purified nitrogen, we have obtained the first ni-
tridoosmate (BagO)(OsN,),, which, however, contains
oxygen in the cationic substructure.

Results and Discussion

The nitridoosmate (BasO)(OsN;), has been synthesized
from the metallic elements in a flow of dry nitrogen. At a
Ba/Os ratio of 3:1, the system is sensitive to traces of
oxygen, and though the reactions were performed in a flow
of highly pure (see Experimental Section) nitrogen, oxygen
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was always incorporated in the product. The composition
was confirmed by EDX analysis, proving the Ba/Os ratio to
be 3:1, and nitrogen and oxygen to be present. By hot-gas
extraction, the contents of oxygen and nitrogen (three inde-
pendent experiments) were directly determined to be 0.82
(caled 1.23) wt%, and 6.6 (calcd 6.44) wt %, respectively.
Considering the intricacies connected to the direct analyses
of oxygen and nitrogen, and the limited precision achieva-
ble, the results obtained support the composition assumed.
The crystal structure of (BagO)(OsN;), was determined by
X-ray powder diffraction. The experimental powder pattern
and the Rietveld profile fit are presented in Figure 1, and

: & observed pattern
1 (a) best fit profile
3000 — 5 {b) difference pattern
] )_‘_ | reflection positions
2000 | "
1/Cnts -
1000 — ‘
] I
O i it IIII‘ [RUNRTIE TN ) O T !II‘I II‘IIIHI 1 !\lil:lHIHJII!IH‘IIIIIII: Hlllllllll‘lll\‘ll
500
A 0 b i WA MO (D)
500 -+
10 20 30 40 50 60
20 /°

Figure 1. Powder X-ray diffraction pattern of (Ba;O)(OsN;),. As a minor
impurity phase elemental osmium was present (3 wt% ).

the pertinent crystallographic data are compiled in Tables 1-
3. Parts of the structure are shown in Figure 2 and Figure 3.
The structural principle of (BagO)(OsNj;), is remarkable as
both the cationic and anionic parts consist of complex build-
ing units, the [BagO]""* metallocomplex®! and the complex
anion OsN;>". The cationic [BagO] complex is of trigonal-an-
tiprismatic shape, with the central oxygen atom exhibiting 3
site symmetry (3b). The Ba—O distance of 2.73 A is close to

@0s

Figure 2. Layers (Az=1/6) of [BasO]'"" trigonal antiprisms and trigonal-
planar OsN;’~ anions in (BagO)(OsN,),. The anions are located alterna-
tively at the bottom and the top of the layer.

1984 www.chemasianj.org
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the sum of the respective ionic radii (2.76 A).’”) In addition
to this shortest contact, barium is coordinated by five nitro-
gen atoms, at distances ranging from 2.84 A t0 3.17 A. Elec-
tropositive elements like the alkali metals or alkaline earth
metals have been frequently found to coordinate a nonme-
tal, for example, O, N, or S, octahedrally or tetrahedral-
1y.?%28.2] The anionic OsN;*~ complex is trigonal (virtually
planar) with the central Os atom exhibiting 3 site symmetry
(6¢). Although trigonal-planar, isolated anions of general
composition TN;*~ (T=transition metal) have been ob-
served many times,*” it has been realized here for the first
time for osmium. The rather short Os—N bond length of
1.77 A indicates significant contributions of & bonding. A
comparable length, 1.74 A, has been reported for the imido
complex [Os(NAr);] (Ar=2,6-diisopropylphenyl), contain-
ing an osmium-nitrogen double bond, while in the p-nitrido
complex [Os,N(S,CNMe,)s] the Os—N bond length amounts
to 1.76 A P13

The isolated [BagO]'°* antiprisms form a hexagonal layer
perpendicular to the crystallographic c axis with the OsN;*~
anions located in the two trigonal cavities alternatingly at
the bottom and the top of the respective layer (Figure 2).
Successive layers are packed in ABC sequence with a shift
of 2/3 1/3 1/3 each (Figure 3) following rhombohedral sym-

Figure 3. The layers described in Figure 2 are packed in ABC sequence
with a shift of 2/3 1/3 1/3 each. The empty trigonal antiprisms between
these layers, each formed by six Ba atoms, are drawn in transparent gray.

metry. As a consequence of this packing, Ba atoms of adja-
cent layers also form trigonal antisprisms. These Bag poly-
hedra are empty and are connected to the oxygen-filled an-
tiprisms through edges. The volume of the empty poly-
hedron (center at Wyckoff position 3a) is 20% larger than
that of the filled one.

If the hexagonal layer described above is cut in half and
oxygen is omitted, the remaining sheets of OsN; units and
triangles of Ba exhibit a striking similarity to the layered ar-
rangement of the atoms in so-called 313 nitrides AE;MN;
(AE=Ca, Sr, Ba; M=V-Co, Ga).’**" Compared to the
stacking of the layers in (BaysO)(OsN;), described above,
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however, the Ba partial structure, for example, in
Ba;FeN,,™ consists of face-sharing trigonal antiprisms, an
arrangement which is unfavorable to accommodate ionic
species. The presence of filled Bag polyhedra in (BagO)-
(OsN3), induces the different stacking pattern, thus avoiding
face sharing. Seemingly, the structures adapt to the composi-
tions as determined by the chemical nature of the constitu-
ents, while optimizing the electrostatic contribution to the
lattice energy. As the Bay polyhedra shrink upon filling with
oxygen, the packing factor®! of (Bas0)(OsN;), (49.2%) is
larger than in Ba;FeN; (47.1%).

The impact of the Ba partial structure to stabilize the Os
compound is confirmed by hybrid functional DFT calcula-
tions. Computed structural parameters, selected distances,
and charges, considering different fillings of the Bay poly-
hedra, are compiled in Table 4. If the trigonal antiprisms are
assumed to be vacant, the computed structures exhibit
equally sized polyhedra and equidistant layers. The same is
true for the variant where all these voids are completely
filled by oxygen. Astonishingly the lattice constants change
only very slightly upon complete filling, pointing to only
minor changes of the overall ionic interactions. The varying
size of the Bag voids, which is observed experimentally, as
well as the lattice constants are best reproduced by calcula-
tions where oxygen atoms are inserted at Wyckoff position
3b (0, 0, '/,), thus filling half of the voids, although the alter-
nation of the interlayer distances is overestimated in this
case. Substituting O by N leads to a more pronounced alter-
nation and to a ¢ parameter which is too large by 0.21 A.

The Bay voids play a special role in the structure. Al-
though it is difficult to deduce formal charges from the re-
sults of a Mulliken population analysis, it is obvious that a
significant amount of charge has to be attributed to the
basis functions centered in the void, —0.7 ¢~ in the empty
(Bag[d)(OsN;3), (see Table 4). The calculations clearly show
a spin polarization (—0.6e~) of this charge. According to
the band structures, or the densities of states (DOS) as their
integrated form (Figure 4), this charge is caused by two spin
bands, that is, singly occupied bands of either spin channel.
These bands are located below the Fermi level together with
two spin bands with m character per OsN; unit (black part
of the DOS in Figure 4). Whereas the latter are narrow, the
width of the spin bands associated with the voids depends
on the spin density. In the case of the upper diagram in
Figure 4, the spin densities at the Os sites are of equal sign;
those in both voids have opposite sign. The width of the
spin bands attributed to the voids is 0.08 Hartree. In the
case where the sign of the spin density alternates between
adjacent layers (second diagram in Figure 4), only a narrow
peak is found in the DOS at E=—0.1H. This dependence of
the bandwidth on the spin coupling makes it difficult to pre-
dict the width of the band gap for the empty (Bas[])
(OsNj3),. Apart from this uncertainty, structural details and
partial charges of both spin variants do not differ significant-
ly, as mentioned in the methods section, and the difference
of the total energies is only 11 kIJmol~'. Taking the electrons
being trapped in the Bag voids into account, an oxidation
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Figure 4. Total densities of states (DOS [states H™' cell™']) of (Bas[])
(OsN3), (first and second diagram from top to bottom show two different
configurations of the spin density), (BasO)(OsNj;), with O at Wyckoff po-
sition 3b (third diagram), and (BasO,) (OsN;), with O at Wyckoff posi-
tions 3b and 3a (fourth diagram). The black areas in the DOS near the
Fermi level are discussed in the text in more detail.

state of 44 has to be attributed to Os for this hypothetical
composition (Bag[])(OsN3),.

With the filling of the voids at Wyckoff position 3b by
oxygen atoms, the corresponding spin bands become more
localized and are shifted to lower energies. That is why we
find within the primitive cell only one spin band associated
with the remaining empty void together with four e bands of
the OsNj; units at the Fermi level (black area in the third di-
agram in Figure 4). These five spin bands are occupied by
only four electrons, leading to a nonzero DOS at the Fermi
level. Owing to the uncertainty concerning the width of spe-
cific bands at Er discussed above, an unambiguous interpre-
tation is not possible. However, the only slight decrease of
the spin charge at the OsNj; unit (1.6) suggests that the oxi-
dation state of Os in (BasO)(OsN;), is the same as in the
empty variant. If nitrogen is substituted for oxygen [(BagN)-
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(OsNj3),] or if oxygen is incorporated in both positions, 3a
and 3b [(BagO,)(OsNj),], the reduced spin charge, however,
would indicate a higher oxidation state of Os.

Although the agreement of the computed structure with
the experimental data is best for the composition (BasO)-
(OsN3),, a partial substitution of O by N cannot be ruled
out. Unfortunately, X-ray powder diffraction also does not
unambiguously discriminate oxygen and nitrogen, especially
not if they are included in a heavy atom matrix. As the
nature of the atom in the Bay antiprisms directly affects the
valency of Os, XPS can give further hints on the real com-
position. For the XPS studies, elemental osmium and osm-
ium(IV) oxide were selected as references since no data on
nitrides are available so far, and also oxygen is more similar
to nitrogen than any other ligand, for example, with respect
to electronegativity or m bonding. After sputtering, the Os
41f,, and 4f;, peaks were recorded at 52.0 eV and 54.7 eV,
respectively. These values match well with the data pub-
lished for OsO, (51.7 eV and 54.2 eV®)). After long sputter-
ing, additional Os lines emerged at 50.5 eV and 53.4 eV, cor-
responding to elemental osmium. This indicates partial de-
composition and provides additional reference lines. The Ba
lines were observed at 779.3 eV (3ds;,) and 794.7 eV (3ds,).
They do not change even after sputtering and correspond to
the published values 779.1 eV (3ds;,) and 794.2 eV (3d;,) for
BaO." The N(1s) photoelectron signal appears as an asym-
metric peak, resulting from a superposition of two lines at
396.4 eV and 398.1 eV. Similar asymmetries of the N(1s) line
have been reported to occur for layered materials like the
binary alkaline earth subnitrides AE,N or Cs,O (asymmetric
O(2p) line)."" The position of the N(1s) peak is indicative
for covalent bonding as observed in metal organic com-
pounds or binary transition-metal nitrides."*”!

Assuming an oxidation state of 4+ for osmium, the bond-
ing in the complex anion OsN;>~ can be illustrated on the
basis of extended Hiickel (EH) molecular orbitals (MOs) of
the isolated anion (D5, symmetry, Figure 5). The lowest-va-

Os/N OsN,™ EHT B3PW
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Figure 5. EH terms and molecular orbitals of the isolated OsN;*~ anion

as well as sections at the OsN;>~ anion of the electron densities computed
from the Kohn—-Sham eigenfunctions at the I" point in the Brillouin zone.
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lence orbitals, 3al’ and 3e’, mainly consist of the N 2s
atomic orbitals (AOs). The admixture of Os AOs is very
low and the orbital energies are even shifted slightly up-
wards compared to the N 2s AOs. These molecular orbitals
of o character have to be regarded as nonbonding. The next
set of doubly degenerate orbitals, le” and 4e’, comprises
combinations of Os 5d,, and 5d,, (1e”) and of Os 5d,, and
5d. . (4€") with the corresponding N 2p orbitals. These
MOs are definitely bonding out-of-plane (le”) and in-plane
(4¢€’) m-type molecular orbitals. The following 1a2’ and 2a2”
orbitals are nonbonding, consisting only of N 2p AOs. The
set of 5S¢’ and 4al’ includes combinations of Os 5d,, and
5d. . (5¢’) and Os 5d,» (4al’) with the related N 2p AOs,
however, without energy gain at the EH level, indicating a
nonbonding character. The 5al’ molecular orbital is a com-
bination of the Os 6s orbital with N 2p AOs. The significant
contribution of the s-valence orbital in trigonal-planar tran-
sition-metal units seems to be characteristic. This phenom-
enon was related, for example, to the unusual negative
Moéssbauer isomer shift in Ba;FeN; ) The bonding contribu-
tion of the 5al” MO, relative to the Os 6s AO, is compensat-
ed by the antibonding character of the half-filled doubly de-
generate HOMO (2¢”). At the EH level, bonding and anti-
bonding contributions thus sum up to a bond order of 1.3.

A comparison of this simple EH picture with the results
from the hybrid functional DFT calculations for the crystal
reveals an astonishingly good agreement. Sections at the
OsN,’~ anion of the electron densities computed from the
Kohn-Sham eigenfunctions at the I' point in the Brillouin
zone exhibit the same characteristic as the EH molecular or-
bitals (Figure 5). Moreover, the order of the eigenvalues is
the same overall, with the exception that the bands associat-
ed with the 4al’ and 5al’ MOs are shifted downward.
Whereas the stabilization of the 4al’ band may be related to
a higher bond order in the OsN;*~ unit at the DFT level, the
down shift of the 5al’ band is caused by an interaction with
the 2p orbitals of oxygen atoms in the Bag polyhedra, cou-
pling the spins at different Os sites.

The structural findings derived so far were further sub-
stantiated by spectroscopy. In the Raman spectrum
(Figure 6), a strong band at 748 cm ™' and a very weak band
at 1058 cm™' were noticeable. Moreover, there is a hump at
390 cm™'. These Raman data reflect the D, symmetry of
the OsN;~ anion,™! which is expected to produce the funda-
mental vibrations A;" (v,) and 2xE’ (v,, and d). We assign
the intense Raman line at 748 cm™' to v, the weak one at
1058 cm™ to v,,, and the feature at 390 cm™! to §.

The magnetic properties of the material were analyzed
and paramagnetic behavior was observed from room tem-
perature down to T=10 K. At room temperature, the molar
magnetic susceptibility yn, is 6.84x107* cm®mol™'. In the
temperature range from 98 K up to 300 K the temperature
dependence of the reciprocal magnetic susceptibility has
been fitted according to the Curie-Weiss law, with a Weiss
constant @=-207.6(5) K and a Curie constant C=
0.3534(5) cm®K mol ! (Figure 7). The corresponding magnet-
ic moment of 1.68 py is rather low for an ion with two un-
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Figure 7. Fitting the data of the magnetic measurement. Curie—Weiss be-
havior was observed down to 98 K.

paired electrons, yet typical for Os** (e.g., 1.51 pg in
K,O0sCl*"). To understand the magnetic behavior, further
investigations including the coupling via the oxygen 2p orbi-
tals are necessary.

Concerning the specific electrical resistivity, the complex
oxide nitride showed semiconducting behavior in the tem-
perature range considered from 50 K to 300 K (Figure 8). At
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Figure 8. The specific electrical resistivity of (Ba;O)(OsNj3), as a function
of temperature.
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temperatures 7<50 K, the resistivity was rather high (>
1.0x10° Qcm) while at 300 K (RT) the value for the con-
ductivity was found to be 8.74x1072Q 'ecm™'. In the range
from 300 K to 135K, the temperature dependence of the
conductivity could be analyzed according to the Arrhenius
model with an activation energy (E,) of 7.19 kJmol™
(0.074 eV). This rather low E, value is in accordance with
the black color of the material and the good electronic con-
ductivity at room temperature. At temperatures below 7=
142 K the specific conductivity can be described by a 7-*
law (GoF=0.99976). Such a temperature dependence is ob-
tained with a variable-range hopping model (VRH) in ani-
sotropic disordered systems with localized states.*! The
computed residual spin density in the empty Bag polyhedra,
associated with a band at the Fermi level, may be related to
an analogous conduction mechanism.

Conclusions

In this study we present (Ba;O)(OsNj),, the first structurally
characterized nitridoosmate. Using several complementary
analytical techniques, composition, chemical bonding, and
physical properties of the compound have been investigated.
Concerning the general topology as well as the primary
building blocks, the material is exhibiting similarities to the
known hexagonal 313 nitrides AE;MN;. However, in con-
trast to Ba;FeN;, where iron is in the oxidation state of 3+,
the osmium in the trigonal, virtually planar OsN; unit
adopts the oxidation state 4+, which was confirmed by pho-
toelectron spectroscopy and density functional calculations.
The electron additionally provided by osmium has to be as-
signed to the barium partial structure, leading in the pres-
ence of small amounts of oxygen to the formation of a
[Ba,O]'°* cationic complex. The unique arrangement of
filled and empty Bag trigonal antiprisms in the paramagnetic
compound (BagO)(OsNj3), induces a semiconducting behav-
ior with a low activation barrier and VRH-like conduction
mechanism at low temperatures. We are aware that none of
the methods applied gives final certainty concerning the sto-
ichiometric and ordered arrangement of oxygen in half of
the Bag voids. As this uncertainty only affects the Ba partial
structure, it does not influence the conclusions drawn, espe-
cially concerning the overall structure, the oxidation state of
Os, and the bonding properties of the OsNj; unit.

Experimental Section

Synthesis

(BagO)(OsNj3), was prepared from the elements under an atmosphere of
N, (Westfalen, quality 5.0, passed over standard drying towers and an
oxysorb catalyst). Finely cut slices of elemental barium (distilled and
stored under argon and subsequently heated in a sealed Ta ampoule at
T>800°C under dynamic vacuum to remove traces of hydrogen) were
mixed with dried osmium powder (7'=400°C, 1073 mbar, 12 h) in a ratio
of 3:1. The mixture was placed in a predried tantalum crucible (7=
1100°C, 10~° mbar, 12 h) which was transferred into a quartz tube (dried
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at T=900°C, 10> mbar, 12 h) and heated up to 7=800°C for 10h in a
flow of nitrogen. After grinding the pretreated mixture, the black powder
was annealed again at T=800°C for 50 h. X-ray powder diffraction stud-
ies at this stage showed that the product contained elemental Os and
Ba,N. Subsequently, the powder was reground and annealed for 30 h at
T=2815°C, 820°C and 825°C. After this treatment, Ba,N was no longer
detectable by X-ray powder diffraction. The black product was sensitive
to moisture.

X-ray Powder Diffractometry

X-ray powder diffraction data of (Ba;O)(OsN,), were collected at room
temperature with a Stoe Stadi-P transmission diffractometer (primary
beam Johannson type Ge monochromator for Mog,, radiation, linear
PSD) with the sample sealed in a borosilcate-glass capillary of 0.3 mm di-
ameter. The powder pattern was recorded for 20 h in the range 2-60° 20
with a step width of 0.01° 26 using a linear position-sensitive detector
with an opening of approximately 12° 26. The sample was spun during
measurement for better particle statistics. The powder pattern contains a
few weak reflections of elemental osmium. Further experimental details
are given in Table 1. Indexing!”! led to an R-centered trigonal unit cell

Table 1. Crystallographic data for (BayzO)(OsN;),.

(Bas0)(OsN;),
Space group R3(No. 148)
Cell parameters [A] a=8.112(1)
c=17.390(1)
Cell volume [A%] V'=991.0(1)
z 3
T [K] 300
Formula weight [gmol '] 1304.48
Pt Prcasaea) [ ] 6.56 (6.46)
Radiation source [A] 4=0.7093
Ry [%]1 276
Ry, [%] 6.65
R, [%]® 5.67
Rpoge [%]1 1.78
GoF 2.408

[a] as defined in TOPAS.

with lattice parameters given in Table 1. The number of formula units
per unit cell could be determined to be Z=3 from volume increments as-
suming a Ba/Os ratio of 3:1. The extinctions found in the powder pat-
terns indicated either R3, R3, R32, R3m, or R3m as possible space
groups, of which R3 could later be confirmed by Rietveld refinement.*!
Structure determination and refinement was performed using the pro-
gram TOPAS Version 3.0 (Bruker AXS, 2007). The peak profiles and
precise lattice parameters were determined by a LeBail fit*! using the
fundamental parameter approach of TOPAS.® A simulated annealing
run® using a merging radius of 0.6 A for Os, Ba, and N immediately
found the atomic positions for these elements. A consecutive Rietveld re-
finement converged to a Bragg R value of 1.7% (Figure 1). For verifica-
tion of the trigonal-planar environment of the osmium cation, three alter-
natives, also satisfying the threefold axis (tetrahedral OsN,, trigonal-bi-
pyramidal OsNs, and octahedral OsN,) were tested, all leading to a sig-
nificantly worse reliability factor. Placing an oxygen atom in the center
of the Ba, trigonal antiprisms (3b, 0,0,0.5) yielded a significantly better
profile R value. Quantitative phase analyses by the Rietveld method lead
to a fraction of 3wt% of elemental osmium. Agreement factors (R
values) are listed in Table 1, the coordinates are given in Table 2, and a
selection of interatomic distances and angles is given in Table 3. Using
the programs Platon? and K-plot,”® no additional symmetry could be
detected. It is worth noting that the sample after exposing it to a synchro-
tron beam (ESRF, beamline ID31, wavelength of 0.3 A) had decomposed
into elemental osmium and an unknown amorphous phase.

Further details of the crystal structure investigation can be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
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Table 2. Atomic positions and isotropic thermal parameters of (BasO)-
(OsN3),.

Atom Wyck. x y z Uleq) [A?]
Ba 18f 0317(3)  0231(2)  0416(4)  0.58(2)
Os 6¢ 0 0 0247(8)  058(2)
N 18f 0210(7)  0225(9)  0240(4)  0.71(4)
0 3b 0 0 0.5 0.71(4)

fen, Germany (fax: (+49)7247-
808-666; email: crysdata@fiz.-
karlsruhe.de) on quoting the

Table 3. Selected bond lengths [A]
and angles [°] for (BagO)(OsNj3),.

depository  number CSD-  Os—N 1.77(8)
419467 Os—Ba 3.46(3)
3.73(1)
Raman Spectroscopy 3.81(9)
For the Raman experiments Ba~N 2.84(1)
the powdered sample was filled 2.87(7)
in a 1.0mm lithium borate 2.88(4)
. . 3.16(9)

glass capillary (Hilgenberg,
glass No 14). The measurement 317(4)
. . Ba—O 2.72(7)

was performed with an excita-
tion line of 632817nm D3 Ba 3712)
(Labram 010, single grating). 3.83(7)
Th O 4.00(0)

e acquisition time was 5 to
N—-Os—N 119.5(0)

300s with a laser power be-
tween 0.4 and 0.004 mW.

Electrical Conductivity
Measurements

Measurements were performed on compacted polycrystalline powder pel-
lets (diameter 5 mm, thickness 0.8 mm, pressed with 920 MPa) using the
standard four-point technique.

Energy-Dispersive X-ray Analysis

EDX analysis was performed on an XL30 TMP (Philips Electron Optics
GmbH). An energy-dispersive detector S-UTW(Li) (EDAX) was used.
The powder sample stored in a glovebox filled with argon was placed on
a sample holder. The sample was attached to the spectrometer through a
transfer chamber, providing inert conditions.

Quantitative Elemental Analysis

For the simultaneous determination of the elements N and O, a hot-gas
extraction analysis was performed (model TC-436, Fa. LECO). The sub-
stance (10-20 mg) was filled in a tin crucible, and small amounts of ele-
mental tin and nickel were added. The sample was transferred under He
in a preheated graphite crucible (7=2500 K). Oxygen was identified as
CO, (IR spectroscopy), nitrogen as elemental N, (thermal conductivity).
Reference materials used were SiO, and SizN,.

Magnetic Measurements

Magnetic susceptibilities were measured using an MPMS7 SQUID Mag-
netometer (Quantum design) between 2 and 300 K. Powder samples
were filled in Suprasil quartz glass tubes filled with helium. The data
were corrected for the magnetization of the empty sample holder and for
the diamagnetic contributions of the constituent ions by fitting the data
according to y,(corr.) =y,—o; %o Was obtained by fitting the experimental
data to y, =y, +C,/(T—0).

XPS Measurements

ESCA (electron spectroscopy for chemical analysis) spectra were record-
ed on an electron spectrometer (AXIS ULTRA, Kratos Analytical) by
use of monochomated Alg, radiation (1486.58 eV). The vacuum during
the measurement was kept at about 3x 107’ Torr. The sample was pre-
pared in an argon-filled glovebox and transferred to the spectrometer by
a chamber providing inert conditions. The sample surface was sputtered
with high-purity argon for 1-18 min (Ar*, 1kV). To account for charg-
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Table 4. Experimental and calculated lattice constants [A] of (BagE,)(OsN;), (E=[7, O, N), as well as distan-
ces [A], binding energies [kJ mol '], and partial and spin charges.

ing energy 284.60 eV).

Exptl Calced
(BagO)(OsN;),  (Bag[)(OsN), (BagO)(OsN;), (BaN)(OsN;), (BagO,) (OsN3),

Quantum Chemical Calculations Wyck. pos. 3b fo) _ le) N [e)
All quantum mechanical calculations Wyc}c. pos. 3a - - - - (0]
were performed with the CRYSTALO06 Lattice constants
program™ using local Gaussian basis ¢ 8.112 8.077 8.085 8.135 8.094
functions and scalar-relativistic pseu- € 17.390 17.348 17.414 17.599 17.359
dopotentials to describe the inner-core Distances
electrons. Structures and bands were D52 Wyck.3b 2.73 2.82 2.7 270 2.80
analyzed by means of the XCrySDen ~Ba Wyck. 3a 291 2.82 292 2.96 2.80
program.| The following pseudopo- Ba—Ba (around 3b) 3.71/4.00 3.77/14.20 3.65/4.01 3.66/3.98 3.76/4.15
tentials and basis sets were selected, Ba-Ba (around 3a)  3.84/4.37 3.77/4.20 3.90/4.36 3.95/4.40 3.76/4.16
Os: small core, 16 valence clectrons _ interlayer (Ba) 2.8912.91 289 2.83/2.96 2.84/3.02 289
with a [4s/5p/2d] basis set! To OSN ) 178 1.88 1.86 1.84 1.82
comply with the requirements of the Bmdmg energies
CRYSTAL code for periodic systems, ~Atoms in Bag voids 822 578 1586
the parameter set given was truncated Partlz:l charges
by omitting the g projection of the OsN;* -2.8 —2.6 —2.4 —24
semilocal pseudopotential as well as D@ +12 +1.3 +14 +14
the most diffuse basis functions. Ba:  Wyck. pos. 3b -0.7 -19 -2.3 -1.8
10 valence electrons, including 5s and W}"Ck- pos. 3a =07 -0.5 —-0.5 -1.8
5p in the SCF process, with a [3s/3p/ Spin sharges
1d] basis set.5”) The parameters of the OSN3~ +1.9 +1.6 +1.1 +1.0
f projection were used as local part of Ba -0.1 +0.1 +0.1 0
the pseudopotential and subtracted ~WYcK. pos.3b -0.6 0 0 0

Wyck. pos. 3a —0.6 +0.5 +0.4 0

from the projections for /=0 to 2. The

two most diffuse s and p functions of

the basis set given in reference [57]

were replaced by a single sp shell with

the exponent 7=0.08. The exponent of the single d function was set to
7n=0.4. N, O: 5 and 6 valence electrons with a [2s/2p] basis, respective-
1.’ The third p function of oxygen, given in reference [58], was left out.
In the course of the investigations it was found that a Ba-centered basis
set is not sufficient to describe the electron density within the empty
voids formed by the Bag trigonal antiprisms. Therefore two sp shells (7=
0.4 and 0.15) and one d shell (#=0.2) were positioned in the middle of
the voids. For the same reason, the basis sets of the oxygen and nitrogen
atoms located at these sites were augmented by one sp shell (7=0.15)
and one d shell (7=0.2).

For the DFT calculations presented here we applied the hybrid function-
al B3PW, which corresponds to the B3LYP ansatz,™ except for the
Perdew-Wang nonlocal correlation part.®! Lattice constants and atomic
positions were optimized simultaneously using the default convergence
criteria (gradient: 0.0003 a.u. (RMS) and 0.00045 a.u. (largest compo-
nent); estimated displacement: 0.0012 a.u. (RMS) and 0.0018 a.u. (largest
component)). The single energy calculations were converged to 1077 H.
The eigenvalues were evaluated at 40 k points in the irreducible part of
the Brillouin zone. To compute the Fermi energy and the density matrix,
a denser net (294 k points) was used.

In all calculations spin polarization was taken into account. The structur-
al data presented here all refer to results for the crystallographic space
group R3 with the same spin density at all Os sites. Additional calcula-
tions were performed without inversion symmetry to allow for spin densi-
ties of opposite sign at the Os sites in adjacent layers. This type of calcu-
lation showed a worse energy convergence behavior during the structure
optimization procedure, which could be resolved by a so-called tempera-
ture smearing of the Fermi surface, where the occupancy of the eigenval-
ues is computed from the Fermi function instead of the step function.
The energy of the system obtained in this way had to be extrapolated to
T=0K to be comparable to results computed without temperature
smearing. The uncertainty of this extrapolation, however, is on the order
of magnitude like the energy difference of states with different spin ar-
rangement. The optimized structural data and the charge distribution of
a particular composition are less affected by variations in the spin config-
uration. The largest deviations from the values in Table 4 for the a-lattice
parameter, the c-lattice parameter, the distances, and the partial and spin
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charges are 0.01 A, 0.08 A, 0.02 A, 0.01 e7, and 0.1 e, respectively.
Hence the data presented in Table 4 can be regarded as representative.

The binding energies of the O and N atoms inserted in the voids of the
Bay trigonal antiprisms were calculated as the difference between the
minimal energy of the filled variant and the sum of the minimal energy
of the empty structure and the atomic energy of the incorporated atom.
The latter was evaluated by considering all basis functions in a sphere
with R=5.6 A around the respective atom, thus accounting for the basis
set superposition error. Binding energies as well as the band structures
discussed above refer to the primitive cell. The atomic charges are ob-
tained from a Mulliken population analysis. No charges are given for the
Os and N atoms, but only for the OsNj; unit (Table 4). Owing to the short
Os—N distance, an atomic partitioning according to the Mulliken scheme
would be highly dependent on the basis set.
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