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Radical-Anion Clocks
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D. C. Magri, describe how by exploiting the competition
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electrogenerated intermediates, they have begun to create a
library of radical-anion clocks.


Zeolite Catalysts
In their Full Paper on page 1718 ff. , B. M. Weckhuysen
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Biomembranes
In their Concept article on page 1690 ff., B. D. Smith et al.
describe a strategy to help design molecular recognition
systems that associate selectively with one component of a
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Introduction


Our current understanding of the structure and function of
cell membranes has grown considerably since the fluid
mosaic model was articulated by Singer and Nicholson in
1972.[1] There is a consensus that biomembranes are highly


dynamic molecular assemblies and that both the lateral and
transmembrane (TM) distributions of membrane compo-
nents are not homogeneous. While the number of different
molecular components can be quite high (perhaps several
hundred) there are basically two major classes of constituent
compounds, polar lipids and proteins, and thus, there are
three primary intermolecular association partners: protein–
protein, protein–lipid, and lipid–lipid (Figure 1). These asso-


ciation systems are crucial components in the cell life cycle,
and mutations that alter the binding dynamics and binding
selectivities are often associated with disease.[2,3] Further-
more, the advent of proteomics,[4] and lipidomics,[5] has
greatly increased our awareness of the large number of mo-
lecular targets in a cell membrane that have potential thera-
peutic value.[6] To be clear, this article is not concerned with
small “drug-like” molecules that target membrane proteins,
of which there are an increasing number of well-character-
ized examples.[7] Rather, the focus is on molecular recogni-
tion strategies that target the polar lipids or the interfaces
between protein and lipid aggregates in biomembranes.
These molecules may act as agonists or antagonists of bio-
logical activity and thus they can be used for various appli-
cations, such as chemical tools to study signal transduction
pathways, sensing and imaging agents for diagnostic meas-
urements, or as chemotherapeutic agents.


The structural and dynamic complexity of the cell mem-
brane makes the task of selective targeting a very challeng-
ing problem. A practically useful strategy, which is often
employed in science, is to make some general assumptions
that simplify a complex problem so it becomes tractable
with the technology that is currently available. This article
presents two simplifying concepts that are connected. The
first generalization is that association of two binding part-


Abstract: There is a biomedical need to develop molec-
ular recognition systems that selectively target the inter-
faces of protein and lipid aggregates in biomembranes.
This is an extremely challenging problem in supra-
molecular chemistry because the biological membrane
is a complex dynamic assembly of multifarious molecu-
lar components with local inhomogeneity. Two simplify-
ing concepts are presented as a framework for basing
molecular design strategies. The first generalization is
that association of two binding partners in a biomem-
brane will be dominated by one type of non-covalent in-
teraction which is referred to as the keystone interac-
tion. Structural mutations in membrane proteins that
alter the strength of this keystone interaction will likely
have a major effect on biological activity and often will
be associated with disease. The second generalization is
to view the structure of a cell membrane as three spatial
regions, that is, the polar membrane surface, the midpo-
lar interfacial region and the non-polar membrane inte-
rior. Each region has a distinct dielectric, and the domi-
nating keystone interaction between binding partners
will be different. At the highly polar membrane surface,
the keystone interactions between charged binding part-
ners are ion-ion and ion–dipole interactions; whereas,
ion–dipole and ionic hydrogen bonding are very influen-
tial at the mid-polar interfacial region. In the non-polar
membrane interior, van der Waals forces and neutral
hydrogen bonding are the keystone interactions that
often drive molecular association. Selected examples of
lipid and transmembrane protein association systems
are described to illustrate how the association thermo-
dynamics and kinetics are dominated by these keystone
noncovalent interactions.
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Figure 1. Noncovalent interactions play critical roles in maintaining cell
membrane structure and facilitating membrane function. The membrane
components; polar lipids, proteins, cholesterol, and inorganic ions, associ-
ate via a composite of hydrogen bonding, van der Waals contacts, electro-
static attractions, and ion–dipole interactions.
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ners in a biomembrane will be dominated by one type of
non-covalent interaction which we refer to as the keystone
interaction.1 Structural mutations that alter the strength of
this keystone interaction will likely have a major effect on
biological activity and often will be associated with disease.
The second generalization is to view the structure of a cell
membrane as three spatial regions, each with a distinct die-
lectric, and to appreciate that the dominating keystone inter-
action(s) between binding partners will be different in each
of the three membrane regions. Identifying these keystone
interactions will likely facilitate the process of designing syn-
thetic molecules to control association events in biomem-
branes.


The Three Regions of a Cell Plasma Membrane


It is helpful to view a biological membrane as a collection of
proteins embedded in a bilayer of phospholipids. Further-
more, the phospholipid bilayer can be simplified as a fluid
phase with three distinct regions, the nonpolar hydrocarbon
interior, the midpolar interfacial region containing the un-
charged phospholipid acyl ester groups, and the highly polar
membrane surface that is exposed to water and contains the
charged phospholipid head groups (Figure 2). An ion or


small molecule that migrates from the surface of a phospho-
lipid bilayer to the interior experiences a dramatic decrease
in polar solvation and dielectric constant. Indeed, the low
polarity of the hydrocarbon interior prevents charged or
polar species from penetrating beyond the acyl region, and
most proteins that span a bilayer membrane have a se-
quence of nonpolar residues that match the thickness of the
hydrocarbon region. Additional complicating features, not
discussed in this article, are the asymmetric TM distribution
of phospholipids and the ubiquitous presence of TM electro-
chemical gradients. Because of these features, a biological
membrane is not a symmetrical structure, and targeting mol-


ecules are likely to interact very differently with the oppo-
site surfaces of a biomembrane.


The concept of simplifying the bilayer membrane as three
spatial regions of distinct polarity has been presented
before, primarily as a way of rationalizing the depth of
membrane penetration by peptide and protein sequences.[8]


The hydrocarbon core of the membrane is around 15 H, and
it is flanked on either side by interfacial and surface regions
that have a comparable width (i.e., total membrane width is
about 45 H). The propensity of the amino acid side-chains
to partition into a biomembrane has been quantified (hydro-
phobicity scale) and compared to partition constants with
simple organic solvents.[9] The correlation is not linear for all
amino acids and the exceptions have been explained by pep-
tide folding and aggregation processes, as well as specific in-
teractions between functional groups on the amino acid
side-chains and the phospholipids.


In the following sections, we discuss selected examples of
association partners in each of the three membrane regions
and show how the thermodynamics and kinetics of associa-
tion are dominated by a keystone noncovalent interaction.
Furthermore, we propose that each membrane region is do-
minated by a different type of keystone interaction and that
it drives association (entropy effects are ignored). At the
highly polar head group surface, the keystone interactions
between charged binding partners are ion–ion and ion–
dipole interactions; whereas, ion–dipole and ionic hydrogen
bonding are very influential at the mid-polar interfacial
region. In the non-polar membrane interior, van der Waals
forces and neutral hydrogen bonding are the keystone inter-
actions that control molecular association. Each section con-
cludes with a short discussion of a synthetic molecular rec-
ognition system that utilizes a keystone interaction.


Keystone Interactions at the Polar Membrane
Surface (Ion–Ion and Ion–Dipole Interactions)


The extracellular domains of many TM proteins display
charged amino acids on the membrane surface, which fre-
quently serve as electrostatic contacts to position the pro-
teins correctly for ligand binding and other biochemical ac-
tivity. Attractive interactions between oppositely charged
proteins and a cell membrane or between TM proteins and
their binding partners are often responsible for initiating
protein–membrane or protein–protein binding. This impor-
tant initial interaction often positions the protein to subse-
quently form additional stabilizing contacts with comple-
mentary functional groups at the membrane surface.


The human growth hormone receptor (hGHR) is a single-
pass TM protein with an extracellular ligand binding
domain projecting from the membrane surface. Human
growth hormone is a peptide that binds to hGHR at a rate
approximately 10000-fold slower than the diffusion limit of
the hormone, but approximately 1000 times faster than ex-
pected if hormone-hGHR binding required the hormone to
collide with the receptor in the correct orientation for bind-


Figure 2. The bilayer membrane can be simplied as a fluid phase with
three chemically distinct regions, A) the polar membrane surface, B) the
midpolar interfacial region, and C) the non-polar membrane interior.


1 Bridges and aqueducts constructed by the Roman Empire still stand
today even though the stones of which many are made are not joined
by cement or any other adhesives. Despite the size and architectural
complexity of these structures, only a few key contacts between specific
“keystone components” provide the stabilizing interactions that hold
these structures together. If these keystone interactions are disrupted,
the entire structure will collapse.
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ing.[10] This enhanced value for the association rate, kon,
arises from electrostatic attractions between four key Arg
residues on the hormone and negatively charged groups on
the hGHR that causes the hormone to approach the hGHR
in the proper orientation for binding.[11] This charge–charge
interaction specifically orients the hormone for subsequent
formation of stabilizing contacts that form in the ligand
binding site. This electrostatic interaction is estimated to en-
hance kon by approximately a factor of 20.


Similar electrostatic driving forces are observed in the
binding of phospholipid membranes by certain phospholi-
pases.[12] For example, the human group IIa secreted phos-
pholipase A2 (PLA2), which preferentially binds anionic
membranes, has an association rate constant, kon, for mem-
brane binding that is 1000–10000-fold greater than random
diffusion would predict for a specific protein-ligand binding
event.[10,13,14] The importance of electrostatics to this en-
hancement were revealed in charge-reversal mutants of
PLA2,


[15] where the cationic residues surrounding the PLA2


active site were mutated to anionic residues. Such mutants
exhibited a decline in kon of greater than ten fold. An even
more dramatic illustration of the crucial role of electrostatic
interactions is binding of the protein Myristoylated Alanine-
Rich C-Kinase Substrate (MARCKS) to anionic phospholip-
id membranes, particularly those enriched in the anionic
lipid phosphatidylinositol-4,5-bisphosphate (PIP2).


[16] The ef-
fector domain of MARCKS, residues 151–175, contains 13
basic residues, making MARCKS an ideal binding partner
for anionic membranes. The interaction between MARCKS
and anionic membranes is so favorable that the rate of asso-
ciation, kon, has been approximated as diffusion limited
based on experiments using truncated versions of the pro-
tein with an intact effector domain.[17]


The formation of weakly bound protein–membrane or
protein–protein complexes by electrostatic forces is fre-
quently followed by formation of specific contacts between
the interacting proteins or between protein residues and
chemical functionality at the membrane surface (Figure 3).
These interactions normally stabilize the complex by de-
creasing the rate of dissociation, koff, resulting in a tightly-
bound protein–protein or protein–membrane complex.
MARCKS-membrane binding illustrates how important the
post-binding formation of specific contacts can be to pro-
tein-membrane complex stability and protein activity. Upon
membrane binding, five Phe residues in the effector domain
of MARCKS partition deeply into the bilayer, pulling the
MARCKS protein down onto the membrane–water inter-
face and forcing the protein backbone into the membrane
interfacial region.[18] In the Phe to Ala mutant, where all
five Phe residues have been mutated to Ala, the protein as-
sociates with the membrane, but remains separated from the
surface by a distance of approximately 10 H, held in place
purely by long-range Coulombic interactions.[19]


The protein and the plasma membrane do not necessarily
need to be of opposite charge for electrostatics to play a key
role in membrane binding. Often a protein and membrane
can form a tightly-bound complex via a bridging metal ion,


especially Ca2+ (Figure 4). The C2 domain is a phospholipid
binding domain originally observed in protein kinase C and
commonly found in a number of phospholipases.[20] This
domain binds to anionic membranes through a bridging
Ca2+ in a cooperative manner,[21] where neither the protein
nor the membrane have a strong affinity for Ca2+ , but when
all three components come together into a three-component
assembly, a stable protein–Ca2+–membrane complex is
formed. The cooperativity of membrane binding by the C2
domain of synaptogamin I has been described, and two Ca2+


ions are known to be bound by the protein in the protein–
ion–lipid assembly. The first Ca2+ is bound tightly, while the
second occupies a binding site of weaker Ca2+ affinity. A
phosphoryl oxygen of a phospholipid head group is required
for tight Ca2+ binding and complex formation. Studies of
the C2 domain in protein kinase C a (PKCa) have uncov-
ered similar binding mechanisms, where bridging Ca2+ ions


Figure 3. Electrostatic interactions initiate the binding of many proteins
to the membrane surface. A) The oppositely charged membrane and pro-
tein experience an attractive coulombic interaction resulting in, B) the
formation of a weakly-bound protein-membrane complex. C) Upon asso-
ciation with the membrane surface, key amino acid side-chains form spe-
cific contacts, via hydrophobic partitioning, hydrogen bonding, or cation–
p interactions, that stabilize the protein-membrane complex, leading to
tight protein-membrane association.
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anchor the phospholipids,[22] especially phosphatidylserine
(PS), into the binding site of the C2 domain. Importantly,
the presence of a bridging Ca2+ , and not simply a center of
cationic charge, is absolutely required for binding. PKC mu-
tants with cationic residues introduced into the C2 domain
where Ca2+ would normally be found were unable to bind
anionic membranes.[23] Identical observations have also been
made using the PS-binding protein Annexin V,[24] which re-
quires at least two Ca2+ ions to simultaneously coordinate
the carboxylate and the phosphate of PS (Figure 5). These
Ca2+ ions form a bridge that links Annexin V and PS in a
tightly-bound three-component assembly, a membrane bind-
ing mechanism that is highly conserved among the Annexin
family of proteins.


A recent example of an artificial membrane surface tar-
geting system, that employs ion-ion attraction as the key-
stone interaction, is the demonstration of synthetic metal co-
ordination complexes as functional mimics of Annexin V.


Annexin V is used extensively as a reagent for detecting the
PS-rich membranes of dying and dead cells, but the protein
has a number of practical limitations and there is a need for
synthetic alternatives that are cheaper, more robust, and ex-
hibit faster binding.[25] Studies with zinc–dipicolylamine
(Zn–DPA) complexes have shown that they can also associ-
ate selectively with PS-rich biomembranes using the three
component assembly mechanism in Figure 4. In this case,
Zn2+ ions act as the bridge between the dipicolylamine
ligand and the anionic PS.[26] Although the membrane bind-
ing process substitutes Zn2+ instead of Ca2+ , the synthetic
Zn–DPA coordination complexes have the same cell recog-
nition properties as Annexin V and they are effective probes
for in vitro assays of cell death.[27]


Keystone Interactions at the Midpolar Membrane
Interfacial Region (Ion–Dipole and Ionic


Hydrogen Bonding)


Sequence analysis of TM proteins reveals that the amino
acids in the membrane-spanning portion of the protein do
not occur randomly. The interfacial region is rich with the
aromatic amino acids, Trp and Tyr, which appear to act as
“interfacial anchors” for the TM proteins.[28] In contrast, Phe
exhibits no preference for the interfacial region, instead oc-
curring most often in the non-polar hydrocarbon region of
the bilayer.[13] There is evidence that the Trp and Tyr engage
in cation–p interactions with the ammonium groups of the
membrane phospholipids. The stabilizing effects of cation–p


interactions are well known in protein structures,[29] but
their importance in TM protein–lipid and TM protein–pro-
tein structure is still emerging.[30] Recent computational and
experimental studies suggest that model peptides containing
Trp interact favorably with the head group of phosphatidyl-
choline (PC) by forming cation–p interactions between the
indole ring of Trp and the quaternary ammonium of PC, as
well as hydrogen bonds between the indole N-H and the
phosphate oxygens.[31] Furthermore, hydrogen bonding be-


Figure 4. Metal cation mediates formation of a protein–membrane inter-
action. A) The metal cation binding affinity of both the negatively-
charged protein and the anionic membrane surface is weak in the ab-
sence of the third complexation partner; B) and C) formation of a highly
stable three-component assembly process, where metal cation(s) bridge
the protein and membrane surface.


Figure 5. Three-component complex of Annexin V-Ca2+-glycerophospho-
serine. The carboxylate and phosphate groups of the phosphatidylserine
head group are bound via electrostatic attraction to the Ca2+ ions that
are coordinated by the Annexin V protein. Additional stabilizing interac-
tions include hydrogen bonding between the glycerol backbone of the
glycerophosphoserine and amino acid residues of Annexin V.
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tween the PC phosphate and the Tyr hydroxyl was more fa-
vorable than the alternative cation–p interaction with the
PC quaternary ammonium.


A clear picture of cation–p interactions within a protein-
phospholipid complex is provided by the anti-PC antibody
McPC603 bound to the head group of PC.[32] The cation–p


interactions work in concert with other forces to facilitate
formation of a tightly-bound protein–phospholipid com-
plex.[33] The quaternary ammonium of PC makes contact
with Trp107 of the heavy chain of McPC603, interacting
with the partially negative ring face of the indole (Figure 6).


Additionally, the phosphate group of PC also participates in
two important interactions with MCPC603, one to Tyr33 of
the McPC603 heavy chain, and one to Tyr100 of the light
chain. Interestingly, these Tyr rings associate with the phos-
phate not via their hydroxyl groups, but through ion–dipole
interactions with the CH residues on the aromatic ring.
These phosphate-CH edge contacts contribute a combined
favorable interaction energy of approximately 1.25 kcal
mol�1.[34]


Ionic hydrogen bonding is another keystone interaction in
the membrane interfacial region, and a good example of its
dominance is the selective association of phosphatidic acid
(PA) with PA-binding proteins.[34] PA is a minor component
of cell membranes but it plays a key role in many cellular
processes.[35] Synthetic membrane-active peptides harboring
lysine and arginine residues have been shown to induce de-
protonation of PA and form very strong hydrogen bonds
with the dianionic phosphomonoester head group
(Figure 7). Thus, PA acts a preferred docking site for lysine
and arginine residues through an electrostatic/hydrogen
bond switch. The cone shape of the PA is thought to favor a
deep location in the midpolar interfacial region, where the
lower dielectric amplifies the strength of the ionic hydrogen
bonds. Using this PA binding model, it should be possible to
design new types of synthetic recognition molecules that
reside in the membrane interfacial region and employ ionic
hydrogen bonding as the keystone interaction for sensing
the presence of PA, or selective disruption of undesired PA/
protein association.


Keystone Interactions in the Non-polar
Hydrocarbon Interior (van der Waals Forces and


Neutral Hydrogen Bonding)


The non-polar hydrocarbon region of the bilayer consists of
phospholipid acyl chains of varying lengths and degrees of
unsaturation. In some cases, these lipids associate laterally
to form discrete domains in the membrane. These “lipid
rafts,” which are often rich in sphingomyelin (SM) and cho-
lesterol,[36] are stabilized by chain packing that maximizes
van der Waals contacts in the membrane interior. Indeed,
hydrogen bonding in the interfacial region of the membrane
between the cholesterol hydroxyl and the SM head group is
not a controlling factor.[37] Another consequence of the vari-
ability in acyl chain length among the membrane phospholi-
pids is the phenomenon of hydrophobic matching. This
occurs when TM proteins of varying lengths cause localized
thickening and thinning of the membrane bilayer. Proteins
are approximately 400 times less compressible than the
phospholipids in a membrane bilayer,[38] which is a conse-
quence of the increased capacity of phospholipids to under-
go stretching and compression. While it is the phospholipids
that usually undergo the structural remodeling to produce
hydrophobic matching, the TM proteins can also adjust their
thickness by lateral association and tilting of TM seg-
ments.[39]


One of the best characterized examples of lateral protein–
protein aggregation in a membrane is dimerization of the
TM protein glycophorin.[40] On first inspection, glycophorin
A does not appear structurally prone to self-association. It
lacks polar residues for hydrogen bonding in its TM domain,
which is rich in Gly, Val, and Ile residues. Direct interhelical
packing occurs between Gly residues 79 and 83 of each
helix, consistent with TM interhelical interactions mediated
by the commonly observed GxxxG motif.[41,42] In this case,
the very small Gly side-chains allow a closely packed dime-
rization interface (Figure 8) that can produce strong van der
Waals forces and promote an unusual hydrogen bonding
effect, namely Ca-H···O hydrogen bonding.[43] With an ap-
proximate pKa of 18–20, the glycine CHa proton is much


Figure 6. Chemical illustration of the PC head group in the McPC603
binding pocket. The quaternary ammonium can make ion–dipole interac-
tions with Trp107, and to a lesser extent Tyr33.


Figure 7. A) Association of PA and PA-binding protein in the midpolar
region induces, B) deprotonation of the PA and formation of very stable
ionic hydrogen bonds. Figure adapted from reference [34].
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less acidic than the more
common hydrogen bond
donors, but nevertheless CHa


hydrogen bonds to opposing
peptide backbone carbonyls
appear to stabilize helix–helix
dimers, especially those where
the helices can form close con-
tacts.[44] Experimental studies of
Ca-H···O bond strength in
membrane bilayers have mea-
sured the interaction to be only
0.88 kcalmol�.[45] Thus, to influ-
ence helix-helix association in a
meaningful way, several simul-
taneous interactions must be
formed.


Like glycophorin A, most
TM proteins have a non-polar
helical TM segment that match-
es the hydrocarbon interior of
the bilayer. Many TM proteins
are receptors for hormones that


exert their effect by inducing receptor dimerization or con-
formational change. In instances where mutations introduce
polar amino acid side-chains into the TM region of these re-
ceptor proteins, the stability gained by side-chain hydrogen
bonding can often drive ligand-independent receptor activa-
tion, a situation that can lead to numerous cellular malfunc-
tions (Figure 9).[46] This phenomenon is often observed with


Receptor Tyrosine Kinases (RTKs) which elicit biochemical
signals at the plasma membrane via lateral dimerization, in
part due to the interaction of their TM domains. Two ligand
activation models have been proposed for RTKs.[47] The
most popular is that RTKs exist in a monomer-dimer equi-
librium, and it is the active dimer which achieves stability
upon ligand binding. A modified model envisions the ligand
binding to an inactive form of the TM dimer and switching
it to an active conformation. In line with their crucial role in
the regulation of cell growth, mutations in TM domains of
RTKs can induce improper signaling events leading to
pathological phenotypes, especially cancer.[48] A classic ex-
ample is the Val664Glu mutation in the TM domain of the


rat oncogenic form of the Neu RTK, which causes ligand-in-
dependent receptor dimerization and upregulation of con-
stitutive kinase activity.[49] The structural basis for this trans-
formation remains the subject of ongoing experimental,[50]


and theoretical investigation.[51] There is evidence that the
Glu664 forms interhelical hydrogen bonds (either two
Glu664 residues on separate helices self-associate, or
Glu664 forms a hydrogen bond with the backbone carbonyl
of Ala661 on the partner helix), however, other explanations
focus on changes in the relative orientation of the two TM
helices.[52] In any case, there is interest in discovering syn-
thetic TM peptides and peptidomimetics that can disrupt
these pathogenic hydrogen-bonding events in the non-polar
membrane interior.[53,54]


Synthetic association systems that employ the keystone in-
teractions of van der Waals contacts and neutral hydrogen
bonding to selectively recognize TM helices and modulate
lateral protein–protein association would have many useful
applications as reagents for cell biology research and as po-
tential therapeutics. Recently, a computational method for
designing peptides that target helices of integrins in micelles
and cell membranes has been developed.[55] Computed heli-
cal anti-membrane protein (CHAMP) is a computational
approach to design peptides that will target the TM helices
of proteins. The TM domains of two platelet integrins, aIIbb3


and anb3, were targeted in the initial study. A peptide with
high geometric complementarity to the TM target was se-
lected by CHAMP, and the membrane insertion ability was
facilitated by the inclusion of solubility enhancing groups on
the N and C termini. Experimental analysis in micelles and
also bacterial and mammalian membranes provided evi-
dence for high affinity homodimerization of the synthetic
peptides. There was also strong heterodimerization with the
TM domain of the target integrins. The ability to specifically
target TM helices in a sequence specific manner depended
on the geometric complementarity of the target-host com-
plex. In the future CHAMP, or similarly designed peptides,
will provide molecular reagents that can assess the conse-
quences of inhibiting lateral protein–protein association
within membranes.


Conclusion


Designing peptides or small molecule mimetics of lipid-
binding proteins or molecules that associate with TM pro-
teins is very challenging, in part because the driving forces
for protein–lipid or TM protein–protein association are a
composite of many non-covalent interactions that act simul-
taneously. Electrostatic forces, cation–p interactions, van der
Waals forces, and hydrogen bonding all play a role in main-
taining proper membrane structure and function. The sim-
plifying concept of different keystone interactions within the
three spatial regions of a biological membrane provides a
tractable intellectual basis for designing molecular recogni-
tion systems. Eventually this simplifying concept may not be
necessary because increasing computing power will enable


Figure 8. Crystal structure
(PDB 1AFO) of a dimer of
the transmembrane protein
glycophorin A. The helix-helix
contact region is formed by a
series of cofacial glycine resi-
dues that allow the transmem-
brane helices to pack tightly
together, maximizing van der
Waals contacts between the
helices.


Figure 9. Mutations that introduce polar side-chains into the TM segment
of a protein can promote lateral helix-helix association in the non-polar
membrane interior.
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high throughput calculations of proposed molecular designs,
including high resolution Molecular Dynamics simulations
of complete bilayer assemblies.[56]
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Introduction


Radical anions have emerged as an important class of reac-
tive intermediate in various bioorganic processes.[1] They
result from the transfer of a single electron to a neutral mol-
ecule to yield an intermediate possessing both a charge and
radical character. In the past, it has often been assumed that
the reactivity of radical anions, in particular for fragmenta-
tion and rearrangement reactions, was similar to neutral rad-
icals. Recent research, notably by Tanko and co-workers,
has shown that this assumption is not valid as both charge
and spin are governing factors in the reactivity of radical-
anion rearrangements.[2,3] There are a number of examples
involving the rearrangements of radical anions in which
bond cleavage results in formation of a single species con-
taining a spatially separated radical and anion [Eq. (1)].[2–5]


However, examples involving the fragmentation of a spatial-
ly separated radical anion yielding a localized radical anion
and a neutral molecule are rather unknown [Eq. (2)].


Using primarily electrochemical techniques, we have been
studying the electron-transfer (ET) reduction of organic en-
doperoxides.[6–12] These studies have not only provided previ-
ously unknown kinetic and thermochemical data, but also
an insight into the reactivity of distonic radical anions, a re-
active intermediate containing a spatially separated alkoxyl
radical and alkoxyl anion. Initial studies focused on the di-
ACHTUNGTRENNUNGalkyl-substituted bicyclic endoperoxides, ascaridole (ASC)
and dihydroascaridole (DASC),[6,7] and on the antimalarial
drug, artemisinin (ART).[8,9] These studies revealed that ET


to the O�O bond occurs by a concerted dissociative reduc-
tive mechanism [Eqs. (3) and (4)]. Upon ET, the incoming
electron is accepted into a s* orbital associated with the O�
O bond, which concomitantly cleaves to generate the diston-
ic radical anion [Eq. (3)]. With these bicyclic endoperoxides,
the distonic radical anion was found to be subsequently re-
duced at the electrode in a second heterogeneous ET result-
ing in quantitative formation of the cis-diols [Eq. (4)].[6,7]
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Abstract: The electron-transfer (ET)
reduction of two diphenyl-substituted
bicyclic endoperoxides was studied in
N,N-dimethylformamide by heteroge-
neous electrochemical techniques. The
study provides insight into the structur-
al parameters that affect the reduction
mechanism of the O�O bond and dic-
tate the reactivity of distonic radical
anions, in addition to evaluating previ-
ously unknown thermochemical param-
eters. Notably, the standard reduction
potentials and the bond dissociation
energies (BDEs) were evaluated to be
�0.55�0.15 V and 20�3 kcalmol�1, re-
spectively, the last representing some
of the lowest BDEs ever reported. The
endoperoxides react by concerted dis-
sociative electron transfer (DET) re-


duction of the O�O bond yielding a
distonic radical-anion intermediate.
The reduction of 1,4-diphenyl-2,3-
dioxabicycloACHTUNGTRENNUNG[2.2.2]oct-5-ene (1) results
in the quantitative formation of 1,4-di-
phenylcyclohex-2-ene-cis-1,4-diol by an
overall two-electron mechanism. In
contrast, ET to 1,4-diphenyl-2,3-
dioxabicycloACHTUNGTRENNUNG[2.2.2]octane (2) yields 1,4-
diphenylcyclohexane-cis-1,4-diol as the
major product; however, in competi-
tion with the second ET from the elec-
trode, the distonic radical anion under-
goes a b-scission fragmentation yield-


ing 1,4-diphenyl-1,4-butanedione radi-
cal anion and ethylene in a mechanism
involving less than one electron. These
observations are rationalized by an un-
precedented catalytic radical-anion
chain mechanism, the first ever report-
ed for a bicyclic endoperoxide. The
product ratios and the efficiency of the
catalytic mechanism are dependent on
the electrode potential and the concen-
tration of weak non-nucleophilic acid.
A thermochemical cycle for calculating
the driving force for b-scission frag-
mentation is presented, and provides
insight into why the fragmentation
chemistry of distonic radical anions is
different from analogous neutral birad-
icals.


Keywords: electron transfer · frag-
mentation · peroxides · radical
ions · reactive intermediates
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Subsequent electrochemical studies have been performed
to investigate the ET reactivity of various diphenyl-substitut-
ed endoperoxides.[10–12] In these studies, it was discovered
that the distonic radical anion can undergo a fragmentation
in competition with the second heterogeneous ET [Eq. (3)].
These discoveries have provided the opportunity to gain fur-
ther insight into the reactivity of these interesting reactive
intermediates, and to exploit the competing fragmentation
reaction in order to probe the rate constant of the second
heterogeneous ET.[10,13] In the case of the anthracene-based
endoperoxide, 9,10-diphenyl-9,10-epidioxyanthracene (DPA-
O2), a rapid 1,2-phenyl migration (O-neophyl-type rear-
rangement) was observed to compete with reduction from
the electrode to yield another distonic radical anion with a
carbon-centered radical that was subsequently reduced.[10,11]


In another example, a b-scission fragmentation was ob-
served from the distonic radical anion of 3,3,6,6-tetraphenyl-
1,2-dioxane (TPD), to yield a localized radical anion and
two neutral molecules. The preference for a b-scission frag-
mentation was partially rationalized due to the increased
flexibility in the monocyclic structure.[12]


We now know of at least three competing processes avail-
able to the distonic radical anion generated electrochemical-
ly from the ET reduction of an endoperoxide: reduction, b-
scission fragmentation, and O-neophyl-type rearrangement.
In the studies of the rigid bicyclic endoperoxides ASC,
DASC, and ARTwith alkyl bridgehead substituents, only re-
duction of the distonic radical anion was observed to yield
the corresponding cis-diol [Eq. (4)]. However, with endoper-
oxides with phenyl substituents, as with DPA-O2 and TPD, a
fragmentation pathway is observed in competition with re-
duction from the electrode. While our understanding of dis-
tonic radical-anion fragmentations is improving, there is still
a lack of fundamental information for predicting the reactiv-
ity pathway and for establishing activation/driving force re-
lationships.[4] Among the many findings in this study, we
highlight that the incorporation of phenyl substituents is not
the only criteria for observing a competing fragmentation
reaction from the distonic radical anion of a bicyclic endo-
peroxide.


We report the heterogeneous ET reduction of the bicyclic
diphenyl-substituted endoperoxides 1,4-diphenyl-2,3-
dioxabicycloACHTUNGTRENNUNG[2.2.2]oct-5-ene (1) and 1,4-diphenyl-2,3-
dioxabicycloACHTUNGTRENNUNG[2.2.2]octane (2) (shown in Scheme 1). These
endoperoxides were studied by using electrochemical tech-
niques, including cyclic voltammetry and preparative elec-
trolyses, to gain insight into the structural parameters that
affect the reduction mechanism of the O�O bond and dic-
tate the reactivity of distonic radical anions, in addition to
evaluating previously unknown thermochemical parameters.


We report that the slight modification in the molecular
structure between 1 and 2 has a dramatic effect on the reac-
tive pathways available to the resulting distonic radical
anion. In contrast to DPA-O2 and TPD, fragmentation is not
observed from the distonic radical anion originating from 1.
However, the distonic radical anion from 2 undergoes a b-
scission fragmentation that competes with reduction from
the electrode [Eq. (2)]. Consequently, these reactive inter-
mediates can be exploited as kinetic probes, or “molecular
clocks”, for estimating the heterogeneous ET to the distonic
radical anions. We also provide insight into the structure–re-
activity trends of oxygen-centered biradicals and analogous
distonic radical anions. Moreover, the b-scission fragmenta-
tion initiates an unprecedented propagating radical-anion
chain mechanism, the first ever reported from the concerted
DET reduction of a bicyclic endoperoxide.


Results and Discussion


Synthesis : The synthesis of the diphenyl-substituted bicyclic
endoperoxides, 1 and 2 began with the reaction of phenyl-
lithium (PhLi) in tetrahydrofuran (THF) with cyclohexa-
dione to yield a diastereomeric mixture of 1,4-diphenylcy-
clohexane-1,4-diol. The diol mixture was dehydrated to
yield 1,4-diphenyl-1,3-cyclohexadiene by refluxing in ben-
zene in the presence of excess p-toluenesulfonic acid
(TsOH), and purified by flash chromatography, followed by
recrystallization from hexanes. Endoperoxide 1 was pre-
pared by photo-oxygenation of 1,4-diphenylcyclohexa-1,3-
diene by irradiating O2 saturated solutions of 1:1 benzene/
dichloromethane containing a catalytic amount of meso-tet-
raphenylporphyrin (MTTP).[14,15] The saturated endoperox-
ide 2 was prepared from 1 by reduction with excess diimide
generated in situ from potassium azodicarboxylate in the
presence of acetic acid and then recrystallized.[16,17] Both en-
doperoxides were isolated as crystalline white solids. An
outline of the synthetic route used to prepare the endoper-
oxides is summarized in Scheme 1.


Cyclic voltammetry : The electrochemical reduction of the
diphenyl-substituted endoperoxides 1 and 2 was studied by
cyclic voltammetry by using a glassy carbon electrode in
N,N-dimethylformamide (DMF) containing 0.10m tetraeth-
ACHTUNGTRENNUNGylammonium perchlorate (TEAP). Cyclic voltammetry of 1
as shown in Figure 1 is characterized by a broad and electro-
chemically irreversible cathodic peak at all scan rates inves-


Scheme 1. The synthetic route and conditions used in the synthesis of the
diphenyl-substituted endoperoxides 1 and 2. a) PhLi, THF, �78 8C; b)
TsOH, D, benzene; c) O2, MTTP, hv, 1:1 benzene/CH2Cl2; d) N2H2,
CH2Cl2.
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tigated in the range 0.05–50 Vs�1. The peak potential (Ep) at
0.1 Vs�1 is located at �1.27 V versus SCE. Upon increasing
the scan rate (v) the Ep is found to shift negatively by
118 mV per log decade, and the cathodic wave broadens
from 136 to 187 mV over the range 0.1–10 Vs�1. From the
analysis of the peak widths, the transfer coefficient a=


1.857RT/ ACHTUNGTRENNUNG(FDEp/2) is found to decrease from 0.35 at 0.1 Vs�1


to 0.24 at 10 Vs�1. From the scan-rate dependence of the
peak potential and a=1.15RT/ ACHTUNGTRENNUNG[dEp/(d ACHTUNGTRENNUNG(logn)], an average a


of 0.25 is determined, which is consistent with a concerted
dissociative ET mechanism (a !0.5).[18] On scanning back
after the forward reduction in the positive direction, a
poorly defined anodic peak is observed from the oxidation
of the dialkoxide anion at about �0.2 V versus SCE.[6]


The voltammetry of 2 as shown in Figure 2 also exhibits a
broad and irreversible wave with the Ep at �1.5 V, which is
shifted negatively by 170 mV compared to 1. This difference
narrows on increasing the scan rate. The average a value of
0.28 indicates that the O�O reduction of 2 is also consistent
with a concerted dissociative mechanism. Table 1 summariz-
es the voltammetry analysis of the dissociative wave for
each endoperoxide. In contrast to 1, beyond a switching po-
tential of �2.0 V, the dissociative wave of 2 displays non-


Cottrell behavior. The tail end of the dissociative wave,
which is normally dictated exclusively by diffusion, displays
an unusual oxidative dip. This feature of the voltammo-
grams is most noticeable at slower scan rates as observed in
Figure 2 at 0.1 Vs�1. Following the dip, two small irreversi-
ble cathodic peaks are also observed. On the reverse scan,
an oxidation wave is detected in the proximity of �2 V.
Scanning further in the positive direction reveals other oxi-
dation waves within the general potential region between
�0.8 and 0.2 V. Repetitive cycling voltammetry was used to
probe the peaks in the vicinity of the dip. The voltammo-
grams obtained at a scan rate of 1.0 Vs�1 are illustrated in
Figure 3. At this scan rate, the dip is not observed after the


dissociative wave. However, two redox couples are observed
at �1.98 and �2.20 V versus SCE, which correspond to elec-
trochemically active species resulting from some reactivity
of the distonic radical anion other than reduction by the
electrode.


Figure 1. Cyclic voltammograms of 1.8 mm of 1 in DMF containing 0.10m


TEAP in the absence (solid line) and presence (dashed line) of five
equivalents of 2,2,2-trifluoroethanol at 0.1 Vs�1.


Figure 2. Cyclic voltammograms of 1.7 mm of 2 in DMF containing 0.10m


TEAP in the absence (solid line) and presence (dashed line) of five
equivalents of 2,2,2-trifluoroethanol at 0.1 Vs�1.


Table 1. Cyclic voltammetry data for the dissociative ET reduction of di-
phenyl-substituted bicyclic endoperoxides in solutions of 0.10m TEAP/
DMF at 25 8C measured with a glassy carbon electrode.


n [Vs�1] 1 2


Ep [V][a] 0.1 �1.27 �1.45
1.0 �1.37 �1.54


10 �1.49 �1.64
DEp/2 [mV] 0.1 136 142


1.0 150 151
10 187 181


a =1.857RT/(FDEp/2) 0.1 0.351 0.336
1.0 0.318 0.316


10 0.239 0.264
a =1.15RT/F[dEp/d(logn)][b] 0.25 0.28
dEp/d(logn) [mV�1][b] �118 �105
n@Ep (no acid) 1.98 1.94
n@Ep (acid)


[c] 2.08 1.96
n@�2.5 V (no acid) 1.96 0.6


[a] Potentials are referenced versus ferrocene (0.475 V) versus SCE.
[b] Based on scan rates between 0.1 and 10 Vs�1. [c] In the presence of
10 mm trifluoroethanol.


Figure 3. Cyclic voltammogram of 2.0 mm of 2 at 1.0 Vs�1. The dashed
line corresponds to the initial reduction of the endoperoxide, and the
solid line to repetitively cycling through the electroactive redox couples
twice between the switching potentials of �1.9 and �2.5 V.
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The electrochemical behavior of the endoperoxides was
examined in the presence of weak non-nucleophilic acids
and representative voltammograms are illustrated as dashed
lines in Figures 1 and 2. In the presence of ten equivalents
of excess 2,2,2-trifluoroethanol (TFE) or acetanilide, the
peak width at half height, DEp/2=Ep/2�Ep, and peak height
(Ip) for the dissociative wave of both 1 and 2 remain unaf-
fected. The absence of any change in the dissociative wave
is expected in concerted dissociative O�O bond reduc-
tion.[6,19] Also characteristic in the presence of excess weak
acid is the disappearance of the anodic peaks normally ob-
served in dry solvent at �0.3 V versus SCE at 0.1 Vs�1,
which are attributed to the oxidation of the dialkoxide gen-
erated from the reduction of the endoperoxide. In the case
of 2, the cathodic peaks negative to the dissociative wave in-
crease in current and shift in the positive direction. Most in-
triguing, the dip observed after the dissociative wave is
absent on addition of a weak acid.


Constant potential electrolyses : Electrolysis experiments
were performed to determine the reduction products and
the electron stoichiometry (n) as a function of electrode po-
tential and presence of weak acid. The results from the coul-
ometry experiments obtained with a glassy carbon rotating
disk electrode are included in Table 1. A summary of the
products and the relative amounts isolated at different ex-
perimental conditions are shown in Scheme 2. Electrolyses


of 1 at potentials between �1.3 and �2.5 V results in the
consumption of 2 Fmol�1, or two electron equivalents of
charge, independent of the applied potential and the pres-
ence of a weak non-nucleophilic acid. No electroactive prod-
ucts were observed. Workup of the electrolyzed solution re-
vealed the quantitative formation of the cis-diol, 1,4-diphe-
nylcyclohex-2-ene-1,4-diol, which was fully characteristized
(see Experimental Section). The diagnostic signals in the


1H NMR spectrum were a sharp singlet at d=6.08 ppm and
a broad peak at d=1.61 ppm corresponding to the alkene
and the alcohol protons, respectively.


Electrolyses of 2 at the dissociative wave between the po-
tentials of �1.4 and �1.7 V in the absence or presence of
weak acid also results in the consumption of 2 Fmol�1 of
charge. In the absence of weak acid 1,4-diphenylcyclohex-
ane-1,4-cis-diol accounted for 98% of the recovered mass,
the other 2% was identified as 1,4-diphenyl-1,4-butane-
dione. However, in the presence of ten equivalents of TFE
the yield of 1,4-diphenylcyclohexane-1,4-cis-diol was quanti-
tative and no 1,4-diphenyl-1,4-butanedione was recovered.
Unlike 1, the reduction mechanism of 2 is influenced by the
presence of a weak non-nucleophilic acid.


When electrolyses of 2 are conducted at more negative
potentials, the coulometric values are substantially less than
2 Fmol�1 of charge. In addition, after disappearance of the
dissociative wave corresponding to complete reduction of 2,
at which point the electrolyses were halted, electroactive
species are observed at potentials less than �2 V. Electroly-
ses conducted at �2.2 V in the absence of acid yields a simi-
lar product ratio of 98:2 of cis-diol and 1,4-diphenyl-1,4-bu-
tanedione. The significant difference is that only 1.3 Fmol�1


of charge is required for complete disappearance of the dis-
sociative wave. However, when the applied potential is shift-
ed more negatively to �2.5 V, three products were identi-
fied: cis-diol, 1,4-diphenyl-1,4-butanedione and 1,4-diphen-
yl-1,4-butanediol in a ratio of 54:10:36 as determined by
1H NMR spectroscopy. Most notably at this more negative
applied potential, only 0.6 Fmol�1 of charge is necessary for
complete reduction of 2.


The cyclic voltammetry of an authentic sample of 1,4-di-
phenyl-1,4-butanedione is shown in Figure 4. The first wave
in the reduction of 1,4-diphenyl-1,4-butanedione is scan-rate
dependent. At low scan rates the cathodic peak located at
�2.0 V is electrochemically irreversible corresponding to
1.3 electrons per molecule. At a scan rate of 20 Vs�1 the
first wave becomes reversible and has a peak height corre-
sponding to 2.0 electrons per molecule. Addition of weak
acid results in the first wave becoming totally irreversible


Scheme 2. The reduction products for 1 and 2 at different experimental
conditions.


Figure 4. Cyclic voltammograms of 1.9 mm 1,4-diphenyl-1,4-butanedione
(2 f) in the absence (solid line) and presence (dashed line) of five equiva-
lents of TFE in DMF containing 0.1m TEAP at 0.1 Vs�1.
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and an increase is observed in the peak height as shown as a
dashed line in Figure 4 and consistent with Figure 2.


The acids tested and their corresponding pKa values in
DMF were trifluoroethanol (24.1), acetanilide (22.3), and
2,6-di-tert-butylphenol (17.7), which were estimated from
their pKa values in DMSO[20] by applying the relationship
pKa ACHTUNGTRENNUNG(DMF)=1.56+0.96pKaACHTUNGTRENNUNG(DMSO).[21] Electrolyses at the
first wave consumes 1.3 Fmol�1 in the absence of acid, but
in the presence of 2,6-di-tert-butylphenol nearly 4 Fmol�1 is
consumed. The relative electron stoichiometries and voltam-
metry behavior are consistent with a self-protonation mech-
anism.[22,23] In other words, 1,4-diphenyl-1,4-butanedione be-
haves as a weak acid in addition to being an electron accept-
or. This has significant implications on the reduction mecha-
nism of 2 (vide infra).


Heterogeneous kinetics and thermochemical parameters :
Convolution potential sweep voltammetry was used to eval-
uate the heterogeneous ET kinetics and pertinent thermo-
chemical parameters for reduction of the O�O bond.[6,9,19, 24]


Table 2 summarizes the evaluated parameters. Figures S1–S4


of the convolution data are available in the Supporting In-
formation. From the limiting plateau current the diffusion
coefficients in 0.1m TEAP were found to be 7.7L10�6 and
7.4L10�6 cm2s�1 for 1 and 2, respectively. As determined
from the a-E plots, the evaluated Eo


diss and DG�
o of 1 and 2


are �0.51 and �0.61 V, and 9.8 and 10.4 kcalmol�1, respec-
tively. Within experimental error, these evaluated parame-
ters are identical. Of significant interest, the Eo


diss are sub-
stantially less negative than the Ep by at least 0.7 V. This dif-
ference is attributed to the large intrinsic barrier that must
be overcome to stretch and break the O�O bond as the
electron is accepted into the s* orbital. With knowledge of
Eo


diss, the standard heterogeneous rate constant (ko
het) was es-


timated from interpolation of the second-order polynomial
fit to the heterogeneous kinetics. The ko


het are extremely low
at 7.9L10�7 to 3.2L10�7 cms�1, for 1 and 2, respectively, con-
sistent with a totally irreversible rate-determining electrode
reaction characteristic of concerted dissociative ET.[25] The
quality of the determined data was finally checked by digital
simulation of the dissociative waves. The experimental cyclic
voltammograms were adequately reproduced from the data
in Tables 1 and 2 based on a concerted dissociative mecha-
nism.


It is worthwhile to compare the convolution parameters
from this study with those evaluated for the dialkyl-substi-
tuted bicyclic endoperoxides ASC and DASC. The diffusion
coefficients and ko


het for ASC and DASC were previously de-
termined to be 1.1L10�5 and 6.3L10�7 cm2 s�1, respectively.[6]


A comparison of the ko
het values reveals that this parameter


is independent of whether the bridgehead substituents are
alkyl or phenyl. Furthermore, the DG�


o for the diphenylen-
doperoxides are also within the same range of values 9.6
and 11.0 kcalmol�1 for ASC and DASC, respectively. How-
ever, the diffusion coefficients for 1 and 2 are considerably
smaller, which reflects the additional molecular volume
from the bulky phenyl rings. More pertinent, the Eo


diss of the
diphenyl-substituted endoperoxides are significantly lower
than ASC and DASC by 0.5 V. In fact, the Eo


diss determined
in this study are in agreement with the Eo


diss of the anthra-
cene endoperoxide, DPA-O2, which was found to be
�0.56 V versus SCE.[10] The replacement of alkyl groups
with phenyl groups has the effect of raising Eo


diss. The conse-
quence is that the driving force for ET, DGET=


23.06(Eo
D=DC��Eo


diss) is 11.5 kcalmol�1 more favorable for the
diphenyl-substituted endoperoxides (for which Eo


D=DC� could
be the reduction potential of an ET donor or the electrode).


The Eo
diss is related to the O�O bond dissociation energy


(BDE) by the equation Eo
diss=Eo


CORRO��BDFE/F derived
from a thermochemical cycle in which Eo


CORRO� is the reduc-
tion potential of the distonic radical anion, F is the Faraday
constant and the BDFE is the bond dissociation free energy,
which is the BDE corrected for entropy (BDFE=


BDE�TDS).[25,26] The Eo
CORRO� cannot be accurately obtained


from cyclic voltammetry due to poor reproducibility, but can
be approximated from the standard potential of the cumyl
alkoxyl radical which is �0.12 V.[27] By using the above
equation, the BDFE for the diphenyl-substituted endoper-
oxides are 11 and 9 kcalmol�1. Because the entropies of for-
mation are not known, the BDEs were determined by using
SavMantNs concerted dissociative ET model[18,28] from the ex-
perimental DG�


o and the expression DG�


o = (l+BDE)/4, in
which l is the solvent reorganization energy. This last term
was calculated from the empirical relation l=55.7/rAB, in
which l is given in kcalmol�1 and rAB is the molecular radius
given in O.[29] The molecular radius of each endoperoxide
was determined from the Stokes–Einstein equation with the
diffusion coefficients determined from the convolution anal-
ysis. An effective radius approach was used to more accu-
rately describe the solvation of only the portion of the mole-
cule receiving the charge, while the rest of the molecule acts


Table 2. Data acquired by convolution sweep potential voltammetry of
diphenyl-substituted bicyclic endoperoxides in 0.10 molL�1 TEAP/DMF
at 25 8C at a glassy carbon electrode.


1 2


D[a] [cm2s�1] 7.7 L10�6 7.4L10�6


Eo
diss


[b] [V] �0.61 �0.51
log(ko


het [cms�1])[c] �6.1 �6.5
DG�


o
[d] [kcalmol�1] 9.8 10.4


lhet
[e] [kcalmol�1] 20 20


BDE[f] [kcalmol�1] 19 22
BDFE[g] [kcalmol�1] 11 9.0


[a] Determined from the convoluted limiting current and the known area
of the electrode. The area of the electrode was calculated using ferrocene
and a diffusion coefficient 1.13L10�5 cm2s�1. [b] Estimated error is�
0.10 V and uncorrected for the double layer. [c] Determined by interpola-
tion of the heterogeneous kinetics from a quadratic fit at Eo


diss. Estimated
error of (logko


het)�0.5 from digital simulation. [d] DG�


o determined from
the slope of aapp vs. E plots and DG�


o =F/[8(da/dE)]. [e] lhet=55.7/reff ;
the calculated radii rAB of 3.6 and 3.7 O were determined from the
Stokes–Einstein equation and the diffusion coefficients; effective radii of
2.8 O were calculated from reff= rB (2rAB�rB)/rAB for both endoperoxides.
[f] Calculated from DG�


o = (BDE+lhet)/4. [g] Calculated from BDFE=


23.06(Eo
CORRO��Eo


diss); E
o
CORRO� =�0.12 V.
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to shield the charge from the solvent using the expression
reff= rB(2rAB�rB)/rAB, in which reff is the effective radius and
rB is the radius of the charged portion.[28] The charge on the
alkoxide fragment was approximated by using the cumyl
alkoxide anion resulting in reff equal to 2.8 O and leading to
l equal to 20 kcalmol�1. An unknown uncertainty in the in-
trinsic barrier is the contribution from inner reorganization
energy, which is normally assumed to be negligible with re-
spect to the magnitude of the BDE. A summary of this data
is included in Table 2.


Using the calculated l value, the BDEs are calculated to
be 19 and 22 kcalmol�1, which are about 8 kcalmol�1 lower
than for the dialkyl-substituted endoperoxides ASC and
DASC. These BDEs represent some of the lowest values
ever reported.[30] A similar trend in the BDEs was also ob-
served with the acyclic peroxides bis(triphenylmethyl)perox-
ide and di-tert-butyl peroxide.[19,25] Bis(triphenylmethyl) per-
oxide has a Eo


diss 0.4 V more positive and a BDE 6 kcalmol�1


lower than di-tert-butyl peroxide. The BDEs of dialkyl per-
oxides are generally higher than endoperoxides, ranging
from 31–37 kcalmol�1, due to the oxygen lone pairs being in
a staggered orientation whereas in bicyclic endoperoxides
the oxygen lone pairs are eclipsed. The result is that phenyl
substituents lower the BDE and make the Eo


diss more posi-
tive. Thus, not only are 1 and 2 examples of endoperoxides
that are easily reduced with reduction potentials of only
�0.6 V, they also have rather weak, yet stable O�O bonds.


Reaction mechanisms : The voltammetry of the diphenyl-
substituted endoperoxides 1 and 2 is consistent with ET re-
duction of the O�O bond by a concerted DET mechanism,
in which fragmentation occurs simultaneously with electron
uptake [Eq. (3)]. For each endoperoxide, the reduction
yields the corresponding cis-diol as the major product
[Eq. (4)]. However, while 1 yields the quantitative forma-
tion of the corresponding cis-diol, 2 yields a small amount of
1,4-diphenyl-1,4-butanedione in addition to cis-diol, which
has a dramatic effect on the observed voltammetry. The
electrochemical characteristics of 1 are similar to the di-
ACHTUNGTRENNUNGalkyl-substituted endoperoxides ASC and DASC in that
only a single, broad and electrochemically irreversible
cathodic peak is observed. This is in contrast to 2, which has
more elaborate voltammetry like previously studied DPA-
O2 and TPD.[10,12] Unlike these last two endoperoxides, com-
pound 1 is the first example of a diphenyl-substituted endo-
peroxide that does not exhibit an electrochemically reduci-
ble product at a potential more negative than the dissocia-
tive wave.


Scheme 3 depicts the proposed ET reduction mechanism
of 1. Recall that the constant potential electrolyses of 1
result in the quantitative formation of the cis-diol 1c, and
the consumption of two electrons per molecule in agreement
with the proposed mechanism. Upon ET to 1, the electron is
accepted into an s* orbital associated with the O�O bond,
which ruptures in concert, resulting in the formation of the
distonic radical anion 1a with an unpaired electron on one
oxygen atom and a negative charge on the other. Subse-


quently, 1a generated in the vicinity of the electrode, could
be reduced to the dialkoxide 1b before diffusing away from
the electrode, and then protonated in the reaction media or
upon workup to yield 1c. Alternatively, 1a could be proton-
ated by the reaction media, notably upon addition of an
acid, to yield the alkoxyl radical 1d, which could be further
reduced and subsequently protonated to yield 1c. At this
time, it is not known how to experimentally differentiate the
fate of 1a between these two possibilities. Nonetheless, the
outcome is the same resulting in quantitative formation of
cis-diol 1c. The reduction potentials of 1a and 1d are not
accurately known, and difficult to determine directly by
cyclic voltammetry due to poisoning of the electrode sur-
face. However, the reduction potentials of 1a and 1d can be
approximated by the cumyl alkoxyl radical with a known
standard potential of �0.12 V versus SCE in DMF.[27] Since
the Ep of 1 is located at a potential more negative than
�1.2 V, the reductions of 1a and 1d are predicted to be
thermodynamically favorable by at least 23 kcalmol�1.


The mechanism postulated for 1 also applies to the forma-
tion of cis-diol in the reduction of 2. However, the mecha-
nism of 2 must also account for the formation of 1,4-diphen-
yl-1,4-butanedione, the observation of the dip after the dis-
sociative wave, the affect of excess weak acid on the voltam-
metry, and the potential dependence on the electron stoichi-
ometry. The isolation of 1,4-diphenyl-1,4-butanedione, a
product with a molecular weight less than the parent endo-
peroxide, suggests the mechanism must involve a competi-
tion between reduction and fragmentation of the distonic
radical anion 2a.


Scheme 4 illustrates the proposed mechanism for the het-
erogeneous reduction of 2 in the absence of an added weak
acid. To account for the experimental observations, a propa-
gating radical-anion chain mechanism is postulated.[12] Ini-
tially, 2 is reduced by concerted dissociative ET to generate
the distonic radical anion 2a, which could react similarly to
1a (Scheme 3) to yield the cis-diol 2c. However, in addition
to reduction at a potential of �1.5 V, 2a also reacts by a


Scheme 3. The heterogeneous ET mechanism proposed for the reduction
of 1.
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competitive b-scission fragmentation to yield 2 f and ethyl-
ene via formation of the ketyl radical 2e. Note that 2e is
also a radical anion, but the spin and charge are no longer
spatially separated. Also note that in Scheme 4 the fragmen-
tation is shown to be a concerted process, although it could
be stepwise; however, no evidence of products resulting
from a stepwise fragmentation were observed. The radical
anion 2e, formed as a consequence of the fragmentation, is
a potential homogeneous ET donor capable of reducing 2.
The standard potential of 1,4-diphenyl-1,4-butanedione (2 f)
was measured to be �1.97 V versus SCE. This is 1.5 V more
negative than the Eo


diss of 2. Therefore, the homogeneous re-
ductions of 2 and 2a are both thermodynamically favorable
by over 30 kcalmol�1.


Beyond the dissociative wave, 2 displays an oxidative dip
rather than a gradual decrease in current dictated exclusive-
ly by diffusion. This feature in the voltammograms, most no-
ticeable at slower scan rates, is a consequence of the com-
petitive b-scission fragmentation from 2a. The lower current
value reflects a decrease in the concentration of 2 diffusing
towards the electrode. In fact, the oxidative dip is the result
of 2 being reduced homogeneously, in competition with the
electrode reduction. The dip occurs just before the standard
potential of 2 f at �1.97 V. At this potential, the equilibrium
shifts towards an increase in the concentration of radical
anion 2e. Because of a build-up in the concentration of 2e
in the vicinity of the electrode, diffusing 2 approaching the
electrode is intercepted by 2e and reacts by a homogeneous
ET to generate 2a and 2 f. Any 2 f at the electrode surface


could be reduced to the radical
anion 2e and react with more
incoming 2.


Now we consider the pres-
ence of excess weak acid. It
could affect the reduction
mechanism of 2 in two ways
(Scheme 5). First, it could pro-
tonate the distonic radical
anion 2a. Evidence for this
comes from the electrolyses of
2 in the presence of excess
weak acid at potentials posi-
tive to the standard potential
of 1,4-diphenyl-1,4-butane-
dione, and within the potential
range of the dissociative wave
(�1.4 to �1.8 V). In the pres-
ence of 10 mm TFE, 2 f was
not detected in a measurable
amount; the only isolated
product was the cis-diol. Proto-
nation of 2a must hinder the
fragmentation from competing
with reduction from the elec-
trode. Therefore, the b-scission


fragmentation of the resulting alkoxyl radical 2d must be
slower than fragmentation of 2a, supporting the notion that
both charge and spin affect the rates of radical-anion rear-
rangements.[2,3] The second way excess weak acid could
affect the reduction mechanism is by protonating the radical
anion 2e. This would prevent homogeneous ET reactions
between 2e and 2.


Further support for these conclusions comes from recent
studies of DPA-O2 and TPD.[10,12] In both studies an electro-
active product with a standard potential more negative than
the dissociative wave results from fragmentation of the dis-
tonic radical anion in competition with heterogeneous re-
duction. The voltammetry of DPA-O2 lacks a dip, and no


Scheme 4. The propagating radical-anion chain mechanism proposed for the ET reduction of 2. In the lower
box the one-electron reduction of 1,4-diphenyl-1,4-butadione (2e) highlights the potential dependence of the
mechanism, and the ability of 2e to behave as a homogeneous ET catalyst at a reduction potential of �1.97 V.


Scheme 5. b-scission fragmentation of the distonic radical anion 2a and
the corresponding alkoxyl radical resulting from protonation 2d. Experi-
mental evidence suggests 2a fragments faster than the analogous alkoxyl
radical 2d as observed from electrolysis experiments.
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evidence of a generated radical-anion, ET donor was
found.[10] In contrast, in the study of TPD an oxidation dip is
observed, and the mechanism involves the formation of a
benzophenone radical anion.[12]


All that remains is to account for the potential depen-
ACHTUNGTRENNUNGdence of the electron stoichiometry in the reduction of 2. In
electrolyses conducted in the vicinity of the dip and the dis-
sociative wave, which are at potentials between �1.4 V and
�2.0 V, 2 Fmol�1 of charge is consumed. At �2.2 V the re-
duction consumes 1.3 Fmol�1 of charge, and at �2.5 V only
0.6 Fmol�1 of charge. The possible reasoning for this last ob-
servation is as follows. As seen in Scheme 4, 2 is initially re-
duced to the distonic radical anion 2a and fragments to a
small extent to yield the radical anion 2e, which can transfer
an electron to 2 resulting in the formation of 2 f and another
molecule of 2a. The result is a catalytic radical-anion chain
reaction.[12,31,32] For each 2a generated, one molecule of 2 f
can be potentially formed depending primarily on the com-
petition between fragmentation and ET reduction of 2a. In
the reduction mechanism, 1,4-diphenyl-1,4-butanedione
takes on the role of a homogeneous catalyst, which propa-
gates the chain reaction. However, 2 f is not a robust cata-
lyst; 1,4-diphenyl-1,4-butanedione also undergoes a compet-
ing self-protonation mechanism between the radical anion
2e and the starting neutral molecule 2 f. The a-protons of
2 f are acidic enough to protonate 2e.[22] However, the
charge consumption is even less at �2.5 V compared to
�2.2 V, because at the more negative applied potential both
aryl ketones are reduced to yield the dianion, which inhibits
the self-protonation mechanism. The dianion can act as a
two-electron donor to propagate the reaction mechanism,
but also leads to the formation of 1,4-diphenyl-1,4-butane-
diol on protonation as illustrated in Scheme 2. With the
second heterogeneous ET to 2e likely to be faster than the
homogeneous proton transfer from 2 f, the self-protonation
mechanism is not as competitive at �2.5 V and the observed
electron consumption is considerably less than 2 (see
Table 1).


Thermochemical cycle : The distonic radical anion 2a under-
goes a fragmentation able to compete with the heterogene-
ous ET reduction from the electrode, whereas the analogous
species 1a does not. Both endoperoxides have similar Ep


(Table 1) so the driving force for the ET to the distonic radi-
cal anions are the same. Therefore, this discrepancy in dis-
tonic radical-anion reactivity must be an intrinsic property
related to the molecular structure, the only difference be-
tween 1a and 2a is the absence of the double bond in the
latter. To reconcile these observations, a thermochemical
cycle (Scheme6) has been devised.


The thermochemical cycle identifies three contributing
factors to the driving force of the distonic radical-anion frag-
mentation reactivity:[4] 1) the thermodynamic stability of the
delocalized distonic radical anion as reflected by the oxida-
tion potential, 2) the fragmentation of the biradical, and 3)
the stability of the localized radical anion as measured by
the reduction potential.


It should be noted that no attempt has been made to ac-
count for any interaction between the radical and anion por-
tions of the distonic radical anion. Table 3 summarizes the


various thermochemical values for the diphenyl- and di-
ACHTUNGTRENNUNGalkyl-substituted endoperoxides and corresponding reactive
intermediates. The overall driving force for the fragmenta-
tion of the distonic radical anion DGfragðCORRO�Þ is given by
Equation (5).


DGfragðCORRO�Þ ¼DG1ðCORRO�=CORROCÞ þ DG2fragðCORROCÞ�
DG3ðC¼O=ðCC�O�Þ


ð5Þ


The DG1ðCORRO�=CORROCÞ and DG3ðC¼O=ðCC�O�Þ values are easily
calculated from the oxidation potentials of the distonic radi-


Scheme 6. Thermochemical cycle for evaluating the driving force for frag-
mentation of the distonic radical anion 2a.


Table 3. Thermodynamic data for fragmentation of structurally similar
neutral biradicals and distonic radical anions.[a]


1 2 ASC DASC


DHo
fðROORÞ


[b] 53.8 12.60 �18.8 �62.3
DSo


fðROORÞ
[b] 79.2 85.19 56.8 62.0


DGo
fðROORÞ 30.2[c] �12.8 �35.7[c] �80.8


BDFE 11.0 9.0 22.4[d] 22.4[d]


DGo
fðCORROCÞ


[e] 41.2 �3.8 �13.3 �58.4
DGo


fðdiketoneÞ
[b] na[k] �73.4 na[k] �141.7


DG2fragðCORROCÞ
[f] na �73.1 na �86.8


DG1ðCORRO�=CORROCÞ
[g] �2.8 �2.8 �5.3 �5.3


DG3ðC¼O=ðCC�O�Þ
[h] �45.4[i] �45.4[i] �74[j] �74[j]


DGfragðCORRO�Þ na �30.5 na �18.1


[a] Values at 298 K in kcalmol�1 except for DSo
fðROORÞ in calK�1mol�1.


[b] Group addivity estimates from the NIST Structures and Properties
Database, reference [33]. [c] Estimated from reference [33] by using hy-
drocarbon models without O atoms and corrected using values from ref-
erence [34]. [d] BDFE=23.06(Eo


CORRO�-E
o
diss) ; Eo


diss from reference [10].
[e] DGo


fðCORROCÞ=BDFE+DGo
fðROORÞ. [f] Free energy for fragmentation of


the biradical: DG2fragðCORROCÞ=DGo
fðdiketoneÞ+DGo


fðethyleneÞ�DGo
fðCORROCÞ ;


DGo
fðethyleneÞ=�3.5 kcalmol�1 calculated from reference [33].


[g] DG1ðCORRO�=CORROCÞ ¼ FE1ðCORRO�=CORROCÞ ; E1ðCORRO�=CORROCÞ estimated from
values for the cumyloxy (E8=�0.12 V) and tert-butoxyl (E8=�0.23 V)
radical; reference [27]. [h] DG3ðC¼O=ðCC�O�Þ ¼ �FE3ðC¼O=ðCC�O�Þ ;
[i] E3ðC¼O=ðCC�O�Þ=�1.97 V this work. [j] E3ðC¼O=ðCC�O�Þ=�3.2 V from refer-
ence [2]. [k] Group addivities not available (na) for the carbonyl group in
the cis-diketones.
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cal anion and the reduction potentials of the ketones, re-
spectively, from electrochemically measurements or related
literature values.[27] However, for DG2fragðCORROCÞ we require
the Gibbs energies of formation of the biradical and the
values for the products assuming the fragmentation yields
only the diketone and ethylene according to Equation (6).


DG2fragðCORROCÞ ¼ DGo
fðdiketoneÞ þ DGo


fðethyleneÞ�DGo
fðCORROCÞ ð6Þ


The Gibbs free energies for the biradicals DGo
fðCORROCÞ were


calculated from the free energies for the endoperoxides de-
termined by using group addivity estimates,[33,34] and experi-
mentally determined BDFEs according to DGo


fðCORROCÞ=


BDFE+DGo
fðROORÞ. Unfortunately, group addivities are not


readily available for the carbonyl groups in the cis-diketones
so we could not obtain DGfragðCORRO�Þ for 1 and ASC. Howev-
er, we were able to obtain a complete thermochemical data
set for 2 and DASC, and also the free energy of formation
DGo


fðCORROCÞ for all four biradicals. By using the thermochemi-
cal cycle we not only provide some quantitative information
regarding the reactivity of distonic radical anions, but it also
allows us some insight into the relationship between distonic
radical anions and the analogous oxygen-centered biradicals.


In Table 3 a comparison of the thermochemical parame-
ters of the endoperoxides and biradicals reveal some inter-
esting trends. The enthalpy DHo


fðROORÞ increases on substitu-
tion of the alkene moiety and the phenyl rings in the order
DASC<ASC<2<1. A change from the alkane to the
alkene functionality raises DHo


fðROORÞ by 42 kcalmol�1 and
replacement of the alkyl bridgehead substituents with
phenyl rings by 74 kcalmol�1. The entropy DSo


fðROORÞ is gen-
erally consistent with all values being positive, the endoper-
oxides with phenyl rings having slightly larger values. The
result is that the DGo


fðROORÞ parallels DHo
fðROORÞ with DASC<


ASC<2<1 with values ranging from �81 to 30 kcalmol�1.
The DGo


fðCORROCÞ has the same trend, with values ranging from
�58 to 41 kcalmol�1, again with all values favorable except
for 1.


The DG2fragðCORROCÞ for the biradicals of 2 and DASC are fa-
vorable with values of �73.1 and �86.8 kcalmol�1. These re-
sults are consistent with the precedence for b-scission frag-
mentation on thermolysis and photolysis of saturated bicy-
clic endoperoxides.[35,36] From Equation (5) the calculated
DGfragðCORRO�Þ values are �30.5 and �18.1 kcalmol�1 for 2
and DASC, respectively. The thermodynamic results suggest
that both of these distonic radical anions should fragment;
yet, no fragmentation products were observed in the previ-
ous study of DASC.[6] The reason for this lack of observation
has to do with the electrode potential. The overpotentials
for reduction of the distonic radical anions of 2 and DASC
are calculated to be �23 and �18 kcalmol�1. Therefore,
fragmentation of 2a is predicted to easily compete with the
heterogeneous ET reduction by �7 kcalmol�1, whereas the
DASC analogue is on par.


Another contributing reason for the absence of fragmen-
tation from the distonic radical anion of DASC may be due
to a lack of charge stabilization. Stevenson et al. have re-


ported various studies on the ring opening of substituted cy-
clopropyl and cyclobutyl radical-anion ketones to their dis-
tonic radical anions.[2,3] The distonic radical anion 2a frag-
ments to a localized radical anion as generalized in Equa-
tion (2), which is the reverse general direction studied by
them.[2,3] They reasoned that the fragmentation of ketyl radi-
cal anions is slower than from analogous carbon radicals
due to resonance stabilization of the negative charge into
the phenyl ring. Our results support their findings. As illus-
trated in Scheme 5, we observed that the alkoxyl radical 2d
undergoes a slower fragmentation to 2g than the fragmenta-
tion of the distonic radical anion 2a to 2e, since the negative
charge in 2e is stabilized into the phenyl ring.


So why was 1a not observed to undergo a b-scission frag-
mentation even though resonance stabilization would be
possible in the ketyl product? As stated earlier, group ad-
divity values are not readily available for the carbonyl
groups in the cis-ketones so we could not calculate
DGfragðCORRO�Þ for 1 and ASC. It is possible that the energy
barrier for fragmentation is just too great to overcome. In
the case of 2a, there is conformational mobility, which
favors b-scission fragmentation from a chair conformation.
However, the double bond in 1a restricts the distonic radical
anion to a twist conformation.[12]


At this time, the rate constants for b-scission fragmenta-
tion of the distonic radical anions 1a and 2a (and protonat-
ed forms 1d and 2d and the biradicals) have not been re-
ported. As a first approximation, the b-scission fragmenta-
tion of the cumyl alkoxyl radical is used as an analogous
fragmentation, which has a known rate constant 7L
105 s�1.[37] This value represents the upper limit for the frag-
mentation rate constant for 1a and the lower limit for 2a.
Therefore, the observation of 1,4-diphenyl-1,4-butanedione
in the heterogeneous reduction of 2 can serve as a kinetic
probe to estimate the rate constant of the second heteroge-
neous ET to 2a. As seen from the reduction potential of the
cumyl alkoxyl radical of �0.12 V versus SCE for 2a (and
the protonated form 2d), the distonic radical anion is gener-
ated at potentials more negative than �1.4 V. From the
measured product ratio of 98:2 (2c/2 f) and the estimate of
7L105 s�1 for kb, the first-order equivalent of the heteroge-
neous ET rate constant is 3L107 s�1.


Conclusion


Among the qualitative observations resulting from this
study, we found that the b-scission fragmentation of the neu-
tral hydroxy alkoxyl radical 2d and distonic radical anion 2a
are not the same, the latter occurring faster due to reso-
nance stabilization of charge into the phenyl ring. Thus, we
provide evidence that the fragmentation rates of radical
anions can be considerably different than the fragmentation
rates for analogous neutral biradicals. At present, there is a
general lack of information on the heterogeneous kinetics to
various electrogenerated intermediates, most notably carbon
radicals, which typically result from the reduction of alkyl


Chem. Eur. J. 2008, 14, 1698 – 1709 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1707


FULL PAPERElectron Transfer



www.chemeurj.org





halides.[18] By exploiting the competition between the frag-
mentation and heterogeneous reduction of electrogenerated
intermediates,[10,13] we have begun to create a library of radi-
cal-anion clocks.


Dissociative ET theory was applied to the activation-driv-
ing force relationships to obtain unknown thermochemical
information. Most interestingly, the evaluated BDEs of di-
phenyl-substituted endoperoxides are extremely low. The
reasoning for this observation is attributed to the eclipsing
interaction of the electron lone pairs on the oxygen atoms
and the presence of phenyl rings in the bridgehead positions.
Several studies have demonstrated that ET to O�O bonds is
non-adiabatic,[6,13,27, 38] possibly due to violation of the Born–
Oppenheimer approximation at the transition state during
ET to the O�O bond.[39] This electronic barrier is manifest-
ed as a kinetic contribution as observed by the low magni-
tude of ko


het. This kinetic barrier is the reason why endoper-
oxides with rather weak covalent bonds of 20 kcalmol�1 are
thermally stable with melting points in excess of 140 8C.


This study also highlights an unprecedented radical-anion
chain mechanism initiated by the concerted DET reduction
of a bicyclic endoperoxide. Upon reduction of 2, the distonic
radical anion 2a undergoes a b-scission fragmentation in
competition with direct reduction from the electrode. The
fragmentation results in the formation of ethylene and the
ketyl radical anion 2e, which can homogeneously reduce 2
and propagate the radical-anion chain mechanism. Although
a competing self-protonation mechanism involving 1,4-di-
phenyl-1,4-butanedione as well as the presence of other
weak non-nucleophilic acids can protonate the distonic radi-
cal anion 2a, thus decreasing the efficiency of the radical-
anion chain reaction, the significance of this unusual mecha-
nism should not be understated. Recently we reported, in
collaboration, the first example of a competition between a
concerted and stepwise DET mechanism for antimalarial
G3-factor endoperoxides,[40] which potentially opens up an
alternative mode of action. Our present results reveal anoth-
er novel mode of reactivity initiated by ET that could have
implications not only on understanding the reduction mech-
anism of naturally occurring endoperoxides, but could also
be useful in the design and synthesis of antimalarial prodrug
models.[41]


Experimental Section


Materials : N,N-Dimethylformamide (DMF) was distilled over CaH2


under a nitrogen atmosphere at reduced pressure. Tetraethylammonium
perchlorate (TEAP) from Fluka was recrystallized three times from etha-
nol and stored under vacuum. Flash chromatography was performed with
silica gel 60 (230–400 mesh ASTM) from EM science. Fractions were de-
veloped in the chosen eluant with Kieselgel 60F254 thin-layer chromatog-
raphy (TLC) plates and viewed by ultraviolet or visible light or iodine
staining. Methanol and ethanol were freshly distilled from magnesium.
Toluene was freshly dissolved from sodium and benzophenone. Photo-
oxygenation reactions were performed in solutions of spectroscopic grade
dichloromethane (Caledon) and benzene (EM Science). Other solvents
and reagents not specified were used without purification and obtained
from Aldrich.


Instrumentation : Melting points were recorded on an Electrothermal
9100 capillary melting point apparatus and were corrected. UV/Vis spec-
tra were recorded on a Varian Cary 100 Bio UV/Vis spectrometer. IR
spectra were recorded on a Bruker Vector 33 FT-IR spectrometer on
NaCl plates or in a solution cell. The IR frequencies were reported in
cm�1 and followed by a letter (w, m, or s) designating the relative
strength of the IR stretches as weak, medium, or strong. NMR spectra
were recorded on a Varian Mercury spectrometer and reported in ppm.
1H and 13C NMR spectra were recorded at 400.1 and 100.6 MHz, respec-
tively, with CDCl3 as the solvent. Spectra are reported in ppm versus tet-
ramethylsilane (d=0.00 ppm) for 1H NMR and CDCl3 (d =77.00 ppm)
for 13C NMR spectra. Mass spectrometry was performed on a MAT 8200
Finnigan high-resolution mass spectrometer by electron impact (EI) and
by chemical ionization (CI) with isobutane.


Synthesis : 1,4-Diphenyl-1,4-butanedione was synthesized by Friedel–
Crafts acylation by reacting succinyl chloride with benzene. 1,4-Diphen-
yl-1,4-butanediol was synthesized by reduction of 1,4-diphenyl-1,4-bu-
ACHTUNGTRENNUNGtanedione with excess sodium borohydride. The endoperoxides were syn-
thesized according to literature procedures with slight modifications.[14,15]


Compound 1: 1,4-Diphenyl-2,3-dioxabicyclo[2.2.2]oct-5-ene (1) was puri-
fied by flash chromatography using hexanes and dichloromethane (3:2)
and recrystallized from a mixture of diethyl ether/dichloromethane as
white needles (48%). M.p. 145–146 8C; 1H NMR (CDCl3, 400 MHz): d=


1.96–2.09 (m, 2H), 2.59–2.72 (m, 2H), 6.88 (s, 2H), 7.35–7.46 (m, 6H),
7.51–7.58 ppm (m, 4H); 13C NMR (CDCl3, 100 MHz): d=29.68, 78.37,
125.94, 128.24, 128.37, 136.32, 139.20 ppm; IR (CCl4): ñ =3090 (w), 3063
(s), 3033 (m), 2972 (m), 2935 (s), 2860 (w), 1496 (w), 1449 (s), 1370 (s),
1317 (w), 1184 (w), 1063 (m), 933 (m), 908 (m), 696 (s), 679 cm�1 (m);
MS EI: m/z (%): 264 (1) [M+], 233 (20), 232 (100), 154 (8), 141 (11), 115
(15), 105 (34), 91 (17), 77 (33); MS CI: m/z (%): 265 (8) [M++1], 249
(10), 248 (38), 233 (20), 232 (100), 218 (12), 206 (18), 105 (27), 77 (8);
exact mass: 264.1156 (calcd 264.1150).


Compound 2 : 1,4-Diphenyl-2,3-dioxabicyclo[2.2.2]octane (2) was recrys-
tallized from diethyl ether/methylene chloride to yield white needles
(63%). M.p. 193–195 8C; 1H NMR (CDCl3, 400 MHz): d=2.19–2.35 (m,
4H), 2.42–2.58 (m, 4H), 7.25–7.39 (m, 6H), 7.40–7.46 ppm (m, 4H);
13C NMR (CDCl3, 100 MHz): d=31.69, 78.24, 124.90, 127.68, 128.16,
141.97 ppm; IR (CCl4): ñ=3090 (w), 3064 (m), 3032 (m), 2969 (s), 2936
(s), 1496 (m), 1449 (s), 1437 (w), 1339 (m), 1119 (m), 1047 (w), 964 (w),
908 (m), 696 (s), 675 cm�1 (m); MS: m/z (%): 266 (25) [M+], 249 (32),
238 (9), 234 (11), 233 (19), 232 (33), 146 (9), 144 (9), 130 (40), 117 (14),
105 (100), 91 (16), 77 (57); exact mass: 266.1301 (calcd 266.1302).


Electrochemistry : Cyclic voltammetry was performed either on a Perkin–
Elmer PAR283, or 263A potentiostat interfaced to a personal computer
equipped with PAR270 electrochemistry software. Experiments were per-
formed with a three-electrode arrangement placed in a water-jacket cell
stored in an oven at 110 8C. It was placed in a copper Faraday cage,
purged with a continuous flow of high-purity argon and connected to a
cooling bath maintained at 25 8C throughout the entire experiment. The
electrolyte was added to the cell followed by DMF (25 mL) and a half-
inch magnetic stir bar. The solution was bubbled with argon to expel
oxygen from the solution. The working electrode was a 3 mm diameter
glassy carbon rod (Tokai, GC-20) sealed in glass tubing. Prior to use it
was polished on a polishing cloth with diamond paste, rinsed and sonicat-
ed in 2-propanol for 10 min and finally dried with a stream of cool air.
The working electrode was activated by cycling 25 times between 0 and
�2.8 V versus SCE at a scan rate of 0.2 Vs�1. The counter electrode was
a 1 cm2 Pt plate. The reference electrode was a silver wire immersed in a
glass tube with a sintered end containing 0.10m TEAP in DMF. After
each experiment, it was calibrated against the ferrocene/ferricinium
couple at 0.475 V versus KCl saturated calomel electrode (SCE) in DMF.


Heterogeneous product studies : Constant potential electrolyses were per-
formed with a Perkin–Elmer PAR263A potentiostat. The working elec-
trode was a 12 mm tipped glassy carbon rotating-disk electrode (EDI101)
with a CTV101 speed control unit from Radiometer Analytical. The
counter electrode was a platinum wire immersed in a glass frit containing
2 mm layer of neutral alumina. The reference electrode was a silver wire
contained in a sintered glass frit and stored in an electrolyte solution
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before use. A 3 mm glassy carbon electrode was used to probe the ex-
periment. After cell setup and activation of the probe electrode, the elec-
trolyte solution was pre-electrolyzed at a potential several hundred milli-
volts short of the solvent discharge. A voltammogram of the background
was recorded. The substrate was added to the solution and voltammo-
grams recorded. Electrolysis were performed at a constant potential, and
routinely halted to probe the decrease in current with added charge. A
plot of current by charge added to the cell allowed the required charge
for complete electrolysis to be determined. Electrolyses were continued
until the monitored peak current was reduced to the initial background.
Afterwards, dilute acetic acid (10 mL) was added to the cell and the con-
tents extracted with dichloromethane (3L15 mL). The organic extract
was washed with brine (3L20 mL) and water (20 mL), dried over sodium
sulphate and filtered; the solvent evaporated on a rotary evaporator.
Trace solvent was removed by vacuum pump. The mass balance was re-
corded and the products analyzed. Electrolyses were performed with
minimum concentrations of 1 mm endoperoxide.


Heterogeneous electrolysis products : From the electrolysis of 1,4-diphen-
yl-2,3-dioxabicyclo[2.2.2]oct-5-ene (1) was recovered 1,4-diphenyl-cyclo-
hex-2-ene-cis-1,4-diol in 100% yield; 1H NMR (CDCl3, 400 MHz): d=


1.61 (br s, 2H), 1.93–1.97 (m, 2H), 2.15–2.22 (m, 2H), 6.08 (s, 2H), 7.23–
7.31(m, 2H), 7.33–7.41(m, 4H), 7.49–7.56 ppm (m, 4H), alcohol peak
verified by deuterium exchange; 13C NMR (CDCl3, 100 MHz): d=36.38,
72.45, 125.29, 127.33, 128.27, 134.42, 145.83 ppm; IR (NaCl): ñ3348 (br s),
3078 (w), 3057 (w), 3024 (m), 2930 (s), 2920 (s), 2850 (w), 1652 (w), 1597
(w), 1446 (w), 1048 (m), 976 (m), 759 cm�1 (w); MS: m/z (%): 266 (7)
[M+], 238 (21), 220 (18), 146 (100), 133 (24), 105 (30), 91 (7), 77 (19);
exact mass: 266.1309 (calcd 266.1307). Note that prolonged exposure of
the diol in CDCl3 results in dehydration to p-terphenyl likely due to
trace acid. p-Terphenyl was measured to have a standard potential of
�2.298 V versus SCE and not observed during the electrolysis experi-
ments.


From the electrolysis of 1,4-diphenyl-2,3-dioxabicyclo[2.2.2]octane (2) at
the peak potential was recovered 1,4-diphenyl-cyclohexane-cis-1,4-diol in
98% yield; 1H NMR (CDCl3, 400 MHz): d=1.74 (br s, 2H), 2.14 (br s,
8H), 7.23–7.30 (m, 2H), 7.31–7.38 (m, 4H), 7.44–7.51 ppm (m, 4H), alco-
hol peak verified by deuterium exchange; 13C NMR (CDCl3, 100 MHz):
d=35.43, 72.64, 125.18, 127.25, 128.39 ppm (1 phenyl carbon atom is un-
accounted); IR (NaCl): ñ =3386 (br s), 3089 (w), 3060 (w), 3030 (w), 2946
(s), 2869 (w), 1559 (w), 1541 (w), 1495 (m), 1447 (w), 1051 (m), 976 (m),
762 (s), 700 cm�1 (s); MS: m/z (%): 268 (1) [M+], 250 (8), 233 (3), 222
(14), 221 (11), 145 (14), 135 (78), 134 (100), 131 (23), 120 (37), 105 (67),
91 (16), 77 (28); exact mass: 268.1464 (calcd 268.1463).


Acknowledgements


This work was financially supported by the Natural Sciences and Engi-
neering Research Council of Canada, the Government of Ontario
(PREA) and the University of Western Ontario. D.C.M. thanks the On-
tario Government for an OGSST postgraduate scholarship. Doug Hair-
sine is thanked for performing the mass spectroscopic measurements.


[1] Z. V. Todres, Organic Ion Radicals: Chemistry and Applications,
Marcel Dekker, New York, 2003.


[2] J. P. Stevenson, W. F. Jackson, J. M. Tanko, J. Am. Chem. Soc. 2002,
124, 4271–4281.


[3] J. M. Tanko, J. P. Phillips, J. Am. Chem. Soc. 1999, 121, 6078–6079.
[4] M. Chahma, X. Li, P. Phillips, P. Schwartz, L. E. Brammer, Y. Wang,


J. M. Tanko, J. Phys. Chem. A 2005, 109, 3372–3382.
[5] J. M. Tanko, X. Li, M. Chahma, W. F. Jackson, J. N. Spencer, J. Am.


Chem. Soc. 2007, 129, 4181–4192.
[6] R. L. Donkers, M. S. Workentin, Chem. Eur. J. 2001, 7, 4012–4020.
[7] M. S. Workentin, R. L. Donkers, J. Am. Chem. Soc. 1998, 120, 2664–


2665.


[8] D. C. Magri, R. L. Donkers, M. S. Workentin, J. Photochem. Photo-
biol. A 2001, 29–34.


[9] R. L. Donkers, M. S. Workentin, J. Phys. Chem. B 1998, 102, 4061–
4063.


[10] R. L. Donkers, M. S. Workentin, J. Am. Chem. Soc. 2004, 126, 1688–
1698.


[11] R. L. Donkers, J. Tse, M. S. Workentin, Chem. Commun. 1999, 135–
136.


[12] D. L. B. Stringle, M. S. Workentin, Chem. Commun. 2003, 1246–
1247.


[13] D. C. Magri, M. S. Workentin, Org. Biomol. Chem. 2003, 1, 3418–
3429.


[14] K. Gollnick, G. O. Schenck, in 1,4-Cycloaddition Reactions (Ed.: J.
Hamer), Academic Press, New York, 1967, pp. 255–343.


[15] Y. Takahashi, K. Wakamatsu, S. Morishima, T. Miyashi, J. Chem.
Soc. Perkin Trans. 2 1993, 243–253.


[16] D. J. Coughlin, R. S. Brown, R. G. Salomon, J. Am. Chem. Soc. 1979,
101, 1533–1539.


[17] W. Adam, H. J. Eggelte, J. Org. Chem. 1977, 42, 3987–3988.
[18] J.-M. SavMant, Adv. Phys. Org. Chem. 2000, 35, 117–192.
[19] S. Antonello, M. Musumeci, D. D. M. Wayner, F. Maran, J. Am.


Chem. Soc. 1997, 119, 9541–9549.
[20] F. G. Bordwell, Acc. Chem. Res. 1988, 21, 456–463.
[21] F. Maran, D. Celadon, M. G. Severin, E. Vianello, J. Am. Chem.


Soc. 1991, 113, 9320–9329.
[22] C. Amatore, G. Capobianco, G. Farnia, G. SandonU, J.-M. SavMant,


M. G. Severin, E. Vianello, J. Am. Chem. Soc. 1985, 107, 1815–1824.
[23] A. B. Meneses, S. Antonello, M. C. ArMvalo, F. Maran, Electrochim.


Acta 2005, 50, 1207–1215.
[24] The background subtracted voltammograms are transformed to sig-


moidal-shaped i-E curves by use of the convolution integral and the


experimental current i : Ilim=p�1/2
Rt


0


iðuÞ
ðt�uÞ1=2du. The limiting current,


Ilim, at the plateau of the sigmoidal-shaped i-E curves is diffusion-
controlled and define as Ilim=nFAD1/2C* in which n is the overall
electron consumption, A is the electrode area, D is the diffusion co-
efficient, and C* is the substrate concentration.


[25] F. Maran, D. D. M. Wayner, M. S. Workentin, Adv. Phys. Org.
Chem. 2001, 36, 85–166.


[26] D. D. M. Wayner, V. D. Parker, Acc. Chem. Res. 1993, 26, 287–294.
[27] R. L. Donkers, F. Maran, D. D. M. Wayner, M. S. Workentin, J. Am.


Chem. Soc. 1999, 121, 7239–7248.
[28] J.-M. SavMant, Adv. Electron Transfer Chem. 1994, 4, 53–116.
[29] H. Kojima, A. J. Bard, J. Am. Chem. Soc. 1975, 97, 6317–6324.
[30] Y.-R. Luo, Handbook of Bond Dissociation Energies in Organic


Compounds, CRC, Boca Raton, Florida, 2003.
[31] J.-M. SavMant, Acc. Chem. Res. 1980, 13, 323–329.
[32] J. Pinson, J.-M. SavMant, J. Am. Chem. Soc. 1978, 100, 1506–1510.
[33] S. E. Stein, R. L. Brown, Y. A. Mirokhin, in NIST Structures and


Properties Database and Estimation Program, Gaithersburg, MD,
1991.


[34] S. W. Benson, in Free Radicals, Vol. 2, 2nd ed., Wiley, New York,
1976.


[35] W. Adam, Acc. Chem. Res. 1979, 12, 390–396.
[36] W. Ando, Organic Peroxides, Wiley, New York, 1992.
[37] D. V. Avila, C. E. Brown, K. U. Ingold, J. Lusztyk, J. Am. Chem.


Soc. 1993, 115, 466.
[38] S. Antonello, F. Formaggio, A. Moretto, C. Toniolo, F. Maran, J.


Am. Chem. Soc. 2001, 123, 9577–9584.
[39] L. J. Butler, Annu. Rev. Phys. Chem. 1998, 49, 125.
[40] F. Najjar, C. AndrM-BarrVs, C. Lacaze-Dufaure, D. C. Magri, M. S.


Workentin, T. TzVdakis, Chem. Eur. J. 2007, 13, 1174–1179.
[41] P. M. ONNeill, P. A. Stocks, M. D. Pugh, N. C. Araujo, E. E. Korshin,


J. F. Bickley, S. A. Ward, P. G. Bray, E. Pasini, J. Davies, E. Verissi-
mo, M. D. Bachi, Angew. Chem. 2004, 116, 4289–4293; Angew.
Chem. Int. Ed. 2004, 43, 4193–4197.


Received: November 5, 2007
Published online: January 25, 2008


Chem. Eur. J. 2008, 14, 1698 – 1709 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1709


FULL PAPERElectron Transfer



http://dx.doi.org/10.1021/ja0041831

http://dx.doi.org/10.1021/ja0041831

http://dx.doi.org/10.1021/ja0041831

http://dx.doi.org/10.1021/ja0041831

http://dx.doi.org/10.1021/ja990921d

http://dx.doi.org/10.1021/ja990921d

http://dx.doi.org/10.1021/ja990921d

http://dx.doi.org/10.1021/jp050193i

http://dx.doi.org/10.1021/jp050193i

http://dx.doi.org/10.1021/jp050193i

http://dx.doi.org/10.1021/ja063857q

http://dx.doi.org/10.1021/ja063857q

http://dx.doi.org/10.1021/ja063857q

http://dx.doi.org/10.1021/ja063857q

http://dx.doi.org/10.1002/1521-3765(20010917)7:18%3C4012::AID-CHEM4012%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3765(20010917)7:18%3C4012::AID-CHEM4012%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3765(20010917)7:18%3C4012::AID-CHEM4012%3E3.0.CO;2-A

http://dx.doi.org/10.1021/ja974197f

http://dx.doi.org/10.1021/ja974197f

http://dx.doi.org/10.1021/ja974197f

http://dx.doi.org/10.1021/jp981457m

http://dx.doi.org/10.1021/jp981457m

http://dx.doi.org/10.1021/jp981457m

http://dx.doi.org/10.1021/ja035828a

http://dx.doi.org/10.1021/ja035828a

http://dx.doi.org/10.1021/ja035828a

http://dx.doi.org/10.1039/a807795i

http://dx.doi.org/10.1039/a807795i

http://dx.doi.org/10.1039/a807795i

http://dx.doi.org/10.1039/b301909h

http://dx.doi.org/10.1039/b301909h

http://dx.doi.org/10.1039/b301909h

http://dx.doi.org/10.1039/b305348b

http://dx.doi.org/10.1039/b305348b

http://dx.doi.org/10.1039/b305348b

http://dx.doi.org/10.1039/p29930000243

http://dx.doi.org/10.1039/p29930000243

http://dx.doi.org/10.1039/p29930000243

http://dx.doi.org/10.1039/p29930000243

http://dx.doi.org/10.1021/ja00500a027

http://dx.doi.org/10.1021/ja00500a027

http://dx.doi.org/10.1021/ja00500a027

http://dx.doi.org/10.1021/ja00500a027

http://dx.doi.org/10.1021/jo00444a055

http://dx.doi.org/10.1021/jo00444a055

http://dx.doi.org/10.1021/jo00444a055

http://dx.doi.org/10.1021/ja971416o

http://dx.doi.org/10.1021/ja971416o

http://dx.doi.org/10.1021/ja971416o

http://dx.doi.org/10.1021/ja971416o

http://dx.doi.org/10.1021/ar00156a004

http://dx.doi.org/10.1021/ar00156a004

http://dx.doi.org/10.1021/ar00156a004

http://dx.doi.org/10.1021/ja00024a041

http://dx.doi.org/10.1021/ja00024a041

http://dx.doi.org/10.1021/ja00024a041

http://dx.doi.org/10.1021/ja00024a041

http://dx.doi.org/10.1021/ja00293a003

http://dx.doi.org/10.1021/ja00293a003

http://dx.doi.org/10.1021/ja00293a003

http://dx.doi.org/10.1016/j.electacta.2004.07.046

http://dx.doi.org/10.1016/j.electacta.2004.07.046

http://dx.doi.org/10.1016/j.electacta.2004.07.046

http://dx.doi.org/10.1016/j.electacta.2004.07.046

http://dx.doi.org/10.1021/ar00029a010

http://dx.doi.org/10.1021/ar00029a010

http://dx.doi.org/10.1021/ar00029a010

http://dx.doi.org/10.1021/ja9906148

http://dx.doi.org/10.1021/ja9906148

http://dx.doi.org/10.1021/ja9906148

http://dx.doi.org/10.1021/ja9906148

http://dx.doi.org/10.1021/ja00855a005

http://dx.doi.org/10.1021/ja00855a005

http://dx.doi.org/10.1021/ja00855a005

http://dx.doi.org/10.1021/ja00473a030

http://dx.doi.org/10.1021/ja00473a030

http://dx.doi.org/10.1021/ja00473a030

http://dx.doi.org/10.1021/ja00055a015

http://dx.doi.org/10.1021/ja00055a015

http://dx.doi.org/10.1021/ja010799u

http://dx.doi.org/10.1021/ja010799u

http://dx.doi.org/10.1021/ja010799u

http://dx.doi.org/10.1021/ja010799u

http://dx.doi.org/10.1146/annurev.physchem.49.1.125

http://dx.doi.org/10.1002/chem.200600445

http://dx.doi.org/10.1002/chem.200600445

http://dx.doi.org/10.1002/chem.200600445

http://dx.doi.org/10.1002/ange.200453859

http://dx.doi.org/10.1002/ange.200453859

http://dx.doi.org/10.1002/ange.200453859

http://dx.doi.org/10.1002/anie.200453859

http://dx.doi.org/10.1002/anie.200453859

http://dx.doi.org/10.1002/anie.200453859

http://dx.doi.org/10.1002/anie.200453859

www.chemeurj.org






DOI: 10.1002/chem.200701548


Electron Exchange in Conformationally Restricted Donor–Spacer–Acceptor
Dyads: Angle Dependence and Involvement of Upper-Lying Excited States


Andrew C. Benniston, Anthony Harriman,* Peiyi Li, Pritesh V. Patel, and
Craig A. Sams[a]


Introduction


It is known that the strength of electronic coupling between
remote donor–acceptor pairs is sensitive to the length,[1]


composition,[2] and conformation[3] of the connecting spacer
group in donor–spacer–acceptor (D-Sp-A) molecular dyads.
Additional modulation of the coupling element arises from
variation of the mutual orientations[4] and of the energy
gap[5] between donor and spacer orbitals. Numerous theoret-
ical studies have addressed the issue of how the magnitude
of the coupling matrix element (VDA) varies with the geome-
try of the spacer unit.[6] This work has been complemented
by experimental studies with covalently linked D-Sp-A


dyads,[7] but it has proved difficult to produce systematic
series of dyads that differ only in the geometry of the
spacer. For example, varying the torsion angle between two
interconnected phenyl rings using bulky substituents at the
2- or 2,2’-position(s) also affects the electronic properties of
the spacer group. Even so, astonishing success has been real-
ized with single-molecule conductance measurements with
the spacer unit suspended between metallic electrodes.[8]


Here it has been shown[9] that there is a 20-fold variation in
conductance between planar and orthogonal phenylene
rings and that the variation in conductance shows a cos2 de-
pendence on the dihedral angle at the biphenyl connection.
Furthermore, this work confirms that electron transfer
through the p-orbitals is much more effective than through
the corresponding s orbitals.[9]


Considerable information has accrued regarding the elec-
tron-transfer dynamics for rigid D-Sp-A dyads, but confor-
mational heterogeneity introduces severe problems when in-
terpreting such data for flexible or semiflexible analogues.[10]


One solution to this problem involves embedding the dyad
in a glassy matrix[11] or viscous solvent.[12] A more demand-


Abstract: The rate constant for triplet
energy transfer (kTET) has been mea-
sured in fluid solution for a series of
mixed-metal Ru–Os bis(2,2’:6’,2’’-ter-
pyridine) complexes built around a
tethered biphenyl-based spacer group.
The length of the tether controls the
central torsion angle for the spacer,
which can be varied systematically
from 37 to 1308. At low temperature,
but still in fluid solution, the spacer
adopts the lowest-energy conformation
and kTET shows a clear correlation with
the torsion angle. A similar relation-
ship holds for the inverse quantum
yield for emission from the Ru–terpy
donor. Triplet energy transfer is more


strongly activated at higher tempera-
ture and the kinetic data require analy-
sis in terms of two separate processes.
The more weakly activated step in-
volves electron exchange from the
first-excited triplet state on the Ru–
terpy donor and the size of the activa-
tion barrier matches well with that cal-
culated from spectroscopic properties.
The pre-exponential factor derived for
this process correlates remarkably well


with the torsion angle and there is a
large disparity in electronic coupling
through p and s orbitals on the spacer.
The more strongly activated step is at-
tributed to electron exchange from an
upper-lying triplet state localized on
the Ru–terpy donor. Here, the pre-ex-
ponential factor is larger but shows the
same dependence on the geometry of
the spacer. Strangely, the difference in
coupling through p and s orbitals is
much less pronounced. Despite internal
flexibility around the spacer, kTET


shows a marked dependence on the
torsion angle computed for the lowest-
energy conformation.
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ing approach uses time-resolved infrared spectroscopy[13] to
monitor the dynamics of any conformational exchange that
competes with light-induced electron transfer. In the follow-
ing work, we investigate if the internal flexibility of the
spacer, this having been confirmed by molecular dynamics
simulations (MDS),[14] affects the rate of electron exchange
in semi-rigid D-Sp-A dyads. The spacer is composed of a
strapped 2,2’-dialkoxybiphenyl unit in which the length of
the strap controls the torsion angle between the two phenyl
rings.[14] Although these straps collapse into the lowest-
energy conformation in a low temperature glass, thereby
ACHTUNGTRENNUNGfacilitating a correlation between torsion angle and rate of
electron exchange,[15] a wider range of torsion angles is to be
expected in fluid solution. The main objective of this study
is to establish if the global rate constant for electron ex-
change in such dyads still remembers the mean torsion
angle pertaining to the lowest-energy conformer. A critical
aspect of the work, especially with respect to designing elec-
tronic switches, is to assess the relative importance of elec-
tron tunnelling through s and p bonds. This can be done by
comparing the magnitude of VDA for parallel and perpendic-
ular geometries of the biphenyl-based spacer.


We have previously reported electron exchange in these
same molecules at low temperature[15] at which conforma-
tional motion is severely retarded. Results similar to those
reported for single-molecule conductance were noted,[9] with
an 80-fold variation in the rates for planar and orthogonal
geometries. Also, the rates adhered to a crude cos2 relation-
ship with the central dihedral angle. We now examine what
happens in fluid solution at ambient temperature and em-
phasize any differences from the behaviour found in a glassy
matrix. It should also be noted that electron exchange has
been described[16] in a related trinuclear complex built from
similar modules.


Results and Discussion


The binuclear complexes, and their abbreviations, used in
this study are described in Scheme 1. The symmetrical
Ru–Ru complexes are used as reference compounds with
which to examine the rates of intramolecular electron ex-
change in the Ru–Os mixed-metal complexes. Synthesis,
ACHTUNGTRENNUNGpurification and full characterization are reported else-
where,[14] as is a description of the MDS studies. The strap
length imposes a preferred torsion angle (f) for the biphen-
yl spacer unit and this property varies from 378 for the
shortest strap to 1308 for the longest analogue (Table 1). Be-
cause of steric constraints, this strategy does not permit iso-
lation of the planar geometry, but the number of compounds
is increased on binding simple cations to the central void in-
herent to the crown ether variants. Details of the photophys-
ical properties of the binuclear Ru–Ru complexes are avail-
able in the literature,[17] as is a separate study of cation bind-
ing.[18]


The absorption spectra of the various mixed-metal com-
plexes are essentially superimposable and the characteristic


features of a metal–polyACHTUNGTRENNUNG(pyridine) complex are easily recog-
nized. For the mixed-metal complexes, there is a pro-
nounced spin-forbidden transition at wavelengths longer
than 600 nm that can be used for selective excitation into
the Os–terpy unit (terpy=2,2’:6’,2’’-terpyridine).[19] The spin-
allowed, metal-to-ligand, charge-transfer (MLCT) transi-
tions on the two metal complexes appear as a single transi-
tion cantered at about 500 nm, while the spacer unit absorbs
at around 300 nm (Figure 1). In deoxygenated acetonitrile at
ambient temperature, emission can be seen from the mixed-
metal complexes. This luminescence band is cantered at


Scheme 1. Molecular formulae for the various binuclear complexes inves-
tigated here. The abbreviations use R and O, respectively, to refer to
ruthenium(II) and osmium(II) cations, while C refers to a hydrocarbon-
based strap and CE to a corresponding crown ether strap. The numeral
included in the abbreviation refers to the number of carbon atoms in the
hydrocarbon strap or the number of oxygen atoms in the crown ether.


Table 1. Properties of the binuclear complexes in fluid solution at room
temperature.


f [8][a] FLUM
[b] tLUM [ns][b] tRu [ns][c]


RC1O 37 0.0015 170 21
RC2O 55 0.0025 165 24
RC3O 67 0.0025 170 22
RC4O 94 0.0020 150 25
RCE4O 122 0.0025 150 24
RCE5O 125 0.0020 155 26
RCE6O 130 0.0030 150 26


[a] Obtained for the lowest-energy conformation from computational
chemistry studies. [b]Refers to emission from the Os–terpy unit.
[c]Refers to the corresponding Ru–Ru binuclear complex.


Figure 1. Absorption and emission spectra recorded for RC3O in aceto-
ACHTUNGTRENNUNGnitrile at room temperature. The excitation wavelength was 460 nm.
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around 760 nm, but shows a pronounced shoulder at about
695 nm (Figure 1). Comparison with appropriate reference
compounds,[19] including the corresponding Ru–Ru com-
plexes,[17] shows that this emission arises from the Os–terpy
unit. The spectral profile is independent of excitation wave-
length and there is good agreement between excitation and
absorption spectra across the entire region. The emission
decays with first-order kinetics with a lifetime (tLUM) in the
order of 160�15 ns at 295 K (Table 1). Under the same con-
ditions, the emission quantum yield (FLUM) is around
0.0025�0.0010 and is insensitive to the strap length
(Table 1). It is tempting to assign the shoulder seen at
695 nm to emission from the Ru–terpy unit, but this is most
unlikely. Thus, the same profile is seen when only the Os–
terpy unit is excited and is still evident in the mononuclear
complex bearing an ethyne substituent. This emission band,
for which the intensity increases with increasing tempera-
ture, is safely assigned to hot emission from the fourth
MLCT triplet state localized on the Os–terpy unit.[19,20] It is
coincidence that the peak is in a position expected for the
Ru–terpy complex.


Nanosecond laser flash photolysis studies made for the
Ru–Os binuclear complexes in deoxygenated acetonitrile at
room temperature are also characteristic of the Os–terpy
unit (Figure 2). The differential absorption spectrum shows


bleaching of the MLCT transition at 500 nm and weak ab-
sorption at lower and higher energies. The spectrum is inde-
pendent of excitation wavelength, on these timescales, and
insensitive to changes in strap length. Lifetimes recorded for
the triplet states are very similar to those derived by time-
resolved emission spectroscopy. For the Ru–Ru binuclear
complexes, the differential transient absorption spectra
differ from those described above (Figure 2), while the life-


times (tRu) are on the order of 25�5 ns at room tempera-
ture (Table 1). The peak of the bleaching signal is blue shift-
ed to about 485 nm—this is an important marker by which
to monitor intramolecular triplet-energy transfer—while
there is more pronounced absorption in the far-red region.
Consequently, we can conclude that efficient energy transfer
occurs from Ru–terpy to Os–terpy at ambient temperature
in fluid solution. This behaviour is similar to that found in a
glassy matrix,[15] but the dynamics are faster in solution.


On cooling a solution of the Ru-Os mixed-metal com-
plexes in butyronitrile, and using an excitation wavelength
of 480 nm at which the Ru–terpy unit absorbs 65% of inci-
dent photons, the total emission intensity increases progres-
sively. In addition, a new emission band becomes apparent
at higher energy and is cantered at about 675 nm (Figure 3).


This latter emission can be assigned[17] to the Ru–terpy unit
by comparison to the corresponding Ru–Ru binuclear com-
plexes. The relative intensity of this emission is always much
less than that of the Os–terpy unit, despite the more favour-
able absorption profile of the Ru–terpy unit. This situation
can be well explained in terms of activated triplet-energy
transfer along the molecular axis.[16] As such, luminescence
from the Ru–terpy unit becomes more favourable as the
temperature is lowered. It should also be noted that the
photophysical properties of the Ru–Ru binuclear com-
plexes[17] are strongly dependent on temperature, because of
thermal population of a high-lying, metal-cantered triplet
state that is coupled to the ground state. Thus, decreasing
the temperature serves to both slow down triplet-energy
transfer and raise the emission probability for the Ru–terpy
donor. The net result is a steady increase in emission from
the Ru–terpy unit as the temperature decreases.


To confirm that the new emission band is indeed due to
the Ru–terpy unit, a detailed spectral deconvolution was
made for low-temperature spectra for which the overall in-
tensity is relatively high (Figure 4). Under these conditions,
the observed spectrum can be split into two series, each
composed of three bands. The low-energy series corresponds
to emission from the Os–terpy unit[19] and has a 0,0-transi-
tion at 13030 cm�1. The series is composed of low


Figure 2. Transient differential absorption spectra recorded after laser ex-
citation (l =480 nm; FWHM=4 ns) of RC3O (top) and RC3R (bottom)
in deoxygenated acetonitrile at room temperature. Spectra were recorded
at different times after the excitation pulse.


Figure 3. Effect of decreasing the temperature on the emission spectrum
recorded for RC3O in deoxygenated butyronitrile. The excitation wave-
length was 480 nm. Spectra were recorded at 10 K intervals from 290 to
160 K.
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(hwL=515 cm�1) and medium (hwM =1,095 cm�1) frequency
vibrational modes coupled to the decay process. These
values are fully consistent with emission from an Os–terpy
unit bearing a single ethyne substituent. Likewise, the high-
energy series, for which the 0,0-transition is located at
14750 cm�1, can be attributed to the Ru-terpy unit by refer-
ence to earlier work[19,21] and by comparison to the Ru–Ru
binuclear complexes.[17] Here, the vibrational progression in-
cludes low (hwL =750 cm�1) and medium (hwM =1,225 cm�1)
frequency modes. It should be noted that the small but sig-
nificant increase in emission yield found for the Os–terpy
unit is entirely consistent with previous work carried out
with ethynylated Os–terpy derivatives.[19] Here, the rate con-
stant for nonradiative decay of the Os–terpy triplet state de-
creased a factor of about three on cooling from 290 K to
160 K. The difference in 0,0-transitions can be used to give
an estimate of the energy gap (DETT =1,720 cm�1) between
donor and acceptor triplets. Furthermore, analysis of the
emission band shapes as a function of temperature allows
calculation of the total reorganization energy accompanying
triplet-energy transfer (lTT) as being 1000 cm�1.


By using this spectral deconvolution procedure, the quan-
tum yields for emission from the Ru–terpy unit at 170 K
were determined by reference to the Ru–Ru binuclear com-
plexes and allowing for the percentage (i.e. , 65%) of light
absorbed by this chromophore. The derived values (FLUM)
are collected in Table 2. At this temperature, butyronitrile is


fluid, but [presumably] highly viscous. The quantum yields
are low, but there is a clear correlation with the length of
the strap, leading to a 50-fold variation throughout the
series. Moreover, the emission lifetimes measured at this
temperature (tRu), these being much more accurate than the
FLUM values, show a definite trend as the central dihedral
angle changes (Table 2). We can calculate the rate constant
(kTET) for triplet-energy transfer by comparing lifetimes
measured for appropriate pairs of Ru–Os and Ru–Ru com-
plexes (Table 2), restricting attention to the Ru–terpy unit.
At 170 K, it can be seen that kTET correlates nicely with the
central torsion angle, with a minimum at 90 8 and a maxi-
mum at 0 8. At this temperature, it is reasonable to suppose
that the strap adopts the lowest-energy conformation and
the behaviour found at 170 K tends to confirm the situation
already known to exist in the glassy matrix in which kTET is
highly dependent on the dihedral angle.[15] The large uncer-
tainty associated with the measured FLUM values and the
limited information that be extracted from a single tempera-
ture[16] preclude detailed analysis of these results in terms of
their exact correlation with f.


Emission from the Ru–terpy donor is too weak for similar
measurements to be made at ambient temperature and
there is the additional problem that the inherent triplet life-
time of the donor, measured for the Ru–Ru binuclear com-
plexes,[17] is much shorter under these conditions (Table 1).
As such, triplet-energy transfer has to compete with fast
nonradiative decay of the donor triplet. The required rate
constants were derived by laser flash photolysis studies car-
ried out as a function of temperature and with 50 ps tempo-
ral resolution. From the transient spectra shown in Figure 2,
it appears that the Ru–terpy triplet can be monitored with
reasonable selectivity at approximately 750 and 450 nm.
This situation is confirmed by the studies carried out for
RC3O, for which the spectral records evolve steadily over a
few nanoseconds following laser excitation at 480 nm
(Figure 5). The final spectrum, recorded at 10 ns, agrees well
with that found during the ns laser flash photolysis studies
and assigned to the Os–terpy triplet, but there are clear ki-
netic processes apparent on shorter time scales (Figure 6).


Figure 4. Deconvolution of the emission spectrum recorded for RC3O in
deoxygenated butyronitrile at 190 K into components belonging to the in-
dividual terminals. The spectra corresponding to Ru–terpy are shown in
light grey and those for Os–terpy are shown in dark grey.


Table 2. Properties of the binuclear complexes in butyronitrile at 170 K.


105 FLUM
[a] tLUM [ns][a] tRu [ns][b] kTET [108 s�1]


RC1O <3 2.1 415 4.6
RC2O 8 6.2 320 1.6
RC3O 23 19.8 390 0.48
RC4O 140 140 1280 0.06
RCE4O 20 18.2 360 0.52
RCE5O 13 11.3 460 0.86
RCE5O/Na+ 160 145 1470 0.06
RCE6O 5 4.7 360 2.1
RCE6O/Na+ 15 13.2 1205 0.75
RCE6O/K+ 46 40.4 1495 0.24


[a] Refers to emission from the Ru–terpy unit. [b]Refers to the corre-
sponding Ru–Ru binuclear complex.


Figure 5. Transient differential absorption spectra recorded after laser ex-
citation of RC3O in deoxygenated butyronitrile at room temperature.
Spectra were recorded at delay times of 0, 0.5, 1.0, 1.5, 2, 3, 4, and 6 ns.
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On the basis of a global fit to the sum of exponentials, the
lifetime for the Ru–terpy unit in RC3O is derived to be
1.7�0.2 ns at 295 K. The corresponding Os–terpy triplet
does not decay on this timescale. Comparing the lifetime
found for the Ru–terpy unit in RC3O with that in RC3R
(tT =22�3 ns), we find that kTET =5.3J108 s�1 under these
conditions. Repeating this rather tedious procedure from
295 to 160 K allows determination of the temperature de-
pendence for triplet-energy transfer in fluid butyronitrile.


The results of these temperature-dependent studies can
be expressed in the form of an Arrhenius-type plot
(Figure 7). It is seen that, for each system, kTET tends to-
wards a weakly activated process at low temperature, but
the rate is more strongly activated at higher temperature.
Comparable behaviour was noted previously for the tri-
ACHTUNGTRENNUNGnuclear complex.[16] Before attempting to analyze these data
it is worth stressing that triplet-energy transfer is essentially
quantitative in all cases and that no other competing process
is apparent from the flash photolysis records. That is to say,
no intermediate species could be detected. Furthermore, we
consider that triplet-energy transfer occurs exclusively by
way of through-bond electron exchange, which can be de-
scribed in terms of simultaneous transfer of an electron and


a positive hole.[22] This allows the reaction to be considered
in terms of Marcus theory.[23]


As mentioned above, analysis of the temperature-depen-
dent kinetic data (Figure 7) demands two activated process-
es with disparate activation parameters. Assuming that both
steps are controlled by long-range electron exchange, data
analysis can be attempted along the lines set by Equa-
tion (1). Here, the two activated processes are assigned pre-
exponential factors of A and B, respectively, and each has
an associated free-energy of activation, denoted as EA and
EB respectively. The only constraints imposed on the system
are that A!B and EA !EB. As such, the lower-temperature
region provides information about A, whereas process B
dominates in the high temperature limit. Focussing firstly on
the low-temperature region, it appears that the activation
barrier EA is independent of strap length and has an aver-
aged value of about 130 cm�1 (Table 3). This is a relatively


small barrier, showing the process to be weakly activated. It
is well explained in terms of Equation (2), with
DETT =1720 cm�1, lTT =1000 cm�1 and n=0. This last term
refers to the number of medium-frequency vibrational
modes that contribute to the activation energy.[24] The de-
rived values of A vary significantly throughout the series
and it is clear that there exists a precise relationship be-
tween A and the central torsion angle, f (Table 3). Indeed,
A is at a minimum when f approaches 908 and at a maxi-
mum for the coplanar geometry of the spacer. To take due
account of this angle dependence, and allowing for the ab-
sence of quantum mechanical effects (i.e., n=0), it is possi-
ble to express A in terms of Equation (3). Here, Vs and Vp


refer to the electronic coupling matrix elements for electron
tunnelling through s and p orbitals, respectively, and c is as
described by Equation (4), with S being the Huang–Rhys
factor.[25] On the basis of these equations, we might expect
that A should scale according to cos4 f.


kTT
ffiffiffiffi
T
p
¼ Ae�


EA
kBT þ Be�


EB
kBT ð1Þ


Figure 6. Kinetic decay traces recorded after laser excitation of RC3O in
deoxygenated butyronitrile. Individual traces were recorded at 440, 570,
and 650 nm.


Figure 7. Arrhenius-type plots made for triplet-energy transfer in RC1O
(grey) and RC3O (black) dissolved in deoxygenated butyronitrile. The
solid lines drawn through the data points are the best least-squares fits to
two activated processes.


Table 3. Values for the pre-exponential factors and activation barriers
derived from the temperature-dependence studies made in butyronitri-
le.[a]


A [107 s�1K
1=2] EA [cm�1] B [1010 s�1K


1=2] EB [cm�1]


RC1O 137 135 30 1150
RC2O 38 120 18 1090
RC3O 12 132 11 1130
RC4O 0.95 133 4.6 1140
RCE4O 14 128 5.3 1120
RCE5O 25 136 8.5 1130
RCE5O/Na+ 1.3 124 2.6 1160
RCE6O 59 130 15 1120
RCE6O/Na+ 21 132 6.1 1110
RCE6O/K+ 6.1 126 5.0 1160


[a] Refer to Equations (1)–(4).
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EA ¼
ðlTTþnhwM�DETTÞ2


4lTT
ð2Þ


A ¼ cðVsþVpcos2�Þ2 ð3Þ


c ¼ 2p


�h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkBlTT


p X1
n¼0


e�S
�
Sn


n!


�
ð4Þ


The experimental results fully support this hypothesis
(Figure 8). By extrapolation, it appears that A varies by a
factor of almost 350-fold for parallel and perpendicular geo-


metries of the spacer unit. Electron exchange across the co-
planar geometry is predicted to occur with a pre-exponential
factor of about 3.4J109 s�1K


1=2. Furthermore, values for Vs


and Vp of 0.027 and 0.52 cm�1, respectively, can be derived
from these limits. This relative ordering compares well with
the factor of approximately 20 obtained from single-mole-
cule conductance studies made with substituted biphenyl de-
rivatives.[9] The difference is significantly more pronounced
than that found previously for hole transfer through related
systems, for which the coupling element increased by a
factor less than twofold on moving from orthogonal to co-
planar geometries.[26] This latter finding might be suggestive
of the possibility that different electronic processes have dis-
parate sensitivities towards such angular effects. If correct,
this would be a most important finding, because it would
provide the opportunity to employ such angular constraints
as a means by which to discriminate between rates of for-
ward and reverse electron transfer in molecular dyads. All
indications point to process A being associated with long-
range electron exchange from the lowest excited triplet state
of the Ru–terpy donor to the corresponding triplet state lo-
calized on the Os–terpy acceptor. It is remarkable that the
integrity of the torsion-angle dependence is maintained for
this process, given the inherent flexibility of the spacer and
the fact that the surrounding medium is fluid.


Attention can now be turned to the more strongly activat-
ed process associated with B for which the activation barrier
(EB) appears to be independent of strap length and tends to-


wards an average value of 1130 cm�1. The derived values for
B greatly exceed those found for A (Table 3), but show a
similar dependence on strap length (Figure 8). In this case,
the limiting pre-exponential factor for the co-planar geome-
try is extrapolated to be 6.4J1011 s�1K


1=2 and is some 15-fold
higher than that found for the orthogonal geometry. This
means that the sensitivity towards the angle dependence is
much less pronounced than for process associated with A.
Since B exceeds 3.4J109 s�1K


1=2 it cannot refer to long-range
electron exchange across the co-planar geometry. In turn,
EB cannot be associated with internal twisting of the spacer
to reach a co-planar geometry, because this would require B
to be independent of strap length and for EB to vary with
torsion angle. Neither of these features is apparent in the
experimental results. Likewise there is no reason to suppose
that the spacer has a relatively low-lying p,p* triplet state
that can be accessed from the donor triplet at elevated tem-
peratures.[27]


Although the energy of the p,p* triplet is unknown, there
is no indication for coupling between this state and the
lowest-energy MLCT triplet state localized on the Ru–terpy
donor. Such interaction should lead to a prolongation of the
lifetime of the MLCT triplet and it is clear that this is not
the case for the Ru–Ru binuclear complexes. An alternative
explanation that fits all the observations, and takes due ac-
count of earlier work made with several ethynylated Ru–
terpy derivatives,[17,19] is that the process associated with B
involves thermal population of the so-called fourth MLCT
triplet state localized on the donor. This species is believed
to reside about 580 cm�1 above the lowest-energy triplet en-
semble[17,19] and has been detected by luminescence spec-
troscopy for the Ru–Ru binuclear complexes. Our kinetic
results can be [tentatively] interpreted in terms of this
upper-lying triplet state acting as a donor for long-distance
triplet-energy transfer.


To do so, we can consider the overall situation in terms of
the potential-energy-level diagram presented as Figure 9.
Here, triplet-energy transfer from the lowest-energy MLCT


Figure 8. Relationship between the normalized pre-exponential factors A
and B (units: s�1K


1=2) and the central torsion angle of the bridging bi-
phenyl unit.


Figure 9. Potential-energy-level diagram proposed to explain triplet-
energy transfer in the mixed-metal binuclear complexes. The symbols
hOsi*, hRui*, and hRu4i* refer to the lowest-energy MLCT triplet states
localized on Os-terpy and Os-terpy and the so-called fourth MLCT trip-
let on Ru-terpy, respectively. The activation energies, energy gaps, and
total reorganization energies are marked. Note, E’B refers to the electron
exchange contribution to EB.
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triplet state on the Ru–terpy donor is slightly inverted and
the donor–acceptor pair is weakly coupled. The fourth
MLCT triplet localized on the Ru–terpy donor resides some
580 cm�1 above the lower-energy MLCT triplet such that
DETT increases to 2300 cm�1. This pushes the consequent
triplet-energy transfer step deeper into the inverted
region—a detailed analysis[17,19] of the emission spectral pro-
file shows that lT for the fourth MLCT triplet is decreased
to 350 cm�1, compared to 510 cm�1 for the lowest-energy
MLCT triplet. Thus, the activation barrier for this process is
calculated from Equation (2) (n=0) to be about 635 cm�1.
The average value for EB (=1130 cm�1) obtained by experi-
ment compares extremely well with the sum (=1215 cm�1)
of the energy gap between the two MLCT triplets and the
calculated activation barrier. As such, we can attribute the
more strongly activated process to a combination of thermal
population of the upper-lying triplet and the subsequent ac-
tivation energy for electron exchange. Within this model,
and with lTT =840 cm�1, Vs and Vp values of 1.7 and
5.3 cm�1, respectively, are calculated from the limits set by
Figure 8.


It is notable that electronic coupling between the reac-
tants is markedly different for the two MLCT triplet states.
Earlier work has shown that the fourth MLCT possesses
somewhat more “singlet” character[28] than the lower-lying
ensemble and couples more strongly to the metal-cantered
triplet state. What is especially significant is the observation
that Vs is greatly increased for the uppermost MLCT triplet.
Indeed, whereas there is a 12-fold increase in Vp on moving
to the upper-lying state, the increase in Vs is 55-fold. It
seems unlikely that such a large increase can be explained
in terms of the smaller energy gap between the donor and
spacer.[29] A proper explanation of this effect, however, must
wait until more datasets have been acquired.


Conclusion


In pursuing the notion of an angle dependence in fluid solu-
tion we have encountered several important points: Firstly,
the sensitivity of kTET towards the central torsion angle im-
posed on the spacer is preserved in solution and is not
dampened out by fluctuations. In effect, it seems likely that
internal motion around the connecting bond is accompanied
by a small activation energy that is encompassed in the
global EA term. The full effect of viscosity is unlikely to be
exerted, since the geometry change is modest and the mole-
cule might well reside in a cavity inside the solvent struc-
ture, even at low temperature. This opens up the possibility
to design electronic switches that operate at the molecular
level by inducing a large-scale change in the conformation
of a biphenyl-based spacer unit. As such, the next phase of
the operation is to devise a suitable switching mechanism.


It has also been shown that intramolecular triplet-energy
transfer can take place from the so-called[30] fourth MLCT
triplet state associated with the Ru–terpy donor. Recently, it
was established that this latter triplet state is prominent for


ethynylated terpy derivatives and some of its spectroscopic
properties have been determined.[17,19] It is believed to pos-
sess more “singlet-like” character than the lowest-energy
MLCT triplet state and it is known to couple strongly to the
metal-cantered triplet localized on the Ru–terpy unit. The
real significance of this finding is that the fourth MLCT trip-
let has a much higher electronic coupling matrix element for
electron exchange than is available to the normal MLCT
triplet. This is especially so for coupling through the sigma
orbital and consequently kTET displays non-Arrhenius behav-
iour. The possibility that the sensitivity to the angular effect
decreases with increasing VDA is intriguing, although we
have only three datasets, and might offer a chance to control
electron-transfer rates. This realization has special relevance
to the stabilization of charge-separated states against fast
charge recombination.


Finally, it should be noted that the tethered spacers are in-
herently chiral and, in certain cases, it should be possible to
resolve the mixture of atropisomers. This would enable a
systematic evaluation of how the rates of electron transfer
depend on the handedness of the spacer,[31] a feature of
great interest in biological processes. Recent work with mac-
roscopic electrodes twisted into helical wires has concluded
that the electrical resistance of the conductor depends on its
handedness. We now have the opportunity to test this hy-
pothesis at the molecular level.


Experimental Section


Detailed synthetic procedures to obtain the title compounds have been
described previously.[14] The compounds were purified by extensive silica
gel chromatography (CH3CN/H2O/KNO3(aq)) and identified by a
number of analytical techniques including electrospray and MALDI mass
spectrometry, 1H NMR spectroscopy, and elemental analysis. Prior to
making the spectroscopic studies, each complex was passed down a prep-
arative thin-layer chromatography (tlc) plate using spectroscopic grade
solvents to avoid the introduction of luminescent impurities. The binding
of cations (Li+ , Na+ , K+) in the crown ether cavities for RCE5O and
RCE6O (for a definition of the abbreviations see legend of Scheme 1)
was studied by using simple biphenyl-based polyether analogues. To sum-
marize the findings, the ES mass spectral records confirmed a metal:li-
gand ratio of 1:1 across the whole cation series, with no sign of higher
order assemblies. The association constants for the ligands towards the
various cations in acetonitrile, as measured by fluorescence quenching
experiments,[18] were in the order of 3–7500m


�1. Quantum chemical calcu-
lations were used to obtain dihedral angles and molecular dynamics sim-
ulations provided the variation in angle around the mean value.[14]


The instrumentation used for the spectroscopic studies has been de-
scribed before.[17,19] The sample was dissolved in butyronitrile and thor-
oughly deoxygenated. The temperature was controlled with an Oxford
Instruments Optisat DN cryostat and emission studies were made with a
Jobin–Yvon Fluorolog tau-3 spectrophotometer. Time-resolved emission
studies were made by time-correlated, single-photon counting methods.
Laser flash photolysis studies were made with a series of instruments, ac-
cording to the time resolution required for that particular measurement.
All studies were made by comparison of the Ru–Os and Ru–Ru com-
plexes under identical conditions.
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Introduction


Zeolites are an important class of microporous crystalline
aluminosilicates. Due to the unique combination of acid
properties and a well-defined framework, zeolites with the
MFI topology are widely used as catalysts in many industrial
applications, such as oil refining, petrochemistry, and the
manufacture of organic intermediates in the fine chemical
industry.[1] However, the purely microporous character of
zeolites often results in a reduced catalytic activity due to
diffusion limitations. To alleviate this, several approaches
are practiced to enhance mass transport in the pores of the
zeolite, for example, synthesis of zeolite particles in the
nanometer range (<200 nm),[2] synthesis of wide-pore zeo-
lite crystals,[3,4] and delamination of lamellar zeolite precur-


Abstract: A combination of optical and
fluorescence microscopy was used to
study the morphology of micro- and
mesoporous H-ZSM-5 zeolite crystals
(171414 mm) and to evaluate, in a spa-
tially resolved manner, the effect of
mesoporosity, introduced via desilica-
tion, on catalytic performance. For this
purpose, the oligomerization of various
styrene molecules was used as a model
reaction, in which the carbocation in-
termediates formed in the zeolite pores
act as reporter molecules. In situ confo-
cal fluorescence measurements after
the template removal process showed
that the crystals generally consist of
three different subunits that have pyra-
midal boundaries with each other. Ex-
amination of these crystals during sty-
rene oligomerization revealed differen-
ces in the catalytic activity between the


purely microporous and the combined
micro- and mesoporous crystals. The
introduction of intracrystalline meso-
porosity limits the formation to dimeric
carbocation intermediates and facili-
tates the transport of styrene molecules
inside the zeolite volume. This leads to
a more uniform coloration and fluores-
cence pattern of the crystals. Moreover,
the oligomerization of various styrene
compounds, which differ in their reac-
tivity, provides a good way of estimat-
ing the Brønsted acid strength in a spa-
tially resolved manner, showing a non-
homogeneously distributed Brønsted
acidity over the volume of the crystals.


More detailed information on the
structure of the ZSM-5 crystals was re-
vealed for mesoporous crystals during
the oligomerization of 4-methoxystyr-
ene. This reaction induced an “explo-
sion” of the crystal leading to the for-
mation of a complex system with at
least eight different subunits. Finally,
polarized-light microscopy was used to
unravel the pore geometry in these in-
dividual building blocks. The observed
differences in catalytic behavior be-
tween micro- and mesoporous ZSM-5
crystals are strengthened by the micro-
spectroscopic techniques employed,
which show that upon desilication the
crystal morphology is affected, the
product distribution is changed towards
less conjugated carbocation intermedi-
ates, and that a gradient in Brønsted
acid strength appears to be present.
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sors.[5] Another way to increase diffusion properties without
affecting the channel framework is the synthesis of hierarch-
ical zeolitic materials with introduced mesoporosity. Com-
monly used methods include the preparation of composite
materials in which zeolite domains are embedded in meso-
porous supports, the synthesis of micro- and mesoporous
zeolitic material through carbon templating, soft templating
using multifunctional surfactants, and dealumination by hy-
drothermal treatment or acid leaching.[6–11] The latter
method, in which aluminum is selectively removed from the
zeolite framework, has been successfully applied to create
mesoporosity in zeolite Y and mordenite. One of the main
drawbacks of this method is that the Brønsted acidity of the
zeolite material is severely affected, and the materials may
thus become less suitable for acid-catalyzed reactions. More-
over, it has been demonstrated that this postsynthesis modi-
fication treatment most often leads to encapsulated porosi-
ty,[12,13] which is not readily accessible and, therefore, only
contributes to the improved diffusion in a limited way.


Recently, Groen et al. developed a novel postsynthesis
treatment to introduce mesoporosity into the zeolite frame-
work.[14–20] In contrast to dealumination, silicon is selectively
extracted from the framework in alkaline media, thereby
creating mesopores without, in principle, affecting the
Brønsted acidity. This approach has been successfully ap-
plied to both ZSM-5[21] and mordenite crystals.[22] Transient
uptake measurements of neopentane over large crystals
demonstrated a two orders of magnitude higher rate of dif-
fusion for the combined micro- and mesoporous zeolite as
compared to the purely microporous parent sample. Apart
from this key result, little is known about the role of the
mesopores during catalytic reactions, that is, whether their
surface participates in the catalytic reaction or merely pro-
vides highways to the Brønsted acid sites confined in the mi-
cropores; also, the exact location in the crystal is not pre-
cisely known. In 2002, Corma et al. suggested, based on
measurements with di-tert-butylpyridine, that the external
surface (mesopore walls) exhibits acidic properties and thus
could participate in acid-catalyzed conversions.[23]


Herein, we study the microporous and combined micro-
and mesoporous (subsequently referred to as desilicated or
mesoporous) ZSM-5 crystals synthesized by Groen et al. ,[24]


making use of in situ microspectroscopic techniques. To ex-
amine the intergrowth structure of these zeolite materials,
confocal fluorescence microscopy was employed, based on
the mapping of the template removal process in individual
crystals.[25] The effect of mesoporosity on the shape selectivi-
ty and catalytic activity was studied by the oligomerization
of different styrene compounds.[26,27] Furthermore, optical
microspectroscopic examination by using polarized light re-
vealed the microscopic alignment of styrene product mole-
cules in the micropores of the zeolite crystals and, hence,
the pore orientation.


Results and Discussion


Detailed information on the combined approach developed
in our laboratory, based on confocal fluorescence microsco-
py and polarized-light optical microspectroscopy, can be
found in a recent publication.[27] All measurements were per-
formed in the same in situ spectroscopic cell, thus making
the obtained experimental data fully complementary. In
Figure 1, scanning electron microscopy (SEM) images of the


171414 mm micro- and mesoporous ZSM-5 crystals are pre-
sented along with energy-dispersive X-ray (EDX) analysis
over the long axis of the crystals. From the SEM images, it
can be seen that the morphology of the mesoporous crystals
is severely affected by the desilication treatment, leading to
a damaged middle part of the crystals. Furthermore, EDX
measurements demonstrate that within the experimental ac-
curacy of the method, no aluminum gradient is present in
the microporous crystals. In the case of the mesoporous
crystals, during the desilication treatment not only silicon is
removed from the framework but also, to a lesser extent,
aluminum, as reflected by the Si/Al ratio of the filtrate,
which was determined to be 1000.[22] In addition, a higher
degree of silicon extraction and accompanying mesoporosity
formation is expected to occur at the crystal boundaries,
that is, the intergrowth regions, leading to an inhomogene-
ous Si/Al ratio over the long axis of the crystals (Figure 1c).
The reported Si/Al ratios are in good agreement with earlier
values determined by inductively coupled plasma atomic-
emission spectrometry (30 and 24 for microporous and mes-
oporous crystals, respectively).[24]


Reconstruction of the intergrowth structure of the ZSM-5
crystals by in situ confocal fluorescence microscopy: Zeolitic
materials, such as SAPO-5, SAPO-34, and ZSM-5, are not
single-crystalline and comprise distinct subunits, evidencing
a complex intergrowth structure.[25,28] As the pore geome-
tries in the different building blocks within each of these
structures are not always identical, this phenomenon has a
large effect on the accessibility of the pores in different re-
gions of the crystals, which may, therefore, significantly


Figure 1. SEM images of the a) microporous and b) mesoporous H-ZSM-
5 crystals (size 171414 mm). Scale bar: 5 mm. c) SEM-EDX measure-
ments over the long axis of the microporous (red curve) and mesoporous
(black curve) crystals. Experimental error of the Si/Al ratios was estimat-
ed to be around 20%.
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affect the catalytic activity. To investigate the intergrowth
structure of the micro- and mesoporous ZSM-5 crystals
under study, the as-synthesized crystals were calcined at
773 K for 1 h, cooled to room temperature, and confocal
fluorescence images were taken. This allows reconstruction
of a three-dimensional spatial distribution of the fluorescent
species within the specimen. On heating, the template de-
composes accompanied by the formation of light-absorbing
and -emitting species. As the accessibility of the porous net-
work in the subunits varies,[29,30] following the template re-
moval process in time enables visualization and reconstruc-
tion of the individual building blocks. Recently, the inter-
growth structure of similar, though larger, ZSM-5 crystals
was revealed in this manner.[25]


Figure 2 shows confocal fluorescence images of the micro-
porous ZSM-5 crystals taken after cooling, which reveal the
location of the fluorescent species originating from the tem-
plate removal phenomena. Firstly, from the confocal top-
view image (Figure 2a) intense fluorescence is observed in
the middle part of the crystal, indicative of more fluorescent
species being present in this region than in the outer parts,
and suggesting that the different parts are not interconnect-
ed. Secondly, examination of the fluorescence patterns in
Figure 2b and d leads to more detailed information on the
three-dimensional shape of the middle subunit. These side-
view images point out that the most intense fluorescence is
observed exactly underneath the middle part and is pyrami-
dal in shape. Furthermore, as in the top view, the fluores-
cence is more intense in this pyramidal part than in the
other parts. The fluorescence pattern in Figure 2c, caused by
light-emitting species trapped between the individual subu-
nits, further strengthens the presence of pyramidal bounda-
ries between different subunits. Based on these findings, a
three-dimensional model of the crystals is presented in


Figure 3, showing the individual building blocks of the boat-
shaped crystals; they comprise three building blocks, of
which the two smaller units, referred to as the upper and
lower lids, have pyramidal boundaries with the largest unit.
The arrows indicate the fluorescence images that contribut-
ed to the reconstruction of that part of the crystal.


Revealing the catalytic activity trends in micro- and meso-
porous ZSM-5 crystals : To investigate the effect of meso-
porosity on the catalytic activity, the oligomerization of dif-
ferent styrene compounds has been used as a probe reac-
tion.[26,27] In Figure 4, microphotographs of micro- and meso-


porous ZSM-5 crystals are pre-
sented along with their optical
absorption spectra, after addi-
tion of 4-methoxy- or 4-chlor-
ostyrene from the liquid phase
and heat treatment at 373 K.
Inspection of the microphoto-
graphs clearly shows a differ-
ence in coloration, that is, mi-
croporous crystals are most
colored in the upper lid,
whereas the mesoporous crys-
tals predominantly color at the
outer parts of the crystal.
These distinct coloration pat-
terns can be accounted for by
the desilication treatment. Be-
sides mesoporosity formation,
desilication also induces a (par-
tial) removal of the upper lid
due to the localized attack of
the base. These phenomena
are likely to be responsible for


Figure 2. Confocal fluorescence microphotographs of the microporous ZSM-5 crystals measured after the tem-
plate removal process at 773 K (excitation at 561 nm, detection at 575–635 nm; false colors represent fluores-
cence intensity). a,b) Top and side views; c,d) horizontal and vertical middle cross sections, respectively.


Figure 3. Proposed intergrowth structure and building blocks of the twin-
ned ZSM-5 zeolite crystals under study, based on the images from
Figure 2. The x, y, and z directions are indicated.
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the more evenly distributed coloration over the crystals.
Most probably, the upper lid of the microporous crystals
limits to some extent the diffusion of styrene monomers
inside the crystal, leading to strong coloration of merely the
upper lid in the microporous crystals and a more evenly dis-
tributed coloration in the mesoporous ones. Furthermore, as
a higher degree of silicon extraction occurs in the inter-
growth regions, the accessibility to the various subunits will
be improved.


In the optical absorption spectra of the microporous crys-
tals, the presence of two absorption bands can be observed
at 595 and 650 nm for 4-methoxystyrene and at 560 and
600 nm for 4-chlorostyrene. The high-energy absorption
band has been ascribed to the presence of dimeric carbocat-
ion intermediates, whereas the other band originates from
trimeric carbocations or higher oligomers. More detailed in-
formation on the oligomerization reaction can be found
elsewhere.[26,27,31,32] Comparison of the absorption spectra for
micro- and mesoporous ZSM-5 crystals shows that, upon de-
silication, the band intensities associated with dimeric and
trimeric carbocation species are changing. More specifically,
the longer-wavelength absorption band, present in the mi-
croporous crystals, vanishes completely when the oligomeri-
zation is carried out over the mesoporous zeolite, showing
that in the latter case the formation of trimeric or higher
carbocations is limited. This observation can be explained
by the following. When purely micropores are present, after
dimerization proceeding on Brønsted acid sites, the product
molecules may encounter other acid sites, leading to trimeric
or higher oligomers. On the contrary, when mesopores are
also present, the overall length of the micropores is effec-


tively shortened (by two orders of magnitude).[24] As a con-
sequence, the chance of successive reactions over other
Brønsted acid sites leading to the formation of higher oligo-
mers is decreased.


To further examine the reactivity differences between the
micro- and mesoporous crystals, the same set of experiments
as described above was carried out and confocal microscopic
images were acquired. From examination of the fluores-
cence snapshots of the micro- and mesoporous ZSM-5 crys-
tals (Figure 5), measured inside the spectroscopic cell after


addition of 4-methoxystyrene, it is clear that the fluores-
cence pattern is in line with the degree of coloration mea-
sured with the optical microscope: more intense fluores-
cence from the upper lid in the case of the microporous
crystals, and a more evenly distributed fluorescence pattern
for the mesoporous crystals. Furthermore, fluorescence
images of the vertical middle plane in the crystal (Figure 5c)
show that the formation of carbocation intermediates after
oligomerization with 4-methoxystyrene is not only limited to
the upper plane. Finally, comparison of the micro- and mes-
oporous crystals shows that the fluorescence signal is most
intense in the latter case, which can be rationalized by using
the optical absorption spectra, that is, the optical absorption
in the excitation wavelength (561 nm) directly corresponds
to the fluorescence intensity of the crystals. More specifical-
ly, in the case of 4-methoxystyrene the absorption in this
region is more intense for the mesoporous zeolite, thus lead-
ing to a much stronger fluorescence intensity compared to
the purely microporous zeolite.


In recent publications,[26,27] we have demonstrated that the
oligomerization of various substituted styrene derivatives in
H-ZSM-5 crystals leads to distinct catalytic activities, that is,
less electron-withdrawing substituents induce an enhance-
ment of the reactivity, whereas bulky styrene compounds do
not react due to severe diffusion limitations. As a result of


Figure 4. a) Microphotographs of the micro- (I) and mesoporous (II)
crystals after oligomerization with 4-methoxystyrene and b) the corre-
sponding optical absorption spectra for the microporous (black curve)
and mesoporous (red curve) ZSM-5 crystals. c,d) Same as (a,b) but after
oligomerization with 4-chlorostyrene. Measurements were performed
�5 min after exposure at 373 K.


Figure 5. Confocal fluorescence images measured in the in situ spectro-
scopic cell after oligomerization of 4-methoxystyrene at 373 K on micro-
porous (I) and mesoporous (II) crystals (excitation at 561 nm, detection
at 580–640 nm, false color). Indices a)–c) correspond to the upper hori-
zontal plane, middle horizontal plane parallel to the upper plane, and
vertical intermediate plane, respectively. Measurements were performed
�5 min after exposure to the styrene compound.
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this, with differently substituted styrene derivatives in hand,
the oligomerization reaction provides a good means of
studying the effect of mesoporosity on the shape selectivity
and catalytic activity. More specifically, bulky styrene deriv-
atives should show no activity in microporous crystals due
to size exclusion, but some degree of activity can be expect-
ed in the desilicated ones due to the presence of mesopores.
This is a suitable approach to demonstrate reactivity in the
mesoporous channels. In that case, mesopores do not merely
possess a transport function, but can be directly involved in
the catalytic process. To investigate this, different styrene
compounds were added to the micro- and mesoporous crys-
tals, and confocal fluorescence images were taken in the
course of the oligomerization reaction. Firstly, it appeared
that bulky compounds, such as trans-b-methyl- and b-me-
thoxystyrene, which are not very reactive in microporous
crystals, show no reactivity in the case of mesoporous ZSM-
5. These observations are in contrast to the expectation that
mesopores would facilitate the reaction of larger reactant
molecules, suggesting that the mesopores do not partake in
the catalytic reaction but merely act as highways to the
active sites. Another plausible explanation for this behavior
is that the Brønsted acidity in the crystals after desilication
is locally affected, and, therefore, they lack sufficient acid
strength.[33] As a result of this decrease in acid strength, the
Brønsted acid sites would not be capable of protonating less
reactive styrene compounds.


To examine this hypothesis, confocal fluorescence images
were taken after oligomerization with different styrene com-
pounds that vary in their reactivity. The results are shown in
Figure 6, in which clear differences in the fluorescence pat-


terns can be observed. Comparison of 4-methoxy- and 4-
ethoxystyrene shows that the fluorescence in the latter case
is less evenly distributed over the crystal. 4-Bromostyrene
shows a fluorescence pattern more similar to that of 4-me-
thoxystyrene, whereas the other halogen-substituted styrene
compounds are merely fluorescent at the edges of the crys-
tals. Rationalization of these observations was attempted by
assuming that a gradient in Brønsted acid strength is present
in the crystals due to a distinct Si/Al ratio in different parts


of the crystals. Consequently, very reactive styrene com-
pounds, such as 4-methoxy- and 4-bromostyrene,[26,27] will
react on both strong and weak Brønsted acid sites, leading
to a more evenly distributed fluorescence pattern. Styrene
compounds with more electronegative substituents, such as
4-chloro- and 4-fluorostyrene, will only react on very strong
Brønsted acid sites. By following this line of reasoning the
intermediate fluorescence behavior of 4-ethoxystyrene can
be easily interpreted by its intermediate reactivity, as was
shown previously.[27] These observations suggest that a gradi-
ent in the Brønsted acid strength is present in the ZSM-5
crystals, and that the strongest acidic sites are located at the
edges of the crystal and the weaker Brønsted acidity is
found in the central parts.


So far, we have shown that the ZSM-5 crystals are con-
structed of an upper lid and two other large pyramidal subu-
nits (Figure 3) and that carbocation intermediates are
mainly formed within the upper-lid subunit. Upon alkaline
treatment, the upper lid is removed and product molecules
can more easily diffuse to the interior of the crystal, leading
to a more evenly distributed carbocation formation process.
The coloration and fluorescence behavior is general for all
the crystals studied, with the exception of the mesoporous
crystals after oligomerization of 4-methoxystyrene. Striking-
ly, it was found that most of the mesoporous crystals break
apart during oligomerization with 4-methoxystyrene, reveal-
ing more detailed information on the crystal morphology.
The fragmentation is likely to be attributable to local stress-
es induced by the exothermal oligomerization reaction. To
the best of our knowledge, this is the first time that the frag-
mentation of zeolite catalyst crystals during reaction has
been visualized by using in situ spectroscopic techniques.


Close examination of the confocal fluorescence images of
the mesoporous crystals after styrene oligomerization
(Figure 5, IIb) indicates the presence of more complex crys-
tal morphology than that suggested in Figure 3. More specif-
ically, the fluorescence is not uniform in all parts of the mes-
oporous crystals, being the most intense in between the sub-
units. Images of the mesoporous crystals after oligomeriza-
tion with 4-methoxystyrene clearly show that the crystals
are built up of a more complex structure (Figure 7). All


Figure 6. Confocal fluorescence images of the mesoporous crystals mea-
sured in the in situ spectroscopic cell after styrene oligomerization with
a) 4-methoxy-, b) 4-ethoxy-, c) 4-bromo-, d) 4-chloro-, and e) 4-fluorostyr-
ene (excitation at 561 nm, detection at 580–640 nm, false color). Images
of the intermediate horizontal plane parallel to the upper plane are
shown. Measurements were performed �5 min after exposure.


Figure 7. Images of the mesoporous ZSM-5 crystals after oligomerization
with 4-methoxystyrene at 373 K measured with a) an optical microscope
and b) a fluorescence microscope using light in the region of 510–560 nm
from a mercury source. Measurements were performed �5 min after ex-
posure. c) A more detailed schematic representation of the ZSM-5 crystal
showing its individual building blocks.
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these individual units are
evenly colored and fluorescent,
indicating that before the mes-
oporous crystals fall apart the
styrene monomers oligomerize
on the Brønsted acid sites. Fur-
thermore, these cracked crys-
tals are not an exception;
about 80% of the crystals are
cracked into the same subunits
during oligomerization with 4-
methoxystyrene. Therefore, we
deduced the general schematic
representation of the crystals
shown in Figure 7. Thus, in-
stead of three building blocks
the crystals appear to comprise
eight building blocks, which all
have pyramidal boundaries
with each other. Notably, the
architecture of the building
blocks closely resembles the
silicon concentration profiles
determined by SEM-EDX.[14]


Elucidating the pore orientation in the different subunits by
using polarized-light microscopy : Intergrowth structures,
such as those shown in Figure 7, may have a large effect on
the accessibility of the micropores in different regions of the
crystals and, therefore, affect the catalytic performance.[26,27]


Consequently, it is important to gain more insight into the
pore orientation within each of the different building blocks.
To achieve this, optical microscopy by using polarized light
was carried out. As previously shown for large 1001201
20 mm microporous ZSM-5 crystals, the molecular orienta-
tion of product molecules can be readily visualized with po-
larized light.[26,27] When light polarization, that is, the projec-
tion of the electrical field vector, is parallel to the dipole
moment of a photophysically active molecule, the molecule
will absorb light. As the styrene oligomerization for micro-
and mesoporous crystals also occurs within the pores of the
zeolite, the product molecules are expected to be trapped
and aligned within the straight channels of the crystals. This
can be confirmed, as a severely bent conformation of the
14 U-long carbocation intermediates should be imposed in
order to become aligned within the zigzag pores. As a con-
sequence, the alignment of the molecules provides informa-
tion on the direction of the straight pores.


After exposure of the micro- and mesoporous crystals to
4-methoxy- and 4-chlorostyrene, the crystals were measured
with the optical microscope by using polarized light. Images
of the micro- and mesoporous crystals with 0 and 908 light
polarization are presented in Figure 8, for both the top and
side views. In the case of the latter, only the microporous
crystal images are shown, as the polarization dependence of
the side view is identical for the micro- and mesoporous
crystals. In the case of the microporous crystals, one can see


that when the light polarization coincides with the direction
of the short crystal axis (q=908), the upper lid of the crystal
is intensely colored, but vanishes almost completely when
the polarization is directed otherwise (q=08). The same po-
larization dependence is valid for the mesoporous crystals
and the crystals viewed from the side.


To further support the coloration behavior upon light po-
larization, the angular dependence of the absorption band
intensity corresponding to the dimeric species (595 and
560 nm, respectively) for 4-methoxy- and 4-chlorostyrene is
presented in Figure 9. This angular dependence follows the
sin2q law, in which q is the angle between the long axis of
the crystal and the light polarization vector. From this, it can
be clearly seen that the absorption in the upper lid of the
microporous and the outer parts of the mesoporous crystals
becomes zero when the light polarization is parallel to the
crystalVs long axis and is maximum when the light polariza-
tion is directed perpendicular to this axis. The same holds
for the crystals viewed from the side. This polarization be-
havior unambiguously points out that in the upper lid, the
lower subunits (from examination of the mesoporous crys-
tals), and in the side parts of the crystals, the product mole-
cules, are aligned, which is indicative of the orientation of
the straight pores. Moreover, the observed alignment of car-
bocations suggests that the randomly oriented mesopores do
not take part in the catalytic reaction.


From the polarization dependence, a schematic represen-
tation is deduced (see Figure 10) for the (y,z) and (x,z)
planes of the crystals. By using this model, the difference in
catalytic/coloration behavior between micro- and mesopo-
rous crystals can be better understood. In the case of micro-
porous crystals, the straight pores of the upper lid can be
easily accessed via the zigzag pore openings. The other parts
of the upper (x,y) plane, on the contrary, possess fewer


Figure 8. In situ optical microphotographs obtained by using polarized light measured after oligomerization
with 4-methoxy- (I) and 4-chlorostyrene (II) at 373 K, for a) microporous and b) mesoporous ZSM-5 crystals;
c) side views of microporous crystals. Light polarization is indicated by the arrows.
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zigzag pore openings, thus leading to lower accessibility and,
therefore, showing less coloration. As the upper lid is re-
moved during desilication, the outer parts of the crystal
become more accessible as reactant molecules can now also
enter the straight pores via the middle part of the crystal
(Figure 10b).


Conclusions


The combined use of confocal fluorescence and optical ab-
sorption microscopy provides valuable insight into the inter-
growth structure and catalytic activity trends of ZSM-5 crys-
tals. The combined method has been applied to studying the
effect of mesoporosity, introduced into ZSM-5 crystals by
using desilication as a postsynthesis treatment. The use of
confocal fluorescence microscopy to study the template re-
moval process and the oligomerization with 4-methoxystyr-
ene showed that the micro- and mesoporous ZSM-5 crystals
comprise at least eight building blocks, which have pyrami-
dal boundaries with each other. Introduction of mesoporosi-
ty[34] enhances the selectivity towards dimeric carbocation
intermediates, as the micropore diffusion path length is re-
duced, thereby suppressing the formation of higher oligome-
rization products. Furthermore, the diffusion of reactant
molecules inside the zeolite crystals is enhanced, leading to
a more evenly distributed coloration of the ZSM-5 crystals.
The mesopores appear not to participate to a large extent in
the catalytic reaction, but serve mainly as highways to the
active sites, because bulky styrene compounds are less reac-
tive in the mesoporous crystals than the microporous ones.
This conclusion is confirmed by polarization studies of the
molecular alignment. Moreover, the oligomerization reac-
tion of different styrene molecules revealed a nonuniform
Brønsted acidity over the volume of the mesoporous ZSM-5
crystals, which gradually decreases towards the center of the
crystal. Finally, polarized light measurements allowed map-
ping of the pore orientation in all different subunits of the
crystals.


From a more general perspective, this characterization
study demonstrates the large possibilities for catalyst scien-
tists, when combining various in situ microspectroscopic
methods with suitable active reporter molecules for deduc-
ing mechanistic and structural insights down to the molecu-
lar level. Provided with the possibility of substantially en-
larging the set of suitable reporter molecules, and by in-
creasing the spatial resolution even further, it should
become feasible to disentangle diffusion and reactivity pat-
terns within porous catalytic solids in three dimensions at
the nanometer scale.[35]


Experimental Section


Materials and experiments : Micro- and mesoporous H-ZSM-5 crystals
with a Si/Al ratio of 25 were prepared as documented elsewhere.[24] The
Si/Al ratio was determined by SEM-EDX measurements. Styrene deriva-
tives (Acros Organics and Aldrich) were used as received. The micro-
spectroscopic analysis of the H-ZSM-5 crystals was performed in an in
situ cell (FTIR 600, Linkam Scientific Instruments) equipped with a tem-
perature controller (Linkam TMS 93). In catalytic experiments, the crys-
tals were submerged in liquid styrene compounds and subsequently
heated to the required temperature in the in situ cell.


In situ optical microspectroscopy setup : The setup was based on an
Olympus BX41 upright research microscope with a 501 0.5 NA-high
(NA: numerical aperture) working distance microscope objective. A 75-
W xenon lamp was used for illumination. The microscope was equipped


Figure 9. Polarization dependence of the optical absorption after oligo-
merization with a) 4-methoxy- and b) 4-chlorostyrene at 373 K for the
microporous (black curves) and mesoporous (red curves) crystals.


Figure 10. Schematic representation of the straight-pore orientation
within a) microporous and b) mesoporous ZSM-5 crystals. Images on the
left (I) show the straight-pore orientation in the (y,z) plane, and images
on the right (II) in the vertical (x,z) plane. Straight pores are indicated
by the horizontal and vertical lines. Circles indicate that the straight
pores run in the y direction. The x, y, and z directions are indicated by
arrows. Coordinates correspond to those in Figure 3.
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with a 50/50 double-viewport tube, which accommodated a CCD video
camera (ColorView IIIu, Soft Imaging System GmbH) and an optical
fiber mount. A 200-mm-core fiber connected the microscope to a CCD
UV/Vis spectrometer (AvaSpec-2048TEC, Avantes). A rotatable polariz-
er was introduced between the objective and detector to separate the de-
sirable light polarization.


In situ confocal fluorescence microscopy setup : A Nikon Eclipse LV150
upright microscope with a 501 0.55 NA dry objective was used for fluo-
rescence studies. Fluorescence microphotographs were collected by using
510–560 nm excitation from a mercury source, and confocal images were
acquired with a Nikon D-Eclipse C1 head connected to laser light sources
(405, 488, and 561 nm). The emission was detected with three photomul-
tiplier tubes in the ranges 425–475, 510–550, and 575–635 nm, respective-
ly, to avoid channel overlap.
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AVersatile Ditopic Ligand System for Sensitizing the Luminescence of
Bimetallic Lanthanide Bio-Imaging Probes


Anne-Sophie Chauvin,* Steve Comby, Bo Song, Caroline D. B. Vandevyver,* and
Jean-Claude G. B.nzli*[a]


Introduction


Some of the most important aspects of biochemistry, bioen-
gineering, drug design, and medical diagnosis include the
study and sensing of in cellulo phenomena,[1] the mapping of
selected or targeted analytes,[2,3] the elucidation of receptor–
ligand interactions,[4] and the imaging of organs and cells.[5,6]


Luminescence-based analytical methods are among the most


sensitive for these purposes and the distinctive properties of
trivalent lanthanide ions,[7] especially their ability to lend
themselves to time-resolved detection in order to eliminate
all background signals and autofluorescence, are of particu-
lar interest. This behavior is well established for lumines-
cence immunoassays[8–11] and has been described in numer-
ous reviews during the last decade.[7–13] Extension to the use
of near-infrared (NIR)-emitting lanthanide bioprobes has
added another exciting dimension to this field.[12–14]


Several strategies have been developed to encapsulate tri-
valent lanthanide ions into functional molecular structures
in order to meet the stringent requirements imposed on lu-
minescent bioprobes, namely high thermodynamic stability
and kinetic inertness under physiological conditions, cou-
pling and targeting ability, as well as the tuning and/or
switching of key photophysical properties, in addition to
non-toxicity, cell permeability and resistance to photo-
bleaching.[15] The corresponding host molecules may be di-
vided into five categories (polyaminocarboxylates,[10] bipyri-


Abstract: The homoditopic ligand 6,6’-
[methylenebis(1-methyl-1H-benzimid-
ACHTUNGTRENNUNGazole-5,2-diyl)]bis(4-{2-[2-(2-methoxy-
ACHTUNGTRENNUNGethoxy)ethoxy]ethoxy}pyridine-2-car-
boxylic acid) (H2L


C2) has been tailored
to self-assemble with lanthanide ions
(LnIII), which results in the formation
of neutral bimetallic helicates with the
overall composition [Ln2ACHTUNGTRENNUNG(L


C2)3] and
also provides a versatile platform for
further derivatization. The grafting of
poly ACHTUNGTRENNUNG(oxyethylene) groups onto the pyr-
idine units ensures water solubility,
while maintaining sizeable thermody-
namic stability and adequate antenna
effects for the excitation of both visi-
ble- and NIR-emitting LnIII ions. The
conditional stability constants (logb23)
are close to 25 at physiological pH and


under stoichiometric conditions. The
ligand triplet state features adequate
energy (0-phonon transition at
�21900 cm�1) to sensitize the lumines-
cence of EuIII (Q=21%) and TbIII


(11%) in aerated water at pH 7.4. The
emission of several other VIS- and
NIR-emitting ions, such as SmIII (Q=


0.38%) or YbIII (0.15%), for which in
cellulo luminescence is evidenced for
the first time, is also sensitized. The
EuIII emission spectrum arises from a
main species with pseudo-D3 symmetry
and without coordinated water. The


cell viability of several cancerous cell
lines (MCF-7, HeLa, Jurkat and 5D10)
is unaffected if incubated with up to
500 mm [Eu2ACHTUNGTRENNUNG(L


C2)3] during 24 h. Bright
EuIII emission is seen for incubation
concentrations above 10 mm and after a
15-minute loading time; similar images
are obtained with TbIII and SmIII. The
helicates probably permeate into the
cytoplasm of HeLa cells by endocyto-
sis. The described luminescent helical
stains are robust chemical species
which remain undissociated in the cell
medium and in presence of other com-
plexing agents, such as edta, dtpa,
ACHTUNGTRENNUNGcitrate or l-ascorbate. Their derivatiza-
tion, which would open the way to the
sensing of targeted in cellulo phenom-
ena, is currently under investigation.
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dine-based cryptands,[16] cyclen derivatives containing coor-
dinating and sensitizing groups,[17] aza-macrocycles incorpo-
rating a pyridine, bipyridine or terpyridine unit[18,19] and
b-diketonates[20]), which often have in common the simulta-
neous use of carboxylate (or amide) and amine coordinating
groups.


Initial experiments on cell imaging with lanthanide che-
lates have involved the staining of bacterial smears from E.
Coli cell walls,[21] time-resolved studies of 3T3 cultured
cells,[22] and the detection of malignant tumors in C-57 dark-
fur mice with the help of YbIII NIR emission.[23] EuIII probes
have helped to elucidate the nature of the binding sites on
the cell walls of Datura innoxia[24] and to map the receptor-
activated heat waves in Chinese hamster ovaries by a ther-
mal imaging technique.[25] TbIII-based chelates have also
proved useful, as exemplified by a lipid-conjugated chelate
that functions as a membrane-staining agent in morphologi-
cal studies of Swiss albino mouse 3T3 cultured cells,[22] or by
BornhopMs high brightness macrocyclic labels for in vitro
and in vivo analysis of abnormal tissues.[18, 26,27] More recent-
ly, Parker and co-workers have designed EuIII complexes
that specifically stain the nucleoli of several cell lines (CHO,
COS, NIH 3T3, HeLa, and HDF).[15,28–30]


Most lanthanide ions are also paramagnetic and possess
an anisotropic susceptibility tensor that makes them useful
for the structural investigation of axial complexes[31] or pro-
teins[32] by NMR spectroscopy, while GdIII has emerged as a
universal contrast agent for 3D imaging of biological struc-
tures (MRI).[33,34] Combining luminescent and magnetic
properties in a single probe system is therefore, an attractive
way of integrating the advantages of both molecular imaging
techniques. This can be done by attaching an organic lumi-
nophore onto a contrast agent[35,36] or by developing recep-
tors that are able to bind GdIII and luminescent LnIII ions
while preserving the specific physical properties of the metal
ions.[19,37, 38] Some of these systems bear a targeting vector
for cell internalization.[39] Alternatively, the attachment of
two magnetic or two luminescent lanthanide ions onto a bio-
logically relevant molecule, such as a protein, brings defini-
tive advantages, as demonstrated recently by the generation
of peptide-linked double lanthanide binding tags, which
proved to be superior to single tags with respect to lumines-
cence output[40] and X-ray scattering power.[41]


We are engaged in a strategy aimed at incorporating two
lanthanide ions into a single molecular triple-stranded heli-
cal structure by thermodynamically controlled self-assembly
processes.[42] The resulting homo- or heterobimetallic struc-
tures are amenable to functionalization for covalent biologi-
cal coupling and/or targeting purposes. The spectroscopic
properties of the LnIII ions inserted into these helicates[43]


are fully retained thanks to the protective wrapping of the
ligand strands around the metal ions. We have built a library
of hexadentate ditopic ligands with bis(benzimidazole)pyri-
dine cores, which induce nine-coordinate, tricapped trigonal-
prismatic environments around the 4f ions similar to those
found in aqua ions. Some of these molecules are unsymmet-
rical and are tailored for the recognition of a heteropair of


lanthanide ions[44–46] with the aim of developing heterometal-
lic bimodal probes, although this approach is currently limit-
ed to organic solvents. A second series of receptors are sym-
metrical and are based on the parent ligand H2L


C


(Scheme 1), which yields very stable neutral homobimetallic


[Ln2(L
C)3] helicates in water, with the EuIII complex having


particularly interesting photophysical properties (quantum
yield=24%, EuACHTUNGTRENNUNG(5D0) lifetime=2.43 ms;[47] note that the ini-
tially published quantum yield is incorrect and has been re-
determined by an absolute method; see Experimental Sec-
tion).


The new chemistry we are now developing allows multi-
purpose derivatization of this initial ligand and the introduc-
tion of solubilizing, chromophoric or coupling groups. We
have recently reported that the EuIII helicate formed by the
benzimidazole-substituted hexadentate ligand H2L


C3


(Scheme 1) is internalized into HeLa cells by endocytosis
and stains their cytoplasm.[48] However, better results are ob-
tained by substituting the 4-position of the pyridine units
with poly(oxyethylene) groups (H2L


C2),[49] which ensure
water solubility and help to avoid potential stacking of the
luminescent tags.[10] In addition, H2L


C2 is easily amenable to
further derivatization for covalent coupling. We present
here a versatile synthetic procedure that leads to the isola-
tion of the ditopic receptor as well as thermodynamic, pho-
tophysical and stability studies of the resulting bimetallic
helicates. The non-cytotoxicity of the [Eu2ACHTUNGTRENNUNG(L


C2)3] helicate to-
wards four cancerous cell lines is established, and the useful-
ness of the bimetallic tags (Ln=Sm, Eu, Tb, Yb) for lumi-
nescence microscopy of living cells is demonstrated.


Results


Ligand design and characterization : H2L
C2 was synthesized


according to Scheme 2. The key step in this reaction is the
introduction of poly(oxyethylene) substituents in the para
positions of the pyridine rings. Thus, chelidamic acid (1) was


Scheme 1. Structures of the homoditopic hexadentate ligands.
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converted into its diester 2, and a subsequent Mitsunobu re-
action led to the expected functionalization product in rea-
sonable yield (71%). Selective hydrolysis of 3 in the pres-
ence of a sub-stoichiometric amount of aqueous NaOH with
respect to the carboxylic acid function gave 4, which was
converted into the acyl chloride and then condensed with
bis(N-methyl nitroaniline) (5) in a modified Philips coupling
reaction.[50] The resulting disubstituted product 6 was re-
duced in the presence of iron to give the benzimidazole
units of 7. The difficulties experienced during this step were


the removal of the product from the ferric aqueous phase
and preventing premature hydrolysis of the diester func-
tions, which leads to an inseparable water-soluble product.
Final hydrolysis of the diester functions was performed in a
separate step.


The ligand deprotonation constants were determined by
spectrophotometric titration of H2L


C2 (2.25P10�5m) with
sodium hydroxide at constant ionic strength (0.1m KCl) in
the pH range 0.85–12.77 (see Figure S1 in the Supporting In-
formation). The data were successfully fitted to the follow-
ing set of equations [Eqs. (1–5)], which gave four of the six
pKa values and the sum of the first two:


The corresponding distribution diagram is shown in Fig-
ure S2 in the Supporting Information. The assignments were
made by comparison with H2L


C, for which only three depro-
tonation constants [pKa3=5.4 (calculated from pKa4 by as-
suming a statistical difference) pKa4=6.0, pKa5=9.5 and
pKa6=10.1] could be determined by means of several differ-
ent experimental techniques, including NMR spectroscopy,
owing to solubility problems below pH 6.[51] The largest pKa


values of H2L
C2 correspond to deprotonation of the imidazo-


yl groups and the two middle pKa values to deprotonation
of the pyridyl units, and the more acidic values refer to the
carboxylic acid units. A more detailed analysis is beyond the
scope of this study, but we note sizeable differences between
H2L


C2 and H2L
C, in particular large deviations from the stat-


istical differences for the former, which points to the pres-
ence of intra- or possibly intermolecular interactions. In par-
ticular, hydrogen bonding takes place between the pyridini-
um proton and either the carboxylate or imidazolium
groups in the protonated subunits of the ditopic ligands. The
presence of the poly(oxyethylene) pendant arms on the pyri-
dine units may influence the energy barrier for the trans/cis
conformational change needed for formation of these bonds
considerably, thereby affecting the pKa values.


Helicate formation in water : Self-assembly of the [Ln2 ACHTUNGTRENNUNG(L
C2)3]


helicates in water was monitored by electrospray mass spec-
trometry for the lanthanides La, Eu, Gd, Tb and Lu by
adding stoichiometric amounts of H2L


C2 (3P10�4m) to the
corresponding perchlorate in the presence of 10% acetoni-
trile to favor ionization. In all cases, only one series of main
peaks, which corresponds to a parent species with overall
formula [Ln2ACHTUNGTRENNUNG(L


C2)3], was detected (Table 1).


Scheme 2. Synthesis of H2L
C2. Shown at the bottom is the numbering of


the methylene groups in the poly(oxyethylene) substituent. (i) H2SO4,
EtOH, 4 h reflux; (ii) DIAD, PPh3, thf, 12 h reflux; (iii) NaOH, EtOH,
H2O; (iv) SO2Cl2, CH2Cl2, dmf, then 5 ; (v) Fe, EtOH/H2O, HCl, then
EtOH, H2SO4; (vi) NaOH, EtOH.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1726 – 17391728


A.-S. Chauvin, C. D. B. Vandevyver, J.-C. G. BDnzli et al.



www.chemeurj.org





With few exceptions, the accuracy of the m/z values is in
the range 20–50 ppm. In addition, the isotopic distributions
of these peaks are in good agreement with the simulated
ones, as shown in Figure 1. It is noteworthy that no species
corresponding to other stoichiometries (e.g. 1:2, 1:3, 2:2, or
2:1) are observed, which indicates that the helicates are the
major species in solution.


A 1H NMR titration of H2L
C2 (10�3m) with lutetiumACHTUNGTRENNUNG(III)


perchlorate was conducted in [D11]tris/DCl buffer (0.1m in
D2O; pD 7.8, tris= trishydroxymethylaminomethane) up to
an [LuIII]t/ ACHTUNGTRENNUNG[H2L


C2]t ratio (R) of 2. The signals of the unbound
ligand are broadened, especially in the aromatic range,
which reflects a slow conformational exchange on the NMR
timescale between at least two conformations of the ligand,


as indicated by the observation of two signals for the meth-
ylene bridge at d=3.75 and 3.85 ppm. Addition of the LuIII


salt results in the appearance of sharp signals concomitant
with a complete disappearance of the ligand resonances (at
R=0.66). Further addition of LuIII does not modify the
spectrum, which is in line with the formation of a single
main triple-stranded helical species in solution with appreci-
able stability (Figure S3 in the Supporting Information). The
pyridine protons of the helicate are shielded, as expected,
owing to coordination to the metal ion, and a large chemical
shift difference (0.47 ppm) is also observed for the nitrogen-
bound methyl group of the imidazole units. The terminal
methoxy groups (d=3.13 ppm) and the methylene bridge
(d=4.08 ppm) appear as one singlet each, which is consis-
tent with three equivalent ligand strands.


The interaction of LnIII (Ln=La, Eu, Lu) with H2L
C2 was


quantified by spectrophotometric titrations of the ligand
(10�5m) with lanthanide perchlorate solutions (5P10�3m) up
to a total concentration ratio R of 4 and at pH 7.4. The UV-
vis spectra display well-defined isosbestic points at 318, 262,
and 247 nm (Figure 2, top) and an evolving factor analysis
points to the presence of four absorbing species. Several
models were tested, but the data were best fitted by non-
linear least-squares techniques to the following set of equa-


Table 1. Most abundant species in the ESI mass spectra of H2L
C2 (3P


10�4m) and of stoichiometric 2:3 (Ln:H2L
C2) solutions (Ln=La, Eu, Gd,


Tb, Lu). Solvent: water/acetonitrile (9/1 v/v).


m/z m/z ACHTUNGTRENNUNG(Dm/z) MW
ACHTUNGTRENNUNG(obs) ACHTUNGTRENNUNG(calc) ACHTUNGTRENNUNG[ppm] [Da][a]


ACHTUNGTRENNUNG[H2L
C2+H]+ 843.3566 843.3559 9 2800.50


ACHTUNGTRENNUNG[{La2 ACHTUNGTRENNUNG(L
C2)3}+2H]2+ 1400.8818 1400.9139 23 2690.82


ACHTUNGTRENNUNG[{La2 ACHTUNGTRENNUNG(L
C2)3}+H+Na]2+ 1411.8406 1411.9049 46 –


ACHTUNGTRENNUNG[{La2 ACHTUNGTRENNUNG(L
C2)3}+2Na]2+ 1422.7963 1422.8555 42 –


ACHTUNGTRENNUNG[{Eu2ACHTUNGTRENNUNG(L
C2)3}+2Na]2+ 1437.5366 1437.4164 84 2826.84


ACHTUNGTRENNUNG[{Gd2ACHTUNGTRENNUNG(L
C2)3}+2H]2+ 1419.3853 1419.4265 29 2836.85


ACHTUNGTRENNUNG[{Gd2ACHTUNGTRENNUNG(L
C2)3}+2Na]2+ 1441.3658 1441.4085 30 –


ACHTUNGTRENNUNG[{Tb2ACHTUNGTRENNUNG(L
C2)3}+2H]2+ 1420.8291 1420.9321 72 2838.85


ACHTUNGTRENNUNG[{Tb2ACHTUNGTRENNUNG(L
C2)3}+H+Na]2+ 1431.7574 1431.9231 116 –


ACHTUNGTRENNUNG[{Lu2ACHTUNGTRENNUNG(L
C2)3}+2H]2+ 1436.9131 1436.9476 24 2870.88


ACHTUNGTRENNUNG[{Lu2ACHTUNGTRENNUNG(L
C2)3}+H+Na]2+ 1447.8719 1447.9385 46 –


[a] Molecular weight of the helicate with formula C129H144Ln2N18O36.


Figure 1. Parts of the electrospray mass spectra of solutions containing a
2:3 stoichiometric mixture of LnIII and H2L


C2 in water/acetonitrile (9/1,
v/v). Ln=Eu (bottom) and Tb (top). The calculated spectra are shown
above the experimental data. [H2L


C2]t=3P10�4m.


Figure 2. Top: Analysis, by using UV-vis spectroscopy, of the titration of
H2L


C2 10�5m with La ACHTUNGTRENNUNG(ClO4)3·xH2O at pH 7.4 (Tris-HCl 0.1m) and 298 K;
R= [LaIII]t/ ACHTUNGTRENNUNG[H2L


C2]t ; the small arrows denote isosbestic points. Bottom:
Distribution diagram for EuIII ([H2L


C2]t=10�4m) drawn with the condi-
tional stability constants reported in Table 2.
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tions [Eqs. (6–8)](protons and charges have been omitted
for clarity):


The residuals were calculated to be 2.3P10�4 for La, 7.6P
10�4 for Eu and 4.6P10�4 for Lu. The recalculated spectra
are strongly correlated (Figure S4 in the Supporting Infor-
mation), which means that the conditional constants collect-
ed in Table 2 have to be considered with some care. There is


little variation in these constants on going from La to Lu,
except for a slightly larger stability of the 2:3 helicate with
LuIII. This is not the case for H2L


C, however, for which the
lanthanum helicate is significantly more stable. In summary,
the introduction of the poly(oxyethylene) substituents in
H2L


C2 does not affect the stability of the helical structures
with the ions in the middle and at the end of the LnIII series
appreciably. The speciation diagram (Figure 2, bottom)
shows that the main species at a total ligand concentration
of 10�4m is the helicate (95%), with the other two metal
complexes accounting for about 5% of the total species in
equilibrium. There is a negligible concentration of both free
ligand and EuIII. When the total ligand concentration reach-
es the millimolar range, the helicate represents more than
98% of the species in solution. These findings are consistent
with the ESI-MS and NMR spectroscopic data reported
above and suggest that 2:3 solutions are appropriate for bio-
analyses since the complex concentrations used for the cell-
staining experiments described below are in the range 2.5P
10�5 to 5P10�4m (total ligand concentrations: 7.5P10�5 to
1.5P10�3m).


Photophysical properties : The uncomplexed hexadentate re-
ceptor displays a main absorption band centered at 307 nm
(loge=4.54) in addition to a shoulder at around 243 nm
(loge=4.58) at pH 7.4. According to CACheR calculation,
these bands arise from p!p* transitions involving intramo-
lecular electron transfer from the benzimidazole units to the
pyridine and carboxylic acid groups. Complexation to LnIII


ions induces a bathochromic shift of about 15 nm to 320–


324 nm depending on the metal ion (see Figure S4 in the
Supporting Information). The 2:3 species has quite a large
molar absorption coefficient (loge=4.93), which is a definite
advantage for an analytical probe.


Excitation into the lowest energy band results in emission
from the ligand singlet state, which is observed in the form
of a structured band with two maxima at 384 (0-phonon
transition) and 404 nm; this band undergoes a slight red
shift (4–8 nm) upon complexation. An additional emission
band, which extends up to 650 nm, is observed under time-
resolved conditions at 77 K. This band displays an extended
vibronic fine structure with an average spacing of about
1400–1500 cm�1, which corresponds to a ring breathing
mode. The maximum is located at 489 nm and the 0-phonon
transition at 434 nm (Figure 3), while the corresponding life-


time is 1280�125 ms. The latter transition undergoes a red
shift to 457 nm in the 2:3 helicates with non-luminescent
metal ions (see Figure S5 in the Supporting Information),
while the lifetime is reduced to about 620 ms for the com-
pounds with LaIII and LuIII and to 8.7 ms for GdIII. The effi-
cacy of the intersystem crossing to the triplet state is very
low for the unbound ligand; the heavy-atom effect is small
for the LaIII and LuIII helicates (ratio IACHTUNGTRENNUNG(3pp*)/I ACHTUNGTRENNUNG(1pp*)�0.4
and 0.3, respectively) but substantial for GdIII, for which the
3pp* emission is by far the largest (I ACHTUNGTRENNUNG(3pp*)/I ACHTUNGTRENNUNG(1pp*)�6).


The ligand H2L
C2 sensitizes the luminescence of several


lanthanide ions at room temperature, with emission in
either the visible or near-infrared ranges. The best sensitiza-
tion is obtained for EuIII and TbIII, for which the proportion
of ligand fluorescence in the total emission spectrum is less
than 1 and 2%, respectively. The metal-centered lumines-
cence is sizeable for SmIII (see Figure S6 in the Supporting
Information), accounting for 64% of the total emission,
while only faint LnIII-centered emission is seen for PrIII


(3P0!3F2,
3H6, 610 nm), DyIII (4F9/2!6H13/2,


6H15/2, 480,
575 nm) and HoIII (5F5!5H8, 650 nm) and none for TmIII


(see Figure S7 in the Supporting Information). Bands char-
acteristic of PrIII (1D2!3F4: 1.03 mm), NdIII (4F3/2!4I9/2,


4I11/2


Table 2. Conditional stability constants (pH 7.4, Tris-HCl 0.1m ; 298 K)
for the systems Ln/H2L


C2 compared to logb23 for Ln/H2L
C (data taken


from ref.[47]). Standard deviations are given in parentheses.


L Constant La Eu Lu


LC2 logb13 18.8(2) 18.1(2) 18.7(3)
logb23 24.9(4) 25.5(4) 26.3(4)
logb21 11.7(3) 11.8(5) 12.4(2)


LC logb23 30(1) 26.1(4) 27.3(6)


Figure 3. Left: Absorption (c) and excitation (exc, g) spectra of
4.5P10�5m H2L


C2 and 1.5P10�5m [Ln2 ACHTUNGTRENNUNG(L
C2)3]. Right: The corresponding


emission spectra upon excitation at 307–323 nm. All spectra were record-
ed at 295 K, except the 3pp* emission spectrum (77 K).
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and 4I13/2 : 0.89, 1.06 and 1.35 mm respectively), SmIII (4G5/2!
6H15/2,


6F5/2 and
6F7/2 : 0.88, 0.94 and 1.04 mm), EuIII (5D0!7F5


and 7F6: 0.75 and 0.83 mm, respectively), HoIII (5F5!5I7:
0.99 mm) and YbIII (2F5/2!7F7/2 : 0.98 mm) are detected in the
NIR range, while the 4I13/2!4I15/2 transition of ErIII at
1.54 mm is only seen in deuterated water.


The EuIII emission spectrum can be interpreted as arising
from a major species having identical chemical environ-
ments for the two EuIII ions with pseudo-D3 symmetry, as in-
ferred from the high-resolution spectrum of a frozen solu-
tion of [Eu2 ACHTUNGTRENNUNG(L


C2)3] in H2O/glycerol (9/1, v/v) shown in
Figure 4. The 5D0!7F0 transition is faint and rather symmet-


rical, with a width at half height of 17 cm�1. The energy of
this transition is 17234 cm�1 at 295 K. Using a known equa-
tion[52] and nephelauxetic parameters (dcarb=�17.2 cm�1 for
the carboxylate and dbzp=�15.3 cm�1 for heterocyclic nitro-
gen atoms)[53] gives a ñcalc value of 17231 cm�1, which is
quite close to the experimental value. The 5D0!7F1 transi-
tion displays a sharp component corresponding to a transi-
tion to the 7F1(A1) sub-level and a second transition termi-
nating on the split 7F1(E) level. The A1–E separation
(161 cm�1) reflects the strength of the crystal field (B2


0 crys-
tal-field parameter of approximately �600 cm�1), while the
splitting of the E level (31 cm�1) is a measure of the distor-
tion from D3 symmetry.[54] The data for helicates with H2L


C


(at 295 K) and H2L
C3 (at 295 K)[49] are DE ACHTUNGTRENNUNG(A1–E)=171 and


164 cm�1 and DE ACHTUNGTRENNUNG(E–E)=28 and 42 cm�1, respectively.
Taking this distortion into account, the other features of the
spectrum are in line with group-theoretical predictions for
D3 symmetry


The luminescence decays measured for all the emitting
ions are single exponential functions. The corresponding
lifetimes are collected in Table 3 along with the hydration
numbers calculated from known phenomenological equa-
tions for NdIII, EuIII, TbIII and YbIII.[55–57] A hydration
number of almost zero is estimated in each case, which
means that the overall luminescence data clearly indicate
that the chemical environment of the two EuIII ions in [Eu2-
ACHTUNGTRENNUNG(LC2)3] is very close to that evidenced by X-ray crystallogra-
phy for the helicate with H2L


C.[47]


As far as the hydration numbers are concerned, we note
that the usual phenomenological equations are not applica-
ble to TbIII in our case because one of the basic hypotheses
is not met, namely that quenching by OH vibrations is the
only main non-radiative deactivation process. Although far
less important than for the helicates with H2L


C[47] and
H2L


C3,[49] some back-transfer is operating, which explains the
relatively short lifetime of the Tb ACHTUNGTRENNUNG(5D4) level. This lifetime is
temperature dependent, reaching 2.58�0.05 ms in H2O and
2.67�0.04 ms in D2O at 77 K. The latter figure allows a q
value of around �0.2 to be estimated at this temperature,
which is in line with the other hydration numbers. The Tb-
ACHTUNGTRENNUNG(5D4) lifetime versus temperature plot presents a discontinu-
ity at around 240 K upon cooling, which points to a probable
phase transition occurring at this temperature. However,
this discontinuity is attenuated upon heating from 10 K to
room temperature, and analysis of the data (see Figure S8 in
the Supporting Information) yields an activation energy of
1600–1800 cm�1. This range corresponds to C=O and C=C
vibrations in the IR spectrum and is in line with a vibration-
assisted energy back-transfer process operating in this heli-
cate.


Stability of the EuIII helicate : The stability constants report-
ed above are consistent with those published for similar sys-
tems. However, since the spectra of the various species in
equilibrium are strongly correlated, we turned to lumines-
cence to check the relative stability of the EuIII helicate with
respect to a known polyaminocarboxylate, namely ethylene-
diamine tetraacetate (edta; logK(Eu)=17.3[58]). The emis-
sion intensity of a 2:3 (EuIII :H2L


C2) solution was monitored
for 28 days after initial addition of 15 equivalents of edta
(t=0) and a further 85 equivalents after 44 h. The emission
and excitation spectra of [EuACHTUNGTRENNUNG(edta) ACHTUNGTRENNUNG(H2O)n]


� (n=3, accord-
ing to lifetime measurements) and [Eu2ACHTUNGTRENNUNG(L


C2)3] are quite dif-
ferent (see Figure S9 in the Supporting Information), al-
though no change was observed in either the overall emis-
sion intensity or the intensity ratios I ACHTUNGTRENNUNG(5D0!7FJ)/I ACHTUNGTRENNUNG(


5D0!
7F1)= 7FJ/


7F1 (J=0–4; see Table S1 in the Supporting Infor-


Figure 4. High-resolution luminescence spectrum of a stoichiometric 2:3
solution (EuIII :H2L


C2) in water/glycerol (9/1, v/v) at 10 K, under ligand
excitation (341 nm) ACHTUNGTRENNUNG([Eu2 ACHTUNGTRENNUNG(L


C2)3]=10�4m; [H2L
C2]t=3P10�4m).


Table 3. Lifetimes (at room temperature), hydration numbers and quan-
tum yields upon ligand excitation (323 and 355 nm) of stoichiometric 2:3
solutions (EuIII :H2L


C2) at 295 K, pH 7.4 and with [H2L
C2]t=4.5P10�5m


(10�4m for NdIII). Data for the EuIII and TbIII helicates with H2L
C and


H2L
C3 are also given for comparison.


Ln t ACHTUNGTRENNUNG(H2O) [ms] t ACHTUNGTRENNUNG(D2O) [ms] q QLn
L [%]


Nd 0.21�0.02 1.28�0.01 0.1 0.031�0.006
Sm 30.4�0.4 163�3 [a] 0.38�0.06
Eu 2430�90 4380�40 �0.1 21�2
[b] 2430�10 4660�20 0.2 24�2
[c] 2200�100 4000�100 0 11�1


Tb 650�20 940�20 [d] 11�2
[b] 50�5 [a] [d] 1.2�0.2
[c] 390�40 1400�100 [d] 0.34�0.04


Dy 0.16�0.01 0.26�0.1 [a] [a]


Yb 4.40�0.07 49.3�0.8 0.0 0.15�0.03


[a] Not determined. [b] Data for [Ln2(L
C)3].


[47] [c] Data for the main spe-
cies [Ln2 ACHTUNGTRENNUNG(L


C3)3].
[48] [d] Equation not applicable (see text).
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mation). Similarly, H2L
C2 was added in 2:3 stoichiometry to


an initial solution of [Eu ACHTUNGTRENNUNG(edta) ACHTUNGTRENNUNG(H2O)n]
� (3P10�5m ;


Figure 5). This latter complex is not luminescent upon exci-


tation at 323 nm and the rise in the luminescence intensity
was monitored with time at both 615 (5D0!7F2) and 691 nm
(5D0!7F4; cf. Figure 4); the “recovery” of the total lumines-
cence was 75.5% of the expected intensity after 12 h and
more than 92% after 21 days.


Some dissociation of the helicate is observed if edta is re-
placed by 100 equivalents of diethylenetrinitrilo pentaace-
tate (dtpa; logK(Eu)=22.4[58]): the luminescence intensity
drops by about 10% after 24 h and 20% after 30 days, with
a concomitant increase in the ligand singlet-state emission
from 0.5% of the total luminescence (in the absence of
dtpa) to 5%. The helicate also forms upon addition of
H2L


C2 to the dtpa complex, although to a lesser extent than
with edta. Since living media contain anions and cations
which may compete for the LnIII ion (exchange reactions) or
for the ligand (transmetalation), we checked the impact of
citrate and l-ascorbate (which may quench Ln excited
states)[15] on the luminescent properties of the EuIII helicate;
no loss in luminescence was recorded four days after addi-
tion of 100 equivalents (1.5P10�3m) of either of these
anions. On the other hand, a small decrease in intensity
(approx. 5%) was noted 12 h after adding 10 equivalents of
zinc (150 mm); this concentration is, however, well above
that found in blood plasma (5–15 mm). These experiments
clearly point to the EuIII helicate having a larger stability
than the chelate with edta and a comparable stability to the
dtpa complex, while resisting ligand exchange and transme-
talation reactions with analytes commonly found in living
cells.


Cell-imaging properties : We will now demonstrate the po-
tentiality of the [Ln2ACHTUNGTRENNUNG(L


C2)3] helicates as cell-staining agents
on the human cervical carcinoma cell line HeLa. We have


shown in a preliminary communication[49] that incubation of
these cells with up to 500 mm of helicate at 37 8C during 24 h
does not affect their viability. The data collected in Table 4


and Figure S10 in the Supporting Information confirm that
this is also the case for other cell types.


Luminescence microscopy was carried out with an opti-
mized set-up for monitoring the intake and localization of
the [Ln2ACHTUNGTRENNUNG(L


C2)3] (Ln=Sm, Eu, Tb) helicates. In particular, ex-
citation at 330 nm combined with appropriate excitation and
emission filters (see Figures S11 and S12 in the Supporting
Information) yielded bright images even for an incubation
concentration of the EuIII helicate as low as 10 mm. In the
case of TbIII, bright images were obtained on the lumines-
cence microscope with a loading concentration of 125 mm


and a specific bandpass filter of 35 nm (5D4!7F5 transition).
Images were also obtained with SmIII despite its low quan-
tum yield (0.38%), albeit at the cost of a higher helicate in-
cubation concentration (250 mm) and longer incubation time
(24 h; Figure 6). Owing to the large molar absorption coeffi-
cient for the maximum ligand absorption at 323 nm, enough
absorbance is left at 405 nm to acquire images with a confo-
cal microscope at this excitation wavelength (Figure 7,
bottom).


The helicates stain the cytoplasm of the cells, as shown by
the luminescence being associated with distinct internal
structures, which suggests a specific organelle localization.
Confirmation of the localization of [Eu2ACHTUNGTRENNUNG(L


C2)3] in the cyto-


Figure 5. The increase in luminescence intensity (bottom) and the 7F4/
7F2


ratio (top) against time, after adding 4.5P10�5m H2L
C2 to a 3.0P10�5m


solution of [Eu ACHTUNGTRENNUNG(edta) ACHTUNGTRENNUNG(H2O)n]
� .


Table 4. Cell viability values [%] as determined from the WST-1 test
after incubation for 24 h at 37 8C in the presence of various concentra-
tions of [Eu2 ACHTUNGTRENNUNG(L


C2)3].


Conc [mm] Jurkat 5D10 MCF-7 HeLa


0 100 100 100 100
125 92�16 93�11 92�13 88�3
250 101�4 99�1 102�7 101�1
500 107�4 89�4 101�1 108�2


Figure 6. Images of HeLa cells obtained upon excitation at 330 nm and
with an exposure time of 60 s with [Tb2 ACHTUNGTRENNUNG(L


C2)3] (top; 7 h incubation, emis-
sion BP 545) and [Sm2 ACHTUNGTRENNUNG(L


C2)3] (bottom; 24 h incubation, emission filter LP
585).


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1726 – 17391732


A.-S. Chauvin, C. D. B. Vandevyver, J.-C. G. BDnzli et al.



www.chemeurj.org





plasm came from counterstaining experiments. Thus, live
cells were loaded with the [Eu2ACHTUNGTRENNUNG(L


C2)3] helicate (250 mm in
RPMI-1640, 5 h at 37 8C) and then incubated with
100 mgmL�1 of the commercially available nucleus stain acri-
dine orange (5 min at room temp.) and examined using ap-
propriate filters (Figure 7): the red EuIII emission is clearly
seen in the cytoplasm of the cells while the green acridine
orange emission originates from the cell nucleus. Addition-
ally, a densitometric analysis across one cell performed with
a confocal microscope also clearly points to the helicate
being present in the cytoplasm.


In order to determine the
mechanism by which the cells
take up the helicates and their
subsequent localization within
the cytoplasm, the time course
and temperature-dependence of
the complex loading were de-
termined (Figures S13–S15 in
the Supporting Information).
The first bright spots in the cy-
toplasm of the cells can be ob-
served as early as 15 min after
incubation with the complex.
No EuIII luminescence was ob-
served when the complex was
loaded at 4 8C, thus indicating
that the helicate is likely to
enter the cells by endocytosis.
Initial experiments performed


under non-optimum conditions seemed to indicate the pres-
ence of an active uptake mechanism,[49] however the present
experiments, which were carried out several times under op-
timized experimental conditions, provide unambiguous re-
sults. These findings were further confirmed in co-localiza-
tion experiments in which live cells were loaded simultane-
ously with the EuIII helicate and commercially available BI-
ODIPY FL labeled transferrin, which is a known marker of
recycling endosomes,[59] or LDL, which is a marker for late
endosomes and lysosomes.[60] Cell uptake of transferrin and
LDL is a well-established receptor-mediated process. HeLa
cells were incubated with the [Eu2 ACHTUNGTRENNUNG(L


C2)3] helicate and the or-
ganic marker and imaged by luminescence microscopy using
appropriate filters (see Figure 8 and Figure S16 in the Sup-
porting Information). The vast majority of compartments
which internalized the EuIII helicate also contained BIODI-
PY FL labeled LDL or transferrin (Figure 8, third column),
as evidenced by the appearance of bright yellow spots
(Figure 8, fourth column) after merging the images, and
nearly all the endocytosed EuIII helicate is internalized in re-
ceptor-containing vesicles. These observations strongly sug-
gest the uptake of the complex by a lysosomally directed
and/or a recycling endosomal pathway.


Helicate concentration in HeLa cells : The intracellular con-
centration of the EuIII complex was measured in a given cell
cohort using the DELFIAR technique. Thus, cells were
loaded overnight with a 25 mm solution of the EuIII helicate
in a six-well cell-culture plate and harvested by trypsinisa-
tion after extensive washing with PBS. The number of la-
beled cells was estimated by staining with trypan blue. The
EuIII luminescence was measured after complete cell lysis
(Figure S17 in the Supporting Information). Each cell con-
tains, on average, 7.9P10�16 mol of [Eu2ACHTUNGTRENNUNG(L


C2)3]. Taking into
account a cell volume of between 2.6P103 and 4.2P103 mm3,
as estimated from the cell diameters measured under the
optical microscope, this translates into an intracellular con-


Figure 7. Top: Counterstaining experiment with acridine orange (AO);
lex=330 nm, exposure time of 10 s for EuIII ; lex=470 nm, exposure time
of 30 ms for AO. Bottom: Intensity of EuIII luminescence versus incuba-
tion concentration [Eu2 ACHTUNGTRENNUNG(L


C2)3] as measured by using a confocal micro-
scope. Inset: a densitometry measurement across a cell showing the cyto-
plasmic localization of the helicate.


Figure 8. Co-localization of cells loaded with 250 mm [Eu2 ACHTUNGTRENNUNG(L
C2)] and 15 mgmL�1 BIODIPY FL LDL (0.5 h, top)


or 50 mgmL�1 Transferrin (2 h, bottom). First column: bright field images. Second column: BIODIPY FL la-
beled LDL (lexc=470 nm, 1 s exposure time) or Transferrin fluorescence (lexc=470 nm, 2 s exposure time).
Third column: EuIII luminescence (lexc=365 nm, 30 s exposure time). Fourth column: merged images.
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centration of between 0.18 and 0.30 mm (assuming d=1),
which is about the same as that found for a cyclen-based lu-
minescent stain.[28]


We also checked that the helicates survive unchanged in
the cells by measuring their photophysical properties after
internalization. The overall shape of the emission spectra
for EuIII[49] and TbIII (Figure 9, middle), the profile of the


EuACHTUNGTRENNUNG(5D0!7F0) transition (Figure 9, top) and the relative in-
tensities of the 5DJ!7FJ’ transitions (Table S2 in the Sup-
porting Information) are indeed identical to those found for
the aqueous solutions. Some differences, however, are ob-
served for the lifetimes of the excited levels. In the case of
EuACHTUNGTRENNUNG(5D0), a single exponential decay is measured with an as-
sociated lifetime of 1.6�0.2 ms, while TbIII solutions in cel-
lulo present a biexponential decay with associated lifetimes
of the Tb ACHTUNGTRENNUNG(5D4) excited state of 0.65�0.02 ms (55%), which
corresponds to the lifetime measured in solution at pH 7.4,
and 0.25�0.01 ms (45%), which is much shorter than that
of the aqua ion (0.457 ms).[61] These phenomena may be a


result of quenching by endogenous antioxidants[15] and will
be studied in more detail in the near future.


Another very encouraging result is the observation of in
cellulo YbIII emission after incubating HeLa cells 24 h at
37 8C with a 250 mm solution (Figure 9, bottom; cf. Figure S7
in the Supporting Information). The corresponding lifetime
is 4.3�0.1 ms, which is perfectly in line with the value found
for an aqueous solution (Table 3).


Discussion and Conclusions


The chemical rules guiding the cellular uptake characteris-
tics of LnIII complexes are not yet known, and prediction of
cellular localization is difficult because it depends on several
parameters, including chemical structure, bulkiness, hydro-
phobicity and the overall charge of the metal chelate. From
the limited amount of literature data available, it seems,
however, that there is a tendency for neutral, high molecular
weight metal complexes to be internalized in living cells by
endocytosis while an active mechanism is operative for low
molecular weight, negatively charged chelates. This was
demonstrated for the first time by the uptake of d-transition
metal complexes, namely iron complexes, by epithelial cells,
in which neutral complexes with high molecular weight li-
gands (e.g. dextran) were taken up by endocytosis and re-
tained in phagosomes whereas the internalization of com-
plexes with low molecular weight ligands, such as 8-hydroxy-
quinoline, was much faster.[62]


A similar trend is observed for lanthanide complexes,
with positively charged, low molecular weight, cyclen-based
complexes being taken up by the cells by an active mecha-
nism and being preferentially localized in the nucleus of
living cells.[28, 29,63–65] The microscopy images in these latter
reports show the migration of the complexes through the cy-
toplasm, across the nuclear membrane and into the nucleus,
and show substructures within the nucleus. In these exam-
ples, the homing-in to the nucleus and localization in specif-
ic organelles such as mitochondria, which possess a negative
surface potential and contain DNA, could be a result of the
positive charge of these cyclen-based chelates. The class of
luminescent stains described herein enters into the cells by
endocytosis, as shown by co-localization and temperature-
dependence experiments, therefore interaction with specific
cellular organelles will only be possible if the helicates are
able to escape from the endosomes. It is known that argi-
nine-rich cell penetrating peptides (AR-CPPs) can increase
cellular uptake and the potential of endosomal escape, and
the effect of coupling AR-CPPs to functionalized helicates
on their subsequent cellular uptake and possible endosomal
escape is under evaluation.[66]


The bimetallic luminescent probe system described herein
displays interesting sensitization properties. In the case of
EuIII, the intrinsic quantum yield (i.e. the quantum yield
upon direct metal excitation), which reflects the deactivation
processes operating in the helicate, can be calculated from
the observed and radiative lifetimes. The latter, which can


Figure 9. A comparison of the emission spectra of [Ln2 ACHTUNGTRENNUNG(L
C2)3] in water


(10�4m ; pH 7.4; lexc=330 nm) and in cellulo (HeLa cells; initial concen-
tration: 125 mm ; incubation time: 15 h, 37 8C). Ln=Eu (top), Tb (middle)
5D0!7F0 transition, Yb (bottom)(initial concentration: 250 mm ; incuba-
tion time: 24 h, 37 8C). lexc=330 nm/Bp=14 nm; lemi=930–1100 nm/Bp=


14 nm (spectra not corrected); integration time t =1 s.
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be estimated by a known procedure,[67] is 6.9 ms for [Eu2-
ACHTUNGTRENNUNG(LC2)3] as compared to 6.2 ms for [Eu2ACHTUNGTRENNUNG(L


C3)3]
[48] and 7.1 ms


for [Eu2(L
C)3].


[47] This, in turn, leads to intrinsic quantum
yields of 36.4, 35.7 and 36.7%, respectively. In other words,
substitution of poly(oxyethylene) pendants at either the
benzimidazole or pyridine positions does not affect the de-
activation processes despite the greater flexibility of the
ligand strands. On the other hand, the overall quantum
yields (QLn


L) of the EuIII helicates are clearly affected, de-
creasing from 24% for helicates with H2L


C to 21% and
11% for helicates with H2L


C2, and H2L
C3, respectively,


which means that the sensitization efficacy (hsens) provided
by these ligands decreases in the sequence 67%, 58% and
30%, respectively. This is a remarkable electronic tuning of
the photophysical properties of the helicates despite their
very similar ligand-centered photophysical properties (see
Figure S5 in the Supporting Information for a comparison
between H2L


C2 and H2L
C3). An even more dramatic effect is


found for the helicates with TbIII, an ion which is easily ame-
nable to back-transfer processes. The overall quantum yield
increases dramatically for [Tb2ACHTUNGTRENNUNG(L


C2)3] (see Table 3) com-
pared to helicates with the other ligands, by factors of about
10 (H2L


C)[47] and 33 (H2L
C3).[48] The difference observed be-


tween the helicates with H2L
C and H2L


C2 is consistent with
the increase in the Tb ACHTUNGTRENNUNG(5D4) lifetime from 0.05 to 0.65 ms and
means that the main factor here is the back-transfer process,
which is more efficient in the unsubstituted helicate. The in-
crease in quantum yield from [Tb2ACHTUNGTRENNUNG(L


C3)3] to [Tb2ACHTUNGTRENNUNG(L
C2)3], on


the other hand, cannot be explained similarly since the life-
time increases by a factor of only 1.7. It is noteworthy that
if the efficiency of the intersystem crossing, as estimated
from the relative triplet to singlet emission intensity ratios
at 77 K, does not vary substantially between either the two
unbound ligands (factor of about 1.7 in favor of H2L


C2) or
between their complexes with LaIII and LuIII (no variation),
it increases by a factor of 4.5 in favor of H2L


C2 in the GdIII


chelates. We also observe that the band envelope of the
ligand singlet emission at room temperature (Figure 10) ex-
tends more towards the visible region in the case of H2L


C2


than H2L
C3. This means that if the singlet state were also in-


volved in the overall ligand-to-metal transfer, as has been
demonstrated for some lanthanide complexes,[68] the transfer
may be substantially enhanced in the former system. Alto-
gether, and given the complexity of the ligand-to-metal
energy-transfer processes, we think that the unusually large
enhancement in TbIII luminescence is owed to a combination
of several factors that are a consequence of the connection
of an oxygen atom at position 4 of the pyridine units in
H2L


C2, inducing small but significant changes in the ligand
wavefunctions.


Given the high thermodynamic stability of the reported
helicates, which makes them amenable to in vitro experi-
ments, as well as their versatile and tunable photophysical
properties, which results in their sensitization if bound to
both visible (SmIII, EuIII, TbIII) and near-infrared (NdIII,
YbIII) emitting ions, the new class of bimetallic helical lumi-
nescent tags described here is certainly a valid multimodal
alternative to the existing lanthanide chelates. The reported
in cellulo YbIII emission is a rare example[23] of such an NIR
luminescence and opens wide perspectives for the design of
in vivo NIR imaging probes. The sensitivity of the reported
probes is high, as shown for the EuIII helicate, which stains
the cytoplasm of HeLa cells after only a few minutes of in-
cubation at reasonably low concentrations. The molar ab-
sorption coefficient at the maximum of absorption is around
8.5P104 m


�1 cm�1, which means that eQLn
L amounts to 323


(SmIII), 17850 (EuIII), 9350 (TbIII) and 128 m
�1 cm�1 (YbIII),


the latter of which compares favorably to the xanthene-de-
rivatized dota-based complexes recently evaluated for cell-
imaging purposes, which have quantum yields of 7% (EuIII)
and 24% (TbIII) with molar absorption coefficients at
336 nm of around 6000 m


�1 cm�1 and ePQLn
L values in the


range 400–1500 m
�1 cm�1.[69] The only drawback of the de-


scribed stains is the relatively low excitation wavelength
needed (even if confocal images can also be obtained upon
excitation at 405 nm), although this can potentially be over-
come by two-photon excitation.


The class of luminescent stains described herein has two
other fascinating features. One of these is chirality, which is
an inherent property of the helicates and means that appro-
priate derivatization of the ligand should result in solutions
enriched in one or the other (P or M) enantiomer. Secondly,
the poly(oxyethylene) arms can be easily functionalized and
we already have at hand several derivatives in which the ter-
minal OMe group (Scheme 1) has been replaced by OH,
CO2H and NH2 groups. Specific targeting experiments will
be conducted with these derivatives as well as time-resolved
imaging and in cellulo NIR detection.


Experimental Section


Starting materials and general procedures : Chemicals and solvents were
purchased from Fluka A.G or Aldrich. Solvents were purified by passing
them through activated alumina columns (Innovative Technology Inc.
system).[70] Stock solutions of lanthanides were prepared just before use


Figure 10. Comparison of ligand singlet (c, room temperature) and
triplet (g, time-resolved conditions, 77 K) emission bands for [Gd2-
ACHTUNGTRENNUNG(LC2)3] (bottom) and [Gd2 ACHTUNGTRENNUNG(L


C3)3] (top). The emission spectrum of [Tb2-
ACHTUNGTRENNUNG(LC2)3] is also plotted for comparison.
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in freshly boiled, doubly distilled water from the corresponding Ln-
ACHTUNGTRENNUNG(ClO4)3·xH2O salts (Ln=La, Lu, Gd, Tb, Eu; x=2.5–4.5). These salts
were prepared from their oxides (RhVne-Poulenc, 99.99%) in the usual
way.[71] The concentrations of the solutions were determined by com-
plexometric titrations using a standardized Na2H2EDTA solution in a ur-
otropine buffered medium with xylenol orange as indicator.[72]


Analytical measurements : NMR spectra were recorded at 25 8C with
Bruker Avance DRX 400 (1H: 400 MHz) and AV 600 (13C: 99.8 MHz)
spectrometers. The spectra of organic compounds were recorded for solu-
tions in CDCl3 (99.8%, Aldrich) or MeOD (99.8%, Aldrich) and those
of the helicates for solutions in D2O (99.9%, Aldrich) or NaOD (0.1m


starting from NaOD 25% from Aldrich (99.5%)); deuterated solvents
were used as internal standards and chemical shifts are given with respect
to TMS. The ESI mass spectra of the ligands were recorded with a Fin-
ningan SSQ 710C spectrometer using 10�5–10�4m solutions in acetoni-
trile/H2O/acetic acid (50/50/1), with a capillary temperature of 200 8C and
an acceleration potential of 4.5 keV. The instrument was calibrated
against the horse myoglobin standard and the analyses were conducted in
positive mode. ESI-QTof mass spectra of the complexes were measured
for solutions in water/acetonitrile (9/1 v/v) with a Q-Tof Ultima API
mass spectrometer (Micromass, Manchester, UK) equipped with a Z-
spray type ESI source. Phosphoric acid was used for the positive ion
mass calibration range of 100–2000m/z. Data were acquired and process-
ed using Masslynx version 4.0. The electrospray conditions were as fol-
lows: capillary voltage: 2.3 kV; source temperature: 80 8C; cone voltage:
35 V; source block temperature: 150 8C. The ESI mobilization and drying
gas was nitrogen. All experiments were performed in positive ion mode.
The sample was introduced with a syringe pump at a rate of 20 mLmin�1.
The spectra were simulated with Molecular Weight Calculator 6.42R. UV-
visible spectra were measured for solutions in 0.2-cm quartz SuprasilR


cuvettes with a Perkin–Elmer Lambda 900 spectrometer. Molecular mod-
eling was performed with the CACheR workpackage 7.5 (Fujitsu, 2000–
2006). Protonation constants for H2L


C2 were determined with the help of
a J&M diode array spectrometer (Tidas series) connected to an external
computer. All titrations were performed in a thermostatted (25.0�
0.1 8C) glass-jacketed vessel at m =0.1m (KCl). Stability constants were
determined by titration of H2L


C2 with LnIII (Ln=La, Eu, Lu) at fixed pH
(7.4 in 0.1m Tris-HCl buffer). Factor analysis[73] and mathematical treat-
ment of the spectrophotometric data were performed with the SpecfitR


software.[74,75] IR spectra were recorded with a Spectrum One Perkin–
Elmer FT-IR spectrometer equipped with an ATR accessory. Elemental
analyses were performed at the Microchemical Laboratory of the Univer-
sity of Geneva.


The luminescence spectra and lifetimes were recorded with either a
Horiba–Jobin Yvon FL 3-22 fluorimeter or a home-made high-resolution
set-up, according to previously published procedures.[48,49, 76] Quantum
yields were measured by both a comparative method with [LnACHTUNGTRENNUNG(dpa)3]


3� as
standard[77] and by an absolute method using an integration sphere, as de-
scribed previously.[48] To demonstrate the consistency of the two methods,
Table 5 gathers the results obtained for the EuIII helicates, expressed in
terms of quantum yields relative to [Eu2(L


C)3].


Diethyl 4-Hydroxypyridine-2,6-dicarboxylate (2): The synthesis of this
compound was adapted from that described by Lamture et al.[78] Thus,
chelidamic acid (1; 5 g, 27.3 mmol) was suspended in absolute ethanol
(100 mL) and sulfuric acid (97%) was carefully added at room tempera-
ture with vigorous stirring. The yellow mixture was refluxed for 4 h and
the solvents evaporated. Water (100 mL) was then added and the solvent


evaporated again. The viscous residue was neutralized with a saturated
solution of NaHCO3 to pH 8 and the aqueous solution was extracted
with CH2Cl2 (4P200 mL). The organic phase was dried with Na2SO4 and
evaporated to give 2 as a pale solid, which solidified upon standing at
room temperature (6.2 g, 95%). 1H NMR (400 MHz, [D6]DMSO): d=


7.53 (s, 2H), 4.33 (q, 3J=7.13 Hz, 4H), 1.32 ppm (t, 3J=7.13 Hz, 6H).
ESI-MS m/z calcd for [M+H+]: 240.06; found 240.32.


Diethyl 4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pyridine-2,6-dicarboxy-
late (3): Triphenylphosphane (7.65 g, 29.2 mmol) and 2-[2-(2-methoxye-
thoxy)ethoxy]ethanol (4.8 g, 29.2 mmol) were added to a solution of 2
(3.5 g, 14.6 mmol) in thf (200 mL). DIAD (5.8 g, 29.2 mmol) was then
slowly added whilst stirring and the solution was refluxed overnight. The
solvent was evaporated, the crude product was added to 150 mL of 0.01m


NaOH and the solution was stirred 45 min, during which time white tri-
phenylphosphanyl oxide precipitated. After filtration, the filtrate was ex-
tracted three times with 150 mL of CH2Cl2, the combined organic phases
were dried over Na2SO4 and evaporated to give an oil, which was puri-
fied by chromatography (silica or neutral alumina, 100% ethyl acetate)
to provide the desired product as an oil (4.0 g, 71%). 1H NMR
(400 MHz, CDCl3): d=7.80 (s, 2H; Har), 4.47 (q, 3J=7.13 Hz, 4H;
OCH2-CH3), 4.30 (td, 3J=4.75, 4J=1.08 Hz, 2H; H1), 3.90 (td, 3J=4.75,
4J=1.08 Hz, 2H; H2), 3.72 (td, 3J=5.3, 4J=2.6 Hz, 2H; H3,4), 3.66–3.64
(m, 4H; H3,4 and H5,6), 3.53 (td, 3J=4.21, 4J=1.67 Hz, 2H; H5,6), 3.37 (s,
3H; OCH3), 1.38 ppm (t, 3J=7.13 Hz, 6H; OCH2CH3).


13C NMR
(600 MHz, CDCl3): d =166.74 (CAr-O), 164.30 (C=O), 150.13 (Car), 114.36
(CHar)„ 77.01 (OCH2), 71.87 (OCH2), 70.93 (OCH2), 70.61 (OCH2), 70.32
(OCH2), 70.20 (OCH2), 62.31 (OCH2-CH3), 58.95 (-CH2-), 14.15 ppm
(OCH2-CH3). ESI-MS m/z calcd for [M+H+]: 386.17; found 386.36.


6-(Ethoxycarbonyl)-4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pyridine-2-
carboxylic acid (4): Compound 3 (1.3 g, 3.37 mmol) was suspended in a
solution of NaOH (54 mg, 0.4 equiv) in water (200 mL) and the solution
was stirred for 2 h at room temperature. The evolution of the reaction
was followed by TLC (silica plate, CH2Cl2/MeOH 97/3 v/v). After com-
pletion of the reaction, the basic aqueous solution was washed three
times with 50 mL of CH2Cl2, acidified to pH 2.0 with 0.1m HCl, and ex-
tracted four times with 50 mL of CH2Cl2. The combined organic phases
were dried with Na2SO4 and evaporated to give 4 as an oil (0.65 g, 70%).
1H NMR (400 MHz, CDCl3): d =7.88 (s, 1H; Har), 7.85 (s, 1H; Har), 4.46
(q, 3J=7.14 Hz, 2H; OCH2CH3,), 4.33 (t, 3J=4.75 Hz, 2H; H1), 3.91 (t,
3J=4.75 Hz, 2H; H2), 3.74 (d, 3J=6.0 Hz and d, 3J=5.3 Hz, 2H; H3,4),
3.68–3.64 (m, 4H; H3,4 and H5,6), 3.54 (d, 3J=6.4 Hz and d, 3J=4.94 Hz,
2H; H5,6), 3.37 (s, 3H; OCH3), 1.38 ppm (t, 3J=7.14 Hz, 3H; OCH2CH3).
13C NMR (600 MHz, CDCl3): d=167.92 (CAr-O), 163.70 (C=O), 148.34
(Car), 148.18 (Car), 116.11 (CHar), 111.98 (CHar), 71.91 (OCH2), 70.98
(OCH2), 70,64 (OCH2), 70.6 (OCH2), 69.01 (OCH2), 68.70 (OCH2), 62.40
(OCH2CH3), 59.02 (CH2), 14.21 (OCH2CH3). ESI-MS m/z calcd for
[M+H+]: 358.14; found 358.31.


Diester 6 : Compound 4 (800 mg, 3.11 mmol), freshly distilled thionyl
chloride (3.80 g, 31.1 mmol) and dmf (0.100 mL) were refluxed for
90 min in dry CH2Cl2 (120 mL) under an inert atmosphere. The pale solid
formed after evaporation and pumping for 1 h was redissolved in 100 mL
of dry CH2Cl2 and 2 mL of NEt3. A solution of 3,3’-dinitro-4,4’-bis(N-
methylamino)diphenylmethane (5 ; 283 mg, 1.2 mmol in 50 mL of
CH2Cl2), which was synthesized according to a known procedure,[79] was
then added dropwise. The resulting mixture was refluxed for 12 h under
an inert atmosphere and the solvents were then evaporated. The orange
residue was redissolved in CH2Cl2 (100 mL) and washed twice with
100 mL of half-saturated NH4Cl solution. The combined organic phases
were dried with Na2SO4, evaporated, and the resulting crude solid was
purified by column chromatography (silica gel; CH2Cl2/MeOH, 100/0!
98/2 v/v) to give 6 as an orange oil (535 mg, 60%). 1H NMR (400 MHz,
CDCl3): d=8.04 (s, 2H; Hpy), 7.79 (s, 2H; Hpy), 7.68 (s, 2H; Har), 7.32 (s,
2H; Har), 6.98 (s, 2H; Har), 4.34 (m, 4H; H1), 4.28 (q, 3J=5.18 Hz, 4H;
OCH2CH3,), 4.02 (s, 6H; NCH3), 3.89 (m, 4H; H2), 3.73 (m, 4H; H3,4),
3.67 (m, 4H; H3,4), 3.63 (m, 4H; H5,6), 3.54 (m, 4H; H5,6), 3.38 (s, 2H;
CH2), 3.35 (s, 6H; OCH3), 1.35 ppm (t, 3J=5.18 Hz, 6H; OCH2CH3).
13C NMR (600 MHz, CDCl3): d =166.74 (Car-O), 164.03 (C=O), 153.78
(Car) , 147.77 (Car), 145.61 (Car), 139.52 (Car), 134.49 (Car), 131.45 (Car),


Table 5. Relative quantum yields (reference: [Eu2(L
C)3]) obtained with


the comparative method (left) and with the integration sphere (right).


Qfc
Eu Qfc2


Eu Qfc3
Eu Qfc


Eu Qfc2
Eu Qfc3


Eu


Qfc
Eu 1 1.10 2.14 Qfc


Eu 1 1.20 2.13
Qfc2


Eu 0.91 1 1.94 Qfc2
Eu 0.83 1 1.77


Qfc3
Eu 0.47 0.52 1 Qfc3


Eu 0.47 0.56 1
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125.58 (CHar), 113.80 (CHar), 113.42 (CHar), 70.88 (OCH2), 70.59
(OCH2), 70.55 (OCH2), 69.10 (OCH2), 69.03 (OCH2), 68.12 (OCH2),
61.61 (OCH2CH3), 58.99 (OCH3), 40.55 (CH2), 38.55 (NCH3), 14.20 ppm
(OCH2CH3). ESI-MS m/z calcd for [M+H+]: 995.38; found 995.33. calcd
for [M+2H+]/2: 498.20; found 498.37. calcd for [M+Na+]: 1017.31; found
1017.33.


Diester 7: Freshly activated iron powder (0.87 g, 15.9 mmol) and HCl
(37%; 4.4 mL, 44 mmol) were added to a solution of 6 (535 mg,
0.54 mmol) in ethanol/water (110/30 mL). The mixture was refluxed over-
night under an inert atmosphere then the unreacted iron was filtered off
after cooling and the solvents evaporated. The crude product was redis-
solved in ethanol, sulfuric acid was added carefully (2 mL) and the solu-
tion was refluxed overnight. It was then cooled and the solvents re-
moved. Water (100 mL) was added and the pH was adjusted to 6 with a
saturated aqueous solution of NaHCO3. H2Na2EDTA was then added
(20 equiv), and subsequent addition of 30% H2O2 (1 mL) resulted in a
brown color. The pH was adjusted to 7 with a saturated aqueous solution
of NaHCO3 before extraction with two 250-mL portions of CH2Cl2. This
procedure was repeated twice and the organic phases were combined and
extracted again with a solution of H2Na2EDTA (20 equiv) in aqueous
NaHCO3. The pale brown crude product was collected after drying with
Na2SO4, filtration and evaporation to dryness, and was purified by
column chromatography (silica gel; CH2Cl2/MeOH, 100/0!97/3) to give
a pale-yellow solid (220 mg, 45%). 1H NMR (400 MHz, CDCl3): d =8.09
(d, 3J=2.27 Hz 2H; Har), 7.71 (d, 3J=2.27 Hz, 2H; Har), 7.69 (s, 2H;
Har), 7.35 (d, 3J=8.34 Hz, 2H; Har), 7.23 (d, 3J=8.34 Hz, 2H; Har), 4.47
(q, 3J=7.07 Hz, 4H; OCH2CH3), 4.35 (m, 10H; NCH3 and H1), 4.25 (s,
2H; CH2), 3.90 (t, 3J=4.55 Hz, 4H; H2), 3.73 (d, 3J=6.1 Hz and d, 3J=


4.8 Hz, 4H; H3,4), 3.68–3.64 (m, 8H; H2, H3,4 and H5,6), 3.52 (t, 3J=


5.05 Hz, 4H; H5,6), 3.35 (s, OCH3; 6H), 1.44 ppm (t, 3J=7.07 Hz, 6H;
OCH2CH3).


13C NMR (600 MHz, CDCl3): d=166.37 (Car-O), 164.75 (C=


O), 152.05 (Car), 149.14 (Car), 148.52 (Car), 142.35 (Car), 136.46, (Car)
135.90 (Car), 125.05 (CHar), 119.68 (CHar), 113.23 (CHar), 111.75 (CHar),
109.89 (CHar), 70.82 (OCH2), 70.50 (OCH2), 70.45 (OCH2), 69.09
(OCH2), 69.02 (OCH2), 68.10 (OCH2), 61.79 (OCH2CH3), 58.99 (OCH3),
42.10 (CH2), 32.83 (NCH3), 14.14 ppm (OCH2CH3). ESI-MS m/z calcd
for [M+H+]: 899.41; found (899.81). calcd for [M+2H+]/2: 450.21; found
450.32.


Synthesis of H2L
C2 : Compound 7 (220 mg, 0.24 mmol, 30 equiv) was dis-


solved in EtOH (0.2 mL), then NaOH (50 mL, 0.02m) was added and the
solution was heated to 60 8C for 2 h. The evolution of the reaction was
followed by TLC (silica plate; CH2Cl2/MeOH 97/3 v/v). After completion
of the reaction, the basic aqueous solution was washed three times with
50 mL of CH2Cl2, acidified to pH 2.0 with 0.02m HCl and extracted with
four 50-mL portions of CH2Cl2. The organic phase was dried with
Na2SO4 and evaporated. The ligand was further purified by column chro-
matography (silica gel; MeCN/NH4OH, 100/0!88/12 v/v) to give a pale-
yellow solid (164 mg, 80%). 1H NMR (600 MHz, MeOD): d =7.84 (d,
3J=2.18 Hz, 2H; Har), 7.72 (d, 3J=2.18 Hz, 2H; Har), 7.61 (d, 3J=


8.55 Hz, 2H; Har), 7.55 (d, 3J=8.55 Hz, 2H; Har), 7.33 (d, 3J=8.55 Hz,
1H; Har), 4.39 (d, 3J=4.37 Hz, 4H; H1), 4.30 (s, 2H; CH2), 4.29 (s, 6H;
NCH3), 3.95 (t, 3J=4.37 Hz, 4H; H2), 3.74 (d, 3J=6.4 Hz and d, 3J=


5.0 Hz, 4H; H3,4), 3.68 (d, 3J=6.4 Hz and d, 3J=5.0 Hz, 4H; H3,4), 3.64
(d, 3J=6.4 Hz and d, 3J=5.0 Hz, 4H; H5,6), 3.52 (d, 3J=6.4 Hz and d, 3J=


5.0 Hz, 4H; H5,6), 3.35 ppm (s, OCH3; 6H). 13C NMR (600 MHz,
MeOD): d=171.78 (C=O), 168.52 (Car-O), 156.75 (Car), 152.25 (Car),
143.55 (Car), 138.99 (Car), 137.33 (Car), 126.92 (CHar), 120.21 (CHar),
113.56 (CHar), 112.94 (CHar), 112.09 (CHar), 73.43 (OCH2), 72.33
(OCH2), 72.06 (OCH2), 71.89 (OCH2), 70.90 (OCH2), 69.78 (OCH2),
59.55 (OCH3), 43.49 (CH2), 33.73 ppm (NCH3). ESI-MS m/z calcd for
[M+H+]: 843.35; found 843.37. calcd for [M+2H+]/2: 422.17; found
422.37. Elemental analysis (%) calcd for C43H50N6O12·NH4OH·0.5H2O: C
58.21, H 6.37, N 11.06; found: C 58.23, H 6.23, N 10.83.


Cell lines : The human cervical adenocarcinoma cell line HeLa (ATCC
CCL-2), the mouse hybridoma cell line 5D10 (a gift from Prof. Dr. J.
Raus of the Biomedical Research Institute “Dr. L. Willems-Instituut”,
University of Hasselt, Belgium), the human T leukaemia cell line Jurkat
(ATCC TIB152) and the human breast adenocarcinoma cell line MCF-7


(ATCC HTB-22) were used in this study. Cells were cultivated in 75-cm2


culture flasks using RPMI 1640 supplemented with 5% foetal calf serum
(FCS), 2 mm l-glutamine, 1 mm sodium pyruvate, 1% non-essential
amino acids, 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
monosodium salt (HEPES) (all from GibcoR Cell Culture, Invitrogen,
Basel, Switzerland). Cultures were maintained at 37 8C under 5% CO2


and 95% air atmosphere. The growth medium was changed every other
day until the time of use of the cells. The cell density and viability, de-
fined as the ratio of the number of viable cells over the total number of
cells, of the cultures were determined by trypan blue staining and with a
Neubauer improved hemacytometer (Blau Brand, Wertheim, Germany).


WST-1 cell-proliferation assay :[80,81] Cells were seeded in a 96-well tissue
culture microplate at a concentration of between 1 and 5P105 cells per
well in 100 mL of culture medium and incubated overnight at 37 8C and
5% CO2. The complex was dissolved in fresh RPMI medium at 37 8C, at
a concentration of 500 mm. The medium was removed from the cell cul-
tures and 100 mL per well of the complex was added (final concentra-
tions: 500, 250, 125 and 50 mm). WST-1 reagent (10 mL, Cell Proliferation
Reagent, Roche, Germany) was added to each well and the plate was
shaken for 1 min on a microtiter plate shaker (450 rpm). The plate was
further incubated at 37 8C and 5% CO2 and the absorbance of the forma-
zan product was measured at 450 nm with an ELISA reader (Spectra
MAX 340, Molecular Devices, Sunnyvale, CA, USA). The cell viability
[Eq. (9)] was calculated as the average of three nominally identical meas-
urements from the absorbance difference (A450�A650) between 450 and
650 nm for the cells that were in contact with the complex (exp) and the
medium:


viability ½%� ¼
ðA450�A650Þexp
ðA450�A650Þmedium



 100 ð9Þ


Live-cell imaging : For luminescence microscopy, cells were seeded on
glass-bottomed cell culture dishes and loaded with the complex dissolved
in freshly prepared cell culture medium. The incubation time varied from
15 min to 24 h, and the concentration of the added complex was in the
range 10–500 mm. Cells were incubated at 37 or 4 8C for the indicated
time and washed at least six times with PBS before examination under a
luminescence microscope. The cells were examined with a Zeiss lumines-
cence microscope Axiovert S 100 (lens: Plan-Neofluar 20x/0.4 Korr Ph2
or 40x/0.60 Korr Ph2). Excitation was at 330 or 365 nm (BP 80 nm) for
the LnIII helicates, 470 nm (BP 40 nm) for acridine orange (AO),
BODIPY FL labeled LDL or Transferrin, and the emission filters used
were LP 585 nm for EuIII and SmIII, BP 545 (35 nm) for TbIII, and BP
515–565 nm for the organic dyes; exposure times varied from 30 ms (AO)
to 60 s. Confocal images were recorded with a Zeiss LSM 500 Meta mi-
croscope fitted with a Plan-Apochromat 63/1.30 oil objective; Eu lumi-
nescence was excited at 405 nm and measured through a LP 505 filter.


Concentration of intracellular [Eu2 ACHTUNGTRENNUNG(L
C2)3]: All incubations for the


DELFIAR assay were carried out at room temperature with stirring and
a final volume of 200 mL. HeLa cells were cultivated in six-well cell-cul-
ture plates and loaded overnight with [Eu2 ACHTUNGTRENNUNG(L


C2)3] (25 mm) dissolved in
fresh cell culture medium at 37 8C. The cells were washed with PBS at
least 10 times and harvested by trypsin treatment. The number of labeled
cells suspended in a known volume of PBS was counted by trypan blue
staining and with a Neubauer improved hemacytometer (Blau Brand,
Wertheim, Germany). Cells were seeded at 50, 500 and 1000 cells per
100 mL in a 96-well DelfiaR plate and 100 mL of DelfiaR Inducer was
added to induce complete cell lysis. The plate was shaken vigorously for
5 min and was read with a 1234 DelfiaR fluorometer plate reader
(Perkin–Elmer) using a europium protocol (lex=320 nm, lem=615 nm,
400-ms delay, 1 ms integration time per cycle). To generate a calibration
curve, a known number of cells in 100 mL were spiked with 100 mL of
1 mm to 1 pm [Eu2 ACHTUNGTRENNUNG(L


C2)3] in DelfiaR Inducer and the Eu luminescence was
measured as above. Each point is the average of three or four nominally
equivalent experiments.
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Introduction


High-valent iron–oxo intermediates have long been impli-
cated as the active species in oxidation processes of cyto-
chromes P450 (P450s) and attracted considerable experi-
mental and theoretical attention, in view of their versatile


oxidative reactivity.[1–7] While the P450 iron–oxo species is
still elusive, the situation is entirely different in nonheme
iron biochemistry, where iron(IV)–oxo intermediates have
now been trapped for three enzymes, taurine:a-ketogluta-
rate dioxygenase (TauD),[8–10] prolyl 4-hydroxylase,[11] and a
halogenase CytC3.[12] Furthermore, a synthetic precedent for
such iron–oxo species [FeIV(O)TMC ACHTUNGTRENNUNG(NCCH3)]2+ has also
been characterized.[13–15] Besides structural and spectroscopic
characterization, a wealth of reactivity data is rapidly accu-
mulating that demonstrates the versatility of these reagents,
which can perform a variety of transformations: alkane oxi-
dation,[16–18] alcohol oxidation,[19,20] olefin epoxidation,[17,18, 21]


oxygen transfer to dialkylsulfides and trialkylphos-
phines,[13,18,21–26] and hydrogen abstraction from dihydroan-
thracene.[26–28] Interestingly, these complexes exhibit unusual
kinetic isotope effect (KIE) patterns in H-abstraction reac-
tions, ranging from near-classical KIE values of 10 for some
reactions[26] to nonclassical values of 50–60 in others.[16,19,20]


The fact that a large KIE value has been measured in the
enzyme TauD[8] further enhances the allure of these re-
agents. The emerging reactivity features of these nonheme
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from, for example, 1,4-cyclohexadiene.
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B3 LYP calculations reveal that two-
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state triplet surface has high barriers,


whereas the excited state quintet sur-
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iron–oxo species in the functionalization of C�H bonds thus
present us a challenge to fashion a coherent model of reac-
tivity.


One of the puzzles posed by the reactivity of the synthetic
iron–oxo species is the intriguing effect of the axial ligand in
a series of TMC(L)FeO2+ ,1+ complexes, henceforth desig-
nated as KTMC(L), in modulating the ability of the FeIV=O
unit to effect C�H bond activation, a formally one-electron
process, versus oxo-transfer to phosphorus, a formally two-
electron process.[27,28] The KTMC(L) series is the most system-
atically studied, where TMC is a tetradentate macrocyclic
ligand (Scheme 1), and L is an axial ligand, which can be


neutral acetonitrile (AN) or monoanionic trifluoroacetate
(TF), azide (N3), or thiolate (SR).[13,26–28] The anionic ligands
are more electron-releasing than the neutral AN, and the
most electron-releasing is SR in TMC(SR)FeO1+ , where the
iron is ligated to a thiolate moiety that is tethered to the
macrocycle.[28]


Preliminary reactivity comparisons between KTMC(AN) and
KTMC(TF) revealed that KTMC(TF) was more reactive towards
H-abstraction from 9,10-dihydroanthracene compared with
KTMC(AN) at 25 8C, but similar in reactivity towards PPh3.


[27]


Furthermore, KTMC(SR) was found to be much more reactive
towards 9,10-dihydroanthracene at �40 8C, but showed no
reactivity towards PPh3.


[28] More recently, systematic stud-
ies[26] of an entire KTMC(L) series demonstrated the opposing
reactivity trends presented schematically in Scheme 1 b,
namely that the oxo-transfer (O-transfer) capability of
KTMC(L) towards PPh3 increased in the order L= SR < N3 <


TF < AN, but the reactivity in hydrogen-atom abstraction
(H-abstraction) from 9,10-dihydroanthracene (DHA) de-


creased in the order L= SR > N3 > TF > AN. Thus the
KTMC(L) oxidant exhibits a dichotomic reactivity pattern: in
the oxo-transfer series it behaves as an electrophile, whereby
electron-releasing ligands L diminish the oxidative reactivity,
whereas in the C�H activation series it behaves in a contrari-
an manner, where electron-releasing ligands L surprisingly
enhance the reactivity of the oxidant. As such, a key question
that needs to be addressed is: how can the oxidative capabil-
ity of the obviously electrophilic KTMC(L) oxidant be in-
creased by an electron-donating axial ligand?


Since the factors governing these reactivity trends are not
apparent from experiment,[26–28] the problem has to be ad-
dressed by means of theoretical calculations and modeling.
Previous theoretical calculations of nonheme iron–oxo reac-
tivity have revealed a few trends. In calculations of H-ab-
straction by triplet FeIV=O units, Decker and Solomon
found KTMC(AN) to be less reactive than the corresponding
iron(IV)–oxo porphyrin complex.[29] Some of the present au-
thors calculated the entire energy profiles for the reactions
of KTMC(AN) and KTMC(TF) with cyclohexane, and found that
the quintet surface cuts through the triplet-state energy sur-
face, thus leading to a two-state reactivity (TSR) hypothe-
sis.[30] More recently, de Visser studied hydroxylation and
epoxidation of propene by KTMC(SR), and compared this reac-
tivity with those of a model of the iron(IV)–oxo species of
TauD, as well as with Cpd I of cytochrome P450.[31] Howev-
er, none of these theoretical studies addressed as yet the ob-
served counterintuitive reactivity patterns of the KTMC(L)


series.[26–28] The goal of the work herein is therefore to un-
derstand this intriguing pattern and elucidate the effect of
the axial ligand of KTMC(L) on reactivity trends in the two
series, to formulate a coherent and predictive reactivity
model for nonheme iron–oxo reagents. To this end we stud-
ied with DFT methods the oxygen-transfer and hydrogen-
abstraction reactions of the entire series of KTMC(L) reagents
(we added L= F� and NCS� to see how general the trends
are) with PMe3, PPh3, and C6H8 (1,4-cyclohexadiene, CHD)
(Scheme 2), and examined a few alternative models of reac-
tivity.


Computational Details


Procedures: All geometries were optimized with Jaguar
5.5[32] and Gaussian 03[33] at the UB3 LYP/LACVP
(UB3 LYP/B1) level.[34,35] Geometries of local minima were


Scheme 1. a) TMC(L)Fe=O species (KTMC(L)) and b) a schematic repre-
sentation of the observed trends in their two-electron and one-electron
reactions.


Scheme 2. Reactions studied in this paper. In addition to the KTMC(L) spe-
cies in Scheme 1 we added L =F� (F) and NCS� (NCS).
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optimized with Jaguar 5.5. Transition-state (TS) geometries
at the B3 LYP/B1 level were initially optimized with Jaguar,
and then located with Gaussian 03. We use this practice[36]


since Gaussian has a more efficient frequency calculation
module and gives more reliable energy values for TSs in
some cases. The B3 LYP/B1 geometry optimization was fol-
lowed by frequency calculations by Gaussian 03 at the same
level to characterize local minima and TSs. Zero-point vi-
brational energies (ZPEs) were also obtained by the fre-
quency calculations. Molecular drawing was done in part
with Molekel.[37]


Functionals: Since all the species involve two states, triplet
and quintet, which are close in energy, we deemed it neces-
sary to test along with B3 LYP also the PBE0 functional;[38]


the latter functional was found to be very successful in the
prediction of the spin-state ordering in the FeACHTUNGTRENNUNG(NH3)6


2+ com-
plex.[39a] Since the ground states of the KTMC(L) reagents are
known, we used these species to benchmark the two func-
tionals. Considering that experimentally all the KTMC(L) com-
plexes have a triplet ground state, PBE0 was found to make
poorer predictions than B3 LYP, and for a given basis set
PBE0 predicted many of the reagents to have a quintet
ground state. It is important to point out that these com-
plexes pose difficulties also to high-level configuration inter-
action methods, such as SORCI and CASPT2 based on
large active spaces (e.g., CASACHTUNGTRENNUNG(20,13)), which predict quintet
ground states even when the experimentally determined
ground state is triplet.[39b, c] On the other hand, B3 LYP gave
results in general qualitative accord with experiment (see
below), and was therefore employed as the standard method
in the rest of the study. As expected, B3 LYP*,[40] single-
point calculations which were tried too, gave the same
trends as B3 LYP, while shifting the quintet state higher in
energy, by several kcal mol�1.


Basis sets: We used a few basis sets in the LACVP series,[35]


which is implemented in Jaguar 5.5. The first one is LACVP,
henceforth B1, which is a double-zeta valence basis set cou-
pled with an effective core potential on Fe, and 6–31G on
all other atoms. The other basis sets in the LACVP series
are: LACV3P++ ** (B2), LACVP** (B3) and LACV3P
(B4). These basis sets do not include polarization functions
on Fe, such that, for example, LACV3P ++ ** actually
means a triple zeta with diffuse functions (LACV3P+ ) on
Fe and 6–311++G** on all other atoms, etc. In addition to
these LACVP-derived basis sets, we used the Stuttgart–
Dresden relativistic ECP with a (8s7p6d1f)/ ACHTUNGTRENNUNG[6s5p3d1f] va-
lence basis set on Fe[41a] and 6–311++G** on all other
atoms (B5), and finally, we also tested an all electron Wacht-
ers + f (14s11p6d3f)/ ACHTUNGTRENNUNG[8s6p4d1f] basis set including a diffuse
d function and a set of f polarization functions on Fe[41b, c]


and cc-pVTZ on all other atoms (B6). These latter two basis
sets carry f functions also on Fe. The performance of all the
basis sets was examined by calculating the spin states of the
KTMC(L) reagents; the results were found to be very similar
to B1.


Comments on the calculations of the spin states of KTMC(L):
As already noted, the triplet and quintet spin states of the
KTMC(L) reagents were calculated by single-point calculations
with B3 LYP, B3 LYP* and PBE0 on the UB3 LYP/B1 geo-
metries, with the basis sets B2-B6 described above, hence
UB3 LYP/Bn//B1 (n=2–6). B3 LYP*/B1 and B3 LYP*/B2
gave similar results to those of B3 LYP, with somewhat
larger gaps of spin states. All the results are tabulated in the
Supporting Information (Tables SA1–SA2).


These many calculations demonstrated that B3 LYP is su-
perior to PBE0 for the cases at hand. Thus, for a given basis
set, PBE0 predicts many of the reagents to have a quintet
ground state, while the B3 LYP/B1 and B3 LYP/B3//B1 cal-
culations predict correctly that all the KTMC(L) reagents
should possess a triplet ground state. All the larger basis
sets, which include diffuse functions, predict that KTMC(SR)


should have a quintet ground state. However, Mçssbauer
studies show that the experimental data are inconsistent
with a quintet ground state and fit well with a triplet ground
state.[28] Despite this inconsistency, regarding the ground
state, all sets of UB3LYP/Bn//B1 and UPBE0/Bn results for
the triplet-quintet gap were found to correlate with one an-
other (see Figure SA1 in the Supporting Information), thus
indicating that the results are consistent, but involve a sys-
tematic error.


Calculations of energy profiles: Reaction pathways were
verified by UB3 LYP/B1 scan calculations along a given in-
ternuclear distance, while optimizing freely all other internal
coordinates. The geometry at the top of the energy profile
was used for subsequent optimization of the transition state.
The C�H oxidation series was found to lead generally to a
C6H7C radical, which would rebound in a subsequent faster
step, as found earlier.[30] However, since the interest here is
in the rate-controlling C�H activation, we limited the study
to the H-abstraction step. The basis set effect on TS geome-
try was tested using a B1 basis set augmented with polariza-
tion functions (B1’) on the immediate coordination sphere
of Fe and on the phosphorous of PMe3, hydrogen and
carbon of the reacting C�H bond of C6H8. The effect on the
transition states was not found to be sufficiently significant
to warrant re-optimization of all the other species already
characterized by B1 (see Figure SA4 in the Supporting In-
formation). Therefore, the geometry optimizations of all
other critical species were limited to UB3 LYP/B1. In the re-
actions of KTMC(AN), the gas phase potential energy profile of
the quintet state descends in a barrier-free manner. Since
this does not appear realistic for the reactions in solution,
we scanned the energy profiles for the reactions of 5KTMC(AN)


in a solvent (acetonitrile; see below) and located the transi-
tion states with solvent effect taken into account. Since the
numerical frequency analyses in solvent yielded, in addition
to the reaction vector, a few low frequency imaginary
modes, the transition state might be slightly deviant from
the true transition state. However, multiple imaginary fre-
quencies could also be due to the insufficient numerical ac-
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curacy of numerical derivatives. Anyway the structure can
be used as a good estimate of the transition state.


The energies of all the critical species were corrected by
single point calculations with the larger basis set, B2, hence
UB3 LYP/B2//B1. Thus, even though the B1 and B3 basis
sets appear to have the best results for the spin states of
KTMC(L), we preferred to carry out the single-point calcula-
tions with B2, since reaction barrier calculations in DFT re-
quire diffuse functions.[42] The energy was further corrected
for the effect of acetonitrile (e=37.5, probe radius=


2.183 O) by the self-consistent reaction field (SCRF)
method implemented in Jaguar, using its own Poisson-Boltz-
mann solver.[43] In this method, the “solvation-phase energy”
is defined as the sum of the gas-phase energy and the solva-
tion energy (Esolv). The solvent corrections were done for
the B1 as well as B2 basis sets. Although the solvent used in
the experiment with KTMC(SR) was methanol,[28] we used here
acetonitrile in calculations as a common solvent for the sake
of simplicity (and because the solvent effects were shown to
be almost the same[26]). The trends in the B1 and B2 results
are similar, and the respective data are summarized in the
Supporting Information.


The free energies of activation, gauged relative to the sep-
arate reactants, are higher than the internal activation ener-
gies by an approximately constant quantity, for example,
11.3–13.0 kcal mol�1 on the triplet surface and on average
10 kcal mol�1 on the quintet surface (see Table SA4 in the
Supporting Information). This quantity is dominated by the
entropy contribution, due to the loss of rotational and trans-
lation degrees of freedom in the bimolecular process (see
Tables SB9 and SC9 in the Supporting Information). Thus,
when we present free energies these increments are added
to the B2 data corrected by ZPE and free energy of solva-
tion.


Calculations of kinetic isotope effects (KIEs): Following es-
tablished procedures,[44] we calculated the semi-classical
KIEs using the Eyring equation. Small corrections for the
traditional tunneling mechanism through the barrier were
applied by using the Wigner correction.[45]


Results


Spin states of 2S+1KTMC(L): The KTMC(L) complexes have two
low-lying electronic states, singlet and quintet. The electron
occupancies in the d-block orbitals of the triplet state of the
3KTMC(L) species, possessing a d2p*xz


1p*yz
1 configuration, are


depicted in Scheme 3,[30,39b, c] while in the quintet state, the
occupancy is d1p*xz


1p*yz
1s*xy


1, resulting from single-electron
excitation of the triplet electrons from the doubly occupied
d orbital to the vacant s*xy.


Figure 1 shows the structures of 3,5KTMC(L) species opti-
mized at the B3 LYP/B1 level, along with the relative ener-
gies, which were calculated with and without ZPE and solva-
tion corrections. Focusing on the geometric details in
Figure 1 reveals a Fe�O distance of 1.65–1.68 O for all com-


plexes. KTMC(SR) is seen to have the longest rACHTUNGTRENNUNG(Fe�O) in the
series of complexes studied here, implying a strong push
effect of the axial ligand as is well known from the thiolate
ligand effect in P450.[1,4,5] The r ACHTUNGTRENNUNG(Fe�N) value, which was cal-
culated by taking the average of four distances between the
iron and equatorial nitrogen atoms, exhibits a fairly large
spin-state dependence; thus, in all species, r ACHTUNGTRENNUNG(Fe�N) was lon-
gest in the quintet state due to the occupation of s*xy, as
previously found in P450 compound I[46] as well as in several
non-heme iron–oxo species.[30,39b, c,47] Another interesting fea-
ture is that the azide ligand (N3) coordinates to the iron
center at an angle relative to the Fe=O axis, while the NCS
ligand is collinear with this axis.


Inspection of the relative energies of the spin states in
Figure 1 reveals that the negatively charged ligands stabilize
the quintet state relative to the triplet state. Thus, the trip-
let–quintet gap is largest for KTMC(AN). At the UB3 LYP/B1
level all the complexes possess a triplet ground state, but, at
the UB3 LYP/B2 level, both KTMC(SR) and KTMC(N3) are com-
puted to have a quintet ground state, although both com-
plexes were experimentally found to have triplet ground
states.[23,28] Therefore, the B2 basis set, like other extended
basis sets with more diffuse functions, appears to overesti-
mate the relative stability of the quintet state (see also
Tables SA1 and SA2 in the Supporting Information).
B3 LYP*/B2, on the other hand, gives triplet ground states
for all species except KTMC(SR). Interestingly, the solvent
effect was found to be always larger for the triplet than for
the quintet (Figure 1, and Table SA1 in the Supporting In-
formation). These results qualitatively follow the relative
dipole moments (see Table SA6 in the Supporting Informa-
tion). In view of the basis-set dependency of the triplet–


Scheme 3. Schematic illustration of orbital occupancies in the triplet state
3KTMC(L) in the d-block orbitals.
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quintet energy separation, two questions arise: a) what de-
termines the triplet–quintet energy gap DE ACHTUNGTRENNUNG(Q�T) of
KTMC(L)?; b) do the B1, Bn (n= 2–6) and other data correlate
with each other? Let us answer these questions in turn.


Since the quintet state arises from the triplet by a promo-
tion of one electron from the d to the s*xy orbital
(Scheme 3),[30, 39b,c] we plotted in Figure 2 a the d–s*xy orbital
energy gaps in the quintet state of KTMC(L) versus the DE-
ACHTUNGTRENNUNG(Q�T) quantity (both at the B1 level). Figure 2 b shows the
relationship between the DE ACHTUNGTRENNUNG(Q�T) quantity and the charge
transfer DqCT from the axial ligand L to the TMC–FeO2+


moiety (both at the B1 level). The charge transfer quantity
DqCT is defined as the difference between the charge of the
axial ligand L in its isolated state (0 or �1) and the Mullik-
en charge of L in 5KTMC(L).


Thus, Figure 2 shows the expected trend, namely that the
quintet–triplet energy gap DE ACHTUNGTRENNUNG(Q�T) diminishes generally
with an increase in the electron-releasing power of the axial
ligand L and with the shrinkage of the d–s*xy orbital ener-


gy.[30,39b, c] To elucidate the factors that control the orbital
energy gap, we computed the complexes with a point charge
replacing the anionic ligand and placed at the same Fe�L
distance as in the original complexes. The d–s*xy orbital
energy gaps for cases tested (L =TF, N3) turned out to be
virtually unaffected, or even slightly increased, due to the
presence of a point charge (Figure SA10). As such, the
charge placed at the site of the ligand L, away from the iron
ion is not the origin of the orbital energy gap pattern in Fig-
ure 2 a. However, in the presence of the actual ligand, some
of the charge, originally on the ligand, is transferred (see
Figure 2 b) to the TMCFeO2+ moiety and hence closer to
iron, and this narrows the orbital gaps to an extent depen-
dent on the donor capability of the ligand. Thus, as the
amount of charge transferred from the axial ligand to the
TMC–FeO2+ moiety gets larger, the d orbital that is more
concentrated on Fe gets destabilized relative to the more de-
localized s*xy orbital. Consequently, the orbital energy gap
gets smaller, and hence DE ACHTUNGTRENNUNG(Q�T) decreases. The thiolate


Figure 1. B3 LYP/B1 optimized structures of 2S+1KTMC(L) complexes for the triplet/quintet spin states. The relative energies for the quintet states are given
relative to the triplet state in the following order: E (E+ZPE) [E+ZPE +Esolv] . E(B3 LYP*/B2) +ZPE(B3 LYP/B1)+Esolv(B3 LYP/B2) data are shown
in curly braces.
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ligand has the strongest electron-donating ability (Fig-
ure 2 b), and the gap was smallest in KTMC(SR). The same cor-
relations are obtained for other cases as well, except the
cases of PBE0/B2//B3 LYP/B1 and B3 LYP/B5//B3 LYP/B1,
where unnatural DqCT values (jDqCT j> 1.0) were observed
for some ligands and large deviations were obtained for L=


TF and SR (see Figure SA2 in the Supporting Information).
These deviations might reflect the numerical problem of the
Mulliken charges with large basis sets. In the rest of the text
we focus on the UB3 LYP/B2//B1 data, mostly because we
are interested in the relative barriers, and these quantities
benefit from diffuse functions,[42] which are present in B2.


Oxygen transfer from 3,5KTMC(L) to PMe3 and PPh3 : Figure 3
shows the gas-phase energy profiles for the oxo-transfer re-
actions of 3,5KTMC(AN) and 3,5KTMC(TF) to PMe3. The two cases
cover the range of phenomena found for the various axial li-
gands excluding quantitative considerations. The gas-phase
energy profiles in Figure 3 a involve an initial cluster forma-
tion, 3,5RCO, between the reagent and the phosphine sub-
strate, followed by a transition state, 3,5TSO, which leads to
synchronous oxo-transfer, and by the formation of the fer-
rous-phosphine oxide product complexes, 3,5PO. As noted in
a previous study of nonheme iron systems, here too, we en-


counter the same two-state reactivity (TSR) scenario[30] with
a quintet state surface that is initially an excited state and
then crosses through the triplet barrier, thereby providing in
principle a low energy path for the process. Note in particu-
lar, how small the quintet barriers are compared with the
triplet ones.


Figure 3 b shows the energy profiles in a solvent where
the TSR situation is maintained, but with some obvious
changes. Thus, in solution the RCO cluster is higher in
energy than the separate reactants and the barriers increase
compared with the gas-phase situation. As a result of these
changes, we can presume that in solution there is no stable
cluster (if at all), and we shall omit it from the considera-
tions for all the reactions. Note that in a solvent a quintet
transition state and barrier appear for L= AN. However,
the quintet state barriers remain small even after solvation
correction of the energies.


The study of O-transfer to PPh3 was limited to L=AN,
N3 and SR. Figure 4 shows the representative cases for L=


AN and SR. The results in Figure 4 are similar to those in
Figure 3, with the quantitative exception that, for a given
KTMC(L), the barriers for O-transfer to PPh3 are larger than
the corresponding ones towards PMe3. Our calculations
show that this trend is due to the solvent effect, which is
mainly because of the larger solvation stabilization of the
PPh3 substrate (8.0 kcal mol�1 with B2, see Table SB12 in
the Supporting Information) than that for PMe3 (1.4 kcal
mol�1 with B2, Table SB8 in the Supporting Information).
Furthermore, much like for PMe3, here too with the amend-
ment of the overestimated quintet stability for L=SR and
N3 (see Tables SB11 and SB12 in the Supporting Informa-
tion), these reactions involve also TSR, with a higher triplet
barrier and with a quintet state that cuts through the triplet
surface.


As we saw above in Figure 3 with PMe3, also here with
PPh3 in the gas phase, the quintet energy profile for L=AN
exhibits a barrier-free process. Thus, the gas-phase KTMC(AN)


species is a superb electron acceptor (the gas-phase electron
affinity of KTMC(AN) is 197.8 kcal mol�1[30]) and an electron
transfer from PPh3 to the iron–oxo reagent precedes the O-
transfer (which thereby occurs in a barrierless fashion).
However, in a solvent the electron affinity of KTMC(AN) de-
creases to 95.1 kcal mol�1,[30] and the electron transfer is sup-
pressed. The quintet energy profile in Figure 4 was therefore
determined by scanning the energy in a solvent for internu-
clear separation of the 5KTMC(AN) and PPh3 in the range
r ACHTUNGTRENNUNG(P�O) =3.4–2.7 O (see Figure SB15 in the Supporting In-
formation) prior to optimization of 5TSO in solvent with
Jaguar. The transition state species was characterized by its
forces only and frequency analysis was not done due to high
computational cost. Nevertheless, the scan and optimization
calculations guarantee that this species has energy very
close to that of the real transition state.


The transition state structures in Figure 5 show that P�O
bond making and Fe�O bond breaking are generally more
advanced for the triplet 3TSO species (a late TS) than for the
corresponding quintet 5TSO species. For a given spin state,


Figure 2. Relationships between a) d–s*xy orbital energy gap and DE-
ACHTUNGTRENNUNG(Q�T) and b) DqCT and DE ACHTUNGTRENNUNG(Q�T).
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the 2S+1TSO species gets progressively later, as the electron-
releasing power of the ligand increases from L=AN to SR,
in accord with the increase in the barriers in the same order.
Except for these differences, there are notable similarities
for the transition states of two spin states; thus, in both the
5TSO and 3TSO structures, the Fe-O-P angles are as large as
160–1788.


Based on the previous analysis of reactivity in nonheme
systems,[30] the structures of the transition states reflect the
orbital selection rule that governs the bonding in the transi-
tion states based on the “oxidation state formalism”.[48]


Thus, as shown in Scheme 4, in both cases O-transfer occurs
in a single step, and hence, the establishment of the transi-
tion state is attended by electron shifts from the phosphine


Figure 3. UB3 LYP energy profiles for the reaction of 3,5KTMC(AN) and 3,5KTMC(TF) with PMe3 in the triplet and quintet states: a) The energy profile in the
gas phase. Each species has two energy values, corresponding to UB3 LYP/B2//B1 and UB3 LYP/B2//B1+ZPE, respectively. b) The energy profile in an
acetonitrile solution. Here the energy data involve the solvation correction, UB3 LYP/B2//B1+ZPE +Esolv. The ZPE for 5TSO for the reaction of
5KTMC(AN) in solution is estimated (see Figure SB17 in the Supporting Information).


Figure 4. Energy profiles (UB3 LYP/B2//B1+ZPE +Esolv) for the reactions of 3,5KTMC(L) with PPh3 for L =AN and SR. The ZPE correction for 5TSO(AN)
was estimated (see Figure SB17 in the Supporting Information). In square brackets for L= SR are UB3 LYP*/B2//UB3 LYP/B1+ZPE +Esolv values.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1740 – 17561746


S. Shaik et al.



www.chemeurj.org





lone-pair orbital to orbitals of the iron–oxo reagent, and it is
the overlap of these orbitals that determines the structure of
the transition state. In both the triplet and quintet processes,
one electron must be shifted from the phosphine lone-pair
to the s*z2 orbital that lies along the Fe�O axis (see
Scheme 4). Therefore, to maximize the overlap between the
phosphorus lone pair and the s*z2 orbital, the


3,5TSO species


assume structures with large Fe-
O-P angles >1588 (see also
Figure SB11 in the Supporting
Information).[49] Thus, the O-
transfer reaction behaves genu-
inely as a two-electron process,
even though the electron-shift
events are not strictly synchro-
nous, as may be revealed by
the spin density variation in
the two processes (see Tables
SB1–SB6 and Figure SB12 in
the Supporting Information).


H-Abstraction reactions from
C6H8 by 3,5KTMC(L): Figure 6
shows the energy profiles for
H-abstraction by two represen-
tative 3,5KTMC(L) complexes, L=


AN and TF. The gas-phase
energy profiles (Figure 6 a) in-
volve reactant clusters, 3,5RCH,
followed by transition states
for H-abstraction, 3,5TSH, lead-
ing to the clusters, 3,5IH, of the
radical intermediate C6H7· with


the iron–hydroxo complexes of 3,5KTMC(TF). However, with
KTMC(AN), the quintet process is calculated to be barrier-free
in the gas phase.[30] The high gas-phase electrophilicity of
KTMC(AN) is apparent also from the high positive charge de-
velopment in the 3TSH species (+ 0.43), and by the fact that
as soon as the C6H7 moiety was gradually separated from
the corresponding iron–hydroxo complex, in 5IH, it trans-
ferred an electron and generated the C6H7


+ ion.
Aside from this difference, as in the O-transfer reaction,


here too there is a TSR scenario nascent from the triplet
and quintet states of the reagent. The triplet profiles have
significant energy barriers of 11.7 and 19.0 kcal mol�1, via a
H-abstraction transition state, 3TSH. These barriers are re-
duced to 8.4 and 16.6 kcal mol�1 with the inclusion of a ZPE
correction; unlike the O-transfer reaction here the ZPE cor-
rection is large as would be expected from a C�H activation
reaction. The quintet surface is seen to cut through the trip-
let barrier and, like before,[30] to provide a low-energy path
for C�H activation. The barrier for L=TF on the quintet
surface is 2.3 kcal mol�1 relative to the separate reactants
(on the quintet surface). For other ligands, there are even
smaller quintet barriers. The energy profile in solution (Fig-
ure 6 b) shows again that we cannot expect a stable cluster
in solution. Otherwise, the main features of the gas-phase
profile remain the same in solution; large triplet barriers,
16.4 and 18.5 kcal mol�1, being crossed by the quintet surfa-
ces, which have much smaller barriers (relative to the quin-
tet reactants). The remaining energy profiles have similar
characteristics and are collected in the Supporting Informa-
tion (see Figure SC7 to SC10). As such, all the reactions of
the KTMC(L) reagents proceed by a TSR scenario whereby


Figure 5. UB3 LYP/B1 optimized 3TSO [5TSO] species for the O-transfer reactions (bond lengths in O and bond
angles in degrees). For the reactions of KTMC(AN) with PMe3 and PPh3, the quintet transition state is the 5TSO


determined in solution.


Scheme 4. Electron shifts from the phosphine to the KTMC(L) during O-
transfer.[49]
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the quintet surface cuts through the triplet surface and pro-
vides in principle a low-energy path for the transformation.
Furthermore, all the gas-phase barriers on the quintet surface
are very small (2–4 kcalmol�1) of the order of the zero-point
energy stored in the C�H bond (ca. 4 kcal mol�1).


The key geometric features of the TSH species are given
in Figure 7; the structures basically resemble those found in
our previous study.[30] Thus, all the structures involve a col-
linear O–H–C moiety, which is typical of H-abstraction pro-
cesses. Much in line with the
relative barriers on the two
spin-state surfaces, the C�H
bond lengths in 5TSH are short-
er than in 3TSH, while the H�O
bonds are longer. As such, all
the 5TSH species lie earlier on
the H-atom transfer coordinate
than their corresponding 3TSH


species, a trend which is in
accord with the lower barriers
and the more exothermic H-
atom abstraction energy com-
pared with the triplet process.
Another difference between
the transition states is apparent
in their different Fe-O-H
angles, close to 1808 for 5TSH


and 143–1488 for 3TSH.


The differences in transition-state structures between the
two spin states reflect the different selection rules for these
transition states, as described in detail in the previous
study.[30] As before, this can be understood by reference to
the electronic reorganization (following the oxidation state
formalism[30,48]), which occurs during the establishment of
the transition states. As shown in Scheme 5, during the H-
abstraction, there is a shift of an electron from the sACHTUNGTRENNUNG(C�H)
bond orbital to the iron–oxo reagent; in the case of 5TSH,


Figure 6. UB3 LYP energy profiles for the reaction of 3,5KTMC(AN) and 3,5KTMC(TF) with C6H8 in the triplet and quintet states: a) The energy profile in the
gas phase. Each species has two energy values, which correspond to UB3 LYP/B2//B1 and UB3 LYP//B2/B1+ZPE, respectively. b) The energy profile in
acetonitrile solution. Here the energy data involve solvation correction, (E(UB3 LYP//B2/B1) +ZPE +Esolv). The relative energy for 5TSH in solution for
5KTMC(AN) was obtained by using an estimated ZPE value (see Figure SC13 in the Supporting Information).


Figure 7. UB3 LYP/B1 optimized 3TSH [5TSH] species for the H-abstraction reactions (bond lengths in O and
bond angles in degrees). The 5TSH species for L=AN correspond to the solvent-optimized species.
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the electron is shifted to s*z2


orbital that is aligned along
the Fe–O axis; this requires a
collinear Fe-O-H-C arrange-
ment in the transition state.
On the other hand, in the case
of 3TSH the electron is shifted
to the p* ACHTUNGTRENNUNG(FeO) orbital, there-
by leading to a transition state
with a bent Fe-O-H angle.
Scheme 5 further shows that
the quintet process enjoys a
large increase of exchange in-
teractions compared with the
triplet species, and hence, as a
rule,[30] the quintet barriers are
smaller than the corresponding
triplet ones. It should also be
noted by comparison of
Scheme 4 and Scheme 5 that,
unlike the O-transfer reaction that behaves as a two-elec-
tron process (Scheme 4), H-abstraction behaves as a one-
electron process (still having a redox character due to the
change in the oxidation state of iron).


Discussion of Trends in the O-Transfer and H-
Abstraction Barriers of 3,5KTMC(L) Reagents


To facilitate the discussion of the barriers and the reactivity
trends, we have collected the computed barriers in Table 1
and Table 2 at various levels. These data and the energy pro-
files in Figure 3, Figure 4, Figure 5, Figure 7, and Figure 8
will serve as the basis for the discussion.


The following trends are apparent from the data. The first
trend, in all the series of the computed barriers, is that on
either the triplet or the quintet surface, the barriers follow the
electrophilicity of the 2S+1KTMC(L) reagents ; the barriers are
low, when L is neutral (AN), and increase when the charge
of L is �1. A pictorial representation of this general trend is
seen in Figure 8, where all the triplet barriers/free energy
barriers are drawn against the corresponding jDqCT j quanti-
ty (this is the absolute magnitude of charge transferred from
the ligand L to the TMC–FeO2+ moiety; see Figure 2 b).
The trends in Figure 8 follow the electrophilicity of the
iron–oxo reagent, and are common generally to all the other
data sets (including the quintet ones) in Table 1 and Table 2.


It is thus natural to expect that electrophilic reactions,
like the ones we calculated in this study, will follow the elec-
trophilicity of the iron–oxo reagent. However experiment
disagrees with the computational trends, as illustrated by
Figure 9, which plots experimental free-energy barriers de-
rived from the bimolecular rate constant data[26] for the re-
actions of KTMC(L) with PPh3 and DHA (estimation of free
energy barriers relied on the Eyring equations; for further
details see Figure SA6 in the Supporting Information)
versus the electron-releasing index of the ligand, jDqCT j
and the calculated triplet–quintet gap (DE ACHTUNGTRENNUNG(Q�T)). For O-
transfer reactivity, theory is in accord with experiment, with
the most electrophilic KTMC(AN) reacting the fastest with
PPh3 and the least electrophilic KTMC(SR) reacting the slow-
est. For H-abstraction however, the experimental reactivity
trend (Figure 9) is opposite to that of the computational data
(Figure 8) at all levels and for both spin states.


To ascertain whether or not the experimental H-abstrac-
tion trends may be determined by the strength of the formed
TMC(L)FeO�H bond, we computed the bond dissociation
energies (BDEs) of the O�H bond in the TMC(L)FeO�H
species for both spin states. The resulting BDEs for the trip-
let surface (see Table SA5 in the Supporting Information)
are fairly constant, and cannot predict the observed trend


Scheme 5. Electronic reorganization in the H-abstraction process of
2S+1KTMC(L)


Table 1. Energy barriers (in kcal mol�1) in the O-transfer reactions of 2S+1KTMC(L) with PMe3 and PPh3.


L B1+ ZPE B2+ZPE B1+ZPE +Esolv B2+ZPE +Esolv
[a] DG� (B2)[a,b]


a) S=1
AN 7.1 7.0 14.5 13.1 (24.9) 24.3 (41.2)
TF 16.7 15.4 20.3 15.4 27.3
F 19.5 14.9 23.6 18.2 29.9
N3 19.5 18.3 20.3 16.9 (29.8) 29.9 (39.5)
NCS 18.9 18.2 18.6 16.0 28.7
SR 20.2 19.7 21.0 19.9 (33.8) 32.9 (48.8)
b) S= 2
AN 0.0 0.0 11.0[c] 3.0[c] (10.5)[c] 13.0[d] (20.5)[d]


TF 5.5 1.7 10.7 4.5 13.9
F 10.7 4.8 15.3 8.8 18.6
N3 6.5 3.9 9.7 4.8 (15.4) 15.9 (25.8)
NCS 7.4 4.5 10.2 5.6 16.2
SR 10.3 7.9 11.2 8.2 (18.6) 21.0 (33.6)


[a] Values in parentheses correspond to the barriers with PPh3. The datum for the reaction between 5KTMC(AN)


and PPh3 at S=2 is based on the 5TSO species obtained at the B1+Esolv level discussed above. [b] The free
energy barriers are obtained by adding the computed gas-phase thermal and entropic contributions to the
B2+ZPE +Esolv data. [c] Estimated ZPE values were used. [d] Dcorr =10 kcal mol�1 was used for thermal and
entropic contribution to the free energy barrier.
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(BDE �88 kcal mol�1 at the B3 LYP/B2//B1 level;
90 kcal mol�1 for SR and 91 for AN). If we include the inter-
actions in the H-abstraction intermediate, the strongest


O�H bond is for L= AN
(Method 1 in Table SA5 in the
Supporting Information), and
the BDE prediction is again in
discord with experiment. Using
pKa ACHTUNGTRENNUNG(TMC(L)FeO�H) as a po-
tential predictor of the trends
does not resolve the difficulty
either. The pKa quantity is a
combination of the BDE ACHTUNGTRENNUNG(O�
H) and the reduction potential
of the iron–oxo species. Since
BDE ACHTUNGTRENNUNG(O�H) is constant, the
only variable that determines
pKa is the reduction potential.
As we already stated, the ex-
perimental measurements[26]


show that the relative reactivi-
ty behaves opposite to the


trend in the reduction peak potentials of the KTMC(L) re-
agents. We may conclude therefore, that the thermodynam-
ics of the H-abstraction process on the triplet surface, or for
going from triplet to quintet, appear not to predict correctly


Table 2. Energy barriers (in kcal mol�1) in the H-abstraction reactions of 2S+1KTMC(L) with C6H8.


L B1+ZPE B2+ZPE B1+ZPE +Esolv B2+ZPE +Esolv DG� (B2)[a]


a) S=1
AN 6.0 8.4 13.9 16.4 29.2
TF 13.2 16.6 15.9 18.5 30.1
F 13.5 16.2 17.4 21.3 32.8
N3 13.7 18.5 16.9 20.1 33.7
NCS 13.8 17.6 15.8 19.5 34.3
SR 14.3 19.7 15.7 21.8 34.3
b) S= 2
AN 0.0 0.0 9.5[b] 7.1[b] 17.1[c]


TF 4.0 3.8 7.9 7.8 17.4
F 8.0 5.9 11.9 10.9 20.8
N3 4.0 5.2 7.8 8.5 20.1
NCS 5.3 4.9 9.3 9.7 21.3
SR 5.8 8.2 8.2 11.3 21.6


[a] The free energy barriers are obtained by adding the computed gas-phase thermal and entropic contribu-
tions to the B2+ZPE +Esolv data. [b] This value is based on the 5TSH species located in solution. Estimated
ZPE values were used. [c] Dcorr =10 kcal mol�1 was used for thermal and entropic contributions to the free
energy.


Figure 8. Plots of the calculated barriers at the a) B2//B1 + ZPE +Esolv


level and b) free energy barriers at the B2//B1 +ZPE +Esolv +Dcorr level
for O-transfer (filled circles) and H-abstraction (triangles) reactions
versus jDqCT j . All barriers are gauged relative to the separate reactants
at the lowest state.


Figure 9. Plots of experimental DG� values against a) jDqCT j and b) DE-
ACHTUNGTRENNUNG(Q�T). Full circles are O-transfer (P-oxidation) activation data, while tri-
angles are H-abstraction data.
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either the computed or the observed trends. On the quintet
surface, the largest BDE is for L=AN and the weakest is
for L=SR (see Table SA5 in the Supporting Information),
and this is in accord with the computed trend in the barriers,
but again in discord with experiment. Thus, the computa-
tional data show that one cannot invoke a rate-equilibrium
relationship that will account for the experimental observa-
tions.


From the above discussion it follows that the computed
barrier trends constitute a chemically reasonable trend for
an oxidative process, such that an electron releasing axial
ligand destabilizes the transition state and raises the barrier.
The only problem is that the experimental trends for H-ab-
straction defy this logic (compare Figures 8 and 9). How can
we understand the disparity between experimental trends
and the theoretical results that are otherwise reasonable and
uniform at all levels?


TSR reproduces the trends in the O-transfer and H-abstrac-
tion reactions: A potential way to understand these trends
may be constructed from the fact that all the energy profiles
exhibit two-state reactivity (TSR).[30,50–52] Thus the quintet
surface cuts through the triplet barrier, thereby providing in
principle a low-energy path for the reactions. But this low
energy path requires spin inversion from triplet to quintet,
which may serve as an additional bottleneck for the reac-
tion.[30,50, 51] We shall therefore consider TSR and examine
three different scenarios.


The first scenario that should be examined assumes the
existence of a fast spin pre-equilibrium between the quintet
and triplet KTMC(L) species, followed by a reaction from the
quintet state alone.[30] However, as we saw already in
Table 1 and Table 2, while a quintet-state reactivity predicts
the trends for the O-transfer to PMe3, it certainly does not
reveal how the counterintuitive reactivity trend in the C�H
activation could arise from this scenario. Thus, the hypothe-
sis of fast spin pre-equilibrium and a follow-up reaction
from the quintet spin-state surface has to be ruled out be-
cause the trends in C�H reactivity on any one of the spin sur-
faces follow electrophilicity. In addition, experimental
data[26–28] show no apparent signs for spin pre-equilibrium
and all the complexes have spectral properties of ground
state triplet species.


Another TSR scenario is one in which the reaction starts
on the triplet-state surface and, en route to the TS, crosses
over to the quintet surface with a probability that depends,
inter alia, on the spin-orbit coupling (SOC) interaction be-
tween the two spin states.[50–52] This SOC matrix element[50]


is a monoelectronic matrix element between two orbitals:
one is the orbital that is depopulated in the crossover of the
triplet to quintet, and the other is the orbital that is populat-
ed in the same transition. At the stage of the KTMC(L) com-
plexes these orbitals are d and s*xy (e.g., Schemes 3 and 5).
It is known that the SOC interaction is very sensitive to or-
bital delocalization and to changes in electronic structure.[50]


Thus, SOC is at maximum when the two orbitals are strictly
localized on the iron and when the two states have electron-


ic structures that differ by the occupancy of a single d orbi-
tal.[30, 50] In a former MCSCF study of SOC in the H-abstrac-
tion process in the reaction of FeO+ with H2, the SOC inter-
action was found to vary drastically along the reaction coor-
dinate due to delocalization of the orbitals and to shrink
down to zero at the exit channel (Fe+/H2O) due to changes in
the electronic structure.[50] For the present system, at the re-
actant stage, where orbital delocalization is modest, and
when the two states differ by a single orbital occupancy[30]


the expected SOC matrix element would be significant.
However, during H-abstraction, the orbitals of the two
states become more delocalized and involve the substrate
orbitals, for example, the C�H moiety of the reagent. Fur-
thermore, as can be seen from Scheme 5, during H-abstrac-
tion the electronic structure changes and other orbitals
become involved too in each one of the states, which now
differ by more than one orbital occupation. This further re-
duces the SOC value.[30,50] The larger the initial spin-states
energy gap the “later” is the crossing, the more mixed are
the orbitals and the more different are the electronic struc-
tures of the two states, so that the SOC is expected to
become smaller and smaller as the initial energy gap be-
tween the state becomes larger.[50] Since the probability of
spin crossover is exponential in SOC (e.g., in the Landau–
Zener model[50]), we may reason that the probability of trip-
let-to-quintet crossover should decrease quite fast as the ini-
tial quintet-triplet energy gap increases. Following the data
in Figure 2, we can expect that the spin-inversion probability
should be smallest for L=AN, with the largest gap, and
should increase as the electron releasing power of the axial
ligand increases up to L=SR. The so predicted large SOC
mixing for L= SR is in fact supported by analysis of the ex-
perimental Mçssbauer data,[28] which show that in this com-
plex the quintet state is more extensively mixed into the
triplet ground state than in other complexes of this type.


Since in practice there is currently no good way to com-
pute what is needed to model such TSR scenarios, where
the reactions take place in solution and where there are so
many of them, we must construct these scenarios using a
working hypothesis that will serve to reason the reactivity
patterns observed experimentally. If successful, such an idea
can provide the conceptual means to design reactions that
can test the hypothesis and gain thereby improved insight
into TSR.


Inspection of the data for C�H activation in Table 2 re-
veals that one can obtain a counterintuitive reactivity pat-
tern in a TSR scenario where the two states contribute to
product formation. Thus, we consider a TSR scenario where
most of the process occurs on the quintet surface that has
the smaller barriers. However, because the spin inversion
probability is low, there is a high probability of staying on
the triplet state, which may contribute to the overall reactivi-
ty (only, of course, if the barrier difference is matched by a
low spin inversion probability). Such a scenario can be mim-
icked by blending the quintet barriers with weighted contri-
butions from the triplet barriers, such that the contribution
of the triplet increases as the quintet–triplet energy gap in-
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creases.[52] Accordingly, consider the simple expression of
the barrier of the reaction as a blend, or a weighted average
of the two barriers in Equation (1):


DE�
QT ¼ xDE�


T þ ð1�xÞDE�
Q ð1Þ


where DE�
QT is the net reaction barrier due to blending of


the triplet and quintet barriers, x is the weight of the triplet
process in the overall process, and 1�x is the quintet weight.
In turn, using these barriers in an Arrhenius equation or in
the Eyring equation, the corresponding rate constant would
be given by Equation (2):


kTQ ¼ kx
T � kð1�xÞQ ð2Þ


Thus, the rate constant is a weighted geometric average of
the corresponding triplet and quintet rate constants.


Rearrangement of the terms in Equation (1) shows how
the blending affects the net barrier [Eq. (3)]:


DE�
QT�DE�


Q ¼ xðD E�
T�D E�


QÞ ð3Þ


It is seen that relative to the quintet barrier, the net barrier
(DE�


QT) is raised by a product of the weight of the triplet re-
action (x) and the difference between the barriers on the
triplet and quintet surfaces, (DE�


T�DE�
Q). As such, it is ap-


parent that, as x increases with the quintet–triplet energy
gap as would be required by the above reasoned lowering of
spin inversion probability (from L=SR to L= AN), so does
the barrier. Consequently the relative reactivity in a series
can be inverted, from one controlled by the electrophilicity
of the reagent (i.e. , L=AN is the most reactive) to one that
follows the electron-donating power of L (L= SR is the
most reactive).


A set of x values can be determined from the computa-
tional data by seeking the critical xc that equalizes the barri-
ers for L=AN and all the other L ligands (see pages S24–
S26 in the Supporting Information for details) for both C�H
activation and O-transfer series, based on the quintet and
triplet barriers in Table 1 and Table 2. Any set of x values
larger than the so-determined critical ones will reproduce
the counterintuitive trend in the C�H activation barriers,
whereas a smaller value will reproduce the trends observed
in the O-transfer barriers. Thus, using the free energy barri-
ers in Table 1 and Table 2 (UB3 LYP/B2//B1+ZPE+Esolv),
the so determined final x values are the following: for the
C�H activation series, they are AN (x=0.56), TF (x=0.50),
F (x=0.10), N3 (x=0.17), NCS (x= 0.03), and SR (x=0.00),
while for O-transfer these values are: AN (x= 0.88), TF (x=


0.71), F (x= 0.63), N3 (x= 0.61), NCS (x=0.67), and SR
(x=0.50). Other sets of the barriers give different values,
but what matters more is the trend in the x values, which
are determined with no bias; this is seen to increase in the
order AN > TF > N3 > SR exactly as the expected partici-
pation of the triplet based on the quintet–triplet energy gap
and its effect on lowering of the SOC ; the KTMC(SR) with the
smallest energy gap has the largest participation of the quin-


tet state, whereas KTMC(AN) with the largest spin-state gap
has the smallest quintet participation. The working hypothe-
sis exhibits at least a physically reasonable trend.


Figure 10 shows the so-determined blended computational
barriers plotted as a function of jDqCT j in Figure 10 a and as
a function of the triplet-quintet gap DE ACHTUNGTRENNUNG(Q�T) in Fig-
ure 10 b. It is seen that the TSR-based blended free energy
barriers reproduce the trends observed in the experimental
studies. Thus, the H-abstraction barriers follow the counterin-
tuitive trend whereby the barriers generally decrease as the
electron-releasing power of the ligand L increases and the
triplet–quintet energy gap, DE ACHTUNGTRENNUNG(Q�T), decreases. By con-
trast, the TSR-based blended barriers for the O-transfer
series exhibit the opposite trend; the barrier is lowest for
L=AN and generally increases with the electron releasing
power of L, thus following the electrophilicity of KTMC(L). In
addition, these two sets of TSR-based barriers exhibit reac-
tivity crossover in the series, such that for L=AN the two-
electron reactivity in O-transfer is higher than the one-elec-
tron reactivity in H-abstraction, and as the ligand becomes


Figure 10. Plots of theoretical TSR-free energy barriers versus the two or-
ganizing quantities of the axial ligand effect: a) The behavior of the TSR
blended triplet–quintet barriers, determined according to Equation (1),
as a function of jDqCT j . b) A plot of the same blended triplet–quintet
barriers against DEACHTUNGTRENNUNG(Q�T). Triangles and the dashed line correspond to
H-abstraction data, while full circles and the solid line corresponding to
P-oxidation data.
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more electron rich, the barrier difference decreases and
eventually at L=NCS the H-abstraction reactivity becomes
dominant. In fact, by removing the points for L= F and
NCS for which there are no experimental rate constant data
reported, Figure 10 would look much like Figure 9 that ex-
hibits the corresponding experimental data. It further looks
like a twin of the plot of the experimental barriers for DHA
and PPh3 found in our previous paper.[26]


After demonstrating the plausibility of the blended-TSR
idea by modeling the CHD and PMe3 data in Figure 10, we
can consider the PPh3 data vis-S-vis the CHD data. From
Table 1 it is apparent that the free energy barriers to O-
transfer to PPh3 on the quintet surface follow the electrophi-
licity of the reagent too. Thus, using the blended C�H acti-
vation barriers in Figure 10, and the quintet barriers (x= 0
for all L values) to O-transfer to PPh3 will exhibit precisely
the same pattern as the one simulated for CHD and PMe3


in Figure 10. It appears therefore, that the observation of re-
activity crossovers in C�H activation of CHD versus O-
transfer to PPh3,


[26–28] may correspond to a scenario whereby
C�H activation occurs by a blended triplet–quintet reactivi-
ty, while the O-transfer reactivity of PPh3 occurs predomi-
nantly on the quintet surface.


An alternative way of blending the two processes was pre-
sented in our previous publication,[30] and is given in Equa-
tion (4):


kTQ ¼ xkQ þ ð1�xÞkT ð4Þ


Here, the blended rate constant is given as a weighted sum
of the states’ rate constant weighted by their corresponding
probabilities. In our data, the rate constants on the two
states are widely different, so that the triplet rate will not
make any substantial contribution to the blend, and will be
left with Equation (5), where the rate is given by the rate
constant of the quintet surface multiplied by the probability
x of crossover from the triplet ground state to the quintet
state along the reaction path:


kTQ 	 xkQ ð5Þ


This expression is analogous to the traditional TSR model
as expressed in Equation (6):[50,51c]


kTSR ¼ kTQkQ ¼ kTQðkBT=hÞexpð�DG�
Q=RTÞ ð6Þ


This is the usual Eyring equation corrected by a “trans-
mission coefficient” (kTQ), which depends on the probability
of spin crossover from triplet to quintet. Thus, the free
energy barriers for this TSR scenario are those on the quin-
tet surface, but the rate is weighted by the probability of
crossing over from the triplet ground state to the quintet ex-
cited state en-route to C�H activation or P-oxidation. As we
reasoned above, the SOC interaction, and hence also the
spin inversion probability, should be highest for L=SR and
lowest for L= AN, and the change is expected to be signifi-
cant due to orbital delocalization and changes in the elec-


tronic structure. Furthermore, since kTQ varies exponentially
with the SOC matrix element squared,[50] which decreases as
the triplet–quintet gap increases, it is anticipated that kTQ


will be reduced fairly steeply along the series. Therefore, if
we use the quintet free energy barriers for H-abstraction in
Table 2, and scale the Eyring rate constant by a spin inver-
sion coefficient (kTQ) that decreases gradually from L=SR
to L=AN, the relative rates in the series will be inverted to
yield the observed anti-electrophilic trend.[26] At room tem-
perature, each order of magnitude in rate constant corre-
sponds to 1.4 kcal mol�1, and thus inspection of the quintet
free energy barriers (Table 1, data for S=2) show that the
transmission coefficient will have to decrease by slightly
over four orders of magnitude to achieve the counterintui-
tive reactivity trend (see Supporting Information, p S26).
Such a decrease is physically feasible considering the expo-
nential dependence of kTQ on the SOC matrix element, and
the expected decrease of the latter quantity.[50] In the tradi-
tional-TSR model too, one can get different values of kTQ


using different barriers sets (e.g., see Supporting Informa-
tion, p S26), but what matters is that all these numbers ex-
hibit the same physically reasonable trend, namely kTQ de-
creases as the initial quintet–triplet energy gap increases,
from L= SR to AN.


The two TSR scenarios [Eq. (1) versus Eq. (6)] make
equivalent predictions, regarding the above dichotomic reac-
tivity, and the decision between them has to be based on
two criteria: i) Which one is more realistic? ii) Which one
makes more useful and testable predictions?


One concern regarding the blended-TSR notion is that
the quintet barrier is much lower than the triplet barrier
(Table 2). So, based on energetic considerations alone, one
would not expect a contribution of the triplet reaction (even
if the staying probability on the triplet is high), and one
should favor the traditional-TSR scenario in Equation (6).
However the argument behind this concern does not take
into account the fact that the quintet energies are overstabi-
lized in B3 LYP (and apparently also in PBE0). In fact, fit-
ting the Mçssbauer parameters to experiment for 3KTMC(SR)


required an upward shift of the computed quintet energy,
relative to the triplet state.[28] Such a upward shift in the
quintet barriers, along with small spin inversion probabilities
(that decrease from L=SR to AN), will render the blended-
TSR scenario more plausible. Let us then consider in the
next section the predictive insights that can differentiate the
two models.


Some predictions of the two-state reactivity approaches : An
obvious direction for testing the TSR model is the design of
metal–oxo oxidants where the quintet states are high energy
and inaccessible. Such complexes, which prefer the lower
spin states should be abound by changing the metal, or by
proper design of the ligands.[53] For such complexes, the two
TSR scenarios predict that: i) both C�H activation and P-
oxidation will be sluggish since they cannot enjoy the low
energy pathway provided by the quintet state; and that ii)
both C�H and P-oxidation will exhibit a reactivity trend in
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accord with the relative electrophilicity of the reagents. An-
other prediction of the two models is the temperature de-
pendence of the rate constant.[50,51c] This is more apparent in
Equations (5) and (6), where the spin inversion probability
reduces the pre-exponential factor, and would therefore
yield highly negative entropy of activation if analyzed by
means of the Eyring equation. Thus the TSR models predict
that the reaction for L= AN will have the most negative en-
tropy of activation, while L=SR the least negative.


A second approach is to devise experiments that can dis-
tinguish between the two TSR models. Two tests come to
mind:


The first test is based on the previous computational
study of (N4Py)FeO2+ and (Bn-tpen)FeO2+ ,[30] which
showed that, after the H-abstraction step, only the triplet
surface encountered a rebound barrier to form an alcohol
complex, whereas on the quintet surface there is a barrier-free
rebound (this however, is not the case for TMC(SR)FeO+


where a rebound barrier seems to exist[31]). In the tradition-
al-TSR model [Eq. (6)], since all reactivity is channeled via
the quintet surface, one would not expect much if any ste-
reochemical scrambling, at least based on the computed
energy surfaces for the rebound process of (N4Py)FeO2+


and (Bn-tpen)FeO2+ .[30] In contrast, in the blended-TSR
model, since part of the reaction proceeds on the triplet
state, significant scrambling of stereoselectivity is expected.
Significant scrambling will thus indicate a blended-TSR re-
activity. In such an event, one could use an R�H substrate
with a stereochemical label, as, for example, in Scheme 6,


and analyze the alcohol product. As shown in Scheme 6, the
value of x ([Eq. (1)]) can be determined from the ratio of
the rearranged alcohol (R) yield, to the total alcohol yield,
involving the sum of unrearranged (U) and rearranged alco-
hol (R) product yields.


The second test is based on kinetic isotope effect (KIE)
measurements. In the blended-TSR approach ([Eqs. (1) and
(4)]) the KIE will have two contributions, one coming from
the quintet surface, the other from the triplet. Using equa-
tion 2, the KIE in blended-TSR can be broken down into
the individual contributions as in Equation (7):


KIETQ ¼ KIEx
T �KIEQ


ð1�xÞ ð7Þ


Since the quintet gas-phase barrier for C�H abstraction
from C6H8 is extremely small, 2–4 kcal mol�1, one can imag-
ine that once there is a spin crossover from the triplet to the
quintet surface, the zero-point energy stored in the C�H
bond (�4 kcalmol�1) is sufficient to propagate the molecular
system across the quintet barrier, within a single vibrational
amplitude (the ZPE of the C�D bond will not be sufficient
and the reaction will proceed by normal activation over a
barrier). Such a mechanism will give rise to a very large
KIE much like a tunneling process.[54] Thus, we may con-
clude that the KIEQ value should be very large for most
cases with weak C�H bonds like C6H8. In contrast, with
strong C�H bonds, generally, the quintet energy barrier will
be often larger than the ZPE of the C�H bond and the
quintet-state bond activation will proceed in a normal acti-
vation over the barrier, giving rise to semiclassical KIE (7 or
so).


From the work on the TauD enzyme,[8] an iron–oxo active
species with a quintet ground state exhibits a KIE>30, much
larger than the computed semiclassical value. Indeed the
semiclassical values calculated by us for KTMC(L) in the quin-
tet state are very small, 3.7–6.1 (see Table SC11 in the Sup-
porting Information) in accord with the small value reported
by de Visser for the TauD model reaction.[55] Therefore, as-
suming that the KIET value is semiclassical, (KIET =5.8–7.0;
see Table SC11 in the Supporting Information), as observed
in similar H-abstraction processes,[2] one can predict that
within a series of the type used here, the blended-TSR
based KIETQ will be smallest for L= AN and largest for L=


SR. Qualitative support for this prediction can be found in
the experimental data for the Fe(O) ACHTUNGTRENNUNG(TMC)(L) complexes dis-
cussed in this paper where observed KIE values range from
10–20 for the activation of weak C�H bonds.[26] Generally, in
a series where an iron–oxo reagent reacts with alkanes with
different C�H bond strengths, one would expect a highly
variable KIE, stretching from semiclassical to nonclassical
values, depending on the C�H bond strength and reflecting
the blending of the triplet into the quintet processes.
Indeed, experimental KIE values have been observed to
range from 10 to 60.[16,19,20, 26]


Although such observations do not rule out the tradition-
al-TSR scenario ([Eq. (6)]), it is less clear at the moment
how it could account for or predict such high variability of
the KIE. The blended TSR in Equation (4) does not give a
clear breakdown of the KIETQ into individual components,
but it is expected to yield similar predictions to Equa-
tion (2).


Concluding Remarks


The hydrogen abstraction (H-abstraction) and phosphine
oxidation (P-oxidation) reactions of nonheme FeIV=O re-
agents exhibit two-state reactivity (TSR), in which the
ground triplet state possesses large barriers for bond activa-


Scheme 6. Rearranged (R) and unrearranged (U) alcohol products ex-
pected from a blended-TSR approach ([Eq. (1)]). The tilde over the R
moiety in R denotes a rearranged organic radical compared with the
same moiety in U.
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tion, whereas the thermally accessible quintet state has
smaller barriers that provide the system with a low energy
path for bond activation. Scheme 4 and Scheme 5 delineate
orbital selection rules that underlie the different reactivity
features of the two spin-state surfaces. The schemes project
also that the physical basis for the small quintet-state barri-
ers is the increase of the number of exchange interactions in
the quintet transition state. This reasoning makes TSR a
plausible reactivity scenario for bond activation by nonheme
FeIV=O complexes.


Equations (1)–(6) constitute two schemes for analysis of
TSR situations that are similar to the ones studied here,
wherein the reactivity reflects the influence of the two spin
states, either via the transmission coefficient [Eq. (6)] or via
the blend of the barriers of the individual states [eqs. (1)–
(5)] that contribute to the overall process. In either formula-
tion one can rationalize the counterintuitive reactivity ob-
served in H-abstraction,[26] and the reactivity crossover of
the H-abstraction and P-oxidation series.[26–28]


From the analysis of the blended-TSR barriers, it is appar-
ent that the experimental observation may not constitute a
generally expected phenomenon that should characterize
any series of C�H activation versus O-transfer reactions
with a given set of iron–oxo reagents. The so-obtained enig-
matic results correspond to the specific series used in the ex-
perimental study, and could be modeled here with TSR
[Eqs. (1)–(6)]. Nevertheless, the basic equations of blended-
TSR, Equations (1) and (3), also predict that as the C�H
bond strength in the substrate increases, the quintet barrier
will increase, and the relative reactivity of the KTMC(L) series
will be less responsive to the electron-releasing power of L
but will follow the electrophilicity of the iron–oxo reagent.
The fundamental message is that the occurrence of both the
counterintuitive trend (for C�H activation) as well as the
more intuitive reactivity pattern (for O-transfer) results
from the TSR scenario where two spin states interplay and
give rise to the overall reactivity. The blended-TSR scenario
makes additional testable predictions on radical clock sub-
strates, on KIE patterns, as well as on complexes with inac-
cessible quintet states that cannot exhibit TSR.


One would have certainly liked to have more precise
computational techniques that would have allowed an as-
sessment of the various TSR approaches more quantitative-
ly. However, at present this is not realistic. The above test-
able predictions constitute at present more realistic probes
that will determine eventually the status of this model.
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Zn ACHTUNGTRENNUNG[BPO4(OH)2]: A Zinc Borophosphate with the Rare Moganite-Type
Topology


Ya-Xi Huang, Yurii Prots, and R0diger Kniep*[a]


Introduction


Silica, a well-known family of natural minerals, exists in a
large number of polymorphous modifications that are built
from corner-sharing SiO4 tetrahedra. These include the
stable phases at ambient pressure with increasing tempera-
ture: a-quartz, b-quartz, b2-tridymite, and b-cristobalite; co-
esite is known as a high-pressure phase with a tetrahedral
framework structure.[1,2] Besides these modifications also
metastable phases are known, such as b1-tridymite and a-
cristobalite.[1,2] In addition, a rare silica modification, named
moganite, was found and identified in ignimbrites of Gran
Canaria (Spain) by Flçrke et al. in 1974[3] and 1984,[4] respec-
tively. This new modification has a monoclinic crystal struc-
ture, space group I2/a,[5] which can be considered to be built
up from alternating layers of (101) slices of right- and left-
handed a-quartz corresponding to a periodic Brazil-law
twinning on the unit cell scale. The structure is characterized
by the presence of 4-, 6-, and 8-rings of SiO4 tetrahedra; the
4-rings are linked to form chains running along [100]
(Figure 1 right) that are not found in quartz. Until very re-
cently moganite was the only known example of this struc-


ture type. However, a silica analogue, phosphorus oxynitride
(PON), crystallizing in the cristobalite-type structure,[6] was
found to transform to a moganite-type phase at high temper-
ature and high pressure.[7] Furthermore, an orthorhombic
modification of beryllium hydride[8] has been reported which
has a very close topological relation to moganite. Besides
these tetrahedral framework structures, a metal-organic
framework compound, [Cu3ACHTUNGTRENNUNG(Pytac)6] ACHTUNGTRENNUNG(H2O)14 (Pytac=2-(4-
pyridyl)-thiazole-4-carboxylic acid),[9] and a cadmium cya-
nide[10] were found to crystallize with moganite topology. In
the case of cadmium cyanide,[10] the moganite-type topology
was identified by O;Keeffe in a later publication.[11] The
crystal structures of moganite along with moganite-type
PON and BeH2 have been refined from X-ray powder and
neutron powder diffraction data, respectively.


Borophosphates with a tetrahedral framework structure
are of general interest due to their structural relationship to
zeolite and silica.[12] Metalloborophosphates, as a branch of
borophosphates, have been found with tetrahedral frame-
work structures such as A ACHTUNGTRENNUNG[ZnBP2O8] (A= K+ , NH4


+ , Rb+ ,
Cs+)[13] with topologies that display a close relationship to
alumosilicates (the feldspar family and Gismondine); a
chiral zincoborophosphate, Na ACHTUNGTRENNUNG[ZnBP2O8]·H2O,[14] with a
close structural relationship to the CZP topology[15] is
formed by dehydration of the Na-Zn phase of the isostruc-
tural series M IM II


ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG[BP2O8]·xH2O (MI=Li, Na, K;
M II=Mn, Fe, Co, Ni, Zn; x=0.5, 1),[16] which contains heli-
cal ribbons of corner-linked borate and phosphate tetrahe-
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dra; two compounds containing the same topology as
Na ACHTUNGTRENNUNG[ZnBP2O8]·H2O have been found by introducing two dif-
ferent organic template ions, (C4N3H16)[Zn3B3P6O24]·H2O


[17]


and (H4TETA)1.5[Zn6B6P12O48]·1.5H2O (TETA= triethylene-
tetraamine);[18] A ACHTUNGTRENNUNG(BeBP2O8)·xH2O (A=Na+ , K+ , NH4


+),[19]


(NH4)16[Zn16B8P24O96] and (NH4)16[Zn13.4Co2.6B8P24O96]
[20] are


found with ANA topology.[15] Here we report on the novel
compound ZnACHTUNGTRENNUNG[BPO4(OH)2], which has a tetrahedral frame-
work with an analogous topology to moganite (a rare poly-
morph of silica).[3–5] Its crystal structure was solved and re-
fined from single-crystal X-ray diffraction data.
ZnACHTUNGTRENNUNG[BPO4(OH)2] is isoelectronic (48e�) to silica (3DSiO2).


Results and Discussion


The single-crystal structure analysis of Zn ACHTUNGTRENNUNG[BPO4(OH)2] (see
Table 1 and Table 2) reveals that the new phase consists of a
three-dimensional tetrahedral framework with moganite-
type ACHTUNGTRENNUNG(silica) topology (Figure 1). The PO4 group adopts an
almost ideal tetrahedral arrangement: dP�O=151.57–
154.66 pm and aO-P-O=106.37–111.288 (average P�O
bond length and angle: 153.11 pm and 109.458). In the
borate group, the B�O distances and O-B-O angles are
found in a range from 145.8 to 147.5 pm and from 105.04 to
114.218, respectively. The two crystallographically independ-
ent Zn atoms occupy the special positions 4c (Wyckoff nota-
tion) with a distorted tetrahedral coordination surrounded
by two OH groups and two oxygen atoms (Figure 2). Bond
lengths and angles in the ZnO2(OH)2 tetrahedra
(dZn1�O=193.37–194.32 pm and aO-Zn1-O=103.37–111.978 ;
dZn2�O=194.30–196.64 pm and aO-Zn2-O=103.44–112.778)
are of the same order as observed in related compounds
containing tetrahedrally coordinated zinc.[7–9] Details con-
cerning the bond lengths and angles are given in Table 3.


The open-framework structure of Zn ACHTUNGTRENNUNG[BPO4(OH)2] is built
from unbranched vierer-single borophosphate chains of al-


ternating BO2(OH)2 and PO4 tetrahedra extending along
[010] (Figure 3). The chains are interconnected by
ZnO2(OH)2 tetrahedra to form a three-dimensional tetrahe-
dral framework structure (Figure 4) with 8-ring channels
running along [100] and providing free space for the hydro-
gen positions. The unbranched vierer-single borophosphate
chains are built from alternating BO2(OH)2 and PO4 tetra-
hedra and have also been found in the crystal structures of
M II


ACHTUNGTRENNUNG[BPO4(OH)2] (M=Mn, Fe, Co)[21] and
Fe ACHTUNGTRENNUNG[B2P2O7(OH)5].


[22]


To classify the structure of ZnACHTUNGTRENNUNG[BPO4(OH)2], the tetrahe-
dral centers and their interconnections are used by omitting


Figure 1. Connectivity of the tetrahedral centers of Zn ACHTUNGTRENNUNG[BPO4(OH)2] (left; Zn: blue, B: green, P: orange) and moganite (a polymorph of SiO2) (right,
violet) viewed approximately along [010]. 4-, 6-, and 8-rings are highlighted in green, orange, and blue, respectively.


Table 1. Crystallographic data and refinement results of
Zn ACHTUNGTRENNUNG[BPO4(OH)2].


molecular formula ZnACHTUNGTRENNUNG[BPO4(OH)2]
formula weight [gmol�1] 205.17
space group orthorhombic, Pbcn (no. 60)
a [pm] 915.07(3)
b [pm] 897.22(3)
c [pm] 1059.19(3)
V [106 pm3] 869.62(5)
Z 8
1calcd [gcm�3] 3.13
m ACHTUNGTRENNUNG(MoKa) [mm�1] 5.96
crystal size [mm3] 0.12D0.08D 0.03
T [K] 295(2)
2q range [8] 6.36–60.0
hkl range �12�h�12, �12�k�12,


�14� l� 10
measured reflections 5813
independent reflections 1240
Rint/Rs 0.029/0.025
observed reflections (Fo>4s(Fo)) 1162
number of parameters 92
R1 [Fo>4s(Fo)]/R1 (all data) 0.028/0.030
wR2 [Fo>4s(Fo)]/wR2 (all data) 0.075/0.077
goodness-of-fit on F2 1.09
residual electron density (max/min)
[10�6epm�3]


0.55/�0.54
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the oxygen atoms (Figure 1 left). As defined by O;Keeffe,
“3- and 4-connected nets, particularly uninodal ones, are
conveniently characterized by a vertex symbol (3,4); in this
symbol a number specifies the size of the smallest ring con-
tained in an angle, and a subscript if present indicates that
more than one ring of specified size is contained in that


angle and gives their number”,[11] in a 4-connected net there
are six angles at a vertex. The net of the title compound
contains two kinds of nodes: B1 and P1 at 8d (Wyckoff no-
tation) and Zn1 and Zn2 at 4c with the ratio of 2:1. When
viewed down the b axis (Figure 1 left), one can visualize an
undulating layer composed of 4-rings (green) and 6-rings
(orange) sharing edges or vertices. The 3D net is generated
by alternately connecting B and P nodes to those in adjacent
layers above and below where the 8-rings (blue) are formed.
The long (SchlEfli) notation for B and P nodes is 4.86.6.6.6.6,
and 4.4.62.62.84.84 for the Zn nodes, giving the net symbol
(4.4.62.62.84.84)(4.86.6.6.6.6)2 which can be represented by the
short symbol (42.62.82) ACHTUNGTRENNUNG(4.64.8)2. The topology of the open
framework of the title compound exhibits the moganite
(silica) topology (Figure 1 right). Although there is still a
dispute about the actual existence of moganite because the
crystal structure was solved from a few microcrystalline ag-
gregates only and because the crystal structure can be de-
scribed by a periodic Brazil-law twinning on the unit cell
scale,[3] the title compound with moganite topology could
provide convincing proof of the existence of moganite be-
cause it not only is isoelectronic to silica but also was even
synthesized in form of single crystals and structurally char-
acterized from single-crystal data.


Although zinc is tetrahedrally coordinated, the title com-
pound cannot be counted as part of an anionic partial struc-
ture because the resulting framework is neutral in charge.
Thus, the compound does not belong to the zincoborophos-


Table 2. Atomic coordinates and equivalent displacement parameters
(104 pm2) in the crystal structure of Zn ACHTUNGTRENNUNG[BPO4(OH)2]; standard deviations
in parentheses.


Atom site x y z Ueq/Uiso
[a]


Zn1 4c 1/2 0.13783(4) 1/4 0.01212(13)
Zn2 4c 0 0.12516(3) 1/4 0.01192(13)
B1 8d 0.2424(2) 0.5265(2) 0.0786(2) 0.0081(4)
P1 8d 0.23618(5) 0.22634(5) 0.42734(5) 0.00874(15)
O1 8d 0.35556(15) 0.26124(14) 0.33265(13) 0.0159(3)
O2 8d 0.09608(15) 0.50355(16) 0.13239(14) 0.0165(3)
O3 8d 0.08602(15) 0.25933(14) 0.37334(13) 0.0154(3)
O4 8d 0.35523(15) 0.49243(15) 0.17139(13) 0.0152(3)
O5 8d 0.24086(14) 0.18695(16) 0.05198(14) 0.0114(3)
O6 8d 0.24588(14) 0.05921(16) 0.46128(14) 0.0132(3)
H2O2 8d 0.050(4) 0.430(4) 0.116(3) 0.043(9)
H4O4 8d 0.339(4) 0.423(4) 0.217(3) 0.048(9)


[a] Hydrogen was refined with isotropic displacement parameters.


Figure 2. Ball-and-stick presentation of the two crystallographically inde-
pendent ZnO2(OH)2 tetrahedra. Bond lengths given in pm.


Table 3. Selected bond lengths [pm] and angles [8] for the crystal struc-
ture of Zn ACHTUNGTRENNUNG[BPO4(OH)2]; standard deviations in parentheses.


Zn1�O1 (D2) 193.37(13) O1-Zn1-O1 110.14(8)
Zn1�O2 (D2) 194.32(13) O1-Zn1-O2 (D2) 111.97(6)


O1-Zn1-O2 (D2) 109.63(6)
O2-Zn1-O2 103.37(8)


Zn2�O3 (D2) 194.30(13) O3-Zn2-O3 103.44(8)
Zn2�O4 (D2) 196.64(13) O3-Zn2-O4 (D2) 111.31(6)


O3-Zn2-O4 (D2) 112.77(6)
O4-Zn2-O4 105.45(8)


B1�O4 145.8(2) O4-B1-O6 114.21(15)
B1�O6 146.5(3) O4-B1-O2 110.74(15)
B1�O2 147.0(2) O6-B1-O2 108.78(14)
B1�O5 147.5(2) O4-B1-O5 105.04(14)


O6-B1-O5 110.05(15)
O2-B1-O5 107.77(14)


P1�O1 151.57(14) O1-P1-O3 111.28(8)
P1�O3 151.76(14) O1-P1-O5 111.28(8)
P1�O5 154.46(15) O3-P1-O5 110.28(7)
P1�O6 154.66(15) O1-P1-O6 108.25(8)


O3-P1-O6 109.21(7)
O5-P1-O6 106.37(8)


O2�H2 0.81(3)
O4�H4 0.80(4)


Figure 3. Unbranched vierer-single chain built from alternating
BO2(OH)2 and PO4 tetrahedra linked via common O corners. BO4 tetra-
hedra: green, PO4 tetrahedra: orange. H atoms: gray spheres.


Figure 4. Unbranched vierer-single borophosphate chains extending along
[010] interconnected by ZnO2(OH)2 tetrahedra forming a 3D tetrahedral
framework structure. BO4 tetrahedra: green, PO4 tetrahedra: orange, Zn
atoms: blue spheres, H atoms: gray spheres.
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phate family but is a special case of tetrahedral borophos-
phates with B:P=1:1. Up to now, all known metalloboro-
phosphates contain a common fundamental building unit
which is the dominant structural motif for all these com-
pounds: unbranched vierer-single rings consisting of two
phosphate groups connected via one metallate and one
borate tetrahedron (M-P-B-P) or via two metallates (M-P-
M-P) or via two borate tetrahedra (B-P-B-P).[12] The title
compound, however, contains a vierer-single ring motif with
the sequence Zn-B-Zn-P. The metalloborophosphates
known up to now contain framework anions with the com-
position M :B:P=1:1:2; the title compound, however, has a
composition of M :B:P=1:1:1.


Conclusion


We have synthesized and characterized a novel zinc boro-
phosphate with the rare moganite-type topology (SchlEfli
symbol as (42.62.82) ACHTUNGTRENNUNG(4.64.8)2). The crystal structure is con-
structed from unbranched vierer-single borophosphate
chains interconnected via ZnO2(OH)2 tetrahedra, which re-
sults in a three-dimensional tetrahedral framework. Due to
the charge neutrality of the tetrahedral framework the title
compound does not belong to the family of zincoborophos-
phates.


Experimental Section


Preparation and analytical characterizations : The title compound was
prepared from a mixture of ZnO (1.628 g, Alfa, p. a.), B2O3 (0.624 g,
Alfa, 99.5%), P2O5 (2.840 g, Merck, 95%), and H2O (7.5 mL) by hydro-
thermal treatment. The mixture was stirred at 373 K till a homogeneous
colorless gel was obtained which then was transferred into a Teflon auto-
clave (20 mL, ROTH, filling degree 30%) and treated at 443 K for three
days. After that, the Teflon autoclave was directly removed from the
oven and cooled down to room temperature. Colorless platelet crystals
with an orthorhombic habit (Figure 5) were separated from the mother
liquid by vacuum filtration followed by washing and drying at 333 K. The
phase purity of Zn ACHTUNGTRENNUNG[BPO4(OH)2] was checked by X-ray powder diffrac-
tion (Huber Image Foil Guinier Camera G670, CuKa1


radiation, Ge mon-
ochromator). The lattice parameters were obtained from powder data
(LaB6 as standard).


The chemical composition of the title compound was confirmed by ele-
mental analysis. Zn, B, and P were analyzed by applying ICP-OES
(Varian Vista, radial observation), whereas H was determined with a


LECO CHNS-932 by applying the hot extraction method: Exptl/Calcd
(%): Zn 32.2(5)/31.87, B 5.20(2)/5.27, P 14.63(8)/15.10, H 0.99(1)/0.98.


The thermal stability was investigated under nitrogen atmosphere during
heating and cooling (5 K/min) in the range from room temperature to
1273 K (NETZSCH STA 409). The thermogravimetric curve of crystal-
line samples of ZnACHTUNGTRENNUNG[BPO4(OH)2] shows a sharp single-step weight loss of
9.19% occurring from 623 to 1073 K, corresponding to the removal of
one H2O per formula unit (8.78% calcd).


Crystal structure determination : A suitable colorless platelet single crys-
tal (Figure 5) of dimensions 0.12D0.08D0.03 mm3 was isolated from the
reaction gel. The intensity data were collected at 295 K on a Rigaku
AFC7 four-circle diffractometer, equipped with a MERCURY-CCD de-
tector (MoKa radiation, graphite monochromator). For data collection, f
as well as w scans were performed (0.68 per step, 40 s per image). The
data were corrected for Lorentz and polarization effects; an absorption
correction was made by applying the multiscan mode. The crystal struc-
ture was solved in the space group Pbcn (no. 60) by direct methods using
the program SHELXS-97–2,[23] and refined by full-matrix least-squares
procedures using the program SHELXL-97–2.[24] After localization of
zinc, phosphorus, and some of the oxygen positions, the missing non-hy-
drogen atom sites were taken from difference Fourier maps. After aniso-
tropic displacement parameters had been included in the refinement,
both hydrogen atoms were located from difference Fourier maps and re-
fined without any restraints. For the final runs the lattice parameters ob-
tained from powder data were used. Details of the data collection and
relevant crystallographic data are summarized in Table 1, atomic posi-
tions and selected bond lengths and angles are given in Table 2 and
Table 3, respectively.


Further details of the crystal structure investigation can be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany, (fax: (+49) 7247–808–666; e-mail : crysdata@fiz-karlsruhe.
de) on quoting the depository number CSD-418734.
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Specific Binding Effects for Cucurbit[8]uril in 2,4,6-Triphenylpyrylium–
Cucurbit[8]uril Host–Guest Complexes: Observation of Room-Temperature
Phosphorescence and their Application in Electroluminescence


Pedro Montes-Navajas, Laura Teruel, Avelino Corma,* and Hermenegildo Garcia*[a]


Introduction


Organic capsules, such as calixarenes and cyclodextrins, are
attracting continuous interest as hosts for the development
of supramolecular chemistry.[1–17] Among the different or-
ganic capsules, cucurbiturils (CBs) have specific structural
features that arise from the polarity of the entrances, which
is controlled by the presence of negative carbonyl oxygen
atoms, their ability to bind positively charged organic guests,
and their barrel shape, which is able to immobilize guests in
the interior that are larger than the size of the portals.[1–6]


Substituted pyrylium ions have been widely used as pho-
tosensitizers in photoinduced electron transfer and as sen-
sors.[18–28] Given the related precedent for a remarkable in-
crease in the photostability of Rhodamine 6G upon encap-
sulation in CB[7],[29–30] it is of interest to determine the


properties of the resulting host–guest complex with pyrylium
ions, particularly to put the behavior of these inclusion com-
plexes into context with those reported for related supra-
molecular systems that contain pyrylium ions.[18,20,23,25,28, 31–36]


Herein we report the unique features exhibited by the
2,4,6-triphenylpyrylium ion (TP+) upon encapsulation in
CB[8]. Observation of room-temperature phosphorescence
can be used as a simple test to detect visually the presence
of CB[8] in mixtures of other CBs as well as to impart elec-
troluminescence onto the TP+@CB[8] complex, which is a
property that is not exhibited by TP+ or even by complexes
of TP+ with other CBs.


Results and Discussion


Before beginning encapsulation studies with CB, a prelimi-
nary issue is the stability of TP+ in aqueous media. As re-
ported, we have observed that TP+ undergoes hydrolytic
ring opening to form 1,3,5-triphenyl-2-penten-1,5-dione in
water at neutral pH.[37,38] However, also in agreement with
the literature,[39] the hydrolysis reaction rate depends on the
pH of the medium, the lower the pH, the slower the hydro-
ACHTUNGTRENNUNGlysis. As illustrated in Figure 1, the hydrolysis of pyrylium is


Abstract: 2,4,6-Triphenylpyrylium
ACHTUNGTRENNUNG(TP+) forms host–guest complexes with
cucurbiturils (CBs) in acidic aqueous
solutions. 1H NMR spectroscopic data
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and room-temperature phosphores-
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inhibited for pH values of three and below. For this reason,
all of the experiments have been done at pH 1 and measure-
ments have been made less than one hour after sample
preparation. This precaution ensures the absence of hydroly-
sis.


As expected in view of previous reports of encapsulating
organic molecules inside CBs,[1,2, 5] addition of increasing
amounts of CBs to the aqueous solution of TP+ produces
changes in the absorbance spectrum. These variations with
respect to free TP+ were relatively minor for CB[5], CB[6],
and CB[7], for which small shifts in lmax (about 10 nm) and
some variations in the absorption coefficient were observed.
More notable is the case of CB[8] whose presence led to a
significant change in the values for lmax, the extinction coef-
ficient, and the full width at half height of the absorption
bands. Figure 2 shows the optical spectra recorded in the
presence of various CBs. These variations in the absorption
bands are also visually reflected in changes to the color of
the solutions.


It is known that TP+ fluoresces upon excitation to either
of the two absorption bands.[19,23,31,32, 37,40,41] Figure 3 shows
the emission spectrum of an aqueous solution of TP+ . This
emission matches the expected band for TP+ fluorescence
very well.[19,23, 31,32,34, 37,40, 41] Upon addition of CB[5] and


CB[6], very minor changes in fluorescence are recorded. In
contrast, the presence of CB[7] causes a significant blueshift
of lfl (10 nm). More relevant are the changes in the emission
produced by the presence of CB[8]. In this case, two emis-
sion maxima are clearly visible. One of them, although sig-
nificantly shifted with respect to free TP+ (~30 nm), can be
easily assigned to fluorescence based on the wavelength
maxima (lfl=485 nm). However, the other much broader
emission band appears in a region (595 nm) that does not
correspond to fluorescence. We speculate that this emission
could correspond to phosphorescence. Low-temperature
studies have established that TP+ phosphoresces at a lmax


value of 550 nm.[34] Observation of room-temperature phos-
phoresce in solution is rare, in this case it is also a unique
observation when considering the fact that this effect is spe-
cific for CB[8] and is absent in CB[6] and CB[7].


To provide evidence to support the hypothesis that the
emission at 590 nm corresponds to phosphorescence, we
measured the time profile of the emissions at 450 nm and
590 nm. It is expected that the lifetime of the emission mea-
sured at 450 nm, which corresponds to fluorescence, should
last for a few nanoseconds, whereas if the emission mea-
sured at 590 nm corresponds to phosphorescence it should
be in the microsecond timescale. In accordance with our ex-
pectations, the time profile measured at 450 nm could be
fitted to a single exponential with a half-life of 6.5 ns. On
the other hand, the emission at 590 nm was considerably
longer lived and it could not be measured by using the same
single-photon counting setup (pulsed hydrogen lamp with a
repetition rate of 20 KHz, maximum measurable lifetime of
50 ns). This firmly established that these two emissions cor-


Figure 1. Time conversion plot for the hydrolysis of TP+ in water as a
function of pH. &: pH 0, *: pH 3, ~ pH 4, !: pH 5, ^: pH 6, and 3 : pH 7.


Figure 2. Transmission optical spectra in water (pH 1) for TPBF4 (10�4
m)


in the absence (A) or in the presence of an excess of CB[5] (B), CB[6]
(C), CB[7] (D), and CB[8] (E). Spectra are shifted on the vertical axis
for convenience. Note that plot E is broader than plot A.


Figure 3. Emission spectrum of aqueous solutions of TPBF4 (10�5
m,


pH 1) in the absence (A) or in the presence of a saturated concentration
(~10�3


m) of CB[7] (B) and CB[8] (C and D) at lex =420 nm for spectra
A, B and C and lex =370 nm for spectrum D.
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respond to different species and that the one emitting at
590 nm is much longer lived (t>50 ns). Thus, the excited
state most likely to be responsible for the emission at
590 nm is that of the triplet excited state. Recently the ob-
servation of a similar room-temperature phosphorescence
for quinoline has been reported.[42]


The quantum yield (F) of the two emissions was deter-
mined by taking the emission intensity of TPBF4 as the stan-
dard value (Ffl=0.55 in acetonitrile).[33,34] By using this Ffl


value, the fluorescence of TPBF4 in aqueous solution at
pH 1 was determined. The Ffl value for TP+ in water was
very similar to that of the fluorescence in acetonitrile. Addi-
tion of CB[5], CB[6], and CB[7] somewhat reduces the fluo-
rescence quantum yield, which remains similar to the Ffl


value of the TP+ standard. Table 1 lists the emission quan-
tum yields determined for TP+@CB complexes. More re-


markable, however, is the varia-
tion in the emission efficiency
for the sample of TP+@CB[8],
for which an overall emission
quantum yield of 0.2 was esti-
mated. As previously men-
tioned, this emission corre-
sponds to the overlap of fluo-
rescence and phosphorescence.
Moreover, the relative intensity
of fluorescence versus phos-
phoresce for TP+@CB[8] varies
significantly depending on the
excitation wavelength (see Fig-
ure 3C and D). In particular,
excitation at 420 nm favors
phosphorescence over fluores-
cence. When considering the
fact that the absorption spec-
trum of TPBF4 is interpreted to
originate from two independent chromophores,[34,43] the var-
iations in the relative quantum yields of fluorescence and
phosphorescence indicate the preferential fluorescence
emission from the 4-phenylpyrylium subunit and predomi-
nant phosphorescence emission from the 2,6-diphenylpyrili-
um moiety (Figure 4). This interpretation will become rele-
vant when discussing the molecular modeling of the host–
guest complexes and the specific features of CB.[8]


The variations in the emissions (lfl, Ffl, and room-temper-
ature phosphorescence) described above can serve to deter-
mine the binding constants (Kb) for the TP+@CB com-


plexes. Figure 5 illustrates the changes occurring in the emis-
sion upon titration of a solution of TP+ (5H10�5


m) in water
(pH 1) with increasing amounts of CB[8]. The inset of
Figure 5 shows the corresponding titration plot in which the
intensity of the emission measured at 590 nm upon excita-
tion at 420 nm is plotted against the CB[8]/ ACHTUNGTRENNUNG[TP+] molar
ratio. For CB[7] and CB[8] the stoichiometry of the host–
guest complex was found to be 1:1 and the binding constants
were in the range of 105


m
�1. The Kb values are given in


Table 1. To put these values into context, it is worth noting
that values of Kb for host–guest complexes of related pyryli-


um ions in b-cyclodextrins (b-CD) previously reported are
in the range of 103 to 104


m
�1.[44] Specifically, in contrast to


our result with CBs, it has been reported that TP+ does not
form complexes with b-CD.[44] Clearly, the remarkable
room-temperature phosphorescence observed herein is un-
precedented in any organic capsule.


To get some information about the structure of the host–
guest complexes we undertook 1H NMR spectroscopic stud-
ies on CB-saturated solutions in D2O (pD=1). Figure 6
shows the aromatic region of selected 1H NMR spectra to il-
lustrate the spectral variations produced by the presence of


Table 1. Emission quantum yields (F) measured upon excitation at
420 nm and binding constants (Kb) for TP+@CB complexes.


Complex Ffl KbH10�5 [m�1]


TP+-CB[5] 0.47 –
TP+-CB[6] 0.43 –
TP+@CB[7] 0.46 7.54
TP+@CB[8] 0.05 (Fph=0.15) 1.45


Figure 4. Independent x and y chromophores present in TP+ and the sub-
unit proposed to be responsible for the room-temperature phosphores-
cence.


Figure 5. Variations in the emission spectrum (lex=420 nm) of TPBF4 (5H10�5
m) in aqueous solutions (pH 1)


upon addition of increasing amounts of CB[8] in the range 0 to 10�4
m. The inset shows the titration plot in


which the intensity of the emission measured at 590 nm has been plotted versus the CB[8]/TP+ molar ratio.
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CBs. The 1H NMR spectrum of pure TP+ indicates that the
2- and 6-phenyl rings are magnetically equivalent and slight-
ly different from the 4-phenyl group. By monitoring the
changes that occur in these phenyl rings in the presence of
CBs, it is possible to determine where complexation occurs.
Thus, upon the addition of CB[5] and CB[6], broadening of
the signals and some minor shifts in d were observed, which
indicates that some kind of weak interaction between TP+


and CB[5] or TP+ and CB[6] occurs. More remarkable were
the changes recorded for TP+ in the presence of CB[7] and
CB[8], for which variations in d of the signals, even above
1.2 ppm, were observed. Table 2 lists the chemical shifts and
the assignments for the protons of TP+ encapsulated in
CB[7] and CB[8].


In this context, it is interesting to note that in our hands,
when b- and g-CD were used as hosts for TP+ in aqueous
solution (pH 1), no changes in d for the TP+ protons were
observed, which suggests that no encapsulation of cationic
TP+ takes place with these capsules. This suggestion is in
agreement with a previous report that also concluded that
TP+ does not bind to b-CD.[44]


From this spectroscopic study, and based on the remark-
able upfield shifts of the protons for the 4-phenyl ring, it can
be concluded that CB complexation occurs through the 4-
phenyl ring. Considering the propeller shape of the TP+


molecule and the fact that the relative size of CBs do not
allow the complete inclusion of TP+ , it is reasonable to
assume that complexation occurs such that only one of the
phenyl rings and part of the pyrylium core is accommodated
inside CB. These NMR data indicate the selective encapsu-
lation of the phenyl ring at the 4- position.


Modeling by molecular mechanics has been widely used
as a predictive tool in host–guest chemistry that involves or-
ganic capsules because it combines reliable relative estima-
tions on the inclusion phenomenon with minimum calcula-
tions.[45–48] In our case, molecular mechanics predicts that in-
clusion of a phenyl ring is not possible in CB[5] and highly
unfavorable in CB[6]. In contrast, this model anticipates the
easy inclusion of the phenyl ring at the 4- position within
CB[7] and CB[8]. These two CBs exhibit, however, contrast-
ing behavior with respect to the emission properties, as indi-
cated above. To understand the origin of this phenomenon,
we performed a calculation of the energy for the host–guest
inclusion complex in CB[7] and CB[8] as a function of the
distance from the center of the organic capsule to the center
of the 4-phenyl ring. Figure 7a shows the plot of the change
in energy versus distance. The potential energy minimum in-
dicates the most favorable co-conformation for the inclusion
complex. Importantly, the distance at which the minimum
energy is recorded does not coincide for CB[7] and CB[8].
For CB[8] the minimum energy is recorded at 0 I, which in-
dicates that the center of the organic capsule and the center
of the phenyl ring should coincide. In contrast, the energy
minimum for CB[7] occurs when the distance between the
two centers is about 1 I, which indicates that in this case
the phenyl ring of the pyrylium ion is not able to penetrate
as deeply into the capsule. Figure 7b shows the two mini-
mum energy models for the complexes with CB[7] and
CB[8] in which the different penetration depths of the pyr-
ACHTUNGTRENNUNGylium guest inside each CB host can be clearly appreciated.
The reason for this difference is the width of the capsule
and the repulsive interactions between the oxygen atoms of
the CB carbonyl portals and the ortho hydrogen atoms of
the phenyl groups at the 2- and 6- positions of the pyrylium
ion.


This difference in the penetration depth motivated by the
difference in width of the capsules is responsible for the un-
precedented observation of room-temperature phosphores-
cence in the case of CB[8].[8] To understand this phenomen-
on, we fixed the geometry of the capsule with respect to
TP+ to the optimum value and performed a study of the


Figure 6. The aromatic region of a solution of TPBF4 in D2O (pD=1) in
the absence (A) and upon saturation of the solution with CB[5] (B),
CB[6] (C), CB[7] (D), and CB[8] (E).


Table 2. 1H NMR spectroscopic data corresponding to the TP+ , TP+@
CB[7] and TP+@CB[8] complexes.


Species Signal (multiplicity,[a] integration, assignment[b])


TP+ 8.25 (s, 2H; Hd)
7.90 (d, 4H; He)
7.75 (d, 2H; Hc)
7.45 (m, 3H; Ha and Hb)
7.35 (m, 6H; Hf and Hg)


TP+@CB[7] 8.60 (s, 2H; Hd)
8.50 (d, 4H; He)
7.50 (m, 6H; Hf and Hg)
7.20 (b, 2H; Hc)
6.75 (b, 1H; Ha)
6.45 (b, 2H; Hb)


TP+@CB[8] 8.20 (s, 2H; Hd)
8.00 (b, 4H; He)
7.20 (b, 6H; Hf and Hg)
6.90 (d, 2H; Hc)
6.70 (t, 1H; Ha)
6.25 (t, 2H; Hb)


[a] s= singlet, d=doublet, m=multiplet, b=broad signal. [b] For the la-
beling of the hydrogens see Figure 6.
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energy barrier for the rotation of the phenyl rings at the 4-
or the 2- and 6- positions of the pyrylium ion. The results
are shown in Figures 8 and 9.


In Figure 8 it can be seen that the energy barrier for the
rotation of the 4-phenyl ring inside CB[8] is identical to that


calculated for the free molecule. In contrast, the narrower
width of CB[7] significantly restricts the rotation of this
ring. This impeded rotation is manifested by an energy bar-
rier twice that of the free molecule with two relative minima
at 60 and 1208. In other words, CB[8] does not interfere
with the rotation of the 4-phenyl ring included within the
complex, whereas CB[7] stops the conformational freedom
of this ring.


Even more informative are the results from calculations
of the energy barrier for rotation of the phenyl rings at the
2- or 6- positions. These phenyl rings are not included in the
organic capsule, but the proximity of their ortho hydrogen
atoms to the oxygen atoms of the portal carbonyl groups
strongly interferes sterically with their conformational mobi-
lity. Plots of the energy barrier as a function of the dihedral
angle shows that for these rings CB[7] does not impose any
restriction because the difference in energy for rotation in
TP+@CB[7] compared with that for the free TP+ ion is not
significant. In contrast, when the phenyl ring at the 4- posi-
tion is encapsulated in CB[8], rotation of the external 2-
and 6-phenyl rings is strongly impeded, and therefore, the
conformation of these rings is locked by high energy barri-
ers. Taking into account the outcome of the theoretical
model and our previous experimental findings that phos-
phorescence emission predominantly arises from localized
excitation of the 2,6-diphenylpyrylium subunit, we propose
that freezing of the conformational mobility of these exter-
nal phenyl rings by deep complexation of the 4-phenyl ring
is the main reason that explains the unique behavior ob-
served for complexation with CB[8]. Thus, whereas radia-
tionless relaxation of the triplet excited state by flipping of
the 2,6-phenyl rings around the electron-poor pyrylium core
could be an efficient deactivation pathway for free TP+ and
for the TP+@CB[7] complex, this mechanism is impeded in
TP+@CB[8].


One straightforward application of the remarkable room-
temperature phosphorescence is the visual detection of


Figure 7. a) Plot of the potential energy as a function of the distance be-
tween the center of the phenyl ring at the 4-position and the organic cap-
sule for CB[7] (&) and CB[8] (*). b) Molecular model based on MM2
calculations for the minimum energy co-conformation of TP+@CB[7]
(left) and TP+@CB[8] (right). Note the difference in the penetration of
the 4-phenyl ring in CB[7] and CB[8].


Figure 8. Relative energy for the rotation of the 4-phenyl ring calculated
at the MM2 level for the co-conformation of the TP+@CB complex indi-
cated in Figure 7b. The plots show the energy as a function of the dihe-
dral angle between the plane of the 4-phenyl ring and that of CBs per-
pendicular to the equatorial plane. *: TP+ , &: TP+@CB[7], and ": TP+@
CB[8].


Figure 9. Relative energy (calculated at the MM2 level) for the rotation
of the 2- or 6-phenyl ring in TP+@CB complexes in the minimum energy
co-conformation. The plots show the energy as a function of the dihedral
angle defined by the plane of the 2-phenyl ring and that of a plane per-
pendicular to the CB equatorial plane. *: TP+ , &: TP+@CB[7], and ":
TP+@CB[8].
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CB[8] in mixtures of different CBs upon illumination with a
conventional UVA lamp (emission quasi-monochromatic at
370 nm). As Figure 10 shows, the yellow color of the emis-


sion light for CB[8] is unique and different from the emis-
sion of TP+ in the presence of any other CB. Note that to
the best of our knowledge, there are no methods for the se-
lective visual discrimination of CB[8] in mixtures of CBs. It
is particularly difficult to distinguish between CB[8] and
CB[7]. It should also be noted that these observations can
be done in the open air and the presence of oxygen has a
minor influence on the phosphorescence intensity. This is a
reflection of the inefficient quenching of the TP triplet excit-
ed state by oxygen.[40]


The remarkable property of room-temperature phosphor-
escence exhibited by TP+@CB[8] was envisioned to be
useful to develop an organic light-emitting device (OLED),
based on TP+@CB[8] as the active layer. In OLEDs, elec-
tron/hole recombination in the active molecule must lead to
light emission.[49–53] Commonly, the efficiency of this type of
OLEDs is limited by the fact that upon electron/hole recom-
bination, the probability of forming a triplet excited state is
considerably higher than the formation of singlet excited
states.[50] As triplets are normally very weakly emitting, the
overall efficiency of the device can be very low. Exceptions
to this general rule are strongly phosphorescent metallic
complexes, such as ruthenium tris-bipyridyl.[54–57] In our case,
as TP+@CB[8] emits with a remarkably high Fph, the con-
struction of a device with this supramolecular complex
should be possible. As a matter of fact, our expectations
were realized. Thus, whereas OLEDs that use TPBF4 and
TP+@CB[7] were non-emitting, we have been able use the
naked eye to see yellow light from a device prepared by
using TP+@CB[8]. The intensity of the cell was estimated to
be 0.5 cdm�2. Figure 11 shows the light spectra emitted from
an OLED based on TP+@CB[8]. This spectrum matches the
phosphorescence observed for TP+@CB[8] very well, thus
supporting the hypothesis that the normally non-emissive
triplet excited state of TP+ is the species involved in the
electroluminescence process. Electroluminescence consti-
tutes an important application of the fundamental phenom-
ena of room-temperature phosphorescence.


Conclusion


In conclusion, in the present work we have shown that the
host–guest complex of the TP+ ion and CB[8] exhibits spe-
cific room-temperature phosphorescence not observed for
any other CB. This effect seems to arise from the restriction
of the conformational mobility of the 2- and 6-phenyl rings
upon complexation of the 4-phenyl ring. This room-temper-
ature phosphorescence and its characteristic yellow color
can be used as a simple test to detect the presence or ab-
sence of CB[8] in mixtures of other CBs. In addition, we
have taken advantage of the efficient room-temperature
phosphorescence from TP@CB[8] to apply the system to de-
velop an electroluminescent cell based on supramolecular
control of the emission.


Experimental Section


TPBF4 and CBs were commercial samples (Aldrich) and used as re-
ceived. All of the measurements were carried out in Milli-Q water. The
pH of the aqueous solutions was set at the required value by using dilut-
ed nitric acid in Milli-Q water. Absorption optical spectra were recorded
for samples at pH 1 in quartz cuvettes by using a Shimadzu PC4140 spec-
trophotometer. Emission spectra were recorded by using a PTI LPS-
220B spectrofluorimeter. The samples (pH 1) were purged with nitrogen
for at least 15 min before measurements were taken. Cuvettes were
capped with septa to avoid air diffusion. Emission quantum yields for op-
tically matched solutions (optical density=0.4) were calculated by using
the reported value for the fluorescence of TPBF4 in acetonitrile (Ffl=


0.55).[33,34] Fluorescence lifetimes were measured by single-photon count-
ing by using a hydrogen lamp running at a frequency of 20 kHz. Tempo-
ral decays were fitted to a single exponential decay to obtain the emis-
sion half-lifetime. This setup was unable to measure the lifetime of the
emission at 590 nm upon excitation of a sample of TP@CB[8]. 1H NMR
spectra were recorded by using a Bruker AV-300 300 MHz instrument
with D2O as the solvent. The pD value was set at one by using deuterat-
ed hydrochloric acid. The samples were saturated with the corresponding
CBs and filtered before recording the spectrum. Molecular mechanics
calculations at the MM2 level were performed by using the 2001 version
of Chem3D running on a PC. For estimation of the energy of the host–
guest complex, optimized geometries of TP+ , CB[7], and CB[8] were


Figure 10. Photograph of aqueous solutions (pH 1) of TP+ (10�5
m) upon


illumination with a UV lamp. From left to right: TPBF4, TP+@CB[5],
TP+@CB[6], TP+@CB[7], and TP+@CB[8]. Figure 11. Light emission from OLED cells operated at 10 V by using


TPBF4 (A), TP+@CB[7] (A), and TP+@CB[8] (B).
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used and a series of calculations that differed by 0.5 I were carried out
for a geometry in which the direction of the approach of TP+ to CB is
perpendicular to the CB entrance plane. Calculations of the rotation
energy barrier were similarly performed by fixing the geometries of
CB[7], CB[8], and TP+ and by varying the dihedral angle, which is de-
fined by the planes of the pyrylium ion and the corresponding phenyl
ring, in increments of 108.


An electroluminescent cell was constructed by using an indium–tin oxide
(ITO) transparent electrode as the anode and a film of aluminum depos-
ited in a vapor deposition chamber as the cathode. Prior to preparation
of the cell, the ITO electrode was cleaned by dipping the electrode in Al-
conox solution that was sonicated for 20 min, rinsed with Milli-Q water
and isopropanol, and finally, exposed to deep UV irradiation for 20 min.
After cleaning, the ITO was covered with a film of PEDOT:PSS (from
Aldrich) by spin-coating (2000 rpm). After drying the film at 90 8C under
vacuum for 20 min, a second spin-coating (2000 rpm) was applied by
using an aqueous solution that contained TP+ (10�3


m). Finally, aluminum
was deposited on top of this TP+ layer by chemical vapor deposition.
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Cell-Specific Internalization Study of an Aptamer from Whole Cell Selection


Zeyu Xiao,[a, b] Dihua Shangguan,[a] Zehui Cao,[a] Xiaohong Fang,[b] and Weihong Tan*[a]


Introduction


Aptamers, derived from an evolution process called SELEX
(Systematic Evolution of Ligands by Exponential enrich-
ment), are single strand nucleic acids capable of binding to
their target molecules with high affinity and specificity.[1,2]


Unlike monoclonal antibodies, aptamers have low molecular
weights and can be chemically synthesized and readily modi-
fied.[3–6] These features make aptamers promising probes for
molecular recognition and also as diagnostic and therapeutic


reagents.[7–10] Although aptamers have been very effective in
vitro, one of the limitations for an in vivo application is that
most of aptamers, unlike small molecules, cannot be directly
taken up by cells without external assistance.[11] Several in-
herent factors such as nucleic acid.s charge and size present
a potent barrier to cellular uptake. The negatively charged
phosphate backbone of the nucleic acid molecule is the pri-
mary cause for its inadequate and inefficient cellular associ-
ation, owing to electrostatic repulsion from the negatively
charged cell surface. Moreover, oligonucleotides longer than
25 bases are inherently difficult to import into cells because
of their size and tending to self-hybridize, thereby affecting
their uptake.[12] Though efforts have been made to incorpo-
rate aptamers into liposome vesicles.[13,14] or other delivery
vector systems,[15,16] it is highly desirable to generate new ap-
tamers that can be internalized directly into cells and ex-
plore their in vivo applications. Up to now, the only success-
ful example is anti-PSMA (prostate-specific membrane anti-
gen) aptamer. A previous study has shown that PSMA is
constitutively endocytosed into LNCaP cells as an internal-
izing protein and the application of anti-PSMA monoclonal
antibody increases its internalization rate.[17] After the iden-
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tification of the anti-PSMA aptamer that binds to prostate
cancer cells with nanomolar affinity,[18] Farokhzad et al. also
reported that anti-PSMA aptamers can be internalized.
They further prepared nanoparticle–PSMA aptamer conju-
gate and proved that it could directly enter the target cells
in a receptor-dependent way.[19] Based on this study, an in-
creasing interest in using PSMA aptamer to deliver
siRNAs,[20,21] toxins,[22] and anticancer drugs[23] into cells
have been shown in recent years. Therefore, a great poten-
tial is expected in the discovery of new internalizing aptam-
ers and their use as delivery agents.


The difficulty in the discovery of internalizing aptamers is
mainly due to the limited number of aptamer candidates
available for cell-specific recognition. We have recently de-
veloped the cell-SELEX method to generate a panel of ap-
tamers successfully.[24] These aptamers are selected using
whole intact cells as targets while a related cell line is used
as a negative control for the selection. Cell-SELEX enables
the generation of multiple aptamers for molecular recogni-
tion of the target cells, and these aptamers could be used as
excellent molecular recognition probes. The cell-SELEX
provides at least four significant advantages: 1) Multiple ap-
tamers are generated from a single SELEX process; 2) the
selected aptamers are effective for recognition as the selec-
tion is done while the target molecules such as cell-mem-
brane receptors are in their native state in a living cell; 3)
the selected aptamers can be directly used for cell identifica-
tion and binding studies as the work reported herein; 4) the
selected aptamers enable the identification of the binding
sites on cell membrane surface which could be recognized as
potential biomarkers. Using cell-SELEX, we have generated
many interesting aptamers for a variety of cells. sgc8 is the
most studied ssDNA aptamer from our newly developed
cell-SELEX technology.[24] It binds to acute lymphoblastic
leukemia (ALL) T-cells with high affinity (Kd = 0.8 nm).
Moreover, it is able to specifically recognize the target leu-
kemia cells that are mixed with normal human bone marrow
aspirates, and identify the cancer cells closely related to the
ALL cell line in real clinical specimens. Human protein ty-
rosine kinase-7 (PTK7), the target protein of sgc8 on the
cell membrane, has been recently identified as a potential
new biomarker for leukemia.[25] Nonetheless, only limited in-
formation about properties of sgc8 and PTK7[26–28] has been
reported, and further investigation of the functions of sgc8
on target cells is necessary.


In this work, we study the internalization of dye-labeled
sgc8 by fluorescence imaging and flow cytometry assays.
The results showed that the aptamer was specifically inter-
nalized to the target ALL T-cells without influencing the
cell viability. Those internalized sgc8 aptamers were located
in the endosome, a key intracellular compartment where the
delivery agents release their cargos.[29, 30] In addition, we ex-
amine the internalization of anti-PTK7 monoclonal antibody
and found the antibody was also internalized to the same lo-
cation with a constant speed as sgc8. Besides anti-PSMA
aptamer, this study shows another example for internalizing
aptamers. By easily modification sgc8 holds a great promise


to be a potential lymphoblastic leukemia T-cell specific de-
livery agent.


Results and Discussion


Trypsin treatment for internalization study : Here we devel-
oped trypsin treatment in internalization study. Both flow
cytometry and confocal results illustrated that this method
provided an easy way to remove the outside fluorescence
signal. Since dye-labeled sgc8 (sgc8-TAMRA (Tetramethyl-
6-Carboxyrhodamine)) binds with the membrane protein
PTK7 and generates fluorescence signals which interfere
with the detection of the intracellular aptamer, especially in
flow cytometry assay, we applied trypsin treatment to
remove cell-surface bound aptamer for the internalization
study. We found that trypsin treatment could successfully
remove specific binding of sgc8 with target cells. As shown
in Figure 1A and B, when the internalization was inhibited
at 4 8C, the fluorescence signal caused by the binding of
sgc8-TAMRA to the membrane of CCRF-CEM (a type of
ALL cells) was entirely eliminated after trypsin treatment.
The flow cytometry assay confirmed our observations. Ini-
tially, the intensity profile of the cells with alexa488 labeled
sgc8 showed a large shift compared to that with the labeled
TDO5, a control ssDNA which did not recognize CCRF-
CEM cells (Figure 2A). However, after trypsin treatment,
the intensity profile of sgc8-alexa488 shifted left and over-
lapped with the TDO5-alexa488 profile, indicating specific
binding of the aptamer to cell membrane was completely re-
moved. Therefore, any fluorescence signals detected from
sgc8-TAMRA treated cells after trypsin treatment should
come from aptamers internalized into the cells. This method
was also used for the study of antibody internalization. Fig-
ure 2C showed that trypsin was able to remove specific
binding of anti-PTK7 antibody to CCRF-CEM cell surface.


Cell uptake of aptamer sgc8 : The aptamer internalization
study was carried out at 37 8C. After a 2-h incubation with
sgc8-TAMRA, we observed fluorescence signal both inside
and on the cell membrane (Figure 1C). By treating the cells
with trypsin to remove the surface binding, the internalized
sgc8-TAMRA was shown clearly (Figure 1D). We also
changed the focusing plane from the middle section of the
cell (Figure 1E) to the cell membrane (Figure 1F) to ensure
the observation of intracellular fluorescence signals. The
flow cytometry results further confirmed the aptamer inter-
nalization. Although the cells had been treated with trypsin
after aptamer application at 37 8C, an evident up-shift of cel-
lular fluorescence intensity was shown in the profile com-
pared with that from the experiments carried out at 4 8C,
where endocytosis was inhibited and cellular uptake was
completely eliminated (Figure 2B). On the other hand, no
shift was detected for TDO5-alexa488 in flow cytometry
assay (Figure 2B) and no fluorescence was observed inside
the cells incubated with TDO5-TAMRA using confocal
imaging (Figure 1H) under the same conditions as sgc8-
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alexa488/sgc8-TAMRA. This excluded the possibility that
the internalization was caused by alexa488/TAMRA dye
itself and/or the permeability change of the cell membrane
during the aptamer incubation. The results provided strong
evidences that sgc8 could be internalized by the CCRF-
CEM cells.


To investigate the fate of the sgc8 aptamer inside the cell,
we examined the intracellular distribution of sgc8 by incu-
bating the cells with sgc8-TAMRA- and alexa633-labeled
transferrin (transferrin–alexa633) simultaneously. Transfer-
rin is an 80 kDa serum glycoprotein that has been reported
to be taken up by cell via receptor-mediated endocytosis;
alexa633-labeled transferrin is commonly used to identify
the location of endosome.[30] The co-localization of the apta-
mer with transferrin indicated most of internalized sgc8
were inside endosomes (Figure 3). Due to the action of a
proton-pumping ATPase of the endosomal membrane, the
endosomal compartment is usually acidic, where many inter-
nalized extracellular molecules change their structures at
low pH to release their bound substance.[29,30] Similarly, the


internalized aptamers could
potentially take advantage of it
and release its molecular cargo
to fulfil targeted delivery.
However, the endosomal traf-
ficking also included the path-
way of proteosomal or lysoso-
mal degradation or recycling to
the plasma membrane, there-
fore modifications of aptamer
and its cargo are needed for
the purpose of controlled re-
lease at interest location. Ted
et al. designed a disulfide link-
age between the anti-PSMA
aptamer and siRNA, so that
the disulfide linkage should be
cleaved upon entering the en-
dosome and releasing the
siRNA for processing or func-
tion.[20] Similar or related
methods are need for our
future development of the sgc8
aptamer as a delivery. Another
concern is that DNA molecules
can be cleaved by intracellular
nuclease; therefore it remains
possible that the dye-labeled
aptamer might have been cut
after internalization and it was
the dye rather than the apta-
mer that entered the endo-
some. However, we have ex-
cluded this possibility based on
our observations and the fol-
lowing reasons: First, free dye
cannot enter the cells. Even if


it is transported into cells with external assistance in a non-
receptor dependent way, it will diffuse into the entire intra-
cellular compartment including the nucleus and cyto-
plasm,[31] instead of confined regions inside a small part of
cytoplasm as observed by us. Second, we tried different dye
(alexa488 and TAMRA) labeled sgc8 to observe the locali-
zation. As shown in Figure 3, both alexa488- and TAMRA-
labeled sgc8 are located in the endosome, which excluded
the possibility that endosome is the preference place for a
certain dye. Third, internalization of sgc8 occured after the
binding with its target protein, and we show that this process
is receptor-dependent, in which a small region of the plasma
membrane invaginates to form a new intracellular vesicle
containing the complex of receptor and dye-labeled apta-
mer, therefore protecting the aptamer from being cleaved
until inside the endosome,[29] though it.s quite likely that the
aptamers are degraded by the lysosomal enzymes once they
inside the endosome, however, it has been inside the endo-
some and fulfilled its responsibility as a delivery. It.s the
time to release its cargo.


Figure 1. Confocal images of sgc8-TAMRA binding and internalization in CCRF-CEM cells. In each picture,
left side is the fluorescence image, right side is the overlay of optical and fluorescence images. Both the fluo-
rescence image and optical image show the scale bar of 5 mm. A) Sgc8-TAMRA can specifically bind with
CCRF-CEM cells before trypsin treatment at 4 8C. B) Trypsin treatment removed specific binding of sgc8-
TAMRA outside the cell membrane at 4 8C. C) Without using trypsin, fluorescence signals were seen both on
the cell membrane and inside the cell after two hours’ incubation of sgc8-TAMRA with cells at 37 8C. D) With
trypsin removing the binding of sgc8 on the cell membrane after 2 h’ incubation at 37 8C, internalized sgc8-
TAMRA is clearly shown inside the cell. To make sure the fluorescence was inside the cell, focus plane was
changed from inside the cell (E) to the cell membrane (F). TDO5-TAMRA did not bind with CCRF-CEM
cells at 4 8C (G), and could not be internalized into cells at 37 8C even after two-hour incubation (H).
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To monitor the sgc8 internalization kinetic process, we
studied the time dependence of internalization by flow cy-
tometry. The intensity at each time interval was normalized
to the fluorescence signal from the cell surface at 4 8C. As
shown in Figure 4A, the internalization of sgc8 into the cell
showed a constant rate during the two hour monitoring,
which is similar to a previous report that studied the kinetics
of EGF (epidermal growth factor) ligand internalization
into its target cell.[32]


Internalization of anti-PTK7 monoclonal antibody : Since
PTK7 is the target protein of sgc8,[25] we further investigated


the internalization of anti-
PTK7 antibody. Figure 2D in-
dicated that anti-PTK antibody
can also be internalized into
the cells. Moreover, the anti-
body of PTK7 showed the
same intracellular distribution
in endosome (Figure 5) and
the same linear relationship
between the amount of inter-
nalization and incubation time
(Figure 4). A faster internaliza-
tion speed of anti-PTK7 anti-
body was also shown com-
pared with sgc8, which consist-
ed with the observation in
anti-PSMA antibody and
PSMA aptamer.[17] This study
demonstrated that the proper-
ty of sgc8 internalization was


Figure 2. Flow cytometry results of aptamer and antibody binding with
CCRF-CEM cell under different conditions. All the aptamers and anti-
bodies were labeled with alexa488. A) Trypsin removed specific binding
of sgc8. Blue line: TDO5 (control aptamer) incubated with target cells
without trypsin treatment at 4 8C. Red line: sgc8 incubated with target
cells without trypsin treatment at 4 8C. Green line: sgc8-target cell incu-
bation after trypsin treatment at 4 8C. B) After incubation for two hours
at 37 8C, trypsin was applied to remove the membrane-bound aptamers,
fluorescence shift existed with sgc8 incubated cells (brown line) but not
with TDO5 incubated (control aptamer, blue line) cells. Green line and
red line show the same meanings as those in Figure 2A. C) Binding of
anti-PTK7 antibody without (red line) and with (green line) trypsin treat-
ment at 4 8C. Blue line shows the nonspecific binding of IgG at 4 8C. D)
Internalization of anti-PTK7 antibody. Cells were incubated with anti-
PTK7 antibody (brown line) or IgG (control antibody, blue line) for
30 min at 37 8C. Trypsin was added before observation. Green line: anti-
PTK7 incubated target cells with trypsin treatment at 4 8C. Red line:
anti-PTK7 incubated target cells before trypsin treatment at 4 8C.


Figure 3. Co-localization of sgc8 and transferrin in endosomes. A) Sgc8 labeled with TAMRA. B) Sgc8 labeled
with alexa488. From left to right: Images for sgc8-TAMRA/sgc8-alexa488, transferring-alexa633, overlay of
the fluorescence channels and bright field channel, respectively. Scale bar: 5 mm.


Figure 4. Quantitative analysis of sgc8 (A) and anti-PTK7 antibody inter-
nalization (B) with time. Both were labeled with alexa488. The signal is
normalized against the fluorescence intensity at 4 8C.
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related to the internalization property of its target protein
PTK7. Compared with PTK7 antibody, the sgc8 aptamer
can be easily synthesized chemically and thus more attrac-
tive as delivery reagents.


Cell-specificity of sgc8 internalization : For in vivo applica-
tion, it is important for the therapeutic reagents to target
only particular cell types, thereby limiting side effects that
result from nonspecific delivery. We investigated the specif-
icity of sgc8 internalization with different types of cells. We
incubated the dye-labeled sgc8 with NB4 cells, which have
been shown not to bind sgc8 in previous research,[24] for 2 h
at 37 8C. Both flow cytometry assay (Figure S1A, Supporting
Information) and confocal imaging (Figure S1B, Supporting
Information) showed no difference in fluorescence signal
compared with results obtained at 4 8C. The delivery specif-
icity was further confirmed by testing other targeted lym-
phoblastic leukemia cells including Jurkat (TIB-152, human
acute T cell leukemia), and other control B-cells such as
Ramos (CRL-1596, human Burkitt.s lymphoma) (data not
shown). Therefore, sgc8 can only be internalized into its
target cells, which also indicates that sgc8 internalization is
in a receptor-specific way rather than due to passive diffu-
sion.[11]


Cell viability study with sgc8 aptamer : From the internaliza-
tion study of sgc8, the influence of sgc8 on cell viability has
not been observed for two hours of incubation. We further
tested long-term (chronic) toxicity of sgc8 aptamer to
CCRF-CEM cells. The cells were incubated with sgc8 for
48 h and tested by commonly used MTT (3-(4,5)-dimethyl-
thiahiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Very
little cytotoxic effect was observed even at high aptamer
dosage (Figure S2, Supporting Information). This finding in-


dicated sgc8 could be a prom-
ising delivery agent with mini-
mum cytotoxicity.


Conclusion


In summary, we have shown a
cell-specific aptamer, sgc8,
itself can be internalized into
the T-cell lymphoblastic leu-
kemia cells without external
assistance. The aptamer is
taken up by the cells and de-
livered to the endosome with
minimum cytotoxicity. These
observations have demonstrat-
ed that sgc8 is a promising re-
agent for T-cell leukemia-spe-
cific delivery. It is also con-
firmed that the anti-PTK7 an-
tibody, which targets the same
protein as the aptamer, is in-


ternalized to the cells in a similar way. The internalization
kinetics of both the aptamer and the antibody for the same
protein on a living cell surface has been studied and com-
pared. The internalization study of sgc8 and anti-PTK7 anti-
body could provide valuable information for the under-
standing of the cellular internalization functions of PTK7.
Using the easy modification and easy synthesis features of
an aptamer as molecular recognition probe, we will be able
to conjugate sgc8 with other molecules of interest (siRNA,
toxin, anti-cancer drug) for specific intracellular delivery.


Experimental Section


Cell lines, antibodies and reagents : CCRF-CEM human acute lympho-
blastic leukemia cell (CCL-119, T-cell line), and NB-4 (acute promyelo-
cytic leukemia), gifts from Professor Ying Li (Department of Pathology,
University of Florida), were grown in pH 7.4 RPMI 1640 medium
(ATCC) supplemented with 10% FBS (Fetal Bovine Serum) (heat inacti-
vated, GIBCO) and penicillin/streptomycin (100 IU mL�1) (Cellgro).
Cells were washed before and after incubation with the washing buffer
(4.5 gL�1 glucose and 5 mm MgCl2 in Dulbecco.s phosphate buffered
saline with calcium chloride and magnesium chloride (Sigma)). The bind-
ing buffer used for aptamer selection was prepared by adding yeast
tRNA (0.1 mg mL�1) (Sigma) and BSA (1 mg mL�1) (Fisher) into the
washing buffer to reduce nonspecific binding.


The monoclonal anti-PTK7 antibody, which recognizes human protein ty-
rosine kinase-7, was purchased from Miltenyi Biotec Company. Transfer-
rin-alexa633, chicken anti-rat IgG-alexa488 antibody (anti-IgG-alexa488)
were both from Molecular Probes. Labeling anti-PTK7 antibody with
alexa488 was done using Alexa488 Monoclonal Antibody Labeling Kit
(Molecular Probes), following the manufacturer.s protocol (Invitrogen).


DNA synthesis and labeling : All DNA synthesis reagents were from
Glen Research (Sterling, VA). All probes and DNAs were synthesized
with an ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster
City, CA). TAMRA CPG and normal phosphoramidites were used for
TAMRA (Tetramethyl-6-Carboxyrhodamine) labeled sgc8 synthesis. dA-


Figure 5. Co-localization of anti-PTK7 antibody, sgc8 and transferrin in endosomes after two hour incubation
at 37 8C with pretreatment of trypsin. From left to right: Images for anti-PTK7-alexa488, sgc8-TAMRA, trans-
ferring-alexa633, overlay of these three channels and bright field channel, respectively. Scale bar: 5 mm for A,
and 10 mm for B.
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CPG, normal phosphoramidites and 5’-amino-modified C6 were used for
alexa488-labeled sgc8 synthesis. Deprotection was done by treating the
oligonucleotides with tert-butylamine/methanol/water 1:1:2 for 3 h at
65 8C. The solutions resulted from deprotection were precipitated in etha-
nol. The precipitates were then dissolved in triethylammonium acetate
(0.5 mL, 0.1m, pH 7.0) for further purification with high-pressure liquid
chromatography (HPLC). The HPLC purification was performed on a
ProStar HPLC Station (Varian, CA) equipped with fluorescence and a
photodioarray detector. A C-18 reverse phase column (Alltech, C18,
5 mm, 250x4.6 mm) was used. We conjugated the 5’-amine-modified sgc8
with alexa488 using the Alexa488 Succinimidyl Esters (Molecular
Probes), according to the manufacturer.s protocol (Invitrogen).


Trypsin treatment of cells : Cells were first washed with washing buffer
(500 mL) to remove the FBS (Fetal Bovine Serum) in the medium or the
binding buffer which might quench the function of trypsin, then incubat-
ed with Trypsin (500 mL, 0.05 %)/EDTA (0.53 mm) in HBSS at 37 8C for
10 min. After the incubation, 50 mL FBS was added and the cells were
washed with the washing buffer (500 mL) once again and suspended in
binding buffer (200 mL with 0.1% NaN2) for the detection.


FACS-based internalization assay : Flow cytometry analysis was per-
formed on a FACScan (Becton Dickinson Immunocytometry Systems,
San Jose, CA) by counting 30000 events, and the data were analyzed
with WinMDI software. Internalization of sgc8-alexa488 and anti-PTK7-
alexa488 is normalized as (MI@37 8C trypsin–MI@4 8C trypsin)/(MI@
4 8C–MI@4 8C trypsin), where MI@4 8C trypsin and MI@37 8C trypsin are
the mean fluorescent intensity with trypsin treatment (see the above pro-
cedures for details) before and after internalization, separately. MI@4 8C
stands for the mean fluorescent intensity without trypsin treatment
before internalization. To acquire all these data, the cells were grown at
a concentration of 2O 106 mL�1 before the experiments. For the sgc8-
alexa488 and anti-PTK7-alexa488 binding experiment, cells (5 O 105) were
first washed with washing buffer (500 mL) at 4 8C, then stained on ice
with alexa488-labeled anti-PTK7 or sgc8 (200 nm) in binding buffer
(200 mL) containing 10 % FBS for 30 min. Cells were washed with wash-
ing buffer (500 mL) three times and suspended in binding buffer (200 mL,
with 0.1% NaN3) for the detection of MI@4 8C. The same binding experi-
ments were performed and followed by the trypsin treatment procedure
as above to get MI@4 8C trypsin. To detect sgc8 and anti-PTK7 antibody
internalization, cells (5 O 105) were first washed with washing buffer
(500 mL) at 4 8C once, then incubated with alexa488-labeled anti-PTK7 or
sgc8 (200 nm) in RPMI-1640 medium at 37 8C for 10, 20, 30 min, 1, 1.5,
2 h, respectively. Internalization was stopped by placing the cells on ice
immediately after the incubation and washing buffer (500 mL) at 4 8C was
added. Complying with trypsin treatment method described above, MI@
37 8C trypsin was obtained. The chicken anti-rat IgG-alexa488 antibody
(anti-IgG-alexa488) and alexa488 labeled TDO5 (TDO5-alexa488) were
used as negative controls. All these experiments were repeated three
times.


Confocal imaging : All cellular fluorescent images were collected on the
FV500-IX81 confocal microscope (Olympus America Inc., Melville, NY)
with 60x oil immersion objective (NA =1.40, Olympus, Melville, NY).
Excitation wavelength and emission filters were as following: alexa488,
488 nm laser line excitation, emission BP520�12 nm filter; alexa633,
633 nm laser line excitation, emission LP650 filter; TAMRA, 543 nm
laser line excitation, emission BP580�20 nm filter. The cells were treated
with sgc8 labeled with TAMRA (sgc8-TAMRA) or anti-PTK7 antibody
labeled with alexa488 (anti-PTK7-alexa488) following the same steps as
that described in the flow cytometry section. For the co-localization ex-
periment, cells (5 O 105) were first washed with washing buffer (500 mL) at
4 8C once, and then incubated with sgc8-TAMRA (200 nm) and anti-
PTK7-alexa488 (200 nm) in RPMI-1640 medium at 37 8C for 2 h, and
transferrin-alexa633 (60 nm) was added 30 minutes before the termina-
tion of incubation. Internalization was stopped by placing the cells on ice
immediately after the incubation and washing buffer (500 mL) at 4 8C was
added, followed by trypsin treatment mentioned above. Before the imag-
ing, a volume of cell suspension (100 mL) was dropped on the poly-d-
lysine coated 35 mm glass bottom dishes (Mat Tek Corp) then waiting for


3 min to make the cells settle down. We repeated these experiments
three times and analyzed using the Fluoview analysis software.


Cytotoxicity assays : Cellular toxicity of sgc8 aptamer was assessed using
the CellTiter 96 Cell Proliferation Assay (Promega, Madison WI) accord-
ing to the manufacture.s instructions. This assay is based upon the con-
version of a tetrazolium substrate to a formazan product by viable
cells.[33] Cells (1 O 104 cells per well) were cultured in 96-well microtiter
plates in complete growth medium with various sgc8 concentrations. For
the chronic toxicity, cells were incubated with the sgc8 aptamer for 48 h
prior to counting the number of viable cells.
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Introduction


Many fundamental biological processes appear to depend
on the unique properties of the hydrophilic domains of bio-
molecules. Such behaviour is illustrated by the functional
complexity of self-organised membrane proteins, which may
assist in proton and ion translocation through membranes.[1]


Gramicidin A,[2] the KCsA K+ channel,[3] and Aquaporin
water channels[4] are well-known non-exclusive examples of
functional systems in which protons, ions and water mole-
cules are envisioned to diffuse along a directional pathway


according to different relaying and migration mecha-
nisms.[1–6]


Numerous artificial transport systems utilizing carriers,
channel-forming or self-organised polymeric superstructures
able to orient, select, and pump the ionic transport across
membranes, have been developed in the last few decades.
Crown ethers,[7] cyclic peptides,[8] oligophenyl barrel–stave
structures[9] and oligoester bolaamphiphiles[10] have all been
used in this context, mostly in lipid bilayers. Functional crys-
talline organic[11] or inorganic materials,[12] polymeric[13] or
dendrimeric[14] self-organised devices, designed to mimic nat-
ural ion channel proteins, moved the field of bio-inspired
supramolecular frameworks to a nanometric scale.
Hybrid organic–inorganic materials produced by sol–gel


processes are the subject of various investigations, offering
the opportunity to achieve nanostructured functional mate-
rials.[15] These materials reveal great potential on the level of
their chemical composition or organisation and in terms of
the applications concerned.[15a–c] Organogels resulting from
multiple self-assembly processes and acting as robust organ-
ic templates for the TEOS sol–gel process (TEOS= tetra-
ACHTUNGTRENNUNGethoxysilane) have been used for the synthesis of different
inorganic structures.[15d] Many groups, including our own,
have found new methods for the elaboration of hybrid self-
organised materials based on silsesquioxanes, in which the


Abstract: This paper reports on hybrid
organic–inorganic dense membrane
materials in which protons and ions are
envisioned to diffuse along the hydro-
philic pathways. The hierarchical gener-
ation of functional hybrid materials
was realised in two steps. First, the self-
assembling properties of 3-(ureidoare-
ne)propyltriethoxysilane compounds 1–
5 in aprotic solvents were determined,
revealing the formation of supramolec-
ular oligomers. Compounds 1–5 gener-
ate organogels in chloroform or in ace-


tone, leading in a second sol–gel tran-
scription step to hybrid membrane ma-
terials on a nanoscopic scale. The crys-
tal structures of 1–5 indicate that the
arrangement is mainly defined by peri-
odic parallel sheets, resulting from the
alignment of hydrophobic organic and


inorganic silica layers. Hybrid materials
MB1–MB4, with a similar lamellar
structure, define particularly attractive
functional transport devices; they are
oriented along the organic layers and
sandwiched between the two siloxane
layers. These systems have been em-
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the self-organised hybrid materials per-
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functions.


Keywords: membranes · molecular
devices · organic–inorganic hybrid
composites · self-assembly · sol–gel
processes


[a] Dr. M. Michau, Dr. M. Barboiu, R. Caraballo, Dr. C. Arnal-H=rault,
Dr. A. van der Lee, Dr. A. Pasc
Adaptative Supramolecular Nanosystems Group
Institut Europ=en des Membranes
ENSCM/UMII/UMR-CNRS 5635, Place EugCne Bataillon
CC 47, 34095 Montpellier, Cedex 5 (France)
Fax: (+33)467-14-91-19
E-mail : barboiu@iemm.univ-montp2.fr


[b] Dr. P. Perriat
MATEIS (GEMPPM) UMR-CNRS 5510, INSA de Lyon
Batiment, Blaise Pascal
7 Avenue Jean capelle, 69621 Villeurbane, Cedex (France)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1776 – 17831776







functional organic (supramolecular) and inorganic siloxane
networks are covalently connected. Rigid aromatic mole-
cules[15e–g] and urea ribbons[15h–k,16] are used to transcribe an
oriented supramolecular self-organisation in a siloxane
matrix by a sol–gel process. Of particular interest is the
structure-directed function of hybrid materials and the con-
trol of their build-up by self-organisation. Recently, we
proved the possibility of creating hybrid macrocyclic com-
plexant membranes, self-organised in directional tubular su-
perstructures. They have been employed successfully to
design an ion-powered ATP2� pump.[16]


However, the structural functionality of membrane pro-
teins is not defined by the specific complexant receptors.
Very simple functional moieties (i.e. , carbonyl, hydroxyl,
amide, etc.) point towards the protein core that surrounds
the transport direction. The end result when such moieties
come together is a supramolecular organisation of binding
sites collectively contributing to the selective translocation
of solutes along the protein wall.[2–4] Toward this objective,
our aim is to develop new functional hybrid membrane ma-
terials by using simple molecules bearing hydrophilic moiet-
ies that form patterns by collective self-assembly so as to
enable efficient translocation events. Herein we describe
several findings related to this aim, and we report new
hybrid organic–inorganic dense materials in which protons
and ions are envisioned to diffuse along hydrophilic path-
ways. The hierarchical generation of functional hybrid mate-
rials was realised in two steps. First, the self-assembling
properties of 3-(ureidoarene)propyltriethoxysilane com-
pounds 1–5 in aprotic solvents were determined, revealing
the formation of supramolecular oligomers. They generate
organogels in chloroform or acetone, leading in a second
sol–gel transcription step to hybrid membrane materials on a
nanoscopic scale. Finally they were tested in dialysis trans-
port experiments.


Results and Discussion


Synthesis of alkoxysilane precursors 1–5 and self-organised
hybrid materials MB1–MB4, MB1*–MB4*: Five 3-(ureido-
ACHTUNGTRENNUNGarene)propyltriethoxysilane compounds (1–5) were prepared
for the studies described here (Scheme 1). We restricted our
studies to benzene-, indole-, and phenol-derivatives 1–3, re-
spectively, which are the arene (Ar) termini of phenyl-
ACHTUNGTRENNUNGalanine, tryptophan, and tyrosine, respectively, three aromat-


ic essential amino acids. The methoxybenzene 4 and hydrox-
ymethylbenzene 5 moieties were chosen for the structural
studies described later. The 3-isocyanatopropyltri-
ACHTUNGTRENNUNGethoxysilane was treated with the corresponding aromatic
amine (CHCl3, 80 8C, 5 h) to afford after crystallisation 1–5
as white powders.
The generation of self-organised superstructures in solu-


tion, sols, gels, and in the solid state, is based on three en-
coded features:


1) They contain an hydrophilic arene moiety (except 1); the
importance of interactions between alkali cations and
side chains of aromatic amino acids has been known for
many years and they are of particular biological signifi-
cance;[3,5,7a]


2) The supramolecular guiding interaction is the urea head-
to-tail hydrogen-bond association,[9a] similar to the hy-
drogen bonding of the amide moieties in proteins


3) These ureido–aromatic residues are covalently bonded to
triethoxysilyl groups, allowing them, by a sol–gel process,
to transcribe their self-organised superstructures formed
in solutions and gels to the hybrid materials.


1H NMR spectra of solutions of 1–5 show a strong down-
field shift of both NH protons upon increasing the concen-
tration in CDCl3, which is indicative of self-association
through intermolecular hydrogen bonding.[18] The associa-
tion of species 1–5 diminishes from 1ffi5>4>2>3
(Figure 1). The most associated compounds (1, 4 and 5) con-
tain a hydrophobic sidearm. The formation of aggregates is
probably hindered when supplementary hydrogen-bonding
residues (2 and 3) are present.


Compounds 1–5 can gelate the solvents acetone and
chloroform (C>1, Figure 1). To limit the cross-linking of
the siloxane network favoured by hydrolysis, and to maxi-
mise the self-organisation of molecular organic moieties, we
conducted the sol–gel experiments using mild hydrolysis–
condensation conditions:


Figure 1. Chemical shifts of the N�H1 protons plotted against the concen-
tration of 1–5 at 25 8C.


Scheme 1.
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1) The first strategy was to use heterogeneous acidic cataly-
sis in aprotic solvents, as previously reported by us[16c]


and by others.[15k]


2) The second method makes use of diphenyldichlorosilane
(Ph2SiCl2) as the organic initiator after reaction with the
residual water in the reaction medium.


The membranes MB1–MB4 (acidic catalysis) and MB1*–
MB4* (organic catalysis) were obtained by coating the sol
onto planar polyvinylidenedifluoride (PVDF) supports by
using a tape-casting method. By using similar experimental
conditions, the MB5 hybrid material precipitates after the
sol-gel process, and therefore only inhomogeneous mem-
brane films were prepared from compound 5.
FTIR and NMR spectroscopic analyses of precursors 1–5


and of solids MB1–MB4 and MB1*–MB4* demonstrate
the formation of self-organised hybrid materials. FTIR spec-
tra of the hybrid materials show the appearance of broad
ACHTUNGTRENNUNGvibrations of the nSi-O-Si=1000–1200 cm


�1 instead of the vi-
brations nSi-OEt=950, 1070, and 1100 cm


�1, initially observed
for the molecular precursors 1–5. Evidence for strong urea
hydrogen bonding was obtained from the FTIR spectra of
solids MB1–MB4 and MB1*–MB4*: hydrogen-bond vibra-
tion shifts of the urea moiety were detected: nN-H=3310
(Dn=30), nC=O=1630 (Dn=15) and nC-N=1570 cm�1 (Dn=


25).[17b,c] Moreover we observed a widening of the nN-H=


3300 cm�1 vibration band, resulting from the superposition
of several signals. 29Si MAS NMR spectroscopic experiments
are in agreement with the �70% condensed hybrid materi-
als MB1–MB4 and MB1*–MB4*.
Additional information concerning the self-organisation is


obtained from the single-crystal structures and the X-ray
powder diffraction analyses of compounds 1–5. Crystals suit-
able for X-ray structure determination were obtained after a
few days in acetone (c=0.1 gmL�1) at �10 8C. The molecu-
lar structures and packing are presented in Figures 2 and 3.
They reveal the expected 3-(ureiodoarene)propyltriethoxy-
ACHTUNGTRENNUNGsilanes structures of 1–5. Each unit cell contains four mole-
cules, except compound 3 (eight molecules). The urea
moiety and the aromatic ring are disposed in an angular po-
sition with respect to the arene plane. The H···O distances
of 2.04–2.08 N are the same along the urea ribbon and are
consistent with other urea systems.[17] The relative arrange-
ment of the 3-(ureiodoarene)propyltriethoxysilane com-
pounds 1–5 in the crystal is similar to previously reported
benzocrown-ether-type superstructures.[16d] As shown in
Figure 1, the molecules of 1–5 are organised in the anti-par-
allel hydrogen-bonded aggregates. In the crystal lattice the
compounds 1–5 pack in one direction into ureiodoarene and
triethoxysilane layers, each of about 3 N thickness, which
are alternately stratified and present a tight contact
(Figure 3). For compounds 2 and 3, there is a very interest-
ing “communicative” interaction between the organic and
inorganic networks, corresponding to hydrogen-bonding
contacts between the �NH (2) and the �OH (3) groups and
a neighbouring triethoxysilane moiety (dH···O=1.83 N).
Moreover the phenolic group is simultaneously hydrogen


bonded to the hydroxyl of a neighbouring molecule of 3
(dH···O=1.86 N). This results in the internal disruption of the
siloxane layers in which these hydrogen-bond interactions
occur (Figure 3b,c). Further valuable information was ob-
tained from the crystal structures of the 3-(p-methoxyACHTUNGTRENNUNGbenzene-
ACHTUNGTRENNUNGureido)propyltriethoxysilane (4) and the 3-(p-hydroxy-
ACHTUNGTRENNUNGmethyl ACHTUNGTRENNUNGbenzeneureido)propyltriethoxysilane (5) derivatives.
The substitution of the �OH group by an �OMe group in
compound 4 suppresses the hydrogen-bond communication
between the organic and silane networks, leading to a regu-
lar directional arrangement of MeO� groups based on hy-


Figure 2. Crystal structures of compounds 1–5 : side and top views of the
stick representation of H-bonded superstructures of a) 1, b) 2, c) 3, d) 4,
and e) 5 ; H atoms are omitted for clarity.
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drophobic interactions (dO···O=5.0 N). The �OH group of 5
presents a statistical disorder in the crystal, being simultane-
ously hydrogen-bonded to the neighbouring �CH2OH
(dO···O=2.88 N) and alkoxysilane groups (dO···O=2.87 N).
Accordingly, oriented arrays of hydrogen-bonded �CH2OH
groups, mutually communicating with the inorganic silane
layers, are generated in the solid state of 5. This results in
the formation of continual inorganic alkoxysilane layers in
the crystal structures of 4 and 5 (Figure 3d,e).
To verify the compatibility of the bulk X-ray fingerprint


with the single-crystal structures described before, wet bulk
powders of 1–5 obtained from evaporation of gels before
the sol–gel process were investigated by X-ray powder dif-
fraction. In three cases (1, 3 and 5) a successful identifica-
tion could be made, which is shown by the Le Bail refine-
ment of the powder patterns in the Supporting Information,
Figure 3Sa–c. Impurity peaks were found in all cases, repre-
senting up to approximately 10% of the weight of the speci-
men. Since the compounds were found to be chemically
pure by NMR spectroscopy, we suppose that either poly-
morphic forms are present or that slight water uptake and/
or polymerisation have taken place. We also note that the
crystallinity is not very high in view of the large size of the
diffraction peaks. A full Rietveld refinement of the powder
diffractograms was attempted with the molecules 1, 3 and 5
parameterised as rigid bodies. Although the refinements
were stable, the Rietveld agreement factors were not very
low (�20%), presumably due to the quality of the diffrac-
tograms, which were degraded by the presence of impurity
phases and rather large peaks. For compounds 2 and 4 no
match could be made between the single-crystal structures
and the X-ray powder diffractograms. Therefore the cell pa-
rameters of a number of single crystals were tested in order
to verify that not an isolated polymorphic variant was
picked up to do the full single-crystal structure determina-
tion. Since this was not the case, ab initio indexing of the
powder patterns was attempted. In the case of 4, a success-
ful indexing was obtained (M16=27.1) with cell parameters
a=15.09, b=11.56, c=13.09 N, a=90, b=98.29 and g=908,
for which the volume, V=2260.7 N3, is interestingly 220 N3


larger than the room-temperature volume of the single-crys-
tal structure of 4 ; this could correspond to the uptake of
three water molecules. For 2 a successful indexation could
not be made, which is not surprising in view of its low crys-
tallinity. Compounds 2 and 4 containing indole and methoxy-
phenyl residues present a second labile interface defined by
weak hydrophobic interactions between aromatic units.
Simple precipitation of these powders in organic solvents
will induce formation of solvated or hydrated polymorphic
solids, of different orientations in the solid phase.


Figure 3. Crystal structures of compounds 1–5 : stick representation of
crystal packing of a) 1, b) 2, c) 3, d) 4, and e) 5 ; hydrogen-bonds green
dotted lines; O1: crystal packing of the organic part; S1, S2: crystal pack-
ing of the alkoxysiloxane moieties. The thicknesses of O1, S1 and S2 are
about 3 N.
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Unfortunately, the XPRD data show that the hybrid ma-
terials MB1–MB4 and MB1*–MB4* have a different struc-
ture compared with their crystalline precursors. The struc-
ture change is not surprising, considering that hydrolysis/
condensation reactions occur during the sol–gel process.[15, 16]


For all the hybrids, a successful indexation could not be
made, which is not surprising in view of their low crystallini-
ty, confirming the partial loss of order of solvated powders.
However, the XRPD patterns of the hybrids show well-re-
solved peaks, indicating that they are still ordered (Support-
ing Information, Figure 4S).
Scanning electron microscopy (SEM) reveals that the


thin-layer films (thickness of about 2–3 mm) were dense,
without pinholes (Figure 4a). Figure 4b depicts a typical
TEM image of an MB4 film and shows well-resolved and
highly ordered uniform rows with several orientations for
the bulk crystalline areas. Since crystallographic symmetry
could easily mask a particular TEM distance, it is difficult to
compare these distances with those obtained from XPRD
patterns of hybrid materials. However, it is clear that the re-
peating motif is formed by discrete alternative light (inor-
ganic siloxane matrix) and dark (organic self-assembled
molecules) rows, with a periodicity in one direction of about
3 N. The match between these distances and the periodicity
of parallel sheets of the self-organised organic and siloxane
inorganic networks observed in the crystal packing indicates
that the hybrid materials have the same self-organised lay-
ered arrangement as observed in the crystal structures
(Figure 3).
The X-ray structural data and TEM analysis allow the fol-


lowing conclusions to be drawn:


1) The crystal structures of 1–5 indicate that the arrange-
ment is mainly defined by periodic parallel sheets, result-
ing from the alignment of hydrophobic organic and inor-
ganic silica layers. To our best knowledge, this is the first
example of preorganisation of hybrid precursors in which
a specific mutual communication between the organic
and inorganic networks of hybrid material is defined.


2) A very good compatibility between the wet bulk powders
X-ray fingerprint and the single-crystal structure has
been found for precursors 1, 3 and 5 ; some deviations
from the crystallinity found in the XPRD data of 2 and 4
might either arise from the different orientations of the
organic hydrophobic interfaces themselves or from inter-
calation of solvent or water molecules, defining different
polymorphic solids.


3) Hybrid materials MB1–MB4 and MB1*–MB4* define
particularly attractive systems: multioriented nano-
ACHTUNGTRENNUNGdomains are well defined (see Figure 4a) starting from
molecular components that encode the required informa-


Figure 4. a) SEM image of a hybrid membrane cross-section: the thin-
layer dense film deposited onto polymeric PVDF support; b) TEM
images of the hybrid material MB4 ; c) Top view and d) side view of the
crystal packing of compound 4 in stick representation with a soft surface.
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tion for ionic assisted diffusion within hydrophilic path-
ways (represented in blue in Figure 4c,d); they are ori-
ented parallel along the hydrophobic organic layers (rep-
resented in yellow in Figure 4c,d) and sandwiched be-
tween the two hydrophilic siloxane layers (represented
in magenta in Figure 4c,d).


Dialysis membrane transport experiments : To demonstrate
the generation of hydrophilic pathways into hybrid mem-
branes we carried out dialysis transport experiments.
(Figure 5).


The single and competitive H+ , Na+ and K+ transport ex-
periments present similar features for both classes of materi-
als MB1–MB4 and MB1*–MB4*. In a classical diffusion
model the hydrated ions diffuse through the membrane and
the mechanism is based on a dual transport mode: solution–
diffusion.[20] The transport rate is thus governed by diffusion
coefficients and by the interaction equilibria of the hydrated
ions losing part of the hydration shell in exchange for the
specific complexant groups located in the membrane.


The phenyl-type MB1 membrane can be considered as a
reference membrane in which the transport of ions occurs
through a siloxane network containing residual hydrophilic
Si�OH groups. The transport of protons (Figure 5a) and
alkali cations (Figure 5b) is amplified when phenolic (MB3)
or methoxyphenyl (MB4) groups are present in the mem-
brane. This is consistent with the development of supple-
mentary organic ion-conducting pathways of self-organised
�OH and �OMe groups, assisting the diffusion into the
hybrid network. The phenolic groups form strong intramo-
lecular hydrogen-bonds with the adjacent�OH,�SiOH and
�SiOSi� moieties. This hampers the interactions with sur-
rounding water molecules, and makes the phenolic-type
membrane MB3 more lipophilic than the corresponding
methoxy ACHTUNGTRENNUNGphenyl one MB4. Consequently, the protons are
better transported along methoxyphenyl pathways within
the MB4 membrane. The dialysis transport experiments
were performed by equilibrating the membranes with water.
At equilibrium the water uptake might depend on the hy-
drophilic nature of aromatic group, but the thickness of our
active hybrid layers (2–3 mm) do not permit an accurate de-
termination of the amount of water with reference to the
supporting membrane. The proton transfer in the membrane
occurs by diffusion of O�H+!O bonds inside the network
of hydrophylic pathways, similar to proton transport in
water.[2]


The Na ACHTUNGTRENNUNG(H2O)n
+ ions are preferentially transported


through MB1, MB3 and MB4 membranes. Since the self-
diffusion coefficients DNaACHTUNGTRENNUNG(H2O)n+<DKACHTUNGTRENNUNG(H2O)n+,[21a] the transport
of the hydrated cations is probably governed by the solva-
tion free energy, which is thermodynamically more favoura-
ble for Na ACHTUNGTRENNUNG(H2O)n


+ than K ACHTUNGTRENNUNG(H2O)n
+ .[21b] Certainly, a substan-


tial contribution to sodium selectivity arises from exchange
features between the hydrated ions and hydrophilic moieties
located in the membrane. Both hydrated cations are better
transported along the more hydrophobic phenolic pathways
in the MB3 membrane. This suggests that they may stay
within the hydrophilic methoxy pathways of the MB4 mem-
brane.
Compared with the reference membrane MB1 the trans-


port rates of both cations across the indole-type membrane
MB2 decrease. MB2 is selective for K ACHTUNGTRENNUNG(H2O)n


+ ions. Cer-
tainly, a substantial contribution to this selectivity arises
from exchange features between the hydrated ions and the
hydrophobic indole pathways: the complexation of ions by
cation–p interactions is thermodynamically more favourable
for K+ ions than Na+ .[21c] Many groups, including our
own,[7a,21c,22] have found that the pyrolo subunit of the indole
(i.e. C2=C3 bond) is a strong p-donor group for the K+ ion.
This is probably why K+ ions are preferentially transported
within the “indole pathway” of membrane MB2.


Conclusion


The controlled formation of such directional transporting
devices makes the hybrid membrane materials presented


Figure 5. a) pH versus time transport profiles across membranes MB1,
MB3, and MB4 ; b) Permeabilities of MB1*–MB4* hybrid membranes
calculated from experimental data using the solution–diffusion model.[20]
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here of interest for the development of a new supramolec-
ular approach to nanoscience through self-organisation,
toward hybrid materials of increasing addressability.
The hybrid membrane materials reported in this paper


are composed from nanodomains randomly ordered in the
hybrid matrix. These oriented nanodomains (Figure 4a)
result from the controlled self-assembly of simple molecular
components that encode the required information for ionic
assisted diffusion within hydrophilic pathways. The novelty
of these findings with respect to our previous work[16] with
complexant crown ether precursors is that simple molecules,
which collectively define transporting devices by self-assem-
bly, can be successfully used to transfer the overall function-
ality of their supramolecular self-organisation in hybrid
membrane materials by sol–gel transcription. Our results
imply that the control of molecular interactions can define
the self-organised supramolecular architectures presenting a
strong communication between the organic and the siloxane
layers. We have shown that specific hydrogen-bonding com-
munications between these networks have the ability to
create hydrophilic pathways of different chemical properties
in the self-organised superstructures of hybrid membrane
materials. They are essential in the diffusion process and in
the selectivity of the transport of hydrated alkali cations.
ACHTUNGTRENNUNGAlthough these pathways do not merge to cross the micro-
metric films, they are well defined along nanometric distan-
ces. This is reminiscent of the supramolecular organisation
of binding sites in channel-type proteins collectively contri-
buting to the selective translocation of solutes along hydro-
philic pathways.[2–4]


Prospects for the future include the development of origi-
nal methodologies for such communicative transcription in
silica matrixes of the supramolecular functional devices, pre-
senting a greater degree of structural complexity.


Experimental Section


Experimental data are available in the Supporting Information. This ma-
terial includes the general procedure of synthesis and characterisation
data (NMR spectroscopy, ESI-MS, elemental analysis) of precursors 1–5
and hybrid membrane materials MB1–MB4 and MB1*–MB4*. In addi-
tion details of X-ray single-crystal diffraction and X-ray powder diffrac-
tion, and membrane transport measurements are given.
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Photostable, Amino Reactive and Water-Soluble Fluorescent Labels Based
on Sulfonated Rhodamine with a Rigidized Xanthene Fragment
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Introduction


The invention of lens-based (far-field) optical nanoscopy
spurred a search for novel fluorescent tags which facilitate
an optical resolution in the nanometre region.[1] For exam-
ple, the first viable approach to break the diffraction barrier,
stimulated emission depletion (STED) fluorescence micro-


scopy requires fluorophores that are particularly photosta-
ble.[1a] Laser dyes are characterized by high resistance to-
wards photobleaching,[2] implying that they may well serve
as lead structures for developing novel highly photostable
markers. Rhodamines are widely used both as laser dyes
and fluorescent compounds for labeling proteins and nucleic
acids.[3,4] For instance, the readily available and inexpensive
rhodamines 6G, B, and 101 are especially photo- and chemi-
cally stable, possess high fluorescence quantum yields
(FFluo =0.5–1.0),[3c,d] and emit at 500–600 nm, where the au-
tofluorescence of cells and proteins is negligible. However,
rhodamine 6G, one of the best laser dyes is poorly hydro-
philic. Its use in purely aqueous solutions is hampered by
the formation of dimers, aggregates,[5a] and unspecific ad-
sorption.[5b] As a laser dye, it is employed in diluted aqueous
solutions with detergents or in alcoholic solutions. Water is
preferred as a solvent, due to its high heat capacity. Conju-
gation reactions involving biologically relevant macromole-
cules (proteins, nucleic acids, carbohydrates) must be per-
formed in water or aqueous buffers, where they are stable.
The marker is commonly dissolved in an organic solvent,
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Abstract: Highly water soluble fluores-
cent dyes were synthesized and trans-
formed into new amino reactive fluo-
rescent labels for biological microsco-
py. To this end, rhodamine 8 (prepared
from 7-hydroxy-1,2,3,4-tetrahydroqui-
noline (7) and phthalic anhydride in
85 % aq. H3PO4) was sulfonated with
30 % SO3 in H2SO4 and afforded the
water soluble disulfonic acid 3a (64 %).
Amidation of the carboxy group in 3a
with 2-(methylamino)ethanol in the
presence of O-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium·PF6


�


(HATU) led to alcohol 3b (66 %),
which was transformed into the amino
reactive mixed carbonate 3d with di(N-


succinimidyl)carbonate and Et3N. Re-
action of the carboxy group in 3a with
MeNH ACHTUNGTRENNUNG(CH2)2CO2Me and N,N,N’,N’-
tetramethyl-O-(N-succinimidyl)-uro-
nium·BF4


� (TSTU) yielded methyl
ester 13. After saponification of the ali-
phatic carboxy group in 13, the com-
pound was converted into NHS-ester
3e (using HATU and Et3N). Heating
of 7 with trimellitic anhydride in
H3PO4 gave a mixture of dicarboxylic
acids 14 and 15 (1:1). Regioisomer 15


was isolated, sulfonated with 30 % SO3


in H2SO4, and disulfonic acid 3 f was
used for the synthesis of the mono
NHS-ester 3g, in which the sterically
unhindered carboxy group was selec-
tively activated (with N-hydroxysucci-
nimide, HATU, and Et3N). The sulfo-
nated rhodamines 3b, c and f are solu-
ble in water (up to 0.1 m), have excel-
lent photostabilities and large fluores-
cence quantum yields. Subdiffraction
resolution images of tubulin filaments
of mammalian cells stained with these
dyes illustrate their applicability as
labels for stimulated emission deple-
tion microscopy and other fluorescence
techniques.


Keywords: conjugation · dyes/
pigments · fluorescence ·
rhodamines
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such as DMF or DMSO, and then added to the aqueous so-
lution of the target molecule. An excess of the organic sol-
vent may cause protein denaturation, and hence should be
avoided. On the other hand, if the amount of the organic
solvent is too low, precipitation of the marker in the reac-
tion mixture is frequently observed, which may result in a
low coupling efficiency. Water-soluble fluorescent markers
are advantageous in this regard, because they may be used
for labeling without the addition of organic solvents. More-
over, hydrophilic labels are less prone to aggregation and to
non-specific binding with biological objects.


An efficient and simple way to increase the water solubili-
ty is to sulfonate the corresponding reagent.[6a] The sulfona-
tion of the fluorophores is also known to inhibit the fluores-
cence quenching (reduction in FFluo) commonly observed
after conjugation with proteins and increase both the photo-
stability and the insensitivity to pH changes.[6b] Therefore, it
is not surprising that some sulfonated xanthene deriva-
tives—analogues of rhodamine 6G—have been developed
and commercialized (Figure 1).[4,6b] In all of them, the nitro-


gen atoms are involved in the five- or six-membered rings
condensed with the xanthene system. The rigidification of
the rhodamine fragment improves the p-conjugation in the
whole fluorophore by blocking the rotation around the C�N
bonds. The rigidification also increases the fluorescence
quantum yield and makes it independent of the temperature
and the environment.[2b]


The compounds 1 and 2 were prepared by sulfonation of
the corresponding rhodamines. Their further conjugation
with goat anti-mouse IgG antibodies was achieved by using
the corresponding amino reactive NHS esters (R7 = CO-
NHS (1) and R8 = SCH2CONH ACHTUNGTRENNUNG(CH2)5CO-NHS (2)). The
conjugates were found to have absorption lmax = 531 nm
(1)/556 nm (2) and lem = 554 nm (1)/575 nm (2).[4] Com-
pounds 1 and 2 possess six (!) methyl groups. These compli-
cate their structures, considerably increase their molecular
weight and lipophilicity, thereby reducing the solubility in
water and creating two asymmetric CH atoms (two diaste-
reomers). Working with diastereomeric mixtures is not con-


venient, because two sets of signals in the analytical data
(HPLC and NMR) complicate the characterization of the
intermediates and the final products.


The most straightforward way to obtain water-soluble an-
alogues of rhodamine 6G would be by direct sulfonation. It
is well known, for example, that rhodamine 110—a 3,6-di-
ACHTUNGTRENNUNGaminoxanthene derivative with unsubstituted amino
groups—smoothly reacts with 30 % SO3 in H2SO4 giving the
corresponding 4,5-disulphonated product regioselectively.[6b]


However, our attempts to sulfonate rhodamine 6G under
similar conditions left the starting compound intact (only
the ethyl ester group was cleaved). Prolonged exposure to
30 % SO3 in H2SO4 at room temperature or by heating (40–
50 8C) gave a complex mixture of products; the major prod-
uct was non-fluorescent.


Taking this into consideration, together with the very high
prices for synthetically useful amounts of all water-soluble
fluorophores (several thousand Euro per 50 mg), and the
advantages of rhodamines without structural mobility of al-
kylamino groups, we have synthesized new simple water-
soluble analogues of rhodamine 6G with a rigidized xan-
thene fragment (3a–c, f). We also transformed them into the
amino reactive compounds 3d,e,g (Figure 2), conjugated


them with antibodies and studied their spectral and staining
properties. Special efforts were taken in the synthesis of de-
rivatives with various linkers and reactive groups. Synthetic
procedures, isolation, and handling of the highly amino reac-
tive water-soluble derivatives are described in detail herein.
Moreover, their use as photostable labels for biological sam-
ples in fluorescence microscopy, particularly in subdiffrac-
tion resolution STED microscopy,[1,7] is demonstrated.


Results and Discussion


Synthesis of the fluorescent markers 3d, e and g : If the ni-
trogen atoms of the xanthene fragment are included into the
six-membered rings condensed with the aromatic system,
the rotation around the C�N bonds is blocked, and the un-
shared electrons of the nitrogen atoms are effectively conju-


Figure 1. Rhodamine 6G and its sulfonated commercially available ana-
logues with the rigidized xanthene fragment (1: Alexa Fluor 532 and 2 :
Alexa Fluor 546 from Molecular Probes).


Figure 2. Water-soluble fluorescent labels prepared in this study.


Chem. Eur. J. 2008, 14, 1784 – 1792 G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1785


FULL PAPER



www.chemeurj.org





gated with the whole p system (in the ground and in the ex-
cited state). The lack of an additional degree of mechanical
freedom decreases the undesirable nonradiative deactivation
of fluorescence. Derivatives with five-membered rings—cor-
responding indolines—are more difficult to synthesize. Thus,
we have chosen the analogues of rhodamine 6G as target
compounds with nitrogen atoms included into the six-mem-
bered rings and with the same number of carbon atoms as
in the parent dye (Figure 2).


Aminophenol 7 was easily prepared from 1,2,3,4-tetrahy-
droquinoline via a slightly modified method of Field and
Hammond by nitration of the commercially available
1,2,3,4-tetrahydroquinoline (4), reduction of nitro compound
5, and hydrolysis of the crude amino compound 6 with 85 %
H3PO4 (Scheme 1).[8] Rhodamine 8 was synthesized from


the phthalic anhydride and compound 7 in 46 % yield.[9] The
sulfonation of this compound has not yet been reported.
The procedure described for rhodamine 110 (sulfonation
with 30 % SO3 in H2SO4)


[6b] afforded the water-soluble de-
rivative 3a with 64 % yield.


The carboxylic group of the 2-substituted benzene ring in
rhodamines is not suitable for direct attachment of a dye to
the primary amino groups in proteins for several reasons.
First, this group is difficult to activate due to steric hin-
drance of the very bulky xanthene fragment. Second, its pri-
mary amides cyclise easily under neutral or basic conditions:
the NH group adds to the electron-deficient C9 atom, giving
the corresponding five-membered non-fluorescent and col-
orless spirolactames with broken p-conjugation.[10] There-
fore, it is necessary to use a linker between this carboxylic
group and an amino reactive site. 2-Substituted benzoic acid
fragment in rhodamines can react with alcohols to form
esters, but this ester linkage is unstable. Due to the close
proximity of the electron-deficient C9 atom of the xanthene
fragment, 2-substituted alkyl benzoates may be very easily
hydrolysed, even under relatively mild conditions (e.g. at


pH 8–9, in the course of conjugation with antibodies). The
amides are more stable for hydrolysis than esters and, there-
fore, we used the secondary amide bridge prepared from 2-
(methylamino)ethanol or 3-(methylamino)propionic acid for
linking the fluorophore and the amino reactive site.


Activated esters or carbonates are among the most widely
used amino reactive groups.[3,4,11] Mixed activated carbo-
nates are known to be more stable than the corresponding
activated esters (yet enough amino reactive), but not all of
them are suitable for bioconjugation. For example, we used
2-(methylamino)ethanol as a linker (Scheme 2), coupled it
with the acid 3a using O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluronium hexafluorophosphate (HATU) as a
very strong activating agent, and then transformed alcohol
3b into the 4-nitrophenylcarbonate 9, which was found to
be highly reactive and, at the same time, stable enough to
be isolated by reversed-phase column chromatography.


The fluorescence quantum yield (Ffl) of the compound 9
was found to be low (15 %), probably because the xanthene
fragment forms an intramolecular p-stacking complex with
the p-nitrophenoxy residue, or the resonance energy transfer
(RET) between them quenches the fluorescence.[12] After
coupling this active carbonate 9 with an aliphatic amine
(MeNH2), Ffl increased up to the value observed for the
compound 3b (94 %), and the solution became brightly fluo-
rescent. However, reaction with bovine serum albumine
(BSA) did not restore the initial Ffl, and the conjugate emit-
ted poorly (Ffl =15 %). This result may be explained by the
retaining of the p-nitrophenol on a protein nearby the fluo-
rophore, so that its quenching effect remained intact.


Due to this drawback of the mixed carbonate 9, we pre-
pared another reagent of this type (3d) and used it for bio-
conjugation (which contained N-hydroxysuccinimide as a
leaving group). The Ffl value of the adduct with antibodies
was found to be high. (Spectral properties and stabilities of


Scheme 1. Sulfonated analogue of rhodamine 6G with a rigidized xan-
thene fragment: a) 100 % HNO3, conc. H2SO4, 5–7 8C; b) N2H4·H2O, Ra/
Ni, MeOH, reflux; c) 85% H3PO4, 150 8C, 24 h; d) 170 8C, 3 h, then 85%
H3PO4, 170 8C, 3 h; e) 30% SO3 in H2SO4, 0 8C, 12 h.


Scheme 2. Synthesis of the amino reactive carbonates 9 and 3b : a) O-(7-
azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium·PF6


� (HATU), N,N-
dimethylacetamide (DMAA), RT, 1.5 h; b) bis(4-nitrophenyl)carbonate,
Et3N, DMAA, RT, 22 h; c) di(N-succinimidyl)carbonate, Et3N, DMAA,
RT, 1 h.
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the fluorescent markers and their bioconjugates are dis-
cussed in the next section.)


Activated esters represent another type of an amino reac-
tive site. To prepare them from compound 3a, it was neces-
sary first to synthesize an N-alkyl-w-amino acid as a linker
with an appropriate length. The secondary amino group
blocks the undesirable spiro-lactonization, and we have
chosen the methyl group as the simplest N-alkyl substituent.
It may be useful to keep the distance between the fluoro-
phore and the active group short enough. Longer alkyl
chains not only increase the lipophilicity of the whole re-
agent, but they also may considerably limit the freedom, if
assembling of the RET pairs from the fluorescent markers
described in this work (as donors) and variable acceptors
will further be used. The total length of the linker between
the donor and the acceptor should not exceed the Foerster
radius.[12] We used 3-aminopropionic acid as a linker, which
provides a distance of about 7–8 M between the fluorophore
(the centre of the xanthene fragment) and the terminal car-
boxy group. Alkylation of the commercially available 3-
(benzyloxycarbonylamino)propionic acid (10) with MeI and
Ag2O, followed by catalytic hydrogenation of the crude me-
thylated compound 6 with 10 % Pd/C under atmospheric
pressure, gave the required methyl 3-(N-methylamino)propi-
onate (12) (Scheme 3).


The condensation product of amine 12 and rhodamine
3a—the secondary amide 13—was obtained in almost quan-
titative yield, even if the less reactive and cheaper coupling
agent TSTU (compared to HATU) was used. Surprisingly,
uncontrolled saponification of this ester to the free acid 3c
under usual conditions (1.5–2 fold excess of aq. NaOH at
room temperature) gave a mixture of the target compound


and the benzoic acid 3a, which had been formed by hydroly-
sis of the secondary amide bond. This result may be ex-
plained by the activating effect of the electron deficient
atom (C9), which bears a part of the positive charge of the
rhodamine fragment and is situated in close proximity to the
carbonyl group of the secondary amide. The positively
charged centre (C9) and oxygen atom of the amide
[C6H4CON(Me)] are separated by four chemical bonds, so
that the whole geometry and charge distribution of this frag-
ment favor the attack of the hydroxyl ion (OH�) on the car-
bonyl group and equilibration with the five-membered
spiro-intermediate (A), which may irreversibly decompose
to give the acid 3a. Saponification with the diluted aq.
NaOH at 0 8C and HPLC control allowed reaching about
90 % conversion of the ester 13 into the desired acid 3c,
while the content of the rhodamine 3a did not exceed 2–
6 %. After that, the cold reaction mixture was carefully neu-
tralized with aq. HCl, and the acid 3c was isolated by re-
versed-phase column chromatography.[13]


An alternative way to obtain a rhodamine with an amino
reactive group in the benzene ring and to avoid the spiro-
lactonization and saponification problems associated with an
“amide” linker is to use the trimellitic anhydride at the con-
densation step. This route always provides a mixture of 2 re-
gioisomers (Scheme 4). Each of them possesses 2 carboxyl
groups: a sterically hindered one and an unhindered
(remote) one.


We have found that the mixture of the acids 14 and 15
could be separated by recrystallization or column chroma-
tography on silica gel so that compound 15 could easily be
isolated in a pure form. The structures of compounds 14 and
15 were unambiguously established with 1H NMR spectra
by using the NOE experiments. Irradiation at the frequency
of the H1/H8 protons of the xanthene system causes an in-
crease in the intensity of one-proton multiplet. It corre-
sponds to the hydrogen atom in the benzene ring, which is
situated in the ortho position to the C�C bond between the
aromatic rings. In one case (15), this signal is a well-resolved
doublet (d=7.5 ppm) with J=7.8 Hz, and in the other case


Scheme 3. Preparation of the active ester 3e : a) MeI, Ag2O, DMF, RT,
28 h; b) 10 % Pd/C, H2, EtOAc, RT, 7 h. c) HATU, Et3N, DMF, 0 8C !
RT, 6 h; d) N,N,N’,N’-tetramethyl-O-(N-succinimidyl)uronium·BF4


�


(TSTU), Et3N, DMF, RT, 2 d; e) 0.23 m aq. NaOH, 0 8C, 1 h; f) HATU, N-
hydroxysuccinimide, Et3N, DMF, 0 8C, 1 h.


Scheme 4. Preparation of sulfonated regioisomer 3 f and its mono NHS
ester: a) 170 8C, 3 h, then 85% H3PO4, 170 8C, 3 h; b) 30 % SO3 in H2SO4,
0 8C, 12 h; c) N-hydroxysuccinimide, HATU, Et3N, DMF, 0 8C, 1 h.
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(compound 14)—a badly resolved doublet (d=7.9 ppm)
with J= 1.5 Hz.


The pure regioisomer 15 was isolated in about 10 % yield
and sulfonated under conditions described for compound 8.
We obtained the target disulfonated compound 3 f with
good yield (63%).


Due to the steric hindrance, the carboxyl group nearby
the xanthene fragment is much less reactive than the car-
boxyl at the remote position. Thus, it is possible to obtain
the activated ester only from the remote, less sterically
shielded carboxyl.[2] We used HATU as the coupling re-
agent, and isolated the amino reactive NHS-ester 3g from
the reaction mixture by preparative HPLC.


Water solubility of the compounds synthesized : The solubili-
ty of rhodamine derivatives 3a–c, f and 8 in water was mea-
sured by absorption spectroscopy. An excess of a test com-
pound was mixed with about 1 mL of distilled water, then
sonicated for one hour in an ultrasound bath, allowed to
rest overnight, and finally centrifuged at 16 060 Pg (RCF)
for 30 min. The supernatant was diluted with water, and the
concentration of the solution was estimated by measuring
the absorbance (all e values were measured by us). The re-
sults are listed in Table 1. Not unexpectedly, the unsulfonat-
ed parent rhodamine—compound 8 with five condensed
cycles—was found to be very poorly soluble in water. All
sulfonated derivatives (3a–f) are 1000–20 000 times more
soluble than compound 8. Additional polar groups attached
to the benzoic acid residue in compound 3a further increase
the solubility. For example, amidation of acid 3a with 2-
(methylamino)ethanol substantially improved the solubility
of product 3b. Secondary amide 3c (with an additional free
carboxy group) was even more soluble than the correspond-
ing alcohol 3b. If a second carboxy group was attached to
compound 3a without blocking the first one (3 f), the solu-
bility also increased, but to a less extent than for acid 3c. A
direct evaluation of the solubility of the corresponding NHS
esters was not possible as they rapidly decompose in water.
However, it is practically important that all compounds (3b,


c and f), which were used for the preparation of the corre-
sponding NHS esters, are very good soluble in water. Thus
the solubility of the NHS esters (3d, e and g) is also se-
cured.


Photophysical and photochemical properties of water solu-
ble rhodamines : The spectral properties of sulfonated rhod-
amines (Figure 2) and their coupling products with antibod-
ies were measured in water (Table 1). For comparison, the
properties of the unsulfonated parent rhodamine (com-
pound 8, Scheme 1) were also measured and are given in
the same table.


Sulfonation in the positions 4 and 5 of the xanthene chro-
mophore resulted in a hypsochromic effect for both the ab-
sorption and the emission maxima (compare 8 and 3a), and
a very slightly improved fluorescence efficiency (FFluo).
Changes in the spectroscopic properties of amides 3b and c
(compared with the corresponding carboxylic acid 3a) are in
agreement with the regularities found for similarly modified
rhodamines.[14] Two clear effects were observed, after the
ortho-carboxy substituted phenyl ring at the position 9 of
the chromophore had been modified: amidation of this
group resulted in a red shift of �10 nm in the absorption
and emission bands and also a very small decrease in the
emission quantum yield. Addition of a second carboxylate
to the m-position with respect to the “first” carboxylic
group (compound 3 f) only resulted in a red shift of �5 nm
in the emission maximum with no effect in the fluorescence
efficiency. Variation in the fluorescence lifetime of all the
free dyes in water was marginal and close to the measure-
ment error (0.1 ns).


Antibody labeling resulted in a bathochromic effect in the
absorption, while the emission maxima were not significant-
ly shifted. The fluorescence quantum yields and lifetimes of
the conjugates decreased moderately. These effects were
more pronounced when the linking group was in the ortho
position of the phenyl group with respect to the chromo-
phore. Nevertheless, FFluo values of the conjugates were
found to be very high (0.7–0.8), and therefore, they are per-
fectly suited for labeling of biological structures.


Photochemical stability is a crucial property if soluble
rhodamines are required as fluorescent labels or laser dyes.
To evaluate the fatigue resistance of the prepared dyes,
water solutions of compounds 3b, c and f (3 mL each) were
irradiated in a continuously stirred cuvette at 532 nm with a
power of 3 W cm�2, and the fluorescence emission was moni-
tored. Rhodamine 6G was used as a reference. The absorp-
tion at the irradiation wavelength of all solutions was
matched to within 1 % error. The results are shown in
Figure 3. All the sulfonated rhodamines proved to be more
photostable than rhodamine 6G. In particular, the amide
substituted compounds 3b,c were considerably more stable
than the reference; after two hours of irradiation less than
10 % of their fluorescence signal was lost. In the same time,
25 % of rhodamine 6G was bleached. Photobleaching of
rhodamine 6G involves radicals which are formed from the
dye cations (in an excited state) by electron transfer from


Table 1. Spectral properties of rhodamine 8, its sulfonated derivatives
3a–c, f and their coupling products with antibodies[a] in water.


Compound[b] labs
max


[nm]
e


[m�1 m3 cm�1]
lem


max


[nm]
FFluo tFluo


[ns]
Solubility in
water [mm][c]


8 538 8.4P 104 559 0.95 3.8 0.006
3a 530 9.8P 104 550 0.98 3.9 6
3b 539 8.8P 104 560 0.94 4.0 45
3c 539 8.6P 104 560 0.96 4.1 120
3 f 531 7.4P 104 555 0.99 4.1 37
3b[d]–AB[a] 542 – 560 0.70 3.4 –
3c[e]–AB[a] 543 – 560 0.74 3.7 –
3 f[f]–AB[a] 534 – 555 0.82 3.9 –


[a] Goat anti-rabbit IgG (H+L). [b] See Figure 2 for structures. [c] Solu-
bility of rhodamine 6G hydrochloride was measured to be 18 mm.
[d] Mixed NHS-carbonate 3d (obtained from 3b) was used for coupling.
[e] NHS-ester 3e (obtained from 3c) was coupled with antibodies.
[f] NHS-ester 3g (obtained from 3 f) was used in the coupling reaction
with antibodies.
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the solvent, followed by the formation of reduced (colorless)
species.[15] Higher photostability of the compounds 3b,c, f
(compared with rhodamine 6G) may be explained, if we
assume that the introduction of the polar charged sulfo
group(s) stabilizes the reactant (due to its better solvation in
water) and/or destabilizes the intermediately formed anion
radical.


Microscopy applications : All labeled antibodies (3d–AB,
3e–AB, and 3g–AB) were found to have excellent perfor-
mance in confocal laser scanning microscopy. High bright-
ness and a fairly good fatigue resistance, as well as a mini-
mal nonspecific background staining, allowed good quality
pictures to be recorded.[16]


STED microscopy provides a spatial resolution beyond
the diffraction barrier through a saturated depopulation of
excited molecules residing in the fluorescent first singlet
state (S1). This concept is usually implemented in a beam-
scanning microscope, whereby the focal spot of a scanning
excitation beam is superimposed by a red-shifted doughnut-
shaped focal intensity distribution for the saturated quench-
ing. The doughnut-beam quenches excited molecules
throughout the excitation spot except for its very centre.
This quenching by stimulated emission (light induced S1 !
S0 transition) is performed at the red edge of the emission
spectrum of the fluorophore, with intensities >10 MW cm�2.
The latter are required to saturate the depopulation and to
attain a spatial resolution <30 nm as a result. Therefore, the
markers used in STED microscopy should have an outstand-
ing photochemical stability in their excited states. Another
important requirement for a STED fluorescent marker is a
large cross section for stimulated emission at available laser
wavelengths. To evaluate the performance of the new fluo-
rescent dyes, we have compared their properties with those
of the commercially available compound ATTO-532 (Atto-
Tec GmbH, Siegen, Germany), a well-known and relatively
photostable fluorophore routinely used in STED microsco-
py.[17] The STED efficiencies measured for all dyes and the
reference compound are shown in Figure 4. Optimal deple-


tion wavelengths were found to be approximately 630 nm
for ATTO-532 and compound 3 f, and 640 nm for com-
pounds 3b and c. All the newly prepared compounds can be
depleted with high efficiency, and to a similar extent as the
reference compound. More than 90 % of the signal can be
depleted with intensities of 40 MW cm�2 in the focus, a typi-
cal value in STED microscopy.


The tubular network of mammalian PtK2 cells was immu-
nostained with the prepared conjugates (3d–AB, 3e–AB,
and 3g–AB). These samples were investigated in a STED
microscope operating with synchronized 80 MHz pulse
trains for excitation and depletion. The excitation wave-
length was 532 nm, whereas STED was performed in the
range between 630 and 640 nm.[16] An ATTO-532 IgG conju-
gate was prepared from the amino reactive NHS ester of
this dye, by the same procedure as for the sulfonated rhoda-
mines 3d, e and g. The depletion wavelengths that were ac-
tually used to record the images are specified in Figure 4.
All new dyes performed well in STED microscopy; the re-
sulting subdiffraction images possessed similar spatial reso-
lution as the reference dye (ATTO-532) in the setup em-
ployed. Figure 5 shows the data obtained for compound 3 f–
AB and for the reference. (The images recorded with com-
pounds 3d–AB and 3g–AB are given in Figures S2 and S3,
Supporting Information).[16] Single tubuline fibres are repro-
duced with a diameter of �90 nm,[16] which is slightly larger
than the size of the fibre plus the dimensions of a primary
and secondary antibodies. As there is no difference in reso-
lution in the images obtained with the reference and the
novel dyes, the latter represent a viable alternative to the
expensive commercial dyes. The possibility to obtain them
in relatively large amounts (up to several grams) is an im-
portant advantage, particularly if further chemical modifica-
tions of the dyes are desired.


Figure 3. Fluorescence signal upon irradiation of aqueous solutions of
compounds 3b, c, f and rhodamine 6G with green light (532 nm, laser in-
tensity 3 Wcm�2).


Figure 4. STED efficiency as a function of the depletion intensity for
compounds 3b (c), c (c), 3 f (c) and ATTO-532 (c). Excita-
tion was performed with a constant intensity at 532 nm, and depletion
was performed at 630 nm for compound 3 f and ATTO-532, and 640 nm
for compounds 3b and 3c.
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Conclusion


Water-soluble analogues of rhodamine 6G with high photo-
stability (3b,c, f) and very large fluorescence quantum yields
(>0.9) were synthesized. They were used as starting materi-
als for preparation of the fluorescent labels 3d, e and g,
which react with amino groups in purely aqueous solutions
without any addition of an organic co-solvent (e. g. DMF or
DMSO). Their conjugates with antibodies are highly fluores-
cent (FFluo =0.7–0.8) and produce bright and stable images
in fluorescence microscopy. These conjugates are also suita-
ble for STED microscopy, where images with a spatial reso-
lution below the diffraction limit were obtained. Amino re-
active compounds 3d, e and g have been prepared in 7–8
steps from commercially available 1,2,3,4-tetrahydroquino-
line. Several “pitfalls” were identified in the course of at-
taching the secondary amide linker to the carboxy group of
the rhodamine fragment and by choosing an appropriate
amino reactive group. Mixed NHS-carbonate 3d is the most
easy to prepare and to isolate. It is a relatively chemically
stable, yet a highly amino reactive compound. The practical
procedures of the present study allow the preparation of
synthetically useful amounts of photostable water-soluble
rhodamines. Besides, they may further be used for linking
any sterically hindered aromatic carboxy group with an
amino reactive site.


Experimental Section


General remarks : NMR spectra were recorded at ambient temperature
with Varian MERCURY 300 and Bruker AM 250 spectrometers at 300
(1H) and 75.5 MHz (13C and APT), as well as at 250 (1H) and 62.9 MHz
(13C and DEPT), respectively. 1H NMR spectra were also recorded with
Varian INOVA 500 or 600 (600 MHz) instruments. All spectra are refer-
enced to tetramethylsilane as an internal standard (d =0 ppm) using the
signals of the residual protons of CHCl3 (7.26 ppm) in CDCl3, CHD2OD
(3.31 ppm) in CD3OD, HOD (4.79 ppm) in D2O or [D5]DMSO


(2.50 ppm) in [D6]DMSO. Multiplicities of signals are described as fol-
lows: s= singlet, br s =broad singlet, d =doublet, t = triplet, q= quartet,
m= multiplet. Coupling constants (J) are given in Hz. Multiplicities in
the 13C NMR spectra were determined by APT (Attached Proton Test)
measurements. Low resolution mass spectra (electro spray ionization,
ESI) were obtained with LCQ spectrometer. High resolution mass spec-
tra (ESI-HRMS) were obtained on APEX IV spectrometer. HPLC
system (Knauer): Smartline pump 1000 (2 P ), UV detector 2500, column
thermostat 4000, mixing chamber, injection valve with 20 and 100 mL
loop for the analytical and preparative columns, respectively; 6-port-3-
channel switching valve; analytical column: Eurospher-100 C18, 5 mm,
250 P 4 mm, 1 mL min�1; preparative column: Eurosphere-100 C18, 5 mm,
250 P 8 mm, 4 mL min�1; solvent A: water + 0.1 % v/v trifluoroacetic acid
(TFA); solvent B: MeCN + 0.1 % v/v TFA; A/B: 80/20 ! 50/50 in
25 min, then 50/50 for 5 min; 25 8C, detection at 530 nm. Analytical TLC
was performed on MERCK ready-to-use plates with silica gel 60 (F254)
and MACHEREY-NAGEL plates for HPTLC with 0.20 mm silica gel
100 C18. Column chromatography: MERCK silica gel, grade 60, 0.04–
0.063 mm; fraction collector RETRIEVER II (ISCO). Reversed phase
column chromatography: MACHEREY-NAGEL Polygoprep 60–50 C18.
Organic solutions were dried over Na2SO4. Absorption and fluorescence
stationary measurements were carried out with a Varian Cary 4000 UV/
Vis spectrophotometer, and with a Varian Cary Eclipse fluorescence
spectrophotometer, respectively. e Values are given in m


�1 m3 cm�1. Emis-
sion spectra were corrected for instrument response.


Rhodamine 3a : Compound 8[9,16] (1.3 g, 3.2 mmol) was added carefully to
30% SO3 in H2SO4 (17 g, obtained by mixing of 20% SO3 and 65 % SO3


in H2SO4) at 0–5 8C. The mixture was stirred at 0 8C for 1 h and kept at
4 8C for 14 h. Then it was poured onto frozen 1,4-dioxane (100 g) and
mixed carefully. Diethyl ether (200 mL) was added to the mixture, and
the precipitate was filtered off. The precipiate was heated under reflux in
iPrOH (50 mL) for several minutes. The suspension was cooled and dilut-
ed with diethyl ether (150 mL). The title compound (1.2 g, 64%) was fil-
tered off and dried in vacuo. HPLC: tR =11.0 min (area 97 %). 1H NMR
(300 MHz, [D6]DMSO): d =1.78 (br s, 4H; (CH2)CH2ACHTUNGTRENNUNG(CH2)), 2.70 (br s,
4H; ArCH2), 3.56 (br s, 4H; CH2N), 6.73 (br s, 2H; H-1/8), 7.43 (d, J=


6.6 Hz, 1H; H-3’), 7.8–7.9 (m, 2H; H-4’/5’), 8.24 (d, J=6.6 Hz, 1H; H-6’),
9.43 ppm (br s, 2H; NH); 13C NMR (75.5 MHz, [D6]DMSO): d =18.7
((CH2)CH2 ACHTUNGTRENNUNG(CH2)), 27.1 (ArCH2), 42.0 (CH2N), 110.0 (C), 111.9 (C),
125.4 (C), 128.7 (CH), 130.2 (CH), 130.3 (CH), 130.5 (C), 131.0 (CH),
132.8 (CH), 133.1 (C), 150.9 (C), 152.6 (C), 166.0 ppm (CO); ESI-MS,
negative mode: m/z (%): 569 (100) [M�H]� , 591 (16) [M�2H+Na]� ;
HR-MS (ESI, positive mode): m/z : calcd for C26H22N2O9S2: 571.0840;
found: 571.0828 [M+H]+ , 593.0647 [M+Na]+ .


Alcohol 3b : Rhodamine 3a (98 mg, 0.17 mmol) and HATU (86 mg,
0.23 mmol) were placed into a dry Schlenk flask under N2. Dry N,N-di-
methylacetamide (DMAA) (3 mL) and 2-(methylamino)ethanol (67 mg,
0.89 mmol) were added through a septum. The mixture was stirred at RT
for 1.5 h. Then the solvent was evaporated in vacuo, and the title com-
pound was isolated from the residue by column chromatography
(CH2Cl2/MeOH 2:1), yield 72 mg (66 %). HPLC: tR =7.2 min (area
98%). 1H NMR (300 MHz, [D6]DMSO, 2 rotamers): d =1.78 (m, 4H;
(CH2)CH2 ACHTUNGTRENNUNG(CH2)), 2.57 (s, �2.3H; NMe, rotamer 1), 2.65–2.75 (m, 6H;
ArCH2 and NCH2ACHTUNGTRENNUNG(CH2OH)), 3.00 (s, �0.7H; NMe, rotamer 2), 3.45–3.60
(m, 6H; CH2NAr and (CH2)CH2O), 6.73–6.77 (m, 2H; H-1/8), 7.36–7.44
(m, 1 H; H-3’), 7.6–7.8 (m, 3H; H-4’/5’/6’), 10.2 ppm (br s, 2 H; NH);
13C NMR (75.5 MHz, [D6]DMSO, 2 rotamers): d=19.0 ((CH2)CH2-
ACHTUNGTRENNUNG(CH2)), 25.1/27.2 (ArCH2), 31.8/38.0 (NMe), 41.6 (CH2NAr), 48.8/52.4
(NCH2ACHTUNGTRENNUNG(CH2OH)), 58.0/58.1 (OCH2), 112.2 (C), 112.3 (C), 112.9 (C),
124.0 (C), 127.3 (CH), 127.8 (CH), 128.6 (CH), 128.9 (CH), 129.3 (CH),
130.1 (CH), 130.3 (CH), 131.3 (C), 131.4 (C), 135.9 (C), 136.1 (C), 151.6
(C), 153.5 (C), 154.2 (C), 154.4 (C), 167.2/168.0 ppm (CO); HR-MS (ESI,
positive mode): m/z : calcd for: C29H29N3O9S2: 628.1418; found: 628.1418
[M+H]+ , 650.1235 [M+Na]+ , 672.1054 [M�H+2Na]+.


p-Nitrophenyl carbonate 9 : Compound 3b (23 mg, 0.037 mmol) was dis-
solved in dry DMAA (1 mL), bis(4-nitrophenyl)carbonate (48 mg,
0.16 mmol) and Et3N (0.10 mL, 0.72 mmol) were added under N2 with
stirring. The reaction mixture was left at RT for 22 h. Then the solvent


Figure 5. Subdiffraction imaging of the microtubules of a mammalian
PtK2 cell immunostained with ATTO-532 (A: confocal ; B: STED) and
compound 3 f–AB (C: confocal; D: STED); scale bars: 500 nm.
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and excess of Et3N were removed in vacuo, and the title product was iso-
lated by reversed-phase column chromatography on Polygoprep (MeCN/
H2O 1:2), yield 28 mg (97 %). HPLC: tR =18.7 min (area 100 %).
1H NMR (300 MHz, [D6]DMSO + [D4]methanol, 2 rotamers): d=1.88
(m, 4H; (CH2)CH2 ACHTUNGTRENNUNG(CH2)), 2.75 (m, 4 H; ArCH2), 3.07 (s, �0.5H; NMe,
rotamer 1), 3.18 (s, �2.5H; NMe, rotamer 2), 3.40–3.65 (m, 6H;
CH2NAr and NCH2 ACHTUNGTRENNUNG(CH2OCO)), 3.73 (m, 1H; (CH2)CHAHBOCO), 4.10
(m, 1 H; (CH2)CHAHBOCO), 6.78–6.96 (m, 4 H; H-1/8 and H-2’’), 7.36–
7.50 (m, 1 H; H-3’), 7.68–7.82 (m, 2H; H-4’/5’), 8.06–8.23 ppm (m, 3 H;
H-6’ and H-3’’); UV/Vis (water): lmax (e) =540 nm (84 000), lem =560 nm,
Ffl = 0.15; ESI-MS, negative mode: m/z (%): 791 (100) [M�H]� ; HR-MS
(ESI, positive mode): m/z : calcd for C36H32N4O13S2: 793.1480; found:
793.1478 [M+H]+ , 815.1297 [M+Na]+ , 831.1043 [M+K]+ .


N-Hydroxysuccinimidyl carbonate (3d): Compound 3b (20 mg,
0.030 mmol) was dissolved with dry DMAA (1 mL), di(N-succinimidyl)-
carbonate (76 mg, 0.30 mmol) and Et3N (0.10 mL, 0.72 mmol) were
added under N2 with stirring. The reaction mixture was left at RT for 1 h.
The solvent and excess of Et3N were removed in vacuo, water (5 mL)
was added to the residue, and the title product was isolated by reversed-
phase preparative HPLC: tR =11.6 min (area 100 %). 1H NMR
(300 MHz, [D6]DMSO, 2 rotamers): d=1.78 (m, 4 H; (CH2)CH2 ACHTUNGTRENNUNG(CH2)),
2.70 (m, 4H; ArCH2), 2.80 (s, 4 H; (OC)CH2CH2(CO)), 2.90 (s, 1 H;
NMe, rotamer 1), 3.00 (s, 2 H; NMe, rotamer 2), 3.53 (m, 4H; CH2NAr),
4.36 (m, 2 H; (CH2)CH2OCO), 6.78 (br s, 2H; H-1/8), 7.36–7.48 (m, 1H;
H-3’), 7.6–7.8 (m, 3 H; H-4’/5’/6’), 10.16 ppm (br s, 2H; NH); HR-MS
(ESI, positive mode): m/z : calcd for C34H33N4O13S2: 769.1480; found:
769.1479 [M+H]+ .


Methyl 3-(methylamino)propionate (12):[18] A mixture of 3-(benzyloxy-
carbonylamino)-propionic acid 10 (FLUKA, 2.23 g, 10 mmol), Ag2O
(7.3 g, 31 mmol), MeI (8.5 g, 60 mmol) and DMF (40 mL) was stirred at
room temperature in the dark for 16 h. The solvent and excess of MeI
were removed in vacuo at 50 8C, the residue was suspended in CH2Cl2,
and filtered. The filtrate was washed with sat. aq. NaHCO3, brine, dried
and evaporated in vacuo to give crude 11 (2.2 g, 89%). It was dissolved
in ethyl acetate (20 mL). The solution was added through a septum
under N2 to 0.87 g of 10% Pd/C (Merck), placed into dry Schlenk flask
equipped with a reflux condenser. The flask was filled with H2 and stirred
under H2 at atmospheric pressure and ambient temperature for 7 h. Then
the reaction mixture was flashed with N2, the catalyst was filtered off,
and the filtrate was carefully evaporated at reduced pressure (50 mbar)
and 30 8C (bath). The crude product 12 (1.03 g, 100 %, content of the
product was about 70 mol %; EtOAc: 30 mol %) was used for next step
without further purification. 1H NMR (250 MHz, CDCl3): d=1.68 (s, 1H;
NH), 2.42 (s, 3 H; NMe), 2.50 (m, 2H; (CH2)CH2 ACHTUNGTRENNUNG(CO2Me)), 2.83 (m, 2H;
NCH2 ACHTUNGTRENNUNG(CH2CO2Me)), 3.67 ppm (s, 3H, OMe).


Methyl ester 13 : Rhodamine 3a (0.57 g, 1.0 mmol) and TSTU (0.60 g,
2.0 mmol) were placed into a dry Schlenk flask under N2. Dry DMF
(19 mL) and Et3N (1 mL, 6.8 mmol) were added through a septum, and
the mixture was placed into an ultrasonic bath for 5 minutes and kept at
room temperature for 19 h. The solution (1.2 mL; about 0.06 mmol of ac-
tivated ester of 3a) was taken with syringe and added through a septum
to the crude compound 12 (75 mg, �0.5 mmol), placed into a dry flask.
The mixture was kept at RT for 24 h. Then the solvent was evaporated in
vacuo, and the title product was isolated from the residue by column
chromatography (Rf = 0.4, CH2Cl2/MeOH 4:1). Pure product (36 mg,
90%) was precipitated by adding ether to the solution in aq. MeOH).
HPLC: tR =10.4 min (area 100 %). 1H NMR (300 MHz, [D6]DMSO): d=


1.79 (m, 4H; (CH2)CH2 ACHTUNGTRENNUNG(CH2)), 2.24 (m, 2 H; (CH2)CH2 ACHTUNGTRENNUNG(CO2CH3)), 2.70
(m, 4H; ArCH2), 2.98 (s, 3H; NMe), 3.39 (m, 2 H; NCH2ACHTUNGTRENNUNG(CH2CO2Me)),
3.56 (m, 7 H; CH2NAr and OMe), 6.78 (br s, 2 H; H-1/8), 7.38–7.42 (m,
1H; H-3’), 7.6–7.8 (m, 3 H; H-4’/5’/6’), 10.18 ppm (br s, 2H; NH);
13C NMR (75.5 MHz, [D6]DMSO): d =19.0 ((CH2)CH2 ACHTUNGTRENNUNG(CH2)), 27.2
(ArCH2), 30.8 ((CH2)CH2 ACHTUNGTRENNUNG(CO2Me)), 37.2 (NMe), 41.6 (CH2NAr), 42.7
(NCH2ACHTUNGTRENNUNG(CH2CO2Me)), 51.4 (OMe), 112.2 (C), 112.8 (C), 124.1 (C), 127.3
(CH), 128.6 (CH), 129.4 (CH), 129.5 (CH), 130.4 (CH), 131.3 (C), 135.8
(C), 151.5 (C), 153.5 (C), 154.3 (C), 167.4 (CO), 171.4 ppm (CO); UV/
Vis (water): lmax (e) =539 nm (92400), lem =558 nm, Ffl =0.93; ESI-MS,
negative mode: m/z (%): 668 (96) [M�H]� , 690 (100) [M�2H+Na]� ;


HR-MS (ESI, positive mode): m/z : calcd for C31H31N3O10S2: 670.1524;
found: 670.1522 [M+H]+ , 692.1341 [M+Na]+ .


Acid 3c : Ester 13 (160 mg, 0.228 mmol) was suspended in H2O (2 mL)
and cooled with an ice bath. Cold aq. NaOH (1 m, 0.6 mL) was added
dropwise to the reaction mixture, and it was stirred at 0–4 8C for 1 h.
After 50 min, HPLC displayed full conversion of the starting compound.
Aqueous HCl (1 m, 1.0 mL) was added, and the mixture was applied on
top of the column with 100 mL of Polygoprep 60–50 C18 equilibrated
with MeCN/H2O 2:1. The title compound (134 mg, 86%) was eluted with
MeCN/H2O 2:1 ! 4:1. Water was removed from the fractions by freeze-
drying. HPLC: tR = 9.4 min (area 94%, ca. 6% of the acid 3a with higher
tR). 1H NMR (300 MHz, [D6]DMSO): d=1.76 (br s, 4H; (CH2)CH2-
ACHTUNGTRENNUNG(CH2)), 2.12 (m, 2H; (CH2)CH2 ACHTUNGTRENNUNG(CO2H)), 2.68 (m, 4 H; ArCH2), 2.96 (s,
3H; NMe), 3.32 (m, 2H; NCH2 ACHTUNGTRENNUNG(CH2CO2H)), 3.53 (br s, 4 H; CH2NAr),
6.75 (br s, 2H; H-1/8), 7.38 (m, 1H; H-3’), 7.60–7.75 (m, 3 H; H-4’/5’/6’),
10.18 ppm (br s, 2 H; NH); ESI-MS, negative mode: m/z (%): 654 (100)
[M�H]� ; HR-MS (ESI, positive mode): m/z : calcd for: C30H29N3O10S2:
656.1367; found: 656.1365 [M+H]+ , 678.1185 [M+Na]+ , 700.1005
[M�H+2Na]+ .


N-Hydroxysuccinimidyl ester 3e : Acid 3c (0.13 g, 0.20 mmol) was dis-
solved in dry DMF (4 mL), TSTU (0.24 g, 0.80 mmol) was added fol-
lowed by Et3N (0.7 mL, 10 mmol). The reaction mixture was stirred at
room temperature overnight; DMF was evaporated in vacuo, and the
title compound was isolated by preparative HPLC. Corresponding frac-
tions were pooled and freeze-dried. The residue was stored at �20 8C.
HPLC: tR =10.4 min (coincides with the methyl ester 13 ; area 98%).
HR-MS (ESI, positive mode): m/z : calcd for C34H32N4O12S2: 753.1531;
found: 753.1530 [M+H]+ , 775.1351 [M+Na]+ , 797.1170 [M�H+2Na]+ .
Stock-solutions in DMF decompose slowly at room temperature; typical-
ly the content of NHS-ester 3e decreases from 95–97 to 80% in ca. 12–
18 h (and the content of the starting acid 3c increases proportionally).


Rhodamines 14 and 15 : A mixture of finely grounded compound 7 (2.7 g,
18 mmol) and trimellitic anhydride (4.7 g, 24 mmol) was heated at 170 8C
for 3 h. Then an additional portion of 7 (2.8 g, 19 mmol) and 85% aq.
H3PO4 (7.5 mL) were added to the cooled reaction mixture and heating
was continued at 170 8C for 3 h. After cooling, the reaction mixture was
stirred and refluxed with methanol (40 mL) for several minutes, cooled,
and kept at RT to form a precipitate for 10 h. The crude isomer 15 (1.1 g,
13%) was filtered off and purified (as a salt with Et3N) by column chro-
matography (CH2Cl2/MeOH 1:1, + 1 % Et3N v/v). HPLC: tR =23.7 min
(area 98 %). 1H NMR (600 MHz, [D4]MeOH): d=1.30 (t, J=7.5 Hz, 9H;
CH3 ACHTUNGTRENNUNG(CH2NEt2)), 1.88 (m, 4H; (CH2)CH2 ACHTUNGTRENNUNG(CH2)), 2.69 (br t, J=6.0 Hz,
4H; ArCH2), 3.20 (q, J= 7.5 Hz, 6H; (CH3)CH2NEt2)), 3.44 (t, J=


5.7 Hz, 4H; CH2N), 6.65 (s, 2H; H-4/5), 6.71 (brs, 2H; H-1/8), 7.48 (d,
J=7.8 Hz, 1H; H-5’), 8.42 (dd, J=1.8, 7.8 Hz, 1H; H-6’), 8.90 ppm (d,
J=1.8 Hz, 1H; H-2’); HR-MS (ESI, positive mode): m/z : calcd for
C27H22N2O5: 455.1602; found: 455.1601 [M+H]+ .


The filtrate was diluted with water and kept at RT for 24 h. A mixture of
14 (major component) and 15 (minor component) precipitated (1.4 g,
17%). Isomer 14 was isolated as a salt with Et3N by column chromatog-
raphy (CH2Cl2/MeOH 1:1, + 1 % NEt3 v/v). HPLC: tR =21.7 min (area
99%). 1H NMR (600 MHz, [D4]MeOH): d=1.30 (t, J=7.5 Hz, 3.5 H;
CH3 ACHTUNGTRENNUNG(CH2NEt2)), 1.88 (m, 4 H; (CH2)CH2 ACHTUNGTRENNUNG(CH2)), 2.69 (m, 4 H; ArCH2),
3.20 (q, J= 7.5 Hz, 2.4 H; (CH3)CH2NEt2)), 3.43 (m, 4H; CH2N), 6.63 (s,
2H; H-4/5), 6.71 (br s, 2H; H-1/8), 7.87 (br s, 1 H; H-2’), 8.34–8.38 (m,
2H; H-5’, H-6’); HR-MS (ESI, positive mode): m/z : calcd for
C27H22N2O5: 455.1602; found: 455.1601 [M+H]+ .


Rhodamine 3 f : Compound 15 (0.40 g, 0.72 mmol of the adduct with
Et3N) was added carefully to 30 % SO3 in H2SO4 (5.9 g, obtained by
mixing of 20 % SO3 and 65 % SO3 in H2SO4) at 0–5 8C. The mixture was
stirred at 0 8C for 15 min and kept at 4 8C for 14 h. Then it was poured
onto 40 g of frozen 1,4-dioxane and mixed carefully. Diethyl ether
(80 mL) was added, and after 3 h the precipitate was filtered off. The pre-
cipitate was heated under reflux in iPrOH (20 mL) for several minutes;
the suspension was cooled and diluted with diethyl ether (60 mL). The
title compound was filtered off, purified by column chromatography
(CH2Cl2/MeOH 2:1) and dried in vacuo (0.28 g, 63%). HPLC: tR =


9.7 min (area 100 %). 1H NMR (300 MHz, D2O): d =1.85 (br s, 4H;
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(CH2)CH2 ACHTUNGTRENNUNG(CH2)), 2.68 (br s, 4H; ArCH2), 3.53 (br s, 4 H; CH2N), 6.94 (s,
2H; H-1/8), 7.31 (d, J=7.8 Hz, 1H; H-5’), 8.05 (dd, J=1.5, 7.8 Hz, 1 H;
H-6’), 8.29 ppm (d, J=1.5 Hz, 1H; H-2’); 13C NMR (75.5 MHz, D2O):
d=19.0 ((CH2)CH2ACHTUNGTRENNUNG(CH2)), 27.4 (ArCH2), 42.1 (CH2N), 110.6 (C), 112.6
(C), 125.5 (C), 129.0 (CH), 129.8 (CH), 130.0 (CH), 130.3 (CH), 134.1
(C), 138.0 (C), 139.6 (C), 151.9 (C), 154.3 (C), 158.5 (C), 174.1 (CO),
174.4 ppm (CO); ESI-MS, negative mode: m/z (%): 613 (10) [M�H]� ,
635 (100) [M�2H+Na]� ; HR-MS (ESI, positive mode): m/z : calcd for
C27H22N2O11S2: 615.0738; found: 615.0739 [M+H]+ .


N-Hydroxysuccinimidyl ester 3g : Compound 3 f (35 mg, 0.055 mmol) and
HATU (21 mg, 0.059 mmol) were dissolved with dry DMAA (7 mL), and
Et3N (0.10 mL, 0.72 mmol) was added under N2 with stirring. After
10 min, a solution of N-hydroxysuccinimide (5.8 mg, 0.050 mmol) in dry
DMAA (0.58 mL) was added. The mixture was left at RT for 1.5 h. The
solvent and excess of Et3N were removed in vacuo, water (5 mL) was
added to the residue, and the title product was isolated by reversed
phase preparative HPLC: tR =10.2 min (area 97 %). 1H NMR (300 MHz,
[D6]DMSO): d=1.74 (m, 4 H; (CH2)CH2 ACHTUNGTRENNUNG(CH2)), 2.69 (m, 4 H; ArCH2),
2.93 (s, 4H; (OC)CH2CH2(CO)), 3.51 (m, 4 H; CH2NAr), 6.73 (br s, 2 H;
H-1/8), 7.62 (d, J=7.5 Hz, 1H; H-5’), 8.46 (dd, J=1.8, 7.5 Hz, 1H; H-6’),
8.80 (d, J=1.8 Hz, 1H; H-2’), 10.27 ppm (br s, 2H; NH); HR-MS (ESI,
positive mode): m/z : calcd for C31H25N3O13S2: 712.0902; found: 712.0900
[M+H]+ .


Conjugation of secondary antibodies : All antibodies were purchased
from Jackson ImmunoResearch Inc. and conjugated according to the Mo-
lecular Probes labeling protocol.


Cell culture and immunocytochemistry : The mammalian PtK2 cell line
was grown as described previously.[19] The human glioma cell line
U373 mG was grown in RPMI Glutamax, high glucose (Gibco) supple-
mented with 10% FBS, 100 UmL�1 penicillin, 100 mg mL�1 streptomycin
and 1 mm sodium pyruvate. Cells were seeded on standard glass cover-
slips to a confluency of about 80% and fixed with ice cold methanol
(�20 8C) for 4 min followed by an incubation in blocking buffer (PBS
containing 1% BSA). Immunostaining of microtubules was performed
with anti-a-tubulin rabbit IgG (Abcam), of mitochondria—with anti-Cy-
clophilin D mouse IgG (Mito Science) and of the nuclear lamina—with
anti-lamin B rabbit IgG (Abcam) as primary antibodies followed by 3d-,
3e- or 3g-conjugated sheep anti-mouse IgG and sheep anti-rabbit IgG
(Jackson ImmunoResearch Inc.) as secondary antibody respectively. Both
antibodies were diluted in blocking buffer and incubated for 1 h each fol-
lowed by several washes in blocking buffer.
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A General Method for Constructing Optically Active Supramolecular
Assemblies from Intrinsically Achiral Water-Insoluble Free-Base Porphyrins


Yiqun Zhang, Penglei Chen,* and Minghua Liu*[a]


Introduction


Chirality, which displays itself in various forms and occurs at
all length scales throughout nature, ranging from molecular
level to supramolecular level, and from microscopic to mac-
roscopic length scale, is intimately related to the sophisticat-
ed biological activities that occur in living systems.[1] The
construction of optically active supramolecular assemblies,
which are generally linked through noncovalent interactions
such as p–p stacking, hydrogen bonds, electrostatic interac-
tion, coordination, and hydrophobic interaction, is one of
the most significant issues both in biosupramolecular
chemistry and material sciences, owing to the potent abilities
of the assemblies to imitate biomacromolecules, as well as


potential applications of these systems for developing enan-
tioselective and/or chemical sensors, catalysts, liquid crystals,
chiroptical devices, and others.[2]


Porphyrin derivatives have been recognized to be one of
the most distinguished building blocks for constructing
supramolecular assemblies, owing to their fully understood
unique geometric structures, and the characteristic and read-
ily tunable spectroscopic properties.[3] Moreover, their in-
trinsic and strong ability to mimic the biological processes
such as photosynthesis makes them important models for
obtaining detailed insights into the operation of antenna sys-
tems occurring in green plants in nature.[4] Various artificial
photoelectronic systems based on chiral porphyrin supra-
molecular assemblies are anticipated to be potentially useful
for practical applications in the fields of nonlinear optics,
material and polymer sciences, catalysis, biochemistry, and
molecular devices.[3a–d,4,5] Driven by these factors, supra-
molecular chirality generation/induction (termed supra-
molecular chirogenesis), amplification, and memory derived
from porphyrin derivatives have currently become some of
the hottest topics in the interdisciplinary area of supra-
molecular chemistry/chirality.[3k] Generally, there are several
ways to fabricate optically active porphyrin supramolecular


Abstract: We have developed a general
method to construct optically active
porphyrin supramolecular assemblies
by using a simple air–water interfacial
assembly process. The method involved
the in situ diprotonation of the free-
base porphyrins at the air–water inter-
face and subsequent assembly under
compression. We showed that two in-
trinsically achiral water-insoluble free-
base porphyrin derivatives,
2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine (H2OEP) and 5,10,15,20-
tetra-p-tolyl-21H,23H-porphine
(H2TPPMe), could be diprotonated
when spread onto a 2.4m hydrochloric


acid solution surface, and the Lang-
muir–Schaefer (LS) films fabricated
from the subphase exhibited strong cir-
cular dichroism (CD) absorption,
whereas those fabricated from pure
Milli-Q water subphase did not. The
experimental data suggested that the
helical stacking of the achiral porphy-
rin building blocks was responsible for
the supramolecular chirality of the as-
semblies. Interestingly, such a method


was successfully applied to a series of
other intrinsically achiral free-base por-
phyrins such as 5,10,15,20-tetrakis(4-
methoxyphenyl)-21H,23H-porphine
(H2TPPOMe), 5,10,15,20-tetraphenyl-
21H,23H-porphine (H2TPP),
5,10,15,20-tetrakis(4- ACHTUNGTRENNUNG(allyloxy)phenyl)-
21H,23H-porphine (H2TPPOA), and
5,10,15,20-tetrakis(3,5-dimethoxyphen-
yl)-21H,23H-porphine (H2TPPDOMe).
A possible mechanism has been pro-
posed. The method provides a facile
way to obtain optically active porphy-
rin supramolecular assemblies by using
intrinsically achiral water-insoluble
free-base porphyrin derivatives.
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assemblies: i) from intrinsically chiral porphyrin molecules
bearing chiral substituents that have assembled through co-
valent bonds or noncovalent intermolecular interactions;[4,6]


ii) from achiral porphyrin components that have assembled
in a chiral circumstance, or were induced by chiral inducers
or chiral templates;[3,7] iii) entirely from achiral porphyrin
molecules through the asymmetric outer-vortex motion, or
directional spin coating.[8,9] The third case is thought to be
very important, because it relates to the origin of supra-
molecular chirality and the
symmetry breaking of a
system.


We have recently found that
Langmuir, as well as Lang-
muir–Schaefer (LS) tech-
niques, appeared to be very ef-
fective in obtaining chiral mo-
lecular assemblies from achiral
building blocks.[10,11] Herein,
we describe how we have es-
tablished a general way to
obtain chiral porphyrin assem-
blies from achiral porphyrins
through interfacial assembly.
The method involves the in
situ diprotonation of the porphyrins at the air–water inter-
face and subsequent assembly under compression. We found
that two water-insoluble free-base intrinsically achiral por-
phyrin derivatives, 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine (H2OEP) and 5,10,15,20-tetra-p-tolyl-21H,23H-
porphine (H2TPPMe), could be diprotonated when spread
on a hydrochloric acid solution surface, and the LS films
fabricated from this subphase exhibited strong circular di-
chroism (CD), whereas films fabricated at a Milli-Q water
surface did not. Such a method was successfully applied to a
series of other free-base porphyrins such as 5,10,15,20-tetra-
kis(4-methoxyphenyl)-21H,23H-porphine (H2TPPOMe),
5,10,15,20-tetraphenyl-21H,23H-porphine (H2TPP),
5,10,15,20-tetrakis(4- ACHTUNGTRENNUNG(allyloxy)phenyl)-21H,23H-porphine
(H2TPPOA), and 5,10,15,20-tetrakis(3,5-dimethoxyphenyl)-
21H,23H-porphine (H2TPPDOMe). The method is universal
and optically active assemblies were successfully obtained
from all of the achiral porphyrins shown in Scheme 1. The
methodology describes a potentially simple and general way
of synthesizing optically active porphyrin supramolecular as-


semblies by using water-insoluble achiral porphyrin building
blocks.


Results and Discussion


Surface pressure–molecular area isotherms of the Langmuir
films of H2OEP and H2TPPMe : Figure 1 shows the surface
pressure–molecular area isotherms of H2OEP and


H2TPPMe on a pure Milli-Q water surface and those on a
2.4m hydrochloric acid subphase at 20 8C.[12] The limiting
areas per molecule on pure Milli-Q water subphase were 0.1
and 0.38 nm2, for H2OEP and H2TPPMe, respectively. The
onset of the surface pressure was observed at 0.14 and
0.44 nm2 molecule�1 for H2OEP and H2TPPMe, respectively.
These values were much smaller than the corresponding the-
oretical values calculated by the Corey–Pauling–Koltun
(CPK) model, indicating the possible existence of substan-
tial aggregations on the water surface. The limiting areas
per molecule obtained on a 2.4m hydrochloric acid subphase
were 0.58 and 0.87 nm2, for H2OEP and H2TPPMe, respec-
tively. The onset of the surface pressure was observed at
0.73 and at 1.61 nm2 molecule�1 for H2OEP and for
H2TPPMe, respectively. These data were apparently larger
than those calculated for the Milli-Q water surface. The col-
lapsed surface pressure decreased dramatically when using
the hydrochloric acid subphase compared with those for the
pure Milli-Q water surface, suggesting the intermolecular p–
p interactions were weakened to some extent when hydro-


chloric acid was employed as
the subphase. These changes
indicated that a more expand-
ed spreading film was obtained
when hydrochloric acid was
used as the subphase, where
the type of molecular packing
differed from that obtained on
the pure Milli-Q water surface.


Scheme 1. The chemical structure of the achiral water-insoluble free-base porphyrins investigated.


Figure 1. Surface pressure–molecular area isotherms of: (A) H2OEP and; (B) H2TPPMe on: (a) Pure Milli-Q
surface and (b) The 2.4m hydrochloric acid subphase, at 20 8C.
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UV/Vis spectra of H2OEP and H2TPPMe in solution and
LS films : Figure 2 shows the UV/Vis spectra of the LS films
and those in the corresponding solutions in chloroform. The


UV/Vis solution spectra of H2OEP in chloroform exhibited
a Soret band at 400 nm, and four Q bands at 498, 534, 566,
and 620 nm. Acidified in solution in chloroform, the Soret
band red-shifted to 419 nm, and the Q bands exhibited two
absorptions at 557 and 598 nm, indicating the diprotonation
of the central nitrogen atoms of H2OEP molecules, which
resulted in the formation of the dicationic H4OEP2+ spe-
cies.[13–17] A broad Soret band centered at 408 nm, and four
Q bands at 520, 547, 574, and 629 nm, which were red-shift-
ed compared with those in solution in chloroform, were ob-
served from LS films deposited from the Milli-Q water sur-
face. Based on the exciton coupling model proposed by
Kasha and co-workers,[18] it is widely acknowledged that the
bathochromic and hypsochromic shifts of the Soret band of
porphyrins correspond to the J aggregates and H aggregates,
respectively. In the present case, the Soret band was dis-
played as a broad band. Accordingly, we suggested that the
H2OEP molecules are arranged in various J-type and H-
type aggregation species in the LS film when pure Milli-Q
water was employed as subphase. The LS film deposited
from the hydrochloric acid subphase showed a broad Soret
band centered at 402 nm and two Q bands at 548 and
596 nm, which were blue-shifted compared with those in
acidified chloroform, similarly indicating that the cationic
H4OEP2+ species were arranged in various J-type and H-
type aggregations in the as-prepared LS film.[18] In the case
of H2TPPMe, its solution in chloroform shows a Soret band
at 420 nm and four Q bands in the region of 500–700 nm. In
acidified chloroform solution, a bathochromic-shifted Soret
band maximum at 448 nm, and two Q bands at 618 and
672 nm, were observed, similarly indicating the diprotona-


tion of the central nitrogen atoms of H2TPPMe molecule
and the formation of cationic H4TPPMe2+ species.[13–17] The
LS film deposited from the pure Milli-Q water subphase


shows a Soret band at 438 nm,
which is red-shifted by 18 nm
with respect to that of the
monomeric species in solution,
and slight red-shifts are also
observed from the Q band, in-
dicating that most of the
H2TPPMe molecules were ar-
ranged as J-type aggregates in
the as-formulated LS film. The
LS film of H2TPPMe deposited
from the 2.4m hydrochloric
acid surface shows a Soret
band at 459 nm and two Q
bands at 636 and 695 nm, also
indicating the diprotonation of
the H2TPPMe molecule center
when hydrochloric acid was
employed as subphase. Its
Soret band also shows distinct
red shifts with respect to that
of the monomeric molecules in
acidified chloroform, similarly


indicating that most of the cationic H4TPPMe2+ species
formed J-type aggregates.


CD spectra of H2OEP and H2TPPMe in solution and LS
films : As indicated in Figure 2, no CD signal was observed
for the chloroform and acidified chloroform solutions, and
for the LS films of H2OEP and H2TPPMe deposited from
the Milli-Q water subphase. However, strong CD signals
were observed for the LS films deposited from the hydro-
chloric acid subphase for both of the porphyrins. In the case
of H2OEP, its LS film deposited from the 2.4m hydrochloric
acid subphase exhibited strong bisignated Cotton effect
(CE) maxima at 411 and 351 nm, with a crossover at
387 nm, and a monosignated CE maximum at 553 nm, which
could mainly be attributed to the contributions provided by
Soret and Q bands of the diprotonated species of H2OEP
exhibited by the LS film, respectively, suggesting that strong
exciton coupling existed between the porphyrin chromo-
phores due to the H aggregation. For H2TPPMe, its LS film
displayed CE maxima at 416, 438, and 486 nm accompanied
by two crossovers at 425 and 469 nm, and a monosignated
CE maximum at 694 nm, which could mainly be ascribed to
the contributions provided by Soret and Q bands of the di-
protonated species of H2TPPMe displayed by the LS film,
respectively. This pattern of splitting CE suggested the exis-
tence of exciton coupling between the porphyrin chromo-
phores due to the aggregation of the acidified species of
these porphyrins.


It should be noted that the CD signals could be opposite
for the LS films deposited in the different batches in most
cases, as shown in Figure 2, and occasionally opposite CD


Figure 2. UV/Vis (A and B) and CD (A’ and B’) spectra of H2OEP (A and A’) and H2TPPMe (B and B’) in
chloroform solution (black), acidified chloroform solution (gray), 20-layer LS films deposited by using pure
Milli-Q water (*) and 2.4m hydrochloric acid (~ and ^) as subphases. The (~) and (^) curves were obtained
from the LS films deposited in different batches. For H2OEP, the LS films were deposited at 7 mNm�1, and
those of H2TPPMe were deposited at 30 mNm�1.
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signals could be detected from different regions of the LS
film deposited in the same batch. These facts confirmed that
the observed chirality was indeed not from any chiral impur-
ities but from the helical-sense assemblies of the building
blocks, where the achiral molecules were cooperatively
stacked in a helical-sense conformation. This phenomenon is
essentially the same as that reported for the chirality of the
assemblies obtained from achiral building blocks, which
could be due to symmetry breaking.[8–11,19]


Authenticity of the observed macroscopic chirality : It has
been suggested that the authenticity of the observed chirali-
ty through conventional CD measurement could not be ex-
clusively determined for solid-state samples, because the de-
tected CD spectra are often accompanied by artifacts which
usually originate from the interaction between the macro-
scopic anisotropies of a sample such as birefringence and
linear dichroism (LD).[20] Effective strategies for the CD
measurement of thin solid films have been proposed by
Spitz and co-workers,[21] and used by us previously,[10,11] to
validate the authenticity of the chirality detected from the
LB or LS films. This can be achieved in two ways. One
method is measuring the CD spectra of the sample discon-
tinuously at a certain angle by rotating the film step by step
within the film plane. During the measurements, the LS
films were discreetly placed perpendicularly to the light
path, to exclude the contributions from birefringence. The
angle dependence of the amplitude was determined by the
difference between the maximum and minimum value, and
that of the background was determined by the difference be-
tween the values at the upper wavelength and lower edges.
Thus an angle dependence behavior of 36 CD spectra,
which were measured in a step of 108 around the optical
axis, could be determined. The other method to achieve this
involves measuring the CD spectra by continuously rotating
the sample during the measurement. If the sample intrinsi-
cally had genuine chirality, both the methods would give the
same results.[10,11]


We measured the CD spectra of the LS film of H2OEP
deposited from the hydrochloric acid subphase according to
the above-described methods as an example to illustrate the
authenticity of the observed
macroscopic chirality. As
shown in Figure 3A, the angle
dependence of the CD ampli-
tude was determined by the
difference between the maxi-
mum value at 351 nm and min-
imum value at 411 nm, and the
corresponding angle depend-
ence of the background was
determined by the difference
between the values at the
lower edge at 250 nm and
upper wavelength edge at
600 nm, which are displayed as
filled squares and circles, re-


spectively. In the case of angle dependence of the back-
ground, the observed differences between the values at the
upper wavelength and lower edges fluctuated around zero
millidegrees, whereas that of the amplitude, exhibited a
cosine function, fluctuated around 280 millidegrees, which
was positively shifted about 280 millidegrees compared with
that of the background. These results suggested the presence
of distortion by LD, the film, however, indeed had intrinsic
chirality.[21] On the other hand, the CD spectra of the same
sample measured by continuously rotating the film during
the measurement (Figure 3B), also indicated an approxi-
mately 280-millidegree difference between the maximum
value at 351 nm and minimum value at 411 nm, which was
the same as that after averaging 36 spectra measured at vari-
ous angles. These results suggested that our LS films indeed
have intrinsic macroscopic chirality, which resulted from the
helical-sense conformation of the supramolecular assem-
blies, and that the second method was convenient to mea-
sure the CD spectra of thin solid films. As indicated in the
Experimental Section, all the CD spectral measurements for
the LS films were carried out by the second method.


AFM images of the LS films of H2OEP and H2TPPMe : The
AFM images of the monolayer LS films of H2OEP deposit-
ed from Milli-Q water and hydrochloric acid subphases are
shown in Figure 4. When Milli-Q water was used as a sub-
phase, irregular nanoparticles were observed, owing to the
serious aggregation of H2OEP, as suggested by the p–A iso-
therm. Interestingly, the same helical-sense nanorods were
observed for the film deposited from a certain batch, where-
as nanorods with the opposite helical sense (right- or left-
handed conformation) could be observed for the films de-
posited from different batches. Occasionally, both right- and
left-handed helical nanorods could be found in the same LS
film deposited in the same batch. The width of the nanorods
was 70–120 nm, and the helical pitch was about 40 nm,
which was significantly larger than the molecular dimension,
indicating the formation of supercoils formed by the twisting
of the supramolecular assemblies.[22] H2TPPMe displayed
features similar to those shown by H2OEP (Figure 5). When
pure Milli-Q water was used as the subphase, nanoparticles


Figure 3. A) Angle dependence of the CD amplitude (&) and the background (*) of the CD spectra of a 20-
layer LS film of H2OEP, which was deposited from 2.4m hydrochloric acid subphase at 7 mNm�1. The film was
turned around the optical axis in a step of 108 within the sample plane. B) The CD spectrum measured by con-
tinuously rotating the sample within its plane.
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that were arranged in a disor-
dered way were observed,
whereas nanorods were detect-
ed when hydrochloric acid was
employed as the subphase. Al-
though no distinct helical
structure could be observed
from these nanorods, their CD
spectra strongly suggested that
the H2TPPMe molecules were
aligned in a helical-sense con-
formation.


A possible mechanism for formation of the optically active
supramolecular assemblies of H2OEP and H2TPPMe : Based
on the above results, a possible formation mechanism for
the macroscopic optical activities of the LS films of H2OEP
was proposed (Figure 6). When pure Milli-Q water was used
as the subphase, significant aggregation could occur, owing
to the planarity[14b,23] and non-amphiphilicity of the H2OEP
molecules. When the H2OEP molecules were assembled at
the hydrophilic water surface under compression, the strong
p–p interaction (resulting from the planarity of H2OEP) be-
tween the porphyrin cores, accompanied by the hydrophobic
interactions derived from the ethyl groups, would produce
assemblies in which the molecules were tightly arranged as
non-specific J-type aggregates. Thus the symmetry breaking
essentially had no chance to occur and was almost forbid-
den, resulting in the LS films showing no macroscopic opti-
cal activity. When hydrochloric acid was employed as the
subphase, H2OEP was diprotonated to form the cationic
H4OEP2+ species. The diprotonation endowed the neutral
H2OEP molecules with amphiphilicity, which made it a
more desirable Langmuir-film-forming material. At the
same time, it is known that the diprotonation of the porphy-
rin center could cause a slight deformation of the porphyrin
macrocyclic plane, resulting in a nonplanar (saddle) confor-
mation.[13,14,15a,24] On the other hand, it has been suggested
that in the diprotonated cationic porphyrin species, two
chloride ions were combined in a near-symmetrical manner
above and below the porphyrin macrocyclces by two hydro-
gen bonds.[16b,25] The larger limiting molecular area per mol-
ecule and the greater onset of the surface pressure obtained
on the hydrochloric acid subphase compared with those ob-
tained on the pure Milli-Q water surface thus could be
partly due to the attachment of the chloride ions on both
sides of the porphyrin macrocycles, and partly due to the
nonideal planarity of the porphyrin core, which would pro-
duce additional spaces and steric hindrance between the
neighboring molecules. Due to the steric hindrance brought
about by these factors, the intermolecular p–p interactions
between the neighboring H2OEP species could be reduced
(as suggested by the p–A isotherms) to some extent and
thus it was easier for the H2OEP molecules to adopt a stag-
gered arrangement with a directional staggering angle,
which could promote the occurrence of symmetry breaking.
Thus, helical-sense supramolecular assemblies showing mac-


Figure 4. AFM images of monolayer LS films of H2OEP deposited from
pure Milli-Q water (A) and 2.4m hydrochloric acid subphases (B, C, and
D). B and C are the LS films deposited in different batches, where right-
(B) and left-handed (C) helical assemblies could be observed. D) Both
right- (a) and left-handed (b) helical nanorods could be occasionally
found in the different regions of the LS film deposited in the same batch.
The scan area was 2K2 mm2 for A, 500K500 nm2 for B and C, and 750K
750 nm2 for D. The LS films were deposited at 7 mNm�1.


Figure 5. AFM images of monolayer LS films of H2TPPMe deposited
from Milli-Q water (A) and 2.4m hydrochloric acid subphases (B). The
scan area was 2K2 mm2 for all the cases. The LS films were deposited at
30 mNm�1.


Figure 6. A possible explanation for the interfacially assembled optically active supramolecular assemblies
with a helical conformation from H2OEP by using 2.4m hydrochloric acid as subphase. The green balls repre-
sent axial hydrogen-bonded chloride ions attached on both sides of the porphyrin plane. The slight deforma-
tion (saddle) of porphyrin core upon diprotonation was omitted and different colors were employed for clari-
ty.
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roscopic optical activities have emerged. The hydrophobic
interactions between the beta-positioned ethyl groups to-
gether with the cooperative interaction of the weakened p–
p interactions between the porphyrin cores caused the for-
mation of H-type aggregates at the 2.4m hydrochloric acid–
air interface upon compression.


In the case of H2TPPMe, something similar might have
happened except that the diprotonated H2TPPMe molecules
were arranged in J-aggregates (scheme not shown). That is,
the symmetry breaking was almost forbidden when the non-
amphiphilic neutral H2TPPMe molecules were assembled on
the hydrophilic pure Milli-Q water surface under compres-
sion, due to the strong intermolecular p–p interactions, re-
sulting in optically inactive LS films. When H2TPPMe was
spread onto the hydrochloric acid subphase, the compound
could be diprotonated, which conferred amphiphilicity to
the molecule. The steric hindrance, partially brought about
by the axial hydrogen-bonded chloride ions on both sides of
the porphyrin plane, and partially brought about by the non-
ideal planarity of the porphyrin core, which resulted from
the diprotonation of the porphyrin core, weakened the inter-
molecular p–p stacking to some extent and provided more
opportunities for the symmetry breaking to occur. Addition-
ally, it has been proven that besides the deformation
(saddle) of the porphyrin core, the diprotonation could also
cause a structural transformation where the free-base por-
phyrin is converted from a configuration in which the aryl
moiety is twisted relative to the mean macrocycle plane to
the one in which it is nearly coplanar with the porphyrin
core.[17b] Such rotation of the aryl moiety induced by distor-
tion of the macrocycle resulted in an increased aryl ring–
porphyrin conjugation.[13,15a,17b,24] Consequently, these factors
might be the main driving force to ensure the association of
the supramolecular assemblies at the hydrochloric acid sur-
face upon compression, al-
though the intermolecular p–p


interaction was weakened to
some extent by the distortion
of the porphyrin core, and by
the axial chloride ions attached
by hydrogen bonds on both
sides of the porphyrin plane.
As a result, the cooperative
effect of these two opposite
factors (one in favor of, and
one against the supramolecular
association), accompanied by
the interfacial compression,
promoted the occurrence of
the symmetry breaking and
produced the LS films showing
macroscopic chirality.


Applicability to other achiral
water-insoluble free-base por-
phyrin derivatives : It can be
seen that the above method is


an extremely easy way to produce optically active supra-
molecular assemblies from achiral porphyrins H2OEP and
H2TPPMe, which is based on a simple mechanism. Thus, it
is logical to question whether the method could be suitable
for other water-insoluble free-base porphyrins. To examine
this, we applied a similar process to four other water-insolu-
ble free-base porphyrins, 5,10,15,20-tetrakis(4-methoxyphen-
yl)-21H,23H-porphine (H2TPPOMe), 5,10,15,20-tetraphenyl-
21H,23H-porphine (H2TPP), 5,10,15,20-tetrakis(4- ACHTUNGTRENNUNG(allyloxy)-
phenyl)-21H,23H-porphine (H2TPPOA), and 5,10,15,20-tet-
rakis(3,5-dimethoxyphenyl)-21H,23H-porphine
(H2TPPDOMe), the structures of which are shown in
Scheme 1.


As shown in Figure 7 and summarized in Table 1, the lim-
iting molecular areas deduced from the pure Milli-Q water
subphase were 0.63, 0.15, 0.61, and 0.70 nm2 for
H2TPPOMe, H2TPP, H2TPPOA, and H2TPPDOMe, respec-
tively. When hydrochloric acid was employed as the sub-
phase, the corresponding data were 0.87, 0.83, 0.88, and
0.92 nm2 for the corresponding compounds, which were dis-
tinctly larger than those obtained in the former case. The
onset of the surface pressures observed from the pure Milli-
Q water subphase were evidently smaller than those ob-
served from the 2.4m hydrochloric acid surface. The col-
lapsed surface pressure also decreased distinctly on the hy-
drochloric acid subphase compared with that on the pure
Milli-Q water surface for all of these four compounds, sug-
gesting the intermolecular p–p interactions were much
weaker when hydrochloric acid was employed as the sub-
phase. These changes confirmed that the steric hindrance,
partially resulting from the axial chloride ions attached by
hydrogen bonds on both sides of the porphyrin plane, and
partially resulting from the nonideal planarity of the porphy-
rin core, which was due to the diprotonation of the porphy-


Figure 7. Surface pressure–molecular area (p–A) isotherms of H2TPPOMe (A), H2TPP (B), H2TPPOA (C),
and H2TPPDOMe (D) on pure Milli-Q (a) and 2.4m hydrochloric acid subphase (b), at 20 8C.
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rin core, could really bring additional spaces and reduce the
intermolecular p–p interactions between the neighboring
building blocks, and thus affect the packing of the porphyrin
building blocks.


The UV/Vis and CD spectra of the other four porphyrins
in chloroform, acidified chloroform, and in LS films deposit-
ed by using pure Milli-Q water and 2.4m hydrochloric acid
as subphases are presented in Figure 8. A summary of these
spectra is collected in Table 1. It can be seen that these four
porphyrins could also be diprotonated on the hydrochloric
acid subphase. The optical activity properties of the LS films
of these four porphyrin derivatives deposited from pure
Milli-Q water and hydrochloric acid subphases were also in-
vestigated by using CD spectral measurements. The unacidi-
fied, acidified chloroform solutions of these compounds
showed no CD absorptions, which is similar to what we ob-
served for H2OEP and H2TPPMe. For the LS film deposited
from the pure Milli-Q water subphase, no CD signal could
be observed for the LS films of H2TPP, H2TPPOA, and
H2TPPDOMe, and only negligible CD absorption could be
observed for the LS films of H2TPPOMe.[10a] As we have
predicted by the mechanism proposed above, all of the LS
films of these porphyrin building blocks deposited from the
hydrochloric acid subphases show widely split Cotton effects
around 340–560 and monosignated Cotton effects around
650–750 nm, which could mainly be assigned to the Soret
and Q bands of the diprotonated species of the correspond-
ing compounds, respectively. Crossovers were also observed
in the CD curves. Similarly, opposite CD absorptions could
be stochastically achieved from the LS film transferred from


the different batches in most of the cases, and occasionally
opposite CD signals could be detected from different re-
gions of the LS film deposited in the same batch in some
rare cases. This is essentially the same as what we have
found for H2OEP and H2TPPMe, suggesting that the achiral
porphyrin building blocks were arranged in helical-sense
supramolecular assemblies, and confirming the validity of
the proposed mechanism described above.


The AFM images of these four compounds deposited by
using pure Milli-Q water and hydrochloric acid as the sub-
phases were also investigated (Figure 9). For the LS films
deposited from Milli-Q water, irregular nanoparticles were
observed, whereas nanorods with only blurry helical-sense
conformations were observed for the LS films deposited hy-
drochloric acid subphase. These results were the same as
those we found for H2TPPMe. Accordingly, it was reasona-
ble to speculate that these achiral porphyrin building blocks
were essentially arranged in helical-structured supramolec-
ular assemblies.


It should be noted that when these porphyrin derivatives
were pre-diprotonated in chloroform, they would also form
chiral assemblies on the 2.4m hydrochloric acid subphase.
However, when the pre-diprotonated species were spread
on the pure Milli-Q water surface, they returned to their
free-base form and no chiral assemblies could be obtained.
On the other hand, if we transferred the free-base porphyr-
ins spread on the Milli-Q water surface to solid substrates
and then acidified the species by exposing the film to moist
hydrochloric acid gas, no CD signals were obtained for the
assemblies, although the porphyrin could be diprotonated. It


Table 1. Summary of the limiting areas per molecule, and absorption maxima in UV/Vis, CD, and g factor spectra of the investigated porphyrins.


Porphyrin Samples Limiting areas UV/Vis spectra [nm] CE maximum [nm] Maximum magnitude
per molecule
ACHTUNGTRENNUNG[nm2]


Soret
band


Q band Soret
band


Q band of the g factor at
the Soret band [K10�3]


H2OEP chloroform 400 498, 534, 566, 620
acidified chloroform 419 557, 598
LS film (Milli-Q water subphase) 0.1 408 520, 547, 574, 629
LS film (2.4 m HCl subphase) 0.58 402 548, 596 351, 411 553 2.5


H2TPPMe chloroform 420 518, 553, 592, 648
acidified chloroform 448 618, 672
LS film (Milli-Q water subphase) 0.38 438 520, 553, 594, 50
LS film (2.4 m HCl subphase) 0.87 459 636, 695 416, 438, 486 694 3.1


H2TPPOMe chloroform solution 420 519, 556, 594, 650
acidified chloroform 452 633, 690
LS film (Milli-Q water subphase) 0.63 448 526, 561, 598, 655
LS film (2.4 m HCl subphase) 0.87 453 658, 717 420, 459, 506 711 5.2


H2TPP chloroform 418 515, 550, 590, 645
acidified chloroform 445 610, 661
LS film (Milli-Q water subphase) 0.15 441 522, 556, 594, 650
LS film (2.4 m HCl subphase) 0.83 465 638, 698 436, 465, 499 691 2.1


H2TPPOA chloroform 419 516, 553, 592, 649
acidified chloroform 454 633, 689
LS film (Milli-Q water subphase) 0.61 444 526, 562, 598, 655
LS film (2.4 m HCl subphase) 0.88 449 660, 716 414, 449, 503 716 3.5


H2TPPDOMe chloroform 422 516, 550, 589, 648
acidified chloroform 458 607, 660
LS film (Milli-Q water subphase) 0.70 434 517, 547, 592, 652
LS film (2.4 m HCl subphase) 0.92 427 626, 672 397, 445, 537 669 7.5
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seems that the interfacial organization of the diprotonated
species is a precondition for obtaining the chiral assemblies
from these achiral porphyrins.


A comparison of the macroscopic chirality of LS films by
using the g factor : Commonly, accurate knowledge concern-
ing the concentration and cuvette path length of the sample
is required for the estimation of CD spectra in terms of the
types and amounts of the chiral structures.[26a] For a thin
solid film, the definitions of concentration and cuvette path
length required for the quantification and analysis of CD
data, however, are not clear.[26b] It has recently been suggest-
ed that good estimates of the amount of the chiral structures


could be obtained from the CD spectra for thin solid films
by analyzing the wavelength dependence of the Kuhn g
factor, which is also known as the dissymmetry or anisotro-
py factor, and is defined as the ratio of the CD and UV/Visi-
ble absorbance signals of a sample.[26] To make a general
comparison of the different optical activity of the LS films
formed by different porphyrin derivatives, the g factor spec-
tra of the LS films transferred from the hydrochloric acid
subphase, were investigated. Because the g factor spectra of
a certain porphyrin derivative generally have an approxi-
mately similar profile as those of the corresponding CD
spectra shown in Figures 2 and 8, we herein take the g
factor spectra of H2TPPMe as an example for clarity, as


Figure 8. UV/Vis (A, B, C, and D) and CD (A’, B’, C’, and D’) spectra of H2TPPOMe (A and A’), H2TPP (B and B’), H2TPPOA (C and C’), and
H2TPPDOMe (D and D’) in chloroform (black), acidified chloroform (gray), 20-layer LS films deposited by using pure Milli-Q water (*) and 2.4m hy-
drochloric acid (~ and ^) as subphases. The (~) and (^) curves were obtained from the LS films deposited in different batches. All the LS films were
transferred at 30 mNm�1 at 20 8C.
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shown in Figure 10. It can be seen that the maximum magni-
tude of the g factor at the Soret band for H2TPPMe is
0.0031. Interestingly, the maximum magnitude of the g
factor at the Soret band seems to increase with the increase
of the size and/or number of the substituents on the meso-
phenyl moiety, for all of the five investigated tetraphenyl-
porphyrins (Table 1). For example, the LS film of H2TPP ex-
hibited the smallest g factor value, and those of H2TPPMe,
H2TPPOA, and H2TPPOMe showed moderate g factor mag-


nitudes with an approximately increasing trend, whereas
that of H2TPPDOMe displayed the largest g factor value.
Thus it is reasonable to suggest that the significant steric
hindrance resulting from the larger substituents on the
meso-phenyl group could promote the occurrence of the
symmetry breaking during the interfacial assembly process,
because it could provide additional interspaces and degrees
of freedom for the neighboring molecules in the aggregate
to cooperatively stagger each other along the axis of the ag-
gregation, producing much greater amounts of optically
active supramolecules with a helical-sense conformation.


Conclusion


We have proposed a facile and general way to fabricate the
optically active supramolecular assemblies from achiral por-
phyrins through air–water interfacial organization. The
method involves the in situ diprotonation of the porphyrins
at the air–dilute aqueous hydrochloric acid solution inter-
face and subsequent formation of the LS films. The steric
hindrance, partially attributed to the axial hydrogen-bonded
chloride ions attached on both sides of the porphyrin plane,
and partially attributed to the nonideal planarity of the por-
phyrin core, which resulted from the diprotonation, weak-
ened the intermolecular p–p stacking to some extent and
provided more opportunities for symmetry breaking to
occur. The size and/or number of the substituents on the
meso-phenyl moiety of the tetraphenylporphyrin appear to
have some influence on the optical activities of the formu-
lated LS films. The method is effective for all the water-in-
soluble free-base porphyrins we have investigated and is ex-
pected to be applicable to other porphyrin derivatives.


Experimental Section


Materials : Porphyrin derivatives, 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine (H2OEP, Aldrich, 97%), 5,10,15,20-tetra-p-tolyl-21H,23H-por-
phine (H2TPPMe, Aldrich, 97%), 5,10,15,20-tetrakis(4-methoxyphenyl)-
21H,23H-porphine (H2TPPOMe, Aldrich, 95%), 5,10,15,20-tetraphenyl-
21H,23H-porphine (H2TPP, Aldrich, 99%), 5,10,15,20-tetrakis(4-ACHTUNGTRENNUNG(allyloxy)-
phenyl)-21H,23H-porphine (H2TPPOA, Aldrich, 98%), and 5,10,15,20-


Figure 9. AFM images of monolayer LS films of the other four tetraphe-
nylporphyrins. A, B, C, and D) Deposited from pure Milli-Q subphase;
A’, B’, C’, and D’) deposited from hydrochloric acid subphase; A and
A’) H2TPPOMe; B and B’) H2TPP; C and C’) H2TPPOA; D and
D’) H2TPPDOMe. The scan area was 2K2 mm2 for all the cases. All the
LS films were deposited at 30 mNm�1.


Figure 10. The g factor spectra of the LS films of the H2TPPMe deposited
from hydrochloric acid subphase. Curves a) and b) correspond to the LS
films deposited in different batches.
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tetrakis(3,5-dimethoxyphenyl)-21H,23H-porphine (H2TPPDOMe, TCI,
95%), were used as received without further purification. Concentrated
hydrochloric acid (HCl) was purchased from Beijing Yili Fine Chemical
Co., Ltd. and diluted to 2.4m before use as the subphase.


Procedures : The floating films on water and/or diluted (2.4 m) hydrochlo-
ric acid subphases were produced by spreading solutions of the investi-
gated porphyrin derivatives (5K10�5 molL�1) in chloroform onto the sur-
face of the pure Milli-Q water (18 MWcm) and/or the 2.4m hydrochloric
acid subphases, respectively. The concentration of the diluted hydrochlo-
ric acid was set at 2.4m, because when more diluted hydrochloric acid
was used (<2.4m), not all the porphyrin species in the LS film could be
properly diprotonated. Surface pressure–area (p–A) isotherms in each
case were recorded by using a KSV (KSV 1100, Finland) instrument with
a compressing speed of 5 mmmin�1 after waiting for 20 min for the
chloroform solvent to evaporate. For the fabrication of the multilayer LS
films of the porphyrin derivatives, the floating films were transferred
onto the required solid supports at 7 mNm�1 (for OEP) and at
30 mNm�1 (for the other five porphyrin derivatives) by a horizontal lift-
ing method by using the KSV 1100 LB apparatus. Hydrophobic quartz
and hydrophobic single-face-polished silicon wafers were used as the
solid supports for UV/Vis and/or CD spectra measurements, and for
AFM, respectively. Samples fabricated in this way were then subjected to
UV/Vis, CD, and AFM measurements. For parallel experiments, the 20-
layer LS films fabricated by using the pure Milli-Q water as the subphase,
were placed above the concentrated hydrochloric acid solution for about
10 min, after which the samples were subjected to the UV/Vis spectral
measurement to confirm the successful diprotonation of the porphyrin
species in the multilayer LS films. Then the prepared samples were also
subjected to the above-mentioned measurements. To obtain acidified sol-
utions of the compound in chloroform, a glass capillary was kept in con-
centrated hydrochloric acid solution for about two minutes, then the
glass capillary was drawn out and immediately immersed in 1 mL of the
newly prepared solutions of the porphyrin derivatives in chloroform.
After magnetic stirring for 1 min, the solutions were subjected to UV/Vis
and CD spectra measurements. To produce the g factor spectrum,[26] CD
data was converted to delta OD (optical density) (Processing!CD op-
tions!Optical Constant) and voltage data was converted to UV/Vis ab-
sorbance (Processing!CD options!“HT!OD”) by using the Spectra
Analysis software. Then the g value calculation function that is incorpo-
rated in the Jasco software was used to determine the g factor spectrum
by dividing the delta OD by UV/Vis absorbance.


Apparatus and the corresponding measurements : JASCO UV-550 and
JASCO J-810 CD spectropolarimeters were used for the UV/Vis and CD
spectral measurements, respectively. For the measurement of the CD
spectra, the samples were placed perpendicular to the light path and ro-
tated within the film plane to avoid the polarization-dependent reflec-
tions and eliminate the possible angle dependence of the CD
signal.[10,11, 21] The AFM height images without any image processing
except flattening were recorded on a Digital Instrument Nanoscope IIIa
Multimode system (Santa Barbara, CA) with a silicon cantilever by using
the tapping mode.
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Introduction


Photoinduced electron transfer may be exploited in many
potential applications that deal with the conversion of quan-
tum photon energy into chemical potential energy. In partic-
ular, the charge separation of the chromophore, which is set
up after the absorption of the photon, may in turn be used


either as a memory bit of information or for triggering the
primary reaction that establishes an useful potential gradi-
ent.[1–3] As an example, we can think of transmembrane po-
tential differences in biological systems[4,5] and of the elec-
tric potential associated with electron–hole pairs in which
the chromophore is anchored to a semiconductor materi-
al.[6–8] The practical application of this phototriggered event
is, however, intrinsically related to the whole duration of the
dynamic processes involved in the relaxation of the per-
turbed chromophore.


The phototriggered processes occur with a well-defined
mechanism that couples the electronic ground state of the
chromophore with the electronic excited states. The relaxa-
tion of the excited state into the lower-energy states involves
several mechanisms, such as internal conversion, intersystem
crossing, vibrational relaxation, and so forth. Quantum me-
chanically, if the decay process occurs through intersystem
crossing, we expect to have an activated, radiationless transi-
tion between different electronic states of the chromophore.
If the wave functions Yi and Yj describe the initial and the


Abstract: A series of cobalt complexes
[Co ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(diox)]PF6·sol (diox=3,5-
di-tert-butyl-1,2-dioxolene; sol=etha-
nol, toluene; tpa= tris(2-pyridylme-
thyl)amine) were prepared by using
tripod-like Mentpa (n=0, 1, 2, 3), de-
rived from tpa by successive introduc-
tion of methyl groups into the 6-posi-
tion of the pyridine moieties, as an an-
cillary ligand. The steric hindrance in-
duced by this substitution modulates
the redox properties of the metal ac-
ceptor, thus determining the charge
distribution of the metal–dioxolene
moiety at room temperature. All of
these complexes were characterised by
using diffractometric studies, electronic
spectroscopic analysis, and magnetic


susceptibility measurements. In the
solid state, the [CoACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(diox)]


+


ions (n=0, 1) can be described as dia-
magnetic cobalt ACHTUNGTRENNUNG(III)–catecholato deriv-
atives, whereas a cobalt(II)–semiquino-
nato description seems appropriate for
the paramagnetic [CoACHTUNGTRENNUNG(Me3tpa) ACHTUNGTRENNUNG(diox)]


+


complex. The complex [Co ACHTUNGTRENNUNG(Me2tpa)-
ACHTUNGTRENNUNG(diox)]PF6·C2H5OH undergoes entro-
py-driven valence tautomeric intercon-
version at room temperature. Optically
induced valence tautomerism was ob-
served by irradiation of [Co ACHTUNGTRENNUNG(Mentpa)-


ACHTUNGTRENNUNG(diox)]PF6 complexes (n=0, 1, 2) at
cryogenic temperatures. The different
relaxation kinetics of the photoinduced
metastable phases are related to the re-
spective free-energy changes of the in-
terconversion, as estimated by cyclic
voltammetric experiments at room
temperature, and to the different lat-
tice interactions, as supported by struc-
tural data. These results show the im-
portance of molecular techniques for
controlling the relaxation properties of
photoinduced metastable species. At
the same time, this behaviour strongly
suggests that this paradigm exhibits in-
trinsic limits because of the less con-
trollable factors that affect the process.
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final electronic states, respectively, the rate constant k of the
process is given by the following relationship:[9]


k ¼ ð4p2=hÞjVj2G ð1Þ


where V is the electronic coupling matrix element <Yi jH j
Yj> (H is the total electronic Hamiltonian) that depends
on the overlap between the wave functions Yi and Yj, and
G is the thermally averaged nuclear Franck–Condon vibra-
tional overlap factor. As a general expectation, this value
will be large if the two wave functions have the same spin
multiplicity, but will be small when their character is differ-
ent. To obtain long-lived photoinduced charge separation,
chromophores characterised by low-lying excited states with
a different spin multiplicity than the ground state one are
then actively investigated. In this way, the spin-forbidden
character of the transition may slow down the relaxation
from the excited state to the ground state. In these cases,
one attractive feature of the photoinduced phenomenon lies
in the possibility of observing a long-lived change in the
magnetic properties of the sample. Within this framework,
therefore, the photocontrol of the magnetic properties of
molecular systems is a key factor in the development of sys-
tems with potential technological applications such as opti-
cal switching devices.[10–14] However, the incomplete compre-
hension of the factors that affect the photochromic behav-
iour of many compounds has up to now precluded the possi-
bility of designing new systems based on a well-defined
strategy.


Studies concerning the light-induced excited spin-state
trapping (LIESST) effect observed for iron(II) spin cross-
over derivatives suggest that the lifetime of the photoin-
duced metastable species is strictly related to the existence
of two low-lying electronic states of different spin multiplici-
ties that are close in energy and are characterized by large
differences in molecular geometry.[15–19] Similar arguments
have been used to explain the observation that some cobalt–
catecholato derivatives exhibit a photoinduced valence-tau-
tomeric (VT) interconversion[10–12,20–38]


ls-½CoIIIðLÞðCatÞ�þ
T, hn
��! ��hs-½CoIIðLÞðSQÞ�þ ð2Þ


where L is an ancillary ligand, Cat is the catecholato ligand,
and SQ is the semiquinonato ligand. The process is charac-
terised by a large variation in the magnetic properties, since
the cobaltACHTUNGTRENNUNG(III)–catecholato complex is diamagnetic, the co-
balt(II) ion is in the high-spin (hs) configuration, and the
semiquinonato ligand is a radical species. Also in this case,
the large lifetimes that often characterise the photoinduced
metastable hs species can be justified in terms of geometric
differences between the two redox isomers and free-energy
changes associated with Equation (2). Indeed, the above in-
terconversion is accompanied by a significant change in Co

O bond lengths (about 0.18–0.21 K), as expected on the
basis of the change in the population of the s* orbitals of
the metal ion. Therefore, in the usual representation of the


Gibbs potential energy (Figure 1), it is expected that a sig-
nificant horizontal displacement exists between the two spe-
cies involved in the electron-transfer process.


For spin-crossover complexes, the relaxation kinetics of
photoinduced metastable phases have been successfully in-
terpreted by Hauser and co-workers[17,40] by working out a
nonadiabatic multiphonon relaxation model on the basis of
the theory developed by Jortner and co-workers for radia-
tionless relaxation decay.[41] Following this model, it has
been suggested[22,29] that the relaxation rate of the photoin-
duced metastable species in VT cobalt–dioxolene complexes
decreases with increasing changes in the Co
O bond lengths
and wit decreasing the energy gap between the metastable
and ground states DG8 (see Figure 1).


In this sense, the key parameters that are expected to play
a determining role in the relaxation kinetics are the value of
the electronic coupling V, the change in geometry, and the
energy gap. In analogy with the spin-crossover complexes,
the two wave functions of the donor and acceptor states are
orthogonal, and electronic coupling is, therefore, allowed
only by spin–orbit coupling interactions. It can be expected
that along a series of similar complexes this quantity should
be small and have similar absolute values. As far as the geo-
metric changes are concerned, it has to be considered that
the electronic delocalization within the metallacycle chelate
ring in the 3d-metal/dioxolene complex is low.[21–25] There-
fore, along the same series of cobalt–dioxolene complexes
the geometric difference between cobaltACHTUNGTRENNUNG(III)–catecholato
species and the corresponding cobalt(II)–semiquinonato
species are also expected to be similar. It must be concluded
that the only way to modulate the rate of the electronic
ground-state recovery is by controlling the extent of the
energy gap DG8. This control cannot be achieved with spin-
crossover complexes, but we suggest herein that it may be
possible in the case of cobalt–dioxolene complexes on the
basis of the following considerations.


As mentioned above, it can be reasonably assumed that
the energy of the electronic levels of the coordinated dioxo-
lenes should depend only on their ionic charge density,
while being roughly independent from the electronic proper-
ties of the 3d-metal ions. In practice, this assumption means
that once the free-energy changes involved in the ligand-


Figure 1. Potential-energy wells for the valence-tautomeric interconver-
sion process.
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centred redox processes [MII(L)SQ]+e
! ACHTUNGTRENNUNG[MII(L) ACHTUNGTRENNUNG(Cat)]
have been corrected for the different ligand-field stabiliza-
tion energies they should be similar for divalent 3d-metal
ions. Therefore, the free-energy change associated with
Equation (2) can be calculated as the difference between
the redox potential of the above-mentioned ligand-centred
redox process and the redox potential of the metal-centred
[MIII(L) ACHTUNGTRENNUNG(Cat)]+e
! ACHTUNGTRENNUNG[MII(L) ACHTUNGTRENNUNG(Cat)] process (Scheme 1).


The DS changes associated
with Equation (2) are expected
to be similar within a series of
related [Co(L)diox] complexes
because of the isoelectric char-
acter of the reaction and the
similar electronic and vibration-
al entropy contributions. There-
fore, the observed free-energy
changes at room temperature
should parallel the free-energy


(enthalpy) pattern at cryogenic temperatures. It should,
however, be stressed that nothing can be predicted about
the role of the intermolecular interactions in the solid state
that affect both the activation energy and the free-energy
difference of the electron-transfer process.


The approach described
herein was used some years ago
for analysing the energies of
the ligand-to-metal charge-
transfer (LMCT) transitions in
some iron ACHTUNGTRENNUNG(III)–catecholato
complexes[42] and for planning
the synthesis of a dioxolene
adduct of a cobalt–tetraaza
macrocycle acceptor, in order
to obtain a compound that un-
dergoes valence-tautomeric in-
terconversion.[43] Herein, we
will show how the photoswitch-
able properties of a family of 1:1 cobalt–dioxolene com-
plexes can be explained following this simple predictive
scheme. However, in the following pages we will also show
the intrinsic limitations of this approach, based on the as-
sessment of the free energy of the process in solution.


We synthesised a series of cobalt compounds with the
general formula [Co ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(diox)]PF6 (diox=3,5-di-tert-
butyl-1,2-dioxolene (Dbdiox) and tetrachloro-o-dioxolene),
which had tripod-like Mentpa (n=0, 1, 2, 3), derived from
tris(2-pyridylmethyl)amine (tpa) by successive introduction
of methyl groups into the 6-position of the pyridine moiet-
ies, as an ancillary ligand. The steric hindrance induced by
this substitution is expected to modulate the redox proper-
ties of the metal acceptor,[44] thus determining the charge
distribution of the metal–dioxolene moiety at room temper-
ature. The observed different charge distributions of these
complexes (i.e., CoIII–Cat or CoII–SQ) fits well with those
expected on the basis of the free-energy changes for Equa-
tion (2) extrapolated by cyclic-voltammetric studies of these


complexes, their tetrachlorocatecholato derivatives, and the
nickel(II) analogues. This approach also allows the predic-
tion of the entropy-driven VT interconversion for one of the
isolated compounds. The observed kinetics parameters rela-
tive to the relaxation of the photoinduced metastable phases
will be finally discussed by taking into account the above-
mentioned considerations. The results of the characterisa-
tion of compounds containing other dioxolene ligands will
be reported later. A preliminary account of some of the ex-
perimental results reported herein has recently been pub-
lished.[45]


Results


Synthesis : The four Mentpa ligands were prepared by using
a general one-step procedure, according to the recently re-
ported preparation of tpa.[46] Treatment of pyridine-2-car-
boxyaldheyde with 2-aminomethylpyridine (mol/mol=2:1)
in dichloromethane in the presence of triacetoxyborohy-
dride yielded the tpa ligand in 89% yield. We extended this
procedure by using the appropriate 6-methyl analogues, thus
obtaining the Mentpa ligands in similar yields (80–90%;
Scheme 2).


Solid compounds [CoACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(DBdiox)]PF6·x solv
(DBdiox=DBCat, DBSQ; solv=water, ethanol, toluene;
tpa=1, Me1tpa=2, Me2tpa=3, Me3tpa=4) were obtained
in a one-step reaction by mixing equimolar amounts of co-
balt(II) salts, the Mentpa ligand, and catechol in the pres-
ence of triethylamine. Although not always necessary, all
these manipulations were carried out in an inert atmos-
phere. The solutions containing the [CoII


ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(DBCat)]
complexes were oxidized with dioxygen and the resulting
products isolated as PF6 salts. The tetrachlorocatecholato
(TCCat) analogues were obtained either as [CoII


ACHTUNGTRENNUNG(Mentpa)-
ACHTUNGTRENNUNG(TCCat)] or [CoIII


ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(TCCat)]PF6, and their proper-
ties will be described elsewhere. The [NiII ACHTUNGTRENNUNG(Mentpa)-
ACHTUNGTRENNUNG(DBSQ)]PF6 complexes were obtained directly in air.


Electronic spectra : The electronic spectra of solutions of 1–
4 in dichloromethane are shown in Figure 2, and the spectral
parameters are reported in the Experimental Section. The
spectral features of both 1 and 2 are consistent with the exis-


Scheme 1. Thermodynamical
processes involved in VT equi-
librium.


Scheme 2. Preparation of Mentpa ligands.
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tence of cobaltACHTUNGTRENNUNG(III)–catecholato chromophores.[47] Indeed,
the broad bands in the red region of the spectrum are con-
sistent with symmetry-forbidden LMCT transitions, whereas
the transitions at 23200 and 21550 cm
1 (430 and 465 nm,
respectively) in the spectra of 1 and 2, respectively, can be
assigned to the d–d transitions (1A1g!1T1g in Oh)


[48] typical
for six-coordinate cobaltACHTUNGTRENNUNG(III) chromophores. The pattern of
absorption bands observed in the spectra of 3 and 4 suggests
the existence of six-coordinate cobalt(II)–semiquinonato
chromophores.[49] The broad transitions centred at
12500 cm
1 (800 nm) can be assigned to internal ligand tran-
sitions, whereas the pattern of bands at 15000–19000 cm
1


(665–525 nm) are attributed to charge-transfer (CT) transi-
tions involving the d orbitals of the metal ion and the singly
occupied p* orbital of the ligand.


The different charge distributions observed in these com-
plexes are due to the different donor properties of the
tripod-like ligands towards the metal ions. It is apparent
that the steric hindrance induced by the ortho-methyl
groups induces stabilisation of the cobalt(II) ion with re-
spect to the cobalt ACHTUNGTRENNUNG(III) ion. The same effect probably occurs
in the case of nickel(II) complexes, but the redox potential
of the NiIII/NiII couple, higher than the CoIII/CoII couple, re-
mains largely above the redox potential of the SQ/Cat
couple so that all the nickel complexes show the nickel(II)–
semiquinonato charge distribution. Although not discussed
herein, the spectra of the cobalt derivative of the tetrachlor-
ocatechol are all consistent with the presence of cobaltACHTUNGTRENNUNG(III)–
catecholato chromophores, with the exception of the Me3tpa
complex, which undergoes valence-tautomeric interconver-
sion in solution at room temperature.


Electrochemistry : Our main objective was the calculation of
the free-energy difference between the two electronic iso-
mers CoIII–Cat and CoII–SQ for any DBCat complex of the
different [Co ACHTUNGTRENNUNG(Mentpa)]


3+ acceptors. As mentioned above,
the problem reduces to the analysis of the thermochemical
cycle depicted in Scheme 1. It is rather clear that the energy
difference between the electronic isomers can be calculated
through the difference between the energies involved in the
redox processes CoIII–Cat/CoII–Cat and CoII–SQ/CoII–Cat,


nevertheless only the process requiring the lowest energy
will be experimentally detectable. Thus, to evaluate the free-
energy changes in the thermochemical cycle, we have deter-
mined the free-energy changes of the equilibria shown in
Equations (3) and (4) by cyclic-voltammetric experiments at
25 8C (Fc+ = ferrocenium, Fc= ferrocene):


½CoIIðMentpaÞðTCCatÞ� þ Fcþ ! ½CoIIIðMentpaÞðTCCatÞ�þ þ Fc


ð3Þ


½NiðMentpaÞðdbcatÞ� þ Fcþ ! ½NiðMentpaÞðDBSQÞ�þ þ Fc


ð4Þ


It is evident from the data reported in Table 1 that, as ob-
served for copper complexes,[44] the introduction of each
methyl group on the pyridine moiety shifts the DG value of


equilibrium (3) in solution towards the left by about
25 kJmol
1. In contrast, the changes in the DG values associ-
ated with equilibrium (4) are very similar to each other,
with an average of DG=
83�3 kJmol
1. This value fits
well with DG=
90�3 kJmol
1, as previously reported for
[M ACHTUNGTRENNUNG(CTH) ACHTUNGTRENNUNG(DBSQ)]+ complexes (M=Mn, Ni, Zn; CTH=dl-
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclo-tetrade-
cane).[42]


The values obtained for metal-based redox processes for
TCCat derivatives and for ligand-based redox process for
nickel(II) derivatives were then used to estimate the redox
potential of undetectable processes for 1–4. Indeed, it is
only possible to measure the potential of the metal-centred
redox process for complexes 1 and 2 (n=0 and 1),


½CoIIðMentpaÞðDBCatÞ�þFcþ!½CoIIIðMentpaÞðDBCatÞ�þþ Fc


ð5Þ


whereas for complexes 3 and 4 (n=2 and 3) only the ligand-
centred process is observable:


Figure 2. Electronic spectra of 1 (grey, dash-dotted line), 2 (grey, dashed
line), 3 (black, continuous line), and 4 (black, dotted line).


Table 1. Observed and estimated free-energy changes for the equilibria
[M ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(diox)]+Fc+![M ACHTUNGTRENNUNG(Mentpa)ACHTUNGTRENNUNG(diox)]


+ +Fc.[a–c]


[M ACHTUNGTRENNUNG(diox)]/[M ACHTUNGTRENNUNG(diox)]+ Free-energy change [kJmol
1]
tpa Metpa Me2tpa Me3tpa


ACHTUNGTRENNUNG[NiII ACHTUNGTRENNUNG(DBCat)]/ ACHTUNGTRENNUNG[NiII ACHTUNGTRENNUNG(DBSQ)]+ 
87 
83 
84 
81
ACHTUNGTRENNUNG[CoII


ACHTUNGTRENNUNG(TCCat)]/ ACHTUNGTRENNUNG[CoIII
ACHTUNGTRENNUNG(TCCat)]+ 
90 
69 
42 
11


ACHTUNGTRENNUNG[CoII
ACHTUNGTRENNUNG(DBCat)]/ ACHTUNGTRENNUNG[CoII


ACHTUNGTRENNUNG(DBSQ)]+ 
79[c] 
76[c] 
74 
75
ACHTUNGTRENNUNG[CoII


ACHTUNGTRENNUNG(DBCat)]/ ACHTUNGTRENNUNG[CoIII
ACHTUNGTRENNUNG(DBCat)]+ 
125 
95 
65[c] 
35[d]


ACHTUNGTRENNUNG[CoIII
ACHTUNGTRENNUNG(DBCat)]+/ ACHTUNGTRENNUNG[CoII


ACHTUNGTRENNUNG(DBSQ)]+ 46[d] 19[d] 
9[d] 
40[e]


[a] M=Co, Ni; n=0, 1, 2, 3; conditions: acetonitrile, 0.1m NBu4PF6,
298 K. [b] From the average cathodic and anodic peak potentials in cyclic
voltammograms recorded at 50 mVs
1 (estimated error: <1 kJmol
1).
[c] For solutions of approximately 10
3m. [d] Estimated (estimated error:
�6 kJmol
1). [e] Calculated as a difference of the free-energy changes of
the redox isomers.
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½CoIIðMentpaÞðDBCatÞ� þ Fcþ ! ½CoIIðMentpaÞðDBSQÞ�þ þ Fc


ð6Þ


It should be stressed that the free-energy changes associ-
ated with the metal-centred processes are significantly more
positive (DDG�30 kJmol
1) for the TCCat ligand than the
DBCat ligand.[42] This behaviour suggests that the more
basic DBCat ligand is much better at stabilising the cobalt-
ACHTUNGTRENNUNG(III) ion than the TCCat ligand. On the other hand, the
redox potentials of the ligand-centred processes are only
slightly affected by the nature of the ancillary tripod ligand,
as observed for the nickel(II) derivatives. Once we assumed
that the free-energy changes associated with the metal- and
ligand-centred processes approximately follow the same pat-
tern observed for equilibria (2) and (3) in the 1–4 series, we
tentatively estimated the undetectable free energy of the
processes (see Table 1) and the free-energy differences for
the different redox isomers. The latter quantities are DG=


46, 19, 
9, and 
40 kJmol
1 for ligands 1–4, respectively
(estimated error=�6 kJmol
1).


X-ray structures : For all the four derivatives, the X-ray data
collection was performed at 150 K to increase the somehow
low diffracting power of the crystals obtained. Even if the


final X-ray crystal structure determinations are not of excel-
lent quality, they provide a strong enough frame to describe
the different magnetic and electronic properties of the four
derivatives. The crystallographic data and selected intera-
tomic distances and angles for 1–4 are presented in Tables 2
and 3, respectively.


The four derivatives share common features: in particular
for all of them, the molecular unit [CoACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(DBdiox)] is
monopositively charged, as the electric neutrality of the
crystal is assured by the presence of one PF6 unit. Further-
more, the cobalt ion is invariably six-coordinate in a cis-dis-
torted pseudo-octahedral coordination, and the tripodal
ligand Mentpa (n=0–3) adopts a folded conformation
around the metal ion, with DBdiox acting as a bidentate
ligand. A representative example is reported in Figure 3 for
[CoIII


ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(DBcat)]PF6. The metal–donor bond lengths
strongly indicate that 1–3 have the CoIII–Cat charge distribu-
tion at 150 K, whereas 4 has the CoII–SQ one. This sugges-
tion is confirmed by analysis of the C1
C2 and C
O bond
lengths of the dioxolene ligand in the four derivatives, which
gives a strong indication that 4 has the semiquinonato form
and 1–3 the cathecolato form (Table 3).[23]


A peculiar feature of the singly methylated derivative is
that the methyl group is equally disordered, with an occupa-


Table 2. Crystal data and details of the structure refinement for 1–4.


1 2 3 4


empirical formula C34H44CoF6N4O3P C40H48CoF6N4O2P C36.50H49.50CoF6N4O3.25P C42H46CoF6N4O2P
Mw 760.63 820.72 800.2 842.73
temperature [K] 153(2) 152(2) 150(2) 150(2)
wavelength [K] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n C2/c P21/n P21/n
unit cell
a [K] 13.594(3) 29.891(6) 12.944(4) 11.562(2)
b [K] 15.915(4) 16.057(2) 16.805(5) 31.902(5)
c [K] 16.207(3) 21.583(3) 17.746(5) 24.196(4)
b [8] 90.647(16) 130.547(11) 100.17(3) 114.28(3)
volume [K3] 3506.2(13) 7872(2) 3799(2) 8135(2)
Z 4 8 4 8
1calcd [mgm
3] 1.441 1.385 1.399 1.363
m [mm
1] 0.607 0.545 0.565 0.529
F ACHTUNGTRENNUNG(000) 1584 3424 1674 3440
crystal size [mm3] 0.46Q0.29Q0.12 0.36Q0.21Q0.11 0.41Q0.24Q0.13 0.5Q0.3Q0.1
qmax [8] 23.45 23.01 21.97 18.86
index ranges 
10h15 
32h32 
13h13 
10h10



17k14 
14k17 
17k17 
28k29

18 l14 
23 l22 
16=18 
16 l21


reflections
collected


14064 19989 9697 27337


independent
reflections


5076
(R ACHTUNGTRENNUNG(int)=0.0989)


5452
(R ACHTUNGTRENNUNG(int)=0.0531)


4414
(RACHTUNGTRENNUNG(int)=0.0637)


6327
(R ACHTUNGTRENNUNG(int)=0.0784)


completeness
to qmax [%]


98.2 99.3 95 98.9


Tmax and Tmin 0.930 and 0.796 0.968 and 0.862 0.928 and 0.832 0.95 and 0.81
data/restr./param. 5076/0/426 5452/11/447 4414/0/466 6327/20/898
GOF on F2 0.954 0.972 1.034 0.998
R indices
ACHTUNGTRENNUNG(I>2s(I))


R1=0.0780 wR2=0.1704 R1=0.0981 wR2=0.2789 R1=0.0798 wR2=0.1954 R1=0.084 wR2=0.2079


R indices (all data) R1=0.1668 wR2=0.1997 R1=0.1532 wR2=0.3154 R1=0.1363 wR2=0.2428 R1=0.1399 wR2=0.2408
D1max/D1min [eK



3] 0.494/
0.797 1.253/
0.495 0.629/
0.553 0.948/
0.369
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tion factor of 0.5, over the 6-position of the two pyridine
rings that lie on the plane normal to the ring of the dioxo-
lene ligand. This phenomenon reflects the possible binding
of the ancillary ligand Metpa in two equally probable con-
figurations.


The analysis of the crystal packing of the four derivatives
also showed some common features. Indeed, for all of the
derivatives layers containing [Co ACHTUNGTRENNUNG(DBdiox) ACHTUNGTRENNUNG(Mentpa)]


+ units
are formed, which alternate with layers containing both the
PF6



 counterion and the solvent molecules (see Figure 4 for
1).


The bidimensional layer of
[Co ACHTUNGTRENNUNG(DBdiox) ACHTUNGTRENNUNG(Mentpa)]


+ mole-
cules in 1–3 is characterized by
an extended network of p–p


stacking interactions between
the pyridine rings of adjacent
molecules and C
H···p interac-
tions between the C
H bonds
of a pyridine ring and both the
p systems of the dioxolene and
pyridine rings of the adjacent
molecule (see Figure 5a). It is
worth noting that the interac-
tions are expected to decrease
in the order 2>3> 1. Indeed,
this order reflects that of the
distances between the centroids
of the interacting pyridine rings,
which vary from 3.83 K for 2 to
3.92 K for 3 and 4.01 K for 1,
with the average angle between
the normal-to-plane and the
centroid–centroid connection
correspondingly being 21.78 for
2, 33.98 for 3, and 30.58 for 1;


the deviation from parallelism between the interacting
planes is minimal for 2 and maximal for 1.[50] As for the C

H···p interaction, the distance between the carbon atom in
the 3-position of the pyridine unit and the centroid of the di-
oxolene ligand is 3.51 K (average) for 2 and 3 and about
3.65 K for 1. On the other hand, the situation is very differ-
ent for 4, whose asymmetric unit contains two [CoACHTUNGTRENNUNG(Me3tpa)-
ACHTUNGTRENNUNG(diox)]+ molecules that strongly interact through p stacking
interactions between two pyridine rings (see Figure 5b). The
distance between centroids is only 3.43 K, whereas no ex-
tended interactions between adjacent dimers can be detect-
ed (the centroid–centroid distance between parallel adjacent
rings is larger than 4 K). This behaviour may be considered
to be a consequence of the different charge distribution in


Table 3. Bond lengths and angles for 1–4.[a] .


1 2 3 4a[b] 4b[b]


Bond
lengths [K]
Co
O1 1.862(4) 1.857(6) 1.868(5) 2.022(7) 2.008(7)
Co
O2 1.881(5) 1.864(6) 1.880(5) 2.075(7) 2.086(7)
Co
N1 1.951(5) 1.962(8) 2.029(6) 2.267(10) 2.295(10)
Co
N2 1.925(5) 1.945(8) 2.017(6) 2.232(10) 2.212(10)
Co
N3 1.918(6) 1.932(8) 1.967(6) 2.129(10) 2.165(9)
Co
N4 1.910(6) 1.920(8) 1.934(7) 2.103(9) 2.091(9)
O1
C1 1.352(8) 1.368(10) 1.348(8) 1.282(12) 1.295(12)
O2
C2 1.384(7) 1.379(11) 1.343(9) 1.289(12) 1.304(12)
C1
C2 1.386(9) 1.379(13) 1.409(11) 1.437(14) 1.468(15)


Bond
angles [8]
O1-Co-O2 88.2(2) 88.1(3) 87.6(2) 79.6(3) 79.3(3)
O1-Co-N1 90.0(2) 89.6(3) 86.5(2) 91.9(4) 95.5(4)
O1-Co-N2 87.3(2) 90.7(3) 89.9(2) 92.0(3) 90.2(2)
O1-Co-N3 175.5(2) 177.2(3) 174.2(3) 171.9(4) 170.5(4)
O1-Co-N4 89.5(2) 90.3(3) 89.4(2) 89.1(4) 89.4(4)
O2-Co-N1 93.2(2) 95.4(3) 98.5(2) 101.4(4) 104.6(4)
O2-Co-N2 96.3(2) 95.7(3) 93.3(2) 104.3(4) 101.1(4)
O2-Co-N3 96.3(2) 94.0(3) 96.9(2) 107.9(4) 107.8(4)
O2-Co-N4 176.8(2) 178.4(3) 176.9(3) 168.6(4) 168.7(4)
N1-Co-N2 170.0(3) 168.9(3) 167.4(3) 154.3(5) 154.3(4)


[a] The same numbering scheme as that of 1 is assumed for all the derivatives, even if for specific reasons the
corresponding CIF files may use a different scheme. [b] Compounds 4a and 4b are the two independent mole-
cules in the unit cell of 4.


Figure 3. Diamond view of the cationic unit of 1 (ellipsoids at 40% prob-
ability level). tert-Butyl groups and hydrogen atoms are omitted for the
sake of clarity.


Figure 4. View of the packing of 1 along the (101) direction, thus demon-
strating the alternating layers of the cationic molecules and the PF6 and
solvent molecules.
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this system, which leads to an increased bond length for the
metal-ion coordination sphere, thus decreasing the ring slip-
page between adjacent pyridine units in one direction, and
increasing it in the other direction.


Finally, it must be stressed that while crystals of 1 and 3
were obtained as ethanol-solvate derivatives, 2 and 4 were
obtained from toluene (see the Experimental Section) and
thus contain toluene molecules of crystallisation. This be-
haviour may lead to some differences in the expected inter-
layer interactions, which may be of relevance in determining
the photomagnetic behaviour of the systems.


Magnetic properties : Solid-state magnetic measurements for
polycrystalline samples of 1–4, crystallized from solutions in
ethanol, are reported in Figure 6. Both 1 and 2 are diamag-
netic within the whole investigated temperature range (up
to 300 K), thus clearly indicating a CoIII–Cat charge distribu-
tion, as expected on the basis of the molecular structure de-
termined by X-ray studies. Conversely, the data of cT versus
T for 3 indicate a CoIII–Cat charge distribution up to 280 K,
but above this temperature a gradual increase in the para-
magnetism of the sample is clearly observed, thus demon-
strating the occurrence of an entropy-driven valence-tauto-
meric transition to the CoII–SQ charge distribution. This be-
haviour is more clearly realised by studying the sample up
to 320 K, at which point the cT value reaches
0.82 cm3Kmol
1. This value suggests that the transition tem-


perature, defined as the temperature at which the two spe-
cies are present in equimolar amounts, should be around
370 K, as estimated by a nonconclusive fitting of the curve
of cT versus T by using the regular solution model.[51] Final-
ly, the behaviour of cT versus T for 4 is clearly indicative of
the CoII–SQ charge distribution over the whole temperature
range; indeed, the observed value of 3.75 cm3Kmol
1 at
room temperature is completely compatible with the pres-
ence of an uncoupled distorted octahedral cobalt(II) ion
with a largely unquenched orbital contribution (cT=3–
3.4 cm3Kmol
1) and a semiquinone radical. The decrease in
the cT values observed on cooling should be attributed to
cobalt(II) single ion effects, that is, to the depopulation of
the higher multiples that arise from the splitting of the 4T1g


orbital produced by the combined action of spin–orbit cou-
pling and low-symmetry distortions.[52]


These results lead to the conclusions that in the solid state
the CoII–SQ species is favoured by increasing the number of
methyl substituents on the ancillary ligand, whereas the
CoIII–Cat species is favoured by low methyl substitution, as
could also be inferred by the electrochemical data and elec-
tronic spectra of the samples in solution.


Photomagnetic properties: Irradiation of the ethanol sol-
vates of 1–3 with light of different frequencies at low tem-
perature results in the photoinduction of a small fraction
(about 1–3%) of CoII–SQ species. The low conversion rate,
which is a common feature of the photoinduced valence tau-
tomerism in cobalt–dioxolene systems, might be attributed
to different factors, namely, the strong opacity of the
sample, which prevents the penetration of the light in the
bulk, or the overlap of the transitions of the two different
species. In the latter case, it is possible that these transitions
result in the opposite interconversion, thus defining the pho-
tostationary state. A factor that can not be excluded is the
possibility that the transformation occurs only at the surface
of the sample as a consequence of the large variation in the
molecular volume that accompanies this type of transition.


The corresponding thermal relaxations of the converted
fraction at 9 K are shown in Figure 7. It is evident that the
decay is very fast for 1 but much slower, and in comparable


Figure 5. View of the relevant p–p and C
H···p interactions in the differ-
ent derivatives. a) 1 (2 and 3 show a closely related pattern), b) 4.


Figure 6. Plots of cT versus T for 1 (circles), 2 (inverse triangles), 3 (tri-
angles), and 4 (squares).
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magnitude, for 2 and 3, with the decay of latter being slight-
ly faster. The experimental relaxation curves, normalized to
the photoinduced fraction, were fitted to a first-order
stretched exponential expression ACHTUNGTRENNUNGgt/g0=exp ACHTUNGTRENNUNG(t/t)b, where gt is
the converted molar fraction of the metastable state at the
time t, g0 is the photoinduced molar fraction at t=0, t is the
average relaxation time, and b is a parameter lying between
0 and 1 that accounts for a time-evolving distribution of acti-
vation energies. The best-fit curves were obtained for values
of t of approximately 1000 s, 1.9Q106 s, and 4.5Q105 s for 1–
3, respectively, with b=0.3. To check the effect of the sol-
vent on the photomagnetic properties and to correlate the
observed results with the X-ray structures of the compounds,
we also irradiated the toluene derivative of 2. The average
relaxation time for the latter turned out to be about half of
that for the ethanol solvate (8Q105 s versus 1.9Q106 s; see
the Supporting Information). No definite photomagnetic ef-
fects (i.e., the occurrence of the reverse valence-tautomeric
process CoII–SQ!CoIII–Cat) were detected for 4.


Discussion


We suggest that the observed trend in the properties of 1–4
is determined by the different zero-point energy changes
DG8 that characterise the valence tautomeric process in the
different complexes. The DG8 values at cryogenic tempera-
tures were largely determined by the enthalpy changes asso-
ciated with Equation (2) and by crystal-lattice energies. For
this reason, the observed pattern of DG values in solution
should be qualitatively indicative of the DG8 values.


We note that the free-energy difference between the two
isomers corresponds to the energy associated with the tran-
sition from the ground state to the first CT excited state if
the two states are in vibrational and solvation equilibria. In
principle, it should then be possible to evaluate its value
from the energy associated with the first CT transition in
the electronic spectrum. However, the optical transitions in-
volve an excitation between a ground-donor level in the vi-


brational equilibrium and a nonequilibrium acceptor level;
therefore, the difference in the solvation energy of the
ground excited states and the reorganization energy of the
excited state should also be considered.[42,53–58] As a conse-
quence, we have used an empirical approach based on the
electrochemical data to determine the DG values for va-
lence-tautomeric equilibria involving 1–4.


The free-energy changes estimated through this procedure
well account for the room-temperature charge distribution
observed in solution by the electronic spectra. Indeed, the
DG values are positive for 1 and 2 but negative for 4 and,
even if only weakly, 3. These data are also in good agree-
ment with the observations in the solid state (the magnetic
properties and X-ray structures at 150 K), thus pointing to a
CoIII–Cat distribution for 1 and 2 up to room temperature,
whereas 3 undergoes an entropy-driven valence-tautomeric
interconversion just above room temperature and 4 is char-
acterised by the CoII–SQ charge distribution.


If we further assume that the equilibria for the four deriv-
atives are characterised by similar TDS values, the observed
DG pattern should reflect that of the associated enthalpy
variations. In particular, since temperature-dependent elec-
trochemical studies concerning the [FeIII(L)Cat]/ACHTUNGTRENNUNG[FeII(L)SQ]
interconversion (L= tetradentate macrocycle) suggested
that the TDS quantity may be estimated to be on the order
of 15 kJmol
1 at 298 K,[42] we may assume that the 1–4
series is characterised by a similar constant value. On this
basis, the calculated free-energy differences at 0 K (i.e., the
enthalpy changes) will be DG=61, 34, 6, and 
25 kJmol
1


(corresponding to 4900, 2700 , 500, and 
2100 cm
1, respec-
tively). If these values hold also in the solid state, as the pre-
diction of correct charge distribution at room temperature
suggests, they should result in the observed relaxation rates
k (=t
1) varying in the order 1>2(�4)>3. This behaviour
is in contrast to the experimental observations; indeed,
while 1 shows the shortest lived photoinduced metastable
state, the lifetime of the photoinduced state of 3 is almost
an order of magnitude less than that of 2. On the basis of
the crystal structure description, one possible explanation
for this discrepancy might be the strength of the intralayer
interactions, which was shown to increase in the order 1<
3<2 from X-ray structure analysis. This explanation would
increase the 2D cooperativity of the photoinduced valence-
tautomeric transition, thus justifying a corresponding in-
crease in the lifetime of the photoinduced state. However,
an active role of the solvents in the modulation of the inter-
layer interactions, and thus in an eventual variation in 3D
cooperativity, can not be excluded, as seen by the different
relaxation rates obtained for the two different solvates of 2.


Experimental Section


Materials : All the reagents and solvents were obtained commercially and
used as received, except dichloromethane and acetonitrile, which were
dried over CaH2. 6-Methyl-2-methylaminopyridine was prepared accord-
ing to a previously reported procedure.[59]


Figure 7. Relaxation kinetics of the photoinduced fraction of the ethanol
solvates of 1 (stars), 2 (empty circles), and 3 (full circles) at 9 K. The con-
verted fraction is normalized at 1 when t=0. The continuous lines are
the best fits using the stretched exponential law with parameters reported
in the text.
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Synthesis


Tris(2-pyridylmethyl)amine (tpa): This ligand was synthesised according
to a reported procedure.[44] Pyridine-2-carboxyaldehyde (4.49 g, 42 mmol)
was added to a stirred mixture of 2-aminomethylpyridine (2.16 g,
21 mmol) and sodium triacetoxyborohydride (12.48 g, 42 mmol) in di-
chloromethane (400 mL). The resulting reaction mixture was stirred for
18 h, after which a saturated aqueous solution of sodium hydrogencar-
bonate (200 mL) was added. The reaction mixture was stirred for 0.5 h
and then extracted with ethyl acetate. The organic fraction was separat-
ed, dried over MgSO4, and the solvent was removed under reduced pres-
sure. The residue was extracted several times with pentane, and the sol-
vent was removed to give tpa as light-yellow solid (5.42 g, 89%). Elemen-
tal analysis (%) calcd for C18H18N4: C 74.46, H 6.24, N 19.30; found: C
74.61, H 5.97, N 19.42.


Bis(2-pyridylmethyl)(6-methyl-2-pyridylmethyl)amine (Metpa): This
ligand was prepared by following the same procedure described above
for tpa by replacing pyridine-2-carboxyaldehyde with 6-methylpyridine-2-
carboxyaldehyde (5.17 g, 77%). Elemental analysis (%) calcd for
C19H20N4: C 74.97, H 6.62, N 18.41; found: C 74.76, H 6.23, N 18.12.


Bis(6-methyl-2-pyridylmethyl)(2-pyridylmethyl)amine (Me2tpa): This
ligand was prepared by following the same procedure described above
for tpa by replacing 2-aminomethylpyridine with 6-methyl-2-aminome-
thylpyridine (5.31 g 83%). Elemental analysis (%) calcd for C20H22N4: C
75.44, H 6.96, N 17.60; found: C 74.88, H 6.73, N 17.35.


Tris(6-methyl-2-pyridylmethyl)amine (Me3tpa): This ligand was prepared
by following the same procedure described above for tpa by replacing
pyridine-2-carboxyaldehyde with 6-methyl-pyridine-2-carboxyaldehyde
and 2-aminomethylpyridine with 6-methyl-2-aminomethylpyridine
(5.73 g, 82%). Elemental analysis (%) calcd for C21H24N4: C 75.87, H
7.28, N 16.85; found: C 75.67, H 7.01, N 16.46.


Synthesis of the [M ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(DBdiox)]PF6 ACHTUNGTRENNUNG(M=Co, Ni): Solutions of
cobalt or nickel chloride (0.5 mmol) and the appropriate ligand
(0.55 mmol) in methanol (30 mL) were mixed with a solution of the ap-
propriate 3,5-di-tert-butylcatechol (0.5 mmol) and triethylamine (1.2–
1.4 mmol) in methanol (30 mL) in an inert atmosphere. The metal(II)–
(Mentpa)—catecholato complexes were oxidised with atmospheric dioxy-
gen and the resulting products were precipitated by adding an aqueous
solution of KPF6. The cobalt complexes were recrystallised from ethanol
or toluene. 1·C2H5OH: elemental analysis (%) calcd for
C34H44CoF6N4O3P: C 53.69, H 5.83, N 7.37; found: C 53.51, H 5.92, N
7.15; electronic spectra: absorption maxima (e in parentheses): 13650
(220), 23200 (460), 28500 (sh) cm
1. 2·C2H5OH: elemental analysis (%)
calcd for C35H46CoF6N4O3P: C 54.28, H 5.99, N 7.23; found: C 53.97, H
5.80, N 7.07; electronic spectra: absorption maxima (e in parentheses):
12150 (230), 21530 (330), 27000 (sh) cm
1. [Co ACHTUNGTRENNUNG(Me2tpa)ACHTUNGTRENNUNG(dbcat)]PF6


(3·C2H5OH): elemental analysis (%) calcd for C36H48CoF6N4O3P: C
54.80, H 6.14, N 7.11; found: C 54.61, H 5.95, N 6.97; electronic spectra:
absorption maxima (e in parentheses): 12500 (400), 15150 (720), 17500
(890), 19000 (750), 23350 (1070) cm
1. 2·C7H8: elemental analysis (%)
calcd for C40H48CoF6N4O2P: C 58.54, H 5.89, N 6.83; found: C 58.35, H
6.05, N 6.68. 4·C7H8: elemental analysis (%) calcd for C42H52CoF6N4O2P:
C 59.53, H 6.17, N 6.60; found: C 59.71, H 6.14, N 6.42; electronic spec-
tra: absorption maxima (e in parentheses): 12500 (420), 15150 (790),
17500 (870), 18900 (790), 23350 (1200) cm
1. [Ni ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(dbsq)]PF6·H2O: el-
emental analysis (%) calcd for C32H40NiF6N4O3P: C 52.48, H 5.50, N
7.65; found: C 52.88, H 5.63, N 7.40. [Ni ACHTUNGTRENNUNG(Metpa) ACHTUNGTRENNUNG(dbsq)]PF6·H2O: elemen-
tal analysis (%) calcd for C33H42NiF6N4O3P: C 53.10, H 5.67, N 7.51;
found: C 52.78, H 5.68, N 7.35. [Ni ACHTUNGTRENNUNG(Me2tpa) ACHTUNGTRENNUNG(dbsq)]PF6·H2O: elemental
analysis (%) calcd for C34H44NiF6N4O3P: C 53.70, H 5.83, N 7.37; found:
C 53.21, H 5.64, N 7.42. [Ni ACHTUNGTRENNUNG(Me3tpa)ACHTUNGTRENNUNG(dbsq)]PF6·H2O: elemental analysis
(%) calcd for C35H46NiF6N4O3P: C 54.28, H 5.99, N 7.23; found: C 53.80,
H 6.15, N 7.06.


Electronic spectra : Visible absorption spectra of the four derivatives
were recorded in solution with CH2Cl2 in the visible region with a
Perkin-Elmer Lambda 20 Bio instrument.


Electrochemistry : All the electrochemical measurements were performed
with an AUTOLAB PGSTAT 10 digital potentiostat/galvanostat, control-
led by the GPES 4.9004 software (Eco Chemie BV, Utrecht, The Nether-


lands). The experiments were performed at 25 8C in acetonitrile with
0.1m NBu4PF6 added as the supporting electrolyte and a Pt wire as the
working electrode. An acetonitrile-based reference electrode was con-
structed by dropping an Ag/AgCl wire in a vial containing acetonitrile
with 0.1m NBu4Cl added. A salt bridge guaranteed the contact between
the obtained pseudo-reference electrode and the solution to be tested.
The analyzed potential range was 
1.0/+1.75 V (versus the pseudorefer-
ence electrode) at a scan rate of 50 mVs
1.


Magnetic and photomagnetic properties : The magnetic properties of
polycrystalline samples of 1–4 were measured at 2–320 K with applied
magnetic fields of 1 Tesla using a Cryogenic S600 SQUID magnetometer.
The data were corrected for the magnetism of the sample holder, which
was determined separately in the same temperature range and field, and
the underlying diamagnetism of each sample was estimated from the
Pascal constants. The photomagnetic characterisation of the samples was
performed with the irradiation of thin pellets (2–3 mg) obtained from
polycrystalline powder. The S600 Cryogenic SQUID Magnetometer has
been equipped with an optical fibre and a specifically designed sample
holder. The samples were irradiated using CW laser diodes with light
with an output power of up to 10 mWcm
2. Earlier calibration of the
setup was accomplished to remove any stray contributions as a result of
the arrangement and any warming effect on the sample.[39] Several fre-
quencies, all belonging to the visible/NIR region were used to trigger the
photoconversion since the absorption spectra of the compounds showed
several quite broad bands in all the visible range. The variation of the
magnetisation of the sample was, thus, followed as a function of the irra-
diation time at a constant temperature of 9 K. The more efficient pro-
cesses were obtained by using by light of l=405, 650, and 904 nm for 1—
3, respectively. The percentage of photoconversion was evaluated accord-
ing to (cTACHTUNGTRENNUNG(t=0)
cTOFF)/(cTCoII–SQ
cTOFF) where cT ACHTUNGTRENNUNG(t=0) is the photosta-
tionary value obtained after irradiation, cTOFF is the value for each com-
pound at 9 K and cTCoII–SQ is the value relative to the CoII–SQ species at
the same temperature. Assuming that the different systems were subject-
ed to the same ligand field, the latter value was directly obtained by the
measure of sample 4 (2.44 cm3Kmol
1). The relaxation kinetics were re-
corded by switching off the laser light as soon as the photostationary
limit was achieved. The photostationary limit was reached for all the
compounds after 10 h of continuous irradiation at 9 K, thus giving CoII–
SQ conversion as <1, 1, and 3% for 1–3, respectively. Subsequent tests
performed by varying the output laser power from 1 to 10 mWcm
2


showed that no effect of the increased intensity was observed on the con-
version percentage. For all the measurements, the reversibility was tested
by increasing the temperature up to 80 K to allow full relaxation of the
photoinduced metastable fraction and afterwards further thermalizing at
9 K. This test can be considered analogous to the TLIESST measurement.[37]


X-ray crystallography : X-ray data collection for 1–4 was performed on
an Oxford Instrument XCALIBUR-3 kappa-4 circle diffractometer
equipped with the Sapphire 3 CCD area detector and using graphite-
monochromated MoKa radiation from the Enhance high-brilliance sealed
tube. The diffraction data were collected at 150 K using an Oxford Cryo-
stream liquid-nitrogen cooling system. Details of the unit cell and the re-
finement results are reported in Table 1; selected parameters or ranges
are given in Table 2; the structures were solved by direct methods using
SIR97[60] and refined using the full-matrix least-squares method on F2


with the SHELXL-97 package.[61]


CCDC-629868, -655675, -638171, and -629869 for 1–4, respectively, con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Polymeric Zinc Ferrocenyl Sulfonate as a Molecular Aspirator for the
Removal of Toxic Metal Ions


Liwei Mi, Hongwei Hou,* Zhiyong Song, Huayun Han, and Yaoting Fan[a]


Introduction


Nowadays there is a large increase in toxic heavy-metal ion
discharge in the waste water effluents from different indus-
tries.[1] Heavy-metal poisoning can result in numerous clini-
cal syndromes.[2] For example, exposure to lead may cause
diseases of the kidneys, circulatory system, and nervous
system;[3] disturbance in the homeostasis of Cu causes Wil-
son&s, Menkes, and Prion diseases.[4] Toxicological data on
cadmium indicate that extracellular Cd-containing intracel-
lular metallothionein (MT) might be toxic.[5] To remove
toxic heavy metals from the body, multidentate chelators[6]


have been used in clinical medicine to form insoluble coor-
dination complexes with the metal ions. However, owing to
the strong coordination ability of the chelators, many ele-
ments that are vital to health were also removed. To remain


healthy, people must continue to ingest the necessary micro-
elements. To some extent, such chelators are not conducive
to good health. However, porous coordination polymers
(PCPs) may prove to be more suitable than multidentate
chelators. They could be used as a metal ion-exchange resin
and may not only simultaneously remove large amounts of
dangerous metal ions, but also keep the concentration of
metal ions that are conducive to health within the body.
They are potential candidates for achieving the state-of-the-
art in clinical drugs for the removal of harmful metal ions.
Ion sorption could remove dangerous metal ions, whereas


ion exchange could supply sanative metal ions. Research on
PCPs[7] has shown that they could be used for this purpose
by using the mechanism of ion sorption and exchange. A
significant feature of these frameworks[8] is their large well-
defined pore shape and pore size. These characteristics
mean that these frameworks have significant applications in
metal ion sorption. Moreover, a regular arrangement of or-
ganic sulfonates[9] could also increase the adsorption ability
of such materials. Meanwhile, ion exchange in these materi-
als occurs directly by suspending such frameworks in a solu-
tion containing metal salts. The search for similar ion-ex-
change materials with improved properties has continued in
recent years.[10] The open framework chalcogenide
(NH4)4In12Se20 has been used for heavy-metal ion capture


Abstract: A porous bilayered open co-
ordination polymer [Zn ACHTUNGTRENNUNG(4,4’-bpy)2-
ACHTUNGTRENNUNG(FcphSO3)2]n (1; FcphSO3Na=m-ferro-
cenyl benzenesulfonate), has been as-
sembled from ZnACHTUNGTRENNUNG(NO3)2, m-ferrocenyl
benzenesulfonate, and the bridging
ligand 4,4’-bipyridine (4,4’-bpy). Ion-
exchange induced products [Cd0.6Zn0.4-
ACHTUNGTRENNUNG(4,4’-bpy)2ACHTUNGTRENNUNG(FcphSO3)2]n (2),
[Zn0.75Pb0.25ACHTUNGTRENNUNG(4,4’-bpy)2ACHTUNGTRENNUNG(FcphSO3)2]n (3),
and [Cu0.5Zn0.5ACHTUNGTRENNUNG(4,4’-bpy)2 ACHTUNGTRENNUNG(FcphSO3)2]n
(4) could be obtained directly by sus-
pending a big single crystal of 1 into
concentrated solutions of CdACHTUNGTRENNUNG(NO3)2,


PbACHTUNGTRENNUNG(NO3)2, and CuACHTUNGTRENNUNG(NO3)2, respectively.
Most importantly, the big single crystal
of 1 could be partly regenerated after
immersion into concentrated aqueous
solutions of ZnACHTUNGTRENNUNG(NO3)2. On the other
hand, powdered 1 could also be used
as a metal ion adsorbent because of
the well-defined pore size and pore


shape. Ion exchange takes place along
with the process of ion sorption. The
big single crystal of 1 removes harmful
metal ions by means of ion exchange,
whereas powdered 1 removes toxic
metal ions mainly through ion sorption.
Also, compound 1 could be employed
as a multi-ion analysis fluorescent
probe to detect dangerous metal ions,
such as Pb2+ , Cd2+ , Ag+ , and Cu2+ .
The compounds described in this study
may have potential applications in the
design of new molecular devices.
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and ion exchange.[11] In addition, various functional groups,
including carboxylate, hydroxyl, sulfate, phosphate, amide,
and amino groups have been found to be responsible for
metal sorption.[12] Among these, the sulfate group is very ef-
fective in removing metal ions. PCPs with a regular arrange-
ment of sulfonate groups are believed to have a large ad-
sorption capacity for harmful metal ions. We have gained
much experience in designing and synthesizing ferroceyl-
substituted carboxylates and phosphonates.[13] Usually these
ferrocene-based materials are particularly insoluble and
they can be egested easily from the body. Consequently,
polymeric metal ferrocenyl sulfonates with sanative ele-
ments (e.g., Fe, Zn, Ca) as central metal ions have been suc-
cessfully applied in drug design. We now present the synthe-
sis and properties of the two-dimensional (2D) ferrocenyl
zinc polymeric sulfonate 1 (Scheme 1), a new compound for
the effective removal of most of the toxic metal ions. Single-
crystal-to-single-crystal (SCTSC) transformations have re-
ceived considerable interest in crystal engineering.[14] This
could also be applied to remove harmful metal ions through
ion-exchange induced SCTSC transformation without
changing the structure of the solid-state materials. Three
ion-exchange induced products 2, 3, and 4 were obtained by
SCTSC transformation from a big single crystal of 1. Most
importantly, 1 could be partly recovered after it was im-
mersed in a concentrated solution of aqueous Zn ACHTUNGTRENNUNG(NO3)2,
and this could be beneficial for the repeated application of
such materials and for production of analogous metal–or-
ganic frameworks with cores that contain different metal
ions. Meanwhile, such materials show high selectivity when
different metal ions coexist. Powdered 1 only selectively ad-
sorbs Pb2+ and small quantities of Cu2+ , whereas the central
metal ions in the big single crystal of 1 could be largely ex-
changed with Cd2+ and partially with Pb2+ and Cu2+ . Also,
1 could be employed as a fluorescent chemosensor and an
electrochemical probe for multi-ion analysis.


Results and Discussion


X-ray structure of 1: Compound 1 was prepared by combin-
ing d10 Zn2+ ions with highly conjugated 4,4’-bpy and disodi-


um ferrocene-1,1’-disulfonate. A single-crystal X-ray diffrac-
tion study reveals that polymer 1 is a 2D network with the
molecular formula [Zn ACHTUNGTRENNUNG(4,4’-bpy)2 ACHTUNGTRENNUNG(FcphSO3)2]n, which crys-
tallizes in the space group C2/c. The building unit of 1 is il-
lustrated in Figure 1, in which the central zinc ion adopts a


slightly distorted octahedral environment by coordinating to
four pyridyl groups of four 4,4’-bpy bridging ligands and two
FcphSO3


� ions.
In the coordination polymer 1, there are two types of 4,4’-


bipyridine ligands, which are distinguished by the dihedral
angles of their two pyridine rings (0 and 29.68), and these
two pyridine linkers join with the Zn atoms to form a 2D
(4,4) grid network (Figure 1d). The shortest distances be-
tween the two adjacent parallel linkers in this structure are
11.454 and 11.674 K, respectively. Simultaneously, FcphSO3


�


ions are set in the axis of ZnII nodes. Viewed along the b
plane, there are numerous face-to-face interlaced unsaturat-


ed oxygen atoms of sulfonate
groups from the adjacent plane.
Overall this gives rise to a 2D
bilayered network with the po-
tential for high selectivity for
metal ions.


Removal of toxic metal ions
upon metal ion-exchange in-
duced SCTSC transformation :
We focused primarily on the
ion removal properties of the
big single crystal of 1 in
1.0 mgmL�1 aqueous Cd ACHTUNGTRENNUNG(NO3)2.
Interestingly, an isomorphousScheme 1. FcphSO3Na=m-ferrocenyl benzenesulfonate.


Figure 1. a) The building block of 1. b) The molecular structure of Cd-ex-
change-induced product 2. c) The crystal structure of Pb-exchange-in-
duced product 3. d) The polymeric structure of 1 viewed along the b
plane. Cd atom is shown as cyan; Zn purple; O red; N blue; S yellow; C
light gray; Fe orange, and hydrogen atoms were omitted for clarity.
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crystal of 1, namely 2, was obtained by ion-exchange in-
duced SCTSC transformation. X-ray diffraction analysis of
the still intact crystal (Figure 1b) confirmed that an SCTSC
phase transformation had occurred, resulting in a Cd–Zn
complex. This complex has an analogous crystal structure to
1. It is notable that in the synthesis of crystalline solid-state
materials, an outstanding challenge is to alter the chemical
composition without changing the underlying topology.[15]


Compound 2 was analyzed carefully by using an atomic
sorption spectrophotometer and the content of zinc and cad-
mium atoms was 37.18 and 62.82%, respectively (see
Figure 2). These results were consistent with the elemental
analysis. Nevertheless, transport of cadmium ions through
the lattice was not considered to be a homogeneous process,
as evidenced by the unambiguous SCTSC transformation
that took place over a period of more than a month
(Figure 2).


To gain insight into the mechanism of the phase transition
induced by ion-exchange, we conducted a series experiments
on the big single crystal of 1 in solutions containing the
same concentration of aqueous CdACHTUNGTRENNUNG(NO3)2 after different
time intervals. The plot of the percentage of central metal
ions after different periods of time is illustrated in Figure 3.
The amount of Cd in the big single crystal of 1 increased
rapidly during the first six days, and then more slowly after
a week, and then a month later, it stabilized at 62.82%. In
contrast, the percentage of Zn in the big single crystal of 1
decreased rapidly in the first six days, then decreased gradu-
ally, and then stabilized at 37.18% after a month. Such a
transformation could be significant in designing new func-
tional materials for eliminating toxic metal ions. The ration-


al mechanism can be postulated on the basis of metal ion
exchange. We believe that the relative metal ion exchange
properties of this polymer are in good accord with its coor-
dination ability toward transition metal ions. The additional
metal ions interact with the unsaturated sulfonate groups,
and this interaction closely associates with ion exchange
properties and may result in ion exchange.
More significantly, this behavior is observed not only with


Cd, but also with Pb and Cu ions. Lead and copper ions can
also induce the unambiguous SCTSC transformation of 1.
Reliable evidence for this comes from the central metal ion
composition of the Pb-exchange induced product[12] 3 (Fig-
ure 1c) and the Cu-exchange induced product 4, both of
which were also measured by atomic absorption spectrosco-
py (Pb 23.57, Zn 76.43, Cu 49.87, Zn 50.13%) and con-
firmed by elemental analysis. The crystal structure of poly-
mer 3 was further determined by single-crystal X-ray dif-
fraction measurements. Although complex 3 was also ob-
tained by metal-ion-exchange induced SCTSC transforma-
tion from 1, the crystal structure of 3 differs from that of 1.
Polymer 1 crystallized in the C2/c space group, whereas po-
lymer 3 crystallized in the P4(3)2(1)2 space group (see
Table 1). Unlike the regular reticular polymer 1, the anionic
parts in the building blocks of 3 lie on the same side to form
a chiral complex. Thus far, it might be anticipated that the
different structures of these products are caused by ion-ex-
change behavior. Additionally, on the basis of the X-ray dif-
fraction analysis of polymers 2 and 3, we believe that the re-
moval of toxic metal ions, such as Cd2+ , Pb2+ and Cu2+ , by
the big single crystal of 1 is attributed to the ion-exchange
behavior.


Regeneration of metal-ion-exchanged products : As we men-
tioned above, ion-exchange behavior could be used to pro-
duce new materials in the big single crystal. Accordingly, we
wanted to know whether 1 could be recovered from the Cd-
exchanged product 2. Therefore, we immersed a collection


Figure 2. Photographs of single crystals of 1 in the ion-exchange process.


Figure 3. The percentage of central metal of Cd-exchanged product at
different times (* and & represent the percentage of Cd and Zn ions in
ion-exchanged product, respectively).
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of big crystals of 2 in aqueous solutions of Zn ACHTUNGTRENNUNG(NO3)2 (2 mL,
10 mgmL�1), and after a about 14 days, we obtained the
compound 5 (see Scheme 1) in which the Zn content had
risen again slightly. As shown in Figure 4, compound 5 has


the same space group as 1 and 2. Compound 5 was also
carefully analyzed by using an atomic sorption spectropho-
tometer and the zinc atom content was found to be 58.8%,
whereas that of cadmium was 41.2%. Thus, the swing to-
wards the single crystal 2 could be partly achieved by an
ion-exchange induced single-crystal-to-single-crystal trans-
formation. This property is helpful not only for the repeated
application of such materials, but also for the synthesis of
new solid materials with similar structure and different
metal cores.


Removal of harmful metal ions by metal ion sorption and
exchange : Usually, clinical medicines were made into uni-
form powders to allow the preparation of homogeneous
mixtures with starch powder.[16] If our polymers were to be
employed as clinical drugs, first of all, they would need to
be ground into powders. As we know that there are differ-


ences between the ion-removal properties of the big crystal
and abrasive powder forms, we decided to test this by using
10.0 mg of powdered 1 to measure its ion-removal proper-
ties from solutions of divalent copper, lead, and cadmium
salts, (10 mL, 1.0 mgmL�1), respectively. Figure 5 displays
the different ion-exchange behavior of powdered 1 with
these divalent metal salts. In the same solution concentra-
tion of these metal ions, besides the exchange of the central
zinc ion, powdered 1 could also adsorb a large amount of
metal ions from aqueous solutions of such divalent metal
ions. This behavior is quite different to that of the big crystal
of 1 because the specific surface area of powdered 1 is much
larger than that of the big crystal of 1. Thus, the central zinc
ion could be partly replaced by other metal ions, but metal
ion sorption also takes place when powdered 1 is used.


Table 1. Crystal data and structure refinement for polymers 1–3 and 5.


Complexes 1 2 3 5


formula C104H84Fe4N8O12S4Zn2 C52H46Cd0.6Zn0.4Fe2N4O8S2 C52H42Fe2N4O6S2Zn0.75Pb0.25 C52H46Zn0.6Cd0.4Fe2N4O8S2
Fw 2120.17 1124.06 1195.6 1114.1
T [K] 291(2) 291(2) 293(2) 293(2)
color red red red red
crystal system monoclinic monoclinic tetragonal monoclinic
space group C2/c C2/c P4(3)2(1)2 C2/c
a [K] 17.2333(16) 17.4198(18) 11.4381(4) 17.345(5)
b [K] 11.6743(11) 11.8550(12) 11.4381(4) 11.809(3)
c [K] 22.857(2) 23.497(2) 34.847(3) 23.396(7)
a [8] 90 90 90 90
b [8] 101.5120(10) 103.1700(10) 90 103.083(3)
g [8] 90 90 90 90
V [K3] 4506.1(7) 4724.8(8) 4559.1(4) 4668(2)
Z 2 4 4 4
1calcd ACHTUNGTRENNUNG[gcm


�3] 1.563 1.607 1.544 1.588
R1, wR2 [I>2s(I)] R1=0.0335, wR2=0.0735 R1=0.0269, wR2=0.0717 R1=0.0271, wR2=0.0701 R1=0.047, wR2=0.1241


Figure 4. A concentrated aqueous solution of ZnACHTUNGTRENNUNG(NO3)2 was used to re-
generate the big single crystal of 2.


Figure 5. The percentage of adsorbed metal ions and exchanged zinc ions
of powdered 1 in different nitrate solution concentrations of Mn2+ , Co2+ ,
Ni2+ , Cu2+, Zn2+ , Cd2+ , Pb2+ . The red, orange, and yellow columns rep-
resent the percentage of exchanged zinc ions in 10, 100, and
1000 mgmL�1, respectively, whereas the brown, blue, and cyan columns
represent the percentage of adsorbed metal ions in 10, 100, and
1000 mgmL�1, respectively.
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As such, we measured the metal ion-removal properties
of divalent copper salts, lead salts and cadmium salts, re-
spectively, in solutions (10 mL, 0.01 and 0.10 mgmL�1) using
employed powdered 1 (10.0 mg). As shown in Figure 5, we
find that as the solution concentration of metal salts increas-
es, the percentage of adsorbed metal ions decreases, espe-
cially for copper and lead ions. In 0.01 mgmL�1 solutions, 1
could adsorb almost all of the metal ions (97.40 and
97.59%, for copper and lead, respectively), but in
1.0 mgmL�1 solutions, although 1 can adsorb a large quanti-
ty of lead and copper ions, the percentage of adsorbed
metal ions is very low (12.05 and 16.51%, for copper and
lead, respectively). Bearing this in mind, the percentage of
exchanged zinc ions and the quantity of adsorbed metal ions
increase with the increase of the solution concentration of
metal salts. Thus, it might be anticipated that in dilute solu-
tion, metal ion sorption is mainly occurring, whereas both
ion sorption and exchange are the dominant processes in
concentrated solution. From the experimental results, it is
clear that 1 could adsorb large amounts of harmful metal
ions (especially Pb2+ ions) from aqueous metal salts at solu-
tion concentrations from 0.01 to 1.0 mgmL�1. It is notable
that 10 mg of 1 could adsorb more than 1.032 mg Pb2+ when
exposed to aqueous lead nitrate solutions (10 mL
1.0 mgmL�1). It is well known that among the toxic metal
ions, Pb2+ is one of the important targets because of the ad-
verse health effects of lead exposure, particularly in chil-
dren.[17] Although considerable efforts have been devoted to
removing lead ions over the last few decades,[18] efficient
materials are still not readily available. Remarkably, the ad-
ditional advantage of this kind of material lies in the supple-
ment of nutrient elements with respect to the exchange
mechanism. Figure 6a shows the photographs of powdered 1
and activated carbon, which were immersed in aqueous Cu-


ACHTUNGTRENNUNG(NO3)2 solutions (20 mgmL�1) for one hour. Although acti-
vated carbon is regarded as an excellent adsorbent, the ad-
sorption capacity of powdered 1 in aqueous CuACHTUNGTRENNUNG(NO3)2 clear-
ly exceeds that of activated carbon. After two days, ad-
sorbed copper ions were released from the activated carbon,
whereas the solution in the tube that contained powdered 1
as adsorbent remained the same as it was after immersion
for one hour. Thus, it might be anticipated that the adsorp-
tion mechanism of 1 is different to other porous activated
carbon materials. Clearly, 1 could adsorb a large amount of
metal ions because of its porous structure and free function-
al groups, whereas activated carbons are reliant on their
porous structure alone. Additionally, the powder X-ray dif-
fraction (PXRD) pattern (Figure 6b) of 1 resembles that of
the product of 1 that has adsorbed Cu2+ ions. This means
that the crystal structure of 1 could be retained after it has
served as a metal ion adsorbent. Furthermore, ion exchange
and sorption properties of powdered 1 are also applicable
for other harmful metal ions, such as Mn2+ , Co2+ , and Ni2+ .


Selectivity of 1 for metal ions : Clearly, powdered 1 could be
used to adsorb many metal ions, such as Pb2+ , Cu2+ , Mn2+ ,
Co2+ , and Ni2+ . However, when all these metal ions coexist
in solution, powdered 1 selectively adsorbs large amounts of
Pb2+ ions and very few Cu2+ ions. This behavior is different
from that of the big cubic single crystal of 1. When big crys-
tals of 1 were immersed in an aqueous solution containing
different metal ions, each at concentration of 1.0 mgmL�1,
the central zinc ions in single crystal 1 were exchanged pri-
marily with Cd2+ ions, and with very few Pb2+ and Cu2+


ions. Clearly, when different metal ions coexisted in solu-
tion, only ion exchange took place in the big cubic single
crystal of 1, whereas in powdered 1, both ion exchange and
ion sorption were dominant processes. This behavior is simi-


Figure 6. a) Powdered 1 and activated carbon (AC) were respectively immersed in 20 mgmL�1 aqueous Cu ACHTUNGTRENNUNG(NO3)2 solutions for 1 h. b) PXRD pattern of
1 and the product of 1 that had adsorbed Cu2+ ions. The red line represents the XRD pattern of powdered 1; blue line, the product of 1 that had ad-
sorbed Cu2+ ions; black line, simulated pattern from X-ray single-crystal diffraction measurement of 1.
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lar to that for a solution which only contains one type of
metal ion. In addition, X-ray diffraction single-crystal analy-
sis reveals that the immersed crystal also has the same space
group and analogous cell parameters (a=17.2765, b=


11.8306, c=23.3679 K; b=102.421758) as those of 1 (a=


17.2333, b=11.6743, c=23.857 K; b=101.5128). Thus it is
presumed that 1 still retains its solid structure after it had
been immersed in solutions containing ions of different
metals for a time.
Of course, other reported methods[19] also can effectively


remove metal cations such as Pb2+ and Cd2+ . For example,
electrodialytic remediation (EDR)[20] was used to remove
79–98 and 91–96% of Pb and Cd ions, respectively, from
contaminated harbor sediment recently. However, rigorous
experimental conditions (including pH value) and compli-
cated experimental equipment restrict the scope of these ap-
plications. In contrast, polymeric ferrocenyl sulfonate has a
very high adsorption capability even under moderate condi-
tions without the necessity of an auxiliary facility, such as
acidic conditions, alkaline conditions, surface active agents,
dispersing agent, or buffering agents. Most significantly, a
small quantity of beneficial zinc metal ions could be ex-
changed when we employed such polymeric complexes to
adsorb toxic metal ions. It is well known that zinc is an ele-
ment that each of us needs; the daily required dosage is
15 mg per person. However, it should be noted that it is
hard to achieve the values below the limits accepted in
water through one time simple adsorption of a massive dose
of heavy metal ions by the use of complexes such as metal
ion adsorbents.


Multi-ion analysis : To detect the toxic residue, we must
revert to some metal ion probes. Remarkably, compound 1
also could be employed alone as a fluorescent probe to
detect dangerous metal ions, such as Pb2+ , Cd2+, Ag+, Cu2+.
The fluorescence responses of 1 in DMF solution in the
presence of different concentrations of copper ions are dis-
played in Figure 7. Analogous to previous observations,[21]


fluorescence intensity could be greatly shifted on the addi-
tion of the above-mentioned metal ions. Nevertheless, inter-


ferences are introduced by the change of the dosages of
these metal ions. However, previously reported fluorescent
chemosensors are only sensitive to one or two particular
metal ions.[22] More importantly, 1 exhibits a highly selective
response to most of the heavy-metal ions. Taken together,
the sensing properties of 1 might be caused by unoccupied
functional groups. To the best of our knowledge, no reports
have been published on this type of study to date.


Electrochemical cation-recognition investigations : One of
the most interesting attributes of the ferrocenyl sulfonate
compound reported here is the presence of metal ion bind-
ing sites on the ferrocenyl group, which can be affected by
the presence of metal ions and transform chemical informa-
tion at the molecular level into a macroscopic signal that is
easily measurable.[23] Due to this structural feature, the de-
tailed study of its protonation and metal–recognition proper-
ties was of interest. An electrochemical study was carried
out with the aim of the electrochemical detection of heavy
toxic metal ions such as Pb2+ , Cd2+ , Ni2+ , Co2+ , Cu2+ , and
Mn2+ .
Reversibility and relative potentials of redox processes of


complex 1 were determined by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in solutions contain-
ing [(nBu)4N]ClO4 (0.1m) in DMF (5N10�4m). CV and DPV
were used to evaluate the strength of the interaction be-
tween the metal centers and complex 1. The shift of the oxi-
dation potential of the redox-active groups as a function of
the presence and absence of Pb2+ , Cd2+ , Ni2+ , Co2+ , Cu2+ ,
Zn2+ , and Mn2+ ions was monitored in DMF. Electrochemi-
cal studies of 1 indicate that this receptor behaves as a selec-
tive electrochemical sensor for ions of different metals.
Complex 1 shows significant shifts of the oxidation potential
of the ferrocenyl groups upon addition of large amounts of
metal ions. However, addition of very small amounts of
Cd2+ , Mn2+ , Zn2+ , Mn2+ , Co2+ , Ni2+ , and Pb2+ ions to this
complex do not promote any significant change in the corre-
sponding electrochemical responses. For instance, the elec-
trochemical response found for 1 in the presence of different
concentrations of copper ions is displayed in Figure 8.


Conclusion


We have demonstrated a new kind of molecular aspirator
for the removal of hazardous metal ions. Most significantly,
the big single crystal of 1 could be partly recovered by an
ion-exchange-induced single-crystal-to-single-crystal trans-
formation. Furthermore, this kind of compound could also
be utilized as a fluorescent chemosensor and electrochemi-
cal probe to identify most of the heavy-metal ions. The func-
tional mechanism of such materials might be ascribed to the
presence of the free functional groups in this kind of com-
pound. These results provide an entry to a promising new
field of metal ion adsorbents, molecular drugs, and chemical
probes based on porous coordination polymers with free
functional groups.


Figure 7. Fluorescence spectra of 1 (5.0N10�5m) in DMF solution in the
presence of different concentrations of Cu2+ ions (lex=360 nm).
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Experimental Section


[Zn ACHTUNGTRENNUNG(4,4’-bpy)2 ACHTUNGTRENNUNG(FcphSO3)2]n (1): Two-dimensional polymeric zinc ferro-
cene-1,1’-disulfonate was prepared by mixing Zn ACHTUNGTRENNUNG(NO3)2·6H2O (0.027 g,
0.1 mmol) with FcphSO3Na (2.0 equiv, 0.073 g, 0.2 mmol) and 4,4-bpy
(2.0 equiv, 0.033 g, 0.2 mmol) in methanol (4 mL). The desired inclusion
complex crystallized by slow evaporation at room temperature as a red
crystalline solid (yield 63%). IR (KBr): ñ =3445 (s), 3099 (m), 1609 (s),
1536 (w), 1490 (w), 1416 (s), 1385 (m), 1255 (s), 1219 (m), 1179 (s), 1126
(s), 1067 (s), 1039 (s), 998 (w), 903 (w), 768 (s), 732 (w), 702 (w), 661 (w),
620 (w), 604 (s), 534 (w), 505 cm�1 (m); elemental analysis calcd (%) for
C104H84Fe4N8O12S4Zn2: H 3.99, C 58.91, N 5.28, S 6.05; found: H 4.18, C
59.00, N 5.38, S 6.13.


{[Cd0.6Zn0.4 ACHTUNGTRENNUNG(4,4’-bpy)2ACHTUNGTRENNUNG(FcphSO3)2]·H2O}n (2): A solution of Cd-
ACHTUNGTRENNUNG(NO3)2·4H2O (0.031 g, 0.1 mmol) in methanol (5 mL) was treated with a
collection of big single crystals of 1 (0.024 g). The mixture was left for 30
days and red transparent crystals were obtained at room temperature.
The crystals were stable in air. IR (KBr): ñ=3488 (m), 3092 (m), 2922
(w), 1604 (s), 1535 (w), 1491 (w), 1416 (s), 1251 (s), 1220 (m), 1178 (s),
1123 (s), 1040 (s), 1001 (w), 826 (s), 801 (s), 767 (w), 702 (w), 660 (w),
621 (s), 536 (w), 501 cm�1 (m); elemental analysis calcd (%) for
C52H46Cd0.6Zn0.4Fe2N4O8S2: H 4.12,C 55.55, N 4.98, S 5.70; found: H 4.17,
C 55.27, N 4.95, S 5.59.


[Zn0.75Pb0.25 ACHTUNGTRENNUNG(4,4’-bpy)2 ACHTUNGTRENNUNG(FcphSO3)2]n (3): Compound 3 was prepared analo-
gously to compound 2 by using an aqueous Pb ACHTUNGTRENNUNG(NO3)2 solution instead of
a solution of Cd ACHTUNGTRENNUNG(NO3)2 in methanol. The mixture was left for 30 days and
red transparent crystals were obtained at room temperature. The crystals
were stable in air. IR (KBr): ñ =3426 (s), 2364 (m), 1605 (s), 1414 (s),
1254 (s), 1177 (s), 1125 (m), 1039 (s), 803 (s), 621 cm�1 (s); elemental


analysis calcd (%) for C52H46Zn0.75Pb0.25Fe2N4O8S2: H 4.10, C 55.19, N
4.95, S 5.67; found: H 4.14, C 54.97, N 4.92, S 5.81.


[Cu0.5Zn0.5 ACHTUNGTRENNUNG(4,4’-bpy)2ACHTUNGTRENNUNG(FcphSO3)2]n (4): Compound 4 was prepared analo-
gously to compound 2 by using a solution of CuACHTUNGTRENNUNG(NO3)2 in methanol in-
stead of a solution of Cd ACHTUNGTRENNUNG(NO3)2 in methanol. The mixture was left for 30
days and blue transparent crystals were obtained at room temperature.
The crystals were stable in air. Elemental analysis calcd (%) for
C52H46Cu0.5Zn0.5Fe2N4O8S2: H 4.23, C 57.03, N 5.12, S 5.86; found: H 4.34,
C 56.89, N 4.99, S 5.91.


[Zn0.6Cd0.4 ACHTUNGTRENNUNG(4,4’-bpy)2ACHTUNGTRENNUNG(FcphSO3)2]n (5): Several big single crystals of 2
(0.011 g) were immersed in an aqueous solution of Zn ACHTUNGTRENNUNG(NO3)2 (2.0 mL,
20 mgmL�1). The mixture was left for two weeks and red transparent
crystals were obtained at room temperature. The crystals were stable in
air. IR (KBr): ñ=3468 (m), 3090 (m), 2363 (m), 1603 (s), 1536 (w), 1491
(w), 1416 (s), 1252 (s), 1220 (m), 1178 (s), 1122 (s), 1038 (s), 1002 (w),
827 (s), 802 (s), 766 (w), 701 (w), 660 (w), 621 (s), 536 (w), 500 cm�1 (m);
elemental analysis calcd (%) for C52H46Zn0.6Cd0.4Fe2N4O8S2: H 4.16, C
56.02, N 5.02, S 5.75; found: H 4.17, C 56.17, N 5.05, S 5.59.


Crystallographic studies : Diffraction intensity data for a single crystal of
1–3 and 5 were collected at room temperature on a Bruker Smart CCD
diffractometer equipped with graphite-monochromated MoKa radiation
(l=0.71073 K) and can be seen in Table 1. Compound 5 was measured
at room temperature on a Ragaku Smart CCD diffractometer. The struc-
tures were solved by direct methods and refined by using the full-matrix
least-squares method on F2 with anisotropic thermal parameters for all
non-hydrogen atoms.[24] Hydrogen atoms were located geometrically and
refined isotropically. CCDC-630122, CCDC-630123, and CCDC-630124
contain the crystallographic data of 1–3 for this paper, respectively.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Ion exchange and sorption test : The sorption behavior of divalent metal
salts from aqueous solutions was investigated by using the batchwise
method at room temperature. The concentration of the nitrate salts of
Mn2+ , Co2+ , Ni2+ , Cu2+ , Zn2+ , Cd2+ , and Pb2+ ions in aqueous solution
was determined by atomic absorption spectrometry. The amount of cat-
ions adsorbed and cadmium ions exchanged were also determined by
using a Z28000 graphite-oven atomic absorption spectrophotometer.


Fluorescent properties test : Fluorescence spectra were obtained by using
a FluoroMax-P spectrometer with 5 nm excitation and emission slit
widths. All solutions of fluorescent chemosensor 1 and metal nitrates
were prepared in analytical grade DMF without special effort to exclude
water or air. Both the absorption and fluorescence titrations were carried
out by the addition of small volumes of metal ion solutions to sensor 1
(2.0 mL, 5.0N10�5m) in a quartz cuvette. For all measurements, the exci-
tation wavelength was 360 nm.


Electrochemistry test : Electrochemical experiments were performed in a
low-volume three-electrode cell in dry, degassed DMF (analyte concen-
tration of 5N10�4m). The background electrolyte was nBu4ClO4 (0.1m).
The working electrode was a Pt disk with a diameter of 2 mm, and the
auxiliary electrode was a Pt foil. Potentials were reported relative to a
commercially available saturated calomel electrolyte. To prevent fouling,
the working electrode was polished before each addition of cation. Pure
N2 gas was bubbled through the electrolytic solution to remove oxygen.
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Hydroformylation of 1-Octene
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Introduction


The hydroformylation of alkenes is one of the most impor-
tant homogeneously catalysed reactions in industry. The ad-
dition of carbon monoxide and hydrogen to alkenes, cata-
lysed by homogeneous cobalt, rhodium or platinum cata-
lysts, leads to the clean formation of aldehydes. The alde-
hydes are used in the manufacture of detergent and plasti-
ciser alcohols and other butanal-derived products on a
multi-ton scale. In principle, complete atom efficiency can


be achieved; all atoms of the reactants are incorporated in
the final product. This atom efficiency is crucial, because the
production of these aldehydes exceeds eight million tons per
annum.[1]


For the industrial production of butanal through hydrofor-
mylation of propene, several catalyst systems have been de-
veloped (and patented) that show high activity and high re-
gioselectivity towards the formation of the desired linear al-
dehyde. These catalyst systems are based on rhodium, often
modified by wide-bite-angle bidentate phosphane ligands
based on the highly successful BISBI ligand backbone
(BISBI= 2,2’-bis((diphenylphosphino)methyl)-1,1’-biphen-
yl), the Xanthene family of backbones[2] or related backbone
structures.[3] Bulky wide-bite-angle diphosphite ligands have
also been applied successfully in rhodium-catalysed hydro-
formylation reactions (see Scheme 1). These electron-poor
ligands generate highly active catalyst systems that show
very high regioselectivity towards the formation of linear al-
dehydes, even in the hydroformylation of internal alkenes to
linear aldehydes.[4]


The generally accepted dissociative catalytic cycle for the
hydroformylation of alkenes catalysed by phosphane-modi-
fied rhodium catalysts (Scheme 2) was first proposed by Wil-
kinson and co-workers.[5] Starting from trigonal-bipyramidal


Abstract: The rate-determining step in
the hydroformylation of 1-octene, cata-
lysed by the rhodium–Xantphos cata-
lyst system, was determined by using a
combination of experimentally deter-
mined 1H/2H and 12C/13C kinetic iso-
tope effects and a theoretical approach.
From the rates of hydroformylation
and deuterioformylation, a small 1H/2H
isotope effect of 1.2 was determined
for the hydride moiety of the rhodium
catalyst. 12C/13C isotope effects of
1.012(1) and 1.012(3) for the a-carbon
and b-carbon atoms of 1-octene were


determined, respectively. Both quan-
tum mechanics/molecular mechanics
(QM/MM) and full quantum mechanics
calculations were carried out on the
key catalytic steps, for “real-world”
ligand systems, to clarify whether
alkene coordination or hydride migra-
tion is the rate-determining step. Our


calculations (21.4 kcalmol�1) quantita-
tively reproduce the experimental
energy barrier for CO dissociation
(20.1 kcalmol�1) starting at the (bi-
sphosphane)RhH(CO)2 resting state.
The barrier for hydride migration lies
3.8 kcalmol�1 higher than the barrier
for CO dissociation (experimentally
determined trend ~3 kcalmol�1). The
computed 1H/2H and 12C/13C kinetic
isotope effects corroborate the results
of the energy analysis.
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rhodium hydride species 1, coordinatively unsaturated spe-
cies 2 is generated by loss of either one phosphane ligand or
one carbon monoxide ligand. Alkene coordination yields 18-
electron complex 3, which can undergo hydride migration to
form another coordinatively unsaturated species 4. Carbon
monoxide (re)coordination, followed by insertion yields acyl
complex 6. This complex can either react with carbon mon-
oxide yielding complex 7 or it can react with H2, liberating
the aldehyde product and regenerating the rhodium hydride
species 2.
Under standard hydroformylation conditions, most reac-


tion steps discussed above are believed to be reversible with
the exception of the product-forming hydrogenolysis of spe-
cies 6. Furthermore, deuterioformylation experiments by
Lazzaroni and co-workers by using the unmodified rhodi-
um-carbonyl catalyst reveal that in the hydroformylation of
both 1-hexene and styrene by using this catalyst system, the
formation of alkyl complex 4 is essentially irreversible at
room temperature. However, the formation of branched
alkyl complexes becomes reversible at elevated tempera-
tures.[6] Similar studies on the hydroformylation of 1-hexene
by bisphosphane-modified rhodium catalysts by Casey and
co-workers show that also for these electron-rich catalyst
systems, the formation of alkyl complexes 4 is essentially ir-
reversible under mild hydroformylation conditions.[7]


The relative rates of the individual reaction steps are in-
fluenced by the ligands employed in the reaction. Depend-


ing on the electronic and steric properties of the ligand, dif-
ferent reaction kinetics have been observed experimentally.
Generally, the observed reaction kinetics are simplified to
fit one of two extreme cases. For catalysts modified by elec-
tron-poor ligands such as bulky monophosphites and the un-
modified rhodium-carbonyl catalyst, the hydrogenolysis of
acyl species 6 controls the overall rate of hydroformyla-
tion.[8,9] Consequently, the observed rate of hydroformyla-
tion for these catalysts systems is independent of the alkene
concentration, the rate shows a negative order in carbon
monoxide concentration and it exhibits a first-order rate de-
pendency on the hydrogen concentration (often referred to
as Type II kinetics). The resting state of these catalysts is
the acyl complex 7, which has been observed spectroscopi-
cally.[8,10] In contrast, the kinetics for electron-rich ligands,
including most bidentate phosphane ligands, are consistent
with a rate-determining step early in the catalytic cycle
(Type I kinetics). For these ligands the resting state of the
catalyst is the penta-coordinate rhodium hydride species 1.
Previously, it has been shown that under the experimental
conditions, the rate of carbon monoxide dissociation from
complex 1 is two orders of magnitude higher than the over-
all rate of hydroformylation.[11,12] Therefore, either the rate
of alkene coordination or the rate of hydride migration gov-
erns the overall rate of hydroformylation, but which one is
actually rate-limiting remains unclear.
Here we present an investigation into the rate-determin-


ing step in the hydroformylation of 1-octene, catalysed by
the rhodium–Xantphos catalyst system. In this study, we
used a combination of 1H/2H and 12C/13C isotope effects to
discriminate between alkene coordination and hydride mi-
gration as the rate-limiting step in the hydroformylation of
1-octene. The effect of isotopic substitution on the hydride
moiety of the rhodium catalyst on the rate of hydroformyla-
tion was studied by comparing the relative rates of hydrofor-
mylation and deuterioformylation of 1-octene. Interestingly,
whilst deuterioformylation has been used extensively to
probe the reversibility of the formation of alkyl complex 4,
the relative rates of hydroformylation and deuterioformyla-
tion have not been compared previously. Since the addition
of H2 to complex 6 is not rate-limiting for these wide-bite-
angle bisphosphane catalyst systems (Type I kinetics), the
relative rates of hydroformylation and deuterioformylation
should allow a direct discrimination between a rate-limiting
alkene coordination and hydride migration reaction step in
the hydroformylation of 1-alkenes. For the hydride migra-
tion reaction, which involves transfer of a hydride moiety
from the metal centre to the coordinated alkene ligand, a
large primary kinetic isotope effect would be expected. In
contrast, the hydride moiety is not involved directly in the
coordination of 1-octene to the metal centre. Therefore, if
alkene coordination determines the overall rate of hydrofor-
mylation, the observed kinetic isotope effect would be ex-
pected to be small or absent.
To complement the 1H/2H kinetic isotope effect, 12C/13C


kinetic isotope effects caused by the isotopic substitution in
the alkene substrate were also investigated. If alkene coordi-


Scheme 1. Wide-bite-angle ligands applied in the rhodium-catalysed hy-
droformylation. From left to right: BISBI-based bidentate ligands, the
xanthene family of ligands, diaryl bicyclo ACHTUNGTRENNUNG[2.2.n] compounds and wide-
bite-angle diphosphite ligands.


Scheme 2. Dissociative hydroformylation catalytic cycle as proposed by
Wilkinson and co-workers.
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nation to complex 2 is rate-limiting, a primary kinetic iso-
tope effect is expected at both the a-carbon and b-carbon
positions of 1-octene, because both atoms are involved in
the reaction similarly. On the other hand, if the hydride mi-
gration reaction is rate-determining, only one carbon atom
is involved in the formation of the new carbon�hydrogen
bond. The other carbon atom is involved in the formation of
a rhodium�carbon s-bond, but the vibrational energy of this
bond is much lower than the vibrational energy of the
carbon�hydrogen bond. Combined with the high kinetic
preference for the formation of the linear aldehyde product
for the Xantphos catalyst system, this would yield a large
observed kinetic isotope effect at the b-position and a signif-
icantly smaller kinetic isotope effect at the a-position of the
alkene substrate.
To explain the experimentally determined kinetic isotope


effects and to unravel the rate-determining step of the reac-
tion, DFT-based calculations on the initial steps of the hy-
droformylation reaction were performed on “real-world”
rhodium–bisphosphane catalyst systems. Based on the com-
bined experimental and the theoretical results, we were able
to determine unambiguously the rate-limiting step in the hy-
droformylation of 1-octene, catalysed by the rhodium–Xant-
phos catalyst system.


Results and Discussion


1H/2H kinetic isotope effect : We have studied the relative
rates of hydroformylation and deuterioformylation of 1-
octene by using the rhodium–Xantphos catalyst system. The
initial rate of aldehyde formation was determined by high-
pressure infrared spectroscopy. Although this approach does
not yield absolute rates of reaction, it does allow the com-
parison of different rates under identical reaction conditions.
Furthermore, it allows us to study the initial rate of reaction
in detail, revealing any incubation effects at the start of the
reaction. Finally, the resting state of the catalyst can be
monitored during the reaction. A change of the resting state
of the catalyst from, for instance, complex 1 to acyl complex
7 might indicate a change in reaction kinetics between the
hydroformylation and deuterioformylation of 1-octene.
Initially, the dependency of the rate of hydroformylation


on the concentration of 1-octene in the reaction mixture was
determined at 80 8C, at 20 bar of H2/CO (1:1) and a rhodium
concentration of 1.0 mm. The results are shown in Figure 1.
A clear first-order rate dependence is observed, consistent
with a rate-determining reaction step early in the catalytic
cycle (Type I kinetics). Incubation effects after the addition
of 1-octene were not observed. Subsequently, we studied the
relative rates of hydroformylation and deuterioformylation
at 80 8C and 20 bar of H2/CO or D2/CO at a rhodium con-
centration of 1.0 mm and an initial 1-octene concentration of
637 mm. An example of the graphs obtained from both the
hydroformylation and deuterioformylation of 1-octene is
shown in Figure 2. Clearly, for both hydroformylation and
deuterioformylation, the reaction starts immediately and no


incubation effects are observed. Although the formation of
new carbon�deuterium bonds in the aldehyde product
during deuterioformylation partially obscures the absorp-
tions of the carbonyl ligands of the catalyst, no changes in
the resting state were observed upon addition of alkene sub-
strate, neither in the hydroformylation nor in the deuterio-
formylation reaction. The formation of acyl species 7, which
have a very characteristic infrared adsorption around
1675 cm�1 for phosphane-modified catalyst systems,[13] was
not observed. Furthermore, GC analysis of the final prod-
ucts revealed no large differences between the regioselectiv-
ities of the hydroformylation and deuterioformylation reac-
tions.
The observed initial reaction rate for the hydroformyla-


tion of 1-octene was (17.6�1.1) a.u.min�1mmolRh�1,
whereas the observed rate of deuterioformylation was
(14.4�1.8) a.u.min�1mmolRh�1. This results in an observed
kinetic 1H/2H isotope effect of 1.22�0.11. These results
were verified by regular batch autoclave experiments at
60 8C. The results from these experiments are shown in
Table 1. From the turnover frequencies of hydroformylation
and deuterioformylation, a 1H/2H kinetic isotope effect of
1.18�0.02 was calculated, in good agreement with the ex-
periments performed in the high-pressure infrared cell.


Figure 1. Dependence of the rate of hydroformylation (measured as the
initial change in the intensity of the nC=O of the aldehyde product per
second per mmol catalyst) on the initial 1-octene concentration ACHTUNGTRENNUNG[1-
octene]0, determined by high-pressure IR spectroscopy.


Figure 2. The rates of hydroformylation (*) and deuterioformylation (&)
of 1-octene, monitored by the increase in the nC=O adsorption of the alde-
hyde product by high-pressure infrared spectroscopy.
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The observed kinetic isotope effect was small, suggesting
a rate-limiting step for the hydroformylation of 1-octene
which does not involve the transfer of the hydride moiety.
However, the magnitude of the observed kinetic isotope
effect greatly depends on the atoms involved in the reaction
and the geometry of the transition state. Whilst for many or-
ganic reactions primary 1H/2H kinetic isotope effects of 5–7
are observed, many examples exist where the observed pri-
mary 1H/2H kinetic isotope effect is unusually small (or
large).[14] Especially in reactions involving non-linear transi-
tion states, primary kinetic isotope effects can be much
smaller than expected. Indeed, previous theoretical studies
on the hydride migration step of the hydroformylation reac-
tion have shown that the geometry of the transition state is
far from linear.[15–20] Furthermore, because the hydride mi-
gration step in the hydroformylation reaction involves the
breaking of a rhodium�hydride bond, which is significantly
different from a carbon�hydrogen bond, interpretations
purely based on a single small 1H/2H kinetic isotope effect
can be misleading. A more detailed discussion is provided
below.


12C/13C kinetic isotope effects : 12C/13C isotope effects on the
a-carbon and b-carbon atoms of 1-octene were determined
at natural abundance by using the NMR methodology pio-
neered by Singleton and co-workers.[21] To this end, two
samples of 1-octene were hydroformylated to high conver-
sion (99.0% and 98.6%) at 60 8C and 20 bar of H2/CO. The
remaining octenes were subsequently recovered from the re-
action mixture by column chromatography and distillation.
The 12C/13C kinetic isotope effects were determined by quan-
titative 13C{1H} NMR spectroscopy by comparing the isotop-
ic enrichment of the recovered samples against a commer-
cial sample of 1-octene. The changes in isotopic composition
of the a-carbon and b-carbon atoms in the recovered 1-
octene relative to the commercial sample (R/R0) were calcu-
lated by using the signal of the g-carbon atom of 1-octene as
an internal standard. The results are summarised in Table 2.
Within experimental error, the observed 12C/13C kinetic


isotope effects on the a- and b-carbon atoms of 1-octene are
identical. These results suggest a symmetrical transition


state involving both a- and b-carbon atoms of 1-octene in
the rate-limiting step of the hydroformylation reaction.
Based on the high regioselectivity of the catalyst towards
the formation of the linear aldehyde product (Table 1) and
the irreversibility of the hydride migration step under the
reaction conditions, there is a high kinetic preference for the
hydride moiety to migrate to the b-carbon atom of the coor-
dinated alkene ligand. Therefore, we would expect a large
kinetic isotope effect on this carbon nucleus and a smaller
kinetic isotope effect on the a-carbon nucleus of the alkene
substrate if the migration step were rate-determining. This
behavior was previously observed by Landis and co-workers
in the polymerisation of 1-hexene by using zirconocene cata-
lysts containing different counterions. The preferential 1,2-
insertion of the coordinated 1-hexene moiety into the grow-
ing polymer chain resulted in the kinetic isotope effect at
the b-carbon position of 1-hexene (1.02), which was larger
than that observed at the a-carbon position (1.01) for all
catalyst systems studied.
The observed 12C/13C kinetic isotope effects appear to be


consistent with a rate-determining step involving the sym-
metrical addition of 1-octene to square-planar complex 2. If
alkene coordination to complex 2 proceeds through a sym-
metrical transition state, both the a-carbon and b-carbon
atoms of the alkene are involved in the reaction similarly,
leading to identical kinetic isotope effects on the two carbon
nuclei. It should be noted that theoretical studies on the bi-
molecular alkene coordination step in the hydroformylation
cycle are scarce in comparison to studies on the unimolecu-
lar hydride migration reaction.[19,20] As a consequence, little
is known about the exact geometry of the transition state
for this process. A recent computational study on ethene co-
ordination to model rhodium complexes has suggested that
the geometry of the transition state might be less symmetri-
cal than expected.[20]


It should also be borne in mind that the kinetic isotope ef-
fects determined via this technique (i.e., at natural abun-
dance) are heavily biased towards the rate-determining step
at high substrate conversion. Because the rate of alkene ad-
dition is directly proportional to the alkene concentration, it
is possible that 1-octene addition to complex 2 is not the
slowest reaction step in the catalytic cycle at high substrate
concentration, but that it becomes rate-determining as the
concentration of 1-octene decreases during the reaction. Al-
though both the determined 1H/2H and 12C/13C kinetic iso-
tope effects seem to point towards a rate-determining step
involving the symmetrical addition of 1-octene to complex
2, a more detailed understanding of the transition states of
the two reaction steps is required to unambiguously assign
the rate-determining step in the rhodium–Xantphos-cata-
lysed hydroformylation reaction.


Theoretical analysis of the key catalytic steps : To under-
stand the observed kinetic isotope effects and unravel the
rate-determining step in the hydroformylation reaction cata-
lysed by rhodium catalysts modified by Xantphos-type li-
gands, we theoretically examined the early stages of the cat-


Table 1. Results of the hydro- and deuterioformylation of 1-octene.[a]


Experiment TOF[b] l/b % Isomers[c] % Nonanal[d]


H2/CO 25.8�0.2 51�1 3�1 95�1
D2/CO 21.8�0.4 54�2 3�1 95�1


[a] T=60 8C, pCO= pH2=10 bar, [Rh]=1.0 mm, Rh:L:1-octene=


1:10:637. [b] Turnover frequency in (molaldehyde)(mol rhodium)�1 h�1.
[c] Percentage of octene isomers in all products formed in the reaction.
[d] Percentage nonanal in all products formed in the reaction.


Table 2. Observed 12C/13C kinetic isotope effects on 1-octene.


Experiment Conversion (%) R/R0
12C/13C KIE


Ca Cb Ca Cb


1 99.0 1.10(4) 1.08(3) 1.020(9) 1.016(6)
2 98.6 1.05(1) 1.053(5) 1.012(3) 1.012(1)
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alytic cycle: i) CO dissociation; ii) alkene coordination, and;
iii) hydride migration. To this end, hybrid quantum mechan-
ics/molecular mechanics (QM/MM) and pure quantum me-
chanics (QM) calculations were carried out, for the “real-
world” bisphosphane ligand and ethene as a model for al-
kenes. We focused our study on Thixantphos as a ligand
(Scheme 3), which represents an intermediate case of natu-
ral bite angle among the series of Xantphos ligands, and for
which the kinetic data for the CO dissociation and the over-
all reaction rates are available.[12]


First, we performed a systematic search of the possible
isomers for species 1, 2, 3, and the key transition states at
QM/MM level. One of the main problems in theoretical
characterisation of catalytic cycles is the growing number of
coordination modes and ligand conformations to be consid-
ered. Although the Xantphos-type ligands are rather rigid,
exhibiting pseudo-Cs symmetry, it is possible to define sever-
al ligand conformations and coordination modes (Figure 3).
Two conformations of the non-planar Xanthene array of
fused cycles were previously defined based on their bending
about the central ring.[19] In the conformation designated
proximal (p), this bending places the oxygen atom of the
Xanthene ring closer to the rhodium than in the conforma-
tion designated distal (d). Additionally, we have also consid-
ered the possible rearrangements of phenyl moieties, taking
the conformation of the crystal structure for
(Nixantphos)Rh(CO)H ACHTUNGTRENNUNG(PPh3)


[12] for penta-coordinate spe-
cies, and characterising several rotational conformations for
tetracoordinated complex 2. In penta-coordinate trigonal-bi-
pyramidal complexes (e.g., 1 and 3), the bisphosphane li-
gands can coordinate in an equatorial–equatorial (ee) or in
an equatorial–axial (ea) manner. Assuming an axial prefer-
ence of the hydride ligand and an equatorial coordination of
the alkene,[16] it is possible to define two geometrical isomers
for ee coordination by exchanging the relative positions of
hydride and carbonyl axial ligands (ee1 and ee2). Likewise,
for ea alkene isomers the relative positions of ethene and
equatorial carbonyl ligands leads to two different geometri-
cal isomers, ea1 and ea2 (see Figure 3). In the case of the
tetra-coordinate square-planar species 2, the bisphosphane
ligands can have a cis (c) or trans (t) rearrangement. A
more detailed description of the geometries and relative en-
ergies of these isomers is provided in the Supporting Infor-
mation. It is interesting to highlight some general qualitative
trends. For a given species, the Thixantphos conformations
lie within a relatively narrow interval of energies. In general,
the distal isomers seem to be favoured over the proximal


ones for penta-coordinate species, whereas for unsaturated
tetra-coordinate species the situation with the oxygen of the
Xanthene ring being closer to the rhodium seems more
stable. The differences between lowest energy species for ee
and ea isomers are less than 2 kcalmol�1. In square-planar
complexes 2, the cis coordination mode of bisphosphane is
lower in energy than the trans one by several kcalmol�1. Fi-
nally, the ee1 and ea1 ligand rearrangement are more stable
than their respective ee2 and ea2 geometrical isomers.
After this initial screening at the computationally afforda-


ble QM/MM level, we reoptimised the lowest energy iso-
mers of equatorial–equatorial and equatorial–axial paths by
means of full DFT calculations. Figure 4 summarises the cal-
culated energetic profiles. The values correspond to elec-
tronic energies, which will be used for the discussion unless
otherwise stated. The selection of Thixantphos ligand
system allows us to compare our computed data directly
with the previously reported experimental kinetic data.
Making use of Transition State Theory one can estimate ac-
tivation barriers from experimentally determined rate con-
stants. The rate constant for CO dissociation in the [(Thix-
antphos)RhH(CO)2] complex derived from 13CO exchange
measurements in solution is about 200 h�1,[12] which leads to
an estimated activation barrier of 20.1 kcalmol�1. Moreover,
based on experimental observations that the overall rate of
the hydroformylation of 1-octene is estimated to be two
orders of magnitude slower than the rate of CO dissocia-


Scheme 3. The Thixantphos ligand.


Figure 3. Different types of ligand conformers and complex isomers for
species 1, 2 and 3. Thixantphos conformation distal (d) and proximal (p);
and equatorial–equatorial (ee) and equatorial–axial (ea) geometrical
ligand arrangements ee1 and ee2, and ea1 and ea2.
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tion,[12] the overall barrier of hydroformylation should be
around 3 kcalmol�1 higher in energy than the barrier for
CO dissociation. The initial dissociation of CO from the
resting state [(Thixantphos)RhH(CO)2] (1) was found to be
barrierless.[19] Our computed values for this process are 28.7
and 21.4 kcalmol�1 for the ee and ea pathways, respectively
(see Figure 4). The calculations reproduce experimental ob-
servations in that the dissociation of equatorial CO from the
ea species is significantly faster than that from the ee com-
plexes. Moreover, the calculated value for the ea pathway is
in good agreement with the experimentally determined
value.
The next step in the catalytic cycle consists of the coordi-


nation of the alkene substrate to form a penta-coordinate
alkene complex 3. The addition of ethene to 2t and 2c is
predicted to be exothermic by 17.0 and 9.1 kcalmol�1, re-
spectively, leading to two isoenergetic ethene complexes 3ee
and 3ea. Because the rate-determining step could be con-
trolled by the reaction barriers from 2 to 3, we examined
this process in detail. Two theoretical studies on this step in
the hydroformylation reaction have been reported previous-
ly. Gleich and co-workers have combined static and dynamic
quantum-mechanical calculations to study alkene coordina-
tion in model phosphane complexes.[20] Their transition state
searches only converged in the cases with apparently suffi-
cient steric repulsion between the incoming substrate and
the metal complex. They computed energy barriers ranging
from �1.2 to +1.4 kcalmol�1, increasing to the range from
+8.3 to +10.2 kcalmol�1 after free energy corrections. For
“real-world” Xantphos systems, Landis and co-workers have
computed larger barriers at the QM/MM level, which span
from +4.0 before to +17.1 kcalmol�1 after free energy cor-
rections.[19]


Using full DFT calculations, we were unable to locate any
transition state for ethene coordination through the bis-
equatorial pathway. Even a relaxed scan of ethene approach


to the tetra-coordinated trans complex 2t did not yield a
transition state, indicating that the process is barrierless (see
Supporting Information for details). In contrast, a transition
state (TS1ea) connecting the lowest energy isomers of the
equatorial–axial path (2c and 3ea) exists that is
1.2 kcalmol�1 lower in energy than complex 2c. This means
that at our computational level the equatorial–axial path is
energetically favoured over the bis-equatorial one by at
least 3.1 kcalmol�1, which is the energy difference between
cis and trans isomers of CO dissociation products. Neverthe-
less, the ethene coordination leads to an almost isoenergetic
situation of the 3ee and 3ea ethene complexes, which then
could easily interconvert via a Berry pseudorotation rear-
rangement with a small intrinsic barrier.[16] The negative ac-
tivation barrier for ethene coordination through the ea path
can be understood by the formation of a long-distance inter-
action h1-(H) ethene intermediate (3’) that stabilises the un-
saturated complex 2 by an energy of approximately 2 kcal
mol�1 (see Figure 4). Introducing free energy contributions,
the relative energy of TS1ea with respect to 2c increases to
+9.0 kcalmol�1, which is a value similar to that from previ-
ous calculations. This increase of association energies in gas-
phase calculations is due to the changing number of parti-
cles. In a more realistic system including solvent molecules,
the entropic effects are expected to be smaller because of
concomitant solvent reorganisation.[22] Thus, gas-phase
Gibbs-free-energy calculations are expected to overestimate
the entropy contributions of bimolecular processes such as
ligand dissociation in solution. In fact, our computed Gibbs
free energy for CO dissociation is 9.6 kcalmol�1, which is
significantly lower than the experimental value of 20.1 kcal
mol�1. Note that the latter experimental value is closer to
that computed without entropic contributions (21.4 kcal
mol�1), suggesting that for calculations of bimolecular pro-
cesses in vacuum the electronic energy differences are more
reliable than the Gibbs-free-energy differences that do not
take into account solvent rearrangement effects. Moreover,
upon introduction of free-energy corrections, the energy dif-
ference between the resting state 1 and the TS1ea decreases
from 20.2 to 18.6 kcalmol�1. From this analysis of energetics,
two main conclusions can be stated. First, the coordination
of ethene to the catalyst species 2 is barrierless or occurs
with a small energy barrier. Second, the energy required to
reach the transition state for ethene coordination from the
resting state of the catalyst 1 is lower than the energy re-
quired for carbonyl dissociation. Thus, the energy analysis
suggests that the alkene coordination can be excluded as a
candidate for the rate-determining step in the rhodium–
Xantphos-catalysed hydroformylation of ethene.[23]


Finally, we have examined the hydride migration step.
During this process, the alkene moiety rotates out of the
equatorial plain of trigonal-bipyramidal complex 3 and sub-
sequently, the hydride is transferred from the metal centre
to the alkene moiety. The corresponding transition states
TS2ee and TS2ea exhibited similar structural features to
those in previous theoretical studies.[15,16,18–20,24] The barrier
for the pathway originating from the ee ethene complex,


Figure 4. Potential energy profile (kcalmol�1) for the early catalytic steps
of the ethene hydroformylation catalysed by [(Thixantphos)RhH(CO)2].
Relative energy values are computed at the full DFT level. Solid lines
correspond to the equatorial–equatorial (ee) path, while dashed lines cor-
respond to the equatorial–axial (ea) path.
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3ee!TS2ee, was computed to be 13.5 kcalmol�1, whereas
the barrier for the alternate pathway originating from the ea
ethene complex, 3ea!TS2ea, was computed to be 13.3 kcal
mol�1. In both cases, the calculated barriers are much lower
than the estimated barrier for the overall reaction rate. If
we consider the relative energy of the hydride migration
transition state TS2ee with respect to the resting state 1ee,
the overall energy barrier of +25.2 kcalmol�1 becomes
larger than the CO dissociation barrier. Interestingly, assum-
ing a larger extent in error cancellation when we compare
differences between activation barriers, the TS2ee structure
is positioned 3.8 kcalmol�1 above that of the CO dissocia-
tion product 2c, close to the estimated trend (3 kcalmol�1)
obtained from experimental data.[12] These results indicate
that the energy barrier required for taking the catalyst from
its resting state 1 to the transition state for hydride migra-
tion (TS2) controls the overall activity of catalytic cycle.
Note that the direct comparison of the relative energies of
the two transition states TS1 and TS2 is justified as both
structures have the same number of atoms. Therefore the
calculated free-energy corrections for the two structures will
largely cancel. Furthermore, any negative entropy contribu-
tions in the alkene coordination step would lead to further
destabilisation of alkene complex 3 and the subsequent hy-
dride migration transition state TS2 relative to the alkene
coordination transition state TS1.
In fact, a closer inspection to the bibliography suggests


that our findings are in line with previous theoretical studies
on the full catalytic cycle employing model catalysts systems.
Decker and Cundari,[18] and Morokuma and co-workers,[16]


found that the transition state for hydride migration was the
highest-energy species of the complete catalytic cycle. More
recently, Gleich and Hutter[20] examined different model
phosphane-modified catalysts, and observed that when free-
energy corrections were considered, hydride migration was
the highest energy point, whereas when no free-energy cor-
rections were considered the CO dissociation product
became the highest one, but only by 1–4 kcalmol�1 higher
than the hydride migration TS.
In summary, the energy analysis points out that the pro-


cess to reach the hydride migration TS from the resting
state governs the overall activity in rhodium–Xantphos-cata-
lysed hydroformylation of alkenes, in spite of the experi-
mental kinetic isotope effects that seem to suggest a rate-de-
termining step involving alkene coordination. To investigate
the apparent contradiction between our theoretical analysis
and the experimentally determined kinetic isotope effects
and unambiguously determine the rate-limiting step in this
process, we have also computed the kinetic isotope effects
in the initial steps of the hydroformylation reaction.


Theoretical prediction of kinetic isotope effects : 1H/2H and
12C/13C kinetic isotope effects (KIEs) were investigated by
using full DFT calculations on real-world ligand systems.
Table 3 compares the experimentally observed KIEs with
those computed from free-energy differences between the
lowest ground state in energy 1ee and the possible rate-de-


termining transition states TS1ea and TS2ee for alkene coor-
dination and hydride migration, respectively.
As expected, our calculations predict a small secondary


1H/2H KIE of 1.04 for ethene coordination, whereas for hy-
dride migration the value is slightly larger (1.52). Thus, the
comparison of the computed values to the observed KIE
(1.22) does not allow elimination of either of the two pro-
cesses as the rate-determining step in the catalytic cycle.
Considering the large 1H/2H KIE (5–7) observed for many
proton-transfer organic reactions, the small 1H/2H KIE com-
puted for the hydride migration process (1.52) may be sur-
prising. However, one should consider some additional facts.
First, the stretching frequencies of rhodium�hydride bonds
are in the order of 2000 cm�1,[25] which is significantly lower
than values of around 3000 cm�1 commonly observed for
carbon�hydrogen bonds. For complex 1ee, we calculate a
value of 1987 cm�1. By using the harmonic oscillator approx-
imation, the corresponding rhodium-deuteride vibrational
frequency was estimated to be 1424 cm�1, in close agree-
ment with previously reported Rh–D stretching frequencies
calculated for model rhodium complexes.[12] From the calcu-
lated Rh–H and Rh–D stretching frequencies, a 1H/2H KIE
of 3.4 is predicted at 60 8C for breaking the rhodium�hy-
dride bond, which is considerably smaller than the 1H/2H
KIE of 6.9 predicted for the breaking of a C�H bond. Sec-
ondly, the previous approximation is only valid if the Rh�H
bond is broken at the transition state, which is not the case
here. On going from 1ee to TS2ee, the Rh�H bond length-
ens by only 0.05 U, indicating an early transition state con-
taining a nearly unperturbed rhodium�hydride bond. For
the transition state structure TS2ee, we identified a normal
mode of vibration with a frequency of 1891 cm�1 corre-
sponding to the rhodium-hydride stretching vibration. From
this value, and by using the harmonic oscillator approxima-
tion, it is also possible to estimate a 1H/2H KIE associated
with the partial bond breaking at the transition state of 1.1.
This value is consistent with the computed 1H/2H KIE,
which is smaller than that initially expected for hydride mi-
gration. Thus, we conclude that the small 1H/2H KIE ob-
served experimentally for rhodium–Xantphos-catalysed hy-
droformylation of alkenes cannot preclude a rate-determin-
ing step involving hydride migration.
The nearly identical 12C/13C-KIEs on the a-carbon and b-


carbon atom of the terminal alkene observed experimentally
suggest a symmetrical rate-determining transition state in-
volving both carbon atoms. Closer inspection of the geome-
try of the transition state for ethene coordination TS1ea re-
veals that the incoming ethene ligand attacks the square-


Table 3. Comparison of the experimentally observed 1H/2H and 12C/13C
kinetic isotope effects (KIE) and the theoretical prediction for alkene co-
ordination and hydride migration overall processes.


1H/2H KIE 12C/13C KIE
Ca Cb


experiment 1.22�0.11 1.012(3) 1.012(1)
alkene coordination (1ee!TS1ea) 1.04 1.018 1.008
hydride migration (1ee!TS2ee) 1.52 1.010 1.015
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planar complex 2c perpendicularly relative to the H-Rh-P
axis, with a H-Rh-C=C dihedral angle of �90.58. More inter-
estingly, one of the two approaching carbon atoms interacts
more strongly with the rhodium centre than the other, re-
sulting in two significantly different Rh�C distances of 3.106
and 3.400 U. The carbon=carbon double bond slips over the
carbonyl-rhodium-phosphane axis, forming a Rh-C-C attack
angle of 90.98 (Figure 5). This asymmetric arrangement of


the olefinic moiety at the transition state can be explained
by considering that the rhodium centre reacts as a nucleo-
phile attacking the empty p* orbital of the incoming alkene
moiety. The Khon–Sham orbital energies calculated for the
reactants 2c and ethene agree with previous hypotheses.[26–28]


The HOMO of the tetracoordinated d8 rhodium complex is
a Rh ACHTUNGTRENNUNG(dz2)-based orbital, which is closer in energy to the
empty ethene p* orbital than the ethene p orbital is to the
empty Rh acceptor orbital. Thus, contrary to the classical
description of the incoming ligand as the donor and the
metal as acceptor of electron density, the mechanism for
alkene coordination is best described as proceeding via nu-
cleophilic attack of complex 2c on the C=C bond of the
alkene substrate. Moreover, the interaction of the HOMO
on the metal and the LUMO on the ligand involves orbitals
of different symmetry, and therefore the ethene has to slip
to allow the interaction between the occupied Rh ACHTUNGTRENNUNG(dz2) and
the empty p* orbitals, explaining the asymmetry of the tran-
sition state[26] (see Scheme 2). Analogous phenomena have
been previously proposed in processes involving electron-
rich transition-metal-based systems, such as, the alkene ex-
change at d10 palladium[28] and the addition of carbon mon-
oxide to unsaturated tetra-coordinate d8 Ir complexes.[27]


In accordance with geometrical parameters for TS1ea, the
calculated 12C/13C KIE values for the closest carbon to rho-
dium (1.018) is larger than for the other carbon atom
(1.008). Clearly, the use of the simplified ethene substrate
does not allow us to distinguish between a- and b-carbon
atoms. However, it is reasonable to assume that for a more
realistic terminal alkene, the ligand attacks the complex
preferably through one of the two olefinic carbons (a or b),
and in the preferred transition state the alkene interaction
with the metal is asymmetrical. It is known that the alkyl
substituents polarise the p* orbital of the double bond to-
wards the a-carbon atom,[29] exhibiting for propene larger
DFT coefficients of the p-perpendicular atomic orbital in


the non-substituted carbon atom. Thus, the nucleophilic in-
teraction directs the attack of the rhodium lone pair in an
orbital of dz2 character to the a-carbon atom, which leads to
a transition state with the a-carbon atom closer to the rhodi-
um centre. Consequently, if alkene coordination were to de-
termine the overall rate of hydroformylation, we would
expect different carbon KIE values for both olefinic carbon
atoms. Clearly, this is not in accordance with our experimen-
tal observations.
For hydride migration, on the other hand, the difference


between the computed 12C/13C KIE of the two olefinic
carbon atoms is smaller than for ethene coordination. As-
suming that the whole reaction goes through the major pro-
linear path, the values for a- and b-carbon atoms are 1.010
and 1.015, respectively, which are in good agreement with
the experimentally observed 12C/13C KIE values of 1.012(3)
and 1.012(1), respectively. As we have already discussed, the
transition state structure for hydride migration can be de-
scribed as early with the rhodium�hydride bond only slight-
ly perturbed with respect to the reactant. This indicates that
most of the activation energy for hydride migration must be
attributed to the rotation of the alkene from the equatorial
in-plane arrangement in the reactant to a nearly perpendicu-
lar orientation in the transition state. Since this movement
involves both olefinic carbons, similar 12C/13C KIE values
are obtained for the a- and b-carbon atoms of the olefin, in
agreement with experimental observations.


Conclusion


The rate-determining step in the hydroformylation of 1-
octene, catalysed by the rhodium-Xantphos catalyst system,
was determined by a combination of experimentally ob-
served 1H/2H and 12C/13C kinetic isotope effects and a theo-
retical approach. Both the small 1H/2H kinetic isotope effect
of 1.2 observed for the hydride moiety of the rhodium cata-
lyst and the symmetrical 12C/13C kinetic isotope effects ob-
served for the a- and b-carbon atoms of 1-octene suggest
that addition of 1-octene to the square-planar complex 2 is
the rate-limiting step in the hydroformylation of 1-octene
catalysed by this catalyst system. Full DFT calculations on
the catalytic cycle by using a “real-world” ligand system,
however, suggest that the hydride migration is the rate-de-
termining transition state. The calculations quantitatively re-
produce the experimentally determined energy barrier for
carbonyl dissociation in the Thixantphos ligand system
(20.1 kcalmol�1 experimentally versus 21.4 kcalmol�1 theo-
retically). The individual barriers for the other two elemen-
tary steps of the catalytic cycle are consistent with Type I ki-
netics, that is, alkene coordination and hydride migration
show significantly lower values (1 and 13 kcalmol�1, respec-
tively). If one considers the energy differences between the
lowest ground state in energy, the resting state 1, and the
transition states for alkene coordination and hydride migra-
tion, the barriers increase to values close to that determined
for carbonyl dissociation.


Figure 5. Schematic representation of the main geometrical parameters
(a) and orbital interactions (b) in the transition state for alkene coordina-
tion TS1ea. Distances in U and angles in deg.
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Moreover, whilst the overall barrier for alkene coordina-
tion is lower than that for CO dissociation, the energy re-
quirement to undergo hydride migration from the resting
state of the catalyst is 3.8 kcalmol�1 higher than the barrier
for CO dissociation, which is in good agreement with the
trend estimated from previous experimental data.
Computed 1H/2H and 12C/13C KIE values support the con-


clusions drawn from the energy analysis of the initial steps
in the catalytic cycle and also explain the experimentally de-
termined kinetic isotope effects. Due to the “early nature”
of the TS for hydride migration, containing a nearly unper-
turbed rhodium�hydride bond, the computed 1H/2H KIE
values are smaller than expected, and therefore, the small
1H/2H KIE values observed experimentally cannot preclude
a rate-determining step involving hydride migration. On the
other hand, the asymmetric nature of the transition state for
alkene coordination leads to non-symmetric 12C/13C KIE
values for the a-carbon and b-carbon atoms of the alkene
substrate, which are not in accordance with our experimen-
tally determined values. The combined experimental and
theoretical results strongly suggest that the overall process
from the pentacoordinated rhodium hydride resting state
species 1 to hydride migration 3!4 governs the overall ac-
tivity in the rhodium-Xantphos-catalysed hydroformylation
of 1-octene. In this context, the term “rate-determining
step” can be misleading because it implies that a single slow
step in the catalytic cycle is responsible for the overall rate
of reaction. Although the overall rate of hydroformylation is
limited by the rate of hydride migration, both CO dissocia-
tion and alkene coordination contribute to the overall barri-
er. Therefore it is more accurate to say that the rate of hy-
droformylation is determined by a set of reactions ending in
hydride migration. Finally, we would like to note that during
revision of the manuscript Sparta and co-workers have pub-
lished a theoretical study on the activity of rhodium-cata-
lyzed hydroformylation leading to the same conclusion as us
for catalysts modified by electron-donating ligands.[30]


Experimental Section


Standard syringe techniques were applied for transfer of air-sensitive re-
agents and dry solvents. Commercially available chemicals were used
without further purification, unless stated otherwise. Cyclohexane was
purchased from Rathburn, distilled from over sodium wire and stored
under argon. Toluene was purchased from Rathburn and distilled from
over sodium pieces. Pentane was purchased from Biosolv and distilled
from solution containing sodium/benzophenone/triglyme. 1-Octene was
purchased from Sigma–Aldrich and was purified over neutral aluminium
oxide prior to use. Nonanal was purchased from Sigma–Aldrich. Alumi-
num oxide, 90 active neutral (0.063–0.2 mm), was purchased from Merck.
Silica gel 100 (0.2–0.5 mm) was purchased from Biosolv. Naphthalene
was purchased from Acros chemical company and [Rh ACHTUNGTRENNUNG(acac)(CO)2] was
purchased from Merck. Xantphos was synthesised according to a litera-
ture procedure.[31] NMR spectra were recorded on a Varian Inova
500 MHz spectrometer.


Computational details : Full quantum mechanics calculations on the Thix-
antphos ligand system were performed with the GAUSSIAN 98 series of
programs[32] within the framework of the density functional theory
(DFT)[33] using the B3LYP functional.[34] A quasi-relativistic effective


core potential operator was used to represent the 28 innermost electrons
of the Rh atom, as well as the 10 innermost electrons of the P and S
atoms.[35] The basis set for Rh, P and S atoms was that associated with
the pseudopotential,[35] with a standard double-x LANL2DZ contrac-
tion,[32] and in the case of P was supplemented by a d shell.[36] The 6-
31G(d) basis set was used for the alkene carbons and the carbonyl
ligand,[37] the 6-31G(p) basis set was used for the hydride ligand and
alkene hydrogen atoms,[37] whereas the 6-31G basis set was used for the
other atoms.[37] Geometry optimisations were carried out without any
symmetry restrictions and all stationary points were optimised with ana-
lytical first derivatives. Transition states were characterised by single
imaginary frequency, the normal mode of which corresponded to the ex-
pected motion. Kinetic isotope effects were calculated by using statistical
mechanics employing harmonic vibrational frequencies obtained from
frequency calculations.[32] The initial energy analysis of the possible iso-
mers (see Supporting Information) was performed by means of the more
computationally affordable hybrid quantum mechanics/molecular me-
chanics (QM/MM) calculations, by using the ONIOM method[38] as im-
plemented in the GAUSSIAN 98 series of programs.[32] The QM region
of the catalysts was [RhH(CO) ACHTUNGTRENNUNG(PH3)2], whereas the substrate ethene was
fully in the QM region. The QM level was the same as described above.
Molecular mechanics calculations used the UFF force field.[39]


Hydroformylation and deuterioformylation using high-pressure infrared
spectroscopy : The high-pressure infrared (HP-IR) spectroscopic experi-
ments were preformed in a stainless-steel (SS 316) 50-mL autoclave
equipped with IRTRAN windows (ZnS, transparent up to 700 cm�1,
10 mm id, optical path length=0.4 mm), a mechanical stirrer, a tempera-
ture controller, a pressure transducer and a separate 50-mL second cham-
ber. In a typical experiment the IR autoclave was filled with a solution of
[Rh ACHTUNGTRENNUNG(acac)(CO)2] (4 mg, 15 mmol) and Xantphos (93 mg, 160 mmol) in cy-
clohexane (10.0 mL), prepared under an inert atmosphere. The autoclave
was purged three times with a 1:1 mixture of H/CO or D2/CO (22 bar)
and was subsequently pressurised to 17 bar. The second chamber was
filled with a solution (5 mL) of 1-octene (0.5 mL, 1.0 mL, 1.5 mL and
2.0 mL) and decane (0.75 mL, 3.88 mmol) in cyclohexane. This chamber
was flushed three times with H2/CO or D2/CO (22 bar) and was subse-
quently pressurised to 22 bar. The autoclave was heated to 80 8C and was
allowed to stabilise for 1 h. Rapid-scan IR measurements were started
(120 min, 4 scans per spectrum, 10 s between spectra, resolution 2 cm�1)
immediately followed by the addition of the 1-octene solution to the cat-
alyst solution. Difference spectra were obtained by subtraction of the in-
frared spectrum taken after 1.077 minutes from the other spectra. The in-
crease in peak area of the nonanal aldehyde signal (area 1674–1811 cm�1)
over time was analysed by linear regression.


Hydroformylation and deuterioformylation of 1-octene : The hydroformy-
lation experiments were performed in a stainless-steel (SS 316) autoclave
(196 mL). The autoclave was stirred mechanically and was equipped with
a separate reservoir, a pressure transducer and a thermocouple. In a typi-
cal experiment [Rh ACHTUNGTRENNUNG(acac)(CO)2] (5.2 mg, 20 mmol) and Xantphos
(120 mg, 0.2 mmol) were dissolved in toluene (15.0 mL) under inert at-
mosphere. The autoclave was placed under vacuum for 30 min and was
subsequently purged three times using H2/CO or D2/CO (15 bar). The
catalyst solution was introduced into the autoclave by using a syringe.
The autoclave was purged an additional three times and was subsequent-
ly pressurised to 15 bar and heated to 60 8C. The solution was stirred at
this temperature for 1 h. A mixture of 1-octene (2 mL, 12.74 mmol),
decane (internal standard, 1.0 mL, 5.17 mmol) and toluene (2 mL) was
introduced into the separate reservoir and the reservoir was purged three
times using H2/CO or D2/CO (20.0 bar). The substrate solution was intro-
duced into the autoclave by overpressure and the autoclave was pressur-
ised to a total pressure of 20.0 bar. The hydroformylation reaction was
stopped after a pressure drop of approximately 0.5 bar by using a solu-
tion of tributylphosphite. The autoclave was cooled rapidly by using an
ice-water bath and was depressurised. The conversion and product distri-
bution were determined by GC analysis of the reaction mixture.
12C/13C Kinetic isotope effect: Hydroformylation of 1-octene : Hydrofor-
mylation experiments were performed in a stainless-steel (SS 316) auto-
clave (196 mL). The autoclave was equipped with a mechanical stirrer
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and was also equipped with a separate reservoir, a pressure transducer
and a thermocouple. In a typical experiment, [Rh ACHTUNGTRENNUNG(acac)(CO)2] (5.2 mg,
20 mmol) and Xantphos (120 mg, 210 mmol, 10 equiv) were placed in the
autoclave. The autoclave was closed, evacuated for 30 min and was subse-
quently purged by using a mixture of H2/CO (1:1, 20 bar). Naphthalene
(0.5 g, 3.9 mmol) was dissolved in purified 1-octene (20 mL, 127 mmol)
under inert atmosphere and this mixture was subsequently introduced
into the autoclave. The autoclave was purged three times with a mixture
of H2/CO (1:1, 20 bar) and pressurised to 20 bar. The reaction mixture
was heated to 60 8C. At regular intervals the autoclave was repressurised
to 20 bar. The pressure was not allowed to decrease below 18 bar. The re-
action was run to high conversion and was stopped by rapidly cooling the
autoclave in an ice/water bath, followed by depressurisation. After open-
ing the autoclave, the reaction mixture was collected and stored under
argon. Conversions were determined by gas chromatography.


Recovery of octenes from hydroformylation reaction mixtures : The re-
maining alkenes in the hydroformylation reaction mixture were isolated
by column chromatography over silica, using pentane as an eluent. The
collected fractions were analysed by gas chromatography. Fractions con-
taining 1-octene were combined and concentrated to 2–3 mL by fraction-
al distillation of the solvent. GC analysis showed no significant amounts
of octenes in the distilled solvent. To remove trace amounts of pentane
still present in the residue, dry CDCl3 (10 mL) was added to the mixture
and the resulting solution was concentrated a second time to 2–3 mL by
careful distillation. For comparison, a commercial sample of 1-octene
(0.3 mL, 1.9 mmol) in nonanal (5 mL) was subjected to the same purifica-
tion procedure.


Determination of the 12C/13C kinetic isotope effect : Both the commercial
sample and the recovered octene mixtures were analysed by quantitative
13C{1H} NMR spectroscopy. NMR samples were prepared under argon,
placing 1.5 mL of the octene solution in a 5 mm NMR-tube. 13C{1H}
NMR spectra were collected at 125.69 MHz, by using inverse-gated-de-
coupling in order to minimise nuclear Overhauser effects. A spectral
width of 200.00 ppm was used. The T1 relaxation times were determined
for all samples using the inversion-recovery method. Based on these
measurements, a recycle delay of 108 s (at least 6XT1) between calibrated
p/2 pulses was chosen. An acquisition time of 7.00 s was used, collecting
175935 points. Integrations were determined by using a constant region
of �5 times the peak-width-at-half-height. A zero-order baseline correc-
tion was applied, but in no case was a first-order correction applied. A
total of four spectra were obtained for each sample.
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Introduction


Despite useful roles in construction and demolition, nitrated
explosives are most notorious for their use in military ca-
pacities and in terrorism campaigns. The presence of nitrat-
ed aromatic compounds such as TNT and tetryl, and nitra-
mines such as RDX and HMX, is directly correlated with
criminal intent or the presence of ordinances such as unex-
ploded land mines or cluster bombs. As such, nitrated explo-
sives constitute one of the most important molecular targets
for the development of highly sensitive and inexpensive mo-
lecular sensors.
Numerous analytical methods for explosives detection


have been developed[1] including chromatographic methods
using UV,[2,3] indirect fluorescence,[4,5] and amperometric de-
tection methods.[6] The use of fluorescence quenching in nu-
merous polymers[7–9] and other solid-state media[10,11] has
been extensively investigated. Many of these systems have
been well refined and are quite powerful. Additionally, a
biomimetic system was recently reported for the detection
of dinitrotoluene,[12] and various mass spectrometry meth-
ods[13–15] for the detection of nitrated analytes are known.


Fewer studies have probed the non-chromatographic,
spectrophotometric detection and differentiation of non-aro-
matic nitrated explosives. Andrew and Swager recently re-
ported an impressive turn-on system for the fluorescence de-
tection of RDX and PETN that also differentiates the two
compounds.[16] Their system relies on the photooxidation of
a zinc-coordinated acridine dye to a fluorescent acridinium
species in the presence of RDX or PETN, but not TNT.
Using this method, RDX and PETN were detectable at a 70
and 130 mm concentration, respectively. This system is one of
the few examples of the direct detection of nitrated analy-
tes.
Nitroaromatic and nitramine explosives such as TNT and


RDX (see below) generally lack the basic and acidic func-
tionalities that serve as “handles” in the design of selective
supramolecular sensors. However, these compounds are
known to quench the fluorescence of pyrene as well as other
polyaromatic hydrocarbons (PAHs), and this quenching abil-
ity differs among compounds.[4] Therefore, by monitoring
pyrene fluorescence it is possible to sense the presence of
nitrated explosives. To enhance this quenching and hence
the sensitivity of a quenching based detection assay, we
thought that it would be possible to sequester the pyrene in
micelles in order to promote interaction between the mi-
celle-bound pyrene and the hydrophobic explosives. Using
polyelectrolyte based micelles, Thayumanavan et al. have re-
cently shown that non-selective electrostatic interactions in
combination with covalently[17] or non-covalently[18] bound
fluorophores are sufficient to differentiate between a
number of biologically relevant proteins. An analogous con-


Abstract: Herein we report a differen-
tial array of micelle-solubilized fluoro-
phores for the detection and identifica-
tion of small nitrated analytes, such as
the explosives TNT, tetryl, RDX and
HMX. The quenching ability of the an-
alytes can be used to correlate their an-
alyte identity, wherein the quenching


patterns generated from the differen-
tial array are used in linear discrimi-
nant analysis (LDA). LDA results in a


well-clustered two-dimensional plot,
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cept is also a well established method for determining the
mean aggregation number of micelles,[19] though to our
knowledge no one has pursued this idea as part of a sensing
array using commercially available surfactants to sense
small hydrophobic analytes.


We considered that by using a micellar solution, we would
effectively concentrate the analytes in the hydrophobic por-
tion of the solution (inside the micelle), and thereby provide
three advantages to our sensing assay. First, the sensitivity
of the assay should be improved because the analyte is more
likely to reside in the micelle than in the bulk aqueous solu-
tion, and it is therefore more available to quench pyrene
than its nominal concentration in the bulk surfactant solu-
tion would indicate. Second, while the pyrene is hydropho-
bic enough to be dissolved almost exclusively in the interior
of the micelles,[20] the small, nitrated explosives are present
to some degree in the aqueous medium. The differential hy-
drophobicity of the analytes implies that they will partition
to different degrees between the micellar interior and the
aqueous medium. This partitioning will affect their ability to
quench pyrene, and act as another variable by which the an-
alytes can be differentiated. Finally, pyrene is strongly
quenched by molecular oxygen, an attribute that plagues its
use in many sensing applications.[21] In the interior of a mi-
celle, however, pyrene is known to be relatively insensitive
to O2,


[20] making this micellar sensing assay amenable to rou-
tine bench top use without stringent methods to exclude O2.
With these postulates, we set forth to design an array for the
detection and differentiation of the explosives.


Results and Discussion


Design criteria : The ability of nitrated compounds to
quench the fluorescence of PAHs lessens as one goes from
nitroaromatics to nitramines to nitroaliphatics. While the
difference in quenching ability between classes is quite
large, the differences within a class are subtler. To differenti-
ate closely related species such as TNT and tetryl, or RDX
and HMX, we applied our micelle/fluorophore system in an
array format. By using solutions of pyrene, pyrene excimer,
a pyrene–perylene fluorescence resonance energy transfer
(FRET) pair, and a diphenylanthracene (DPA) solution, we


created an array of fluorophores dissolved in an aqueous so-
lution of the commercial, nonionic, polysorbate surfactant
Tween 80. Different nitrated analytes produce distinct pat-
terns of fluorescence quenching that are diagnostic for the
presence of that particular explosive. These quenching pat-
terns can be translated into two-dimensional plots using
linear discriminant analysis (LDA). The location of an un-
known analyte on these plots reveals its chemical identity.
The use of pattern recognition protocols to translate supra-
molecular sensor output into qualitative and quantitative
chemical information has become routine in recent years,
with numerous examples from our own group, and from the
supramolecular community at large.[22,23]


In designing our sensor array it was important to maintain
the simplicity of the system while generating patterns of suf-
ficient complexity to unequivocally identify the analytes.
Pyrene was chosen because of its ability to be quenched by
nitrated species. DPA is not well quenched by nitrated spe-
cies, but its high quantum efficiency means that any excita-
tion light intercepted by the UV absorbing nitroaromatics
will result in an attenuation of DPA fluorescence. Such ab-
sorption is far outmatched by quenching in the case of
pyrene. Beyond simple solutions of pyrene or DPA, a higher
concentration excimer emitting solution of pyrene was also
used as well as a pyrene to perylene fluorescence resonance
energy transfer (FRET) system. The logic behind the selec-
tion of the last two fluorophore systems is discussed later.


The role of micelles : Before creating the sensor array it was
important to confirm the principle that a micellar solution
of fluorophore is indeed more sensitive to quenching by the
nitrated analytes than an equivalent concentration of fluoro-
phore in an organic solvent. To this end two analogous solu-
tions of pyrene (20 mm) were titrated with TNT (4.4 mm in
MeCN). In one case the pyrene was dissolved in MeCN
while in the other the pyrene was dissolved in an aqueous
2 mm solution of the nonionic polysorbate surfactant Tween
80. While the absolute fluorescence and hence the absolute
change in fluorescence were higher for pyrene in MeCN
(Figure 1a), Stern–Volmer data clearly show a higher
quenching efficiency in the micellar solution (Figure 1b).
The non-linearity of the Stern–Volmer plot in the micellar
solution implies that a static quenching complex is forming
between TNT and pyrene prior to photoexcitation. An alter-
nate hypothesis is that pyrene is being forced from solution
nonlinearly by the incoming TNT, but when pyrene absorb-
ance was monitored by UV/Vis during the titration it was
found to be stable. We propose that this complex is the
result of pyreneKs exclusive residency in the micelles, and
the analyteKs propensity to gather there as well, creating a
high effective concentration of the quencher near the fluoro-
phore.
Evidence of a similar assembly phenomenon is found in


the pyrene surfactant solution itself. According to published
values, the concentration of micelles in a 2 mm Tween 80 so-
lution is 34 mm


[24] indicating a ratio of 0.59 pyrene molecules
per micelle. Indeed, at this concentration some pyrene exci-
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mer emission is already apparent, and at higher pyrene con-
centrations in the 2 mm Tween 80 solution, pyrene monomer
emission continues to give way to excimer emission
(Figure 2), a phenomenon not seen in MeCN until pyrene
concentration reaches �1 mm.[25] The low concentration ex-
cimer formation is further evidence of the small habitable


volume for hydrophobes in the micellar solution. It should
be pointed out that while pyrene resides in the hydrophobic
interior of the micelle, smaller compounds such as TNT and
RDX are expected to exist primarily at the micelle–water
interface, migrating inward only as their concentration in-
creases.[20] Despite the different micellar solvation modes,
the pyrene and nitrated explosives are proximal and quench-
ing is promoted in the micellar solutions as evidenced by
the Stern–Volmer plot.
Besides enhanced quenching, a second advantage of mi-


cellar solutions of pyrene is the protection of pyrene from
quenching by adventitious oxygen. When TNT is added to
pyrene in MeCN in the presence of oxygen (Figure 1b), the
Stern–Volmer plot indicates a markedly weaker sensitivity
to the presence of the nitroaromatic analyte. Figure 3 illus-


trates the rapidity with which a rigorously anaerobic solu-
tion of pyrene in MeCN can become quenched by atmos-
pheric oxygen. Differential O2 exposure across a 96-well
plate during assay preparation would skew quenching pro-
files for the nitrated analytes, thus making pattern recogni-
tion impossible.


Pyrene response : Figure 4a shows differential quenching of
pyrene by a series of nitrated compounds. Nitroaromatics
are distinctly better quenchers of pyrene fluorescence than
the nitramine compounds, and it is possible to differentiate
singly, triply and quadruply nitrated aromatics (nitroben-
zene, TNT and tetryl) at the �0.1 mm point of the titration.
RDX and HMX, however, are hardly distinguishable from
each other even late in the titration data. In fact, at the mi-
cromolar concentrations at which an effective explosives
sensor must operate, all of the analytes show highly similar
signals. Therefore, the fluorescence modulation of a pyrene–
micelle solution alone is insufficient to reliably sense and
differentiate the explosive compounds at low concentrations.
However, Stern–Volmer plots (Figure 4b) reveal the funda-
mental differences in the quenching behavior of these nitrat-
ed species. Hence, we postulated that a series of subtly dif-


Figure 2. Pyrene excimer formation in Tween 80 (2 mm, aq.). Excitation
lmax increases slightly with pyrene concentration from lmax (20 mm)/
336 nm to lmax (100 mm)/342 nm.


Figure 3. Oxygen quenching of pyrene (20 mm) over time (emission lmax


372 nm) in ^: Tween 80 (2 mm, aq.) and &: MeCN.


Figure 1. a) Quenching of pyrene monomer emission (lmax 372 nm). M :
TNT into pyrene (20 mm) in Tween 80 (2 mm, aq.); *: TNT into pyrene
(20 mm) in MeCN (anaerobic); +: TNT into pyrene (20 mm) in MeCN
(aerobic); ^: MeCN into pyrene (20 mm) in Tween 80 (2 mm, aq.), as a
control. Note the inversion of sign along the y axis. a.u.=arbitrary units.
b) Stern–Volmer plots of the titration data shown in Figure 1a. Io/I=orig-
inal intensity over intensity after addition of quencher.
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ferential sensors would eventually result in a distinct pattern
that is diagnostic for single analytes even at low concentra-
tions. We thus set out to develop a series of fluorophore sol-
utions that would amplify and elaborate the subtle differen-
ces between minimally diverse nitrated analytes.


Pyrene excimer response : According to Focsaneanu and
Scaiano, pyrene monomer emission and pyrene excimer
emission are quenched in different ratios by different nitrat-
ed species in MeCN.[25] We confirmed that this is also the
case in Tween 80 micelle solution. RDX and TNT show di-
verging ratios of monomer and excimer emission as their
concentrations increase (Figure 5). Such ratiometric quench-
ing is detectable in the 96-well plate reader by reading emis-
sions through two separate filters. The sample (fluorophore
solution in the presence of analyte) is excited by light
passed through a 340/11 nm bandwidth filter, then emission
readings are taken from a 380/20 nm filter and a 460/40 nm
filter, bandwidths corresponding roughly to pyrene mono-


mer and excimer emissions (Figure 6). Along with an analy-
teKs ability to quench pyrene monomer fluorescence as a
function of concentration, the array also includes the diag-
nostic ratio of monomer and excimer emission. Clearly the
addition of this data will lead to further separation of TNT
and RDX.


Pyrene–perylene FRET pair : We were inspired by the ratio-
metric quenching of pyrene monomer and excimer emission,
and thereby lead to explore an analogous system of dual
emission using a pyrene–perylene FRET pair. When pyrene
and perylene are co-dissolved in a micellar solution, excita-
tion of pyrene results in some relaxation via emission of
pyrene monomer along with some FRET to excite perylene
which then relaxes via its own emission (Figure 7, topmost
spectrum). Titration studies of this system revealed that
while the ratio of pyrene and perylene emission does change


Figure 4. a) Quenching of pyrene (20 mm) in Tween 80 (2 mm, aq.) by ni-
trated analytes (emission lmax 372 nm). *: Tetryl; M : TNT; *: nitroben-
zene; &: RDX; ~: HMX; ^: MeCN, as a control. Note the inversion of
sign along the y axis. b) Stern–Volmer plots of the titration data shown in
Figure 4a.


Figure 5. Ratio of monomer (emission lmax 372 nm) over excimer (emis-
sion lmax 470 nm) intensity for pyrene (20 mm) in Tween 80 (2 mm, aq.) as
a function of M : TNT and &: RDX concentration.


Figure 6. Pyrene (60 mm) in Tween 80 (2 mm). Illustration of the emission
filter bandwidths of the fluorescence intensity measurement in the 96-
well assay plate reader.
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as the two signals are quenched by a nitrated analyte, this
change in ratio was the same for RDX and HMX. Although
the FRET system did not display ratiometric quenching, it
does represent an efficient transformation of data from the
ultraviolet to the visible region because of the high perylene
emission within the 460/40 nm bandwidth, and therefore
opens the possibility for future naked eye detection systems.
The FRET system was therefore included in the 96-well
array sensor.


Diphenylanthracene response : By far the simplest of the flu-
orophore systems we used is that containing diphenylanthra-
cene. Attenuation of the DPA signal upon addition of TNT
is nearly linear (not shown), and is therefore due to simple
absorption of excitation light by TNT in the UV. This con-
clusion is further supported by the observation that the non-
chromophores RDX and HMX show a negligible suppres-
sion of DPA fluorescence. While one may argue that it
would be much easier to measure TNTKs absorbance direct-
ly, the sensitivity of fluorescence measurements is inherently
higher than that of absorbance. Additionally, as mentioned
previously in the case of perylene, transformation of ultra-
violet absorbance information into the visible spectrum
(emission lmax (DPA)/411 nm) holds potential for future
naked eye detection systems.


The sensor array : The sensor array consists of a series of
2 mm Tween 80 solutions with varying fluorophores that all
undergo fluorescence attenuation when exposed to nitrated
analytes. Those solutions are: a low concentration pyrene
solution (20 mm) exhibiting predominately monomer fluores-
cence, a more concentrated pyrene solution (60 mm) with
marked excimer fluorescence, a FRET displaying pyrene
(20 mm) and perylene (20 mm) solution, and a DPA (20 mm)
solution whose fluorescence attenuation is linked to the ab-
sorption of incident light by the nitroaromatics. These four
solutions were treated with nitrated analytes and their fluo-


rescence emissions observed over the two bandwidths dis-
cussed previously. In the case of the DPA solution only one
bandwidth was useful and so a total of seven variables were
submitted to LDA. Using this method, 48 samples were cor-
rectly classified as belonging to one of six classes at a final
analyte concentration of 19 mm. Cross-validation, or jack-
knife analysis, was 96% accurate in predicting the identity
of initially omitted observations. Figure 8 shows analyte
clustering and the 95% confidence ellipse for each grouping.


Similar 96-well assays with analyte concentrations of 1.9 mm


were markedly less successful at sensing and differentiating
the nitrated compounds, and therefore 19 mm was considered
to be the limit of detection.


Conclusion


We have presented a powerful and relatively inexpensive
sensor design for nitrated organic explosives. The well
known ability of these analytes to quench pyrene fluores-
cence was parlayed into a series of similar systems including
ratiometric sensing using the pyrene excimer, a pyrene–per-
ylene FRET pair, and a simple DPA signal attenuation due
to UV absorption by aromatic analytes. Combining these
fluorophore solutions in an array, and examining the fluores-
cence over two bandwidths resulted in a “fingerprint” for
each analyte that allowed it to be classified according to its
molecular identity using LDA. The sensor detects these ex-
plosive compounds with good sensitivity (19 mm), and also
differentiates between highly similar structures such as
RDX and HMX. The modular nature of this array means
that it is expandable as alternative surfactants and fluoro-
phores are considered for this application, and we are pursu-
ing this line of research to enhance the scope and sensitivity
of this method.


Figure 7. Emission spectra of pyrene (20 mm) and perylene (20 mm) in
Tween 80 (2 mm, aq.) (excitation lmax 336 nm). Pyrene monomer and per-
ylene FRET emissions are quenched as the concentration of TNT in-
creases from 0 mm to 0.4 mm.


Figure 8. LDA plot of 96-well plate assay. Analytes are at 19 mm concen-
tration. *: Tetryl; M : nitrobenzene; *: RDX; ~: HMX: ^: MeCN.
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Experimental Section


Materials and methods : Pyrene (98%), perylene (99+ %), nitrobenzene
(99%), and Tween 80 were obtained from Acros Organics and used with-
out further purification. Diphenylanthracene (98%) was obtained from
Sigma-Aldrich and used without further purification. DMSO was ob-
tained from Fisher Scientific and used without further purification, while
MeCN (Optima grade) was obtained from Fisher Scientific and degassed
prior to use via bubbling N2 for 1 h. TNT (4.40 mm), tetryl (3.48 mm),
RDX (4.50 mm) and HMX (3.38 mm) were all obtained as 1000 mgmL�1


MeCN solutions in sealed glass vials from Ultra Scientific. Water was dis-
tilled, deionized and filtered prior to use.


Single-cuvette fluorescence measurements were made using a Photon
Technology International QuantaMaster spectrofluorimeter. 96-well plate
fluorescence intensity data was gathered using a Biotek Synergy 2 Multi-
detection Microplate Reader.


Fluorescence titrations : Fluorophores were dissolved in DMSO near
their solubility limits (pyrene, 200 mm ; perylene, 20 mm DPA, 10 mm)
and added to 2 mm Tween 80 in water to affect the desired final concen-
tration of fluorophore.


A sample titration is described. A cuvette was prepared with 3 mL of an
aqueous solution of pyrene (20 mm) in Tween 80 (2 mm). This solution
was excited with 336 nm light (pyrene excitation wavelength varied with
solvent but emission maxima were consistently observed at 372 nm) and
an emission spectrum recorded. An aliquot of TNT (4.4 mm) in MeCN
was added, and after thorough mixing the emission spectrum at 336 nm
excitation was again recorded. This was repeated until 0.3 mL of the
MeCN solution had been added. The fluorescence at the emission maxi-
mum (372 nm) for each spectrum was then plotted against the corre-
sponding TNT concentration.


96-well plate experiments : Two 96-well assay plates (Costar, #3632)
having 8 rows and 12 columns were used to develop the plot seen in
Figure 8. Each of the four Tween 80/fluorophore solutions detailed earli-
er was added to four contiguous rows of a plate resulting in two plates
each of which contained two types of fluorophore solution. The wells of
a plate were filled to 300 mL with three 100 mL aliquots of fluorophore
solution using a Biotek Precision Microplate Pipetting System.


The five nitrated analyte solutions and the MeCN blank were added to
the columns of the plate so that each analyte resided in two of the 12 col-
umns. In this way, eight samples of each analyte existed for each of the
fluorophore solutions. The nitrated analyte solutions were made by
adding 3 mmol of analyte dissolved in MeCN (1000 mgmL�1; neat MeCN
in the case of the blank) to a 10 mL volumetric flask, and then adding
MeCN to standardize the MeCN volume in each solution at 1 mL. The
volumetric flask was then filled to 10 mL with an aqueous 2 mm Tween
80 solution for an analyte concentration of 0.3 mm. Using the microplate
pipetting system, the explosive analyte solutions were added in a single
20 mL aliquot to the wells for a final in-well analyte concentration of
19 mm.


The 96-well assay plate was then submitted to measurements of fluores-
cence intensity. The fluorophore solutions were excited using a tungsten
light source with a 340/11 bandwidth filter. Two readings of the emission
radiation were taken: 1) the emission radiation was passed through a
380/20 bandwidth filter and read from a top 50% optics position with a
sensitivity of 45, and 2) the emission radiation was passed through a 460/
40 bandwidth filter and read from a top 400 nm optics position with a
sensitivity of 45. In the case of the DPA solution only the 460/40 nm
filter was used.


Data processing : Data processing was done using XLSTAT (version
2007.6). Fluorescence intensity data was transformed by standardization
using unbiased standard deviation (n�1). The transformed data was then
processed using linear discriminant analysis (LDA) to produce Figure 8.
Cross-validation was performed using the leave-one-out method com-
monly known as the jack-knife method.
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Introduction


The search for expedient processes for utilising light alkanes
in synthesis is a current challenge to chemistry. Considerable
efforts have been directed[1,2] towards the functionalization,
under mild conditions, of methane to give more valuable


products, for example, acetic acid,[3] but undeservedly less
attention has been paid to the carboxylation of ethane,[4] the
least reactive hydrocarbon (after methane) and the second
most abundant alkane (in natural gas). Direct transforma-
tion of ethane into the synthetically (and commercially) im-
portant[5] propionic and acetic acids could become an attrac-
tive way of functionalising alkanes. The current methods for
preparing C2H5COOH, such as carbonylation of ethylene,
oxidation of propanal and direct oxidation of naphtha,[5a]


normally exhibit low selectivities and require harsh condi-
tions, multistage processes, difficult work-up of the product
mixture and, in some cases, considerable costs for reagents.
The preparation of acetic acid by the Monsanto or Cativa
processes also has some limitations, for example, the re-
quirement for three separate stages (high-temperature
steam reforming, further conversion of the synthesis gas to
methanol and carbonylation of methanol with Rh or Ir cata-
lysts).


Abstract: Synthetic amavadin
Ca[V{ON[CH ACHTUNGTRENNUNG(CH3)COO]2}2] and its
models Ca[V{ON ACHTUNGTRENNUNG(CH2COO)2}2] and
[VO{N ACHTUNGTRENNUNG(CH2CH2O)3}], in the presence
of K2S2O8 in trifluoroacetic acid (TFA),
exhibit remarkable catalytic activity for
the one-pot carboxylation of ethane to
propionic and acetic acids with the
former as the main product (overall
yields up to 93%, catalyst turnover
numbers (TONs) up to 2.0:104). The
simpler V complexes [VO ACHTUNGTRENNUNG(CF3SO3)2],
[VO ACHTUNGTRENNUNG(acac)2] and VOSO4 are less active.
The effects of various factors, namely,
C2H6 and CO pressures, time, tempera-
ture, and amounts of catalyst, TFA and
K2S2O8, have been investigated, and
this allowed optimisation of the process


and control of selectivity. 13C-labelling
experiments indicated that the forma-
tion of acetic acid follows two path-
ways, the dominant one via oxidation
of ethane with preservation of the C�C
bond, and the other via rupture of this
bond and carbonylation of the methyl
group by CO; the C�C bond is re-
tained in the formation of propionic
acid upon carbonylation of ethane. The
reactions proceed via both C- and O-
centred radicals, as shown by experi-


ments with radical traps. On the basis
of detailed DFT calculations, plausible
reaction mechanisms are discussed.
The carboxylation of ethane in the
presence of CO follows the sequential
formation of C2H5C, C2H5COC,
C2H5COOC and C2H5COOH. The
C2H5COOC radical is easily formed on
reaction of C2H5COC with a peroxo V
catalyst via a V ACHTUNGTRENNUNG{h1-OOC(O)C2H5} in-
termediate. In the absence of CO, car-
boxylation proceeds by reaction of
C2H5C with TFA. For the oxidation of
ethane to acetic acid, either with pres-
ervation or cleavage of the C�C bond,
metal-assisted and purely organic path-
ways are also proposed and discussed.
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Homogeneous catalyst systems for the conversion of
ethane to propionic and acetic acids have been reported
only scantly. They exhibit low selectivities and yields, and
the mechanisms of the reactions have not been established.
One of the first examples of ethane carbonylation in aque-
ous medium[4b] uses K2S2O8 at 105–115 8C to give acetic and
propionic acids (the latter only in the presence of CO) with
a maximum TON of 0.4 relative to K2S2O8. The oxidative
functionalization of ethane by perfluorocarboxylic acid an-
hydrides to propionic acid and its mixed anhydride[4c] exhibit
a low propionic acid yield (maximum of ca. 1% based on
the alkane) and forms various by-products.


The reaction of ethane with CO in trifluoroacetic acid
(TFA)/K2S2O8 has been studied by Fujiwara et al., who pio-
neered the use of this system in alkane functionalization,[1f,i]


using PdII and/or CuII acetates as catalysts.[4d] The maximum
yield of propionic acid was about 18% (based on ethane)
and a TON (moles of product per mole of metal catalyst) of
11 was achieved (CoII acetate led to only 0.4% yield with a
TON of 0.3).[4f] Recently, some of us found that a ReV oxo
complex containing an N,O-picolinate ligand, that is,
[ReOCl2ACHTUNGTRENNUNG(C5H4NCOO) ACHTUNGTRENNUNG(PPh3)], reaches an overall yield of
propionic and acetic acids of 29% (TON of 45),[4g] whereas
Re complexes with pyrazole or tris(pyrazolyl)methane li-
gands catalyse the oxidation of ethane mainly to acetic acid
with a maximum yield of about 40% (carboxylation to pro-
pionic acid proceeds to a lesser extent, with ca. 8%
yield).[4h] Systems based on V-containing polyphosphomo-
lybdates/H2O2,


[6a] chromic acid/H2O2 (or tBuOOH),[6b] CoII/
N,N’-dihydroxypyromellitimide/O2


[6c] or Pd–C/H2O2 (gener-
ated in situ)[4a] are also known to catalyse homogeneously
the oxidation of ethane to acetic acid, although with low
activities. Some heterogeneous systems have also been
studied, for example, mixed metal oxides such as
Mo1V0.25Nb0.12Pd0.0005Ox, at high temperature.[6d]


Other more effective catalyst systems for the conversion
of ethane to propionic and acetic acids should be searched
for, and the still-unknown mechanisms elucidated, and these
are two main aims of the current study. Vanadium com-
pounds appear promising since they are convenient catalyst
precursors for various reactions of alkanes and aromatic
compounds,[3e,6a,e–j,7] in particular amavadin, present in some
amanita fungi, and its model (see below). They catalyse
1) peroxidative halogenation, hydroxylation and oxygena-
tion of alkanes to the corresponding organic halides, alco-
hols and ketones,[6e] 2) carboxylation of methane,[7a,c] prop-
ane[7d] and of C5 and C6 alka-
nes,[7b] 3) the oxidation of cer-
tain thiols[8] and 4) decomposi-
tion of H2O2.


[9] Use of
amavadin for alkane functional-
ization has thus been limited to
liquid alkanes, methane and
propane (carboxylation), and a
third main aim of the current
work is to extend its catalytic
activity to functionalization of


another gaseous alkane, that is, ethane. A fourth objective is
to broaden the application of V compounds in catalysis,[10]


which is still an underdeveloped field of research.
We now report highly effective carboxylation of ethane to


propionic and acetic acids in the presence of K2S2O8 and in
TFA, catalysed by amavadin and its model or other V com-
plexes with N,O or O,O ligands, with overall yields (based
on ethane) of carboxylic acids of up to 93% and TONs of
up to 2.0:104 (the yield based on K2S2O8 reaches 64%).
This is, to our knowledge, the most efficient functionaliza-
tion system for a gaseous alkane, under mild conditions, so
far reported. Possible mechanisms are suggested on the
basis of some experiments, for example, with radical traps
and 13C-labelled reagents, and DFT calculations. These in-
clude the analysis of the most plausible pathways for the
radical-formation and carboxylation processes, the study of
the role of TFA in the carboxylation in the absence of CO,
the investigation of both metal-assisted and purely organic
routes for the oxidation of ethane to acetic acid with and
without C�C bond cleavage and the roles of catalyst, oxi-
dant and solvent.


In contrast to the extensive theoretical studies that have
been undertaken to elucidate the mechanisms of various
alkane reactions (hydroxylation,[11] halogenation,[12] dehydro-
genation,[13] CH4 oxidation in sulfuric acid[14] and on an Fe-
exchanged zeolite,[15] C�H bond activation by Re,[16] Pt,[17]


Ti,[18] lanthanides,[19] and Rh[20] complexes, by unsaturated Al
ions,[21] Sc+ [22] or metal oxides,[23] etc.), only a few papers
propose plausible mechanisms of alkane carboxy-
lation,[3a,b,d,g,4b,c,d,24] and only two, to our knowledge, report
detailed theoretical studies, one of them for a quite different
system[25] from ours, and the other one (studied by some of
us)[7c] concerning methane.


Results and Discussion


Catalysis studies : The following vanadium compounds were
used as catalyst precursors: Ca[V{ON ACHTUNGTRENNUNG(CH2COO)2}2] (1; ON-
ACHTUNGTRENNUNG(CH2COO)2=basic form of 2,2’-(hydroxyimino)diacetic acid
(HIDA)3� ; amavadin model), Ca[V{ON[CH ACHTUNGTRENNUNG(CH3)COO]2}2]
(2 ; ON(CH ACHTUNGTRENNUNG(CH3)COO)2=basic form of 2,2’-(hydroxyimi-
no)dipropionic acid (HIDPA)3� ;[26] synthetic amavadin)
[VO{N ACHTUNGTRENNUNG(CH2CH2O)3}] (3 ; Scheme 1), [VOACHTUNGTRENNUNG(CF3SO3)2]·2H2O
(4), [VOACHTUNGTRENNUNG(acac)2] (5 ; acac=acetylacetonate) and
VOSO4·5H2O (6). Each of them, in the presence of K2S2O8


Scheme 1.
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and in TFA, exhibits high catalytic activity for carboxylation
of ethane with carbon monoxide to give propionic acid as
the main product (Scheme 2, Table 1 and Table S1 in the


Supporting Information). Acetic acid is also formed as a
result of partial oxidation of ethane by peroxodisulfate.
Blank tests were performed at different CO pressures and
indicated no formation of propionic acid unless the vanadi-
um catalyst was added.


The most active systems are provided by amavadin (2)
and its models 1 and 3 which can lead to overall yields of
carboxylic acids of up to 93% and/or TONs of up to 2.0:
104 (Table 1 and Tables S1–S4 in the Supporting Informa-
tion). Under the same conditions, the simpler V complexes
4–6 and oxides such as V2O5 and V2O4 are less active but
still provided yields of about 40–75% (Table 1, entries 9–
11). The impact of various factors on the activity of 1–3 was
investigated in detail (see the Supporting Information) with
the aim of optimising conditions and gaining mechanistic in-
formation.


At low ethane pressure (up to 3 atm) oxidation to acetic
acid proceeds more effectively than carboxylation to pro-
pionic acid (Figure 1a), but the latter reaction becomes
dominant at higher pressures, and the best selectivity to-
wards propionic acid is achieved at about 10 atm at a reac-
tion time of about 20 h (Figure 1b), and at a temperature of
80 8C (Figure 1c), above which a considerable drop in yield
occurs, possibly due to further oxidation of the acid and
thermal decomposition of the oxidant K2S2O8, which occurs
at about 100 8C.[27a]


The carboxylation of ethane to propionic acid proceeds
even in the absence of CO (albeit in low yields of ca. 3%,
Figure 2), whereby the carbonyl group is then derived from
TFA, as observed[3b,7] for methane carboxylation. The reac-
tion is promoted by increasing p(CO) (in accord with its
role, when present, as a carbonylating agent), up to about
20–30 atm, at which propionic acid yields are about 73–78%
(Figure 2, and Figure S1 in the Supporting Information).
The maximum yield of propionic acid corresponds to the
minimum yield of acetic acid, that is, there is competition
between the two processes, which is also consistent with the
predominant oxidation of ethane to acetic acid in the ab-
sence of CO.


Decreasing the amount of catalyst leads to an increase in
TON, albeit with a decrease in product yield; for example,
for amavadin and its model 1, TONs of 1.53:104 and 2.0:
104 are reached for an C2H6/catalyst molar ratio of 78:103


(Figure 3, and Table S2 in the Supporting Information).
Such high TONs, which still correspond to considerable acid
yields (ca. 26–20%), are quite remarkable in the field of
alkane functionalization under mild conditions and, to our
knowledge, have not been previously reached.


Trifluoroacetic acid has been used as solvent in various
alkane functionalization reactions,[1f,i, 3b–d,g,4a,d–g] but its com-
plete role still remains unclear. It can act as a carbonylating
agent[3b,4c,7] (with possible formation of CHF3


[3b]) and is also
a relatively strong acid [Ka=0.59 (pKa=0.2)].[27b] Its re-
placement by another strong acid such as trichloro- or tri-
bromoacetic acid, sulfuric or nitric acid, or by acetonitrile or
a fluorinated solvent like trifluorotoluene or 1,1,2-trichloro-
trifluoroethane results in suppression of the catalytic activi-
ty. An optimum amount of TFA (see Table S3 in the Sup-
porting Information) leads to the highest overall yield of
92.5%, as a balance between the solubilising and carbony-
lating roles of TFA on the one hand, and the decreased con-
centrations of reacting species on the other.


Scheme 2.


Table 1. Conversion of ethane into propionic and acetic acids (selected results).[a]


Yield [%][c]


Entry Catalyst n ACHTUNGTRENNUNG(C2H6)/n ACHTUNGTRENNUNG(catalyst) p ACHTUNGTRENNUNG(C2H6) [atm][b] p(CO) [atm][b] Propionic
acid


Acetic
acid


Total TON[d]


1 1 306 5 15 47.0 25.8 72.8 55.7
2 1 153 10 25 74.5 4.6 79.1 121
3 1 78.3:103 10 25 22.7 2.9 25.6 20.0:103


4[e] 1 53 5 20 63.5 29.0 92.5 46.0
5 2 153 10 30 78.4 4.8 83.2 127
6 2 78.3:103 10 30 17.0 2.5 19.5 15.3:103


7 3 153 10 22 45.5 6.5 52.0 79.6
8 3 77.7:103 10 30 18.1 2.2 20.3 15.8:103


9 4 153 10 22 68.6 6.6 75.2 115
10 5 153 10 25 59.6 7.5 67.1 103
11 6 153 10 25 64.2 5.2 69.4 106


[a] Reaction conditions (unless stated otherwise): metal-complex catalyst (0.04–20.00 mmol), K2S2O8 (4.00 mmol), CF3COOH (5.0 mL), 80 8C, 20 h, in an
autoclave (13 mL capacity). [b] Measured at 25 8C (amounts of C2H6 or CO gases correspond to 0.306 mmolatm�1, except for run 4, for which amounts
of those gases correspond to 0.212 mmolatm�1). [c] Molar yield [%] based on C2H6, that is, moles of products per 100 moles of ethane (determined by
GC or GC-MS); molar yields [%] based on K2S2O8, if required, can be estimated (except for runs 1 and 4) as total yield:0.765, for example, 64% for
run 5; for runs 1 and 4, molar yields [%] based on K2S2O8 are 28 and 23%, respectively. [d] Turnover number (moles of acetic and propionic acids per
mole of metal catalyst precursor) after 20 h. [e] CF3COOH (7.3 mL).
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K2S2O8 is essential, and the yield of propionic acid in-
creases with its amount up to a maximum, beyond which a
pronounced decrease occurs (see Table S4 and Figure S2 in
the Supporting Information), possibly due to the increasing
amount of solid (the oxidant has limited solubility) with re-
sulting poor stirring. The yields of carboxylic acids based on
K2S2O8 are usually rather high, in many cases exceed 50%
(Table 1, and Tables S1–S4 in the Supporting Information)
and reach 64% under appropriate reaction conditions.


Mechanistic discussion : To clearly establish the origin of the
alkyl and carbonyl groups in the propionic and acetic acids,
13C-labelling experiments were performed with 13CH3


13CH3


and 13CO, and the products identified by 13C{1H} NMR spec-
troscopy. Thus, from the reaction of 13CH3


13CH3 and CO,
catalysed by complex 1, the main products (Scheme 3a) are
13CH3


13CH3COOH (d, JACHTUNGTRENNUNG(13C,13C)=34 Hz, at d=8.5 and
28.3 ppm) and 13CH3


13COOH (d, J ACHTUNGTRENNUNG(13C,13C)=56 Hz, at d=


20.4 and 182.8 ppm), that is, the ethyl group of propionic
acid and both the methyl and carbonyl moieties of acetic
acid are derived from ethane, which thus undergoes carbox-
ylation to propionic acid and oxidation to acetic acid, both
with preservation of the ethane C�C bond. However, a
smaller amount (ca. 6% of the total amount of acetic acid)
of singly labelled 13CH3COOH (s, d=20.4 ppm) was also de-
tected, that is C�C cleavage of ethane also occurred as a
competitive process, and the resulting methyl group under-
went carboxylation.


These results were confirmed by performing the reaction
of CH3CH3 with 13CO (Scheme 3b), which leads not only to
CH3CH2


13COOH but also to the singly labelled acetic acid
CH3


13COOH (the CH3
13COOH/propionic acid molar ratio is


ca. 0.06) in accord with the occurrence, to some extent, of
ethane C�C bond rupture. At the low 13CO pressure (2 atm)


Figure 1. Effects of a) C2H6 pressure, b) reaction time and c) temperature
on the yields of acetic (curve A) and propionic (curve B) acids in ethane
carboxylation catalysed by amavadin 2 (b, c) or its model 1 (a). p(CO)=


25 (a, b) or 30 atm (c); p ACHTUNGTRENNUNG(C2H6)=10 atm (b, c); 80 8C (a, b); 20 h (a, c).
Point numbers correspond to entries in Table S1 in the Supporting Infor-
mation.


Figure 2. Effect of CO pressure on the yields of acetic (curve A) and pro-
pionic (curve B) acids in ethane carboxylation catalysed by amavadin
model 1. pACHTUNGTRENNUNG(C2H6)=5 atm (open points), 10 atm (filled points); 80 8C;
20 h. Point numbers correspond to entries in Table S1 in the Supporting
Information.


Figure 3. Effect of the amount of catalyst on the total yield of carboxylic
acids and TON of catalyst in ethane carboxylation catalyzed by amavadin
(2). pACHTUNGTRENNUNG(C2H6)=10 atm; p(CO)=30 atm; 80 8C; 20 h. For full reaction con-
ditions see Table S2 in the Supporting Information.
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used, unlabelled CH3COOH is formed in relatively large
amounts (see also Figure 2; the CH3COOH/propionic acid
molar ratio is 1.2) due to oxidation of ethane, whereas car-
bonylation by TFA to afford CH3CH2COOH is also ob-
served, although only to a slight extent (the
CH3CH2COOH/CH3CH2


13COOH molar ratio is ca. 0.08).
Although under typical reaction conditions very high se-


lectivity towards propionic and acetic acids is observed, at
lower gas pressures (e.g., 2 atm) the ethyl and methyl esters
of trifluoroacetic acid are also detected as reaction products,
although in much lower yields than the acids. Ethane was
confirmed as their carbon source by using 13CH3


13CH3,which
affords CF3COO13CH2


13CH3 (d, J ACHTUNGTRENNUNG(13C,13C)=38 Hz, at d=


13.5 and 67.3 ppm) and CF3COO13CH3 (s, d=55.9 ppm),
again proving a considerable extent of alkane C�C cleavage.
In the absence of CO, the main products are acetic acid and
the ester CF3COOCH2CH3, which do not involve carbonyla-
tion of ethane, although propionic acid is also detected on
account of a carbonylating role of TFA.
Radical formation : The reactions leading to the carboxylic


acids are believed to proceed mainly via both carbon- and
oxygen-centred radicals, since the yields of these products
sharply drop (especially that of propionic acid, formation of
which can be fully suppressed; see Table S5 in the Support-
ing Information) in the presence of a C-radical trap,[28a–c]


like 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) or
CBrCl3, or an O-radical trap[28a–c] such as Ph2NH. Butylated
hydroxytoluene (BHT), O2, benzoyl peroxide and PbEt4, the
latter group known[4c] to be possible radical initiators, also
strongly inhibit propionic acid formation, but oxidation of
ethane to acetic acid can be significantly promoted by such
species.


The formation of ethyl radicals has been proved by the
detection, by 1H (see Figure S3 in the Supporting Informa-
tion) and 13C NMR spectroscopy, of CH3CH2Br and
CH3CHBr2 as the main products (ca. 11 and 3% yield based
on ethane; Scheme 4) when the reaction is carried out in the
presence of CBrCl3 (CH3CH2Cl, CH3CHCl2, and propionic
and acetic acids are also detected in small amounts).


In contrast to the V catalyst, K2S2O8 has a decisive role in
radical formation, since without it no products (in particular
no organic halide when the reaction is performed in the
presence of CBrCl3) are observed, whereas when the reac-
tion is carried out in the absence of the metal catalyst but in


the presence of K2S2O8, the or-
ganic halides CH3CH2X,
CH3CHX2 and CH3CX3 (X=


Br, Cl) are formed. The in-
volvement of K2S2O8 as an oxi-
dant is suggested by the isola-
tion from the reaction solution
in high yield of KHSO4 as a col-


ourless crystalline material (identified by IR, elemental and
single-crystal X-ray diffraction analyses, the last-named of
which was in accord with that already reported[29]). This salt,
however, is also formed upon refluxing TFA/K2S2O8.


Nevertheless, no carboxylic acid is detected in the absence
of the V catalyst. We have not yet succeeded in isolating
and fully characterizing any V intermediate, but amavadin
and its model (VIV complexes 2 and 1, respectively) are oxi-
dised[6e,9] by H2O2 to the corresponding VV compounds,
which are related to bis-peroxo VV complexes, since the de-
protonated hydroxyimine(1�) group h2-ON of the ligands
(Scheme 1) is comparable to peroxide(2�). Moreover, V
species can readily undergo peroxidation to give peroxo or
hydroperoxo complexes[10,30] and compounds of these types
have been proposed[6a,g] as active species in peroxidations of
hydrocarbons. Hence, the involvement, in our system, of a
peroxo VV complex such as [V(OO){N ACHTUNGTRENNUNG(CH2CH2O)3}], the
peroxo analogue of oxo complex 3, or a related species is a
reasonable assumption.


On the basis of the above, one can propose that the
ethane reactions are initiated by hydrogen-atom abstraction
from RH by the sulfate anion radical SO4C


� (or its protonat-
ed form HSO4C)


[7c,28c] formed upon thermolytic decomposi-
tion of S2O8


2� (or the protonated form HS2O8
� in acidic


TFA medium).[3c,28d] Quantum chemical calculations indicate
that exothermic interactions of SO4C


�, and particularly
HSO4C radicals, with C2H6 occur with a low activation barrier
(the activation enthalpy in solution DH�


s is 7.61 and
0.12 kcalmol�1, respectively; see reactions 2 in Table 2 and
Scheme 5; the complete version of Table 2 is given in the
Supporting Information as Table S6). Selected transition
states (TS) are presented in Figure 4, whereas a wider view
is given in Figure S4 in the Supporting Information.


In contrast, direct H abstraction from ethane (homolytic
C�H bond cleavage to yield the ethyl radical) by an oxo or
a peroxo vanadium complex, for example, [V(OO){N-
ACHTUNGTRENNUNG(CH2CH2O)3}] or [VACHTUNGTRENNUNG(OOH){NACHTUNGTRENNUNG(CH2CH2O)3}]


+ , as well as
heterolytic C�H bond cleavage leading to an ethyl V species
are thermodynamically highly unfavourable (reactions 3–6
in Table S6 in the Supporting Information).
Carboxylation : The mechanism of further conversion of


C2H5C to propionic acid includes carbonylation of the former
by CO to form the acyl radical C2H5COC (reaction 3,
Scheme 5). The latter may then be converted by three


routes (I–III) similar to those
described for methane carboxy-
lation.[7c] Route I (Scheme 5),
which is the most favourable
for formation of propionic acid


Scheme 3.


Scheme 4.
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Table 2. Energetic characteristics [kcalmol�1] of the reactions involved in the proposed mechanisms at the CPCM-B3LYP/6-31+G*//gas-B3LYP/6-31G*
and CPCM-B3LYP/6-311+G**//gas-B3LYP/6-311+G** (in parentheses) levels of theory.[a]


No. Reaction DH�
s DHs DGs


Radical formation
1 HS2O8


�!HSO4C+SO4C
� +24.86 (+24.31)


2a SO4C
�+C2H6!HSO4


�+C2H5C (via
TS1a)


9.82 (7.61) �2.31 (�6.87) �4.56 (�8.70)


2b HSO4C+C2H6!H2SO4+C2H5C (via
TS1b)


�0.28 (+0.12) �9.19 (�12.74) �10.18 (�13.76)


Carboxylation
3 C2H5C+CO!C2H5COC


ACHTUNGTRENNUNG(via TS2) 2.72 (3.35) �14.12 (�12.43)
4a [VO{N ACHTUNGTRENNUNG(CH2CH2O)3}]+HS2O8


�![V(OO){N ACHTUNGTRENNUNG(CH2CH2O)3}]+HS2O7
� +8.16 +7.88


4b HS2O8
�+CF3COOH!H2SO5+CF3C(O)OSO3


� +7.66 (+7.59) +2.61 (+5.63)
4c HS2O8


�+H2O!H2SO5+HSO4
� +1.57 (�1.57) +1.46 (�0.86)


4d [VO{N ACHTUNGTRENNUNG(CH2CH2O)3}]+H2SO5![V(OO){N ACHTUNGTRENNUNG(CH2CH2O)3}]+H2SO4 +2.49 +2.60
5a [V(OO){N ACHTUNGTRENNUNG(CH2CH2O)3}]+C2H5COC![V ACHTUNGTRENNUNG{OOC(O)C2H5}{N ACHTUNGTRENNUNG(CH2CH2O)3}] (via


TS3a)
4.51 �57.32


5b [V ACHTUNGTRENNUNG{OOC(O)C2H5}{N ACHTUNGTRENNUNG(CH2CH2O)3}]![V(O){N ACHTUNGTRENNUNG(CH2CH2O)3}]+C2H5COOC (via
TS3b)


5.53 �15.42


6 C2H5COOC+CF3COOH!C2H5COOH+CF3COOC
ACHTUNGTRENNUNG(via TS4) 1.50 (1.10) +9.42 (+9.56) +9.71 (+9.95)


7 C2H5COOC+C2H6!C2H5COOH+C2H5C ACHTUNGTRENNUNG(via TS5) 5.53 (4.93) �3.82 (�7.15) �4.27 (�7.45)
8 [V ACHTUNGTRENNUNG(OOH){N ACHTUNGTRENNUNG(CH2CH2O)3}]


+ +C2H5COC![V ACHTUNGTRENNUNG(OOH){N ACHTUNGTRENNUNG(CH2CH2O)3}]+C2H5CO+ �13.66 �13.98
9 C2H5CO+ +CF3COO�!CF3C(O)OC(O)C2H5 �36.71 (�34.16)


10 C2H5CO+ +HSO4
�!C2H5C(O)OSO2OH �32.96 (�29.54)


11 HS2O8
�+C2H5COC!SO4C


�+C2H5C(O)OSO2OH (via
TS8b)


4.49 (4.18) �56.80 (�57.18) �56.18 (�56.61)


12 C2H5C+CF3COOH!C2H6+CF3COOC
ACHTUNGTRENNUNG(via
TS12)


12.06 (17.99) +13.23 (+16.70) +13.96 (+17.40)


13 HSO4C+CF3COOH!H2SO4+CF3COOC
ACHTUNGTRENNUNG(via
TS13)


13.32 (12.85) +4.05 (+3.96) +3.78 (+3.64)


14 C2H5C+CF3COOC!CF3COOC2H5 �87.76 (�86.19)
Carboxylation by TFA


15 C2H5C+CF3COOH!CF3C(OH)ACHTUNGTRENNUNG(C2H5)OC
ACHTUNGTRENNUNG(via
TS14)


9.66 (10.56) +6.45 (+8.21)


16 CF3C(OH) ACHTUNGTRENNUNG(C2H5)OC!CF3C+C2H5COOH ACHTUNGTRENNUNG(via
TS15)


6.53 (5.94) �8.62 (�9.79)


17 CF3C+C2H6!CF3H+C2H5C ACHTUNGTRENNUNG(via
TS21)


8.36 (6.77) �7.91 (�8.53) �8.67 (�9.44)


18 CF3C+CF3COOH!CF3H+CF3COOC
ACHTUNGTRENNUNG(via
TS22)


16.30 (17.31) +5.33 (+8.17) +5.30 (+7.96)


19 CF3C+H2SO4!CF3H+HSO4C ACHTUNGTRENNUNG(via
TS23)


15.10 (16.25) +1.29 (+4.21) +1.52 (+4.33)


Oxidation
20 C2H5C+HSO4C!C2H5OSO2OH �81.42 (�80.80)
21 C2H5OSO2OH+CF3COOH!C2H5OH+CF3COOH+SO3 ACHTUNGTRENNUNG(via


TS31)
7.09 (5.84) +22.33 (+21.06)


22 [VO{N ACHTUNGTRENNUNG(CH2CH2O)3}]+CF3COOH![V(OH){N ACHTUNGTRENNUNG(CH2CH2O)3}]
+ +CF3COO� +13.67 +12.91


23 [V(OH){N ACHTUNGTRENNUNG(CH2CH2O)3}]
+ +C2H5C![V ACHTUNGTRENNUNG(HOC2H5){N ACHTUNGTRENNUNG(CH2CH2O)3}]


+ �44.26
24 [V ACHTUNGTRENNUNG(HOC2H5){N ACHTUNGTRENNUNG(CH2CH2O)3}]


+ +CF3COO�![V(OC(O)CF3){N-
ACHTUNGTRENNUNG(CH2CH2O)3}]+C2H5OH


�8.71 �6.17


25 [V(OO){N ACHTUNGTRENNUNG(CH2CH2O)3}]+C2H5C![V ACHTUNGTRENNUNG(OOC2H5){N ACHTUNGTRENNUNG(CH2CH2O)3}] ACHTUNGTRENNUNG(via
TS32)


7.21 �47.93


26 [V ACHTUNGTRENNUNG(OOC2H5){N ACHTUNGTRENNUNG(CH2CH2O)3}]![V(=O){N ACHTUNGTRENNUNG(CH2CH2O)3}]+CH3CH2OC
ACHTUNGTRENNUNG(via
TS33)


8.00 �13.02


27 CH3CH2OH+HSO4C!CH3CH2OC+H2SO4 ACHTUNGTRENNUNG(via
TS34)


�1.28 (�5.30) �6.69 (�7.04) �6.39 (�6.68)


28 CH3CH2OC+HSO4C!CH3CHO+H2SO4 ACHTUNGTRENNUNG(via
TS35)


�7.46 (�4.52) �88.53 (�92.40) �87.74 (�91.36)


29 CH3CH2OH+HSO4C!CH3CHOHC+H2SO4 ACHTUNGTRENNUNG(via
TS36)


�7.55 (�6.42) �14.93 (�18.61) �15.30 (�18.82)


30 CH3CHOHC+HSO4C!CH3CHO+H2SO4 ACHTUNGTRENNUNG(via
TS37)


4.88 (4.07) �80.28 (�80.83) �78.83 (�79.24)


31 CH3CHO+HSO4C!CH3C=OC+H2SO4 ACHTUNGTRENNUNG(via
TS38)


�6.68 (�4.51) �17.21 (�20.76) �17.57 (�21.01)


32 [V ACHTUNGTRENNUNG(OOH){N ACHTUNGTRENNUNG(CH2CH2O)3}]
+ +C2H5C![V ACHTUNGTRENNUNG(OOH){N ACHTUNGTRENNUNG(CH2CH2O)3}]+C2H5


+ +5.93 +6.06
33 C2H5


+ +HSO4
�!CH2=CH2+H2SO4 �37.60 (�39.33) �37.01 (�38.14)


34 C2H5
+ +CF3COO�!CH2=CH2+CF3COOH �44.31 (�46.96) �43.52 (�45.20)


35 [V(OO){N ACHTUNGTRENNUNG(CH2CH2O)3}]+C2H4![V(=O){N ACHTUNGTRENNUNG(CH2CH2O)3}]+CH3CHO �82.76 �83.17
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and operates in the presence of the metal catalyst, involves
oxygenation of C2H5COC with [V(OO){N ACHTUNGTRENNUNG(CH2CH2O)3}] to
give C2H5COOC via formation of the intermediate [V-
ACHTUNGTRENNUNG{OOC(O)C2H5}{N ACHTUNGTRENNUNG(CH2CH2O)3}] (Figure 4). The peroxo V
species is derived from reaction of 3 with HS2O8


� (reac-
tion 4a) or with H2SO5 (peroxomonosulfuric acid) formed
upon reaction of HS2O8


� with TFA or hydrolysis with traces
of water[27c] (reactions 4b–d). C2H5COOC abstracts a hydro-
gen atom from, for example, excess CF3COOH or C2H6 (re-
actions 6 and 7) to afford propionic acid.


Alternative pathways II and III (Scheme 6) involve oxida-
tion of C2H5COC either by a protonated peroxo VV complex
such as [V ACHTUNGTRENNUNG(OOH){N ACHTUNGTRENNUNG(CH2CH2O)3}]


+ (reaction 8) or by per-
oxodisulfate (reaction 11). Mixed anhydrides such as
CF3C(O)OC(O)C2H5 and C2H5C(O)OSO2OH are easily
formed (reactions 9–11) but they are thermodynamically
more stable than C2H5COOH. Thus, formation of propionic
acid via routes II and III is less favourable than via catalytic
route I. A more detailed discussion is given in the Support-
ing Information.


The presence in the reaction mixture of species such as
C2H5C, HSO4C and CF3COOH provides for several side reac-


tions (reactions 12–14) leading to ethyl trifluoroacetate
CF3COOC2H5, and formation of this by-product was con-
firmed experimentally (see above).


Carboxylating role of TFA : In the absence of CO, the main
products are acetic acid and the ester CF3COOC2H5, which
do not involve carboxylation of ethane. However, propionic
acid was also detected on account of the carboxylating role
of TFA, which possibly involves attack by C2H5C on the elec-
trophilic carboxyl C atom of CF3COOH[4c,31] to give an oxo
radical intermediate (reaction 15, Scheme 7 and Scheme S2
in the Supporting Information). This intermediate undergoes
a known b-bond cleavage reaction[32] to give CF3C and
C2H5COOH (reaction 16), and the former product is con-
verted to trifluoromethane (reactions 17–19). Another less
favourable mechanism, involving attack of HSO4C on the car-
bonyl C atom of TFA and formation of CO2 (Scheme 8), is
discussed in the Supporting Information.


Oxidation : Oxidation of ethane to acetic acid without C�C
bond cleavage may occur via ethanol and acetaldehyde as
intermediates. Indeed, alcohols are oxidised by our systems


Table 2. (Continued)


No. Reaction DH�
s DHs DGs


C�C bond cleavage
36 [VO{N ACHTUNGTRENNUNG(CH2CH2O)3}]+C2H5C![V ACHTUNGTRENNUNG(OC2H5){N ACHTUNGTRENNUNG(CH2CH2O)3}] �35.18
37 [V ACHTUNGTRENNUNG(OC2H5){N ACHTUNGTRENNUNG(CH2CH2O)3}]+HSO4C![V ACHTUNGTRENNUNG(OCH2){N-


ACHTUNGTRENNUNG(CH2CH2O)3}]+CH3OSO2OH
ACHTUNGTRENNUNG(via
TS46)


17.96 �18.89 �18.55


38 [V ACHTUNGTRENNUNG(OCH2){N ACHTUNGTRENNUNG(CH2CH2O)3}]+CO![V ACHTUNGTRENNUNG(OCH2CO){N ACHTUNGTRENNUNG(CH2CH2O)3}] ACHTUNGTRENNUNG(via
TS47)


15.18 +9.29


39 [V ACHTUNGTRENNUNG(OCH2CO){N ACHTUNGTRENNUNG(CH2CH2O)3}]![V(=O){N ACHTUNGTRENNUNG(CH2CH2O)3}]+CH2=C=O ACHTUNGTRENNUNG(via
TS48)


17.39 �18.60


40 CH2=C=O+CF3COOH!CF3C(O)OC(O)CH3 ACHTUNGTRENNUNG(via
TS49)


11.77 (11.36) �20.15 (�14.25)


41 CF3C(O)OC(O)C2H5+CF3COOH!CF3C(O)OC(O)CF3+C2H5COOH ACHTUNGTRENNUNG(via TS9) 26.06 (25.64) +6.74 (+7.14) +7.23 (+6.89)
42 CH3CH=O+C2H5C!CH3CHACHTUNGTRENNUNG(C2H5)OC


ACHTUNGTRENNUNG(via
TS50)


6.59 (7.24) +1.85 (�0.22)


43 CH3CH ACHTUNGTRENNUNG(C2H5)OC!C2H5CH=O+CH3C ACHTUNGTRENNUNG(via
TS51)


9.81 (12.74) +1.96 (+4.02)


44 CH3CH=O+HSO4C!CH3CH ACHTUNGTRENNUNG(OSO2OH)OC
ACHTUNGTRENNUNG(via
TS52)


0.51 (�3.29) �8.76 (�7.35)


45 CH3CH ACHTUNGTRENNUNG(OSO2OH)OC!CH3C+HOSO2OCH=O ACHTUNGTRENNUNG(via
TS53)


17.50 (15.56) +10.56 (+8.00)


46 HOSO2OCH=O!H2SO4+CO ACHTUNGTRENNUNG(via
TS54)


22.78 (20.00) �1.18 (�5.16)


47 HOSO2OCH=O+CF3COOH!H2SO4+CO+CF3COOH ACHTUNGTRENNUNG(via
TS55)


21.45 (16.91) �1.18 (�5.16)


48 CH3COOH+C2H5C!CH3C(OH) ACHTUNGTRENNUNG(C2H5)OC
ACHTUNGTRENNUNG(via
TS56)


16.21 (17.26) +13.82 (+15.62)


49 CH3C(OH) ACHTUNGTRENNUNG(C2H5)OC!C2H5COOH+CH3C ACHTUNGTRENNUNG(via
TS57)


6.38 (5.74) �7.44 (�9.16)


50 CH3COOH+HSO4C!CH3C(OH)ACHTUNGTRENNUNG(OSO2OH)OC
ACHTUNGTRENNUNG(via
TS58)


17.80 (20.18) +17.48 (+18.31)


51 CH3C(OH) ACHTUNGTRENNUNG(OSO2OH)OC!CH3C+HOSO2OCOOH ACHTUNGTRENNUNG(via
TS59)


7.82 (6.78) �8.56 (�10.28)


52 HOSO2OCOOH!H2SO4+CO2 ACHTUNGTRENNUNG(via
TS19)


10.39 (8.27) �16.18 (�19.61)


53 HOSO2OCOOH+CF3COOH!H2SO4+CO2+CF3COOH ACHTUNGTRENNUNG(via
TS20)


13.67 (9.86) �16.18 (�19.61)


54 CF3C(O)OC(O)CH3+CF3COOH!CF3C(O)OC(O)CF3+CH3COOH 27.09 (26.87) +5.43 (+5.86) +5.51 (+5.56)


[a] DGs values are indicated only for the processes which preserve the total number of molecules during reaction.
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under typical conditions to the corresponding carboxylic
acids, without appreciable carbonylation (Table 3), that is,
ethanol leads to acetic acid (22% yield) with only traces of
propionic acid, and propanol forms propionic acid, with a
smaller amount of acetic acid, without detection of any bu-
tyric acid. The 15% yield of propionic acid from propanol is
much lower than that of 78% obtained from ethane under
identical conditions, and thus free propanol conceivably is
not involved in the carboxylation of ethane to propionic
acid. However, since the yield of acetic acid from ethanol
(22%) is much higher than that from ethane (5%), we
cannot rule out the possible involvement of some free etha-
nol in the oxidation of ethane to this acid.


Moreover, acetaldehyde is oxidised to acetic acid in a
much higher yield (ca. 40%) than ethanol (22%) or ethane
(5%), and this suggests possible involvement of the alde-
hyde in the conversion of ethane to acetic acid. Hence, the
oxidative route to acetic acid with preservation of the
alkane C�C bond can involve the sequential catalytic oxida-
tions C2H6!CH3CH2OH!CH3CHO!CH3COOH. Acetic
acid is almost unreactive under our typical reaction condi-
tions (98% of its initial amount still remains after 20 h).


For conversion of the C2H5C radical to ethanol and acetal-
dehyde, several purely organic and metal-assisted mecha-
nisms were theoretically investigated (Scheme 9). Among
the most favourable are 1) formation of the ester
C2H5OSO2OH upon interaction of C2H5C with HSO4C (reac-


tion 20) followed by solvolysis
with CF3COOH (reaction 21);
2) interaction of C2H5C with OH
of the protonated form of 3,
that is, [V(OH){N-
ACHTUNGTRENNUNG(CH2CH2O)3}]


+ , to give ligated
ethanol (reactions 22 and 23,
Figure 4) which can be liberated
upon exothermic substitution by
CF3COO� (reaction 24); 3) in-
teraction of C2H5C with the
peroxo V complex to give an
ethylperoxo species (reac-
tion 25) which, upon O�O bond
cleavage, transforms into
C2H5OC and regenerates 3 (reac-
tion 26). (See Supporting Infor-
mation for details and discus-
sion of other less favourable
routes.)


The oxidation of ethanol (or
of the ethoxy radical) to acetal-
dehyde and further to acetic
acid can occur easily by mecha-
nisms involving abstraction of
H atoms by radicals to form the
acetyl radical CH3COC (reac-
tions 27–31).[33] Plausible mech-
anisms for transformation of
CH3COC into CH3COOH were


described previously.[7c] Other processes leading to
CH3CHO (reactions 60–67 in Table S6 in the Supporting In-
formation) require significantly higher energy.


Another possible route to acetaldehyde involves oxidation
of C2H5C by a hydroperoxo VV complex, for example, [V-
ACHTUNGTRENNUNG(OOH){NACHTUNGTRENNUNG(CH2CH2O)3}]


+ (see above) to give C2H5
+ (reac-


tion 32) which, being a protonated ethylene, readily under-
goes deprotonation (reactions 33 and 34). Recently, it was
shown[34] that cation-radical vanadium clusters (V2O5)n


+


(n=1, 2) oxidize C2H4 to CH3CHO. A peroxo VV complex
such as [V(OO){N ACHTUNGTRENNUNG(CH2CH2O)3}] may also be involved in
ethylene oxidation. The DGs value for the corresponding
overall reaction 35 is strongly negative (�83.17 kcalmol�1).
Detailed investigations of the possibility of this reaction and
its mechanism are underway.


C�C bond cleavage : A point that deserves further analysis is
the path for oxidation of ethane to acetic acid via C�C bond
cleavage. A plausible mechanism (Scheme 10A) for this re-
action is based on interaction of C2H5C with an oxo vanadi-
um catalyst, for example, [VO{NACHTUNGTRENNUNG(CH2CH2O)3}] (3), to give
the VIV species [V ACHTUNGTRENNUNG(OC2H5){N ACHTUNGTRENNUNG(CH2CH2O)3}] (reaction 36).
The latter may react with HSO4C to yield the triplet structure
[VC


ACHTUNGTRENNUNG(OCCH2){N ACHTUNGTRENNUNG(CH2CH2O)3}] (reaction 37), which interacts
with CO to give the parent 3 and ketene
CH2=C=O via [VC


ACHTUNGTRENNUNG(OCH2CC=O){N ACHTUNGTRENNUNG(CH2CH2O)3}] (reac-
tions 38 and 39, Figure 4). Reaction of ketene with solvent


Figure 4. Equilibrium structures of selected TSs and intermediates (H atoms are not labelled for clarity). For a
wider view see Figure S4 in the Supporting Information.
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forms the mixed anhydride CF3C(O)OC(O)CH3, which
transforms into acetic acid (reactions 40, 54).[7c]).


Cleavage of the C�C bond may also occur at later stages
of ethane oxidation (Scheme 10C), that is, after formation
of CH3CHO or even CH3COOH. Their electrophilic carbon-
yl C atoms may undergo attack by C2H5C or HSO4C to give
oxo radical intermediates (reactions 42, 44, 48, 50). As a


result of b-bond cleavage (reactions 43, 45, 49, 51), CH3C is
formed and reacts with CO to give the singly labelled acetic
acid 13CH3COOH (if 13CH3


13CH3 and CO were starting ma-
terials). HOSO2OCHO and HOSO2OCOOH, upon decom-
position into CO or CO2 and H2SO4, respectively (reac-
tions 46, 47, 52, 53), are additional sources of the carbonyl


Scheme 5. The most plausible proposed mechanism I (A) and energy profile (B) for carboxylation of alkanes. [V]=V{N ACHTUNGTRENNUNG(CH2CH2O)3}. Reaction and TS
numbers are those of Table 2 and Table S6 in the Supporting Information, respectively.


Scheme 6. Alternative (less favourable) pathways for carboxylation of alkanes. [V]=V{N ACHTUNGTRENNUNG(CH2CH2O)3}. Reaction numbers are those of Table 2.
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group. Other less favourable mechanisms of C�C bond
cleavage are discussed in the Supporting Information.


Role of the vanadium catalyst : The role of the V centre in
the carboxylation processes can be envisaged as promoting
any of the following possible reactions: 1) oxygenation of
the acyl radical EtCOC by a peroxo VV complex, which pro-
vides the most preferable catalytic route for propionic acid
(reactions 5–7); 2) oxidation of EtCOC to EtCO+ (reac-
tion 8) by a hydroperoxo VV species in the carboxylation
process; 3) oxidation processes forming acetic acid via etha-
nol and acetaldehyde without C�C bond cleavage, namely,
by oxidation of EtC to Et+ (reaction 32) by a hydroperoxo
VV species, by O transfer from a peroxo VV species (with
formation of the corresponding oxo VV species)[6f] to give
EtC (reaction 25) or C2H4 (reaction 35) or by HO transfer
from a hydroxo VV species to give EtC (reaction 23); 4) car-
bonylation process leading to acetic acid with C�C bond
cleavage via VIV–OC2H5 and VIV–OCH2C intermediates (re-
actions 36–39).


Conclusions


This work has extended to ethane the catalytic activity of
amavadin and related vanadium complexes in functionaliza-
tion of alkanes. It has shown that they can act as remarkably
active catalysts for the direct one-pot carboxylation of
ethane to give mainly propionic acid and, to a smaller
extent, acetic acid, under mild conditions (the overall yield,
based on the alkane, can reach 93%). The catalysts remain
active even at very low concentrations and unprecedented
high TONs are obtained (up to 2.0:104), still with good
yields. The catalyst activities are much higher than those we
have previously observed[7] for methane carboxylation to
acetic acid and appear to be the highest so far reported in
the field of alkane functionalization under mild conditions.


Optimisation and control of selectivity of the process
have been achieved by studying the effects of a variety of
factors that require adjustments within particular ranges,
namely the ethane pressure (optimal of ca. 10 atm for pro-
pionic acid or ca. 3 atm for acetic acid), the CO pressure
(ca. 15–20 atm for propionic acid and absence of CO for
acetic acid), temperature (80 8C for propionic acid, whereas
the effect, above ca. 50 8C, is small for acetic acid), time (ca.
20 h for propionic acid and ca. 5 h for acetic acid), and the
amounts of TFA and K2S2O8 (e.g., 4 mmol for propionic
acid under the typical conditions used).


The mechanisms involve both C- and O-centred radicals,
as indicated by the inhibiting effect of radical traps, and for-


Scheme 7. Proposed mechanism (A) and energy profile (B) for carboxy-
lation of C2H5C by TFA. Reaction numbers correspond to those of
Table 2. X=CF3COO, C2H5 or HSO4. TS numbers are those of Table S6
in the Supporting Information .


Scheme 8. Alternative (less favourable) pathways for the carboxylating role of TFA. Reaction numbers are those of Table 2. X=CF3COO, C2H5 or
HSO4.


Table 3. Comparative carboxylation of different substrates.[a]


Yield [%][d]


Entry Substrate[b] p(CO) [atm][c] Propionic
acid


Acetic
acid


Total TON[e]


1 C2H6
[f] 30 78.4 4.8 83.2 127


2 C2H5OH 30 0.3 22.0 22.3 34
3 C3H7OH 30 14.5 5.8 20.3 31
4 CH3CHO 30 0.4 40 40.4 61
5 CH3COOH 30 0.0 –[g] – –


[a] Catalyst 2 (0.0200 mmol), K2S2O8 (4.00 mmol, i.e., 200:1 molar ratio
of oxidant to metal catalyst), CF3COOH (5.0 mL), 80 8C, 20 h, in an auto-
clave (13 mL capacity). [b] 3.06 mmol. [c] Measured at 25 8C (amounts of
CO correspond to 0.306 mmolatm�1). [d] Molar yield [%] based on the
substrate, that is, moles of product per 100 moles of the corresponding
substrate. [e] Turnover number (moles of acetic and propionic acids per
mole of metal catalyst). [f] 10 atm, measured at 25 8C (i.e., 3.06 mmol).
[g] The amount of acetic acid at the end of the reaction is 97.8% of its in-
itial amount, that is, it is essentially unreactive.
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mation of ethyl halides in the presence of CBrCl3, and evi-
dence has been presented for a key role of the oxidizing
agent K2S2O8 as a source of radicals (SO4C


�, HSO4C) suitable
for H abstraction from the alkane. The thus-formed ethyl
radical reacts with CO, and the resulting acyl radical
C2H5COC interacts further with the catalyst to yield the car-
boxyl radical C2H5COOC which, upon H abstraction from
the alkane or TFA, is converted to propionic acid. In the ab-


sence of a catalyst, two alternative routes are operative, but
both lead to thermodynamically stable mixed anhydrides in-
stead of C2H5COOH.


A role of the TFA solvent as a carbonylating agent has
also been recognised, by performing experiments in the ab-
sence of CO and theoretical calculations. Under such condi-
tions, TFA reacts with the ethyl radical to yield an oxo radi-
cal intermediate which, upon b-bond cleavage, directly af-


Scheme 9. Proposed mechanisms (A) and energy profile (B) for oxidation of ethane to acetic acid (via ethanol and acetaldehyde). [V]=V{N-
ACHTUNGTRENNUNG(CH2CH2O)3}. X=HSO4 or CF3COO. Reaction and TS numbers are those of Table 2 and Table S6 in the Supporting Information, respectively.
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fords C2H5COOH, albeit in comparatively low yield due to
competitive side reactions.


Experiments with 13C-enriched gases confirmed that the
ethyl group of propionic acid originates from ethane and the
carbonyl group from CO, whereas the formation of acetic
acid follows two pathways: a dominant one via ethane oxi-
dation with preservation of the C�C bond, and a less exten-


sive one via cleavage of this bond with carbonylation of a
methyl group. The formation of acetic acid via the former
route conceivably involves sequential (both purely organic
and metal-assisted) oxidation of ethane to ethanol and/or
acetaldehyde and further to acetyl radical with low activa-
tion barriers. The formed CH3COC undergoes peroxo-V-cata-
lysed conversion to CH3COOH. However, propanol is not


Scheme 10. Proposed mechanisms (A, C) and energy profile for mechanism A (B) for ethane C�C bond cleavage. [V]=V{N ACHTUNGTRENNUNG(CH2CH2O)3}. Reaction and
TS numbers are those of Table 2 and Table S6 in the Supporting Information, respectively.
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expected to be an intermediate to propionic acid. For the
oxidation of ethane to acetic acid with C�C bond cleavage,
several metal-assisted and organic pathways were also con-
sidered.


The studies also suggest that ethane can become a promis-
ing raw material for the synthesis of propionic and acetic
acids, in the presence and absence of CO, respectively,
under mild conditions. However, in view of the appreciable
cost of TFA, its recycling and the search for a cheaper sol-
vent (and cheaper oxidant) are advisable, as well as estab-
lishing an easy method of separating the acid products.


Although the biological role of amavadin has not yet
been ascertained, its ability to catalyse the formation of hy-
drophilic carboxylic acids and esters from hydrophobic hy-
drocarbons like alkanes could possibly be used by organisms
not only for the elimination of noxious hydrocarbons but
also for biosynthetic purposes, although under reaction con-
ditions different from ours, which are not found in nature.


Experimental Section


Catalysts 1,[26b] 2,[26b] 3[40] and 4[41] were prepared according to published
methods. [VO ACHTUNGTRENNUNG(acac)2] (5 ; Aldrich), VOSO4·5H2O (6 ; Merck), V2O5 (7;
Aldrich) and V2O4 (8 ; Merck) were obtained from commercial sources
and used as received. Ethane (AlphaGaz), 13C-enriched ethane (Aldrich),
carbon monoxide (Air Products), 13C-enriched carbon monoxide (Al-
drich) and dinitrogen gases (Air Liquid Portugal), potassium peroxodisul-
fate (Fluka), trifluoroacetic acid (Aldrich), CBrCl3 (Fluka), 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO, Aldrich), Ph2NH (Fluka), 2,6-di-tert-
butyl-4-methylphenol (BHT, Aldrich), benzoyl peroxide (Fluka), tetrae-
thyllead (50% xylene solution, Aldrich), ethanol (Panreac), propanol
(Panreac), acetic acid (Merck), acetaldehyde (Fluka) and n-butyric acid
(Aldrich) were obtained from commercial sources and used as received.


The reaction mixtures were prepared as follows: K2S2O8 (1.08 g,
4.00 mmol) and TFA (5.0–7.3 mL) were added to 0.04–20.00 mmol of cat-
alyst, either in solid form, as a fine solid mixture with K2S2O8


(K2S2O8:catalyst 100:1) or as a 0.0020m solution in TFA, in a 13.0 mL
stainless steel autoclave, equipped with a Teflon-coated magnetic stirring
bar. Then the autoclave was closed and flushed with dinitrogen three
times to remove the air and finally pressurised with ethane (0–15 atm)
and carbon monoxide (0–40 atm). The reaction mixture was vigorously
stirred for 2–20 h at 80 8C using a magnetic stirrer and an oil bath. After
the selected reaction time, the autoclave was cooled in an ice bath, then
degassed and opened. Diethyl ether (5 mL) and n-butyric acid as internal
standard (90 mL) were added to 1 mL of the reaction mixture. The result-
ing mixture was stirred, filtered and analysed by gas chromatography (in-
ternal standard method) on a Fisons Instruments GC 8000 series gas
chromatograph with a DB WAX fused-silica capillary column and the
Jasco-Borwin v.1.50 software. In some cases products were also identified
by GC-MS and 1H and 13C{1H} NMR techniques on a Trio 2000 Fisons
spectrometer with a coupled Carlo Erba (Auto/HRGC/MS) gas chroma-
tograph and a Varian UNITY 300 NMR spectrometer, respectively.


Blank experiments were performed in the absence of the metal complex
catalyst or of K2S2O8. Propionic acid was never detected, and only traces
of acetic acid were observed without the metal complex.


The experiments with 13C-enriched ethane were performed at p ACHTUNGTRENNUNG(13C2H6)=


1.5–2.0 atm in the absence or in the presence of CO, that is, p(CO)=0 or
25 atm, respectively, with catalyst 1 (0.020 mmol) and K2S2O8 (4.0 mmol)
in CF3COOH (5.0 mL) at 80 8C (20 h reaction time).


The experiments with 13C-enriched carbon monoxide were performed at
p ACHTUNGTRENNUNG(13CO)=2.0 atm and p ACHTUNGTRENNUNG(C2H6)=10 atm with catalyst 1 (0.020 mmol) and
K2S2O8 (4.0 mmol) in CF3COOH (5.0 mL) contained in a 13 mL stainless


steel autoclave equipped with a Teflon-coated magnetic stirring bar at
80 8C (20 h reaction time).


Computational details : Full geometry optimisation of all transition-state
structures was carried out at the DFT level of theory using BeckeVs
three-parameter hybrid exchange functional[42] in combination with the
gradient-corrected correlation functional of Lee, Yang and Parr[43]


(B3LYP) with the help of the Gaussian98[44] program package. Restricted
approximations were employed for the structures with closed electron
shells, and unrestricted methods for the structures with open electron
shells. For purely organic reactions, the 6-31G*[45] and 6-311+G**[46]


basis sets were applied. For reactions involving vanadium species, a rela-
tivistic Stuttgart pseudopotential described 10 core electrons, and the ap-
propriate contracted basis set (8s7p6d1f)/ ACHTUNGTRENNUNG[6s5p3d1f][47] was used for the
vanadium atom, and the 6-31G* basis set for other atoms. This level is
also denoted as B3LYP/6-31G* despite the use of the other basis set on
the V atom. Symmetry operations were not applied for all structures.


The Hessian matrix was calculated analytically for all optimised struc-
tures in order to prove the location of correct minima (no imaginary fre-
quencies) or saddle points (only one negative eigenvalue), and to esti-
mate the thermodynamic parameters, which were calculated at 80 8C and
10 atm. The nature of all transition states was investigated by analysis of
vectors associated with the imaginary frequency and, in some cases, by
intrinsic reaction coordinate (IRC)[48] calculations. The entropic terms
and therefore the Gibbs free energies of activation and reaction calculat-
ed by using the standard expressions for an ideal gas are overestimated
or underestimated for reactions occurring in solution and proceeding
with a change in number of molecules. Hence, the DGs values are indicat-
ed only for processes that retain the total number of the molecules
during reaction. For the same reason, the DG�


s values are indicated only
for unimolecular reactions.


Solvent effects were taken into account in the single-point calculations
on the basis of the gas-phase geometries at the CPCM-B3LYP/6-31+


G*//gas-B3LYP/6-31G* and CPCM-B3LYP/6-311+G**//gas-B3LYP/6–
311+G** levels of theory by using the polarizable continuum model[49]


in the CPCM version.[50] This method has been recognised as quite appro-
priate for consideration of the solvent effects of neutral and charged spe-
cies.[51] The trifluoroacetic acid solvent was approximated by values of di-
electric constant and solvent radius of 8.55 and 2.18 W, respectively. The
enthalpies and Gibbs free energies in the solution (Hs and Gs) were esti-
mated by addition of the solvation energy DGsolv to gas-phase enthalpies
and Gibbs free energies (Hg and Gg).


For some structures, several possible conformations or coordination
modes have been calculated, and only the most stable ones are discussed.
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Thiourea-Enhanced Flavin Photooxidation of Benzyl Alcohol
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Introduction


Flavins are Natures beloved redox co-factors.[1,2] They occur
in a number of enzymes which are responsible for some of
the most essential biochemical processes, mostly in the form
of flavin adenine dinucleotide (FAD) or flavin mononucleo-
tide (FMN) co-factors. Their redox properties, reactivity,
and selectivity for the desired process are fine-tuned by sub-
stitution, non-covalent interactions, and the presence of the
surrounding protein, and their function can therefore be
tailored to the required task. Their reactivity increases fur-
ther upon irradiation, making them strong oxidising
agents.[3–6]


A large number of flavoenzyme models, usually designed
to simulate a particular feature of the protein in a minimised
system, have been studied.[7–29] Most studies of this type
have been focussed on changes of the flavin chromophore
redox potentials caused by non-covalent interactions. How-
ever, examples in which the modification of flavin reactivity
has been applied to chemical catalysis are less common.[30–39]


In this work, we report flavin molecules functionalised
with a thiourea group,[40–42] which, it was envisaged, would
reversibly bind substrates of photooxidation reactions to
keep them in the vicinity of the excited chromophore. The
aim was to increase the electron-transfer efficiency by
making the process intramolecular rather than diffusion-
controlled.[33,34,43] To investigate possible effects of thiourea
functionalisation, the activity of the new flavin molecules in
the photooxidation of 4-methoxybenzyl alcohol in air has
been studied.[44]


Results and Discussion


The new compounds were synthesised according to the
Kuhn protocol.[45] The preparation of 4,5-dimethyl-1,2-dini-
trobenzene (1) was optimised to obtain the starting material
in sufficient quantities (see the Supporting Information).
Heating the dinitro compound 1 with 3-oxabut-1-yl amine,
2-(tert-butyloxycarbonylamino)ethyl amine, or symmetrical
3,6-dioxaoctyl-1,8-diyl diamine led to N-substituted 2-nitro-
ACHTUNGTRENNUNGanilines 2–4 (Scheme 1). The glycol chains increase the solu-
bility of the target molecules in polar solvents, and the
amino groups could be converted into thiourea moieties at a
later stage. Although 3,6-dioxaoct-1,8-diyl diamine was not
mono-protected, two-fold substitution was not observed.
However, the side chain amino group disturbs the course of
the cyclocondensation reaction of the phenylene–diamine


Abstract: Upon irradiation, flavin oxi-
dises 4-methoxybenzyl alcohol to the
corresponding aldehyde using aerial O2


as the terminal oxidant. We have ob-
served that this reaction is significantly
accelerated by the presence of thio-
ACHTUNGTRENNUNGurea. A series of thiourea-functional-
ised flavins has been prepared from
flavin isothiocyanates and their photo-
catalytic efficiencies have been moni-
tored by NMR. The alcohol photooxi-
dation proceeds rapidly and cleanly


with high turnover numbers of up to
580, exceeding previously reported per-
formances. A likely mechanistic ration-
ale for the more than 30-fold accelera-
tion of the photo–redox reaction by
thiourea has been derived from spec-
troscopic, electrochemical, and kinetic
studies. Thus, thiourea acts as an elec-


tron-transfer mediator for the initial
photooxidation of 4-methoxybenzyl al-
cohol by the excited flavins. This mech-
anism has similarities to electron-relay
mechanisms in flavoenzymes, for which
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intermediate with alloxane hydrate, and so had to be pro-
tected to enable completion of the flavin synthesis. The
flavin skeleton is sensitive to bases,[46,47] hence protective
groups that require removal by base were unsuitable. Suita-
ble protection was ensured by benzyloxycarbonyl and tri-
fluoroacetyl groups.
The synthesis of the flavin skeleton was completed by re-


duction of the remaining nitro group and cyclocondensation
of the resulting phenylene–diamine intermediates with allox-
ane hydrate in the presence of boric acid. In this way, flavins
5, 6-Boc, 7-Cbz, and 7-TFA were obtained (Scheme 2).
Flavin 6-Boc was N-methylated with dimethyl sulfate to
give the corresponding analogue 8-Boc. tert-Butyl carba-
mates 6-Boc and 8-Boc were cleaved with hydrogen chloride
to afford 10-(2’-aminoethyl) flavins 6·HCl and 8·HCl. Un-
fortunately, the benzyloxycarbonyl protective group of
flavin 7-Cbz could not be removed by any of the usual
methods.[48,49] Cleavage of the trifluoroacetamide 7-TFA in a
strongly acidic environment[50] led to the quantitative forma-
tion of aminoglycol flavin 7·HCl.
Flavin 5 was N-alkylated with 2-(tert-butyloxycarbonyl-


amino)ethyl bromide (Scheme 3). Cleavage of tert-butyl car-
bamate 9-Boc with hydrogen
chloride yielded the corre-
sponding 3-(2’-aminoeth-1’-yl)
flavin 9·HCl. Amines 6–9 were
then converted into the corre-
sponding isothiocyanates 10–13
by reaction with thiophosgene
in a two-phase solvent mixture
(Scheme 4). The reactions were
clean and rapid, and very good
yields of the isothiocyanates
were obtained.
The reaction of isothiocya-


nates with amines leads to the
formation of substituted thio-
ACHTUNGTRENNUNGureas.[40,51] Flavin isothiocya-
nates 10–13 show high reactivi-


ty, and the corresponding thioureas were obtained in excel-
lent yields.
Passing gaseous ammonia through solutions of the respec-


tive isothiocyanates led to the mono-substituted thioureas
14–17 (Scheme 5), which were less soluble than the starting


Scheme 1. ipso-Substitution of dinitro compound 1 with amines and pro-
tection of the side chain amino group. i) 3-Oxabut-1-yl amine (neat),
80 8C, 6 h, 99%; ii) pyridine, 24 h, 90 8C, 46%; iii) ethanol, reflux, 62 h,
51%; iv) Cbz-Cl, TEA, dichloromethane, RT, 30 min, 64%; v) Ethyl tri-
fluoroacetate (ETFA), TEA, methanol, RT, 24 h, 83%. Scheme 2. Completion of flavin synthesis. i) 1) H2 (g), 10% palladium on


activated charcoal, acetic acid (compounds 2, 3, and 4-TFA), or tin(II)
chloride, ethanol, reflux, 72 h (compound 4-Cbz); 2) alloxane hydrate,
boric acid, acetic acid, RT, 50% (5), 47% (6-Boc), 71% (7-Cbz), 48%
(7-TFA); ii) dimethyl sulfate, caesium carbonate, DMF (dry), RT, over-
night, 53%; iii) HCl, diethyl ether, chloroform, RT, overnight, 83%;
iv) HCl, diethyl ether, chloroform, RT, overnight, 100%; v) aqueous HCl
(6m), 90–95 8C, 90 min, 100%.


Scheme 3. Synthesis of 3-(2’-aminoeth-1’-yl) flavin (9). i) 2-(tert-Butyloxy-
carbonylamino)eth-1-yl bromide, K2CO3, NaI, DMF (dry), RT, 3 d, 54%;
ii) HCl, diethyl ether, RT, 95%.


Scheme 4. Synthesis of isothiocyanates 10–13. Thiophosgene, dichloromethane, calcium carbonate, water, RT,
87% (10), 79% (11), 97% (12), 89% (13).
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materials and could be isolated in yields of 44–100% by fil-
tration or trituration. Reactions with primary amines led to
N,N’-substituted thioureas 18–21. A hydrophilic chain (thio-
urea 18) or fluorophilic chain (thioureas 19–21) was intro-
duced to increase the solubility of the molecules in hydro-
philic or fluorophilic solvents, respectively.
Flavins containing two thiourea groups were prepared


starting from flavin 6-Boc, which was alkylated with 2-(tert-
butyloxycarbonylamino)ethyl bromide to afford flavin 22
(Scheme 6). Removal of both Boc protective groups led to
bis(2’-aminoethyl) flavin dihydrochloride 23·2HCl in quanti-
tative yield. Two-fold reaction with thiophosgene under the
conditions mentioned above led to bis(isothiocyanatoethyl)
flavin 24. Reaction of both isothiocyanate groups with am-
monia gave compound 25 containing two mono-substituted
thiourea groups, and reaction with perfluorooctylethyl


amine yielded compound 26 containing two N,N’-substituted
thiourea groups.
The reaction of isothiocyanate 12 with aminoglycol flavin


7 (Scheme 7) and two-fold reaction of isothiocyanate 12


with 3,6-dioxaoct-1,8-diyl diamine (Scheme 8) yielded bis-
flavins 27 and 28, respectively, containing one and two thio-
urea groups and a glycol linker of varying length, both in
high yields.[21,26,37]


Scheme 5. Synthesis of thioureas 14–21 from isothiocyanates 10–13.
i) NH3 (g), methanol, RT, 3 h, 76%; ii) perfluorooctylethyl amine, TEA,
chloroform, reflux, overnight, 68%; iii) NH3 (g), chloroform, RT, 2 h,
68%; iv) perfluorooctylethyl amine, TEA, chloroform, reflux, overnight,
79%; v) NH3 (g), chloroform, RT, 3 h, 44%; vi) 3-oxabut-1-yl amine,
chloroform, reflux, 2.5 h, 100%; vii) NH3 (g), chloroform, RT, 3 h, 100%;
viii) perfluorooctylethyl ammonium chloride, TEA, reflux, 18 h, 67%.


Scheme 6. Synthesis of flavin–bis-thioureas 25 and 26. i) 2-(tert-Butyloxy-
carbonylamino)eth-1-yl bromide, K2CO3, NaI, DMF (dry), 3 d, 52%;
ii) HCl, diethyl ether, methanol, RT, overnight, 100%; iii) thiophosgene,
dichloromethane, calcium carbonate, water, overnight, 81%; iv) NH3 (g),
methanol, chloroform, 100%, RT, 1 h; v) perfluorooctylethyl amine,
TEA, chloroform, reflux, 51%.


Scheme 7. Synthesis of bis-flavin 27. TEA, chloroform, reflux, 22 h,
100%.
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Flavin-mediated photooxidation of 4-methoxybenzyl alco-
hol to the corresponding aldehyde using aerial oxygen as
terminal oxidant was chosen as the model reaction to study
the catalytic activity of the new flavin–thiourea compounds.
Other photocatalysts, such as titanium dioxide, can also me-
diate this oxidation, but they require intense UV irradia-
tion.[52] The catalytic flavin cycle starts with the oxidised
form of flavin, which is irradiated with visible light (l=


440 nm; the absorption maximum of flavin is in the visible
region). The excited chromophore is a strong oxidising
agent,[3–6] and accepts electrons and protons in a stepwise
manner from the benzyl alcohol substrate. The aldehyde is
formed, along with the reduced flavin, which rapidly reacts
with oxygen dissolved in the reaction mixture to yield the
hydroperoxide intermediate. The hydroperoxide intermedi-
ate then instantaneously releases hydrogen peroxide and re-
generates the oxidised flavin, thus completing the catalytic
cycle.[53,54] The oxidation of benzyl alcohol to benzaldehyde
by oxygen is an exothermic process, but it does not proceed
in the absence of flavin or light. The efficiency of the flavin
photooxidation increases if substrate-binding sites are pres-
ent in the vicinity of the chromophore,[23,33,34] and the experi-
ments described herein were performed with the aim of clar-
ifying the effect of thiourea substituents on the photooxida-
tion process.
The reactions were monitored in a mixture of


[D3]acetonitrile and [D6]dimethyl sulfoxide (98:2 v/v) by
1H NMR.[55] Upon irradiation, the intensity of the resonance
signals corresponding to the benzyl alcohol decreased, while
benzaldehyde resonance signals appeared (Figure 1, Table 1)


in a very clean conversion. At the concentrations used
(flavin 2L10�4m, 4-methoxybenzyl alcohol 2L10�3m), the
resonance signals of the photocatalysts are observed only as
minor peaks in the baseline noise. Hydrogen peroxide was
not detected by NMR, presumably due to fast deuterium ex-
change with the solvent.[56]


In the absence of flavin, light, or oxygen, or in the pres-
ence of thiourea alone, the reaction did not proceed
(Table 1, entries 17–20).[57] Using simple flavins 5, 30, and 31
(Scheme 9), which do not contain a thiourea group, some
amount of the product was formed, but the conversion re-
mained very low (entries 11, 12, and 16). Bis-flavins 27 and
28 (entries 13 and 14) were not very efficient either, presum-
ably due to steric factors or unproductive excimer forma-
tion.[25] Thiourea groups attached at the 3- or 10-position led
to similar rate enhancements: 3-(2’-thioureidoethyl) flavin
17 oxidised 64% of the alcohol within 60 min, while 10-(2’-
thioureidoethyl) flavin 14 oxidised 47% of the alcohol in
this time (cf. entries 2 and 4). The distance of the thiourea
group from the chromophore was found to play a significant
role.[58] With the thiourea group located at the end of the di-
oxaoctyl chain (catalyst 16) the conversion reached 92%,
while with a short ethylene spacer (catalyst 14) only 47%
conversion was observed (cf. entries 1 and 4).
The flavin–thiourea photocatalysts remained active for


several subsequent cycles (Figure 2). At hourly intervals, the
conversion of 4-methoxybenzyl alcohol to the aldehyde was
determined by 1H NMR, and an aliquot of concentrated al-
cohol stock solution was added to restore the initial alcohol-
to-sensitiser ratio. While high conversion within 1 h was ob-
served in the first cycles, the activity of the photocatalyst
subsequently decayed due to photodecomposition of the
flavin chromophore.


Scheme 8. Synthesis of bis-flavin 28. Chloroform, reflux, 8 h, 93%.


Figure 1. Stack plot of the aromatic region of the 1H NMR spectra re-
corded during the irradiation of 4-methoxybenzyl alcohol in the presence
of 10-thioureidoglycol flavin 16. Perspective view of the spectra is used
(no change of the chemical shift of the signals). *: 4-methoxybenzyl alco-
hol aromatic signals; *: 4-methoxybenzaldehyde aromatic signals. Reso-
nance signals in the baseline noise belong to flavin. Initial concentration
of 4-methoxybenzyl alcohol 2L10�3m ; concentration of flavin 2L10�4m.
Recorded on a Bruker spectrometer at working frequency 400 MHz
using 64 transitions.
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To further probe the activity of the most efficient com-
pound 16, experiments with higher substrate-to-photocata-
lyst ratios were carried out (Table 1, entries 21–23). Regard-
less of whether the concentration of the substrate was in-
creased or the concentration of the flavin sensitiser was low-
ered to reach the higher ratio, the reaction was significantly
slower and longer irradiation times were therefore required.
Nevertheless, unprecedented turnovers were observed:
using a mere 0.1 mol% of the flavin photocatalyst, a total
conversion of 50% after 4 d of irradiation was observed. 4-
Methoxybenzaldehyde (42%) was in this case accompanied
by p-anisic acid (8%), the product of a subsequent oxida-
tion, which was not observed in the experiments employing
10 mol% of flavin sensitiser, even after prolonged irradia-
tion of the fully converted reaction mixtures or of mixtures
with authentic 4-methoxybenzaldehyde. This result corre-
sponds to a TON of 580, significantly exceeding the highest
turnover hitherto reported for this reaction.[33] Fluorophilic


catalysts 19 and 20 and bis-thio-
urea catalysts 25 and 26 (en-
tries 3, 8, 10, and 15) were not
sufficiently soluble to test their
efficiencies at 2L10�4m. How-
ever, they were highly active
even at lower concentrations,
especially compound 19, which
oxidised 64% of the substrate
while present at 1.5 mol%, thus
achieving a turnover frequency
(TOF) of 45 h�1.
Surprisingly, the covalent


linkage between the flavin
chromophore and the thiourea
group was not decisive for the
catalytic activity. Mixtures of
related flavin molecules not
bearing a covalently-linked thi-
ourea group with stoichiometric
amounts of thiourea worked
comparably well (Table 1, en-
tries 24–26). This made us
revise the hypothesis of reversi-
ble non-covalent binding of the
substrate to the thiourea group.
Indeed, addition of 4-methoxy-
benzyl alcohol to the most
active catalyst, 16, did not cause
any quenching of the flavin
fluorescence and induced no
changes in the UV/Vis spec-
trum, suggesting no direct bind-
ing between the substrate and
the thiourea group. This as-
sumption was supported by
19F NMR titration of 2-fluoro-
benzyl alcohol with flavin–thio-
urea 16. Upon addition of the


flavin–thiourea, no change in the chemical shift of the fluo-
rine nucleus was observed, again indicating no direct inter-
action.
To assess whether the presence of thiourea influences the


redox potential of the flavin through hydrogen binding, as
observed in natural flavoenzymes and models there-
of,[15,16, 20,21, 24,59–65] the reduction potentials of 10-thioureido-
glycol flavin 16 and 10-(3’,6’-dioxahept-1’-yl) flavin 30 were
determined by cyclic voltammetry (see the Supporting Infor-
mation). These measurements revealed a shift of the reduc-
tion potential by +90 mV for flavin–thiourea 16 as com-
pared to 30. This shift is not as pronounced as those for re-
lated flavin molecules that catalyse the oxidation of 4-me-
thoxybenzyl alcohol less efficiently (e.g., the reduction po-
tential of compound 29 is shifted by +200 mV compared to
that of compound 30),[33] and so cannot be cited to justify
the high activity in the oxidation reactions. To disprove a hy-
drogen-bond-mediated change in the redox potential of the


Table 1. Results of flavin-mediated photooxidations of 4-methoxybenzyl alcohol to 4-methoxybenzaldehyde.


Entry Flavin
photocatalyst
ACHTUNGTRENNUNG[mol L�1]


4-Me-
thoxy-
benzyl
alcohol
ACHTUNGTRENNUNG[mol L�1]


Substrate/
catalyst
ratio


Irradiation
time [h]


Conversion
[%]


TON TOF
[h�1]


Quantum
yield
F (L100)


flavin-catalysed photooxidations
1 16 (2L10�4) 2L10�3 10:1 1 92 9.2 9.2 0.93
2 17 (2L10�4) 2L10�3 10:1 1 64 6.4 6.4 0.65
3 19 (3L10�5) 2L10�3 70:1 1 64 45 45 0.65
4 14 (2L10�4) 2L10�3 10:1 1 47 4.7 4.7 0.48
5 18 (2L10�4) 2L10�3 10:1 1 41 4.1 4.1 0.42
6 15 (2L10�4) 2L10�3 10:1 1 40 4.0 4.0 0.41
7 21 (2L10�4) 2L10�3 10:1 1 39 3.9 3.9 0.40
8 25 (5L10�5) 2L10�3 40:1 1 27 11 11 0.27
9 29 (2L10�4) 2L10�3 10:1 1 25 2.5 2.5 0.25
10 20 (2L10�5) 2L10�3 100:1 1 20 20 20 0.20
11 5 (2L10�4) 2L10�3 10:1 1 9 0.9 0.9 0.09
12 31 (2L10�4) 2L10�3 10:1 1 7 0.7 0.7 0.07
13 27 (2L10�4) 2L10�3 10:1 1 6 0.6 0.6 0.06
14 28 (2L10�4) 2L10�3 10:1 1 6 0.6 0.6 0.06
15 26 (1L10�5) 2L10�3 200:1 1 3 6 6 0.03
16 30 (2L10�4) 2L10�3 10:1 1 2 0.2 0.2 0.02


experiments without light, oxygen, or flavin
17 16 (2L10�4) 2L10�3 10:1 1[a] 5 0.5 0.5 0.05
18 16 (2L10�4) 2L10�3 10:1 1[b] 0 – – –
19 None 2L10�3 N/A 1 0 – – –
20 None[c] 2L10�3 N/A 1 0 – – –


experiments with lower catalyst loading
21 16 (2L10�4) 2L10�2 100:1 16 84[d] 87 5.4 0.55
22 16 (2L10�5) 2L10�3 100:1 156 61 61 0.4 0.004
23 16 (2L10�4) 2L10�1 1000:1 96 50[e] 580 6.0 0.006


stoichiometric mixtures of flavin and thiourea and miscellaneous experiments
24 5 (2L10�4)[c] 2L10�3 10:1 1 91 9.1 9.1 0.92
25 30 ACHTUNGTRENNUNG(2L10�4)[c] 2L10�3 10:1 1 95 9.5 9.5 0.97
26 31 (2L10�4)[c] 2L10�3 10:1 0.5 89 8.9 18 1.81
27 30 (2L10�4)[f] 2L10�3 10:1 1 99 9.9 9.9 1.01
28 5 (2L10�4)[g] 2L10�3 10:1 1 3 0.3 0.3 0.03


[a] The reaction mixture was thoroughly purged with argon prior to irradiation. [b] Instead of irradiation, the
reaction mixture was left to stand in the dark. [c] Thiourea (2L10�4m) was added to the reaction mixture.
[d] Mixture of 4-methoxybenzaldehyde (81%) and p-anisic acid (3%). [e] Mixture of 4-methoxybenzaldehyde
(42%) and p-anisic acid (8%). [f] N,N,N’,N’-Tetramethylthiourea (2L10�4m) was added to the reaction mix-
ture. [g] Urea (2L10�4m) was added to the reaction mixture.
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flavin as the origin of the increased reactivity in alcohol
photooxidation, experiments were carried out using mix-
tures of 10-(3’,6’-dioxahept-1’-yl) flavin 30 with either thio-
ACHTUNGTRENNUNGurea or N,N,N’,N’-tetramethylthiourea, and these gave com-
parable results (Table 1, cf. entries 25 and 27).
Another potential effect of thiourea, which is a mild or-


ganic base, is deprotonation of the alcohol, making it more
electron-rich and facilitating its oxidation. However, al-
though thiourea is more basic than alcohols in aqueous envi-
ronments, the situation changes in organic media due to less
effective solvation of the alcoholate anion, making deproto-
nation by thiourea virtually impossible.[66,67]


Having disproved the hypotheses described above, we
turned our attention to the possibility that thiourea func-
tions as an electron mediator between the substrate and the
flavin moiety, and assists the chromophore in bringing the
oxidation about (Scheme 10). To assess whether electron
transfer between the flavin unit and thiourea and other enti-


ties participating in the system is thermodynamically feasi-
ble, the relevant redox potentials were determined by cyclic
voltammetry and DG values for the electron-transfer reac-
tions were calculated using the Rehm–Weller equation (Sup-
porting Information).[68,69] It was found that the excited
flavin can indeed oxidise either the alcohol (DG=


�29 kJmol�1) or thiourea (DG=�100 kJmol�1). The re-
duced form of the flavin may also reduce thiourea (DG=


�55 kJmol�1) or be re-oxidised by oxygen (DG=


�35 kJmol�1); however, the rate-determining step is the oxi-
dation of the substrate, not the re-oxidation of the reduced
form of the flavin, as only the oxidised form can be ob-
served in UV spectra recorded during the reaction. Thiourea
must therefore exert its positive effect on the oxidation of
the substrate. The ability of thiourea to enhance the reactivi-
ty of flavin may stem from its propensity to be oxidised to
highly reactive (radical) intermediates.[70–72] Accordingly,
urea, which cannot tautomerise to the isourea form[73] that is
necessary to enable oxidation,[74] does not increase the effi-
ciency of the flavin photocatalyst (Table 1, entry 28). The sit-
uation may be analogous to that in certain oxidases, which
contain a stabilised sulfenic acid based on the cysteine side
chain in the vicinity of the flavin-dependent active site.[75–80]


The effect of thiourea on the reaction rate is a diffusion-
controlled process rather than a photochemical reaction
within a non-covalent assembly. When an excess of thiourea
with respect to the flavin is used, the oxidation proceeds sig-
nificantly more rapidly than in the case of a stoichiometric
mixture of flavin and thiourea. In addition, the difference in
photocatalyst efficiency between covalently tethered thio-
ACHTUNGTRENNUNGurea and stoichiometric mixtures of flavin and thiourea is
small.


Conclusion


Flavin–thioureas 14–21 and 25–28 have been prepared by
the Kuhn synthesis and the application of isothiocyanate
chemistry. The photocatalysts have been successfully applied
to the oxidation of 4-methoxybenzyl alcohol to 4-methoxy-
benzaldehyde using aerial oxygen as the terminal oxidising


Scheme 9. Flavin molecules that do not contain a thiourea group, used
for comparison.


Figure 2. Repeated oxidation of 4-methoxybenzyl alcohol. Conditions:
flavin–thiourea 16 2L10�4m, 4-methoxybenzyl alcohol 2L10�3m before
every cycle (1 h). Products accumulated in the reaction mixture.


Scheme 10. Proposed catalytic cycle for the thiourea-mediated photooxi-
dation of 4-methoxybenzyl alcohol.
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agent. The activities of some of the catalysts exceeded those
of known systems and high TONs of up to 580 were ob-
served. The presence of thiourea, either covalently bound to
a flavin derivative or added stoichiometrically, led to a 30-
fold increase in the quantum yield of the reaction in some
cases. Our investigations have revealed that thiourea pre-
sumably acts as an efficient electron mediator between the
photoactive flavin chromophore and the substrate.


Experimental Section


General : 10-(3’-Oxabut-1’-yl) flavin 5,[81] 10-[2’-(tert-butyloxycarbonylami-
no)eth-1’-yl] flavin 6-Boc,[17] 10-(2’-aminoeth-1’-yl) flavin 6,[17] 2-
perfluoroACHTUNGTRENNUNGoctylethyl amine,[82] 2-(tert-butyloxycarbonylamino)ethyl bro-
mide,[83] and (3’,6’-dioxahept-1’-yl) flavin 30[33] were prepared by known
methods. Flavin–zinc(II)–cyclene 29 was a gift from Dr. Radek Cibulka.
All other chemicals were purchased from commercial suppliers, checked
by 1H NMR spectrometry, and then used as received. Solvents were dis-
tilled before use and dried by standard methods if required by the experi-
mental procedure. Dry N,N-dimethylformamide was purchased from
Fluka. Thin-layer chromatography (TLC) was carried out on silica gel 60
F254 coated aluminium sheets (Merck) or on pre-coated Polygram SIL G/
UV254 plastic sheets (Macherey-Nagel, DOren, Germany), with detection
under 254 nm or 333 nm UV light, by the naked eye (flavins are intensely
yellow-coloured), or by staining with ninhydrin solution. Preparative
thin-layer chromatography (PTLC) was carried out on home-made glass
plates (20L20 cm) coated with silica gel 60 GF254 (20 g, Merck). Column
chromatography was carried out on silica gel Geduran 60 (Merck) or
silica gel 60M (Macherey-Nagel). Flash chromatography was carried out
on silica gel 60A, 0.035–0.070 mm, from Acros. Nuclear magnetic reso-
nance spectra were recorded on a Bruker spectrometer equipped with a
robotic sampler at 300 MHz (1H NMR) or 75 MHz (13C NMR), unless
otherwise indicated. Tetramethylsilane (TMS) was used as an external
standard. Electron-impact (EI-MS) and chemical ionisation (CI-MS)
mass spectra were measured on a Finnigan TSQ 710 spectrometer, and
electrospray ionisation (ES-MS) mass spectra were measured on a Ther-
moQuest Finnigan TSQ 7000 spectrometer. All determinations by high-
resolution mass spectrometry (HR-MS) were performed on a Thermo-
Quest Finnigan MAT 95 spectrometer. Elemental compositions (C, H, N,
S) of the new compounds were determined either by HR-MS or by com-
bustion elemental analysis. Melting points were measured with a BOchi
SMP-20 melting point apparatus using a glass capillary tube immersed in
heated silicon oil, and are uncorrected. UV/Vis spectra were recorded on
a Varian Cary 50 Bio UV/Vis spectrometer with reference to air. Fluores-
cence spectra were recorded on a Varian Cary Eclipse fluorescence spec-
trophotometer.


Kinetic experiments : Kinetic experiments were carried out in a mixture
of [D3]acetonitrile and [D6]dimethyl sulfoxide (98:2, v/v). The latter was
required to improve the solubility of the flavin–thiourea photocatalysts.
A typical reaction mixture, prepared in an NMR tube,[84] contained the
flavin derivative (2L10�3m) and 4-methoxybenzyl alcohol (2L10�4m) and
had a total volume of 1 mL. The reaction mixture was prepared under
aerobic conditions, but the solution was not additionally saturated with
oxygen. The reaction mixture was irradiated by means of a light-emitting
diode with an emission wavelength of 440 nm and an electric power of
6 W. The NMR tube was placed vertically above the aperture of the
LED. The optical path using this set-up was about 73 mm. The reaction
mixture was irradiated for the desired time, and then the 1H NMR spec-
trum of the mixture was recorded using a Bruker spectrometer with a
working frequency of 400 or 300 MHz using 64 transitions to achieve a
better signal-to-noise ratio and hence more accurate integration. Sodium
3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionate (TSP, 2L10�3m) was
used as an internal standard. The concentrations of the substrate and
product were derived from the areas under the peaks of the aromatic
doublets (see Figure 1) by comparison with the integral value of the tri-


methylsilyl peak of the TSP internal standard. The quantum yield was es-
timated by standard ferrioxalate actinometry.[85]


Cyclic voltammetry : Cyclic voltammograms were recorded on an Autolab
potentiostat, using a glassy carbon working electrode, a platinum auxili-
ary electrode, and a saturated calomel reference electrode (SCE). The
auxiliary electrolyte was 0.1m tetrabutylammonium tetrafluoroborate, the
solvent was a mixture of acetonitrile and dimethyl sulfoxide (98:2, v/v),
and the analytes were present at a concentration of 1 mm. Solutions were
degassed with a stream of argon prior to the measurements and were
maintained under a gentle stream of argon during acquisition of the vol-
tammograms; a step potential of 0.1 Vs�1 was used.


N-(3’-Oxabut-1’-yl)-4,5-dimethyl-2-nitroaniline (2): Dinitrobenzene 1
(2.94 g, 15 mmol) was dissolved in 3-oxabut-1-yl amine (25 mL) and the
reaction mixture was heated to 80 8C for 6 h. It was then diluted with di-
chloromethane (100 mL) and washed with water (2L100 mL) and brine
(100 mL); the organic phase was dried over magnesium sulfate and con-
centrated to dryness in vacuo. The product (brown oil) partially solidified
upon drying (3.35 g, 99%); 1H NMR (CDCl3): d=2.14 (s, 3H; CH3-4),
2.23 (s, 3H; CH3-5), 3.40 (s, 3H; CH3-4’), 3.42–3.47 (m, 2H; CH2-1’), 3.65
(m, 2H; CH2-2’), 6.60 (s, 1H; H-6), 7.87 (s, 1H; H-3), 8.07 ppm (br s, 1H;
NH); 13C NMR (CDCl3): d=18.4, 20.6 (2LCH3), 42.6 (CH2), 58.9 (CH3),
70.4 (2LCH2), 114.0 (CH), 124.4 (quaternary C), 126.3 (CH), 129.8,
143.9, 147.1 ppm (3Lquaternary C); CI-MS: m/z (%): 225.1 (100)
[M+H]+ , 195.2 (60) [M+H�NO]+ .


N-(8’-Amino-3’,6’-dioxaoct-1’-yl)-4,5-dimethyl-2-nitroaniline (4): The pro-
cedure used was analogous to that described by Sawhney et al.[86] Thus,
dinitro compound 1 (6.0 g, 30 mmol) was dissolved in ethanol (3 L). 1,8-
Diamino-3,6-dioxaoctane (23.8 g, 160 mmol, 5.3 equiv) was added and
the reaction mixture was heated to reflux for 62 h. It was then concen-
trated in vacuo, and the residue was redissolved in dichloromethane. This
solution was extracted with dilute hydrochloric acid, and the aqueous
phase was separated and neutralised with dilute sodium hydroxide solu-
tion. The resulting solution was extracted with dichloromethane, the or-
ganic phase was separated and concentrated, and the residue was co-
evaporated with toluene and dried to obtain a red oil (4.6 g, 51%). Rf=


0.17 (CH2Cl2/MeOH/TEA 50:2:1); 1H NMR (CDCl3): d=2.15 (s, 3H;
CH3-4), 2.24 (s, 3H; CH3-5), 2.86, 3.52, 3.66, 3.77 (4Lm, 12H in total; 6L
CH2 glycol), 6.61 (s, 1H; H-6), 7.90 (s, 1H; H-3), 8.13 ppm (br s, 1H; Ar-
NH-); 13C NMR (CDCl3): d=18.6, 20.7 (2LCH3), 41.1, 42.7, 69.1, 70.3,
70.6, 71.7 (6LCH2), 114.2 (CH), 117.8, 124.6 (2Lquaternary C), 126.5
(CH), 144.1, 147.3 (2Lquaternary C); ES-MS: m/z (%): 298.2 (100)
[M+H]+ ; HR-MS (EI-MS): m/z : calcd for C14H23N3O4 [M]


+ C : 297.1689;
found: 297.1689 (delta 0.00 ppm).


N-[8’-(Benzyloxycarbonylamino)-3’,6’-dioxaoct-1’-yl]-4,5-dimethyl-2-ni-
troaniline (4-Cbz): The procedure used was analogous to that described
by Nicola et al.[87] Thus, free amine 4 (650 mg, 2.2 mmol) was dissolved in
dry dichloromethane (100 mL). A solution of benzyl chloroformate
(380 mg, 2.2 mmol, 1 equiv) in dry dichloromethane (50 mL) was added
dropwise. Triethylamine (0.75 mL) was added to the reaction mixture
and the reaction was monitored by TLC (mobile phase CH2Cl2/MeOH/
TEA 50:2:1; staining with ninhydrin). After 30 min, the spot due to the
starting material (Rf=0.17) was no longer visible. The reaction mixture
was concentrated in vacuo, the residue was dissolved in the minimum
volume of methanol, and this solution was applied to four PTLC plates.
The mixture was separated using the aforementioned eluent system, and
the appropriate zone (Rf=0.58) was thoroughly extracted with chloro-
form. The extract was concentrated in vacuo and the residue was dried to
yield a red oil (610 mg, 64%). Rf=0.58 (CHCl2/MeOH/TEA 50:2:1);
1H NMR (CDCl3): d=2.13 (s, 3H; CH3-4), 2.22 (s, 3H; CH3-5), 3.41,
3.55, 3.63, 3.77 (4Lm, 12H in total; 6LCH2 glycol), 5.05 (s, 2H; CH2Ph),
5.44 (br s, 1H; H-8’), 6.57 (s, 1H; H-6), 7.30 (m, 5H; Ph), 7.86 (s, 1H; H-
3), 8.13 ppm (s, 1H; NH aniline); 13C NMR (CDCl3): d =18.6, 20.7 (2L
CH3), 42.7 (CH2Ph), 65.1, 66.6, 69.1, 70.2, 70.3, 70.5 (6LCH2 glycol),
114.2 (CH aniline), 124.5 (quaternary C), 126.4 (CH aniline), 126.8 (qua-
ternary C), 128.0, 128.5, 130.0 (3LCH phenyl), 137.7, 144.0, 147.3 (4L
quaternary C), 156.5 ppm (C=O); EI-MS (70 eV): m/z (%): 91.1 (100)
[C7H7]


+ , 179.1 (62) [ArNH=CH2]
+ , 431.2 (5) [M]+ C ; elemental analysis
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calcd (%) for C22H29N3O6: C 61.24, H 6.77, N 9.74; found: C 61.44, H
6.91, N 9.65.


N-[8’-(Trifluoroacetamido)-3’,6’-dioxaoct-1’-yl]-4,5-dimethyl-2-nitroani-
line (4-TFA): Free amine 4 (5.8 g, 20 mmol) was dissolved in methanol
(200 mL), and ethyl trifluoroacetate (13 g, 92 mmol, 4.6 equiv) and tri-
ACHTUNGTRENNUNGethylamine (11 g, 0.11 mol, 5.4 equiv) were added to the solution. The
mixture was stirred at ambient temperature and the progress of the reac-
tion was monitored by TLC (mobile phase CH2Cl2/MeOH/TEA 50:2:1).
After 24 h, the spot due to the starting material (Rf=0.17) was no longer
visible. The reaction mixture was concentrated in vacuo, the residue was
redissolved in dichloromethane (100 mL), and this solution was washed
with water (3L100 mL). The organic phase was separated, concentrated
in vacuo, and the residue was dried to yield a red oil (6.5 g, 83%). Rf=


0.46 (CHCl2/MeOH/TEA 50:2:1); 1H NMR (CDCl3): d=2.10 (s, 3H;
CH3-4), 2.20 (s, 3H; CH3-5), 3.43, 3.53, 3.60, 3.63, 3.72 (5Lm, 12H in
total; 6LCH2 glycol), 6.57 (s, 1H; H-6), 7.42 (br s, 1H; -NH-CO-), 7.81
(s, 1H; H-3), 8.15 ppm (br, 1H; Ar-NH-); 19F NMR (CDCl3): d=


�76.4 ppm; ES-MS: m/z (%): 394.2 (100) [M+H]+ ; EI-MS: m/z (%):
393.3 (100) [M]+ C ; HR-MS: m/z : calcd for C16H22F3N3O5 [M]


+ C : 393.1512;
found: 393.1509 (delta �0.76 ppm).
10-[8’-(Benzyloxycarbonylamino)-3’,6’-dioxaoct-1’-yl]-7,8-dimethylben-
zo[g]pteridine-2,4-dione (7-Cbz): The reduction procedure used was anal-
ogous to one reported in the literature.[88,89] Thus, o-nitroaniline 4-Cbz
(430 mg, 1 mmol) was dissolved in ethanol (100 mL), and tin(II) chloride
dihydrate (1.7 g, 7.5 mmol, 7.5 equiv) was added. The mixture was heated
to reflux and the progress of the reaction was monitored by TLC
(CH2Cl2/MeOH/TEA 50:2:1). After 72 h, the spot due to the starting ma-
terial (Rf=0.58) was no longer visible. The reaction mixture was concen-
trated in vacuo and the residue was redissolved in ethyl acetate. This so-
lution was washed with 2m sodium hydroxide solution; the organic phase
was separated, dried over magnesium sulfate, and concentrated in vacuo,
and the residue was dried. The crude reduction product was dissolved in
acetic acid (25 mL), and alloxane hydrate (1.1 g, 6.9 mmol, 6.9 equiv) and
boric acid (1 g, 16 mmol, 16 equiv) were added. The flask was wrapped in
aluminium foil and the mixture was stirred at ambient temperature for
22 h. It was then diluted with water (25 mL) and extracted with dichloro-
methane (50 mL). The organic phase was concentrated in vacuo and the
residue was co-evaporated with toluene to remove traces of water and
acetic acid. The crude product was dissolved in the minimum volume of
methanol and separated on four PTLC plates (CH2Cl2/MeOH/TEA
50:2:1, eluting twice). The appropriate zone (Rf=0.43) was extracted
with methanol, the extract was concentrated in vacuo, and the residue
was dried. Yield: 360 mg (71%) of an orange solid; Rf=0.43 (CH2Cl2/
MeOH/TEA 50:2:1, eluted twice); m.p. 232 8C (decomp); 1H NMR
(CDCl3): d=2.41 (s, 3H; CH3-7), 2.50 (s, 3H; CH3-8), 3.31, 3.47, 3.55,
3.97 (4Lm, 8H in total; 4LCH2 glycol), 4.86 (br, 2H; CH2-2’), 5.06 (s,
2H; PhCH2), 5.30 (br, 2H; CH2-1’), 7.15–7.38 (m, 5H; Ph), 7.66 (s, 1H;
H-9), 7.97 ppm (s, 1H; H-6); a 13C NMR spectrum could not be recorded
due to the very low solubility of the title compound in organic solvents;
EI-MS: m/z (%): 242.0 (100) [M�side chain]+ C, 507.2 (5) [M]+ C ;[90] ele-
mental analysis calcd (%) for C26H29N5O6: C 61.53, H 5.76, N 13.80;
found: C 61.33, H 5.84, N 13.85.


7,8-Dimethyl-10-[8’-(trifluoroacetamido)-3’,6’-dioxaoct-1’-yl]benzo[g]p-
teridine-2,4-dione (7-TFA): Trifluoroacetamide 4-TFA (2 g, 5 mmol) was
dissolved in acetic acid (60 mL), and palladium on activated charcoal
(10% Pd/C, 1 spatula load) was added. The reaction mixture was placed
in an autoclave, which was flushed three times with hydrogen and then
filled to 50 bar. The reaction mixture was stirred at ambient temperature
for 16 h. It was then filtered through Celite to remove the catalyst, and
the filtrate was transferred to a round-bottomed flask. Alloxane hydrate
(2.1 g, 13 mmol, 2.6 equiv) and boric acid (7 g, 0.11 mol, 22 equiv) were
added to the filtrate. The flask was wrapped in aluminium foil and the re-
action mixture was stirred at ambient temperature for 6 d. It was then
concentrated in vacuo, the residue was dissolved in water (300 mL), and
this solution was extracted with dichloromethane (2L250 mL). The sepa-
rated organic phases were combined, dried over anhydrous magnesium
sulfate, and concentrated in vacuo, and the residue was dried to yield
orange crystals (1.13 g, 48%). Rf=0.27 (CH2Cl2/MeOH/TEA 50:2:1),


Rf=0.65 (CHCl3/MeOH/AcOH 77.5:15:7.5); m.p. 215 8C (decomp);
1H NMR ([D6]DMSO): d =2.40 (s, 3H; CH3-7), 2.50 (s, 3H; CH3-8),
3.25–3.46 (m, 8H; 4LCH2 glycol), 3.81 (t, J=5.9 Hz, 2H; CH2-2’), 4.78
(t, J=5.9 Hz, 2H; CH2-1’), 7.85 (s, 1H; H-9), 7.88 (s, 1H; H-6), 9.47,
11.33 ppm (2Lbrs, 2L1H; 2LNH); a 13C NMR spectrum could not be
recorded due to the very low solubility of the title compound in organic
solvents; ES-MS: m/z (%): 470.3 (100) [M+H]+ ; elemental analysis calcd
(%) for C20H22F3N5O5: C 51.17, H 4.72, F 12.14, N 14.92; found: C 51.34,
H 4.87, N 14.83.


10-[2’-(tert-Butyloxycarbonylamino)eth-1’-yl]-3,7,8-trimethylbenzo[g]-
pteridine-2,4-dione (8-Boc): Flavin 6-Boc (0.8 g, 2.1 mmol) was dissolved
in dry DMF (80 mL). Caesium carbonate (0.9 g, 2.8 mmol, 1.3 equiv) and
dimethyl sulfate (2.7 g, 2 mL, 21 mmol, 10 equiv) were added, and the
mixture was stirred overnight at ambient temperature in the dark. The
suspension was then diluted with chloroform (250 mL) and washed se-
quentially with water (3L100 mL), 5% aqueous NH3 solution (100 mL),
and further water (100 mL). The organic phase was separated, dried over
magnesium sulfate, and concentrated in vacuo. The crude product was
purified by column chromatography (CHCl3/MeOH 20:1) to yield an
orange solid (0.44 g, 53%). Rf=0.38 (CHCl3/MeOH 20:1); m.p. 232 8C
(decomp); 1H NMR ([D6]DMSO): d =1.21 (s, 9H; Boc), 2.41 (s, 3H;
CH3-7), 2.51 (s, 3H; CH3-8), 3.28 (s, 3H; CH3-3), 3.41 (m, 2H; CH2-1’),
4.67 (t, J=5.8 Hz, 2H; CH2-2’), 6.99 (t, J=5.8 Hz, 1H; NH), 7.87 (s, 1H;
H-9), 7.95 ppm (s, 1H; H-6); 13C NMR ([D6]DMSO): d=18.8, 20.9, 28.0,
28.2 (4LCH3), 37.0, 44.1 (2LCH2), 77.9 (quaternary C), 116.2, 131.0
(CH), 131.5, 134.2, 135.8, 135.9, 146.5, 148.9, 155.1, 155.8, 159.7 ppm (9L
quaternary C); ES-MS: m/z (%): 300.1 (55) [M+H�Boc]+ , 344.1 (65)
[M+H�C4H8]


+ , 400.2 (100) [M+H]+ , 422.2 (20) [M+NH4]
+ , 438.2 (15)


[M+K]+ .


10-(2’-Aminoeth-1’-yl)-3,7,8-trimethylbenzo[g]pteridine-2,4-dione (8):
Flavin 8-Boc (100 mg, 0.25 mmol) was dissolved in chloroform (25 mL),
and HCl in diethyl ether (3 mL) was added dropwise. The reaction mix-
ture was stirred overnight at ambient temperature, and was then concen-
trated in vacuo to leave a yellow solid to yield the hydrochloride salt of
the title compound (84 mg, 100%). Rf=0.00 (CHCl3/MeOH 20:1); m.p.
257 8C (decomp); 1H NMR ([D6]DMSO): d=2.42 (s, 3H; CH3-7), 2.54 (s,
3H; CH3-8), 3.19–3.21 (m, 2H; CH2-2’), 3.29 (s, 3H; CH3-3), 4.92 (t, J=


6.5 Hz, 2H; CH2-1’), 7.99 (s, 1H; H-9), 8.06 (s, 1H; H-6), 8.18 ppm (br s,
3H; NH3


+); a 13C NMR spectrum could not be measured due to the ex-
tremely low solubility of the title compound; ES-MS: m/z (%): 300.1
(100) [M+H]+ .


10-(8’-Amino-3’,6’-dioxaoct-1’-yl)-7,8-dimethylbenzo[g]pteridine-2,4-
dione (7): Trifluoroacetamide 7-TFA (1.1 g, 2.3 mmol) was dissolved in a
6m aqueous solution of HCl (200 mL, ca. 1.2 mol, ca. 520 equiv), and the
reaction mixture was heated to 90–95 8C with monitoring by TLC
(CHCl3/MeOH/AcOH 77.5:15:7.5). After 90 min, the spot due to the
starting material (Rf=0.65) was no longer visible. The reaction mixture
was then concentrated in vacuo and the residue was dried (dark-brown
oil) to yield 7·HCl (940 mg, 100%). Rf=0.04 (CHCl3/MeOH/AcOH
77.5:15:7.5); 1H NMR (CD3OD): d =2.46 (s, 3H; CH3-7), 2.58 (s, 3H;
CH3-8), 3.06 (t, J=4.9 Hz, 2H; CH2-8’), 3.60–3.68 (m, 6H; 3LCH2


glycol), 4.00 (t, J=5.6 Hz, 2H; CH2-2’), 5.00 (t, J=5.6 Hz, 2H; CH2-1’),
7.86 (s, 1H; H-9), 7.91 ppm (s, 1H; H-6); 13C NMR (CD3OD): d=19.5,
21.4 (2LCH3), 40.7, 46.3, 68.0, 68.7, 71.3, 71.8 (6LCH2), 118.1 (CH),
132.5, 133.3, 138.9, 139.0, 141.3, 149.7, 151.7, 158.4 (8Lquaternary C),
172.8 ppm (CH); ES-MS: m/z (%): 374.3 (100) [M+H]+ ; HR-MS (EI-
MS): m/z : calcd for C18H23N5O4 [M+H]+ : 374.1828; found: 374.1834
(delta 1.69 ppm).


3-[2’-(tert-Butyloxycarbonylamino)eth-1’-yl]-7,8-dimethyl-10-(3’’-oxabut-
1’’-yl)benzo[g]pteridine-2,4-dione (9-Boc): Flavin 5 (1.2 g, 4 mmol,
1 equiv) was dissolved in dry DMF (150 mL) at 80 8C. After cooling the
solution to ambient temperature, potassium carbonate (2.8 g, 20 mmol,
5 equiv) was added and the mixture was stirred for 30 min. A solution of
2-(tert-butyloxycarbonylamino)ethyl bromide (2.3 g, 10 mmol, 2.5 equiv)
in DMF (5 mL) was added dropwise, followed by sodium iodide (0.9 g,
6 mmol, 1.5 equiv). The reaction mixture was stirred at ambient tempera-
ture for 1 d. Another portion of the bromide (2.3 g, 10 mmol, 2.5 equiv)
was then added, and the reaction mixture was stirred for a further 2 d at


Chem. Eur. J. 2008, 14, 1854 – 1865 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1861


FULL PAPERThiourea-Enhanced Flavin Photooxidation



www.chemeurj.org





ambient temperature. It was then concentrated in vacuo, the residue was
redissolved in dichloromethane (400 mL), and this solution was washed
with aqueous sodium hydrogen carbonate solution (250 mL), water
(250 mL), and brine (250 mL). The organic phase was separated, dried
over magnesium sulfate, and concentrated in vacuo. The remaining dark
oil was purified by column chromatography (AcOEt/MeOH 20:1), giving
the title product as a yellow solid (950 mg, 54%). Rf=0.42 (AcOEt/
MeOH 10:1); m.p. 176 8C (decomp); 1H NMR ([D6]DMSO): d =1.32 (s,
9H; Boc), 2.40 (s, 3H; CH3-7), 2.51 (s, 3H; CH3-8), 3.19–3.21 (m, 2H;
CH2-2’), 3.24 (s, 3H; CH3-4’’), 3.76 (t, J=5.6 Hz, 2H; CH2-1’’), 3.96 (t,
J=5.9 Hz, 2H; CH2-1’), 4.83 (t, J=5.6 Hz, 2H; CH2-2’’), 6.82 (t, J=


5.9 Hz, 1H; NH), 7.89 (s, 1H; H-9), 7.95 ppm (s, 1H; H-6); 13C NMR
([D6]DMSO): d=18.8, 20.7, 28.2 (3LCH3), 37.7, 40.9, 43.8 (3LCH2), 58.5
(CH3), 68.4 (CH2), 77.6 (quaternary C), 116.8, 130.8 (2LCH), 131.4,
133.9, 136.0, 136.4, 146.5, 148.8, 154.8, 155.7, 159.7 ppm (9Lquaternary
C); ES-MS: m/z (%): 388.1 (65) [M+H�C4H8]


+ , 444.2 (100) [M+H]+ .


3-(2’-Aminoeth-1’-yl)-7,8-dimethyl-10-(3’’-oxabut-1’’-yl)benzo[g]pteri-
dine-2,4-dione (9): Flavin 9-Boc (0.85 g, 1.9 mmol) was dissolved in di-
chloromethane (150 mL), and HCl in diethyl ether (10 mL) was added
dropwise. The reaction mixture was stirred for 15 h at ambient tempera-
ture. The brown precipitate that formed was collected by filtration and
dried to yield 9·HCl (0.69 mg, 95%). Rf=0.00 (AcOEt/MeOH 10:1);
m.p. 150 8C (decomp); 1H NMR ([D6]DMSO): d=2.41 (s, 3H; CH3-7),
2.51 (s, 3H; CH3-8), 3.07–3.09 (m, 2H; CH2-2’), 3.24 (s, 3H; CH3-4’’),
3.79 (t, J=5.5 Hz, 2H; CH2-1’’), 4.16 (t, J=5.9 Hz, 2H; CH2-1’), 4.87 (t,
J=5.8 Hz, 2H; CH2-2’’), 7.94 (s, 1H; H-9), 7.94–7.96 (br, 3H; NH3


+),
7.96 ppm (s, 1H; H-6); 13C NMR ([D6]DMSO): d=18.8, 20.7 (2LCH3),
37.3, 39.9, 44.0 (3LCH2), 58.5 (CH3), 68.4 (CH2), 117.0, 130.8 (CH),
131.4, 133.9, 136.3, 136.4, 146.8, 148.9, 154.9, 160.2 ppm (8Lquaternary
C); ES-MS: m/z (%): 344.1 (100) [M+H]+ .


General Procedure 1 for the preparation of isothiocyanates 10–13 and
24 : The flavin was dissolved in water and calcium carbonate (2.5 equiv)
was added. The solution was then added to a rapidly stirred solution of
thiophosgene (2 equiv) in dichloromethane, prepared by diluting a 0.1m


stock solution in dichloromethane, at 0 8C. The reaction mixture was
stirred overnight at ambient temperature. It was then diluted with di-
chloromethane, and the organic phase was separated, washed with water,
dried over magnesium sulfate, and concentrated in vacuo. If required, the
crude product was purified by chromatography.


10-(2’-Isothiocyanatoeth-1’-yl)-7,8-dimethylbenzo[g]pteridine-2,4-dione
(10): Preparation according to GP 1 starting from 6·HCl (150 mg) yielded
10 as an orange solid (130 mg, 87%). Rf=0.39 (AcOEt/MeOH 10:1);
m.p. 182 8C (decomp); 1H NMR ([D6]DMSO): d=2.41 (s, 3H; CH3-7),
2.50 (s, 3H; CH3-8), 4.14 (t, J=5.8 Hz, 2H; CH2-2’), 4.95 (t, J=5.8 Hz,
2H; CH2-1’), 7.92 (s, 1H; H-9), 8.00 (s, 1H; H-6), 11.37 ppm (s, 1H;
NH); ES-MS: m/z (%): 328 (100) [M+H]+ .


10-(2’-Isothiocyanatoeth-1’-yl)-3,7,8-trimethylbenzo[g]pteridine-2,4-dione
(11): Preparation according to GP 1 starting from 8·HCl (109 mg) yielded
11 as an orange solid (88 mg, 79%). Rf=0.35 (CHCl3/MeOH 20:1); m.p.
195 8C (decomp); 1H NMR (CDCl3): d=2.46 (s, 3H; CH3-7), 2.59 (s, 3H;
CH3-8), 3.52 (s, 3H; CH3-3), 4.17 (t, J=5.8 Hz, 2H; CH2-2’), 4.97 (t, J=


5.6 Hz, 2H; CH2-1’), 7.55 (s, 1H; H-9), 8.09 ppm (s, 1H; H-6); 13C NMR
([D6]DMSO): d=18.8, 20.6, 30.0 (3LCH3), 41.9, 42.8 (2LCH2), 116.3
(CH), 130.8 (quaternary C), 131.1 (CH), 133.9, 136.0, 136.3, 146.9, 148.9,
155.0, 159.6 (7Lquaternary C). The signal of the isothiocyanate group
was not observed, presumably due to a long relaxation time; ES-MS: m/z
(%): 342.1 (100) [M+H]+ .


10-(8’-Isothiocyanato-3’,6’-dioxaoct-1’-yl)-7,8-dimethylbenzo[g]pteridine-
2,4-dione (12): Preparation according to GP 1 starting from 7·HCl
(100 mg) yielded 12 as an orange solid (98 mg, 97%). Rf=0.84 (CHCl3/
MeOH/AcOH 77.5:15:7.5); m.p. 178 8C (decomp); NMR signals could be
completely assigned with the help of 2D experiments (NOESY, HMBC,
HSQC) and reported data for analogous compounds;[91] 1H NMR
(600 MHz, CDCl3): d =2.45 (s, 3H; CH3-7), 2.56 (s, 3H; CH3-8), 3.57–
3.62 (m, 8H; CH2-4’, -5’, -7’, -8’), 4.04 (t, J=5.5 Hz, 2H; CH2-2’), 4.95 (t,
J=5.5 Hz, 2H; CH2-1’), 7.73 (s, 1H; H-9), 8.03 (s, 1H; H-6), 8.58 ppm (s,
1H; H-3); 13C NMR (150 MHz, CDCl3): d=19.5 (CH3-7), 21.5 (CH3-8),
45.3 (C-4’), 45.6 (C-1’), 67.9 (C-2’), 69.2, 70.6, 70.8 (C-5’, -7’, -8’), 132.1


(C-9a), 132.4 (C-6), 133.0 (NCS), 135.0 (C-5a), 136.0 (C-4a), 137.1, 148.1
(C-7, -8), 150.4 (C-10a), 155.1, 159.6 (C-2, -4), 166.8 ppm (C-9); EI-MS:
m/z (%): 91.2 (100) [C7H7]


+ , 242.2 (98) [M�side chain]+ C, 415.3 (5) [M]+


C ;[90] ES-MS: m/z (%): 416.1 (100) [M+H]+ ; HR-MS (EI-MS): m/z : calcd
for C19H21N5O4S [M]


+ C : 415.1314; found: 415.1320 (delta �1.39 ppm).
3-(2’-Isothiocyanatoeth-1’-yl)-7,8-dimethyl-10-(3’’-oxabut-1’’-yl)benzo[g]-
pteridine-2,4-dione (13): Preparation according to GP 1 starting from
9·HCl (0.6 g) yielded 13 as a yellow solid (0.54 g, 89%). Rf=0.33
(AcOEt); m.p. 190–193 8C; 1H NMR ([D6]DMSO): d=2.41 (s, 3H; CH3-
7), 2.51 (s, 3H; CH3-8), 3.24 (s, 3H; CH3-4’’), 3.77 (t, J=5.8 Hz, 2H;
CH2-1’’), 3.95 (t, J=5.9 Hz, 2H; CH2-1’), 4.20 (t, J=5.8 Hz, 2H; CH2-2’),
4.84 (t, J=5.6 Hz, 2H; CH2-2’’), 7.91 (s, 1H; H-9), 7.96 ppm (s, 1H; H-
6); 13C NMR ([D6]DMSO): d =18.8, 20.7 (2LCH3), 40.0, 42.8, 44.0 (3L
CH2), 58.5 (CH3), 68.3 (CH2), 116.9, 130.8 (2LCH), 131.5, 134.1, 136.0,
136.2, 146.8, 149.0, 154.4, 159.6 ppm (8Lquaternary C); the signal of the
isothiocyanate group was not observed, presumably due to a long relaxa-
tion time; EI-MS: m/z (%): 242.2 (100) [M�CH2OCH2CH2�CH2CH2-
ACHTUNGTRENNUNGNCS]C+ , 385.2 (5) [M]C+ .[90]


General Procedure 2 for the preparation of flavin photocatalysts bearing
a primary thiourea group (14–17 and 25): The flavin was dissolved in
chloroform and gaseous NH3 was passed through the solution for 3 h.
The precipitate was collected by filtration and purified by trituration or
chromatography as required.


7,8-Dimethyl-10-(2’-thioureidoeth-1’-yl)benzo[g]pteridine-2,4-dione (14):
Preparation according to GP 2 starting from 10 (60 mg) yielded 14 as a
yellow solid (48 mg, 76%). M.p. 178 8C (decomp); 1H NMR
([D6]DMSO): d=2.40 (s, 3H; CH3-7), 2.48 (s, 3H; CH3-8), 3.78 (m, 2H;
CH2-2’), 4.71 (m, 2H; CH2-1’), 7.16 (br s, 2H; NH2), 7.72 (m, 1H; NH),
7.87 (s, 1H; H-9), 8.14 (s, 1H; H-6), 11.27 ppm (s, 1H; H-3); 13C NMR
([D6]DMSO): d=18.8, 20.6 (2LCH3), 39.5, 43.6 (2LCH2), 116.5, 130.8
(2LCH), 131.5, 133.7, 135.8, 136.8, 146.5, 150.3, 155.6, 159.9, 183.8 ppm
(9Lquaternary C); ES-MS: m/z (%): 345.0 (100) [M+H]+ ; elemental
analysis calcd (%) for C15H16N6O2S: C 52.31, H 4.68, N 24.40, S 9.31;
found: C 52.55, H 4.53, N 24.51, S 9.20.


3,7,8-Trimethyl-10-(2’-thioureidoeth-1’-yl)benzo[g]pteridine-2,4-dione
(15): Preparation according to GP 2 starting from 11 (50 mg) yielded 15
as a yellow solid (36 mg, 68%). Rf=0.70 (CHCl3/MeOH 7:1); m.p. 252 8C
(decomp); 1H NMR ([D6]DMSO): d =2.38 (s, 3H; CH3-7), 2.47 (s, 3H;
CH3-8), 3.29 (s, 3H; CH3-3), 3.77 (m, 2H; CH2-2’), 4.70 (m, 2H; CH2-1’),
7.18 (m, 2H; NH2), 7.75 (m, 1H; NH), 7.87 (s, 1H; H-9), 8.14 ppm (s,
1H; H-6); 13C NMR ([D6]DMSO): d=18.8, 20.7, 28.0 (3LCH3), 39.5,
43.6 (2LCH2), 116.5, 130.8 (2LCH), 131.5, 133.7, 135.8, 136.8, 146.5,
150.3, 155.6, 159.9, 183.8 ppm (9Lquaternary C); ES-MS: m/z (%): 357.1
(100) [M�H+]� , 417.2 (65) [M+AcO]� , 471.1 (55) [M+TFA]� ; HR-MS
(EI-MS): calcd for C16H19N6O2S [M]


+ C : 359.1290; found: 359.1297 (delta
�1.89 ppm).
7,8-Dimethyl-10-(3’,6’-dioxa-8’-thioureidooct-1’-yl)benzo[g]pteridine-2,4-
dione (16): Preparation according to GP 2 starting from 12 (0.5 g) yielded
16 as a brown solid (230 mg, 44%). Rf=0.60 (CHCl3/MeOH/AcOH
77.5:15:7.5); m.p. 170 8C (decomp); 1H NMR ([D6]DMSO): d =2.40 (s,
3H; CH3-7), 2.50 (s, 3H; CH3-8), 3.35–3.56 (m, 8H; CH2-4’, -5’, -7’, -8’),
3.81 (t, J=5.9 Hz, 2H; CH2-2’, 4.80 (t, J=5.5 Hz, 2H; CH2-1’), 7.01 (br s,
2H; NH2), 7.54 (br s, 1H; NH-C(S)NH2), 7.88 (s, 2H; CH-6, -9),
11.33 ppm (s, 1H; H-3); 13C NMR (150 MHz, [D6]DMSO): d =18.8, 20.6
(2LCH3), 43.8 (CH2), 44.0 (CH2-1’), 66.7 (CH2-2’), 69.0, 69.5, 70.1 (3L
CH2), 116.8, 130.7 (2LCH), 131.4 (C-9a), 133.7 (C-5a), 135.8, 136.0,
137.1, 146.2, 155.6, 159.9 (6Lquaternary C), 182.9 ppm (C=S); ES-MS:
m/z (%): 433.1 (100) [M+H]+ ; ES-MS: m/z (%): 431.1 (100) [M�H]+ ,
467.1 (50) [M+Cl]� , 491.3 (24) [M+AcO]� ; HR-MS (EI-MS): m/z : calcd
for C19H24N6O4S [M]


+ C : 432.1580; found: 432.1575 (delta 1.10 ppm).


3-(2’-Thioureidoeth-1’-yl)-10-(3’’-oxabut-1’’-yl) flavin (17): Preparation ac-
cording to GP 2 starting from 13 (100 mg) yielded 104 mg (100%) of 17
as an orange solid; Rf=0.30 (AcOEt/MeOH 10:1); m.p. 171 8C
(decomp); 1H NMR ([D6]DMSO): d =2.39 (s, 3H; CH3-7), 2.49 (s, 3H;
CH3-8), 3.24 (s, 3H; CH3-4’’), 3.66 (br, 2H; CH2-1’), 3.76 (t, J=5.6 Hz,
2H; CH2-1’’), 4.03 (br, 2H; CH2-2’), 4.82 (t, J=5.5 Hz, 2H; CH2-2’’),
6.98, 7.62 (2Ls, 3H in total; NH), 7.88 (s, 1H; H-9), 7.90 ppm (s, 1H; H-
6); 13C NMR ([D6]DMSO): d =18.8, 20.7 (2LCH3), 39.5, 42.1, 43.9 (3L
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CH2), 58.5 (CH3), 68.3 (CH2), 116.8, 130.8 (2LCH), 131.4, 133.9, 136.1,
136.2, 146.6, 148.8, 154.9, 159.7, 183.5 ppm (9Lquaternary C); ES-MS:
m/z (%): 403.1 (100) [M+H]+ ; HR-MS (EI-MS): calcd for C18H22N6O3S
[M]+ C : 402.1474; found: 402.1479 (delta �1.22 ppm).
General Procedure 3 for the preparation of N,N’-substituted flavin–thio-
urea compounds 18–21 and 26–28 : The flavin isothiocyanate was dis-
solved in chloroform, and the appropriate amine (2.5 equiv) and TEA
(2 equiv) were added. The reaction mixture was heated to reflux under
TLC control until complete conversion was indicated. The mixture was
then concentrated in vacuo and the crude product was purified by chro-
matography if required.


10-(9’,11’-Diaza-3’,6’,14’-trioxa-10’-thioxopentadec-1’-yl)-7,8-dimethylben-
zo[g]pteridine-2,4-dione (18): Preparation according to GP 3 starting
from 12 (20 mg) yielded 18 as an orange solid (24 mg, 100%). Rf=0.69
(CHCl3/MeOH/AcOH 77.5:15:7.5); m.p. 178 8C (decomp); NMR signals
were assigned in analogy to those of the isothiocyanate 12 and with the
help of HMBC and HSQC experiments; 1H NMR (CDCl3): d=2.43 (s,
3H; CH3-7), 2.54 (s, 3H; CH3-8), 3.14–3.72 (m, 15H; CH2-4’, -5’, -7’, -8’,
-12’, -13’), 4.05 (br, 2H; CH2-2’), 4.99 (br, 2H; CH2-1’), 7.59 (s, 1H; H-9),
8.01 ppm (s, 1H; H-6); 13C NMR (100 MHz, CDCl3): d =19.5 (CH3-7),
21.6 (CH3-8), 44.3 (C-4’), 44.9 (C-1’), 58.5 (C-15’), 70.1, 70.3, 70.6, 70.9,
71.5, 71.5 (C-2’, -5’, -7’, -8’, -12’, -13’), 116.0 (C-9), 131.5 (C-9a), 132.6 (C-
6), 135.1 (C-5a), 136.0 (C-4a), 137.3, 148.3 (C-7, -8), 150.5 (C-10a), 156.5,
159.7 (C-2, -4), 183.1 ppm (C=S); ES-MS: m/z (%): 491.3 (100) [M+H]+ ;
HR-MS (LSI-MS): m/z : calcd for C22H31N6O5S [M+H]+ : 491.2077;
found: 491.2086 (delta �1.90 ppm).
10-(3’,5’-Diaza-8’,8’,9’,9’,10’,10’,11’,11’,12’,12’,13’,13’,14’,14’,15’,15’,15’-hep-
tadecafluoro-4’-thioxopentadec-1’-yl)-7,8-dimethylbenzo[g]pteridine-2,4-
dione (19): Preparation according to GP 3 starting from isothiocyanate
10 (50 mg) yielded 19 as a yellow solid (82 mg, 68%). M.p. 237 8C
(decomp); 1H NMR ([D6]DMSO): d =2.38 (s, 3H; CH3-7), 2.46 (br, 5H;
CH3-8, CH2), 3.50–4.00 (m, 4H; 2LCH2), 4.72 (m, 2H; CH2), 7.78 (t, J=


5.4 Hz, 1H; NH), 7.88 (s, 1H; H-9), 8.03 (s, 1H; H-6), 11.37 ppm (s, 1H;
H-3); a 13C NMR spectrum could not be measured to the extremely low
solubility of the title compound; 19F NMR ([D6]DMSO): d=�125.2 (m,
2F), �122.6 (m, 2F), �121.9 (m, 2F), �121.2 (m, 6F), �112.7 (m, 2F),
�79.7 ppm (t, J=9.5 Hz, 3F; CF3); ES-MS: m/z (%): 791.2 (100)
[M+H]+ ; HR-MS (LSI-MS): m/z : calcd for C25H20F17N6O2S [M+H]+ :
791.1097; found: 791.1102 (delta 0.64 ppm).


10-(3’,5’-Diaza-8’,8’,9’,9’,10’,10’,11’,11’,12’,12’,13’,13’,14’,14’,15’,15’,15’-hep-
tadecafluoro-4’-thioxopentadec-1’-yl)-3,7,8-trimethylbenzo[g]pteridine-
2,4-dione (20): Preparation according to GP 3 starting from isothiocya-
nate 11 (15 mg) yielded 28 mg (79%) of 20 as an orange solid; m.p.
208 8C (decomp); 1H NMR ([D6]DMSO): d=2.37 (s, 3H; CH3-7), 2.45
(br, 5H; CH3-8, CH2), 3.30 (s, 3H; CH3-3), 3.52–3.98 (m, 4H; 2LCH2),
4.69 (m, 2H; CH2), 7.79 (t, J=5.4 Hz, 1H; NH), 7.89 (s, 1H; H-9), 8.05
(s, 1H; H-6); a 13C NMR spectrum could not be measured due to the ex-
tremely low solubility of the title compound; 19F NMR (CDCl3): d=


�126.6 (m, 2F), �123.9 (m, 2F), �123.2 (m, 2F), �122.4 (m, 2F), �122.1
(m, 2F), �114.2 (m, 2F), �81.2 (t, J=9.8 Hz, 3F); ES-MS: m/z (%):
805.2 (100) [M+H]+; HR-MS (LSI-MS): m/z : calcd for C26H22F17N6O2S
[M+H]+ : 805.1253; found: 805.1281 (delta �3.42 ppm).
3-(3’,5’-Diaza-8’,8’,9’,9’,10’,10’,11’,11’,12’,12’,13’,13’,14’,14’,15’,15’,15’-hepta-
decafluoro-4’-thioxopentadec-1’-yl)-7,8-dimethyl-10-(3’’-oxabut-1’’-yl)ben-
zo[g]pteridine-2,4-dione (21): Preparation according to GP 3 starting
from isothiocyanate 13 (40 mg) yielded 21 as an orange solid (59 mg,
67%). Rf=0.63 (CH2Cl2/MeOH 10:1); m.p. 186 8C (decomp); 1H NMR
(CDCl3): d=2.45 (s, 3H; CH3-7), 2.55 (m, 5H; CH3-8 and CH2-6’), 3.27
(s, 3H; CH3-4’’), 3.65 (m, 2H; CH2-2’), 3.91 (t, J=5.1 Hz, 2H; CH2-1’’),
3.99 (m, 2H; CH2-7’), 4.30 (t, J=6.2 Hz, 2H; CH2-1’), 4.91 (t, J=5.1 Hz,
2H; CH2-2’’), 7.71 (s, 1H; H-9), 8.04 ppm (s, 1H; H-6); 13C NMR
(CDCl3): d=19.6, 21.8 (2LCH3), 30.6, 40.6, 40.7, 45.6, 45.7 (5LCH2), 59.3
(CH3), 69.5 (CH2), 117.0, 132.1 (2LCH), 132.2, 134.9, 135.4, 137.6, 137.6,
148.6, 148.8, 156.5, 160.5 ppm (9Lquaternary C); 19F NMR (CDCl3): d=


�126.7 (m, 2F), �124.0 (m, 2F), �123.3 (m, 2F), �122.5 (m, 4F), �122.2
(m, 2F), �114.3 (t, J=13.5 Hz, 2F; CF2-8’), �81.3 ppm (t, J=9.8 Hz, 3F;
CF3-16’); ES-MS: m/z (%): 849.3 (100) [M+H]+ ; HR-MS (EI-MS): m/z :


calcd for C28H25F17N6O6S [M]+ C : 848.1437; found: 848.1438 (delta
�0.07 ppm).
3,10-Bis ACHTUNGTRENNUNG[2’-(tert-butyloxycarbonylamino)eth-1’-yl]-7,8-dimethylbenzo[g]-
pteridine-2,4-dione (22): Flavin 6-Boc (300 mg, 0.78 mmol, 1 equiv) was
dissolved in dry DMF (40 mL) at 80 8C. The solution was allowed to cool
to ambient temperature, whereupon potassium carbonate (540 mg,
3.9 mmol, 5 equiv) was added and the mixture was stirred for 30 min. 2-
(tert-Butyloxycarbonylamino)ethyl bromide (520 mg, 2.3 mmol, 3 equiv)
and sodium iodide (180 mg, 1.2 mmol, 1.5 equiv) were then added, and
the reaction mixture was stirred at ambient temperature. After stirring
for 1 d and then again after 2 d, further portions of the bromide (520 mg,
2.3 mmol, 3 equiv each) were added. After 3 d, the reaction mixture was
diluted with chloroform (300 mL), washed with aqueous sodium hydro-
gen carbonate solution (100 mL), water (3L100 mL), and brine
(100 mL), and the organic phase was concentrated in vacuo. Compound
22 was isolated by flash chromatography (CHCl3/MeOH 15:1) to yield an
orange solid (210 mg, 52%). Rf=0.34 (CHCl3/MeOH 15:1); m.p. 136 8C
(decomp); 1H NMR ([D6]DMSO): d=1.24 (s, 9H; tBu), 1.34 (s, 9H;
tBu), 2.41 (s, 3H; CH3-7), 2.50 (s, 3H; CH3-8), 3.19 (d, J=6.0 Hz, 2H;
CH2-2’), 3.40 (d, J=5.8 Hz, 2H; CH2-2’), 3.96 (t, J=6.0 Hz, 2H; CH2-1’),
4.66 (t, J=5.6 Hz, 2H; CH2-1’), 6.83 (t, J=5.8 Hz, 1H; NH), 7.03 (t, J=


5.8 Hz, 1H; NH), 7.89 (s, 1H; H-9), 7.95 ppm (s, 1H; H-6); 13C NMR
([D6]DMSO): d=18.8, 20.8, 27.9, 28.1 (4LCH3), 36.9, 37.8, 40.8, 43.9 (4L
CH2), 77.5, 77.8 (2Lquaternary C), 116.1, 130.9 (2LCH), 131.3, 134.0,
135.7, 135.8, 146.5, 148.7, 154.7, 155.6, 155.8, 159.6 ppm (10Lquaternary
C); ES-MS: m/z (%): 429.2 (25) [M+H�Boc]+ , 473.3 (35) [M+H�Bu]+ ,
529.3 (100) [M+H]+ , 551.4 (40) [M+Na]+ .


3,10-Bis(2’-aminoeth-1’-yl)-7,8-dimethylbenzo[g]pteridine-2,4-dione (23):
Flavin 22 (150 mg, 0.29 mmol) was dissolved in methanol (30 mL), and
HCl in diethyl ether (3 mL) was added dropwise. The reaction mixture
was stirred overnight at ambient temperature. It was then concentrated
in vacuo and the yellow-brownish residue was dried to yield 23·2HCl
(114 mg, 100%). Rf=0.00 (CHCl3/MeOH 15:1); m.p. 268 8C (decomp);
1H NMR ([D6]DMSO): d =2.42 (s, 3H; CH3-7), 2.55 (s, 3H; CH3-8), 3.07
(d, J=5.5 Hz, 2H; CH2-2’), 3.18 (d, J=5.2 Hz, 2H; CH2-2’), 4.18 (t, J=


5.9 Hz, 2H; CH2-1’), 4.97 (t, J=6.6 Hz, 2H; CH2-1’), 7.97 (s, 1H; H-9),
8.13 (br s, 3H; NH3), 8.30 (s, 1H; H-6), 8.57 ppm (br s, 3H; NH3);
13C NMR ([D6]DMSO): d =18.8, 20.5 (2LCH3), 35.8, 37.1, 38.5, 41.2 (4L
CH2), 116.3 (CH), 130.5 (quaternary C), 131.2 (CH), 134.2, 136.4, 136.5,
147.6, 149.4, 154.9, 160.0 ppm (7Lquaternary C); ES-MS: m/z (%): 329.1
(100) [M+H]+ .


3,10-Bis(2’-isothiocyanatoeth-1’-yl)-7,8-dimethylbenzo[g]pteridine-2,4-
dione (24): Preparation according to GP 1 starting from 23·2HCl
(114 mg) yielded 24 as a yellow solid (95 mg, 81%). Rf=0.35 (CHCl3/
MeOH 25:1); m.p. 140 8C (decomp); 1H NMR (CDCl3): d=2.47 (s, 3H;
CH3-7), 2.60 (s, 3H; CH3-8), 3.91 (t, J=6.3 Hz, 2H; CH2-2’), 4.19 (t, J=


5.6 Hz, 2H; CH2-2’), 4.43 (t, J=6.3 Hz, 2H; CH2-1’), 4.99 (t, J=5.9 Hz,
2H; CH2-1’), 7.57 (s, 1H; H-9), 8.10 ppm (s, 1H; H-6); 13C NMR
(CDCl3): d=18.8, 20.9 (2LCH3), 40.4, 42.0, 42.3, 43.8 (4LCH2), 115.6
(CH), 131.1 (quaternary C), 132.0 (CH), 134.6, 135.0, 137.6, 148.6, 149.4,
155.4, 159.9 ppm (7Lquaternary C); the signals of the isothiocyanate
groups were not observed, presumably due to a long relaxation time; ES-
MS: m/z (%): 413.1 (100) [M+H]+ .


7,8-Dimethyl-3,10-bis(2’-thioureidoeth-1’-yl)benzo[g]pteridine-2,4-dione
(25): Preparation according to GP 2 starting from isothiocyanate 24
(60 mg) yielded 65 mg (100%) of 25 as an orange-red solid; Rf=0.30
(CHCl3/MeOH 10:1); m.p. 235 8C (decomp); 1H NMR ([D6]DMSO): 2.42
(s, 3H; CH3-7), 2.50 (s, 3H; CH3-8), 3.67–3.69 (m, 4H; 2LCH2), 4.06 (m,
2H; CH2-2’), 4.76 (m, 2H; CH2-1’), 6.98–7.77 (m, 6H; NH and NH2


groups), 7.95 (s, 1H; H-9), 8.21 ppm (s, 1H; H-6); a 13C NMR spectrum
could not be measured due to the extremely low solubility of the title
compound; ES-MS: m/z (%): 447.2 (100) [M+H]+ ; HR-MS (LSI-MS):
m/z : calcd for C18H23N8O2S2 [M+H]+ : 447.1385; found: 447.1372 (delta
�3.00 ppm).
3,10-Bis ACHTUNGTRENNUNG[2’-(3’,5’-diaza-8’,8’,9’,9’,10’,10’,11’,11’,12’,12’,13’,13’,14’,14’,15’,15’,
15’-heptadecafluoro-4’-thioxopentadec-1’-yl)eth-1’-yl]-7,8-dimethylben-
zo[g]pteridine-2,4-dione (26): Preparation according to GP 3 starting
from isothiocyanate 24 (60 mg) yielded a red solid (99 mg, 51%). Rf=
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0.50 (CHCl3/MeOH 10:1); m.p. 211 8C (decomp); 1H and 13C NMR spec-
tra could not be measured due to the extremely low solubility of the title
compound; 19F NMR ([D6]DMSO): d=�125.4 (m, 4F), �122.6 (m, 4F),
�122.0 (m, 4F), �121.2 (m, 12F), �112.8 (m, 4F), �79.7 (m, 6F); ES-
MS: m/z (%): 1339.2 (100) [M+H]+ , 1361.2 (15) [M+Na]+; elemental
analysis calcd (%) for C38H28F34N8O2S2: C 34.09, H 2.11, F 48.25, N 8.37,
S 4.79; found: C 34.31, H 1.95, N 8.24, S 4.91.


Bis-flavin 27: Preparation according to GP 3 starting from isothiocyanate
12 (40 mg) and amine 7·HCl (80 mg) yielded 27 as an orange solid
(76 mg, 100%). Rf=0.62 (CHCl3/MeOH/AcOH 77.5:15:7.5); m.p. 165 8C
(decomp); 1H NMR (CDCl3): d =2.44 (s, 6H; CH3-7), 2.56 (s, 6H; CH3-
8), 3.59–3.72 (m, 16H; CH2-4’, -5’, -7’, -8’, -12’, -13’, -15’, -16’), 4.05 (t, J=


5.1 Hz, 4H; CH2-2’, -18’), 4.11 (t, J=5.1 Hz, 4H; CH2-1’, -19’), 7.02 (br s,
2H; H-9’, -11’), 7.64 (s, 2H; H-9), 7.99 (s, 2H; H-6), 9.38 ppm (br s, 2H;
H-3); a 13C NMR spectrum could not be measured due to the very low
solubility of the compound; ES-MS: m/z (%): 395.3 (14) [M+2H]2+ ,
414.3 (21) [M+H+K]2+ , 798.4 (100) [M+H]+ , 811.4 (47) [M+Na]+ , 827.3
(4) [M+K]+ ; elemental analysis calcd (%) for C37H44N10O8S: C 56.33, H
5.62, N 17.75, S 4.06; found: C 56.47, H 5.42, N 17.91, S 4.05.


Bis-flavin 28 : Preparation according to GP 3 starting from isothiocyanate
12 (60 mg) and 3,6-dioxaoct-1,8-diyl diamine yielded 28 as an orange
solid (66 mg, 93%). Rf=0.55 (CHCl3/MeOH/AcOH 77.5:15:7.5); m.p.
117 8C (decomp); 1H NMR (CDCl3): d=2.42 (s, 6H; CH3-7), 2.55 (s, 6H;
CH3-8), 3.54–3.87 (m, 28H; glycol CH2 groups), 4.05 (br, 4H; CH2-2’,
-29’), 4.95 (br, 4H; CH2-1’, -30’), 7.07 (br, 2H; H-3), 7.66 (s, 2H; H-9),
7.95 (s, 2H; H-6), 8.39 ppm (br, 4H; H-9’, -11’, -20’, -22’); 13C NMR
(150 MHz, CDCl3): d=19.4, 21.5, 45.3, 67.7, 69–72 (unresolved glycol
CH2 groups), 132.2, 136.3, 138.8, 148.2 ppm. Due to low solubility of the
compound, the 13C NMR spectrum was reconstructed from HSQC and
HMBC experiments. The signals of the remaining carbon atoms could
therefore not be observed; ES-MS: m/z (%): 490.5 (100) [M+2H]2+ ,
491.5 (22) [M+H+Na]2+ , 979.5 (72) [M+H]+ , 1001.5 (23) [M+Na]+ ;
HR-MS (EI-MS): m/z : calcd for C44H59N12O10S2 [M+H]+ : 979.3919;
found 979.3882 (delta 3.73 ppm).
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Indium–Silver- and Zinc–Silver-Mediated Barbier–Grignard-Type Alkylation
Reactions of Imines by Using Unactivated Alkyl Halides in Aqueous Media


Zhi-Liang Shen, Hao-Lun Cheong, and Teck-Peng Loh*[a]


Introduction


Organic reactions in aqueous media have attracted tremen-
dous attention because of the many advantages that they
offer.[1] For example, organic reactions in aqueous media
allow multistep synthesis to be carried out more efficiently
without the need for protection–deprotection of the func-
tional groups containing acidic protons. Furthermore, com-
pounds containing water molecules or biomolecules can be
used directly. In conjunction with our interest in the devel-
opment of new organic reactions in aqueous media for the
functionalization of biomolecules, our group has extensively
studied the indium- or zinc-mediated allylation reactions of
carbonyl compounds and imines in aqueous media.[2] How-
ever, the analogous metal-mediated alkylation reactions of
simple imines in aqueous media have been more difficult
and challenging. This is due to the following: 1) Simple
imines have lower electrophilicity and, therefore, are less re-
active; 2) simple imines are easier to hydrolyze in water, es-
pecially aliphatic imines; 3) a simple imine is more prone to
undergo a self-coupling reaction to generate diamine than
an alkylation reaction in the presence of a metal;[3] and
4) alkyl halide is less reactive relative to allylic halide.


Elegant works by Naito et al. have shown the possibility
of carrying out the metal-mediated alkylation of imines in
aqueous media.[4–7] However, most of the reported methods
are only applicable to activated imines, such as oxime
ethers, hydrazones, and glyoxylate imines.[4,5] The limited
scope in these reported systems encourages us to search for
a new metal-mediated alkylation reaction of simple imines
in water.[8] Herein, we report an efficient method for the al-
kylation of a wide variety of imines by means of a one-pot
condensation of aldehydes, amines (including aliphatic and
chiral version), and alkyl iodides by using indium–silver and
zinc–silver in aqueous media.[9,10]


Results and Discussion


Initial studies were focused on the one-pot reaction of ben-
zaldehyde, aniline, and cyclohexyl iodide by using different
metals in water. The results are summarized in Table 1.


As shown in Table 1, among the several metals investigat-
ed, both zinc and indium were observed to be effective
metals for the activation of the one-pot reaction of benzal-
dehyde, aniline, and cyclohexyl iodide, to afford the corre-
sponding products in 76 and 88% yields, respectively (en-
tries 6–7). It was important to note that, without the use of
AgI, the reaction proceeded sluggishly to give the desired
product in only 17% yield (the major product was the imine
homocoupling product,[3] entry 8). In addition, the use of
InCl3 was also proved to be indispensable for the efficient
progress of the alkylation reaction. Without the addition of
InCl3, a lower yield of the alkylated product was obtained
(51%, entry 9). The utilization of other silver compounds


Abstract: In the presence of In or Zn/
AgI/InCl3, an efficient and practical
method for the Barbier–Grignard-type
alkylation reactions of simple imines
by using a one-pot condensation of var-
ious aldehydes, amines (including the
aliphatic and chiral version), and sec-


ondary alkyl iodides has been devel-
oped. The reaction proceeded more ef-
ficiently in water than in organic sol-
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product. Good diastereoselectivities
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(AgCl, Ag2O) in the place of AgI produced the correspond-
ing product in relatively low yields as compared to AgI (en-
tries 10–11). When other Lewis acid, such as ZnCl2, were
used in place of InCl3, the alkylated products could also be
obtained albeit in low yields (entries 12–13). Furthermore, it
was observed that these reactions proceeded more efficient-
ly in water than in organic solvents.


By using the optimized reaction conditions (In or Zn/AgI/
InCl3), we continued to carry out the one-pot Barbier–
Grignard-type alkylation reaction of simple imines involving
various aldehydes, amines, and alkyl iodides in water. The
results are outlined in Table 2.


As shown in Table 2, indium–silver and zinc–silver effi-
ciently mediated one-pot reactions of various aldehydes,
amines, and alkyl iodides in water at ambient temperature.
The corresponding alkylated products were furnished in
moderate to good yields.[11] It is worth noting that the
indium–silver system works well even for aliphatic amines,
such as benzylamine, to generate the desired products in
moderate to good yields (entries 9–14).


With the success of using aliphatic amines, such as benzyl-
amine, for Barbier–Grignard-type alkylation reactions of
imines in water, we were encouraged to apply this reaction
system to chiral imines in the hope of providing a new
method for the synthesis of enantiomerically enriched
amino compounds.


By using l-valine methyl ester as a substrate, it was found
that the one-pot reaction involving benzaldehyde and cyclo-
hexyl iodide worked well in the presence of In/AgI/InCl3 (in
a 1:1 mixture of MeOH and H2O) to afford the desired
product both in good yield and with good diastereoselectiv-
ity (77% yield, 89:11 dr).[12] However, a poor yield (<30%)
of the desired product was obtained when the same reaction
was carried out by using Zn/AgI/InCl3. Therefore, In/AgI/
InCl3 was chosen to apply to one-pot alkylation reactions of


Table 1. Optimization of reaction conditions for the alkylation of imines.


Entry Conditions Yield [%][a]


1 Al/AgI/InCl3 <20
2 Mg/AgI/InCl3 <10
3 Fe/AgI/InCl3 32
4 Sn/AgI/InCl3 0
5 Mn/AgI/InCl3 <10
6 Zn/AgI/InCl3 76
7 In/AgI/InCl3 88
8 In/InCl3 17
9 In/AgI 51
10 In/AgCl/InCl3 57
11 In/Ag2O/InCl3 21
12 In/AgI/ZnCl2 68
13 Zn/AgI/ZnCl2 66


[a] Isolated yield.


Table 2. One-pot alkylation reactions of simple imines in water.[a]


Entry RCHO R’NH2 R’’I Yield [%][b]


In Zn


1 64 83


2 68 85


3 94 82


4 88 76


5 67 43


6 90[c] 45[d]


7 73[e] 65


8 85[e] 76


9 68[e,f] 30[e,f]


10 82[e,f] 48[e,f]


11 76[e,f] 53[e,f]


12 72[e,f,g] 39[e,f,h]


13 58[e,f] 16[e,f]


14 75[e,f] 37[e,f]


[a] Unless otherwise noted, the reaction was carried out at room temper-
ature for 1 d by using In or Zn (6 equiv), AgI (4 equiv), InCl3 (0.1 equiv),
aldehyde (1 equiv), amine (1.2 equiv), alkyl iodide (5 equiv), and water
(10 mL). [b] Isolated yield. [c] Diastereomeric ratio: 55:45. [d] Diastereo-
meric ratio: 50:50. [e] By using MeOH/H2O 1:1. [f] By using 2 equiv of
amine. [g] Diastereomeric ratio: 67:33. [h] Diastereomeric ratio: 65:35.
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various aldehydes, alkyl iodides, and l-valine methyl ester in
aqueous media. The results are listed in Table 3.


As shown in Table 3, the one-pot reaction employing vari-
ous aldehydes, alkyl iodides, and l-valine methyl ester con-


densed efficiently in the presence of In/AgI/InCl3 to gener-
ate the desired products in moderate to good yields and
with good diastereoselectivi-
ties. It is worth noting that
even aliphatic aldehydes (hy-
drocinnamaldehyde and nonyl
aldehyde, entries 7–10) were
also demonstrated to be good
substrates for this reaction and


good yields and diastereoselectivities of the corresponding
products were obtained. The chiral auxiliary can be easily
removed by reported procedures (diisobutylaluminum hy-
dride (DIBAL-H) reduction followed by H5IO6-mediated
oxidative cleavage of the corresponding amino alcohol) to
afford the optically active amines.[13]


A plausible reaction mechanism has been proposed, as
shown in Scheme 1. The reaction was initiated by a single-
electron transfer from indium–silver (or zinc–silver) to alkyl
iodide a to generate an alkyl radical b, which attacked the
imine (which has been activated by InCl3) to furnish a radi-
cal intermediate c. Subsequent indium (or zinc)-promoted
reduction of intermediate c and the quenching of the gener-
ated amino anion d in the presence of water afforded the
desired product e.


Conclusion


We have developed an efficient and practical method for
the Barbier–Grignard-type alkylation reaction of simple
imines in aqueous media. This one-pot three-component
condensation of various aldehydes, amines, and alkyl iodides
in aqueous media, in the presence of In or Zn/AgI/InCl3
allows easy construction of a large library of amines. This
method is practical and it works with a wide variety of alde-
hydes, amines (including aliphatic amines), and secondary
alkyl iodides. The mild reaction conditions, moderate to
good yields, good to excellent diastereoselectivities, and the
simplicity of the reaction procedure make this method at-
tractive for scale-up purposes. Efforts to apply this method
for the synthesis of complex molecules as well as expanding
it to the intramolecular version are currently in progress.


Experimental Section


General method : Analytical TLC was performed by using Merck 60 F254
precoated silica-gel plates (0.2 mm thickness). Subsequent to elution,
plates were visualized by using UV radiation (254 nm) on Spectroline
Model ENF-24061/F 254 nm. Further visualization was possible by stain-
ing with an acidic solution of ceric molybdate or an ethanol solution of
ninhydrin. Flash-column chromatography was performed by using Merck
silica gel 60 with freshly distilled solvents. 1H and 13C NMR spectra were
recorded on a Bruker Avance DPX 300 and Bruker AMX 400 spectro-
photometer by using TMS as an internal standard. HRMS spectra were
obtained by using Finnigan MAT95XP GC/HRMS (Thermo Electron
Corporation). IR spectra were recorded on a Bio-Rad FTS 165 FTIR
spectrometer. The proportion of diastereomers was determined from the
integration of 1H and 13C NMR spectra.


Materials : Deionised water was used in all reactions. All aldehydes were
purified before use. All commercially available amines (nonchiral amine)
and alkyl iodides were used directly without purification. Commercially


Table 3. One-pot alkylation reactions of simple imines by using l-valine
methyl ester.[a]


Entry RCHO R’I Yield [%][b] dr


1 72 89:11


2 82 92:8


3 65 90:10


4 53 88:12


5 86 89:11


6 66 89:11


7 74 85:15


8 80 87:13


9 87 89:11


10 72 86:14


[a] The reaction was carried out at room temperature for 1 d by using In
(6 equiv), AgI (4 equiv), InCl3 (1 equiv), aldehyde (1 equiv), amine
(2 equiv), alkyl iodide (5 equiv), MeOH (5 mL), and water (5 mL).
[b] Isolated yield.


Scheme 1. Proposed reaction mechanism.
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available chiral amines (hydrochloride form) were washed with saturated
aqueous sodium carbonate solution before use. The following commer-
cial-grade reagents were also used without further purification: indium
(powder, �100 mesh, 99.99%, Aldrich), zinc (powder, 98%, Alfa Aesar),
silver(I) iodide (99.9%, Strem), and indium trichloride (Strem).


General procedure for the alkylation reaction of imines derived from an
aromatic amine and aromatic aldehyde : Water (10 mL), aldehyde
(0.5 mmol), amine (0.6 mmol), and InCl3 (0.05 mmol) were added to a
10 mL round-bottomed flask. After stirring for 10 min at room tempera-
ture, indium or zinc (3 mmol), silver iodide (2 mmol), and alkyl iodide
(2.5 mmol) were added sequentially to the reaction system. The reaction
was stirred vigorously at room temperature for 1 d. After reaction, it was
then extracted by using diethyl ether (20 mLL3), washed with brine,
dried over anhydrous sodium sulfate, filtered, and the solvent was evapo-
rated in vacuo to give the crude product. Silica-gel column chromatogra-
phy by using ethyl acetate and hexane as the eluent afforded the desired
product.


General procedure for the alkylation reaction of imines derived from ali-
phatic amine (including benzylamine and l-valine methyl ester): MeOH
(5 mL), H2O (5 mL), aldehyde (0.5 mmol), amine (1.0 mmol), and InCl3
(with 0.05 mmol for benzylamine, 0.5 mmol for l-valine methyl ester)
were added to a 10 mL round-bottomed flask. After stirring for 4 h at
room temperature, indium (3 mmol), silver iodide (2 mmol), and alkyl
iodide (2.5 mmol) were added sequentially to the reaction system. The
reaction mixture was stirred vigorously at room temperature for 1 d.
After reaction, it was extracted by using diethyl ether (20 mLL3),
washed with brine, dried over anhydrous sodium sulfate, filtered, and the
solvent was evaporated in vacuo to give the residue. Silica-gel column
chromatography by using ethyl acetate and hexane (with 1% v/v triethyl
amine) as the eluent afforded the desired product.


N-Phenyl-[1-(p-bromophenyl)-1-cyclohexylmethyl]amine
(Table 2, entry 1): Rf=0.61 (EtOAc/hexane 1:8); 1H NMR (300 MHz,
CDCl3): d=0.83–1.26 (m, 6H), 1.49–1.85 (m, 5H), 4.05 (d, J=6.03 Hz,
1H), 4.09 (br s, 1H), 6.44 (d, J=7.80 Hz, 2H), 6.60 (t, J=7.32 Hz, 1H),
7.02–7.07 (m, 2H), 7.13–7.17 (m, 2H), 7.37–7.40 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): d=147.4 (C), 141.7 (C), 131.3 (2CH), 129.1 (2CH),
120.4 (C), 128.9 (2CH), 117.2 (CH), 113.1 (2CH), 62.9 (CH), 44.7 (CH),
30.1 (CH2), 29.3 (CH2), 26.3 (CH2), 26.3 (CH2), 26.3 ppm (CH2); IR
(NaCl, neat): ñ=3422 cm�1 (NH); HRMS (EI): m/z : calcd for
C19H22NBr: 343.0936; found: 342.0828 [M�H]+ .


N-Phenyl-[1-(p-chlorophenyl)-1-cyclohexylmethyl]amine
(Table 2, entry 2): Rf=0.59 (EtOAc/hexane 1:8); 1H NMR (300 MHz,
CDCl3): d=0.95–1.29 (m, 5H), 1.42–1.85 (m, 6H), 4.07 (s, 1H), 4.09 (s,
1H), 6.43–6.46 (m, 2H), 6.58–6.63 (m, 1H), 7.02–7.08 (m, 2H), 7.19–
7.26 ppm (m, 4H); 13C NMR (75.4 MHz, CDCl3): d =147.4 (C), 141.2
(C), 132.3 (C), 129.1 (2CH), 128.6 (2CH), 128.4 (2CH), 117.2 (CH),
113.2 (2CH), 62.8 (CH), 44.8 (CH), 30.1 (CH2), 29.4 (CH2), 26.3 (CH2),
26.3 (CH2), 26.3 ppm (CH2); IR (NaCl, neat): ñ =3426 cm�1 (NH);
HRMS: m/z : calcd for C19H22ClN: 299.1441; found: 298.1346 [M�H]+ .


N-Phenyl-[1-(p-methylphenyl)-1-cyclohexylmethyl]amine
(Table 2, entry 3): Rf=0.63 (EtOAc/hexane 1:8); 1H NMR (400 MHz,
CDCl3): d=0.84–0.90 (m, 1H), 0.95–1.26 (m, 5H), 1.50–1.74 (m, 4H),
1.85–1.88 (m, 1H), 2.27 (s, 3H), 4.06 (d, J=6.20 Hz, 1H), 4.09 (br s, 1H),
6.47 (d, J=7.89 Hz, 2H), 6.57 (t, J=7.20 Hz, 1H), 7.01–7.15 ppm (m,
6H); 13C NMR (100 MHz, CDCl3): d=147.8 (C), 139.5 (C), 136.1 (C),
129.0 (2CH), 128.8 (2CH), 127.1 (2CH), 116.8 (CH), 113.1 (2CH), 63.0
(CH), 44.9 (CH), 30.2 (CH2), 29.5 (CH2), 26.4 (CH2), 26.4 (CH2), 26.3
(CH2), 21.0 ppm (CH3); IR (NaCl, neat): ñ =3424 cm�1 (NH); HRMS
(EI): m/z : calcd for C20H25N: 279.1987; found: 278.1897 [M�H]+ .


N-Phenyl-(1-phenyl-1-cyclohexylmethyl)amine (Table 2, entry 4): Rf=


0.57 (EtOAc/hexane 1:8); 1H NMR (400 MHz, CDCl3): d=1.00–1.26 (m,
5H), 1.47–1.54 (m, 1H), 1.60–1.76 (m, 4H), 1.86–1.89 (m, 1H), 4.10 (d,
J=6.32 Hz, 1H), 4.12 (br s, 1H), 6.48 (d, J=7.72 Hz, 2H), 6.59 (t, J=


7.44 Hz, 1H), 7.02–7.06 (m, 2H), 7.18–7.21 (m, 1H), 7.27–7.28 ppm (m,
4H); 13C NMR (75.4 MHz, CDCl3): d=147.8 (C), 142.7 (C), 129.0
(2CH), 128.2 (2CH), 127.2 (2CH), 126.7 (CH), 116.9 (CH), 113.1 (2CH),
63.4 (CH), 44.9 (CH), 30.2 (CH2), 29.4 (CH2), 26.4 (CH2), 26.4 (CH2),


26.3 ppm (CH2); IR (NaCl, neat): ñ =3426 cm�1 (NH); HRMS (EI): m/z :
calcd for C19H23N: 265.1830; found: 265.1810 [M]+ .


N-Phenyl-(2-methyl-1-phenylpropyl)amine (Table 2, entry 5): Rf=0.63
(EtOAc/hexane 1:8); 1H NMR (400 MHz, CDCl3): d =0.91 (d, J=


6.82 Hz, 3H), 0.97 (d, J=6.78 Hz, 3H), 1.97–2.08 (m, 1H), 4.10 (s, 1H),
4.12 (s, 1H), 6.49 (d, J=7.62 Hz, 2H), 6.60 (t, J=7.30 Hz, 1H), 7.03–7.08
(m, 2H), 7.16–7.29 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=147.7
(C), 142.6 (C), 129.0 (2CH), 128.2 (2CH), 127.2 (2CH), 126.8 (CH),
117.0 (CH), 113.2 (2CH), 63.8 (CH), 34.9 (CH), 19.7 (CH3), 18.6 ppm
(CH3); IR (NaCl, neat): ñ=3426 cm�1 (NH); HRMS (EI): m/z : calcd for
C16H19N: 225.1517; found: 224.1434 [M�H]+ .


N-Phenyl-(2-methyl-1-phenylbutyl)amine (Table 2, entry 6): Rf=0.63
(EtOAc/hexane 1:8); 1H NMR (300 MHz, CDCl3): two isomers: d=0.85–
0.94 (m, 12H), 1.10–1.32 (m, 2H), 1.42–1.65 (m, 2H), 1.76–1.81 (m, 2H),
4.07 (br s, 2H), 4.20 (d, J=5.82 Hz, 1H), 4.29 (d, J=4.89 Hz, 1H), 6.48
(d, J=8.05 Hz, 4H), 6.57–6.62 (m, 2H), 7.02–7.08 (m, 4H), 7.17–
7.21 ppm (m, 10H); 13C NMR (75.4 MHz, CDCl3): two isomers: d =147.7
(2C), 142.9 (C), 142.3 (C), 129.0 (2CH), 129.0 (2CH), 128.2 (2CH),
128.1 (2CH), 127.3 (2CH), 127.0 (2CH), 126.7 (CH), 126.6 (CH), 116.9
(2CH), 113.1 (2CH), 113.1 (2CH), 62.5 (CH), 61.4 (CH), 41.8 (CH), 41.5
(CH), 26.8 (CH2), 25.3 (CH2), 16.1 (CH3), 14.4 (CH3), 12.0 (CH3),
11.8 ppm (CH3); IR (NaCl, neat): ñ =3428 cm�1 (NH); HRMS (EI): m/z :
calcd for C17H21N: 239.1674; found: 238.1592 [M�H]+ .


N-(p-Chlorophenyl)-(1-phenyl-1-cyclohexylmethyl)amine
(Table 2, entry 7): Rf=0.62 (EtOAc/hexane 1:8); 1H NMR (300 MHz,
CDCl3): d=0.88–1.28 (m, 5H), 1.49–1.53 (m, 1H), 1.57–1.76 (m, 4H),
1.84–1.88 (m, 1H), 4.04 (d, J=6.16 Hz, 1H), 4.14 (br s, 1H), 6.39 (d, J=


8.79 Hz, 2H), 6.97 (d, J=8.79 Hz, 2H), 7.17–7.30 ppm (m, 5H);
13C NMR (75.4 MHz, CDCl3): d=146.3 (C), 142.1 (C), 128.8 (2CH),
128.2 (2CH), 127.1 (2CH), 126.9 (CH), 121.4 (C), 114.2 (2CH), 63.4
(CH), 44.8 (CH), 30.1 (CH2), 29.5 (CH2), 26.4 (CH2), 26.3 (CH2),
26.3 ppm (CH2); IR (NaCl, neat): ñ =3428 cm�1 (NH); HRMS (EI): m/z :
calcd for C19H22ClN: 299.1441; found: 299.1432 [M]+ .


N-(m-Methylphenyl)(1-phenyl-1-cyclohexylmethyl)amine
(Table 2, entry 8): Rf=0.61 (EtOAc/hexane 1:8); 1H NMR (300 MHz,
CDCl3): d=1.01–1.23 (m, 5H), 1.49–1.53 (m, 1H), 1.62–1.71 (m, 4H),
1.84–1.88 (m, 1H), 2.17 (s, 3H), 4.08–4.10 (m, 2H), 6.27 (d, J=7.90 Hz,
1H), 6.34 (s, 1H), 6.41 (d, J=7.30 Hz, 1H), 6.92 (t, J=7.70 Hz, 1H),
7.14–7.27 ppm (m, 5H); 13C NMR (75.4 MHz, CDCl3): d=147.8 (C),
142.8 (C), 138.6 (C), 128.9 (CH), 128.1 (2CH), 127.1 (2CH), 126.6 (CH),
117.9 (CH), 114.0 (CH), 110.1 (CH), 63.3 (CH), 44.9 (CH), 30.2 (CH2),
29.4 (CH2), 26.4 (CH2), 26.3 (CH2), 26.3 (CH2), 21.6 ppm (CH3); IR
(NaCl, neat): ñ=3381 cm�1 (NH); HRMS (EI): m/z : calcd for C20H25N:
279.1987; found: 278.1901 [M�H]+ .


N-Benzyl-(1-phenyl-1-cyclohexylmethyl)amine (Table 2, entry 9): Rf=


0.41 (EtOAc/hexane 1:8); 1H NMR (300 MHz, CDCl3): d=0.80–1.26 (m,
5H), 1.37–1.41 (m, 1H), 1.48–1.73 (m, 5H), 1.94–1.98 (m, 1H), 3.35 (d,
J=7.18 Hz, 1H), 3.43 (d, J=13.24 Hz, 1H), 3.62 (d, J=13.25 Hz, 1H),
7.18–7.34 ppm (m, 10H); 13C NMR (75.4 MHz, CDCl3): d =143.0 (C),
140.9 (C), 128.2 (2CH), 128.1 (4CH), 128.0 (2CH), 126.7 (2CH), 68.0
(CH), 51.6 (CH2), 44.3 (CH), 30.2 (CH2), 29.9 (CH2), 26.5 (CH2), 26.3
(CH2), 26.3 ppm (CH2); IR (NaCl, neat): ñ =3431 cm�1 (NH); HRMS
(EI): m/z : calcd for C20H25N: 279.1987; found: 278.1903 [M�H]+ .


N-Benzyl-(1-phenyl-1-cyclopentylmethyl)amine (Table 2, entry 10): Rf=


0.30 (EtOAc/hexane 1:8); 1H NMR (300 MHz, CDCl3): d=0.98–1.11 (m,
1H), 1.23–1.67 (m, 6H), 1.77 (s, 1H), 1.86–1.96 (m, 1H), 2.00–2.14 (m,
1H), 3.32 (d, J=9.06 Hz, 1H), 3.43 (d, J=13.29 Hz, 1H), 3.61 (d, J=


13.29 Hz, 1H), 7.18–7.31 ppm (m, 10H); 13C NMR (75.4 MHz, CDCl3):
d=144.0 (C), 140.9 (C), 128.3 (2CH), 128.1 (4CH), 127.9 (2CH), 126.8
(CH), 126.7 (CH), 68.1 (CH), 51.5 (CH2), 47.4 (CH), 30.5 (CH2), 30.3
(CH2), 25.3 (CH2), 25.0 ppm (CH2); IR (NaCl, neat): ñ=3418 cm�1


(NH); HRMS (EI): m/z : calcd for C19H23N: 265.1830; found: 264.1760
[M�H]+ .


N-Benzyl-(2-methyl-1-phenylpropyl)amine (Table 2, entry 11): Rf=0.30
(EtOAc/hexane 1:8); 1H NMR (400 MHz, CDCl3): d =0.74 (d, J=


6.80 Hz, 3H), 0.97 (d, J=6.67 Hz, 3H), 1.81 (br s, 1H), 1.84–1.92 (m,
1H), 3.34 (d, J=6.96 Hz, 1H), 3.46 (d, J=13.30 Hz, 1H), 3.65 (d, J=


13.29 Hz, 1H), 7.23–7.35 ppm (m, 10H); 13C NMR (75.4 MHz, CDCl3):
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d=142.9 (C), 141.0 (C), 128.3 (2CH), 128.1 (4CH), 128.0 (2CH), 126.8
(CH), 126.8 (CH), 68.7 (CH), 51.7 (CH2), 34.5 (CH), 19.7 (CH3),
19.5 ppm (CH3); IR (NaCl, neat): ñ =3401 cm�1 (NH); HRMS (EI): m/z :
calcd for C17H21N: 239.1674; found: 238.1589 [M�H]+ .


N-Benzyl-(1-phenyl-2-methylbutyl)amine (Table 2, entry 12): Rf=0.38
(EtOAc/hexane 1:8); 1H NMR (300 MHz, CDCl3): two isomers: d=0.70–
0.93 (m, 6H), 0.95–1.26 (m, 1H), 1.32–1.71 (m, 2H), 1.79 (br s, 1H), 3.43–
3.49 (m, 2H), 3.61–3.68 (m, 1H), 7.19–7.35 ppm (m, 10H); 13C NMR
(75.4 MHz, CDCl3): two isomers: d=143.2 (C), 142.7 (C), 141.0 (C),
140.9 (C), 128.3, 128.2, 128.2, 128.2, 128.0, 128.0, 128.0, 126.7, 126.7 (over-
all 20CH), 67.0 (CH), 66.9 (CH), 51.7 (CH2), 51.7 (CH2), 41.4 (CH), 40.9
(CH), 26.1 (CH2), 26.1 (CH2), 15.6 (CH3), 15.3 (CH3), 11.8 (CH3),
11.4 ppm (CH3); IR (NaCl, neat): ñ =3345 cm�1 (NH); HRMS (EI): m/z :
calcd for C18H23N: 253.1830; found: 252.1740 [M�H]+ .


N-Benzyl-[1-(p-bromophenyl)-1-cyclohexylmethyl]amine
(Table 2, entry 13): Rf=0.47 (EtOAc/hexane 1:8); 1H NMR (300 MHz,
CDCl3): d=0.78–1.20 (m, 5H), 1.37–1.73 (m, 6H), 1.88–1.92 (m, 1H),
3.33 (d, J=6.88 Hz, 1H), 3.41 (d, J=13.27 Hz, 1H), 3.60 (d, J=13.23 Hz,
1H), 7.15 (d, J=8.24 Hz, 2H), 7.22–7.31 (m, 5H), 7.44 ppm (d, J=


8.28 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): d =142.1 (C), 140.7 (C),
131.1 (2CH), 129.9 (2CH), 128.3 (2CH), 128.1 (2CH), 126.8 (CH), 120.4
(C), 67.4 (CH), 51.6 (CH2), 44.3 (CH), 30.1 (CH2), 29.7 (CH2), 26.5
(CH2), 26.3 (CH2), 26.2 ppm (CH2); IR (NaCl, neat): ñ=3350 cm�1


(NH); HRMS (EI): m/z : calcd for C20H24BrN: 357.1092; found: 356.1000
[M�H]+ .


N-Benzyl-[1-(p-methylphenyl)-1-cyclohexylmethyl]amine
(Table 2, entry 14): Rf=0.37 (EtOAc/hexane 1:8); 1H NMR (300 MHz,
CDCl3): d=0.75–1.26 (m, 5H), 1.38–1.72 (m, 6H), 1.94–1.98 (m, 1H),
2.34 (s, 3H), 3.32 (d, J=7.12 Hz, 1H), 3.43 (d, J=13.23 Hz, 1H), 3.62 (d,
J=13.24 Hz, 1H), 7.10–7.31 ppm (m, 9H); 13C NMR (75.4 MHz, CDCl3):
d=141.0 (C), 139.9 (C), 136.1 (C), 128.7 (2CH), 128.2 (2CH), 128.1
(2CH), 128.0 (2CH), 126.7 (CH), 67.7 (CH), 51.6 (CH2), 44.3 (CH), 30.3
(CH2), 29.9 (CH2), 26.6 (CH2), 26.4 (CH2), 26.3 (CH2), 21.1 ppm (CH3);
IR (NaCl, neat): ñ =3402 cm�1 (NH); HRMS (EI): m/z : calcd for
C21H27N: 293.2143; found: 292.2065 [M�H]+ .


2-[(1-Cyclohexyl-1-phenylmethyl)amino]-3-methylbutyric acid methyl
ester (Table 3, entry 1): Rf=0.65 (EtOAc/hexane 1:8); 1H NMR
(400 MHz, CDCl3): major isomer: d =0.83 (d, J=6.73 Hz, 3H), 0.90 (d,
J=6.81 Hz, 3H), 0.83–1.01 (m, 2H), 1.04–1.12 (m, 2H), 1.17–1.29 (m,
1H), 1.36–1.39 (m, 1H), 1.45–1.52 (m, 1H), 1.60–1.61 (m, 2H), 1.72–1.83
(m, 2H), 1.89–1.94 (m, 2H), 2.71 (d, J=6.32 Hz, 1H), 3.17 (d, J=


6.92 Hz, 1H), 3.69 (s, 3H), 7.13–7.29 ppm (m, 5H); 13C NMR (100 MHz,
CDCl3): major isomer: d=176.4 (CO), 142.5 (C), 128.6 (2CH), 127.7
(2CH), 126.8 (CH), 67.3 (CH), 64.5 (CH), 51.2 (CH3), 44.4 (CH), 31.8
(CH), 29.9 (CH2), 29.7 (CH2), 26.5 (CH2), 26.2 (CH2), 26.2 (CH2), 19.5
(CH3), 18.6 ppm (CH3); IR (NaCl, neat): ñ=3445 (NH), 1732 cm�1 (C=


O); HRMS (EI): m/z : calcd for C19H29NO2: 303.2198; found: 304.2245
[M+H]+ .


2-[(1-Cyclopentyl-1-phenylmethyl)amino]-3-methylbutyric acid methyl
ester (Table 3, entry 2): Rf=0.61 (EtOAc/hexane 1:8); 1H NMR
(300 MHz, CDCl3): major isomer: d =0.81 (d, J=6.78 Hz, 3H), 0.88 (d,
J=6.82 Hz, 3H), 0.99–1.12 (m, 1H), 1.16–1.26 (m, 1H), 1.32–1.46 (m,
2H), 1.48–1.69 (m, 3H), 1.72–1.85 (m, 1H), 1.88–2.13 (m, 3H), 2.70 (d,
J=6.30 Hz, 1H), 3.14 (d, J=8.77 Hz, 1H), 3.70 (s, 3H), 7.14–7.28 ppm
(m, 5H); 13C NMR (75.4 MHz, CDCl3): major isomer: d=176.3 (CO),
143.6 (C), 128.2 (2CH), 127.9 (2CH), 126.9 (CH), 67.6 (CH), 64.4 (CH),
51.2 (CH3), 47.6 (CH), 31.7 (CH), 30.2 (CH2), 30.0 (CH2), 25.4 (CH2),
25.1 (CH2), 19.4 (CH3), 18.5 ppm (CH3); IR (NaCl, neat): ñ =3447 (NH),
1734 cm�1 (C=O); HRMS (EI): m/z : calcd for C18H27NO2: 289.2042;
found: 288.1964 [M�H]+ .


2-[(2-Methyl-1-phenylpropyl)amino]-3-methylbutyric acid methyl ester
(Table 3, entry 3): Rf=0.61 (EtOAc/hexane 1:8); 1H NMR (300 MHz,
CDCl3): major isomer: d=0.73 (d, J=6.81 Hz, 3H), 0.84 (d, J=6.78 Hz,
3H), 0.91 (d, J=6.81 Hz, 3H), 0.96 (d, J=6.69 Hz, 3H), 1.75–1.87 (m,
2H), 1.90 (br s, 1H), 2.72 (d, J=6.39 Hz, 1H), 3.17 (d, J=6.73 Hz, 1H),
3.69 (s, 3H), 7.13–7.30 ppm (m, 5H); 13C NMR (75.4 MHz, CDCl3):
major isomer: d=175.8 (C), 141.7 (C), 128.6 (2CH), 127.9 (2CH), 127.1
(CH), 68.2 (CH), 64.6 (CH), 51.3 (CH3), 34.5 (CH), 31.6 (CH), 19.4


(CH3), 19.3 (2CH3), 18.7 ppm (CH3); IR (NaCl, neat): ñ =3443 (NH),
1732 cm�1 (C=O); HRMS (EI): m/z : calcd for C16H25NO2: 263.1885;
found: 262.1805 [M�H]+ .


2-{[1-Cyclohexyl-1-(p-bromophenyl)methyl]amino}-3-methylbutyric acid
methyl ester (Table 3, entry 4): Rf=0.61 (EtOAc/hexane 1:8); 1H NMR
(300 MHz, CDCl3): major isomer: d =0.84 (d, J=6.76 Hz, 3H), 0.90 (d,
J=6.78 Hz, 3H), 0.98–1.92 (m, 12H), 2.69 (d, J=6.28 Hz, 1H), 2.87 (br s,
1H), 3.17 (d, J=6.97 Hz, 1H), 3.70 (s, 3H), 7.13 (d, J=8.22 Hz, 2H),
7.40 ppm (d, J=8.22 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): major
isomer: d=175.7 (CO), 141.0 (C), 131.0 (2CH), 130.3 (2CH), 120.7 (C),
66.9 (CH), 64.6 (CH), 51.4 (CH3), 44.1 (CH), 31.6 (CH), 29.9 (CH2), 29.5
(CH2), 26.4 (CH2), 26.1 (2CH2), 19.4 (CH3), 18.6 ppm (CH3); IR (NaCl,
neat): ñ=3447 (NH), 1734 cm�1 (C=O); HRMS (EI): m/z : calcd for
C19H28BrNO2: 381.1303; found: 380.1224 [M�H]+ .


2-{[1-Cyclohexyl-1-(p-methylphenyl)methyl]amino}-3-methylbutyric acid
methyl ester (Table 3, entry 5): Rf=0.61 (EtOAc/hexane 1:8); 1H NMR
(400 MHz, CDCl3): major isomer: d =0.83 (d, J=6.68 Hz, 3H), 0.90 (d,
J=6.76 Hz, 3H), 0.94–1.93 (m, 13H), 2.32 (s, 3H), 2.72 (d, J=6.40 Hz,
1H), 3.14 (d, J=6.88 Hz, 1H), 3.68 (s, 3H), 7.06–7.14 ppm (m, 4H);
13C NMR (100 MHz, CDCl3): major isomer: d=176.4 (CO), 139.4 (C),
136.2 (C), 128.4 (4CH), 66.9 (CH), 64.5 (CH), 51.1 (CH3), 44.5 (CH),
31.8 (CH), 29.9 (CH2), 29.7 (CH2), 26.5 (CH2), 26.2 (CH2), 26.2 (CH2),
21.1 (CH3), 19.4 (CH3), 18.6 ppm (CH3); IR (NaCl, neat): ñ =3447 (NH),
1734 cm�1 (C=O); HRMS (EI): m/z : calcd for C20H31NO2: 317.2355;
found: 316.2272 [M�H]+ .


2-{[1-Cyclohexyl-1-(p-chlorophenyl)methyl]amino}-3-methylbutyric acid
methyl ester (Table 3, entry 6): Rf=0.63 (EtOAc/hexane 1:8); 1H NMR
(300 MHz, CDCl3): major isomer: d =0.83 (d, J=6.75 Hz, 3H), 0.89 (d,
J=6.81 Hz, 3H), 0.95–1.90 (m, 13H), 2.66 (d, J=6.40 Hz, 1H), 3.16 (d,
J=6.75 Hz, 1H), 3.70 (s, 3H), 7.17–7.26 ppm (m, 4H); 13C NMR
(75.4 MHz, CDCl3): major isomer: d =176.2 (CO), 141.1 (C), 132.4 (C),
129.9 (2CH), 127.9 (2CH), 66.7 (CH), 64.6 (CH), 51.3 (CH3), 44.4 (CH),
31.8 (CH), 29.9 (CH2), 29.5 (CH2), 26.4 (CH2), 26.2 (2CH2), 19.5 (CH3),
18.5 ppm (CH3); IR (NaCl, neat): ñ =3447 (NH), 1732 cm�1 (C=O);
HRMS (EI): m/z : calcd for C19H28ClNO2: 337.1809; found: 336.1722
[M�H]+ .


2-[(1-Cyclohexyl-3-phenylpropyl)amino]-3-methylbutyric acid methyl
ester (Table 3, entry 7): Rf=0.30, 0.39 (EtOAc/hexane 1:8); 1H NMR
(300 MHz, CDCl3): major isomer: d =0.86 (d, J=6.66 Hz, 3H), 0.90 (d,
J=6.79 Hz, 3H), 0.94–1.35 (m, 5H), 1.44–1.87 (m, 10H), 2.13 (q, J=


5.12 Hz, 1H), 2.58 (t, J=8.25 Hz, 2H), 2.92 (d, J=6.54 Hz, 1H), 3.59 (s,
3H), 7.04–7.20 ppm (m, 5H); 13C NMR (75.4 MHz, CDCl3): major
isomer: d=176.4 (CO), 143.1 (C), 128.3 (2CH), 128.2 (2CH), 125.5
(CH), 65.5 (CH), 61.3 (CH), 51.2 (CH3), 40.5 (CH), 32.6 (CH2), 32.2
(CH), 31.7 (CH2), 29.3 (CH2), 28.6 (CH2), 26.6 (CH2), 26.6 (CH2), 26.5
(CH2), 19.4 (CH3), 18.9 ppm (CH3); IR (NaCl, neat): ñ=3449 (NH),
1736 cm�1 (C=O); HRMS (EI): m/z : calcd for C21H33NO2: 331.2511;
found: 330.2411 [M�H]+ .


2-[(1-Cyclopentyl-3-phenylpropyl)amino]-3-methylbutyric acid methyl
ester (Table 3, entry 8): Rf=0.43, 0.55 (EtOAc/hexane 1:8); 1H NMR
(300 MHz, CDCl3): major isomer: d =0.96 (d, J=6.72 Hz, 3H), 1.00 (d,
J=6.75 Hz, 3H), 1.20–1.26 (m, 2H), 1.50–2.00 (m, 11H), 2.24–2.30 (m,
1H), 2.52–2.82 (m, 2H), 3.07 (d, J=6.63 Hz, 1H), 3.68 (s, 3H), 7.15–
7.29 ppm (m, 5H); 13C NMR (75.4 MHz, CDCl3): major isomer: d=176.3
(CO), 143.4 (C), 128.3 (2CH), 128.3 (2CH), 125.5 (CH), 64.9 (CH), 60.7
(CH), 51.2 (CH3), 43.0 (CH), 33.5 (CH2), 32.0 (CH), 30.0 (CH2), 29.7
(CH2), 29.6 (CH2), 25.5 (CH2), 25.4 (CH2), 19.6 (CH3), 19.0 ppm (CH3);
IR (NaCl, neat): ñ =3449 (NH), 1736 cm�1 (C=O); HRMS (EI): m/z :
calcd for C20H31NO2: 317.2355; found: 316.2285 [M�H]+ .


3-Methyl-2-[(2-methyl-1-phenethylpropyl)amino]butyric acid methyl
ester (Table 3, entry 9): Rf=0.43, 0.55 (EtOAc/hexane 1:8); 1H NMR
(300 MHz, CDCl3): major isomer: d =0.88 (d, J=3.78 Hz, 3H), 0.90 (d,
J=3.78 Hz, 3H), 0.94 (d, J=6.78 Hz, 3H), 0.98 (d, J=6.76 Hz, 3H),
1.49–1.96 (m, 5H), 2.21 (q, J=5.25 Hz, 1H), 2.67 (t, J=8.35 Hz, 2H),
3.01 (d, J=6.51 Hz, 1H), 3.67 (s, 3H), 7.13–7.29 ppm (m, 5H); 13C NMR
(75.4 MHz, CDCl3): major isomer: d=176.4 (CO), 143.1 (C), 128.3
(2CH), 128.3 (2CH), 125.6 (CH), 65.5 (CH), 62.0 (CH), 51.2 (CH3), 32.5
(CH2), 32.3 (CH), 31.9 (CH2), 30.1 (CH), 19.4 (CH3), 18.9 (CH3), 18.7
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(CH3), 18.1 ppm (CH3); IR (NaCl, neat): ñ=3449 (NH), 1736 cm�1 (C=


O); HRMS (EI): m/z : calcd for C18H29NO2: 291.2198; found: 290.2117
[M�H]+ .


2-[(1-Cyclohexylnonyl)amino]-3-methylbutyric acid methyl ester
(Table 3, entry 10): Rf=0.53, 0.62 (EtOAc/hexane 1:8); 1H NMR
(300 MHz, CDCl3): major isomer: d=0.86–0.96 (m, 9H), 1.16–1.29 (m,
21H), 1.58–1.85 (m, 6H), 2.11–2.12 (m, 1H), 2.99 (d, J=6.60 Hz, 1H),
3.69 ppm (s, 3H); 13C NMR (75.4 MHz, CDCl3): major isomer: d=176.5
(CO), 65.6 (CH), 61.6 (CH), 51.2 (CH3), 40.7 (CH), 32.1 (CH), 31.9
(CH2), 30.6 (CH2), 30.1 (CH2), 29.6 (CH2), 29.3 (CH2), 29.0 (CH2), 28.9
(CH2), 26.7 (CH2), 26.7 (CH2), 26.6 (CH2), 25.6 (CH2), 22.7 (CH2), 19.3
(CH3), 18.9 (CH3), 14.1 ppm (CH3); IR (NaCl, neat): ñ=3455 (NH),
1736 cm�1 (C=O); HRMS (EI): m/z : calcd for C21H41NO2: 339.3137;
found: 338.3055 [M�H]+ .


2-[(1-Cyclohexyl-1-phenylmethyl)amino]-2-phenylacetic acid methyl
ester :[12] Rf=0.55, 0.59 (EtOAc/hexane 1:8); 1H NMR (400 MHz, CDCl3):
isomer 1: d =0.83–0.96 (m, 1H), 1.05–1.27 (m, 5H), 1.40–1.43 (m, 1H),
1.55–1.62 (m, 3H), 1.75–1.78 (m, 1H), 1.97–2.00 (m, 1H), 3.41 (d, J=


7.05 Hz, 1H), 3.71 (s, 3H), 4.13 (s, 1H), 7.25–7.33 ppm (m, 10H); isomer
2: d=0.69–0.79 (m, 1H), 0.84–0.94 (m, 1H), 1.02–1.08 (m, 2H), 1.12–1.26
(m, 2H), 1.50–1.56 (m, 3H), 1.69–1.73 (m, 1H), 2.06–2.09 (m, 1H), 2.55
(br s, 1H), 3.01 (d, J=7.81 Hz, 1H), 3.56 (s, 3H), 4.09 (s, 1H), 7.11–7.13
(m, 2H), 7.22–7.33 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): isomer 1:
d=174.5 (CO), 142.2 (C), 138.8 (C), 128.6 (2CH), 128.4 (2CH), 128.1
(2CH), 127.8 (CH), 127.1 (3CH), 67.4 (CH), 62.8 (CH), 51.9 (CH3), 44.3
(CH), 30.0 (CH2), 29.7 (CH2), 26.5 (CH2), 26.2 ppm (2CH2); isomer 2:
d=173.3 (CO), 142.1 (C), 138.3 (C), 128.5 (2CH), 128.1 (4CH), 128.0
(2CH), 127.9 (CH), 126.9 (CH), 64.7 (CH), 62.4 (CH), 52.2 (CH3), 43.9
(CH), 30.2 (CH2), 30.0 (CH2), 26.5 (CH2), 26.2 ppm (2CH2); IR (NaCl,
neat): ñ=3447 (NH), 1738 cm�1 (C=O); HRMS (EI): m/z : calcd for
C22H27NO2: 337.2042; found: 336.1946 [M�H]+ .
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Accelerating and Decelerating Effects of Metal Ions on Electron-Transfer
Reduction of Quinones as a Function of Temperature and Binding Modes of
Metal Ions to Semiquinone Radical Anions


Junpei Yuasa, Shunsuke Yamada, and Shunichi Fukuzumi*[a]


Introduction


Activation and deactivation of electron transfer (ET) plays
a vital role in controlling biological redox reactions such as
photosynthesis and respiration, which are essential for
life.[1,2] Electron-transfer reactions are often regulated and
tuned through noncovalent interactions (e.g., hydrogen
bonds,[3–5] interactions in proteins,[6] electrostatic interactions
with metal ions[7–15]) in many biological and chemical redox
systems. In particular, metal ions acting as Lewis acids are
known to activate ET reactions when they bind to the prod-
uct radical anions.[7–15] Electron-transfer rates are generally


determined by the enthalpies DH� and entropies DS� of ac-
tivation. In adiabatic ET reactions in solution, the DS� value
is normally close to zero, and ET is enthalpy-controlled.[16,17]


When ET from an electron donor (D) to an electron accept-
or (A) is activated by binding of metal ions (Mn+) with the
product radical anion (AC�), the DS� value takes on a large
negative value because of restricted geometry in binding of
metal ions in the transition state, whereas the DH� value be-
comes smaller because metal-ion binding thermodynamical-
ly stabilizes the product radical anion (Scheme 1). If the
binding mode of the metal ion complex changes from a 1:1
complex (AC�–Mn+) to a 1:2 complex (AC�–(Mn+)2) with in-
creasing metal-ion concentration, the DH� and DS� values
would be different for the two binding modes
(Scheme 1).[7–15,18,19] In such a case, the rate of the ET path-
way to afford 1:2 complex AC�–(Mn+)2 with a smaller DH�


value and a more negative DS� value would be faster than
that to afford a 1:1 complex AC�–Mn+ at lower temperature,
whereas this would be reversed at higher temperature. This
indicates that the ET rate increases with increasing concen-
tration of metal ions at lower temperature, but the ET rate
decreases with increasing concentration of metal ions at
higher temperature. However, such acceleration and decel-
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eration effects of metal ions on electron transfer depending
on temperature have yet to be scrutinized.


We report herein for the first time the accelerating and
decelerating effects of metal ions on the ET reduction of p-
and o-quinones, 1-(p-tolylsulfinyl)-2,5-benzoquinone
(TolSQ) and 9,10-phenanthrenequinone (PQ), by electron
donors with different electron-donor abilities ((AcrH)2, [Ir-
ACHTUNGTRENNUNG(ppy)3], CoTPP) as a function of temperature. Quinones are
known to play a crucial role in biological redox systems.[20–22]


TolSQ and PQ were chosen as electron acceptors, because
these quinones have metal-ion binding sites for complexa-
tion of metal ions. Typically, Sc3+ and Y3+ , which act as
strong Lewis acids, can form complexes with TolSQ and PQ,
respectively.[23] Hence, we employed Sc3+ and Y3+ to dem-
onstrate the accelerating and decelerating effects of metal
ions on ET reduction of quinones.


Results and Discussion


Accelerating and decelerating
effects of Sc3+ on ET from
(AcrH)2 to TolSQ : No electron
transfer (ET) from 10,10’-di-
methyl-9,9’-biacridine
((AcrH)2, Eox =0.62 V versus
SCE)[24] to 1-(p-tolylsulfinyl)-
2,5-benzoquinone (TolSQ,
Ered =�0.26 V versus SCE)[25]


occurs in acetonitrile (MeCN)
at 298 K, in agreement with
the highly positive free-energy
change of ET (DGet =0.88 eV).
In the presence of 1.0m scandi-
um triflate [Sc ACHTUNGTRENNUNG(OTf)3] (OTf=


OSO2CF3), however, the re-
duction potential of TolSQ is


shifted to 0.70 V (versus SCE),[25] and efficient ET from
(AcrH)2 to TolSQ then occurs to yield 2 equiv of AcrH+


[Eq. (1)]. Hereby, initial ET from (AcrH)2 to TolSQ is fol-
lowed by facile C�C bond cleavage to give AcrH+ and
AcrHC (Ered =�0.46 V versus SCE),[26] which is a much
stronger electron donor than (AcrH)2.


[24] Thus, subsequent
ET from AcrHC to TolSQ occurs rapidly to yield two equiva-
lents of AcrH+ [Eq. (1)].


The ET rate was determined by monitoring the increase
in the absorption band due to AcrH+ in deaerated MeCN.
The rates obeyed pseudo-first-order kinetics in the presence
of a large excess of TolSQ and Sc3+ relative to the concen-
tration of (AcrH)2 (see the first-order plots in Figure S1 in
the Supporting Information). The dependence of the ob-
served second-order rate constant ket on [Sc3+] for ET from
(AcrH)2 to TolSQ at 233 and 298 K is shown in Figure 1a
and b, respectively. The ket value increases with increasing
Sc3+ concentration and exhibits saturation behavior at low
concentrations of Sc3+ ([Sc3+]<5.0J10�3


m) at both 233 and
298 K (Figure 1a and b, respectively). The saturation de-
pendence of ket on [Sc3+] is ascribed to 1:1 complex forma-
tion between TolSQ and Sc3+ (TolSQ–Sc3+), which enhances
the electron-acceptor ability of TolSQ.[25] The formation
constants K1 of the TolSQ–Sc3+ complex at 298 and 233 K


Scheme 1. Schematic description of metal-ion-promoted ET.
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were determined from UV/Vis spectral changes of TolSQ in
the presence of various concentrations of Sc3+ in MeCN as
(2.5�0.1)J103


m
�1 and (9.7�0.1)J103


m
�1 at 298 and 233 K,


respectively.[25]


The ket value increases further with increasing [Sc3+] at
high concentrations of Sc3+ ([Sc3+]>5.0J10�3


m) at 233 K as
shown in Figure 1a. In sharp contrast, the ket value decreas-
es with increasing [Sc3+] at high concentrations of Sc3+


([Sc3+]>5.0J10�3
m) at 298 K (Figure 1b). On the other


hand, the ket value is rather constant irrespective of Sc3+


concentration at 263 K (Figure 1c). The decelerating effect
of metal ions Mn+ on the rate of ET normally results from
complex formation between electron donor and metal ion
(D–Mn+), which reduces the electron-donor ability and de-
celerates the ET reaction.[27] However, it was confirmed that
Sc3+ has no effect on the oxidation potential of (AcrH)2.


The accelerating effect of Sc3+ on ket in Figure 1a can be
easily explained by two ET pathways to produce the 1:1
complex TolSQC�–Sc3+ and the 1:2 complex TolSQC�–(Sc3+)2


(pathways A and B, respectively, in Scheme 2). No ET from


(AcrH)2 to TolSQ occurs without Sc3+ (vide supra). In the
presence of Sc3+ , ET becomes possible by 1:1 complex for-
mation between TolSQ and Sc3+ (TolSQ–Sc3+) to afford the
TolSQC�–Sc3+ complex. With increasing concentration of
Sc3+ , the 1:1 complex TolSQC�–Sc3+ is further converted to
the 1:2 complex TolSQC�–(Sc3+)2 (pathway B). In such a
case, the ET rate increases with increasing concentration of
Sc3+ , because additional Sc3+ is involved in the transition
state of ET to afford the 1:2 complex TolSQC�–(Sc3+)2.


The dependence of the formation of the 1:1 complex
TolSQC�–Sc3+ and the 1:2 complex TolSQC�–(Sc3+)2 on Sc3+


concentration was monitored by EPR spectroscopy in ET
from (AcrH)2 to TolSQ in the presence of low and high con-
centrations of Sc3+ (vide infra).[25,28] The EPR spectrum of a
deaerated MeCN solution of (AcrH)2 and TolSQ in the
presence of a low concentration of Sc3+ (4.2J10�3


m), shown
in Figure 2a, is well reproduced by the simulated spectrum
with the hfc values of a ACHTUNGTRENNUNG(2H)=1.85, 0.62 G and superhyper-
fine splitting due to one Sc3+ ion (a ACHTUNGTRENNUNG(Sc3+)=1.63 G; Fig-
ure 2b).[25,29] This indicates that TolSQC� forms a 1:1 complex
with Sc3+ (TolSQC�–Sc3+) in the presence of a low concen-
tration of Sc3+ . In the presence of a high concentration of
Sc ACHTUNGTRENNUNG(OTf)3 (2.1J10�1


m), the hyperfine pattern changes and
exhibits splitting due to the additional Sc3+ ion (Fig-
ure 2c).[25, 28] This indicates that the TolSQC�–Sc3+ complex is
converted to the 1:2 complex with Sc3+ (TolSQC�–(Sc3+)2) in
the presence of high concentrations of Sc3+ .


The activation parameters are expected to differ between
pathway A and pathway B, because pathway B to afford
TolSQC�–(Sc3+)2 may have a smaller activation enthalpy
DH� and a more negative activation entropy DS� due to the
second binding of Sc3+ with more restricted geometry in the
ET transition state as compared to pathway A to afford
TolSQC�–Sc3+ . Thus, we examined the temperature depend-
ence of ket at different Sc3+ concentrations (1.0J10�2 and
5.0J10�2


m). At a low concentration of Sc3+ (1.0J10�2
m)


pathway A is dominant, whereas the contribution of the
pathway B becomes predominant at a high concentration of
Sc3+ (5.0J10�2


m). The resulting Eyring plots are shown in
Figure 3. Nearly all TolSQ molecules form the TolSQ–Sc3+


complex in the presence of 5.0J10�2
m and 1.0J10�2


m of


Figure 1. Dependence of ket on [Sc3+] for ET from (AcrH)2 (1.0J10�5
m)


to TolSQ in the presence of Sc3+ in deaerated MeCN at a) 233 K,
b) 298 K, and c) 263 K.


Scheme 2. ET from electron donors to TolSQ–Sc3+ to produce
a) TolSQC�–Sc3+ and b) TolSQC�–(Sc3+)2.
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Sc3+ at 233–328 K judging from the large K1 values at 298
and 233 K (vide supra). The activation enthalpies DH� and
entropies DS� were determined from the slopes and the in-
tercepts of the Eyring plots for ET as DH� = (11.6�0.4) kcal
mol�1 and DS� = (3.2�1.5) calmol�1K�1 at low Sc3+ concen-
tration (1.0J10�2


m), and DH� = (8.3�0.3) kcalmol�1 and
DS� = (�9.4�1.1) calmol�1K�1 at high Sc3+ concentration
(5.0J10�2


m). The larger DH� value and positive DS� value
at low Sc3+ concentration (1.0J10�2


m) corresponds to path-


way A. At a high concentration of Sc3+ (5.0J10�2
m), the


contribution of pathway B becomes predominant with a
smaller DH� value and a more negative DS� value because
of the second binding of Sc3+ to TolSQC�–Sc3+ to give
TolSQC�–(Sc3+)2 (pathway B), which results in stronger bind-
ing and a higher degree of organization as compared with
pathway A to afford the 1:1 TolSQC�–Sc3+ complex.


The two plots cross at 263 K (Figure 3). In consequence,
the ket value increases with increasing Sc3+ concentration
below 263 K, and decreases with increasing Sc3+ concentra-
tion above 263 K. At the crossing point, the ket values
remain constant with increasing Sc3+ concentration (Fig-
ure 1c).


If pathway A is independent of pathway B, ket is given as
the sum of the rate constants of pathways A (kA) and B [kB-
ACHTUNGTRENNUNG[Sc3+], Eq. (2)].


ket ¼ kA þ kB½Sc3þ� ð2Þ


In such a case, the ket value would always increase with in-
creasing concentration of Sc3+ irrespective of temperature.
Thus, the observed decelerating effect of Sc3+ on the rate of
ET from (AcrH)2 to the TolSQ–Sc3+ complex at 298 K (Fig-
ure 1b) indicates that pathway A is not independent of path-
way B. Pathway A thereby changes to the pathway B with
increasing concentration of Sc3+ when ket is given by Equa-
tion (3), where K2 is the formation constant of the 1:2 com-
plex TolSQC�–(Sc3+)2.


ket ¼ ðkA þ kBK2½Sc3þ�2Þ=ð1þK2½Sc3þ�Þ ð3Þ


This is quite different from chemical reactions other than
electron transfer. Because electron transfer occurs according
to the Franck–Condon principle,[7,30] the ET transition state
reflects the binding modes of the products, that is, TolSQC�–
Sc3+ (pathway A) and TolSQC�–(Sc3+)2 (pathway B).[31]


When K2ACHTUNGTRENNUNG[Sc3+]@1, that is, pathway B is predominant over
pathway A, Equation (3) reduces to Equation (4).


ket ¼ kAK�1
2 ½Sc3þ��1 þ kB½Sc3þ� ð4Þ


The contribution of the second term kB ACHTUNGTRENNUNG[Sc3+] as compared
to the first term kAK�1


2 ACHTUNGTRENNUNG[Sc3+]�1 will decrease with increasing
temperature, because of the smaller DH� value and the
more negative DS� value for pathway B (vide supra). In
such a case Equation (4) reduces to Equation (5), which in-
dicates that ket is inversely proportional to concentration of
Sc3+ , as observed in Figure 1b.


ket ¼ kAK�1
2 ½Sc3þ��1 ð5Þ


Accelerating effect of Sc3+ on ET reduction of TolSQ and
decelerating effect of Y3+ on ET reduction of PQ : Acceler-
ating and decelerating effects of metal ions on the ET reduc-
tion of TolSQ may vary depending on the one-electron oxi-
dation potentials of electron donors. Thus, we examined ac-
celerating and decelerating effects of Sc3+ on the ET reduc-


Figure 2. a) EPR spectrum of TolSQC�–Sc3+ produced by ET from
(AcrH)2 (1.6J10�2


m) to TolSQ (4.2J10�2
m) in the presence of Sc3+


(4.2J10�3
m) and H2O (4.6m) in deaerated MeCN at 298 K and b) simu-


lated spectrum. c) EPR spectrum of TolSQC�–(Sc3+)2 produced by ET
from (AcrH)2 (1.6J10�2


m) to TolSQ (4.3J10�2
m) in the presence of Sc3+


(2.1J10�1
m) and H2O (2.4m) in deaerated MeCN at 298 K and d) simu-


lated spectrum. The hfc constants determined by computer simulation
with DHmsl (maximum slope line width) are shown together with the
structures of TolSQC�–Sc3+ and TolSQC�–(Sc3+)2.


Figure 3. Plots of ln ACHTUNGTRENNUNG(ketT
�1) versus T�1 for ET from (AcrH)2 (1.0J10�5


m)
to TolSQ in the presence of Sc ACHTUNGTRENNUNG(OTf)3 (1.0J10�2


m : open circles, 5.0J
10�2


m : filled circles) in deaerated MeCN.
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tion of TolSQ by different electron donors with different
one-electron oxidation potentials (vide infra).


When cobalt(II) tetraphenylporphyrin (CoTPP, Eox =


0.35 V versus SCE)[32] is employed as electron donor instead
of (AcrH)2 (Eox =0.62 V versus SCE),[24] efficient ET from
CoTPP to TolSQ (Ered =�0.26 V versus SCE)[25] also occurs
in the presence of Sc3+ [Eq. (6)], whereas no ET occurs in
the absence of Sc3+ due to a positive free-energy change
(DGet =0.61 eV).[33]


CoTPPþ TolSQ Sc3þ
��!½CoðTPPÞ�þ þ TolSQC� � ðSc3þÞn


ðn ¼ 1, 2Þ
ð6Þ


The ket value exhibits saturation behavior with respect to
the concentration of Sc3+ at low concentrations of Sc3+


([Sc3+]<5.0J10�3
m) because of formation of the 1:1 com-


plex of TolSQ with Sc3+ (TolSQ–Sc3+), as seen in the case
of ET from (AcrH)2 (Figure 1). In contrast to the decelerat-
ing effect of Sc3+ on ET from (AcrH)2 to TolSQ at 298 K
(Figure 1b), the ket value increases with increasing [Sc3+] at
high concentrations of Sc3+ even at 298 K (Figure 4a). This
indicates no changeover from an accelerating effect of Sc3+


to a decelerating effect below 298 K. Such a promoting
effect of Sc3+ on ET has also been previously observed in
ET from tris(2-phenylpyridine)iridium ACHTUNGTRENNUNG(III) [IrACHTUNGTRENNUNG(ppy)3] to
TolSQ,[25] which is shown in Figure 4b for comparison. The


accelerating effect of Sc3+ on the ET reduction of TolSQ by
CoTPP and Ir ACHTUNGTRENNUNG(ppy)3 indicates a predominant contribution of
the kB ACHTUNGTRENNUNG[Sc3+] term in Equation (4) at 298 K.


We also examined the effect of Y3+ on the rate of ET
from CoTPP (Eox =0.35 V versus SCE)[32] to 9,10-phenan-
threnequinone (PQ, Ered =�0.65 V versus SCE),[12b] because
PQ also forms a 1:1 complex with Y3+ (PQ–Y3+), like the
case of TolSQ–Sc3+ .[34] No ET from CoTPP to PQ occurs in
the absence of Y3+ , because the free energy change of ET is
highly positive (DGet =1.00 eV). When PQ forms a 1:1 com-
plex with Y3+ (PQ–Y3+) and thus enhances the electron-ac-
ceptor ability of PQ, ET becomes possible [Eq. (7)].[12b,35]


CoTPPþPQ Y3þ
��!½CoðTPPÞ�þ þ PQC��ðY3þÞn ðn ¼ 1, 2Þ ð7Þ


Formation of the PQ–Y3+ complex was confirmed by UV/
Vis spectral changes of PQ in the presence of various con-
centrations of Y3+ (see Figure S2 in the Supporting Informa-
tion). In such a case, the second-order rate constant of ET
ket increases and exhibits saturation behavior with respect to
[Y3+] at low concentrations of Y3+ ([Y3+]<3.0J10�3


m) at
298 and 233 K (Figure 5a and b, respectively). At high con-
centrations of Y3+ ([Y3+]>5.0J10�3


m) the ket value de-
creases with increasing [Y3+] at both 298 and 233 K (Fig-
ure 5a and b, respectively).[36] Formation of the 1:1 complex
(PQC�–Y3+) and the 1:2 complex (PQC�–(Y3+)2) in depend-
ence on Y3+ concentration was also confirmed by EPR.[12b]


Figure 4. a) Dependence of ket on [Sc3+] for ET from CoTPP (5.0J
10�6


m) to TolSQ in the presence of Sc3+ in deaerated MeCN at 298 K.
b) Dependence of ket on [Sc3+] for ET from IrACHTUNGTRENNUNG(ppy)3 (2.5J10�5


m) to
TolSQ in the presence of Sc3+ in deaerated MeCN at 298 K.[25]


Figure 5. Dependence of ket on [Y3+] for ET from CoTPP (1.0J10�6
m)


to PQ in the presence of Y3+ in deaerated MeCN at a) 298 K and
b) 233 K.
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Thus, ET from CoTPP to PQ in the presence of Y3+ affords
PQC�–Y3+ (pathway A) and PQC�–(Y3+)2 (pathway B) at low
and high concentrations of Y3+ , respectively (Scheme 3).
Since Y3+ also has no effect on the oxidation potential of
CoTPP, the decelerating effect of Y3+ on ET from CoTPP
to PQ–Y3+ in Figure 5 results from the much smaller ET
rate on pathway B than that on pathway A at 298 and
233 K.


The temperature dependences of k0
et (=ketACHTUNGTRENNUNG(1+K ACHTUNGTRENNUNG[Mn+])/K-


ACHTUNGTRENNUNG[Mn+]) for ET from CoTPP and IrACHTUNGTRENNUNG(ppy)3 to TolSQ–Sc3+ and
from CoTPP to PQ–Y3+ were also examined at high and
low concentrations of metal ions (Mn+ =Sc3+ , Y3+). The k0


et


correspond to second-order rate constants for ET from elec-
tron donors to TolSQ–Sc3+ and PQ–Y3+ , and the k0


et value is
virtually the same as the ket value under conditions such
that 1!K ACHTUNGTRENNUNG[Mn+].[37] The resulting Eyring plots at low and
high concentrations of metal ions are shown in Figure 6
(open and filled symbols, respectively). In each case no
crossing point is found in the temperature range between
233 and 333 K.


The activation parameters DH� and DS� of a series of ET
reactions are listed in Table 1 together with the DGet


values.[38] Smaller DH� and more negative DS� values are


obtained in the presence of higher concentrations of metal
ions than in the presence of lower concentrations of metal
ions in each case (Table 1). This results from stronger bind-


ing of metal ions and more re-
stricted geometries in the ET
transition states to afford the
1:2 complexes TolSQC�–(Sc3+)2


and PQC�–(Y3+)2 between radi-
cal anions and metal ions as
compared with those to afford
the 1:1 complexes TolSQC�–
Sc3+ and PQC�–Y3+ .


The DH� values of the ET
reduction of TolSQ at low and
high concentrations of Sc3+


are plotted against the ET
driving force �DGet in Fig-


ure 7a. In both cases, the DH� value decreases linearly with
increasing �DGet, whereby the DH� value in the presence
of a high concentration of Sc3+ (filled circles) is smaller


Scheme 3. ET from CoTPP to PQ–Y3+ to produce a) PQC�–Y3+ and b) PQC�–(Y3+)2.


Figure 6. Plots of ln(k0
etT
�1) versus T�1 for a) ET from Ir(ppy)3 (2.5J


10�5
m) to TolSQ in the presence of Sc3+ [1.0J10�2


m (open circles) and
1.0J10�1


m (filled circles)] , b) ET from CoTPP (5.0J10�6
m) to TolSQ in


the presence of Sc3+ [1.0J10�2
m (open triangles) and 5.0J10�2


m (filled
triangles)], and c) ET from CoTPP (1.0J10�6


m) to PQ in the presence of
Y3+ [2.0J10�2


m (open squares) and 1.0J10�1
m (filled squares)] in deaer-


ated MeCN.


Table 1. One-electron oxidation potentials Eox of electron donors, one-electron reduction potentials Ered of electron acceptors in the presence of low and
high concentrations of Mn+ , free energy change DGet, activation enthalpies DH�, and activation entropies DS� of ET in the presence of low and high
concentrations of Mn+ in deaerated MeCN at 298 K.


No. Electron
donor


Electron
acceptor


Mn+ Eox


[V vs. SCE]
Ered [V vs. SCE] DGet [eV] DH� [kcalmol�1] DS� [calmol�1K�1]


low
conc[a]


high
conc[b]


low
conc[a]


high
conc[b]


low
conc[a]


high
conc[b]


low
conc[a]


high
conc[b]


1 Ir(ppy)3 TolSQ Sc3+ 0.71 0.61[c,d] 0.65[d,e] 0.10[c] 0.06[e] 12.4�0.8[c] 9.6�0.3[e] �1.4�2.8[c] �7.8�0.8[e]


2 (AcrH)2 TolSQ Sc3+ 0.62 0.61[c,d] 0.63[d, f] 0.01[c] �0.01[f] 11.6�0.4[c] 8.3�0.3[f] 3.2�1.5[c] �9.4�1.1[f]


3 CoTPP TolSQ Sc3+ 0.35 0.61[c,d] 0.63[d, f] �0.26[c] �0.28[f] 6.0�0.4[c] 3.5�0.2[f] �14.6�1.2[c] �21.6�1.2[f]


4 CoTPP PQ Y3+ 0.35 0.40[g,h] –[i] �0.05[h] –[i] 8.0�0.3[h] 7.7�0.4[j] �11.0�1.1[h] �13.8�1.4[j]


[a] Low concentrations of Mn+ . [b] High concentrations of Mn+ . [c] Value in the presence of 1.0J10�2
m of Sc3+ . [d] Determined from the equation Ered =


�0.26+0.059 log {Ka(1+K2[Sc3+])/K1}, where Ka is the formation constant of TolSQC�–Sc3+ , and K1 and K2 are formation constants of TolSQ–Sc3+ and
TolSQC�–(Sc3+)2, respectively; the Ka and K2 values were taken as 1.3J1018 and 38m


�1, respectively, from ref. [25]. [e] Value in the presence of 1.0J
10�1


m of Sc3+ . [f] Value in the presence of 5.0J10�2
m of Sc3+ . [g] Taken from ref. [12b]. [h] Value in the presence of 2.0J10�2


m of Y3+ . [i] Not deter-
mined. [j] Value in the presence of 1.0J10�1


m of Y3+ .
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than that in the presence of a lower concentration of Sc3+


(open circles) irrespective of the �DGet value. In contrast,
the relation between DS� and �DGet (Figure 7b) is not so
simple as the linear correlation between DH� and �DGet


(Figure 7a), because the transition-state geometry may be
different depending on the type of electron donors. The dif-
ference in the DS� values between pathways A and B is the
largest for the case of (AcrH)2 (no. 2 in Figure 7b). This is
the reason why a crossing point occurs at 263 K in Eyring
plots (Figure 3). In the other cases, the extrapolated crossing
temperature is too high or too low to be observed in the
limited range of temperature (233–333 K) in Figure 6.


In the case of ET from CoTPP to PQ in the presence of
Y3+ , the DH� value of pathway B (7.7�0.4 kcalmol�1) is
only slightly smaller than that of pathway A (8.0�
0.3 kcalmol�1; Table 1). Such a slight difference in the DH�


value between pathways A and B may result from the bind-
ing modes of PQC�–Y3+ and PQC�–(Y3+)2 (vide infra). The
second binding of Y3+ to PQC�–Y3+ dissociates a chelate
ring of PQC�–Y3+ to allow PQC�–(Y3+)2 to form (Scheme 3),
which results in weaker second binding than that of Sc3+ to
TolSQC�–Sc3+ to afford TolSQC�–(Sc3+)2. Such a weak
second binding of Y3+ reflects a subtle difference in the
binding enthalpy between PQC�–Y3+ and PQC�–(Y3+)2 in re-
lation to the difference in DH� values between pathways A
and B (Scheme 3).


Conclusions


We have demonstrated the accelerating and decelerating ef-
fects of metal ions on the ET reduction of quinones as a
function of temperature in relation to binding modes of
metal ions to semiquinone radical anions. The quinone de-
rivatives TolSQ and PQ employed as electron acceptors
form 1:1 complexes with Sc3+ and Y3+ (TolSQ–Sc3+ and
PQ–Y3+ , respectively). Formation of TolSQ–Sc3+ and PQ–
Y3+ complexes enables efficient ET reduction of TolSQ and
PQ by electron donors such as CoTPP. The resulting ET
products TolSQC�–Sc3+ and PQC�–Y3+ are converted to the
1:2 complexes TolSQC�–(Sc3+)2 and PQC�–(Y3+)2 at higher
concentrations of metal ions. The conversion of TolSQC�–
Sc3+ to TolSQC�–(Sc3+)2 with increasing Sc3+ concentration
has been successfully observed by EPR. The ET pathway B
to afford the 1:2 complexes has smaller activation enthalpies
DH� and more negative activation entropies DS� because of
stronger binding of metal ions and more restricted geome-
tries of the ET transition states as compared to ET path-
way A to afford the 1:1 complexes. Such differences in the
DH� and DS� values generally result in crossing of the
Eyring plots of ET pathways A and B. In the case of ET
from (AcrH)2 to the TolSQ–Sc3+ complex, crossing of the
two Eyring plots is experimentally observed at 263 K. At
the lower temperature, the ET rate increases with increasing
concentration of Sc3+ , whereas at the higher temperature
this is reversed, that is, the ET rate decreases with increasing
concentration of Sc3+ . At 263 K, the ET rate remains con-
stant with increasing concentration of Sc3+ . Thus, it has
been shown for the first time that metal ions exhibit both
accelerating and decelerating effects on ET, depending on
the difference in temperature in relation to the binding
modes of metal ions to the ET products (radical anions).


Experimental Section


Materials : 1-(p-Tolylsulfinyl)-2,5-benzoquinone (TolSQ),[39] cobalt(II) tet-
raphenylporphyrin (CoTPP),[40] and tris(2-phenylpyridine)iridium [Ir-
ACHTUNGTRENNUNG(ppy)3]


[41] were prepared according to the literature. 10,10’-Dimethyl-9,9’-
biacridine ((AcrH)2) was prepared by one-electron reduction of 10-meth-
ylacridinium perchlorate with hexamethylditin.[42] 9,10-Phenanthrenequi-
none (PQ) was obtained commercially and purified by the standard
methods.[43] Scandium triflate [Sc ACHTUNGTRENNUNG(OTf)3] (99%) was purchased from Pa-
cific Metals Co., Ltd. (Taiheiyo Kinzoku). Yttrium triflate [Y ACHTUNGTRENNUNG(OTf)3] was
obtained from Acros. Acetonitrile (MeCN) used as solvent was purified
and dried by the standard procedure.[43]


Spectral measurements : Formation of the Y3+ complex with PQ (PQ–
Y3+) was monitored by means of the change in the UV/Vis spectra of
PQ in the presence of various concentrations of Y3+ at 233–333 K on a
Hewlett Packard 8453 diode array spectrophotometer.


Kinetic measurements : Kinetic measurements were performed by using a
Unisoku RSP-601 stopped-flow spectrophotometer with an MOS-type
high-sensitivity photodiode array. Rates of ET from CoTPP (5.0J10�6


m)
to TolSQ (5.0J10�5


m) in the presence of Sc3+ (0–5.0J10�2
m) and ET


from CoTPP (1.0J10�6
m) to PQ (4.0J10�5


m) in the presence of Y3+ (0–
1.5J10�1


m) were monitored by the rise of the absorption band at 434 nm
due to CoTPP+ in deaerated MeCN at 233–333 K. Rates of ET from
(AcrH)2 (1.0J10�5


m) to TolSQ (2.0J10�4
m) in the presence of Sc3+ (0–


Figure 7. Plots of a) DH� and b) DS� versus �DGet for ET from electron
donors (Ir(ppy)3, (AcrH)2, and CoTPP) to TolSQ in the presence of low
(1.0J10�2


m, open circles) and high (5.0J10�2
m or 1.0J10�1


m, filled cir-
cles) concentrations of Sc3+ . Numbers correspond to those given in
Table 1.
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1.0J10�1
m) were monitored by the increase in the absorption band due


to 10-methylacridinium ion (AcrH+ : lmax =358 nm, emax =1.80J104
m


�1 cm�1)[24] in deaerated MeCN at 233–328 K in the dark. Rates of elec-
tron transfer from Ir ACHTUNGTRENNUNG(ppy)3 (2.5J10�5


m) to TolSQ (5.0J10�4
m) in the


presence of Sc3+ (0–5.0J10�2
m) were monitored by the rise and decay of


the absorption bands at 580 and 380 nm due to [Ir ACHTUNGTRENNUNG(ppy)3]
+ and Ir ACHTUNGTRENNUNG(ppy)3,


respectively, in deaerated MeCN at 253–328 K.


EPR measurements : EPR spectra of Sc3+ complexes of TolSQC� were re-
corded on a JEOL JES-RE1XE spectrometer in a sample cell in the
EPR cavity at 298 K. Typically, TolSQ (8.4J10�2


m) was dissolved in dea-
erated MeCN and purged with argon for 10 min. Sc ACHTUNGTRENNUNG(OTf)3 (8.4J10�3


m in
1.0 mL) was dissolved in deaerated MeCN. The TolSQ (200 mL) and
Sc3+ (200 mL) solutions in MeCN were introduced into an EPR cell
(1.8 mm i.d.) containing (AcrH)2 (1.6J10�2


m) and mixed by bubbling
with Ar gas through a syringe with a long needle. The magnitude of mod-
ulation was chosen to optimize the resolution and signal-to-noise ratio of
observed spectra under conditions of nonsaturating microwave power.
The g values and hyperfine coupling constants were calibrated with a
Mn2+ marker. Computer simulation of the ESR spectra was carried out
by using Calleo ESR version 1.2 (Calleo Scientific Publisher) on a per-
sonal computer.


Acknowledgements


This work was partially supported by Grants-in-Aid (Nos. 19205019)
from the Ministry of Education, Culture, Sports, Science and Technology,
Japan.


[1] a) W. Kaim, B. Schwederski, Bioinorganic Chemistry: Inorganic Ele-
ments in the Chemistry of Life, Wiley, New York, 1994 ; b) S. Fergu-
son-Miller, G. T. Babcock, Chem. Rev. 1996, 96, 2889–2907; c) R. H.
Holm, P. Kennepohl, E. I. Solomon, Chem. Rev. 1996, 96, 2239–
2314.


[2] a) L. M. Utschig, M. C. Thurnauer, Acc. Chem. Res. 2004, 37, 439–
447; b) S. Hermes, O. Bremm, F. Garczarek, V. Derrien, P. Liebisch,
P. Loja, P. Sebban, K. Gerwert, M. Haumann, Biochemistry 2006, 45,
353–359.


[3] a) V. M. Rotello in Electron Transfer in Chemistry, Vol. 4 (Ed.: V.
Balzani), Wiley-VCH, Weinheim, 2001, pp. 68–87; b) M. Gray, A. O.
Cuello, G. Cooke, V. M. Rotello, J. Am. Chem. Soc. 2003, 125,
7882–7888; c) D. J. Duffy, K. Das, S. L. Hsu, J. Penelle, V. M. Rotel-
lo, H. D. Stidham, J. Am. Chem. Soc. 2002, 124, 8290–8296.


[4] a) J. Breton, C. Boullais, J.-R. Burie, E. Nabedryk, C. Mioskowski,
Biochemistry 1994, 33, 14378–14386; b) B. A. Diner, D. A. Force,
D. W. Randall, R. D. Britt, Biochemistry 1998, 37, 17931–17943;
c) H. Ishikita, E.-W. Knapp, J. Am. Chem. Soc. 2004, 126, 8059–
8064.


[5] a) K. Okamoto, K. Ohkubo, K. M. Kadish, S. Fukuzumi, J. Phys.
Chem. A 2004, 108, 10405–10413; b) S. Fukuzumi, Y. Yoshida, K.
Okamoto, H. Imahori, Y. Araki, O. Ito, J. Am. Chem. Soc. 2002,
124, 6794–6795; c) S. Fukuzumi, K. Okamoto, Y. Yoshida, H. Ima-
hori, Y. Araki, O. Ito, J. Am. Chem. Soc. 2003, 125, 1007–1013; d) S.
Fukuzumi, H. Kitaguchi, T. Suenobu, S. Ogo, Chem. Commun. 2002,
1984–1985; e) K. Okamoto, S. Fukuzumi, J. Phys. Chem. B 2005,
109, 7713–7723; f) J. Yuasa, S. Yamada, S. Fukuzumi, Angew. Chem.
2007, 119, 3623–3625; Angew. Chem. Int. Ed. 2007, 46, 3553–3555.


[6] a) H. B. Gray, J. R. Winkler, Annu. Rev. Biochem. 1996, 65, 537–
561; b) R. Langen, I.-J. Chang, J. P. Germanas, J. H. Richards, J. R.
Winkler, H. B. Gray, Science 1995, 268, 1733–1735; c) J. R. Winkler,
H. B. Gray, Chem. Rev. 1992, 92, 369–379.


[7] a) S. Fukuzumi in Electron Transfer in Chemistry, Vol. 4 (Ed.: V.
Balzani), Wiley-VCH, Weinheim, 2001, pp. 3–67; b) S. Fukuzumi,
Org. Biomol. Chem. 2003, 1, 609–620; c) S. Fukuzumi, Bull. Chem.
Soc. Jpn. 1997, 70, 1–28.


[8] a) S. Itoh, H. Kawakami, S. Fukuzumi, J. Am. Chem. Soc. 1998, 120,
7271–7277; b) S. Itoh, H. Kawakami, S. Fukuzumi, J. Am. Chem.
Soc. 1997, 119, 439–440; c) S. Itoh, H. Kawakami, S. Fukuzumi, Bio-
chemistry 1998, 37, 6562–6571.


[9] a) S. Fukuzumi, N. Nishizawa, T. Tanaka, J. Chem. Soc. Perkin
Trans. 2 1985, 371–378; b) S. Fukuzumi, T. Okamoto, J. Otera, J.
Am. Chem. Soc. 1994, 116, 5503–5504; c) S. Fukuzumi, S. Itoh in
Advances in Photochemistry, Vol. 25 (Eds.: D. C. Neckers, D. H.
Volman, G. von BPnau), Wiley, New York, 1998, pp. 107–172.


[10] S. Fukuzumi, J. Yuasa, T. Suenobu, J. Am. Chem. Soc. 2002, 124,
12566–12573.


[11] S. Fukuzumi, J. Yuasa, T. Miyagawa, T. Suenobu, J. Phys. Chem. A
2005, 109, 3174–3181.


[12] a) J. Yuasa, T. Suenobu, S. Fukuzumi, J. Am. Chem. Soc. 2003, 125,
12090–12091; b) J. Yuasa, T. Suenobu, S. Fukuzumi, ChemPhys-
Chem 2006, 7, 942–954; c) J. Yuasa, T. Suenobu, S. Fukuzumi, J.
Phys. Chem. A 2005, 109, 9356–9362; d) K. Okamoto, S. Fukuzumi,
J. Am. Chem. Soc. 2003, 125, 12416–12417.


[13] a) S. Fukuzumi, K. Ohkubo, T. Okamoto, J. Am. Chem. Soc. 2002,
124, 14147–14155; b) S. Fukuzumi, Y. Fujii, T. Suenobu, J. Am.
Chem. Soc. 2001, 123, 10191–10199; c) J. Yuasa, T. Suenobu, K.
Ohkubo, S. Fukuzumi, Chem. Commun. 2003, 1070–1071; d) K.
Okamoto, H. Imahori, S. Fukuzumi, J. Am. Chem. Soc. 2003, 125,
7014–7021.


[14] S. Fukuzumi, J. Yuasa, N. Satoh, T. Suenobu, J. Am. Chem. Soc.
2004, 126, 7585–7594.


[15] H. Wu, D. Zhang, L. Su, K. Ohkubo, C. Zhang, S. Yin, L. Mao, Z.
Shuai, S. Fukuzumi, D. Zhu, J. Am. Chem. Soc. 2007, 129, 6839–
6846.


[16] a) A. A. Milischuk, D. V. Matyushov, M. D. Newton, Chem. Phys.
2006, 324, 172–194; b) P. K. Ghorai, D. V. Matyushov, J. Phys.
Chem. A 2006, 110, 8857–8863; c) D. V. Matyushov, Acc. Chem.
Res. 2007, 40, 294–301.


[17] M. B. Zimmt, D. H. Waldeck, J. Phys. Chem. A 2003, 107, 3580–
3597.


[18] a) M. Wanner, T. Sixt, K.-W. Klinkhammer, W. Kaim, Inorg. Chem.
1999, 38, 2753–2755; b) B. Schwederski, V. Kasack, W. Kaim, E.
Roth, J. Jordanov, Angew. Chem. 1990, 102, 74–76; Angew. Chem.
Int. Ed. Engl. 1990, 29, 78–79; c) S. Ernst, P. HRnel, J. Jordanov, W.
Kaim, V. Kasack, E. Roth, J. Am. Chem. Soc. 1989, 111, 1733–1738;
d) S. Ghumaan, B. Sarkar, S. Patra, J. van Slageren, J. Fiedler, W.
Kaim, G. K. Lahiri, Inorg. Chem. 2005, 44, 3210–3214.


[19] For X-ray crystallography of contact and separated ion pairs of
alkali metal salts of radical anions, see: a) J.-M. LP, S. V. Rosokha,
S. V. Lindeman, I. S. Neretin, J. K. Kochi, J. Am. Chem. Soc. 2005,
127, 1797–1809; b) M. G. Davlieva, J.-M. LP, S. V. Lindeman, J. K.
Kochi, J. Am. Chem. Soc. 2004, 126, 4557–4565; c) S. V. Rosokha,
J.-M. LP, M. D. Newton, J. K. Kochi, J. Am. Chem. Soc. 2005, 127,
7411–7420; d) J.-M. LP, S. V. Rosokha, I. S. Neretin, J. K. Kochi, J.
Am. Chem. Soc. 2006, 128, 16708–16719.


[20] The Chemistry of Quinonoid Compounds (Ed.: S. Patai), Wiley,
New York, 1974.


[21] a) Functions of Quinones in Energy Conserving Systems (Ed.: B. I.
Trumpower), Academic Press, New York, 1986 ; b) R. E. Blanken-
ship, Molecular Mechanism of Photosynthesis, Blackwell, Cam-
bridge, 2001.


[22] a) M. L. Paddock, S. H. Rongey, G. Feher, M. Y. Okamura, Proc.
Natl. Acad. Sci. USA 1989, 86, 6602–6606; b) P. Sdelroth, M. L.
Paddock, L. B. Sagle, G. Feher, M. Y. Okamura, Proc. Natl. Acad.
Sci. USA 2000, 97, 13086–13091.


[23] Scandium and yttrium ions are known to have relatively strong
Lewis acidity. Since rare earth metal ions such as Y3+ are known to
have similar Lewis acidity, the other lanthanide ions may be general-
ly applicable to the present reaction system: S. Fukuzumi, K.
Ohkubo, Chem. Eur. J. 2000, 6, 4532–4535.


[24] S. Fukuzumi, Y. Tokuda, J. Phys. Chem. 1992, 96, 8409–8413.
[25] J. Yuasa, S. Yamada, S. Fukuzumi, J. Am. Chem. Soc. 2006, 128,


14938–14948.


Chem. Eur. J. 2008, 14, 1866 – 1874 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1873


FULL PAPEREffect of Metal Ions on Reduction of Quinones



http://dx.doi.org/10.1021/cr950051s

http://dx.doi.org/10.1021/cr950051s

http://dx.doi.org/10.1021/cr950051s

http://dx.doi.org/10.1021/cr9500390

http://dx.doi.org/10.1021/cr9500390

http://dx.doi.org/10.1021/cr9500390

http://dx.doi.org/10.1021/ar020197v

http://dx.doi.org/10.1021/ar020197v

http://dx.doi.org/10.1021/ar020197v

http://dx.doi.org/10.1021/bi0515725

http://dx.doi.org/10.1021/bi0515725

http://dx.doi.org/10.1021/bi0515725

http://dx.doi.org/10.1021/bi0515725

http://dx.doi.org/10.1021/ja035228b

http://dx.doi.org/10.1021/ja035228b

http://dx.doi.org/10.1021/ja035228b

http://dx.doi.org/10.1021/ja035228b

http://dx.doi.org/10.1021/ja0201146

http://dx.doi.org/10.1021/ja0201146

http://dx.doi.org/10.1021/ja0201146

http://dx.doi.org/10.1021/bi00252a002

http://dx.doi.org/10.1021/bi00252a002

http://dx.doi.org/10.1021/bi00252a002

http://dx.doi.org/10.1021/bi981894r

http://dx.doi.org/10.1021/bi981894r

http://dx.doi.org/10.1021/bi981894r

http://dx.doi.org/10.1021/ja038092q

http://dx.doi.org/10.1021/ja038092q

http://dx.doi.org/10.1021/ja038092q

http://dx.doi.org/10.1021/jp046078&TR_opa;+&TR_ope;

http://dx.doi.org/10.1021/jp046078&TR_opa;+&TR_ope;

http://dx.doi.org/10.1021/jp046078&TR_opa;+&TR_ope;

http://dx.doi.org/10.1021/jp046078&TR_opa;+&TR_ope;

http://dx.doi.org/10.1021/ja0157604

http://dx.doi.org/10.1021/ja0157604

http://dx.doi.org/10.1021/ja0157604

http://dx.doi.org/10.1021/ja0157604

http://dx.doi.org/10.1021/ja026441v

http://dx.doi.org/10.1021/ja026441v

http://dx.doi.org/10.1021/ja026441v

http://dx.doi.org/10.1039/b205517a

http://dx.doi.org/10.1039/b205517a

http://dx.doi.org/10.1039/b205517a

http://dx.doi.org/10.1039/b205517a

http://dx.doi.org/10.1021/jp050352y

http://dx.doi.org/10.1021/jp050352y

http://dx.doi.org/10.1021/jp050352y

http://dx.doi.org/10.1021/jp050352y

http://dx.doi.org/10.1002/ange.200700157

http://dx.doi.org/10.1002/ange.200700157

http://dx.doi.org/10.1002/ange.200700157

http://dx.doi.org/10.1002/ange.200700157

http://dx.doi.org/10.1002/anie.200700157

http://dx.doi.org/10.1002/anie.200700157

http://dx.doi.org/10.1002/anie.200700157

http://dx.doi.org/10.1146/annurev.bi.65.070196.002541

http://dx.doi.org/10.1146/annurev.bi.65.070196.002541

http://dx.doi.org/10.1146/annurev.bi.65.070196.002541

http://dx.doi.org/10.1126/science.7792598

http://dx.doi.org/10.1126/science.7792598

http://dx.doi.org/10.1126/science.7792598

http://dx.doi.org/10.1021/cr00011a001

http://dx.doi.org/10.1021/cr00011a001

http://dx.doi.org/10.1021/cr00011a001

http://dx.doi.org/10.1039/b300053b

http://dx.doi.org/10.1039/b300053b

http://dx.doi.org/10.1039/b300053b

http://dx.doi.org/10.1246/bcsj.70.1

http://dx.doi.org/10.1246/bcsj.70.1

http://dx.doi.org/10.1246/bcsj.70.1

http://dx.doi.org/10.1246/bcsj.70.1

http://dx.doi.org/10.1021/ja9813663

http://dx.doi.org/10.1021/ja9813663

http://dx.doi.org/10.1021/ja9813663

http://dx.doi.org/10.1021/ja9813663

http://dx.doi.org/10.1021/ja963366d

http://dx.doi.org/10.1021/ja963366d

http://dx.doi.org/10.1021/ja963366d

http://dx.doi.org/10.1021/ja963366d

http://dx.doi.org/10.1021/bi9800092

http://dx.doi.org/10.1021/bi9800092

http://dx.doi.org/10.1021/bi9800092

http://dx.doi.org/10.1021/bi9800092

http://dx.doi.org/10.1039/p29850000371

http://dx.doi.org/10.1039/p29850000371

http://dx.doi.org/10.1039/p29850000371

http://dx.doi.org/10.1039/p29850000371

http://dx.doi.org/10.1021/ja00091a078

http://dx.doi.org/10.1021/ja00091a078

http://dx.doi.org/10.1021/ja00091a078

http://dx.doi.org/10.1021/ja00091a078

http://dx.doi.org/10.1021/ja026592y

http://dx.doi.org/10.1021/ja026592y

http://dx.doi.org/10.1021/ja026592y

http://dx.doi.org/10.1021/ja026592y

http://dx.doi.org/10.1021/jp050347u

http://dx.doi.org/10.1021/jp050347u

http://dx.doi.org/10.1021/jp050347u

http://dx.doi.org/10.1021/jp050347u

http://dx.doi.org/10.1021/ja037098c

http://dx.doi.org/10.1021/ja037098c

http://dx.doi.org/10.1021/ja037098c

http://dx.doi.org/10.1021/ja037098c

http://dx.doi.org/10.1002/cphc.200500640

http://dx.doi.org/10.1002/cphc.200500640

http://dx.doi.org/10.1002/cphc.200500640

http://dx.doi.org/10.1002/cphc.200500640

http://dx.doi.org/10.1021/jp053616p

http://dx.doi.org/10.1021/jp053616p

http://dx.doi.org/10.1021/jp053616p

http://dx.doi.org/10.1021/jp053616p

http://dx.doi.org/10.1021/ja036747h

http://dx.doi.org/10.1021/ja036747h

http://dx.doi.org/10.1021/ja036747h

http://dx.doi.org/10.1021/ja026417h

http://dx.doi.org/10.1021/ja026417h

http://dx.doi.org/10.1021/ja026417h

http://dx.doi.org/10.1021/ja026417h

http://dx.doi.org/10.1021/ja016370k

http://dx.doi.org/10.1021/ja016370k

http://dx.doi.org/10.1021/ja016370k

http://dx.doi.org/10.1021/ja016370k

http://dx.doi.org/10.1039/b300543g

http://dx.doi.org/10.1039/b300543g

http://dx.doi.org/10.1039/b300543g

http://dx.doi.org/10.1021/ja034831r

http://dx.doi.org/10.1021/ja034831r

http://dx.doi.org/10.1021/ja034831r

http://dx.doi.org/10.1021/ja034831r

http://dx.doi.org/10.1021/ja031649h

http://dx.doi.org/10.1021/ja031649h

http://dx.doi.org/10.1021/ja031649h

http://dx.doi.org/10.1021/ja031649h

http://dx.doi.org/10.1021/ja0702824

http://dx.doi.org/10.1021/ja0702824

http://dx.doi.org/10.1021/ja0702824

http://dx.doi.org/10.1016/j.chemphys.2005.11.037

http://dx.doi.org/10.1016/j.chemphys.2005.11.037

http://dx.doi.org/10.1016/j.chemphys.2005.11.037

http://dx.doi.org/10.1016/j.chemphys.2005.11.037

http://dx.doi.org/10.1021/jp056261i

http://dx.doi.org/10.1021/jp056261i

http://dx.doi.org/10.1021/jp056261i

http://dx.doi.org/10.1021/jp056261i

http://dx.doi.org/10.1021/ar7000167

http://dx.doi.org/10.1021/ar7000167

http://dx.doi.org/10.1021/ar7000167

http://dx.doi.org/10.1021/ar7000167

http://dx.doi.org/10.1021/jp022213b

http://dx.doi.org/10.1021/jp022213b

http://dx.doi.org/10.1021/jp022213b

http://dx.doi.org/10.1021/ic981390h

http://dx.doi.org/10.1021/ic981390h

http://dx.doi.org/10.1021/ic981390h

http://dx.doi.org/10.1021/ic981390h

http://dx.doi.org/10.1002/ange.19901020117

http://dx.doi.org/10.1002/ange.19901020117

http://dx.doi.org/10.1002/ange.19901020117

http://dx.doi.org/10.1002/anie.199000781

http://dx.doi.org/10.1002/anie.199000781

http://dx.doi.org/10.1002/anie.199000781

http://dx.doi.org/10.1002/anie.199000781

http://dx.doi.org/10.1021/ja00187a026

http://dx.doi.org/10.1021/ja00187a026

http://dx.doi.org/10.1021/ja00187a026

http://dx.doi.org/10.1021/ic048309x

http://dx.doi.org/10.1021/ic048309x

http://dx.doi.org/10.1021/ic048309x

http://dx.doi.org/10.1021/ja049856k

http://dx.doi.org/10.1021/ja049856k

http://dx.doi.org/10.1021/ja049856k

http://dx.doi.org/10.1021/ja051063q

http://dx.doi.org/10.1021/ja051063q

http://dx.doi.org/10.1021/ja051063q

http://dx.doi.org/10.1021/ja051063q

http://dx.doi.org/10.1073/pnas.86.17.6602

http://dx.doi.org/10.1073/pnas.86.17.6602

http://dx.doi.org/10.1073/pnas.86.17.6602

http://dx.doi.org/10.1073/pnas.86.17.6602

http://dx.doi.org/10.1002/1521-3765(20001215)6:24%3C4532::AID-CHEM4532%3E3.0.CO;2-9

http://dx.doi.org/10.1002/1521-3765(20001215)6:24%3C4532::AID-CHEM4532%3E3.0.CO;2-9

http://dx.doi.org/10.1002/1521-3765(20001215)6:24%3C4532::AID-CHEM4532%3E3.0.CO;2-9

http://dx.doi.org/10.1021/j100200a037

http://dx.doi.org/10.1021/j100200a037

http://dx.doi.org/10.1021/j100200a037

http://dx.doi.org/10.1021/ja064708a

http://dx.doi.org/10.1021/ja064708a

http://dx.doi.org/10.1021/ja064708a

http://dx.doi.org/10.1021/ja064708a

www.chemeurj.org





[26] S. Fukuzumi, K. Ohkubo, Y. Tokuda, T. Suenobu, J. Am. Chem. Soc.
2000, 122, 4286–4294.


[27] S. Fukuzumi, S. Koumitsu, K. Hironaka, T. Tanaka, J. Am. Chem.
Soc. 1987, 109, 305–316.


[28] Higher resolution hyperfine structures of the TolSQC�–Sc3+ and
TolSQC�–(Sc3+)2 complexes are observed in the presence of a small
amount of water, because self-exchange ET with neutral TolSQ,
which results in an increase in the line width, may be slowed
down.[25]


[29] TolSQC� was produced by photoinduced ET from (AcrH)2 to TolSQ.
The hyperfine splittings due to three protons (a ACHTUNGTRENNUNG(3H)=2.00, 2.20,
and 3.35 G) and g value (g=2.0057) of TolSQC� are changed by com-
plex formation with Sc3+ .[25]


[30] a) R. A. Marcus, Annu. Rev. Phys. Chem. 1964, 15, 155–196;
b) R. A. Marcus, Angew. Chem. 1993, 105, 1161–1172; Angew.
Chem. Int. Ed. Engl. 1993, 32, 1111–1121.


[31] One might think that the rate-determining step in the presence of a
large concentration of Sc3+ is ET from (AcrH)2 to TolSQ–Sc3+ , fol-
lowed by the rapid binding of additional Sc3+ to TolSQC�–Sc3+ to
afford TolSQC�–(Sc3+)2. However, this is certainly not the case for
metal-ion-promoted ET reactions, where an additional Sc3+ ion is
also involved in the rate-determining step.


[32] S. Fukuzumi, S. Mochizuki, T. Tanaka, Inorg. Chem. 1989, 28, 2459–
2465.


[33] Metal ions have no effect on the oxidation potentials of CoTPP and
[Ir ACHTUNGTRENNUNG(ppy)3].


[34] Y3+ was chosen instead of Sc3+ , because no 1:2 complex is formed
between PQC� and Sc3+ even at a high concentration of Sc3+ (8.1J
10�1


m); see ref. [12b].


[35] In the presence of 2.0J10�2
m of Y3+ , the reduction potential of PQ


is shifted to 0.40 V (versus SCE); see ref. [12b].
[36] In contrast to the case of Y3+ , the ket value of ET from CoTPP to


PQ in the presence of Sc3+ exhibits saturation dependence with re-
spect to Sc3+ concentration due to formation of a 1:1 PQ–Sc3+ com-
plex; see ref. [12b].


[37] In contrast to strong complex formation of TolSQ with Sc3+ , the ob-
served ket values at low concentrations of Y3+ are smaller than
those of ET from CoTPP to the PQ–Y3+ complex because of the
smaller K1 value of the PQ–Y3+ complex (e.g. K=2.0J102


m
�1 at


233 K, see Figure S2). Thus, we employed k0
et {=ket ACHTUNGTRENNUNG(1+K ACHTUNGTRENNUNG[Mn+])/K-


ACHTUNGTRENNUNG[Mn+]} in the Eyring plots (Figure 6).
[38] The ET from (AcrH)2 (Eox =0.62 V versus SCE) to TolSQ in the


presence of 1.0J10�2
m of Sc3+ is still slightly uphill (DGet =0.01 eV,


Table 1), but the ET equilibrium may lie to the products side under
pseudo-first-order conditions when concentrations of TolSQ and
Sc3+ are maintained at more than ten times that of (AcrH)2.


[39] a) H. Grennberg, A. Gogoll, J.-E. BRckvall, J. Org. Chem. 1991, 56,
5808–5811; b) M. C. CarreÇo, J. L. GarcUa-Ruano, A. Urbano, Tetra-
hedron Lett. 1989, 30, 4003–4006.


[40] A. Shirazi, H. M. Goff, Inorg. Chem. 1982, 21, 3420–3425.
[41] K. Dedeian, P. I. Djurovich, F. O. Garces, G. Carlson, R. J. Watts,


Inorg. Chem. 1991, 30, 1685–1687.
[42] S. Fukuzumi, T. Kitano, K. Mochida, J. Am. Chem. Soc. 1990, 112,


3246–3247.
[43] W. L. F. Armarego, C. L. L. Chai, Purification of Laboratory Chemi-


cals, 5th ed., Butterworth Heinemann, Amsterdam, 2003.


Received: September 8, 2007
Published online: December 11, 2007


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1866 – 18741874


S. Fukuzumi et al.



http://dx.doi.org/10.1021/ja9941375

http://dx.doi.org/10.1021/ja9941375

http://dx.doi.org/10.1021/ja9941375

http://dx.doi.org/10.1021/ja9941375

http://dx.doi.org/10.1021/ja00236a003

http://dx.doi.org/10.1021/ja00236a003

http://dx.doi.org/10.1021/ja00236a003

http://dx.doi.org/10.1021/ja00236a003

http://dx.doi.org/10.1146/annurev.pc.15.100164.001103

http://dx.doi.org/10.1146/annurev.pc.15.100164.001103

http://dx.doi.org/10.1146/annurev.pc.15.100164.001103

http://dx.doi.org/10.1002/ange.19931050804

http://dx.doi.org/10.1002/ange.19931050804

http://dx.doi.org/10.1002/ange.19931050804

http://dx.doi.org/10.1002/anie.199311113

http://dx.doi.org/10.1002/anie.199311113

http://dx.doi.org/10.1002/anie.199311113

http://dx.doi.org/10.1002/anie.199311113

http://dx.doi.org/10.1021/ic00311a042

http://dx.doi.org/10.1021/ic00311a042

http://dx.doi.org/10.1021/ic00311a042

http://dx.doi.org/10.1021/jo00020a022

http://dx.doi.org/10.1021/jo00020a022

http://dx.doi.org/10.1021/jo00020a022

http://dx.doi.org/10.1021/jo00020a022

http://dx.doi.org/10.1021/ic00139a030

http://dx.doi.org/10.1021/ic00139a030

http://dx.doi.org/10.1021/ic00139a030

http://dx.doi.org/10.1021/ic00008a003

http://dx.doi.org/10.1021/ic00008a003

http://dx.doi.org/10.1021/ic00008a003

http://dx.doi.org/10.1021/ja00164a074

http://dx.doi.org/10.1021/ja00164a074

http://dx.doi.org/10.1021/ja00164a074

http://dx.doi.org/10.1021/ja00164a074

www.chemeurj.org






DOI: 10.1002/chem.200701232


Disulfide Symmetric Dimers as Stable Pre-Hapten Forms for Bioconjugation:
A Strategy to Prepare Immunoreagents for the Detection of Sulfophenyl
Carboxylate Residues in Environmental Samples


M.-Carmen Est-vez, Roger Galve, Francisco S1nchez-Baeza, and M.-Pilar Marco*[a]


Introduction


The preparation of bioconjugates with small organic mole-
cules often faces the problem that important functional
(and/or antigenic) chemical groups can be blocked by the
biomolecule if used as conjugation sites.[1,2] Hapten deriva-
tives can be designed and synthetically prepared to respect


these particular groups while introducing other chemical
functionalities that allow covalent attachment to the desired
biomolecule. However, the reactivity of such new chemical
functionalities must be orthogonal to the reactivities of the
other chemical groups, which may give additional difficulties
in hapten synthesis and further covalent coupling of highly
functionalized small organic molecules to biomacromole-
cules. Such a circumstance was confronted within the Euro-
pean Project aimed at developing an immunosensor for the
detection of industrial pollutants, such as the sulfophenyl
carboxylates (SPCs).[3]


SPCs are the main metabolites of the degradation of
linear alkylbenzene sulfonates (LASs),[4,5] which are used as
surfactants in domestic and industrial purposes in high
amounts worldwide. Their frequent detection in the environ-


Abstract: A convenient, generic syn-
thesis of bioconjugates from haptens
with a thiol group has been established.
The corresponding haptens are synthe-
sized as stable symmetric dimmers
through a disulfide bond that is re-
duced immediately before conjugation
with the aid of a diACHTUNGTRENNUNG(n-butyl)phenyl-
phosphine polystyrene (DBPP) resin.
This strategy was used to prepare hap-
tenized biomolecules and to raise anti-
bodies against short-alkyl-chain sulfo-
phenyl carboxylates (X-Cz-SPCs; X is
the position of the benzylic group and
z is the alkyl-chain length) formed
after degradation of the widely used
domestic and industrial linear alkylben-
zene sulfonates (LASs) surfactants. Be-
cause of the complexity of the LASs
technical mixture, homologous and
pseudo-heterologous immunization
strategies have been studied with the
aim of broadening antibody recogni-


tion of the SPC family. With this pur-
pose, two types of immunizing haptens
have been synthesized and used to pre-
pare bioconjugates and raise antibod-
ies. Type-A bioconjugates (SPCA–pro-
tein) were prepared by synthesizing
type-A haptens as stable symmetric
dimers, generically 2,2’-dithiobis[5-{4-
(N-ethylsulfamoyl)}phenylalkanoic
acids] (X-Cz-S-SPC). On the other
hand, type-B bioconjugates (SPCB–pro-
tein) were prepared by treating the car-
boxylic groups of the corresponding 4-
sulfophenylalkanoic acids (X-Cz-SPC)
with the amino groups of the lysine res-
idues by using classical carbodiimide
procedures. Type-A haptens produced


antibodies with a much higher avidity
for the target analyte. Under competi-
tive immunochemical configurations
(As112/2-C5–ovalbumin), these anti-
bodies can reach a limit of detection
(LOD) of 40 ngL�1 with an IC50 value
of 200 ngL�1 for 3-C6-SPC, which
opens up the possibility of trace con-
tamination of edible waters by surfac-
tants with 3-C6-SPC as a marker of
LAS pollution. A comparative study of
the properties of the three families of
polyclonal antibodies produced re-
vealed that antibodies raised through
pseudo-heterologous immunization
strategies produced antibodies with a
broader specificity versus the SPC
family. These results indicate that this
approach could be useful in avoiding
synthetic difficulties associated with
preparing haptens that preserve all the
most important chemical functionalities
of the molecule.
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ment at significant concentration levels[6–8] has raised con-
cern over their potential synergistic role, which favors the
permeation of other toxicants through biological membranes
thanks to their amphoteric and surfactant properties.[9,10] Mi-
crobial degradation[11] is very fast and can be considered to
be the major elimination pathway, which involves the oxida-
tion of the terminal methyl group of the alkyl chain (w oxi-
dation) followed by the successive loss of two carbon units
as a result of b-oxidation processes.[4] The complexity of the
LAS mixture (i.e. , alkyl chains of 10–14 carbon units and
different positional isomers at the benzylic position) deter-
mines the consequent complexity of the SPC mixture
formed after degradation of LASs. Thus, the first com-
pounds generated after the degradation of LAS are SPCs
with long alkyl chains (>10 carbon units), but the relatively
rapid b-oxidation processes lead to SPCs with short alkyl
chains (see Scheme 1). Particularly, those SPC isomeric mix-
tures with alkyl chains of five and six carbon units (X-C5-
SPC and X-C6-SPC, X indicates that the aromatic ring can
be placed at any position) have been considered by many
authors as the more likely key intermediates of the degrada-
tion pathway.[12–14] Nevertheless, certain analytical limitations
may have prevented the proper detection of shorter-alkyl-
chain SPC congeners. Thus, the high polarity of these short-
alkyl-chain SPCs, as a result of the presence of the carboxyl-
ic acid and sulfonate groups, causes significant difficulties in


extracting them efficiently from the aqueous media before
chromatographic analysis.[12,15–17]


The preparation of immunoreagents able to detect a wide
range of short-alkyl-chain SPCs was one of the goals of this
investigation. However, the production of antibodies with
class-directed specificity is an uncertain goal that has been
persecuted by many research groups with the purpose of de-
veloping immunochemical screening procedures able to
detect, to a similar extent, different congeners of structurally
related families of substances (i.e. , sulfonamide antibiot-
ics,[18–20] sulfonyl urea herbicides,[21, 22] and so forth). The
strategies employed frequently consist of preparing hapten–
protein immunoconjugates that expose common features of
the chemical structures to the immune system. However,
this approach, which may require long and intricate synthet-
ic procedures to keep important antigenic epitopes free, has
often failed.


We recently reported our attempts to produce generic an-
tibodies for SPCs through using an equimolar mixture of im-
munogens prepared by coupling six short-alkyl-chain SPC
haptens, thus maximizing the recognition of the common
sulfonic group (type-B haptens) to horseshoe crab hemocya-
nin (HC; SPCmix-B; see Scheme 1).[23] However, these anti-
bodies only recognized X-C5-SPCs and X-C6-SPCs preferen-
tially, while other SPCs were poorly recognized, thus indi-
cating that the different lengths and branching of the alkyl-


Scheme 1. Chemical structures of the six representative SPCs and haptens.
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chain patterns played a decisive role in the recognition pro-
cess. More success has recently been achieved from produc-
ing generic antibodies by using antibody engineering meth-
odologies.[24–26] Alternatively, the heterologous immunization
approach has been reported a few times with the aim of elic-
iting antibody responses against more than one epitope,
mainly in the context of catalytic antibodies.[27–29] This idea
prompted us to investigate the possibility of expanding anti-
body recognition of the short-alkyl-chain SPC family
through this strategy.


The heterologous immunization approach envisaged by
Masamune and co-workers[27,28,30] uses a combination of two
different, but structurally related, haptens thus maximizing
distinct epitopes. With this purpose, we addressed the syn-
thesis of two haptens maximizing recognition of the alkyl
carboxylic chains (type-A haptens) and of the sulfonic
groups (type-B haptens) to use them in a heterologous im-
munization protocol. For the type-B haptens, the carboxylic
groups of the alkyl chain could be directly used for conjuga-
tion. However, the preparation of type-A haptens required
the introduction of a spacer arm with an orthogonal func-
tionality. Thus, the SPC molecules could be generically
treated with a H2N ACHTUNGTRENNUNG(CH2)nX linker through the formation of
a sulfonamide, where X would be the necessary orthogonal
chemical group for bioconjugation. Another carboxylic
group would compete with the same group on the SPC alkyl
chain at the conjugation step. Similarly, the use of linkers to
introduce a free amine group was ruled out since the forma-
tion of (a SPC–CONH�)n species could take place in addi-
tion to SPC-NHCO-protein conjugates. The same applied if
an alcohol group was introduced to form ester bonds with
the protein. Alternatively, thiol groups provided an appro-
priate reactivity when carboxylic, aldehyde, amine or halo-
gen groups, present in the same small organic molecule,
want to be preserved. Moreover, the conjugation reaction
could take place through a variety of commercially available
bifunctional cross-linkers chosen to react with the amino
groups of the lysine residues on one side and with the thiol
group on the other side.[32]


We report herein the investigation into the potential of
pseudo-heterologous immunization procedures to tailor an-


tibody features. Moreover, we present a simple and generic
strategy to prepare bioconjugates with highly functionalized
small organic molecules.


Results


Hapten design and synthesis of the SPC dimers : We planned
to synthesize the two types of haptens for each of the six
short-alkyl-chain SPC represen-
tatives. The carboxylic acid
groups could directly be used
for bioconjugation of the six
type-B haptens, although it was
necessary to introduce a linker
with a thiol group for the type-
A haptens (Scheme 2).


To prevent oxidation or
avoid intra/intermolecular reac-
tions, free �SH (thiol) groups
are commonly protected as thi-
oethers or thioesters, although
the formation of thiazolidines, unsymmetrical disulfides, and
S-sulfenyl derivatives has also been used to a more limited
extent.[31] Since oxidation to form the corresponding sym-
metrical disulfides is also a possible strategy, we envisaged
the synthesis of the haptens as disulfide pre-haptens. Finally,
cleavage of the disulfide bond could be approached immedi-
ately before bioconjugation to a conveniently derivatized
protein.


The synthesis of the dimers was performed by preparing
the corresponding chlorosulfonic derivatives of phenylcar-
boxylic acids 1–7 followed by the formation of two sulfona-
mide bonds using cystamine dihydrochloride (Scheme 3). In
the first step, it was important to always have an excess of
the chlorosulfonic acid to prevent the formation of the cor-
responding sulfones as by-products.[33] Moreover, the phe-
nylcarboxylic acids were first protected as esters to avoid in-
tramolecular cyclization through Friedel–Crafts acylation re-
actions. For phenylcarboxylic acids 1–5, the use of a bulky
protecting group, such as the butyl group, was required to


Scheme 2. Type-A hapten.


Scheme 3. Synthesis of SPC–SH.
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ensure unique chlorosulfonation at the para position, thus
preventing reactivity of the ortho positions that would lead
to polysubstituted derivatives. Protection of the carboxylic
acids as methyl esters was sufficient for the case of phenyl-
carboxylic acids 6 and 7 with longer alkyl chains. The mod-
erate yield of 1a--7a was attributed to the instability of the
chlorosulfonate groups in the aqueous media used to treat
the reaction.


Surprisingly, the formation of meta-monosubstituted prod-
ucts as by-products in a low yield (6–12%) was also ob-
served for the phenylcarboxylates 1–3 containing the phenyl
group at the a position to the carboxylic group, as con-
firmed by 1H and 13C NMR spectroscopic analysis (see the
analytical data for 1b--3b in the Supporting Information).
Finally, the formation of the symmetric dimers was achieved
in one step in good yields by directly treating two molecules
of chlorosulfonyl derivatives 1a–7a with one molecule of
cystamine dihydrochloride through the formation of two sul-
fonamide bonds. The hydrolysis of the esters led to the final
desired products: the dimers 2-C3-S-SPC, 2-C4-S-SPC, 2-C5-
S-SPC, 3-C4-S-SPC, 3-C5-S-SPC, 3-C6-S-SPC, and 5-C5-S-
SPC.


Preparation of the hapten–biomolecule conjugates : For the
type-A haptens, N-succinimidyl-3-maleimidyl propanoate
(N-SMP) and N-succinimidyl bromoacetate (N-SBrA) were
used as heterobifunctional cross-linkers to prepare hemocya-
nin (HC), bovine serum albumin (BSA), ovalbumin (OVA),
and conalbumin (CONA) conjugates. Hemocyanin conju-
gates are selected for use as immunoagents because of the
high immunogenic potential of this protein, while the prepa-
ration of bioconjugates with albumins was carried out to
evaluate them as competitors in the immunoassay. The prep-
aration of the haptenized biomolecules comprised three
steps: 1) cleavage of the dimer under reducing conditions,
2) coupling of the linker N-SMP (or N-SBrA) to the protein,
and 3) conjugation of the hapten to the maleidimidylpropa-
noyl- or bromoacetyl-derivatized proteins (MP–protein and
BrA–protein, respectively; Scheme 4). The whole procedure
was initially evaluated using 5-C5-S-SPC as a model hapten,
BSA as the protein, and N-SMP as the cross-linker. An im-
portant aspect of the synthesis was the use of the correct
hapten/cross-linker/protein ratio to avoid free epitopes of
the cross-linker in the final immunogen conjugate.


Scheme 4. Strategy used to prepare type-A hapten–protein bioconjugates.
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Regarding the reduction of the dimer, the efficiency of
different reducing agents was evaluated using the Ellman
test[34] to follow the formation of the thiol groups.
NaCNBH3 was initially chosen with the intention of per-
forming this reaction in aqueous media and in the presence
of the protein; however, the degree of conversion was very
poor, even with a high excess of
NaCNBH3 (the use of 10 equiv
of NaCNBH3 for 30 h yielded
only a yield of 1.5% of free
thiol groups; data not shown).
A higher yield was obtained
when a stronger, albeit less
stable in aqueous media, reduc-
ing agent, such as NaBH4, was
used, but the results were not
satisfactory enough (only a
yield of 14% was produced
over 5 h by using 5 equiv of
NaBH4). In contrast, tributyl-
phosphine (Bu3P),


[35] which re-
quires the presence of water as
a coreagent, allowed the quanti-
tative reduction of the dimers
by using 1.5 equivalents over
only 2 h.


When using N-SMP as the cross-linker, the formation of
the corresponding hapten-MP-protein conjugates was dem-
onstrated by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS); how-
ever, when N-SBrA was employed, the phosphorous atom
of the tributylphosphine, which remained in the mixture
after the reduction step, interfered as a result of the forma-
tion of the phosphonium salt through the presence of the
bromine atom in the BrA-derivatized protein. Complete re-
moval of this reagent, prior to adding the thiol group to the
protein, required the introduction of a purification step in
which concomitant partial oxidation of the thiol moiety
could occur, thus leading again to the dimer. Hence, with
the aim of avoiding contact of the bromine atom in the pro-
tein with the phosphine group, a polystyrene resin with im-
mobilized di ACHTUNGTRENNUNG(n-butyl)phenylphosphine (0.5 mmolgresin


�1) was
evaluated as an alternative methodology for reduction, thus
using the advantages of solid-phase synthesis. The evolution
of the reaction was again followed with the Ellman test. In
this case, contrary to the methodology employed before, the
reduction had to be performed in the absence of water, oth-
erwise the rate of the reaction proceeded very slowly and
several hours were needed for complete reduction to occur,
even with an excess of reducing agent (up to 5 equiv). In
contrast, an almost complete conversion was accomplished
after 2 hours using 1.25 equivalents of the reducing agent
only if anhydrous N,N-dimethylformamide (DMF) was used
as the solvent. After this time, water was added and the re-
action mixture was stirred for 1 h further. Under these con-
ditions, high yields, which ranged between 95 and 100%, of
the reduction products could be accomplished for all the


haptens, except for 5-C5-S-SPC, for which a yield of 70%
was reached.


For step 2, the efficiency of the coupling reaction between
the cross-linker and the protein was evaluated with BSA as
the model and N-SMP at different molar ratios (1:2, 1:5,
and 1:10 of lysine residues/N-SMP). Table 1 shows the yield


of these conjugation reactions as measured by MALDI-TOF
mass spectrometric analysis. A 1:5 ratio was chosen since 18
maleimido residues (around the 50% of the free lysines de-
rivatized with the linker) were considered enough active
points for hapten coupling. Different maleimido residue-
s :hapten molar ratios were evaluated; however, as can be
seen in Table 1, increasing the molar ratio only produced a
slight augment of the number of hapten residues attached to
the protein. The yield of the conjugation products in this
step did not ensure free maleimido/Br epitopes, even at a
higher hapten/MP/protein molar ratio. In light of these re-
sults, we decided to proceed with the conjugation of the X-
Cz-S-SPC haptens, thus decreasing the lys/N-SMP (or N-
SBrA) molar ratio to 1:2 (around 14 residues; Table 1) and
keeping a medium MP (or BrA)–protein/hapten ratio of
about 1:8. Thus, the final lys/N-SMP (or N-SBrA)/hapten
molar ratio chosen was 1:2:4. Table 2 shows the degree of
conjugation of the different X-Cz-S-SPC protein conjugates
under these conditions. It can be observed that in spite of
the decreased lys/N-SMP (or N-SBrA) ratio some MP and
BrA residues remained. A potential explanation of these re-
sults is the possible undesired reaction of the hydroxy
groups from the aqueous media with the maleimido or bro-
mide groups, although this supposition has not been proved.
Thus, we proceeded to use these conjugates to raise antibod-
ies. Employing a different cross-linker for the coating anti-
gens used in the competitive immunoassay would avoid the
interference caused by the polyclonal fraction of antibodies
against the cross-linker. Similarly, while HC conjugates were
used to raise antibodies, distinct proteins, such as OVA,
BSA, and CONA, were used for the preparation of the


Table 1. Efficiency of the two steps involved in the conjugation strategy used to prepare the immunogens.[a]


Step 2 Step 3 Global conditions
Lys/N-SMP[b] d N-SMP[c] Yield


[%][d]
MP–protein/
hapten[e]


d hapten[c] Yield
[%][f]


Lys/N-SMP/
hapten[b]


global
yield [%][d]


1:2 14 40–47 – – – – nt[g]


1:5 18 51–60 1:3 10 55 1:5:2 29–33
– – – 1:8 11 61 1:5:5 31–37
– – – 1:16 12 66 1:5:10 34–40
1:10 22 63–73 – – – nt


[a] Conjugation studies related to the ratio of the reagents were carried out with 5-C5-S-SPC as the model
hapten and BSA; the results have been extracted from the analysis of the conjugates by MALDI-TOF mass-
spectrometric analysis. [b] Molar ratio used in the conjugation reaction with respect to the lysine residues of
the BSA. [c] Number of residues (N-SMP or hapten) covalently attached to the BSA. [d] The degree of conju-
gation calculated on the basis that that BSA has 30–35 free accessible lysine moieties. [e] Molar ratio used in
the conjugation reaction with respect to the maleimido residues of the N-SMP derivatized protein. [f] The con-
jugation yield calculated on the basis of the available maleimido residues incorporated in step 2. [g] nt=not
tested.
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other immunoreagents used in the enzyme-linked immuno-
sorbent assay (ELISA) procedures.


Bioconjugates with type-B haptens could easily be pre-
pared using the water-soluble carbodiimide 1-(3-dimethyla-
minopropyl)-3-ethylcarbodiimide (EDC). The high polarity
of the SPCs allowed the conjugation to be performed in
buffer without the need for an organic co-solvent, thus ach-
ieving a high degree of conjugation. A hapten density within
16–18 mol of hapten per mol of protein was accomplished
for all the cases, except 9-C9-SPC which had 5 mol of hapt-
ens per mol of protein.


Antibodies against SPCs : Previous attempts to use a single
SPC hapten congener failed to produce generic antibodies
for the short-alkyl-chain SPC family. For this reason, we de-
cided to use equimolar mixtures of the prepared haptens.
Hence, white New Zealand rabbits were immunized with
type-A haptens (SPCmix-A-MP-HC) and type-B haptens
(SPCmix-B–HC)[23] and the evolution of the antibody titer was
followed by indirect noncompetitive experiments under ho-
mologous conditions by using the analogous mixture conju-
gated to BSA as the coating antigen (SPCmix-A-MP-BSA and
SPCmix-B–HC, respectively). The polyclonal antibodies ob-
tained were named As112, As113, and As114 (type A) and
As115, As116, and As117 (type B). Following the plan of
heterologous immunization, three more rabbits were inocu-
lated by combining SPCmix-A-MP-HC and SPCmix-B–HC
(SPCmix-AB–HC). Although in most of the examples reported
heterologous-immunization protocols are performed by al-
ternating two immunogens on each boosting injection (i.e.,
AABAAB or ABABAB, and so forth), we used an equimo-
lar combination of both mixtures of immunogens on each
boosting injection (pseudo-heterologous). Similarly, the evo-
lution of the titer was followed with the homologous equi-


molar mixture of the BSA conjugates (SPCmix-AB–BSA). The
type-AB antisera obtained were named As118, As119, and
As120.


Antibody characterization : Antibody characterization was
accomplished through the development of competitive
enzyme-linked immunosorbent assays for each type of anti-
sera raised. With this aim, the avidity of the antisera raised
versus all type-A and -B bioconjugates was tested through
noncompetitive indirect ELISAs. As expected, homologous
immunoassay combinations (type-A antibody/type-A anti-
gen or type-B antibody/type-B antigen) gave higher anti-
body titers when the antisera was raised through homolo-
gous immunization procedures. In contrast, heterologous
type-AB antibodies (As118–120) showed a higher affinity
for the type-B antigens than the type-A antigens (see the-
Supporting Information).


The ability of these antiserums to recognize the SPCmix (a
mixture of the six short-chain SPCs 2-C3-SPC, 2-C4-SPC, 2-
C5-SPC, 3-C4-SPC, 3-C5-SPC, and 3-C6-SPC) was determined
through competitive assays by screening 225 antisera/coating
antigen combinations. Heterologous immunoassay combina-
tions (type-A antibody/type-B antigen or type-B antibody/
type-A antigen) allowed better detectability to be reached
than homologous combinations (see the Supporting Infor-
mation). Antisera raised against type-A haptens provided
better detectability values than type-B and -AB antibodies.
Thus, the IC50 values recorded were 17.1�7.1 (N=11, type-
A antibodies and type-B antigens), 166.7�36.3 (N=14,
type-B antibodies and type-A antigens), and 1143�461
(N=42, type-AB antibodies and type-B antigens) mgL�1.
One-way analysis of variance (ANOVA) and t-tests provid-
ed p values below 0.0001, thus demonstrating the signifi-
cance of this result. Table 3 shows the features for the best
indirect competitive ELISAs obtained for each family of an-
tibody in terms of detectability and reproducibility.


Assays As112/2-C5–OVA, As115/2-C5-S-SPC-CH2-OVA, and
As119/2-C3–BSA were further evaluated to determine the
detectability and specificity of the antisera raised through
homologous (type A and B) and pseudo-heterologous (type
AB) immunization approaches, respectively (see the Sup-
porting Information). Attending to these studies, three
ELISA protocols were established. Figure 1 and Table 4
show, respectively, the standard curves and the immunoassay
parameters of the three indirect ELISAs obtained by using
each group of antibodies (open symbols in the graph).
As112 in combination with 2-C5–OVA as the coating antigen
allowed detection of the short-alkyl-chain SPCmix com-
pounds with a limit of detection (LOD) of 0.46 nm


(0.11 mgL�1, based on an average of molecular weight of
250) and an IC50 value of 3.05 nm (0.76 mgL�1).


Antibody specificity was evaluated to find out the effect
of the immunization strategies on the capability of the anti-
bodies to recognize the different SPCs congeners formed
during the degradation process. Hence, individual recogni-
tion of these SPCs and other related compounds was as-


Table 2. Hapten density and degree of conjugation of the type-A protein
conjugates.[a]


Hapten N-SMP[b] N-SBrA[b]


d Resi-
dues[c]


Conjugation
[%][e]


d Resi-
dues[c]


Conjugation
[%][e]


N-SMP or N-SBrA 15[d] 43–50 14[d] 40–47
2-C3-S-SPC 8 23–27 6 17–20
2-C4-S-SPC 6 17–20 5 14–17
2-C5-S-SPC 3 9–10 8 23–27
3-C4-S-SPC 7 20–23 6 17–20
3-C5-S-SPC 6 17–20 4 11–13
3-C6-S-SPC 4 11–13 nc nc
5-C5-S-SPC nc[f] nc 7 20–23


[a] The molar ratio between lysine residues, the heterobifunctional
linker, and free thiol groups was 1:2:4; the data shown correspond to the
BSA derivatives of each hapten. [b] N-SMP was the cross-linker used to
prepare the immunogens, while N-SBrA was the cross-linker used to pre-
pare the rest of the antigens. [c] Estimated number of residues (cross-
linker or hapten) covalently bound for each molecule of protein, as deter-
mined by MALDI-TOF mass-spectrometric analysis. [d] Estimated
number of cross-linker residues covalently bound to each molecule of
protein determined after step 2. [e] The degree of conjugation calculated
on the basis that BSA has 30–35 free accessible lysine residues. [f] nc=


not conjugated.
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sessed for the three types of antibody. The antisera raised
through homologous or pseudo-heterologous immunization
procedures showed a clearly different recognition pattern.
Thus, antibodies obtained through pseudo-heterologous pro-
cedures showed a wider recognition pattern (see Table 5).
Whereas the long-alkyl-chain SPCs tested (9-C9-SPC and
12-C12-SPC) and LASs were not recognized at all by the
As112/2C5–OVA (type-A antibodies) and As115/2-C5-S-
SPC-CH2-OVA (type-B antibodies) immunoassays, these
substances cross-reacted significantly (45, 36, and 15%, re-
spectively) in the As119/2-C3–BSA (type-AB pseudo-heter-
ologous antibodies) assay. Regarding individual recognition
of the short-alkyl-chain SPCs, type-A and -B antibodies
showed almost the same recognition pattern (3-C6-SPC@3-
C5-SPC>2-C5-SPC>3-C4-SPC>2-C4-SPC�2-C3-SPC) with
a superior recognition of the congeners with longer alkyl
chains, such as 3-C6-SPC (more than 300%) and 3-C5-SPC
(around 100%), while the shorter-alkyl-chain SPCs 2-C3-


SPC and 2-C4-SPC were barely
recognized. In contrast, in the
case of the type-AB antibodies,
although 3-C5-SPC and 3-C6-
SPC were also better recog-
nized (>200 and �50%, re-
spectively), the rest of the
short-chain SPCs showed signif-
icant cross-reactivity values
(30–35%). Other structurally
related environmental contami-
nants, such as naphthalene and
benzene sulfonates, were not
recognized by any of the anti-
bodies, thus indicating that the
selectivity was only addressed
versus the SPC family.


Since some researchers con-
sider X-C6-SPC to be the more


Table 3. Features of the best competitive immunoassays obtained for the three families of antisera raised against the three types of SPC immunizing hap-
tens.[a]


As Coating antigen CA
ACHTUNGTRENNUNG[mgmL�1][b]


As[c] Amax Amin IC50


ACHTUNGTRENNUNG[mgL�1][d]
Slope R2


Type A (As112)[e] 2-C5-OVA 0.019 1:500 0.865�0.126 0.109�0.046 0.70�0.05 �0.99�0.12 0.997�0.002
3-C4–OVA 0.039 1:500 0.755�0.129 0.095�0.027 0.52�0.10 �1.13�0.20 0.995�0.002
3-C5–OVA 0.019 1:500 0.779�0.154 0.099�0.024 0.95�0.17 �1.05�0.17 0.965�0.021
3-C6–BSA 0.039 1:500 0.688�0.186 0.041�0.003 2.08�0.27 �1.49�0.48 0.966�0.016


Type B (As115)[e] 2-C5-S-BSA 0.63 1:4000 1.012�0.432 0.032�0.034 42.4�20.4 �1.27�0.21 0.958�0.026
2-C5-S-OVA 1.25 1:2000 0.795�0.155 0.035�0.025 35.6�10.9 �1.42�0.26 0.960�0.017
3-C5-S-CONA 1.25 1:1000 0.881�0.280 0.044�0.037 31.7�9.9 �1.28�0.25 0.951�0.035


Type AB (As119)[e] 2-C3–BSA 0.312 1:4000 0.640�0.243 0.028�0.036 29.8�12.5 �0.82�0.19 0.961�0.055
9-C9–BSA 0.312 1:1000 0.851�0.137 0.047�0.047 33.1�13.7 �1.05�0.30 0.943�0.068


[a] The parameters were extracted from the four-parameter equation used to fit the standard curves; the data presented correspond to the average of
five calibration curves run on 5 different days; each curve was built using two-well replicates. [b] Coating antigen. [c] Dilution factor of the antisera.
[d] SPCmix composed of an equimolar mixture of the six short-alkyl-chain SPCs was used as the standard analyte; an average molecular weight of 250
was used to calculate the IC50 value. [e] As selected for each type of immunization protocol.


Figure 1. Standard calibration curves obtained with the antibodies pro-
duced through homologous (type A and B) and pseudo-heterologous
strategies (type AB). Open symbols indicate that an equimolar mixture
of the six SPCs was used as the standard analyte. Solid symbols indicate
that 3-C6-SPC was used as the analyte. The curves shown correspond to
assays performed over different days. See Table 4 for the immunoassay
features.


Table 4. Features of the optimized immunoassays.[a]


Antibody type: Type A Type B Type AB
As/CA combination: As112/2-C5–OVA As115/2-C5-S-OVA As119/2-C3–BSA
Analyte: mixture of SPCs 3-C6-SPC mixture of SPCs mixture of SPCs


As dilution 1:500 1:500 1:2000 1:4000
CA [mgmL�1] 0.02 0.02 1.25 0.31
Amax 0.898�0.221 0.785�0.131 0.914�0.272 0.907�0.358
Amin 0.114�0.041 0.079�0.008 0.023�0.020 0.032�0.028
IC50 [mgL


�1] 0.76�0.11 0.20�0.04 23.3�7.5 29.7�13.6
dynamic
range[b] [mgL�1]


0.23�0.06
2.97�053


0.06�0.02
0.58�0.04


5.60�3.80
76.61�22.40


3.61�2.30
171.72�92.41


LOD [nm; mgL�1] 0.11�0.04 0.03�0.01 1.5� 1.4 0.95�0.92
slope �1.13�0.13 �1.27�0.24 �1.21�0.39 �0.80�0.16
R2 0.996� 0.003 0.995� 0.003 0.956�0.030 0.969�0.030
N[c] 16 6 15 12


[a] Three immunoassays have been optimized, one for each family of antibody raised (type-A, -B, and -AB an-
tibodies); the parameters are extracted from the four-parameter equation are used to fit the standard curve.
[b] Upper and lower limits of the dynamic range, thus corresponding to the IC20 and IC80 values. [c] Number of
assays used to calculate the data are presented as an average and the standard deviation; the assays were run
on different days and each curve was built using two-well replicates.
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abundant short-alkyl-chain SPC found in the environment,
assay As112/2C5–OVA was characterized for 3-C6-SPC as a
potential indicator of the contamination of water samples
with SPCs. 3-C6-SPC could be detected with a LOD of
0.13 nm (35 ngL�1) and an IC50 value of 0.67 nm (181 ngL�1).
The calibration curve is shown in Figure 1 (solid symbol).


Discussion


Generic recognition of a chemical family of substances using
analytical methods based on biomolecular interactions is an
uncertain goal. The possibility of tailor-made bioreceptors
has been a matter of investigation mainly by using theoreti-
cal chemistry tools or molecular bioengineering methods.
Thus, immunochemical methods have often been exploited
for their capability to direct antibody specificity through ap-
propriate hapten design by using theoretical methods and
models[20,36–39] or recombinant antibody methodologies.[40, 41]


However, as reported previously, addressing antibody recog-
nition towards the common sulfonic group of the SPCs
failed to produce generic antibodies.[23] The great differences
in the antibody recognition of the different SPC congeners


pointed to a significant contri-
bution of the different sizes and
geometries of the alkyl carbox-
ylic moieties to the recognition
event. In fact, it has been
known since the early 1990s
that electrostatic and hydrogen-
bonding interactions contribute
only a small fraction (ca. 20%)
to the free energy of the recog-
nition event (for Ka=


�1010m
�1, DG= �68 kJmol�1),


while the so-called hydrophobic
interactions contribute to the
rest of the total energy (see
ref. [42–44] and references cited
therein), with an energy of
about 100 JS-2 of the contact
zone.[45] Thus, the main role of
the electrostatic and hydrogen-
bonding interactions seems to
be to keep the two molecules in
the correct orientation to allow
short-range hydrophobic inter-
actions to be established.


Attending to these prece-
dents, we decided to investigate
the potential of the heterolo-
gous immunization strategy de-
vised by Masamune and co-
workers[27,28,30] to raise antibod-
ies with class-directed specifici-
ty against the SPC family. Con-
trary to homologous immuniza-


tion procedures, in which only one type of immunizing
hapten is used in each boosting injection, this strategy con-
sists of successively immunizing the animal with two differ-
ent but structurally related haptens. This approach has
mainly been used in the catalytic antibody field for zwitter-
ionic transition-state analogues with positive and negative
charges, in which the chemical synthesis of the correspond-
ing hapten could be problematic. Instead, heterologous im-
munization with two individual haptens, containing a differ-
ent charge, provides the opportunity to simultaneously gen-
erate acidic and basic catalytic residues in the antibody-com-
bining site. Thus, Ersoy et al.[46,47] designed three haptens to
produce by heterelogous immunization nucleophile-mediat-
ed (phenol) amide bond-cleaving catalytic antibodies with a
binding pocket with 1) a hydrophobic area, 2) an acidic resi-
due complementary to the oxyanionic transition state, and
3) a basic residue to aid deprotonation of a phenol nucleo-
phile and protonation of the departing amine. These exam-
ples point to the possibility of modulating the selectivity and
affinity of the immunoresponse by combining immunoconju-
gates prepared by using two or more haptens without the
need to invest time on complex synthetic procedures to pre-
serve all the epitopes on the same hapten.


Table 5. SPC pattern of recognition observed using the three types of antibodies.[a]


Antibody type: Type A Type B Type AB
As/CA combination: As112/2-C5-OVA As115/2-C5-S-OVA As119/2-C3-BSA
Compound[a] IC50 [nm] CR [%] IC50 [nm] CR [%] IC50 [nm] CR [%]


SPCs 3.05�0.42 100 93.2�30.0 100 118.7�54.2 100
2-C3-SPC 742 0.4 >30000 <0.01 409 29
2-C4-SPC 887 0.3 4015 2 330 36
2-C5-SPC 20 15 849 11 400 30
3-C4-SPC 215 1 1277 7 409 29
3-C5-SPC 2.76 110 65.7 142 55 216
3-C6-SPC 0.84 363 26.8 348 220 54
5-C5-SPC 17.5 17 >30000 <0.01 – –
9-C9-SPC >30000 <0.01 >30000 <0.01 289 41
12-C12-SPC >30000 <0.01 >30000 <0.01 330 36
LAS 80 4 >30000 <0.01 766 15
NP >30000 <0.01 >30000 <0.01 >30000 <0.01
p-TS >30000 <0.01 >30000 <0.01 >30000 <0.01
EBS >30000 <0.01 >30000 <0.01 2000 6
p-XS >30000 <0.01 >30000 <0.01 >30000 <0.01
BDS >30000 <0.01 >30000 <0.01 >30000 <0.01
SDS >30000 <0.01 >30000 <0.01 >30000 <0.01
1-NaphSO3 >30000 <0.01 >30000 <0.01 >30000 <0.01
1,5-NaphdSO3 >30000 <0.01 >30000 <0.01 >30000 <0.01
1,3,5-NaphtSO3 >30000 <0.01 >30000 <0.01 >30000 <0.01
2-phepropionic acid >30000 <0.01 >30000 <0.01 >30000 <0.01
2-phebutyric acid 3613 0.1 >30000 <0.01 >30000 <0.01
2-phepentanoic acid 969 0.3 >30000 <0.01 >30000 <0.01
3-phebutyric acid >30000 <0.01 >30000 <0.01 >30000 <0.01
3-phepentanoic acid 227 1 >30000 <0.01 >30000 <0.01
3-phehexanoic acid 57 5 >30000 <0.01 >30000 <0.01


[a] The percentage of recognition is expressed as cross-reactivity (CR) according to the expression [IC50 ACHTUNGTRENNUNG(SPC)/
IC50(cross-reactant)]T100; 2-C3, 2-C4, 2-C5, 3-C4, 3-C5, and 3-C6 are the SPCs used as immunogens. LAS=


linear alkylbenzenesulfonates, NP=nonylphenol, p-TS=para-toluensulfonic acid, EBS=para-ethyl benzene-
sulfonic acid, p-XS=para-xilenesulfonic acid, BDS=1,3-benzenedisulfonic acid, SDS= sodium docecyl sulfate,
1-naphSO3=1-naphthalenesulfonate, 1,5-naphdSO3=1,5-naphthalenedisulfonate, 1,3,5-naphtSO3=1,3,6-naph-
thalenetrisulfonate, 2-Phepropionic acid=2-phenylpropionic acid, 2-Phebutyric acid=2-phenylbutyric acid, 2-
Phepentanoic acid=2-phenylpentanoic acid, 3-Phebutyric acid=3-phenylbutyric acid, 3-Phepentanoic acid=


3-phenylpentanoic acid, 3-Phehexanoic acid=3-phenylhexanoic acid.
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Hence, from a synthetic point of view, the preparation of
SPC type-A and -B haptens was easier than trying to syn-
thesize a single hapten that preserved both epitopes. The in-
troduction of a linker, as in the case of type-A haptens, was
easily possible using the corresponding para-chlorosulfonic
acid derivatives. On the other hand, type-B haptens were
conjugated through the carboxylic group of the target mole-
cule. The only challenge was to select a bifunctional linker
able to react with the chlorosulfonic group while introducing
a chemical functionality that did not interfere with this reac-
tion and was orthogonal to the functionality of the carboxyl-
ic group of the SPC. The thiol group complied with these re-
quirements, although it could spontaneously oxidize into the
disulfide form. For this reason, we envisaged the synthesis
of type-A haptens as disulfide symmetric dimmers to keep
this possibility under control. The formation of the symmet-
ric dimers (2-C3-S-SPC, 2-C4-S-SPC, 2-C5-S-SPC, 3-C4-S-
SPC, 3-C5-S-SPC, 3-C6-S-SPC, and 5-C5-S-SPC) was ach-
ieved in acceptable yields following the synthetic strategy
shown in Scheme 3. The synthesis of haptens as dimers, in-
stead of protecting the thiol group, proved to be a good
strategy to prepare hapten bioconjugates. The formation of
a dimer allows the oxidation of the thiol group to be kept
under control. Furthermore, release of the thiol group can
take place under very mild conditions by using a DBPP
polystyrene resin immediately before the bioconjugation,
without needing to introduce a purification step. Although
reduction did also occur in a very high yield using tributyl-
phosphine in aqueous media, the use of the resin avoided
the potential interference of the reducing agent in the conju-
gation step with the derivatized protein (BrA–protein). A
lys/N-SMP (or N-SBrA)/hapten molar ratio of 1:2:4 pro-
duced the X-Cz-S-SPC protein conjugates with 3–8 hapten
residues, although some MP and BrA residues remained.
The strategy of synthesizing disulfide symmetric dimers as
pre-haptens to further derivatize surfaces or biomolecules,
as in described herein, can be of general applicability, espe-
cially if highly functionalized small organic molecules need
to be coupled. Moreover, thiol groups can frequently be the
functionality of choice for a biosensor or in nanobiotechno-
logical applications that involve the use of silver or gold flat
or nanostrutured surfaces.


Antibodies raised against SPCmix-A-MP-HC provided the
best immunochemical detectability, which indicated the
great importance of the alkanoic moieties as antigenic deter-
minants. From this point of view, pseudo-heterologous im-
munization procedures did not enhance the avidity of the
antisera for the target analytes. In contrast, this strategy pro-
duced antibodies with a much broader recognition pattern.
Thus, although there was better recognition of short-alkyl-
chain SPCs of five and six carbon atoms, those with three
and four carbon atoms were also recognized with 30–35%
cross-reactivity. Similarly, long-alkyl-chain SPCs were recog-
nized to a significant extent (45–40%). In contrast, antibod-
ies raised against only type-A or -B haptens recognized 3-
C5- and 3-C6-SPCs almost exclusively, while other short-
alkyl-chain SPCs were only barely recognized. Although


with some limitations, pseudo-heterologous immunization
procedures may offer some advantages, thus overcoming the
synthetic difficulties derived from preparing a complex
hapten and preserving all the most important antigenic epi-
topes of a molecule. Moreover, it could be the right choice
to produce generic (class-selective) antibodies, although the
general applicability of this hypothesis should be proved
with other antibodies against different target analytes.


Finally, the excellent features of the immunochemical
method developed using As112/2-C5-OVA, with a LOD of
35 ngL�1 and an IC50 value of 181 ngL�1 for 3-C6-SPC, sug-
gest the potential applicability of these antibodies as screen-
ing tools to detect the contamination of water samples by
anionic surfactants using SPCs as indicators.


Experimental Section


Organic chemistry


Chemicals and instruments: Thin layer chromatography (TLC) was per-
formed on 0.25-mm precoated silica gel. Unless otherwise indicated pu-
rification of the reaction mixtures was accomplished by flash chromatog-
raphy using silica gel as the stationary phase. 1H and 13C NMR spectra
were recorded at 300 and 75 MHz or at 500 and 125 MHz, respectively,
using trimethylsilane (TMS) as the internal reference. IR spectra were
measured on a Bomen MB 120 FTIR spectrophotometer (Hartmann &
Braun, Qu=bec, Canada). High-resolution mass spectrometry (HRMS)
by electronic impact (EI) was performed on a Micromass Autospec spec-
trometer (Unity of Mass Spectrometry, Universidad de Santiago de Com-
postela, Spain). The chemical reagents used for the synthesis of the hapt-
ens were purchased from Aldrich Chemical Co. (Milwaukee, WI, USA).
The six short-chain SPCs used as standards were prepared as previously
described.[23]


Synthesis of haptens


General : The six short-chain SPCs were directly used as type-B haptens.
The synthesis of type-A haptens is reported herein (see Scheme 3). The
precursors 1, 2, 4, and 7 were obtained from commercial sources, whereas
3, 5, and 6 were synthesized as previously described.[23] The spectroscopic
characterization of the intermediates 1’–7’ and 1a–7a can be found in the
Supporting Information section.


Phenyl carboxylate esters (1’–7’): The phenyl carboxylic acids 1–5 were
protected as butyl esters and phenyl carboxylic acids 6 and 7 as methyl
esters. Briefly, the acid was dissolved in BuOH (10 equiv) or MeOH
(10 equiv) in a round-bottom flask and few drops of H2SO4 were subse-
quently added. The reaction mixtures were left to stir at room tempera-
ture until the total disappearance of the starting material was observed
by TLC. The reaction mixtures were treated with a solution of saturated
NaHCO3, and the products were extracted with Et2O. The organic phases
were dried over MgSO4, filtered, and evaporated to dryness. The ob-
tained products were purified by flash chromatography on silica gel elut-
ing with a hexane/Et2O gradient to obtain them in a pure form.


General procedure for the preparation of the chlorosulfonyl derivatives
(1a–7a): Chlorosulfonic acid (3 equiv) was added dropwise to a round-
bottom flask fitted with a trap containing a 1m NaOH solution and kept
under argon. The ester 1’–7’ (1 equiv) was then slowly added to change
the color of the solution from yellow to brown. The reaction mixture was
left to stir at room temperature until the total disappearance of the start-
ing material was observed by TLC. The crude product was poured onto
ice/water and a yellow precipitate formed, which was extracted with
hexane. The organic phase was washed with a saturated solution of
NaHCO3, dried over MgSO4, filtered, and evaporated to dryness. The ob-
tained yellow oil was then purified by flash chromatography on silica gel
eluting with a hexane/Et2O gradient to yield the corresponding 4-chloro-
sulfonylphenyl derivatives.
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General procedure for the synthesis of the dimers 2-C3-S-SPC, 2-C4-S-
SPC, 2-C5-S-SPC, 3-C4-S-SPC, 3-C5-S-SPC, 3-C6-S-SPC, and 5-C5-S-SPC :
Cystamine hydrochloride (0.5 equiv) was added to a solution of the cor-
responding chlorosulfonyl phenylalkanoic esters (1a–7a ; 1 equiv) in an-
hydrous CH2Cl2 (final concentration: 0.05–0.08m) in a round-bottom
flask and stirred for few minutes. Triethylamine (2.1 equiv) was added,
which initially produced an off-white suspension that rapidly became
clear. As the reaction progressed, a white precipitate corresponding to
HNEt3Cl appeared. When complete disappearance of the starting materi-
al was observed by TLC, the reaction mixture was dissolved on pouring
into water and extracted with CH2Cl2, dried over anhydrous MgSO4, fil-
tered, and evaporated to dryness. The dimers obtained were purified by
flash chromatography on silica gel eluting with a hexane/EtOAc gradient.
Subsequently, the ester compounds were hydrolyzed in MeOH with 1m


KOH at room temperature until the total disappearance of the starting
materials was observed by TLC. The MeOH was evaporated and the
crude product was washed with Et2O. The aqueous phase was acidified
with concentrated HCl to pH 5.5, and a white precipitate was formed
that was extracted with EtOAc. The organic phase was dried over
MgSO4, filtered, and evaporated to isolate the desired acids.


2,2’-Dithiobis[5-{4-(N-ethylsulfamoyl)}-2-phenyl propanoic acid] (2-C3-S-
SPC): Obtained in 40 mg, 70% yield. 1H NMR (300 MHz, CD3OD): d=


1.49 (d, J=7 Hz, 6H), 2.65 (t, J=7 Hz, 4H), 3.13 (t, J=6.5 Hz, 4H), 3.84
(q, J=7 Hz, 2H), 7.53 (d, J=8 Hz, 4H), 7.81 (d, J=8 Hz, 4H) ppm;
13C NMR (75 MHz, CD3OD): d=18.5, 38.7, 43.1, 46.5, 128.3, 129.6, 140.5,
147.7, 165.4 ppm; IR (KBr): ñ=3273 (NH and OH st), 2981–2937 (C�H
st), 1714 (C=O st), 1598 (ArC�C), 1319 (�SO2N st as), 1157 (�SO2N st
si) cm�1; HR-MS (ESI-TOF-MS): m/z calcd for C22H28N2NaO8S4 [M+


Na+]: 599.0626; found: 599.0634.


2,2’-Dithiobis[5-{4-(N-ethylsulfamoyl)}-2-phenyl butanoic acid] (2-C4-S-
SPC): Obtained in 337 mg, 62% yield. 1H NMR (300 MHz, CD3OD): d=


0.91 (t, J=7 Hz, 6H), 1.80 (ddq, J=17.5, 7.5, 7 Hz, 2H), 2.11 (ddq, J=


15, 7.5, 7 Hz, 2H), 2.65 (t, J=6 Hz, 4H), 3.14 (t, J=6.5 Hz, 4H), 3.58 (t,
J=8 Hz, 2H), 7.53 (d, J=8.5 Hz, 4H), 7.82 (d, J=8 Hz, 4H) ppm;
13C NMR (75 MHz, CD3OD): d=12.5, 27.6, 38.7, 43.1, 54.4, 128.3, 130.0,
140.6, 146.1, 176.7 ppm; IR (KBr): ñ=3272 (NH and OH st), 2968–2877
(C�H st), 1706 (C=O st), 1597 (ArC�C), 1322 (�SO2N st as), 1157
(�SO2N st si) cm�1; HR-MS (ESI-TOF-MS): m/z calcd for
C24H32N2NaO8S4 [M+Na+]: 627.0939; found: 627.0935.


2,2’-Dithiobis[5-{4-(N-ethylsulfamoyl}-]2-phenyl pentanoic acid] (2-C5-S-
SPC): Obtained as 600 mg, 68% yield. 1H NMR (300 MHz, CD3OD): d=


0.92 (t, J=7 Hz, 6H), 1.29 (ddq, J=14.5, 8.5, 8 Hz, 4H), 1.75 (ddt, J=


15.5, 7.5, 6 Hz, 2H), 2.04 (ddt, J=15.5, 7.5, 6 Hz, 2H), 2.65 (t, J=6 Hz,
4H), 3.14 (t, J=6.5 Hz, 4H), 3.68 (t, J=8 Hz, 2H), 7.53 (d, J=8.5 Hz,
4H), 7.82 (d, J=8 Hz, 4H) ppm; 13C NMR (75 MHz, CD3OD): d=14.1,
21.7, 36.6, 38.6, 43.0, 52.4, 128.2, 130.0, 140.4, 146.2, 176.7 ppm; IR (KBr):
ñ=3274 (NH and OH st), 2960–2873 (C�H st), 1708 (C=O st), 1596
(ArC�C), 1322 (�SO2N st as), 1158 (�SO2N st si) cm�1; HR-MS (ESI-
TOF-MS): m/z calcd for C26H37N2O8S4 [M+H+]: 633.1433; found:
633.1444.


2,2’-Dithiobis[5-[4-(N-ethylsulfamoyl)]-3-phenyl butanoic acid] (3-C4-S-
SPC): (680 mg, 76% yield). 1H NMR (300 MHz, CD3OD): d=1.32 (d,
J=7 Hz, 6H), 2.63 (d, J=7.5 Hz, 4H), 2.66 (t, J=6 Hz, 4H), 3.13 (t, J=


6.5 Hz, 4H), 3.31 (tq, J=7 Hz, J=7 Hz, 2H), 7.48 (d, J=8 Hz, 4H), 7.78
(d, J=8 Hz, 4H) ppm; 13C NMR (75 MHz, CD3OD): d=22.4, 37.6, 38.7,
43.0, 43.5, 128.3, 128.9, 139.7, 152.7, 175.7 ppm; IR (KBr): ñ=3276 (NH
and OH st), 2968–2873 (C�H st), 1708 (C=O st), 1603 (ArC�C), 1322
(�SO2N st as), 1157 (�SO2N st si) cm�1; HR-MS (ESI-TOF-MS): m/z
calcd for C24H32N2NaO8S4 [M+Na+]: 627.0939; found: 627.0933.


2,2’-Dithiobis[5-{4-(N-ethylsulfamoyl)}-3-phenyl pentanoic acid] (3-C5-S-
SPC): Obtained as 630 mg, 67% yield. 1H NMR (300 MHz, CD3OD): d=


0.78 (t, J=7 Hz, 6H), 1.63 (ddq, J=13.5, 7.5, 6.5 Hz, 2H), 1.77 (ddq, J=


13.5, 7.5, 6.5 Hz, 2H), 2.60 (dd, J=15.5, 9 Hz, 2H), 2.66 (t, J=6 Hz, 4H),
2.72 (dd, J=15.5, 6.5 Hz, 2H), 3.09 (tt, J=9, 6 Hz, 2H), 3.15 (t, J=


6.5 Hz, 4H), 7.44 (d, J=8.5 Hz, 4H), 7.80 (d, J=8.5 Hz, 4H) ppm;
13C NMR (75 MHz, CD3OD): d=12.2, 30.0, 38.7, 41.5, 42.9, 44.9, 128.1,
129.6, 139.5, 150.9, 175.8 ppm; IR (KBr): ñ =3525 (OH st), 3270 (NH st),
2963–2875 (C�H st), 1710 (C=O st), 1598 (ArC�C), 1324 (�SO2N st as),


1159 (�SO2N st si) cm�1; HR-MS (ESI-TOF-MS): m/z calcd for
C26H36N2NaO8S4 [M+Na+]: 655.1252; found: 655.1242.


2,2’-Dithiobis[5-{4-(N-ethylsulfamoyl)}-3-phenyl hexanoic acid] (3-C6-S-
SPC): Obtained as 64 mg, 25% yield. 1H NMR (300 MHz, CD3OD): d=


0.87 (t, J=7 Hz, 6H), 1.17 (tq, J=7, 7 Hz, 4H), 1.66 (m, 4H), 2.58 (dd,
J=16, 8.5 Hz, 2H), 2.65 (t, J=6 Hz, 4H), 2.70 (dd, J=16, 6.5 Hz, 2H),
3.14 (t, J=6.5 Hz, 4H), 3.19 (tt, J=8.5, 6 Hz, 2H), 7.44 (d, J=8.5 Hz,
4H), 7.79 (d, J=8.5 Hz, 4H) ppm; 13C NMR (75 MHz, CD3OD): d=


14.3, 21.5, 38.6, 39.3, 42.0, 43.0, 43.1, 128.2, 129.6, 139.7, 151.2, 175.7 ppm;
IR (KBr): ñ=3526 (OH st), 3271 (NH st), 2963–2873 (C�H st), 1710 (C=


O st), 1598 (ArC�C), 1324 (�SO2N st as), 1160 (�SO2N st si) cm�1; HR-
MS (ESI-TOF-MS): m/z calcd for C28H40N2NaO8S4 [M+Na+]: 683.1565;
found: 683.1585.


2,2’-Dithiobis[5-{4-(N-ethylsulfamoyl)}phenyl pentanoic acid] (5-C5-S-
SPC): Obtained as 102 mg, 37%yield. 1H NMR (300 MHz, CD3OD): d=


1.67 (m, 8H), 2.33 (t, J=7 Hz, 4H), 2.64 (t, J=7 Hz, 4H), 2.73 (t, J=


7 Hz, 2H), 3.12 (t, J=6.5 Hz, 4H), 7.40 (d, J=8.5 Hz, 4H), 7.76 (d, J=


8.5 Hz, 4H) ppm; 13C NMR (75 MHz, CD3OD): d=25.3, 31.7, 34.7, 36.3,
38.7, 43.1, 128.2, 130.3, 139.2, 149.2, 179.7 ppm; IR (methyl ester) (KBr):
ñ=3280 (-NH- st), 2948–2864 (C�H st), 1731 (C=O st), 1598 (ArC�C),
1328 (�SO2N st as), 1159 (�SO2N st si) cm�1; HR-MS (ESI-TOF-MS):
m/z calcd for C26H37N2O8S4 [M+H+]: 633.1433; found: 633.1415.


Immunochemistry


Chemicals and immunochemicals : Di ACHTUNGTRENNUNG(n-butyl)phenylphosphine polystyr-
ene resin (DBPP; with a derivatization of 0.5 mmolgresin


�1) was purchased
from NovaBiochem (LUufelfingen, Switzerland). Specific immunore-
agents (antibodies and protein and enzyme conjugates) were prepared as
described below. The SPC standards and the phenyl carboxylic acids used
in the cross-reactivity studies were synthesized as described previously.[23]


LAS standards were a gift from PETRESA (CAdiz, Spain). The heterobi-
functional cross-linkers N-succinimidyl-3-maleimidyl propanoate (N-
SMP) and N-succinimidyl bromoacetate (N-SBrA) used to prepare the
protein conjugates were synthesized following the procedures described
by Nielsen and Buchardt[48] and Bernatowicz and Matsueda,[49] respec-
tively. Short-alkyl-chain SPCs and the corresponding immunoreagents
were used as mixtures in some experiments. Thus, screening experiments
to find out the best immunoassay conditions were carried out using
SPCmix as an equimolar mixture of 2-C3-SPC, 2-C4-SPC, 2-C5-SPC, 3-C4-
SPC, 3-C5-SPC, and 3-C6-SPC. Immunization protocols were performed
with mixtures of hapten–protein conjugates. The term SPCmix-A-MP (or
-CH2)-protein designates an equimolar mixture of six immunogens pre-
pared by covalent attachment of the type-A haptens (2-C3-S-SPC, 2-C4-S-
SPC, 2-C5-S-SPC, 3-C4-S-SPC, 3-C5-S-SPC, and 3-C6-S-SPC) to the pro-
tein, through the corresponding N-SMP or N-SBrA cross linkers, respec-
tively. Similarly, the term SPCmix-B–protein defines an equimolar mixture
of six immunogens prepared by covalent attachment of type-B haptens
(2-C3-SPC, 2-C4-SPC, 2-C5-SPC, 3-C4-SPC, 3-C5-SPC, and 3-C6-SPC) to
the protein. Finally, an equimolar mixture of the twelve immunogens pre-
pared with both types of haptens have been designated as SPCmix-AB–pro-
tein. The buffers used can be found in the Supporting Information.


Preparation of the immunoreagents using type-A haptens: Haptens 2-C3-
S-SPC, 2-C4-S-SPC, 2-C5-S-SPC, 3-C4-S-SPC, 3-C5-S-SPC, and 3-C6-S-SPC
were conjugated to HC, BSA, CONA, and OVA with N-SMP or N-SBrA
through a three-step procedure (see Scheme 4). All the bioconjugates
(hapten-MP-protein or hapten-CH2-protein and MP–protein or BrA–pro-
tein) were purified by dialysis against 0.5 mm phosphate-buffered saline
(PBS; 4T5 L) and MilliQ water (1T5 L) and stored freeze dried at
�40 8C. Stock solutions of 1 mgmL�1 were prepared in PBS buffer and
stored in aliquots at �40 8C. Working aliquots were stored at 4 8C in
10 mm PBS at 1 mgmL�1.


Step 1: Reduction of the dimer to generate the thiol group : The DBPP
resin (25 mg, 12.5 mmol of reducing agent, 1.25 equiv) was added to a so-
lution of the dimers (10 mmol) in anhydrous DMF (160 mL) and kept
under argon. The reaction mixture was gently stirred at room tempera-
ture for 2 h. MilliQ water (40mL) was then added to the suspension,
which was stirred for 1 h more until complete reduction of the dimer was
observed using the Ellman test.[34] The suspension was then filtered
through a syringe provided with a filter (0.45-mm porous size). The re-
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tained resin was washed with water (2T120 mL). Finally, the collected
fractions were combined and used immediately for conjugation (step 3).


Step 2: Activation of the protein : Simultaneously to step 1, the cross-
linkers N-SMP (or N-SBrA, 20 mmol) in anhydrous DMF (100 mL) were
added dropwise to a solution of the protein (HC, BSA, OVA, or CONA;
20 mg) in PBS (1.5 mL). The reaction mixtures were stirred at room tem-
perature for 2 h and then purified by passing the solution through a Se-
phadex G-25 desalting column and eluting with PBS buffer. The fractions
containing the protein conjugate (MP–protein or BrA–protein, depend-
ing on the cross-linker used) were collected, combined, and then split in
two equal volumes. One of them was used for conjugation with the
hapten and the other one was stored separately for further inspection of
this reaction step by MALDI-TOF-MS.


Step 3: Coupling of the hapten to the protein : The solutions of the re-
duced haptens (ca. 20 mmol) obtained in step 1 were added to the derivat-
ized proteins (10 mg) prepared in step 2. The reaction mixtures were
stirred for 2 h at room temperature to obtain the corresponding hapten-
MP-protein or hapten-CH2-protein conjugates depending on the cross-
linker used.


Preparation of the immunoreagents using type-B haptens : Haptens 2-C3-
SPC, 2-C4-SPC, 2-C5-SPC, 3-C4-SPC, 3-C5-SPC, 3-C6-SPC, 5-C5-SPC, and
9-C9-SPC were coupled to OVA through the carboxylic group by using
the active ester method following a standard methodology[50] by activat-
ing the haptens (10 mmol) with N,N’-dicyclohexylcarbodiimide (DCC;
50 mmol) and N-hydroxysuccinimide ester (NHS; 25 mmol) in anhydrous
DMF (200 mL) and adding the protein (10 mg) in a borate buffer
(1.8 mL). A second batch of type-B BSA conjugates was prepared using
EDC[51] (see the Supporting Information).


Hapten density analysis : The hapten densities were calculated by
MALDI-TOF mass spectrometric analysis by determining the molecular
weight (see the Supporting Information).


Polyclonal antisera : As112, As113, and As114 (type-A antibodies) were
obtained by immunizing female white New Zealand rabbits weighting 1–
2 kg with SPCmix-A-MP-HC following an already described protocol.[52]


The preparation of As115, As 116, and As117 (type-B antibodies) using
SPCmix-B–HC (conjugated by the mixed anhydride (MA) method) has
been described previously.[23] As118, As119, and As120 (type-AB anti-
bodies) were obtained in the same way but combining type-A and -B
haptens in an equimolar mixture of the twelve immunogens (SPCmix-AB–
HC): six of type A (SPCmix-A-MP-HC) and six of type B (SPCmix-B–HC;
MA method). The evolution of the antibody titer was assessed by meas-
uring the binding of serial dilutions of the antisera to microtiter plates
coated with an equimolar mixture of the corresponding BSA conjugates
(SPCmix-A-MP-BSA and SPCmix-AB–BSA). After an acceptable antibody
titer was observed, the animals were exsanguinated and the blood was
collected on vacutainer tubes provided with a serum separation gel. Anti-
sera were obtained by centrifugation and stored at �40 8C in the pres-
ence of 0.02% NaN3.


Evaluation of the antibody features : The detectability and specificity of
the antibodies raised by homologous and heterologous immunization
procedures were assessed by determining the IC50 values, the LOD val-
ues, and the selectivities of the competitive ELISAs developed for each
antibody type.


ELISA general protocol : The plates were coated with the antigens
(100 mLwell�1 in coating buffer) overnight at 4 8C and covered with adhe-
sive plate sealers. The next day, the plates were washed four times with
phosphate-buffered saline containing Tween-20 (PBST; 300 mLwell�1),
and solutions of the analyte (50 mLwell�1 in PBST; only PBST for zero
analyte) and the antisera (50 mLwell�1 in PBST) were added and incubat-
ed for 30 min at room temperature. The plates were washed as before,
and a solution of antiIgG–HRP (1:6000 in PBST) was added to the wells
(100 mLwell�1) and incubated for a further 30 min at room temperature.
The plates were washed again, and the substrate solution was added
(100 mLwell�1). Color development was stopped after 30 min at room
temperature with 4n H2SO4 (50 mLwell�1), and the absorbances were
read at 450 nm. The standard curve obtained was fitted to a four-parame-
ter logistic equation according to the following formula: Y=


ACHTUNGTRENNUNG{(A�B)/1� ACHTUNGTRENNUNG(x/C)D}+B, where A is the maximal absorbance, B is the min-


imum absorbance, C is the concentration producing 50% of the maximal
absorbance, and D is the slope at the inflection point of the sigmoid
curve.


Optimized indirect ELISAs : Microtiter plate assays were established for
each type of antibody using the best As/coating antigen (CA) combina-
tions. Thus, for the antibodies raised against SPCmix-A-MP-HC, As112
(1:500) was used on plates coated with 2-C5-OVA (0.02 mgmL�1). For the
case of the antibodies prepared using SPCmix-B–HC, As115 (1:2000) was
used in combination with 2-C5-S-OVA (1.25 mgmL�1). Finally, for the an-
tibodies raised using the whole mixture SPCmix-AB–HC, the As119
(1:4000) combined with 2-C3–BSA (0.31 mgmL�1) gave the best results.
The microplates were processed as described in the general protocol. For
the combination As112/2-C5-OVA, PBST used at the competitive step
contained 1% BSA. The SPCmix was used as the standard analyte. In
some experiments performed using ELISA with As112/2-C5-OVA, only
3-C6-SPC was used as the standard analyte.


Specificity studies : Stock solutions of each SPC and several structurally
related compounds were prepared in H2O or dimethyl sulfoxide
(DMSO)/MeOH (6 mm) and stored at 4 8C. Standard curves were pre-
pared in PBST by serial dilution (30 mm–64 pm). Each IC50 value was de-
termined in the competitive experiments following the optimized proto-
col. The cross-reactivity values were calculated according to the equation
[IC50ACHTUNGTRENNUNG(SPC)/IC50(cross-reactant)]T100.
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Introduction


Over the past few decades, rare-earth complexes have re-
ceived much interest as initiators for the living polymeri-
zation of polar monomers and many efficient systems have
been unveiled. Group 3 organometallic compounds have
been successfully applied to the anionic polymerization of
alkyl acrylates.[1–4] The ligand array has been shown to sig-
nificantly influence not only the structure of the initiator,
but also its activity, efficiency, and selectivity in the polymer-
ization process, as well as polymer features such as the
molar mass, the molar mass distribution, the microstructure,
and the stereoregularity.[5–7]


The most significant breakthrough has been achieved by
Yasuda who successfully polymerized methyl methacrylate


Abstract: Polymerization of methyl
methacrylate (MMA) initiated by the
rare-earth borohydride complexes [Ln-
ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] (Ln=Nd, Sm) or [Sm-
ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)] (Cp*=h-C5Me5)
proceeds at ambient temperature to
give rather syndiotactic poly(methyl
methacrylate) (PMMA) with molar
masses M̄n higher than expected and
quite broad molar mass distributions,
which is consistent with a poor initia-
tion efficiency. The polymerization of
MMA was investigated by performing
density functional theory (DFT) calcu-
lations on an h-C5H5 model metallo-
cene and showed that in the reaction
of [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] with MMA the
borate [Eu(Cp)2 ACHTUNGTRENNUNG{(OBH3)ACHTUNGTRENNUNG(OMe)C=


C(Me)2}] (e-2) complex, which forms
via the enolate [Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C=


C(Me)2}] (e), is calculated to be exer-


gonic and is the most likely of all of
the possible products. This product is
favored because the reaction that leads
to the formation of carboxylate
[Eu(Cp)2ACHTUNGTRENNUNG{OOC�C(Me)ACHTUNGTRENNUNG(=CH2)}] (f) is
thermodynamically favorable, but ki-
netically disfavored, and both of the
potential products from a Markovnikov
[Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C�CH(Me)-
ACHTUNGTRENNUNG(CH2BH3)}] (g) or anti-Markovnikov
[Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C�C ACHTUNGTRENNUNG(Me2) ACHTUNGTRENNUNG(BH3)}]
(h) hydroboration reaction are also ki-
netically inaccessible. Similar computa-
tional results were obtained for the re-
action of [Eu ACHTUNGTRENNUNG(BH4)3] and MMA with


all of the products showing extra stabi-
lization. The DFT calculations per-
formed by using [Eu(Cp)2(H)] to
model the mechanism previously re-
ported for the polymerization of MMA
initiated by [Sm ACHTUNGTRENNUNG(Cp*)2(H)]2 confirmed
the favorable exergonic formation of
the intermediate [Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C=


C(Me)2}] (e’’) as the kinetic product,
this enolate species ultimately leads to
the formation of PMMA as experimen-
tally observed. Replacing H by BH4


thus prevents the 1,4-addition of the
[Eu ACHTUNGTRENNUNG(BH4)(Cp)2] borohydride ligand to
the first incoming MMA molecule and
instead favors the formation of the
borate complex e-2. This intermediate
is the somewhat active species in the
polymerization of MMA initiated by
the borohydride precursors [LnACHTUNGTRENNUNG(BH4)3-
ACHTUNGTRENNUNG(thf)3] or [Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)].


Keywords: boron · density func-
tional calculations · lanthanides ·
methyl methacrylate · polymeri-
zation
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(MMA) by using bis(pentamethylcyclopentadienyl)lantha-
nide hydride or the methyl complexes [Ln ACHTUNGTRENNUNG(Cp*)2(R)] (Cp*=


C5Me5; Ln=Sm, Yb, Y, Lu; R=H, Me).[2,8–12] Highly syn-
diotactic (>95% rr) polymers with high molar masses (M̄n


�106) and extremely narrow molar mass distributions (M̄w/
M̄n=1.02–1.05) have been obtained with a quantitative con-
version (>99%) in a short time. To date, fulfillment of the
requirements for the living polymerization of MMA to give
syndio-rich polymers remains unmatched.


The isospecific (94% mm) polymerization of MMA was
accomplished by Marks and co-workers by using the chiral
lanthanide metallocene amido complex [La ACHTUNGTRENNUNG{Me2Si ACHTUNGTRENNUNG(C5Me4)-
ACHTUNGTRENNUNG(C5H3-(1S),(2S),(5R)-neomenthyl)} ACHTUNGTRENNUNG(NSiMe3)2].


[2,13] Following
this pioneering work, Yasuda and co-workers prepared the
most iso-rich (97% mm) PMMA from the homoleptic alkyl
lanthanide complex [Yb{C ACHTUNGTRENNUNG(SiMe3)}2].


[14] Other bis-initiators
evaluated by Knjazhanski and co-workers, such as the diva-
lent lanthanidocenes [Yb ACHTUNGTRENNUNG(SiMe3L)2 (thf)] (L= indenyl, fluo-
renyl), have also afforded iso-rich PMMA.[15,16]


As shown by Novak and Bochmann and their co-workers,
bimetallic complexes, such as the bis-allyl [{SmACHTUNGTRENNUNG(Cp*)2(m-h


3-
CH2CHCH-)}2],


[17] [(SmACHTUNGTRENNUNG{C3H3 ACHTUNGTRENNUNG(SiMe3)2}3ACHTUNGTRENNUNG{m-KACHTUNGTRENNUNG(thf)2})2],
[18] or


the bis-amido [{Sm ACHTUNGTRENNUNG(Cp*)2}2 ACHTUNGTRENNUNG(m-N2Ph2)],
[19,20] act as bifunction-


al initiators for the polymerization of MMA. Chain-transfer
polymerization of MMA mediated by [Sm ACHTUNGTRENNUNG(Cp*)2(Me) ACHTUNGTRENNUNG(thf)]
and organic acids, such as thiols (most effective) or ketones
has been achieved, which resulted in thienyl- and ketone-
capped PMMA.[21] Other complexes, which include allyl,[22]


alkyl,[23–25] lanthanocene, silylene-bridged azaallyl,[26] inden-
yl,[27] amido,[24,28–31] thiolato,[32] halogeno,[33–35] or diva-
lent[31,36,37] derivatives, have been reported as efficient initia-
tors for MMA polymerization. Noteworthy is the bimetallic
bis ACHTUNGTRENNUNG(enolato)samarium ACHTUNGTRENNUNG(III) initiator, generated in situ from
the coupling of a radical anion species formed by one-elec-
tron transfer from a samarocene catalyst, such as [Sm ACHTUNGTRENNUNG(Cp*)2-
ACHTUNGTRENNUNG(thf)2], to a MMA molecule, which then opened up a route
to linked-functionalized polymers.[15,17,19, 20,37] Finally, dia-
mide–diamine, guanidinate, and alkoxide monoborohydride
complexes have recently been reported to initiate the poly-
merization of MMA with rather syndio-stereospecificity.[38–40]


Results reported with Group 3 borohydride complexes
remain rather limited. By using the tetradentate dianionic
ligand (2-C5H4N)-CH2N(CH2CH2NSiMe3)2 (N2NNSiMe3),
Mountford and co-workers showed in preliminary studies
that the monoborohydride complex [(N2NNSiMe3)Sm ACHTUNGTRENNUNG(BH4)]2
afforded PMMA in 50% yield with a slight syndiotactic ten-
dency (�52% rr; 15% mm; 33% mr), M̄n,exptl�2.3M̄n,calcd,
and M̄w/M̄n�1.23.[38] More recently, Yuan et al. reported the
monoguanidinate bis-borohydride complex [LnACHTUNGTRENNUNG(BH4)2-
ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NCy)2}ACHTUNGTRENNUNG(thf)2] (Ln=Yb, Er) had a moderately
high catalytic activity to give PMMAs in a yield of �39%
with M̄n,exptl�2.1M̄n,calcd and M̄w/M̄n�2.4 (the tacticity was
not reported).[39] Temperatures higher than ambient temper-
ature were shown to have a negative influence on M̄n. The
presence of the borohydride was claimed to be crucial for
polymerization to proceed because the homoleptic guanidi-
nate analogues failed to polymerize MMA under similar ex-


perimental conditions. These authors also found the inor-
ganic borohydride complex [Ln ACHTUNGTRENNUNG(ArO) ACHTUNGTRENNUNG(BH4)2 ACHTUNGTRENNUNG(thf)2] (Ar=


C6H2-tBu3-2,4,6; Ln=Yb, Er) was moderately active to give
polymers in a yield of �37% with M̄n,exptl�7.8Mn,calcd and
rather syndiotactic polymers (�60% rr; 6% mm; 34% mr,
irrespective of the reaction temperature; M̄w/M̄n was not re-
ported). The optimum temperature for initiator activity was
around 0 8C.[40] None of these borohydride initiators exhibit-
ed behavior approaching that of a controlled polymerization
process, nor did they match the performances of Yasuda and
co-workersO [Ln ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(H/Me)] initiators.[8–12]


To better understand the variety of results reported in the
literature and to gain further information on reaction mech-
anisms, studies are nowadays often complemented by theo-
retical approaches. Indeed, such computational investiga-
tions are an invaluable tool in the elucidation of reaction
mechanisms that involve a metal center;[41] this is particular-
ly true for transition-metal-mediated reactions.[42, 43] Within
the last decade, the theoretical treatment of the reactivity of
rare-earth-containing molecules has become possible so that
reactions that involve Group 3 compounds have been suc-
cessfully explored.[44,45] Theoretical contributions have al-
lowed us to rationalize the reactivity of organolanthanide
complexes and to propose original reaction mechanisms,
such as the involvement of a carbene in the C�F activation
of fluoromethane.[44] However, to the best of our knowledge,
the role of the borohydride ligand in polymerization reac-
tions has never been considered from a theoretical point of
view.


Following our continued interest in the use of rare-earth
borohydride complexes as initiators for the polymerization
of polar monomers,[46–50] we have investigated acrylate mon-
omers. Herein, we report the results of a combined experi-
mental/synthetic and DFT-based theoretical/mechanistic
study of the polymerization of acrylates initiated by the
rare-earth borohydride complexes [Nd/SmACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] (1/
2), [Sm ACHTUNGTRENNUNG(BH4)ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)] (3), and YasudaOs [Sm(Cp)2(H)] by
using MMA as a model monomer.


Experimental Section


Materials : All manipulations of the rare-earth complexes were performed
under an inert atmosphere (argon, <3 ppm O2) by using standard
Schlenk, vacuum line, and glove box techniques. Solvents were thorough-
ly dried and deoxygenated by standard methods and distilled before use.
CDCl3 was dried over a mixture of 3 and 4 P molecular sieves. Methyl
methacrylate (MMA, 99%, Aldrich) was dried and stored over CaH2 and
distilled before use. Verification of MMA purity was performed by poly-
merizing e-caprolactone (CL) in the presence of an equimolar amount of
MMA. The reaction was run over 4 h at ambient temperature in CH2Cl2
with [Nd ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(thf)3]0=12 mmolL�1, [CL]0=1.29 molL�1, [MMA]0=


1.33 molL�1, and [CL]0/3[Nd ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3]0=34. [NdACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] (1) and
[Sm ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(thf)3] (2), were synthesized from NdCl3 or SmCl3 (Aldrich)
following the literature procedure and characterized accordingly.[51,52]


[Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2 ACHTUNGTRENNUNG(thf)] (3) was synthesized from [Sm ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(thf)3] as pre-
viously described.[48]


Instrumentation and measurements : 1H (400 MHz) NMR spectra were
recorded in CDCl3 by using a Bruker Avance DPX 400 spectrometer at
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23 8C. The residual solvent resonance was used as the internal reference
measured relative to tetramethylsilane (d=0 ppm).


Average molar mass (M̄n) and molar mass distribution (M̄w/M̄n) values
were determined by size exclusion chromatography (SEC) in THF at
20 8C (flow rate=1 mLmin�1) by using a Varian apparatus equipped with
a refractive index detector and three TSK HXL columns G2000, 3000,
and 4000. The polymer samples were dissolved in THF (2 mgmL�1). The
elution curves were calibrated with PMMA standards. Monomer conver-
sions of MMA were calculated by gravimetry.


Typical MMA polymerization : The solvent (2.5 mL) and MMA (1.5 mL,
14 mmol) were successively added to the initiator [Sm ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3]
(24 mg, 58 mmol) at the desired temperature. After the appropriate reac-
tion time, a solution of acetic acid in toluene (0.1 mL, 1.45 mol, 14.5R
103 molL�1) was added to quench the reaction and the resulting mixture
was dried. The crude polymer was then dissolved in CH2Cl2, precipitated
in cold methanol, filtered, and dried. The resulting polymer was then an-
alyzed by NMR spectroscopy and SEC.


Computational details : All of the calculations were performed by using
the Gaussian 03[53] suite of programs. For technical reasons associated
with the impossibility of employing effective core potentials (ECPs) with
an odd number of core electrons with Gaussian 03, the samarium atom,
used experimentally, was replaced by a europium atom. Such an ex-
change was made previously because the calculated energy data were
found to depend very little on the choice of lanthanide center.[54] Note
that there were no problems with the Gaussian 98 software package. The
europium atom was treated with a Stuttgart–Dresden pseudopotential,
which includes the 4f core electrons, in combination with their adapted
basis set.[54,55] In all cases the basis set was augmented by a set of f polari-
zation functions.[56] Carbon, oxygen, and hydrogen atoms were described
with a 6-31G ACHTUNGTRENNUNG(d,p) double-z basis set.[57] Calculations were carried out at
the density functional theory (DFT) level of theory by using the hybrid
functional B3PW91.[58,59] Geometry optimizations were carried out with-
out any symmetry restrictions and the nature of the extrema (minima)
was verified through analytical frequency calculations. The free energies
were computed at T=298.15 K within the harmonic approximation.


Results and Discussion


Polymerization of MMA initiated by [Nd/SmACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(thf)3]
(1/2) and [Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2 ACHTUNGTRENNUNG(thf)] (3)—experimental results :
The polymerization of MMA using [Nd/SmACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] (1/


2) and [Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)] (3) initiators was carried out in
different solvents (THF, CH2Cl2, toluene) over 0.5–24 h at
room temperature (Table 1). Performing the reaction at a
lower temperature (�10 8C; runs 4 and 10) did not improve
the activity, which suggests that thermally activated chain-
termination steps are not responsible for the observed low
yields and the increase in the molar masses.[13] Rather syn-
diotactic (�55% rr; 23% mm; 22% mr) PMMAs were ob-
tained in low yields (�34%) with M̄n molar masses much
higher than expected (M̄n,exptl�21.0M̄n,calcd) and quite
narrow-to-broad molar mass distributions (M̄w/M̄n=1.2–2.7).
Use of an organometallic complex rather than an inorganic
one such as [Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)], which is known to im-
prove control compared with [Sm ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] during the
polymerization of CL thanks to its ancillary “noninnocent”
ligands,[46] did not improve the overall control of the poly-
merization (runs 11–14). Polymer tacticity was also not im-
proved by using an initiator with Cp* ancillary ligands. All
of these results indicate that the polymerization of MMA
using these borohydride initiators is not a quantitative pro-
cess.


Note that the absence of impurity in MMA, which could
have caused the decomposition of the borohydride initiator,
has been verified by the successful polymerization of CL in
the presence of an equimolar amount of MMA with [Nd-
ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3]. This attempted copolymerization of CL and
MMA only resulted in the formation of a polyester with the
expected features (M̄n=5800, M̄w/M̄n=1.1);[48,50] no polyes-
ter/polyacrylate copolymer was formed. These results also
revealed that polyester/polyacrylate copolymers could not
be prepared from the sequential copolymerization of lactone
and acrylate by using these borohydride initiators. Such co-
polymers have, however, been successfully synthesized from
a combined ring-opening polymerization/atom-transfer radi-
cal polymerization approach by using bromo-functionalized
poly(e-caprolactone) (PCL) as macroinitiators for MMA
polymerization.[60] This approach allowed the preparation of


Table 1. Polymerization of MMA initiated by [NdACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] (1), [Sm ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(thf)3] (2), or [Sm ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(Cp
*)2ACHTUNGTRENNUNG(thf)] (3).


Run Initiator ACHTUNGTRENNUNG[BH4]0
[a]


[mmolL�1]
ACHTUNGTRENNUNG[MMA]0
[mmolL�1]


ACHTUNGTRENNUNG[MMA]0/ ACHTUNGTRENNUNG[BH4]0 Solvent Temp.
[8C]


Time
[h]


Monomer
conv.[b] [%]


M̄n,calcd
[c]


[gmol�1]
M̄n,SEC


[d]


[gmol�1]
M̄w/
M̄n


[e]
Tacticity,[f]


rr-mm-mr
[%]


1 1 12.5 2450 65 THF 25 4 12 780 11000 1.6 57-16-27
2 1 17.8 7000 130 THF 25 4 22 2900 17450 2.7 51-20-29
3 1 12.0 2800 77 CH2Cl2 25 24 10 770 23000 1.7 52-23-25
4 1 12 2800 77 CH2Cl2 �10 4 35 2700 21700 2.7 55-21-24
5 1 15.2 1300 29 toluene 25 24 7 200 11800 1.4 52-24-24
6 1 5.5 1900 113 toluene 25 4 6 680 31500 2.6 50-25-25
7 2 14.5 3500 80 THF 25 24 10 800 22500 2.2 56-24-20
8 2 14.5 3500 80 CH2Cl2 25 24 11 900 15700 2.2 51-27-22
9 2 6.1 2300 125 toluene 25 24 7 880 30000 2.0 53-25-22
10 2 8.1 1600 67 toluene �10 17 33 2210 32000 2.5 55-22-23
11 3 10.0 3500 320 THF 25 20 100 32000 357500 2.2 58-22-20
12 3 14.0 3500 250 CH2Cl2 25 4 30 7500 5000 1.2 67-18-15
13 3 13.7 3500 254 CH2Cl2 25 24 92 23400 230000 2.4 63-23-14
14 3 15.0 3500 233 toluene 25 2 95 22140 378000 2.4 54-25-21


[a] [BH4]0=3[NdACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3]0=3[1]0, [BH4]0=3[Sm ACHTUNGTRENNUNG(BH4)3 ACHTUNGTRENNUNG(thf)3]0=3[2]0, or [BH4]0= [Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2 ACHTUNGTRENNUNG(thf)]0=3[3]0. [b] Monomer conversion determined
by 1H NMR spectroscopy analysis. [c] Calculated from [MMA]0/ ACHTUNGTRENNUNG[BH4]0R100Rmonomer conversion. [d] Determined by SEC. [e] Molar mass distribution
calculated from SEC chromatogram traces. [f] Determined by 1H NMR analysis.


Chem. Eur. J. 2008, 14, 1881 – 1890 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1883


FULL PAPERPolymerization of Methyl Methacrylate



www.chemeurj.org





triblock PMMA-b-PCL-b-PMMA copolymers, in addition to
diblocks, inaccessible from the copolymerization of MMA
and CL with [Sm ACHTUNGTRENNUNG(Cp*)2(Me) ACHTUNGTRENNUNG(thf)] as the initiator, which
only gave the PCL-b-PMMA diblocks.[61]


All of the experimental data are thus consistent with poor
MMA initiation efficiency of the rare-earth borohydride ini-
tiators [Nd/Sm ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] and [Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)] (1, 2,
and 3). This overall behavior is similar, in terms of yield,
tacticity, M̄n, and M̄w/M̄n, to that of other MMA polymeri-
zation reactions carried out by using borohydride rare-earth
initiators.[38,40] It is also interesting to note that sodium boro-
hydride is an effective polymerization inhibitor during mo-
nomer storage by reducing peroxide and hydroperoxide im-
purities.[62] The exceptional performances of the hydride
complex [Sm ACHTUNGTRENNUNG(Cp*)2(H)]2


[2,8–12] required further explanation
for which we have relied on computational mechanistic in-
vestigations. These were instigated by the mechanism re-
ported by Yasuda that suggests that the polymerization of
MMA by [Sm ACHTUNGTRENNUNG(Cp*)2(H)]2 is initiated by the 1,4-addition of
the hydride to the first incoming MMA molecule followed
by the 1,4-addition of the resulting samarium enolate to an-
other molecule of MMA.[2,8–12]


Polymerization of MMA initiated by [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] and
[Eu ACHTUNGTRENNUNG(BH4)3]—computational insights into the reaction mech-
anism : From a theoretical point of view, very little informa-
tion is available from the literature on acrylate polymeri-
zation reactions with either lanthanide or Group 3 elements.
Recently, Ziegler and co-workers reported the results of
density functional theory (DFT) studies on the group-trans-
fer polymerization of acrylates catalyzed by mononuclear
early f-block metallocenes, in particular, emphasizing the
mechanism of termination and transfer reactions without
providing insights into the polymerization mechanism.[63,64]


In this work, the influence and the role of the borohydride
ligand in the polymerization of MMA was studied by inves-
tigating the reactivity of the model complex [EuACHTUNGTRENNUNG(BH4)(Cp)2]
(Cp=h5 C5H5). For practical computational reasons and for
the sake of simplicity, the samarium atom in the complexes
[Sm ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] (2) and [Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2 ACHTUNGTRENNUNG(thf)] (3) used ex-
perimentally was substituted by europium and the monobor-
ohydride organometallic derivative [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] was
chosen over the permethylated analogue. Indeed, it has
been shown that the results (the geometry and energetics of
the reactions) depend very little on the choice of lantha-
nide.[65] In addition, from a theoretical point of view, the ab-
sence of coordinated THF does not affect the reactivity; this
has been verified in the case of Cp-type complexes. For the
sake of clarity and the possibility of comparing the results, a
similar assumption, maybe more approximate, has been
made for the tris-borohydride complexes.


The coordination of the borohydride to the lanthanide
center in [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] was determined by geometry opti-
mization and was found to be of the h3 (trihapto) type with
the three hydrogen atoms of the borohydride ligand inter-
acting with the europium atom (Figure 1). The calculated
bond distances for Eu�B (2.62 P) and Eu�h3H (2.33, 2.45,


and 2.46 P) fall within the range of those obtained from X-
ray structural analyses of the neutral Sm�h3BH4 complexes
(2.58–2.62 and 2.28–2.51 P, respectively).[66] This is in agree-
ment with reports that BH4 ligands in [Ln ACHTUNGTRENNUNG(BH4)(Cp)2ACHTUNGTRENNUNG(thf)]
are bidentate in the lutetium and ytterbium analogues, but
tridentate in the larger samarium derivatives, which reflects
the contraction of the ionic radius.[67] Although the hydrogen
atoms could not be located in the X-ray structure of [Sm-
ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)] (3), tridentate complexation was expect-
ed.[68,69] Such coordination of the borohydride ligand is thus
very different to the “classical” one found for the hydride so
that one may expect a different reactivity, or at least a dis-
crete mechanism, for the reaction of borohydride precursors
with MMA.


The strength of the europium–borohydride interaction
was determined relative to that of the hydride interaction by
calculating the free energy of the reaction [Eu-
ACHTUNGTRENNUNG(BH4)(Cp)2]![Eu(Cp)2(H)]+BH3]. This reaction is ender-
gonic by 43.10 kcalmol�1 so that formation of the hydride
from the borohydride complex is not likely. This is, in fact,
not related to the strength of the Eu�BH4 bond, but rather
to the instability of free BH3. Comparison of the Eu� (X)
calculated heterolytic bond dissociation energy (BDE) of
[Eu ACHTUNGTRENNUNG(BH4)(Cp)2] (139.00 kcalmol�1) with that of
[Eu(Cp)2(H)] (196.58 kcalmol�1) and [Eu ACHTUNGTRENNUNG(CH3)(Cp)2]
(185.70 kcalmol�1) illustrates that the Eu�BH4 bond is even
weaker than the Eu�CH3 bond. Thus, the 1,4-addition of the
borohydride of [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] to the first molecule of
MMA (as observed in YasudaOs mechanism with [Sm-
ACHTUNGTRENNUNG(Cp*)2(H)]2), which results in the elimination of BH3 along
with the formation of [Eu(Cp)2(H)] (in the case of Yasuda,
an enolate is formed), is unlikely to occur mainly because of
the low stability of free BH3. Yet hydrogen transfer from
the borohydride to MMA should be preferred, and thus,
lead to the formation of an enolate compound. Therefore,
all of the reactions involving B�H activation have been con-
sidered in the calculations, namely, enolate formation, car-
boxylate formation, and hydroboration of the double bond.
Both the first 1:1 adduct of [Eu ACHTUNGTRENNUNG(BH4)(Cp)2]/MMA and the
first MMA insertion product (the rate-determining step of
the polymerization reaction) have been studied by DFT cal-
culations.


Addition of MMA to [EuACHTUNGTRENNUNG(BH4)(Cp)2] initially results in
the coordination of MMA to the metal center to form the
solvated complex [EuACHTUNGTRENNUNG(BH4)(Cp)2 ACHTUNGTRENNUNG(MMA)] for which differ-


Figure 1. Optimized geometries for [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] and [Eu(Cp)2(H)].
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ent minima were found on the potential energy surface
(PES). The lowest of these minima always involve the coor-
dination of MMA through the oxygen of the carbonyl group
because these oxygen lone pairs are more accessible for co-
ordination than, for instance, the C=C double bond. In the
case of carbonyl oxygen coordination, the four minima iden-
tified correspond either to a lateral or to a geminal orienta-
tion of the MMA molecule relative to [Eu ACHTUNGTRENNUNG(BH4)(Cp)2], as il-
lustrated in Figure 2. Calculations on the coordination of the
first MMA molecule to [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] revealed that all
carbonyl-bonded adducts are exergonic, and adducts a and c
are the most stable (by 3.87 and 4.11 kcalmol�1, respective-
ly).[70] The main difference between a and c is that either the
CH2 (a) or the OMe (c) group is pointing towards the hy-
dride, and thus, different reactivities can be predicted for
the two adducts.


We then analyzed the thermodynamics of the reactions
and considered the kinetics by calculating the activation bar-
rier of the transition state (TS) when appropriate. A sche-
matic of the thermodynamic results for the reactions of [Eu-
ACHTUNGTRENNUNG(BH4)(Cp)2] with MMA is given in Figures 3 and 4. The
enolate [Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C=


C(Me)2}] (e) formation reac-
tion, which occurs by BH3 elim-
ination, is calculated to be en-
dergonic by 11.98 kcalmol�1 so
this reaction is thermodynami-
cally forbidden (for this reason,
the TS has not been optimized),
possibly because of the low sta-
bility of the free BH3, as high-
lighted above. The instability of
the uncomplexed BH3 is further
evidenced when considering the
possible coordination of the
BH3 formed to the enolate in-
termediate (e). Two minima, e-
1 and e-2, are found on the
PES (Figure 4). In the first min-
imum, the BH3 molecule adds
to the Cp ring to give an eno-
late [Eu(Cp) ACHTUNGTRENNUNG(CpBH3){O-
ACHTUNGTRENNUNG(OMe)C=C(Me)2}] (e-1) that is
more stable than e, yet its for-
mation is still endergonic by
8.14 kcalmol�1. The second
minimum, in which BH3 adds to
the oxo group [Eu(Cp)2-
ACHTUNGTRENNUNG{(OBH3) ACHTUNGTRENNUNG(OMe)C=C(Me)2}] (e-
2), is thus better described as a
complex with a borate ligand
that interacts with the lantha-
nide center rather than as an
enolate complex. Direct forma-
tion of e-2 by hydrogen transfer
from BH4


� to =CH2 (Figure 3i)
first requires the formation of


enolate e and then both the rotation of the enolate and BH3


addition to be kinetically accessible. Complex e-2 is much
more stable than the other two enolates (e and e-1) and the
formation reaction is exergonic by 8.12 kcalmol�1. There-
fore, as this reaction is thermodynamically favored, a small
amount of e-2 might be obtained via intermediate e, even
though the formation of e is endergonic. We previously en-


Figure 2. Possible MMA adducts with the [Eu(Cp)2(X)] (X=BH4, H)
and [Eu ACHTUNGTRENNUNG(BH4)3] complexes.


Figure 3. Schematic of the thermodynamic results for the reactions of [EuACHTUNGTRENNUNG(BH4)(Cp)2] with MMA.
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countered a similar situation for the formation of benzyne
from [Ce ACHTUNGTRENNUNG(Cp2) ACHTUNGTRENNUNG(C6F5)]; this involves an endergonic step
before the exergonic Ce�F formation.[45] Thus, borate com-
plex e-2 might then initiate the polymerization of MMA,
yet, according to YasudaOs mechanism, the subsequent
MMA insertion should lead to an enolate complex that re-
quires cleavage of the borate–lanthanide interaction, but
which should not, in principle, imply formation of unstable
free BH3. Therefore, even if the polymerization of MMA
takes place to some extent through active species e-2, the
formation of e-2 from [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] and MMA is certain-
ly not quantitative and results in a poorly controlled poly-
merization process, as observed experimentally. Note, al-
though rare-earth alkoxides, such as [Sm ACHTUNGTRENNUNG(C5Me5)2ACHTUNGTRENNUNG(OEt)-
ACHTUNGTRENNUNG(Et2O)],[71] [Sm ACHTUNGTRENNUNG(C5Me5)2ACHTUNGTRENNUNG(OBu) ACHTUNGTRENNUNG(thf)],[71] or [La ACHTUNGTRENNUNG(OiPr)3],


[72] do
not initiate the polymerization of MMA, rare-earth enolate
complexes, which are often generated in situ by addition of
MMA, have been reported to be efficient initiators for the
polymerization of MMA.[13,17,19,28, 73,74]


The formation of the carboxylate [Eu(Cp)2ACHTUNGTRENNUNG{OOC�C(Me)-
ACHTUNGTRENNUNG(=CH2)}] (Figure 3i) is found to be thermodynamically favor-
able, but kinetically disfavored, with respect to enolate for-
mation (Figure 4). This reaction is highly exergonic
(45.00 kcalmol�1), which clearly demonstrates that the lan-
thanide–carboxylate interaction is stronger than the lantha-
nide–borohydride interaction (Figure 4). Indeed, even
though the strong lanthanide–borohydride interaction is
hard to break, it has to be broken and is definitely disrupted
in this process, the driving force of the reaction is the forma-
tion of f along with the liberation of BH3·CH4. As the reac-
tion is thermodynamically favorable, the corresponding tran-
sition state TS-f is located on the PES (Figure 4). This TS
appears to arise from a nucleophilic substitution (SN) reac-
tion in which the CH3 group migrates from O� to BH4


�. The
activation barrier is calculated to be quite high (+33.74 kcal
mol�1) so the reaction is kinetically difficult and unlikely to
occur. Thus, MMA polymerization is unlikely to be initiated


by carboxylate intermediate f.
MMA polymerization initiated
by a rare-earth carboxylate
complex has, to the best of our
knowledge, never been report-
ed. [Sm ACHTUNGTRENNUNG(C5Me5)2 ACHTUNGTRENNUNG(OCOCH3)]
has been declared to be incapa-
ble of initiating the polymeri-
zation of MMA.[71]


The hydroboration of the
double bond may lead to two
species: Either the Markovni-
kov [Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C�
CH(Me) ACHTUNGTRENNUNG(CH2BH3)}] (g) or the
anti-Markovnikov [Eu(Cp)2{O-
ACHTUNGTRENNUNG(OMe)C�C ACHTUNGTRENNUNG(Me2) ACHTUNGTRENNUNG(BH3)}] (h)
product (Figure 3). Both reac-
tions are calculated to be exer-
gonic by 18.20 and 21.28 kcal
mol�1, respectively (Figure 4),


which may simply be explained by the formation of a
borane strongly interacting with the lanthanide center. From
a kinetic point of view, despite our efforts, it has not been
possible to locate any transition states. Indeed, because the
borohydride in the TS no longer has to interact with the lan-
thanide center, the TS should be quite high in energy. Nei-
ther of the hydroboration products (g, h) may initiate the
polymerization of MMA because the boranes exhibit an ali-
phatic carbon chain rather than a classical unsaturated one.
This would indeed make subsequent MMA insertion as dif-
ficult as the initial one; the borane–lanthanide interaction
would need to be broken to form the enolate, which would
result in the liberation of free BH3.


As the experimental work also concerned the tris-borohy-
dride [Ln ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] complexes, the geometries of the
most stable species found with [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] were opti-
mized by using [Eu ACHTUNGTRENNUNG(BH4)3] as a model. An overall behavior
similar to that described for the organometallic derivative is
observed, and the geometries of the complexes are very sim-
ilar and all of the thermodynamic values are exergonically
shifted towards greater stability (Figure 5).[70] Enolate e’ is
thermodynamically unfavorable (+10.33 kcalmol�1) whereas
the formation of borate e’-2 is exergonic (�14.45 kcalmol�1).
The extra stabilization of enolates e’ and e’-2 compared


with the [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] case was calculated to be 1.65 and
6.33 kcalmol�1, respectively. In the same way, the formation
of carboxylate f’ is calculated to be exergonic by 55.72 kcal
mol�1 (extra stabilization of 10.72 kcalmol�1) and the forma-
tion of hydroboration products g’ and h’ is also exergonic by
28.32 and 28.37 kcalmol�1, respectively (extra stabilization
of 10.12 and 7.09 kcalmol�1, respectively). The overall ener-
getic situation for the tris-borohydride complex is thus simi-
lar to that of the monoborohydride organometallic deriva-
tive, but all of the reactions investigated appear to be easier
with the [EuACHTUNGTRENNUNG(BH4)3] complex. In fact, [Eu ACHTUNGTRENNUNG(BH4)3] exhibits a
stronger Eu–BH4 interaction than [Eu(Cp)2 (BH4)], as de-
termined by the Eu�BH4 BDE value, which is higher in


Figure 4. Calculated free-energy profile for the reaction of MMAwith [EuACHTUNGTRENNUNG(BH4)(Cp)2].
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[Eu ACHTUNGTRENNUNG(BH4)3] (174 kcalmol�1) than in [EuACHTUNGTRENNUNG(BH4)(Cp)2]
(139 kcalmol�1). This is in agreement with the fact that a
Cp� ligand is more electron-donating than a BH4


� one and
thus the Eu�BH4 interaction is stronger in [EuACHTUNGTRENNUNG(BH4)3] than
in [Eu ACHTUNGTRENNUNG(BH4)(Cp)2]; the lanthanide center is less acidic in the
latter case and leads to a weaker electrostatic interaction
with the borohydride. Moreover, the steric hindrance
around the lanthanide center is smaller within the [Eu-
ACHTUNGTRENNUNG(BH4)2] fragment than within the [Eu(Cp)2] one. Thus, the
borohydride ligand may interact over a longer distance in
the latter organometallic fragment than in the former one,
thereby reducing the strength of the electrostatic interac-
tion. Thus, all reactions that involve the formation of an
electrostatic interaction between MMA and the metal
center, such as in enolate e-2, carboxylate f, or hydrobora-
tion products g and h, will be thermodynamically more fa-
vorable for the tris-borohydride complex than for the organ-
ometallic one. These findings reveal that the ancillary li-
gands, which often play a significant role in improving the
control of polymerization reactions,[5–7,47] may have opposite
(negative) inputs into the thermodynamics and kinetics of
the real active species.


Thus, These DFT investigations reveal that the reaction of
[Eu ACHTUNGTRENNUNG(BH4)(Cp)2] or [Eu ACHTUNGTRENNUNG(BH4)3] with one MMA molecule
probably leads to enolate e-2 or e’-2 via intermediate e or
e’, the other potential products are very unlikely because of
either an endergonic pathway in the case of enolate e-1 or
e’-1, or a TS too high in energy in the case of the hydrobora-
tion (g, h, g’, and h’) and the carboxylate (f and f’) products.
Therefore, even if the polymerization of MMA takes place
to some extent through the active species e-2 or e’-2 (species
f, g, h, f’, g’, and h’ being extremely unlikely to initiate the
polymerization), the formation of e-2 or e’-2 from [Eu-
ACHTUNGTRENNUNG(BH4)(Cp)2] or [Eu ACHTUNGTRENNUNG(BH4)3] and MMA is certainly not quan-
titative and results in a poorly controlled polymerization
process. This is in agreement with experimental observations


because, in addition to being
uncontrolled, hardly any poly-
merization occurred with the
borohydride complexes [Ln-
ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] (Ln=Nd, Sm) or
[Sm ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)]. These
findings suggest that, upon fur-
ther comparison with the or-
ganometallic initiating com-
plexes used by Mountford and
Yuan, the ligands surrounding
the metal play a significant role
in improving (to some extent)
the control of the polymeri-
zation.[38,39,40] A good compro-
mise between the steric, elec-
tronic, kinetic, and thermody-
namic contributions of the li-
gands still remains to be
reached for a Group 3 initiator
to be efficient in MMA poly-
merization.


Polymerization of MMA initiated by [Sm(Cp)2(H)]2—com-
putational insights into Yasuda?s reaction mechanism : To
gain further insights into why the borohydride complexes
are far from being as efficient in the polymerization of
MMA as YasudaOs hydride or alkyl initiators [Sm(Cp)2 ACHTUNGTRENNUNG(H/
CH3)]2, we investigated the mechanism proposed by Yasuda
by DFT by using [Eu(Cp)2(H)] as a model to obtain infor-
mation on the importance and on the different mode of
action of the borohydride ligand. Indeed, even though the
original complex is dimeric, the active species is known to
be the monomeric lanthanide hydride complex.[2,8–12] Yasuda
suggested that in the initiation step, the hydride should
attack the CH2 group of MMA to generate a transient [Sm-
ACHTUNGTRENNUNG(Cp*)2{OC ACHTUNGTRENNUNG(OMe)=C(Me)2}] species and then the second in-
coming MMA molecule should participate in a 1,4-addition
to afford an eight-membered ring enolate intermediate. This
key intermediate, which is the active species in the syndio-
specific polymerization of MMA, has been isolated from the
1:2 reaction of [{Sm ACHTUNGTRENNUNG(Cp*)2(H)}2] with MMA and further
characterized by its X-Ray structure.[2,8–12]


Coordination of the first MMA molecule to [Eu(Cp)2(H)]
to form [Eu(Cp)2(H) ACHTUNGTRENNUNG(MMA)] gives, similarly to the borohy-
dride case, four minima that all exhibit carbonyl oxygen co-
ordination to the metal (Figure 2). These adducts are similar
in energy, but adducts a’’ and c’’ are the most stable (c’’ is
slightly more stable than a’’) and almost degenerate (exer-
gonic by 5.81 and 5.90 kcalmol�1, respectively; Figure 6).[70]


As isomerization between a’’ and c’’ is not so trivial, reaction
pathways starting from both of these adducts have been in-
vestigated.


The thermodynamic results for the reactions of
[Eu(Cp)2(H)] with MMA are shown in Figure 6. Two differ-
ent pathways that lead either to enolate e’’ or carboxylate f’’
have been determined. The formation of the enolate


Figure 5. Calculated free-energy profile for the reaction of MMAwith [EuACHTUNGTRENNUNG(BH4)3].
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[Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C=C(Me)2}] (e’’) according to YasudaOs
mechanism is calculated to be exergonic by 31.11 kcalmol�1


and involves first the formation of adduct a’’ which is also
exergonic by 5.81 kcalmol�1. The 1,4-addition of the Eu�H
functionality to MMA then takes place through a TS dis-
playing, as expected, a low activation barrier (�2.13 kcal
mol�1). Such behavior has already been observed in the case
of the 1,3-butadiene insertion into [Nd(Cp)2(H)] by Perrin
et al.[75] Thus, the reaction that leads to the formation of
enolate e’’ is calculated to be both kinetically and thermody-
namically accessible. This is an important difference be-
tween the borohydride [EuACHTUNGTRENNUNG(BH4)(Cp)2] and the analogous
hydride [Eu(Cp)2(H)] initiators as in the former case the
formation of enolate e is thermodynamically disfavored.
With the borohydride complex, the final product issued
from the reaction of [Eu ACHTUNGTRENNUNG(BH4)(Cp)2] with MMA is the
borate derivative [Eu(Cp)2ACHTUNGTRENNUNG{(OBH3) ACHTUNGTRENNUNG(OMe)C=C(Me)2}] (e-2)
and not the enolate [Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C=C(Me)2}] (e). This
result is quite interesting because, as mentioned before, the
Eu�H bond is calculated to be stronger than the Eu�BH4


one. Thus, even though the bond is slightly weaker in the
borohydride case, the formation of enolate e is controlled
by the liberation of BH3, which prevents the formation of
the enolate, thereby favoring borate derivative e-2.


The reaction of [Eu(Cp)2(H)] with MMA that leads to the
formation of the carboxylate [Eu(Cp)2ACHTUNGTRENNUNG{OOC�C(Me)ACHTUNGTRENNUNG(=
CH2)}] (f’’) complex along with methane elimination pro-
ceeds first through the formation of adduct c’’ (Figure 6).
This reaction is calculated, as in the case of [Eu ACHTUNGTRENNUNG(BH4)(Cp)2],
to be very exergonic (�79.09 kcalmol�1) and is thus thermo-
dynamically favored. However, the reaction occurs through
quite a high-energy TS of SN type with an activation barrier
of +18.53 kcalmol�1. This high value is simply explained by
the formation of a planar CH3 group in the TS such that the
reaction takes place by nucleophilic substitution. Thus, even


though this reaction is clearly
thermodynamically favored, the
formation of carboxylate f’’ is
kinetically so difficult that in-
stead the formation of enolate
e’’ is much more likely. These
computational results are in
agreement with both YasudaOs
experimental observations and
his reported mechanism for the
polymerization of MMA with
[Sm ACHTUNGTRENNUNG(Cp*)2(H)]2 as the initia-
tor,[2,8–12] and further reveals
that the formation of enolate
[Eu(Cp)2{O ACHTUNGTRENNUNG(OMe)C=C(Me)2}]
(e’’) is under kinetic control.
Calculations on subsequent
MMA addition also show that
the first MMA addition, which
leads to the formation of eno-
late e’’, is in fact the determin-
ing step in the polymerization


of MMA with [Eu(Cp)2(H)] as the initiator.
Replacing H by BH4 in [Eu(Cp)2(X)] (X=BH4, H) thus


seems to prevent the 1,4-addition of the borohydride to the
first incoming MMA molecule, but favors the formation of
the borate complex [Eu(Cp)2 ACHTUNGTRENNUNG{(OBH3)ACHTUNGTRENNUNG(OMe)C=C(Me)2}] (e-
2). The enolate [Eu(Cp)2{OACHTUNGTRENNUNG(OMe)C=C(Me)2}] (e’’) formed
from YasudaOs hydride complex is more likely to induce the
polymerization of MMA than the borate e-2, as has indeed
been observed experimentally.


Conclusion


Through this study we have explored the polymerization of
MMA initiated by [Ln ACHTUNGTRENNUNG(BH4)3ACHTUNGTRENNUNG(thf)3] (Ln=Nd, Sm) or [Sm-
ACHTUNGTRENNUNG(BH4) ACHTUNGTRENNUNG(Cp*)2ACHTUNGTRENNUNG(thf)] and correlated the experimental results to
the mechanism investigated by DFT based on the borohy-
dride and hydride precursors [Eu ACHTUNGTRENNUNG(BH4)3], [Eu ACHTUNGTRENNUNG(BH4)(Cp)2],
and [Eu(Cp)2(H)]. From our calculations, the active species
formed upon reaction of the metallic precursor with the first
MMA molecule, in the case of the borohydride complexes
[Eu ACHTUNGTRENNUNG(BH4)3] and [Eu ACHTUNGTRENNUNG(BH4)(Cp)2], is a borate formed via an
enolate. Yet the energy barrier involved in this process
might limit its formation, and thus, lead to uncontrolled
polymerization, as observed experimentally. The effect of
the ancillary rare-earth ligands, evaluated by comparing
[Eu ACHTUNGTRENNUNG(BH4)(Cp)2] with [Eu ACHTUNGTRENNUNG(BH4)3], revealed that the two Cp
ligands increased the energy values and thus decreased the
stability of all the products considered. Enolate formation is,
however, more energetically favored in the reaction of
[Eu(Cp)2(H)] with MMA, and therefore, allows subsequent
polymerization of MMA in a well-controlled manner, as al-
ready reported experimentally by Yasuda for [{Sm-
ACHTUNGTRENNUNG(Cp*)2(H)}2].


Figure 6. Calculated free-energy profile for the reaction of MMAwith [Eu(Cp)2(H)].
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This study has also shown that computational chemistry
has an increasing role to play in chemistry and especially in
the elucidation of reaction mechanisms, which enables one
to obtain valuable information otherwise inaccessible and to
perform chemistry with a different approach. This first pio-
neering DFT study on a polymerization mechanism involv-
ing borohydride complexes as precursors to initiators has
played a significant role in elucidating the reaction mecha-
nism and has allowed the experimental results to be ration-
alized. Other behavior of borohydride derivatives in poly-
merization mechanisms is currently under investigation.
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Introduction


The continuous advances and discoveries in organometallic
chemistry are often determined by the synthesis of new
types of ligand systems that have been designed to influence
the metallic environment and to induce changes in their
properties and reactivity. A memorable breakthrough in co-
ordination chemistry occurred in 1966 when Trofimenko in-
troduced the poly(pyrazolyl)borate (Tp) systems, or scorpio-
nates,[1] which have generated wide interest in interdiscipli-
nary fields for a long time.[2] These anionic systems are char-
acterized by their relatively hard nitrogen s-donor atoms
and they exhibit a rich coordination chemistry with virtually
all of the metallic centers of the Periodic Table.[3] Addition-
ally, they are extremely versatile as they can adopt both k3-
and k2-coordination modes around the metals,[4] which
allows new patterns of reactivity compared with soft p sys-


Abstract: Although the pentacoordi-
nated complex [Ir ACHTUNGTRENNUNG{(allyl)B-
ACHTUNGTRENNUNG(CH2PPh2)(pz)2}ACHTUNGTRENNUNG(cod)] (1; pz=pyrazol-
yl, cod=1,5-cyclooctadiene), isolated
from the reaction of [{Ir ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(cod)}2]
with [Li ACHTUNGTRENNUNG(tmen)][B ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(CH2PPh2)-
(pz)2] (tmen=N,N,N’,N’-tetramethyl-
ACHTUNGTRENNUNGethane-1,2-diamine), shows behavior
similar to that of the related hydrido-
tris(pyrazolyl)borate complex, the car-
bonyl derivatives behave in a quite dif-
ferent way. On carbonylation of 1, the
metal�metal-bonded complex [(Ir-
ACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}CO)2 ACHTUNGTRENNUNG(m-CO)]
(2) that results has a single ketonic car-
bonyl bridge. This bridging carbonyl is
labile such that upon treatment of 2
with PMe3 the pentacoordinated IrI


complex [Ir(CO){(pz)B(h2-CH2CH=


CH2)ACHTUNGTRENNUNG(CH2PPh2)(pz)} ACHTUNGTRENNUNG(PMe3)] (3) was
isolated. Complex 3 shows a unique fac


coordination of the hybrid ligand with
the allyl group h2-bonded to the metal
in the equatorial plane of a distorted
trigonal bipyramid with one pyrazolate
group remaining uncoordinated. This
unusual feature can be rationalized on
the basis of the electron-rich nature of
the metal center. The related complex
[Ir(CO){(pz)B(h2-CH2CH=CH2)-
ACHTUNGTRENNUNG(CH2PPh2)(pz)} ACHTUNGTRENNUNG(PPh3)] (4) was found
to exist in solution as a temperature-
dependent equilibrium between the cis-
pentacoordinated and trans square
planar isomers with respect to the
phosphorus donor atoms. Protonation
of 3 with different acids is selective at


the iridium center and gives the cation-
ic hydrides [Ir ACHTUNGTRENNUNG{(allyl)B-
ACHTUNGTRENNUNG(CH2PPh2)(pz)2}(CO)H ACHTUNGTRENNUNG(PMe3)]X (X=


BF4 (5), MeCO2 (6), and Cl (7)). Com-
plex 7 further reacts with HCl to gen-
erate the unexpected product
[Ir(CO)Cl ACHTUNGTRENNUNG{(Hpz)B ACHTUNGTRENNUNG(CH2PPh2)(pz)-
ACHTUNGTRENNUNGCH2CH(Me)} ACHTUNGTRENNUNG(PMe3)]Cl (9 ; Hpz=pro-
tonated pyrazolyl group) formed by
the insertion of the hydride into the
Ir�ACHTUNGTRENNUNG(h2-allyl) bond. In contrast, protona-
tion of complex 4 with HCl stops at the
hydrido complex [Ir ACHTUNGTRENNUNG{(allyl)B-
ACHTUNGTRENNUNG(CH2PPh2)(pz)2}(CO)H ACHTUNGTRENNUNG(PPh3)]Cl (8).
X-ray diffraction studies carried out on
complexes 2, 3, and 9 show the versatil-
ity of the hybrid scorpionate ligand in
its coordination.Keywords: iridium · N,P ligands ·


protonation · scorpionate ligands ·
tripodal ligands
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tems, such as cyclopentadienyl (Cp) ligands. Furthermore,
the differences in the electronic nature of the two ligand sys-
tems (Cp versus Tp) are largely responsible for the differen-
ces in the properties and reactivities observed for analogous
complexes.[5]


Related anionic borate ligands with soft phosphorus s-
donor/p-acceptor atoms, such as [PhB ACHTUNGTRENNUNG(CH2PR2)3]


� (BP3),
have more recently seen their genesis, with new systems
being created that have already provided interesting activa-
tion processes and different structural situations.[6] A logical
consequence of the important catalytic and stoichiometric
reactions generated by Tp, and to a lesser extent by BP3 sys-
tems, is the development of the so-called “heteroscorpio-
nate” ligands. However, there are only a few examples, and
these are not recent, of boron-based hybrid pyrazolate li-
gands that contain two pyrazolyl groups and one dimethyla-
mino,[7] arylthio,[8] or alkoxy arm.[9] With the aim of bringing
together hard (N) and soft (P) donor atoms in pyrazolylbo-
rate systems, we recently reported the synthesis of the novel
hybrid pyrazolate/phosphane anionic ligand [(allyl)B-
ACHTUNGTRENNUNG(CH2PPh2)(pz)2]


� (BPN2) (a). This modified scorpionate
ligand also bears an allyl group directly connected to boron,
which has allowed it to be covalently linked to carbosilane
dendrimers.[10] We have already anticipated that such a
system could lead to new reactivity patterns and open up
new possibilities for scorpionate ligands.[11]


In this paper we report the results of a study of a series of
iridium complexes produced with this ligand system, paying


special attention to the possibil-
ities of coordination through
the four arms, and their reac-
tions with protic acids, which
reflect the versatility of this
hybrid scorpionate when at-
tached to an iridium center.


Results and Discussion


Access to the diolefin complex [IrACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}-
ACHTUNGTRENNUNG(cod)] (1; pz=pyrazolyl, cod=1,5-cyclooctadiene) was
easily achieved by treating the lithium salt [LiACHTUNGTRENNUNG(tmen)]-
ACHTUNGTRENNUNG[(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2] (tmen=N,N,N’,N’-tetramethyl-
ethane-1,2-diamine) with the chlorido-bridged complex [{Ir-
ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(cod)}2] in toluene. After removal of LiCl, complex 1
was isolated as a white solid in good yield. Complex 1 is
mononuclear and most probably pentacoordinated with a
structure similar to that of the analogous rhodium complex
[Rh ACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}ACHTUNGTRENNUNG(cod)].


[10] In solution, both com-
plexes are fluxional and have a single signal for the olefinic
carbon atoms and protons of the cod ligand and the equiva-
lence of the pyrazolyl rings in the 13C{1H} and 1H NMR
spectra at room temperature.[10] Although the pyrazolyl
rings and the cod carbon atoms are nonequivalent in the
solid-state structure of the rhodium complex, the equivalen-
ces found in solution can be easily explained on the basis of


the lack of stereochemical ri-
gidity associated with penta-
coordination or the known
turnover mechanism.


In this way, the rhodium and
iridium diolefin complexes with
the hybrid scorpionate ligand
behave in a similar way to the
hydridotris(pyrazolyl)borate complexes of iridium.[12]


Carbonyl and carbonyl-phosphane complexes : Carbonyla-
tion of the complex [Ir ACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}ACHTUNGTRENNUNG(cod)] (1)
under atmospheric pressure in dichloromethane gave a
bright yellow solution from which compound 2 was isolated
in excellent yield as a crystalline yellow solid. Replacing cy-
clooctadiene in the starting material with carbon monoxide
results in a dinuclear iridium complex bridged by a single
carbonyl ligand characterized as [(Ir ACHTUNGTRENNUNG{(allyl)B-
ACHTUNGTRENNUNG(CH2PPh2)(pz)2}CO)2ACHTUNGTRENNUNG(m-CO)] (2, Scheme 1). The dinuclear


nature of 2 was confirmed by X-ray structure determination
(Figure 1) and it is best described as consisting of two mono-
nuclear fragments [Ir ACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}(CO)] in


Scheme 1. Formation of complexes 2 and 3.


Figure 1. ORTEP view of molecule 2.
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which the tripod ligand coordinates the iridium atoms in a
k3 facial fashion, joined together through a bridging carbon-
yl ligand and a metal�metal bond (see Table 1 for selected


bonds and angles). Each iridium center adopts a distorted
octahedral geometry with the phosphorus atom trans to the
metal�metal bond and the perpendicular plane formed by
the nitrogen atoms of two pyrazolyl rings and the bridging
and terminal carbonyl ligands. The Ir�Ir separation
(2.7473(5) T) is consistent with an Ir�Ir single bond, and it
is comparable to those found in related carbonyl-bridged di-
nuclear iridium systems, such as [{Ir(CO)Cp*}2ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG(m-
H)]OTf (2.831 T)[13] and [CH2{Ir(CO) ACHTUNGTRENNUNG(h5-C5H4)}2ACHTUNGTRENNUNG(m-CO)]
(2.664 T).[14] If one takes into account the metal�metal
bond, the bridging carbonyl should then be considered as di-
valent, that is, ketonic, to justify the oxidation state of the
metal, IrII, and the diamagnetism of the compound. Indeed,
the C47�O3 distance, the IR ñ(CO) band at 1715 cm�1, and
the chemical shift of the carbon atom (d=218.3 ppm) are
typical of a C=O double bond.


Solution NMR spectroscopy data for 2 are consistent with
the solid-state structure. The 31P{1H} NMR spectrum consists
of one singlet because both iridium fragments [Ir ACHTUNGTRENNUNG{(allyl)B-
ACHTUNGTRENNUNG(CH2PPh2)(pz)2}(CO)] are in similar environments. The pyr-
azolyl protons are nonequivalent, which gives six signals in
the 1H NMR spectrum, the CH2P protons are diastereotopic,
and the allyl group attached to the boron atom gives charac-
teristic resonances at d=6.20, 5.23, and 2.11 ppm. Further-
more, the dinuclear nature of 2 in solution was confirmed by
the peak of the molecular ion at m/z 1239 in the FAB+


mass spectrum and the medium intensity ñ(CO) band of the
ketonic carbonyl at 1715 cm�1 as well as by the strong ab-
sorption at 1999 cm�1 of the terminal carbonyl in the IR
spectrum.


The yellow color of the solution of 2 disappeared on reac-
tion with trimethylphosphane (2 molequiv) in diethyl ether


and gave a white suspension of [Ir(CO){(pz)B(h2-CH2CH=


CH2)ACHTUNGTRENNUNG(CH2PPh2)(pz)} ACHTUNGTRENNUNG(PMe3)] (3) in good yield (Scheme 1).
This complex is very reactive, solutions of 3 in acetone and
in chlorinated solvents decompose within minutes to give
mixtures of phosphorus-containing products, as indicated by
NMR spectroscopy experiments carried out in situ. Complex
3 proved to be sparingly soluble in aromatic solvents, such
as benzene or toluene, which allowed its full characteriza-
tion in solution.


The absence of signals expected at low field from the
allyl-pendant group on the boron is the most striking feature
of the 1H NMR spectrum of 3. Instead, two signals were ob-
served at d=2.88 and 2.22 ppm that could be attributed to
the olefinic protons of the allyl group h2-coordinated to the
metal. This shift to high field agrees well with data reported
for other h2-allyl-coordinated iridium complexes such as
[IrCl ACHTUNGTRENNUNG(dppm) ACHTUNGTRENNUNG{h2 :h2-ACHTUNGTRENNUNG(allyl)2C ACHTUNGTRENNUNG(CO2Me)2}]


[15] (dppm=bis(diphe-
nylphospino)methane) and [IrACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG{h2:h2-ACHTUNGTRENNUNG(allyl)2NHC}]BF4


((allyl)2NHC=1,3-bis(2-propenyl)benzimidazol-2-ylidene).[16]


The h2 coordination of the allyl group was fully confirmed
by an X-ray diffraction study carried out on a colorless mon-
ocrystal of 3. Figure 2 shows a view of this molecule and se-
lected bond lengths and angles are given in Table 2.


Pentacoordinated complex 3 is characterized by a unique
kN,kP,h2-(allyl) fac coordination of the hybrid scorpionate
ligand to the iridium(I) center and an uncoordinated pyra-
zolyl group. The molecule adopts a distorted trigonal bipyra-


Table 1. Selected bond lengths [T] and angles [o] for 2.


Ir(1)�P(1) 2.335(2) Ir(2)�P(2) 2.345(2)
Ir(1)�N(1) 2.107(7) Ir(2)�N(5) 2.148(7)
Ir(1)�N(3) 2.220(7) Ir(2)�N(7) 2.119(7)
Ir(1)�C(23) 1.855(10) Ir(2)�C(46) 1.816(11)
Ir(1)�C(47) 2.023(9) Ir(2)�C(47) 2.027(9)
Ir(1)�Ir(2) 2.7473(5) C(47)�O(3) 1.216(10)
C(23)-Ir(1)-C(47) 95.8(4) C(46)-Ir(2)-C(47) 97.5(4)
C(23)-Ir(1)-N(1) 175.3(3) C(46)-Ir(2)-N(7) 176.8(4)
C(47)-Ir(1)-N(1) 85.5(3) C(47)-Ir(2)-N(7) 85.7(3)
C(23)-Ir(1)-N(3) 92.3(3) C(46)-Ir(2)-N(5) 90.2(4)
C(47)-Ir(1)-N(3) 157.4(3) C(47)-Ir(2)-N(5) 151.3(3)
N(1)-Ir(1)-N(3) 85.7(3) N(7)-Ir(2)-N(5) 86.9(3)
C(23)-Ir(1)-P(1) 95.8(3) C(46)-Ir(2)-P(2) 95.8(3)
C(47)-Ir(1)-P(1) 116.5(3) C(47)-Ir(2)-P(2) 118.2(3)
N(1)-Ir(1)-P(1) 88.3(2) N(7)-Ir(2)-P(2) 82.75(19)
N(3)-Ir(1)-P(1) 83.42(19) N(5)-Ir(2)-P(2) 88.2(2)
C(23)-Ir(1)-Ir(2) 79.2(3) C(46)-Ir(2)-Ir(1) 83.5(3)
C(47)-Ir(1)-Ir(2) 47.3(3) C(47)-Ir(2)-Ir(1) 47.2(2)
N(1)-Ir(1)-Ir(2) 97.68(19) N(7)-Ir(2)-Ir(1) 98.65(19)
N(3)-Ir(1)-Ir(2) 114.36(18) N(5)-Ir(2)-Ir(1) 106.98(19)
P(1)-Ir(1)-Ir(2) 161.53(6) P(2)-Ir(2)-Ir(1) 164.81(6)


Figure 2. ORTEP view of molecule 3.


Table 2. Selected bond lengths [T] and angles [o] for 3.[a]


Ir�P(1) 2.3464(11) Ir�P(2) 2.2782(11)
Ir�N(1) 2.121(4) Ir�C(26) 1.874(5)
Ir�C(8) 2.227(4) Ir�C(9) 2.168(5)
C(8)�C(9) 1.435(6) C(7)�C(8) 1.517(5)
C(26)-Ir-N(1) 89.11(17) C(26)-Ir-Du 140.0(2)
N(1)-Ir-Du 85.6(2) C(26)-Ir-P(2) 86.93(14)
N(1)-Ir-P(2) 172.08(10) Du-Ir-P(2) 93.0(1)
Du-Ir-P(1) 104.9(1) C(26)-Ir-P(1) 114.80(14)
N(1)-Ir-P(1) 90.19(10) P(2)-Ir-P(1) 97.70(4)


[a] Du is the midpoint between C(8) and C(9).


Chem. Eur. J. 2008, 14, 1897 – 1905 L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1899


FULL PAPERHybrid Scorpionate/Phosphane Ligands



www.chemeurj.org





midal geometry in which the axial positions are occupied by
the phosphorus atom of the trimethylphosphane and the ni-
trogen atom of the sole coordinated pyrazolyl ring. The
equatorial positions are occupied by the carbonyl, the h2-C=


C bond of the allyl group, and the phosphorus atom of the
phosphane arm of the tripodal ligand, the C=C bond is in
the equatorial plane. All three equatorial angles are differ-
ent from each other and from 120o, the C(26)-Ir-Du angle,
in which Du corresponds to the midpoint of the olefinic
bond, is the largest (140.0(2)o). The h2 coordination of the
allyl group is characterized by Ir�C(8) and Ir�C(9) bond
lengths of 2.227(4) and 2.168(5) T, respectively, which are
similar to the distances found in other h2-olefin iridium com-
plexes, such as [IrH ACHTUNGTRENNUNG(CH=CH2) ACHTUNGTRENNUNG(C2H4)Tpm’]PF6 (Tpm’=
tris(3,5-dimethylpyrazolyl)methane) (Ir�C, 2.171(10) and
2.142(11) T)[17] or [IrCl ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(LFe)] ACHTUNGTRENNUNG[PF6] (LFe= [Fe ACHTUNGTRENNUNG(h5-
C5H5){h


6-1,1-di(2-propenyl)-3-butenyl}benzene] (Ir�C,
2.191(6)–2.319(6) T).[18] Interestingly, complex 2 is chiral at
both the iridium and boron atoms and its synthesis is diaste-
reoselective. Thus, the absolute configuration of the isolated
compound was found to be TBPY-5–13A (TBPY= trigonal
bipyramid) at the iridium center and R at the boron atom
(AR) and its enantiomer was found to have a CS configura-
tion. The other possible diastereotopic pair AS/CR was not
detected. In fact, molecular models indicate that the latter
pair cannot exist because the chirality at the boron atom de-
termines that at the iridium atom and vice versa.


The structure of 3 in solution deduced from the spectro-
scopic data corresponds to that observed in the solid state.
The methylene protons from both the coordinated allyl
group and the phosphane arm are diastereotopic in the
1H NMR spectrum, in accordance with the lack of symmetry
elements in the complex. Clearly, the two pyrazolyl rings are
nonequivalent. The cis disposition of the two phosphane
groups is also in accordance with the coupling constant (2J-
ACHTUNGTRENNUNG(P,P)=12 Hz) observed in the 31P{1H} NMR spectrum of 3.
More interesting still is the large shift to higher field ob-
served for the �CH=CH2 resonances in the 13C{1H} NMR
spectrum, which indicates the p coordination of the allyl
moiety. In particular, these resonances are observed to be
much shielded at d=45.7 and 34.3 ppm in 3, whereas they
appear at d=140.1 and 114.5 ppm in 1 in which the allyl
group remains uncoordinated. Finally, the terminal carbonyl,
observed at d=189.1 ppm in the 13C{1H} NMR spectrum,
gives a sole intense band at ñ=1925 cm�1 in the IR spec-
trum, which, in principle, suggests a highly basic iridium
center.


The structure of this molecule deserves two further gener-
al comments. First, the possible, but not expected, coordina-
tion of the allyl group of the modified and hybrid scorpio-
nate ligand reveals that it has four donor arms with which to
coordinate metals, although only three of them can be used
for this purpose in a mononuclear complex. Three of the
arms possess a donor group that is markedly different in
nature and properties to the others, which offers the metals
the possibility of choosing coordination sites from a set of
donors. This is exemplified with 3, in which the metal pre-


fers to bind to these three different arms rather than to an-
other donor set that includes both pyrazolyl groups, as
occurs in a typical poly(pyrazolyl)borate. Moreover, it can
be anticipated that the origin of this choice resides in the
bonding properties. Inspection of the structure reveals that
the p-acceptor ligands, the carbonyl, phosphane, and the C=


C bond in the plane occupy the equatorial positions, that is,
those sites and dispositions for which back-donation from
the metal is strongest. As 3 is coordinatively saturated and
the metal is in a relatively low oxidation state, it can be ex-
pected that it is an electron-rich center. Therefore, the pref-
erence of the metal for h2-(CH2=CH) coordination to the
allyl and the phosphane rather than the hard nitrogen atom
has a dual purpose: The metal not only avoids an increase
in the electron density given by the s-donor, but releases it
to the p orbitals of the C=C bond by back-donation.


The related triphenylphosphane complex [Ir(CO)-
{(pz)B(h2-CH2CH=CH2) ACHTUNGTRENNUNG(CH2PPh2)(pz)}ACHTUNGTRENNUNG(PPh3)] (4), isolated
as a white solid from the reaction of 2 with PPh3 (2 mol
equiv), exists in solution as a mixture of two isomers in a
chemical equilibrium (Scheme 2). This equilibrium is slow


enough on the NMR timescale to detect both species. At
room temperature, the allyl group gives broad resonances in
the 1H NMR spectrum at d=5.60, 4.60, and 2.13 ppm and
very broad signals are also observed in the 31P NMR spec-
trum. As the temperature is lowered, both species can be
clearly detected by 31P NMR spectroscopy. Thus, at �10 8C
the pentacoordinated isomer with a cis configuration of the
two phosphanes is characterized by a coupling constant of
2J ACHTUNGTRENNUNG(P,P)=37 Hz and a ñ(CO) band at a very low frequency
(1905 cm�1) in the IR spectrum, whereas the square planar
complex displays two trans phosphane ligands (2J ACHTUNGTRENNUNG(P,P)=


308 Hz) and ñ(CO) at 2001 cm�1. Furthermore, the relative
proportion of the pentacoordinated isomer increases on low-
ering the temperature and the signals of the allyl-coordinat-
ed group begin to appear at a higher field in the 1H NMR
spectrum. Finally, the pentacoordinated species is the main
isomer observed at �90 8C in solution (see the Supporting
Information).


The interconversion between the penta- and tetracoordi-
nated isomers that gives rise to this equilibrium relies on the
decoordination of the allyl group from the metal, which
leads to a severely distorted tetrahedral intermediate that
rapidly rearranges to the square planar configuration char-


Scheme 2. Equilibrium of complex 4 in solution.
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acterized by the trans phosphanes. Analysis of the variable-
temperature 31P NMR spectroscopy data gives values of
DH=15.0 kJmol�1 and DS=56.6 JK�1mol�1, which show
that the dissociation of the allyl group is endothermic and a
low-energy process. In addition, it leads to a more disor-
dered system, as indicated by the positive value of the entro-
py exchange. It must be added that the square planar isomer
should be more reactive than the pentacoordinated one as it
is an unsaturated 16e� complex.


Protonation reactions at the iridium center of 3 : As expect-
ed, complex 3 reacts readily with strong and weak acids to
undergo selective protonation at the iridium rather than at
the nitrogen atom from the pendant pyrazolyl. These reac-
tions confirm the high basicity of the metal in 3, which re-
sembles the related iridium complex [Ir(CO)2 ACHTUNGTRENNUNG(Tp’)] (Tp’ =


HBpz*3= tris(3,5-dimethylpyrazolido-N)hydridoborato).[19]


In this way, the reactions of 3 with equimolar amounts of
tetrafluoroboric acid, acetic acid, and dry HCl cleanly af-
forded the corresponding cationic hydride iridiumACHTUNGTRENNUNG(III) com-
plexes [IrACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}(CO)H ACHTUNGTRENNUNG(PMe3)]X (X=BF4


(5), CH3COO (6), and Cl (7)), which were isolated as white
microcrystalline solids in good yields (Scheme 3). On proto-


nation of the metal, the allyl group becomes uncoordinated
and the phosphane ligands adopt a trans disposition (2J-
ACHTUNGTRENNUNG(P,P)=307 Hz). The new hydride ligand is cis to the phos-
phane ligands, as revealed by the doublet of doublets in the
1H NMR spectra of complexes 5 to 7 at around �15.2 ppm
as a result of coupling with the two phosphorus nuclei (2J-
ACHTUNGTRENNUNG(H,P)�16 Hz). Moreover, both pyrazolyl rings become co-
ordinated to the metal. The pyrazolyl protons are observed
as six different resonances in
the 1H NMR spectra, which in-
dicates the nonequivalence of
these groups in the complexes,
and the methylenic CH2P pro-
tons are diastereotopic owing to
the lack of symmetry elements
in the molecule. Additionally,
complexes 5 and 6 with BF4


�


and acetate counterions behave
as 1:1 electrolytes in acetone
and exhibit an intense terminal
carbonyl band in the IR spectra


at around 2055 cm�1, which is in accordance with an IrIII


system, and a weak one at around 2180 cm�1 assigned to the
Ir�H bond. Therefore, the spectroscopic data unambiguous-
ly indicate that 5 and 6 are octahedral in solution with the
tripod ligand coordinating to the iridium atom in a k3 fash-
ion, the phosphanes are mutually trans, and the hydride
adopts a cis disposition relative to the terminal carbonyl and
the two phosphane groups (Scheme 3).


The 1H and 31PACHTUNGTRENNUNG{1H } NMR spectra of solutions of 7 are in
accordance with the octahedral hydrido iridium complex
shown in Scheme 3. However, the signals of a minor species
with cis phosphane ligands (d=�13.9, �44.3 ppm; 2JACHTUNGTRENNUNG(P,P)=


22 Hz) were also detected. The phosphorus chemical shifts
and coupling constant for this minor species without a hydri-
do ligand are similar to those of 3. Moreover, the relative
proportion of this minor species increases on cooling the
sample to �90 8C and at this point an NH signal can be ob-
served at d=14.8 ppm in the 1H NMR spectrum. Therefore,
the minor species contains a protonated pyrazolyl arm. Fur-
thermore, the IR spectrum of 7 in the solid state shows two
ñ(CO) bands at 2052(w) and 1925(s) cm�1, which indicates
the presence of two compounds, namely, the octahedral
hydridoiridiumACHTUNGTRENNUNG(III) complex and a pentacoordinated iridi-
um(I) complex. Finally, the molar conductivity values for 7
in acetone lie between those of a nonelectrolyte and a 1:1
electrolyte.


All of these data point to a nonelectrolyte, pentacoordi-
nated IrI complex, such as 7’ in Scheme 4, as the minor spe-
cies in equilibrium with 7 in solution. This equilibrium is
slow on the NMR timescale so that both species are ob-
served. A strong H···Cl ionic interaction would be responsi-
ble for the behavior of 7’ as a nonelectrolyte (see below),
and therefore, the values found for the molar conductivity
of the equilibrium mixture are lower than expected for a 1:1
electrolyte. Indeed, there is no evidence for such equilibria
for 5 and 6, which can be attributed to the stabilization of
the protonated pyrazolyl complex by association with the
chloride anion.


In essence, the interconversion between 7 and 7’ can be
viewed as the competition between two basic centers, the iri-
dium and the pyrazolyl nitrogen atom, for a proton, al-
though it might be argued that it encompasses formal
changes in the oxidation number of the metal and coordina-
tion geometries. A reasonable path for this interconversion


Scheme 3. Formation of the cationic complexes 5 to 7.


Scheme 4. Equilibrium between octahedral hydrido IrIII complex 7 and pentacoordinated IrI complex 7’ found
in solution.
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would proceed through a prototropism,[20] which involves
the migration of the acidic hydride to the nitrogen atom of
the cis pyrazolyl group. This process would generate square
planar IrI intermediate A in which both phosphane groups
adopt either a mutual trans or cis configuration. We propose
that in 7’ there is a pzH···Cl ionic interaction, as will be dis-
closed below. The k2 coordination of the scorpionate ligand
in A makes it very flexible such that coordination of the
allyl moiety to the metal would give isomer 7’, whose trigo-
nal bipyramidal geometry and its stereochemistry are similar
to those shown by 3.


Complex 4 reacts with dry HCl to give the expected cat-
ionic hydride [Ir(CO){(CH2=CHCH2)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}H-
ACHTUNGTRENNUNG(PPh3)]Cl (8), which was isolated as a white microcrystalline
solid in quantitative yield. The spectroscopic data for triphe-
nylphosphane complex 8 in solution are virtually identical to
those obtained for 5 and 6. A hydride signal is observed at
d=�14.5 ppm in its 1H NMR spectrum, which is in a cis dis-
position with respect to the trans phosphanes (2J ACHTUNGTRENNUNG(P,P)=


306 Hz). Furthermore, the ñ(CO) band at 2067 cm�1 is in ac-
cordance with an IrIII center, and the molar conductivity
values confirm that it is a 1:1 electrolyte in solution.


Although 5, 6, and 8 do not react further with HBF4,
CH3COOH, and HCl, respectively, complex 7 does react
with a further molar equivalent of HCl (Scheme 5) to give


the unexpected product [Ir(CO)Cl ACHTUNGTRENNUNG{(Hpz)B-
ACHTUNGTRENNUNG(CH2PPh2)(pz)CH2CH ACHTUNGTRENNUNG(CH3)} ACHTUNGTRENNUNG(PMe3)]Cl (9), which arises
from the protonation of one of the pyrazolyl groups, a
formal Markovnikov addition of one proton to the C=C
bond with formation of a Ir�C bond, and the coordination
of a chloride ligand.


The protonation of a pyrazolyl group is clearly indicated
by a broad resonance at low field (d=16.80 ppm) in the
1H NMR spectrum of 9. Moreover, both phosphane ligands
are mutually cis in 9, as shown in the 31P{1H} NMR spectrum
(2J ACHTUNGTRENNUNG(P,P)=23 Hz), and the intense ñ(CO) band at 2052 cm�1


in the IR spectrum corresponds to a terminal carbonyl coor-
dinated to an IrIII center. Furthermore, neither a hydrido
ligand nor the C=C bond of the former allyl group were de-
tected in the 1H NMR spectrum, but diastereotopic patterns
from the CH2B and the CH2P moieties and two new signals
in this region. A single-crystal X-ray diffraction study of 9
was therefore undertaken to characterize fully the product


of the reaction. Figure 3 shows an ORTEP view of the mole-
cule and selected bond lengths and angles are summarized
in Table 3.


The iridium center lies in the center of a slightly distorted
octahedral environment in which the phosphane groups are
mutually cis. The scorpionate ligand coordinates to iridium
as a fac tripod system through the phosphorus atom, one
pyrazolyl nitrogen atom, and an Ir�C bond from the former
allylic fragment, with the other coordination sites occupied
by the PMe3 group, the terminal carbonyl, and a chloride
ligand. The noncoordinated pyrazolyl ring is protonated at
the nitrogen atom with a strong pair-wise intramolecular hy-
drogen bond between this proton and the chloride counter-
anion. The N(3)�H···Cl(2) (2.16 T)separation is smaller
than the sum of their van der Waals radii. Additionally,
there is an interaction of the chloride anion with a water
molecule of crystallization (Cl(2)···H�O(2), 2.22 T). On the
other hand, the Ir�C(8) distance of 2.143(5) T falls into the
expected range for a s-(Ir�C) bond.[21]


The solid-state structure of 9 is thus maintained in solu-
tion; the lack of symmetry and the main features can be de-


Scheme 5. Reaction of complex 7 with HCl.


Figure 3. ORTEP view of molecule 9. Only the ipso carbon atoms of the
phenyl groups are shown for clarity.


Table 3. Selected bond lengths [T] and angles [o] for 9.


Ir(1)�P(1) 2.4018(13) Ir(1)�P(2) 2.3176(13)
Ir(1)�N(1) 2.101(4) Ir(1)�Cl(1) 2.5031(13)
Ir(1)�C(8) 2.143(5) Ir(1)�C(26) 1.899(5)
C(8)�C(9) 1.522(7) C(7)�C(8) 1.527(6)
Cl(2)�H(N3) 2.16 Cl(2)�H(O(2)) 2.22
C(26)-Ir(1)-N(1) 90.0(2) C(26)-Ir(1)-C(8) 91.0(2)
N(1)-Ir(1)-C(8) 92.24(16) C(26)-Ir(1)-P(2) 88.82(16)
N(1)-Ir(1)-P(2) 174.95(10) C(8)-Ir(1)-P(2) 92.69(13)
C(26)-Ir(1)-P(1) 170.74(16) N(1)-Ir(1)-P(1) 82.16(11)
C(8)-Ir(1)-P(1) 84.33(13) P(2)-Ir(1)-P(1) 99.39(4)
C(26)-Ir(1)-Cl(1) 84.88(17) N(1)-Ir(1)-Cl(1) 88.59(10)
C(8)-Ir(1)-Cl(1) 175.84(13) P(2)-Ir(1)-Cl(1) 86.41(4)
P(1)-Ir(1)-Cl(1) 99.82(5)
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duced from the spectroscopic data. Valuable information
can be obtained from the conductivity measurements,
which, surprisingly, showed that 9 is a nonelectrolyte in ace-
tone, a situation that can be ascribed to a strong ionic inter-
action between the N�H proton and the chloride counteran-
ion, as reflected in the X-ray molecular structure of 9. A
similar strong pair-wise association is proposed above for 7’.


The unexpected reaction of 7 with hydrogen chloride can
be easily understood on the basis of the equilibrium detect-
ed in solutions of this complex (Scheme 4) in which the re-
active species is, presumably, isomer 7’ in equilibrium with
square planar intermediate A. It is precisely this unsaturated
intermediate, the one that is protonated stereoselectively at
the face closer to the allyl group, that becomes coordinated
to the metal to give intermediate B. This octahedral cationic
IrIII complex, which has coplanar hydrido and p-olefin li-
gands, will eventually undergo an allylic insertion into the
Ir�H bond followed by coordination of the chloride anion
trans to the new Ir�C bond formed to give 9. As only 7 un-
dergoes migration of the proton from the metal to the pyra-
zolyl group to produce the equilibrium with 7’, related com-
plexes 5, 6, and 8 do not react further with protic acids.


Conclusion


In summary, we have reported the coordination chemistry
associated with the novel hybrid scorpionate system [(CH2=


CHCH2)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2]
� . We have disclosed how the


ligand binds to the metal in IrI and IrIII complexes with the
expected k2N,kP facial coordination mode. However, the
possible, but not expected, coordination of the allyl group of
the scorpionate ligand reveals that it has four donor arms
with which to coordinate metals, although only three of
them can be used for this purpose. Thus, the metal has the
possibility of choosing between different sets of three
donors depending on its electronic needs. For example, the
kN,kP,h2-(C=C) coordination mode is observed in an elec-
tron-rich IrI complex. As expected, the metal in this com-
plex is easily protonated to give hydrido cationic IrIII com-
plexes in which the coordination of the ligand reverts to a
k2N,kP mode. One of these hydrido complexes, the one with
chloride as the counteranion, undergoes a migration of the
hydride from the metal to a coordinated pyrazolyl arm,
which leads to an equilibrium between the IrIII complex and
the pentacoordinated IrI with the ligand coordinated again
in the kN,kP,h2-(C=C) mode. It is this equilibrium that is re-
sponsible for further reaction with hydrogen chloride, which
leads to the addition of the proton to the allyl arm with the
concomitant formation of a s-(Ir�C) bond and the ligand
exhibiting the new kN,kP,kC coordination mode.


Experimental Section


All manipulations were performed under a dry argon atmosphere by
using Schlenk techniques. Solvents were dried by standard methods and


distilled under argon immediately prior to use. Complex 1 was prepared
according to published procedures.[10] All of the other chemicals used in
this work were purchased from Aldrich Chemicals and used as received.
Carbon and hydrogen analyses were performed by using a Perkin–Elmer
2400 microanalyzer. Mass spectra were recorded by using a VG Autospec
double-focusing mass spectrometer operating in the FAB+ mode for the
metal complexes and in the EI mode. Ions were produced by using a
standard Cs+ gun at approximately 30 kV; 3-nitrobenzyl alcohol was
used as the matrix. 1H, 31P{1H}, and 13C{1H} NMR spectra were recorded
by using Varian UNITY, Bruker ARX 300, and Varian Gemini 300 spec-
trometers operating at 299.95, 121.42, and 75.47 MHz, 300.13, 121.49, and
75.47 MHz, and 300.08, 121.48, and 75.46 MHz, respectively. Chemical
shifts are reported in ppm and referenced to Me4Si by using the residual
signal of the deuteriated solvent in 1H and 13C NMR spectroscopy and
with H3PO4 as the external reference in the case of 31P NMR spectrosco-
py.


[(Ir ACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}CO)2 ACHTUNGTRENNUNG(m-CO)] (2): A solution of complex 1
(0.28 g, 0.41 mmol) in dichloromethane (15 mL) was bubbled with carbon
monoxide at atmospheric pressure, which immediately gave a bright
yellow solution. Bubbling was continued for 30 min and then hexane
(10 mL) was slowly added. The resulting yellow suspension was left to
stand for 2 h at �5 8C to afford a microcrystalline yellow solid that was
collected by filtration under argon, washed with cold hexane, and then
dried under vacuum (0.21 g, 83%). 1H NMR (300 MHz, C6D6): d =8.13
(m, 8H; Ho Ph), 8.00 (d, 3J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 2H), 7.84 (d, 3J ACHTUNGTRENNUNG(H,H)=2.1 Hz,
2H), 7.73 (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 2H), 7.48 (d, 3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2H; pz),
7.21–6.78 (m, 12H; Hm+Hp Ph), 6.20 (m, 2H; CH allyl), 6.15 (t, 3J-
ACHTUNGTRENNUNG(H,H)=1.8 Hz, 2H), 5.72 (t, 3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2H; pz), 5.24 (d, 3J-
ACHTUNGTRENNUNG(H,H)=17.3 Hz, 2H; =CH2), 5.21 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 2H; =CH2), 2.11
(d, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 4H; CH2; allyl), 1.65 (m, 2H), 1.50 ppm (m, 2H;
CH2P); 31P{1H} NMR (121 MHz, C6D6): d =�7.6 ppm (s); 13C{1H} NMR
(75 MHz, CDCl3): d =218.3 (m-CO), 175.2 (m; CO), 145.5, 142.1 (s; pz),
140.1 (s; CH allyl), 135.0, 133.4 (s; pz), 131.5 (d, 2J ACHTUNGTRENNUNG(C,P)=11 Hz; Co Ph),
129.7 (s; Cp Ph), 128.4 (s; Cm Ph), 114.5 (s; =CH2 allyl), 105.6, 105.3 (s;
pz), 29.7 (br s; CH2 allyl), 20.0 ppm (br s; CH2P); IR (toluene): ñ =1999
(CO), 1715 cm�1 (h2-CO); MS (FAB+): m/z (%): 1239 (20) [M]+ , 1212
(25) [M�CO]+ , 1183 (15) [M�2CO]+ ; elemental analysis calcd (%) for
C47H46B2Ir2N8O3P2: C 45.56, H 3.74, N 9.04; found: C 46.40, H 3.47, N
8.51.


[Ir(CO){(pz)B(h2-CH2CH=CH2)ACHTUNGTRENNUNG(CH2PPh2)(pz)} ACHTUNGTRENNUNG(PMe3)] (3): Pure trime-
thylphosphane (27 mL, 0.020 g, 0.26 mmol) was added to a bright yellow
suspension of 2 (0.15 g, 0.12 mmol) in diethyl ether (7 mL) to give a pale
brown suspension within 30 min. The mixture was stirred for an addition-
al hour and then slow evaporation of the solvent to around 2 mL under
vacuum afforded a white solid that was collected by filtration under
argon, washed with cold hexane, and then dried under vacuum (0.14 g,
88%). 1H NMR (300 MHz, C6D6): d=8.15 (s, 1H; pz), 8.06 (m, 4H; Ho


Ph), 7.87 (s, 1H), 7.71 (s, 1H; pz), 7.33–6.91 (m, 6H; Hm+Hp Ph), 6.55
(s, 1H), 6.53 (s, 1H), 5.60 (s, 1H; pz), 2.88 (m, 1H, =CH2), 2.75 (m, 1H;
CH2), 2.44 (m, 1H; CH), 2.22 (m, 1H; =CH2), 1.66 (m 1H; CH2, h2-
allyl), 1.41 (m, 1H), 1.05 (m, 1H; CH2P), 0.57 ppm (d, 2J ACHTUNGTRENNUNG(H,P)=10.5 Hz,
9H; PMe3);


31P{1H} NMR (121 MHz, C6D6): d =�2.5 (d, 2J ACHTUNGTRENNUNG(P,P)=12 Hz),
�42.4 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=12 Hz); 13C{1H} NMR (75 MHz, C6D6): d=189.1
(m; CO), 143.4, 140.0 (s; pz), 137.2 (d, 1J ACHTUNGTRENNUNG(C,P)=35 Hz; Cipso Ph), 133.7
(d, 2J ACHTUNGTRENNUNG(C,P)=13 Hz; Co Ph), 132.4 (d, 3J ACHTUNGTRENNUNG(C,P)=3 Hz; Cm Ph), 131.5 (s;
pz), 131.0 (d, 2J ACHTUNGTRENNUNG(C,P)=10 Hz; Co Ph), 129.8, 105.8, 104.3 (s; pz), 45.7 (d,
2J ACHTUNGTRENNUNG(C,P)=7 Hz; h2-allyl), 34.3 (d, 2J ACHTUNGTRENNUNG(C,P)=21 Hz; h2-allyl), 25.5 (br s; CH2


h2-allyl), 21.3 (br s; CH2P), 15.3 ppm (d, 1J ACHTUNGTRENNUNG(C,P)=42 Hz; PMe3); IR (tolu-
ene): ñ=1925 cm�1 (CO); MS (FAB+): m/z (%): 654 (100) ACHTUNGTRENNUNG[M�CO]+ ; el-
emental analysis calcd (%) for C26H32BIrN4OP2: C 45.82, H 4.73, N 8.22;
found: C 45.75, H 4.71, N 8.12.


[Ir(CO){(pz)B(h2-CH2CH=CH2)ACHTUNGTRENNUNG(CH2PPh2)(pz)} ACHTUNGTRENNUNG(PPh3)] (4): Solid triphe-
nylphosphane (30 mg, 0.115 mmol) was added to a bright yellow suspen-
sion of 2 (71 mg, 0.058 mmol) in diethyl ether (7 mL) to give a white sus-
pension within 30 min. The mixture was stirred for 30 min, filtered off
through a cannula, and then dried under vacuum (92 g, 91%). 1H NMR
(300 MHz, [D8]toluene, 293 K): d =7.63 (m, 4H; Ph), 7.46 (m, 10H; Ph+


pz), 6.99 (m, 16H; Ph), 5.79 (br s, 1H; pz), 5.60 (brm, 1H; CH allyl), 4,65
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(brm, 1H), 4.50 (brm, 1H; =CH allyl), 2.13 (m, 2H; CH2 allyl), 1.36 ppm
(m, 2H; CH2P); 1H NMR (300 MHz, [D8]toluene, 203 K): d=8.37 (s,
1H), 7.82 (s, 1H; pz), 7.70 (m, 4H; Ph), 7.51–6.81 (set of m, 21H; Ph),
6.79 (s, 1H), 6.64 (s, 1H), 6.28 (s, 1H), 5.32 (s, 1H; pz), 3.71 (m, 1H; =


CH2), 3.56 (m, 1H; CH2), 3.24 (m, 1H; CH), 2.05 (m, 2H; CH2, h2-allyl),
1.41 (m, 1H), 1.02 ppm (m, 1H; CH2P); 31P{1H} NMR (121 MHz, C7D8,
203 K): d =26.0 (d, 2J ACHTUNGTRENNUNG(P,P)=308 Hz), 13.2 (d, 2J ACHTUNGTRENNUNG(P,P)=308 Hz), 2.3 (d, 2J-
ACHTUNGTRENNUNG(P,P)=37 Hz), �13.5 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=37 Hz); IR (toluene): ñ =2001
(m), 1976 (w), 1905 cm�1 (s, CO); MS (FAB+): m/z (%): 868 (100) [M]+ ;
elemental analysis calcd (%) for C41H38BIrN4OP2: C 56.75, H 4.41, N
6.46; found: C 56.63, H 4.31, N 6.33.


[Ir ACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}(CO)H ACHTUNGTRENNUNG(PMe3)]BF4 (5): A solution of 3
(0.13 g, 0.19 mmol) in diethyl ether (15 mL) was treated with a solution
of tetrafluoroboric acid in diethyl ether 54 wt% (26 mL, 30.7 mg,
0.19 mmol) to give a white suspension within seconds. The suspension
was stirred for 10 min and then allowed to stand. Removal of the liquid
phase through a cannula gave a white solid that was subsequently washed
with diethyl ether and then dried under vacuum (0.10 g, 94%). 1H NMR
(300 MHz, CDCl3): d= 8.08 (d, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H), 7.81 (d, 3J ACHTUNGTRENNUNG(H,H)=


1.8 Hz, 1H), 7.79 (d, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; pz), 7.65 (m, 2H; Ph), 7.61
(d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; pz), 7.51 (m, 3H), 7.28 (m, 3H; Ph), 6.59 (t, 3J-
ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H), 6.35 (t, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; pz), 6.08 (m, 1H; =


CH), 5.21 (d, 3J ACHTUNGTRENNUNG(H,H)=16.9 Hz, 1H; =CH2), 5.11 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz,
1H, =CH2), 2.23 (d, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H; CH2, allyl), 1.64 (dd, 2J-
ACHTUNGTRENNUNG(H,P)=10.8, 4J ACHTUNGTRENNUNG(H,P)=2.5 Hz, 9H; PMe3), 1.53 (m, 1H), 1.21 (m, 1H;
CH2P), �15.29 ppm (dd, 2J ACHTUNGTRENNUNG(H,P)=15.6, 2J ACHTUNGTRENNUNG(H,P)=15.9 Hz, 1H; Ir�H);
31P{1H} NMR (121 MHz, CDCl3): d=�1.3 (d, 2J ACHTUNGTRENNUNG(P,P)=307 Hz),
�33.7 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=307 Hz); 13C{1H} NMR (75 MHz, CDCl3): d=


163.7 (dd, 2J ACHTUNGTRENNUNG(C,P)=8, 2J ACHTUNGTRENNUNG(C,P)=7 Hz; CO), 146.6, 144.2 (s; pz), 138.0 (s;
=CH allyl), 136.2, 135.4 (s; Cm PPh2), 133.7 (d, 1J ACHTUNGTRENNUNG(C,P)=54 Hz; Cipso


PPh2), 133.6 (d, 2J ACHTUNGTRENNUNG(C,P)=12 Hz; Co PPh2), 132.1, 131.0 (s; pz), 129.8 (d,
2J ACHTUNGTRENNUNG(C,P)=10 Hz), 129.3 (d, 2J ACHTUNGTRENNUNG(C,P)=11 Hz), 129.0 (d, 2J ACHTUNGTRENNUNG(C,P)=11 Hz; Co


PPh2), 128.2 (d, 1J ACHTUNGTRENNUNG(C,P)=54 Hz; Cipso PPh2), 116.1 (s; =CH2 allyl), 108.4,
108.2 (s; pz), 27.4 (br s; CH2B), 17.2 (br s; CH2P), 14.7 ppm (d, 1J ACHTUNGTRENNUNG(C,P)=


37 Hz; PMe3); IR (KBr): ñ =2058 (CO), 2180 cm�1 (Ir�H); MS
(MALDI-TOF): m/z : 683.2 [M+H]+ ; elemental analysis calcd (%) for
C26H33B2F4IrN4OP2: C 40.59, H 4.32, N 7.28; found: C 40.42, H 4.32, N
7.21; LM =130 W�1 cm2mol�1 (acetone,
5.0Y10�4


m).


[Ir ACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}(CO)H-
ACHTUNGTRENNUNG(PMe3)]CH3COO (6): A solution of 3
(31 mg, 0.05 mmol) in diethyl ether
(15 mL) was treated with acetic acid
(2.8 mL, 3.0 mg, 0.05 mmol) to give a
white suspension within seconds. The
suspension was stirred for 10 min and
then allowed to stand. Removal of the
liquid phase through a cannula gave a
white solid that was subsequently
washed with diethyl ether and then
dried under vacuum (29 mg, 86%).
1H NMR (300 MHz, CDCl3): d= 8.08
(s, 1H), 7.95 (s, 1H), 7.80 (s, 1H; pz),
7.73 (m, 2H; Ph), 7.64 (s, 1H; pz),
7.18–7.51 (m, 6H), 6.54 (m, 2H; Ph),
6.58 (s, 1H), 6.35 (s, 1H; pz), 6.08 (m,
1H; =CH), 5.20 (d, 3J ACHTUNGTRENNUNG(H,H)=15.6 Hz,
1H; =CH2), 5.12 (d, 3J ACHTUNGTRENNUNG(H,H)=9.0 Hz,
1H; =CH2), 2.24 (br s, 2H; CH2, allyl),
2.13 (s, 3H, CH3COO), 1.76 (d, 2J-
ACHTUNGTRENNUNG(H,P)=10.5 Hz, 9H; PMe3), 1.54 (m,
1H), 1.26 (m, 1H; CH2P), �15.22 ppm
(dd, 2J ACHTUNGTRENNUNG(H,P)=16.1, 2J ACHTUNGTRENNUNG(H,P)=16.0 Hz,
1H; Ir�H); 31P{1H} NMR (121 MHz,
CDCl3): d =�1.3 (d, 2J ACHTUNGTRENNUNG(P,P)=307 Hz),
�33.4 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=357 Hz); IR
(KBr): ñ=2056 (CO), 2180 cm�1 (Ir�
H); MS (MALDI-TOF): m/z : 683.2
[M+H]+ ; elemental analysis calcd


(%) for C28H36BIrN4O3P2: C 45.35, H 4.89, N 7.55; found: C 45.29, H
4.78, N 7.45; LM =113 W�1 cm2mol�1 (acetone, 5.0Y10�4


m).


[Ir ACHTUNGTRENNUNG{(allyl)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}(CO)H ACHTUNGTRENNUNG(PMe3)]Cl (7): A solution of complex
3 (0.10 g, 0.15 mmol) in diethyl ether (10 mL) was treated with a solution
of hydrogen chloride in diethyl ether (0.22 mL, 0.67m, 0.15 mmol) to give
a white suspension within seconds. The suspension was stirred for 10 min
and then allowed to stand. Removal of the liquid phase through a cannu-
la gave a white solid that was subsequently washed with diethyl ether
and then dried under vacuum (99 mg, 92%). 1H NMR (300 MHz,
CDCl3): d =8.05 (s, 1H), 7.89 (s, 1H), 7.76 (s, 1H; pz), 7.69 (m, 2H; Ph),
7.61 (s, 1H; pz), 7.24–7.46 (m, 6H), 6.54 (m, 2H; Ph), 6.55 (s, 1H), 6.31
(s, 1H; pz), 6.05 (m, 1H; =CH), 5.17 (d, 3J ACHTUNGTRENNUNG(H,H)=16.8 Hz, 1H; =CH2),
5.07 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H; =CH2), 2.20 (br s, 2H; CH2, allyl), 1.72 (d,
2J ACHTUNGTRENNUNG(H,P)=10.8 Hz, 9H; PMe3), 1.45 (m, 1H), 1.17 (m, 1H; CH2P),
�15.27 ppm (dd, 2J ACHTUNGTRENNUNG(H,P)=15.9, 2J ACHTUNGTRENNUNG(H,P)=6.0 Hz, 1H; Ir�H);
31P{1H} NMR (121 MHz, CDCl3): d =�1.3 (d, 2J ACHTUNGTRENNUNG(H,P)=307 Hz),
�33.2 ppm (d, 2J ACHTUNGTRENNUNG(H,P)=307 Hz); 13C{1H} NMR (75 MHz, CDCl3): d=


164.1 (dd, 2J ACHTUNGTRENNUNG(C,P)=8, 2J ACHTUNGTRENNUNG(C,P)=8 Hz; CO), 146.7, 144.2 (s; pz), 138.1 (s;
=CH allyl), 136.2, 135.6 (s; Cm PPh2), 133.8 (d, 1J ACHTUNGTRENNUNG(C,P)=54 Hz; Cipso


PPh2), 133.7 (d, 2J ACHTUNGTRENNUNG(C,P)=11 Hz; Co PPh2), 132.3, 131.1 (s; pz), 129.8 (d,
2J ACHTUNGTRENNUNG(C,P)=10 Hz), 129.4 (d, 2J ACHTUNGTRENNUNG(C,P)=11 Hz), 129.0 (d, 2J ACHTUNGTRENNUNG(C,P)=10 Hz; Co


PPh2), 116.3 (s; =CH2 allyl), 108.5, 108.3 (s; pz), 27.7 (br s; CH2B), 17.1
(br s; CH2P), 15.1 ppm (d, 1J ACHTUNGTRENNUNG(C,P)=37 Hz; PMe3); IR (KBr): ñ=1925 (s),
2052 (w, CO), 2185 cm�1 (Ir�H); MS (MALDI-TOF): m/z : 683.2
[M+H]+ ; elemental analysis calcd (%) for C26H33BClIrN4OP2: C 43.49,
H 4.63, N 7.80; found: C 43.31, H 4.61, N 7.78; LM =58 W�1 cm2mol�1


(acetone, 5.0Y10�4
m).


[Ir(CO){(CH2=CHCH2)B ACHTUNGTRENNUNG(CH2PPh2)(pz)2}H ACHTUNGTRENNUNG(PPh3)]Cl (8): A solution of
4 (56 mg, 0.083 mmol) in diethyl ether (10 mL) was treated with a solu-
tion of hydrogen chloride in diethyl ether (0.12 mL, 0.67m, 0.083 mmol)
to give a white suspension within seconds. The suspension was stirred for
10 min and then allowed to stand. Removal of the liquid phase through a
cannula gave a white solid that was subsequently washed with diethyl
ether and then dried under vacuum (71 mg, 95%). 1H NMR (300 MHz,
CD2Cl2): d=8.17 (s, 1H; pz), 7.78 (m, 2H; Ph), 7.64 (s, 1H; pz), 7.43–
7.29 (set of m, 16H), 7.05 (m, 5H; Ph), 6.80 (s, 1H; pz), 6.61 (m, 2H;


Table 4. Selected crystal measurements and refinement data for compounds 2·1.5C6H6, 3·0.5C7H8, and 9·H2O.


2·1.5C6H6 3·0.5C7H8 9·H2O


formula C56H55B2Ir2N8O3P2 C29.5H35.5BIrN4OP2 C26H36BCl2IrN4O2P2


Mr 1356.04 727.07 772.44
color yellow colorless colorless
crystal system triclinic triclinic monoclinic
space group P1̄ P1̄ C2/c
a [T] 13.5462(8) 8.1746(5) 30.835(2)
b [T] 13.7830(8) 10.4926(7) 12.8685(8)
c [T] 15.7155(9) 17.5173(11) 15.5818(10)
a [8] 64.1110(10) 90.0440(10) 90.00
b [8] 82.9060(10) 90.2500(10) 98.689(2)
g [8] 89.7190(10) 104.3640(10) 90.00
V [T3] 2615.6(3) 1455.52(16) 6111.9(7)
Z 2 2 8
F ACHTUNGTRENNUNG(000) 1330 721 3056
1calcd [gcm�3] 1.722 1.659 1.679
m [mm�1] 5.179 4.727 4.679
crystal size [mm] 0.06Y0.06Y0.05 0.35Y0.06Y0.04 0.15Y0.12Y0.08
T [K] 100(2) 100(2) 100(2)
q limits [8] 1.45–25.06 2.00–27.07 1.72–27.07
collected reflns. 26922 13046 19355
unique reflns. (Rint) 9230 (0.0845) 6309 (0.0520) 6709 (0.0404)
reflns. [I>2s(I)] 6497 5835 5507
parameters/restraints 641/0 356/0 347/0
R1 [on F, I>2s(I)] 0.0525 0.0325 0.0378
wR2 (on F2, all data) 0.0949 0.0712 0.0901
max/min D1 [eT�3] 1.306/�1.295 1.610/�1.612 2.797/�0.729
GOF on F2 1.014 1.051 1.019
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Ph), 6.49 (s, 1H), 6.33 (s, 1H; pz), 6.15 (m, 1H; CH allyl), 5.67 (s, 1H;
pz), 5.24 (d, 3J ACHTUNGTRENNUNG(H,H)=17.1 Hz, 1H; =CH2), 5.15 (d, 3J ACHTUNGTRENNUNG(H,H)=9.3 Hz,
1H; =CH2), 2.19 (brm, 2H; CH2, allyl), 1.60 (m, 1H), 1.39 (m, 1H;
CH2P), �14.48 ppm (dd, 2J ACHTUNGTRENNUNG(H,P)=12.0, 2J ACHTUNGTRENNUNG(H,P)=13.5 Hz, 1H; Ir�H);
31P{1H} NMR (121 MHz, CDCl3): d =8.7 (d, 2J ACHTUNGTRENNUNG(H,P)=306 Hz), 0.5 ppm
(d, 2J ACHTUNGTRENNUNG(H,P)=306 Hz); IR (CH2Cl2): ñ=2067 (CO), 2180 cm�1 (Ir�H); MS
(MALDI-TOF): m/z : 869 [M+H]+ ; elemental analysis calcd (%) for
C41H38BClIrN4OP2: C 54.46, H 4.35, N 6.20; found: C 54.31, H 4.21, N
6.18; LM =128 W�1 cm2mol�1 (acetone, 5.0Y10�4


m).


[Ir(CO)ClACHTUNGTRENNUNG{(Hpz)BACHTUNGTRENNUNG(CH2PPh2)(pz)CH2CH ACHTUNGTRENNUNG(CH3)} ACHTUNGTRENNUNG(PMe3)]Cl (9): A solu-
tion of 7 (0.21 g, 0.31 mmol) in diethyl ether (20 mL) was treated with a
solution of hydrogen chloride in diethyl ether (0.46 mL, 0.67m,
0.32 mmol) to give a white suspension within seconds. The suspension
was stirred for 10 min and then allowed to stand. Removal of the liquid
phase through a cannula gave a white solid that was subsequently washed
with diethyl ether and then dried under vacuum (0.22 g, 94%). 1H NMR
(300 MHz, CDCl3): d=16.80 (brs, 1H; NH), 8.29 (s, 1H; pz), 8.14 (m,
2H; Ph), 8.01 (s, 1H; pz), 7.36 (m, 2H; Ph), 7.28 (s, 1H; pz), 7.09–7.26
(m, 6H; Ph), 6.13 (s, 2H), 5.84 (s, 1H; pz), 2.74 (m, 1H; CH2B), 2.63 (m,
1H; CH), 2.04 (m, 1H; CH2B), 1.65 (d, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 3H; CH3), 1.10
(d, 2J ACHTUNGTRENNUNG(H,P)=10.7 Hz, 9H; PMe3), 0.85 (m, 1H), 0.72 ppm (m, 1H;
CH2P); 31P{1H} NMR (121 MHz, CDCl3): d=�16.4 (d, 2J ACHTUNGTRENNUNG(P,P)=23 Hz),
�46.1 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=23 Hz); 13C{1H} NMR (75 MHz, CDCl3): d =167.3
(dd, 2J ACHTUNGTRENNUNG(C,P)=132, 2J ACHTUNGTRENNUNG(C,P)=9 Hz; CO), 143.8, 136.3 (s; pz), 135.1 (d, 2J-
ACHTUNGTRENNUNG(C,P)=10 Hz; Co PPh2), 134.5 (s; pz), 132.9, 132.8, 132.7 (m; Ph), 131.0
(s; pz), 128.9 (d, 2J ACHTUNGTRENNUNG(C,P)=10 Hz; Co PPh2), 107.1, 106.9 (s; pz), 37.0 (s;
CH), 29.8 (br s; CH2B), 15.3 (br s; CH2P), 14.0 (d, 1J ACHTUNGTRENNUNG(C,P)=42 Hz;
PMe3), 8.5 ppm (s; CH3); IR (KBr): ñ=2052 cm�1 (CO); elemental anal-
ysis calcd (%) for C26H34BCl2IrN4OP2: C 41.39, H 4.54, N 7.43; found: C
41.25, H 4.37, N 7.32.


X-ray diffraction studies of 2, 3, and 9 : Complexes 2·1.5C6H6, 3·0.5C7H8,
and 9·H2O were studied by X-ray diffraction. Intensity measurements
were collected by using a Smart Apex diffractometer with graphite-mon-
ochromated MoKa radiation. A semi-empirical absorption correction was
applied to each data set by using multi-scan[22] methods. Selected crystal-
lographic data is given in Table 4. The structures were solved by the Pat-
terson method and refined by full-matrix least-squares by using the
SHELX97 program[23] in the WINGX[24] software package.


CCDC 656086, 656087, and 656088 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Introduction


Progress in molecular biology and chemical synthesis has
enabled the construction of many bio- and artificial mole-
cules with nanometer precision. Proteins are unique in their
various sophisticated functions as biocatalysts, biocarriers/-


transporters, recognition/sensors, and energy/signal transduc-
ers, all carried out within nano-sized spaces. Studies of
hybrid systems that combine biomolecules with artificial
substances are a promising approach for innovative soft
nanodevices.[1] As a pioneering example, Montemagno re-
ported that the integration of a biomotor with nanofabricat-
ed inorganic substrates produced a unique nanodevice.[2]


However, the simple combination of inorganic hard materi-
als with soft biomolecules often diminishes the native per-
formance, because the system has not evolved optimally.
Rational strategies to optimize hybridized functions are now
desired.


We recently developed a supramolecular hydrogel that
can entrap proteins and enzymes without denaturation by
providing semi-wet conditions.[3,4] In addition to such a pas-
sive role, the supramolecular materials might play an active
role in the manipulation of protein functions in sophisticated
nano-bio-architectures.[5] This is because self-assembled ma-
terials composed of small molecules generally show drastic
and various changes in morphology from nano- to microme-
ter scale in response to external stimuli.[4] We herein report
that a supramolecular soft material can act as both an effec-
tive matrix to regulate an enzyme motion in an on/off
manner in response to external temperature, and as a hold-


Abstract: The artificial regulation of
protein functions is essential for the re-
alization of protein-based soft devices,
because of their unique functions con-
ducted within a nano-sized molecular
space. We report that self-assembled
nanomeshes comprising heat-respon-
sive supramolecular hydrogel fibers can
control the rotary motion of an
enzyme-based biomotor (F1-ATPase)
in an on/off manner at the single-mole-
cule level. Direct observation of the in-
teraction of the supramolecular fibers


with a microbead unit tethered to the
F1-ATPase and the clear threshold in
the size of the bead required to stop
ATPase rotation indicates that the
bead was physically blocked so as to
stop the rotary motion of ATPase. The
temperature-induced formation and
collapse of the supramolecular nano-


mesh can produce or destroy, respec-
tively, the physical obstacle for ATPase
so as to control the ATPase motion in
an off/on manner. Furthermore, this
switching of the F1-ATPase motion
could be spatially restricted by using a
microheating device. The integration of
biomolecules and hard materials, inter-
faced with intelligent soft materials
such as supramolecular hydrogels, is
promising for the development of
novel semi-synthetic nano-biodevices.
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ing matrix. A thermally responsive supramolecular hydrogel
consisting of entangled supramolecular gel fibers can regu-
late the rotary motion of F1-ATPase, a motor protein,[6] in
an on/off manner. By direct observation of a single mole-
cule, we demonstrate that a microbead tethered to F1-
ATPase was trapped by the fiber network to effect the stop
of the rotation. The formation and collapse of the network
(so-called mesh) structure in response to external tempera-
ture can reversibly regulate the rotary motion of F1-ATPase
at the single-molecule level. This on/off switching of the F1-
ATPase rotation was carried out not only in bulk, but also
within a limited space.


Results and Discussion


On/off switching of the F1-ATPase rotation coupled with
thermally responsive formation and collapse of the supra-
molecular nanomeshes : A thermally responsive supramolec-
ular hydrogel consisting of a glycolipid-based hydrogelator 1
(Figure 1a) was employed as an intelligent semi-wet matrix
for covering the F1-ATPase. As previously reported,[3b] the
macroscopic gel-to-sol phase transition of the hydrogel com-
prising 1 occurs by elevating the temperature (see Support-
ing Information Figure S1a). Below the gel–sol transition
temperature (Tg, 48 8C), TEM (transmission electron micro-
scopy) clearly showed that many gel fibers of width less


than 10 nm entangled to form into mesh structures (Fig-
ure 1b). The nano-sized meshes of supramolecular hydrogel
1 are destroyed above Tg, which is in sharp contrast to the
conventional polymeric gel fibers that are permanently
stable because of their covalent linkage. This gel–sol transi-
tion is reversibly repeated many times (see Supporting In-
formation Figure S1b). Owing to such formation and col-
lapse in response to external temperature, the present nano-
meshes may potentially become a unique matrix for control-
ling enzyme motion.


ATPase, a rotary motor protein, was employed as a model
protein because the observation method of the characteristic
rotary motion at the single-molecule level has been estab-
lished and the motion is tightly coupled to its enzymatic ac-
tivity. According to previous reports,[7] F1-ATPase was im-
mobilized on the bottom of a glass plate through the a3b3


ring in a flow chamber. A microbead was then attached to
the g subunit, a rotor axis of F1-ATPase, through a biotin/
avidin connection in order to visualize the F1-ATPase rota-
tion at the single-molecule level. The rotation behavior of
the microbead tethered to F1-ATPase during the gel-forma-
tion process was observed in a bright field by optical micro-
scopy (see Supporting Information Figure S2), immediately
after the buffer solution including the sol state of the hydro-
gelator 1 was infused into the flow chamber. After several
tens of minutes, the rotation of a microbead larger than
450 nm in diameter stopped suddenly, as shown in Figure 2a
and b. The stopped beads did not rotate again at 25 8C.
However, when the hydrogel was heated above the Tg (48�
2 8C) for 2 min, the rotation of the F1-ATPase immediately
restarted (Figure 2b and Supporting Information Figure S3).
The restarted rotation stopped again within several minutes
after cooling to 25 8C, and it was restarted again by external
heating at 60 8C (Figure 2b). This on/off switching of rota-
tion was reproducibly observed at the single-molecule level
in other F1-ATPase molecules and in other batches. The re-
peated restart and pause of the F1-ATPase rotation by heat-
ing and by cooling implies that the stopping process was nei-
ther due to the denaturation of the F1-ATPase nor the de-
tachment of the microbead from the g subunit by the dena-
turation of the connecting avidin.


Furthermore, we found that the on/off regulation of
ATPase is greatly dependent on the size of the beads at-
tached to the ATPase. As shown in Figure 2c, among 52
ATPase molecules, all those with beads larger than 450 nm
stopped rotating within 30 min, whereas 62% of the ATPase
molecules with beads smaller than 450 nm continued to
rotate freely. This suggests that the empty voids of the nano-
mesh are around 450 nm. If the rotational space of the
beads is larger than the void, the nanomesh may become a
physical obstacle to ATPase rotation. However, ATPase
does not experience such obstruction when the rotational
space of the beads is smaller than the void. Additionally, we
did not find a significant reduction in the rotational velocity
after gelation in the case of the smaller beads attached to
F1-ATPase (Figure 2d). This suggests that ATP, a substrate
of ATPase, may be too small to be tightly fixed in the nano-


Figure 1. Thermally responsive gel–sol transition of the supramolecular
hydrogel. a) Schematic illustration of the sol–gel transition and the mo-
lecular structure of supramolecular hydrogelators (1, 2) used in this
study. b) TEM images of the hydrogel 1 at RT (right) and the corre-
sponding sol state heated above 60 8C (left). TEM observation was car-
ried out without staining ([gelator 1]=0.35 wt% in 50 mm MOPS-KOH
buffer (pH 7.1) containing 50 mm KCl).
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meshes, and the ATP flux change by the gelation, if any, was
not a significant factor affecting rotation.


Direct observation of the blockage of the F1-ATPase rota-
tion by the supramolecular meshes : To investigate in detail
how the rotary motion of the F1-ATPase is blocked in the
gel state we used hydrogelator 2 that forms gel fibers thick
enough to be visible by microscopy, although the homogene-
ous gel meshes cannot be formed. After the infusion of the
sol of gelator 2 to the flow chamber, the rotation of a single
molecular F1-ATPase was carefully observed in real time.
After about 30 min the gel fibers emerged as a bleary image
at the focal point of the objective lens, and the growing
fibers were gradually attached to the bottom of the glass
plate (Figure 3a). During the fiber formation, the F1-ATPase
(motor A) continuously revolved. After 48 min a rotating
microbead tethered to the F1-ATPase frequently collided
with the clearly emerged gel fibers, and after a short pause
of about two seconds it stopped completely (Figure 3b and


Supporting Information Fig-
ure S4). Figure 3c shows the
time course of the revolutions
of three distinct F1-ATPases
(motors A, B, and C) in the
same visualized area. F1-
ATPase molecules revolved at
a roughly constant speed until
just before the collision with a
fiber, then suddenly stopped
rotating after the collision. An-
other revolving F1-ATPase
(motor B) stopped in the same
way by collision with a differ-
ent fiber two minutes later
than the first F1-ATPase
(motor A). In contrast, the
third F1-ATPase (motor C)
continued to revolve without
pause in a place in which no
fibers made contact with it,
due to the inhomogeneous and
lower density (and consequent-
ly large empty void) of the
meshes (see Supporting Infor-
mation Figure S5). Such direct
observation strongly indicated
that the stopping of the F1-
ATPase rotation can be ascri-
bed to the physical capture of
the bead-appended F1-ATPase
in the entangled gel-fiber
meshes (Figure 4). Unlike the
gel fiber 2, it is unfortunate
that the hydrogel fibers 1 are
too thin to be detected by mi-
croscope in the bright field.
Thus, we cannot directly ob-


serve the interaction of the fibers 1 with ATPase at the
single-molecule level in real time. However, the very sharp
stopping behaviors of ATPase observed for both gels 1 and
2 is consistent with the physical blockage of ATPase rota-
tion. The clear size dependence of the beads for stopping
ATPase rotation observed in the case of gel 1 is also in good
agreement with the idea that the nanomeshes are physical
obstacles for the rotation of the beads-tethered ATPase.


Regulation of the F1-ATPase rotation in a restricted small
area by using a microheating device : Interestingly, it is also
possible to conduct the on/off switching of the F1-ATPase
motor in a restricted small area by combining the thermor-
esponsive hydrogel with a microheating device. We recently
fabricated a microdevice consisting of a Ni electrode by
using the microelectromechanical (MEMS) technique, which
can heat a restricted small area around the Ni-pattern (Fig-
ure 5a).[8] In a flow chamber on this microdevice we immo-
bilized F1-ATPase attached to a microbead and this was


Figure 2. The rotary motion of a microbead attached to F1-ATPase in the sol and gel states observed at the
single-molecule level. a) Time trace of the rotation-angle change of microbead attached to F1-ATPase before
and after stopping. b) Time courses of the accumulated rotation number of F1-ATPase under heat-switching
experiments. The rotation was counted by an image analyzer system every 0.033 s. The rotation of F1-ATPase
stopped and paused for more than 5 min at 24�2 8C, and then it restarted by the gel–sol transition that was in-
duced by heating at 60 8C for 2 min (between two dotted lines in the figure). c) Dependence of the ATPase ro-
tation on the bead size (R) in the gel state. The percentage of the continuously rotating ATPase was deter-
mined by dividing the number of rotating beads in the gel state (30 min after the sol injection) by the total
number of rotating beads in the sol state. d) The relative rotation velocity for the sol state (5 min after sol in-
jection) and for the gel state (30 min after sol injection). The value was calculated by dividing the velocity for
sol or gel by that in the aqueous solution. The microbeads with a mean bead size of 220 and 670 nm were used
([gelator 1]=0.35–0.40 wt% in 50 mm MOPS-KOH buffer (pH 7.1) containing 50 mm KCl, 2 mm ATP, and
2 mm MgCl2).
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then covered with the hydrogel 1. Upon gel formation, all
F1-ATPases completely stopped rotation over the entire
area of the device surface, independent of their position. By
heating the microdevice, the rotation immediately restarted
at the surface just around the Ni electrode (Figure 5b),
whereas the other F1-ATPase molecules located far from the
Ni-electrode remained motionless (see Supporting Informa-
tion Figure S6). Thus, hybridizing the supramolecular hydro-
gel by using the MEMS technique realized the spatially se-
lective on/off control. Notably, the response time was signifi-


cantly improved in this
MEMS-device system relative
to the bulk heating system, due
to the effective heat transmit-
tance in the microspace.


Conclusion


We demonstrated that the
physical capture and release of
the microbeads-appended
enzyme by the stimuli-respon-
sive nanomeshes is promising
for the perfect on/off switching
of enzyme rotation. In this
system, it is conceivable that
the microbead tethered to the
F1-ATPase motor acts as a
knob that can transduce the
physical restriction/relaxation
given by the nanomeshes to
the enzymeIs active center. On
the other hand, the supra-
molecular nanomeshes operate
as an intelligent hand of nano/
micro size that can appear or
disappear in order to grip or
release, respectively, the knob
in response to the external
temperature. There are several
reports of switching the
enzyme motion based on the
direct incorporation of a
switching unit such as a metal
binding site, magnetic bead or
photochromic artificial mole-
cules into the protein frame-
work through a covalent bond,
for response to a chemical
stimulus, magnetic field or visi-
ble light.[9–11] Recently, Ionov
et al. successfully switched ki-
nesin motion on a thermores-
ponsive polymer-grafted sur-
face by hindering the binding
of microtubules with the ther-


moinduced extension of polymer chains.[12] The present
strategy is unique in that soft materials entrapping the
enzyme can be used as an active operator. The supramolec-
ular nanomeshes can selectively regulate the movement of
microscale objects without disturbing the diffusion and ac-
tivity of nanoscale biomolecules, and thereby are promising
matrices for versatile application in the manipulation of
micro-biomachines powered by biological motors such as ki-
nesin- or myosin-based molecular shuttles and living bacter-
ia.[11a,12] The elaborate combination of engineered enzymes


Figure 3. The mechanical blockage of the revolution of a microbead attached to F1-ATPase by the hydrogel
fibers. a) The bright-field images of the microbead and the emerging gel fibers obtained by optical microscopy
at RT. Black arrows point to three F1-ATPase molecules (motors A, B, and C) tethering a microbead. The
time since the injection of the sol state of the hydrogelator 2 is shown. b) The sequential enlarged images of
the rotating and stopping microbead A just before and after the collision. Above each image the illustration
for the rotation angle of the F1-ATPase is added for clarity. c) Time courses of the accumulated revolution
numbers of the F1-ATPase motors A, B, and C were plotted every 0.033 s ([gelator 2]=0.60 wt% in 50 mm


MOPS-KOH buffer (pH 7.1) containing 50 mm KCl, 2 mm ATP, and 2 mm MgCl2).


Figure 4. Schematic illustrations of the on/off switching of F1-ATPase rotation by entanglement of the stimuli-
responsive supramolecular hydrogel fibers (nanomeshes). To clearly show the component of rotary motor, F1-
ATPase is represented enlarged.
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with nanofabricated hard substrates through intelligent soft
materials such as the supramolecular nanomeshes should fa-
cilitate the development of novel protein-based molecular
devices.


Experimental Section


General : All gelators were prepared according to our synthetic method
reported previously.[3b] Reagents for the synthesis of gelators were ob-
tained from Kishida Chemical, Watanabe Chemical Industries, Wako, or
TCI (Japan). A mutant a3b3g subcomplex (a-C193S, b-His-10 at N-termi-
nus, g-S107C/I210C) from a thermophilic Bacillus PS3 (referred to as F1-
ATPase) was expressed and purified as described elsewhere.[9a] Streptavi-
din-coated magnetic beads (Seradyn; normally 0.73 mm) were sonicated
to disperse in a suspension and lightly centrifuged as described.[7a] A mi-
croheater and a microthermoresistive sensor integrated on a glass plate
were prepared by patterning nickel on the glass plate (Matsunami; 24K
32 mm) as previously reported.[8a,b]


Rotation assay : A flow chamber for the rotation assay was constructed
from two uncoated glass plates (Matsunami; a top cover glass was
18 mmK18 mm, and a bottom one was 24 mmK32 mm) sandwiching two
parallel strips of greasy paper as spacers.[7b] In the rotation assay experi-
ments, a bottom glass coated with Ni2+-NTA (NTA=nitrilotriacetate)
was used to strengthen the immobilization of F1-ATPase.[7a] F1-ATPase
molecules were immobilized on the glass plates in a flow chamber and
subsequently modified with magnetic beads according to the method re-
ported previously.[7b] All rotating assays in the sol or gel state were start-
ed by infusion of a heat-dispersed gelator in buffer A (50 mm 3-(N-mor-
pholino)propanesulfonic acid-KOH, pH 7.1/50 mm KCl) supplemented
with Mg-ATP (2 mm), and the rotating beads were observed as bright
images at the single-molecule level. The images were videotaped every
0.033 s and analyzed by using a custom software.[7b]


Heating by a plate heater : A flat
plate heater (Tokai Hit MATS-75R;
75 mm in radius) was set above the
flow chamber containing F1-ATPase
and a heat-responsive gelator 1 solu-
tion (0.35 wt%), and a water drop
was injected into the space between
the plate heater and the flow cham-
ber to conduct heat effectively from
the heater to the gelator solution.
The gel state was melted by heating
(temp. was raised at approximately
30 8C/min (from 24 to 60 8C for 2 min
(see Supporting Information Fig-
ure S3)).


Heating by a microheater : Two paral-
lel strips of greasy paper were placed
on the Ni-patterned glass plate, and
an uncoated cover glass was put on
the strips to form a flow chamber. In
this flow chamber, a rotation assay of
F1-ATPase in the gelator 1 solution
(0.50 wt%) was performed as de-
scribed above. The gel just above the
microheater was locally heated by the
Joule heat caused by the electric cur-
rent in the Ni pattern. The tempera-
ture of the heated space was obtained
by measuring the resistance of the Ni
pattern for the microthermosensor as
reported previously.[8] To induce the
gel–sol transition, the heating temper-
ature was set at higher than 55 8C
(above Tg).


Observation of gel structure by microscopy : After the stable hydrogel
formation, the carbon-coated copper grid was dipped in this gel, and this
grid was immediately dried in vacuo for 12 h at RT. To obtain the image
of the gelator solution in the sol state, the carbon-coated copper grid was
dipped in the heat-dispersed gelator solution and was rapidly dried in
vacuo. The TEM observation of the prepared sample was carried out
without staining under accelerating voltage of 120 kV. TEM images were
recorded by using a JEOL-JEM-2010 apparatus.
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Introduction


Exploitation of intercomponent mobility in rotaxanes and
other interlocked molecular assemblies has emerged as an
appealing subject of research during the past decade.[1–5] The
key challenge is to control the intercomponent degrees of
freedom, which can be accomplished by the modulation of
the weak interactions between the components. In the case
of rotaxanes, changing the interactions between the macro-
cyclic ring and binding stations in the thread can result in re-
versible transitions between structurally well-defined states
in which the ring binds to different parts of the thread (co-
conformers). If this shuttling is signaled by an observable
change in a physical or chemical property of the system, the
molecule behaves as a switch. These molecular switches are
also referred to as molecular motors, because they are, in


principle, capable of converting chemical energy into me-
chanical work. Molecular switches have also been proposed
to be promising candidates for key elements in molecular
scale information processing devices. Interlocked systems
have been designed in which hydrogen bonding,[6–9] p–p-in-
teractions,[10, 11] metal coordination,[12,13] Coulombic forces,
and hydrophobic interactions[14,15] are utilized, not only to
allow template-directed synthesis, but also to control the in-
tercomponent interactions. To fully exploit the potential of
these molecules and for the design of new molecules with
improved performance, a detailed understanding of the in-
tercomponent interactions is mandatory.
In this report, we describe the infrared study of hydrogen-


bond interactions in rotaxane 1 containing two potential
binding stations for the macrocycle: a succinamide and a
naphthalimide station. The succinamide group is known to
be a better hydrogen-bond acceptor than the naphthalimide
station. Hence, in the thermodynamically favored conformer
the macrocycle resides at the succinamide station.[16,17]


The switching function in rotaxane 1 is based on the shut-
tling of the macrocycle between the two stations, which is
triggered by one-electron reduction of the naphthalimide
station, either electrochemically[16] or photochemically[17]


(Scheme 1). The thus-formed radical anion has a higher hy-
drogen-bonding affinity towards the macrocycle, which re-
sults in a net translational motion of the macrocycle towards
the naphthalimide radical anion to form the energetically
more favorable co-conformer ni-1C�.


Abstract: The macrocycle in rotaxane 1
is preferentially hydrogen bonded to
the succinamide station in the neutral
form, but can be moved to the naph-
thalimide station by one-electron re-
duction of the latter. The hydrogen
bonding between the amide NH groups
of the macrocycle and the C=O groups
in the binding stations in the thread
was studied with IR spectroscopy in
different solvents in both states. In ad-


dition, the solvent effect on the vibra-
tional frequencies was analyzed; a cor-
relation with the solvent acceptor
number (AN) was observed. The con-
formational switching upon reduction
could be detected by monitoring the


hydrogen-bond-induced shifts of the
n(CO) frequencies of the C=O groups
of the succinamide and the reduced
naphthalimide stations. The macrocycle
was found to shield the encapsulated
station from the solvent: wavenumbers
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The shuttling process was studied in a time-resolved way
by using the electronic absorption spectrum of the naphtha-
limide radical anion as a probe.[17] With this method, the
shuttling was revealed by monitoring the precise position of
the strong electronic absorption band near 420 nm, which
undergoes a blue shift when the macrocycle binds to the
radical anion.
An alternative approach to study the structural changes


during the shuttling process is by using the macrocycle as a
probe, as in contrast to the succinamide and naphthalimide
stations, this component is directly involved at every stage
of the process. In the course of the shuttling cycle, hydrogen
bonds of the macrocycle to the succinamide station are
broken, and after the shuttling new hydrogen bonds are
formed with the naphthalimide radical anion. Thus, direct
monitoring of hydrogen bonds during the shuttling would be
an ideal way to study the process.
IR spectroscopy is a promising technique for this purpose.


It provides structural information, and can be applied with
the submicrosecond time resolution needed to monitor the
shuttling process.[18] IR spectroscopy has been widely used
in the analysis of secondary structural motifs in proteins and
peptides, which are determined to a large extent by hydro-


gen-bonding interactions.[19–21]


These studies, therefore, usual-
ly focus on the detection of hy-
drogen bonds between amide
groups. The amide C=O
stretching (n(CO), often called
the amide I band) and N�H
stretching (ns(NH)) frequencies
are strongly affected by hydro-
gen bonds,[22–24] making the
amide group an exceptionally
good probe for the study of hy-
drogen-bond-stabilized con-
formers. Hydrogen bonding be-
tween amide groups decreases
the NH and C=O bond orders


in both acceptor amide and donor amide.[24,25] Therefore, for
amides involved in hydrogen bonding, generally, large red
shifts of the n(CO) and n(NH) frequencies are observed.
So far, only a few reports on the application of IR spec-


troscopy in studies of intercomponent interactions in inter-
locked molecules have been published in the literature.[26–30]


The first one was reported for a hydrogen-bonded[2] cate-
nane. In particular, the characterization of amide C=O and
NH vibrations in a benzylic amide [2]catenane, and the con-
sequences of the interlocked structure for these vibrations
have been presented.[26] The studied [2]catenane was an in-
terlocked dimer of the macrocycle contained in 1. In a later
work, IR spectroscopy was used to study external effects on
the intercomponent hydrogen bonding in this [2]catenane
incorporated in different inorganic salt matrices.[27] The salt
matrix was shown to influence the number and geometry of
hydrogen bonds between the macrocycle amide groups. The
only reported IR study of interlocked molecules in solution
was done on a succinamide rotaxane. 2D IR spectroscopy
was used to determine the conformations of this rotaxane
by means of the dipolar interactions of the C=O groups.[29]


Hydrogen bonds in rotaxanes and the effect on the vibra-
tional frequencies of the involved donor and acceptor


Scheme 1. Shuttling cycle of rotaxane 1 upon one-electron reduction and reoxidation of the naphthalimide station.
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groups have also been analyzed with quantum chemical cal-
culations.[25] Calculation of the vibrational frequencies in ro-
taxane mimics (hydrogen-bonded complexes of isophtalic
amide donor and different acceptors) showed pronounced
red shifts of n(CO) bands of both the acceptor (35–65 cm�1)
and donor.
The goal of the present work is to study the nature and


strength of the intercomponent hydrogen bonds in the neu-
tral and reduced forms of rotaxane 1 and thread 2 and to in-
vestigate how these interactions are modified by medium
polarity. Furthermore, we want to correlate these interac-
tions with properties, such as shuttling rate and co-confor-
mer distribution. In addition, the solvent effect on the vibra-
tional frequencies will be analyzed. For a detailed under-
standing of the relationship between spectral features and
molecular conformations, the C=O stretching modes of 1
and 2 will be characterized. Additional information is ob-
tained from an analysis of the N�H stretching vibrations.
The structures and energies of the co-conformers of rotax-
ane 1 are to a large extent determined by the formation of
hydrogen bonds. Hydrogen bonding is strongly affected by
the solvent polarity, being more favored in solvents of lower
polarity. To study the effect of the solvent polarity on the
hydrogen bonding in 1, IR spectra were recorded in struc-
turally similar non-hydrogen bonding chlorinated solvents
with different dielectric constants (e): chloroform (CHCl3,
e=4.70), dichloromethane (CH2Cl2, e=8.93) and 1,2-di-
chloroethane (ClCH2CH2Cl, e=10.36). Also weakly hydro-
gen-bond-accepting solvents, THF (e=7.58) and butyroni-
trile (PrCN, e=27.2) were used.
Examination of the molecular structures of 1 and 2 leads


us to predict the appearance of a complex combination of
IR bands originating from different n(CO) modes of C=O
groups of the succinamide (succ-CO) and naphthalimide (ni-
CO) stations and the macrocycle (macro-CO). In the IR
spectra of the radical anions, drastic changes of the n(CO)
bands of the naphthalimide C=O groups (niC�-CO) are to be
expected. To facilitate the assignment of the bands, model
compounds for the succinamide (4) and naphthalimide (3)
stations were synthesized and studied. Unfortunately, the
macrocycle itself could not be used in this study because of
its very poor solubility in non-hydrogen bonding solvents.[31]


Model compounds 3 (neutral molecule and radical anion)
and 4 will be shown to allow separate assignment of the
n(CO) bands in the IR spectra to different C=O groups
present in the succinamide and naphthalimide moieties of 1,
1C�, 2 and 2C�. Also, B3LYP/6–31G(d) calculations have been
performed to predict the nature and frequencies of the vi-
brational modes and further support the spectral analysis.


Results and Discussion


An overview of the different n(CO) bands expected in the
IR spectra of 1–4 is given in Figure 1.
To allow comparison of the IR bands in the different com-


pounds, all spectra were scaled to the intensity of naphthal-


ACHTUNGTRENNUNGimide symmetric C=O stretching (ns(CO)ni) band at
�1700 cm�1. This n(CO) band was chosen as a standard for
two reasons: this C=O group was found to be free of inter-
actions with other parts of the molecule and the correspond-
ing n(CO) band is well separated from the other bands. The
absorption coefficient of the ns(CO)ni band at �1700 cm�1 is
(6�2)J102 Lmol�1 cm�1. Due to the procedure for sample
preparation, the concentration of each solution, and, there-
fore, the molar absorption coefficients, were known only ap-
proximately.


Model compounds : The IR spectra of compounds 1–4 in
CH2Cl2 are depicted in Figure 2A. The IR spectrum of 3
shows the characteristic features of naphthalimides:[32] four
bands are observed in the C=O region. The bands at 1698
and 1660 cm�1 are assigned to the symmetric (ns(CO)ni) and
antisymmetric (nas(CO)ni) C=O stretching modes, respective-
ly, while the other two bands at 1630 and 1603 cm�1 origi-
nate from aromatic ring vibrations (n(Ar)ni). The B3LYP cal-
culation predicts a similar band pattern: four bands in the
spectral range of interest, at 1707 (ns(CO)ni), 1673
(nas(CO)ni), 1618 (n(Ar)ni), and 1565 cm


�1 (n(Ar)ni).
In the C=O stretching range of the IR spectrum of 4 in


CH2Cl2, a broad band at 1672 cm
�1 with a tail on the low


frequency side is observed. This band was analyzed by fit-
ting it to a sum of Lorentzian profiles, and it was found to
be composed of three contributions (Figure 3D). The two
components at 1676 and 1669 cm�1 arise from unperturbed
C=O stretching. The red-shifted broad band at 1657 cm�1 is
attributed to C=O stretching in the intramolecular hydro-
gen-bonded seven-membered ring conformations 4a and 4b
(Scheme 2).[33] Assuming that hydrogen bonding does not
change the absorption coefficient of the C=O stretching
mode, we can estimate from the relative contributions of the
three Lorentzians to the absorption band that approximately


Figure 1. The different n(CO) bands of C=O groups in the succinamide
and naphthalimide units and the macrocycle. The intramolecularly hydro-
gen-bonded conformations of the succinamide station (4a and 4b,
Scheme 2) are not included in this overview.
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one third of 4 exists in these hydrogen-bonded conforma-
tions.
For the trans conformation of 4, the B3LYP calculations


predict the vibrational bands of the n(CO) modes at 1713
and 1699 cm�1, with similar intensities. Experimentally, a
band is found at 1672 cm�1, which can be modeled as a sum
of two Lorentzian peaks at 1676 and 1669 cm�1. The agree-
ment between experimental and calculated frequencies is


not perfect, but the calculation supports the notion that
there are two modes with distinctly different frequencies. A
similar conclusion was drawn from 2D IR experiments on a
related succinamide rotaxane.[29] The presence of two dis-
tinct bands implies that the C=O transition moments are not
antiparallel to each other but almost perpendicular. This is
in nice agreement with the B3LYP calculation, which pre-
dicts a dihedral angle of 1228. In the case of 1, the bifurcated
sets of hydrogen bonds with the macrocycle NH groups re-
quire an antiparallel configuration of the C=O groups,[34]


and indeed, for rotaxane 1, only one n(CO)succ band is ob-
served (Figure 5B). In the internally hydrogen-bonded
gauche conformation (corresponding to 4a), one band is cal-
culated at essentially the same wavenumber as that of the
trans form (1716 cm�1), the other one at a lower frequency
(1680 cm�1). In the experimental spectrum, the latter band
is found at 1657 cm�1. A comparison of the calculated ener-
gies indicates that the hydrogen-bonded form has a lower
energy for the isolated molecules (�2.3 kcalmol�1), but in
CH2Cl2, the extended form is predicted to be more stable by
1.2 kcalmol�1. This is in good agreement with our interpre-
tation of the IR spectra of 4, which concludes that the ex-
tended form is the predominant species.
In the amide I range of the IR spectrum of 4 in THF, the


bands are slightly blue-shifted with respect to the corre-
sponding peaks in CH2Cl2, and are narrower. The NH
stretching in 4, on the other hand, reveals the opposite
changes, the bands being red-shifted and broadened in THF


(Figure 3A and B). Hydrogen
bonding between THF and the
NH groups of 4 is most likely
to be the reason for these ef-
fects. THF is a hydrogen-bond
acceptor, hence, only a strong
direct effect on the NH
stretching mode is present, and
a weaker indirect effect on the


Figure 2. Amide I region of the IR absorbance spectra of 1–4 in
A) CH2Cl2 and B) THF. The spectra were scaled to the intensity of the
ns(CO)ni band at �1700 cm�1.


Figure 3. IR spectra of 4 in THF (NH region (A) and amide I region (B))
and CH2Cl2 (NH region (C) and amide I region (D)). The bands in B and
D were fitted to a sum of three Lorentzian profiles.


Scheme 2. Intramolecularly hydrogen-bonded conformations 4a and 4b.
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C=O stretching. The smaller contribution of the low-fre-
quency Lorentzian to the band indicates that the intramolec-
ular hydrogen bonding leading to 4a and 4b is disrupted to
a large extent.
Apart from the free NH-stretching band, a broad red-


shifted band belonging to NH stretching in 4a and 4b is ob-
served in CH2Cl2. This band pattern is characteristic for
molecules in which intramolecular hydrogen bonding be-
tween amide groups is possible.[34]


Rotaxane and thread : The IR spectra of 2 in CHCl3,
CH2Cl2, ClCH2CH2Cl, PrCN, and THF are similar
(Figure 4). In the spectral range of interest, the IR spectrum
of 2 is equal to the sum of the spectra of 3 and 4, indicating
the absence of significant interactions between the naphtha-
limide and succinamide stations. In the chlorinated solvents,
all n(CO) modes are affected by the changes in solvent po-
larity, showing a blue shift of the corresponding bands with
increasing dielectric constant. Only the aromatic ring vibra-
tion at 1603 cm�1 remains unaffected.
The IR spectrum of 1 displays a more complicated combi-


nation of bands (Figure 4). An important observation is that
the IR spectrum does not show any indication of the exis-
tence of co-conformer ni-1, the ns(CO)ni band at 1698 cm


�1


in THF remains completely unaffected compared to 2. This
is in agreement with NMR spectroscopic studies on co-con-
former distribution in 1 in different solvents; the predomi-
nant co-conformer (>95%) is succ-1.[16] Crystal structures
of succinamide-based rotaxanes show that two sets of bifur-
cated hydrogen bonds can exist between the macrocycle NH
groups and the C=O groups of the succinamide station.[16]


To obtain a clearer picture of the additional bands in 1,
difference absorbance spectra were constructed by subtract-
ing the scaled IR spectra of 2 from those of 1 (Figure 5A).
As stated above, the n(CO) modes localized on the naphtha-
limide station remain unaffected in 1, so corresponding


bands are expected to vanish in the difference spectrum.
The positive peaks in the difference spectra are contribu-
tions from the C=O stretching vibrations of the macrocycle
amide groups (n(CO)macro). Shifts of bands of the succina-
mide station due to interactions with the macrocycle may
give rise to negative or positive bands in the difference spec-
trum.
The difference spectra were fitted to a sum of Lorentzian


peaks; the results are displayed in Figure 5B. In THF, the
n(CO)macro band is found at 1667 cm


�1. This band gradually
shifts to 1655 cm�1 in CHCl3. In THF and PrCN, a weak
band is observed at 1645 and 1648 cm�1, respectively, which
may be attributed to hydrogen-bonded C=O groups of the
macrocycle. Hydrogen bonding between the succ-NH
groups and the macro-CO groups is possible due to the flex-


Figure 4. Amide I region of IR absorbance spectra of rotaxane 1 and
thread 2 in CHCl3, CH2Cl2, ClCH2CH2Cl, PrCN, and THF. All spectra
have been scaled to the intensity of the ns(CO)ni band at �1700 cm�1.


Figure 5. A) Difference absorbance IR spectra (1 minus 2) in CHCl3,
CH2Cl2, ClCH2CH2Cl, PrCN, and THF. The spectra were obtained by
subtracting the thread spectrum from the rotaxane spectrum after scaling
at the ns(CO)ni band. The arrows indicate the changes in this range of sol-
vents. B) Fitting result of the difference absorbance spectra. c is the
absorbance difference spectrum in THF. The spectra were fitted to a sum
of three or four Lorentzians (g). The peak positions in all solvents are
given as numbers.
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ibility of the macrocycle: the macro-CO groups can point
inward to from hydrogen bonds with the succ-NH groups.
Molecular modeling and crystal structures of related rotax-
anes[35–37] show that this binding motif can exist, but it proba-
bly plays a minor role. In the chlorinated solvents, this band
was not found, probably because it is obscured by the strong
n(CO)macro and n(CO)succ bands. Due to the red shift of the
n(CO)macro band towards the n(CO)succ band, the overlap is
larger in the chlorinated solvents.
The negative band at 1680 cm�1 (in CHCl3 1675 cm


�1) rep-
resents the decrease of free succ-CO groups in 1 compared
to 2. The positive band near 1640 cm�1 can be assigned to
stretching of the hydrogen-bonded C=O groups in the succi-
namide station. The red shift of the hydrogen-bonded rela-
tive to free n(CO)succ in, for example, CH2Cl2 is 34 cm


�1.
This is 14 cm�1 larger than in the case of conformers 4a and
4b relative to 4 and is caused by strong hydrogen bonding
with NH groups in the macrocycle. The hydrogen bonding is
stronger in 1 because two bifurcated hydrogen bonds with
each succ-CO are possible, while intramolecular hydrogen
bonds in 4a and 4b do not have optimal geometries. The
calculated red shifts of the n(CO) band in analogous hydro-
gen-bonded complexes of isophtalic amide and different ac-
ceptors obtained by Reckien and co-workers (35–40 cm�1),
agree well with our experimentally observed red shift.[25]


Remarkably, the hydrogen-bonded n(CO)succ band lies
within 2 cm�1 in the chlorinated solvents (1639–1641 cm�1),
while all other bands related to the amide or imide groups
in 1 and 2 are solvatochromic (see below). The absence of a
solvent effect implies shielding of the C=O groups from the
solvent by the macrocycle. In PrCN, this band appears at
1634 cm�1, which is almost the same as in THF. The differ-
ence in behavior compared with the chlorinated solvents is
probably caused by the hydrogen-bond accepting properties
of PrCN and THF. Hydrogen bonding of the solvents with
the NH groups of the amides in the succinamide moiety re-
duces the corresponding C=O stretching frequency.


Solvent effects : The IR frequencies in 1 and 2 undergo sub-
stantial red shifts in the solvent range THF, PrCN,
ClCH2CH2Cl, CH2Cl2, and CHCl3. The shifts are not system-
atic with the dielectric constant of the solvent; hence evalua-
tion of specific solvent effects, such as hydrogen bonding
and donor–acceptor interactions is required. The evaluation
of specific and nonspecific solvent effects is often conducted
by using linear solvation energy relationships (LSER).[38]


The effect of a solvent on a given vibrational mode can be
described by Equation (1).[39]


n ¼ n0 þ
X


i


aiPi ð1Þ


In this equation, n is the wavenumber of the absorption
band in the particular solvent, Pi is one of the solvent pa-
rameters: acceptor number[40] (AN), donor number (DN),
polarity (Y; derived from the static dielectric constant as:
Y= (es�1)/ ACHTUNGTRENNUNG(es+2)),[38] and polarizability (p ; derived from the


solvent refractive index by using: p = (n2��1)/ACHTUNGTRENNUNG(n2+2)).[38]
The response of the observed effect to the respective solvent
parameter is described by ai and n0 is the wavenumber for
the case in which all values for Pi are zero.
The solvent-induced shifts of the IR frequencies of 1 and


2 were evaluated with this LSER method. The wavenumbers
of the ns(CO)ni and ns(Ar)ni bands of 2 were taken directly
from the IR spectra. Because of band overlap, the n(CO)succ
band of 2 and n(CO)macro band of 1 were obtained from
peak fitting (Figure 5B). The strongest correlation was
found with the solvent acceptor number. The results of this
analysis are presented in Figure 6 and Table 1.


The solvent acceptor number is a measure of the solvent
electrophilicity.[40] The negative value for a demonstrates a
red shift of the corresponding vibrational mode, which in
turn is a result of bond weakening. So, in the more electro-
philic solvents, electron density is withdrawn from the bonds
associated with the vibrational mode. The absolute values of
a reveal that the C=O stretching frequencies, in particular,
those of the exposed C=O groups in the macrocycle, are
more sensitive to the solvent acceptor number than the C=C
stretching in the aromatic ring of the naphthalimide
(n(Ar)ni).


NH stretching of 1 and 2 : The NH region in the IR spectra
of 1 and 2 is depicted in Figure 7. Despite the poor signal-


Figure 6. Plot of ns(CO)ni, n(Ar)ni, and n(CO)succ in 2 (*) and n(CO)macro
in 1 (*) wavenumbers versus solvent acceptor number (AN). The ob-
tained values of n0, and a are listed in Table 1.


Table 1. Coefficients n0 and a, and standard deviations were obtained by
using the LSER [Eq. (1)] analysis with the solvent acceptor number.


Mode Compound n0 a


ns(CO)ni 2 1705.8�0.5 �0.40�0.03
n(CO)succ 2 1682�2 �0.33�0.10
n(CO)macro 1 1673�2 �0.72�0.12
n(Ar)ni 2 1632.2�0.3 �0.15�0.02
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to-noise ratio, clear bands can be distinguished. The NH-
stretching band of free NH groups in thread 2 in CHCl3 ap-
pears at 3443 cm�1 and shifts to 3436 and 3432 cm�1 in
CH2Cl2 and ClCH2CH2Cl, respectively. The contribution of
the hydrogen-bonded NH stretching due to conformers with
an intrasuccinamide hydrogen bond is present as a broad
band centered around 3300 cm�1. Although it is impossible
to make a good estimate of the integrated intensity of this
band, it appears that only a small fraction of the NH groups
are hydrogen bonded. In PrCN and THF, the NH-stretching
bands are significantly broadened and red-shifted to 3385
and 3339 cm�1, respectively, due to hydrogen bonds between
the solvent molecules and the succinamide NH groups.
In the NH-stretching region of the IR spectrum of rotax-


ane 1, bands that can be assigned to the succinamide station
and the macrocycle can be distinguished. In the chlorinated
solvents, the NH stretching of the succinamide station is
centered near 3425 cm�1, which is at a slightly lower fre-
quency (shift �10 cm�1) than in thread 2. The macrocycle
NH stretching appears as a broad band with a maximum at
3365 cm�1. While the amide I band shows a substantial sol-
vent effect in the chlorinated solvents, the macrocycle NH
stretching is unaffected by the solvent polarity. These NH
groups are situated in the interior of the macrocycle and are
shielded from the solvent. In PrCN and THF, this band is
red-shifted, indicating that the solvent also forms hydrogen
bonds with the macrocycle when its NH groups are not in-
volved in hydrogen bonds with the thread.


IR spectroelectrochemistry : The electrochemistry of 1 and 2
was already studied in detail.[17] The CV response of 2 in
THF exhibits a reversible, one-electron wave corresponding
to reduction and reoxidation of the naphthalimide group
(�1.41 V versus Fc/Fc+). Rotaxane 1, on the other hand,
displays an irreversible behavior. This irreversibility is due
to shuttling: the species formed after reduction is ni-1C�,


which has a more positive oxidation potential than the bare
radical anion 2C�.


Amide I : Upon one-electron reduction of model compound
3, three new bands of 3C� appear at 1616, 1565, and
1534 cm�1 at the expense of the n(CO)ni bands at 1703 and
1667 cm�1 and the n(Ar)ni band at 1631 cm


�1 in 3 (Figure 8).


Calculation of the vibrational frequencies of 3C� predicts the
three bands to be stronger than for the neutral molecule,
and shifted to 1633 (ns(CO)ni), 1589 (nas(CO)ni) and
1532 cm�1 (n(Ar)ni), which agrees well with the experimental
result. An additional aromatic ring vibration at 1558 cm�1 is
predicted, but with a very low intensity. The calculation
shows that the normal modes associated with the three
bands are similar in the radical anion and in the neutral
molecule, and also that the order of the frequencies is the
same. The C=O stretching modes have a larger shift than
the aromatic ring vibration, but the latter is substantial as
well. Because the singly occupied molecular orbital in 3C� is
strongly delocalized over the whole p-system, not only the
C=O, but also the C=C bonds are weakened compared to
those in 3.
A similar picture emerges for 2C� (Figure 9). In this case,


the characteristic band pattern of the succinamide station
between 1700 and 1640 cm�1, in 2 obscured by the nas(CO)ni
band, is clearly visible in the radical anion. The tail on the
red side of the ns(CO)ni band of 2C� at 1616 cm�1 (not pres-
ent in the spectrum of 3C�), supports the existence of a small
fraction of 2C� in which hydrogen bonds exist between the
succinamide station and naphthalimide radical anion (folded
conformations, see Scheme 3).
In the course of the reduction of rotaxane 1, the three


naphthalimide bands at 1702, 1667 and 1631 cm�1 gradually
disappeared and new bands at 1591, 1546 and 1518 cm�1


grew in. The initially obscured n(CO)succ and n(CO)macro


Figure 7. NH-stretching region of IR absorbance spectra of rotaxane 1
and thread 2 in CHCl3, CH2Cl2, ClCH2CH2Cl, PrCN, and THF. All spec-
tra were scaled to the intensity of the ns(CO)ni band at �1700 cm�1.


Figure 8. Amide I region of the IR spectra of the naphthalimide model
compound 3 (c), 3C� (g), and difference spectrum (3C� minus 3)
(a) in THF.
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bands in 1 are visible in 1C�. The n(CO)macro band has shifted
to a lower wavenumber and appears at 1658 cm�1 (Figure 9).


NH stretching : The NH stretching region in the IR spectrum
of the neutral molecule and radical anion of the rotaxane (1
and 1C�) and the thread (2 and 2C�) in THF are depicted in
Figure 10. In the spectrum of 2C�, an intensity decrease of
the NH-stretching band at 3340 cm�1 is observed, while the
red-shifted band of more strongly hydrogen-bonded NH
stretching increases. This supports the presence of hydrogen
bonds between the NH groups of the succinamide station
and the C=O groups of the naphthalimide radical anion in
the folded conformation (folded-2C�, Scheme 3). The relative
intensities of the free and hydrogen-bonded NH-stretching
bands indicate that the extended-2C� conformation is the
predominant species.
The NH-stretching region of reduced rotaxane 1C� reveals


some interesting features. The NH-stretching band of the
less-strongly bound NH groups in the macrocycle
(3365 cm�1) has almost disappeared. The band of the NH
stretching at �3300 cm�1 is more intense than in neutral 1.
The stronger hydrogen-bonding interactions in 1C� compared
to 1 support the notion that the macrocycle is indeed hydro-
gen bonded to the naphthalimide radical anion.


Different spectra : A convenient way to analyze the process-
es accompanying the reduction is by comparing the differ-


ence absorbance spectra between radical anion and neutral
molecule for rotaxane 1 and thread 2 (Figure 11). In both
the rotaxane and thread, three negative bands are present.
For 2C�, three prominent new bands appear in the IR spec-
trum at 1616, 1565 and 1534 cm�1. These bands are shifted
to lower wavenumbers in 1C� and appear at 1591, 1551 and


Figure 9. IR spectra of neutral (c) and reduced (g) top: rotaxane 1
(1C� reduced) and bottom: thread 2 (2C� reduced) in THF.


Scheme 3. Structures of extended (predominant) and the folded conformations of 2C�.


Figure 10. NH-stretching region of the IR spectra of neutral (c) and
reduced (g) thread 1 (1C� reduced) and rotaxane 2 (2C� reduced) in
THF.


Figure 11. Difference absorbance spectra (radical anion minus neutral) of
rotaxane 1 (g) and thread 2 (c) in THF.
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1518 cm�1. The larger shift to lower wavenumbers of the
naphthalimide radical anion bands in 1C� with respect to
those of 2C� provides clear evidence that translational move-
ment of the macrocycle from the succinamide station to the
naphthalimide radical anion has taken place in 1C�. This
spectral red shift in 1C� is induced by hydrogen bonding be-
tween the NH groups of the macrocycle and the carbonyls
of the radical anion. A red shift in 2C� (compared to 3C�) ap-
pears only as a shoulder on the main band (1616 cm�1), and
hydrogen bonding of the imide anion with the succinamide
NH groups (folded-2C�) is of minor importance. In analogy
with the situation in 2C�, the extended conformation of 1C� is
expected to be the predominant species.
In the difference absorbance spectrum of the rotaxane,


two additional positive bands at 1658 and 1681 cm�1 are
present. The first band (1681 cm�1) has the same position as
the n(CO)succ band in 4, and belongs to n(CO)succ, which has
been liberated after shuttling. The second band at 1658 cm�1


is from the macrocycle C=O stretching. This is red-shifted
by 9 cm�1 due to an indirect effect of hydrogen bonding to
the NH groups of the amides. The computational study of
Reckien et al. reports shifts of �5 to �16 cm�1 for similar
cases.[25] In the predominant co-conformer ni-1C� (Scheme 1),
the hydrogen bonds from the macrocycle NH groups to the
radical anion are stronger than those in co-conformer succ-
1C�, which causes further weakening of the macrocycle C=O
bond and, as a consequence, a more red-shifted C=O
stretching is observed. Another consequence is that also the
amide II band (�1520 cm�1 in 1) of the macrocycle amide
groups is expected to change. A shift to higher frequency is
predicted by computation.[25] The precise changes in the
amide II band could not be resolved due to the overlap with
the nas(CO)ni and n(Ar)ni bands of the naphthalimide radical
anion. Conversely, the apparent changes in the latter bands
can also be influenced by changes in the amide II bands.
The (unexpected) shift of the n(Ar)ni peak from 1534 cm�1


in thread 2 to 1518 cm�1 in the rotaxane 1 is, therefore, un-
certain. The most important bands present in the IR spectra
of neutral and reduced 1 and 2 are listed in Figure 12 and
Table 2.
To analyze the solvent effect on the switching, IR spec-


troelectrochemical experiments of 1 and 2 were also carried
out in PrCN (Figure 13). For 2C� in PrCN, the ns(CO)ni band
shows a solvatochromic red shift (relative to THF) and ap-
pears at 1612 cm�1. For ni-1C� in PrCN, however, the


ns(CO)ni band remains at almost the same position
(1592 cm�1) as in THF. This, again, is clear evidence that the
macrocycle shields the carbonyl groups of the station to
which it is hydrogen bonded from the solvent. This was also
previously concluded from the electronic absorption spectra
of the radical anion in ni-1C� : the absorption maximum of
ni-2C� shifts to the blue in more polar solvents, but in ni-1C�,
it does not depend on the medium polarity because the
effect of the hydrogen bonds made with the macrocycle is
stronger than that of solvation.[17]


The difference absorbance spectrum (radical anion versus
neutral molecule) of the rotaxane in THF and PrCN suggest


that a small fraction of the rad-
ical anion is not hydrogen
bonded: absorbance from free
radical anion is observed at
1616, 1563 and 1534 cm�1ACHTUNGTRENNUNG(in
THF), suggesting that a small
fraction of 1C� exists as the
succ-1C� co-conformer. This
seems to conflict with previous
studies on the co-conformer
distribution of 1C�.[16,17] Howev-
er, the presence of bands at-


Figure 12. Structures of the naphthalimide radical anion in rotaxane (1C�) and thread (2C�), with wavenumbers
of the most important IR modes characteristic for the binding of the macrocycle to the naphthalimide radical
anion.


Table 2. Wavenumbers of IR modes of neutral and reduced 1, 2, and 3 in
THF.


Mode Neutral [cm�1] Radical anion [cm�1]
3 2 1 3C� 2C� 1C�


ns(CO)ni 1703 1702 1702 1616 1616 1591
n(CO)macro – – 1667[a] – – 1658
n(CO)macro – – 1648[b] – – -
n(CO)succ – 1680[a] – – 1681
n(CO)succ – 1658[b] 1633[b] – – –
nas(CO)ni 1667 1667 1667 1565 1565 1551
n(Ar)ni 1631 1631 1631 1534 1534 1518


[a] Free C=O. [b] Hydrogen bonded C=O.


Figure 13. Difference absorbance spectra (radical anion minus neutral) of
rotaxane 1 (g) and thread 2 (c) in butyronitrile.
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tributable to the imide radical anion in a non-hydrogen-
bonded form does not necessarily mean that the molecules
exist in the succ-1C� co-conformer. Cyclic voltammetry, UV/
Vis spectroelectrochemistry and transient absorption spec-
troscopy experiments with 1, reveal almost quantitative con-
version of succ-1C� to ni-1C� (ratio ni-1C�/succ-1C� >1500).[17]


Assuming full conversion to ni-1C� in the present IR experi-
ments, we can conclude that in this co-conformer not all the
C=O groups of the naphthalimide anion are involved in hy-
drogen bonding, and also that more than one type of hydro-
gen bond with different geometry and strength is present.
An additional indication for this is the fact that the ns(CO)ni
band of ni-1C� (1591 cm�1) is broad, probably composed of
bands from C=O stretching of differently hydrogen bonded
C=O groups.
The switching is driven by the fact that hydrogen bonding


between a macrocycle and naphthalimide radical anion is
energetically favored over hydrogen bonding between the
macrocycle and succinamide station, that is, the hydrogen
bonds between macro-NH and niC�-CO are stronger than be-
tween macro-NH and succ-CO. This is confirmed by the fact
that the n(CO)macro band exhibits a red shift of 9 cm


�1 in ni-
1C� compared to succ-1. The red shift is obviously caused by
stronger hydrogen bonds in ni-1C� compared to succ-1.
From the fact that hydrogen bonds in ni-1C� are stronger


than in succ-1, one would expect a larger hydrogen-bond-in-
duced red shift of the ns(CO)ni band relative to the n(CO)succ
band. However, the red shift of the n(CO)succ band of 1 in
THF is 47 cm�1 (1680–1633 cm�1), while the largest shift ob-
served in the spectrum of ni-1C� is for the ns(CO)ni band
(25 cm�1). The observation that the ns(CO)ni band in the rad-
ical anion exhibits a smaller red shift than the n(CO)succ
band in the neutral molecule, means that the former is less
sensitive to hydrogen bonding, but the reason for this is not
obvious.
To understand in more detail the influence of the strength


of the H-bonding interactions on the equilibrium between
succ-1C� and ni-1C�, experiments with structurally modified
rotaxanes are in progress. In these new molecular shuttles,
the naphthalimide station was replaced by other aromatic
imides. Due to the different size of the aromatic core, the
electron density on the carbonyl groups in the radical anion
will be different. An important result of the study with a
naphthalene bisimide system is that despite the smaller driv-
ing force than in the naphthalene monoimide system, shut-
tling still occurs to a large extent (>80%).[41] This supports
the idea that in 1C�, the conversion to the ni-1C� co-confor-
mer is close to quantitative. Therefore, the minor fraction of
apparently free C=O groups in ni-1C�, represented by the
bands at 1614 and 1563 cm�1 (in THF), must represent a
fraction of species in which not all niC�-COLs are hydrogen
bonded to the macrocycle NH groups.


Conclusion


The amide I region in the IR spectra of 1 and 2 in solvents
of different polarity (CHCl3, CH2Cl2, ClCH2CH2Cl, PrCN,
and THF) was analyzed. In the major co-conformer of 1,
the macrocycle is situated at the succinamide station. Both 1
and 2 show bands due to the naphthalimide station, originat-
ing from symmetric and antisymmetric C=O stretching and
aromatic ring vibrations. All these modes are solvatochro-
mic and exhibit a red shift with increasing solvent acceptor
number. In the IR spectrum of 2, n(CO)succ bands of both
free and hydrogen-bonded C=O groups were observed. In
rotaxane 1, a major part of the succinamide C=O groups
was found to be hydrogen bonded to the NH groups of the
macrocycle. The shift with respect to the free n(CO)succ in 2
is large (47 cm�1) because two bifurcated hydrogen bonds
can be formed with each carbonyl.[16]


The IR spectroelectrochemical experiments unambiguous-
ly show that the macrocycle undergoes translational move-
ment from the succinamide to the one-electron-reduced
naphthalimide station. Upon reduction of thread 2, three
new bands of the radical anion appear in the spectrum,
while the bands from the neutral naphthalimide disappear.
In rotaxane 1, the same bands show up, but shifted to lower
frequencies. This red shift of the C=O stretching modes
(25 cm�1) is a result of bond weakening caused by hydrogen
bonding with the NH groups of the macrocycle. The
n(CO)macro band also shows a shift to lower frequency
(9 cm�1 in THF) because the amide N�H groups are in-
volved in hydrogen bonds (indirect effect). Also, after shut-
tling a band from the liberated succinamide station appears
in the spectrum.
A remarkable observation is the shielding effect of the


macrocycle. The succ-CO and niC�-CO groups encapsulated
by the macrocycle are isolated from the solvent. The corre-
sponding n(CO) bands do not show any dependence on the
solvent polarity.


Experimental Section


Syntheses : Compounds 1 and 2 were prepared as described in previous
work.[17] The syntheses of compounds 3 and 4 are depicted in Scheme 4.
Compound 3 was synthesized from precursor 5 in 89% yield. Compound
5 was prepared by using a literature procedure.[17] Compound 4 was syn-
thesized in two steps from commercially available 2,2-diphenylethylamine
and succinic anhydride in 71% yield.


N-Butyl-2,5-di-tert-butylnaphthalimide (3): A solution of 5 (205 mg,
0.66 mmol) and N-butyl amine (481 mg, 6.6 mmol) in ethanol (25 mL)
was refluxed overnight and stirred at room temperature for 3 d. After
this time, the white precipitate was filtered off and washed with ethanol
and dried in air. Product 3 was obtained as a white powder. Yield:
215 mg (89%); 1H NMR (400 MHz, CDCl3): d=8.64 (d, 2H; arom. H),
8.12 (d, 2H; arom. H), 4.20 (t, 2H; N�CH2�C), 1.72 (quin., 2H; N�
CH2�CH2�CH2), 1.47 (m, 20H; tBu + �CH2�CH2�CH3), 0.98 ppm (t,
3H; CH2�CH3); elemental analysis calcd (%) for C24H31NO2: C 78.86, H
8.55, N 3.83, O, 8.75; found: C 78.20, H 8.50, N 3.98, O 9.24.


N-(2,2-Diphenylethyl)succinamic acid (6): A mixture of 2,2-diphenyl-
ACHTUNGTRENNUNGethylamine (5.79 g, 29.3 mmol) and succinic anhydride (4.41 g, 44.0 mmol,
1.5 equiv) in THF was stirred overnight. The solvent was evaporated
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under reduced pressure and the white solid obtained was triturated with
water to remove excess succinic anhydride and polar byproducts. After
drying, 6 was obtained as a light-brown powder. Yield: 6.78 g (78%);
1H NMR (400 MHz, CD3OD): d =7.38–7.16 (m, 10H; arom. H), 4.24 (t,
J=8.1 Hz, 1H; (Ph)2CH�C), 3.81 (d, J=8.1 Hz, 2H; C�CH2�N), 2.47 (t,
J=7.0 Hz, 2H; C�CH2�COOH), 2.34 ppm (t, 2H, J=7.0 Hz, 2H;
HNOC�CH2�C).
N-Butyl-N’-(2,2-diphenylethyl)succinamide (4): A solution of 6 (168 mg,
0.566 mmol) in CH2Cl2 (10 mL) was added to a mixture of N-(3-dimethy-
laminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (297 mg,
1.55 mmol) and 1-hydroxybenzotriazole (HOBt) (123 mg, 0.913 mmol) in
CH2Cl2 (10 mL). The mixture was stirred for 10 min. A solution of butyl
amine (41.4 mg, 0.566 mmol) in CH2Cl2 (5 mL) was added, and the reac-
tion mixture was stirred overnight. The solvent was evaporated and the
residue was dissolved in EtOAc. The solution was washed subsequently
with 1m HCl (3J), saturated NaHCO3 (3J), and water (3J). The organ-
ic layer was dried over MgSO4 and the solvent was evaporated, affording
4 as a white powder. Yield 182 mg (91%); 1H NMR (400 MHz, CDCl3):
d=7.39–7.18 (m, 10H; arom. H), 5.85 (br s, 2H; NHs), 4.16 (t, 1H;
(Ph)2CH�C), 3.88 (dd, 2H; (Ph)2CH�CH2�N), 3.19 (m, 2H; N�CH2�
CH2), 2.40 (s, 4H; OC�CH2�CH2�CO), 1.46 (quin., 2H; N�CH2�CH2�
CH2), 1.34 (quin., 2H; CH2�CH2�CH3), 0.92 (t, 3H; CH2�CH2�CH3); el-
emental analysis calcd (%) for C22H28N2O2: C 74.97, H 8.01, N 7.95, O
9.08; found: C 74.83; H 8.56; N 7.88; O 8.67.


Infrared spectra


Sample preparation : All IR spectra were measured with 2–4 mm solu-
tions. All solutions were prepared in Schlenk flasks by dissolving weighed
amounts of compound under dry N2 in freshly distilled dry solvent to
avoid the presence of water in the samples. The solvent was added with a
syringe (the volume of the obtained solution was known only approxi-
mately). The sample solutions were then transferred to the IR cell with a
syringe.


Infrared spectroelectrochemistry : IR spectroelectrochemical measure-
ments were performed in an optically transparent thin-layer electrochem-
ical (OTTLE) cell[42] equipped with CaF2 optical windows and a minigrid
platinum working electrode. The optical beam can pass directly through
the working electrode, allowing the redox processes taking place in the
thin solution layer surrounding the working electrode to be studied spec-
troscopically. The controlled-potential electrochemical conversions were
carried out with a PA4 potentiostat (EKOM, PolnM, Czech Republic). A
slow scan rate of 2 mVs�1 was used to allow quantitative electrochemical
conversion. The spectra were recorded at different points on the thin-
layer voltammograms; the scanning of the potential was paused during
the recording. Dry tetrabutylammonium hexafluorophosphate
(Bu4NPF6), crystallized twice from methanol, was used as supporting
electrolyte. IR spectra were recorded on Nicolet 6700 FTIR or Bruker
Vertex 70 FTIR spectrometers.


Calculations : Calculations of the IR frequencies in the amide I region of
the model compounds were carried out at the B3LYP/6–31G(d) level.[43]


For the calculations of the C=O vibrations in 4, the butyl group was re-
placed by a methyl group, while for 3 and 3C�, the butyl group was re-
placed by an ethyl group, and the tert-butyl groups by methyl groups. For


the calculation of IR frequencies in a sol-
vent medium, the polarisable continuum
model (PCM)[44, 45] was used. The computed
wavenumbers were scaled by a standard
scaling factor of 0.9614.[46]
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Trialkylammoniododecaborates: Anions for Ionic Liquids with Potassium,
Lithium and Protons as Cations
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Introduction


Ionic liquids (ILs), that is, salts with melting points below
100 8C, have been known for several decades. Lately, they
have attracted considerable attention as they have become
more accessible. Their properties differ from those of molec-
ular solvents. They have very low vapor pressures and are
incombustible. Their use relies on, among other properties,
their high electric conductivity and their ability to solubilize
various kinds of materials, and they have potential in many
different applications, for example, as solvents in reactions
and extractions and in electrochemical applications (for re-
views, see ref. [1]).


Most ILs consist of a simple anion (tetrafluoroborate,
hexafluorophosphate, chloride, bis-(trifluormethylsulfonyl)a-
mide) combined with a number of different classes of cat-
ions. The cations (mostly tetraalkylammonium, tetraalkyl-


phosphonium, N-alkylpyridinium, and N-methyl-N’-alkylimi-
dazolium) can be varied to influence the properties of the
ILs. Rarely can the properties of ILs be systematically
changed by changing the anion structure, perfluoroalkyltri-
fluoroborates[2] and boric acid esters[3] are some of the few
examples.


We have found that N,N,N-trialkylammonioundecahydro-
dodecaborate(1�) derivatives represent a new type of
anions for use as ILs. They can form ILs with the classes of
cations presently used. In addition, for the first time, these
anions have allowed potassium-containing ILs to be ob-
tained, as well as noncorrosive and hydrolysis-resistant ILs
with Li+ and unsolvated H+ cations.


Results and Discussion


The dodecaborate cluster B12H12
2� (1) can easily be obtained


from NaBH4 by using I2 as an oxidizing agent (Scheme 1).[4]
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Abstract: Herein we report a new class of low-melting ionic liquids (IL) that con-
sist of N,N,N-trialkylammonioundecahydrododecaborates(1�) as the anion and a
range of cations. The cations include the common cations of conventional ILs such
as tetraalkylammonium, N-alkylpyridinium, and N-methyl-N’-alkylimidazolium. In
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Scheme 1. Synthesis of the IL anions. i) I2/diglyme; ii) H2NO–SO3H/H2O;
iii) RBr, CH3CN, KOH.
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B12H11NH3
� (2) was first described by Hertler und Raasch,


who prepared it from 1 with hydroxylamine-O-sulfonic
acid.[5] The nitrogen atom can be alkylated with alkyl halides
in the presence of base, which leads to trialkylated products
with unbranched alkyl halides.[6] Isoalkyl and benzyl halides
react to give disubstituted products.


The reaction of 2 with alkyl bromides to give B12H11NR3
�


(3) proceeds smoothly in acetonitrile at room temperature
with KOH as base. Trialkylation is found for linear alkyl
halides and for halides in which there is branching after the
b-carbon atom. Attempts to speed up the reaction by heat-
ing resulted in byproducts, especially bromine-substituted
clusters.


The exchange of K+ for organic cations can be achieved
in water for chain lengths up to hexyl as these salts are read-
ily soluble in water. By adding the desired cation as the
chloride, the cluster is precipitated. For longer alkyl chains,
for which water solubility is poor, the K+ salt can be dis-
solved in a mixture of ethyl acetate and methanol; addition
of an equimolar amount of the chloride salt of the cation
leads to the precipitation of KCl. The IL is then obtained by
removal of the solvent (the last traces can be removed by
prolonged heating in vacuo).


The compounds gave 1H and 13C NMR and ESI mass
spectra in accordance with the proposed structures. We had
found previously that ESI-MS is also capable of detecting
small amounts of ionic impurities.[7] When alkylation is per-
formed at higher temperatures, partial halogenation of the
cluster is found which further corroborates the purity of the
substances obtained under mild conditions. 11B NMR spectra
agree with the structure of the cluster; impurities are, how-
ever, difficult to detect because of the inherent broadness of
the signals. Elemental analysis was carried out for several
compounds. The results are reported in Table 1. As observed
by others before,[8] different results were obtained for identi-
cal compounds in different laboratories, and a correct com-
position was analyzed for only one compound in one labora-
tory.


Many of the further investigations were carried out with
N,N,N-trihexylammonioundecahydrododecaborate (3a).


The liquids obtained have a syrupy consistency. Viscosity
decreases with increasing temperature, as expected. Varia-
ble-temperature viscosity measurements were performed on
two of the ionic liquids. For the N-methyl-N’-ethylimidazoli-
um (emim+) salt of 3a, the viscosity at 75.3 8C was mea-
sured to be 12607 cP, which decreased to 2635 cP at 94.5 8C.
For the methyltrioctylammonium (MeOc3N


+) salt of 3a, the
measured viscosity ranged from 11584 cP at 54.4 8C to
774 cP at 94.3 8C. Both data sets fit well to an Arrhenius de-
pendence (Figure 1), with activation energies for viscous
flow equal to 87�1 kJmol�1 for the emim+ salt and 68�
1 kJmol�1 for the MeOc3N


+ salt.
The melting points obtained in a conventional capillary


are shown in Table 2. Owing to the rather high viscosity,
melting points are not easy to determine by this method.
Melting points measured in a capillary agreed nevertheless
quite well with data obtained by differential scanning calo-


rimetry (DSC) (Table 3). Upon cooling to �100 8C, super-
cooled liquids are obtained that show glass transitions and
only minor endothermic transitions upon reheating. For the
salts of 3a, the melting enthalpies ranged between 2 kJmol�


(N-hexylpyridinium as the counterion) and 46 kJmol�1 (N-
methyl-N’-ethylimidazolium as the counterion). For compar-
ison, for N-methyl-N’-alkylimidazolium chlorides, melting
enthalpies of between 0.233 kJmol�1 (octyl, m.p. 12 8C) and
30.93 kJmol�1 (decyl, m.p. 38 8C) have been found.[9]


Table 1. Elemental analysis data of different salts of trihexylammonioun-
decahydrododecaborate.


Cation and formula Composition [%]
calcd Lab 1 Lab 2


methyltrioctylammonium salt,
C43H104N2B12


H 13.46 13.701, 13.553 14.27, 14.53
B 16.65
C 66.29 69.89, 70.05 64.89, 64.92
N 3.60 3.28, 3.38 3.53, 3.42
N-ethyl-N’-methylimidazolium salt,
C24H61N3B12


H 11.79 11.483 11.89
B 24.87 15.81
C 55.28 51.44 55.41
N 8.06 4.27 7.36
K salt, C18H50NKB12


H 11.21 11.568, 11.611
B 28.87
C 48.10 50.82, 50.26
N 3.13 3.81, 3.68
K 8.70
tetrabutylammonium salt,
C34H86N2B12


H 13.28 13.543, 13.524
B 19.87
C 62.56 65.27, 65.31
N 4.29 4.63, 4.59


Figure 1. Viscosity of the N-ethyl-N’-methylimidazolium (open circles)
and methyltrioctylammonium (closed circles) salts of trihexylammo-
nioundecahydrododecaborate (3a) as a function of T�1.
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The thermal stability of this new class of ILs is good
(Figure 2). All ILs could be heated to around 200 8C to
remove the last traces of solvents. Thermogravimetric analy-
sis (TGA) of the salts of 3a show a weight loss of between 4
(potassium salt) and 31% (methyltrioctylammonium salt) at
300 8C. The weight loss observed at around 100 8C in some
of the salts might be caused by the loss of water as the sub-


stances are hygroscopic and
could not be introduced into
the TG apparatus without ex-
posure to the ambient atmos-
phere.


The conductivity of the neat
ILs (either as the liquid or su-
percooled liquid) follows Ar-
rhenius behaviour (Figure 3).
The conductivities are fairly
low which can be attributed to
the generally high viscosities of
these ILs.


As electrolytes in acetonitrile solutions, the conductivities
of the potassium and lithium salts of 3a peak at around
8 mScm�1 in a 0.5m solution (Figure 4). The molar conduc-
tivities extrapolated to very low concentrations are around
80–100 mScm�1m


�1, only slightly less than that of N-butyl-
N-methylimidazolium hexafluorophosphate. The maximum
conductivity is less than that of LiPF6 (maximum conductivi-
ty 41.5 mScm�1 at 1.5m) and KPF6 (26 mScm�1 at 1m) in the
same solvent.[11]


The proton salt of 3a can be prepared by ion-exchange.
The proton salt of 1 was previously described by Muetterties
et al.[12] It was obtained, however, only as the H3O


+ salt. We
could remove the water by prolonged heating at 200 8C,
without decomposition. A solution of the salt in deuterio-
benzene did not show any NMR-visible sign of protonation
of benzene; the latter was observed by Reed et al. with the
proton salt of the hexachlorocarborane anion,
CB11H6Cl6


�.[13]


The chemical stability of the cluster is great. Reducing
agents such as Pt/H2 and NaH give no reaction.[14] The clus-


Table 2. Melting points of N,N,N-trialkylammonioundecahydrododecaborate salts measured in a capillary.


B12H11NR3
� Melting point [8C]


R= N(Me)4 N(Bu)4 N-hexyl-
pyridinium


N-methyl-N’-
butyl-
imidazolium


K Li H


H >250 188–190
CH3 128–129
C2H5 314 (decomp)[a] 194[a] 130–132 128–130 370 (decomp)[b]


C3H7 256–258 172–174 126–128 143–145 >250
C4H9 222–225 175–176 40–50 115–116 190 (decomp)
i-C5H11 112–114 <25 87–90 128–134
C6H13 183–186 75–78 47–50 95–97 65 65 80
C12H25 60 40–45 <25 25 40
C3H6CH=CH2 50–60


[a] See ref. [6]. [b] See ref. [10].


Table 3. Melting points, melting enthalpies and weight loss upon heating
of N,N,N-trihexylammonioundecahydrododecaborate (3a) salts.


Cation M.p. in
capillary
[8C]


M.p. by
DSC
[8C]


Melting
enthalpy
[Jg�1]


Weight
loss
at
300 8C
[%]


N(Bu)4 75–78 87 36 29
N-hexylpyridinium 47–50 59 2 11
N-methyl-N’-ethylimidazolium 57–58 60 46 32
K 65 79 28 4
methyltrioctylammonium <25 <�44[a] [b] 21
methyldiethylpropylammonium 45–50 34[c] 23 5


[a] The mid-point of the glass transition is �44 8C. [b] Not applicable.
[c] The onset of a broad transition with a maximum at 69 8C. An addi-
tional sharper transition is observed at 129 8C, DH=21 Jg�1.


Figure 2. TGA analysis of trihexylammoniododecaborates with different
cations.


Figure 3. Arrhenius plot of the conductivity of the neat ionic liquids of
trihexylammonioundecahydrododecaborate (3a) with N-hexylpyridinium
(closed circles), methyltrioctylammonium (triangles) and tetrabutylam-
monium (open circles) as counterions. The lines shown are linear regres-
sion curves.
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ter is stable against strong acids (only hydrogen-exchange is
observed), as corroborated by the isolation of the proton
salt.[15] Oxidation agents such as H2O2 lead to hydroxylation
of the intact cluster.[16] Electrochemical oxidation of the un-
substituted cluster to an hydrogen-bridged dimer occurs at
+1.85 V, with no reduction down to �2.8 V.[17] It is expected
that the ammonio-substituted cluster, which bears an elec-
tron-withdrawing substituent, requires higher potentials for
oxidation. The ILs described here, therefore, have a number
of potential uses.


One such potential use of borated ionic liquids is the
processing of spent nuclear fuel. Ionic liquids are under seri-
ous scrutiny as potential alternative solvents for the separa-
tion of radioactive elements for reuse or disposal because
their properties can potentially improve process safety and
efficiency.[18] The isotope 10B, present in 20% natural abun-
dance, has a very high thermal neutron-capture cross-sec-
tion. Calculations[19] have shown that ionic liquids with suffi-
ciently high natural boron concentrations can be used as nu-
clear-processing media as they are inherently safe with re-
gards criticality accidents. Although the ionic liquids de-
scribed herein have relatively high viscosities and may not
be suitable as neat solvents, their high boron content per-
mits them to be diluted by other ionic liquids while still af-
fording a high degree of protection. A significant issue that
needs to be addressed is whether ionic liquids have suffi-
cient stability towards the effects of the ionizing radiation
emitted by radioactive fuel components to permit their use
in nuclear processing. Radiation stability investigations have
already been carried out on some ionic liquids.[20] A prelimi-
nary pulse radiolysis experiment was performed to assess
the radiation stability of the anion 3a as the emim+ and
MeOc3N


+ salts. Three dilutions of each salt (15–50 mm)
were made in the ionic liquid N-butyl-N-methylpyrrolidini-
um bis(trifluoromethylsulfonyl)amide (Pyrr14 NTf2) in which


the solvated electron is known to have a broad absorption
band peaking at 1100 nm.[21] The observed rates of decay of
the solvated electron were compared with that the value ob-
served in neat Pyrr14 NTf2, and a second-order rate constant
of (1.84�0.06)K108m


�1 s�1 was obtained for the reaction of
the electron with emim 3a. The reaction in question is ac-
tually the scavenging of the electron by the emim+ cation; a
similar rate constant was obtained for the reaction of
bmim+ with the electron in a less viscous ionic liquid.[22] In
contrast, the MeOc3N


+ cation does not scavenge electrons.
When the MeOc3N


+ 3a salt was diluted in Pyrr14 NTf2,
there was no evidence for the reaction of electrons with
either the cation or the anion. This indicates that the anion
3a is stable towards reduction under radiolytic conditions,
although the electrochemical results suggest that it is possi-
ble that the anion can be radiolytically oxidized.


Large, weakly coordinating anions have been prepared on
the basis of carborane[23] and dodecaborate[13] clusters. Car-
borane-containing ILs were first described by Reed[24] and
Zhu[25] and their co-workers; CB11H12


� with N-pentylpyridi-
nium as the cation was reported to have a m.p. of 19 8C and
the 1-propyl-CB11H11 anion with N-methyl-N’-ethylimidazo-
lium as the cation to have a m.p. of 45 8C. Wesemann and
co-workers reported stannaborate salts that melt.[26] The
anions described herein, based on the dodecaborate cluster,
have advantages over the monocarbon carboranes and stan-
naborates as they are prepared much more easily in 100 g
quantities without special equipment or expensive chemicals
and because they allow a much greater variation of side-
chains, including unsymmetrically substituted ammonio de-
rivatives.


Conclusions


A new class of ionic liquids has been described in which the
anion is a trialkylammonio derivative of the dodecabo-
rate(2�) cluster. The anions can be prepared in large quan-
tities even with conventional laboratory equipment. The cat-
ions can be chosen quite freely, and even potassium, lithium,
and unsolvated proton cations yield low-melting solids.


The high chemical and physical stability of these ILs
makes them attractive in, for example, electrochemical and
high-temperature applications. Further investigations should
clarify whether unsymmetrical substitution of the nitrogen
atom can reduce the viscosity of the ILs and thereby in-
crease their potential applications. From a fundamental
point of view, it will be of interest to study whether these
anions have a coordination power as low as the carboranes
described by Reed.[27]


Experimental Section


DSC spectra were recorded on a TA Instruments 2920 MDSC instru-
ment, Version 2.5 F, Module DSC Standard and TGA spectra on a TA


Figure 4. Conductivity (left) and molar conductivity (right) of lithium
(solid line with circles) and potassium (long dashed line with open trian-
gles) salts of trihexylammonioborate in acetonitrile. For comparison, the
conductivity of N-butyl-N-methylimidazolium hexafluorophosphate
(short dashed line with closed triangles) in the same solvent is shown.
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Instruments 2950 TGA HR apparatus, Version 6.0E, Module TGA 1000
C. The heating rate was 5 Kmin�1 in both types of measurements.


Viscosities were measured by using a Cambridge Applied Systems Visco-
Lab 4000 reciprocating piston viscometer equipped with a flow-through
jacket for temperature control. The flow-through jacket was connected to
a refrigerated circulating bath. To avoid the absorption of atmospheric
moisture by the samples, the viscometer head was located in a nitrogen-
purged acrylic box with hand access ports. In addition to the gas purge,
two small Dewars of liquid nitrogen were placed in the box to further
reduce the humidity through nitrogen boil-off and water vapor condensa-
tion.


Conductivity measurements were performed with an inoLab pH Cond
Level 1 instrument from WTW by using an MI-900 micro-conductivity
cell from Microelectrodes. Samples were thermostatted in an oil bath.


The purity of the compounds was assessed by ESI mass spectrometry and
1H, 13C, and 11B NMR spectroscopy as it is known that the elemental
analysis of dodecaborate-containing compounds is not reliable.[8] This
was confirmed by analysis of selected compounds in two different labora-
tories (Schwarzkopf, Inc., New York, and Elemental Analysis Service,
University of Chemnitz (Germany); see Table 1 for the results).


Electron pulse radiolysis transient-absorption experiments were carried
out at the BNL Laser-Electron Accelerator Facility.[21] Salts of anion 3a
were diluted to 15–50 mm in Pyrr14 NTf2 and purged of oxygen by bub-
bling with argon. The disappearance of the solvated electron was moni-
tored by measuring its absorbance at 900 nm using a silicon photodiode
detector. This wavelength was selected because the detector response is
better at this wavelength than at the peak of 1100 nm and also the ab-
sorption band is broad enough to provide a good signal.


General procedure for the preparation of N,N,N-trialkylammonioundeca-
hydro-closo-dodecaborate(1�) potassium salts : Ammonioundecahydro-
closo-dodecaborate potassium salt (196.6 mg, 1 mmol) was dissolved in
dry CH3CN (15–20 mL) at room temp. Solid powdered KOH (840 mg,
15 mmol) was added to this solution, followed by the dropwise addition
of the corresponding alkyl bromide. The mixture was stirred at room
temperature for 24 h and the solid (KBr and excess KOH) was filtered
off. The solvent was removed by rotary evaporation and the residue was
recrystallized from Et2O (chain length: 1–6 carbon atoms) or purified by
chromatography on SiO2 (eluent: Et2O/EtOAc, 2:1). Yield: 80–90%.


Exchange of potassium for organic cations (tetramethylammonium, tetra-
butylammonium, N-methyl-N’-butylimidazolium, N-hexylpyridinium, N-
methyl-N’-ethylimidazolium, methyldiethylpropylammonium): For alkyl
chains of 1–6 carbon atoms the exchange was performed in water. The
potassium salt was dissolved in water and an equimolar amount of the or-
ganic cation as the bromide was added. The solution was extracted with
EtOAc and the organic phase was dried. The residue was purified by
chromatography on SiO2 (eluent: Et2O/EtOAc, 2:1). Yield: 90–95%.


For longer chains, the potassium salt was dissolved in EtOAc and a solu-
tion of the cation bromide (1 equiv) was added. The KBr that precipitat-
ed was removed by filtration, the solvent was evaporated, and the residue
was purified by chromatography on SiO2 (eluent: Et2O/EtOAc, 2:1).
Yield: 90–95%.


Exchange of potassium for lithium or protons : The solution of the salt in
water was passed over an ion-exchanger in the H+ form. For the H+ salt,
the solvent was evaporated. For the Li+ salt, titration with LiOH and
subsequent evaporation of the solvent yielded the desired product. The
H+ salts could also be obtained by dissolving the potassium salts in ace-
tonitrile and by treating them with HCl gas. After removal of the KCl
precipitate, the solvent was evaporated. Salts other than H+ could be ob-
tained by titration with the appropriate hydroxide.


3, R=CH3 :
1H NMR (200 MHz, [D3]acetonitrile, 25 8C, TMS, cation: N-


hexylpyridinium): d=0.12–2.42 (m, 11H; BH), 0.89 (t, J ACHTUNGTRENNUNG(H,H)=6.60 Hz,
3H; CH3), 1.33 (m, 6H; CH2), 1.67–1.82 (m, 2H, CH2), 2.84 (s, 9H; N-
CH3), 4.50 (t, J ACHTUNGTRENNUNG(H,H)=7.58 Hz, 2H; N-CH2), 8.02 (t, J ACHTUNGTRENNUNG(H,H)=6.85 Hz,
2H; Ar), 8.50 (t, J ACHTUNGTRENNUNG(H,H)=7.83, 1H; Ar), 8.67 ppm (d, J ACHTUNGTRENNUNG(H,H)=5.87 Hz,
2H; Ar); 13C NMR (50 MHz, [D3]acetonitrile, 25 8C, TMS, cation: potas-
sium): d=57.3 ppm (N-(CH3)3); MS (ESI, negative): m/z : 200 [A]� .


3, R=C2H5 :
1H NMR (200 MHz, [D3]acetonitrile, 25 8C, TMS, cation: N-


hexylpyridinium): d=0.1–2.70 (m, 11H; BH), 0.89 (t, J ACHTUNGTRENNUNG(H,H)=6.60 Hz,
3H; CH3), 1.28 (t, J ACHTUNGTRENNUNG(H,H)=7.09 Hz, 9H; CH3CH2), 1.33 (m, 6H; CH2),
1.54–1.82 (m, 2H; CH2), 3.24 (q, J ACHTUNGTRENNUNG(H,H)=7.17 Hz, 6H; N-CH2CH3), 4.50
(t, J ACHTUNGTRENNUNG(H,H)=7.58 Hz, 2H; N-CH2), 8.02 (t, J ACHTUNGTRENNUNG(H,H)=6.85 Hz, 2H; Ar),
8.49 (t, J ACHTUNGTRENNUNG(H,H)=7.83, 1H; Ar), 8.67 ppm (d, J ACHTUNGTRENNUNG(H,H)=5.38 Hz, 2H; Ar);
13C NMR (50 MHz, [D3]acetonitrile, 25 8C, TMS, cation: potassium): d=


10.47 (CH3), 54.94 ppm (N-CH2); MS (ESI, negative): m/z : 242 [A]� .


3, R=C3H7:
1H NMR (200 MHz, [D3]acetonitrile, 25 8C, TMS, cation: tet-


ramethylammonium): d =0.10–2.60 (m, 11H; BH), 0.84 (t, J ACHTUNGTRENNUNG(H,H)=


7.33 Hz, 9H; CH3), 1.72–1.86 (m, 6H; CH3CH2CH2), 2.98–3.06 (m, 6H;
N-CH2), 3.07 ppm (s, 12H; CH3-N); 13C NMR (50 MHz, [D3]acetonitrile,
25 8C, TMS, cation: potassium): d=11.45 (CH3), 18.67 (CH2), 63.67 ppm
(N-CH2); MS (ESI, negative): m/z : 284 [A]� .


3, R=C4H9 :
1H NMR (200 MHz, [D1]chloroform, 25 8C, TMS, cation: N-


hexylpyridinium): d =�0.10–2.40 (m, 11H; BH), 0.86–0.98 (m, 12H;
CH3), 1.27–1.36 (m, 12H; CH2), 1.68–1.90 (m, 6H; CH2), 1.98–2.06 (m,
2H; CH2), 3.12–3.20 (m, 6H; CH2-N), 4.68 (t, J ACHTUNGTRENNUNG(H,H)=7.58 Hz, 2H; N-
CH2), 8.05 (t, J ACHTUNGTRENNUNG(H,H)=7.09 Hz, 2H; Ar), 8.51 (t, J ACHTUNGTRENNUNG(H,H)=7.83, 1H; Ar),
8.96 ppm (d, J ACHTUNGTRENNUNG(H,H)=5.87 Hz, 2H; Ar); 13C NMR (50 MHz,
[D3]acetonitrile, 25 8C, TMS, cation: potassium): d=14.51 (CH3), 21.22
(CH2), 27.31 (CH2), 62.18 ppm (N-CH2); MS (ESI, negative): m/z : 326
[A]� .


3, R= i-C5H11:
1H NMR (200 MHz, [D1]chloroform, 25 8C, TMS, cation:


N-butyl-N’-methylimidazolium): d=�0.11–2.56 (m, 11H; BH), 0.91–0.99
(m, 21H; CH3), 1.37 (q, J ACHTUNGTRENNUNG(H,H)=7.50 Hz, 2H; CH2), 1.67–1.80 (m, 8H;
CH2), 1.84–1.92 (m, 3H; CH ACHTUNGTRENNUNG(CH3)2), 3.15–3.22 (m, 6H; N-CH2), 3.99 (s,
3H; CH3-N), 4.22 (t, J ACHTUNGTRENNUNG(H,H)=7.58 Hz, 2H; N-CH2), 7.33 (d, J ACHTUNGTRENNUNG(H,H)=


9.29 Hz, 2H; imidazolium), 8.97 ppm (s, 1H; imidazolium); 13C NMR
(50 MHz, [D3]acetonitrile, 25 8C, TMS, cation: potassium): d=23.19
(CH3), 28.24 (CH2), 33.49 (CH), 61.54 ppm (N-CH2); MS (ESI, negative):
m/z : 368 [A]� .


3, R=C6H13 :
1H NMR (200 MHz, [D1]chloroform, 25 8C, TMS, cation:


tetramethylammonium): d =0.10–2.50 (m, 11H; BH), 0.89 (t, J ACHTUNGTRENNUNG(H,H)=


6.36 Hz, 9H; CH3), 1.28 (s, 18H; CH2), 1.74–1.82 (m, 6H; CH2), 3.03–
3.11 (m, 6H; N-CH2), 3.07 ppm (s, 12H; N-CH3);


13C NMR (50 MHz,
[D6]benzene, 25 8C, TMS, cation: potassium): d=14.32 (CH3), 23.05
(CH2), 24.62 (CH2), 26.87 (CH2), 31.89 (CH2), 61.76 ppm (N-CH2);
13C NMR (50 MHz, [D3]acetonitrile, 25 8C, TMS, cation: tetrabutylammo-
nium): d=14.22, 14.71 (CH3), 20.72, 23.72, 24.76, 25.29, 27.65, 32.62,
32.68 (CH2), 59.71, 59.77, 59.83 (CH2-N), 62.38 ppm (CH2-N); 13C NMR
(50 MHz, [D3]acetonitrile, 25 8C, TMS, cation: N-hexylpyridinium): d=


14.65, 14.73 (CH3), 23.49, 23.72, 25.29, 26.70, 27.65, 32.31, 32.68 (CH2),
62.41, 63.28 (N-CH2), 129.82, 145.85, 147.11 ppm (Ar); 13C NMR
(50 MHz, [D3]acetonitrile, 25 8C, TMS, cation: N-ethyl-N’-methylimidazo-
lium): d =14.68 (CH3), 15.91 (CH3CH2), 23.69, 25.26, 27.62, 32.65 (CH2),
37.25 (N-CH3), 46.24 (N-CH2CH3), 62.38 (N-CH2), 123.33, 125.02 ppm
(imidazolium); 13C NMR (50 MHz, [D3]acetonitrile, 25 8C, TMS, cation:
ethyldimethylammonium): d=8.92 (CH3CH2CH2-N), 11.14 (CH3CH2-N),
14.71 (CH3), 17.09 (CH3CH2CH2N), 23.66, 25.24, 27.59, 32.62 (CH2),
51.32, 51.40, 51.49 (N-CH3), 61.14 (N-CH2CH3), 62.35, 62.58 (N-CH2),
66.23, 66.28 ppm (N-CH2CH2CH3);


13C NMR (50 MHz, [D3]acetonitrile,
25 8C, TMS, cation: methyltrioctylammonium): d=14.76 (CH3), 23.19,
23.75, 25.32, 27.29, 27.71, 30.09, 30.49, 30.63, 32.65, 32.70, 32.87, 33.07
(CH2), 49.52 (CH3N), 62.41, 62.94 ppm (CH2-N); MS (ESI, negative):
m/z : 410 [A]� .


3, R=C12H25 :
1H NMR (200 MHz, [D1]chloroform, 25 8C, TMS, cation:


potassium): d =0.20–2.30 (m, 11H; BH), 0.89 (t, J ACHTUNGTRENNUNG(H,H)=6.45 Hz, 9H;
CH3), 1.27 (s, 54H; CH2), 1.64–1.92 (m, 6H; CH2), 3.02–3.18 ppm (m,
6H; N-CH2);


13C NMR (50 MHz, [D3]acetonitrile, 25 8C, TMS; cation:
potassium): d=14.82 (CH3), 23.80, 27.82, 30.35, 30.49, 30.54, 30.65, 30.77,
33.04 (CH2), 62.32 ppm (N-CH2); MS (ESI, negative): m/z : 662 [A]� .


3, R=CH2CH2CH2CH=CH2 :
1H NMR (200 MHz, [D3]acetonitrile, 25 8C,


TMS, cation: tetramethylammonium): d=0.10–2.30 (m, 11H; BH), 0.72–
0.91 (m, 6H; CH2), 1.93–2.05 (m, 6H; CH2), 2.97–3.07 (m, 6H; N-CH2),
3.09 (s, 12H; N-CH3), 4.95–5.08 (m, 6H, CH2=CH), 5.73–5.86 ppm (m,
3H, CH=CH2);


13C NMR (50 MHz, [D3]acetonitrile, 25 8C, TMS; cation:
tetramethylammonium): d =24.65 (CH2), 32.00 (CH2), 56.68 ((CH3)4N),
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61,99 (N-CH2), 116.14 (CH=CH2), 139.11 ppm (CH=CH2); MS (ESI, neg-
ative): m/z : 362 [A]� ; MS (ESI, positive): m/z : 74 [cat]+ .
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Introduction


Since protein crystallography revealed the organometallic
nature of the active site of the [FeFe]hydrogenases[1,2] there
has been such an explosion of chemical studies devoted to
structural, functional, and theoretical modelling of the
enzyme H-cluster that the most recent review articles[3] have
rapidly become outdated. In the past three years or so, a
number of model complexes sharing the [Fe2(CO)6�nLn(m-di-
thiolate)]z framework but featuring different terminal and/
or bridging ligands and/or oxidation states have been syn-
thesised, and the aptitude of most of them towards electro-
catalytic proton reduction has been tested.[4] Of the diiron
dithiolate compounds known to date, two main families


emerge based on whether they can be protonated or not.
The former category is rapidly growing, since most of the re-
cently synthesised compounds have either electron-donor li-
gands that make the diiron site sufficiently basic to undergo
protonation under appropriate conditions[5–11] or basic li-
gand(s) in the coordination sphere (terminal ligand[12] or
azadithiolate bridge[13–15]).
Whether or not the S�S link of the [2Fe]H subsite has a N


bridgehead atom has not been firmly established to date.[16]


However, the prospect of a proton–hydride interaction[17]


such as shown in Scheme 1 inspired a number of strategies
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tions on a structural analogue of the
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Scheme 1. Possible intermediate[17] involved in reduction of protons and
oxidation of H2 at the active site (H-cluster) of the [FeFe]H2ases (left)
and a synthetic diprotonated analogue (R=CH2Ph


[24] or CH2C6H4X
[25] ;


right).
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aimed at promoting release or oxidation of H2 in different
types of model compounds.[18–23] This possibility also makes
diiron azadithiolate-bridged species attractive models to
study in the context of hydrogen production or uptake. Up
to now, only two diiron dithiolate complexes that have both
a proton and a hydride are known,[24,25] but their structure
(Scheme 1), clearly different from that of the H-cluster, pre-
vents direct proton–hydride interaction.
Proton reduction by transition-metal complexes may in-


volve various processes that are initiated by a proton- or
electron-transfer step (Scheme 2).[26–28]


Note that Scheme 2 presents an oversimplified picture of
the mechanisms involving diiron complexes, since the spe-
cies shown on the diagonal are not identical in both process-
es for [Fe2(CO)6�nLn(m-dithiolate)] compounds. For example,
LnM(H) may either be a m-H complex (process G) or a spe-
cies protonated at a bridging or terminal ligand (process R).
Moreover, Scheme 2 does not feature structural changes,
such as Fe�S bond cleavage, that result from electron trans-
fer[29–32] and generate new sites for protonation, and the pos-
sible occurrence of coupled proton- and electron-transfer
steps (CPET)[33] is not considered. Nonetheless, it is appar-
ent from Scheme 2 that the pathway that is followed may
depend on the strength of the acid used.[12] Switching from
the R to the G mechanism can be controlled by the acid
strength, either at the initial step of the process [logK1=


pKa ACHTUNGTRENNUNG[LnM(H
+)]�pKa(HA)] or at a later stage: LnM(H)2 can


be accessed via a CECE process (R) or via a mixed (CEEC)
process if HA is not strong enough to protonate LnM(H) ef-
ficiently.
Diiron hexacarbonyls with a propanedithiolate (pdt, S-


ACHTUNGTRENNUNG(CH2)3S) or a azadithiolate (adt, SCH2N(R)CH2S) bridge
have similar redox potentials,[29, 34] but the former do not un-
dergo protonation,[35] while protonation of the latter at the
nitrogen atom produces a cation that is reducible at a less
negative potential than the parent. This may allow a gain of
several hundreds of millivolts (E�


2
�E�


1
; Scheme 2) in the po-


tential for proton reduction, the mechanisms of which have
been thoroughly investigated both experimentally and by
theoretical methods in the case of [Fe2(CO)6ACHTUNGTRENNUNG(m-pdt)] and


[Fe2(CO)6ACHTUNGTRENNUNG(m-edt)] (edt=ethanedithiolate, SACHTUNGTRENNUNG(CH2)2S), as well
as for diphosphido-bridged hexacarbonyl complexes.[30–32,36,37]


In contrast, very little is known about the intimate mecha-
nisms of catalysis by hexacarbonyl azadithiolate-bridged
complexes despite the number of reported examples of cata-
lytic proton reduction by these compounds.[14]


We have now examined the electron-transfer chemistry of
[Fe2(CO)6�nLnACHTUNGTRENNUNG{m-SCH2N(R)CH2S}] complexes both in the
absence[29] and in the presence of acid, starting with an hexa-
carbonyl model that can initially be protonated only at the
nitrogen bridgehead atom.
Here we report an electrochem-
ical study on [Fe2(CO)6ACHTUNGTRENNUNG{m-
SCH2N(CH2CH2OMe)CH2S}]
(1)[29,38] in the presence of
HOTs and HBF4 with the ob-
jective of shedding light on
some aspects of the mecha-
nisms by which they catalyse
proton reduction.


Results


The electrochemical behaviour of 1 was studied in MeCN/
NBu4PF6 in the presence of HBF4/Et2O and HOTs to assess
the impact of the acid strength[39–45] on the overall reduction
mechanism. Cyclic voltammetry (CV) of 1 was also briefly
studied in the presence of the weaker acid CF3CO2H (pKa=


12.65 in MeCN)[41] for comparison.
Monitoring by cyclic voltammetry of the addition of


HBF4/Et2O to a solution of [Fe2(CO)6 ACHTUNGTRENNUNG{m-
SCH2N(CH2CH2OMe)CH2S}] (1) in MeCN/NBu4PF6
(Figure 1) shows the characteristics of proton reduction cat-
alysed by a protonatable complex (Scheme 2, process R),
with an increasing reduction peak at �1.19 V, that is, a po-
tential about 0.4 V less negative than the reduction of the


Scheme 2. Mechanisms of proton reduction by transition metals.


Figure 1. Cyclic voltammetry of 1 (3.6 mm) in MeCN/NBu4PF6 in the ab-
sence (dashed line), and presence (solid lines) of HBF4/Et2O. a) 0.5, 1,
1.55, 2, 2.6, 3.1 equiv acid; b) 3.6, 4.1, 5.1, 6.1, 8.2, 10.2 equiv acid (vitre-
ous carbon electrode, v=0.2 Vs�1; potentials are in volts versus Fc+/Fc).
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starting material. The CVs in Figure 1 also evidence that the
reduction current around �1.2 V increases markedly only
over the addition of the first three or so equivalents of acid,
but is scarcely affected when more acid is then added. A
new reduction wave (Ered


p ��1.4 V)[46,47] then appears, and
its current increases linearly with the amount of acid added
(4–10 equiv), consistent with catalytic reduction of protons
at this potential. Analogous behaviour was reported for var-
ious azadithiolate analogues of 1 in the presence of strong
acids,[14a,e, f] and GC analyses of the gaseous contents demon-
strated that H2 is produced during controlled-potential elec-
trolysis under these conditions.[14, 15]


The CVs in Figure 2 show that the nature of the acid af-
fects the proton reduction processes, since the potential and


current of the peak around �1.2 V (Ered1
p =�1.24 V) are dif-


ferent when HOTs is used in place of HBF4. Furthermore,
the process observed around �1.4 V for HBF4 when [acid]/
[1]�3 is not present for HOTs. An acid-dependent reduc-
tion around �1.6 V is observed instead (Figure 2).
As shown in Figure 3, the current of the peak at �1.2 V


increases steadily with increasing amount of acid at low acid
concentrations, and then levels off when more acid is added.
In the initial (linear) part of the curves where pseudo-first-
order conditions are not met, the slope of the plot of current
versus [acid] is independent of the concentration of the
complex and is about 1.3 times larger for HBF4 than for
HOTs. At higher acid concentrations, the current is inde-
pendent of acid concentration, and for a given concentration
of complex, the limiting current at high acid concentration is
essentially the same for HBF4 as for HOTs (Figure 4), which
suggests rate-limiting hydrogen elimination under pseudo-
first-order conditions.
The occurrence of two reduction processes that depend


on both the nature and the amount of added acid prompted
us to investigate the different steps of proton reduction cata-


lysed by azadithiolate complex 1, focusing on the less nega-
tive process.


The first proton reduction process


Protonation of 1: Treatment of 1 with acid resulted in a shift
of 18 cm�1 (average) in the n(CO) bands (Experimental Sec-
tion), characteristic of ligand-based protonation.[5-
b,12, 13,14a,b,24,25] Although the protonation site could not be as-


Figure 2. Cyclic voltammetry of 1 (3.6 mm) in MeCN/NBu4PF6 in the ab-
sence (dashed line) and presence (solid lines) of HOTs. a) 0.5, 1, 1.5, 2,
2.5, 3.1, 4.1 equiv HOTs; b) 4.1, 5.1, 6.1, 8.1, 10.2 equiv HOTs (vitreous
carbon electrode, v=0.2 Vs�1; potentials are in volts versus Fc+/Fc).


Figure 3. Dependence of the first reduction peak current of 1 upon the
concentration of a) HBF4/Et2O (top), and b) HOTs (bottom) (MeCN/
NBu4PF6; the current was measured at about �1.2 V by CV, v=0.2 Vs�1,
vitreous carbon electrode; the concentration of complex 1 is shown in
the diagrams).


Figure 4. Plots of the normalised reduction peak current [iredp ACHTUNGTRENNUNG(1+acid)]/
iredp (1)] of 1 against the number of added equivalents of acid (HOTs or
HBF4; MeCN/NBu4PF6; currents measured at about �1.2 V by CV, v=


0.2 Vs�1; [1]: 3.6 (^, &), 1.8 (^), 1.9 mm (&).
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certained in the present case since 1-H+ could not be isolat-
ed, N-protonation has been evidenced in several analogues
of 1 in which the R substituent of the N atom allows stabili-
sation of the NH proton by interaction with a neighbouring
heteroatom.[14c, f, 25] Furthermore, the X-ray crystal structure
of a protonated phosphido-bridged analogue of 1 estab-
lished that protonation occurred at the nitrogen atom.[48]


The addition of HOTs or HBF4/Et2O to a solution of 1 in
MeCN/NBu4PF6 affects the oxidation peak of the complex
differently (Figure 5). The peak current is halved upon addi-
tion of 0.5 equivalents of HBF4 to the solution, while the de-
crease is much less pronounced when 0.5 equivalents or
more of HOTs is added. This is consistent with the fact that
the acid–base equilibrium in Scheme 3 lies farther to the


right when HBF4/Et2O is used, because it is a much stronger
acid than HOTs in MeCN.[39–45]


During the CV scan, oxidation of 1 at a potential less pos-
itive than that of 1-H+ shifts the equilibrium to the left, and
this is responsible for the S-shaped oxidation peak of 1 in


the presence of acid (Figure 5), typical of a CE process
when the current is under kinetic control.[49,50] The addition
of 1 equiv of acid to a solution of 1 in MeCN/NBu4PF6 also
produces a new reduction peak assigned to 1-H+ around
�1.2 V (Figure 6). The difference between the reduction po-
tentials of 1 and 1-H+ (ca. 0.4 V) is quite similar to that
found for other azadithiolate complexes and is consistent
with protonation occurring at the nitrogen atom rather than
at the Fe�Fe bond; the latter generally results in larger po-
tential shifts.[5,24,51] The peak shape for the reduction of 1-
H+ (Figure 6) is not strongly affected by the equilibrium
that lies in favour of the protonated complex, particularly
when HA is HBF4. However, the current and the potential
of the reduction peak of 1-H+ are dependent on the nature
of the acid [for [HA]/[1]=1: Ered


p =�1.19 V (HBF4), �1.24 V
(HOTs)].
When the weaker acid CF3CO2H is used as proton source,


no reduction peak is detected around �1.2 V (Figure S2),
that is, the amino group is not protonated. This is consistent
with the relative pKa values of the acid (pKa=12.65 in
MeCN)[41] and of the protonated N bridgehead atom of
closely related complexes (7.6<pKa<10.6).


[13a] The acid-de-
pendent increase in the reduction current around �1.55 V in
the presence of CF3CO2H suggests that proton reduction
under these conditions first requires an electron-transfer
step (see process G in Scheme 2). It is therefore likely that,
in acetonitrile, [Fe2(CO)6ACHTUNGTRENNUNG{m-SCH2N(R)CH2S}] complexes
cannot be protonated at the N atom by acetic acid (pKa=


22.3 in MeCN).[41] As a consequence, for [Fe2(CO)6ACHTUNGTRENNUNG{m-
SCH2N(R)CH2S}] complexes in which the R substituent car-
ries a NO2 group,


[52,53] the enhanced current observed in the
presence of CH3CO2H at a potential substantially less nega-
tive than the reduction of the complex most probably arises
from a proton-dependent reduction of the nitro group
rather than from an initial N-protonation of the complex.[54]


Electrochemical reduction of 1-H+ : The CV of 1 in the pres-
ence of about one equivalent of HBF4 recorded at scan
rates up to 60 Vs�1 demonstrates that reduction of 1-H+ is a


Figure 5. Cyclic voltammetry of the oxidation of 1 in MeCN/NBu4PF6 in the presence of a) HOTs (2.85 mm 1) and b) HBF4/Et2O (2.5 mm 1); vitreous
carbon electrode, v=0.2 Vs�1; potentials are in volts versus Fc+/Fc.


Scheme 3. Acid–base equilibrium involving 1 and 1-H+ .
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chemically irreversible process that regenerates parent com-
plex 1 by a fast follow-up reaction (see Figure S3a in the
Supporting Information). The redox features observed at
potentials more negative than the reduction of 1-H+ are
due to wave splitting[55] of the overall two-electron reduction
of 1 that occurs at this scan rate[29] (see Figure S3a in the
Supporting Information, broken line). As expected from the
CV experiments, controlled-potential reduction of 1 in the
presence of 1 equiv of HBF4/Et2O regenerated the starting
material after the passage of about 1 Fmol�1 1. Therefore,
the reduction of 1-H+ follows an EC[46,49] mechanism in
which the follow-up reaction is either first-order loss of the
H atom from 1-H or a bimolecular reaction between two 1-
H entities that leads to the release of H2 (Scheme 4).


Digital simulations (see Figure S3b in the Supporting In-
formation) of the EC processes in Scheme 4 using DigiElch
3[56] allow one to assign lower limits to the rate constant of
the following step of k�8N102 s�1 and k� 3N106m


�1 s�1, re-
spectively.


Protonation of 1-H and reduction of 1-2H+ : Extended
HOckel MO calculations[57] show that the LUMO of 1-H+


has substantial Fe�Fe character, like the LUMO of parent
complex 1. Therefore, metal-centred reduction of 1-H+ is
likely to increase the pKa of the diiron site significantly, so
that both HOTs and HBF4 are able to protonate 1-H at the


Fe�Fe bond. This fast reaction produces a cationic complex
with a bridging hydride ligand, namely, 1-2H+ , as proposed
for various analogues of 1.[14,24, 25] However, our conclusions
diverge from those of previously reported studies. Indeed,
the current function ip/v


1/2[46] associated with the reduction at
�1.2 V deviates from linearity at slow scan rates after addi-
tion of one equivalent of HBF4/Et2O to the solution of 1-H+


(i.e., 1+2 equiv HBF4, see Figure S4 in the Supporting In-
formation), while ip/v


1/2 was essentially independent of v
before this addition (i.e. , 1+1 equiv HBF4). Therefore, the
reduction of 1-H+ follows an ECE mechanism in the pres-
ence of protons, which signifies that 1-2H+ is reducible at a
potential less negative than, or close to, that of 1-H+ , and
not at the more negative potential of �1.4 V, as was report-
ed previously for the analogue with R=CH2Ph.


[14a,58] Con-
trolled-potential electrolysis (Eel=�1.25 V, graphite cath-
ode) of a solution of 1 in MeCN/NBu4PF6 in the presence of
two equivalents of HBF4/Et2O was complete after consump-
tion of 1.7 Fmol�1 1, and the FTIR spectrum of the catho-
lyte was identical to that of a solution made with an authen-
tic sample of 1. 1H NMR and FTIR spectra, as well as the
CV of the solid isolated from the solution after controlled-
potential reduction, confirmed unambiguously that the start-
ing material had been recovered. This is consistent with
ECE reduction of 1-H+ at �1.2 V in acidic media. The re-
duction of [Fe2(CO)6ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-pdt)] also occurred at a poten-
tial less negative than that of [Fe2(CO)6 ACHTUNGTRENNUNG(m-pdt)].


[30, 36]


These results indicate that the conditions for catalytic re-
duction of protons at �1.2 V are met, since reduction, the
current of which increases with increasing concentration of
acid, regenerates parent complex 1. However, this is limited
to low acid concentrations when HA is HBF4. The fact that
the maximum current is similar for both acids when [HA]/
[1]�6 (Figure 4) suggests that the limiting step is independ-
ent of the acid, and may consist of the loss of H2 from the
1-2H complex (Scheme 5, process A). For an ErC’ mecha-
nism,[49] the catalytic current is given by Equation (1), where
n is the number of electrons involved in the catalytic pro-
cess, F the Faraday constant, A the electrode area, D the


Figure 6. Cyclic voltammetry of the reduction of 1 in MeCN/NBu4PF6 in the presence of a) HOTs (2.85 mm 1) and b) HBF4/Et2O (2.5 mm 1); vitreous
carbon electrode, v=0.2 Vs�1; potentials are in volts versus Fc+/Fc.


Scheme 4. Loss of H atom from 1-H and bimolecular reaction between
two 1-H entities with release of H2
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diffusion coefficient of the catalyst, k the rate constant of
the catalytic process, and y the order of the reaction with re-
spect to the substrate (HA).[49]


Icat ¼ nFA½Cat�ðDk½Substrate�yÞ1=2 ð1Þ


At high acid concentrations, the current is independent of
[HA] (y=0). The rate constant for the release of H2 from 1-
2H was derived from the slope of the plot of the limiting
current at high acid concentrations against the concentration
of complex (k=3.0
0.5 s�1). The diffusion coefficient of 1
used in the calculations was obtained from CV at fast scan
rates (v>20 Vs�1) in the absence of acid. Under these con-
ditions, the overall two-electron reduction of 1 is resolved
into two one-electron steps, the first of which is quasi-rever-
sible.[29]


The reactions in Scheme 5 (process A) are thus proposed
to account for the mechanism of the proton reduction path
observed at �1.2 V for both HBF4/Et2O and HOTs. Fig-
ures 1 and 2 show that when the reduction current at this
potential ceases to increase, a new acid-dependent process
emerges around �1.4 V when HA=HBF4 (Figure 1) and
around �1.6 V when HA=HOTs (Figure 2, [HOTs]/[1]>5).


Switching to the second catalytic process


The fact that the peak around �1.4 V appears only after
about four molar equivalents of the strongest acid HBF4/
Et2O have been added suggests that the difference between
the processes when HOTs or HBF4 is used as a proton
source (Figure 7) arises from a protonation step that only
the latter is able to achieve efficiently. This is supported by
the observation that the peak around �1.4 V diminishes
while the reduction current at �1.6 V increases when OTs�


is added to a solution of 1 and an excess of HBF4 (Figure 8).


The second catalytic process thus emerges when the proto-
nation rate of 1-2H by HBF4 exceeds the rate of H2 loss
from this complex. The reduction of the resulting 1-3H+ at
�1.4 V generates 1-H via release of H2 from 1-3H
(Scheme 5, process B), which is expected to be faster (see
Discussion) than H2 loss from 1-3H+ [59] (dashed arrow in
Scheme 5). We tentatively propose that the catalytic reduc-


Scheme 5. Catalytic proton reduction processes A and B.


Figure 7. Cyclic voltammetry of 1 (3.6 mm) in MeCN/NBu4PF6 in the presence of a) 3.1, b) 6.2 and c) 8.2 equiv acid (HOTs or HBF4; vitreous carbon
electrode, v=0.2 Vs�1; potentials are in volts versus Fc+/Fc.


Figure 8. Cyclic voltammetry of 1 (3.6 mm) in the presence of 10 equiv
HBF4/Et2O before (broken line) and after successive additions of TsO�


(MeCN/NBu4PF6; vitreous carbon electrode, v=0.2 Vs�1; potentials are
in volts versus Fc+/Fc)
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tion at �1.6 V (HA=HOTs) arises from the reduction of 1-
2H followed by protonation of the anion by HOTs to give
1-3H. Regeneration of 1-H would thus account for catalytic
process B (Scheme 5) at �1.4 V (HA=HBF4/Et2O) or
�1.6 V (HA=HOTs).


Digital simulations


Digital simulations[56] (see Supporting Information for full
details of the procedure) based on the reactions in Scheme 5
were performed to check whether the transition from the
process at �1.2 V to that at �1.4 V that is experimentally
observed in the presence of HBF4 could be reproduced by
adjusting the equilibrium and rate constants of the protona-
tion steps (Keq=Ka(HA)/Ka ACHTUNGTRENNUNG(1-nH


+); n=1–3). The CV of 1
was first simulated in the absence of acid, and then in the
presence of acids with different pKa (pKa=3 and 8.3)[39]


with k=3 s�1 as the rate constant for the release of H2 from
1-2H (kexp=3.0
0.5 s�1). Owing to the large number of var-
iables, in particular the pKa values of the different protonat-
ed metal complexes used in the simulations are at best
rough estimates, the simulations in the presence of acid are
only a qualitative test of the validity of the mechanism in
Scheme 5. The results of the simulations obtained with the
set of constants used are shown in Figure 9 and Figure S6 in
the Supporting Information. Comparison with the experi-
mental results (Figure 7 and Figure S6 in the Supporting In-
formation) indicates that the mechanisms proposed in
Scheme 5 are consistent with the experimentally observed
profiles of the reduction current around �1.2 V as a function
of [HA]/[1] for HA=HOTs or HBF4 ([1]=3.6 mm).


Discussion


Comparison of the mechanisms of proton reduction by
[Fe2(CO)6ACHTUNGTRENNUNG(m-pdt)] and by azadithiolate complex 1: Detailed
investigations of the mechanisms of proton reduction by
[Fe2(CO)6ACHTUNGTRENNUNG(m-pdt)] in THF identified two different catalytic


processes at �1.12 V and �1.34 V versus SCE [i.e. , �1.62
and �1.84 V versus ferrocene (Fc)].[30] The mechanisms in
Scheme 5 display some similarities with those reported for
[Fe2(CO)6ACHTUNGTRENNUNG(m-pdt)] and also a major difference, that is, initial
protonation of the azadithiolate bridge of 1. As a conse-
quence, process A has no counterpart in the catalytic reduc-
tion of protons by [Fe2(CO)6ACHTUNGTRENNUNG(m-pdt)], and the energy gain in
the catalytic processes supported by the m-adt complex com-
pared to the m-pdt analogue (ca. 0.3 V)[60] actually arises
from the initial protonation of 1.
In contrast, process B in which the NH proton is probably


not used, exhibits some analogies to process II[30] character-
ised for the m-pdt complex. The counterparts of 1-3H+ and
1-3H in the m-pdt series regenerate the starting material
(process I[30]) and its one-electron reduced product (proces-
s II[30]), respectively, upon loss of H2. The latter is similar to
the regeneration of 1-H from 1-3H (process B, Scheme 5),
which takes place at a potential ca 0.4 V less negative than
process II for [Fe2(CO)6 ACHTUNGTRENNUNG(m-pdt)].


[30] However, when HOTs is
the proton source for azadithiolate complex 1, the second
catalytic reduction at high acid concentrations occurs
around �1.6 V (instead of �1.4 V with HBF4/Et2O). There-
fore, the difference to the process that occurs at high acid
concentration in the case of [Fe2(CO)6ACHTUNGTRENNUNG(m-pdt)] is only about
0.2 V when HOTs is used. This arises from the fact that
[HFe2(CO)6ACHTUNGTRENNUNG(m-pdt)]


� can be protonated by HOTs in THF,[30]


while 1-2H appears not to be protonated by this acid in
MeCN. This observation suggests that 1-2H, that is,
[HFe2(CO)6ACHTUNGTRENNUNG{m-SCH2NH(R)CH2S}], is less basic than
[HFe2(CO)6ACHTUNGTRENNUNG(m-pdt)]


� , although the difference may arise
from the different acid–base properties in THF compared to
MeCN (the pKa of HOTs is not known in THF).
Another possible analogy between proton reduction cata-


lysed by [Fe2(CO)6ACHTUNGTRENNUNG(m-pdt)] and by complex 1 is the nature
of the product preceding release of H2 in the most negative
process. DFT calculations on the products generated by the
overall two-electron reduction of 1 identified different iso-
mers of dianion 12� (Scheme 6), where B is more stable than
A by 31 kJmol�1.[29]


Figure 9. Simulated CV (v=0.2 Vs�1) of 1 (3.6 mm) in the presence of different acids (pKa=3 or 8.3) showing the transition between the catalytic proces-
ses A (ca. �1.2 V) and B (ca. �1.4 V or �1.6 V); simulation parameters are given as Supporting Information.
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Since the diiron core in 1-2H also accumulated two elec-
trons, one can consider the possibility that 1-2H and the
products derived from it, 1-3H+ and 1-3H, also have either
the Fe�Fe bond (A) or a Fe�S bond cleaved (B ; Scheme 7,
X=NH(R)+).


Density functional calculations on the mechanisms of
proton reduction by [Fe2(CO)6ACHTUNGTRENNUNG(m-pdt)] identified both iso-
mers in Scheme 7 (X=CH2) as probable products of the pre-
ceding electron- and proton-transfer steps, and showed that
release of H2 was kinetically more favourable from the
anion than from the neutral complex,[36] in agreement with
the experimental results.[30] It is likely that this also applies
to the N-protonated azadithiolate complexes, that is, faster
release of H2 from 1-3H (Scheme 5, process B) than from 1-
3H+ . Two catalytic proton reduction processes were also ob-
served for [Fe2(CO)6ACHTUNGTRENNUNG(m-PhP ACHTUNGTRENNUNG(CH2)3PPh)],


[32b] that is, a phos-
phido-bridged analogue of [Fe2(CO)6 ACHTUNGTRENNUNG(m-pdt)]. They arise


from the release of H2 by the neutral (slow) and anionic
(fast) phosphido counterparts of isomer A (Scheme 7). In
this case, isomer B was not involved, which is consistent
with stronger Fe�P than Fe�S bonding, illustrated by the
fact that the two-electron reduction of [Fe2(CO)6ACHTUNGTRENNUNG(m-PhP-
ACHTUNGTRENNUNG(CH2)3PPh)]


[32b] is chemically more reversible than that of
1[29] at moderate scan rates.


Release of H2 from 1-2H : The experimental results and si-
mulated CVs are consistent with limitation of the proton re-
duction process at �1.2 V by the slow release of H2 from 1-
2H. This requires either a reaction between two 1-2H enti-
ties, or a rearrangement to allow intramolecular proton–hy-
dride coupling. In the first case, the coupling of the NH
proton of one 1-2H species with the bridging hydride of an-
other would first produce H2 and two metal species, that is,
1-H+ and a m-H complex (1-mH�). A second bimolecular re-
action would then lead to release of a second H2 molecule
and regenerate the starting material 1. This may understand-
ably be an overall slow process.
A second possibility is a structural change producing a


transient species with a terminally bound hydride ligand
that precedes the release of H2 (Scheme 8). If one assumes
that 1-2H retains the same geometry as 1-2H+ (however,
see above), the rearranged intermediate would resemble the
putative intermediate involved in H2 production and uptake
catalysed by the H-cluster[17] (see Scheme 1).
The release of H2 from 1-2H should be accelerated in


order to favour the lower energy process (A in Scheme 5).
From their studies of the thermodynamic properties of Ni
and Fe complexes with diphosphine ligands containing inter-
nal nitrogen bases, DuBois, Rakowski DuBois et al. elegant-
ly demonstrated that the catalytic efficiency of the com-
plexes towards H2 production or uptake is greatly improved
when the proton relays are positioned so as to ensure an op-
timal interaction of both the metal and the base with a hy-
drogen molecule.[23] On the other hand, DFT calculations on
diiron models showed that the “rotated” structure in which
one of the {(CO)3S2} pyramids is inverted with respect to the
other, which is less stable than the “eclipsed” geometry,[3a,b]


could be favoured by introducing electron-donor ligands at
one of the Fe centres.[61] Consistent with this, we recently
found that the protonation of unsymmetrically disubstituted
diiron complexes with a pdt bridge proceeds via initial for-


Scheme 6. Isomers of 12�.


Scheme 7. Possible intermediates involved in proton reduction by com-
plex 1 (X=N(R)H+ , 1-3H+ /0) and by [Fe2(CO)6 ACHTUNGTRENNUNG(m-pdt)] (X=CH2).


Scheme 8. H2 release from 1-2H via a transient species with a terminal hydride ligand.


Chem. Eur. J. 2008, 14, 1954 – 1964 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1961


FULL PAPERProton Reduction by Fe Complexes



www.chemeurj.org





mation of terminal hydride ligands.[7b,d] The possibility to
generate a rotated intermediate upon electrochemical reduc-
tion, which would facilitate the release of H2 from a species
such as 1-2H (Scheme 8), might also be critical at an earlier
stage of the process (see below).


Irreversible reduction of 1-H+ : The fast chemical step fol-
lowing reduction of 1-H+ regenerates the starting material
and thus does not damage the metal catalyst. Although our
results demonstrate that it does not prevent protonation of
1-H either, it may set up a futile loop on the {2H+/2e} path
producing H2 (process A, Scheme 5). A different type of
follow-up reaction may occur in the case of a rotated geom-
etry (Scheme 9).


Recently, we showed that electrochemical reduction of
[Fe2(CO)4ACHTUNGTRENNUNG(k


2-dppe)(m-dithiolate)] complexes triggers an
ETC-catalysed isomerisation to the symmetrical isomer, a
process that may involve an anionic intermediate with a ro-
tated geometry.[63] Therefore, the electrochemical reduction
of unsymmetrically disubstituted complexes with an azadi-
thiolate bridge in acidic medium might give rise to a proton
migration such as that shown in Scheme 9.[64] In contrast to
loss of the NH proton, this reaction ensuing the reduction of
the N-protonated intermediate (or coupled with it in a
CPET process) would lie on the {2H+/2e} path since it pro-
duces a terminal hydride and restores a protonation site at
the N atom. We have launched a study on proton reduction
by [Fe2(CO)4 ACHTUNGTRENNUNG(k


2-dppe) ACHTUNGTRENNUNG{m-SCH2N(R)CH2S}] complexes to in-
vestigate this possibility.


Conclusion


The results of the present work led us to propose two mech-
anisms for reduction of protons by hexacarbonyl azadithio-
late-bridged diiron compounds. Our study confirms that dif-
ferent pathway can be followed, at different stages of the re-
duction process, depending on the pKa of the acid employed.
The use of acids that are too weak to protonate the nitrogen
bridgehead atom (CF3CO2H) does not allow the intrinsic
properties of azadithiolate complexes to be exploited. In
this case, the proton reduction process initiated by an elec-
tron-transfer step occurs at a potential very similar to that
of the propanedithiolate analogue, because both types of
compounds are reduced at comparable potentials. As ex-


pected, initial protonation of the nitrogen atom is thus cen-
tral to lowering the potential of the electrocatalytic proton
reduction process. This has no counterpart in the case of the
m-pdt complex.
We also showed that acid strength is again critical at a


later stage of the process to drive the reduction towards a
lower energy pathway. Interestingly the second catalytic pro-
cess also occurs at a less negative potential for the azadithio-
late complex than for the propanedithiolate analogue.
Therefore, the energy gain resulting from initial protonation
at the N atom of the bridge is essentially maintained for the
second catalytic process, although the NH proton may not
be used in this case. For the azadithiolate complexes, both
the initial step and the switch between the two catalytic pro-
cesses are protonation equilibria, while they are both elec-
tron-transfer steps in the case of the propanedithiolate ana-
logue.
We proposed that the less negative proton reduction pro-


cess catalysed by the azadithiolate complexes is limited by
slow loss of H2 from the product formed along the {2H+/
2e} path. This is likely due to incorrect positioning of the
hydride with respect to the NH proton. To speed up the re-
lease of H2 from the azadithiolate complexes along the
{2H+/2e} path, it would be important to favour a rotated
geometry by substitution of two CO ligands at a single iron
centre by a chelating donor ligand. This might also be criti-
cal to avoid a futile reduction loop that goes back to the
starting material at an early stage of the reduction process.
The reduction of a [Fe2(CO)4ACHTUNGTRENNUNG(k


2-LL) ACHTUNGTRENNUNG{m-SCH2N(R)CH2S}]
complex in the presence of acid may give access (possibly
by concerted proton and electron transfer) to a terminal hy-
dride ligand and restore a protonation site at the bridgehead
N atom. However, the increased electron density at the
diiron core that would inevitably result from the substitution
of donor ligands for CO might also facilitate Fe�S bond
cleavage upon reduction. The search for a compromise thus
appears to be a key objective for improving the efficiency of
azadithiolate complexes as electrocatalysts for proton reduc-
tion.


Experimental Section


Methods and materials : All experiments were carried out under an inert
atmosphere by using Schlenk techniques for the syntheses. Acetonitrile
(Merck, HPLC grade), p-toluenesulfonic acid monohydrate (Janssen), tri-
fluoroacetic acid (Aldrich) and fluoroboric acid (diethyl ether complex,
Aldrich) were used as received. The diiron complex [Fe2(CO)6 ACHTUNGTRENNUNG{m-
SCH2N(CH2CH2OMe)CH2S}] (1) and its iPr analogue were prepared ac-
cording to reported methods.[29]


The preparation and purification of the supporting electrolyte NBu4PF6
and the electrochemical equipment were as described previously.[29] All
the potentials are quoted against the ferrocene/ferrocenium couple; fer-
rocene was added as an internal standard at the end of the experiments.
1H NMR spectra were recorded on a Bruker AC300 spectrophotometer.
The infrared spectra were recorded on a Nicolet Nexus Fourier transform
spectrometer.


Protonation of 1: An orange solution of 1 (0.030 g, 0.0675 mmol) in
CH3CN (5 mL) turned yellow upon acidification with an excess of HBF4/


Scheme 9. Hypothetical tautomerisation in a rotated intermediate
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Et2O. The solution was evaporated to dryness and the residue washed
with diethyl ether. Only the unprotonated complex 1 was recovered, as
confirmed by FTIR and 1H NMR spectroscopy. Protonation of 1 oc-
curred in solution, as demonstrated by the FTIR solution spectrum (IR
(CH3CN): 1: ñ =2073, 2034, 1996 (n(CO)) cm�1; 1-H+ : ñ=2089, 2052,
2015, 1992 (n(CO)) cm�1), but it was not possible to isolate the protonat-
ed compound.


Digital simulations : All the simulations were performed with DigiElch
Special Build Version 3 (Build SB3.600).[56] Details of the procedure are
given as Supporting Information.
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Introduction


Inclusion of heteroatoms into the metal cages of molecular
clusters as well as in extended metal lattices is widely docu-
mented and finds its most important application in the prep-
aration of metal–heteroatom alloys.[1] A renewed interest in
this area arises from the possibility of alloying metals and
heteroatoms at the nanolevel, besides the potential applica-
tions to metal cluster chemistry and bulk metallurgy. There
might be considerable impact on many areas of science and
engineering such as the nanosciences, catalysis, and materi-
als sciences.[2] For instance, Fe-, Co-, and Ni-catalyzed pro-
duction of carbon nanotubes is thought to proceed via for-
mation of metal carbide nanoparticles.[3]


The stabilizing effect of interstitial main group elements
in metal carbonyl clusters was demonstrated several years
ago, and is exemplified by the preparation and characteriza-


Abstract: Reaction of the
[Ni9C(CO)17]


2� dianion with
CdCl2·2.5H2O in THF affords the
novel bimetallic Ni�Cd carbide carbon-
yl clusters [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(m5-
CdCl)2]


n� (n=3–6), which undergo sev-
eral protonation–deprotonation equili-
bria in solution depending on the basic-
ity of the solvent or upon addition of
acids or bases. Although the occur-
rence in solution of these equilibria
complicates the pertinent electrochemi-
cal studies on their electron-transfer
activity, they clearly indicate that the
clusters [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(m5-CdCl)2]


n�


(n=3–6), as well as the structurally re-
lated [H6�nNi34C4(CO)38]


n� (n=4–6),
undergo reversible or partially reversi-


ble redox processes and provide cir-
cumstantial and unambiguous evidence
for the presence of hydrides for n=3, 4
and 5. Three of the [H6�nNi30C4(CO)34-
ACHTUNGTRENNUNG(m5-CdCl)2]


n� anions (n=4–6) have
been structurally characterized in their
[NMe3ACHTUNGTRENNUNG(CH2Ph)]4ACHTUNGTRENNUNG[H2Ni30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]·2COMe2, [NEt4]5ACHTUNGTRENNUNG[HNi30C4-
ACHTUNGTRENNUNG(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2MeCN and [NMe4]6-
ACHTUNGTRENNUNG[Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·6MeCN salts,
respectively. All three anions display
almost identical geometries and bond-
ing parameters, probably because


charge effects are minimized by deloc-
alization over such a large metal car-
bonyl anion. Moreover, the Ni30C4 core
in these Ni�Cd carbide clusters is iden-
tical within experimental error to those
present in the [HNi34C4(CO)38]


5� and
[Ni35C4(CO)39]


6� species, suggesting
that the stepwise assembly of their
nickel carbide cores may represent a
general pathway of growth of nickel
polycarbide clusters. The fact that the
[H6�nNi30C4(CO)34ACHTUNGTRENNUNG(m5-CdCl)2]


n�
ACHTUNGTRENNUNG(n=4–6)


anions display two valence electrons
more than the structurally related
[H6�nNi34C4(CO)38]


n� (n=4–6) species
has been rationalized by extended
H8ckel molecular orbital (EHMO)
analysis.
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tion of numerous species containing a large variety of inter-
stitial atoms, for example, B, C, N, Si, P, As, Bi, Sb, Sn, and
Ge.[4–7] Among these, metal carbide carbonyl clusters have
attracted great attention, because of their structural, elec-
tronic and chemical properties.[1,4,8] In particular, the ability
of carbon atoms to stabilize metal clusters is well document-
ed in the chemistry of nickel carbonyls.[9] Thus, nickel forms
only a few low-nuclearity homometallic clusters, among
which [Ni5(CO)12]


2�, [Ni6(CO)12]
2�, [Ni9(CO)18]


2�, and
[HxNi12(CO)21]


(4�x)� (x=0–2) have been structurally charac-
terized.[10,11] Conversely, several high-nuclearity nickel car-
bide carbonyl clusters are known, and nuclearities up to 38
have been reported. The structurally characterized com-
pounds include monocarbide (for example,
[Ni7C(CO)16]


2�,[12] [Ni8C(CO)16]
2� and [Ni9C(CO)17]


2�[13]),
tetracarbide (for example, [HNi34C4(CO)38]


5� and
[Ni35C4(CO)39]


6�[14]), and hexacarbide species (for example,
[Ni32C6(CO)36]


6� and [HNi38C6(CO)42]
5�[15,16]). All the above


species contain isolated carbide atoms encapsulated either
in a trigonal-prismatic or in a square-antiprismatic nickel
cavity. In addition, there are several nickel carbido carbonyl
clusters containing C2 moieties, featuring short C�C con-
tacts, encapsulated in more expanded, less regular nickel
cavities (for example, [Ni10C2(CO)15]


2�,[17] [Ni11C2(CO)15]
4�,


[Ni12C2(CO)16]
4�,[12] and [Ni16(C2)2(CO)23]


4�[18]). All the
above species have been synthesized mainly by reaction of
[Ni6(CO)12]


2� with perhalohydrocarbons such as CCl4, C2Cl4,
C2Cl6, and C3Cl8. The rich chemistry of nickel carbide car-
bonyl clusters contrasts with the low solubility of carbon in
bulk nickel metal, the metastable Ni3C being the only phase
reported to date.[19]


Further interest in these molecular compounds comes
from the behavior of the highest-nuclearity species, namely
[Ni32C6(CO)36]


6� and [HNi38C6(CO)42]
5�, as electron sinks as


good as C60
[20] and their ability to be sequentially and rever-


sibly reduced to species with a charge of �10, whereas the
lowest-nuclearity nickel carbides do not withstand any redox
change.[15,16] Moreover, their capacitance of around 0.7 aF
per molecule[4] is comparable with that of quasi monodis-
persed gold colloids stabilized by thiols.[21–23] The appearance
of new electronic properties on nanometric molecular clus-
ters has suggested that metal clusters stabilized in a ligand
shell are valid candidates for assembly in functional devices
for data storage and could potentially represent the ultimate
solution for miniaturization in microelectronics and nanoli-
thography.[24–25]


It was therefore of interest to develop the chemistry of
high-nuclearity nickel carbide clusters further, to obtain in-
creasingly effective molecular nanocapacitors and to gain a
better insight into the structure and growth of heterometal-
lic nanoparticles. An alternative approach to high-nuclearity
nickel carbide carbonyl clusters was suggested by the selec-
tive synthesis of high-nuclearity Rh carbonyl clusters by oxi-
dation in mild conditions of [Rh7(CO)16]


3� with MXn·yH2O
hydrated Lewis acids, among them the CdCl2·2.5H2O salt:[26]


so we investigated the mild oxidation of the preformed
[Ni9C(CO)17]


2� species with hydrated CdCl2 salts. We report


here the synthesis, structural, and spectroscopic characteri-
zation of the series of bimetallic nickel carbide carbonyl
clusters of general formula [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(m5-CdCl)2]


n�


(n=3–6). Their electrochemical behavior has also been in-
vestigated and compared with that of the structurally related
but nonisoelectronic [H6�nNi34C4(CO)38]


n� (n=3–6) deriva-
tives. The difference in electron counts of the two series of
compounds has been rationalized by EHMO analysis.


Results and Discussion


Synthesis and characterization of the [H6�nNi30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]


n�
ACHTUNGTRENNUNG(n=3–6) clusters : The reaction of the


[Ni9C(CO)17]
2� dianion, as its [NEt4]


+ , [NMe4]
+ , or [NMe3-


ACHTUNGTRENNUNG(CH2Ph)]
+ salt, with CdCl2·2.5H2O in THF leads to forma-


tion of a brown precipitate over a period of 3 h. The materi-
al is soluble in acetone, acetonitrile, and DMF; the solution
of the sample in acetone displays infrared carbonyl absorp-
tions at 2019(s) and 1874(m) cm�1, whereas those in aceto-
nitrile and DMF display a similar pattern with bands shifted
at 2008(s) and 1862(ms) cm�1, and 1996(s) and
1855(m) cm�1, respectively. The above differences in absorp-
tion frequencies were hardly compatible with simple solvent
effects and suggested the possible occurrence of deprotona-
tion equilibria in the miscellaneous solvents, as a function of
their basicity. In keeping with this suggestion, crystallization
of the brown precipitate in acetone/isopropanol and acetoni-
trile/diisopropyl ether mixtures afforded crystals of
[H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� salts with n=4 and 5, respec-
tively. In particular, crystals of the [NMe3ACHTUNGTRENNUNG(CH2Ph)]4-
ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·2COMe2 and [NEt4]5-
ACHTUNGTRENNUNG[HNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2MeCN salts were found to be suit-
able for X-ray analysis. Significantly, both products are solu-
ble in acetonitrile and show most intense IR carbonyl ab-
sorptions at 2008(s) and 1862(m) cm�1. However, the
crystals of [NMe3 ACHTUNGTRENNUNG(CH2Ph)]4ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·
2COMe2 are also soluble in acetone, in which they display
their most intense infrared carbonyl absorptions at 2019(s)
and 1874(m) cm�1, and weak shoulders at 2008(s) and
1862(m) cm�1, owing to some deprotonation. These observa-
tions confirm, first, the occurrence in the miscellaneous sol-
vents of protonation–deprotonation equilibria, which are
shifted to one or another [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� spe-
cies, as a function of the relative basicity of the solvent.
Second, as shown in Scheme 1, the above observations lead
us to conclude that the species present in the less basic sol-
vent acetone is the dihydride tetra-anion [H2Ni30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]


4�, which is converted to a great extent into the
monohydride penta-anion [HNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


5� by dis-
solving its salts in the more basic acetonitrile. Further partial
deprotonation of the latter occurs in DMF and leads to sig-
nificant concentration of the [Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


6� hexa-
anion. A pure solution of [Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


6� can be
obtained only by shifting the equilibrium to the left by addi-
tion of solid NaHCO3 as a mild deprotonating reagent.
Crystals suitable for X-ray analysis of the [NMe4]6-
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ACHTUNGTRENNUNG[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·6MeCN salt, which contains the
[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� hexa-anion, have been obtained by
layering diisopropyl ether on a solution of a mixture of
[HNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


5� and [Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]
6� in


MeCN in the presence of a slight excess of a mild deproto-
nating reagent such as 4,4’-bipyridine.
Finally, reaction of [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� in DMF with
a strong base such as NaOH results in a complex mixture of
decomposition products. Precipitation with H2O or treat-
ment with acids of the mixture regenerates only very minor
amounts of the starting [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� (n=3–
6) clusters and has enabled isolation of species such as
[HNi34C4(CO)38)]


5� and the new bimetallic [HNi32C4(CO)36-
ACHTUNGTRENNUNG(CdCl)]6� (C. Femoni, M. C. Iapalucci, G. Longoni, S. Zac-
chini, unpublished work). These results confirm that no fur-
ther simple deprotonation occurs beyond formation of the
hexa-anion and suggests that the subsequent attack of a
strong base such as NaOH is addressed toward the CdCl+


fragments coordinated to the cluster.
The equilibrium at the bottom of Scheme 1 is partially re-


versed by water, whereas regeneration of the
[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


4� species requires addition of a
roughly stoichiometric amount of aqueous H2SO4. As shown
in Scheme 1, IR monitoring indicates that protonation of
the [H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


4� tetra-anion in acetone pro-
ceeds further to give the corresponding [H3Ni30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]


3� tri-anion, which is still sufficiently stable to be
isolated in the solid state by evaporation of the reaction so-
lution and washing of the residue with isopropanol.
Significantly, treatment of [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� with
stoichiometric amounts of oxidizing agents such as Ag+ , I2,
or tropylium tetrafluoroborate leads only to irreversible de-
composition of the starting material. The absence of spectro-
scopic evidence for the possible existence of [Ni30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]


n� (n<6) further supports the conclusion that the
charge changes reported in Scheme 1 arise from protona-
tion–deprotonation reactions and not from redox processes.
The behavior of the [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(m5-CdCl)2]


n� (n=


3–6) species illustrated in Scheme 1 parallels those of the
previously reported [H6�nNi34C4(CO)38]


n� clusters.[14] As in
those earlier examples, all attempts to determine the
number or even the presence of hydride atoms by 1H NMR
had no success. No signal, other than those due to the tetra-
substituted ammonium cations and solvents, was detectable
even by adopting long delays (as much as 60 s) between


pulses in order to avoid signal saturation, by running the
spectra in nondeuterated solvents to hinder H–D exchange,
by performing variable-temperature experiments to slow
down possible dynamic processes, or by trying to enhance
the hydride signals by employing very concentrated solu-
tions or acquiring several thousands of scans. The lack of
any response by high-nuclearity clusters by means of
1H NMR spectroscopy is, unfortunately, a rather general
phenomenon. It is also the case for miscellaneous metal car-
bonyl clusters such as [H6�nNi32C6(CO)36]


n�,
[H6�nNi38C6(CO)42]


n�,[15,16] [H6�nNi36Pt4(CO)44]
n�,[27]


[H6�nNi38Pt6(CO)48]
n�,[28] and [H8�nRh22(CO)35]


n� (n=3–5).[29]


To our knowledge, the only high-nuclearity cluster whose
hydrides have been clearly detected by 1H NMR is
H12Pd28Pt13(CO)27 ACHTUNGTRENNUNG(PMe3)ACHTUNGTRENNUNG(PPh3)12.


[30] Related difficulties in
observing all the expected NMR signals are also document-
ed for colloidal metal nanoparticles stabilized by ligands.[31]


Attempts to gather direct evidence for the presence of hy-
drogen in [H6�nNi34C4(CO)38]


n� and [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(m5-
CdCl)2]


n� (n=3–5) by ESI-MS have been inconclusive. The
ESI mass spectrum of [NMe4]4ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
(Figure 1) displays several multiplets in the m/z regions of


z=2 and 3. The strongest multiplets (relative intensities in
parentheses) are centered at m/z=980 ACHTUNGTRENNUNG(100), 1003(50),
1033(20) and 1477(20), 1490(20), and 1545(13) and can be
attributed to [Ni30C4(CO)30 ACHTUNGTRENNUNG(CdCl)2]


3�, [Ni30C5(CO)32-
ACHTUNGTRENNUNG(CdCl)2]


3�, {[NMe4] ACHTUNGTRENNUNG[Ni30C4(CO)33ACHTUNGTRENNUNG(CdCl)2]}
3� and


[Ni30C5(CO)30ACHTUNGTRENNUNG(CdCl)2]
2�, [Ni30C4(CO)31ACHTUNGTRENNUNG(CdCl)2]


2�, and
{[NMe4]ACHTUNGTRENNUNG[Ni30C5(CO)32 ACHTUNGTRENNUNG(CdCl)2]}


2�, respectively. The complex-
ity of the natural isotopic composition of Ni, Cd, and Cl, the
close values of the average mass of one Cd atom (112.41)
and 4CO (112.04), and CO elimination or disproportiona-
tion processes hamper unequivocal interpretation of the
multiplets and gathering of unambiguous evidence for the
presence of hydrides.


Scheme 1. i) Dissolution in acetone without acids; ii) +H2SO4 in acetone;
iii) + H2SO4 in acetone; iv) dissolution in CH3CN; v) + H2O in CH3CN
or DMF; vi) + NaHCO3 or 4,4N-bipyr4idine in CH3CN or DMF.


Figure 1. ESI mass spectrum of [NMe4]4 ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2] in
CH3CN.
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As a result, the number of hydride atoms assigned relies
on chemical, rather than spectroscopic behavior: that is, the
number of reversible deprotonation steps occurring in solu-
tion under mild conditions (vide supra). Further circumstan-
tial proof of the presence of hydride atoms in these miscella-
neous anions is provided by the electrochemical studies re-
ported below.
The synthesis of [H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


4� from
[Ni9C(CO)17]


2� and CdCl2·2.5H2O is explained formally by
Equation (1), in which the H+ ions are derived from the
acidity of the coordinated water of CdCl2·2.5H2O. Equa-
tion (1) is in keeping with the experimental observation that
the only by-product detectable by IR is Ni(CO)4.


4 ½Ni9CðCOÞ17�2� þ 2CdCl2 þ 2Hþ !
½H2Ni30C4ðCOÞ34ðCdClÞ2�4�þ10COþ 2Cl�þ 6NiðCOÞ4


ð1Þ


As confirmed by comparing the structures of
[H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� (n=4–6) and [HNi34C4-
ACHTUNGTRENNUNG(CO)38]


5� (see next section), Equation (1) parallels Equa-
tion (2). Indeed, addition of protonic acids to
[Ni9C(CO)17]


2�, in the absence of cadmium halide salts,
gives rise to formation of [H6�nNi34C4(CO)34]


n� (n=4, 5)
clusters in good yields.


4 ½Ni9CðCOÞ17�2� þ 4Hþ !½H2Ni34C4ðCOÞ38�4� þ 22CO


þH2 þ 2NiðCOÞ4
ð2Þ


The function of the [CdCl]+ moieties therefore, seems to
be to intercept the intermediate Ni30C4 moiety, by capping
its two pentagonal faces.
The same [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� (n=3–6) species
can be obtained, even though in lower yields, from the reac-
tion of CdCl2·2.5H2O with [Ni10C2(CO)16]


2� or
[Ni16C4(CO)23]


4�, whose intermediate formation in Equa-
tion (2) has been detected experimentally by IR monitoring.


X-ray structures of [NMe3ACHTUNGTRENNUNG(CH2Ph)]4ACHTUNGTRENNUNG[H2Ni30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]·2COMe2, [NEt4]5ACHTUNGTRENNUNG[HNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·2MeCN,
and [NMe4]6ACHTUNGTRENNUNG[Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·6MeCN : The molecular
structures of [H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


4�, [HNi30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]


5�, and [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
6� are almost identical;


only that of [H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
4� is reported in


Figure 2. However, the average bond lengths of all the spe-


cies are compared with those of [HNi34C4(CO)38]
5� and


[Ni35C4(CO)39]
6� in Table 1. Full lists of the individual bond


lengths are given in the Supporting Information. The struc-
tures of the [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� (n=4–6) can be
thought as composed of the carbide carbonyl cluster
[H6�nNi30C4(CO)34]


(n+2)� intercepted by two [CdCl]+ moiet-
ies. The nickel tetracarbide core of these clusters is strictly
related to that reported previously for [HNi34C4(CO)38]


5�


and [Ni35C4(CO)39]
6�.[14]


For clarity, the formal build-up of the nickel carbide
frame of all five clusters is represented in Figure 3. They are
composed of a Ni20 cubic close-packed (CCP) core (A),
which has 28 triangular and four square faces on its surface.
The four carbide atoms are located over these square faces
(B), and a trigonal prismatic cage can be obtained around
each of them by condensing two more Ni atoms over these
faces, resulting in a Ni28C4 fragment (C). This moiety shows
38 triangular, four square, and two pentagonal faces, and
two more Ni atoms can be added onto two of the opposite
square faces, to give a Ni30C4 fragment (D). Now, if the two
pentagonal faces are blocked by two CdCl+ moieties, then
the Ni30C4ACHTUNGTRENNUNG(CdCl)2 core of [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


n� is ob-
tained (E). Conversely, if the two pentagonal faces are each
capped by one Ni(CO) moiety (isoelectronic with [CdCl]+),


Figure 2. Molecular structure of [H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
4� (dark gray:


nickel; lightly shaded: cadmium and chlorine).


Table 1. Average bond lengths in [H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]
4�, [HNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


5�, [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
6�, [HNi34C4(CO)38]


5�, and
[Ni35C4(CO)39]


6�.


ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
4�


ACHTUNGTRENNUNG[HNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
5�


ACHTUNGTRENNUNG[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
6�


ACHTUNGTRENNUNG[HNi34C4(CO)38]
5�


ACHTUNGTRENNUNG[Ni35C4(CO)39]
6�


Ni�Ni, all 2.593 2.596 2.599 2.597 2.596
Ni�Ni, CCP[a] 2.579 2.585 2.585 2.571 2.568
Ni�C(6)[b] 1.94 1.95 1.92 1.94 1.94
Ni�C(7)[c] 2.01 2.01 2.02 2.01 2.03
Ni�Cd 2.764 2.768 2.757 – –
Cd�Cl 2.381 2.421 2.446 – –


[a] Average Ni�Ni distance in the CCP Ni20 core (see text for descriptions of the structures). [b] Average Ni�C distance in the trigonal prismatic cavities.
[c] Average Ni�C distance in the capped trigonal prismatic cavities.


Chem. Eur. J. 2008, 14, 1924 – 1934 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1927


FULL PAPERBimetallic Carbide Carbonyl Clusters



www.chemeurj.org





and then further Ni(CO) moieties (addition of which does
not alter the number of cluster valence electrons) are added
on the resulting butterfly faces, then the metal core of Ni32+


xC4(CO)36+x (x=1, 2, 3, etc.) species would be formed (F).
Of these, the structures of [HNi34C4(CO)38]


5� (x=2) and
[Ni35C4(CO)39]


6� (x=3) have already been documented.[14]


In these two series of clusters, the four carbide atoms
occupy, two by two, two different types of trigonal prismatic
cavities. Thus, two carbides are found in almost regular
trigonal prismatic cages (Ni�Cav=1.92–1.95 O), whereas the
other two are inside distorted capped trigonal prismatic cav-
ities, displaying seven metal–carbide interactions (Ni�Cav=


2.01–2.03 O). The apparent radii for the carbide carbons are
0.63–0.66 and 0.73–0.75 O, respectively. These values as well
as the average Ni�Ni distances (see Table 1) for the five
species are identical within experimental error, suggesting
negligible effects on the Ni30C4 core following addition of
[CdCl]+ or Ni(CO) fragments and/or changes in the cluster
anionic charge. The resulting metallic frames originate in
the fusion of a CCP chunk of Ni atoms with hexagonal, pen-
tagonal-bipyramidal, and tetrahedral fragments. This struc-
ture is the result of the disturbing action exerted on the
nickel close-packed lattice by the presence of carbide atoms,
which cannot shrink into octahedral cavities that are too
small. An analogous effect has been proved previously in
other nickel carbide clusters such as [Ni7C(CO)12]


2�,[12]


[Ni8C(CO)16]
2�, [Ni9C(CO)17]


2�,[13] [H6�nNi38C6(CO)42]
n�, and


[H6�nNi32C6(CO)36]
n�.[15,16] Thus, the carbide atom was found


in a capped trigonal-prismatic cavity in [Ni7C(CO)12]
2�,


whereas it was lodged in square-antiprismatic cavities for all
the other clusters.
The structures of the [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


n� anions
are completed by 34 Ni-bonded carbonyl ligands, 14 of
which are terminal and 20 edge-bridging, and two chloride
ligands bonded to the Cd atoms. Only minor differences in


the stereochemistry of the carbonyl ligands exist between
the three species, since some of the terminal CO groups
might have incipient edge-bridging character and, similarly,
some of the edge-bridging carbonyls might display incipient
face-bridging behavior.
Even though the [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


n� (n=4–6),
[HNi34C4(CO)38]


5�, and [Ni35C4(CO)39]
6� carbido clusters are


structurally very closely related, they are not isoelectronic.
The Ni�Cd carbido derivatives formally display 12n+32
cluster valence electrons, whereas the homometallic nickel
carbides only feature 12n+30 valence electrons. This obser-
vation prompted parallel electrochemical studies of the two
series of compounds and an extended H8ckel molecular or-
bital (EHMO) analysis; the results are reported in the next
two sections respectively.


Electrochemical studies of [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]
n� and


[Ni34C4(CO)38]
6� : The limited solubility of all the salts of the


title anions in the presence of supporting electrolytes and
the protonation–deprotonation equilibria illustrated in
Scheme 1 make electrochemical investigations of
[H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� rather troublesome. Depending
on the solvent, more or less protonated [H6�nNi30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]


n� species exist concomitantly in solution. This gives
rise to weakly separated electron-transfer processes, typical-
ly exemplified by the voltammetric responses given by
[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


4� in MeCN (Figure 4).


Figure 3. Formal growth path of the metal cores of [H6�nNi30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]


n� and [HNi34C4(CO)38]
5� : A) Ni20 CCP core; B) Ni20C4;


C) Ni28C4 with the four carbide atoms in trigonal prismatic cages;
D) Ni30C4 after capping of two opposite trigonal prismatic cages; E) the
Ni30C4 ACHTUNGTRENNUNG(CdCl)2 core of [H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� ; F) the Ni34C4 core of
[HNi34C4(CO)38]


5�.


Figure 4. Voltammetric profiles recorded at a mercury electrode of
[NEt4]4ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2] in MeCN (saturated solution); support-
ing electrolyte [NEt4] ACHTUNGTRENNUNG[PF6] (0.1 moldm�3). a) Cyclic voltammetry; b) Os-
teryoung square-wave voltammetry; c) first derivative deconvoluted vol-
tammetry. Scan rates: a) 0.2 Vs�1; b) 0.1 Vs�1.
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As shown, simply limiting ourselves to the first three
main reduction processes possessing features of chemical re-
versibility in the short times of cyclic voltammetry and naively
assigned to the sequence [H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


4�/5�/6�/7�,
each process is split into two closely spaced peaks (as is
quite evident from the mathematical treatment in Fig-
ure 4c). Even if the [H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


4�/ ACHTUNGTRENNUNG[HNi30C4-
ACHTUNGTRENNUNG(CO)34ACHTUNGTRENNUNG(CdCl)2]


5� equilibrium is shifted toward the penta-
anion in acetonitrile, significant amounts of the tetra-anion
are probably still present, which make assignment of the dif-
ferent steps impossible. In contrast, a more precise voltam-
metric picture is exhibited by the completely deprotonated
[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� hexa-anion in DMF (Figure 5).


As shown, it exhibits both an oxidation (Eo’6�/5�=�0.49 V
vs. SCE) and two well separated reductions (Eo’6�/7�=


�0.88 V; Eo’7�/8�=�1.28 V), all of which display features of
chemical reversibility. A further reduction process (Eo’=
�1.78 V) with a markedly higher peak is also present which
in the reverse scan shows a stripping anodic peak (the aster-
isked peak in the figure), which increases with a decrease in
the scan rate. Based on such a feature, we assign this catho-
dic process to the partially chemically reversible Cd-cen-
tered step [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


8�/10�, followed by release
of Cd metal. This picture now makes the previous voltam-
metric profile of [H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


4� a little more
comprehensible. In fact, in that case also a higher-current
process is present at quite negative potential values (Eo’�
�2.1 V).
The different voltammetric responses of the anions


[H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
n� (n=4–6) are in keeping with


the presence of hydride atoms, at least in the less charged
penta- and tetra-anions. Otherwise, overlapping steady-state
profiles would have been observed for n=4, 5, and 6. This is
also in agreement with the fact that the formation of the
species with n=3–5 is observed only by addition of acids
and not by employing mild oxidizing agents (see the section
on synthesis and characterization of [H6�nNi30C4(CO)34-
ACHTUNGTRENNUNG(CdCl)2]


n� (n=3–6) clusters, above). Further circumstantial
indirect evidence for the presence of hydride atoms is pro-


vided by a comparison between the electrochemical and the
chemical behavior of [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� upon addition
of protonic acids (see Scheme 1). Indeed, while electro-
chemical oxidation generates the [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6�/5�


redox couple as the only redox change with features of com-
plete chemical reversibility at a high scan rate, protonation
of [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� reversibly and sequentially neu-
tralizes the charge up to the trianion. Besides, the penta-
and tetra-anions are stable enough to be isolated and crys-
tallized. Therefore, their complete formula should be
[H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n� (n=4, 5).
The electrochemical behavior of the structurally related


[Ni34C4(CO)38]
6� hexa-anion (Figure 6) is even more conclu-


sive. It exhibits three reversible reductions (Eo’6�/7�=


�1.21 V; Eo’7�/8�=�1.38 V; Eo’8�/9�=�1.85 V). Three irre-
versible oxidations (not shown in Figure 6) are also present
at positive potentials. Because of the limited solubility of
the sample, the reduction steps are not well defined in the
cyclic voltammetry, but they appear better resolved in de-
convolutive voltammetry. Significantly, the markedly higher
reduction process present in the voltammetric profile of
[H6�nNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


n�, accompanied in the reverse
scan by a stripping anodic peak, is no longer present. This
further validates the assignment of this latter process as a
Cd-centered redox step.
Cyclic voltammetric profiles of [H6�nNi34C4(CO)38]


n� (n=


4, 5) salts were even less resolved, probably owing to addi-
tional complications arising from protonation–deprotonation
equilibria, as for the [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


n� (n=4, 5)
species. Residual traces of such protonated species (aster-
isked peaks) seem to be responsible for the splitting of the
cathodic processes illustrated in Figure 6. Once again, the
lack of any reversible oxidation step in the electrochemical
oxidation of [Ni34C4(CO)38]


6� and the fact that the purported


Figure 5. Cyclic voltammetric profiles recorded at a mercury electrode of
[NEt4]6ACHTUNGTRENNUNG[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2] in DMF (0.8P10�3 moldm�3); supporting
electrolyte [NEt4] ACHTUNGTRENNUNG[PF6] (0.1 moldm�3), scan rate 0.2 Vs�1.


Figure 6. Cathodic voltammetric profiles recorded at a Pt electrode of
[NEt4]6ACHTUNGTRENNUNG[Ni34C4(CO)38] in MeCN (saturated solution); supporting electro-
lyte [NEt4] ACHTUNGTRENNUNG[PF6] (0.1 moldm�3). a) Cyclic and b) first-derivative deconvo-
luted voltammetry; scan rates 0.2 Vs�1.
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[H6�nNi34C4(CO)38]
n� (n=4, 5) can be isolated by protona-


tion of the hexa-anion strongly support the presence of hy-
drides in the latter less-charged (n=4, 5) species.


EHMO analysis of [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]
n�


ACHTUNGTRENNUNG(n=4–6)
and [Ni34C4(CO)38]


6� : Extended H8ckel molecular orbital
(EHMO) analysis of [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


n� (n=4–6)
and [Ni34C4(CO)38]


6�, using their crystallographic coordi-
nates, has been carried out with CACAO,[32] to explain the
differences in their numbers of cluster valence electrons.
The calculations were performed by combining the molecu-
lar orbitals of a [Ni30C4(CO)34]


n� (n=8 and 6, respectively)
fragment with those of two outer CdCl+ or Ni2(CO)2 frag-
ments. The frontier regions (in the �11.2 to �9.3 eV energy
interval) of the EHMO diagrams of [Ni34C4(CO)38]


6� and
[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� are compared in the two diagrams
in Figure 7, which indicate that there are 18 and 17 closely


spaced MOs respectively in an energy interval of less than
2 eV, and a well defined HOMO–LUMO gap can hardly be
identified. The energy levels of the two slightly different
[Ni30C4(CO)34]


n� core fragments (on the left in each dia-
gram) are very similar. The first and second LUMOs (566
and 565, respectively, in Figure 7b) of the [Cl�Cd···CdCl]2+


fragment are approximately 1 eV lower in energy then the
corresponding first and second LUMOs of the
[(CO)2Ni2···Ni2(CO)2] fragment and are degenerate. These
fragment molecular orbitals of the [Cl�Cd···CdCl]2+ moiety
are shown pictorially in Figure 8. The major differences be-
tween the EHMO diagrams of [Ni34C4(CO)38]


6� and
[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� (in the center of each diagram)
arise from the weak interaction of the LUMO orbitals of
the [Cl�Cd···CdCl]2+ moiety with the antibonding orbitals
of suitable symmetry of the [Ni30C4(CO)34]


8� fragment. This
generates the filled, weakly stabilized molecular orbital 242
(at the eighth energy level down from the HOMO) in the
[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� diagram; this cluster valence orbital
(CVO) is represented in Figure 9.
In contrast, owing to the higher energy of the LUMO or-


bitals of the [(CO)2Ni2···Ni2(CO)2] fragment, their weak in-
teractions with antibonding orbitals of suitable symmetry of
the [Ni30C4(CO)34]


6� fragment only increases the multitude


of empty antibonding energy levels of [Ni34C4(CO)38]
6�.


Therefore, according to EHMO calculations,
[Ni34C4(CO)38]


6� should display one fewer filled CVO than
[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6�, as is found experimentally.
Finally, the presence of several low-lying empty orbitals


and the absence of a well defined gap in both diagrams in
Figure 7 are in keeping with the electrochemical behavior of
both series of compounds described in the previous section.


Conclusion


It has been found that the weak acidity of CdCl2·2.5H2O
allows fairly selective syntheses of higher-nuclearity clusters
on starting from preformed lower-nuclearity anionic carbon-
yl clusters. Its reaction with [Rh7(CO)16]


3� has been shown
to lead to [Rh15(CO)27]


3� and [Rh17(CO)30]
3� homometallic


species, which do not include Cd moieties in their metal
frames.[26] In contrast, its reaction with [Ni9C(CO)17]


2� re-


Figure 7. Frontier regions (in the �11.2 to �9.3 eV energy interval) of the
EHMO diagrams of a) [Ni34C4(CO)38]


6� and b) [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
6�.


Figure 8. a) First and b) second LUMOs of the [Cl�Cd···CdCl]2+ frag-
ment.
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sults in new high-nuclearity heterometallic nickel carbide
carbonyl clusters with [CdCl]+ moieties associated in their
structures, [H6�nNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]


n� (n=3–6). Three of
these anions bearing different charges (n=4–6) have been
structurally characterized, and exhibit almost identical ge-
ACHTUNGTRENNUNGometries and bonding parameters. The fact that their struc-
tures are closely related to those reported previously for the
[HNi34C4(CO)38]


5� and [Ni35C4(CO)39]
6� species seems to


imply that the stepwise assembly of their nickel carbide
cores, originally suggested only with the purpose of intro-
ducing their structures step-by-step,[14] is a more general
formal growth path for nickel tetracarbide clusters. More-
over, it may be hoped that the interception of Ni30C4(CO)34
fragments by [CdCl]+ moieties will open additional possibil-
ities for their interception with other moieties and provide
possible sites to connect the resulting clusters in 1D chains
assembled by alternation of molecular capacitors with con-
ducting spacers, as already reported recently for the
[Ni12(CO)24ACHTUNGTRENNUNG(Cd2Cl3)]


3� dimer[33] or the [Pt9(CO)18ACHTUNGTRENNUNG(CdCl2)2]
2�


infinite chains.[34]


The quite complex metal motifs of these metal clusters,
which are the result of growing noncompact Ni6C and Ni7C
trigonal prismatic units around a compact Ni core, may rep-
resent snapshots of the deformation that a compact first-row
metal particle would undergo upon incorporation of carbon
atoms, as occurs in methanation reactions and in the produc-
tion of carbon nanotubes. Apart from other considerations,
as illustrated by step D of Figure 3 the deformations brought
about by lodging carbide atoms within a Ni particle give rise
to concave bis-triangular faces on the cluster surface, which
may resemble step defects on top of a metal surface. Such
step defects have been suggested as the active sites for the
activation of several C1 and C2 molecules.[35] For instance,
dual coordination of CO within the wings of a butterfly clus-


ter (for example, [HFe4(CO)12ACHTUNGTRENNUNG(m4-h
2-CO)]�[36]) has been


demonstrated to undergo proton-induced C�O bond cleav-
age and reduction to CH4.


[37]


We also believe we have confirmed that electrochemical
studies, as well as disclosing the nanocapacitor behavior of
molecular clusters, when analyzed in conjunction with chem-
ical reactivity studies, can also provide unambiguous though
only circumstantial evidence for the presence of hydrides,
which elude direct detection by 1H NMR spectroscopy. At
present, we do not have explanations for our failure to
detect 1H NMR signals of hydrides in high-nuclearity clus-
ters and its interpretation should be postponed.
The chemistry of transition metal/main group heteroatoms


represents an emerging field with potential impact in the
nanosciences (as heterometallic nanoparticles), catalysis (de-
posited on high surface area materials), composite materials
(grafted on surfaces or self-assembled), and metallurgy (as
precursors to metastable alloys).[2] Finally, any further im-
provement of the reversible redox properties of these high-
nuclearity metal clusters, which are already nanomaterials as
judged by dimensions and have the advantage over mono-
dispersed ligand-stabilized metal nanoparticles of displaying
constant composition and geometry, will make them increas-
ingly interesting as nanocapacitors for assembly of molecu-
lar devices for molecular electronics.


Experimental Section


General : All reactions and sample manipulations were carried out using
standard Schlenk techniques under nitrogen and in dried solvents. All
the reagents were commercial products (Aldrich) of the highest purity
available and used as received. The [NR4]2 ACHTUNGTRENNUNG[Ni9C(CO)17] (NR4=NEt4,
NMe4, NMe3 ACHTUNGTRENNUNG(CH2Ph)),


[13] [NMe4]2 ACHTUNGTRENNUNG[Ni10C2(CO)16],
[17] and [NMe4]4ACHTUNGTRENNUNG[Ni16C4-


ACHTUNGTRENNUNG(CO23]
[18] salts have been prepared according to the literature. Ni and Cd


were analyzed by atomic absorption on a Pye–Unicam instrument.
C,H,N analyses were obtained with a ThermoQuest FlashEA 1112NC in-
strument. IR spectra were recorded on a Perkin–Elmer SpectrumOne in-
terferometer in CaF2 cells. ESI mass spectra were recorded on a Waters
Micromass ZQ4000 instrument. All NMR measurements were performed
on Varian Inova 600 and Mercury Plus 400 instruments. Cyclic voltamme-
try was performed in a three-electrode cell containing a platinum work-
ing electrode surrounded by a platinum-spiral counter electrode, and an
aqueous saturated calomel reference electrode (SCE) mounted with a
Luggin capillary. A BAS 100 W electrochemical analyzer was used as po-
larizing unit. All the potential values are referred to the SCE. Under the
present experimental conditions, the one-electron oxidation of ferrocene
occurs at Eo’=++0.59 V in THF. Controlled potential coulometry was per-
formed in an H-shaped cell with anodic and cathodic compartments sepa-
rated by a sintered-glass disk. The working macroelectrode was a plati-
num gauze; a mercury pool was used as the counter electrode. Structure
drawings have been performed with SCHAKAL99.[38]


Synthesis of [NMe3ACHTUNGTRENNUNG(CH2Ph)]4 ACHTUNGTRENNUNG[H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2COMe2 :
CdCl2·2.5H2O (0.470 g, 2.06 mmol) was added in portions to a solution of
[NMe3 ACHTUNGTRENNUNG(CH2Ph)]2 ACHTUNGTRENNUNG[Ni9C(CO)17] (2.01 g, 1.54 mmol) in THF (30 mL) with
stirring. The mixture was left to react for 3 h, until all the starting [NMe3-
ACHTUNGTRENNUNG(CH2Ph)]2 ACHTUNGTRENNUNG[Ni9C(CO)17] had disappeared according to IR monitoring. The
resulting dark brown suspension was evaporated to dryness. The residue
was washed with water (40 mL) and THF (30 mL) to remove all NiII and
CdII salts and minor quantities of lower-nuclearity nickel carbide carbon-
yl clusters. Extraction in acetone (30 mL) resulted in a dark brown solu-
tion of the target compound. Precipitation by slow diffusion of iPrOH


Figure 9. Pictorial representation of CVO 242 (E=�10.820 eV) for
[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


6� (the contributions of the atomic orbitals of C
and O are omitted for clarity).
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(60 mL) gave a dark brown crystalline precipitate of [NMe3 ACHTUNGTRENNUNG(CH2Ph)]4-
ACHTUNGTRENNUNG[H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2COMe2 (yield 1.15 g, 66.0% based on Ni). The
salt is soluble in acetone, acetonitrile, DMF, and DMSO, sparingly solu-
ble in THF and alcohols, and insoluble in nonpolar solvents.


C84H76Cd2Cl2N4Ni30O36: IR (acetone, 293 K): 2019(s), 1874 (m) cm�1; ele-
mental analysis (%): calcd. for C84H76Cd2Cl2N4Ni30O36 (3774.04): C 26.73,
H 2.03, N 1.48, Ni 46.66, Cd 5.96; found: C 26.92, H 1.89, N 1.55, Ni
46.42, Cd 6.03.


Other salts of this tetra-anion, [NR4]4 ACHTUNGTRENNUNG[H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2] [NR4=


NMe4, NEt4, NBu4], can be obtained by the same procedure as above,
employing the relevant [NR4]2ACHTUNGTRENNUNG[Ni9C(CO)17] salts. The same products can
be obtained, even if in lower yields, from the reaction of [Ni10C2(CO)16]


2�


or [Ni16C4(CO)23]
4� with CdCl2·2.5H2O in THF or acetone.


Synthesis of [NEt4]5 ACHTUNGTRENNUNG[HNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·2MeCN : CdCl2·2.5H2O
(0.558 g, 2.44 mmol) was added in portions to a solution of [NEt4]2-
ACHTUNGTRENNUNG[Ni9C(CO)17] (2.25 g, 1.78 mmol) in THF (30 mL) with stirring. Reaction
of this mixture, evaporation to dryness, and washing of the residue were
similar to the procedures described above. Extraction into acetonitrile
(30 mL) resulted in a dark brown solution of the target compound. Pre-
cipitation by slow diffusion of diisopropyl ether (60 mL) gave a dark
brown crystalline precipitate of [NEt4]5ACHTUNGTRENNUNG[HNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2MeCN
(yield 1.31 g, 64.7% based on Ni). The salt is soluble in acetonitrile,
DMF, and DMSO, sparingly soluble in acetone, and insoluble in less
polar solvents.


C82H106Cd2Cl2N7Ni30O34: IR (acetonitrile, 293 K): 2008 (s), 1862(m) cm�1;
elemental analysis (%): calcd. for C82H106Cd2Cl2N7Ni30O34 (3790.28): C
25.98, H 2.82, N 2.59, Ni 46.46, Cd 5.93; found: C 26.09, H 2.95, N 2.37,
Ni 46.58, Cd 5.88.


Synthesis of [NMe4]6 ACHTUNGTRENNUNG[Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·6MeCN : A solution of
[NMe4]5 ACHTUNGTRENNUNG[HNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2] in acetonitrile was prepared by a proce-
dure similar to that reported above. Thus, CdCl2·2.5H2O (0.558 g,


2.44 mmol) was added in portions to a solution of [NMe4]2 ACHTUNGTRENNUNG[Ni9C(CO)17]
(2.12 g, 1.84 mmol) in acetone (30 mL) with stirring. Reaction of this mix-
ture, evaporation to dryness, and washing of the residue were similar to
the procedures described above. After extraction in acetonitrile (30 mL),
4,4’-bipyridine (0.35 g, 2.24 mmol) was added to the residue and the solu-
tion was stirred overnight. The IR spectrum at this point showed n(CO)
at 2003(s), 1995(sh), 1856(br) cm�1, as expected for a mixture of
[HNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]


5� and [Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]
6�. This mixture was


filtered to remove all solids. Precipitation by slow diffusion of diisopropyl
ether (60 mL) gave a dark brown crystalline precipitate of [NMe4]6-
ACHTUNGTRENNUNG[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·6MeCN (yield 0.868 g, 42.0% based on Ni). The
salt is soluble in acetonitrile, DMF, and DMSO, sparingly soluble in ace-
tone, and insoluble in less polar solvents.


C74H90Cd2Cl2N12Ni30O34: IR (DMF, 293 K): 1996(s), 1855(m) cm�1; ele-
mental analysis (%): calcd. for C74H90Cd2Cl2N12Ni30O34: (3748.58): C
23.71, H 2.42, N 4.48, Ni 46.98, Cd 6.00; found: C 23.96, H 2.55, N 4.21,
Ni 46.49, Cd 6.15.


X-ray crystallographic study : Crystal data and collection details for
[NMe3 ACHTUNGTRENNUNG(CH2Ph)]4 ACHTUNGTRENNUNG[H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2COMe2, [NEt4]5 ACHTUNGTRENNUNG[HNi30C4-
ACHTUNGTRENNUNG(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2MeCN and [NMe4]6ACHTUNGTRENNUNG[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·6MeCN are
reported in Table 2. The diffraction experiments were carried out on a
Bruker APEX II diffractometer equipped with a CCD detector using
MoKa radiation. Data were corrected for Lorentz polarization and ab-
sorption effects (empirical absorption correction by SADABS).[39] Struc-
tures were solved by direct methods and refined by full-matrix least-
squares refinement based on all the data using F2.[40] Hydrogen atoms
were fixed at calculated positions and refined by a riding model. All non-
hydrogen atoms were refined with anisotropic displacement parameters,
unless otherwise stated. The asymmetric units for the three structures
contain, respectively: half a cluster anion (located on an inversion
center), two [NMe3ACHTUNGTRENNUNG(CH2Ph)]


+ ions, and one COMe2 molecule for [NMe3-


Table 2. Crystal data and experimental details for [NMe3ACHTUNGTRENNUNG(CH2Ph)]4ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·2COMe2, [NEt4]5ACHTUNGTRENNUNG[HNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2MeCN, and
[NMe4]6 ACHTUNGTRENNUNG[Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·6MeCN.


ACHTUNGTRENNUNG[NMe3 ACHTUNGTRENNUNG(CH2Ph)]4ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2] ACHTUNGTRENNUNG[NEt4]5 ACHTUNGTRENNUNG[HNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2] ACHTUNGTRENNUNG[NMe4]6 ACHTUNGTRENNUNG[Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]
·2COMe2 ·2MeCN ·6MeCN


formula C84H76Cd2Cl2N4Ni30O36 C82H106Cd2Cl2N7Ni30O34 C74H90Cd2Cl2N12Ni30O34


Mr 3774.49 3790.74 3748.58
T [K] 295(2) 295(2) 291(2)
l [O] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P21/n C2/c P21/n
a [O] 14.674(6) 20.3099(15) 14.819(2)
b [O] 25.998(10) 23.5714(17) 25.099(4)
c [O] 15.586(6) 24.9323(18) 15.347(2)
a [8] 90 90 90
b [8] 110.913(7) 96.6350(10) 94.374(2)
g [8] 90 90 90
V [O3] 5554(4) 11856.0(15) 5691.8(15)
Z 2 4 2
1calcd [gcm


�3] 2.257 2.124 2.187
m [mm�1] 5.440 5.097 5.308
F ACHTUNGTRENNUNG(000) 3732 7556 3720
crystal size [mm] 0.21P0.18P0.12 0.22P0.16P0.13 0.22P0.16P0.13
q limits [8] 1.57–25.03 1.50–25.03 1.56–27.00


index ranges
�17	h	17 �24	h	24 �18	h	18
�30	k	30 �28	k	28 �32	k	32
�18	 l	18 �29	 l	29 �19	 l	19


reflections collected 52997 56121 62138
independent reflections 9829 [Rint=0.0948] 10465 [Rint=0.0502] 12417 [Rint=0.0680]
completeness to q=25.038 [%] 100 99.9 99.9
data/restraints/parameters 9829/568/712 10465/789/698 12417/75/649
goodness of fit on F2 1.016 1.041 1.017
R1 [I>2s(I)] 0.0496 0.0509 0.0412
wR2 (all data) 0.1345 0.1630 0.1186
largest diff. peak and hole [eO�3] 0.842/�1.730 1.561/�2.214 0.706/�1.147
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ACHTUNGTRENNUNG(CH2Ph)]4 ACHTUNGTRENNUNG[H2Ni30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2COMe2; half a cluster anion (lo-
cated on an inversion center), two and a half [NEt4]


+ ions, and one
MeCN molecule for [NEt4]5 ACHTUNGTRENNUNG[HNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2MeCN; half a clus-
ter anion (located on an inversion center), three [NMe4]


+ ions, and three
MeCN molecules for [NMe4]6ACHTUNGTRENNUNG[Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·6MeCN.


Two [NEt4]
+ ions in [NEt4]5 ACHTUNGTRENNUNG[HNi30C4(CO)34 ACHTUNGTRENNUNG(CdCl)2]·2MeCN are disor-


dered, of which one is located on a general position and the other with
the nitrogen on a twofold axis. The atoms of the former were split into
two positions and refined using one occupancy parameter per disordered
group, whereas in the latter case an occupancy factor of 0.5 was assigned
to the independent image of the cation. All the disordered atoms have
been refined isotropically except the N atoms, which were refined aniso-
tropically. Restraints were applied to the C�N and C�C distances of the
NEt4


+ ions and MeCN molecules in order to obtain a satisfactory model.


In all three structures similar U restraints were applied to the C, N, and
O atoms because of the presence of these light atoms together with sev-
eral heavy atoms. For the same reason, rigid bond restraints were applied
to the anions in [NMe3 ACHTUNGTRENNUNG(CH2Ph)]4ACHTUNGTRENNUNG[H2Ni30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·2COMe2 and
[NEt4]5ACHTUNGTRENNUNG[HNi30C4(CO)34ACHTUNGTRENNUNG(CdCl)2]·2MeCN.


CCDC 654232, 654233, and 654234 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Explorations of New Types of Second-Order Nonlinear Optical Materials in
Cd(Zn)-VV-TeIV-O Systems


Hai-Long Jiang,[a, b] Shu-Ping Huang,[a, b] Yang Fan,[a, b] Jiang-Gao Mao,*[a] and
Wen-Dan Cheng[a]


Introduction


The search for new second-order nonlinear optical (NLO)
materials is of current interest and great importance due to
their applications in photonic technologies.[1] Currently, the
most widely used such materials are inorganic crystals based
on borates, such as b-BaB2O4 (BBO) and LiB3O5 (LBO),
and phosphates, such as KH2PO4 (KDP) and KTiOPO4


(KTP).[2] It is reported that the p-conjugated system based
on trigonal BO3 groups is responsible for the second har-
monic generation (SHG) properties of the borates.[1,3] Stud-
ies have shown that the asymmetric coordination poly-
hedron adopted by SeIV or TeIV atoms with a lone pair can
also induce noncentrosymmetric structures (NCS) which


might be SHG effective.[4–7] Transition-metal ions with a d0


electronic configuration, such as Ti4+ , V5+ , Nb5+ , W6+ ,
Mo6+ , which are susceptible to second-order Jahn–Teller dis-
tortions have been introduced to the metal selenite or tellur-
ite systems to improve their SHG properties.[4–7] Recently
we found that the combination of B�O and Se�O bonds can
also afford a new type of second-order NLO compound.[7c]


Most such studies apply NH4
+ , alkali- or alkaline-earth-


metal ions as cations, therefore such materials are usually in-
sulators which may be used in the ultraviolet or the vacuum
ultraviolet region.[1–8] On the other hand, semiconducting
second-order NLO materials such as CdSe and AgGaSe2 are
also urgently required because they can be used in the mid-
wave (2–5 mm) and farwave (>5 mm) infrared region.[9]


These materials have been used in applications in optical
parametric oscillation (OPO) and in blue- and green-light
laser devices.[9] However, currently such materials are rela-
tively few and mostly limited to transition-metal chalcoge-
nides the large-sized single crystals of which are difficult to
grow. We deem that the replacement of the alkaline-earth
or alkali-metal ions (A) in the A–d0 transition-metal ion–
TeIV (or SeIV)–O systems by d10 ions, such as zinc(II) or cad-
mium(II), may greatly reduce the band gaps to form new
types of semiconducting SHG materials that are transparent
in the IR region. Our research efforts in the almost unex-
plored Zn(Cd)-VV-TeIV-O systems afforded two new quater-
nary phases, namely, Zn3V2TeO10 and Cd4V2Te3O15.


Abstract: Solid-state reactions of
zinc(II) or cadmium(II) oxide, V2O5,
and TeO2 at high temperature led to
two novel quaternary compounds,
namely, Zn3V2TeO10 and Cd4V2Te3O15.
The structure of Zn3V2TeO10 is a com-
plicated three-dimensional (3D) net-
work constructed by the interconnec-
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Cd4V2Te3O15 is a second-order NLO material with a moder-
ately strong SHG efficiency of about 1.4 times that of
KH2PO4 (KDP) and it is transparent in the IR region.
Herein we report their syntheses, crystal, and band struc-
tures, as well as optical properties.


Results and Discussion


Exploration of the new types of NLO materials in the
Zn(Cd)-VV-TeIV-O systems led to the isolation of two novel
zinc(II) or cadmium(II) vanadium(V) tellurium(IV) oxides,
namely, Zn3V2TeO10 and Cd4V2Te3O15. Both compounds fea-
ture a complicated 3D network structure and Cd4V2Te3O15


shows a moderately strong second-order SHG response and
it is transparent in the IR region.


Structural descriptions : The synthesis of Zn3V2TeO10 can be
expressed by reaction (1) at 670 8C:


3 ZnOþV2O5 þ TeO2 ! Zn3V2TeO10 ð1Þ


Zn3V2TeO10 features a three-dimensional (3D) network
structure composed of ZnO5, ZnO6, VO4, and TeO4 poly-
hedra interconnected via corner- and edge-sharing
(Figure 1). The asymmetric unit of Zn3V2TeO10 contains


three unique zinc(II) atoms, two unique vanadium(V)
atoms, and a tellurium(IV) atom. The Zn1 atom is octahe-
drally coordinated by six oxygen atoms, whereas the Zn2
and Zn3 atoms are five-coordinate in a distorted trigonal-bi-
pyramidal geometry (Figure 2). The Zn�O distances are in
the range of 1.905(5)–2.462(4) K (Table 2), which is compa-
rable to those in the zinc tellurites or tellurates report-
ed.[10, 11] Both the vanadium atoms are in a slightly distorted
tetrahedral coordination environment surrounded by one
oxygen atom from the tellurite group and three terminal
oxygen atoms. The V�O distances range from 1.641(5) to


1.817(4) K (Table 2), comparable to those in other corre-
sponding vanadium compounds reported.[11] The Te1 atom
resides in a distorted y-TeO4 tetragonal pyramid with the
fifth site occupied by the lone-pair electrons of the telluri-
um(IV). The Te�O distances are in the range of 1.866(4)–
2.085(4) K. Bond valence calculations indicate that V and Te
atoms are in an oxidation state of +5 and + 4, respectively.
The calculated total bond valences for the V(1), V(2), and
Te(1) atoms are 5.07, 5.13, and 4.15, respectively.[12]


Neighboring Zn(1)O6 and Zn(2)O5 polyhedra are inter-
connected via edge- and corner-sharing into a one-dimen-
sional (1D) chain along the a axis. The Zn(3)O5 polyhedra
are also interconnected via edge-sharing to form a 1D chain
along the c axis. The two types of chains are further inter-
connected via corner-sharing into a thick zinc oxide layer
parallel to the ac plane. The TeO4 groups are grafted into
the layer above through Te-O-Zn bridges (Figure 2). Such
neighboring layers are bridged by V(1)O4 tetrahedra via


Figure 1. View of the structure of Zn3V2TeO10 looking down the c axis.
The ZnO5 and ZnO6 polyhedra are shaded in medium gray and VO4 tet-
rahedra are shaded in light gray. Te and O atoms are drawn as open and
crossed circles, respectively.


Figure 2. A 2D zinc(II) tellurium(IV) oxide layer in Zn3V2TeO10.


Table 1. Crystal data and structure refinements for Zn3V2TeO10 and
Cd4V2Te3O15.


formula Zn3V2TeO10 Cd4V2Te3O15


Fw 585.59 1174.28
space group P21/c P212121


a [K] 5.2629(5) 5.3993(4)
b [K] 30.534(3) 16.048(1)
c [K] 5.5054(5) 16.235(1)
a [8] 90 90
b [8] 98.653(5) 90
g [8] 90 90
V [K3] 874.6(2) 1406.7(2)
Z 4 4
1calcd [gcm�3] 4.447 5.545
m [mm�1] 13.475 13.389
crystal size [mm] 0.15 L 0.10 L 0.03 0.30 L 0.04 L 0.02
F ACHTUNGTRENNUNG(000) 1072 2056
Flack parameter 0.01(5)
reflns collected 6620 10 877
independent reflns 1998 [Rint =0.0474] 3208 [Rint =0.0365]
obsd data [I>2s(I)] 1715 2903
data/restraints/parameters 1998/0/145 3208/0/218
GOF on F2 1.065 1.150
R1, wR2 (I>2s(I))[a] 0.0361, 0.0848 0.0392, 0.0603
R1, wR2 (all data) 0.0447, 0.0893 0.0455, 0.0626


[a] R1=� j jFo j� jFc j j /� jFo j , wR2 = {�w[(Fo)
2�(Fc)


2]2/�w[(Fo)
2]2}1/2.
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corner-sharing along the b axis into a 3D architecture. The
V(2)O4 tetrahedra are located at the tunnels formed by
Zn6Te2 eight-membered rings (Figure 1).


The structure of Zn3V2TeO10 can also be described in
terms of the Te atoms occupying the tunnels formed by
Zn4V five-membered rings in the 3D network of zinc(II) va-
nadium(V) oxide (Figure 3). The Zn2V three-membered


rings and Zn2V2 four-membered rings are also present in the
framework of the zinc(II) vanadium(V) oxide (Figure 3). It
is interesting to compare the structure of Zn3V2TeO10 with
the organically covalently bonded zinc(II) vanadium(V) tel-
lurium(IV) oxide, Zn2ACHTUNGTRENNUNG(bipy)2V4TeO14, which we have report-
ed previously.[11b] The structure of Zn2ACHTUNGTRENNUNG(bipy)2V4TeO14 fea-
tures a layered structure built from 1D double chains of Zn-
ACHTUNGTRENNUNG(bipy)V3O9 interconnected by 1D chains of Zn ACHTUNGTRENNUNG(bipy)VTeO6


via V-O-Te bridges, the VO4 tetrahedra are interconnected
via corner-sharing into a 1D chain. Obviously, the coordina-
tion of bipy to the zinc(II) ion reduces the coordination sites
for oxygen atoms, hence the dimensionality of the structure
is lowered.[11b]


The synthesis of Cd4V2Te3O15 can be expressed by reac-
tion (2) at 610 8C:


4 CdOþV2O5 þ 3 TeO2 ! Cd4V2Te3O15 ð2Þ


The structure of Cd4V2Te3O15 features a 3D network in
which the cadmium tellurite layers are further interconnect-
ed by discrete VO4 tetrahedra and 1D vanadium oxide heli-
cal chains (Figure 4). All four unique cadmium(II) ions are
octahedrally coordinated by six oxygen atoms with Cd�O
distances ranging from 2.161(7) to 2.615(8) K. The V(1)
atom is tetrahedrally coordinated by four O2� ions, whereas
the V(2) atom is tetrahedrally coordinated by one tellurite
oxygen and three O2� ions. The V�O distances are in the
range of 1.633(7)–1.860(8) K, which are comparable to those
in Zn3V2TeO10 and previously reported.[11] Neighboring
V(1)O4 tetrahedra are further interconnected via corner-
sharing into a 1D right-handed helical chain, whereas the
V(2)O4 tetrahedra remain “isolated”. All three telluri-
um(IV) atoms in the asymmetric unit are coordinated by
three oxygen atoms in a distorted y-TeO3 tetrahedral geom-
etry with the fourth site occupied by the lone-pair electrons


which is different to that found for Zn3V2TeO10. The Te�O
distances are in the range of 1.854(8)–1.943(8) K. For the
Te1 atom, there is also an additional greatly elongated Te�
O bond (2.525(8) K) that could be considered as a secon-
dary coordination bond. Bond valence calculations indicate
that the V atoms have an oxidation state of +5 and the Te
atom has an oxidation state of +4, the calculated total bond
valences for V(1), V(2), Te(1), Te(2), and Te(3) are 5.10,
5.05, 4.14, 3.81, and 3.84, respectively.[12]


The CdO6 octahedra are further interconnected via
corner- and edge-sharing into a two-dimensional (2D) cad-
mium(II) oxide layer based on {Cd5O20} pentamers, in which
three oxygen atoms act as m3-metal linkers (Figure 5a).
These pentamers are further condensed through the sharing
of Cd3 atoms along the a axis and sharing oxygen corners
along the c axis into a unique cadmium(II) oxide layer. The
tellurite anions cap on both sides of the cadmium(II) oxide
layer to form a novel cadmium(II) tellurium(IV) oxide layer
(Figure 5b). The above-mentioned cadmium(II) telluri-
um(IV) oxide layers are bridged by “isolated” V(2)O4 tetra-
hedra and V(1) oxide helical chains into a 3D architecture
with two types of left-handed helical tunnels along the a
axis (Figure 6). The larger ones are formed by eight-mem-
bered rings composed of four cadmium(II) atoms, three va-
nadium(V) atoms, and a tellurium(IV) atom whereas the
smaller ones are formed by six-membered rings containing
four cadmium(II) and two vanadium(V) atoms. The lone-
pair electrons of the tellurium(IV) atoms are orientated to-
wards the tunnels above. The effective volume of the lone-
pair electrons is approximately the same as the volume of
an O2� ion according to Galy and Andersson.[13]


Thermal stability studies : TGA studies indicated that both
Zn3V2TeO10 and Cd4V2Te3O15 are thermally stable up to


Figure 3. View of the 3D zinc(II) vanadium(V) oxide network looking
down the c axis in Zn3V2TeO10.


Figure 4. View of the structure of Cd4V2Te3O15 looking down the a axis.
The CdO6 and VO4 polyhedra are shaded in medium and light gray, re-
spectively. Te and O atoms are drawn as open and crossed circles, respec-
tively.
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about 840 8C (Figure 7). Both compounds exhibit only one
main step of weight loss. The total weight losses at 1300 8C
are 27.4 % and 70.5 %, for Zn3V2TeO10 and Cd4V2Te3O15, re-
spectively. For Zn3V2TeO10, the weight loss is expected to
correspond to the release of one TeO2 molecule per formula
unit (calculated weight loss 27.2 %). For Cd4V2Te3O15, the
weight loss is much larger than the calculated value for the
release of three TeO2 molecules per formula unit (calculated
weight loss 40.8 %) and we still cannot fully understand the
thermal decomposition process of this compound. The final
residues were not characterized due to their melting with
the TGA bucket made of Al2O3 under such high tempera-
ture.


Differential thermal analysis : The DTA trace for
Cd4V2Te3O15 exhibits an endothermic peak at 751 8C in the
heating curve and an exothermic peak at 695 8C in the cool-
ing curve (Figure 8), indicating that Cd4V2Te3O15 melts con-
gruently at 751 8C. To further confirm that Cd4V2Te3O15


melts congruently, a 300 mg powdered sample of
Cd4V2Te3O15 was packed into a crucible, was heated to
820 8C, was held at this temperature for 30 min, and was
then rapidly cooled to room temperature. The measured
powder XRD pattern of the resultant solidified melt is es-
sentially identical to that of the initial Cd4V2Te3O15 powder
(see Supporting Information). Therefore, in principle, large
single crystals could be grown from the stoichiometric
melts.[3]


Optical properties : Optical diffuse reflectance spectrum
studies indicate that Zn3V2TeO10 and Cd4V2Te3O15 are semi-
conductors with an optical band gap of 2.96 eV and 2.66 eV,
respectively (Figure 9). UV absorption spectra of
Zn3V2TeO10 and Cd4V2Te3O15 show little absorption in the
range of 600–2500 nm (0.6–2.5 mm) and IR studies indicate
that they are transparent in the range of 4000–1000 cm�1


(2.5–10.0 mm) (one moderate peak at 1010 cm�1 for


Figure 5. A {Cd5O20} pentamer (a) and a cadmium(II) tellurium(IV)
oxide layer in Cd4V2Te3O15 (b).


Figure 6. Left-handed helical tunnels along the a axis in Cd4V2Te3O15. a)
based on Cd4V3Te eight-membered rings and b) based on Cd4V2 six-
membered rings.


Figure 7. TGA curves for Zn3V2TeO10 and Cd4V2Te3O15.
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Zn3V2TeO10) (Figures 10 and 11). The IR absorption bands
at 916, 893, 868, 850, and 815 cm�1 for Cd4V2Te3O15, and
1010, 976, 945, 930, 885, 839, and 808 cm�1 for Zn3V2TeO10


are due to n ACHTUNGTRENNUNG(V=O) or n ACHTUNGTRENNUNG(V-O-V) vibrations, whereas those at
795, 781, 755, 742, 709, 681, 647, 629, 591, 551, 486, 450, 431,
and 412 cm�1 for Cd4V2Te3O15, and 793, 764, 696, 553, 513,


478, 422, and 411 cm�1 for Zn3V2TeO10 can be assigned to
the vibrations of n ACHTUNGTRENNUNG(V�O), n ACHTUNGTRENNUNG(Te�O), n ACHTUNGTRENNUNG(Te-O-Te), and n ACHTUNGTRENNUNG(Te-
O-V).[14] Hence, both compounds are transparent in the
range of 0.6–10.0 mm. The emission spectra of Zn3V2TeO10


and Cd4V2Te3O15 show broad emission bands at 424 and
436 nm, respectively, under excitation at 295 nm (Figure 12),


Figure 8. DTA curves of Cd4V2Te3O15 recorded at a heating rate of
5 8C min�1.


Figure 9. Optical diffuse reflectance spectra for Zn3V2TeO10 and
Cd4V2Te3O15.


Figure 10. UV absorption spectra of Zn3V2TeO10 and Cd4V2Te3O15.


Figure 11. The infrared spectra of Zn3V2TeO10 (a) and Cd4V2Te3O15 (b).


Figure 12. Emission spectra of Zn3V2TeO10 and Cd4V2Te3O15 under lex =


295 nm.
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which may be attributed to the ligand-to-metal charge trans-
fer (LMCT).[15]


Second harmonic generation (SHG) measurements :
Cd4V2Te3O15 is acentric with a space group of P212121.
Hence, its second-order NLO properties are worth studying.
SHG measurements on a Q-switched Nd:YAG laser on the
sieved-powder sample (80–100 mesh) reveal that
Cd4V2Te3O15 displays a moderate–strong SHG signal about
1.4 times that of KDP. This SHG response could be attribut-
ed to both the lone pairs of the tellurite anions and the 1D
vanadium(V) oxide helical chain.[7,16]


Theoretical studies : The calculated band structures of
Zn3V2TeO10 and Cd4V2Te3O15 along high-symmetry points of
the first Brillouin zone are plotted in Figure 13. It is found
that the tops of the valence bands (VBs) are almost flat,
whereas the bottom of the conduction bands (CBs) display
small dispersion for both compounds. The state energies
(eV) of the lowest conduction band (L-CB) and the highest
valence band (H-VB) at some k points of both the com-
pounds are listed in Table 3. Both the tops of the valence
bands (VB) and the bottom of the conduction bands are lo-
cated at the G point with a band gap of 2.95 eV and 1.94 eV,
respectively, for Zn3V2TeO10 and Cd4V2Te3O15. Therefore,


both Zn3V2TeO10 and Cd4V2Te3O15 are direct band-gap semi-
conductors. The calculated band gap of Zn3V2TeO10 is com-
parable with the experimental one (2.96 eV), whereas that
of Cd4V2Te3O15 is slightly smaller than the experimental
one. The discrepancy is due to the limitation of the DFT
method that sometimes underestimates the band gap in sem-
iconductors and insulators.[17] As a result, a scissors operator
of 0.7 eV was applied for the calculated optical properties of
Cd4V2Te3O15 to shift all the conduction levels in accordance
with the measured value of the band gap.


The bands can be assigned according to the total and par-
tial densities of states (TDOS and PDOS, respectively) as
plotted in Figure 14. The TDOS and PDOS of both com-


pounds are similar; the bands just above the Fermi level
(the Fermi level is set at the top of the valence band) are
derived from V-3d with small mixings of Te-5p and O-2p
states in 2.5–4.3 eV and 1.5–3.9 eV for Zn3V2TeO10 and
Cd4V2Te3O15, respectively. The VB just below the Fermi
level are mainly from O-2p states mixing with a small
amount of the Te-5s and Te-5p states for both compounds.
Accordingly, it can be considered that the optical absorp-
tions are mainly due to the charge transfer from O-2p to V-
3d states.


Figure 13. Band structures for the crystals Zn3V2TeO10 (a) and
Cd4V2Te3O15 (b) (bands are shown only between �2 and 4 eV for clarity,
and the Fermi level is set at 0 eV).


Figure 14. The total density of states and partial density of states of
Zn3V2TeO10 (a) and Cd4V2Te3O15 (b) (the Fermi level is set at 0 eV).
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Particularly, for Zn3V2TeO10, the VB from �6.9 eV to the
Fermi level mainly originates from Zn-3d, O-2p, V-3d, with
a small mixing with Te-5p states, whereas the VB ranging
from �7.9 to �9.3 eV is composed of the states of Te-5s and
O-2s states. The states of O-2s mixing with small amounts of
Te-5s, Te-5p, and V-3d states form the VB lying from �14.8
to �19.1 eV. For Cd4V2Te3O15, the VB from �5.8 eV to the
Fermi level mainly originates from O-2p, Te-5p, and V-3d
states, whereas the states of Cd-4d, Te-5s, O-2p mixing with
small amounts of Te-5p and O-2s states dominate the VB
ranging from �5.9 to �9.5 eV. The band from �19.0 to
�15.0 eV originates mainly from Te-5s states and O-2s
states, as well as a small portion of Cd-5s, V-3d, Te-5p, and
O-2p states.


The atomic site and angular momentum projected densi-
ties of states (DOS) of the two compounds allow us to eluci-
date the nature of the electronic band structures and chemi-
cal bonds. As shown in Figure 12, it can be noted that the


density of the Zn-3d (Cd-4d)
state are larger than those of
the O-2p state in the range
from �4.7 to �6.7 eV (�5.9 to
�8.0 eV for Cd4V2Te3O15),
whereas the densities of V-3d
and Te-5p states are much
smaller than those of the O-2p
state from �3.6 to �6.7 eV
(Fermi energy to �5.8 eV for
Cd4V2Te3O15), which indicate
that the V�O and Te�O bonds
are mainly covalent in nature,
whereas the Zn�O or Cd�O
bonds have more ionic charac-
ters.


Semi-empirical population
analyses allow a more quanti-
tative bond analysis. The calcu-
lated bond orders of Zn�O,
V�O, and Te�O bonds are
�0.03–0.37 e, 0.57–0.92 e, and
0.27–0.54 e, respectively, for
Zn3V2TeO10, whereas those for
Cd�O, V�O, and Te�O bonds
are 0.06–0.24 e, 0.52–0.88 e,
and 0.40–0.56 e, respectively,
for Cd4V2Te3O15 (covalent
single-bond order is generally
1.0 e), respectively (Supporting
Information). Accordingly, we
can also say that the covalent
character of the V�O bond is
greater than that of the Te�O
bond, and the ionic character
of the Zn�O or Cd�O bond is
greater than that of the Te�O
bond.


More insights into the elec-
tronic structures can be obtained by performing more de-
tailed optical-property calculations. The optical functions re-
flect the fine structure of the energy distribution of the elec-
tron states in the valence and conduction bands. Figure 15
shows the imaginary parts of the dielectric functions of
Zn3V2TeO10 and Cd4V2Te3O15. The dielectric functions are
composed of three parts: e2x(w), e2y(w), and e2z(w), which
correspond to those in the x, y, and z directions, respectively.
The anisotropy is especially evident in the highest of the
peaks. The average function, e2(w)= (e2x + e2y +e2z)/3, is
shown in Figure 16. The highest peaks are located at 3.90
and 6.4 eV, respectively, for Zn3V2TeO10 and Cd4V2Te3O15,
both originating mainly from the O-2p to V-3d direct inter-
band transitions. The average values of polarized zero-fre-
quency dielectric constants is e(0)= (ex +ey + ez)/3=2.08 and
3.91, respectively, for Zn3V2TeO10 and Cd4V2Te3O15. The dis-
persion of linear refractive index is shown in Figure 17. The
anisotropy of the refractive index resulted from the aniso-


Table 2. Important bond lengths [K] for Zn3V2TeO10 and Cd4V2Te3O15.


Zn3V2TeO10


Zn(1)�O(2)#1 1.998(4) Zn(1)�O(3) 2.042(4)
Zn(1)�O(8)#2 2.042(5) Zn(1)�O(7)#3 2.064(4)
Zn(1)�O(1) 2.312(5) Zn(1)�O(4)#1 2.352(4)
Zn(2)�O(5)#4 1.905(5) Zn(2)�O(7)#3 1.982(4)
Zn(2)�O(2) 1.987(4) Zn(2)�O(6)#5 2.024(5)
Zn(2)�O(1) 2.462(4) Zn(3)�O(3) 1.941(4)
Zn(3)�O(9)#6 2.009(4) Zn(3)�O(10)#7 2.017(4)
Zn(3)�O(10)#3 2.093(4) Zn(3)�O(9)#1 2.329(4)
V(1)�O(5) 1.661(5) V(1)�O(6) 1.670(5)
V(1)�O(7) 1.733(5) V(1)�O(1) 1.817(4)
V(2)�O(8) 1.641(5) V(2)�O(9) 1.688(4)
V(2)�O(10) 1.730(4) V(2)�O(4) 1.805(5)
Te(1)�O(2) 1.866(4) Te(1)�O(3) 1.894(4)
Te(1)�O(4) 2.058(4) Te(1)�O(1) 2.085(4)


Cd4V2Te3O15


Cd(1)�O(3)#1 2.164(7) Cd(1)�O(5)#2 2.188(8)
Cd(1)�O(10) 2.306(7) Cd(1)�O(9)#3 2.329(8)
Cd(1)�O(8) 2.433(8) Cd(1)�O(13)#3 2.455(7)
Cd(2)�O(2)#4 2.169(7) Cd(2)�O(8)#5 2.199(8)
Cd(2)�O(14)#5 2.256(8) Cd(2)�O(15) 2.355(8)
Cd(2)�O(9) 2.415(8) Cd(2)�O(1)#6 2.500(8)
Cd(3)�O(7)#7 2.267(8) Cd(3)�O(5)#7 2.274(8)
Cd(3)�O(1) 2.320(7) Cd(3)�O(9)#2 2.357(7)
Cd(3)�O(2) 2.581(8) Cd(3)�O(8)#2 2.615(8)
Cd(4)�O(10)#1 2.161(7) Cd(4)�O(7)#8 2.219(7)
Cd(4)�O(3) 2.259(8) Cd(4)�O(1)#9 2.267(8)
Cd(4)�O(4)#10 2.437(8) Cd(4)�O(2)#11 2.438(8)
V(1)�O(13)#3 1.633(7) V(1)�O(11)#12 1.638(8)
V(1)�O(12)#13 1.804(8) V(1)�O(12) 1.818(8)
V(2)�O(4) 1.663(8) V(2)�O(14) 1.683(7)
V(2)�O(15) 1.692(8) V(2)�O(6) 1.860(8)
Te(1)�O(3)#12 1.862(7) Te(1)�O(2) 1.888(7)
Te(1)�O(1) 1.888(7) Te(1)�O(4)#14 2.525(8)
Te(2)�O(7) 1.854(8) Te(2)�O(5)#3 1.875(8)
Te(2)�O(6) 1.943(8) Te(3)�O(10) 1.867(7)
Te(3)�O(8) 1.883(8) Te(3)�O(9) 1.909(8)


Symmetry transformations used to generate equivalent atoms: For Zn3V2TeO10: #1: x+1,y,z ; #2: x+1,y,z�1;
#3: x,y,z�1; #4: �x+1,�y+ 1,�z+1; #5: x�1,y,z�1; #6: x+1,�y+ 3/2,z�1/2; #7: x,�y+ 3/2,z�1/2. For
Cd4V2Te3O15: #1: x�1/2,�y+ 1/2,�z+1; #2: �x+1,y�1/2,�z+3/2; #3: x�1,y,z ; #4: �x+1,y+1/2, �z+3/2; #5:
x+ 1,y,z ; #6: �x+ 2,y+1/2,�z+3/2; #7: x,y�1,z ; #8: x,y�1,z�1; #9: x�1,y,z�1; #10: �x+ 1/2,�y+1,z�1/2;
#11: x,y,z�1; #12: x,y,z+1; #13: x�1/2,�y+3/2,�z+ 2; #14: �x+ 3/2,�y+1,z+1/2.
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tropy of the dielectric function, nz>ny>nx and nz>nx>ny


for Zn3V2TeO10 and Cd4V2Te3O15, respectively.
The refractive index is linked with the dielectric constants


by the relation of n2(w)= e(w). The calculated dielectric
constants of static case e(0) and the refractive indexes n at


1064 nm in the x, y, and z directions are listed in Table 4.
Because the refractive indexes of Zn3V2TeO10 and
Cd4V2Te3O15 have not been reported and there are no exper-
imental data concerning the refractive indices of metal tel-
lurite crystals, our calculated results can only be compared
with the observed results of the other tellurite glasses. It is
reported that the observed refractive index of tellurite


Figure 15. The calculated imaginary parts of the dielectric functions of
Zn3V2TeO10 (a) and Cd4V2Te3O15 (b) in the polarization along the x, y,
and z directions.


Figure 16. Average values over the three Cartesian directions of calculat-
ed imaginary parts of the dielectric functions for Zn3V2TeO10 and
Cd4V2Te3O15.


Figure 17. Calculated linear refractive indices for Zn3V2TeO10 (a) and
Cd4V2Te3O15 (b).


Table 3. The state energies [eV] of the lowest conduction band (L-CB)
and the highest valence band (H-VB) at some k points of the crystal
Zn3V2TeO10 and Cd4V2Te3O15.


Compound k point L-CB H-VB


Zn3V2TeO10 Z (0.000, 0.000, 0.500) 3.17535 �0.10989
G (0.000, 0.000, 0.000) 2.94854 0
Y (0.000, 0.500, 0.000) 2.95077 �0.02041
A (�0.500, 0.500, 0.000) 3.21338 �0.07864
B (�0.500, 0.000, 0.000) 3.20226 �0.07024
D (�0.500, 0.000, 0.500) 3.14717 �0.21784
E (�0.500, 0.5000, 0.500) 3.14750 �0.21753
C (0.000, 0.500, 0.500) 3.18275 �0.11068


Cd4V2Te3O15 G (0.000, 0.000, 0.000) 1.93718 0
Z (0.000, 0.000, 0.500) 1.94553 �0.02672
T (�0.500, 0.000, 0.500) 2.74844 �0.16030
Y (�0.500, 0.000, 0.000) 2.74771 �0.15014
S (�0.500, 0.500, 0.000) 2.74603 �0.15942
X (0.000, 0.500, 0.000) 1.94814 �0.01390
U (0.000, 0.500, 0.500) 1.94567 �0.02751
R (�0.500, 0.500, 0.500) 2.75005 �0.16855
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glasses are generally 2.1 at 400–700 nm.[18] Therefore, our
calculated refractive indexes in the range of 400–700 nm of
both compounds may be slightly underestimated or compa-
rative.


Conclusion


Our exploration of the new type of second-order NLO ma-
terials of Zn(Cd)-VV-TeIV-O systems resulted in two new
quaternary compounds, namely, Zn3V2TeO10 and
Cd4V2Te3O15. Both compounds are highly thermally stable
and they are semiconductors. Moreover, Cd4V2Te3O15 dis-
plays a moderately strong SHG signal of about 1.4 times
that of KDP. It is transparent in the IR region and theory in-
dicates that large crystals could be grown from the stoichio-
metric melts. It is believed that the SHG efficiency of this
compound could be improved if VO4 tetrahedra are re-
placed by MoO6 or VO6 octahedra which display much
larger second-order Jahn–Teller distortions. We also believe
that other new second-order NLO materials transparent in
the IR region can be found in other related systems that
combine d0 cations susceptible to second-order Jahn–Teller
distortion and cations with stereoactive lone pairs, such as,
Zn(Cd)-MoVI


ACHTUNGTRENNUNG(WVI)-TeIV
ACHTUNGTRENNUNG(SeIV)-O systems and we are cur-


rently exploring these possibilities.


Experimental Section


Materials and methods : All of the chemicals were analytically pure, ob-
tained from commercial sources, and used without further purification.
Transition-metal oxides were purchased from the Shanghai Reagent Fac-
tory and TeO2 (99+ %) was purchased from ACROS ORGANICS. IR
spectra were recorded by using a Magna 750 FTIR spectrometer with
samples as KBr pellets in the range of 4000–400 cm�1. Microprobe ele-
mental analyses were performed by using a field-emission scanning elec-
tron microscope (FESEM, JSM6700F) equipped with an energy-disper-
sive X-ray spectroscope (EDS, Oxford INCA). X-Ray powder diffraction
(XRD) patterns were collected on an XPERT-MPD q-2q diffractometer
by using graphite-monochromated CuKa radiation in the angular range
2q=5–858 with a step size of 0.058. Optical diffuse reflectance spectra
were measured at room temperature with a Perkin–Elmer Lambda 900
UV/Vis spectrophotometer. A BaSO4 plate was used as a standard
(100 % reflectance). The absorption spectrum was calculated from reflec-
tance spectra by using the Kubelka–Munk function: a/S= (1�R)2/2R,[19]


where a is the absorption coefficient, S is the scattering coefficient which
is practically independent of wavelength when the particle size is larger
than 5 mm, and R is the reflectance. Thermogravimetric analyses were
conducted by using a NETZSCH STA 449C unit at a heating rate of
5 8C min�1 under a static air atmosphere. Differential thermal analysis
(DTA) was performed under N2 by using a NETZSCH DTA404PC in-
strument. The sample and reference (Al2O3) were placed in Pt crucibles,
heated from room temperature to 780 8C, and then cooled to room tem-
perature at a rate of 5 8C min�1. Photoluminescence analyses were per-
formed on a Perkin–Elemer LS55 fluorescence spectrometer. The mea-
surement of the powder frequency-doubling effect was carried out on the
sieved (80–100 mesh) powder sample of Cd4V2Te3O15 by means of the
modified method of Kurtz and Perry.[20] The fundamental wavelength was
1064 nm that was generated by a Q-switched Nd:YAG laser. The SHG
wavelength was 532 nm. Sieved KDP powder (80–100 mesh) was used as
a reference.


Computational descriptions : Single-crystal structural data of the two
compounds were used for the theoretical calculations. Band structures,
DOS, and optical property calculations were performed with the total-
energy code CASTEP.[21] The total energy was calculated by using density
functional theory (DFT) by employing the Perdew–Burke–Ernzerhof
generalized gradient approximation.[22] The interactions between the
ionic cores and the electrons were described by the norm-conserving
pseudopotential.[23] The following orbital electrons were treated as va-
lence electrons: Zn-3d104s2, Cd-4d105s2, V-3d34s2, Te-5s25p4, and O-2s22p4.
Considering the balance of computational cost and precision, we chose a
cutoff energy of 460 eV and a 4 L 1L 4 Monkhorst–Pack k-point sampling
for Zn3V2TeO10, a cutoff energy of 450 eV and a 4 L 1L 1 (5 L 2L 2 for op-
tical properties) Monkhorst–Pack k-point sampling for Cd4V2Te3O15. The
calculations of optical properties for Cd4V2Te3O15 used 96 empty bands.
The other calculation parameters and convergent criteria were the de-
fault values of the CASTEP code.


The calculations of linear optical properties in terms of the complex die-
lectric function e(w)=e1(w) + ie2(w) were made. e2(w) can be thought of
as detailing the real transitions between occupied and unoccupied elec-
tronic states. The imaginary part of the dielectric function e2 was given by
Equation (3):[24]


eij
2ðwÞ ¼ 8p2�h2e2=ðm2VÞ


X
k


X
cv


ðf c�f vÞpi
cvðkÞpj


cvðkÞ=ðEcv
2Þs½EcðkÞ�EvðkÞ��hw	


ð3Þ


where d[Ec(k)�Ev(k)��hw] denotes the energy difference between the
conduction and valence bands at the k point with the absorption of a
quantum �hw. The fc and fv represent the Fermi distribution functions of
the conduction and valence bands, respectively. The term pi


cn(k) denotes
the momentum matrix element transition from the energy level c of the
conduction band to the level v of the valence band at the k point in the
Brillouin zones, and V is the volume of the unit cell. The m, e, and �h are
the electron mass, charge, and the Planck constant, respectively.


The real part e1(w) of the dielectric function e(w) follows from the
Kramer–Kronig relationship. All the other optical constants may be de-
rived from e1(w) and e2(w).[25] For example, the refractive index n(w) can
be calculated by using expression (4) :


nðwÞ ¼ ð 1ffiffiffi
2
p Þ½


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2


1ðwÞ þ e2
2ðwÞ þ e1ðwÞ	1=2


q
ð4Þ


Preparation of Zn3V2TeO10 : Brick-red plate-shaped single crystals of
Zn3V2TeO10 were initially prepared by the solid-state reaction of a mix-
ture containing ZnO (0.130 g, 1.6 mmol), V2O5 (0.146 g, 0.8 mmol), and
TeO2 (0.128 g, 0.8 mmol) in an evacuated quartz tube at 700 8C, for six
days, and was then cooled to 300 8C at 5 8C h�1 before switching off the
furnace. The atomic ratio of Zn/V/Te determined by energy-dispersive
spectrometry (EDS) was 2.7:2.1:1.0, which was in good agreement with
that determined from structural analysis by using single-crystal X-ray dif-
fraction. After proper structural analysis, a pure powder sample of
Zn3V2TeO10 was obtained quantitatively by the solid-state reaction of a
mixture of ZnO/V2O5/TeO2 in a molar ratio of 3:1:1 at 670 8C for six
days. Its purity was confirmed by XRD powder diffraction studies (see
Supporting Information). IR (KBr): ñ=1010 (m), 976 (w), 945 (s), 930
(s), 885 (s), 839 (m), 808 (s), 793 (s), 764 (s), 696 (s), 553 (m), 513 (m),
478 (w), 422 (w), 411 cm�1 (w).


Preparation of Cd4V2Te3O15 : Single crystals of Cd4V2Te3O15 (needle in
shape and light-yellow in color) were obtained containing CdO (0.141 g,
1.1 mmol), V2O5 (0.100 g, 0.55 mmol), and TeO2 (0.088 mg, 0.55 mmol)
by using a similar method. The reaction mixture was thoroughly ground
and pressed into a pellet, which was then put into a quartz tube which
was evacuated and sealed. The quartz tube was heated at 720 8C for six
days and was then cooled to 320 8C at 4 8C h�1 before switching off the
furnace. The measured molar ratio of Cd/V/Te of 3.8:2.1:3.0 by using
energy-dispersive spectrometry (EDS) microprobe analysis was in good
agreement with that determined by using X-ray single-crystal diffraction
measurements. A pure powder sample of Cd4V2Te3O15 could be prepared
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quantitatively by the solid-state reaction of a mixture of CdO/V2O5/TeO2


in a molar ratio of 4:1:3 at 610 8C for six days. Its purity was confirmed
by XRD powder diffraction studies (see Supporting Information). IR
(KBr): ñ=916 (s), 893 (s), 868 (s), 850 (s), 815 (s), 795 (s), 781 (s), 755
(s), 742 (s), 709 (s), 681 (s), 647 (s), 629 (s), 591 (s), 551 (m), 486 (w), 450
(m), 431 (m), 412 cm�1 (m).


X-ray crystallography : Data was collected for both compounds by using a
Rigaku Mercury CCD diffractometer equipped with graphite-monochro-
mated MoKa radiation (l =0.71073 K), at 293 K. The data sets were cor-
rected for Lorentz and polarization factors, as well as for absorption by
the Multi-scan method.[26a] Both structures were solved by the direct
method and refined by full-matrix least-squares fitting on F2 by SHELX-
97.[26b] All atoms were refined with anisotropic thermal parameters. Crys-
tallographic data and structural refinements for both the compounds are
summarized in Table 1. Important bond lengths are listed in Table 2.


Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (Fax: (+ 49) 7247-808-666; e-mail : crysdata@fiz-
karlsruhe.de) on quoting the depository numbers CSD-418558 and CSD-
418184.
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Table 4. Calculated dielectric constants of static case and refractive indi-
ces at 1064 nm in different polarization directions.


Compound Scissor
operator [eV]


ex(0) ey(0) ez(0) nx ny nz


Zn3V2TeO10 0 2.2537 2.1626 1.8126 1.54 1.51 1.37
Cd4V2Te3O15 0.7 4.0646 3.5508 4.1024 2.05 1.91 2.06
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Introduction


Recently, we obtained experimental evidence[1] for the abili-
ty of synthetic ion channels and pores[2–13] to serve as multi-
component sensors[12–24] in samples from the supermarket or
the hospital. These findings prompted us to construct re-
fined pore architectures for advanced applications. For mul-
ticomponent sensing in complex matrices,[1] synthetic pores
are used as general optical transducers of reactions together
with enzymes as selective signal generators.[12,13, 25] Namely,
enzymatic formation or consumption of pore-blocking ana-


lytes could be easily monitored as blockage or deblockage
of the pore. This response could be used to reliably and rap-
idly quantify the analytes. Reactive amplifiers have been in-
troduced to covalently capture otherwise elusive analytes
after enzymatic signal generation and drag them into the
pore for transduction.[1] However, the detection limit of ana-
lytes by our pore sensors has so far been consistently in the
low micromolar range where the substrate selectivity was
also completely lost.[1,25] These phenomena suggested the
emergence of stoichiometric binding in this region in which
the pore concentration needed to detect activity becomes
similar to the dissociation constant KD of the pore–blocker
complex.[26,27] Lowering the effective pore concentration,
that is, increasing the activity of the pore as such would thus
be the key to increase both sensitivity and selectivity of syn-
thetic pore sensors. In other words, pore–membrane rather
than pore–blocker interactions would thus need improve-
ment to reach nanomolar sensitivity.
To address this challenge, we noticed that, ironically, the


apparent activity of pores in the membrane often seems to
be determined by their solubility in water.[28–31] Namely, hy-


Abstract: Hydrophilic anchoring is in-
troduced as a promising strategy to
constructively control the various inter-
actions of synthetic pore sensors with
the surrounding biphasic environment.
Artificial rigid-rod b barrels are select-
ed as classical synthetic multifunctional
pores and random-coil tetralysines are
attached as hydrophilic anchors. The
synthesis of this advanced pore is ac-
complished in 32 steps from commer-
cially available starting materials. With
regard to pore activity as such, the key
impact of hydrophilic anchoring is a
change from a Hill coefficient n<1 to
n=4. This change confirms successful
suppression of the competing self-as-
sembly with precipitation from the


aqueous phase as the origin of the ac-
complished increase in pore activity.
The hydrophilic anchors do not inter-
fere with the blockage of the synthetic
pore sensors by anionic analytes. In the
case of stoichiometric binding of block-
ers (KD=EC50 of the pore; EC50=con-
centration needed to observe 50%
pore activity), however, the increase in
pore activity achieved by hydrophilic
anchoring results in improved pore
blockage under high dilution condi-
tions. Controls confirm that this in-


crease does not occur with analytes
that do not exhibit stoichiometric bind-
ing (KD>EC50). These results not only
reveal stoichiometric binding as the ex-
pected origin of the sensitivity limit of
synthetic pore sensors, they also pro-
vide promising solutions for this prob-
lem. The combination of hydrophilic
anchoring with targeted pore formation
emerges as a particularly promising
strategy to further reduce effective
pore concentrations. The scope and
limitations of this approach are exem-
plified with pertinent analyte pairs that
are essential for the sensing of sucrose,
lactose, acetate, and glutamate with
synthetic pores in samples from the su-
permarket.
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drophilic domains attached to one end of the pore may
assure delivery to the vesicle by preventing competing pre-
cipitation from the water and enforce vectorial partitioning
and transmembrane orientation followed by parallel self-as-
sembly. Exploited to perfection in biology, these various
benefits from hydrophilic anchoring are rarely considered in
synthetic functional systems.[28–31] Herein, we report hydro-
philic anchoring of rigid-rod b-barrel pores, such as 1, as a
promising approach toward multicomponent sensors that
can operate at low concentrations with high selectivity
(Figure 1).


Results and Discussion


In pore 1, which is introduced in this report, the rigid-rod
b barrel of the classical[32–36] pores 2 and 3 is elongated with
four of TomichIs hydrophilic tetralysine (K4) anchors
(Figure 1).[29] Rigid-rod b barrels in general consist of p-octi-
phenyl staves and b-sheet hoops.[32,33] The selected peptide
sequence LRLHL produces a hydrophobic outer pore sur-
face (LLL) for contacts with the surrounding bilayer mem-
brane. Functional arginine–histidine (RH) dyads are placed
at the inner pore surface to interact with analytes passing
by, through the pore, and across the membrane.[12,13,32, 33]


Except for the NMR tags in position 16 and 86, the
12,22,33,42,53,62,73,82 substitution pattern of the p-octiphenyl
stave in pore 2 is identical with that in pore 1.[34] The charac-
teristics of pore 2 and pore 3 with the classical
13,23,32,43,52,63,72,83 motif are essentially identical.[34–36]


The cationic K4 anchors were selected because they were
best in an extensive optimization with readily accessible


peptidic anion channels.[29] Moreover, cationic anchors were
preferred over anionic or neutral anchors because repulsion
from the cationic interior of pore 1 was considered as essen-
tial to prevent backfolding of the anchor into the pore.
Rigid-rod molecule 4 was envisioned for the parallel self-


assembly into transmembrane b-barrel pore 1 with hydro-
philic K4 anchors. This multiple-substituted p-octiphenyl 4
was synthesized in 32 steps from commercially available
starting materials, including 14 steps of very straightforward
peptide synthesis.[37] The key challenge of this synthesis was
to attach two different peptide strands to one rigid-rod scaf-
fold. p-Octiphenyl 5 with carboxylic acids that carry orthog-
onal benzyl and tert-butyl protecting groups was conceived
to address this problem (Scheme 1). The synthesis of this
key intermediate 5 by Suzuki coupling of the two differently
substituted phenyl termini 6 and 7 to the previously report-
ed p-sexiphenyl scaffold 8[30] appeared not to be problemat-
ic.
The K4-terminal fragment 6 was prepared from resorcinol


9. Protected as a benzyl ester, one bromoacetate 10 was in-
troduced first by Williamson ether synthesis. Selective
ortho-iodination of the obtained phenol 11 afforded the aryl
iodide 12. This substrate was needed to introduce the
second bromoacetate 13 with the orthogonal tert-butyl pro-
tecting group. Pinacolboronate 6 was obtained by Pd-cata-
lyzed conversion[38] of aryl iodide 14.
The other rod terminus 7 was synthesized following re-


cently reported procedures.[39] In brief, ortho-iodination of
methylresorcinol 15 afforded regioisomer 16 chemoselec-
tively. This reaction was followed by Williamson ether syn-
thesis with tert-butyl bromoacetate 13. The obtained aryl
iodide 17 was transformed via boronate 18 to give 7, which
benefits from the increased stability, easier purification, and
higher reactivity of the solid potassium trifluoroborates.[40]


The p-sexiphenyl 8 was selected as an ideal building block
to attach the terminal rod fragments 6 and 7 because of its
rapid accessibility from the commercially available biphenyl
19 and tert-butyl bromoacetate 13.[30] In brief, diazide 19 was
converted into diiodide 20 and dipinacolboronate 21. These
two monomers were then polymerized under Suzuki cou-
pling conditions. Because of poor solubility, p-sexiphenyl 22
could be isolated directly and in good yield from the reac-
tion mixture. Rod 22 was treated with BBr3 to give oligo-
phenol 23. This rod 23 was treated with tert-butyl bromoace-
tate 13 to yield the target intermediate 8. Attachment of
fragments 7 to one end of the p-sexiphenyl 8 by Suzuki cou-
pling was accomplished following previously reported proce-
dures.[39] The obtained p-septiphenyl 24 was subjected to an-
other Suzuki coupling with the K4-terminal fragment 6. The
product was the desired p-octiphenyl scaffold with three dif-
ferent substituents, two of them being chemically differenti-
ated by orthogonal protecting groups.
The NMR spectra of asymmetric oligomers such as 5 can


be challenging to fully understand because the presence of
several quasi-identical repeats causes extensive signal clus-
tering.[41] However, the recording of high-resolution
2D HSQC and HMBC NMR spectra allowed unambiguous


Figure 1. Self-assembly from monomer 4 and the theoretical active struc-
ture of pore 1 with hydrophilic anchors together with anchor-free control
pores 2 and 3. b Sheets are shown as gray arrows in the theoretical pore
structure, and in the chemical structure, the external amino acid residues
are indicated within an empty circle, whereas the internal residues are in-
dicated within a filled circle (the residues are indicated with single-letter
abbreviations, see Scheme 2 for full structures).
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assignment of all carbon and hydrogen atoms of the key in-
termediate 5 (see Figure S1 in the Supporting Information).
The Z-protected K4 anchor 25 was newly prepared in 8


steps by a routine solution-phase peptide synthesis
(Scheme 2). The synthesis of the protected LRLHL peptide
26 has been reported previously.[34–36] Chemoselective hydro-
genolysis of the terminal benzyl ester of rod 5 liberated the
carboxylic acid at one rod terminus without deprotection of
those along the rigid-rod scaffold. The deprotected carboxyl-
ic acid at one end of rod 27 was coupled with the N termi-
nus of the Z-protected K4 anchor 25. The K4 rod 28 was ob-
tained in good yield. The carboxylic acids along the rigid-
rod scaffold 28 were deprotected next with trifluoroacetic
acid (TFA). The orthogonal Z protection of the K4 anchor
remained intact in product 29. The Pmc/Trt-protected
(Pmc=2,2,5,7,8-pentamethylchroman-6-sulfonyl, Trt= trityl)
LRLHL pentapeptides 26 were coupled to the liberated car-
boxylic acids along the scaffold of rod 29. The reasonably
complex product 30 was obtained in good yield. Removal of
all protecting groups with HBr/AcOH gave the target rod 4.
Reversed-phase HPLC, MS, and NMR spectra confirmed


homogeneity and identity of the final product (see Figur-
es S2 and S3 in the Supporting Information).[37]


Pore 1 was characterized in egg yolk phosphatidylcholine
large unilamellar vesicles (EYPC-LUVs) that were loaded
with the fluorophore 8-aminonaphtalene-1,3,6-trisulfonate
(ANTS) and the quencher p-xylenebis(pyridinum)bromide
(DPX; EYPC-LUVs�ANTS/DPX).[35,42] In this assay, pore
activity is detected as fluorogenic efflux of ANTS, DPX, or
both. Under these conditions, a Hill coefficient n=4.0�0.2
was found for pore 1 (Figure 2 A, *). Moreover, pore 1
could reach full fractional activity Ymax�1.0 (Figure 2B, *).
This characteristic (n>1, Y=1) behavior demonstrates en-
dergonic (n>1) self-assembly of tetrameric pores (n�4)
without competing precipitation from the water at higher
concentration (Ymax�1).[42–44]
These values differed clearly from the previously reported


n=0.6 and Ymax�0.4 for the anchor-free pore 3 (Figure 2,
*).[35,44] This equally characteristic,[42–44] but undesired and
more complex (n=1, Y<1) behavior demonstrates exergon-
ic (n=1) self-assembly of pores of unknown stoichiometry
(n=1) that occurs already in the water. Exergonic assembly


Scheme 1. a) Cs2CO3, acetone, 60 8C, 30 min, yield=75%; b) I2, AgOTf, CHCl3, 2.5 h, RT, yield=40%; c) Cs2CO3, acetone, 65 8C, 30 min, yield=92%;
d) pinacolborane, [PdCl2 ACHTUNGTRENNUNG(dppf)], Et3N, CH3CN, 2 h, 85 8C, yield=60%; e–h) see reference [39]; e) AgOTf, I2, yield=72%; f) Cs2CO3, yield=96%; g) pi-
nacolborane, [PdCl2 ACHTUNGTRENNUNG(dppf)], yield=88%; h) KHF2, quantitative; i–m) see reference [30]; i), KI, yield=70%; j) pinacolborane, [PdCl2 ACHTUNGTRENNUNG(dppf)], yield=


69%; k) [PdACHTUNGTRENNUNG(PPh3)4], yield=14%; l) BBr3; m) Cs2CO3, 92% (from 22); n) [PdCl2 ACHTUNGTRENNUNG(dppf)], conversion yield 42% (from reference [39]); o) [Pd ACHTUNGTRENNUNG(PPh3)4],
toluene/EtOH 10:1, Na2CO3, yield=80%. dppf=1,1’-bis(diphenylphosphanyl)ferrocene.


Chem. Eur. J. 2008, 14, 1947 – 1953 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1949


FULL PAPERSynthesis of Synthetic Pore Sensors



www.chemeurj.org





of pore 3 accounts for both better assembly formation (i.e.,
higher activity) at low concentrations as well as continuing
self-assembly at high concentrations[45] (i.e. , precipitation
from the water before reaching the membrane, Ymax<1);
the result is simple saturation behavior.[42–45]


As elaborated in the introduction, the failure to reach full
pore activity because of competing precipitation from the
water (i.e., Ymax<1, Figure 2B, *) is one of the key obsta-
cles in practical applications of ion channels and pores as
drugs, sensors, or catalysts. The clear shift from n=0.6 to
n=4.0 confirmed that aqueous anchoring successfully sup-
pressed this exergonic self-assembly in the aqueous phase.
Without interference from precipitation at high concentra-
tions, pore 1 was able reach maximal activity (i.e. , Ymax�1,
Figure 2B, *). This access to significant pore activity is,
from a practical point of view, one of the most important
findings with respect to hydrophilic anchoring.


The biphasic Hill plot of pore 1 confirmed that values
measured above the effective pore concentration EC50 value
(i.e., concentration needed to observe 50% pore activity)
reflect the saturation of the assay rather than thermodynam-
ics and cooperativity of pore formation. They should not be
used for the determination of Hill coefficients.
In an attempt to further lower the EC50 value of pore 1,


the dependence of activity on the concentration of EYPC-
LUVs loaded with 5(6)-carboxyfluorescein (EYPC-
LUVs�CF)[1,25,42] was examined. In this more sensitive
assay, pore activity is detected as fluorogenic efflux of CF
because local dilution reduces self-quenching. With vesicle
dilution, the EC50 value of pore 1 in EYPC vesicles de-
creased to saturation around a minimal EC50,min=15 nm (Fig-
ure 3 A, *). Note that pore concentrations were calculated


as 25% of the known concentration of monomer 4 (n=4).
Considering the endergonic self-assembly of the active tetra-
mer 1, it is understood that this approximation represents a
clear, systematic overestimation.


a-Ketoglutarate hydrazone 31 and pyruvate hydrazone 32
were attractive test analytes to elaborate on the impact of
vesicle dilution on stoichiometric binding in sensing applica-
tions (Scheme 3). The discrimination of a-ketoglutarate 33
and pyruvate 34 is, for example, of interest for umami sens-
ing with synthetic pores as transducers of signals generated
with transaminases. However, all attempts to do so failed so
far because of the unavailability of synthetic (or biological)
pores that would close or open in response to the recogni-
tion of either analyte 33 or analyte 34 at reasonable concen-
trations. This lack in sensitivity has been overcome with the
introduction of amplifiers such as 35.[1] This hydrazide can
react in situ with aldehydes and ketones produced or con-
sumed during enzymatic signal generation and drag them
into the pore for detection. Applied to umami sensing, reac-
tive amplification of a-ketoglutarate and pyruvate was
found to increase the sensitivity of synthetic pore sensors
similar to 2 and 3 by more than four orders of magnitude
without interference from amplifier 35 (IC50=23 mm; IC50=


blocker concentration required for 50% blockage). The dis-
crimination between a-ketoglutarate hydrazone 31 and pyr-


Figure 2. Dependence of the activity Y of pores 1 (*) and 3 (*)[35] in
EYPC-LUVs�ANTS/DPX on the concentration of the monomeric rods
4. Data points for 3 (but not for 1) above 200 nm are not very well repro-
ducible because of competing precipitation from the media.


Figure 3. A) The dependence of the EC50 value of pore 1 on the concen-
tration of EYPC (*) and EYPC/EYPG 1:1 (*) LUVs�CF (given as the
total lipid concentration cL), and B) The dependence of the IC50 value of
analytes 31 (*) and 32 (*) to block pore 1 on the concentration of
EYPC vesicles (given as lipid concentration cL).


Scheme 2. a) H2, Pd/C, THF, 1.5 h, RT, yield=96%; b) HATU, TEA,
DMF, 3.5 h, RT, yield=63%; c) TFA, 2 h, RT, yield=94%; d) HATU,
TEA, DMF, 5.5 h, RT, yield=75%; e) HBr/AcOH, thioanisole, TFA,
pentamethylbenzene, 1.5 h, RT, yield=68%. Bn=benzyl, DMF=N,N-di-
methylformamide, HATU=O-(7-azabenzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate, TEA= triethylamine.
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uvate hydrazone 32 was, however, negligible because of, we
speculated, stoichiometric binding.[1]


The detection of amplified a-ketoglutarate 31 and pyru-
vate 32 by pore 1 under standard conditions occurred with
near nanomolar sensitivity (Table 1, entries 1 and 2). As ex-


pected for molecular recognition in the zone affected by in-
terference from stoichiometric binding, the discrimination
between the two analytes was nearly negligible with D=1.3
(where D is the discrimination factor). The IC50 values of
both hydrazones decreased in response to the reduction of
the EC50 of pore 1 (Figure 3B and Table 1, entries 3 and 4).
These changes in the IC50 value resulted in an increase in
sensitivity of up to 4.3-fold (Table 1, entries 1 and 3). Also
exactly as predicted for reduced interference from stoichio-
metric binding, this increase in sensitivity coincided with a
quite remarkable increase in selectivity. The discrimination
factor D=3.0 found for the detection of amplified a-keto-
glutarate with nanomolar sensitivity (IC50=400 nm) is suffi-
cient for sensing applications.[1,36]


To confirm the validity of the interpretation of this break-
through, control dilution experiments without stoichiometric
binding were made. ATP/ADP discrimination (ATP=ade-
nosine 5’-triphosphate, ADP=adenosine 5’-diphosphate)
provides an ideal example because it is important for the


fluorometric detection of many enzymes (e.g., kinases) and
the sensing of their substrates.[1,12,13,23, 25,36] Under standard
conditions, blockage of pore 1 by ATP occurred with IC50=


44.2 mm and was clearly better than blockage by ADP
(Table 1, entries 5 and 6). The high discrimination factor of
D=6.1 suggested, together with relatively poor IC50 values,
that nucleotide recognition is not affected by stoichiometric
binding. Comparison with results from anchor-free pores ob-
tained under similar conditions demonstrated that ATP/
ADP discrimination is not significantly affected by the hy-
drophilic K4 anchors. Slightly weaker discrimination factors
were reported for anchor-free pores with internal RH dyads
as in 1 and 3[36] (IC50ACHTUNGTRENNUNG(ATP)=82 mm, D=3.7). Slightly better
discrimination factors were reported for pores with internal
KH dyads (IC50 ACHTUNGTRENNUNG(ATP)=22 mm, D=10.0).[1,12, 13] Although
less-specific and maybe transient interactions with anionic
guests are of course likely to occur, this overall excellent
similarity with anchor-free pores implied that the K4 anchors
of pore 1 do not contribute constructively to guest recogni-
tion.
The IC50 value of both nucleotides did not decrease and


their discrimination factor D did not increase with a de-
creasing concentration of pore 1 at a reduced vesicle con-
centration (Table 1, entries 7 and 8). This control experi-
ment confirmed that the increasing sensitivity and selectivity
obtained for the amplifier conjugates 31 and 32 originates
from a reduced interference from stoichiometric binding
(Table 1, entries 1–4 versus entries 5–8).
The determined increase in sensor sensitivity in response


to a reduction of the concentration of pores with increased
activity was consistent with the theory of stoichiometric
binding. This phenomenon has been studied in detail in the
context of enzyme inhibition.[26,27] Assuming one to one
binding of the blocker to the pore, one could correlate con-
centrations of pore [P], blocker [B], and the dissociation
constant KD as is shown in Equation (1).


½B�=KD ¼ i=ð100�iÞ þ i½P�=100 KD ð1Þ;


In Equation (1), i is the percent blockage. As the IC50 value
is the concentration of the blocker that gives rise to 50%
pore blockage, the above equation can be simplified as is il-
lustrated in Equation (2).


IC50=KD ¼ 1þ 0:5½P�=KD ð2Þ


Taking this simplification into account, Equation (3) can be
derived.


IC50 ¼ KD þ 0:5½P� ð3Þ


Therefore, if the KD value of the pore–blocker complex is
similar or less than the concentration of the pore (KD= [P]),
the IC50 values should decrease by lowering the pore con-
centration. On the other hand, if the KD value is far greater
than the concentration of the pore, the second term in
Equation (3) (0.5[P]) becomes negligible and thus the IC50


Scheme 3. Sensing scheme for umami sensing with transaminase as the
signal generator, hydrazide 35 as the reactive amplifier, and synthetic
pores such as 1 as optical transducers.


Table 1. Blockage data for pore 1.


Entry Blocker Lipid [mm]
[a] Pore [nM][b] IC50 [mm]


[c] D[d]


1 31 124 50 1.7�0.1 1.3
2 32 124 50 2.2�0.3 –
3 31 6.4 15 0.4�0.1 3.0
4 32 6.4 15 1.2�0.2 –
5 ATP 124 50 44.2�3.0 6.1
6 ADP 124 50 267.7�12.6 –
7 ATP 6.4 15 139.5�12.4 4.7
8 ADP 6.4 15 652.1�19.7 –


[a] Approximated from phosphate analysis of final vesicles, assuming a
reproducible yield. [b] Approximated as c ACHTUNGTRENNUNG(pore 1)=c(monomer 4)/4 (n=


4, Figure 2 A); this is a significant overestimate because pore assembly is
endergonic. [c] Data � standard error. [d] Discrimination factor= IC50-
ACHTUNGTRENNUNG(ADP)/IC50 ACHTUNGTRENNUNG(ATP) or IC50(32)/IC50(31).
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value would be equal to KD.
The observed decrease in the IC50 value of blockers 31


and 32 by decreasing the concentration of the pore is there-
fore reasonable if we assume that [P] is similar to or higher
than KD (Table 1, Equation (3)). Note that the concentration
of active pores is unknown but certainly less than 25% of
the concentration of monomer 4 because of endergonic self-
assembly and nonideal partitioning. The KD value of 32 is
thus expected to be well below 15 nm and that of 31 is ex-
pected to be even lower because the response to reduced
stoichiometric binding is more pronounced (KD(31)<
KD(32)< [P]).
In contrast, the increase in the IC50 value of ATP and


ADP by decreasing the concentration of the pore is not ex-
plained by Equation (3). More-complex inhibitory mecha-
nisms may account for these results, including changes in
partitioning etc.


Conclusion


In summary, this report introduces hydrophilic anchoring as
a promising strategy to increase the sensitivity and the selec-
tivity of synthetic pore sensors. With regard to the activity
of the pores as such, the change in the Hill coefficient from
n<1 to n=4 is the most important impact of hydrophilic
anchoring. It demonstrates successful suppression of the
competing precipitation from the media. The presumably
disorganized tetralysine anchors do not interfere with the
molecular recognition of anionic blockers by the synthetic
pore sensors. The increase in pore activity achieved by hy-
drophilic anchoring is important because it allowed us to de-
mystify one of the key problems with pore sensors, that is,
the origin of the consistent cut-off in sensitivity and selectiv-
ity near nanomolar concentrations. Namely, efficiency and
selectivity of pore blockers that operate by stoichiometric
binding (KD=EC50) are shown to increase in response to a
reduction of the effective pore concentration. Controls con-
firm that this increase does not occur with analytes that are
too weak to exhibit stoichiometric binding (KD>EC50).
This breakthrough is significant because it demonstrates


that sensitivity and selectivity of pore sensors can be im-
proved by increasing the activity of the pore. The lesson
learnt is that, with sufficiently sensitive analyte recognition
and amplification accomplished,[1] rational approaches
toward “hypersensitive” pore sensors will have to focus on
pore–membrane rather than pore–blocker interactions. Ex-
amples from biology in support of this conclusion include
nisin. This antibiotic peptide may act by targeted pore for-
mation with lipid II at concentrations far below the intrinsic
cut-off with other magainin-like natural antibiotics.[46]


This conclusion implied that the introduction of specific
lipid–pore interactions would be the key to further increases
in sensitivity and selectivity of pore sensors. Incorporation
of anionic EYPG into the bilayer so that it could participate
in an ion pair with the K4 anchor of pore 1 was, however,
too simplistic an approach toward this objective (Figure 3 A,


*). The determined decreasing activity of pore 1 with in-
creasing surface potential could be explained by preferential
ion pairing of lipid phosphates with oligoarginines[47–50] from
the barrel rather than oligolysines from the anchor and thus
the destruction of the artificial b barrel. Synthetic efforts
toward anchor screening in situ and more specifically target-
ed pore formation for hypersensitive multianalyte sensing
are ongoing.
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Simulations of p-tert-Butylcalix[4]arene with Multiple Occupancies of Small
Guest Molecules


Saman Alavi* and John A. Ripmeester[a]


Introduction


The pure form of the low-density b0-phase of solid p-tert-bu-
tylcalix[4]arene (tBC) (Figure 1) crystallizes in the mono-
clinic P21/n space group.[1,2] The b0-phase is metastable at
room temperature and has a density of 1.050 gcm�3.[2] When
exposed to low pressures of small gas-phase molecules such
as Xe, NO, SO2, N2, O2, H2, and CO2, the b0-phase forms in-
clusion compounds in which the host lattice structure retains
the P21/n space group.[3,4] Upon heating the inclusion com-
pound, the guest molecules are desorbed at temperatures
that depend on the nature of the gas guest species. This vari-
able retention of different gas-phase guest molecules can po-
tentially be used for gas-phase separations.


A number of simulation studies of the interactions of
guest molecules with the calixarene solid host lattice phases
have appeared in the literature. Ogden and co-workers[5]


used ab initio molecular dynamics calculations to study the
host–guest interactions for CS2 and toluene p-tert-butylca-
lix[4]rene inclusion compounds in the solid phase and for
isolated gas-phase complexes. They observed that crystal
packing has a significant effect on host–guest packing in the


calixarenes. The predicted packing configurations of the
guests in the crystal were in good agreement with experi-
mentally determined structures for these compounds. Le5n,
Leigh, and Zerbetto[6] performed a molecular mechanics cal-
culation with the MM3 force field on the effect of guest in-
clusion on crystal packing of the p-tert-butylcalix[4]arene
solid. They studied a range of possible structural motifs ob-
served for the self-included calixarenes and calixarene–guest
complexes. They calculated small interaction energies be-
tween the guest and host (<30 kcalmol�1) and predicted
that the guest would be mobile in endo-calixarene com-
plexes. The selectivity of isolated p-tert-butylcalix[4]arene
molecules towards different guest molecules was studied by
Daschbach et al.[7] using the potential of mean force
method. Their study suggested that selective interactions of
the calixarenes can be used for the separation of compo-
nents of a gas mixture.


We have recently studied structural and dynamical behav-
ior of b0-phase calixarene inclusion compounds with xenon,
nitrogen, hydrogen, methane, and SO2 using molecular dy-
namics simulations[8] with guest–host occupancy ratios up to
1:1. At these occupancy ratios, the unit cell volume and in-
clusion energy were determined to vary linearly with guest
occupancy and the guest molecules in adjacent calixes do
not interact and adsorption is consistent with the Langmuir
adsorption isotherm. The calculated inclusion energy of the
guest molecules was found to correlate well with the tem-
perature of release of the guests in the thermogravimetric
experiment.[3]


Abstract: Classical molecular dynamics
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ene inclusion compounds with multiple
calix occupancies of xenon, carbon di-
oxide, methane, and hydrogen guest
molecules with guest–host ratios rang-
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The pressure and temperature of the formation of the in-
clusion compounds of xenon, carbon dioxide, methane, and
hydrogen guests with less than 1:1 host–guest ratios along
with the observed percent occupancy of the calixarenes are
given in Table 1. In this work we study multiple occupancies
of these guest molecules in the calixarenes with molecular
dynamics simulations. The effects of multiple occupancies
on the unit cell volume and inclusion energy are deter-


mined, and the radial distribution functions for the guest
molecules in the multiple occupancy case are compared to
those for the singly occupied cages. The doubly occupied
carbon dioxide/b0-phase calixarene is compared with the
high-pressure 2:1 carbon dioxide/calixarene complex with
interstitial guest molecules that has recently been experi-
mentally observed at 125 K.[9] Alternative solid-state phases
have also been recently observed for xenon tBC inclusion
compounds for loadings greater than 0.25 for the host/guest
ratio.[10] The formation of these alternative crystal structures
is discussed in the context of the inclusion energies obtained
for the tBC complexes.


Computational Methods


A 2J2J2 replica of the unit cell of the low-density calixar-
ene b0-phase with 25.272J51.538J25.292 K3 dimensions was
used in the simulation; the positions of the atoms in the unit
cell were taken from X-ray crystallographic data.[3] In the
molecular dynamics simulations the p-tert-butylcalix[4]arene
molecules are considered to be rigid, with intermolecular
potentials considered to be a sum of Lennard-Jones (LJ)
and electrostatic point charge potentials between atoms on
different molecules:


V inter ¼
XN�1
i¼1


XN
j>i¼1


�
4eij


��
sij


rij


�12


�
�


sij


rij


�6�
þ qiqj


4pe0rij
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The LJ parameters eii and sii for the atoms of the calixarene
cages were taken from the AMBER force field[11] and stan-
dard combination rules were used for the LJ potential pa-
rameters between unlike atom-type force centers i and j.
Electrostatic point charges, qi, on atoms of tBC were calcu-
lated from Mulliken analysis by using HF/6–31G(d) level
calculations. The complete set of LJ parameters, electrostat-
ic point charges, and Cartesian coordinates of the tBC mole-
cules and details of the force fields for the xenon and meth-
ane guests are also given in reference [8]. The H2 LJ param-
eters are taken from the Wang potential[12] with atomic
point charges assigned to reproduce the gas-phase quadru-
pole moment of H2. Carbon dioxide LJ parameters are
taken from the elementary physical model (EPM) of Harris
and Yung,[13] which was used in simulations of dense fluid
carbon dioxide. Point charges on CO2 were determined to
reproduce the experimental gas-phase quadrupole moment
of 4.3 Buckingham.[14] The LJ parameters and point charges
of the guest molecules are given in Table 2.


Equilibrium properties of the inclusion compounds were
calculated with isotropic NPT molecular dynamics simula-
tions using the NosO–Hoover thermostat–barostat algo-
rithm[15–17] on the simulation cell with the DL_POLY 2.16.[18]


The relaxation times for the thermostat and barostat were
chosen as 0.1 and 1.0 ps, respectively. The equations of
motion were integrated with a time step of 0.5 fs using the
Verlet leapfrog scheme.[19,20] Coulombic long-range interac-


Figure 1. The structure of the p-tert-butylcalix[4]arene molecule (top) and
the low-density calixarene b0-phase. The four-layer ABCD repeat unit of
the solid phase is shown along with characteristic distances between the
centers of neighboring cages (in Kngstroms). Oxygen atoms are shown in
black and carbon atoms in gray. For clarity, the hydrogen atoms are not
shown.


Table 1. Experimental loading conditions for hydrogen, methane, carbon
dioxide, and xenon guests in the low-density b0-phase calixarene and
mole percent of host calixarene occupancy.


Guest P [atm] T [K] Host occupancy
[%]


H2
[a] 31 298 66


CH4
[b] 35 298 71


CO2
[c] 1 296 40


CO2
[d] 300 313 80


Xe[e] 1 298 30


[a] Ref. [21]. [b]Ref. [22]. [c]Ref. [29]. [d]Ref. [28]. [e]Ref.[10].
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tions were calculated by using Ewald sums[19,20] with a preci-
sion of 1J10�6, and all interatomic interactions in the simu-
lation box were calculated within a cutoff distance of
Rcutoff=12.0 K. The simulations were carried out for a total
time of 100 ps, in which the first 10 ps were used for temper-
ature scaled equilibration. For CO2, CH4, and Xe, occupan-
cies up to two guests per calixarene molecule, and for the
smaller H2 guests, occupancies up to four were considered.
The simulations were carried out at a pressure of 1.013 bar
and a temperature of 173 K.


The experimental crystal structure for a tetragonal high-
pressure 2:1 CO2/host calixarene at 125 K has been deter-
mined[9] for which one CO2 guest occupies a calixarene cage
and the second CO2 molecule resides in an interstitial site
and is aligned along the unit cell c axis. The unit cell of this
phase is shown in Figure 2. We will compare the unit cell
volume and inclusion energy for this phase with the hypo-
thetical doubly occupied low-density b0-phase calixarene. A
2J2J4 replica of the unit cell of this high-pressure phase
with 25.442J25.442J50.340 K3 dimensions was used in the
simulations.


Results and Discussion


The H2–H2 center-of-mass, CH4–CH4 carbon–carbon, CO2–
CO2 carbon–carbon, and Xe–Xe radial distribution functions


(RDFs) at a pressure of 1.013 bar and a temperature of
173 K for the multiply occupied guest–host solids are shown
in Figures 3 to 6, respectively. In each Figure, the LJ interac-
tion potential (in arbitrary energy units) for the guest–guest
interactions is given for reference.


The adsorption of H2 gas to the extent of 0.2 wt% was
measured for tBC at room temperature and 31.0 atm equi-
librium pressure.[21] This roughly corresponds to a 2/3 occu-
pancy of the calixarene bowls. The RDFs for the H2–tBC in-
clusion compounds with guest–host ratios of 1:1 to 4:1 are
shown in Figure 3. The maximum of the first broad peak in


the RDF for the singly occupied H2 inclusion compound lies
near 7 K and corresponds to the separation of hydrogen
molecules from paired calixarenes in facing rows shown in
Figure 1. The next broad peak in the singly occupied cages
starts near 10.5 K and corresponds to the separations of
guests from the next nearest neighboring calixarenes from
the facing rows in Figure 1. The doubly to quadruply occu-
pied H2–calixarenes show a sharp peak in the RDF at a sep-
aration of about 3 K. This average separation of hydrogen
molecules in the guest cluster corresponds to a bulk density
of 0.03 gcm�3. For comparison, the density of liquid hydro-
gen at its boiling point of 20 K at atmospheric pressure is
0.07 gcm�3. The broad peaks of the RDFs indicate guest
motions in the cages.


An equilibrium methane–tBC inclusion compound satu-
rated with 1.7 wt% methane forms at a methane pressure of
35 atm, at room temperature (starting from an initial pres-
sure of 38 atm). Full occupancy of all bowls with methane
corresponds to 2.4 wt% methane.[22] Starting with lower ini-
tial pressures of methane, equilibrium was attained at a
pressure of 410 Torr, and the molar ratio of methane to cal-
ixarene was determined to be 14%.[22–24] Only diffuse elec-
tronic density data could be obtained from single-crystal X-
ray diffraction data of the methane–tBC inclusion com-
pound. The solid-state NMR spectrum revealed a 13C reso-
nance at d=�11.3 ppm for the guest methane in the calixar-


Table 2. Average atomic charges and Lennard-Jones interaction parame-
ters used for the xenon, carbon dioxide, methane, and hydrogen guests in
the MD simulations.


Atom q [e] sii [K] eii [kcalmol�1]


Xe 0.0000 4.099 1.8480
C (in CO2) +0.6645 3.064 0.0576
O (in CO2) �0.33225 2.785 0.1649
C (in CH4) �0.572 3.350 0.1017
H (in CH4) +0.143 2.610 0.0171
H (in H2) +0.4932 2.68224 0.0288
H(cm) (in H2) �0.9864 0.000 0.0000


Figure 2. The unit cell structure of the interstitial phase of the 2:1 CO2-p-
tert-butylcalix[4]arene inclusion compound. The structural data is taken
from reference [9]. Oxygen atoms are shown in black and carbon atoms
in gray. For clarity, the hydrogen atoms are not shown.


Figure 3. The hydrogen–hydrogen center-of-mass radial distribution func-
tions for the fully occupied 1:1, 2:1, 3:1, and 4:1 guest–host calixarene for
the 173 K simulation at 1.013 bar. The H2–H2 Lennard-Jones potential is
shown with the dot-dash line to characterize the guest–guest interactions.
The scale of the y axis of the LJ potential is arbitrary.
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ene.[24] This shift can be compared to 13C methane resonan-
ces ranging from d=�8 ppm in zeolites,[25] d=�9.4 ppm in
tris-o-phenylenedioxycyclotriphosphazine,[26] and d=


�4 ppm observed for methane clathrates.[27] This large up-
field shift implies relatively strong interactions of the meth-
ane with the ring currents in the calix. Evidence of methane
diffusion through the cages was observed.[23] The first maxi-
mum of the singly occupied CH4–calixarene carbon–carbon
RDFs (shown in Figure 4) is calculated to be about 6.8 K,


and for the doubly occupied inclusion compound the CH4


guests in the same cage display a peak in the RDF at a dis-
tance of about 3.2 K. In the doubly occupied case, the first
CH4 RDF peak lies mostly in the repulsive region of the LJ
carbon-carbon interaction potential, and a repulsive energy
contribution from placing a second CH4 molecule in the cal-
ixarene cage is expected.


The formation of the inclusion compound of CO2 in tBC
was observed with solid-state NMR spectroscopy by
Graham et al.[28] at 40 8C and 30MPa CO2 (supercritical)
pressure. The 13C peak for CO2 in the inclusion compound
was observed at d=129.9 ppm. X-ray structure data could
not be obtained from these crystals of this inclusion com-
pound, and thermogravimetric analysis showed that under
these conditions, 70% of the tBC molecules incorporated a
CO2 guest.


[28] Atwood and co-workers[4,29] state a CO2 occu-
pancy of 80% in the cavities (two host molecules) at atmos-
pheric pressure and 23 8C, and they reported a 13C NMR
signal for CO2 at d=121.9 ppm. In a recent experiment,
Udachin et al.[9] were able to obtain single-crystal X-ray
structural data for the 1:1 and 2:1 CO2/tBC compounds. In
the 1:1 compound, the CO2 molecules located inside the
calix gave rise to an average angle of 26.68 with respect to
the pseudo-fourth order axis of the calix. In the 2:1 calixar-
ene, the interstitial CO2 molecules lie along the fourfold
symmetry axis of the calix, whereas the guest molecules in
the calix are tilted at an average angle of 35.48 with respect
to this axis. The closest O�O distance between the CO2


guests in the 2:1 compound was determined to be 2.8 K.


The 13C NMR chemical shift of the CO2 carbon in the 1:1
compound was determined to be d=122.4 ppm. The 2:1 cal-
ixarene displays a single line in the 13C spectrum with a mea-
sured chemical shift of d=123.6 ppm. The single line in the
NMR spectrum of the 2:1 calixarene shows that the intersti-
tial CO2 guest and the guest in the calix undergo a rapid ex-
change.


In the singly occupied inclusion compound, the first maxi-
mum of the CO2 carbon–carbon RDFs (Figure 5) is calculat-


ed to be at about 7.3 K which corresponds to the random
distribution of the CO2 molecules in adjacent calixarene
cages. With double occupancy in the b0 framework, the two
CO2 guests in the same cage display a peak in the RDF at a
distance of about 3.2 K. The interstitial 2:1 guest–host inclu-
sion compound shown in Figure 2 has a broad first peak at
about 4.0 K with a shoulder at about 3.4 K. The interstitial
complex allows larger separations between the CO2 guests.


Experiments show that for host–guest ratios less than
0.25, the solid-state phase of the Xe–calixarene inclusion
compound maintains the P21/n space group and unit cell
vectors of the b0-phase.


[10] For host–guest ratios of 0.25, the
separations of xenon atoms from X-ray crystallography in
the 0.25 occupied inclusion compound are 6.78 and 10.39 K,
respectively,[10] and from 129Xe–129Xe dipolar coupling in
double quantum (DQ) NMR spectra[10] the Xe–Xe distance
is determined to be 6.6 K. In the simulations, for xenon oc-
cupations up to 1:1, the first maximum in the RDF, shown
in Figure 6, lies between 6 and 7 K, and the broad peak in
the RDF between 9 and 10.5 K corresponds to the separa-
tion of xenon atoms from the next nearest neighboring cal-
ixarenes in the lattice. These values are in excellent agree-
ment with the experimental values. The calculated first Xe–
Xe separation is somewhat smaller than the other nearest
guest–guest separations studied in this work.


In the doubly occupied xenon inclusion compound the
first large maximum in the RDF lies at about 4.5 K and rep-
resents two xenon atoms in the same calixarene bowl. The


Figure 4. The CH4–CH4 center-of-mass radial distribution functions for
the fully occupied 1:1 and 2:1 guest–host calixarene for the 173 K simula-
tion at 1.013 bar. The CH4–CH4 Lennard-Jones potential is shown with
the dot-dash line to characterize the guest–guest interactions. The scale
of the y axis of the LJ potential is arbitrary.


Figure 5. The CO2–CO2 center-of-mass radial distribution functions for
the fully occupied 1:1 and 2:1 guest–host calixarene for the 173 K simula-
tion at 1.013 bar. The RDF of the high-pressure CO2 calixarene is also in-
cluded for comparison. The CO2–CO2 Lennard-Jones potential is shown
with the dot-dash line to characterize the guest–guest interactions. The
scale of the y axis of the LJ potential is arbitrary.
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separation of these two guests corresponds to the minimum
of the Xe�Xe LJ interaction potential, but a comparison of
the width of the RDF peak with the LJ interaction potential
shows that there is a significant repulsive component to the
interactions for Xe–Xe pairs in the same calixarene cage.
Experimentally, at guest–host ratios greater than 0.25, a
second peak arises in the 129Xe NMR spectrum which has
been interpreted as being related to a new configuration
with closest Xe�Xe separations at 8.8 K.[10] Our simulation
results agree with other experimental evidence[10] that these
second peaks do not represent doubly occupied calixarene
cages and are caused by a solid-state phase transition that
arises from the sliding of adjacent calixarene layers.


The inclusion energy per unit cell, DEinc, for the guest
molecules is defined by Equation (2):


DEincl ¼ Eðguest-calixÞ�EðcalixÞ�EðguestÞ ð2Þ


where E(guest-calix) and E ACHTUNGTRENNUNG(calix) are the energies per unit
cell of the guest-calixarene solid phase at each occupancy
and the pure b0-phase calixarene, respectively. The free
guests molecules are assumed to be ideal gases with ener-
gies, E ACHTUNGTRENNUNG(guest)=3nRT/2, where n is the moles of guest mole-
cules per unit cell and R is the gas constant. This assumes
the guest molecules have the same rotational energy in the
calixarene phase as free gas molecules. The inclusion ener-
gies for different occupancies of the H2, CH4, CO2, and Xe
guests are given in Table 3 and plotted in Figure 7. The
linear variation of the inclusion energy for occupancies up
to 1:1 shows that within the scope of the present simulations,
guests in singly occupied adjacent adsorption sites do not
appreciably interact and the Langmuir adsorption isotherm
can be valid for describing the adsorption process. Using the
values in Table 3, for the 1:1 guest-to-host ratio, the inclu-
sion energy per guest for xenon is the largest at �24.0 kcal
mol�1, followed by CO2 with �10.2 kcalmol�1, and methane
and hydrogen guests with �6.7 kcalmol�1 and
�2.2 kcalmol�1, respectively. The values of the inclusion


energy give an indication of the conditions required to
maintain the stability of the calixarene compound as given
in Table 1. It can be seen that the H2 and CH4 guests that
have the smallest inclusion energies require the highest pres-
sures to maintain their stability.


For the 2:1 inclusion compounds, the repulsive interac-
tions between guests in the same cages contribute to a de-
crease in the magnitude of the inclusion energy as compared
to the 1:1 compounds. This trend is particularly noticeable
in the inclusion energy of the xenon and methane clathrate
since repulsive interactions among guests in the same calix-
arene cage can be large, see Figure 4 and 6. Deviations from
linearity in the inclusion energy/occupancy curves are seen
for all guests, implying that a simple Langmuir isotherm will
not apply over the range of occupancies greater than 1:1.


The dependence of the unit cell volume and density on
the fractional guest occupancy at 173 K and ambient pres-
sure are given in Table 4 and the unit cell volumes are
shown in Figure 8. In Figure 8, it is seen that up to an occu-
pancy ratio of 1:1, the addition of xenon guests to the calix-
arene causes a decrease in the unit cell volume. The repul-
sion among the two xenon guests in the 2:1 guest–host com-
pound causes an increase in the unit cell volume of about
15%, which is outside the scale of this Figure. For the other
guests, the increase in the unit cell volume upon reaching
1:1 occupancy is negligible. A roughly 2% volume increase


Figure 6. The xenon–xenon radial distribution functions for the 1:1 and
2:1 guest–host calixarene for the 173 K simulation at 1.013 bar. The Xe–
Xe Lennard-Jones potential is shown with the dot-dash line to character-
ize the guest–guest interactions. The scale of the y axis of the LJ poten-
tial is arbitrary.


Table 3. Dependence of the calculated inclusion energy per unit cell
(kcalmol�1) with occupation fraction for xenon, carbon dioxide, methane,
and hydrogen guests in the low-density b0-phase calixarene at 173 K and
1.013 bar pressure. The error bars in the energies are 0.5 kcalmol�1.


Occupation DEincl(Xe) DEincl ACHTUNGTRENNUNG(CO2) DEincl ACHTUNGTRENNUNG(CH4) DEincl(H2)


0.25 �24.4 �10.5 �6.2 �2.2
0.50 �47.8 �21.1 �13.9 �4.8
0.75 �71.7 �30.8 �20.5 �6.7
1.00 �95.9 �40.8 �26.9 �9.0
1.50 �51.0
2.00 �89.1 �60.3 �29.8 �13.3
3.00 �16.1
4.00 �17.9


Figure 7. The variation of the inclusion energy per unit cell (kcalmol�1)
for p-tert-butylcalix[4]arene with xenon, carbon dioxide, methane, and
hydrogen guest occupancies for the 173 K simulation at 1.013 bar. For oc-
cupancies greater than 1:1, deviations from linearity are observed.
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for CO2– and CH4–calixarenes is observed upon reaching
double occupancy. The volume of the interstitial 2:1 CO2–
calixarene shown in Figure 8 is significantly lower than the
hypothetical 2:1 calixarene studied in this work.


For xenon occupancies greater than 0.25 the adjacent
layers of tBC cages rearrange in a manner that retains the
existing single-crystal structure.[10] Due to the strong re-


straints of periodic boundary conditions, these rearrange-
ments are difficult to reproduce in MD calculations. Experi-
mentally, inclusion of the second CO2 guest molecule in the
calixarene leads to the formation of a solid-state phase with
both intercalixarene and interstitial guest molecules.[9] The
common characteristic of the Xe– and CO2–tBC inclusion
compounds is the large inclusion energies for the guests.
These large inclusion energies can affect the balance of the
energies that determine the solid-state structure and lead to
phase transitions at higher guest ratios. The H2 and CH4


guests with small inclusion energies are not expected to
cause phase transitions in the calixarene solid phase.


Conclusion


Molecular dynamics simulations were used to study calixar-
ene inclusion compounds with xenon, carbon dioxide, meth-
ane, and hydrogen guest molecules. The AMBER force field
is used for the intermolecular Lennard-Jones interaction pa-
rameters of the calixarenes and specialized force fields are
used for the guests in the simulations.


The unit cell volume and inclusion energy, defined in
Equation (2) for different guest/host ratios are determined
in this work. Up to a host/guest ratio of 1:1, these quantities
show linear variation with guest occupancy which implies
the absence guest–guest interactions in neighboring cages.
The inclusion energies of xenon, carbon dioxide, methane,
and hydrogen are �24.0, �10.2, �6.7, and �2.2 kcalmol�1,
respectively.


The Xe– and CO2–tBC inclusion compounds are experi-
mentally observed to exhibit solid-state phase transitions at
occupancy ratios greater than 0.25 and 1, respectively. These
two guests have the largest inclusion energies in the calixar-
ene. The large inclusion energies can affect the balance of
forces in the clathrate structure and lead to different calixar-
ene solid-state structures. The magnitude of the calculated
inclusion energy in the b0-phase may be used as an indica-
tion of whether solid-state phase transitions are likely to
occur in the inclusion compounds.
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