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A Modular Approach to DNA-Programmed Self-Assembly of
Macromolecular Nanostructures


Kurt V. Gothelf*[a] and Raymond S. Brown[b]


Introduction


The major challenge for chemical nanotechnology is to de-
velop simple and effective methods to transform molecular
building blocks into complex nanostructures. Nature is ex-
tremely efficient in constructing complex functional macro-
molecular structures. This is achieved by the extraordinary


ability to create a huge variety of oligomers, such as pro-
teins, from a small set of 20 amino acids. The most signifi-
cant difference between the chemical reactions, which are
occurring in living organisms, and those performed in a lab-
oratory, is the presence or absence of other reactive com-
pounds. Chemical reactions in Nature take place in aqueous
media containing a wide variety of small and large organic
compounds. In living cells, the high specificity and substrate
dependence in the formation of covalent bonds is accom-
plished by enzymatic processes developed over millions of
years through evolution. In the chemical laboratory the
products of organic reactions depend largely on the reactivi-
ties of participating compounds and functional groups.


This situation is changing rapidly through the emergence
of Chemical Biology. In the last few years the field of DNA-
directed chemical reactions has quickly developed.[1,2] This
new chemistry has proved to be extremely useful for direct-
ing organic reactions in multistep synthesis,[3–5] asymmetric
reactions,[6] DNA replication,[7] PNA synthesis,[8] assembly of
nanostructures[9–11] and for combinatorial synthesis.[12] The
basic principle of DNA-programmed synthesis is illustrated
in Figure 1a.[1,2] The functional groups FG1 and FG2 can in
principle react with each other without hybridization of the
DNA sequences. However, they are very dilute and their in-
termolecular reaction is so slow that practically no conver-
sion occurs by this route. If the attached DNA sequences
are complementary, they will hybridize by base pairing to
form double-stranded DNA even at very low concentrations.
Annealing of the DNA sequences brings the two functional
groups FG1 and FG2 in close proximity and they can react
in a pseudo-intramolecular fashion, which proceeds signifi-
cantly faster than the intermolecular reaction. Two other ap-
proaches to DNA-directed reactions are based on using
either DNA hairpins or a DNA template (Figure 1b and c).
More complex DNA structures for enabling DNA-directed
reactions can also be envisioned.[5]


In earlier studies, DNA-directed reactions were limited to
chemical ligation of oligonucleotides and their ana-
logues.[1,2,13–17] The generality of this method has more re-
cently been demonstrated by Liu and co-workers.[18,19] They
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have reported a series of DNA-directed chemical reactions
including, reductive amination, amide formation, SN2 reac-
tions, conjugate addition of thiols, amines and nitronates, ni-
troaldol condensation, Wittig reactions, 1,3-dipolar cycload-
dition reactions of nitrones, and certain Heck reactions. A
similar directed reaction, DNA-templated catalytic ester hy-
drolysis, holds great promise for application in drug release
systems.[20–22] Metal–salen formation has also been demon-
strated,[23,24] and used as a key reaction in the DNA-directed
assembly of nanostructures (see below).[9–11] A highly attrac-
tive feature is that several otherwise incompatible functional
groups can be present together but made to react specifical-
ly in the same reaction mixture.[25]


DNA hybridization, without
formation of covalent bonds,
has been exploited in several
cases for the parallel assembly
of multiple building blocks into
supramolecular nanostruc-
tures.[26–29] The building blocks
for such materials can be made
of DNA alone. Seeman et al.
have built elegant branched
structures, such as, a DNA cube
and even more complex geo-
metric designs have been con-
structed.[30–33] Extension of this
work applying DNA tiles was
made by Seeman et al. and
LaBean et al.[34–37] They were
able to form and obtain images
of highly regular two-dimen-
sional DNA networks on surfa-
ces by atomic force microscopy.


DNA–organic hybrids consisting of a bent organic backbone
attached to two complementary DNA sequences were as-
sembled to form polydisperse cyclic structures.[38] Bunz et al.
demonstrated the formation of linear assemblies of organo-
metallic compounds attached to two different DNA sequen-
ces at the termini.[39] Stewart and McLaughlin made DNA–
metal–organic hybrids with four DNA chains attached to a
central organometallic core.[40] These structures were used to
form branched supramolecular assemblies in parallel. DNA
hybridization has also been applied to the assembly of con-
jugates with metal nanoparticles[26,27,37, 41–43] and conjugates
with proteins.[44]


This article deals with processes, which include both
DNA-programmed assembly and formation of covalent
bonds between multiple building blocks to generate macro-
molecular nanostructures. The contributions to this field
from other groups will be described, but the main emphasis
will be on our modular approach to the challenge of self-as-
sembly and the concepts behind our work.


Templated Multicomponent Reactions


Non-enzymatic oligomerization of DNA- or RNA-based
monomers by using an oligonucleotide template has attained
significant success.[13, 45,46] Despite important advances the se-
quence-specific copying of the template by parallel coupling
of monomers has not yet been achieved. An efficient and se-
quence-specific translation of up to 40-nt DNA sequences
into peptide nucleic acid (PNA) oligomers was recently re-
ported by Liu et al.[8] The tetrameric PNA aldehydes were
used as the building block for polymerization (Figure 2a).
The DNA template aligns the PNA tetramers for coupling
by reductive amination. Previous attempts to oligomerize
PNA bases by acylation reactions gave limited regioselectiv-
ity and low yields. Unlike the acylation reaction, reductive


Figure 1. The principles of DNA-directed coupling reactions. a) Two func-
tional groups FG1 and FG2 are brought in close proximity by annealing
of their complementary DNA sequences. The pseudo-intramolecular cou-
pling proceeds much faster than the non-directed intermolecular reac-
tion. b) Arrangement of the reactants in a DNA hairpin structure. c) Lo-
calization of the reactants on a DNA template.


Figure 2. Translation of DNA into PNA polymers. a) Structure of the PNA building block. b) Templated poly-
merization of five PNA tetramers. c) Polymerization using a template with a mismatch in the third codon lead-
ing to coupling of only two PNA tetramers.
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amination is highly distance de-
pendent and the templated
polymerization, shown in Fig-
ure 2b, proceeds in >90 %
yields. The 5’-amino terminal
DNA hairpin template is linked
to the PNA product in the cou-
pling reaction. The sequence
specificity and regioselectivity
was tested by building a mis-
matched 4-nt codon with one or
two mismatched bases (Fig-
ure 2c) into the template. This
results in premature termina-
tion of the oligomer before the
mismatched codon. A mis-
matched codon can be build
into any position of the tem-
plate and always results in ter-
mination of the growth of the
PNA polymer in the amino-ter-
minal direction.


Assembly and covalent cou-
pling of three different oligonu-
cleotides to a central organic
core was reported by Kiedrow-
ski and co-workers.[7] They used
a three-armed DNA structure
as the template to assemble the
components for the chemical
reaction (Figure 3). The three
oligonucleotides each have a
hydrazide moiety in their 5’-ter-
mini, which can react with aldehydes. Hybridization with the
DNA template arranges the three hydrazide–oligonucleoti-
des favorably for reaction with 1,3,5-triformylbenzene by
tris-hydrazone formation. The hydrazone is reduced when
the reaction is carried out in the presence of NaBH3CN as
shown in Figure 3. Release of the reaction products under
denaturing conditions reveals formation of a “negative”
copy of the original DNA template. In this method the
chemical connectivity information contained in the DNA se-
quences is copied by template-directed linking, and is an im-
portant step towards replication of DNA nanostructures.


Direct Multicomponent Couplings


The construction of new nanodevices that are non-symmet-
ric and complex in design requires precise control over each
new connection made when building the structure. In this
regard conventional polymer chemistry and supramolecular
chemistry are not useful since these are mainly limited to
the production of polydisperse structures or a single highly
symmetric monodisperse structure. Conventional total syn-
thesis is the best way to make small or medium-sized mole-
cules. But making huge complex molecular structures by tra-


ditional chemistry is very time consuming and extremely ex-
pensive. Thus the major obstacle to success is the need to de-
velop a suitable molecular material with built-in coding features
and the ability to assemble into the desired nanostructures.


In our attempt to find a solution to this basic problem,
DNA-programmed reactions are used to arrange a set of
basic molecular building blocks with the desired functionali-
ty for coupling in a predetermined specific manner.[9] The
strategy outlined in Figure 4, does not require a DNA tem-
plate. Each organic module has two or three built-in DNA
sequences, which contain the information that governs the
template-less assembly of multiple components. Each termi-
nus also has a functional group, which can react covalently
with other modules in the DNA-programmed reaction. In
the absence of DNA, and at higher concentrations, the func-
tional groups can react and eventually lead to polymeri-
zation. In contrast, in the DNA-programmed approach, re-
action takes place only when functional groups are clamped
together by the hybridized DNA sequences in a unique ar-
rangement. In this way a predetermined nanostructure is
formed by multiple parallel DNA-directed couplings. Subse-
quently it is desirable, for example, for scanning probe mi-
croscopy studies, that the DNA sequences are cleaved off
and removed.


Figure 3. Copying of chemical connectivity information in DNA sequences by using a three-armed template.
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Figure 4. Principle of template-less DNA-programmed coupling of multiple modules.


Figure 5. Formation of a) LOMs and b) TOMs from their organic precursors by automated oligonucleotide synthesis. c) DNA-directed manganese-salen
formation.
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To realize this concept we have designed and synthesized
a linear module (LM) and a tripoidal module (TM) as
shown in Figure 5.[11] The backbone of the modules is based
on oligo-
(phenylene ethynylene)s to obtain a rigid, conjugated and
potentially conducting structure. Oligo(phenylene ethyny-
lene)s have previously been extensively studied and utilized
as molecular wires.[47,48] In addition, the modules have pro-
tected salicylaldehyde moieties at each terminus. The salicy-
laldehyde groups are protected because they are incompati-
ble with oligonucleotide synthesis.[23] The LM and TM also
contain amide spacers at each terminus, which will function
as connectors to the oligonucleotide chains. All of the termi-
nal hydroxy groups of the spacer are functionalized with
phosphoramidite, DMTr and Fmoc moieties for application
of the module as a pseudo-nucleotide in automated DNA
synthesis. Via this approach the LM and TMs were built
into DNA sequences by phosphoramidite-based oligonu-
cleotide synthesis to give the linear oligonucleotide-func-
tionalized module (LOM) and the tripoidal oligonucleotide-
functionalized module (TOM). The benzoyl and acetal pro-
tecting groups were subsequently removed under mild con-
ditions.


Coupling of the modules exploits metal–salen formation
as the key reaction for building up multicomponent molecu-
lar structures as shown in Figure 5c.[9] The salicylaldehyde
groups of two modules are brought in close proximity when
their complementary DNA sequences are annealed togeth-
er. This enables us to control coupling of the functional
groups to give a manganese–salen link between two modules
by reaction with ethylenediamine and a manganese salt.
Since this is a pseudo-intramolecular reaction it is considera-
bly faster than the non-directed reaction. No additional
DNA template is needed since the oligonucleotides attached
on either side of the salicylaldehyde groups act as clamps to
hold the organic modules in a predetermined arrangement.
There are several reasons for choosing metal–salen forma-
tion as the key reaction for producing the links between the
individual modules. The manganese–salen formation is a
well-established reaction, which proceeds efficiently in aque-
ous solution.[23] The salen ligand adopts a locked coplanar
geometry by chelating a manganese ion. Substituents attach-
ed to the 5-positions of the two salicylaldehydes are oriented
in an essentially linear fashion. The metal–salen link consti-
tutes a potential conducting junction with the possibility of
varying the central coordinated metal.


The two basic modules can thus be encoded, as described
above, to give a whole arsenal of LOMs and TOMs with dif-
ferent DNA sequences. Combinations of LOMs and TOMs
with the desired encoding enables self-assembly and cova-
lent coupling into predetermined nanostructures as depicted
schematically in Figure 6. The figure shows a selection of
different structures that were synthesized by self-assembly
and coupling of the modules.[9] Couplings involving only
LOMs result in a linear structure (Figure 6a), whereas the
application of TOMs extends this concept into two dimen-
sions. The coupling reactions proceed in parallel, and give


the macromolecular products in good to excellent yields, as
estimated by denaturing polyacrylamide gel electrophoresis
(PAGE). For example, the tetra-TOM product P-T1-
(T3,T3,T2) containing 165-nt is obtained in more than 90 %
conversion.[9] A series of control reactions have shown that,
in the absence of complementary sequences, or in the ab-
sence of ethylenediamine or Mn(OAc)2, only unreacted
monomers are observed by denaturing PAGE. Dimer and
trimer products were characterized by MALDI-TOF MS
and it was found that the melting points of the LOM/LOM,
LOM/TOM or TOM/TOM combinations are increased by
15–30 8C after coupling of the modules.[9]


DNA-directed coupling of non-complementary modules
can be accomplished by the application of an additional
DNA template bridging the pair of oligonucleotides. This is
shown for the coupling of two LOMs in Figure 7.[49] The
DNA template contains 15-nt complementary to b’ in LOM-
1 and 15-nt complementary to c in LOM-3. Spacing between
the b and c’ sequences in the template is not critical for the
reaction to proceed. DNA templates having from one to
four additional thymidines in between the b and c’ sequen-
ces gave similar results. This is an important extension of
our concept as it expands the diversity of assemblies that
can be made from encoded LOMs and TOMs by the simple
addition of a chosen DNA template.


The coupling of encoded modules into defined nanostruc-
tures is not limited to parallel assembly.[49] Figure 8 shows


Figure 6. Representative couplings of LOMs and TOMs performed by
formation of multiple manganese–salen complexes between the modules.
Color code, blue: LOM, red: TOM, green: coupling reagents
(Mn(OAc)2, ethylenediamine). The size of the oligonucleotides (black
curved lines) has been reduced compared to the actual proportions for
clarity.
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how the modules can also be used in a serial assembly of or-
ganic nanostructures. The dimer P-T1-T2 can be formed in
high yield and after its formation it can be linked in a
second step two equivalents of TOM-3 to form the tetramer
P-T1-(T3,T3,T2). The second coupling step is performed
simply by addition of TOM-3 to the reaction mixture. This
demonstrates that the free salicylaldehyde functional groups
of the modules are not blocked in the first step and can be
used in subsequent coupling reactions.


For future applications and studies of the properties of
these nanostructures it is desirable to remove the short
DNA chains attached to each organic module. Introduction
of a cleavable linker into the module further extends the
design possibilities by enabling the removal of the DNA
from an assembled nanostructure. A chemically reducible
disulfide linker was introduced between the organic module
and its oligonucleotide chains (Figure 9).[10] In this new
LOSM (linear oligonucleotide functionalized disulfide
module) species the DNA can be released by treatment
with TCEP (triscarboxyethylphosphine) under mild condi-
tions. DNA-directed coupling by aluminium–salen formation
can be performed efficiently with LOSM modules. After re-
duction, the newly exposed organic backbone sulphydryls


may be used for attachment to a surface, connecting to a
nanodevice, or for the introduction of more functional
groups into the structure.


The LOM and TOM modules described above are molec-
ular building blocks, which can be combined in our bottom
up strategy to form a variety of predetermined structures.
DNA can be applied to direct the assembly and covalent
coupling of multiple organic compounds in parallel with
total specificity. Four modules can be coupled in high yields,
whereas, pentamers and higher order LOM structures form
in lower yields. We believe that it is most likely an adverse
steric effect from sub-optimal packing of the DNA double
helices together. Modification of the organic backbone or
sequential release of the DNA from LOSMs may facilitate
the parallel coupling of much higher numbers of modules.


Summary and Outlook


DNA-directed organic reactions undoubtedly have a promis-
ing future and several applications have been successfully
demonstrated. The low atom economy of DNA-program-
med synthesis imposes some limitations on the method,
since many different oligonucleotides are needed, which are
relatively expensive to obtain in large amounts. The power
of the concept is the unique specificity, control and variety
of transformations, which can only be performed by DNA-
programmed synthesis. For analytical purposes, even minute
amounts can be identified, since amplification of the DNA
by means of PCR and sequencing can reveal the origin and/
or identity of the organic reaction product. The concept can
be applied widely and otherwise incompatible reactions can
be carried out in the same mixture. This feature holds great
potential for extending the chemistry from in vitro experi-
ments to performing encoded reactions in vivo. This would
require the use of stable DNA analogues, which are resist-
ant to DNAses in living cells.


The main focus of this article has been the coupling of
multiple encoded components, which may be the key to
solving one of the greatest challenges of nanotechnology:


Figure 7. a) Templated coupling of LOMs and b) denaturing PAGE.
Lane 1, annealing of LOMs and the template in the absence of coupling
reagents. Lane 2, annealing of LOMs and the template in the presence of
Mn(OAc)2 and ethylenediamine.


Figure 8. Serial coupling of TOMs. Denaturing PAGE analysis: lane 1,
TOM-1 (45-nt); lane 2, P-T1-T2 (75-nt); lane 3, P-T1-(T3,T3,T2) (165-
nt).


Figure 9. DNA-programmed coupling of LOSM modules by aluminium-
salen formation and subsequent release of DNA by reduction with
TCEP. The coupling reagents Al(NO3)3 and ethylenediamine are shown
in orange.
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How to make molecules and/or materials capable of self-as-
sembly into predetermined and stable structures, and extend
the limits that can be reached by conventional synthesis.


The modular approach using encoded LOMs, TOMs and
LOSMs developed in our laboratories is a proof of principle
for a new bottom up chemical strategy. It is obvious that
this concept can be extended to self-assembly of other or-
ganic compounds and perhaps to materials such as carbon
nanotubes. The two-dimensional DNA networks on surfaces,
as reported by LaBean et al.,[35] may also serve as a template
for DNA-directed couplings to construct very large macro-
molecular structures. Integration of single molecules into
molecular circuits is a basic unsolved problem in the emerg-
ing field of nanoelectronics. Since both the conjugated or-
ganic backbones and the metal–salen linkages between the
modules are potential conductors, our method provides an
important step towards the solution of this problem.


In the long term, the DNA-programmed approach may
be the key to create smart functional nanodevices, often re-
ferred to as nanorobots. It is envisioned that this technology
could be used to build predesigned macromolecular ma-
chines, which can perform specific chemical or biochemical
reactions, release drugs or produce electrical signals.
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Controllable Growth of Chains and Grids from Polyoxomolybdate Building
Blocks Linked by Silver(i) Dimers


Hamera Abbas,[a] Alexandra L. Pickering,[a] De-Liang Long,[a] Paul Kçgerler,[b] and
Leroy Cronin*[a]


Introduction


Polyoxometalate-based clusters represent a vast range of
molecules based on aggregates of metal oxides of molybde-
num,[1] vanadium,[1] and even niobium.[2] Their versatile
nature originates from the ability to polymerize metal-based
polyhedra to form a range of clusters with low to high nucle-
arities ranging from 5 to 368 metal atoms in a single mole-
cule.[3] Polyoxometalate (POM) clusters have also been the
subject of an immense number of studies, due to their at-
tractive electronic and molecular properties that give rise to
a variety of applications in many fields including catalysis,[4]


magnetism,[5] medicinal chemistry,[6] and materials science.[7]


Thus research towards understanding and manipulation of
the self-assembly processes that underpin the formation of


POM clusters has to be an attractive route to enable the
design of multifunctional materials, which take advantage of
the unique physical properties associated with such clus-
ters.[8]


However, the most frequently found POM synthesis
methods employ “one-pot” reactions to create structures of
phenomenal diversity and with a wide range of nuclearities,
and thus details on the complex formation mechanisms
remain scarce and,[1,3] as such, the manipulation of some of
the many reaction parameters often represents a straight-
forward, but rather serendipitous, route to new POM archi-
tectures.[1] One potential avenue of investigation that may
allow the design of larger architectures based on clusters
uses POM building blocks as synthons.[9] This is because the
ability to assemble large cluster systems from smaller known
building blocks could be a direct way to systematically con-
trol the overall cluster architecture and properties, and thus
might be the basis to work towards the growth of nanoscop-
ic clusters of predetermined structure and function, a target
that represents a fantastic challenge.


The major problem with this approach lies in establishing
routes to produce reactive building blocks present in so-
lution in significant concentrations and that can be reliably
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E-mail : L.Cronin@chem.gla.ac.uk
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Abstract: Molecular growth processes
utilizing a b-octamolybdate synthon
and {Ag2} dimers are described and the
directing influence of “encapsulating”
cations and coordinating solvent is also
demonstrated. The growth of two 1D
chains, (nBu4N)2n[Ag2Mo8O26]n (1) and
(nBu4N)2n[Ag2Mo8O26(CH3CN)2]n (2),
is achieved when nBu4N


+ ions are
used, and the diameter of the chains
can be expanded by the coordination
of CH3CN solvent (2). The formation
of a type of gridlike structure in which
1D chains are crossed-over each other
in alternatively packed layers is ach-


ieved in DMSO as the solvent; DMSO
acts as a linking group to give
(nBu4N)2n[Ag2Mo8O26(dmso)2]n (3),
which, similar to 1 and 2, still incorpo-
rates the Bu4N


+ ions that exert an “en-
capsulating” influence. However, in
(HDMF)n[Ag3(Mo8O26)(dmf)4]n (4) the
relatively bulky Bu4N


+ ions are ex-
changed for protonated DMF cations,
thereby allowing the chains to con-


dense to a 2D array. The building
block concept is further enforced by
the isolation of a “monomeric” unit
(Ph4P)2[Ag2Mo8O26(dmso)4] (5), which
is isolated when the Ph4P


+ ions are so
“encapsulating” as to prevent aggrega-
tion of the {Ag-Mo8-Ag} building
blocks. The nature of the Ag···Ag
dimers in each of the compounds 1–4 is
examined by DFT calculations and the
interplay between these Ag–Ag inter-
actions and the structure types is de-
scribed.


Keywords: density functional calcu-
lations · molybdenum · polyoxome-
talates · self-assembly · silver
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utilized in the formation of larger architectures without re-
organizing to other unknown fragments. Access to such
building blocks has been the major limitation in stepwise
growth of Mo-based POM clusters relative to the more ki-
netically inert W-based clusters, which have shown a degree
of control; this is illustrated by the isolation of a {W148} clus-
ter, which is a dodecamer of {XW9} units and four {W5}
building blocks connected by lanthanide ions.[10] Such limita-
tions may be circumvented by adopting an approach that ki-
netically stabilizes the building block in solution, thereby ef-
fectively preventing its reorganization to other structure
types.


Whilst developing strategies towards this goal, we recently
reported a new family of polyoxomolybdates[11] based on the
[H2Mo16O52]


10� framework, which appears to achieve the
first part of this goal, and allows the isolation of a new struc-
ture type by virtue of the cations used to “encapsulate” this
unit, thereby limiting its reorganization to a simpler struc-
ture. Furthermore the building block character of this anion
is demonstrated when electrophilic transition-metal ions
M2+ (M =Fe, Mn, Co) are added to solutions of this cluster,
resulting in [H2Mo16M2O52]


6� species that can undergo fur-
ther condensation reactions. These clusters were trapped by
bulky organic cations during the self-assembly process and
they appear to restrain the clusters from reorganizing into
other well-known structure types. As an extension to this we
have also trapped a family of sulfite-based Dawson-type
mixed-valence polyoxomolybdates [Mo18O54(SO3)2]


n� that
possess unusual electronic properties and display unusual
S···S interactions between the lone pairs of the two sulfite
anions inside the cluster.[12] Thus, the use of bulky organic
cations in the formation of Mo-based POMs appears to re-
strict aggregation to the more highly symmetrical clusters,
allowing a fundamentally more diverse set of clusters and
cluster-based building blocks to be isolated that display un-
precedented structural[11] or physical[12] features.


Here we report the successful extension of this “shrink-
wrapping” strategy to the assembly of a diverse range of
novel polymeric architectures based on the well-known b-
octamolybdate b-[MoVI


8O26]
4� ion linked through coordina-


tion to electrophilic silver(i) ions. As such, these complexes
represent rare examples of Ag-substituted POMs,[13] and the
use of such linkers to generate a family of polymeric poly-
oxomolybdate architectures is unprecedented. Further, the
organic cations strongly influence the reactions by providing
different degrees of encapsulation of the emerging inorganic
polymer chains.


Results and Discussion


The dramatic effect of the use of encapsulating cations, here
the tetra-n-butylammonium ion (nBu4N


+), is demonstrated
by the reaction of (nBu4N)2[Mo6O19] with silver(i) fluoride
in methanol; this reaction ultimately results in the formation
of a unique one-dimensional chain structure of the composi-
tion:


ðnBu4NÞ2n½Ag2Mo8O26�n 1


In compound 1, the flexible nBu4N
+ ions nearly com-


pletely wrap around the linear chain of linked [AgIMo
VI


8O26AgI]2� units, see Figure 1. In the solid state[14] (see
Table 1 for crystallographic data), these strands are packed
to a network of collinear, organic “tunnels” that accommo-
date the polymeric {Ag2Mo8}n (1 a) anions. Within 1 a, each
rhombohedral b-octamolybdate fragment, which consists of
eight distorted, edge-sharing MoO6 octahedra,[15] contains
fourteen terminal Mo=O groups. Eight of these form square
O4 arrangements (O···O =3.013–3.157 �) that represent pre-
ferred, multidentate coordination sites for electrophilic
metal centers. In 1 a, all octamolybdate fragments are identi-


Table 1. Crystallographic data for complexes 1–5.


1 2 3 4 5


empirical formula C32H72Ag2Mo8N2O26 C36H78Ag2Mo8N4O26 C36H84Ag2Mo8N2O28S2 C15H36Ag3Mo8N5O31 C56H64Ag2Mo8O30P2S4


Mr [gmol�1] 1884.18 1966.28 2040.43 1873.62 2390.51
crystal system monoclinic monoclinic triclinic triclinic triclinic
space group P21/c P21/n P1̄ P1̄ P1̄
a [�] 9.7341(1) 10.4827(3) 12.9182(2) 9.9458(4) 11.2695(2)
b [�] 15.9359(4) 16.6484(4) 14.5922(3) 10.8856(3) 13.0331(2)
c [�] 17.5362(4) 16.8280(4) 16.9871(3) 11.7553(5) 14.0347(2)
a [8] 90 90 76.988(1) 62.938(2) 92.615(1)
b [8] 94.0421(11) 93.144(1) 86.366(1) 73.481(2) 98.527(1)
g [8] 90 90 83.784(1) 83.657(2) 114.193(1)
1cald [g cm�3] 2.306 2.227 2.187 2.864 2.150
V [�3] 2713.45(10) 2932.41(13) 3099.07(10) 1086.31(7) 1846.55(5)
Z 2 2 2 1 1
m(MoKa) [mm�1] 2.556 2.381 2.323 3.644 2.065
T [K] 150(2) 150(2) 120(2) 150(2) 150(2)
reflns measured 44 448 22362 49 689 15718 27 303
independent reflns 7937 5754 12 158 4260 7255
observed reflns 7018 4829 10 878 3774 6755
parameters 316 345 746 290 461
R1 (I>2s(i) 0.0235 0.0258 0.0289 0.0209 0.0233
wR2 (all data) 0.0556 0.0546 0.0698 0.0468 0.0595
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cally oriented, whereby all O4 groups are coplanar, face
each other and are linked through two silver(i) centers.
Each silver(i) center coordinates to two oxo positions of
each O4 group to form a virtually planar O2AgO2 bridging
group, see Table 2. The Ag�O distances range from
2.2704(17) to 2.4143(15) �, the O-Ag-O angles from
81.18(5) to 99.025(5)8. Interestingly, this silver(i) coordina-
tion mode results in close Ag–Ag contacts (2.8531(4) �)
that are shorter than metallic Ag···Ag distances, which sug-
gests significant silver(i)–silver(i) interactions.[16] The nature
of the {Ag2} linker groups and the Ag coordination environ-
ments, however, were found to depend on the reaction con-
ditions, which suggests that the precursors in the reaction so-
lution are not individual {Ag2} and {Mo8} groups but, most
probably, {Ag(Mo8)Ag}-type synthons.


Furthermore, the mode in which the {Ag(Mo8)Ag}-type
“units” assemble to create the overall solid-state architec-
ture was also found to be critically dependent on the reac-
tion conditions. This is illustrated by the growth of radically
different architectures, incorporating the same {Ag(Mo8)Ag}
building block; modifications to the organic cation and sol-
vent systems resulted in the isolation of polymeric com-
pounds 2–4 :


ðnBu4NÞ2n½Ag2Mo8O26ðCH3CNÞ2�n 2


ðnBu4NÞ2n½Ag2Mo8O26ðdmsoÞ2�n 3


ðHDMFÞn½Ag3ðMo8O26ÞðdmfÞ4�n 4


Compounds 2–4 are analogues of 1 as they are based on
linear chains of {Ag(Mo8)Ag} building blocks, and the for-
mation of compounds 2 and 3 again is facilitated by the
“shrink-wrapping” ability of the flexible nBu4N


+ ion. Addi-
tional ligands (2 : acetonitrile, 3 : dimethylsulfoxide, 4 : N,N-
dimethylformamide) are found to coordinate to all silver(i)
centers in compounds 2–4. In 2, the {Ag2} bridging groups in
the {Ag(Mo8)Ag}n array are characterized by a shift in the
Ag centers (relative to the situation found in 1) so that each
silver(i) ion has a terminal acetonitrile ligand and now caps
one {Mo8}-O4 group, that is, is coordinated in a tetradentate


fashion, and is linked to the neighboring {Mo8} fragment
through one oxo position of the adjacent O4 group, see
Table 2. The nBu4N


+ counterions, although still surrounding
the anionic polymer, are slightly displaced from the polymer
(i.e., the channels incorporating the cluster strands in 2 are
about 1.82 � wider than in 1 due to the steric requirements
of the acetonitrile ligands), see Figure 2.


Compound 3 is of special interest as it contains two types
(a and b) of {Ag(Mo8)Ag}n chains with different {Ag2} link-
ing groups that cross-over in alternatively packed layers,
whereby the angle between the chains of neighboring layers
equates to approximately 868, see Figure 3. In both types of
chains the Ag positions do not directly bridge the {Mo8}
groups, but each Ag center is coordinated to only one {Mo8}
group. Neighboring Ag centers are then linked through two
dimethylsulfoxide ligands to form (O4)Ag(m2-dmso)2Ag(O4)
bridges between the adjoining {Mo8} fragments. The two
chain types differ in the bridging mode of the DMSO li-
gands: In the {Ag2} linker groups of a-type chains, both Ag
positions coordinate to the m-oxo centers of the DMSO mol-
ecules. The Ag-m-O(SC2H6) distances are nearly equivalent
(2.367/2.494 �), resulting in an Ag···Ag distance of
3.8899(6) �. In the b-type chains, the Ag···Ag distance is
widened to 4.848(6) � due to the bidentate bridging mode
of the two DMSO-kO,kS molecules through both their
oxygen and sulfur positions. In addition, while in a-type
chains the Ag positions cap all four oxo positions of an O4


group, the Ag centers in b-type chains coordinate to only
two of the four oxo positions, see Table 2.


If the steric shielding ability of the “shrink-wrapping” or-
ganic cations is reduced, this “insulation” can partly be dis-
rupted and the electrophilic polyoxomolybdate chains can
be interlinked, illustrating the versatility of the “shrink-
wrapping” concept as a strategy to new cluster-based net-
works. When for example, the nBu4N


+ ions in the reaction
system are replaced with less bulky tetra-n-propylammoni-
um (nPr4N


+) ions, compound 4 with a planar infinite grid


Figure 2. Space-filling packing representations, seen along the directions
of the polymers, comparing the structures of compounds 1 and 2 and
demonstrating the growth of the {Ag(Mo8)Ag} unit to one-dimensional 1
and 2. Stick representations of each 1D chain are shown below in perpen-
dicular views (Mo: purple, O: red, Ag: gray, C: black, N: blue, H: white).


Figure 1. Space-filling representations of segments of the crystal structure
of 1 containing the {Ag(Mo8)Ag} building block showing the growth of
the structure into linear chains “shrink-wrapped” by the organic nBu4N


+


ions and the arrangement of the packed array of these chains (Mo:
purple, O: red, Ag: gray, C: black, H: white). An SEM image of micro-
crystals of 1 is shown on the right with the crystallographic a axis parallel
to the direction of the molecular chains.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1071 – 10781074


L. Cronin et al.



www.chemeurj.org





structure of {Ag(Mo8)Ag}n strands results in the presence of
N,N-dimethylformamide. In this case the employed nPr4N


+


ions are not incorporated into the compound, but are re-
placed by protonated DMF (HDMF+) ions and additional
silver(i) ions. Here, neighboring {Mo8} fragments in each
strand are linked by two Ag(dmf) groups that each bridge
two oxo positions of an {Mo8}-O4 group, and in total connect
two {Mo8}-O4 groups. Therefore each set of two oxo posi-
tions from the O4 of neighboring {Mo8}-O4 groups together
form two virtually planar {O2AgO2} bridging motifs similar
to that in 1, but resulting in a slightly larger Ag···Ag distance
of 3.1475(6) �, see Table 2. Due to the absence of “shrink-
wrapping” nBu4N


+ ions, additional [Ag(dmf)2]
+ ions now


coordinate to terminal Mo=O groups perpendicular to the
chain direction and interlink neighboring Y chains (closest
interchain distance: 7.279 �) through {Mo8}-(O)2-Ag(dmf)2-
(O)2-{Mo8} bridging motifs to form a planar 2D grid of par-
allel chains, see Figure 3.


Finally, the {Ag[Mo8O26]Ag} building block has been iso-
lated by utilizing rigid, bulky tetraphenylphosphonium
(Ph4P


+) ions that cannot facilitate chain growth by “shrink-
wrapping” or adapting their conformation to promote {Ag-
(Mo8)Ag}n chain formation. In this case compound 5 is
formed, which is composed of “monomeric” {Ag(Mo8)Ag}
anions, see Figure 4.


ðPh4PÞ2½Ag2Mo8O26ðdmsoÞ4� 5


The Ag centers here cap the
two square O4 faces of the b-
[Mo8O26]


4� ion; the coordina-
tion environment of each Ag
center is completed by the oxo
positions of two terminal
DMSO ligands (O-Ag-O angles
ranging from 76.99(6) to
155.52(7)8, Ag�O distances
from 2.355(2) to 2.624(2) �).
The isolation of molecular units
in the crystal structure of 5 fur-
ther emphasizes the crucial role
of the nBu4N


+ counterions in
the formation of discrete infin-
ite chains observed in 1–3.


The molecular growth of the
network architectures through
the connection of b-{Mo8}-
based building blocks by sil-
ver(i) ions in the series 1–4 co-
incides with a gradual evolution
of coordination modes of the
silver(i) centers with respect to
the relevant oxo ligands of the
adjoined {Mo8} fragments, ex-
emplified by the shortening of
the Ag···Ag distances within the
{Ag2} linker groups from


4.848(6) � in 3 to 2.8531(4) � in 1. To probe the nature of
the Ag···Ag contacts, comparative density functional theory
(DFT) calculations were performed,[15] the results of which
indicate a significant bonding interaction between the Ag
centers. Within the geometric boundaries of the series 1–4,
both the Mulliken overlap integrals and the atomic partial
charges are primarily correlated with the coordination envi-
ronment of the individual Ag positions and, to a lesser
degree, the Ag···Ag distance. These parameters are summar-
ized with the geometrical parameters of the Ag coordination
environments in Table 2. In a first approximation, the find-
ings can be explained by using a simple (electrostatic) crys-
tal field model, according to which Ag(4d) electron density
is repelled by the surrounding electronegative ligand posi-
tions and is stabilized between the Ag centers if significant
Ag(4d)–Ag(4d) overlap is achieved; the partial atomic net
charge correspondingly decreases with an increase in bond-
ing overlap. Hence, the maximal Ag–Ag overlap and the
minimal partial charges for Ag are observed for 4, in which
the Ag positions are ligated by {Mo8}-oxo groups in a nearly
square-planar geometry.


The coordination is completed by an apical DMF ligand
that is trans-oriented to the neighboring Ag position
(g(O(dmf)-Ag-Ag)=1548). Despite a shorter Ag···Ag con-
tact and slightly lower average Ag�O({Mo8}) distances, the


Table 2. Theoretical data for complexes 1–4.[a]


4 1 2 3


coordination
environment
of {Ag2}


[b]


Ag�O({Mo8})
[average, �]


2.413(3) 2.343(2)[c] 2.536(2) a: 2.555(3)
b: 2.375(3)


Ag···Ag [�] 3.1475(6) 2.8531(4) 3.4543(6) a: 3.8899(6)
b: 4.848(6)


Ag�L [�] 2.442(3)[d] – 2.236(3)[e] a: 2.366(3)/2.495(3) [O]
b: 2.462(3) [S]/2.514(2) [O][f]


partial Ag charge 0.123 0.144 0.089 a: 0.080, b: �0.03[g]


Ag–Ag Mulliken
overlap popula-
tion


0.296 0.203 0.049 a: 0.046, b: 0.020


{Mo8}···{Mo8}
[�][h]


6.835 6.644 7.509 a: 9.976, b: 11.612


[a] Comparison of the local Ag coordination environments in 1–4 and selected geometrical and electronic pa-
rameters. [b] Mo: purple, Ag: gray, O: red, C: black, H: white, N: blue, S: yellow. Ag-O contacts <3.0 � are
shown. Ag···Ag contacts (< 4.0 �) are represented by dotted gray lines. [c] Based on equatorial Ag�O bonds;
the average including the long Ag�O bonds (2.835 and 2.913 �) increases the average to 2.511 �. [d] L=


DMF. [e] L= MeCN. [f] L=DMSO. [g] Using the same basis sets and functionals, this net charge falls in the
typical range (0.01 to �0.04) for discrete Ag+ complexes of oxo ligands, for example, the Ag+ positions in 5.
[h] Closest intrachain Mo···Mo distances between neighboring {Mo8} groups.
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Ag–Ag overlap is smaller for 1 due to the relative close dis-
tance of each Ag position to two oxo ligands of the neigh-
boring Ag center (2.84 and 2.91 �, respectively) and due to


the absence of a terminal ligand. In 2 the Ag–Ag overlap is
further decreased, as the average Ag�O({Mo8} and the
Ag···Ag distances widen. For 3 the Ag–Ag overlap and espe-
cially the partial charges decrease for both types of chains,
most probably as a result of the large increase in the
Ag···Ag distance.


Conclusion


This work demonstrates a strategy to control the molecular
growth processes from {Ag(Mo8)Ag}2� building blocks to
linear molecular chains and grids, in which the choice of
cation and solvent represents a crucial factor: the formation
of the one-dimensional structures is directed by the flexible
“shrink-wrapping” nBu4N


+ ion, whereas the larger, more
rigid Ph4P


+ ion along with capping DMSO ligands precludes
the polymerization of the molecular building blocks. The
smaller nPr4N


+ ion is replaced by additional silver(i) ions
that are coordinated by the oxygen atoms located along the
side of the cluster to link the polymer chains to a two-di-
mensional silver(i) coordination network. The gradual short-
ening of Ag···Ag distances from 4.848(6) and 3.8899(6) in 3,
3.4543(6) in 2, 3.1475(6) in 4, and 2.8531(4) � in 1 are
caused by a gradual alignment of the {Ag(Mo8)Ag} building
blocks and a concurrent change in electronic Ag–Ag inter-
actions. Furthermore it is interesting that the [Mo6O19]


2� ion
can be used to reliably produce the b-[MoVI


8O26]
4� synthon


in solution, thereby allowing the development of a building


Figure 3. Left: CPK representation of a section of the layered grid structure of 3 based on two types (a and b) of linear {Ag(Mo8)Ag}¥ chains. Two neigh-
boring b-type chains of a central layer are shown sandwiched between two a-type chains of adjoining layers (as shown in the simplified scheme). To the
right, the differences between the bridging {Ag2} groups (encircled) are emphasized. Right: Ball-and-stick representation of a section of the two-dimen-
sional network 4 showing two connected strands X and Y (the arrows show the direction of the strands and strand X is shown isolated below for clarity).
Above, parts of two {Ag(Mo8)Ag}n chains are shown together with the Ag positions (dark gray) that coordinate to side-positioned terminal oxo positions
of the {Mo8} fragments thus link the chains together. Below, the same section seen along the crystallographic a axis, illustrating the spatial arrangement
of the DMF ligands. H positions are omitted (Mo: purple, O: red, Ag: gray, C: black, H: white, N: blue, S: yellow).


Figure 4. Representation of the structure of 5 shown in stick and space
filling format (faded from center to the outside for clarity). The [Ag2-
Mo8O26(DMSO)4]


2� cluster building block is shown surrounded by Ph4P
+


ions which effectively isolate the whole cluster unit. (Mo: purple, Ag:
gray, O: red, S: yellow, C: black, H: white).
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block strategy for the growth of architectures utilizing
{Ag(Mo8)Ag} building blocks.[17] Thus, these reactions repre-
sent examples for the control of the self-assembly processes
of functional materials, which is of great interest in many
areas of chemistry. Given the versatile electronic properties
of POMs, these processes might become relevant for the
production of spacers of specific dimensionality for use as a
skeleton for conducting interconnectors in nanoscale elec-
tronic devices, or as e�-beam resists. Future work will there-
fore concentrate on extending this molecular growth strat-
egy to other POM-based structures, and to investigate their
physical properties for potential applications.


Experimental Section


(Bu4N)2[Ag2Mo8O26] (1): Silver(i) fluoride (28 mg, 0.22 mmol) in metha-
nol (3 mL) was added to a solution of (Bu4N)2[Mo6O19] (150 mg,
0.11 mmol) in acetonitrile (4 mL). Filtration of the cloudy solution and
diffusion of diethyl ether yielded colorless rectangular crystals over
2 days. Yield: 107 mg (0.057 mmol, 68%); elemental analysis calcd (%)
for C32H72Ag2Mo8N2O26: C 20.39, H 3.85, N 1.48; found: C 20.53, H 3.78,
N 1.53; IR (KBr): ñ=2960 (w), 2873 (w), 1481 (m), 1376 (w), 1153 (w),
1106 (w), 1025 (m), 952 (s), 921 (s), 890 (s), 8676 (s), 817 (s), 705 (s),
647 cm�1 (m).


(Bu4N)2[Ag2Mo8O26(CH3CN)2] (2): Silver(i) nitrate (19 mg, 0.11 mmol) in
water (1 mL) was added to a solution of (Bu4N)2[Mo6O19] (75 mg,
0.055 mmol) in acetonitrile (5 mL) with trihydroxymethylaminomethane
(13 mg, 0.11 mmol) and stirred for 4 h at room temperature. Filtration
yielded a clear colorless solution from which colorless block crystals were
obtained by evaporation over 24 h. Yield: 38 mg (0.019 mmol, 47%); ele-
mental analysis for C36H78Ag2Mo8N4O26 showed decomposition to com-
pound 1; IR (KBr): ñ =3433 (w), 2959 (s), 2872 (m), 1481 (s), 1378 (m),
870 (s), 821 cm�1 (s).


(Bu4N)2[Ag2(Mo8O26)((CH3)2SO)2] (3): Silver(i) fluoride (3 mg,
0.024 mmol) in methanol (1 mL) was added dropwise to a solution of
(Bu4N)2[Mo6O19] (75 mg, 0.055 mmol) in DMSO (3 mL) and stirred for
5 h at RT. Colorless block single crystals were obtained by diffusion of
ethanol into the clear yellow solution over two weeks. Yield: 10 mg
(0.005 mmol, 12 %); elemental analysis calcd (%) for C36H84Ag2-
Mo8N2O28S2: C 21.19, H 4.15, N 1.37; found: C 21.34, H 4.05, N 1.46; IR
(KBr): ñ =3435 (m), 2961 (s), 2872 (s), 1633 (w), 1480 (s), 1378 (m), 1151
(w), 1003 (m), 943 (s), 835 cm�1 (s).


(C3H8NO)[Ag3(Mo8O26)(C3H7NO)4] (4): Silver(i) nitrate (22 mg,
0.13 mmol) in methanol (3 mL) was added to a solution of
(Pr4N)2[Mo6O19] (80 mg, 0.063 mmol) in DMF (6 mL) and stirred for 24 h
at RT. Filtration yielded a clear yellow solution, from which colorless
block crystals were obtained by diffusion of acetone over three weeks.
Yield: 6 mg (0.003 mmol, 7%); elemental analysis calcd (%) for
C15H36Ag3Mo8N5O31: C 9.62, H 1.94, N 3.74; found: C 9.84, H 2.00, N
3.28; IR (KBr): ñ =3427 (m), 2924 (m), 1648 (s), 1413 (w), 1382 (m),
1254 (w), 1101 (m), 942 (s), 902 (s), 841 cm�1 (m).


(Ph4P)2[Ag2Mo8O26((CH3)2SO)4] (5): Silver(i) nitrate (22 mg, 0.13 mmol)
in methanol (2 mL) was added to a solution of (Ph4P)2[Mo6O19] (100 mg,
0.06 mmol) in DMSO (5 mL) and stirred for 24 h at room temperature.
Filtration yielded a clear, pale yellow solution, from which colorless
block crystals were obtained by diffusion of diethyl ether over five days.
Yield: 10 mg (0.004 mmol, 9%); elemental analysis calcd (%) for
C56H64Ag2Mo8O30P2S4: C 28.13, H 2.69; found: C 28.13, H 2.59; IR
(KBr): ñ =3058 (w), 3014 (w), 1714 (m), 1481 (m), 1431 (s), 1402 (m),
1309 (m), 1166 (m), 1106 (s), 1012 (s), 933 (s), 910 (s), 887 (s), 831 (s),
759 cm�1 (m).


X-ray crystallographic studies of the complexes: Data were measured at
150(2) K on a Nonius KappaCCD diffractometer (l(MoKa)=0.71073 �),


graphite monochromator. Structure solution was performed with the pro-
gram SHELXS-97 and refinement with SHELXL-97.[18] CCDC-248992–
248996 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Scanning electron microscope (SEM) measurements : Crystals of 1 were
placed onto a copper substrate, and the sample was coated with gold.
The SEM images were obtained by using a field emission SEM (JEOL,
JSM-6400) operated at an acceleration voltage of 10 kV.


Computational studies : Density functional theory calculations (including
Lçwdin and Mulliken population analysis) were performed using the
TURBOMOLE 5.6 package[19] and required TZVP basis sets and B3-
LYP hybrid functionals. Representative sections of the crystallographic
coordinates were relaxed to converge, whereby maximal atomic shifts of
0.05 � were observed.
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Gold Liquid Crystals Displaying Luminescence in the Mesophase and Short
F···F Interactions in the Solid State


Rocio Bay�n, Silverio Coco, and Pablo Espinet*[a]


Introduction


Technologies based on luminescence require new materials
integrating other physical properties. A representative case
is luminescent liquid crystals, in which emission properties
are combined with supramolecular organization and fluidity
in the mesophase. A number of organic mesogenic deriva-
tives have been reported to display intrinsic (that is, in the
absence of other additives) luminescent properties in so-
lution, in the microcrystalline solid state, or in thin glass
films obtained by cooling the corresponding mesophase.[1]


However, organic liquid crystals that display intrinsic lumi-
nescence in the mesogenic state are very scarce.[2] On the
other hand, many metal complexes are strongly luminescent,
but the metallomesogens reported to display photolumines-
cence in the solid state or in solution are just a few lantha-
nide derivatives and palladium complexes.[3–5] Only recently
have lanthanide-based metallomesogens luminescent in the
mesophase been reported.[6]


Gold(i) complexes frequently possess luminescence, espe-
cially in condensed phases at low temperatures; this lumi-
nescence is often attributed to the existence of Au···Au in-


teractions.[7] Some of these complexes are halogold(i) isocya-
nide derivatives,[8,9] and mesomorphic gold(i) isocyanide
complexes [AuX(C�NR)] (X= anionic ligand) have also
been reported.[10–12] It has been suggested (but not proven)
that the formation of liquid-crystalline phases in the latter
group of complexes is also helped by the presence of weak
intermolecular Au···Au interactions,[10] which might be partly
responsible for the higher stability of mesophases in gold
mesogens, relative to other metals of the group.[13] Lumines-
cent gold complexes containing the perfluorophenyl group
are also reported to produce organometallic gold complexes
with higher than average thermal stability.[14] On these
grounds, we decided to synthesize and study tetrafluoro-
phenyl gold(i) isocyanide complexes, [Au(C6F4OCmH2m+ 1)-
(C�NC6H4C6H4OCnH2n+ 1)], hoping that they would be
mesogens, which would enable the study of the type of inter-
molecular interactions present in the system and the possi-
ble influence of these interactions on the complex proper-
ties. Fortunately, this family of complexes afforded examples
of metallomesogens displaying good mesophase stabilization
and strong photoluminescence in the mesophase, as well as
in the solid state and in solution. These properties are not
associated with gold–gold interactions, which are absent. Re-
markably short intermolecular F···F interactions are ob-
served for the complex studied by X-ray diffraction in the
solid state.


[a] Dr. R. Bay�n, Dr. S. Coco, Prof. Dr. P. Espinet
Qu�mica Inorg�nica, Facultad de Ciencias
Universidad de Valladolid, 47005 Valladolid (Spain)
Fax: (+34) 983-423013
E-mail : espinet@qi.uva.es


Abstract: Rodlike gold(i) complexes,
[Au(C6F4OCmH2m +1)(C�NC6H4C6H4O-
CnH2n+1)] (m =2, n=4, 10; m= 6, n=


10; m=10, n=6, 10), display interest-
ing features. They are liquid crystals
and show photoluminescence in the
mesophase, as well as in the solid state
and in solution. The single-crystal, X-
ray diffraction structure of [Au(C6-


F4OC2H5)(C�NC6H4C6H4OC4H9)] con-
firms its rodlike structure, with a linear


coordination around the gold atom,
and reveals the absence of any Au···Au
interactions (such interactions are
often present in luminescent gold com-
plexes). Well-defined, intermolecular


Fortho···Fmeta interactions, with remarka-
bly short intermolecular F···F distances
(2.66 �), are observed; these interac-
tions seem to be responsible for the
crystal packing, which consists of an
antiparallel arrangement of molecules.
Experiments under different conditions
support the explanation that the photo-
luminescence has an intramolecular
origin.


Keywords: crystal engineering ·
fluorinated ligands · gold · isocya-
nide ligands · liquid crystals ·
luminescence


Chem. Eur. J. 2005, 11, 1079 – 1085 DOI: 10.1002/chem.200400829 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1079


FULL PAPER







Results and Discussion


Synthesis and characterization : The gold(i) isocyanide com-
plexes were prepared according to Scheme 1[12,15] and isolat-
ed as white solids, which were fully characterized. Elemental


analyses, yields, and relevant IR data of the complexes are
given in the Experimental Section. All of the IR spectra are
similar and show one n(C�N) absorption for the isocyanide
group at wavenumbers about 90 cm�1 higher than for the
corresponding free isocyanide.[12]


The 1H NMR (300 MHz)
spectra of the gold(i) isocyanide
complexes prepared are also
very similar, showing four
somewhat distorted “doublets”
for the biphenyl group (strictly
two AA’XX’ spin systems), as
reported for similar gold(i) iso-
cyanide complexes.[11,12] In addi-
tion, two triplets (quartets for
the ethoxy groups) are ob-
served at around d=4.1 and
3.9 ppm, corresponding to the
first methylene group of
the C6F4OCmH2m+ 1 and
C6H4C6H4OCnH2n+1 groups, re-
spectively. The remaining chain
hydrogen atoms appear in the
range 0.8–1.8 ppm. The
19F NMR spectra of these com-
plexes show two somewhat dis-
torted “doublets” flanked by
two pseudotriplets, correspond-
ing to an AA’XX’ spin system
with JAA’�JXX’. The signals as-
signed to Fortho and Fmeta (reference CFCl3) appear at about
�118 and �157 ppm, respectively, with values of N (N=


JAX + JAX’) in the range 18–19.7 Hz.
The electronic spectra of the free isocyanides and their


corresponding tetrafluorophenylgold(i) isocyanide com-


plexes are summarized in Table 1. They show two strong
UV absorptions assigned to phenyl-localized p–p* transi-
tions. The stronger absorption, assigned to a p–p* transition
in the biphenyl system (K band), undergoes a noticeable
bathochromic shift upon complexation of the isocyanide


ligand to the gold atom. A similar effect was observed for
[AuX(C�NC6H4C6H4OC10H21)] (X= Cl, Br, I).[11]


The molecular structure of [Au(C6F4C6H4OC2H5)(C�
NC6H4C6H4OC4H9)] was determined by single-crystal X-ray
diffraction methods (Figure 1). The data collection and re-
finement parameters are detailed in the Experimental Sec-


tion. The compound crystallizes in the triclinic space group
P1̄, with two formula units per unit cell. The gold atom is
linearly coordinated by the isocyanide and tetrafluorophenyl
groups. The bond angle C(1)-Au-C(31) is 176.48, and the
bond lengths fall within normal ranges. The dihedral angle


Scheme 1. Preparation of gold(i) isocyanide complexes (tht= tetrahydro-
thiophene).


Table 1. UV/Vis data for the free ligands and the complexes [Au-
(C6F4OCmH2m+1)(C6H4C6H4OCnH2n+1)].[a]


m n l [nm] (e [dm3 mol�1 cm�1])


4[b] 229 (11 392) 288 (23 119)
6[b] 231 (8508) 283 (19 950)


10[b] 229 (7243) 289 (14 870)
2[c] 230 (1043) 262 (456)
6[c] 230 (1265) 262 (601)


10[c] 232 (952) 262 (609)
2 4 231 (28 436) 311 (38 528)
2 10 236 (11 839) 305 (16 191)
6 10 235 (29 500) 308 (43 043)


10 6 236 (20 571) 310 (29 160)
10 10 234 (17 025) 311 (22 899)


[a] In CH2Cl2. [b] Free isocyanide ligand. [c] HC6F4OCmH2m+1 group.


Figure 1. The crystal structure of [Au(C6F4C6H4OC2H5)(C�NC6H4C6H4OC4H9)] (top) and a crystal-packing
representation (bottom) showing some of its intermolecular features.
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between the two phenyl rings of the biphenylisocyanide
system is 38.28. The butoxy chain is extended, and the mole-
cule takes a rodlike shape. The crystal packing of the com-
plex shows an arrangement of molecules in pairs of antipar-
allel corrugated layers (Figure 1 bottom and Figure 2).


Within each layer, the molecules are parallel to each
other and connected by short Fortho···Fmeta intermolecular dis-
tances (2.66 �) to their neighbors. Each molecule uses one
Fortho and one Fmeta atom for these connections. If we consid-
ered these connections as giving rise to a polymer, each
layer could be described as a zig-zag perfluoroaryl comb
“polymer”, with the entire length of each gold complex
hanging from the zig-zag chain and lying parallel to each
other (Figure 2b). The shortest Au–Au intermolecular dis-
tance observed is 4.30 �. This safely excludes the existence
of any Au···Au interactions and corresponds to gold atoms
in neighboring layers, not in the same layer.[16] Thus, the
short intermolecular F···F distances are consistent with inter-


molecular F···F interactions and appear to be an influencing
factor on the packing motif observed. Although the nature
and the exact structural role of F···F interactions is not well
understood yet, recent literature has provided evidence that
these fluorine-based interactions, in the absence of any
other significant intermolecular interactions, provide the sta-
bility to form molecular assemblies.[17,18] A search in the
Cambridge Crystallographic Database for intermolecular
Fortho···Fmeta distances below 3.0 � in fluoroaryl metal com-
plexes yielded 147 matches. Out of these, 26 corresponded
to gold complexes, the shortest distance being 2.76 �.[14] The
influence of these fluorine-based interactions has passed un-
noticed in the original literature, in which these structures
were reported, but it seems to be a relevant, noncasual
phenomenon to be taken into account in crystal engineering.
The structure reported here possesses the shortest
Fortho···Fmeta distance observed so far (2.66 �), and this
interaction seems to make an important contribution to the
intermolecular arrangement observed in the solid.


Mesomorphic behavior: All the compounds reported here
are mesomorphic. Their optical, thermal, and thermodynam-
ic data are presented in Table 2. The increase in total chain


length (m+ n) initially causes a decrease in the range of
nematic phase as well as an increase in the range of smectic-
A (SmA) phase, but for longer alkoxy chain lengths a de-
crease in SmA range is produced, together with an increase
in smectic-C (SmC) range.


The SmA mesophases, with their typical focal-conic fan
textures on cooling from the nematic or isotropic phases,
were identified by means of optical microscopy (Figure 3a).
The nematic phases display the schlieren texture, showing
singularities with two and four associated brushes (Fig-
ure 3b). The SmC mesophases show the typical broken


Figure 2. Two schematic views of the crystal packing in [Au(C6F4-
C6H4OC2H5)(C�NC6H4C6H4OC4H9)]. a) View parallel to the director
(long axis) of the molecules, showing the F–F contacts (short dashes),
which define the corrugated layers, and the Au–Au distances (long
dashes) between gold atoms in neighboring layers. b) View perpendicular
to the director of the molecules again showing the F–F contacts and the
Au–Au distances.


Table 2. Optical, thermal, and thermodynamic data of the complexes
[Au(C6F4OCmH2m+1)(CNC6H4C6H4OCnH2n+1)].


m n Transition[a] Temperature[b] [8C] DH[b] [kJ mol�1]


2 4 C!C’ 75.1 1.5
C’!SmA 108.3 20.9
SmA!N 177[c]


N!I 233.5 1.5
2 10 C!C’ 65.7 1.1


C’!SmA 81.7 30.4
SmA!I 207.8 4.9


6 10 C!SmC 49.9 22.8
SmC!I 209.3 5.9


10 6 C!SmC 55.4 23.5
SmC!SmA 114[c]


SmA!I 205.3 5.5
10 10 C!SmC 53.4 32.2


SmC!SmA 168.3 0.1
SmA!I 196.3 5.8


[a] C=crystal; SmA, SmC = smectic-A, -C; I= isotropic liquid. [b] Data
refers to the second DSC cycle starting from the crystal. Temperature
data measured as peak onset. [c] Microscopic data.
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focal-conic fan texture on cooling from the SmA phase (Fig-
ure 3c).[19–21]


Photoluminescence studies : All of the complexes are lumi-
nescent at room temperature, both in solution and in the
solid state (Table 3). In the solid state they exhibit a yellow–
green luminescence under UV irradiation (365 nm). All of
the emission spectra are similar and consist of three broad
emissions above 370 nm (for example, 384, 490, and 524 nm


for m=10, n=6), whereas the free isocyanides (white
solids) are luminescent and give one strong emission band
with a maximum at about 360 nm. In dichloromethane, both
the free isocyanides and their gold complexes are lumines-
cent, but only one intense emission is observed for the com-
plexes in the range 345–387 nm (Figure 4).


The lifetimes in the solid state have been measured for
the complex with m=10 and n= 6.[22] The emission at
384 nm has a lifetime shorter than 10 ms, the measurement
limit of our spectrometer, whereas a lifetime value of 39 ms
is found for both luminescence emissions at 490 and 524 nm.
The lifetime values, together with the Stokes shift between
the absorption and the emission bands, indicate a different
nature for the last two emissions than that for the emission
at 384 nm. The emission at 384 nm must be a fluorescence,
involving intraligand-localized p and p* orbitals, with practi-
cally no Au contribution, as calculated for [AuClCNPh].[23]


In contrast, the longer lifetimes of the emissions at 490 and
524 nm support a phosphorescence nature.


It is known that aromatic organic molecules can display
relatively intense phosphorescence, arising from a triplet
state that gets populated by intersystem crossing from an ex-
cited singlet state, which forms on absorption. These inter-


Figure 3. Polarized optical microscopic textural images (� 100) observed
for Au complexes. a) [Au(C6F4OC10H21)(C�NC6H4CC6H4OC10H21)]: the
picture shows the fan-shape texture of the SmA phase at 186 8C, on cool-
ing from the isotropic liquid. b) [Au(C6F4OC2H5)(C�NC6H4C6H4OC4H9)]:
the picture shows the schlieren texture of the N phase at 188 8C, on cool-
ing from the isotropic liquid. c) [Au(C6F4OC10H17)(C�NC6H4-
C6H4OC10H21)] at 140 8C: the picture displays the broken fan-shape tex-
ture of the SmC phase, formed on cooling from the fan-shape focal-conic
area of the SmA phase.


Table 3. Emission and excitation maxima [nm] for the free ligands and
for [Au(C6F4OCmH2m+1)(CNC6H4C6H4OCnH2n+1)] at 298 K.


KBr CH2Cl2


m n lex lem lex lem


4[a] 327 354 259, 310 341
6[a] 321 360 258, 309 355


10[a] 282 367 282 355
2 4 358 371, 475, 506 285 345
2 10 344 375, 487, 521 274 364
6 10 348 402, 489, 523 274 363


10 6 344 384, 490, 524 276 387
10 10 343 392, 486, 520 278 362


[a] Free isocyanide ligand.


Figure 4. Emission spectra at 298 K of [Au(C6F4OC10H21)(CNC6H4-


C6H4OC6H13)] (lexc =344 nm) in the solid state (solid line) and in CH2Cl2


(dashed line).
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system crossings are helped by the presence of heavy atoms.
Thus, the emissions at 490 and 524 nm would result from
phosphorescent emission involving intraligand-localized
states. These emissions disappear in solution, whereas that
at 384 nm remains, but shifts to 387 nm. This observation
can be explained by considering that, due to their long radi-
ative lifetimes, the quenching of phosphorescent emissions is
especially important in fluid media (solution), in which colli-
sions are frequent.[22] However, as the X-ray structure of
[Au(C6F4C6H4OC2H5)(C�NC6H4C6H4OC4H9)] shows inter-
molecular F···F interactions, the question arises whether the
490 and 524 nm emissions could be due to the molecular
self-association observed in the solid, which disappears in
solution? This possibility can be discarded, however, be-
cause the phosphorescent bands are recovered when diluted
solutions of the complex in dichloromethane are frozen at
78 K. As, under these conditions, the F···F interactions
cannot exist, the phosphorescence emissions must result
mainly from intramolecular intraligand transitions.


The luminescent behavior of [Au(C6F4OC10H21)(CNC6H4-
C6H4OC6H13)] is shown in Figure 5 as a function of tempera-
ture. When the sample melts to the smectic-C mesophase


(at 55.4 8C), the luminescence is not lost, but its intensity de-
creases noticeably and continues decreasing upon further
temperature increase. The emission practically disappears at
about 130 8C. This process is reversible, and the intensity of
the emission is gradually recovered upon cooling. Moreover,
it is important to note that the bands associated with phos-
phorescence seem to decay with temperature more rapidly
than the fluorescent emission. This behavior would be relat-
ed to an increasingly efficient quenching process by colli-
sions, as the higher temperature (and the lower viscosity) in-
creases the molecular mobility in the mesophase. These
complexes display important supercooling of the mesophase,
and, as a consequence, the fluid mesophase survives at room
temperature for several hours until crystallization occurs.
The intensity of the emission is fully recovered at the very
instant that crystallization occurs.


Conclusions


These stable mesomorphic tetrafluorophenylgold(i) biphenyl-
isocyanide complexes show good mesophase stabilization
without gold–gold interactions in the solid state, and, conse-
quently, probably without gold–gold interactions in the mes-
ophase. They display remarkably short intermolecular F···F
interactions (the shortest of its kind, thus far), which seem
to be the driving force of the structural arrangement in the
solid. Moreover, these complexes represent the first exam-
ple of intrinsic luminescent metallomesogens based on orga-
nometallic complexes and display strong luminescence in
the mesophase, the solid state, and in solution.


Experimental Section


Combustion analyses were carried out with a Perkin–Elmer 2400 micro-
analyzer. IR spectra (cm�1) were recorded on a Perkin–Elmer FT 1720X
instrument. 1H and 19F NMR spectra were recorded in CDCl3 on Bruker
AC 300 or ARX 300 instruments. Microscopy studies were carried out on
a Leica DMRB microscope, equipped with a Mettler FP82HT hot stage
(heating rate of 10 K min�1) and a Mettler FP90 central processor. Differ-
ential scanning calorimetry (DSC) was carried out with a Perkin–Elmer
DSC7 instrument, which was calibrated with water and indium. The scan-
ning rate was 10 Kmin�1, the samples were sealed in aluminum capsules
in air, and the holder atmosphere was dry nitrogen. UV/Vis absorption
spectra were obtained by means of a Shimadzu UV-1603 spectrophotom-
eter, in dichloromethane (~1 � 10�4


m). Luminescent data was recorded
with a Perkin–Elmer LS-55 luminescence spectrometer.


Literature methods were used to prepare HC6F4OCmH2m+1,
[15] C�N-


C6H4C6H4OCnH2n+1,
[11] and [AuCl(tht)] (tht= tetrahydrothiophene).[24]


Only example procedures are described here, as the syntheses were simi-
lar for the rest of the compounds. Yields, IR, and analytical data are
given for all the gold complexes.


Preparation of [Au(C6F4OCmH2m+1)(C�NC6H4C6H4OCnH2n+1)]: A so-
lution of nBuLi in hexane (0.194 mL, 0.312 mmol) was added to a so-
lution of HC6F4OCmH2m+1 (0.312 mmol) in dried diethyl ether (25 mL) at
�78 8C under nitrogen. After stirring for one hour at �50 8C, solid
[AuCl(tht)] (0.96 g, 0.312 mmol) was added at �78 8C, and the reaction
mixture was slowly brought to room temperature (3 h). A few drops of
water were then added, and the solution was filtered in air through anhy-
drous MgSO4. C�NC6H4C6H4OCnH2n+1 (0.312 mmol) was added to the


Figure 5. Emission spectra of [Au(C6F4OC10H21)(CNC6H4C6H4OC6H13)]
(lexc =344 nm) at different temperatures. The spectra and the tempera-
ture list follow the same top to bottom order. The corresponding phase is
given in parenthesis. a) Heating from the crystal, and b) cooling from the
SmC mesophase. Peaks marked with * are due to scattering.


Chem. Eur. J. 2005, 11, 1079 – 1085 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1083


FULL PAPERGold Liquid Crystals



www.chemeurj.org





solution obtained. After stirring for 15 min, the solvent was removed on
a rotary evaporator, and the white solid obtained was recrystallized from
dichloromethane/hexane at �15 8C.


m= 2, n=4 : Yield: 56%; IR (CH2Cl2): ñ=2214 cm�1 (C�N); IR (KBr):
ñ= 2211 cm�1 (C�N); elemental analysis (%) calcd for C25H22AuF4NO2:
C 46.82, H 3.46, N 2.18; found: C 46.75, H 3.47, N 1.91.


m= 2, n=10 : Yield: 56%; IR (CH2Cl2): ñ=2214 cm�1 (C�N); IR (KBr):
ñ= 2209 cm�1 (C�N); elemental analysis (%) calcd for C31H34AuF4NO2:
C 51.32, H 4.72, N 1.93; found: C 51.31, H 4.65, N 1.66.


m= 6, n=10 : Yield: 34%; IR (CH2Cl2): ñ=2214 cm�1 (C�N); IR (KBr):
ñ= 2214 cm�1 (C�N); elemental analysis (%) calcd for C35H42AuF4NO2:
C 53.78, H 5.42, N 1.79; found: C 53.85, H 5.38, N 1.68.


m= 10, n=6 : Yield: 41%; IR (CH2Cl2): ñ=2214 cm�1 (C�N); IR (KBr):
ñ= 2209 cm�1 (C�N); elemental analysis (%) calcd for C35H42AuF4NO2:
C 53.78, H 5.42, N 1.79; found: C 53.66, H 5.27, N 1.68.


m= 10, n=10 : Yield: 40 %; IR (CH2Cl2): ñ=2214 cm�1 (C�N); IR
(KBr): ñ =2210 cm�1 (C�N); elemental analysis (%) calcd for
C39H50AuF4NO2: C 55.91, H 6.02, N 1.67; found: C 55.73, H 5.85, N 1.60.


Experimental procedure for X-ray crystallography : Crystals of [Au-
(C6F4OC2H5)(C�NC6H4C6H4OC4H9)] were obtained by direct diffusion
of hexane into a solution of the complex in dichloromethane. A suitable
single crystal was mounted in a glass fiber, and diffraction measurements
were taken with a Bruker SMART CCD area-detector diffractometer
with MoKa radiation (l=0.71073 �).[25] Intensities were integrated from
several series of exposures, each exposure covering 0.38 in w, the total
data set being a hemisphere.[26] Absorption corrections were applied
based on multiple and symmetry-equivalent measurements.[27] The struc-
ture was solved by direct methods (SIR 97)[28] and refined by least-
squares methods on weighted F2 values for all reflections. Hydrogen
atoms were taken into account at calculated positions, and their position-
al parameters were refined. Table 4 gives the data collection and refine-
ment parameters. Refinement proceeded smoothly to give R1 =0.04267


on the basis of the reflections with I>2s(I). Complex neutral-atom scat-
tering factors were used.[29] CCDC-246954 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Investigations on the Iron-Catalyzed Asymmetric Sulfide Oxidation


Julien Legros and Carsten Bolm*[a]


Introduction


Chiral sulfoxides find increasing use as auxiliaries in asym-
metric synthesis and ligands in enantioselective catalysis,[1]


and recently, they have been shown to promote asymmetric
allylation reactions.[2] Moreover, a number of pharmaceuti-
cally important drugs contain asymmetric sulfinyl moie-
ties.[1a,3] The development of processes for the preparation
of chiral sulfoxides with high enantiomeric purity is there-
fore a prime target. Among all methods described so far,
the asymmetric oxidation of sulfides by metal catalysts is
one of the most attractive routes to optically active sulfox-
ides.[4] In this line, titanium, manganese and vanadium com-
plexes have been widely applied.[4,5] Conversely, catalysts
based on nontoxic and inexpensive iron is relatively under-
represented in the field,[6] and the few systems developed so
far fail in terms of efficiency and practicability.[7] Most of
them involve structurally complex iron porphyrines, and io-
dosylbenzene or alkyl hydroperoxides as terminal oxidant,
and, most importantly, the enantioselectivities are only mod-
erate (<55 % ee).[7a–e] The iron complex [Fe2O(pb)4(H2O)2]-
(ClO4)4 (pb= (�)-4,5-pinene-2,2’-bipyridine) was reported
by Fontecave et al. as catalyst for the sulfide oxidation with
H2O2, but the enantioselectivity remained rather low


(eemax =40 %).[7f–h] Consequently, finding an efficient iron-
catalyzed asymmetric sulfoxidation reaction, which proceeds
under mild reaction conditions, still remains an attractive
goal. In this context, we recently reported on a novel iron-
catalyzed asymmetric sulfide oxidation that fulfils most of
the requirements and affords sulfoxides with up to 90 %
ee.[8] It proceeds under very simple reactions conditions (at
room temperature in a capped flask) and utilizes (�4 mol %
of) a readily available chiral iron complex, generated in situ
from [Fe(acac)3] and a Schiff base ligand of type 1.[9] Fur-
thermore, inexpensive and safe 35 % aqueous hydrogen per-
oxide[10] serves as terminal oxidant (Scheme 1).


A limitation of the reported iron catalysis stemmed from
the fact that under the conditions required for achieving
high enantioselectivities, large amounts of unreacted sub-
strates remained, limiting the sulfoxide yields (�44 %). In a
subsequent communication we then disclosed that the effi-


[a] Dr. J. Legros, Prof. Dr. C. Bolm
Institut f�r Organische Chemie
Rheinisch-Westf�lische Technische Hochschule
Professor-Pirlet-Strasse 1, 52056 Aachen (Germany)
Fax: (+49) 241-809-2391
E-mail : carsten.bolm@oc.rwth-aachen.de


Abstract: The development of an enan-
tioselective sulfide oxidation involving
a chiral iron catalyst and aqueous hy-
drogen peroxide as oxidant is de-
scribed. In the presence of a simple
carboxylic acid, or a carboxylate salt,
the reaction affords sulfoxides with re-
markable enantioselectivities (up to
96 % ee) in moderate to good yields.


The influence of the structure of the
additive on the reaction outcome is re-
ported. In the sulfoxide-to-sulfone oxi-
dation a kinetic resolution (with s=


4.8) occurs, which, however, plays only
a negligible role in the overall enantio-
selective process. Furthermore, a posi-
tive nonlinear relationship between the
ee of the product and that of the cata-
lyst has been found. On the basis of
these observations, a possible catalyst
structure is proposed.


Keywords: asymmetric amplifica-
tion · asymmetric catalysis · iron ·
oxidation · sulfoxide


Scheme 1.
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ciency of the process (in terms of both enantioselectivity
and yield) could greatly be improved by using additives.[11]


We now detail the influence of the additive structure on the
reaction course and describe further investigations revealing
specific features of this novel iron-catalyzed process.


Results and Discussion


The use of additives is a common and convenient method
for the efficiency enhancement of metal-catalyzed reac-
tions.[12] They facilitate catalyst tuning without re-designing
the ligand, and very often their value is under-appreciated.
Unfortunately, the process of discovering which additive has
to be used clearly requires trial and error and can commonly
not be predicted. In asymmetric sulfoxidation, this strategy
has already been applied. For example, Maruyama and
Naruta used 1-methylimidazole in catalyses with iron por-
phyrins,[7b,c] and in Bolm�s vanadium-catalyzed process,[9]


Katsuki et al. added methanol in order to improve the enan-
tioselectivity (without affecting the catalyst turnover and
yield).[9e] Our attempts to use those additives in the iron-cat-
alyzed reaction shown in Scheme 1 led to clearly negative
effects. In epoxidation reactions with H2O2 catalyzed by iron
complex [FeII(mep)(CH3CN)2](SbF6)2 (mep =N,N’-dimethyl-
N,N’-bis(2-pyridylmethyl)-ethane, 1,2-diamine) Jacobsen re-
cently found that the presence of sub-stoichiometric
amounts of a carboxylic acid stabilized the catalytic system
making it more well-behaved improving its efficiency. Con-
sequently, even with a reduced catalyst loading and an in-
creased H2O2 addition rate (from dropwise to rapid addi-
tion) higher epoxide yields were achieved.[13] These results
suggested an investigation of the iron-catalyzed sulfoxida-
tion (Scheme 1) with benzoic acid (AH1) as additive. Thioa-
nisole (2 a) was selected as substrate, and the catalyses were
performed with (S)-1 a as ligand under the previously opti-
mized reaction conditions. The effect of the acid on the be-
havior of the catalyst system was remarkable. It appeared to
be entirely dependent on the additive quantity, and the best
enantioselectivity was obtained with an AH1/[Fe(acac)3]
ratio of 0.5:1. Under those conditions, the ee of the corre-
sponding sulfoxide 3 a increased from 59 % (no additive) to
73 % (Figure 1). Gratifyingly, the yield of 3 a was also higher
than before (56 % versus 41 % without the additive). In-
creasing the AH1/[Fe(acac)3] ratio to 10:1 had almost no
effect on the yield of the sulfoxide (71 %), but lowered the
ee of 3 a to only 9 %.


The electronic and steric properties of the additive were
easily fine-tuned by using various commercially available
substituted benzoic acids. This screening, which was done
under optimized conditions (with 0.5 equivalents of the ad-
ditive relative to [Fe(acac)3]), was extended to the use of
nonaromatic additives (Figure 2).


The reaction outcome was highly dependent on the
nature and the position of the substituents on the aryl ring.
With electron-withdrawing groups (NO2, AH2–AH4 ; I,
AH5), a decrease of the catalysis efficiency [compared with


the one with benzoic acid (AH1)] was observed. In contrast,
use of para-substituted electron rich derivatives AH6
(pMe2N) and AH7 (pMeO) led to very good results, afford-
ing 3 a with 80 % ee in 68 and 66 % yield, respectively. Steri-
cally hindered acids AH10–12 gave good results (74–79 %
ee) as well. Nonconjugated acids [acetic acid (AH1) and
phenylacetic acid (AH14)] have also been assessed and
showed improvements with respect to the initial conditions,
but the enantioselectivity remained inferior (70% ee).
Chiral acids, (R)- and (S)-mandelic acid (AH15 and AH16)
and their corresponding methyl derivatives (AH17 and
AH18) were totally ineffective.


Next, benzoic acid derivative AH7 was studied in combi-
nation with catalysts based on other Schiff bases (Table 1).
A positive effect was also observed with Schiff base 1 b (en-
tries 3 and 4) leading to major improvements in yield and
enantioselectivity, very close to the ones obtained with 1 a.
Only a modest increase of the enantioselectivity was ob-
served with 1 c (entries 5 and 6). Schiff base 1 d derived
from valinol had no effect on both yield and ee (entries 7
and 8).


The halogen atoms on the aromatic ring (I, 1 a ; Br, 1 b)
and the tert-butyl group (stemming from tert-leucinol) in the
imino alcohol side chain of the ligand have a tremendous in-
fluence on the reaction outcome. Whereas we have no ra-
tional explanation for this “halogen effect” at this time, it is
interesting to note that 1 a is also optimal in the related va-
nadium-catalyzed sulfoxidation process.[9d] Conversely, Schiff
base 1 b is much less efficient in this latter system.[14]


Next, we once more focussed our attention on the addi-
tive structure. The fact, that electron rich carboxylic acids
(AH6, AH7) led to the best results suggested that the addi-
tive acted as a co-ligand and that its chelating property and
not its acidity was the essential point. It was therefore hy-
pothesized that a carboxylate salt should further increase
the efficiency of the reaction. Lithium, sodium, potassium,
cesium and tetrabutylammonium 4-methoxybenzoates
(ALi7, ANa7, AK7, ACs7 and ABu4 N7, respectively) were
thus assessed in the oxidation of 2 a by using Schiff base 1 a
as ligand (Table 2). Confirming our assumption we found


Figure 1. Effect of benzoic acid (AH1) on the ee (measured on the crude;
~) and yield (NMR yield; &) of (S)-3a in the asymmetric oxidation of 2 a
with 35% H2O2 (1.2 equiv) catalyzed by [Fe(acac)3] (2 mol %) and (S)-1 a
(4 mol %).
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that all the metal salts (entries 2–5) gave improved results
with enantioselectivities of up to 90 % ee for ALi7 and
ANa7 (entries 2 and 3, respectively). The yields of 3 a were
comparable in all reactions.


The substrate scope was then studied under optimized
conditions (Table 3).


For all substrates assessed the presence of AH7 and ALi7
greatly improved both enantioselectivity and yield. Whereas
44 % was the best yield under the previous conditions with-


out the additive, almost all sulf-
oxides were now obtained in
more than 55 % yield.[8] In
terms of asymmetric induction
the best results were obtained
with phenyl methyl sulfide (2 a)
and para-substituted derivatives
thereof, where all sulfoxides
had ee values above 90 %
(eemax =96 %). The oxidations
of more challenging substrates
like phenyl ethyl sulfide (3 b :
82 % ee, 56 % yield) and phenyl
benzyl sulfide (3 c : 79 % ee,
73 % yield) proceeded remarka-
bly well too. For the last sub-
strate, the improvement due to
the additive was particularly
impressive (no additive: 27 %
ee, 44 % yield). It is worth to
note also that, without any ad-
ditive, only sulfoxide 3 h was
previously obtained with an ee
superior to 80 %. Interestingly,
with vinyl- and allyl phenyl sul-
fides (2 m and 2 n, respectively),
the reaction was highly chemo-
selective affording only sulfox-
ides 3 m and 3 n with good
enantioselectivities (>70 % ee).


An oxidation of the double bond was not observed. As a
general feature, the reaction proceeded with high enantiose-
lectivity for a wide variety of monoaryl sulfides. Assessment
of other substrate types gave, for the moment, unsatisfactory
results (e.g. Bn-S(O)-Me 3 o : 23 % ee, 64 % yield).[15]


Kinetic resolution : The fact that each time, when the reac-
tion afforded a sulfoxide with high ee (�80 %), a significant
amount of sulfone (9–16%; see Table 3) was detected in the
crude product mixture, suggested the existence of a kinetic
resolution process during the course of the reaction.[16] In
order to investigate this aspect an experiment was per-
formed under standard asymmetric sulfide oxidation condi-


Figure 2. Influence of various carboxylic acids (AH1–AH18 ; 1 mol %) on the yield (NMR yield; clear, front)
and the ee (measured on the crude; dark, back) of (S)-3a in the asymmetric oxidation of 2a with 35% H2O2


(1.2 equiv) catalyzed by [Fe(acac)3] (2 mol %) and (S)-1 a (4 mol %).


Table 1. Catalytic enantioselective oxidation of 2 a with H2O2 and a
chiral iron complex in presence of AH7.[a]


Entry Ligand (S)-1 AH7 Yield 3 a [%][b] ee 3 a [%][c]


1 1a – 36 59
2 + 63 80
3 1 b – 30 55
4 + 53 80
5 1 c – 27 26
6 + 27 43
7 1 d – 50 22
8 + 53 24


[a] Reaction conditions: [Fe(acac)3] (0.02 mmol), (S)-1 (0.04 mmol),
(AH7; 0.01 mmol), 2a (1 mmol) and aqueous H2O2 (35 %; 1.2 mmol) in
CH2Cl2 at room temperature for 16 h. [b] Yield of isolated product.
[c] The enantiomer ratios were determined by HPLC using a chiral sta-
tionary phase. 3a had (S) configuration in all cases.


Table 2. Catalytic enantioselective oxidation of 2 a with H2O2, [Fe(acac)3]
and Schiff base 1a, in presence of AX7.[a]


Entry AX7 (X= ) Yield of 3 a ee of 3a
[%][b] [%][c]


1 H 63 80
2 Li 63 90
3 Na 67 90
4 K 64 88
5 Cs 65 87
6 Bu4N 57 82


[a]–[c] As in Table 1.
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tions using racemic sulfoxide 3 a as substrate, Schiff base
(S)-1 a as ligand and AH7 as additive (Scheme 2).[17]


After 16 h reaction time the conversion of sulfoxide 3 a to
sulfone 4 a was low (15%), and a large quantity of 3 a could
be recovered. The ee of 11 % for recovered 3 a (in favor for
the S-configured sulfoxide) revealed that the sulfoxide-to-
sulfone oxidation was indeed enantioselective (with kR>kS).
Even though the stereoselectivity factor (s)[18] was rather
small (4.8), we decided to study the time dependence of the
asymmetric process in more detail. By determining the con-
version of thioanisole (2 a), the formation of sulfoxide 3 a,
the enantiomer ratio of 3 a, and the formation of sulfone 4 a
with time, we hoped to shine light on the importance of the
kinetic resolution for the overall oxidative process
(Figure 3).


After 0.5 h reaction time, sulfoxide 3 a was formed in
11 % yield (as determined by NMR) having an ee of 78 %.
No sulfone 4 a was detected as this stage. After 16 h, the


yield of 3 a was 70 %, and the
product had 80 % ee. At this
stage 9 % of sulfone 4 a were
found. Thus, the ee of 3 a re-
mained almost constant during
the reaction course (78�2 %),
independent of the formation of
3 a and 4 a. Consequently, it can
be concluded that under the ex-
perimental conditions applied
for the sulfide oxidation, the ki-
netic resolution plays only a
negligible role and that the ob-
served enantioselectivity origi-
nates (almost exclusively) from
the asymmetric sulfide oxidation
itself. Apparently, the kinetic
resolution does not significantly
affect the ee of the sulfoxide.[19]


Nonlinear effect : The search for
nonlinear effects (NLE) in a
given system has become a
useful probe for analyzing the
nature of the catalytic species
involved in an asymmetric proc-
ess.[20] With the intention to get


a deeper insight into the features of the iron-catalyzed sul-
foxidation, and in order to understand the role of the addi-
tive, we investigated the impact of the ee of the ligand [here
(S)-1 a] on the enantioselectivity in the formation of the sulf-
oxide, with and without AH7 (Figure 4).


In both cases, a positive nonlinear effect was found.
Whereas the NLE was less pronounced without additive, it
was more significant when the reaction was performed in
the presence of AH7. At the present stage the observed
asymmetric amplification is difficult to interpret, but it clear-


Table 3. Catalytic enantioselective oxidation of sulfides 2 with H2O2 and a chiral iron complex in presence of
an additive.[a]


Entry Sulfide 2 Sulfoxide 3
no additive with additive


R R’ Yield ee AX7 Yield ee
[%][b] [%][c] [%][b] [%][c,d]


1 Ph Me 2 a 36 59 ALi7 63 90 3a
2[e] Ph Me 2 a n.p.[f] n.p. ALi7 64 88 3a
3 Ph Et 2b 30 44 ALi7 56 82 3 b
4 Ph Bn 2 c 40 27 AH7 73 79 3c
5 4-MeC6H4 Me 2d n.p. n.p. ALi7 78 92 3 d
6 4-MeOC6H4 Me 2 e n.p. n.p. ALi7 66 86 3e
7 4-BrC6H4 Me 2 f 41 78 ALi7 59 94 3 f
8 4-ClC6H4 Me 2 g 32 65 AH7 60 92 3g
9 4-NO2C6H4 Me 2h 21 90 ALi7 36 96 3 h
10 2-BrC6H4 Me 2 i n.p. n.p. ALi7 48 66 3 i
11 2-MeOC6H4 Me 2j n.p. n.p. ALi7 50 70 3j
12 mesityl Me 2k n.p. n.p. ALi7 44 77 3 k
13 2-naphthyl Me 2 l 44 70 AH7 67 95 3 l
14 Ph CH=CH2 2 m n.p. n.p. ALi7 34 75 3m
15 Ph CH2CH=CH2 2n n.p. n.p. ALi7 63 71 3 n
16 Bn Me 2o n.p. n.p. ALi7 64 23 3 o


[a] Reaction conditions: [Fe(acac)3] (0.02 mmol), Schiff base (S)-1 a (0.04 mmol), AH7 or ALi7 (0.01 mmol),
sulfide 2 (1 mmol) and aqueous H2O2 (35 %; 1.2 mmol) in CH2Cl2 at room temperature for 16 h. [b] Yield of
isolated product. [c] The enantiomer ratios were determined by HPLC analysis of the isolated product by
using a chiral stationary phase. See Experimental Section. [d] Each time the reaction afforded sulfoxide 3 with
>80 % ee, 9–16 % of sulfone 4 was detected. [e] Reaction performed with (R)-1 a. [f] Experiment not per-
formed (n.p.).


Scheme 2.


Figure 3. Kinetics of the enantioselective oxidation of thioanisole 2 a with
35% H2O2 (1.2 equiv) catalyzed by [Fe(acac)3] (2 mol %), Schiff base
(S)-1a (4 mol %) and AH7 (1 mol %). The NMR conversion of 2a (� )
into sulfoxide 3 a (&) and sulfone 4 a (~) and the ee of 3 a (*) are repre-
sented according to time.
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ly indicates that more than one ligand is involved in the ster-
eochemistry-determining step of the catalytic process.


From the great interest in functional enzyme models,
which mimic non-heme metalloproteins, especially methane
monooxygenase (MMO), a large number of complexes with
a (m-oxo)(m-carboxylato)diiron core have emerged.[21] Some
of them have been demonstrated to be capable of oxidizing
substrates with various terminal oxidants.[13,22] In the light of
these reports and taking into account that in the sulfide oxi-
dation described here, the best results were obtained with
half an equivalent of carboxylic acid (and/or carboxylate
salt) relative to iron, and that a positive NLE was observed,
it can be suggested that in the reaction medium containing
[Fe(acac)3], the ligand (1 a) and ArCOOX, a monocarboxy-
late-bridged diiron(iii) complex is generated, which resem-
bles a key intermediate in the catalytic cycle of the oxidative
process. Isolation and characterization of such complex,
and/or in situ studies are now required to confirm this hy-
pothesis. Until now, however, all attempts to isolate relevant
intermediates of such kind remained unsuccessful.[23]


Conclusion


Highly enantioselective oxidations of prochiral sulfides
giving synthetically valuable sulfoxides can be performed
under simple reaction conditions using a readily available in
situ iron catalyst (�4 mol %) and aqueous hydrogen perox-
ide. In the presence of small quantities of a carboxylic acid
or a carboxylate salt (1 mol %), optically active sulfoxides
with excellent enantioselectivities (up to 96 % ee) are ob-
tained in moderate to good yields (up to 78 %). The simplic-
ity of the reaction protocol (aerobic conditions at ambient
temperature) and the high ee values of the products render
this process attractive and make it an interesting alternative
to the existing methodology. Our studies reveal that the
enantioselectivity directly originates for the asymmetric sul-
fide oxidation and that the overoxidation to the correspond-
ing sulfones has almost no influence on the ee of the prod-


uct. An asymmetric amplification was observed, which is in
accord with our previous hypothesis of the presence of a
possible catalytically active species containing two chiral li-
gands. We are currently trying to isolate and characterize
such intermediates and explore further improvements of the
experimental conditions.


Experimental Section


General methods : 1H and 13C NMR spectra were obtained on a Varian
Gemini 300 or Innova 400 spectrometer. In all measurements CDCl3 was
used as solvent. Chemical shifts d are given in ppm relative to TMS as in-
ternal standard. Optical rotations were measured on a Perkin–Elmer PE-
241 apparatus. The enantiomer ratios of sulfoxides 3 were determined by
chiral HPLC (Gynkotek apparatus; UV detector UVD 170S (l 254 nm);
20 8C).[24] Absolute configurations were assigned by comparison of the
sign of the specific rotations with literature data. When it was necessary,
samples of racemic sulfoxides were prepared, according to the litera-
ture.[25] All the reactions were performed at room temperature under air.


Materials : All chemicals were used as provided without further purifica-
tion. Iron(iii) acetylacetonate was purchased from Aldrich, 35 % aqueous
hydrogen peroxide from Acros, and 3,5-diiodosalicylaldehyde from Lan-
caster. (S)- and (R)-tert-Leucine were provided by Degussa and reduced
to tert-leucinol according to the literature.[26]


Monitoring of the reactions : The conversion of phenyl methyl sulfide
(thioanisole) (2a) to phenyl methyl sulfoxide (3 a) and phenyl methyl sul-
fone (4a) was measured by integration of the methyl group signals in the
1H NMR spectra of the corresponding compounds on the crude product
mixture: Ph-S-Me, 2.5 ppm; Ph-S(O)-Me, 2.7 ppm; Ph-S(O2)-Me,
3.1 ppm.


(S)-(�)-2-(N-3,5-Diiodosalicyliden)amino-3,3-dimethyl-1-butanol (1 a):[9d]


A solution of (S)-tert-leucinol (313 mg, 2.7 mmol) in ethanol (2 mL) was
added to a suspension of 3,5-diiodosalicylaldehyde (1 g, 2.7 mmol) in eth-
anol (4 mL), and the resulting deep-yellow mixture was kept under stir-
ring. After 16 h, the solvent was evaporated, and the residue was recrys-
tallized in cyclohexane to afford 1a as yellow needles (65–75 % yield).
M.p. 163–164 8C; [a]D =�16.6 (c=1.0 in acetone); 1H NMR: d=0.93 (s,
9H), 3.01 (dd, J= 9.6, 2.9 Hz, 1 H), 3.62 (dd, J =11.4, 9.7 Hz, 1 H), 3.94
(dd, J =11.3, 2.4 Hz, 1H), 4.40 (br s, 1H), 7.45 (d, J=2.2 Hz, 1H), 7.96
(d, J=2.0 Hz, 1 H), 8.02 (s, 1 H), 14.59 (br s, 1H); 13C NMR: d =26.8,
32.9, 61.8, 75.6, 77.9, 93.2, 116.7, 141.2, 150.0, 164.7, 167.2.


General procedure for asymmetric oxidation of sulfides : [Fe(acac)3]
(7.1 mg, 0.02 mmol) and Schiff base (S)-1 a (18.9 mg, 0.04 mmol) were
dissolved in dichloromethane (0.7 mL), and the clear red solution was
stirred until it turned clear brown (15 min). This solution was then added
to a suspension of 4-methoxybenzoic acid AH7 (1.5 mg, 0.01 mmol) [or
of the corresponding lithium salt ALi7 (1.6 mg, 0.01 mmol) in dichloro-
methane (0.5 mL) in a 10 mL flask, and the resulting mixture was stirred
for 10 min. A solution of sulfide 2 (1 mmol) in dichloromethane (0.8 mL)
was then added to the previous solution, followed by the dropwise addi-
tion of aqueous H2O2 (35 %; 1.2 mmol). The flask was capped, and the
reaction mixture was slowly stirred at room temperature (approximately
150 rpm). After 16 h, the aqueous layer was separated, and the organic
layer was dried over MgSO4, filtered, and the solvent was removed in
vacuo. The product was then purified by flash chromatography on silica
gel (pentane/diethyl ether 1:2, then ethyl acetate).


(S)-(�)-Phenyl methyl sulfoxide (3 a): Reaction was performed with
ALi7. Purification by silica gel chromatography afforded the product as a
colorless oil (88 mg, 63%, 90% ee). [a]D =�130.1 (c =1.7 in acetone);
lit : [a]D =++130 (c=1.7 in acetone) for (R), 89 % ee ;[27] 1H NMR: d =2.72
(s, 3 H), 7.52 (m, 3H), 7.65 (m, 2H); HPLC: tr (R)=26.5 min, tr (S)=


31.2 min (Chiralcel OD; flow rate, 0.5 mL min�1; heptane/iPrOH 9:1).


(S)-(�)-Phenyl ethyl sulfoxide (3 b): Reaction was performed with ALi7.
Purification by silica gel chromatography afforded the product as a color-
less oil (87 mg, 56 %, 82% ee). [a]D =�169.1 (c =1.4 in EtOH); lit:


Figure 4. Dependence of the enantioselectivity in the oxidation of 2 a to
give 3a with 35% aq. H2O2 catalyzed by [Fe(acac)3] and (S)-1a on the ee
of the ligand, in the absence (~) and in the presence of AH7 (*). For
comparison, the broken lines indicate a possible linear relationship.
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[a]D =�143.1 (c =1.4 in EtOH) for (S), 74% ee ;[28] 1H NMR: d=1.20 (t,
J =7.4 Hz, 3H), 2.84 (m, 2 H), 7.52 (m, 3 H), 7.62 (m, 2 H); HPLC: tr


(R)=22.0 min, tr (S)=27.2 min (Chiralcel OD; flow rate, 0.5 mL min�1;
heptane/iPrOH 9:1).


(S)-(�)-Phenyl benzyl sulfoxide (3 c): Reaction was performed with
AH7. Purification by silica gel chromatography afforded the product as a
white solid (158 mg, 73%, 79% ee). [a]D =�169.8 (c =1.0 in acetone);
lit : [a]D =�91.0 (c =1.0 in acetone) for (S), 36 % ee ;[29] 1H NMR: d =4.00
(d, J =12.6 Hz, 1H), 4.10 (d, J =12.6 Hz, 1H), 6.99 (m, 2 H), 7.26 (m,
3H), 7.41 (m, 5H); HPLC: tr (R)=28.8 min, tr (S)=36.1 min (Chiralcel
OD; flow rate, 0.5 mL min�1; heptane/iPrOH 9:1).


(S)-(�)-4-Tolyl methyl sulfoxide (3 d): Reaction was performed with
ALi7. Purification by silica gel chromatography afforded the product as a
white solid (120 mg, 78%, 92% ee). [a]D =�126.9 (c =2.0 in acetone);
lit : [a]D =++132 (c=2.0 in acetone) for (R), 91 % ee ;[27] 1H NMR: d =2.42
(s, 3H), 2.71 (s, 3 H), 7.33 (d, J =8.0 Hz, 2H), 7.53 (d, J =8.0 Hz, 2H);
HPLC: tr (R)=24.0 min, tr (S)=26.2 min (Chiralcel OD; flow rate,
0.5 mL min�1; heptane/iPrOH 9:1).


(S)-(�)-4-Methoxyphenyl methyl sulfoxide (3 e): Reaction was performed
with ALi7. Purification by silica gel chromatography afforded the prod-
uct as a pale yellow oil (112 mg, 66%, 86 % ee). [a]D =�129.7 (c =2.0 in
CHCl3); lit : [a]D =�102 (c=2.0 in CHCl3) for (S), 86% ee ;[27] 1H NMR:
d=2.71 (s, 3 H), 3.86 (s, 3H), 7.04 (d, J =8.9 Hz, 2 H), 7.60 (d, J =8.9 Hz,
2H); HPLC: tr (S)=50.0 min, tr (R) =92.1 min (Chiralcel OB; flow rate,
0.5 mL min�1; heptane/iPrOH 7:3).


(S)-(�)-4-Bromophenyl methyl sulfoxide (3 f): Reaction was performed
with ALi7. Purification by silica gel chromatography afforded the prod-
uct as a white solid (130 mg, 59 %, 94% ee). [a]D =�97.5 (c=1.8 in ace-
tone); lit : [a]D =++77 (c =1.8 in acetone) for (R), 80% ee ;[27] 1H NMR:
d=2.65 (s, 3H), 7.46 (d, J= 8.7 Hz, 2H), 7.61 (d, J= 8.7 Hz, 2H); HPLC:
tr (S) =25.8 min, tr (R)=35.9 min (Chiralcel OB; flow rate, 0.5 mL min�1;
heptane/iPrOH 8:2).


(S)-(�)-4-Chlorophenyl methyl sulfoxide (3 g): Reaction was performed
with AH7. Purification by silica gel chromatography afforded the product
as a colorless oil (92 mg, 60 %, 92 % ee). [a]D =�109.7 (c=2.0 in ace-
tone); lit : [a]D =++97 (c =2.0 in acetone) for (R), 78% ee ;[27] 1H NMR:
d=2.73 (s, 3H), 7.52 (d, J= 8.6 Hz, 2H), 7.60 (d, J= 8.6 Hz, 2H); HPLC:
tr (S) =19.9 min, tr (R)=30.0 min (Chiralcel OB; flow rate, 0.5 mL min�1;
heptane/iPrOH 8:2)


(S)-(�)-4-Nitrophenyl methyl sulfoxide (3 h): Reaction was performed
with ALi7. Purification by silica gel chromatography afforded the prod-
uct as a white solid (66 mg, 36 %, 96 % ee). [a]D =�128.5 (c= 0.75 in
CHCl3); lit : [a]D =++156.9 (c=0.75 in CHCl3) for (R), 99.3 % ee ;[30]


1H NMR: d=2.80 (s, 3 H), 7.85, (d, J =8.9 Hz, 2 H), 8.40 (d, J =8.9 Hz,
2H); HPLC: tr (R)=42.9 min, tr (S)= 47.5 min (Chiralcel OJ; flow rate,
0.5 mL min�1; heptane/iPrOH 7:3).


(�)-2-Bromophenyl methyl sulfoxide (3 i): Reaction was performed with
ALi7. Purification by silica gel chromatography afforded the product as a
yellow oil (105 mg, 48 %, 66% ee). [a]D =�174.9 (c =1.3 in CHCl3);
1H NMR: d=2.83 (s, 3H), 7.38 (m, 1 H), 7.59 (m, 2H), 7.95 (m, 1H);
HPLC: tr (�) =19.3 min, tr (+)=28.9 min (Chiralcel OB; flow rate,
0.5 mL min�1; heptane/iPrOH 8:2).


(S)-(�)-2-Methoxyphenyl methyl sulfoxide (3 j): Reaction was performed
with ALi7. Purification by silica gel chromatography afforded the prod-
uct as a yellow oil (85 mg, 50 %, 70 % ee). [a]D =�36.0 (c= 0.9 in ace-
tone); lit : [a]D =++318.6 (c= 1.0 in acetone) for (R), 98% ee ;[31] 1H NMR:
d=2.79 (s, 3 H), 3.89 (s, 3H), 6.94 (d, J =8.3 Hz, 1 H), 7.20 (d, J =7.5 Hz,
1H), 7.46 (m, 1H), 7.82 (m, 1H); HPLC: tr (S) =19.1 min, tr (R)=


36.15 min (Chiralcel OB; flow rate, 0.5 mL min�1; heptane/iPrOH 8:2).


(S)-(�)-Mesityl methyl sulfoxide (3 k): Reaction was performed with
ALi7. Purification by silica gel chromatography afforded the product as a
yellow oil (80 mg, 44%, 77% ee). [a]D =�180 (c= 0.9 in acetone); lit :
[a]D =�241 (c =1.0 in acetone) for (S), 98 % ee ;[32] 1H NMR: d =2.29 (s,
3H), 2.55 (s, 6 H), 2.89 (s, 3 H), 6.88 (s, 2 H); HPLC: tr (R)=17.3 min, tr


(S)=26.9 min (Chiralcel OD; flow rate, 0.5 mL min�1; heptane/iPrOH
9:1).


(S)-(�)-2-Naphthyl methyl sulfoxide (3 l): Reaction was performed with
AH7. Purification by silica gel chromatography afforded the product as a
white solid (127 mg, 67 %, 95 % ee). [a]D =�133.1 (c =2.0 in CHCl3); lit :
[a]D =++127 (c= 2.0 in CHCl3) for (R), 90% ee ;[30] 1H NMR: d =2.80 (s,
3H), 7.60 (m, 3 H), 7.93 (m, 2 H), 7.99 (d, J =8.8 Hz, 1 H), 8.22 (s, 1H);
HPLC: tr (R)=37.2 min, tr (S)=40.8 min (Chiralcel OD; flow rate,
0.5 mL min�1; heptane/iPrOH 9:1).


(S)-(�)-Phenyl vinyl sulfoxide (3 m): Reaction was performed with ALi7.
Purification by silica gel chromatography afforded the product as a
yellow oil (52 mg, 34%, 75% ee). [a]D =�160 (c= 0.5 in acetone); lit :
[a]D =�120 (c =1.0 in acetone) for (S), 39% ee ;[29] 1H NMR: d =5.91 (d,
J =9.6 Hz, 1 H), 6.21 (d, J =16.1 Hz, 1 H), 6.60 (dd, J =9.6 Hz, J =


16.4 Hz, 1H), 7.51 (m, 3 H), 7.63 (m, 2 H); HPLC: tr (S)= 21.5 min, tr


(R)=31.1 min (Chiralcel OB; flow rate, 0.5 mL min�1; heptane/iPrOH
8:2).


(S)-(�)-Phenyl allyl sulfoxide (3 n): Reaction was performed with ALi7.
Purification by silica gel chromatography afforded the product as a
yellow oil (104 mg, 63%, 71 % ee). [a]D =�143 (c=1.0 in acetone); lit :
[a]D =�107 (c =1.0 in acetone) for (S) 61 % ee ;[29] 1H NMR: d=3.55 (m,
2H), 5.20 (d, J=16.8 Hz, 1H), 5.34 (d, J=10.1 Hz, 1H), 5.66 (m, 1H),
7.52 (m, 3H), 7.60 (m, 2 H); HPLC: tr (S)=19.6 min, tr (R)=34.4 min
(Chiralcel OB; flow rate, 0.5 mL min�1; heptane/iPrOH 8:2).


(+)-Benzyl methyl sulfoxide (3 o): Reaction was performed with ALi7.
Purification by silica gel chromatography afforded the product (99 mg,
64%, 23% ee). [a]D =++ 21 (c=1.9 in EtOH); lit: [a]D =�33.6 (c= 3.0 in
EtOH), 58% ee ;[30] 1H NMR: d =2.47 (s, 3 H), 3.92 (d, J =12.8 Hz, 1 H),
4.08 (d, J =12.6 Hz, 1H), 7.35 (m, 5H); HPLC: tr (+)=22.8 min, tr (�)=


28.4 min (Chiralcel OB; flow rate, 0.5 mL min�1; heptane/iPrOH 8:2).
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Water-Catalyzed Dehalogenation Reactions of the Isomer of CBr4 and Its
Reaction Products and a Comparison to Analogous Reactions of the Isomers
of Di- and Trihalomethanes


Cunyuan Zhao,[a, b] Xufeng Lin,[a] Wai Ming Kwok,[a] Xiangguo Guan,[a] Yong Du,[a]


Dongqi Wang,[a] Kam Fa Hung,[a] and David Lee Phillips*[a]


Introduction


Polyhalomethanes such as CH2I2, CH2BrI, CHBr3, CCl4,
CFCl3, and others have been observed in the natural envi-
ronment from natural and/or anthropogenic sources, and
they are important sources of reactive halogens that have
been linked to ozone depletion in both the troposphere and
the stratosphere.[1–11] Both gas- and condensed phase photo-
chemistry and chemistry are important for accurately de-
scribing reactions in the natural environment.[1–3] Thus, halo-


gen activation processes in the natural environment have re-
cently been an area of active investigation.[12–22] In addition,
there is increasing interest in how polyhalomethanes such as
CH2I2 facilitate the formation of iodine aerosols in the at-
mosphere.[23] Polyhalomethanes have also been used to
study photochemical water treatment processes, to better
understand the dehalogenation and decomposition of halo-
genated organic compounds, and to potentially help design
and improve photocatalysts for water treatment.[24–27]


Ultraviolet photolysis with the 253.7 nm line of a Hg lamp
of low concentrations (<10�6


m) of trihalomethanes (e.g.,
CHBr3, CHBr2Cl, and CHCl2Br) in water was observed to
lead to complete conversion of the halogens into their
halide ions (bromide and/or chloride) with similar photo-
quantum yields of around 0.43.[24] We recently used a combi-
nation of photochemical experiments and theoretical calcu-
lations to help elucidate the reaction mechanism for photo-
chemical conversion of low concentrations of CHBr3 in
water to three bromide ions.[28,29] Ultraviolet excitation of
CHBr3 (9� 10�5


m) in water gave almost complete conver-
sion to three HBr leaving groups and CO (major product)
and HCOOH (minor product).[29] Picosecond time-resolved
resonance Raman (ps-TR3) experiments and ab initio calcu-
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Abstract: A combined experimental
and theoretical study of the UV pho-
tolysis of a typical tetrahalomethane,
CBr4, in water and acetonitrile/water
was performed. Ultraviolet photolysis
of low concentrations of CBr4 in water
mostly leads to the production of four
HBr leaving groups and CO2. Picosec-
ond time-resolved resonance Raman
(Ps-TR3) experiments and ab initio cal-
culations indicate that water-catalyzed
O�H insertion/HBr elimination of the
isomer of CBr4 and subsequent reac-


tions of its products lead to the forma-
tion of these products. The UV photol-
yses of di-, tri-, and tetrahalomethanes
at low concentrations in water-solvated
environments are compared to one an-
other. This comparison enables a gen-
eral reaction scheme to be deduced
that can account for the different prod-


ucts produced by UV photolysis of low
concentrations of di-, tri-, and tetraha-
lomethanes in water. The fate of the
(halo)formaldehyde intermediate in
the chemical reaction mechanism is the
key to determining how many strong
acid leaving groups are produced and
which carbon atom final product is
likely formed by UV photolysis of a
polyhalomethane at low concentrations
in a water-solvated environment.


Keywords: ab initio calculations ·
dehalogenation · elimination · reac-
tion mechanisms · water chemistry
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lations indicate that the water-catalyzed O�H insertion/HBr
elimination reaction of isobromoform and subsequent reac-
tions of its products are responsible for the formation of the
final products observed after UV photolysis of CHBr3 in
water.[29] Ultraviolet photolysis of low concentrations of
CH2I2 in water led to production of methanediol
(CH2(OH)2) and two HI leaving groups as products.[30] Ps-
TR3 experiments and ab initio calculations indicate that
water-catalyzed O�H insertion/HI elimination of isodiiodo-
methane and subsequent reactions of its products are re-
sponsible for the formation of methanediol and two HI leav-
ing groups.[30] We note that UV photolysis of dihalometh-
anes (e.g., CH2I2) and trihalomethanes (e.g., CHBr3) led to
the formation of different products from the carbon atom of
the polyhalomethane. Thus, it is not clear what products will
be formed from decomposition of tetrahalomethanes such
as CBr4, CCl4, and CFCl3.


Here we present a combined experimental and theoretical
investigation of the UV photolysis of a typical tetrahalo-
ethane, CBr4, in water and acetonitrile/water to elucidate
what products are formed and the reaction mechanism re-
sponsible for their production. We found that UV photolysis
of low concentrations of CBr4 in water leads mainly to for-
mation of four HBr leaving groups and CO2. Ps-TR3 experi-
ments and ab initio calculations indicate that water-cata-
lyzed O�H insertion/HBr elimination of the isomer of CBr4


and subsequent reactions of its products are responsible for
the formation of these products. We compare and contrast
the UV photolysis of di-, tri-, and tetrahalomethanes at low
concentrations in water-solvated environments. A general
reaction scheme is presented that can account for the differ-
ent products produced by UV photolysis of low concentra-
tions of di-, tri-, and tetrahalomethanes in water. The poten-
tial implications of these results for the photochemistry of
polyhalomethanes in the natural environment are briefly
discussed.


Experimental and Computational Details


Photochemical experiments : Sample solutions were prepared from com-
mercially available CBr4,


13CBr4, D2O (99.9 % D), and deionized water.
Samples of about 7� 10�5


m CBr4 were placed in a glass holder (10 cm
path length) with quartz windows. The sample solution was excited with
about 1 mJ of 266 nm light from an unfocused laser beam from the
fourth harmonic of an Nd:YAG laser. The absorption spectra of the pho-
tolyzed samples were acquired by using a 1-cm UV grade cell and a
Perkin Elmer Lambda 19 UV/Vis spectrometer. The pH of the photo-
lyzed samples was measured with a THERMO Orion 420A pH meter
equipped with a 8102BN combination pH electrode that was calibrated
with pH 7.00 and 4.01 buffer solutions. 13C NMR and 1H NMR spectra
were acquired with a Bruker Avance 400 DPX spectrometer and air-tight
1= 5 mm sample tubes at room temperature. The 13CBr4 concentration
was about 1.0 mm in D2O. IR spectra were obtained on a FTS 165 spec-
trometer after transfer of the gas evolved in the photolysis experiments
to a gas sample holder.


Picosecond time-resolved resonance Raman experiments : A commercial
femtosecond mode-locked Ti:sapphire regenerative amplifier laser was
used for the experiments. The output from the laser (800 nm, 1 ps, 1 kHz)
was frequency-doubled and -tripled by potassium dihydrogenphosphate


(KDP) crystals to generate the 400 nm probe and 267 nm pump wave-
lengths used in the experiments. Fluorescence depletion of trans-stilbene
was employed to find the time-zero delay between the pump and probe
laser beams. The optical delay between the pump and probe beams was
varied to a position where the depletion of the stilbene fluorescence was
halfway to the maximum fluorescence by the probe laser. The uncertain-
ty of the time-zero measurement was estimated to be �0.5 ps, and a typi-
cal cross-correlation time was determined to be about 1.5 ps (FWHM).
The pump and probe laser beams with magic-angle polarization were
lightly focused onto a flowing liquid jet of sample about 500 mm thick.
Typical pulse energies and spot sizes at the sample were 15 mJ and
250 mm for the pump beam and 8 mJ and 150 mm for the probe beam. A
backscattering geometry was employed to excite the sample and to col-
lect the Raman-scattered light. The Raman light was imaged through the
entrance slit of a 0.5 m spectrograph whose grating dispersed the light
onto a liquid-nitrogen-cooled CCD detector at the exit port of the spec-
trograph.


Each ps-TR3 spectrum was obtained by subtraction of scaled probe-
before-pump and scaled net solvent measurements from a pump-probe
spectrum so that contributions from parent CBr4 Raman bands and resid-
ual solvent Raman bands, respectively, were deleted. The known Raman
shifts of the solvent Raman bands were used to calibrate the spectra with
an uncertainty of about �5 cm�1 in absolute frequency. Commercially
available CBr4 (99 %), deionized water, and spectroscopic-grade acetoni-
trile were used to prepare half-liter CBr4 sample solutions with different
amounts of water (trace amounts and 5 vol %). The samples showed less
than a few percent decomposition during the experiments, as deduced
from UV/Vis spectra obtained before and after the ps-TR3 experiments.


Ab initio calculations : Second-order Møller–Plesset perturbation theory
(MP2) with frozen-core approximation was used to investigate six types
of water-assisted reactions [Eqs. (1)–(6)].


ðBr2CBr�BrÞ þ n H2O! CBr3ðOHÞ þHBrþ ðn�1ÞH2O ðn ¼ 1,2,3Þ
ð1Þ


CBr3ðOHÞ þ n H2O! CBr2OþHBrþ n H2O ðn ¼ 0, 1, 2, 3Þ ð2Þ


CBr2Oþ n H2O! BrCOOHþHBrþ ðn�1 ÞH2O ðn ¼ 1, 2, 3, 4Þ ð3Þ


CBr2Oþ n H2O! CBr2ðOHÞ2 þ ðn�1ÞH2O ðn ¼ 1, 2Þ ð4Þ


CBr2ðOHÞ2 þ n H2O! BrCOOHþHBrþ n H2O ðn ¼ 0, 1, 2, 3Þ ð5Þ


BrCOOHþ n H2O! CO2 þHBrþ n H2O ðn ¼ 0, 1, 2Þ ð6Þ


Geometry optimization and frequency calculations were accomplished
with the 6-31G* basis set for the C, H, O, and Br atoms. All calculations
used the Gaussian 98 program suite.[31] The Cartesian coordinates, total
energies, and selected output from the calculations for all of the calculat-
ed structures are provided in the Supporting Information. Intrinsic reac-
tion coordinate (IRC) computations[32] were done to confirm that the
transition state connected the appropriate reactants and products for all
reactions. A summary of the IRC computations, including energies, reac-
tion coordinate, and the Cartesian or internal coordinates of the above
six types of reactions with maximum number of water molecules are also
included in the Supporting Information.


Results and Discussion


Photochemistry : Figure 1 a presents UV/Vis absorption
spectra acquired following varying times of 266 nm laser
photolysis of a 7 � 10�5


m CBr4 sample in water. The absorp-
tion band due to CBr4 in the 220–240 nm region decreases
in intensity, whereas that for the Br� ion in the 200 nm
region increases in intensity with increasing photolysis time.
A clear isosbestic point at about 225 nm indicates that Br�
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is directly formed from the parent CBr4 molecule. The pH
of the sample solution was measured for each of the UV/Vis
spectra shown in Figure 1 a. The measured molar extinction
coefficients for CBr4 and Br� were employed to determine
the concentrations of these species for each photolysis time
from the UV/Vis spectra of Figure 1 a. Plots of D[Br�]
versus �D[CBr4] (Figure 1 b) during the photochemistry ex-
periments display a linear relationship with a slope of about
4. This indicates that UV photolysis of low concentrations of
CBr4 in water produced four Br� ions. Plots of D[H+] deter-
mined from the pH measurements versus D[Br�] (Figure 1 c)
show a linear correlation with a slope of about 0.9, which is
close to 1 and suggests that each Br� ion is accompanied by
formation of an H+ ion, similar to previous photochemical
results for CHBr3.


[28,29] The UV/Vis and pH photochemical
data in Figure 1 suggest that UV photolysis of low concen-
trations of CBr4 releases four H+ and four Br� ions (likely
from four HBr leaving groups that immediately dissociate
into H+ and Br� ions in water).


To learn more about what happens to the carbon atom
from the CBr4 parent molecule after 266 nm photolysis, we
next employed a 13C-labeled sample of CBr4 in the photo-
chemistry experiments. We then repeated the 266 nm pho-
tolysis experiments and acquired 13C NMR spectra before,
during, and after complete photolysis of 13CBr4 in a D2O
(99 %)/CD3CN (1%) (Figure 2 a). The small amount of


CD3CN in the solvent system provides convenient reference
bands during the experiments. Similar results were obtained
when photolysis was performed in D2O without CD3CN.
The parent 13CBr4 band at about �50 ppm decreases with in-
creasing photolysis time, while a new band for a photoprod-
uct appears at about 125 ppm. This band is assigned to CO2,
and this was confirmed by comparison to an authentic
sample of CO2. The gas evolved during the NMR photo-


Figure 1. a) Absorption spectra obtained after varying times of photolysis
of a 7� 10�5


m CBr4 sample in water. b) Plots of [Br�] versus �[CBr4] ob-
tained from the spectra in a). c) Plots of the changes in [H+] determined
from pH measurements versus changes in [Br�] determined from the
spectra in a).


Figure 2. a) 266 nm photolysis experiments and 13C NMR spectra ac-
quired before, during, and after complete photolysis of 13CBr4 in D2O
(99 %)/CD3CN (1 %). The parent 13CBr4 band appears at about �50 ppm
in the 13C NMR spectra. Photolysis converts 13CBr4 to a photoproduct
with a band at 125 ppm, assigned to CO2. b) IR spectrum of the gas ob-
tained during the 266 nm photolysis of CBr4 in water. The bands at 2340
and 2360 cm�1 are assigned to CO2.
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chemical experiments was then collected and placed in a gas
IR sample cell and its IR spectrum recorded (Figure 2 b).
The two bands at 2340 and 2360 cm�1 are characteristic of
CO2 gas, and this further confirms the NMR assignment of
CO2 being produced from the photolysis.


The above photochemical results suggest that UV photol-
ysis of low concentrations of CBr4 in water leads to the fol-
lowing overall reaction giving its major reaction products
[Eq. (7)].


CBr4 þ hnþ n H2O! CO2 þ 4 HBrþ ðn�2ÞH2O ð7Þ


The experimental results in Figures 1 and 2 also suggest
that this reaction can convert almost all of the parent CBr4


at low concentration to mainly CO2 and 4 HBr and little if
any other products. Previous photochemical experiments on
trihalomethanes such as CHBr3, CHBr2Cl, and CHCl2Br
found that UV excitation (253.7 nm light from a Hg lamp)
at low concentrations (<10�6


m) in water led to complete
conversion of the organic halogen of the polyhalomethanes
to halide ions (Br� and/or Cl�) with a similar photoquantum
yield of 0.43.[24] Our present results for CBr4 and the dihalo-
methane CH2I2 at relatively low concentrations[30] are consis-
tent with the results for trihalomethanes, that is, conversion
of organic halogens to halide ions with an appreciable pho-
toquantum yield. This suggests that it is probably fairly
common for UV excitation of many polyhalomethanes at
low concentrations in water to lead to almost quantitative
conversion to halide ions.


What species produced by the UV photolysis of CBr4 in
aqueous solution can react efficiently to form the CO2 and
4 HBr observed as products in the photochemical experi-
ments? We recently observed that photolysis of polyhalo-
methanes such as CH2I2 and CHBr3 in aqueous environ-
ments can form appreciable amounts of isopolyhalometh-
anes.[28–30,33] In the case of CHBr3 we were able to directly
observe the O�H insertion reaction of the isobromoform
species with water to produce a CHBr2OH product that un-
dergoes further water-catalyzed decomposition reac-
tions.[28, 29] In the next section, we present picosecond time-
resolved resonance Raman experiments performed to exam-
ine what photoproducts are produced shortly after photoly-
sis of CBr4 in the presence of water and whether they can
react with water.


Picosecond time-resolved resonance Raman (ps-TR3) spec-
troscopy : Figure 3 shows selected ps-TR3 spectra acquired
for the initial photoproducts after 267 nm photolysis of CBr4


in acetonitrile containing traces of water (ca. 0.1 %) and ace-
tonitrile/water (95/5). Inspection of the spectra in Figure 3
reveals that a photoproduct is formed within several pico-
seconds that has prominent Raman bands at about 280 and
828 cm�1 which correspond to vibrational bands for the
nominal Br-Br-C-Br symmetric stretching fundamental (n3)
and the nominal C�Br stretching fundamental (n1) for the
isomer of CBr4 (denoted hereafter as isotetrabromo-
methane). This behavior is very similar to previous ps-TR3


spectra observed for formation of other related isopolyhalo-
methanes such as isobromoform and isodiiodomethane fol-
lowing UV photolysis in acetonitrile and acetonitrile/
water.[28–30,33] The prominent n1 C�Br stretching fundamental
band in the spectra is in excellent agreement with the obser-
vation of the same band for isotetrabromomethane previ-
ously observed by ns-TR3 spectroscopy in cyclohexane and
clearly identifies this species, since the C�Br stretch shifts
significantly in other likely photoproducts such as CBr4


+ ,
CBr3 radical, and CBr3


+ .[34] The different probe wavelength
(400 nm) and/or polar solvents used in the ps-TR3 experi-
ments reported here probably account for why the n3 mode
is more clearly observed in these spectra than in the previ-
ous ns-TR3 spectra obtained with a probe wavelength of
436 nm in cyclohexane.[34]


The Raman band at about 828 cm�1, assigned to the fun-
damental nominal C�Br stretch mode (n1), was integrated at
different time delays so as to inspect the kinetics of the
growth and decay of isotetrabromomethane. Figure 4 show
plots of the relative integrated areas of the n1 Raman band
from 100 to 6000 ps in acetonitrile and water/acetonitrile.
They fit to a simple function [dotted lines in Figure 4 repre-
sent these fits; Eq. (a)], where I(t) is the relative integrated
area of the n1 Raman band, t the time, t1 the decay time con-
stant of the n1 Raman band, t2 the growth time constant of
the n1 Raman band, and A and B are constants.


IðtÞ ¼ Ae�t=t1�Be�t=t2 ðaÞ


The fits to the data in Figure 4 found that the isotetrabro-
momethane photoproduct had time constants t1 of 2540 and
587 ps for its decay in acetonitrile with water concentrations
of trace amounts and 5 %, respectively. The isotetrabromo-


Figure 3. Stokes ps-TR3 spectra obtained following 267 nm photolysis of
CBr4 in acetonitrile/water at a probe excitation wavelength of 400 nm.
Spectra in a) and b) were obtained with a trace and 5 % water, respec-
tively.
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methane Raman bands decay with a lifetime that decreases
substantially as the water concentration increases, and this
suggests isotetrabromomethane may react with water. This
behavior of isotetrabromomethane in the presence of in-
creasing amounts of water is very similar to the much faster
decay of isobromoform and isodiiodomethane as the
amount of water in the solvent increases.[28–30,33] In the case
of isobromoform, the O�H insertion reaction to produce a
CHBr2OH as product could be directly observed in the ps-
TR3 experiments.[28,29] Therefore, one can expect isotetrabro-
momethane to react with water by an analogous reaction,
and this was examined by ab initio calculations.


Ab initio calculations for O�H insertion and/or HBr elimi-
nation reactions associated with the decomposition of iso-
tetrabromomethane: Figures 5–10 show optimized geome-


Figure 4. Plots of the relative integrated area of the n1 Raman band of
isotetrabromomethane at different delay times obtained in acetonitrile
with trace amounts of water (!) and 5% water/95 % acetonitrile (&).
The dotted lines represent least-squares fits to the data (see text for de-
tails).


Figure 5. Optimized geometries for the reactant complexes, transition states, and product complexes obtained from MP2/6-31G* calculations on the iso-
tetrabromomethane reactions (Br2CBr�Br) +nH2O!CBr3(OH) +HBr + (n�1) H2O (n =1, 2, 3) with (RC)1n, (TS)1n,and (PC)1n, where n=1, 2, 3, respec-
tively.
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tries with selected bond lengths, and Figure 11 shows
schematic diagrams of the relative free energy (298.15 K)
profiles (in kcal mol�1) obtained from MP2/6-31G* calcula-
tions on reactant complexes, transition states, product com-
plexes, and products for the reactions of isotetrabromo-


methane [Eq. (1)] and the decomposition or O�H insertion
reactions [Eq. (2)–(6)].


Figure 11 shows that the barriers to reaction (e.g., from
the reactant complexes to their respective transition states)
become substantially smaller as the number of H2O mole-


Figure 6. Optimized geometries for the reactant complexes, transition states, and product complexes obtained from MP2/6-31G* calculations for the
CBr3(OH) +n H2O!CBr2O+HBr +n H2O (n=0, 1, 2, 3) reactions with (RC)2n, (TS)2n, and (PC)2n,where n=0, 1, 2, 3, respectively.
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cules involved in the reaction system increases. This indi-
cates that water assists or catalyzes these reactions. The re-
action barrier decreases dramatically from about 15.1 kcal
mol�1 for n= 1 to 1.9 kcal mol�1 for n= 3 for reaction (1)


(Figure 11 a), from 13.8 kcal mol�1 for n=1 to 0.6 kcal mol�1


for n= 3 for reaction (2) (Figure 11 b), from 30.3 kcal mol�1


for n= 1 to 10.1 kcal mol�1 for n= 4 for reaction (3) (Fig-
ure 11 c), from 45.8 kcal mol�1 for n=1 to 22.5 kcal mol�1 for


Figure 7. Optimized geometries for the reactant complexes, transition states, and product complexes obtained from MP2/6-31G* calculations for the
CBr2O +nH2O!BrCOOH + HBr + (n�1) H2O (n =1, 2, 3, 4) reactions with (RC)3n, (TS)3n, and (PC)3n, where n= 1, 2, 3, 4, respectively.


Chem. Eur. J. 2005, 11, 1093 – 1108 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1099


FULL PAPERPhotolysis of Tetrabromomethane



www.chemeurj.org





n= 2 for reaction (4) (Figure 11 d), from 9.8 kcal mol�1 for
n= 1 to 0.2 kcal mol�1 for n=3 for reaction (5) (Figure 11 e),
and from 6.9 kcal mol�1 for n=1 to 1.2 kcal mol�1 for n=2
for reaction (6) (Figure 11 f).


It is useful to compare the present ab initio results to
those previously found for the dissociation of HBr in H2O
complexes.[35–38] The stabilization energies of the HBr(H2O)n


clusters changed from 4.2 kcal mol�1 for n=1 to 54.7 kcal
mol�1 for n= 5,[37] and this trend is similar to that found for
X�(H2O)n clusters[39, 40] and the results found here for iso-
tetrabromomethane(H2O)n, CBr3OH(H2O)n, CBr2O(H2O)n,
CBr2(OH)2(H2O)n, and BrCOOH(H2O)n reactant complexes
and transition states. The reactions that involve elimination
of an HBr leaving group are similar to the dissociation of
HBr in HBr(H2O)n clusters. For example, the structures for
the product complexes (PC) from the CBr3OH(H2O)n reac-
tions shows that (PC)20, (PC)21 , and (PC)22 with n=0, 1, 2,
respectively, have H···Br distances of 1.437, 1.475, and
1.504 �, respectively, that are close to the values of 1.4–
1.5 � for a undissociated HBr molecule in HBr(H2O)n com-
plexes with n=0, 1, 2.[37] Product complex (PC)23 from the
[CBr3OH](H2O)n reactions has H···Br distances of 1.928 and
2.323 � that are close to the values of about 2.2 � for a dis-
sociated HBr molecule in HBr(H2O)n complexes with n= 4,
5.[37] This suggests that HBr is mostly dissociated in the
[CBr3OH](H2O)3 product complex (PC)23. Similar behavior
was found in most of the other reactions that produce an
HBr leaving group. For example, for the CBr2O(H2O)n reac-
tions (PC)31 and (PC)32 have H···Br distances of 1.438 and


1.482 �, respectively, consistent with undissociated HBr,
which change to 2.089 and 2.137 � in (PC)34 with n=4, con-
sistent with a with almost complete dissociation of HBr into
H3O


+ and Br� .[37] These results for the reactions that in-
volve an HBr leaving group indicate that addition of more
water molecules leads to greater stabilization, lower reaction
barriers from reactant complexes to their respective transi-
tion state, and greater dissociation of the HBr leaving group
in the product complexes.


An NBO analysis was done to estimate the charge on the
Br leaving group for the reactant complexes, transition
states, and product complexes examined in Figure 5–10
(Table 1).


The charges on the leaving Br atom in the product com-
plexes (PC)11, (PC)12, (PC)13, (PC)20, (PC)21, (PC)22, (PC)31,
(PC)32, (PC)50, (PC)51, (PC)60, and (PC)61 range from �0.22
to �0.37. However, the NBO charges increase substantially
to the �0.629 to �0.76 range for product complexes like
(PC)23, (PC)33, (PC)34, (PC)52, (PC)53 and (PC)62 that have
more water molecules for the corresponding reaction sys-
tems. This is consistent with the (PC)11, (PC)12, (PC)13,
(PC)20, (PC)21, (PC)22, (PC)31, (PC)32, (PC)50, (PC)51, (PC)60,
and (PC)61 complexes having Br�H distances in the range of
1.4–1.5 � for a undissociated HBr molecule.[37] However,
the (PC)23, (PC)33, (PC)34, (PC)52, (PC)53, and (PC)62 com-
plexes have longer H�Br distances in the range of 1.8–2.3 �
for a partially to completely dissociated HBr molecule.[37]


The terminal Br atom of isotetrabromomethane has NBO
charges of �0.58, �0.49, and �0.67 for (RC)11, (RC)12, and


Figure 8. Optimized geometries for the reactant complexes, transition states, and product complexes obtained from MP2/6-31G* calculations for the
CBr2O +nH2O!CBr2(OH)2 + (n�1)H2O (n=1, 2) reactions with (RC)4n, (TS)4n, and (PC)4n where n=1, 2, respectively.
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(RC)13, respectively, for reaction 1. These charges are consis-
tent with isotetrabromomethane having Br2C�Br+ ···Br�


character, similar to isobromoform and other isopolyhalo-
methane molecules.[29] The charge on the terminal Br atom
increases as the RC approaches its respective transition
state and has values of �0.803 for (TS)11, �0.832 for (TS)12,
and �0.803 for (TS)13. The NBO charges initially on the Br
leaving group of the reactant complexes are smaller for the
other reactions examined, consistent with these systems


having more covalent character than the isotetrabromo-
methane reactant complexes. For reactions 2, 3, 5, and 6, the
charges on the Br leaving group increase substantially on
going from their reactant complexes to the corresponding
transition states, and as the number of water molecules in-
creases there tends to be less change in the negative charge
of the Br leaving group as the reaction goes from its reac-
tant complex to its transition state. For example, the charge
changes by �0.597 from (RC)31 to (TS)31, by �0.503 from


Figure 9. Optimized geometries for the reactant complexes, transition states, and product complexes obtained from MP2/6-31G* calculations for the
CBr2(OH)2 +nH2O!BrCOOH+HBr +n H2O (n =0, 1, 2, 3) reactions with (RC)5n, (TS)5n, and (PC)5n, where n= 0, 1, 2, 3, respectively.
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(RC)32 to (TS)32, by �0.364
from (RC)33 to (TS)33, and by
�0.167 from (RC)34 to (TS)34.
Similar trends are also found
for the other reactions that
have an HBr leaving group.
The smaller changes in the
charge distribution on the leav-
ing Br atom as the number of
water molecules increases sug-
gests less energy is required for
redistribution of the charge to
the leaving group as the reac-
tion goes from the reactant
complex to its transition state.
This appears to correlate with
generally smaller structural
changes taking place (see Fig-
ures 5–10), lower reaction barri-
er heights (e.g., from reactant
complex to transition state),
and a more highly dissociated


Figure 10. Optimized geometries for the reactant complexes, transition states, and product complexes obtained from MP2/6-31G* calculations for the
BrCOOH+nH2O!CO2 +HBr +nH2O (n =0, 1, 2) reactions with (RC)6n, (TS)6n, and (PC)6n, where n=0, 1, 2, respectively.


Table 1. NBO charges on the leaving Br atom for the reactant complexes, transition states, and product com-
plexes investigated in Figures 5–10 that have an HBr leaving group.


Reactant complex Transition state Product complex D(TS�RC)


(RC)11 �0.581 (TS)11 �0.803 (PC)11 �0.227 �0.222
(RC)12 �0.491 (TS)12 �0.832 (PC)12 �0.242 �0.341
(RC)13 �0.671 (TS)13 �0.803 (PC)13 �0.340 �0.132


(RC)20 +0.054 (TS)20 �0.490 (PC)20 �0.231 �0.543
(RC)21 +0.002 (TS)21 �0.436 (PC)21 �0.312 �0.438
(RC)22 �0.027 (TS)22 �0.501 (PC)22 �0.367 �0.474
(RC)23 �0.003 (TS)23 �0.027 (PC)23 �0.733 �0.024


(RC)31 +0.020 (TS)31 �0.578 (PC)31 �0.227 �0.597
(RC)32 +0.020 (TS)32 �0.483 (PC)32 �0.309 �0.503
(RC)33 +0.032 (TS)33 �0.332 (PC)33 �0.700 �0.364
(RC)34 +0.053 (TS)34 �0.113 (PC)34 �0.742 �0.167


(RC)50 �0.048 (TS)50 �0.670 (PC)50 �0.246 �0.621
(RC)51 �0.109 (TS)51 �0.542 (PC)51 �0.315 �0.434
(RC)52 �0.196 (TS)52 �0.574 (PC)52 �0.629 �0.379
(RC)53 �0.199 (TS)53 �0.387 (PC)53 �0.761 �0.188


(RC)60 �0.080 (TS)60 �0.507 (PC)60 �0.210 �0.427
(RC)61 �0.167 (TS)61 �0.538 (PC)61 �0.304 �0.372
(RC)62 �0.214 (TS)62 �0.468 (PC)62 �0.663 �0.254
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character of the HBr molecule in the product complexes as
the number of H2O molecules increases in these reactions.
These trends are consistent with water catalysis of the reac-
tions having a HBr leaving group and with solvation and
dissociation of the HBr leaving group helping to drive these
reactions.


Discussion


Mechanism for the overall major decomposition reaction
CBr4 +hn+n (H2O)!CO2 +4 HBr+ (n�2) H2O : On the
basis of the present experimental and theoretical results in
conjunction with literature data, the following reaction
mechanism is proposed for the overall major decomposition
reaction CBr4 + hn+ n (H2O)!CO2 +4 HBr + (n�2) H2O ob-
served after photolysis of low concentrations of CBr4 in
aqueous solution:


Figure 11. Relative free energy profiles (298.15 K, in kcal mol�1) obtained from MP2/6-31G* ab initio calculations on the reactions shown in a)–f). The
optimized stationary structures associated the above reactions are shown in Figures 5–10.
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Step 1: Photolysis of CBr4 to produce CBr3 and Br frag-
ments:


CBr4 þ hn! CBr3 þ Br


Step 2: Solvent-induced geminate recombination of the
CBr3 and Br fragments to produce isotetrabromomethane:


CBr3 þ Br! isotetrabromomethane


Step 3: Water-catalyzed O�H insertion/HBr elimination of
isotetrabromomethane with nH2O:


isotetrabromomethaneþ n H2O! CBr3OHþHBrþ ðn�1ÞH2O


Step 4: Water-catalyzed HBr elimination of CBr3OH with
nH2O:


CBr3OHþ ðn�1ÞH2O! CBr2OþHBrþ ðn�1ÞH2O


Step 5: Water-catalyzed hydroysis of CBr2O and HBr elimi-
nation:


CBr2Oþ ðn�1ÞH2O! BrCOOHþHBrþ ðn�2ÞH2O


Step 6: Water-catalyzed HBr elimination of BrCOOH:


BrCOOHþ ðn�2ÞH2O! CO2 þHBrþ ðn�2ÞH2O


Overall reaction: Adding steps 1–6 gives the overall reac-
tion for the major product:


CBr4 þ hnþ n H2O! CO2 þ 4 HBrþ ðn�2ÞH2O


The CBr2O intermediate can also be converted to BrCOOH
by a two-reaction process:


Step 7a: O�H insertion:


CBr2Oþ ðn�1ÞH2O! CBr2ðOHÞ2 þ ðn�2ÞH2O


Step 7 b: HBr elimination:


CBr2ðOHÞ2 þ ðn�2ÞH2O! BrCOOHþHBrþ ðn�2ÞH2O


This two-step process may be in competition with step 5 in
the proposed reaction mechanism. Since the barrier for the
O�H insertion of step 7a is larger than the barrier for
step 5, we expect that the two-step process is of minor im-
portance compared to step 5.


Ultraviolet photolysis at wavelengths longer than 250 nm
for many polyhalomethanes containing bromine and/or
iodine in the gas and solution phases typically leads to
direct cleavage of a carbon–halogen bond to produce halo-
alkyl radical and halogen atom fragments. This suggests that
step 1 in the proposed reaction mechanism is the primary
photochemical beginning of the CBr4 photodissociation re-


action. The Ps-TR3 experiments indicate that some of the in-
itially formed CBr3 and Br fragments undergo solvent-in-
duced geminate recombination to produce appreciable
amounts of the isotetrabromomethane intermediate (see
Figure 3), similar to isopolyhalomethane formation after
UV photolysis of a range of other polyhalomethanes at
room temperature in solution.[28–30,33,34, 41–47] This demon-
strates that step 2 of the proposed reaction mechanism
occurs. The decay of the isotetrabromomethane intermedi-
ate becomes much faster with increasing amounts of water
in the solvent system (see Figures 3 and 4), and this suggests
that isotetrabromomethane reacts with water. This observa-
tion, coupled with the ab initio results which show that iso-
tetrabromomethane can readily undergo an O�H insertion/
HBr elimination reaction with water to form CBr3OH+


HBr products and the recent direct ps-TR3 observation of
an analogous reaction for the closely related isobromoform
(isobromoform+nH2O!CHBr2OH+HBr+(n�1)H2O)[28,29],
provides strong support for step 3 of the proposed reaction
mechanism for the decomposition of CBr4 in water.


The ab initio results given here indicate that CBr3OH can
undergo water-assisted HBr elimination to produce
CBr2O+ HBr products, similar to previous ab initio studies
that showed that halomethanols undergo water-catalyzed
HX elimination reactions to produce the corresponding
(halo)formaldehyde.[29,30] Other halomethanols such as
CHCl2OH were experimentally observed to decompose into
HClCO+HCl in the gas phase and to decompose much
faster in aqueous solutions, consistent with water-assisted
decomposition of halomethanols.[48–50] The closely related
CCl3OH was found to decompose into CCl2O+HCl.[48]


These experimental results are consistent with our present
ab initio results for the water-assisted decomposition of
CBr3OH into CBr2O+HBr and provide additional support
for step 4 of our proposed reaction mechanism for decompo-
sition of CBr4 after photolysis in water.


Previously reported ab initio calculations for the reaction
of CBr2O with H2O predicted overall formation of CO2 +


2 HBr via two potential reaction steps similar to steps 5 and
6 and steps 7a and 7b, but the barriers to reaction were
found to be relatively high.[51] Our present ab initio calcula-
tions on these reactions agree with these previous results
and show that explicit involvement of additional H2O mole-
cules in the reaction system substantially lowers the barrier
heights for the reaction steps that involve elimination of
HBr and likely efficient formation of CO2 + 2 HBr from de-
composition of CBr2O in a water-solvated environment. We
note that the closely related CCl2O molecule was found to
decompose into CO2 +2 HCl in aqueous solution,[52] consis-
tent with our present ab initio results for reaction of CBr2O
with water. The ab initio results for CBr2O reacting with
water and the experimentally observed decomposition of
CCl2O to produce CO2 + 2 HCl provide additional support
for steps 5 and 6 in our proposed mechanism. The proposed
reaction mechanism helps explain how UV photolysis of
CBr4 at low concentration in water leads to formation of the
CO2 and 4 HBr products observed in our photochemical ex-
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periments. The reaction mecha-
nism is also consistent with a
range of experimental and the-
oretical results in the literature
for the individual reaction
steps, for example, the known
photolysis of polyhalomethanes
into haloalkyl radical and X
atom fragments, solvent-in-
duced geminate recombination
of these fragments into appreci-
able amounts of the very reac-
tive isopolyhalomethane spe-
cies, O�H insertion reactions of
isopolyhalomethanes with
water, decomposition of halo-
methanols into (halo)formalde-
hydes and HX, the predicted
decomposition reaction of
CBr2O, and the known decom-
position of CCl2O.


General reaction scheme for
UV photolysis of dihalo-, tri-
halo-, and tetrahalomethanes at
low concentration in water-sol-
vated environments: why the
products associated with the
carbon atom are different :
Comparison of our present re-
sults for the UV photolysis of
CBr4 (a typical tetrahalo-
methane) in water with previ-
ous studies on dihalomethanes
(CH2I2)


[30] and trihalomethanes
(CHBr3)


[28,29,62] enables us to
deduce a general reaction
scheme for the UV photolysis of polyhalomethanes at low
concentration in water-solvated environments.


Scheme 1 presents this scheme and reveals that the first
few reaction steps are common to dihalo-, trihalo-, and tet-
rahalomethanes. Initial carbon–halogen bond cleavage in
step 1, solvent-induced geminate recombination of the halo-
alkyl radical and halogen atom fragments to form apprecia-
ble amounts of isopolyhalomethane in step 2, the isopolyha-
lomethane O�H insertion/HX elimination reaction with
water to produce a halomethanol product and HX leaving
group in step 3, and the water-assisted halomethanol HX
elimination reaction to produce a (halo)formaldehyde prod-
uct and HX leaving group in step 4 are very similar for all
of the polyhalomethanes studied so far.[28–30,62] The first four
steps of the reaction mechanism account for the release of
the first two HX leaving groups. The fate of the (halo)form-
aldehyde is the key step that determines what kind of final
carbon products are produced. For dihalomethanes such as
CH2I2, a formaldehyde product is produced, and it under-
goes the known hydrolysis reaction with water to produce


the methanediol product (step 5a for dihalomethanes) ob-
served experimentally in photochemical experiments.[30] For
trihalomethanes such as CHBr3, a haloformaldehyde prod-
uct is formed and mostly undergoes water-catalyzed HX
elimination to produce the CO product (step 5b for trihalo-
methanes) experimentally observed in photochemical ex-
periments.[28,29] The haloformaldehyde product can also de-
compose via a minor reaction pathway by which a hydrolysis
reaction with water first forms halomethanediol product
(HXC(OH)2) that then decays by a water-assisted HX elimi-
nation reaction to produce the HCOOH product (steps 5c
and 6a for trihalomethanes) observed experimentally in
photochemical experiments.[29] For tetrahalomethanes such
as CBr4, examined in the present study, the dihaloformalde-
hyde (CX2O) mainly decomposes by water-catalyzed hydrol-
ysis/HX elimination to first produce XCOOH and a HX
leaving group and a water-catalyzed HX elimination reac-
tion of XCOOH to form another HX leaving group and the
CO2 product (steps 5d and 6b, respectively) observed exper-
imentally in photochemical experiments (see Figure 2). The


Scheme 1. Proposed general reaction scheme for the UV photolysis of di-, tri-, and tetrahalomethanes
(CH4�aXa, where a =2, 3, 4, and X =Cl, Br, I).
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general reaction scheme shown in Scheme 1 helps explain
why UV photolyses of dihalomethanes such as CH2I2 in
water produce a methanediol final product from the carbon
atom, whereas trihalomethanes such as CHBr3 produce
mostly CO and some HCOOH, and tetrahalomethanes pro-
duce mostly CO2 from the carbon atom of the polyhalo-
methane. The general reaction scheme is also consistent
with a range of experimental and theoretical results in the
literature for the photolysis of polyhalomethanes in aqueous
environments and the known decomposition reactions of
halomethanols and haloformaldehydes.


Implications for the decomposition of polyhalomethanes,
halomethanols, and haloformaldehydes in water-solvated en-
vironments : Ultraviolet excitation of most polyhalo-
methanes with wavelengths longer than 250 nm results in
mostly direct carbon–halogen bond cleavage to produce ha-
loalkyl radical and halogen atom fragments with a near-
unity quantum yield. However, in aqueous solution several
polyhalomethanes containing Br and/or I (CH2I2, CHBr3,
and CBr4) have been observed to produce multiple strong
acid leaving groups and various carbon-atom products de-
pending on how many halogen atoms are present in the
polyhalomethane. This indicates that the photochemistry of
polyhalomethanes has significant phase dependence, that is,
very different reactions occur in water-solvated environ-
ments and the gas phase. We note that a number of
isopolyhalomethanes have been experimentally observed
after photolysis of polyhalomethanes (containing I, Br, and/
or Cl) in condensed-phase environments.[28–30,33, 41–47,53–61] This
and the observation of isopolyhalomethanes in largely aque-
ous solutions[30,33] suggest their water-solvated chemistry
may be applicable to many different polyhalomethanes. The
water-catalyzed reactions of isopolyhalomethanes and their
subsequent products are potentially important sources of
halogens and/or acid formation in the natural environment
and, to our knowledge, have not been considered in the
water-solvated photochemistry of polyhalomethanes (CH2I2,
CH2BrI, CH2Br2, CHBr3, CCl4, CCl3F, and others) that have
been observed in the environment from natural and/or an-
thropogenic sources.[1–11]


Ultraviolet photolysis of low concentrations of polyhalo-
methanes in water-solvated environments releases varying
amounts of strong acid HX, depending on the number of
halogen atoms that are present in the polyhalomethane. Di-
halomethanes release 2 HX, trihalomethanes release 3 HX,
and tetrahalomethanes release 4 HX, as shown in Scheme 1.
Thus, the more halogens in the polyhalomethane, the more
HX groups polyhalomethane photolysis in aqueous environ-
ments can release. In addition, the di-, tri-, and tetrahalome-
thanes produce distinctly different products associated with
the carbon atom (CH2(OH)2 from dihalomethanes such as
CH2I2, mostly CO with some HCOOH from trihalometh-
anes such as CHBr3, and mostly CO2 from tetrahalometh-
anes such as CBr4). These different carbon-atom products
may be useful markers to help elucidate which polyhalome-


thanes contribute to water-solvated photochemistry of poly-
halomethanes under different environmental conditions.


A number of reactions in the natural environment depend
on pH, and these include halogen activation reactions,
which are currently attracting intense interest.[12–22] Reac-
tions like HOX+H+ +X�!X2 +H2O (X=Cl and/or Br)
and/or HOX�+H+!X+H2O have been proposed as the
significant activation step in which H+ and X� help activate
the halogen atom on aqueous particles of sea salt.[12–22] One
could reasonably speculate that UV photolysis of polyhalo-
methanes in water-solvated environments could release no-
ticeable amounts of HX that would in turn affect the pH
and possibly influence these types of halogen activation
processes. However, more work is needed to elucidate how
the water-solvated photochemistry of polyhalomethanes
may possibly influence the release of halogens in the natural
environment, particularly for acid catalyzed reactions in het-
erogeneous and/or multiphase environments. We anticipate
that this will become an active area of research.


Halogenated methanols such as bromomethanol and
chloromethanol can be produced in the atmosphere by reac-
tion of hydroxymethyl radicals with atomic or molecular
halogens in the gas phase and can possibly act as a halogen
reservoir in the atmosphere.[1] Chloromethanol was experi-
mentally observed to have a lifetime of at least 100 s (and
probably longer) for homogeneous decomposition in the gas
phase and to decay into HCl and H2CO.[48, 49] The decay of
chloromethanol was found to be much faster on surfac-
es.[48, 49] Similarly, dichloromethanol and trichloromethanol
were found to decay into HClCO +HCl and CCl2O+HCl,
respectively, in the gas phase and to decay much faster in
aqueous solutions.[48] This, combined with our present ab
initio computational results for the decomposition of
CBr3OH and previous work on decomposition of CHBr2OH
and CH2IOH as a function of the number of water mole-
cules present, indicates that the decomposition of halo-
methanols will be greatly accelerated by water, and their de-
composition would probably mostly occur by reactions in
water-solvated environments such as water clusters and/or
interfacial and/or bulk regions of water/ice particles rather
than by homogeneous decomposition. We note that O�H in-
sertion reactions of isopolyhalomethanes with water provide
a new and convenient photochemical route to produce halo-
genated methanols that could be utilized to explore the
chemistry of these compounds in condensed phases.


The water-assisted decomposition of trihalomethanes and
tetrahalomethanes produces halogenated formaldehydes
HXCO and X2CO, respectively. The HXCO species has
been observed to decay mostly to CO+ HX in the gas phase
and decays much faster in aqueous solution,[50] consistent
with the water-catalyzed reaction deduced from ab initio
calculations for the CHBrO+ nH2O!CO +HBr+ nH2O
reaction. The decomposition of X2CO species, such as
Br2CO examined here, proceeds via two water-catalyzed
steps with HBr leaving groups to decay to CO2 +2 HBr in
the presence of water. The ab initio studies for the decom-
position of BrHCO and Br2CO in water suggests that de-
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composition of these halogenated formaldehydes will be
greatly accelerated by the presence of water. Thus, decay
via this route may be important in the natural environment,
although more work is needed to directly assess whether
this is actually the case.


Conclusion


Ultraviolet photolysis of low concentrations of CBr4 in
water leads to mostly formation of four HBr leaving groups
and CO2. Ps-TR3 experiments and ab initio computational
results indicate that the water-catalyzed O�H insertion/HBr
elimination reaction of isotetrabromomethane and subse-
quent reactions of its products leads to formation of the
4 HBr and CO2 products, and a reaction mechanism was
proposed. The UV photolyses of di-, tri-, and tetrahalome-
thanes at low concentrations in water-solvated environments
were compared to each other, and a general reaction
scheme was elucidated that can account for their different
products. The first four steps of the reaction mechanism ac-
count for the release of the first two HX leaving groups for
the di-, tri-, and tetra-halomethanes. The further reactions
of the (halo)formaldehydes are the key steps that determine
what type of final carbon-atom products are formed and the
total number of HX groups released by dehalogenation of
the polyhalomethane. Dihalomethanes such as CH2I2 form a
formaldehyde product that undergoes the known hydrolysis
reaction with water to produce the methanediol product ob-
served experimentally in photochemical experiments and
can release two HX leaving groups.[30] Trihalomethanes such
as CHBr3 form a haloformaldehyde product that then un-
dergoes mostly a water-catalyzed HX elimination reaction
to produce the CO product experimentally observed in pho-
tochemical experiments and can release three HX
groups.[28,29] The present study on a typical tetrahalomethane
(CBr4) indicates that a dihaloformaldehyde (CX2O) is pro-
duced and then mainly decomposes by water-catalyzed hy-
drolysis/HX elimination to first produce XCOOH and a HX
leaving group and a water-catalyzed HX elimination reac-
tion of XCOOH to form another HX leaving group and the
CO2 product observed experimentally in photochemical ex-
periments (see Figure 2); tetrahalomethanes can release a
total of four HX groups. The probable implications for the
decomposition of polyhalomethanes, halogenated metha-
nols, and halogenated formaldehydes in water-solvated envi-
ronments and possibly in the natural environment were
briefly discussed. The decomposition of polyhalomethanes,
halogenated methanols, and halogenated formaldehydes in
water-solvated environments is expected to be greatly accel-
erated by the presence of water molecules and to exhibit
significant differences to their gas-phase decomposition.
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Amino Acid Binding by 2-(Guanidiniocarbonyl)pyridines in Aqueous
Solvents: A Comparative Binding Study Correlating Complex Stability with
Stereoelectronic Factors


Carsten Schmuck* and Uwe Machon[a]


Introduction


We recently introduced a de novo designed binding motif
for carboxylates: the guanidiniocarbonylpyrroles 1, which
strongly bind carboxylates even in aqueous solvents through
a combination of ion pairing and multiple hydrogen bonds
(Scheme 1).[1] Because of the increased acidity of the acyl-
guanidinium moiety and the additional hydrogen bonds,
these complexes are much stronger than those of simple
guanidinium cations, which only form stable ion pairs in or-
ganic solvents of low polarity such as chloroform or acetoni-
trile.[2] This recognition motif has thus already found versa-
tile use in various fields of supramolecular[3] and bioorganic
chemistry.[4]


As the guanidiniocarbonylpyrrole moiety is one of the
most efficient carboxylate binding motifs known to date,[2]


an interesting question is which of the multiple binding in-
teractions present in complexes with carboxylates is mainly
responsible for its unique binding properties? We have al-
ready been able to show by comparison with a neutral ami-
dopyridine pyrrole analogue that the charge interaction


within the ion pair is crucial for binding in aqueous sol-
vents.[3a] The neutral binding motif in this analogue has ex-
actly the same hydrogen bond pattern but is several orders
of magnitude less efficient. Furthermore, a comparative
thermodynamic study with a series of structurally related
guanidiniocarbonylpyrroles suggested that, besides the ion-
pairing, it is mainly the amide NH in the 5-position in the
pyrrole ring that is important for the effective binding of the
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Abstract: A series of guanidiniocar-
bonylpyridine receptors has been
synthesized, and these compounds bind
amino acids (carboxylate forms) in
aqueous DMSO with association con-
stants ranging from K = 30 to 460 m


�1


as determined by NMR titration ex-
periments. The differences in the com-
plex stabilities can be correlated with


steric and electrostatic effects with the
aid of calculated complex structures.
For example, the electrostatic repulsion


between the pyridine nitrogen lone
pair and the bound carboxylate makes
anion binding less efficient than with
the analogous pyrrole receptors previ-
ously introduced by us for carboxylate
binding in water. Furthermore, steric
interactions between the receptor side
chain as in 2 b and the bound substrate
also disfavor complexation.


Keywords: amino acids · carbox-
ylate receptors · guanidinium cat-
ions · molecular recognition · supra-
molecular chemistry


Scheme 1. Design of guanidiniocarbonylpyrrole receptors 1 for the bind-
ing of carboxylates in aqueous solvents; the ion-pairing and the hydrogen
bonds provide the binding strength, whereas additional interactions with
the side chain may account for the substrate selectivity.
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carboxylate substrate.[1] From these studies, however, it has
not so far been possible to deduce the actual impact of the
pyrrole ring itself. Is it only serving as a template, orientat-
ing the adjacent binding sites into the right geometry for
carboxylate binding or is the pyrrole NH actively involved
in the binding? If it is only a rigid template, is the ring size,
and hence the angle between the two adjacent amides, cru-
cial? To elucidate these questions we have now prepared a
series of analogous guanidiniocarbonylpyridine receptors in
which the pyrrole ring is replaced by a pyridine
(Scheme 2).[5] Here we wish to report their syntheses and
the evaluation of their binding properties.


Results and Discussion


We have synthesized three prototypes of such guanidiniocar-
bonylpyridines. The ethyl amide- and the valine amide-sub-
stituted receptors 2 a and 2 b are the corresponding pyridine


analogues of our previously studied guanidiniocarbonylpyr-
roles 1 a and 1 b (Scheme 1), while in receptor 3 the direc-
tion of the amide group in position 6 of the pyridine ring is
reversed relative to 2 a.


Scheme 3 describes the synthesis of the 2-(guanidiniocar-
bonyl)pyridine 2 a. The pyridinecarboxylic acid 6 was syn-
thesized by literature methods.[6,7] Commercially available
pyridine-2,6-dicarboxylic acid (4) was converted into the di-
methyl ester 5 with methanol in the presence of a catalytic
amount of H2SO4. The dimethyl ester was then hydrolyzed
selectively at only one of its two ester functions to provide
6. Coupling of the mono-acid with ethylamine in the pres-
ence of benzotriazolyloxytripyrrolidinophosphonium hexa-
fluorophosphate (PyBOP) as the coupling reagent gave the
corresponding amide 7. To obtain the Boc-protected recep-


tor 10, the methyl ester function of 7 was hydrolyzed with
LiOH in methanolic solution and after activation with
PyBOP the carboxylic acid 8 was coupled with mono-Boc-
protected guanidine 9.[8] Deprotection of 10 with trifluoro-
acetic acid and precipitation of the picrate salt from a meth-
anolic solution provided the ethyl amide-substituted recep-
tor 2 a.


The valine-substituted receptor 2 b was synthesized ac-
cordingly (Scheme 4). Coupling of 6 with H-Val-NH2 by use
of dicyclohexylcarbodiimide (DCC) in the presence of cata-
lytic amounts of 4-dimethylaminopyridine (DMAP) yielded
the ester 11, which was hydrolyzed by treatment with KOH
in MeOH. The crude potassium salt 12 was treated directly


Scheme 2. Guanidiniocarbonylpyridine receptors 2 as a tool for examin-
ing the influence of the heterocycle on the binding of carboxylates.


Scheme 3. Synthesis of receptor 2 a.


Scheme 4. Synthesis of receptor 2 b.
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with mono-Boc-guanidine 9 without further purification.
After deprotection of 13 with TFA, the picrate salt of recep-
tor 2 b was isolated from MeOH.


The synthesis of the 2-(guanidiniocarbonyl)pyridine 3 is
shown in Scheme 5. The commercially available 6-methyl-


pyridin-2-ylamine (14) was acylated with acetic anhydride in
toluene by a literature procedure.[9] The methyl group of the
pyridinium salt 15 was oxidized with KMnO4 to provide the
pyridinecarboxylic acid 16,[9,10] which after activation with
PyBOP was coupled with the mono-Boc-protected guani-
dine 9 to yield the Boc-protected receptor 17. The last step
was the deprotection of 17 with TFA and the crystallization
of the picrate salt of the receptor 3 from methanol.


The binding properties of these receptors were then stud-
ied in aqueous DMSO (40 % water in DMSO) by NMR ti-
tration experiments with various amino acids in their car-
boxylate forms. This specific solvent mixture was chosen to
allow a direct comparison of the binding data with those ob-
tained earlier for our guanidiniocarbonylpyrroles.[1] All
three receptors are indeed able to bind amino acid carbox-
ylates even under these polar conditions, as can be seen by
significant complexation-induced shift changes upon addi-
tion of the carboxylate (NMe4


+ salt) to a solution of the re-
ceptor (1.5 mm or 1.0 mm, picrate salt).[11]


Figure 1 shows a typical data set: the chemical shift
changes in the 1H NMR spectrum of receptor 2 b upon addi-
tion of increasing equivalents of Ac-Gly-O� (18). A down-
field shift of the signal for the amide proton NHc and up-
field shifts of the signals for the protons of the amide func-
tion of the valine moiety NH2


a,b and the pyridine CH pro-
tons are observed. The doublet of the amide NHc shifts
from d = 9.1 ppm to d = 9.4 ppm and the broad singlets of
the amide protons (a, b) shift from d = 7.9 ppm to d =


7.8 ppm and from d = 7.2 ppm to d = 7.1 ppm. The guani-
dinium NH protons cannot be detected under these condi-
tions, due to fast exchange of these protons with the solvent
(40 % water). Equivalent shift changes are observed for the


protons of the substrate. The glycine amide NH shifts to
higher field, from d = 7.7 ppm to d = 7.6 ppm, which
means that upon complexation this proton experiences an
analogous downfield shift (at the beginning of the titration
the substrate is completely complexed by the excess of the
receptor, whereas at the end of the titration the substrate is
present in excess and hence in uncomplexed form). These
shift changes not only indicate an intermolecular interaction
between receptor and carboxylate but are also consistent
with the general binding motif shown in Scheme 2: an ion
pair between the carboxylate and the guanidinium cation,
which is further enhanced by a hydrogen bond from the ad-
jacent amide. As anion binding can be regarded as the be-
ginning of deprotonation it would be expected that the elec-
tron density in the guanidiniocarbonylpyridine moiety
should increase upon complexation, which is in good agree-
ment with the observed upfield shifts of the pyridine CHs.
Only those protons that actively participate in hydrogen
bonds (the amide NHc in this case) show a downfield shift.


From this shift change of the amide NH of the receptor,
as well as the upfield shifts of the pyridine CHs, the corre-
sponding binding constant can be calculated quantitatively
by use of nonlinear least-squares fitting with a 1:1 associa-
tion model.[11] This was carried out for all three receptors
with the following amino acid carboxylates: Gly (18), Phe
(19), Val (20), and Ala (21) in the forms of their NMe4


+


salts. The results of these quantitative binding studies are
summarized in Table 1, Table 2, and Table 3. In all cases
there was an excellent fit of the measured data with the the-
oretical 1:1 complexation model, as exemplified by the bind-
ing isotherm shown in Figure 2. The stoichiometry was inde-
pendently confirmed by Job plots from the titration data, all
of which showed clean 1:1 complex formation (Figure 3).[12]


Where the binding constants could be calculated by follow-


Scheme 5. Synthesis of receptor 3.


Figure 1. 1H NMR spectrum of receptor 2b (picrate salt, 1.5 mm) in the
presence of increasing amounts of added Ac-Gly-O� (18 ; NMe4


+ salt) in
40% water in [D6]DMSO, showing the complexation-induced shift
changes (from bottom to top: 0 to 10 equivalents 18).
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ing the shift changes of more than one proton the results
were consistent and within the margin of experimental error
(estimated as �10 % in Kass).


Inspection of these data showed that all the pyridine-
based receptors bound carboxylates in aqueous DMSO with
association constants of up to Kass�5 � 102


m
�1, depending


both on the substrate and on the receptor. The following
general trends can be deduced from these data. For all four
amino acid carboxylates studied (Gly, Ala, Val, and Phe)


the association constants increase in the order 3<2 b�2 a
with respect to the receptor. Hence, receptor 3, with the re-
versed amide group, is the least efficient, with association
constants all around 102


m
�1 (Table 3). Binding by the valine


derivative 2 b (Table 2) is about three times more efficient.
For example, the binding constant for alanine increases
from K = 160 m


�1 for 3 to K = 360 m
�1 for 2 b. For the


ethyl amide receptor 2 a (Table 1) the binding constants for
Ala and Val further increase significantly relative to 2 b
(e.g., K = 450 m


�1 for alanine), whereas Gly and Phe are
bound essentially identically by 2 a and by 2 b. Hence, the
strongest complexation for all amino acids is observed for
the ethyl amide receptor 2 a.


For a given pyridine receptor, Ala is always bound better
than Val, which again is always bound better than Gly.
Hence, the general order of selectivity is Gly<Val<Ala.
Only the binding of Phe is quite different for the three re-
ceptors. In the case of 3, Phe is bound even more poorly
than Gly (K = 30 m


�1 versus K = 90 m
�1, respectively). For


2 b, Phe is bound as strongly as Val (K = 240 m
�1). Receptor


2 a binds Phe as efficiently as receptor 2 b (K = 230 m
�1


versus K = 240 m
�1, respectively), but as mentioned above,


2 a binds Ala and Val even better, which changes the order
of selectivity to Gly<Phe<Val<Ala.


The binding with the pyridine systems is generally less ef-
ficient than that with the pyrrole receptors. For example, the
valine amide-substituted guanidiniocarbonylpyrrole 1 b
binds alanine (carboxylate form) with K = 1630 m


�1, where-
as the pyridine analogue 2 b binds the same substrate under
the same experimental conditions only with K = 360 m


�1.
For the ethyl amide derivatives 1 a and 2 a, the binding con-
stants for alanine carboxylate differ by a factor of roughly
two (K = 800 m


�1 and 450 m
�1, respectively). Interestingly,


this results in a reversal in selectivity between 2 a and 2 b for
Ala, as in the pyrrole series the analogous valine derivative
showed the highest association constants, whereas in the
pyridine series the ethyl amide receptor 2 a is the best. The
difference between pyrrole and pyridine receptors is even
more pronounced for Phe. Because of a favorable cation–p-
interaction between the aromatic ring and the guanidiniocar-


Table 1. Binding constants (Kass) and free energies of complexation
(DGass) for receptor 2a (picrate salt, 1.0 mm) with various amino acid car-
boxylates 18–21 (NMe4


+ salts) in water/[D6]DMSO (40 % v/v) at 25 8C.


Carboxylate Kass [m�1][a] �DGass [kJ mol�1]


18 Ac-l-Gly-O� 220 13.4
19 Ac-l-Phe-O� 230 13.5
20 Ac-l-Val-O� 330 14.4
21 Ac-l-Ala-O� 460 15.2


[a] Error limits in K were estimated as <�10 %.


Table 2. Binding constants (Kass) and free energies of complexation
(DGass) for receptor 2b (picrate salt, 1.5 mm) with various amino acid car-
boxylates 18–22 (NMe4


+ salts) in water/[D6]DMSO (40 % v/v) at 25 8C.


Carboxylate Kass [m�1][a] �DGass [kJ mol�1]


18 Ac-l-Gly-O� 190 13.0
19 Ac-l-Phe-O� 240 13.6
20 Ac-l-Val-O� 240 13.6
21 Ac-l-Ala-O� 360 14.6
22 Ac-d-Ala-O� 330 14.4


[a] Error limits in K were estimated as <�10 %.


Table 3. Binding constants (Kass) and free energies of complexation
(DGass) for receptor 3 (picrate salt, 1.5 mm) with various amino acid car-
boxylates 18–21 (NMe4


+ salts) in water/[D6]DMSO (40 % v/v) at 25 8C.


Carboxylate Kass [m�1][a] �DGass [kJ mol�1]


18 Ac-l-Gly-O� 90 11.1
19 Ac-l-Phe-O� 30 10.1
20 Ac-l-Val-O� 160 12.6
21 Ac-l-Ala-O� 160 12.6


[a] Error limits in K were estimated as <�10 %.


Figure 2. Binding isotherm for the amide NH of receptor 2 a for the com-
plexation of phenylalanyl carboxylate (19) in 40 % water in [D6]DMSO.


Figure 3. Job plot analysis for the complexation of receptor 2a with Phe
19.
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bonylpyrrole moiety, Phe is bound with K = 1200 m
�1 by the


pyrrole receptor 1 a, but only with K = 230 m
�1 by the pyri-


dine receptor 2 a, which has a much lower electron density
in the heterocycle.


Hence, the general binding features of the newly devel-
oped pyridine receptors discussed above can be summarized
as follows:


* Pyridine-based receptors are all less efficient than the
corresponding pyrroles.


* The stability of the complex decreases with increasing
steric demand in the receptor (2 a versus 2 b).


* The “normal” amide in 2 a and 2 b is superior to the “re-
versed” amide in 3.


How can one understand these trends? Unfortunately, no
exact determination of the actual complex structures in so-
lution was possible, as no NOE (nuclear Overhauser effect)
signals could be detected in the NMR. This is not surprising,
however, because the complexes are still rather dynamic, as
underlined by the fast proton exchange with the solvent. We
therefore turned to molecular modeling calculations (Mac-
romodel V 8.0. Amber* force field, GB/SA water solva-
tion)[13] to investigate possible reasons for the observed dif-
ferences in complex stability, and a consistent picture indeed
emerged from these calculations. Of course, any interpreta-
tion based on static complex structures (whether calculated
or experimentally determined) is purely enthalpic and there-
fore neglects entropy effects such as changes in the solva-
tion, which are of course also quite important factors for
substrate binding in polar solvents.[3b, 14] However, in compar-
ison of relative data within a series of structurally related
systems, as is the case here, solvation effects are quite often
comparable and hence not decisive for differences in the
binding properties. An enthalpic analysis can thus still be a
reasonable approximation of the real situation and so can
nevertheless help us better understand the molecular recog-
nition event in order to allow the design of even more effi-
cient receptors in the future.


Firstly, why are the pyridine-based receptors less efficient
than the pyrroles? According to our calculations the binding
motif for the ethyl amide receptor 2 a is essentially the same
as with the corresponding pyrrole receptor 1 a (Figure 4):
the carboxylate forms an ion pair with the guanidinium
moiety, and an hydrogen bond from the amide NH to the
carboxylate stabilizes the complex further. The N-acetyl
group is located below the aromatic ring, with an attractive
interaction between the substrate amide NH and the pyri-
dine nitrogen. This picture is completely consistent with the
observed shift changes in the NMR described above
(Figure 1). As there are no explicit interactions with the side
chain of the amino acid, the binding constants would not be
expected to differ much for the various substrates, and
indeed the experimentally determined binding constants for
2 a differ only by factor of two in the order Gly<Phe<
Val<Ala, probably reflecting differences in the flexibility
and steric demand of the bound substrate.


That the complexes are only half as stable as with the pyr-
role receptors, despite their similar structures, is probably
due to an unfavorable interaction between the pyridine ni-
trogen and the carboxylate.[15] Because of the difference in
ring size, the calculated hydrogen-bonding distance to the
ethyl amide NH is actually smaller for the pyridine receptor
than for the pyrrole (1.79 versus 2.20 �, respectively),
whereas the distances to the two guanidinium amide NHs
are slightly smaller for the pyrrole receptor. In the pyridine
system, however, the complexation brings the carboxylate
oxygen into close contact with the pyridine nitrogen (<
3 �). The resulting dipole repulsion between the lone pairs
on the two heteroatoms could be the reason for the de-
creased complex stability in the
pyridine series (Scheme 6). On
the one hand, one would expect
the nitrogen lone pair to help
orientate the two neighboring
amide NHs inwards, thereby fa-
voring the specific receptor
conformation needed for sub-
strate binding.[15] On the other
hand, its interaction with the
negatively charged substrate in
the complex is repulsive. Obvi-
ously the latter effect domi-


Figure 4. Calculated lowest-energy conformations of the complexes be-
tween alanine carboxylate 21 and the pyridine receptor 2 a (top) and the
pyrrole receptor 1 a (bottom). The figures represent calculated O–H dis-
tances (in �).


Scheme 6. The repulsion be-
tween the lone pairs of the
pyridine nitrogen and the
anionic carboxylate oxygen is
responsible for the less effi-
cient binding in relation to the
pyrrole systems.
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nates. Calculations show that the energetic differences be-
tween the various receptor conformations are negligible in
water. Hence, any conformational effect of the pyridine ni-
trogen on the receptor structure is energetically not advan-
tageous for the binding event, and so the repulsive dipole in-
teraction, which is only present in the complex, disfavors
substrate binding. This finding is in good agreement with ob-
servations made by, for example, Crabtree,[16] Kilburn,[17] or
Jeong[18] and their respective co-workers, who also reported
similar destabilizing effects of the pyridine nitrogen on bind-
ing of both anionic and neutral substrates in organic solvents
by pyridine-based receptors. This repulsive dipole interac-
tion with the pyridine nitrogen lone pair is therefore the
most likely reason why the pyridine receptors are less effi-
cient than the guanidiniocarbonylpyrroles. However, this
electrostatic effect is attenuated by the highly polar solvent,
leading overall only to modest differences in complex stabil-
ities, as electrostatic interactions strongly depend on the po-
larity of the surrounding medium. As an example, the desta-
bilizing effect of a pyridine nitrogen lone pair on anion
binding in methylene chloride has been reported to cause a
decrease in complex stabilities of a factor of up to 40 in rela-
tion to a benzene system.[16]


This is furthermore supported by comparison of 2 a with
the binding properties of an analogous benzene receptor 28,
in which the lone pair of the pyridine nitrogen atom is re-
placed by an aromatic CH bond. The synthesis of 28 is de-
scribed in Scheme 7: the monobenzyl ester 24 was obtained


by a known literature procedure starting from isophthalic
acid (23).[19] Coupling of the monoacid 24 with ethylamine
in the presence of PyBOP as the coupling reagent gave
amide 25. Cleavage of the benzyl ester in 25 was achieved in


quantitative yields by hydrogenolysis (Pd/C) to yield 26. The
guanidiniocarbonyl moiety was again introduced by coupling
with the mono-Boc-protected guanidine 9, followed by
acidic deprotection to give the free receptor 28.


The association constants for the binding of amino acid
carboxylates by the benzene receptor 28 are larger than
those for the pyridine system 2 a but smaller than those for
the corresponding pyrrole receptor 1 a. Ala (21), for exam-
ple, is bound with K = 600 m


�1 by 28, in comparison with K
= 450 m


�1 for 2 a and K = 800 m
�1 for 1 a. Also, glycine car-


boxylate (18) is bound with K = 420 m
�1 by 28 but only with


K = 220 m
�1 by 2 a. This demonstrates that the nitrogen


lone pair is indeed sterically more demanding than an aro-
matic CH and exerts a destabilizing electrostatic effect on
anion binding, in accordance with earlier findings.[15–17]


Hence, the efficiency of the guanidiniocarbonyl receptors in-
creases in the series pyridine<benzene<pyrrole.


Secondly, why is the valine derivative 2 b less efficient
than the ethyl amide receptor 2 a in binding amino acids
such as Ala and Val? This probably reflects unfavorable
steric interactions between the isopropyl group in the recep-
tor and the amino acid side chains. In the pyrrole receptor
1 b, we postulated an additional hydrogen bond from the ter-
minal carboxamide group to explain both the increased
complex stability relative to the ethyl amide derivative 1 a
and the stereoselectivity (l-Ala is bound three times more
strongly than d-Ala).[1] However, there seems to be no such
attractive binding interaction with the terminal carboxamide
group in the pyridine receptor 2 b, as no stereoselectivity is
observed (d- and l-Ala are bound with essentially the same
binding constant: K = 350 m


�1 and K = 330 m
�1, respective-


ly). Furthermore, no downfield shift in the NMR is observed
for these NH protons (Figure 1), as would be expected were
they to be participating in a hydrogen bond to the carbox-
ylate (and was observed for 1 b). Hence, the valine residue
of 2 b probably only exerts a steric effect, which is by nature
repulsive (Scheme 8). Therefore, the binding constants
should either be similar to those found with the ethyl amide
receptor 2 a (Gly, Phe) or be even smaller in the event of
steric interactions (Val, Ala), as is indeed observed.


Thirdly, why is the reversed amide in receptor 3 less effi-
cient? Because of the geometry of the binding site, the NH
of this amide is further away from the oxygens of the bound
carboxylate than in 2 a or 2 b. For example, the calculated
distance between the two amide NHs on either side of the


Scheme 7. Synthesis of the benzene receptor 28.


Scheme 8. Unfavorable steric interactions between the isopropyl group of
the receptor 2 b and the amino acid side chain could be the reason for
the less efficient binding relative to the ethyl amide receptor 2 a.
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pyridine ring is 3.5 � in 3 and 2.7 � in 2 a and 2 b
(Figure 5)! Hence, simultaneous interaction of the carboxyl-
ate both with the two guanidinium NH groups and with the
acetyl amide NH group on the other side of the heterocycle
is less efficient in 3, which could explain the reduced com-
plex stability. Furthermore, as there are no significant steric
interactions, the binding constants for the various amino
acids are again rather similar (K = 30–160 m


�1).


Conclusion


In conclusion, we present here the synthesis and evaluation
of the binding properties of a new class of hitherto unknown
guanidiniocarbonylpyridine receptors. By NMR titration ex-
periments it has been demonstrated that such receptors can
be used to bind amino acid carboxylates effectively in aque-
ous solvents, with binding constants ranging from K = 30–
460 m


�1. Because of the electrostatic repulsion between the
pyridine nitrogen lone pair and the bound carboxylate, how-
ever, these complexes are less stable than those formed with
the analogous pyrrole—or even benzene—receptors. Such
comparative binding studies should help us in better under-
standing the factors necessary to achieve strong and selec-
tive complexation of amino acid carboxylates in water.


Experimental Section


General remarks : Solvents were dried and distilled before use. The start-
ing materials and reagents were used as obtained from Aldrich, Fluka, or
Lancaster. All experiments were run in oven-dried glassware. The com-
pounds were dried in high vacuum over phosphorus pentoxide at room
temperature overnight unless otherwise stated. 1H and 13C NMR spectra
were recorded on a Bruker Avance 400 spectrometer. The chemical shifts
are reported relative to the deuterated solvents. The EI-mass spectra
were recorded on a Finnigan MAT 90 instrument, the ESI- and HR-mass
spectra were recorded on a Finnigan MAT 900 S.


6-(Methoxycarbonyl)pyridine-2-carboxylic acid (6): A solution of pyri-
dine-2,6-dicarboxylic acid (4 ; 6.85 g, 41.0 mmol) and concentrated sulfuric
acid (1 mL) in methanol (35 mL) was heated at 70 8C for two days. After
cooling to room temperature the suspension was neutralized with a satu-
rated aqueous sodium hydrogencarbonate solution. The methanol was re-
moved under reduced pressure, and the aqueous suspension was dis-


solved in chloroform (30 mL). The organic layer was separated, washed
with water (3 � 10 mL) and brine (15 mL), and dried over MgSO4. The
solvent was removed in vacuo to provide dimethyl pyridine-2,6-dicarbox-
ylate (5 ; 5.89 g, 78 %) as a white solid. This crude product was used in
the following step without further purification.


A solution of dimethyl pyridine-2,6-dicarboxylate (5 ; 5.85 g, 30.0 mmol)
in methanol (150 mL) was cooled to 0 8C. KOH pellets (1.76 g,
31.0 mmol) were added, and the reaction mixture was stirred at 0 8C for
2 h and then at room temperature for 24 h. The solvent was removed
under reduced pressure, and the residue was suspended in ethyl acetate
(150 mL). The white potassium salt was collected by filtration and was
then dissolved in water (100 mL). The solution was acidified to pH 3 with
concentrated hydrochloric acid and extracted with chloroform (4 �
40 mL). The collected organic layers were dried over MgSO4, and the
chloroform was removed in vacuo to provide the desired product 6
(2.90 g, 53%) as a white solid: m.p. 146 8C; 1H NMR (400 MHz,
[D6]DMSO, 25 8C, TMS): d = 3.91 (s, 3 H), 8.14–8.22 ppm (m, 3 H); 13C
NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d = 52.6, 127.6, 127.8, 139.0,
147.6, 148.9, 164.8, 165.6 ppm; IR (KBr): ñ = 3073, 2966, 2634, 1725,
1580, 1325 cm�1.


Methyl 6-(ethylcarbamoyl)pyridine-2-carboxylate (7): A solution of
PyBOP (2.87 g, 5.52 mmol) and N-methyl-morpholine (NMM; 410 mg,
4.05 mmol) in DMF (10 mL) was added to a solution of 6-(methoxycar-
bonyl)pyridine-2-carboxylic acid (6 ; 1.00 g, 5.52 mmol), ethylamine hy-
drochloride (450 mg, 5.52 mmol), and NMM (410 mg, 4.05 mmol) in
DMF (10 mL). The reaction mixture was stirred overnight at room tem-
perature, and water (40 mL) and ethyl acetate (50 mL) were added.
After separation of the organic layer, the aqueous layer was extracted
with ethyl acetate (5 � 20 mL). The solvent was removed from the organic
layers, and the residue was purified by flash column chromatography on
silica gel (ethyl acetate/cyclohexane 1:1) to give 7 (598 mg, 52%) as a
white solid: m.p. 68 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d


= 1.14 (t, 3 H), 3.35–3.40 (m, 2H), 3.93 (s, 3 H), 8.15–8.25 (m, 3 H),
8.56 ppm (br s, 1 H); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d =


14.8, 33.8, 52.7, 125.1, 127.0, 139.3, 146.5, 150.5, 162.9, 164.7 ppm; IR
(KBr): ñ = 3541, 3288, 2979, 1725, 1666, 1543, 1441, 1302, 1250 cm�1; EI-
MS: m/z : 208.1 [M]+ .


6-(Ethylcarbamoyl)pyridine-2-carboxylic acid (8): LiOH (115 mg,
4.80 mmol) was added to a solution of methyl 6-(ethylcarbamoyl)pyri-
dine-2-carboxylate (7; 500 mg, 2.40 mmol) in methanol (10 mL). The re-
action mixture was stirred at room temperature for 30 min, the methanol
was removed under reduced pressure, and the residue was dissolved in
water (25 mL). The solution was acidified to pH 5 with hydrochloric acid
and extracted with ethyl acetate (5 � 20 mL). The collected organic layers
were dried over Na2SO4 and evaporated to dryness to give the desired
product 8 (242 mg, 52 %) as a white solid: m.p. 102 8C; 1H NMR
(400 MHz, [D6]DMSO, 25 8C, TMS): d = 1.17 (t, 3 H), 3.35–3.42 (m,
2H), 8.18–8.27 (m, 3 H), 8.56 ppm (br s, 1H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C, TMS): d = 14.8, 33.7, 125.2, 126.4, 139.8, 146.0, 149.5,
162.6, 164.8 ppm; IR (KBr): ñ = 3407, 3260, 3080, 2979, 1729, 1657, 1558,
1460, 1362 cm�1; EI-MS: m/z : 294.1 [M]+ .


tert-Butoxycarbonyl-[6-(ethylcarbamoyl)pyridine-2-carbonyl]guanidine
(10): A solution of PyBOP (780 mg, 1.50 mmol) and NMM (205 mg,
2.03 mmol) in DMF (5 mL) was added to a solution of 6-(ethylcarba-
moyl)pyridine-2-carboxylic acid (8 ; 291 mg, 1.50 mmol), Boc-protected
guanidine (9 ; 239 mg, 1.50 mmol), and NMM (205 mg, 2.03 mmol) in
DMF (5 mL). The reaction mixture was stirred at room temperature for
one day. After addition of water (15 mL), a white solid crystallized. This
solid was collected by filtration and washed several times with water and
dried in vacuo to provide the desired product 10 (347 mg, 69%) as a
white solid: m.p. 208 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d


= 1.20 (t, 3 H), 1.45 (s, 9H), 3.43 (m, 2H), 8.24–8.37 (m, 4H), 8.78 (br s,
1H), 9.28 ppm (br s, 1H); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS):
d = 15.1, 27.9, 33.7, 77.9, 125.4, 125.8, 140.1, 149.2, 157.5, 162.5 ppm; IR
(KBr): ñ = 3395, 2974, 1752, 1685, 1573, 1531, 1420, 1313 cm�1; HR-MS
(ESI) calcd for [M+Na]+ : 358.1491; found 358.149.


6-(Ethylcarbamoyl)pyridine-2-carbonylguanidinium picrate (2 a): Tri-
fluoroacetic acid (6 mL) was added to the protected receptor 10 (150 mg,


Figure 5. Calculated lowest-energy conformation of the complex between
alanine carboxylate 21 and the pyridine receptor 3.
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0.447 mmol). The solution was stirred at room temperature for 15 min.
The excess trifluoroacetic acid was removed in vacuo, and the obtained
residue was dissolved in methanol (25 mL). A saturated solution of picric
acid in water (20 mL) was then added, and the mixture was stirred for
one day at room temperature. The picrate salt 2 a crystallized and was fil-
tered, washed several times with methanol, and dried to provide a yellow
solid (180 mg, 87%): m.p. 260 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C,
TMS): d = 1.22 (t, 3 H), 3.45 (m, 2 H), 8.30–8.39 (m, 3H), 8.50 (br s, 3H),
8.58 (s, 2H), 8.97 (br s, 1H), 11.39 ppm (br s, 1 H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C, TMS): d = 14.8, 34.0, 124.2, 125.2, 125.6, 126.5, 140.5,
141.8, 145.6, 149.2, 154.3, 160.8, 162.3, 164.1 ppm; IR (KBr): ñ = 3421,
3330, 3089, 1731, 1656, 1530, 1326 cm�1; ESI-MS: m/z : 236.35 [M]+ .


Methyl 6-[((S)-1-carbamoyl-2-methylpropyl)carbamoyl]pyridine-2-car-
boxylate (11): A solution of 6-(methoxycarbonyl)pyridine-2-carboxylic
acid (6 ; 322 mg, 1.78 mmol), N,N-dimethylpyridin-4-ylamine (435 mg,
3.56 mmol), H-Val-NH2 hydrochloride (272 mg, 1.78 mmol), and DCC
(367 mg, 1.78 mmol) in dichloromethane (20 mL) was stirred at room
temperature for three days. The solvent was then removed in vacuo and
the crude product was purified by flash column chromatography on silica
gel (ethyl acetate/cyclohexane/ methanol 4:4:1) to give 11 (383 mg, 77 %)
as a white solid: m.p. 150 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C,
TMS): d = 0.91 (dd, 6 H), 2.10 (m, 1H), 3.94 (s, 3 H), 4.43 (dd, 1H), 7.24
(br s, 1 H), 7.70 (br s, 1 H), 8.18–8.26 (m, 3H), 8.39 ppm (d, 1 H); 13C
NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d = 17.7, 19.3, 31.4, 52.8,
57.1, 125.2, 127.4, 139.6, 146.4, 149.5, 162.4, 164.4, 172.2 ppm; IR (KBr):
ñ = 3384, 2956, 1731, 1665, 1530, 1328 cm�1; EI-MS: m/z : 279.1 [M]+ .


tert-Butoxycarbonyl-{6-[((S)-1-carbamoyl-2-methylpropyl)carbamoyl]pyr-
idine-2-carbonyl}guanidine (13): A solution of methyl 6-[((S)-1-carbamo-
yl-2-methylpropyl)carbamoyl]pyridine-2-carboxylate (11; 900 mg,
3.22 mmol) and KOH (181 mg, 3.22 mmol) in methanol (30 mL) was
heated at 45 8C for 5 h. The solvent was removed under reduced pressure.
The obtained white solid, Boc-protected guanidine (9 ; 513 mg,
3.22 mmol), and NMM (410 mg, 4.05 mmol) were dissolved in DMF
(10 mL). To this solution was added a solution of PyBOP (1.67 g,
3.22 mmol) and NMM (410 mg, 4.05 mmol) in DMF (10 mL). The reac-
tion mixture was stirred at room temperature for one day. After addition
of water (100 mL), the solution was extracted with diethyl ether (3 �
50 mL). The combined organic phases were dried over MgSO4, and the
solvent was removed in vacuo. The yellow crude product was purified by
flash column chromatography on silica gel (ethyl acetate/cyclohexane/
methanol 8:8:3) to give 13 (500 mg, 38 %) as a white solid: m.p. 165 8C;
1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d = 0.96 (dd, 6 H), 1.43 (s,
9H), 2.22 (m, 1H), 4.37 (dd, 1H), 7.15 (br s, 1H), 7.62 (br s, 1H), 8.23–
8.35 (m, 3H), 8.72 (br s, 1H) 8.87 ppm (br s, 1 H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C, TMS): d = 18.9, 19.4, 27.8, 30.5, 58.2, 78.5, 126.1,
139.8, 149.1, 157.6, 162.7, 172.3 ppm; IR (KBr): ñ = 3385, 2972, 1670,
1573, 1414, 1308, 1142 cm�1; HR-MS (ESI) calcd for [2 � M+Na]+ :
835.3826; found 835.383.


6-[((S)-1-Carbamoyl-2-methylpropyl)carbamoyl]pyridine-2-carbonylgua-
nidinium picrate (2 b): Trifluoroacetic acid (6 mL) was added to the pro-
tected receptor 13 (150 mg, 0.369 mmol). The reaction mixture was stir-
red at room temperature for 90 min, the excess trifluoroacetic acid was
removed in vacuo, and the obtained residue was dissolved in methanol
(2 mL). A saturated solution of picric acid in water (5 mL) was then
added and the mixture was stirred for one day. The salt 2 b crystallized,
and was filtered, washed with mixture of water and methanol (1:1), and
dried to provide a yellow solid (150 mg, 76 %): m.p. 162 8C; 1H NMR
(400 MHz, [D6]DMSO, 25 8C, TMS): d = 0.97 (d, 6 H), 2.18 (m, 1H),
4.31 (dd, 1H), 7.16 (br s, 1 H), 7.67 (br s, 1 H), 8.30–8.39 (m, 3 H), 8.44
(br s, 4 H), 8.58 (s, 2H), 8.65 (d, 1 H), 11.73 ppm (br s, 1H); 13C NMR
(100 MHz, [D6]DMSO, 25 8C, TMS): d = 19.0, 19.4, 30.0, 58.8, 124.2,
125.2, 126.0, 127.0, 140.3, 141.9, 146.3, 149.1, 154.5, 154.6, 160.8, 162.8,
164.6, 168.8, 172.6 ppm; IR (KBr): ñ = 3381, 3200, 2993, 1728, 1643,
1566, 1313 cm�1; ESI-MS: m/z : 307.30 [M]+ .


6-Acetylamino-2-methylpyridinium acetate (15): A mixture of 6-methyl-
pyridin-2-ylamine (14 ; 21.6 g, 200 mmol) and acetic anhydride (43.3 g,
424 mmol) in toluene (150 mL) was heated at 95 8C. The solvent and the
excess acetic anhydride was removed in vacuo. The product had slowly


crystallized after one day and was filtered and washed several times with
hexane. The product was dried to provide 15 (32.4 g, 77%) as a white
solid: m.p. 62 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d = 1.80
(s, 3 H), 2.06 (s, 3H), 2.38 (s, 3H), 6.92 (d, 1H), 7.62 (t, 1 H), 7.86 (d,
1H), 10.36 (s, 1H), 11.90 ppm (br s, 1H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C, TMS): d = 21.2, 23.7, 24.1, 110.4, 118.6, 138.6, 151.8,
156.6, 169.4, 172.3 ppm; IR (KBr): ñ = 3242, 3067, 1903, 1705, 1580,
1455, 1309 cm�1.


6-Acetylaminopyridine-2-carboxylic acid (16): A solution of NaOH
(1.90 g, 47.6 mmol) in water (15 mL) was added to a solution of 6-ace-
tylamino-2-methylpyridinium acetate (15 ; 10.0 g, 47.6 mmol) in water
(70 mL). The obtained suspension was heated to 70 8C, and potassium
permanganate (45.1 g, 94.9 mmol) was added in small increments over a
period of 30 min. The reaction mixture was heated at reflux for 30 min
and filtered, the residue was washed several times with boiling water
(20 mL), the washings and the filtrate were combined, and the volume
was decreased to 40 mL in vacuo. The yellow solution was acidified to
pH �4 with concentrated hydrochloric acid. The white solid was filtered
and dried to provide the desired product 16 (2.74 g, 32%) as a white
solid: m.p. 217 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d =


2.09 (s, 3H), 7.71 (d, 1 H), 7.92 (t, 1H), 8.26 (d, 1 H), 10.79 ppm (s, 1 H);
13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d = 23.9, 116.9, 120.1,
139.4, 146.9, 152.1, 165.9, 169.8 ppm; IR (KBr): ñ = 3413, 3251, 2925,
2607, 1726, 1644, 1538, 1452, 1306 cm�1.


(6-Acetylaminopyridine-2-carbonyl)-tert-butoxycarbonylguanidine (17):
A solution of PyBOP (2.89 g, 5.55 mmol) and NMM (615 mg, 6.08 mmol)
in DMF (15 mL) was added to a solution of 6-acetylaminopyridine-2-car-
boxylic acid (16 ; 1.00 g, 5.55 mmol), Boc-protected guanidine (9, 884 mg,
5.55 mmol), and NMM (615 mg, 6.08 mmol) in DMF (15 mL). The reac-
tion mixture was stirred overnight at room temperature. After addition
of water (100 mL) and diethyl ether (50 mL) a white solid crystallized
and the suspension was stirred for 10 min at room temperature. The solid
was filtered, washed with diethyl ether, and dried to provide the desired
product 17 (1.32 g, 74 %) as a white solid: m.p. 154 8C; 1H NMR
(400 MHz, [D6]DMSO, 25 8C, TMS): d = 1.42 (s, 9 H), 2.13 (s, 3H), 7.84
(d, 1 H), 8.04 (t, 1 H), 8.35 (d, 1H), 8.85 (br s, 1 H), 10.36 (br s, 1 H),
10.91 ppm (br s, 1H); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d =


23.9, 27.9, 78.1, 117.5, 117.9, 140.4, 151.2, 157.5, 169.7, 169.7 ppm; IR
(KBr): ñ = 3467, 3386, 3130, 2983, 1703, 1672, 1555, 1407, 1313,
1149 cm�1; HR-MS (ESI) calcd for [M+Na]+ : 344.1335; found 344.134.


(6-Acetylaminopyridine-2-carbonyl)guanidinium picrate (3): Trifluoro-
acetic acid (10 mL) was added to the protected receptor 17 (150 mg,
0.467 mmol), and the reaction mixture was stirred at room temperature
for 15 min. The excess trifluoroacetic acid was removed in vacuo, and the
obtained residue was dissolved in methanol (40 mL). A saturated so-
lution of picric acid in water (50 mL) was then added and the mixture
was stirred for 1 h. The salt 3 crystallized and was filtered and dried to
provide a yellow solid (179 mg, 85 %): m.p. 245 8C; 1H NMR (400 MHz,
[D6]DMSO, 25 8C, TMS): d = 2.16 (s, 3 H), 7.86 (dd, 1H), 8.09 (t, 1H),
8.29 (d, 1H), 8.40 (br s, 2H), 8.58 (s, 2H), 8.61 (br s, 2H), 10.38 (s, 1 H),
11.21 ppm (br s, 1H); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d =


23.9, 119.0, 119.3, 124.2, 125.2, 140.4, 141.8, 145.6, 151.1, 154.6, 160.8,
163.2, 165.0, 169.6 ppm; IR (KBr): ñ = 3361, 3200, 1739, 1692, 1643,
1569, 1298 cm�1; ESI-MS: m/z : 222.26 [M]+ .


Isophthalic acid monobenzyl ester (24): A solution of triethylamine
(2.45 g, 24.2 mmol) in methanol (25 mL) was added to a suspension of
isophthalic acid (23 ; 4.00 g, 24.1 mmol) in methanol (50 mL) and water
(5 mL). The reaction mixture was stirred at room temperature overnight.
The methanol was removed under reduced pressure and the residue was
dried in vacuo. The oily residue was dissolved in DMF (60 mL), benzyl
bromide (4.53 g, 26.5 mmol) was added dropwise, and the solution was
heated at 100 8C for 2 h. After cooling to room temperature, the mixture
was poured into aqueous sodium hydrogen carbonate (5 %, 120 mL) and
extracted with ethyl acetate (3 � 70 mL) to remove diester impurities. The
aqueous layer was acidified to pH 3–4 with concentrated hydrochloric
acid and was then extracted with ethyl acetate (3 � 70 mL). The collected
organic layers were dried over MgSO4 and evaporated to dryness. The
white solid was purified by flash column chromatography on silica gel
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(diethyl ether/hexane 1:1) to give the desired product 24 (1.67 g, 27%) as
a white solid: m.p. 108 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS):
d = 5.38 (s, 2 H), 7.34–7.50 (m, 5 H), 7.67 (t, 1H), 8.19–8.23 (m, 2H),
8.50 (dd, 1 H), 13.32 ppm (br s, 1 H); 13C NMR (100 MHz, [D6]DMSO,
25 8C, TMS): d = 66.6, 128.1, 128.2, 128.6, 129.5, 129.8, 130.0, 131.4,
133.3, 133.9, 135.9, 164.9, 166.4 ppm; IR (KBr): ñ = 3028–2551, 1719,
1705, 1690, 1609, 1269, 728 cm�1.


Benzyl 3-(ethylcarbamoyl)benzoate (25): A solution of ethylamine hydro-
chloride (382 mg, 4.68 mmol) and NMM (437 mg, 4.68 mmol) in DMF
(5 mL) was added to a solution of isophthalic acid monobenzyl ester (24 ;
1.20 g, 4.68 mmol), PyBOP (2.44 g, 4.68 mmol), and NMM (947 mg,
9.36 mmol) in DMF (5 mL). The reaction mixture was stirred overnight
at room temperature, and water (40 mL) was then added. The solution
was extracted with diethyl ether (3 � 50 mL), the collected organic layers
were washed with brine (2 � 20 mL) and dried over MgSO4, the solvent
was removed under reduced pressure, and the residue was purified by
flash column chromatography on silica gel (diethyl ether/hexane 1:1) to
give 25 (1.16 g, 87%) as a white solid: m.p. 92 8C; 1H NMR (400 MHz,
[D6]DMSO, 25 8C, TMS): d = 1.13 (t, 3 H), 3.30 (s, 2 H), 5.39 (s, 2H),
7.34–7.50 (m, 5 H), 7.62 (t, 1H), 8.10–8.13 (m, 2 H), 8.45 (t, 1H),
8.69 ppm (t, 1 H); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d =


14.7, 34.2, 66.4, 127.9, 128.0, 128.2, 128.5, 128.9, 129.7, 131.6, 131.9, 135.2,
136.0, 165.0, 165.2 ppm; IR (KBr): ñ = 3366, 2971, 1715, 1637, 1545,
1258 cm�1; EI-MS: m/z : 283.2 [M]+ .


3-(Ethylcarbamoyl)benzoic acid (26): A mixture of 25 (1.00 g, 3.53 mmol)
and Pd/C (100 mg) in methanol (30 mL) was hydrogenated at room tem-
perature for 30 min. The mixture was filtered over Celite to remove Pd/
C, and the solvent was evaporated to give 26 (680 mg, 100 %) as a white
solid: m.p. 227 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d =


1.13 (t, 3H), 3.30 (m, 2H), 7.58 (t, 1 H), 8.05–8.07 (dd, 2H), 8.42 (t, 1 H),
8.65 ppm (t, 1 H); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d =


14.7, 34.1, 128.0, 128.6, 131.1, 131.3, 131.6, 135.0, 165.1, 167.0 ppm; IR
(KBr): ñ = 3307, 3075–2551, 1686, 1635, 1542, 1322 cm�1; EI-MS: m/z :
193.1 [M]+ .


tert-Butoxycarbonyl-(3-ethylcarbamoylbenzoyl)guanidine (27): A so-
lution of Boc-protected guanidine (9 ; 412 mg, 2.59 mmol) and NMM
(262 mg, 2.59 mmol) in DMF (5 mL) was added to a solution of the acid
26 (500 mg, 2.59 mmol), PyBOP (1.35 g, 2.59 mmol), and NMM (524 mg,
5.18 mmol) in DMF (5 mL). The reaction mixture was stirred overnight
at room temperature, and water (40 mL) was then added. The solution
was extracted with ethyl acetate (3 � 50 mL), the collected organic layers
were washed with brine (2 � 25 mL) and dried over Na2SO4, the solvent
was removed under reduced pressure, and the residue was purified by
flash column chromatography on silica gel (diethyl ether/hexane/triethyl-
amine 6:2:1) to give 27 (633 mg, 73%) as a white solid: m.p. 70 8C; 1H
NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d = 1.13 (t, 3 H), 3.29 (m,
2H), 7.51 (t, 1 H), 7.94 (d, 1H), 8.21 (d, 1 H), 8.51–8.53 (m, 2 H), 8.61
(br s, 1 H), 9.63 (br s, 1H), 11.00 ppm (br s, 1 H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C, TMS): d = 14.7, 27.7, 34.1, 127.7, 127.9, 130.0, 131.1,
134.8, 137.4, 158.9, 165.8 ppm; IR (KBr): ñ = 3379, 2965, 2925, 1730,
1638, 1541, 1243, 1151 cm�1; HR-MS (ESI) calcd for [M+Na]+ : 357.1539;
found 357.154.


(3-Ethylcarbamoylbenzoyl)guanidinium picrate (28): Trifluoroacetic acid
(6 mL) was added to the Boc-protected receptor (27; 150 mg,
0.449 mmol). The solution was stirred at room temperature for 2 h, the
excess trifluoroacetic acid was removed in vacuo, and the obtained resi-
due was dissolved in methanol (5 mL). A saturated solution of picric acid
in water (10 mL) was then added, and the mixture was stirred for 30 min
at room temperature. The picrate salt 28 crystallized, and was filtered,
washed several times with cold water, and dried to provide a yellow solid
(175 mg, 84%): m.p. 230 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C,
TMS): d = 1.15 (t, 3 H), 3.32 (m, 2 H), 7.72 (t, 1H), 8.05–8.07 (m, 1H),
8.15–8.17 (m, 1 H), 8.29 (br s, 4H), 8.41 (t, 1H), 8.58 (s, 2 H), 8.70 (t, 1H),
11.28 ppm (br s, 1H); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d =


14.7, 34.2, 124.1, 125.2, 127.1, 129.1, 130.6, 131.8, 131.9, 135.3, 141.8,
155.0, 160.8, 164.9, 167.1 ppm; IR (KBr): ñ = 3410–3090, 1714, 1627,
1605, 1269 cm�1; ESI-MS: m/z : 235.11 [M]+ .


NMR titrations : All NMR titrations were carried out by addition of ali-
quots of a 150 mm solution of the carboxylate (NMe4


+ salt) to a 1 mm or
1.5 mm solution of the receptor (picrate salt) and recording of the chemi-
cal shifts after each addition. Presaturation of the water signal was used.
Dilution was taken into account in analysis of the data. Each titration
was performed with 15–20 measurements. Where possible, different
NMR signals of the carboxylate were used to calculate the binding con-
stants.


Molecular modeling : All calculations described in this paper were per-
formed with the aid of the Macromodel 8.0 software package. Conforma-
tional searches were carried out with at least 10000 steps until the result-
ing minimum structure was found several times. The Amber* force field
and the GB/SA water solvation model implemented in Macromodel were
used in all studies.
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Crystal Structures and Topological Aspects of the High-Temperature Phases
and Decomposition Products of the Alkali-Metal Oxalates M2[C2O4] (M=K,
Rb, Cs)


Robert E. Dinnebier,*[a] Sascha Vensky,[a] Martin Jansen,*[a] and Jonathan C. Hanson[b]


Introduction


Metal oxalates form an extended class of inorganic com-
pounds that are of significant relevance in both chemistry
and biology. In particular, in solid-state synthesis they are
widely employed as versatile precursors for the preparation
of multinary oxides along all-solid-state routes.[1–5] Two ap-
proaches are commonly used: either individual oxalates or
mixtures of oxalates and oxides are decomposed thermally
under mild conditions, thus providing particularly reactive


binary oxides that can serve as reactants for solid-state syn-
thesis, or various alternative precursors are treated directly
with oxalates to yield the desired multinary oxide. In either
case it would be highly desirable to know the conditions
under which the decompositions occur and the structural
evolutions during the course of the transformations to the
corresponding intermediate carbonates, or oxides, respec-
tively. In this context, anhydrous alkali-metal oxalates can
serve as a source for highly reactive carbonates, which can
be utilized as sources of basic oxides for the synthesis of
alkali-metal oxometalates.


Until recently, only the crystal structures of Li2[C2O4]
[6]


and Na2[C2O4]
[7,8] at room temperature had been published.


In 2003 we reported the crystal structures of K2[C2O4],
Rb2[C2O4], and Cs2[C2O4] under ambient conditions, as de-
termined by X-ray powder diffraction.[9] Our investigation
resulted in the first example of a staggered oxalate anion in
the solid state, in Cs2[C2O4] and in one of the two poly-
morphs of Rb2[C2O4].


Research has also been conducted on the thermal behav-
ior and decomposition of lithium,[10] potassium,[11,12] rubidi-
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Abstract: The high-temperature phases
of the alkali-metal oxalates M2[C2O4]
(M= K, Rb, Cs), and their decomposi-
tion products M2[CO3] (M =K, Rb,
Cs), were investigated by fast, angle-
dispersive X-ray powder diffraction
with an image-plate detector, and also
by simultaneous differential thermal
analysis (DTA)/thermogravimetric
analysis (TGA)/mass spectrometry
(MS) and differential scanning calorim-
etry (DSC) techniques. The following
phases, in order of decreasing tempera-
ture, were observed and crystallograph-
ically characterized (an asterisk de-
notes a previously unknown modifica-
tion): *a-K2[C2O4], *a-Rb2[C2O4], *a-


Cs2[C2O4], a-K2[CO3], *a-Rb2[CO3],
and *a-Cs2[CO3] in space group P63/
mmc ; *b-Rb2[C2O4], *b-Cs2[C2O4], *b-
Rb2[CO3], and *b-Cs2[CO3] in Pnma ;
g-Rb2[C2O4], g-Cs[C2O4], g-Rb2[CO3],
and g-Cs2[CO3] in P21/c ; and d-
K2[C2O4] and d-Rb2[C2O4] in Pbam.
With respect to the centers of gravity
of the oxalate and carbonate anions,
respectively, the crystal structures of all


known alkali-metal oxalates and carbo-
nates belong to the AlB2 family, and
adopt either the AlB2 or the Ni2In ar-
rangement depending on the size of
the cation and the temperature. De-
spite the different sizes and constitu-
tions of the carbonate and oxalate
anions, the high-temperature phases of
the alkali-metal carbonates M2[CO3]
(M= K, Rb, Cs), exhibit the same se-
quence of basic structures as the corre-
sponding alkali-metal oxalates. The
topological aspects and order–disorder
phenomena at elevated temperature
are discussed.


Keywords: alkali metal carbonate ·
alkali metal oxalate · crystal struc-
ture · oxalates · phase transitions ·
solid-state structures · X-ray
diffraction


Chem. Eur. J. 2005, 11, 1119 – 1129 DOI: 10.1002/chem.200400616 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1119


FULL PAPER







um, and cesium oxalates[13, 14] using differential thermal anal-
ysis (DTA) and differential scanning calorimetry (DSC)
techniques. While no phase transition was found for lithium
oxalate up to its decomposition temperature, several trans-
formations were reported for the higher homologues (see
Table 1 for the transition temperatures). An additional


phase transition was reported for potassium oxalate at a
temperature of around 480 K upon cooling.[11] While the
thermal degradation of oxalates has been studied extensive-
ly by thermo-analytical techniques,[15–18] the concomitant
structural transformations have remained essentially unex-
plored, and no crystal structures of the high-temperature
phases of the oxalates have been published. Here we report
systematic, in situ studies, by powder diffraction using syn-
chrotron radiation and thermal analysis, on the response of
potassium, rubidium, and cesium oxalates to heating.


Results and Discussion


The phase transitions and the decomposition of anhydrous
potassium, rubidium, and cesium oxalate were monitored in
situ with synchrotron radiation in the temperature range
from room temperature up to 900 K at ambient pressure,
and by simultaneous thermal analysis (DTA/TGA/MS) as
well as DSC. The previously reported phase transitions,
found by using DTA and DSC techniques,[11–14] were con-
firmed by X-ray powder diffraction. The thermal analyses
for potassium, rubidium, and cesium oxalate show that the
decomposition of the compounds to the corresponding car-
bonate phases occurs in a narrow temperature range be-
tween 780 and 800 K with generation of carbon monoxide
and of the secondary products carbon dioxide and oxygen.


The mass loss for potassium oxalate is 16.6 % (calcd
16.9 %); it is 10.1 % (10.8 %) for rubidium oxalate and 7.8 %
(7.9 %) for cesium oxalate. The decomposition of the corre-
sponding carbonates is observed to start at a temperature of
between 1150 and 1200 K. Endothermal peaks in the DTA
and DSC data indicate several phase transitions of the
alkali-metal oxalates (see Figure 1 and Table 1). Only the
first phase transition (d to g) of rubidium oxalate has not
been mentioned in the literature before, while a previously
reported transition of potassium oxalate, which was only ob-
served during a cooling cycle,[11] could not be confirmed by
us. The broad, first peak in the first heating cycle (DSC) of
rubidium oxalate corresponds to the decomposition of a
small amount of rubidium oxalate hydrate.


The nomenclature of the phases was chosen in such a way
that the aristotype in space group P63/mmc, which is found
for all investigated alkali-metal oxalates and carbonates, is
denoted the a-phase. All phases occurring upon cooling are
given consecutive Greek letters in the order they appear,
with the condition that structurally related phases of differ-
ent compounds receive the same letter (Table 2). For consis-
tency, the previously found a (P21/c) and b (Pbam) poly-
morphs of rubidium oxalate are renamed (a to g and b to
d).[9]


In the course of the preparation of anhydrous rubidium
oxalate, the monoclinic g-phase, which is metastable under
ambient conditions relative to the orthorhombic d-phase, is
frozen-in. As a result, freshly prepared rubidium oxalate
consists of a mixture of both polymorphs, while heating
above, or storing at, room temperature leads to a complete
phase transition into the orthorhombic form, which is stable
at room temperature.


During the in situ synchrotron powder diffraction experi-
ments, potassium, rubidium, and cesium oxalate were first
heated until complete decomposition into the corresponding
high-temperature carbonate phases had occurred. In agree-
ment with the DSC data, one phase transition for potassium
oxalate (d!a), three phase transitions for rubidium oxalate
(d!g!b!a), and two phase transitions for cesium oxalate
(g!b!a) were observed. Subsequently, the decomposition
products rubidium and cesium carbonate were also moni-
tored by X-ray diffraction upon cooling. Upon cooling to
room temperature two phase transitions (a!b!g) each


Table 1. Comparison of the DTA/DSC temperatures (in K) for phase
transitions and decomposition of M2[C2O4] (M=K, Rb, Cs), with litera-
ture values. The temperature data from this work correspond to the
onset values. For the determination of the decomposition points, the
TGA curves (293–1273 K) were used, whereas for the phase transitions
the DTA curves were used (293–773 K).


d !g !b !a Decomp Method Heating rate Ref.
[K min�1]


644 800 DTA 10
K2[C2O4] 295 – – 662 – DSC 5


654 699 DTA 2,5 [11, 12]


497 623 629 781 DTA 10
522 647 660 – DSC 5


Rb2[C2O4] 295
– 653 661 723 DTA 10 [14]


– – – 748 DTA 5 [13]


645 690 780 DTA 10
Cs2[C2O4] – 295


661 718 – DSC 5
673 724 743 DTA 10 [14]


748–753 DTA 5 [13]


Table 2. Nomenclature used throughout this paper for the different
room- and high-temperature phases of M2[C2O4] and M2[CO3] (M =K,
Rb, Cs), based on the observed structure type.


a b g d


K2[CO3] P63/mmc C2/c P21/c –
Rb2[CO3] P63/mmc Pnma P21/c –
Cs2[CO3] P63/mmc Pnma P21/c –
K2[C2O4] P63/mmc Pnma P21/c Pbam
Rb2[C2O4] P63/mmc Pnma P21/c Pbam
Cs2[C2O4] P63/mmc Pnma P21/c –
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were observed for rubidium and cesium carbonate. For po-
tassium carbonate, the room- (g) and the two high-tempera-
ture phases (b and a) were already known.[19–21] The depend-
ence of the lattice parameters on temperature and the range
of existence of the different alkali-metal oxalate and carbon-


ate phases are given in Figure 2, Figure 3, and Figure 4 for
K, Cs, and Rb, respectively.


In DSC, a large hysteresis was observed for the phase
transition from the d- to the a-phase of potassium oxalate
(Figure 1). This was confirmed by monitoring the change in


lattice parameters by in situ powder diffraction in an addi-
tional heating–cooling experiment with a maximum temper-
ature well below the decomposition temperature (Figure 5).
This behavior indicates a kinetically inhibited process with a
high activation energy, which is supported by the fact that
no intermediate b- and g-phases, as in the cases of the rubi-
dium and cesium oxalates, occur.


None of the literature values for the unit-cell parameters
of high-temperature phases of potassium, rubidium, and
cesium oxalate have been confirmed.[11,13,14]


The previously unknown crystal structures of a-K2[C2O4],
a-Rb2[C2O4], a-Cs2[C2O4], a-Rb2[CO3], a-Cs2[CO3], b-
Rb2[C2O4], b-Cs2[C2O4], b-Rb2CO3, and b-Cs2[CO3] (see
Table 3 and Table 4), as well as the previously reported crys-
tal structures of g-Rb2[C2O4], g-Cs[C2O4], g-Rb2[CO3], g-
Cs2[CO3], d-K2[C2O4], and d-Rb2[C2O4], were solved and/or
refined from the powder-diffraction data (see Figure 6,
Figure 7, and Table 5). With respect to the lower data quali-
ty, only LeBail-type fits were performed for the different
phases of cesium carbonate, but the similarity of the powder
patterns to those of the rubidium carbonate phases led us to
the conclusion that the a-, b-, and g-phases of Rb2[CO3] and
Cs2[CO3] are isostructural.


Figure 1. Differential scanning calorimetry (DSC) data for a) K2[C2O4],
b) Rb2[C2O4], and c) Cs2[C2O4]. Two consecutive heating/cooling cycles
with a heating/cooling rate of 5 K min�1 are shown.


Figure 2. Powder diffraction patterns, lattice parameters, and cell volumes
of K2[C2O4] and K2[CO3] as a function of temperature in the range from
298 K to 856 K (1.8 Kmin�1).
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Figure 4. Powder diffraction patterns, lattice parameters, and cell volumes
of Cs2[C2O4] and Cs2[CO3] as a function of temperature in the range
from 298 to 892 K (2.7 Kmin�1) and back down to 298 K (2.7 K min�1).


Figure 3. Powder diffraction patterns, lattice parameters, and cell volumes
of Rb2[C2O4] and Rb2[CO3] as a function of temperature in the range
from 298 to 838 K (2.4 Kmin�1) and back down to 298 K (4.8 K min�1).


Figure 5. Powder diffraction patterns, lattice parameters, and cell volumes
of K2[C2O4] as a function of temperature in the temperature range from
298 to 655 K (2.3 Kmin�1) and back down to 360 K (2.3 Kmin�1).


Figure 6. Three-dimensional representation and two-dimensional projec-
tion (“simulated heating-Guinier pattern”) of the observed scattered X-
ray intensity (z axis) for Rb2[C2O4] as a function of diffraction angle 2q


(x axis, 8–258 2q) and scan number (y axis, 1–200). The temperature
range is from 298 to 873 K (2.4 K min�1; scans 1–133) and back down to
298 K (4.8 Kmin�1; scans 134–200). The wavelength was 0.9224 �. This
figure was prepared with Powder3D.[42]
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The crystal structures of the g- and d-modifications of the
higher homologues of the alkali-metal oxalates have been
described in detail previously;[9] for the convenience of the
reader a short summary is given here. In the d- and g-
phases, the oxalate anions can be considered static, with the
oxalate anions in two different conformations: planar in the
d-phase and staggered in the g-phase (998 for g-Cs2[C2O4]
and 948 for g-Rb2[C2O4]). The layered crystal structures of
the d-modification of potassium and rubidium oxalate con-


tain alternating layers of planar
oxalate anions and alkali-metal
cations. The oxalate anions
form infinite parallel chains
along the c direction, with the
length of the c-axis as spacer.
The C�C bonds of the oxalate
molecules are alternately in-
clined by approximately �208
relative to the a axis, which
leads to a herringbone arrange-
ment (Figure 8 a). Each alkali-
metal cation is surrounded by
eight oxygen atoms in the form
of a distorted cube. Two cubes
form a pair through a common
face, and these pairs are
stacked to form infinite chains
along the c axis.


In contrast, the crystal struc-
tures of the g-modification of
rubidium and cesium oxalate
are framework structures (Fig-
ure 8 b). Each of the two crys-
tallographically different alkali-
metal cations is surrounded by
a different number of oxygen
atoms to form irregular poly-
hedra. The alkali-metal atoms
Cs(1) and Rb(1) are each coor-
dinated to nine oxygen atoms
(distances 3.069(9) to
3.557(9) � for cesium and
2.888(6) to 3.386(5) � for rubi-
dium), from six different oxa-
late anions, in the form of a dis-
torted tetragonal antiprism that
is capped at one of its trigonal
planes, whereas the alkali-metal
cations Cs(2) and Rb(2) are co-
ordinated to ten oxygen atoms
(distances 3.015(8) � to
3.737(9) � for cesium and
2.816(7) � to 3.580(7) � for ru-
bidium), from only five differ-
ent oxalate anions, in the form
of an irregular polyhedron.


A detailed description of the
coordination spheres of the alkali-metal cations in the crys-
tal structures of the a- and b-phases of the alkali-metal oxa-
lates is not meaningful due to the apparent disorder of the
oxalate anions. Therefore, only the conformation of the oxa-
late anions in the different modifications and the principal
packing motifs were investigated further.


In the b- and a-phases, the oxalate anions are staggered
and disordered. The basic packing of the g-phase is pre-
served. For the b-phase, a twofold disorder model with the


Table 3. Crystallographic data for refined high-temperature alkali-metal oxalate phases. Rp and Rwp refer to
the Rietveld criteria[41] of fit for profile and weighted profile respectively.[33]


b-Rb2[C2O4] b-Cs2[C2O4] a-K2[C2O4] a-Rb2[C2O4] a-Cs2[C2O4]


space group Pnma Pnma P63/mmc P63/mmc P63/mmc
Z 4 4 2 2 2
a [�] 8.1647(7) 8.6378(4) 6.2643(1) 6.47255 (8) 6.6333(1)
b [�] 6.5809(6) 6.7824(3) =a =a =a
c [�] 10.9325(8) 11.2733(4) 7.9281(2) 8.2612(2) 8.8411(2)
temperature [K] 640 701 752 683 807
Rp [%] 4.15 1.71 0.81 1.70 0.90
Rwp [%] 6.71 2.85 1.35 2.81 1.84
RF


2 [%] 13.37 11.34 4.04 5.46 43.73[a]


no. of reflections 220 238 49 53 57
no. of variables 13 18 14 18 18


[a] The high Bragg R value is due to difficulties in the integration of the image-plate data.


Table 4. Crystallographic data for refined alkali-metal carbonate phases. Rp and Rwp refer to the Rietveld crite-
ria[41] of fit for profile and weighted profile respectively.[33]


g-Rb2[CO3] b-Rb2[CO3] a-Rb2[CO3] a-K2[CO3]


space group P21/c Pnma P63/mmc P63/mmc
Z 4 4 2 2
a [�] 5.8745(2) 7.6840(4) 5.8960(1) 5.6948(9)
b [�] 10.1290(4) 5.8912(4) =a =a
c [�] 7.3073(3) 10.1437(6) 7.8026(8) 7.3301(3)
b [8] 97.292(4) – – –
temperature [K] 385 734 860 835
Rp [%] 4.67 3.82 2.96 2.57
Rwp [%] 6.07 5.33 5.36 3.44
RF


2 [%] 6.48 6.61 8.91 6.31
no. of reflections 294 210 42 84
no. of variables 45 47 10 78


Table 5. Measurement parameters of the temperature-dependent in-situ X-ray powder-diffraction experiments
on potassium, rubidium, and cesium oxalate.


K2[C2O4] Rb2[C2O4] Cs2[C2O4]


temperature range [K] 298!655!360 298!838!298 298!892!298
298!856 – 298!760


exposure time [s] 120 30 120
60 – 180


development time [s] 80 80 80
total time per scan [s] 200 110 200


140 – 260
total scan number 87 200 120


135 – 55
heating/cooling rate 2.34/2.34 2.37/4.75 2.7/2.7
[K min�1] 1.8 – 2.15
wavelength [�] 0.9224 0.9224 0.9224
2q range [8] 7.01–46.02 5.99–46.98 6.00–46.99
step width [8] 0.022 0.024 0.023
diameter of capillary [mm] 0.5 0.5 0.3
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oxalate anion rotating around an axis perpendicular to the
principal axis proved sufficient to describe the powder-dif-
fraction data reasonably well (Figure 8 c). The disorder in-
creases significantly for the a-phase, however. In addition to
the rotation described for the b-phase, additional rotations
of the carboxyl groups exist, which lead to a quasispherical
entity. In this case, the powder-diffraction data suggest a 24-
fold disorder model (Figure 8 d). In addition, the mobility of
the cations increases drastically in a nonuniform way with
increasing temperature; this could be satisfactorily modeled
by refining an anisotropic temperature factor.


All investigated alkali-metal carbonate phases (Figure 9)
are isotypic to their corresponding alkali-metal oxalate
phases given by the same phase identifier, despite the differ-
ent shapes of the anions. Refinement of the crystal structure
of the room temperature modification of g-Rb2[CO3] (and
isostructural g-Cs2[CO3] confirmed the literature data.[22]


The differences between the g-, b-, and a-phases for potassi-
um, rubidium, and cesium carbonate are mainly due to the
different orientations of the rigid carbonate ion: whereas in
the g-modification the carbonate ions are inclined around
two axes with respect to each other, they are inclined
around only one axis in the b-phase because of an additional
mirror plane running through the CO3


2� ions. Therefore, no
disorder model is necessary to match the powder-diffraction


pattern of the b-modification. In b-Rb2[CO3], and isostruc-
tural b-Cs2[CO3], the two crystallographically independent
alkali-metal cations are coordinated by a different number
of oxygen atoms. While Rb(1) is coordinated by seven
oxygen atoms belonging to five different carbonate anions
in the form of a twofold-capped tetragonal pyramid (Rb�O
distances of 2.985(7)–3.09(2) �), Rb(2) is octahedrally coor-
dinated by six oxygen atoms of six different carbonate
anions (Rb�O distances of 2.688(3)–3.15(2) �. The carbon-
ate anion itself has almost ideal planar-trigonal symmetry,
with C�O distances of 1.28(2)–1.28(6) �). The principal ori-
entation of the carbonate anion in the b-modification still
exists in the a-modification, except for the 24-fold disorder,
which causes the oxygen positions to be smeared out. It is
noteworthy that the “sphericity” created by the disorder is


Figure 7. Scattered X-ray intensity for A) K2[C2O4] at 752 K and B) for
Rb2[CO3] at 385 K as a function of diffraction angle 2q. The observed
patterns (diamonds), the best Rietveld-fit profiles (line), and the differ-
ence curves between observed and calculated profiles are shown in an
additional window below. The high-angle parts are enlarged by a factor
of 5, starting at 258 2q. The wavelength was 0.9224 �.


Figure 8. Ball-and-stick representation of the crystal structures of
Rb2[C2O4]: a) the orthorhombic (Pbam) d-phase at 298 K in a projection
down the c axis; b) the monoclinic (P21/c) g-phase at 298 K in a projec-
tion down the c axis; c) the orthorhombic (Pnma) b-phase at 640 K,
showing the disorder of the oxalate anions, in a projection down the b
axis; d) the hexagonal (P63/mmc) a-phase at 683 K, showing the disorder
of the oxalate anions, in a projection down the c axis.
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much less pronounced for the
carbonate phases than it is for
the oxalate phases (Figure 8,
Figure 9).


To get an easy access to the
crystal structures and the topol-
ogies of the different high-tem-
perature phases of the alkali-
metal oxalates and carbonates,
one can replace the oxalate or
carbonate ions by a sphere at
their center of gravity; that is,
either the center between the
C�C bond of the oxalate anion
or the location of the carbon
atoms in the case of the carbon-
ate anion (Figure 10). As a gen-
eral rule, all crystal structures
of the alkali-metal oxalates and
carbonates observed so far, at
different temperatures, belong
to the AlB2 family (according
to the definition used in the
binary edition of the Pauling
file[23]). The group–subgroup re-
lationship for all anhydrous
alkali-metal oxalates and
carbonates, based on prelimina-
ry investigations[24] with the
alkali-metal hyponitrites and
some of the alkali-metal carbo-
nates, is shown in Figure 11.
Depending on the size of the
cations and the anions, two ide-
alized structure types occur
within this family: the AlB2


type (P6/mmm ; anion at 0,0,0


Figure 9. Ball-and-stick representation of the crystal structures of Rb2[CO3]: a) the monoclinic (P21/c) g-phase at 385 K in a projection down the c axis;
b) the orthorhombic (Pnma) b-phase at 734 K in a projection down the b axis; (c) the hexagonal (P63/mmc) a-phase at 860 K, showing the disorder of
the carbonate anions, in a projection down the c axis.


Figure 10. A comparison of the crystal packing of the d- (Pbam, upper left), g- (P21/c, upper right), b- (Pnma,
lower left), and a-phase (P63/mmc, lower right) of potassium, rubidium, and cesium oxalate and carbonate in
projections perpendicular to the (pseudo)-hexagonal layers of the anions. The center-of-gravity locations of
the oxalate and carbonate anions (white balls) and the positions of the alkali-metal cations (gray balls) are
drawn. The size of the balls was chosen for clarity. The fractional height of the cations is given. Solid lines con-
nect anions at height 0, while hollow lines connect anions at height 1/2.
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and cation at 1/3,2/3,1/2) and the Ni2In type (P63/mmc ;
anion at 2/3,1/3,1/4 and cations at 0,0,0 and 1/3,2/3,1/4). The
hexagonal layers of the anions and the positions of the
alkali-metal cations deviate from the idealized ones for all
crystal structures in space groups other than those of the ar-
istotypes. Furthermore, the degree of distortion with respect
to the idealized structure types varies greatly with tempera-
ture, with the size and polarizability of the alkali-metal cati-
ons, and with the conformation and disorder of the anion.


In the layered AlB2 type, the anions show a primitive hex-
agonal AAA (ph) packing and the two trigonal prismatic
voids between two anionic layers are filled by the cations. In
this way the trigonal prisms share all five faces with neigh-
boring trigonal prisms, their three side faces within a layer,
and their two base planes with consecutive layers. For the
alkali-metal oxalates, this building principle is observed for
Li2[C2O4] (P21/c), Na2[C2O4] (P21/c), d-K2[C2O4] (Pbam),
and d-Rb2[C2O4] (Pbam) in order of decreasing distortion.
The smaller the cation, the more it is shifted out of the
center of the trigonal prisms. It appears that the oxalate
anion must be in a flat conformation. As soon as the confor-
mation of the oxalate anions changes to a staggered confor-
mation, either static at lower temperature or disordered at
higher temperature, the Ni2In-type crystal structure is pre-
ferred. In case of the alkali-metal carbonates, only b-Li2CO3


(C2/c)[19,25] adopts a strongly distorted variant of the AlB2


structure type. With increasing size of the cation the Ni2In-
type crystal structure is preferred.


In the Ni2In type, the anions form a distorted hexagonal
close-packing ABA (hcp) structure with half of the cations


located in an octahedral void
and the other half located in a
trigonal bipyramidal void. The
c/a relation strongly deviates
from ideal hcp, thus distorting
the octahedral voids to rhombic
bipyramidal voids (Table 6).
The structures may best be de-
scribed by two interpenetrating
frameworks of the two different
anion polyhedra. The trigonal
bipyramids are interconnected
at the three corners of the
trigonal base plane to form
two-dimensional trigonal nets
in the ab plane. Consecutive
planes along the c direction are
rotated by 1808 around the c
axis (63-screw axis). Thus, the
three edges containing the
vertex of each trigonal pyramid
are shared between consecutive
layers. The rhombic bipyramids
are oriented in such a way that
two trigonal faces, perpendicu-


lar to the c axis, are shared with rhombic bipyramids of
neighboring layers. Within the ab plane, the rhombic bipyra-
mids are connected by the six remaining edges to form a
hexagonal net in projection. The voids between consecutive
layers are filled by the trigonal bipyramids, which share all
six faces with the rhombic bipyramids of two consecutive
layers (three with each layer). In general, the degree of dis-
tortion decreases with increasing temperature (Figure 10).
This structural feature is found for g-Na2[CO3] (C2/m), b-
Na2[CO3] (C2/m), a-Na2[CO3] (P63/mmc), g-K2[CO3] (P21/
c), b-K2[CO3] (C2/c), a-K2[CO3] (P63/mmc), g-Rb2[CO3]
(P21/c), b-Rb2[CO3] (Pnma), a-Rb2[CO3] (P63/mmc), g-
Cs2[CO3] (P21/c), b-Cs2[CO3] (Pnma), a-Cs2[CO3] (P63/
mmc), a-K2[C2O4] (P63/mmc), g-Rb2[C2O4] (P21/c), b-
Rb2[C2O4] (Pnma), a-Rb2[C2O4] (P63/mmc), g-Cs2[C2O4]
(P21/c), b-Cs2[C2O4] (Pnma), and a-Cs2[C2O4] (P63/mmc).


Figure 11. A lattice of observed crystallographic subgroups of all known room- and high-temperature phases
of the alkali-metal oxalates and carbonates starting from the hexagonal close-packed archetype in P63/mmc (t:
Translationsgleich, k: Klassengleich).


Table 6. The deviation from ideal hexagonal packing (primitive hexago-
nal (ph) and hexagonal closed packed (hcp)) for the room- and high-tem-
perature modifications of Rb2[C2O4].


Rb2[C2O4] Angle of the Inclination of c/a
hexagonal mesh hexagonal planes
[8] [8]


g 114.4–122.6 8.4 1.26–1.32
b 117.8–121.0 3.0 1.24–1.25
a 120 0.0 1.27–1.31
ideal hcp 120 0.0 1.633
d 119.1–121.7 0.0 0.561
ideal ph 120 0.0 1.0
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Starting from the close-packed Ni2In aristotype in space
group P63/mmc, the subgroup relations of all observed space
groups within the alkali-metal oxalate and carbonate series
are given in Figure 10. The crystallographic relationships be-
tween the different crystal structures are best viewed in the
projection of Figure 12. The matrices for transforming the
unit-cell dimensions for the oxalate series are given, in 4 � 4
notation, by:


Further evidence for the general underlying packing prin-
ciple of the alkali-metal oxalate and carbonate phases is
given by the fact that, for the heavier alkali metals rubidium
and cesium, the sequence of phase transitions from the g-
via the b- to the a-phase, as well as their crystal structures,
are the same for the oxalates and the carbonates.


Thus, the sequence of high-temperature phase transitions
of the alkali-metal oxalates and carbonates can best be un-
derstood from geometrical and energetic considerations.
The disorder of the oxalate and carbonate groups at high
temperatures provides significant entropic stabilization of
the high-temperature phases relative to the low-temperature
ordered structures. It has been shown that the alkali-metal
oxalates and carbonates tend towards hexagonal close-
packed crystal structures, and that the different phases are
mainly distinguished by changes in the anionic packing. The
driving force for the structural phase-transitions is clearly re-
lated to the steric requirements of the anions, which change
due to the increasing dynamics at higher temperature. Inter-
estingly, the “sphericity” of the anions, either static or dy-
namic, is more important than the actual radius of the
“spheres”.


Conclusion


A comprehensive study of the potassium, rubidium, and
cesium oxalates with respect to their behavior at elevated
temperatures has revealed a surprisingly uniform structural
evolution of all three representatives. All crystal structures
of the alkali-metal oxalates can be reduced to two basic
structure types, the AlB2 and the Ni2In type, by substitut-


ing the alkali-metal cations
for boron or nickel, and the
barycenters of the oxalate
anions for aluminum or indium.
This holds true for all high-
temperature modifications as
well. With the exception of the
d!g transitions, all transitions
are driven by the onset or en-
hancement of dynamical rota-
tional disorder of the anions.
Despite the different shapes of
the oxalate and carbonate
anions, both families of alkali-
metal salts exhibit the same
basic structural features. As a
general tendency, the Ni2In ar-
rangement gains preference
over the AlB2 packing type
with increasing temperature
and increasing effective radius
of the cations. From the struc-
tural observations, convincing
evidence can be derived that
the process of thermal degrada-
tion of the alkali-metal oxalates
to their carbonates is topo-
chemical in nature.


Experimental Section


Preparation : Potassium, rubidium, and cesium oxalate were prepared by
dehydration of the corresponding monohydrates for 18 h at a tempera-
ture of 373 K under vacuum. Potassium oxalate monohydrate was used as
purchased (K2[C2O4]·H2O, Fluka, puriss. p. a.). Rubidium and cesium ox-
alate monohydrate were synthesized by treatment of the corresponding
carbonates (Rb2[CO3], Alfa Aesar, p. a.; Cs2[CO3], Chempur, p. a.) with
oxalic acid dihydrate (H2[C2O4]·2H2O, Fluka, puriss. p. a.) in an aqueous
solution. The solution was stirred for 12 h at 353 K, and the water was
subsequently removed by distillation. The precipitates were washed with
diethyl ether and acetone. The dehydrated oxalates were handled under
argon to prevent any possible contamination with water.


Thermal analysis : Thermal analyses of potassium, rubidium, and cesium
oxalate were conducted using DSC as well as simultaneous DTA/TGA/
MS techniques. DSC measurements were carried out with a DSC 404 cal-
orimeter (Netzsch, Selb) at a heating rate of 5 Kmin�1 in vacuum with
the samples sealed in aluminum boxes. For DTA/TGA/MS investigations
a Simultaneous-Thermal-Analysator STA 409 (Netzsch, Selb) was used,
with the samples in alumina crucibles in an argon flow of 100 mL min�1


at a heating rate of 10 Kmin�1. All temperatures given are the onset
values of the corresponding peak. While for the phase-transition temper-


Figure 12. A packing diagram of the crystal structures of d-K2[C2O4] at 295 K (Pbam) and a-K2[C2O4] at 752 K
as projections down the c-axis giving only the center-of-gravity locations for the oxalate anion. The idealized
AlB2 (left) and Ni2In (right) structure types are clearly visible.
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ature the DSC data were analyzed, the DTA/TGA data were used for
the decomposition.


Powder diffraction : In situ X-ray powder-diffraction data of potassium,
rubidium, and cesium oxalate at high temperature were collected in
transmission geometry with a hot, small-environment cell for real-time
studies on a motorized goniometer head at beamline X7B at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory.
X-rays of energy 13.5 keV were selected by a double flat-crystal mono-
chromator in ultra-high vacuum located 8 m from the source. The X-ray
beam was focused vertically by a spherical, rhodium-coated, silicon car-
bide mirror located 5 m from the source and horizontally by a cylindrical
aluminum mirror with nickel plating coated by rhodium located 13 m
from the source. The size of the beam was adjusted to a height of approx-
imately 0.5 mm and a width of 2 mm. As detector, a MAR 345 image-
plate reader was set up perpendicular to the beam path at a distance of
approximately 170 mm from the sample. LaB6 was used as an external
standard to determine the beam center, sample-to-detector distance,
exact wavelength, and tilting angle of the image plate. The samples were
contained in sealed quartz capillaries with diameters between 0.3 and
0.5 mm loaded in a sapphire tube of 0.8 mm diameter attached to a flow-
reaction cell.[26, 27] The temperature was monitored and controlled by a
0.01 in thermocouple (Omega) which was inserted straight into the sap-
phire tube adjacent to, and in contact with, the sample capillary. The
sample was aligned such that the sample closest to the thermocouple was
in the X-ray beam path. The samples were heated in the temperature
range from room temperature up to 900 K by a small resistance heater
wrapped around the sapphire tube. During exposure, the samples were
rocked for several degrees in order to improve randomization of the crys-
tallites. Exposure times of between 30 s and 1 min were chosen depend-
ing on the saturation intensity of the image plate. Integration of the full-
circle powder patterns was performed using the program FIT2D[28, 29] to
give diagrams of corrected intensities versus the scattering angle 2q


(Figure 6). Reflections due to the single-crystal sapphire capillary were
excluded. We observed that the diffracted intensity was quite uniformly
distributed over the Debye–Scherrer rings, thereby ruling out severe
grain-size effects and preferred orientation. Low-angle diffraction peaks
had a typical FWHM of 0.158 2q. Further experimental details can be
found in Table 5.


Data reduction on all powder-diffraction patterns was performed using
the GUFI program.[30] Several previously unknown high-temperature
phases of the alkali-metal oxalates and their decomposition products
(carbonates) were detected. The observed phases were named according
to Table 2. Indexing of all previously unknown high-temperature phases
with ITO[31] led to the lattice parameters given in Table 3 and Table 4.
The number of formula units per unit cell could be determined from
volume increments. The extinctions found in the powder patterns indicat-
ed P63/mmc for a-K2[C2O4], a-Rb2[C2O4], a-Rb2[CO3], a-Cs2[C2O4], and
a-Cs2[CO3], and Pnma for b-Rb2[C2O4], b-Rb2[CO3], b-Cs2[C2O4], and b-
Cs2[CO3] as the most probable space groups; these were later confirmed
by Rietveld refinements. The peak profiles and precise lattice parameters
were determined by LeBail-type fits[32] using the programs GSAS[33] and
FULLPROF.[34, 35] The background was either modeled manually with
GUFI or by using orthogonal Chebyshev polynomials up to order 15 as
implemented in GSAS. The peak-profile was described by a pseudo-
Voigt function in combination with a special function that accounts for
the asymmetry due to axial divergence.[36, 37] The powder patterns of the
b-phases in Pnma exhibit anisotropic peak broadening, which is mainly
caused by lattice strain and could be modeled by the phenomenological
strain model of Stephens,[38] using six parameters, as implemented in
GSAS.


All previously unknown crystal structures were solved using the DASH
structure-solution package.[39] The measured powder patterns were sub-
jected to a Pawley refinement[40] in space groups P63/mmc for the a-
phases and space group Pnma for the b-phases in order to extract corre-
lated integrated intensities from the pattern. Good fits to the data were
obtained. An internal coordinate description of the oxalate and carbon-
ate moieties was constructed using bond lengths, angles, and torsion
angles (in the case of the oxalate anion) from corresponding alkali-metal


oxalate and carbonate phases.[9] The torsion angle between the two car-
boxylate groups of the oxalate anion could not be assigned a precise
value in advance, and was thus treated as an internal degree of freedom
in the simulated annealing procedure. The positions of the two crystallo-
graphically independent alkali-metal cations, as well as the position, ori-
entation, and conformation of the oxalate and carbonate anions in the
unit cell, were postulated and the trial structure was subjected to a global
optimization in direct space using DASH. The structure giving the best
fit to the data was validated by Rietveld refinement[41] of the fractional
coordinates obtained at the end of the simulated annealing run.


With respect to the lower data quality, only LeBail-type fits could be per-
formed for the different phases of cesium carbonate, but the similarity of
the powder patterns to those of the rubidium carbonate phases led us to
the conclusion that the a-, b-, and g-phases of Rb2[CO3] and Cs2[CO3]
are isostructural.


Rigid-body Rietveld refinements (Figure 7) were performed on all
powder patterns of K2[C2O4] (a- and d-modification), Rb2[C2O4] (a, b, g,
and d), Cs2[C2O4] (b, g, and d), and a-K2[CO3] and Rb2[CO3] (a, b, and
g). The unit-cell parameters, the background, and the peak profile were
taken from the corresponding LeBail fits. The strong (presumably) dy-
namic disorder of the high-temperature phases of the alkali-metal oxa-
lates and carbonates was modeled depending on the quality of the
powder-diffraction patterns by rigid-body TLS refinement and/or by split
positions according to space-group symmetry (up to 24-fold for P63/
mmc). Agreement factors (R values) are listed in Table 3 and Table 4,
and the coordinates are given in the Supporting Information. The intra-
molecular distances were fixed within the rigid bodies and are not dis-
cussed. Due to the disorder, the packing is discussed on the basis of the
center of gravity locations of the oxalate and carbonate anions.


Further details of the crystal-structure investigation of the alkali-metal
carbonates can be obtained from the Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldshafen, Germany, (fax: (+49) 7247-808-
666; e-mail : crysdata@fiz.karlsruhe.de on quoting the depository numbers
CSD-414120 (a-K2[CO3]), CSD-414121 (a-Rb2[CO3]), CSD-414122 (b-
Rb2[CO3]), and CSD-414123 (g-Rb2[CO3]).


CCDC-241896 (a-K2[C2O4]), CCDC-241897 [d-K2[C2O4]), CCDC-241898
[a-Rb2[C2O4]), CCDC-241899 (b-Rb2[C2O4]), CCDC-241893 (g-
Rb2[C2O4]), CCDC-241900 (d-Rb2[C2O4]), CCDC-241901 (a-Cs2[C2O4]),
CCDC-241894 (b-Cs2[C2O4]), and CCDC-214895 (g-Cs2[C2O4]) contain a
part of the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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pH-Responsive Shrinkage/Swelling of a Supramolecular Hydrogel Composed
of Two Small Amphiphilic Molecules


Shan-Lai Zhou,[b] Shinji Matsumoto,[b] Huai-Dong Tian,[b] Hiroki Yamane,[b]


Akio Ojida,[b] Shigeki Kiyonaka,[b] and Itaru Hamachi*[a]


Introduction


The development of stimuli-responsive, synthetic molecules
for the construction of molecular memories, switches, and
machines[1–3] has been ongoing for more than two decades.
Nevertheless, substantial discrepancies between sophisticat-
ed molecules in solution and macroscopic materials display-
ing a macroscopic response have been recognized and inves-
tigated. In a pioneering approach, Stoddart and co-workers
created a monolayer assembly consisting of catenanes or ro-


taxanes, which could operate as a switch device to regulate
macroscopic electric capacity.[4] Further efforts are, however,
required before these small molecules can be applied to mo-
lecularly defined, macroscopic devices. Most stimuli-respon-
sive, macroscopic materials are synthesized from polymers,[5]


even though precise manufacturing is generally difficult in
polymer-based materials. Supramolecular polymers (nonco-
valently assembled, polymeric molecules) are regarded as
intermediates between molecules and conventional poly-
mers; therefore, it is envisioned that molecularly defined, in-
telligent materials may be constructed by using the supra-
molecular concept.[6]


We recently discovered a supramolecular polymer in the
form of a new hydrogel consisting of a low-molecular-
weight, glycosylated amino acetate (a so-called supramolec-
ular hydrogel) that displayed a unique property of thermally
induced, volume phase transition.[7] Stimuli-responsive, mac-
roscopic shrinkage/swelling in polymer-based hydrogels was
pioneered by T. Tanaka, and the potential use of such gels
as soft materials in diverse applications has been anticipat-
ed.[8] In contrast, few studies of responsive volume change
have been performed in supramolecular hydro- or organo-
gels, although there are many reports of responsive gel–sol
transitions.[9,10] This may be because noncovalent interac-
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Abstract: A pH-responsive volume-
change function was successfully intro-
duced into a supramolecular hydrogel
that contained GalNAc-appended
(GalNAc= N-acetylgalactosamine) glu-
tamate ester 1 by the simple mixing of
it with an appropriate amount of 2 a or
2 b amphiphilic carboxylic acid. In the
1:1 mixture (1:2), the hydrogel swelled
under neutral pH conditions, but
shrank to almost half of its original
volume under acidic pH conditions.
The structure and pH response of the
mixed hydrogel were characterized by


using X-ray diffraction (XRD), confo-
cal laser scanning microscopy (CLSM),
transmission or scanning electron mi-
croscopy (TEM, SEM), and Fourier
transform IR (FTIR) spectroscopy.
Well-developed fibers formed a stable
hydrogel by self-assembly, and under
acidic conditions the charge of the car-
boxylic acid terminal (from the carbox-


ylate anion) was neutralized and then
these fibers became densely packed.
This macroscopic pH response was also
applied to the pH-triggered release of
bioactive substances. In this mixed
supramolecular hydrogel, the hydroge-
lator 1 provides a stable hydrogel struc-
ture and the additive 2 acts as a
commander that is sensitive to an envi-
ronmental pH signal. The present
supramolecular copolymerization strat-
egy should be useful for the construc-
tion of novel, stimuli-responsive, soft
materials.


Keywords: carboxylic acids · co-
polymerization · gels · pH response ·
supramolecular chemistry
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tions, relative to covalent ones, are generally too weak to
maintain stable polymeric chains prior to and following
stimuli, and instead readily degrade into nonpolymeric units
producing a sol state but no volume change. Our report of
the thermal shrinkage of a supramolecular hydrogel suggest-
ed, however, that a thermally stable, noncovalent polymer
chain composed of multiply accumulated interactions can
display thermal shrinkage instead of simply dissolving.[7a, 11]


The design at the molecular level of such a unique feature
will provide a new category of supramolecular materials.
From this perspective, we have investigated supramolecular
systems that exhibit various stimuli-responsive volume
changes. We recently reported the addition of a carboxylic
acid derivative to the supramolecular gelator matrix to form
a highly stable, self-assembled nanofiber in small amounts.
This matrix revealed pH-dependent, thermal behavior of the
mixed hydrogel, that is, gel–sol transition at neutral pH and
volume phase transition at acidic pH.[9n] Here we describe
the successful pH-triggered shrinkage or swelling of a supra-
molecular hydrogel, which was produced by mixing opti-
mized structures and amounts of amphiphilic carboxylic
acids with the hydrogelator. This supramolecular copolymer-
ization strategy is widely applicable for the production of
novel, stimuli-responsive, supramolecular materials.[12]


Results and Discussion


Molecular design and gelation screening : GalNAc-appended
(GalNAc= N-acetylgalactosamine) glutamate ester 1 (which
was found by using a combinatorial approach to be an excel-
lent, low-molecular-weight hydrogelator) was used as the
fundamental gel matrix, because of its stable, nanofiber for-
mation.[11,13] As an additional component, three amphiphilic
carboxylic acid derivatives bearing different lengths of
methylene chains (2 a–c) were designed and synthesized on
the basis of their structural similarity to the hydrophobic
parts of 1 . Figure 1a shows the gelation capabilities of the
mixed gels under neutral pH conditions. A single compo-
nent of 2 a–c (i.e., molar ratio 1/2=0:10) is quite soluble in
water and, therefore, has no gelation capability with water.
On the other hand, a single component of 1 (i.e., molar


ratio 1/2= 10:0) forms a stable hydrogel. The mixing of
these components in various ratios produces solutions with
distinct macroscopic phases, such as a homogeneous so-
lution, an unstable hydrogel, and a stable hydrogel, depend-
ing on the ratio of mixing. Stable gels were formed following
the mixing of a single component of 1 and an almost equi-
molar amount of 2. The gelation capability of the mixed hy-
drogel is also influenced by the molecular structure of 2.
The mixture of 2 b and 1 gelates neutral water over the
widest ratio range among the three derivatives (1/2 b=10:0–
6:10). The addition of excess 2 (1/2 a>8:10, 1/2 b>6:10, 1/
2 c>8:10) produces a homogeneous solution instead of a hy-
drogel. In the case of 2 c, which has the longest methylene
chain, the almost equimolar mixture ratios (1/2 c=10:6–
8:10) produced unstable hydrogels.


Figure 1. a) Gelation screening of the mixed hydrogels consisting of 1
and 2a, b, or c. The content of the total components (1+2) is 0.5 wt % in
all cases. The stable hydrogel was not displaced upon inversion of the
test tube, whereas the unstable hydrogel collapsed. b) Photographs of a
typical example of the pH-responsive volume phase transition of the
mixed hydrogel (1/2 b=10:10) before and after shrinkage. c) Screening of
the pH-responsive volume-change function of the mixed hydrogel per-
formed as in a). d) Repeated shrinkage/swelling cycles resulting from a
change in pH and monitored by measuring gel transparency. The average
values and experimental errors from three independent experiments
were plotted.


Chem. Eur. J. 2005, 11, 1130 – 1136 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1131


FULL PAPER



www.chemeurj.org





pH-Induced shrinkage of the two-component hydrogel : The
hydrogels were exposed to an acidic atmosphere (HCl
vapor) and changes in their macroscopic morphology were
observed. A typical example is shown in Figure 1b. Clearly,
shrinkage of the hydrogel takes place upon exposure to an
acidic vapor. Half of the volume of water was expelled from
the original hydrogel. In addition, the hydrogel changes
from almost transparent to opaque, and the shrunken gel
becomes stiffer than the original, swollen gel. As shown in
Figure 1c, such gel-shrinkage occurs only in those mixed hy-
drogels with almost equimolar ratios of 1 and 2, and was not
observed in the single component of 1 or in mixtures con-
taining the small amounts of 2. This implies that the pH re-
sponse requires both components to be present in an opti-
mal ratio. Interestingly, the pH-responsive volume change
was also sensitive to the molecular structure of the additive
2. The addition of 2 b affords pH-responsive gel shrinkage
over the widest ratio range among the three additives (10:6–
6:10), whereas 2 a, which bears the shortest methylene unit,
causes a macroscopic pH response of the hydrogel within a
rather limited range (10:8–10:10), and 2 c, with the longest
methylene chain, confers no pH-sensitive gel shrinkage at
all. This trend is in good agreement with the data obtained
for the gelation capability (Figure 1a). By using molecular
modeling to compare the molecular lengths of 1 and 2, it is
suggested that the hydrophilic carboxylic acid group in the
case of 2 b is slightly exposed at its interface with the hydro-
philic GalNAc groups of 1, but slightly buried in the case of
2 a, and very exposed in the case of 2 c.[14] It is interesting
that such a subtle structural difference appears to signifi-
cantly influence not only the gelation capability, but also the
resultant pH response of the mixed hydrogel. Another con-
trol sample, in which the methyl ester of 2 b was mixed with
1 in an equimolar ratio, displayed no pH-responsive volume
change. We also tested the formation of a 1/2 b (1:1 ratio)
hydrogel under acidic pH conditions (pH 4.0), which result-
ed in a shrunken, opaque gel comparable to the pH-trig-
gered shrunken gel. These results suggest that the charge al-
teration (from negative to neutral) at the interface is crucial
for the pH-responsive volume change.


The shrunken hydrogel was re-swelled and became almost
transparent by neutralization with neutral buffer solution
(pH 7), followed by slight warming (40 8C). The shrinkage/
swelling cycle can be repeated at least six times (Figure 1d),
as monitored by the change in transparency. The ability to
repeat the cycle indicates that the pH-induced gel shrinkage
is not caused by the chemical decomposition of the compo-
nent,[15] but by a reversible, physicochemical property
change in the mixed hydrogel.


Structural analysis of the two-component hydrogel : The
structure of the mixed supramolecular hydrogel was exam-
ined by using several microscopy and spectroscopy tech-
niques. The X-ray diffraction pattern (XRD, Figure 2) of the
mixed hydrogel displayed two peaks corresponding to
3.7 nm (2.48) and 0.4 nm (19.88), values that are almost com-
parable to those obtained for the single-component hydrogel


of 1.[16] From our previous study of 1, based on XRD data
and single crystal analysis, these values can be reasonably
assigned to the interdigitated bimolecular layer of 1
(3.7 nm) and the van der Waals packing distance of the cy-
clohexyl rings of the hydrophobic core (0.4 nm).[11] Interest-
ingly, good agreement between the long spacing in the
mixed hydrogel with that of the single-component hydrogel
1 indicates that the two-component hydrogel of 1 and 2 b
has a fundamental, bilayer-like structure comparable to the
single-component hydrogel 1.[17] Significantly, similar XRD
peaks appear in the spectra for the shrunken gel, suggesting
that the fundamental packing mode is not significantly dis-
turbed by the pH-induced volume change.


Confocal laser scanning microscopy (CLSM) produces a
wet gel morphology without a drying process. Figure 3a
shows a typical image of the mixed hydrogel that has been
stained by a nitrobenzoxadiazole derivative (HANBD), an
environmentally sensitive fluorophore that emits a strong
fluorescence with a blue-shifted wavelength in less polar en-
vironments. Long fibers with green fluorescence were ob-
served. The fluorescence spectrum of the area proximal to a
fiber (circled in Figure 3a), shows the stronger peak at
530 nm with a shoulder at 550 nm (Figure 3b). Compared to
the maximum peak of HANBD in aqueous solution
(550 nm), the presence of the mixed hydrogel causes a blue-
shift of 20 nm, which strongly suggests that HANBD is in-
corporated into a hydrophobic domain of the hydrogel
fibers, resulting in a strong emission. The shoulder peak at
550 nm implies that HANBD molecules partially distribute
in the aqueous region of the hydrogel. The continuous hy-
drophobic region is consistent with the mixed hydrogel
structure suggested by the XRD data described above. A
greater blue-shift in the single-component hydrogel 1 is ob-
served at 525 nm, indicating that the well-developed hydro-
phobic domains are slightly disturbed by 2 b in the mixed
hydrogel.


Thin fibers (10–100 nm diameter) of the mixed hydrogel
(1/2 b= 10:10), under both neutral and acidic conditions,
were also observed by using transmission electron microsco-
py (TEM, Figure 4a and b, respectively). This fibrous mor-
phology is almost the same as that of the single-component


Figure 2. XRD profiles of the mixed hydrogel (1/2b =10:10) before and
after gel shrinkage.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1130 – 11361132


I. Hamachi et al.



www.chemeurj.org





hydrogel 1, indicating that the original self-assembly charac-
teristics are not disrupted by the additive 2 b. Interestingly,
the fibers in acidic pH become more densely entangled than
those in neutral pH. Entangled, fibrous, three-dimensional
networks were observed by using scanning electron micros-
copy (SEM, Figure 4c and d). Consistent with TEM obser-
vations, fibers in acidic pH conditions become thicker than
those in neutral conditions. These results suggest that the
macroscopic opaqueness of the hydrogel may be ascribed to
a thickening of the pH-induced fibrils, caused by the dense
packing of the self-assembled fibers.


FTIR measurements of the mixed hydrogel before and
after shrinkage show a significant change in the equilibrium
between the carboxylic acid (COOH) and the carboxylate
ion (COO�) (Figure 5). In the shrunken gel, a shoulder peak


at 1713 cm�1 appears, which originates from the stretching
of the dimeric COOH, whereas a strong peak at 1555 cm�1,
due to COO� , disappears.[18] This result indicates that the
charged carboxylate state of 2 b shifts to the neutral carbox-
ylic acid state by exposure of the hydrogel to the acidic at-
mosphere. It may be reasonable to propose that, in addition
to increased osmotic pressure caused by the incorporation


Figure 3. a) CLSM image of the hydrogel (1/2 b=10:10, 0.5 wt %) con-
taining 20 mm HANBD under neutral pH conditions (in pH 7.0 phosphate
buffer). The white bar represents a distance of 500 nm. b) Fluorescence
spectra of the hydrogel fibers circled in a) (1/2b= 10:10, 0.5 wt %, mea-
sured by using CLSM), the single-component hydrogel 1 (1/2 b=10:0,
0.5 wt %) containing HANBD, and HANBD in aqueous solution (mea-
sured by using the conventional fluorescence spectrophotometer).


Figure 4. TEM images of the unstained a) swollen and b) shrunken hy-
drogel (1/2 b=10:10, 0.5 wt %). A piece of the gel was placed on a
carbon-coated, copper grid and dried for 6 h. SEM images of the
c) swollen and d) shrunken hydrogel (1/2b= 10:10, 0.5 wt %), which had
been coated by platinum vapor deposition (30 s). For SEM samples, the
swollen and shrunken hydrogel was frozen in liquid nitrogen and then
lyophilized in vacuo for 1 day.


Figure 5. FTIR spectra of the mixed hydrogel (1/2b =10:10, 0.5 wt %)
before and after gel shrinkage.
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of a counter cation, the charged gel fiber causes an interfi-
brous repulsion to yield a swollen gel. In contrast, suppres-
sion of such electrostatic repulsion and the decrease in os-
motic pressure caused by the release of counterions in the
neutral fiber, results in hydrogel shrinkage upon charge neu-
tralization.[8a,d] This explanation is supported by the observa-
tion that the inclusion of the methyl ester of 2 b induced no
pH response in the mixed hydrogel.


pH-Responsive drug release of the supramolecular hydro-
gel : Next, we investigated the pH-triggered release of bioac-
tive substances.[19] Water-soluble vitamins, such as vita-
mins B1, B6, and B12, were entrapped in the mixed hydrogel
(1/2 b= 10:10) as hydrophilic guest molecules during the gel
preparation process, and the environmental pH was gradual-
ly acidified. The time course of vitamin B12 release upon
acidification was quantitatively determined by using UV-
visible spectroscopy (Figure 6a). Under neutral conditions,


no release was observed due to the absence of gel shrinkage.
Vitamin B12 was released concurrent with gel shrinkage in
an acidic atmosphere of HCl vapor. The vitamin B12-entrap-
ped hydrogel shrank by up to one half of its initial volume
(see Figure 1b), and almost 50 % of the vitamin B12 was re-
leased within 60 min. The other two vitamin Bs (Figure 6b)
exhibited release behavior similar to that of vitamin B12.


These results indicate that, in pH-triggered release, the vita-
mins are released in the expelled water. In contrast, the
rather hydrophobic flavone derivatives, such as myricetin
and quercetin, were less efficiently released, in spite of gel
shrinkage (Figure 6a and b). This is because hydrophobic
substances localize predominantly in the hydrophobic
domain of the supramolecular gel fibers, with a lower
amount present in the expelled water. Therefore, controlled
release can be performed in this system by employing two
controlling factors; pH-induced volume change and the am-
phiphilic structure of the supramolecular hydrogel.


Conclusion


pH-Responsive characteristics were conferred to a supra-
molecular hydrogel by simple mixing of a hydrogelator with
small acidic molecules. Unlike the supramolecular hydrogels
reported by others,[9] which exhibited gel–sol transitions, the
hydrogel described here displays pH-responsive shrinkage
or swelling. The pH-induced shrinkage does not occur in the
case of single-component hydrogels 1 or 2 b, that is, 1 forms
a stable hydrogel without pH sensitivity and 2 b does not
form a supramolecular hydrogel. Therefore, it is conceivable
that the hydrogelator 1 provides a superior hydrogel matrix,
and that the additive 2 b acts as a commander that is sensi-
tive to environmental pH signals in this supramolecular hy-
drogel. The pH-induced volume change produces controlled
drug release. Such a supramolecular copolymerization strat-
egy (Figure 7) could be applied to other systems,[20] with the
aim of designing sophisticated materials that are responsive
to various stimuli.


Figure 6. a) Time courses of the release of vitamin B12 (*) and quercetin
(~) substrates from the mixed hydrogel (1/2 b=10:10), caused by pH-
triggered gel shrinkage. b) The amount of five distinct substrates released
after 60 min for vitamin B1 (thiamine pyrophosphate), vitamin B6 (pyri-
doxal 5’-phosphate), vitamin B12 (cyanocobalamin), quercetin (3,3’,4’,5,7-
pentahydroxyflavone), and myricetin (3,3’,4’,5,5’,7-hexahydroxyflavone).
In both a) and b) the average values and experimental errors from three
independent experiments were plotted.


Figure 7. Schematic illustration of the supramolecular copolymerization
strategy used to design a hydrogel, and the subsequent pH-responsive
volume change.
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Experimental Section


Materials and methods : All chemical reagents were obtained from Al-
drich, Sigma, TCI, Wako, or Watanabe, and were used without further
purification. Solvents were dried according to standard procedure.
1H NMR spectra were obtained by using a JEOL-JNM-EX400 apparatus
(400 MHz). Mass spectra were recorded on a MALDI-TOF mass spec-
trometer PE Voyager DE-RP. SEM images were obtained by using an
Hitachi S-5000, acceleration voltage 25 kV. Conventional fluorescence
spectra were recorded by using an Hitachi F-4500 instrument. TEM
images were recorded by using a JEOL-JEM-2010 apparatus. FTIR spec-
tra were recorded by using a Perkin–Elmer Spectrum One on ATR
mode.


Synthesis : Compounds 1 and 2 were prepared according to the method
reported previously.[9n, 13]


Data for 2b : 1H NMR (400 MHz, CDCl3, TMS): d=6.81 (d, J =7.6 Hz,
1H; COCH(NH)CH2CH2CO), 6.12 (t, J=5.2 Hz, 1 H;
CHNHCOCH2CH2CONHCH2), 4.59 (m, 1H; COCH(NH)CH2CH2CO),
3.95, 3.89 (d, J =6.4 Hz, 4 H; 6.4 Hz, COOCH2C6H11), 3.22 (m, 2H;
NHCH2(CH2)5CH2COOH), 2.60–2.32 (m, 8H; COCH2CH2CO,
COCH(NH)CH2CH2CO, NHCH2(CH2)5CH2COOH), 2.22, 1.99 (m, 2H;
COCH(NH)CH2CH2CO), 1.80–0.91 ppm (m, 32H;
NHCH2(CH2)5CH2COOH, COOCH2C6H11); MALDI-TOF-MS: m/z :
calcd for C31H52N2O8: 580.37; found: 603.80 [M+Na]+ ; elemental analysis
calcd (%) for C31H52N2O8: C64.11, H9.02, N4.82; found: C64.11, H9.02,
N4.79.


Data for 2 a : 1H NMR (400 MHz, CDCl3, TMS): d=6.77 (d, J =7.2 Hz,
1H; COCH(NH)CH2CH2CO), 6.41 (m, 1 H; CHNHCOCH2CH2-


CONHCH2), 4.58 (m, 1H; COCH(NH)CH2CH2CO), 3.96, 3.89 (d, J =


6.4 Hz, 4 H; 6.4 Hz, COOCH2C6H11), 3.34 (m, 2H;
NHCH2CH2CH2COOH), 2.61–2.35 (m, 8 H; COCH2CH2CO,
COCH(NH)CH2CH2CO, NHCH2CH2CH2COOH), 2.20, 2.00 (m, 2 H;
COCH(NH)CH2CH2CO), 1.89–0.94 ppm (m, 24H;
NHCH2CH2CH2COOH, COOCH2C6H11); FAB-MS: m/z : calcd for
C27H44N2O8: 524.31; found: 525.40 [M+H]+ ; elemental analysis calcd (%)
for C27H44N2O8: C61.81, H8.45, N5.34; found: C61.72, H8.43, N5.28.


Data for 2c : 1H NMR (400 MHz, CDCl3, TMS): d= 6.71 (m, 1H;
COCH(NH)CH2CH2CO), 6.14 (m, 1H; CHNHCOCH2CH2CONHCH2),
4.58 (m, 1H; COCH(NH)CH2CH2CO), 3.94, 3.88 (d, J =6.0 Hz, 4 H;
6.4 Hz, COOCH2C6H11), 3.21 (m, 2 H; NHCH2(CH2)9CH2COOH), 2.60–
2.25 (m, 8 H; COCH2CH2CO, COCH(NH)CH2CH2CO,
NHCH2(CH2)9CH2COOH), 2.17, 1.97 (m, 2 H; COCH(NH)CH2CH2CO),
1.80–0.85 ppm (m, 40H; NHCH2(CH2)9CH2COOH, COOCH2C6H11);
FAB-MS: m/z : calcd for C35H60N2O8: 636.43; found: 637.50 [M+H]+ ; ele-
mental analysis calcd (%) for C35H60N2O8: C66.01, H9.50, N4.40; found:
C65.89, H9.47, N4.37.


Synthesis of methyl ester of 2b : The methyl ester of 8-aminoctanoic acid
was used for the condensation step in the synthesis of 2b to yield the
target methyl ester as a colorless solid. 1H NMR (400 MHz, CDCl3,
TMS): d=6.60 (d, J =7.6 Hz, 1 H; COCH(NH)CH2CH2CO), 5.88 (m,
1H; CHNHCOCH2CH2CONHCH2), 4.59 (m, 1 H; COCH(NH)CH2CH2-


CO), 3.94, 3.88 (d, J=6.8 Hz, 4 H; 6.8 Hz, COOCH2C6H11), 3.67 (s, 1 H;
COOCH3), 3.22 (m, 2 H; NHCH2(CH2)5CH2COOCH3), 2.58–2.28 (m,
8H; COCH2CH2CO, COCH(NH)CH2CH2CO,
NHCH2(CH2)5CH2COOCH3), 2.21, 1.99 (m, 2H; COCH(NH)CH2CH2-


CO), 1.80–0.94 ppm (m, 32 H; NHCH2(CH2)5CH2COOCH3,
COOCH2C6H11); FAB-MS: m/z : calcd for C32H54N2O8: 594.39; found:
595.4 [M+H]+ ; elemental analysis of methyl ester calcd (%) for
C32H54N2O8: C64.62, H9.15, N4.71; found: C64.66, H9.08, N4.65.


Evaluation of the pH-responsive volume change of the mixed hydrogel :
The gelator 1 and the additive 2 were mixed in test tubes in molar ratios
from 0:10–10:0 and a buffer solution (25 mm Na/K phosphate buffer,
pH 7.0, 0.5 mL) was added. To obtain homogenous solutions, the reaction
mixtures were gently heated and then incubated at room temperature for
one day. The gelation capabilities were determined by observing displace-
ment of the gels upon inversion of the tubes. The tubes of hydrogel solu-
tions were weighed and then incubated for 20 min in a box that contained


a tube of conc. HCl, whose vapor provided an acidic atmosphere. The
tubes were then re-weighed to determine the mass and, therefore,
volume of water expelled for each mixed hydrogel. After exposure to
HCl vapor, the expelled water had a pH value of 1–2. The shrinkage
ratio was estimated by dividing the final weight of the hydrogel by the in-
itial weight. Macroscopic morphology changes were observed and record-
ed by using a digital camera.


X-ray powder diffraction : The xerogel was placed in a glass capillary
tube (F =0.7 nm) and the X-ray diffractogram (MAC Science M18XHF)
was recorded on an imaging plate by using Cu radiation (l=1.54178 �)
at a distance of 15 cm.


CLSM observation : The hydrogel sample was placed on a glass substrate
and covered with a cover glass. A confocal laser scanning microscope
(Carl Zeiss: LSM510META) with an argon laser (excitation wavelength
488 nm) was used. Fluorescence spectra of the gel fibers were also ob-
tained by using this microscope.


Controlled release of the entrapped substances : Vitamin B12 was added
to the suspension of 1 and 2 b in phosphate buffer solution (25 mm Na/K
phosphate buffer, pH 7.0, 0.5 mL) and the mixture was heated to obtain
a clear, homogeneous solution (vitamin B12 = 0.5mm, 1=3.95 mm, 2 b=


3.95 mm). After incubation at room temperature for 1 day, the hydrogel
containing vitamin B12 formed. This hydrogel was exposed to HCl vapor
for 15 min and the expelled solution was collected, as described above.
After neutralization and appropriate dilution, the concentration of the
released vitamin B12 was determined by using a UV/Vis spectrophotome-
ter (Shimadzu UV2550). This method was employed for the other sub-
stances investigated.
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Modulating Charge Transfer through Cyclic d,l-a-Peptide Self-Assembly


W. Seth Horne, Nurit Ashkenasy, and M. Reza Ghadiri*[a]


Introduction


Cyclic d,l-a-peptides are the archetypical members of a
growing class of organic tubular supramolecular struc-
tures[1–8] with promising potential applications in biological[9]


and materials[10] settings. As a result of increasing interest in
the field of molecular electronics,[11] theoretical calculations
have been used to assess the conductive properties of self-
assembling peptide nanotubes.[12] It has been proposed that
the cyclic d,l-a-peptide structures should possess wide band
gaps (Eg>4 eV) that could potentially be tuned through ap-
propriate modification of the cyclic peptide.[12d] However, it
has been determined that natural amino acid side chains
cannot be used to decrease the band gap to levels sufficient
for potential use in molecular electronics applications. Since
many organic semiconducting and conducting materials are
based on one-dimensional stacking of aromatic molecules
through p–p interactions and partial charge transfer,[13] we
envisioned that cyclic peptide self-assembly might be useful
in controlling and directing the stacking of aromatic side


chains and might offer a level of control over the long-range
order in the resulting materials.[1,10b, 14]


Among aromatic molecules that have found utility in the
design of conductive materials, naphthalenediimide deriva-
tives have attracted considerable attention due to their ten-
dency to form n-type materials, as opposed to most other or-
ganic molecules, used to fabricate p-type semiconductors.[15]


High-conductivity materials based on NDI-derivatized den-
drimers and polymers have also been reported.[16] We postu-
lated that the intermolecular interactions of NDIs could be
directed and/or promoted by the display of such species as
side chains of cyclic d,l-a-peptides. It was envisioned that
controlling aromatic ring interactions and geometry through
peptide backbone-directed self-assembly[17] might provide a
rational supramolecular approach to conductive materials
engineering. To these ends, we present here a model system
for probing hydrogen bond-directed intermolecular NDI–
NDI interactions in solution. We report methods developed
for the synthesis of NDI-modified cyclic d,l-a-peptides, ex-
amine their propensity for self-assembly by NMR, and
probe the efficiency of intermolecular NDI–NDI charge
transfer by fluorescence measurements.


Results and Discussion


Design : Cyclic d,l-a-peptides can form cylindrical b-sheet
ensembles through hydrogen bond-directed ring stacking.[2]


Interruption of the hydrogen bonding network on one face
of the cyclic peptide subunit through backbone N-alkylation


[a] W. S. Horne,+ Dr. N. Ashkenasy,+ Prof. M. R. Ghadiri
Departments of Chemistry and Molecular Biology and The Skaggs
Institute for Chemical Biology
The Scripps Research Institute
10550 North Torrey Pines Rd., La Jolla, CA 92037 (USA)
Fax: (+1) 858-784-2798
E-mail : ghadiri@scripps.edu


[+] These authors contributed equally to this work.


Abstract: We describe a concise, solid
support-based synthetic method for the
preparation of cyclic d,l-a-peptides
bearing 1,4,5,8-naphthalenetetracarbox-
ylic acid diimide (NDI) side chains.
Studies of the structural and photolu-
minescence properties of these mole-
cules in solution show that the hydro-
gen bond-directed self-assembly of the
cyclic d,l-a-peptide backbone pro-


motes intermolecular NDI excimer for-
mation. The efficiency of NDI charge
transfer in the resulting supramolecular
assemblies is shown to depend on the
length of the linker between the NDI


and the peptide backbone, the distal
NDI substituent, and the number of
NDIs incorporated in a given structure.
The design rationale and synthetic
strategies described here should pro-
vide a basic blueprint for a series of
self-assembling cyclic d,l-a-peptide
nanotubes with interesting optical and
electronic properties.


Keywords: charge transfer · cyclic
peptides · nanotubes · self-assem-
bly · supramolecular chemistry
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restricts the self-assembly to antiparallel cylindrical dimers
(Figure 1a).[18,19] Such assemblies represent the asymmetric
unit of the parent extended peptide nanotube and have
proven to be useful models for probing of the nanotube
structure, self-assembly process, and functional proper-
ties.[10a,17–20] Here we have used this strategy to investigate
the design and optical properties of NDI-functionalized self-
assembling cyclic d,l-a-peptides.


Modeling suggests that NDI-modified side chains could
adopt productive charge-transfer geometries in the context
of the cyclic d,l-a-peptide dimer (Figure 1b, c). Accordingly,
peptides 1–5 were designed to probe the influence of linker
length, distal NDI substituent, and number of NDI amino
acid side chains on the dimer self-assembly and optical
properties. Peptides 1–3, each with a single NDI side chain,
were designed to evaluate the effects of steric bulk of the
distal NDI substituent (methyl in 3 versus isobutyl in 1 and
2). The effect of linker length was examined by comparison


of the properties of cylindrical dimers derived from peptides
1 and 2. Peptides 4 and 5, each bearing two NDI side chain
functionalities, were designed similarly in order to examine
the role of multiple NDI substitutions and linker length. It
should be noted that ring symmetry is an important design
consideration in these molecules, as it determines the
number of non-equivalent dimeric assemblies that a given
cyclic peptide can form.[17,19] In the flat ring conformation
adopted by an eight-residue cyclic d,l-a-peptide in a nano-
tube context, the backbone is C4 symmetric with the axis of
rotation perpendicular to the plane of the ring.[2b, 19] Accord-
ingly, the dimer shown in Figure 1a represents only one of
four possible diastereomeric assemblies differing in the
cross-strand pairing of homochiral amino acids. Depending
on the peptide sequence, one or more of these dimers may
be equivalent. Therefore, the C1 symmetric peptides 1–3 can
each form four different diastereomeric assemblies (Fig-
ure 1d), whereas the C2-symmetric eight-residue peptides 4


Figure 1. a) Schematic representation of hydrogen bond-directed dimerization of backbone N-methylated cyclic d,l-a-peptides with generic side chains
R1–R4 (for clarity most side chains are not depicted in dimeric assembly). b) Calculated model of one possible dimer of peptide 3 viewed from the top
and c) from the side (most side chains and protons omitted for clarity). d) Schematic illustration depicting overlap of NDI side chains (diamonds) in the
four possible dimeric assemblies available to the C1-symmetric peptides 1, 2, and 3.
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and 5 can each form a maximum of two diastereomers. This
is an important consideration, as inter-subunit NDI–NDI in-
teractions should only be possible in dimeric species in
which the aromatic side chains are juxtaposed across each
other on opposite rings.


Synthesis : We investigated three synthetic routes toward the
desired cyclic peptides bearing NDI side chains. These
routes included preparation from an NDI-functionalized
amino acid,[21] post-synthetic modification[16c] of cyclic d,l-a-
peptides, and modification of natural amino acid side chains
during the course of solid-phase peptide synthesis.[22] For the
synthesis of peptides 1–5 we found the last approach to be
most general and synthetically convenient. Central to each
of these approaches is the preparation of unsymmetrically
substituted NDIs. Symmetrical NDIs such as N,N’-dibutyl-
1,4,5,8-naphthalenetetracarboxylic acid diimide (7) can be
prepared by condensation of 1,4,5,8-naphthalenetetracar-
boxylic acid dianhydride (6) with two equivalents of a pri-
mary amine (Scheme 1).[23] Unsymmetrical NDIs present a


greater challenge and have typically been prepared from
anhydride 6 by condensation with 1:1 mixtures of two differ-
ent primary amines, leading to statistical mixtures of prod-
ucts. We have found a modification of a reported synthesis
of NDI cyclophanes[24] to be a convenient alternative to this
approach (Scheme 1). After complete hydrolysis of a sus-
pension of 6 (20 mm in water) with KOH, reacidification to
pH 6.2 with H3PO4 leads to the formation of the diacid
naphthalenetetracarboxylic acid monoanhydride. Addition


of one equivalent of a primary amine to the same reaction
vessel, followed by overnight heating at reflux, yields naph-
thalene monoimides 8 a–c in good isolated yield and purity
by a simple filtration workup.


We found that the dicarboxylic acid moieties in 8 a–c
could be directly converted into imides by condensation
with primary amines in DMF at temperatures above 110 8C
without the need to isolate the corresponding anhydrides
first.[16c,24] In one example of the use of monoimides (8) in
the synthesis of cyclic d,l-a-peptides (Scheme 2), the four


free amine lysine side chains of peptide 9 were converted
into diimides by heating at 115 8C with Cbz-ethylenedia-
mine-modified monoimide 8 c in DMF. Removal of the Cbz
protecting groups and purification yielded tetra-NDI-substi-
tuted peptide 10 in 38 % overall yield for the two steps.
Naphthalene monoimides were also incorporated onto pep-
tides by on-resin conversion of lysine or ornithine side chain


Scheme 1. Preparation of symmetrical and unsymmetrical NDI deriva-
tives.


Scheme 2. Use of naphthalene monoimides in the post-synthetic modifi-
cation of cyclic d,l-a-peptides.
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amines into imides (Scheme 3). A representative synthesis
began with the preparation of linear peptide 11 by standard
Fmoc solid-phase peptide synthesis methods, with use of
MTT-protected (MTT = e-4-methyltrityl) lysine. Resin-
bound 11 was treated with dilute TFA to remove the MTT
protecting groups, and the resulting free amines were con-
verted into imides by stirring the resin with an excess of 8 b
in DMF at 110 8C. The NDI-modified linear peptide was
cleaved from the resin by treatment with TFA and purified
by preparative HPLC to yield 12 in 28 % overall yield.
Treatment of 12 with (7-azabenzotriazol-1-yloxy) tripyrroli-
dinophosphonium hexafluorophosphate (PyAOP) and diiso-
propylethylamine at 0.7 mm in DMF led to formation of the
desired cyclic product 4 in 71 % isolated yield. This synthetic
approach was also used to prepare peptides 1, 2, 3, and 5.


NMR structural characterization : NMR was utilized to
probe the three-dimensional structures and assembly of pep-
tides 1–5 in CDCl3. The 1H NMR spectra at low concentra-
tions (�200 mm) are sharp and consistent with the prepon-
derance of monomeric species in solution. The spectra of
peptides 4 and 5 show peaks for only four different residues,
indicating that these peptides maintain an apparent C2 sym-
metry in solution. For each peptide, an increase in concen-
tration leads to a new set of peaks consistent with hydrogen-
bonded dimeric species in slow exchange (on the NMR
timescale) with the monomer.[19a] The concentration-depen-
dent monomer/dimer ratio was used to determine the ap-
parent self-association constants (Ka values) (Table 1). In


the calculation of the association constants, all possible dia-
stereomeric ensembles formed by a given peptide were con-
sidered equivalent, so the Ka values in Table 1 reflect the
overall propensity for self-association demonstrated by each
peptide. The 1H NMR data fit well with the self-association
model, and the results of the calculations show that peptides
in CDCl3 form dimeric species with Ka values ranging from
51 to 192 m


�1.
Direct comparison of the association constants for the


non-symmetric peptides 1–3 with those of the C2-symmetric
peptides 4 and 5 is complicated by two factors. The non-
equivalent diastereomeric assemblies that can be formed
through the dimerization of the peptide give rise to an en-
tropy of mixing term that varies with the number and popu-
lation of those assemblies.[25] In addition, a free energy term
arising from the symmetry difference between the peptide
monomer and dimer contributes a symmetry component—
independent of the inherent chemical propensity to self-as-
sociate—to the observed Ka.


[26] Calculations for the C1- and
C2-symmetric peptides, however, show that the energetic
contributions from these two terms cancel if it is assumed
that a statistical mixture of dimeric assemblies is formed.


The differences in the binding constants of the various
molecules provide some insight into the effect of the NDI
modification on assembly of the peptide backbone. Compar-
ison of the single-NDI-containing peptides 1 and 2 with the
bis-NDI peptides 4 and 5, respectively, show a twofold de-
crease in the binding constants accompanying the incorpora-
tion of an additional NDI side chain. This suggests that mul-
tiple NDIs on a cyclic peptide would tend to destabilize


Scheme 3. On-resin conversion of side chain amines into imides.


Table 1. Association constants as determined by NMR spectroscopy.


Cpd Sequence[a] Ka
[b] [m�1]


1 cyclo[Ala-Leu-MeAla-Leu-LysNDI-iBu-Leu-MeAla-Leu] 116
2 cyclo[Ala-Leu-MeAla-Leu-OrnNDI-iBu-Leu-MeAla-Leu] 192
3 cyclo[Ala-Leu-MeAla-Leu-LysNDI-Me-Leu-MeAla-Leu] 119
4 cyclo[(LysNDI-iBu-Leu-MeAla-Leu)2] 52
5 cyclo[(OrnNDI-iBu-Leu-MeAla-Leu)2] 87
7 dibutyl-NDI 0.4


[a] Italic residues indicate d enantiomers; MeAla = N-methylalanine.
[b] Details of the calculations can be found in the Experimental Section.
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dimer formation. Comparison of 4 with 5 and of 1 with 2
show �60 % decreases in Ka for the lysine-based linkers, in-
dicating that the dimer is more stable when the NDI group
is tethered closer to the peptide backbone. The similar asso-
ciation constants for 1 and 3 indicate that the distal NDI
substituent has little impact on intermolecular peptide self-
association.


Fluorescence characterization : Charge delocalization as a
consequence of aromatic ring stacking provides the basis of
the electronic properties observed in high-order NDI aggre-
gates. Charge transfer within an NDI dimer in solution leads
to the formation of excimers, which can be conveniently
monitored by fluorescence spectroscopy.[27] Thus, the role of
cyclic peptide backbone self-assembly in enhancing NDI–
NDI interactions was probed through fluorescence measure-
ments. Figure 2a shows the fluorescence spectra for single-


NDI-containing peptides 1, 2, and 3 and also for the control
compound 7 at 1.65 mm in CDCl3. The formation of exci-
mers is indicated by the presence of a broad peak with a
maximum at 492 nm, red-shifted with respect to the mono-
meric peaks at wavelengths of 434 and 408 nm due to
charge delocalization. As would be expected from the pep-
tide self-assembly observed by NMR, all three peptides (1–
3) show enhanced excimer peak intensity relative to the
control compound 7. These effects can be seen throughout
the concentration range (0.1–5 mm) studied (Figure 2b).


Although the practical range of peptide concentrations
that can be studied (as determined by the magnitude of Ka)
is above the region in which rigorous quantitative analysis
of the fluorescence data is possible, some qualitative differ-
ences are clear. Differences in excimer peak intensity sug-
gest that, in addition to the enhanced effective concentra-
tion brought about by peptide backbone-directed self-as-
sembly, other structural parameters also seem to play a role
in the formation of NDI excimers. It is evident that peptide
3 has a much higher propensity than 1 for the formation of
NDI excimers. Since the NMR data show similar association
constants for the two peptides, the difference in excimer for-
mation can be attributed to the reduced steric hindrance
from the distal NDI methyl group in 3 in relation to the
branched isobutyl moiety in 1, allowing more productive in-
teractions between the aromatic rings.


The length of the tether between the peptide backbone
and the NDI substituent also seems to influence NDI exci-
mer formation. Peptide 1 shows more pronounced excimer
formation than the control compound 7, while 2—which by
NMR has an association constant almost twice that of 1—
shows excimer peak intensity closer to that of the control
compound. This suggests that the shorter ornithine-based
linker between the NDI and the cyclic peptide backbone in
2 does not allow the necessary flexibility for the NDI side
chains on adjacent peptide strands to adopt an orientation
suitable for efficient charge transfer. In contrast with the
effect of linker length on peptide dimerization, the addition-
al degrees of freedom offered by the lysine-based linker in
this case allow more favorable intermolecular NDI interac-
tions relative to the shorter ornithine.


As discussed above, in the non-symmetrically substituted
peptide 3, the dimer in which the NDI side chains are juxta-
posed across from each other represents only one of four
possible diastereomeric assemblies (Figure 1d). In calcula-
tion of the apparent association constants reported in
Table 1, these dimers were all considered equivalent. It is
reasonable to assume that only the assembly in which the
NDI side chains overlap would be productive with respect
to intermolecular excimer formation (Figure 1b, c). Howev-
er, this dimer is probably the least stable and therefore least
populated of the four, as the other three have the bulky
NDI moiety paired with less sterically demanding alanine
side chains. Although peptides 4 and 5 show Ka values two
orders of magnitude larger than that of 7 by NMR spectros-
copy, efforts to probe the efficiency of the intermolecular
NDI charge transfer in these C2-symmetric peptides were


Figure 2. a) Fluorescence spectra of 1.65 mm solutions of peptides 1, 2, 3,
and control compound 7 in CDCl3 (lex = 330 nm). b) The change in exci-
mer intensity as a function of peptide concentration (lines are shown to
guide the eye).
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not informative, due to interference by intramolecular NDI
interactions. The fluorescence spectrum of each exhibits a
large concentration-independent excimer peak (data not
shown). This peak remains even at concentrations at which
the 1H NMR indicates that only monomers exist in solution
for both peptides, suggesting that there is enough flexibility
in the peptide backbone to allow productive intramolecular
interaction between NDI side chains. As would be expected,
this intramolecular NDI excimer formation depends on
linker length and is more pronounced in 4 than 5.


In conclusion, these studies indicate that cyclic d,l-a-pep-
tide self-assembly can be an effective process for templating
directed aromatic side chain–side chain interactions. It
might therefore be expected that the design rationale de-
scribed here, coupled with the efficient synthetic process,
should allow access to a variety of cyclic d,l-a-peptide se-
quences bearing NDI side chains for use in the construction
of self-assembling peptide nanotube analogues with novel
optical and electronic properties.


Experimental Section


General : The Fmoc-amino acids, resins used for solid-phase peptide syn-
thesis, and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU) were all purchased from Novabiochem. NMR
solvents were obtained from Cambridge Isotope Labs. N-Cbz-ethylenedi-
amine hydrochloride was purchased from TCI America. (7-Azabenzotria-
zol-1-yloxy) tripyrrolidinophosphonium hexafluorophosphate (PyAOP),
1,4,5,8-naphthalenetetracarboxylic acid dianhydride (6), and all other sol-
vents and reagents were purchased from Aldrich. DMF used in coupling
and cyclization steps was dried over 4 � molecular sieves. All other re-
agents and solvents were used as received. Reversed-phase HPLC was
carried out on C18 columns with use of water/acetonitrile/TFA gradients
between 99:1:0.1 and 10:90:0.1. NMR spectra were obtained on Bruker
AMX 400, DRX 500, or DRX 600 spectrometers. UV/Vis measurements
were made on a Cary 100 Bio UV/visible Spectrophotometer. Fluores-
cence spectra were acquired on an Aminco Bowman Series 2 Lumines-
cence Spectrometer.


Monoimide 8a : 1,4,5,8-Naphthalenetetracarboxylic acid dianhydride (6,
2.0 g, 7.46 mmol) was weighed into a 500-mL flask. Water (350 mL) was
added, followed by KOH (1 m, 35 mL). In some cases, heat, sonication,
and/or additional KOH were used to dissolve the starting material com-
pletely. After the solid had dissolved, the solution was acidified to pH 6.4
with H3PO4 (1 m). Isobutylamine (0.741 mL, 7.46 mmol) was added, and
the solution was again acidified to pH 6.4 with H3PO4 (1 m). The reaction
vessel was fitted with a reflux condenser, and the mixture was heated to
110 8C, stirred overnight, allowed to cool to room temperature, and fil-
tered. Acetic acid (5 mL) was added to the filtrate, and a white solid pre-
cipitated from the solution. The solid was collected by filtration, washed
with water, and dried under high vacuum to yield the desired product
(1.714 g, 67 %) as an off-white solid. 1H NMR (400 MHz, [D6]DMSO): d


= 8.51 (d, J = 7 Hz, 2 H), 8.07 (d, J = 7 Hz, 2H), 3.90 (d, J = 7 Hz,
2H), 2.12 (m, 1H), 0.90 ppm (d, J = 7 Hz, 6H); 13C NMR (100 MHz,
[D6]DMSO): d = 169.7, 163.3, 130.3, 128.6, 128.1, 128.0, 125.5, 123.4,
46.6, 26.9, 20.2 ppm; MALDI-FTMS: found: 342.0972 [M+H]+ ; calcd
342.0964.


Monoimide 8b : This compound was prepared by treatment of 1,4,5,8-
naphthalenetetracarboxylic acid dianhydride (6, 1.0 g, 3.73 mmol) with
methylamine hydrochloride (252 mg, 3.73 mmol) as described for 8a. The
reaction yielded the product (890 mg, 80%) as a pale yellow solid. 1H
NMR (500 MHz, D2O): d = 8.56 (d, J = 8 Hz, 2 H), 8.05 (d, J = 8 Hz,
2H), 3.47 ppm (s, 3H); 13C NMR (125 MHz, NaOD/D2O, DSS as internal


standard): d = 178.0, 169.1, 147.6, 134.0, 131.6, 129.5, 127.5, 124.8,
29.6 ppm; ESI-TOF MS: found: 298.0360 [M�H]� ; calcd 298.0357).


Monoimide 8 c : This compound was prepared by treatment of 1,4,5,8-
naphthalenetetracarboxylic acid dianhydride (6, 1.163 g, 4.34 mmol) with
N-Cbz-ethylenediamine hydrochloride (1.0 g, 4.33 mmol) as described for
2a. The reaction yielded the product (1.129 g, 56%) as a pale tan solid.
1H NMR (400 MHz, [D6]DMSO): d = 8.50 (d, J = 8 Hz, 2 H), 8.07 (d, J
= 8 Hz, 2 H), 7.4–7.2 (m, 6H), 4.94 (s, 2H), 4.16 (t, J = 6 Hz, 2H),
3.60 ppm (q, J = 6 Hz, 2H); 13C NMR (150 MHz, [D6]DMSO with
4 equiv triethylamine to improve solubility): d = 170.8, 163.6, 156.2,
146.3, 137.2, 129.9, 128.7, 128.1, 127.5, 127.4, 126.3, 125.7, 121.6, 64.9,
38.2 ppm; ESI-TOF MS (m/z) found: 461.0989 [M�H]� ; calcd 461.0990.


Cyclic peptide 9 : Peptide 9 was prepared by the previously reported
methodology from Fmoc-Lys-OAllyl attached through the amine of the
lysine side chain to 2-Cl-Trt resin.[28] The crude material was purified by
preparative RP-HPLC. ESI-TOF MS (m/z) found: 1561.9134 [M+H]+ ;
calcd 1561.9141.


NDI derivatization of a peptide in solution—synthesis of 10 : Peptide 9
(11 mg, 5.5 mmol assuming a salt with four molecules of trifluoroacetate
per peptide) and 8 c (12.6 mg, 27.3 mmol) were suspended in DMF
(5 mL). The mixture was heated to 115 8C under argon and stirred over-
night. The resulting solution was allowed to cool to room temperature
and concentrated to dryness. The remaining solid was washed (2 � 2 mL)
with phosphate buffer (pH 8.0), the supernatant was discarded, and the
solid was dried under high vacuum. The crude solid was dissolved in
TFA/trimethylsilyl trifluoromethanesulfonate/cresol (10:2:2, 200 mL).
After 1 h, diethyl ether (2 mL) was added, and the resulting suspension
was centrifuged. The supernatant was discarded, and the solid was
washed twice more with diethyl ether (2 mL). The crude peptide was pu-
rified by preparative RP-HPLC to yield the product (6.4 mg, 38 % assum-
ing a salt with eight molecules of trifluoroacetate per peptide) as an off-
white solid. 1H NMR (600 MHz, CDCl3/[D]TFA, all signals were broad,
probably due to aggregation; integration of amide NH at 6.93 ppm was
lower than 8 due to partial exchange with TFA): d = 8.93 (br s, 16H),
6.93 (br s, 7H), 4.91 (br s, 8 H), 4.79 (br s, 8 H), 4.31 (br s, 8H), 3.82 (br s,
8H), 3.37 (br s, 8H), 2.00 (br s, 32 H), 1.65 ppm (br s, 16H); ESI-TOF MS
(m/z): found: 1097.4841 [M+2H]2+ ; calcd 1097.4840.


Representative NDI derivatization of a peptide on solid support—synthe-
sis of 12


1. Protected linear peptide on resin : Fmoc-Lys(MTT) Wang polystyrene
resin (139 mg, 0.100 mmol) was weighed into a sintered glass peptide syn-
thesis vessel and was allowed to swell in CH2Cl2 for 45 min, and then in
DMF for 10 min. The resin was treated with piperidine/DMF (20 %, 2�
8 min) to remove the Fmoc group, and washed with DMF (3 � ). A so-
lution of Fmoc-d-leucine (142 mg, 0.40 mmol), HBTU (148 mg,
0.39 mmol), and diisopropylethylamine (175 ml, 1.0 mmol) in DMF
(3 mL) was allowed to prereact for 2 min and then added to the resin.
The resin suspension was agitated for 30 min, drained, and washed with
DMF (3 � ). This deprotection/coupling cycle was repeated to provide the
full-length linear peptide 11. Coupling reactions following N-methylala-
nine residues were performed twice to ensure complete reaction.


2. Conversion of resin-bound Lys(MTT) into Lys(NDI) and cleavage
from resin : The resin bearing 11 was washed with CH2Cl2 (3 � 1 min) and
treated with a CH2Cl2/triethylsilane/trifluoroacetic acid mixture (93:5:2;
3� 2 min followed by 3� 10 min) to remove the lysine MTT protecting
groups. The resin was then washed sequentially with CH2Cl2, DMF,
DMF/disopropylethylamine (95:5), and again with DMF. The resin was
transferred to a 20 mL vial, to which 8 a (1.5 equiv relative to resin-
bound amines, 102 mg, 0.30 mmol) was added, followed by DMF (8 mL).
The suspension was heated to 110 8C and stirred for 6 h. The reaction
mixture was allowed to cool to room temperature and filtered through a
fritted syringe. The resin was washed thoroughly (5 � DMF, 3� CH2Cl2,
3� MeOH) and dried under high vacuum. The peptide was cleaved from
the resin by treatment with TFA/H2O (95:5) for 3 h. The cleavage mix-
ture was collected by filtration and the resin was washed twice with TFA.
The filtrates were combined and concentrated under vacuum to afford an
oily residue. Water was added, and the mixture was sonicated to produce
a suspension of a cream-colored solid. This mixture was frozen and
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lyophilized to yield crude product. Purification by preparative RP-HPLC
on a C18 column yielded the trifluoroacetate salt of the product (46 mg,
28%) as an off-white solid. MALDI-FTMS: found: 1507.7926 [M+H]+ ;
calcd 1507.7871.


Cyclic 4 : Linear peptide 12 (46 mg, 28 mmol) was dissolved in DMF
(40 mL). PyAOP (44 mg, 85 mmol) was added, followed by diisopropyl-
ethylamine (30 ml, 170 mmol). The reaction mixture was stirred for 2.5 h
at room temperature and concentrated under vacuum. Water/acetoni-
trile/TFA (1:1:0.001, 8 mL) was added, and the residue was sonicated to
create a suspension. After centrifugation, the supernatant was removed.
The solid was washed twice more by the same procedure. The resulting
pellet was suspended in water, sonicated, and lyophilized to yield the
product (30 mg, 71 %) as an off-white solid. 1H NMR (600 MHz, CDCl3):
d = 8.55 (s, 8H), 7.59 (d, J = 8 Hz, 2 H), 6.82 (d, J = 10 Hz, 2H), 6.55
(d, J = 7 Hz, 2 H), 5.25 (q, J = 7 Hz, 2H), 4.87 (dd, J = 7, 8 Hz, 2 H),
4.65 (dd, J = 6, 6 Hz, 2 H), 4.46 (dt, J = 4, 10 Hz, 2 H), 4.10 (m, 4H),
4.00 (d, J = 7 Hz, 4H), 2.83 (s, 6H), 2.19 (m, 2 H), 1.96 (m, 2H), 1.9–1.7
(m, 8 H), 1.68–1.36 (m, obscured by H2O), 1.32 (d, J = 7 Hz, 6 H), 0.97–
0.93 (overlapping doublets, 24 H), 0.90 (d, J = 7 Hz, 6H), 0.85 ppm (d, J
= 7 Hz, 6 H); MALDI-FTMS: found: 1489.7760 [M+H]+ ; calcd
1489.7766).


Linear precursor to 1: Linear peptide was synthesized from Fmoc-Ala
Wang polystyrene resin (141 mg, 0.10 mmol) and purified as described
above for 12 to yield the trifluoroacetate salt of the product (27 mg,
21%) as a white solid. MALDI-FTMS: found: 1145.6621 [M+H]+ ; calcd
1145.6605.


Cyclic 1: The linear precursor (27 mg, 21.4 mmol) was cyclized as de-
scribed for 4. The product was purified by RP-HPLC on a C18 column to
yield the desired product (12 mg, 50%) as a white solid. 1H NMR
(600 MHz, CDCl3): d = 8.75 (d, J = 2 Hz, 4H), 7.58 (d, J = 8 Hz, 1H),
7.51 (d, J = 9 Hz), 6.86 (d, J = 9 Hz, 1H), 6.80 (d, J = 10 Hz, 1 H), 6.66
(d, J = 6 Hz, 1H), 6.57 (d, J = 7 Hz, 1H), 5.24 (m, 2H), 4.85 (m, 2 H),
4.59 (m, 2 H), 4.46 (m, 2H), 4.15 (t, J = 8 Hz, 2 H), 4.06 (d, J = 7 Hz,
2H), 2.82 (overlapping s, 6H), 2.23 (m, 1 H), 1.37 (d, J = 7 Hz, 3H), 1.32
(d, J = 7 Hz, 6 H), 1.95–1.40 (m, obscured by H2O), 1.0–0.8 ppm (over-
lapping d, 30H); MALDI-FTMS: found: 1149.6313 [M+Na]+ ; calcd
1149.6319.


Linear precursor to 2 : Linear peptide was synthesized from Fmoc-Ala
Wang polystyrene resin (141 mg, 0.10 mmol) and purified as described
above for 12 to yield the trifluoroacetate salt of the product (8 mg, 6%)
as a white solid. MALDI-FTMS: found: 1131.6441 [M+H]+ ; calcd
1131.6448.


Cyclic 2 : The linear precursor (8 mg, 6.4 mmol) was cyclized as described
for 4. The product was purified by RP-HPLC on a C18 column to yield
the desired product (4.2 mg, 59%) as an off-white solid. 1H NMR
(600 MHz, CDCl3): d = 8.75 (d, J = 8 Hz, 2H), 8.72 (d, J = 8 Hz, 2H),
7.61 (d, J = 7 Hz, 1H), 7.46 (d, J = 8 Hz, 1H), 6.83 (d, J = 9 Hz, 1H),
6.77 (d, J = 8 Hz, 1H), 6.66 (br s, 1H), 6.57 (br s, 1 H), 5.21 (br s, 2 H),
4.83 (m, 2 H), 4.66 (m, 1H), 4.56 (m, 1 H), 4.48 (m, 1H), 4.44 (m, 1 H),
4.15 (m, 2 H), 4.06 (d, J = 8 Hz, 2H), 2.28 (s, 6H), 2.0–1.2 (overlapping
multiplets obscured by H2O peak), 1.35 (d, J = 7 Hz, 3H), 1.31 (d, J =


7 Hz, 6H), 1.0–0.87 ppm (overlapping doublets, 36H); MALDI-FTMS:
found: 1113.6343 [M+H]+ ; calcd 1113.6343.


Linear precursor to 3 : The linear peptide was synthesized (from monoi-
mide 8 b) on Fmoc-Ala Wang polystyrene resin (141 mg, 0.10 mmol) and
purified as described above for 12 to yield the trifluoroacetate salt of the
product (16 mg, 13%) as a white solid. MALDI-FTMS: found: 1103.6113
[M+H]+ ; calcd 1103.6135.


Cyclic 3 : The linear precursor (16 mg, 13.1 mmol) was cyclized as de-
scribed for 4. The product was purified by RP-HPLC on a C18 column to
yield the desired product (8 mg, 56%) as an off-white solid. 1H NMR
(600 MHz, CDCl3): d = 8.76 (s, 4H), 7.57 (d, J = 8 Hz, 1H), 7.49 (d, J
= 8 Hz, 1H), 6.85 (d, J = 10 Hz, 1H), 6.79 (d, J = 10 Hz, 1 H), 6.63 (d,
J = 6 Hz, 1H), 6.55 (d, J = 7 Hz, 1H), 5.24 (m, 2H), 4.86 (m, 2H), 4.59
(m, 2 H), 4.46 (m, 2H), 4.15 (t, J = 8 Hz, 2H), 3.59 (s, 3 H), 2.82 (s, 3H),
2.81 (s, 3 H), 1.9–1.4 (overlapping multiplets), 1.36 (d, J = 7 Hz, 3H),
1.31 (d, J = 7 Hz, 6H), 1.23 (s, 3 H), 0.98–0.84 ppm (overlapping dou-
blets, 24H); ESI-TOF MS: found: 1085.6030 [M+H]+ ; calcd 1085.6030.


Linear precursor to 5 : The linear peptide was synthesized from Fmoc-
Orn(MTT) Wang polystyrene resin (204 mg, 0.10 mmol) and purified as
described above for 12 to yield the trifluoroacetate salt of the product
(39 mg, 24 %) as a white solid. MALDI-FTMS: found: 1479.7511
[M+H]+ ; calcd 1479.7558).


Cyclic 5 : The linear precursor (39 mg, 24.4 mmol) was cyclized as de-
scribed for 4 to yield the product (33 mg, 93%) as an off-white solid. 1H
NMR (500 MHz, CDCl3): d = 8.70 (s, 8H), 7.55 (d, J = 8 Hz, 2 H), 6.78
(d, J = 10 Hz, 2H), 6.55 (d, J = 7 Hz, 2H), 5.21 (q, J = 7 Hz, 2H), 4.84
(dd, J = 7, 8 Hz, 2H), 4.72 (dd, J = 6, 6 Hz, 2 H), 4.47 (td, J = 10,
4 Hz), 4.19 (m, 4 H), 4.04 (d, J = 7 Hz, 4 H), 2.81 (s, 6H), 2.2 (m, 2H),
1.98 (m, 2 H), 1.85–1.40 (m, 18 H), 1.30 (d, J = 7 Hz, 6H), 0.98 (d, J =


7 Hz, 12 H), 0.92 ppm (m, 24 H); MALDI-FTMS: found: 1483.7228
[M+Na]+ ; calcd 1483.7272.


Concentration-dependent NMR for N-Me cyclic peptides :[19a] All spectra
were obtained in CDCl3 (99.96 % from Cambridge Isotope Labs). A
stock solution of freshly dried peptide was made in CDCl3, and this so-
lution was sonicated and centrifuged to remove any insoluble material.
The concentration of this stock solution was determined by absorption
spectroscopy (NDI e380 = 29 850 cm�1


m
�1). The stock solution was then


diluted to make samples at the desired concentrations (at least three dif-
ferent concentrations for each peptide). 1H NMR spectra were obtained
on a Bruker DRX 500 or DRX 600 spectrometer. As the monomer and
dimer species are in slow exchange on the NMR timescale, peaks for
both species were visible. The data were fit to the model given in Equa-
tions (1) and (2),where [A] and [A2] are the concentrations of monomer
and dimer, respectively, and Ctot is the total concentration.


K ¼ ½A2�
½A�2 ð1Þ


Ctot ¼ 2 ½A2� þ ½A� ð2Þ


The integrated intensities of the backbone N-methyl groups were used to
measure the ratio of the two species. A variable x was defined according
to Equation (3), where Idimer is the integrated intensity of dimer N-methyl
peaks and Imonomer is the integrated intensity of monomer N-methyl peaks.


x � Idimer


2 Imonomer
¼ ½A2�
½A� ð3Þ


Combining Equations (1)–(3) gives Equation (4).


Ctot ¼
2x2 þ x


K
ð4Þ


The equilibrium constant for dimerization (K) was found from the in-
verse of the slope of the linear fit of Ctot against (2 x2 +x) for each experi-
mental concentration.


Self-association constant of 7 by NMR spectroscopy :[29] NDI control com-
pound 7 demonstrated concentration-dependent chemical shifts over the
1 to 50 mm range. This concentration-dependent behavior was modeled
as a monomer and dimer in equilibrium and in fast exchange on the
NMR timescale. The data was modeled in terms of the self-association
equilibrium shown in Equations (1) and (2) above. For a given Ctot and
an arbitrary value of K, [A] can be found from the root of Equation (5),
where [A] is greater than 0 and less than Ctot.


2 ½A�2K þ ½A��Ctot ¼ 0 ð5Þ


If equilibrium between monomer and dimer in fast exchange is assumed,
the chemical shift for a given proton in 7 follows Equation (6), where d


is the observed chemical shift, d1 is the chemical shift of the monomer,
and d2 is the chemical shift of the dimer.


d ¼ 2 K½A�2
Ctot


ðd2�d1Þ þ d1 ð6Þ


Thus, observed d values for each experimentally determined Ctot are used
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with an arbitrary K in Equation (7) to determine d1 and d2 by linear re-
gression analysis. These values are in turn used to calculate a theoretical


2 K½A�2
Ctot


ð7Þ


d value for each experimental concentration. Numerical minimization of
the sum of the squares of the residuals between observed and calculated
d values gave the best fit when K = 0.44 m


�1.


Fluorescence measurements : Stock solutions were prepared in CDCl3 as
described above for the concentration-dependent NMR experiments.
Samples were measured in a 0.2 � 1 cm quartz cuvette (0.2 cm along exci-
tation path). The excitation wavelength was 330 nm and the detector
voltage was kept the same for all samples.
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Chemo- and Regioselective Intermolecular Cyclotrimerization of Terminal
Alkynes Catalyzed by Cationic Rhodium(i)/Modified BINAP Complexes:
Application to One-Step Synthesis of Paracyclophanes


Ken Tanaka,* Kazuki Toyoda, Azusa Wada, Kaori Shirasaka, and Masao Hirano[a]


Introduction


The transition-metal-catalyzed cyclotrimerization of alkynes
has received much attention as a useful method for the con-
struction of substituted benzenes.[1] Compared with conven-
tional substitution methods of benzenes, the alkyne cyclotri-
merization strategy is considerably advantageous for the
synthesis of substituted benzenes due to its high atom econ-
omy and convergent nature.[2] Although various transition
metals catalyze alkyne cyclotrimerization, it has been diffi-
cult to carry out intermolecular reactions in a highly regiose-
lective manner.[3,4] In particular, intermolecular crossed-cy-
clotrimerization of two or three different alkynes leads to
complex mixtures of products, which severely limits its ap-
plication to organic synthesis (Scheme 1). In general, either


a partially intramolecular reaction between an a,w-diyne
and an excess of a monoyne, or a completely intramolecular
reaction of a triyne, has been employed to overcome this
problem.[5,6] Recently, a strategy of temporarily connecting
monoynes by means of a cleavable tether group, such as a
boron[7] or silyl[8] group, was employed to allow highly
chemo- and regioselective crossed-cyclotrimerization of
three different alkynes. However, without the use of such
tether groups, simultaneous control of both chemo- and re-
gioselectivity in wholly intermolecular crossed-cyclotrimeri-
zations of two or three different alkynes has not yet been
accomplished.[9,10]


Herein, we describe regioselective intermolecular cyclotri-
merization of terminal alkynes, as well as chemo- and regio-
selective intermolecular crossed-cyclotrimerization of termi-
nal alkynes and dialkyl acetylenedicarboxylates, as catalyzed
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Dr. M. Hirano
Department of Applied Chemistry, Graduate School of Engineering
Tokyo University of Agriculture and Technology
Koganei, Tokyo 184–8588 (Japan)
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Abstract: A highly regioselective inter-
molecular cyclotrimerization of termi-
nal alkynes has been developed based
on the use of the cationic rhodium(i)/
DTBM-Segphos complex. This method
can be applied to a variety of terminal
alkynes to provide 1,2,4-trisubstituted
benzenes in high yield and with high
regioselectivity. A chemo- and regiose-
lective intermolecular crossed-cyclotri-
merization of dialkyl acetylenedicar-
boxylates with a variety of terminal al-
kynes has also been developed based
on the use of the cationic rhodium(i)/


H8-BINAP complex, furnishing 3,6-dis-
ubstituted phthalates in high yields. It
constitutes a highly efficient new
method for intermolecular crossed-cy-
clotrimerization of two different mono-
ynes in terms of catalytic activity,
chemo- and regioselectivity, scope of
substrates, and ease of operation. The
versatility of this new crossed-alkyne


cyclotrimerization procedure is demon-
strated through its application to one-
step synthesis of a [6]metacyclophane
and [7]–[12]paracyclophanes from the
corresponding terminal a,w-diynes.
Mechanistic studies have revealed that
the chemo- and regioselectivity of this
crossed-alkyne cyclotrimerization are
determined by the preferential forma-
tion of a specific rhodium metallacycle
derived from a terminal alkyne and a
dialkyl acetylenedicarboxylate.


Keywords: alkynes · cyclotrimeriza-
tion · N ligands · paracyclophane ·
rhodium


Scheme 1. Intermolecular crossed-cyclotrimerization of three different al-
kynes.
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by cationic rhodium(i)/modified BINAP complexes.[11] Fur-
thermore, we also describe application of this new crossed-
alkyne cyclotrimerization procedure to a one-step synthesis
of a [6]metacyclophane and [7]–[12]paracyclophanes from
the corresponding a,w-diynes (Scheme 2).


Results and Discussion


Intermolecular cyclotrimerization of terminal alkynes : Vari-
ous transition metals have been found to catalyze intermo-
lecular cyclotrimerization of terminal alkynes.[1] There have
been several reports of highly regioselective cyclotrimeriza-
tion of terminal alkynes, but a general protocol applicable
to a wide variety of terminal alkynes is still lacking.[4] Be-
sides the problem of regioselectivity, intermolecular reac-
tions of terminal alkynes are also prone to a competition be-
tween dimerization through C�H activation and cyclotrime-
rization through a metallacyclopentadiene (Scheme 3).[12, 13]


Indeed, although a neutral rhodium(i) complex, such as
[RhCl(PPh3)3], is an effective catalyst for partially or com-
pletely intramolecular cyclotrimerization of diynes or
triynes,[14] it generally reacts with terminal monoynes to give
linear dimers (Scheme 4).[15] It has been well documented
that cationic rhodium(i) complexes are the effective catalysts


in transition metal catalyzed intermolecular cycloaddition
processes involving alkynes.[16] However, the application of a
cationic rhodium(i) complex to the cyclotrimerization of ter-
minal alkynes remains unexplored.[17]


With this background in mind, we began to explore the
application of a cationic rhodium(i) complex to the cyclotri-
merization of terminal alkynes. We first examined the reac-
tion of 1-dodecyne (1 a) using 5 mol % of [Rh(PPh3)2]BF4 at
room temperature. The reaction was sluggish, but a small
amount of cyclotrimerization products was detected
(Table 1, entry 1). Although the catalytic activities were low,


the use of cationic rhodium(i) complexes with various mono-
dentate or bidentate phosphine ligands (Ph3P, nBu3P, dppe,
dcpe, dppf) furnished cyclotrimerization products (rather
than dimerization products) as major products (Table 1, en-
tries 1–5). Surprisingly, the use of Tol-BINAP dramatically
improved the catalytic activity and cyclotrimerization prod-
ucts were obtained in almost quantitative yield with moder-
ate regioselectivity (entry 6). The use of a cationic rhodiu-
m(i) complex is essential for this reaction. The neutral rho-
dium(i)/Tol-BINAP complex and both cationic and neutral
iridium(i)/Tol-BINAP complexes did not show any catalytic
activity (Table 1, entries 7–9). Treatment of the catalyst with
hydrogen (removal of the cod ligand) proved to be effective
for this reaction. The catalytic activity of [Rh(cod)(Tol-BI-
NAP)]BF4 (without treatment with hydrogen) was very low
(Table 1, entry 10).


Scheme 2. Cationic rhodium(i)/H8-BINAP complex catalyzed chemo-
and regioselective intermolecular crossed-cyclotrimerization of terminal
alkynes and dialkyl acetylenedicarboxylates.


Scheme 3. Transition metal catalyzed dimerization and cyclotrimerization
of terminal alkynes.


Scheme 4. [RhCl(PPh3)3]-catalyzed dimerization of terminal monoynes.


Table 1. Screening of catalysts for intermolecular cyclotrimerization of 1-
dodecyne (1 a).[a]


Entry Catalyst Yield [%][b]


2 a+3 a
Ratio of
2a :3 a[b]


1[c] [Rh(Ph3P)2]BF4 3 –
2[c] [Rh(nBu3P)2]BF4 5 –
3[c] [Rh(dppe)]BF4 <2 –
4[c] [Rh(dcpe)]BF4 3 –
5[c] [Rh(dppf)]BF4 <2 –
6[c] [Rh(Tol-BINAP)]BF4 >95 64:36
7[c] [Rh(Tol-BINAP)Cl] <2 –
8[c] [Ir(Tol-BINAP)]BF4 <2 –
9[c] [Ir(Tol-BINAP)Cl] 0 –
10 [Rh(cod)(Tol-BINAP)]BF4 3 –


[a] Catalyst (0.0050 mmol), 1a (0.10 mmol), and CH2Cl2 (1.0 mL) were
employed. [b] Determined by 1H NMR spectroscopy. [c] The active cata-
lysts were prepared by hydrogenation (1 atm, RT, 0.5 h).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1145 – 11561146



www.chemeurj.org





To improve regioselectivity, a variety of cationic rhodi-
um(i) complexes having modified BINAP ligands (Scheme 5)
were screened, as shown in Table 2. The use of BINAP and
DM-BINAP did not improve the regioselectivity significant-
ly (Table 2, entries 2 and 3). Although the catalytic activity
was slightly lower than that seen with Tol-BINAP, the use of
H8-BINAP[18] showed good regioselectivity (Table 2,
entry 4). Both high catalytic activity and regioselectivity
were achieved using cationic rhodium(i)/Segphos[19] or
DTBM-Segphos[19] complexes (Table 2, entries 5 and 6). In
particular, the use of the cationic rhodium(i)/DTBM-Seg-
phos complex at 30 8C showed the highest regioselectivity
(Table 2, entry 6).


A series of terminal alkynes was subjected to the above
optimal reaction conditions, as summarized in Table 3.
Alkyl- (1 a and 1 b, Table 3, entries 1 and 2), benzyl- (1 c,
Table 3, entry 3), and chloroalkyl- (1 d, Table 3, entry 4) sub-
stituted terminal alkynes cleanly furnished the correspond-
ing 1,2,4-trisubstituted benzenes 2 a–d in high yield and with
high regioselectivity. Not only alkyl-substituted terminal al-
kynes but also alkenyl- and aryl-substituted terminal alkynes
proved to be suitable substrates, yielding 1,2,4-trisubstituted
benzenes 2 e and 2 f in high yield and with high regioselec-
tivity (Table 3, entries 5 and 6). For the reaction of 1 f, excel-
lent regioselectivity was obtained by the use of H8-BINAP
as a ligand (Table 3, entry 7). Methoxymethyl- (1 g, entry 8),
acetoxymethyl- (1 h, Table 3, entry 9), and ethoxycarbonyl-


(1 i, Table 3, entry 10) substituted terminal alkynes proved
to be highly reactive substrates, yielding 1,2,4-trisubstituted
benzenes 2 g–i in high yield and with high regioselectivity at
room temperature (20–25 8C). In particular, alkyne 1 h fur-
nished 2 h with complete regioselectivity (Table 3, entry 9).
The reaction of sterically demanding trimethylsilyl acetylene
(1 j) also proceeded to give 2 j in good yield and with moder-
ate regioselectivity (Table 3, entry 11). Higher regioselectivi-
ty was obtained by the use of H8-BINAP as a ligand
(Table 3, entry 12). To the best of our knowledge, the use of
this catalyst system constitutes one of the most general
methods for the regioselective cyclotrimerization of terminal
alkynes.[10]


Intermolecular crossed-cyclotrimerization of terminal al-
kynes and dialkyl acetylenedicarboxylates : Encouraged by
the above results, we subsequently investigated rhodium-cat-
alyzed intermolecular crossed-cyclotrimerization of two dif-
ferent alkynes. After screening combinations of 1-dodecyne
(1 a) and various terminal or internal alkynes in the pres-
ence of the cationic rhodium(i)/Tol-BINAP complex, we
were pleased to discover that this complex catalyzes chemo-
selective intermolecular crossed-cyclotrimerization of 1 a
and diethyl acetylenedicarboxylate (DEAD, 4 b) furnishing
a mixture of disubstituted phthalates 5 b/6 b/7 b with moder-
ate regioselectivity (Table 4, entry 1). To improve the regio-
selectivity, a variety of cationic rhodium(i) complexes having
modified BINAP ligands (Scheme 5) were screened, as
shown in Table 4. The use of BINAP and DM-BINAP did
not improve the regioselectivity significantly (Table 4, en-


Scheme 5. Structures of modified BINAP ligands.


Table 2. Screening of modified BINAP ligands for intermolecular cyclo-
trimerization of 1-dodecyne (1a).[a]


Entry Ligand Temp.
[8C]


Yield [%][b]


2 a+3 a
Ratio of
2a :3 a[b]


1 Tol-BINAP RT >95 64:36
2 BINAP RT >95 52:48
3 DM-BINAP RT 90 51:49
4 H8-BINAP 30 88 76:24
5 Segphos 30 >95 80:20
6 DTBM-Segphos 30 >95 83:17


[a] [Rh(cod)2]BF4 (0.0050 mmol), modified BINAP (0.0050 mmol), 1-do-
decyne (1a, 0.10 mmol), and CH2Cl2 (1.0 mL) were employed. The active
catalysts were prepared by mixing [Rh(cod)2]BF4 and phosphines in
CH2Cl2 followed by hydrogenation (1 atm, RT, 0.5 h). [b] Determined by
1H NMR spectroscopy.


Table 3. Cationic rhodium(i)/DTBM-Segphos complex catalyzed inter-
molecular cyclotrimerization of terminal alkynes.[a]


Entry R Temp.
[8C]


Major
product


Yield [%][b]


2 a+3 a
Ratio of
2a :3 a[b]


1 nC10H21 (1 a) 30 2a 91 83:17[e]


2 nC6H13 (1 b) 30 2 b 81 82:18[e]


3 Bn (1 c) 30 2 c 94 82:18[f]


4 (CH2)3Cl (1 d) 30 2 d 90 86:14[e]


5 1-cyclohexenyl (1e) 30 2e 89 97:3[e]


6 Ph (1 f) 30 2 f 93 83:17[f]


7[c,d] Ph (1 f) RT 2 f 94[e] 97:3[f]


8 CH2OMe (1g) RT 2g 94 86:14[f]


9 CH2OAc (1 h) RT 2 h 90 100:0[e]


10 CO2Et (1 i) RT 2 i 99 93:7[e]


11 Me3Si (1 j) 30 2j 74 70:30[f]


12[c] Me3Si (1 j) RT 2j 84 83:17[f]


[a] [Rh(cod)2]BF4 (0.050 mmol), DTBM-Segphos (0.050 mmol), terminal
alkyne (1.0 mmol), and CH2Cl2 (3.0 mL) were employed. The active cata-
lyst was prepared by mixing [Rh(cod)2]BF4 and DTBM-Segphos in
CH2Cl2 followed by hydrogenation (1 atm, RT, 0.5 h). [b] Yield of isolat-
ed product. [c] H8-BINAP was used. [d] Catalyst (1.5 %) was used.
[e] Determined by 1H NMR spectroscopy. [f] Determined by GC.
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tries 2 and 3). Although the overall yield of phthalates was
slightly lower than that obtained using Tol-BINAP, the use
of Segphos[19] showed good regioselectivity and gave 3,6-di-
substituted phthalate 5 b as the major isomer (Table 4,
entry 4). A sterically demanding Segphos derivative,
DTBM-Segphos,[19] was not so effective, leading to de-
creased yield and regioselectivity (Table 4, entry 5). Both
high yield and regioselectivity were achieved by using the
cationic rhodium(i)/H8-BINAP[18] complex, which yielded
5 b with 92 % regioselectivity and an overall phthalate yield
of 93 % (Table 4, entry 6).


Two molecules of a wide variety of terminal alkynes 1 a–k
cleanly reacted with one molecule of DEAD (4 b) to give
3,6-disubstituted diethyl phthalates 5 in high yield and with
high regioselectivity upon treatment with a catalytic amount
(3 %) of the cationic rhodium(i)/H8-BINAP complex
(Table 5). Alkyl- (1 a, Table 5, entry 2), chloroalkyl- (1 d,
Table 5, entry 5), alkenyl- (1 e, Table 5, entry 7), and aryl-
(1 f, Table 5, entry 9; 1 k, Table 5, entry 11) substituted ter-
minal alkynes proved to be suitable substrates for this reac-
tion. The respective reactions of methyl propargyl ether
(1 g) and propargyl acetate (1 h) furnished 5 l and 5 m in
moderate yields due to homo-cyclotrimerization of these al-
kynes yielding 2 g and 2 h as by-products (Table 5, entries 13
and 14). Though the reaction of sterically demanding trime-
thylsilyl acetylene (1 j) furnished 5 n in only moderate yield
due to the formation of a 1:2 (= 1 j :4 b) crossed-cyclotrime-
rization product 8, excellent regioselectivity was observed
(Table 5, entry 15). Interestingly, the ester group of 4 affect-
ed the yield and regioselectivity of phthalates 5–7. The use
of dimethyl acetylenedicarboxylate (DMAD, 4 a) led to a


lower yield of 5 a (entry 1). On the other hand, the use of
sterically demanding di-tert-butyl acetylenedicarboxylate
(4 c) improved both the yield and regioselectivity of 5 c
(Table 5, entry 3). By employing 4 c with alkynes 1 d, 1 e, 1 f,
and 1 k, the corresponding 3,6-disubstituted phthalates 5 e,
5 g, 5 i, and 5 k were obtained in higher yields and with
higher regioselectivities than the phthalates 5 d, 5 f, 5 h, and
5 j obtained from 4 a (Table 5, entries 6, 8, 10, and 12 vs. en-
tries 5, 7, 9, and 11). To demonstrate the practical utility of
this reaction, the use of a lower catalyst loading was investi-
gated. The reaction of 1 a and 4 c could be carried out in the


Table 4. Screening of modified BINAP ligands for intermolecular
crossed-cyclotrimerization of 1-dodecyne (1a) and diethyl acetylenedicar-
boxylate (4b).[a]


Entry Ligand Yield [%][b]


5 +6+ 7
Ratio of
5 :6 :7[b]


1 Tol-BINAP 82 46:22:32
2 BINAP 84 54:26:20
3 DM-BINAP 80 49:19:32
4 Segphos 82 81:17:2
5 DTBM-Segphos 69 32:62:6
6 H8-BINAP 93 92:6:2


[a] [Rh(cod)2]BF4 (0.005 mmol), modified BINAP (0.005 mmol), 1a
(0.2 mmol), 4b (0.1 mmol), and CH2Cl2 (1.0 mL) were employed. The
active catalysts were prepared by mixing [Rh(cod)2]BF4 and modified
BINAP in CH2Cl2, followed by hydrogenation (1 atm, RT, 0.5 h). [b] De-
termined by 1H NMR spectroscopy.


Table 5. Cationic rhodium(i)/H8-BINAP complex-catalyzed intermolecu-
lar crossed-cyclotrimerization of terminal alkynes and dialkyl acetylene-
dicarboxylates.[a]


Entry R 4 Major
product


Yield [%][b]


5 +6+7
Ratio of
5 :6 :7[c]


1 nC10H21 (1 a) 4a 5a 78 91:8:1
2 nC10H21 (1 a) 4 b 5b 88 92:6:2
3 nC10H21 (1 a) 4 c 5 c 94 94:4:2
4[d] nC10H21 (1 a) 4 c 5 c 93 93:4:3
5 (CH2)3Cl (1d) 4 b 5d 92 91:8:1
6 (CH2)3Cl (1d) 4 c 5e 95 95:4:1
7 1-cyclohexenyl (1 e) 4 b 5 f 90 91:4:5
8 1-cyclohexenyl (1 e) 4 c 5g 92 94:4:2
9 Ph (1 f) 4 b 5h 90 89:9:2
10 Ph (1 f) 4 c 5 i 90 90:10:0
11 o-Tol (1 k) 4 b 5j 77 89:9:2
12 o-Tol (1 k) 4 c 5k 90 88:12:0
13 MeOCH2 (1 g) 4 b 5 l 61(30[e]) 86:10:4
14 AcOCH2 (1 h) 4 b 5m 63(28[e])[f] 87:10:3
15 Me3Si (1 j) 4 b 5n 57(33[g]) 99:1:0


[a] [Rh(cod)2]BF4 (0.0090 mmol), H8-BINAP (0.0090 mmol), terminal
alkyne (0.60 mmol), dialkyl acetylenedicarboxylate (0.30 mmol), and
CH2Cl2 (3.0 mL) were employed. The catalyst was prepared by mixing
[Rh(cod)2]BF4 and H8-BINAP in CH2Cl2 followed by hydrogenation
(1 atm, RT, 0.5 h). [b] Yield of isolated product. [c] Determined by 1H
NMR spectroscopy. [d] Catalyst (0.005 equiv) was used. Reaction time
was 19 h. [e] Yield of homo-cyclotrimerization products. [f] Isolated as a
mixture with homo-cyclotrimerization products. [g] Yield of 1:2 (=
1j :4 b) crossed-cyclotrimerization product 8 based on 4 b.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1145 – 11561148


K. Tanaka et al.



www.chemeurj.org





presence of 0.005 equivalent of the catalyst without erosion
of the yield or regioselectivity (Table 5, entry 4).


Intermolecular crossed-cyclotrimerization of terminal a,w-
diynes and dialkyl acetylenedicarboxylates : Application to
one-step synthesis of paracyclophanes : The successful
crossed-cyclotrimerization of two molecules of a terminal
alkyne and one molecule of a dialkyl acetylenedicarboxylate
to yield a 3,6-disubstituted phthalate prompted us to investi-
gate the synthesis of paracyclophanes using terminal a,w-
diynes instead of two molecules of a terminal alkyne.[20]


Maryanoff et al. reported cobalt-catalyzed macrocyclizations
to form pyridinophanes through [2+2+2] cycloaddition of
a,w-diynes with nitriles[21] or isocyanates.[22] Yamamoto et al.
reported palladium-catalyzed macrocyclizations to form exo-
methylene paracyclophanes based on intramolecular ben-
zannulation of conjugated enynes.[23] Wullf et al. reported
benzannulation reactions of Fischer carbene complexes with
alkynes to form meta- and paracyclophanes.[24] Shinokubo
and Oshima et al. reported [RhCl(PPh3)3]-catalyzed macro-
cyclizations to form ortho- and metacyclophanes by intra-
molecular [2+2+2] cycloaddition of triynes in an aqueous/
organic biphasic system.[14n] On the other hand, the forma-
tion of cyclophanes by intermolecular crossed-cyclotrimeri-
zation of a,w-diynes and alkynes has not hitherto been re-
ported. For the test reaction, commercially available 1,9-dec-
adiyne (9 a) was chosen as an a,w-diyne. In this case, a
[6]metacyclophane would be obtained due to the instability
of a [6]paracyclophane at room temperature.[25] We were
pleased to find that the reaction of 9 a and 4 b under dilute
conditions (0.005 m) furnished [6]metacyclophane 10 a in
50 % yield (Scheme 6). This is the shortest (one-step) syn-
thesis of a [6]metacyclophane starting from commercially
available reagents.[25]


Next, we investigated the reaction of 1,10-undecadiyne
(9 b), which was synthesized in one step from the corre-
sponding dibromide and lithium acetylide.[26] The effect of
concentration on the yield of [7]cyclophane was investigated
(Table 6, entries 1–3). The highest yield of [7]cyclophane
was obtained at a concentration of 0.01 m (Table 6, entry 2).
The reactions of 9 b with various dialkyl acetylenedicarboxy-
lates 4 a–c were investigated at concentrations of 0.01 m,
which revealed that the desired highly strained [7]paracyclo-
phanes were obtained along with [7]metacyclophanes
(Table 6, entries 1, 4, and 5).[27] The highest yield of [7]para-
cyclophane was obtained by the use of 4 a (Table 6, entry 1).


The reactions of 4 a with a,w-diynes 9 c–g having different
lengths of the carbon chain furnished the corresponding [8]–
[12]paracyclophanes in fair to good yields (Table 6, en-
tries 6–10). Importantly, the formation of [8]–[12]paracyclo-
phanes predominated and the corresponding [8]–[12]meta-
or orthocyclophanes were generated either in very low yield
(<5 %) or not at all.


The chemical shifts of the methylene protons appearing at
highest field for each paracyclophane are shown in Table 7.
The higher field shift of the methylene protons clearly sup-
ports the formation of paracyclophanes.


Mechanistic consideration regarding the intermolecular
crossed-cyclotrimerization of terminal alkynes and dialkyl


Scheme 6. Synthesis of a [6]metacyclophane by intermolecular crossed-
cyclotrimerization of 1,9-decadiyne and DEAD.


Table 6. Cationic rhodium(i)/H8-BINAP complex catalyzed crossed-cy-
clotrimerization of terminal a,w-diynes and dialkyl acetylenedicarboxyla-
tes.[a]


Entry n 4 Conc. [m] Paracyclophane Yield [%][b]


1 7 (9 b) 4a 0.01 11a 23[c](1:0.8[d])
2 7 (9 b) 4a 0.02[e] 11a 14[c](1:0.9[d])
3 7 (9 b) 4a 0.10[f] 11a 0
4 7 (9 b) 4 b 0.01 11 b 20[c](1:0.8[d])
5 7 (9 b) 4 c 0.01 11 c 17[c](1:0.8[d])
6 8 (9 c) 4a 0.01 11 d 46
7 9 (9 d) 4a 0.01 11e 53
8 10 (9e) 4a 0.01 11 f 36
9 11 (9 f) 4a 0.01 11g 45
10 12 (9g) 4a 0.01 11 h 35


[a] [Rh(cod)2]BF4 (0.0125 mmol), H8-BINAP (0.0125 mmol), a,w-diyne
(0.25 mmol), dialkyl acetylenedicarboxylate (0.25 mmol), and CH2Cl2


(25 mL) were employed. A mixture of the a,w-diyne and the dialkyl ace-
tylenedicarboxylate was added dropwise over 10 min. The active catalyst
was prepared by mixing [Rh(cod)2]BF4 and H8-BINAP in CH2Cl2 fol-
lowed by hydrogenation (1 atm, RT, 0.5 h). [b] Yield of isolated product.
[c] Isolated as a mixture of meta- and paracyclophanes. [d] Ratio of para-
cyclophane:metacyclophane. [e] CH2Cl2 (12.5 mL) was used. [f] CH2Cl2


(2.5 mL) was used.


Table 7. 1H NMR chemical shifts of methylene protons of paracyclo-
phanes at highest field.


Compound Chemical shift [ppm]


11a (n = 7) �1.88 (1 H)
11d (n = 8) �0.10 (2 H)
11e (n = 9) 0.10 (2 H)
11 f (n = 10) 0.30 (2 H)
11g (n = 11) 0.90 (10 H)
11h (n = 12) 1.00 (4 H)
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acetylenedicarboxylates : It is difficult to achieve sufficient
control to ensure both high chemo- and regioselectivity in
the intermolecular cyclotrimerization of alkynes, and suc-
cessful examples are quite limited. Our study realized a suc-
cessful control of both high chemo- and regioselectivity in
the intermolecular crossed-cyclotrimerization of alkynes.
The high chemo- and regioselectivity observed in this
crossed-cyclotrimerization indicate that the intermediate, a
rhodium metallacycle, was formed in a highly chemo- and
regioselective manner from two different alkynes. Scheme 7
depicts the possible formation of rhodium metallacycles


from terminal alkyne 1 and dialkyl acetylenedicarboxylate
4. The crossed-cyclotrimerization products 5–7 may be ob-
tained from metallacycles 12 or 13. Metallacycle 12 a could
produce isomers 5 and 6, while metallacycle 12 b could pro-
duce isomers 6 and 7 (Scheme 8). Alternatively, metallacy-
cles 13 a, 13 b, and 13 c could produce isomers 5, 6, and 7, re-
spectively (Scheme 9). Because the major isomer of the


crossed-cyclotrimerization product is 5, metallacycle 12 a or
13 a should be a major intermediate. On the other hand,
homo-cyclotrimerization product 2 could be obtained from
metallacycle 13 a, 13 b, or 13 c, and homo-cyclotrimerization
product 3 could be obtained from metallacycle 13 b
(Scheme 8). Because the 3 a :2 a ratio using RhI+/H8-BINAP
was 24:76 (Table 2, entry 4), the ratio of 13 b to 13 a+13 c
should be >24:76. However, crossed-cyclotrimerization
product 6 b, which would be derived from metallacycle 13 b,
only constituted 6 % of the total product (Table 5, entry 2).
Thus, the formation of 5 b from metallacycle 13 a is at least a
minor pathway, and the major intermediate should be metal-
lacycle 12 a.


To confirm the formation of metallacycle 12 a as the
major intermediate of this crossed-cyclotrimerization, homo-
cyclotrimerization of various alkynes in the presence of
RhI +/H8-BINAP was investigated at room temperature for
1 h, as summarized in Table 8. Though it takes less than 1 h


for the RhI+/H8-BINAP-catalyzed crossed-cyclotrimeriza-
tion of 1 a and 4 to proceed to completion at room tempera-
ture, the reactions of terminal alkynes 1 a and 1 j were slow
(Table 8, entries 1 and 2). On the other hand, the reactions
of DMAD (4 a) and DEAD (4 b) furnished the correspond-
ing cyclotrimerization products in good yields (Table 8, en-
tries 5 and 6). Thus, the formation of 5 from metallacycle
13 a is unlikely. The homo-cyclotrimerization of di-tert-butyl
acetylenedicarboxylate 4 c in the presence of RhI +/H8-
BINAP did not proceed at all, which accounts for the high
yield of crossed-cyclotrimerization products 5 c.


The reactions of terminal alkynes 1 f and 1 g bearing aryl
and oxymethylene substituents furnished the corresponding
cyclotrimerization products in good yields at room tempera-
ture (Table 8, entries 3 and 4). The reaction of 1 f and 4 b


Scheme 7. Possible formation of rhodium metallacycles from 1 and 4.


Scheme 8. Correlation of cyclotrimerization products with rhodium met-
allacycles 12 a and 12 b.


Scheme 9. Correlation of cyclotrimerization products with rhodium met-
allacycles 13 a–c.


Table 8. Reactivity of various alkynes in the presence of the cationic rho-
dium(i)/H8-BINAP complex.[a]


Entry R1 R2 Cat.
[%]


Yield [%][b]


2+ 3
Ratio of
2 :3[c]


1 n-C10H21 H (1 a) 1.5 6 –
2 Me3Si H (1 j) 1.5 36 83:17
3 Ph H (1 f) 1.5 94 97:3
4 CH2OMe H (1 g) 1.5 95 85:15
5[d] CO2Me CO2Me (4 a) 3.0 68 –
6[d] CO2Et CO2Et (4b) 3.0 78[e] –
7[d] CO2tBu CO2tBu (4 c) 3.0 0 –


[a] [Rh(cod)2]BF4 (0.0090 mmol), H8-BINAP (0.0090 mmol), alkyne
(0.60 mmol), and CH2Cl2 (3.0 mL) were employed. The active catalyst
was prepared by mixing [Rh(cod)2]BF4 and H8-BINAP in CH2Cl2 fol-
lowed by hydrogenation (1 atm, RT, 0.5 h). [b] Determined by 1H NMR
spectroscopy. [c] Determined by GC. [d] Alkyne (0.30 mmol) was used.
[e] Yield of isolated product.
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furnished the crossed-cyclotrimerization product 5 h in high
yield and did not furnish the homo-cyclotrimerization prod-
ucts (Table 5, entry 9). Thus, the major intermediate would
be 12 a. On the other hand, the reaction of 1 g and 4 b fur-
nished the corresponding homo-cyclotrimerization products
as by-products due to competitive formation of metallacycle
13 rather than 12. A slightly lower regioselectivity was also
observed in this reaction (Table 5, entry 14). We assume that
5 l–7 l were partially derived from metallacycle 13. To con-
firm this hypothesis, we carried out the reaction using excess
4 b (Scheme 10). The yield and regioselectivity were im-


proved, presumably due to the formation of metallacycle 12
being favored by the use of excess 4 b.


Thus, a plausible mechanism for the cationic rhodium(i)/
H8-BINAP complex-catalyzed intermolecular crossed-cyclo-
trimerization of 1 and 4 is illustrated in Scheme 11. Chemo-


and regioselectivity are determined by the preferential for-
mation of metallacycle 12 a rather than 13 and 14, followed
by the coordination of terminal alkynes 1 to form complex
15. Reductive elimination of rhodium gives 5 and regener-
ates the rhodium catalyst. The formation of metallacycle
12a clearly accounts for the selective generation of a [6]meta-
cyclophane 10 a and [7]–[12]paracyclophanes 11 when a,w-
diynes 9 are used instead of two molecules of 1.


The sterically unfavorable coordination of terminal mono-
ynes to form complex 15 occurs under electronic control.
The electronegative carbon atom in the 2-position of 1 coor-
dinates to the carbon atom a to the carbonyl and rhodium
of 12 a, giving rise to the observed regioselectivity. Indeed,
the reaction of sterically demanding trimethylsilyl acetylene


1 j with 4 b also furnished the sterically unfavorable product
5 n with excellent regioselectivity due to the carbon atom a


to the silicon atom being highly electronegative as a result
of the polarization of the silicon–carbon bond.[28] The effect
of modified BINAP ligands on the regioselectivity is not
clearly understood, although their electronic character
would seem to be more important than their steric character
(Table 4). The use of more electron-rich BINAP ligands,
such as H8-BINAP and Segphos, significantly improved the
regioselectivity in favor of 5 compared with the use of
BINAP itself (Table 4, entries 4 and 6 versus entry 2). On
the other hand, no correlation was observed between the di-
hedral angles of the ligands and the regioselectivity of the
cyclotrimerization products (dihedral angle: H8-BINAP >


BINAP > Segphos,[19b, 29] regioselectivity: H8-BINAP >


Segphos @ BINAP).


Conclusion


In conclusion, we have discovered that the cationic rhodiu-
m(i)/DTBM-Segphos complex is a widely applicable catalyst
for highly regioselective intermolecular cyclotrimerization of
terminal alkynes, providing 1,2,4-trisubstituted benzenes in
high yield and with high regioselectivity. A chemo- and re-
gioselective intermolecular crossed-cyclotrimerization of di-
alkyl acetylenedicarboxylates with a variety of terminal al-
kynes has also been developed based on the use of the cat-
ionic rhodium(i)/H8-BINAP complex, providing 3,6-disubsti-
tuted phthalates in high yields. This catalytic process is a
noteworthy example of intermolecular crossed-cyclotrimeri-
zation of two different alkynes in terms of catalytic activity,
chemo- and regioselectivity, scope of substrates, and ease of
operation. This versatile new crossed-alkyne cyclotrimeriza-
tion procedure has been successfully applied to a one-step
synthesis of a [6]metacyclophane and [7]–[12]paracyclo-
phanes from the corresponding terminal a,w-diynes. Be-
cause 1,10- to 1,15-diynes can be synthesized in one-step
from the commercially available corresponding dibromides,
the present method allows a two-step synthesis of [7]–
[12]paracyclophanes starting from commercially available
reagents. The successful application to the synthesis of the
highly strained [6]metacyclophane and [7]paracyclophane is
particularly noteworthy. Mechanistic studies have revealed
that the chemo- and regioselectivity of this crossed-alkyne
cyclotrimerization are determined by preferential formation
of the rhodium metallacycle 12 a derived from terminal
alkyne 1 and dialkyl acetylenedicarboxylate 4.


Experimental Section


General methods : 1H NMR spectra were recorded at 300 MHz (JEOL
AL 300). 13C NMR spectra were obtained with complete proton decou-
pling at 75 MHz (JEOL AL 300). Product isomer distributions were de-
termined by 1H NMR or GC (HP5890 A). HRMS data were obtained on
a JEOL JMS-700. Infrared spectra were obtained on a JASCO A-302.
Anhydrous CH2Cl2 was obtained from Aldrich (No. 27,099–7) and was


Scheme 10. Crossed-cyclotrimerization of 1g with excess 4b.


Scheme 11. Plausible mechanism for intermolecular crossed-cyclotrimeri-
zation of 1 and 4 catalyzed by the cationic rhodium(i)/H8-BINAP com-
plex.
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used as received. Tol-BINAP, DM-BINAP, H8-BINAP, Segphos, and
DTBM-Segphos were obtained from Takasago International Corpora-
tion. All other reagents were obtained from commercial sources and
were used as received. All reactions were carried out under an atmos-
phere of argon in oven-dried glassware with magnetic stirring, unless oth-
erwise indicated. a,w-Diynes 9 b, 9c, 9d, 9e, 9 f, and 9 g were prepared
according to the literature.[26]


General procedure for intermolecular cyclotrimerization of terminal
monoynes (Table 3, entry 1): Under an argon atmosphere, a solution of
DTBM-Segphos (59.0 mg, 0.050 mmol) in CH2Cl2 (1.0 mL) was added to
a solution of [Rh(cod)2]BF4 (20.3 mg, 0.050 mmol) in CH2Cl2 (1.0 mL) at
room temperature. The mixture was stirred at room temperature for
5 min, and then H2 was introduced into the resulting solution in a
Schlenk tube. After stirring at room temperature for 0.5 h, the resulting
solution was concentrated to dryness and the residue was redissolved in
CH2Cl2 (2.0 mL). A solution of 1-dodecyne (1 a) (166.4 mg, 1.00 mmol) in
CH2Cl2 (0.5 mL) was then added dropwise to this solution over 1 min,
and any substrate remaining in the syringe was rinsed into the reaction
mixture with further CH2Cl2 (0.5 mL). The mixture was stirred at room
temperature (20–25 8C) for 24 h. The resulting solution was concentrated
and the residue was purified by preparative TLC (hexane), which fur-
nished a mixture of 1,2,4-tridecylbenzene (2 a) and 1,3,5-tridecylbenzene
(3a) (151.9 mg, 0.913 mmol, 91 %, 2 a :3 a = 83:17).


1,2,4-Tridecylbenzene (2 a, 83% regioselectivity):[4f] Colorless oil; 1H
NMR (CDCl3, 300 MHz): d = 7.04 (d, J = 7.5 Hz, 1H), 6.94 (s, 1H),
6.92 (d, J = 7.5 Hz, 1H), 2.48–2.61 (m, 6H), 1.45–1.65 (m, 6H), 1.20–
1.43 (m, 42 H), 0.88 ppm (t, J = 6.6 Hz, 9H); aryl protons of minor
isomer 3 a : d = 6.80 ppm (s, 3 H); 13C NMR (CDCl3, 75 MHz): d =


142.7, 140.3, 140.2, 137.7, 129.2, 128.9, 125.8, 125.7, 36.0, 35.6, 32.8, 32.4,
31.9, 31.63, 31.62, 31.4, 29.9, 29.7, 29.65, 29.59, 29.56, 29.49, 29.38, 22.7,
14.1 ppm.


1,2,4-Trihexylbenzene (2 b, 82% regioselectivity):[30] Reaction time: 18 h.
Colorless oil; 1H NMR (CDCl3, 300 MHz): d = 7.03 (d, J = 7.5 Hz,
1H), 6.94 (s, 1 H), 6.92 (d, J = 7.5 Hz, 1 H), 2.43–2.63 (m, 6 H), 1.45–1.70
(m, 6 H), 1.20–1.45 (m, 18H), 0.78–0.98 ppm (m, 9 H); aryl protons of
minor isomer 3b : d = 6.80 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d


= 142.7, 140.3, 140.1, 137.7, 129.2, 128.9, 125.8, 125.7, 36.0, 35.6, 32.8,
32.4, 31.8, 31.59, 31.57, 31.4, 29.5, 29.1, 22.7, 22.6, 14.1 ppm.


1,2,4-Tribenzylbenzene (2 c, 82% regioselectivity):[10a] Reaction time:
16 h. Colorless oil; 1H NMR (CDCl3, 300 MHz): d = 6.94–7.34 (m,
18H), 3.92 (s, 2H), 3.90 (s, 2 H), 3.88 ppm (s, 2H), aryl protons of minor
isomer 3 c : d = 6.86 ppm (s, 3 H), benzyl protons of minor isomer 3c : d


= 3.88 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz): d = 141.3, 141.2, 141.1,
140.6, 140.5, 139.3, 138.9, 136.8, 131.3, 130.7, 128.9, 128.8, 128.7, 128.6,
128.39, 128.35, 128.34, 127.5, 127.1, 125.96, 125.94, 125.90, 41.8, 41.5, 39.0,
38.6 ppm.


1,2,4-Tris(3-chloropropyl)benzene (2 d, 86% regioselectivity):[4f] Reaction
time: 16 h. Colorless oil; 1H NMR (CDCl3, 300 MHz): d = 7.09 (d, J =


6.9 Hz, 1 H), 7.00 (s, 1 H), 6.98 (d, J = 6.9 Hz, 1H), 3.44–3.65 (m, 6 H),
2.64–2.85 (m, 6 H), 1.96–2.16 ppm (m, 6H); aryl protons of minor isomer
3d : d = 6.87 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz): d = 141.1, 138.7,
136.3, 129.65, 129.56, 126.5, 44.5, 44.2, 34.00, 33.95, 33.82, 33.79, 32.6,
32.3, 29.5, 29.1 ppm.


1,2,4-Tris(1-cyclohexenyl)benzene (2 e, 97% regioselectivity):[31] Reaction
time: 18 h. Yellow oil; 1H NMR (CDCl3, 300 MHz): d = 7.19 (dd, J =


8.1, 2.1 Hz, 1H), 7.13 (d, J = 2.1 Hz, 1 H), 7.04 (d, J = 8.1 Hz, 1H),
6.06–6.14 (m, 1H), 5.64–5.72 (m, 2 H), 2.04–2.48 (m, 12H), 1.51–1.82 ppm
(m, 12H); aryl protons of minor isomer 3e : d = 7.23 ppm (s, 3H); 13C
NMR (CDCl3, 75 MHz): d = 142.5, 141.0, 140.6, 139.8, 139.1, 136.3,
128.4, 126.2, 125.3, 124.1, 123.4, 122.9, 29.59, 29.54, 29.48, 27.4, 25.88,
25.77, 25.76, 25.73, 23.3, 23.1, 22.2 ppm.


1,2,4-Triphenylbenzene (2 f, 83% regioselectivities):[4e] Reaction time:
16 h (1 h using H8-BINAP). Colorless oil; 1H NMR (CDCl3, 300 MHz):
d = 7.11–7.80 ppm (m, 18H); 13C NMR (CDCl3, 75 MHz): d = 142.3,
141.5, 141.11, 141.07, 140.95, 140.55, 140.3, 139.5, 131.1, 129.89, 129.85,
129.4, 128.83, 128.81, 127.92, 127.89, 127.5, 127.4, 127.3, 127.1, 126.6,
126.5, 126.1, 125.2 ppm.


1,2,4-Tris(methoxymethyl)benzene (2 g, 86 % regioselectivity):[4e] Reac-
tion time: 15 h. Yellow oil; 1H NMR (CDCl3, 300 MHz): d = 7.19–7.43
(m, 3 H), 4.52 (s, 2 H), 4.51 (s, 2 H), 4.45 (s, 2 H), 3.39 (s, 3 H), 3.373 (s,
3H), 3.366 ppm (s, 3 H); methylene protons of minor isomer 3 g : d =


4.45 ppm (s, 6 H); methyl protons of minor isomer 3g : d = 3.38 ppm (s,
9H); 13C NMR (CDCl3, 75 MHz): d = 138.5, 137.7, 136.4, 135.6, 128.8,
127.9, 126.9, 126.1, 74.4, 74.3, 72.0, 71.9, 58.2, 58.13, 58.05, 57.99 ppm.


Acetic acid 2,4-bis(acetoxymethyl)benzyl ester (2 h, 100 % regioselectivi-
ty):[32] Reaction time: 24 h. Colorless oil; 1H NMR (CDCl3, 300 MHz); d


= 7.28–7.46 (m, 3 H), 5.20 (s, 2 H), 5.19 (s, 2H), 5.11 (s, 2H), 2.11 (s, 3H),
2.10 (s, 3H), 2.09 ppm (s, 3 H); 13C NMR (CDCl3, 75 MHz): d = 170.7,
170.5, 136.5, 134.8, 134.4, 130.0, 129.4, 128.3, 65.6, 65.5, 63.5, 63.4, 31.9,
20.9, 20.8 ppm.


Benzene 1,2,4-tricarboxylic acid triethyl ester (2 i, 93 % regioselectivi-
ty):[33] Reaction time: 16 h. Yellow oil; 1H NMR (CDCl3, 300 MHz): d =


8.41 (dd, J = 1.8, 0.3 Hz, 1 H), 8.20 (dd, J = 7.8, 1.8 Hz, 1 H), 7.76 (dd, J
= 7.8, 0.3 Hz, 1H), 4.31–4.52 (m, 6H), 1.30–1.50 ppm (m, 9H); aryl pro-
tons of minor isomer 3 i : d = 8.85 ppm (s, 3H); 13C NMR (CDCl3,
75 MHz): d = 167.0, 166.5, 164.9, 164.8, 136.1, 134.3, 132.5, 131.9, 131.8,
131.3, 129.9, 128.7, 61.9, 61.8, 61.5, 14.2, 14.1, 14.0, 13.9 ppm.


1,2,4-Tris(trimethylsilyl)benzene (2 j, 70% regioselectivity):[33] Reaction
time: 24 h (24 h using H8-BINAP). Colorless oil; 1H NMR (CDCl3,
300 MHz): d = 7.84 (s, 1 H), 7.66 (d, J = 7.5 Hz, 1 H), 7.49 (d, J =


7.5 Hz, 1H), 0.37 (s, 9 H), 0.36 (s, 9 H), 0.27 ppm (s, 9 H); aryl protons of
minor isomer 3j : d = 7.69 ppm (s, 3 H); trimethylsilyl protons of minor
isomer 3j : d = 0.28 ppm (s, 27 H); 13C NMR (CDCl3, 75 MHz): d =


146.6, 144.8, 140.0, 139.3, 138.8, 138.3, 134.3, 132.8, 1.96, 1.86, �1.06,
�1.22 ppm.


General procedure for the intermolecular crossed-cyclotrimerization of
dialkyl acetylenedicarboxylates and terminal monoynes (Table 5,
entry 2): Under an Ar atmosphere, H8-BINAP (5.7 mg, 0.009 mmol) and
[Rh(cod)2]BF4 (3.7 mg, 0.009 mmol) were dissolved in CH2Cl2 (1.0 mL)
and the mixture was stirred for 5 min. H2 was then introduced into the
resulting solution in a Schlenk tube. After stirring for 0.5 h at room tem-
perature, the resulting solution was concentrated to dryness and the resi-
due was redissolved in CH2Cl2 (2.0 mL). A solution of 1-dodecyne (1 a)
(99.8 mg, 0.60 mmol) and diethyl acetylenedicarboxylate (4b) (51.0 mg,
0.30 mmol) in CH2Cl2 (0.5 mL) was then added dropwise to this solution
over 1 min, and any substrates remaining in the syringe were rinsed into
the reaction mixture with further CH2Cl2 (0.5 mL). The mixture was stir-
red at room temperature (20–25 8C) for 1 h. The resulting solution was
then concentrated and the residue was purified by preparative TLC
(hexane/ethyl acetate, 10:1), which furnished a mixture of diethyl 3,6-di-
decylphthalate (5 b), diethyl 3,5-didecylphthalate (6b), and diethyl 4,5-di-
decylphthalate (7b) (133 mg, 0.264 mmol, 88 %, 5b :6b :7 b = 92:6:2).
This mixture could be purified by preparative TLC (hexane/ethyl acetate,
10:1), which furnished pure 3,6-didecylphthalic acid diethyl ester (5b)
(120 mg, 0.238 mmol, 79%).


Diethyl 3,6-didecylphthalate (5 b): Colorless solid; m.p. 42–44 8C; 1H
NMR (CDCl3, 300 MHz): d = 7.20 (s, 2H), 4.32 (q, J = 7.2 Hz, 4H),
2.67 (t, J = 7.8 Hz, 4 H), 1.50–1.62 (m, 4 H), 1.36 (t, J = 7.2 Hz, 6 H),
1.18–1.40 (m, 28H), 0.88 ppm (t, J = 6.6 Hz, 6H); 13C NMR (CDCl3,
75 MHz): d = 168.6, 139.0, 131.8, 131.6, 61.3, 33.5, 31.9, 31.6, 29.6, 29.63,
29.60, 29.5, 29.3, 22.7, 14.12, 14.10 ppm; IR (neat): ñ = 2750, 1670, 1230,
1160, 1060 cm�1; elemental analysis calcd (%) for C32H54O4: C 76.45, H
10.83; found: C 76.73, H 11.09.


Dimethyl 3,6-didecylphthalate (5 a, 91% regioselectivity): Yellow oil; 1H
NMR (CDCl3, 300 MHz): d = 7.21 (s, 2H), 3.85 (s, 6H), 2.67 (t, J =


7.5 Hz, 4 H), 1.50–1.62 (m, 4H), 1.20–1.37 (m, 28H), 0.88 ppm (t, J =


6.6 Hz, 6 H); aryl protons of minor isomer 6 a : d = 7.63 (d, J = 1.8 Hz,
1H), 7.20 ppm (d, J = 1.8 Hz, 1H); aryl protons of minor isomer 7 a : d


= 7.49 ppm (s, 2H); 13C NMR (CDCl3, 75 MHz): d = 168.9, 139.1, 131.7,
131.5, 52.2, 33.4, 31.8, 31.4, 29.6, 29.5, 29.45, 29.36, 29.3, 22.6, 14.0 ppm;
IR (neat): ñ = 2900, 1820, 1720, 1420, 1260, 1190 cm�1; elemental analy-
sis calcd (%) for C30H50O4: C 75.90, H 10.62; found: C 75.59, H 10.68.


Di-tert-butyl 3,6-didecylphthalate (5 c, 94% regioselectivity): Colorless
oil; 1H NMR (CDCl3, 300 MHz): d = 7.12 (s, 2H), 2.64 (t, J = 7.8 Hz,
4H), 1.46–1.68 (m, 18H), 1.18–1.60 (m, 32H), 0.88 ppm (t, J = 6.6 Hz,
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6H); aryl protons of minor isomer 6 c : d = 7.41 (d, J = 1.8 Hz, 1H),
7.12 ppm (d, J = 1.8 Hz, 1H); aryl protons of minor isomer 7 c : d =


7.38 ppm (s, 2H); 13C NMR (CDCl3, 75 MHz): d = 168.3, 137.7, 133.1,
130.7, 82.1, 33.7, 31.9, 31.7, 29.9, 29.6, 29.5, 29.3, 28.1, 22.7, 14.1 ppm; IR
(neat): ñ = 2910, 1850, 1710, 1450, 1360, 1290, 1150, 1125 cm�1; elemen-
tal analysis calcd (%) for C36H62O4: C 77.37, H 11.18; found: C 77.11, H
11.25.


Diethyl 3,6-bis(3-chloropropyl)phthalate (5 d, 91 % regioselectivity): Col-
orless oil; 1H NMR (CDCl3, 300 MHz): d = 7.28 (s, 2 H), 4.34 (q, J =


7.2 Hz, 4H), 3.54 (t, J = 6.3 Hz, 4H), 2.86 (t, J = 7.5 Hz, 4H), 2.02–2.11
(m, 4H), 1.37 ppm (t, J = 7.2 Hz, 6H); aryl protons of minor isomer 6 d :
d = 7.68 (d, J = 1.5 Hz, 1H), 7.28 ppm (d, J = 1.5 Hz, 1H); aryl pro-
tons of minor isomer 7 d : d = 7.53 ppm (s, 2H); 13C NMR (CDCl3,
75 MHz): d = 168.1, 137.6, 132.4, 132.0, 61.7, 44.3, 34.0, 30.6, 14.1 ppm;
IR (neat): ñ = 2800, 1680, 1230, 1150, 990 cm�1; elemental analysis calcd
(%) for C18H24Cl2O4: C 57.61, H 6.45; found: C 57.89, H 6.51.


Di-tert-butyl 3,6-bis(3-chloropropyl)phthalate (5 e, 95% regioselectivity):
Colorless oil; 1H NMR (CDCl3, 300 MHz): d = 7.19 (s, 2 H), 3.55 (t, J =


6.9 Hz, 4 H), 2.83 (t, J = 6.9 Hz, 4 H), 2.08 (m, 4H), 1.60 ppm (s, 18H);
aryl protons of minor isomer 6 e : d = 7.42 (s, 1H), 7.25 ppm (s, 1 H); aryl
protons of minor isomer 7 e : d = 7.56 ppm (s, 2 H); 13C NMR (CDCl3,
75 MHz): d = 168.1, 136.5, 133.9, 131.3, 82.9, 44.5, 33.9, 30.7, 28.2 ppm;
IR (neat): ñ = 2950, 1710, 1370, 1290, 1160, 1120 cm�1; elemental analy-
sis calcd (%) for C22H32Cl2O4: C 61.25, H 7.48; found: C 60.89, H 7.49.


Diethyl 3,6-bis(1-cyclohexenyl)phthalate (5 f, 91% regioselectivity): Col-
orless oil; 1H NMR (CDCl3, 300 MHz): d = 7.18 (s, 2H), 5.57–5.62 (m,
2H), 4.26 (q, J = 7.2 Hz, 4H), 2.03–2.33 (m, 8H), 1.55–1.80 (m, 8 H),
1.33 ppm (t, J = 7.2 Hz, 6 H); aryl protons of minor isomer 6 f : d = 7.83
(d, J = 1.8 Hz, 1H), 7.33 ppm (d, J = 1.8 Hz, 1H); aryl protons of
minor isomer 7 f : d = 7.46 ppm (s, 2 H); 13C NMR (CDCl3, 75 MHz): d


= 168.7, 141.7, 137.3, 131.3, 129.5, 126.7, 61.4, 29.8, 25.5, 23.1, 21.9,
14.1 ppm; IR (neat): ñ = 3200, 2750, 1660, 1180, 770 cm�1; elemental
analysis calcd (%) for C24H30O4: C 75.36, H 7.91; found: C 75.07, H 7.97.


Di-tert-butyl 3,6-bis(1-cyclohexenyl)phthalate (5 g, 94% regioselectivity):
Colorless solid; m.p. 138.5–143.0 8C; 1H NMR (CDCl3, 300 MHz): d =


7.10 (s, 2H), 5.55–5.65 (m, 2H), 2.22–2.32 (m, 4 H), 2.04–2.14 (m, 4H),
1.60–1.80 (m, 8 H), 1.53 ppm (s, 18H); aryl protons of minor isomer 6 g :
d = 7.61 (m, 1 H), 7.24 ppm (m, 1H); aryl protons of minor isomer 7g : d


= 7.35 ppm (s, 2H); 13C NMR (CDCl3, 75 MHz): d = 168.0, 140.7, 137.3,
132.4, 128.6, 126.3, 81.6, 36.7, 28.0, 25.3, 22.9, 21.8 ppm; IR (neat): ñ =


2850 (br), 1700, 1290, 1220, 1120 cm�1; elemental analysis calcd (%) for
C28H38O4: C 76.68, H 8.73; found: C 76.46, H 8.98.


Diethyl 3,6-diphenylphthalate (5 h, 89% regioselectivity): Colorless solid;
m.p. 99–105 8C; 1H NMR (CDCl3, 300 MHz): d = 7.47 (s, 2 H), 7.32–7.66
(m, 10 H), 4.07 (q, J = 7.2 Hz, 4 H), 0.97 ppm (t, J = 6.9 Hz, 6H); aryl
protons of minor isomer 6 h : d = 8.21 (d, J = 2.1 Hz, 1 H), 7.74 ppm (d,
J = 2.1 Hz, 1H); aryl protons of minor isomer 7h : d = 7.79 ppm (s,
2H); 13C NMR (CDCl3, 75 MHz): d = 168.3, 139.9, 132.3, 131.5, 129.0,
128.4, 128.3, 127.7, 61.5, 13.5 ppm; IR (neat): ñ = 1680, 1200, 1110, 1040,
740, 670 cm�1; elemental analysis calcd (%) for C24H22O4: C 76.99, H
5.92; found: C 76.82, H 6.01.


Di-tert-butyl 3,6-diphenylphthalate (5 i, 90% regioselectivity):[34] Color-
less solid; m.p. 183.5–185.5 8C; 1H NMR (CDCl3, 300 MHz): d = 7.34–
7.44 (m, 12H), 1.24 ppm (s, 18 H); tert-butyl protons of minor isomer 6 i :
d = 1.31 (s, 9 H), 1.24 ppm (s, 9 H); 13C NMR (CDCl3, 75 MHz): d =


167.4, 140.3, 139.4, 133.3, 130.8, 128.9, 128.1, 127.4, 82.3, 27.5 ppm.


Diethyl 3,6-di-o-tolylphthalate (5 j, 89% regioselectivity): Colorless solid;
m.p. 103–108 8C; 1H NMR (CDCl3, 300 MHz): d = 7.33 (s, 2 H), 7.07–
7.29 (m, 8 H), 3.98 (q, J = 7.2 Hz, 1.6H), 3.97 (q, J = 7.2 Hz, 2.4 H), 2.21
(s, 3.5 H), 2.17 (s, 2.5H), 0.88 (t, J = 7.2 Hz, 2.5 H), 0.87 ppm (t, J =


7.2 Hz, 3.5H); aryl protons of minor isomer 6j : d = 7.99 (d, J = 2.1 Hz,
1H), 7.38 ppm (d, J = 2.1 Hz, 1 H); aryl protons of minor isomer 7j : d


= 7.69 ppm (s, 2H); 13C NMR (CDCl3, 75 MHz): d = 167.9, 139.9, 139.8,
139.5, 136.2, 135.9, 132.6, 129.3, 127.9, 125.2, 61.2, 20.4, 13.4 ppm; IR
(neat): ñ = 2800, 1680, 1380, 1200, 1100, 730 cm�1; elemental analysis
calcd (%) for C26H26O4: C 77.59, H 6.51; found: C 77.41, H 6.47.


Di-tert-butyl 3,6-di-o-tolylphthalate (5 k, 88% regioselectivity): Yellow
solid; m.p. 50.0–52.5 8C; 1H NMR (CDCl3, 300 MHz): d = 7.16–7.30 (m,
10H), 2.21 (s, 3.5H), 2.17 (s, 2.5 H), 1.15 (s, 7.5H), 1.14 ppm (s, 10.5 H);
methyl protons of minor isomer 6 k : d = 2.29 (s, 3.5 H), 2.16 ppm (s,
2.5H); 13C NMR (CDCl3, 75 MHz): d = 167.3, 167.2, 165.4, 141.9, 140.2,
139.93, 139.89, 139.88, 139.0, 138.9, 136.5, 136.4, 136.3, 135.3, 134.3, 133.8,
133.7, 133.6, 130.7, 130.5, 130.3, 129.8, 129.63, 129.62, 129.60, 129.55,
129.45, 128.9, 127.85, 127.83, 127.6, 125.9, 125.1, 125.0, 81.8, 81.74, 81.70,
81.6, 60.3, 28.09, 28.05, 27.5, 27.2, 21.0, 20.4, 20.3, 20.2, 20.1, 14.2 ppm; IR
(neat): ñ = 2850, 1700, 1360, 1300, 1240, 1140 cm�1; elemental analysis
calcd (%) for C30H34O4: C 78.57, H 7.47; found: C 78.83, H 7.57.


Diethyl 3,6-bis(methoxymethyl)phthalate (5 l, 86% regioselectivity): Col-
orless oil; 1H NMR (CDCl3, 300 MHz): d = 7.54 (s, 2H), 4.59 (s, 4H),
4.33 (q, J = 7.2 Hz, 4 H), 3.35 (s, 6 H), 1.36 ppm (t, J = 7.2 Hz, 6 H); aryl
protons of minor isomer 6 l : d = 7.85–7.87 (m, 1H), 7.61–7.63 ppm (m,
1H); aryl protons of minor isomer 7 l : d = 7.77 ppm (s, 2H); 13C NMR
(CDCl3, 75 MHz): d = 167.5, 136.6, 131.2, 129.8, 71.8, 61.5, 58.5,
13.9 ppm; IR (neat): ñ = 2750, 1660, 1220, 1070, 990 cm�1; elemental
analysis calcd (%) for C16H22O4: C 61.92, H 7.15; found: C 61.60, H 6.95.


Diethyl 3,6-bis(acetoxymethyl)phthalate (5 m, 87 % regioselectivity): Iso-
lated as a mixture of 5 m (63 % yield) and 2h/3 h (28 % yield), these
yields being determined on the basis of 1H NMR integrals. Colorless oil;
1H NMR (CDCl3, 300 MHz): d = 7.52 (s, 2H), 5.26 (s, 4H), 4.37 (q, J =


7.2 Hz, 4H), 2.07 (s, 6H), 1.37 ppm (t, J = 7.2 Hz, 6H); aryl protons of
minor isomer 6m : d = 7.92 (d, J = 1.5 Hz, 1H), 7.60 ppm (d, J =


1.5 Hz, 1 H); aryl protons of minor isomer 7 m : d = 7.76 ppm (s, 2H);
13C NMR (CDCl3, 75 MHz): d = 170.3, 167.0, 134.8, 132.2, 130.9, 63.6,
61.9, 20.7, 13.9 ppm; IR (neat): ñ = 2900, 1700 (br), 1360, 1050 cm�1;
HRMS (EI): calcd for C16H19O6: 307.1181, found: 307.1133 [M�OAc]+ .


Diethyl 3,6-bis(trimethylsilyl)phthalate (5 n, 99% regioselectivity): Color-
less solid; m.p. 65–68 8C; 1H NMR (CDCl3, 300 MHz): d = 7.65 (s, 2H),
4.32 (q, J = 7.2 Hz, 4H), 1.37 (t, J = 7.2 Hz, 6H), 0.30 ppm (s, 18H);
aryl protons of minor 6 n : d = 8.00 (d, J = 1.2 Hz, 1H), 7.87 ppm (d, J
= 1.2 Hz, 1H); 13C NMR (CDCl3, 75 MHz): d = 170.3, 140.4, 137.7,
135.8, 61.9, 14.3, 0.3 ppm; IR (neat): ñ = 2770, 1660, 1200, 1130, 1070,
790 cm�1; elemental analysis calcd (%) for C18H30O4Si2: C 58.97, H 8.25;
found: C 59.10, H 8.36.


Tetraethyl 5-(trimethylsilyl)benzene-1,2,3,4-tetracarboxylate (8): Color-
less oil; 1H NMR (CDCl3, 300 MHz): d = 8.20 (s, 1 H), 4.25–4.44 (m,
8H), 1.29–1.43 (m, 12H), 0.34 ppm (s, 9 H); 13C NMR (CDCl3, 75 MHz):
d = 168.7, 167.5, 166.9, 165.9, 142.7, 141.9, 138.3, 135.2, 131.4, 130.4, 62.8,
62.62, 62.55, 62.53, 14.6, 14.5, 14.42, 14.41, 0.0 ppm; IR (neat): ñ = 3000,
1740, 1390, 1240 (br), 1040, 860 cm�1; elemental analysis calcd (%) for
C21H30O8Si: C 57.51, H 6.90; found: C 57.46, H 6.91.


General procedure for the intermolecular crossed-cyclotrimerization of
dialkyl acetylenedicarboxylates and terminal a,w-diynes (Table 6,
entry 6): Under an argon atmosphere, H8-BINAP (5.1 mg, 0.0125 mmol)
and [Rh(cod)2]BF4 (7.9 mg, 0.0125 mmol) were dissolved in CH2Cl2


(1.0 mL) and the mixture was stirred for 5 min. H2 was then introduced
into the resulting solution in a Schlenk tube. After stirring for 0.5 h at
room temperature, the resulting solution was concentrated to dryness
and the residue was redissolved in CH2Cl2 (20 mL). A solution of 1,11-
dodecadiyne (9 c) (40.6 mg, 0.25 mmol) and dimethyl acetylenedicarboxy-
late (4a ; 35.5 mg, 0.25 mmol) in CH2Cl2 (3.0 mL) was then added drop-
wise to this solution over 1 min, and any substrates remaining in the sy-
ringe were rinsed into the reaction mixture with further CH2Cl2 (2.0 mL).
The mixture was stirred at room temperature for 1 h. The resulting so-
lution was concentrated and the residue was purified by preparative TLC
(hexane/ethyl acetate, 6:1), which furnished [8]paracyclophane 11d
(34.8 mg, 0.114 mmol, 46%).


Dimethyl [8]paracyclophane-10,11-dicarboxylate (11 d):[35] Colorless oil;
1H NMR (CDCl3, 300 MHz): d = 7.28 (s, 2 H), 3.86 (s, 6H), 3.15 (dt, J =


13.0, 5.3 Hz, 2 H), 2.51 (ddd, J = 14.1, 9.0, 5.1 Hz, 2H), 1.57–1.70 (m,
2H), 1.38–1.49 (m, 2H), 1.00–1.15 (m, 2H), 0.75–0.90 (m, 2H), 0.40–0.60
(m, 2H), �0.15–0.10 ppm (m, 2 H); 13C NMR (CDCl3, 75 MHz): d =


168.4, 140.6, 132.8, 132.1, 52.3, 33.9, 30.3, 29.2, 25.4 ppm; IR (neat): ñ =


2880, 2820, 1705, 1420, 1280, 1190, 1100 cm�1; HRMS (EI): calcd for
C18H24O4: 273.1491, found: 273.1469 [M�OMe]+ .
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Diethyl [6]metacyclophane-8,9-dicarboxylate (10 a): Colorless oil; 1H
NMR (CDCl3, 300 MHz): d = 7.50 (d, J = 1.2 Hz, 1H), 7.45 (d, J =


1.2 Hz, 1H), 4.29–4.43 (m, 4H), 2.54–2.84 (m, 4H), 1.72–1.91 (m, 2 H),
1.16–1.48 (m, 4 H), 1.36 (t, J = 7.2 Hz, 6H), 0.20–0.65 ppm (m, 2 H); 13C
NMR (CDCl3, 75 MHz): d = 168.9, 166.7, 144.2, 141.1, 139.3, 130.6,
129.5, 125.6, 61.3, 61.2, 34.3, 32.6, 32.4, 32.3, 27.8, 27.5, 14.13, 14.11 ppm;
IR (neat): ñ = 2800, 1670, 1420, 1230, 750 cm�1; HRMS (FAB): calcd for
C18H24O4: 305.1753, found 305.1779 [M+H]+ ; elemental analysis calcd
(%) for C18H24O4: C 71.03, H 7.95; found: C 71.29, H 7.96.


Dimethyl [7]paracyclophane-9,10-dicarboxylate (11 a) and dimethyl[7]-
metacyclophane-9,10-dicarboxylate (10 b) (11 a:10b = 1:0.8):[27] Colorless
solid; m.p. 60–63 8C; 1H NMR (CDCl3, 300 MHz): d = 7.67 (d, J =


1.5 Hz, 1 H; 10b), 7.62 (d, J = 1.5 Hz, 1H; 10 b), 7.23 (s, 2H; 11 a), 3.92
(s, 3H; 10 b), 3.88 (s, 3 H; 10b), 3.87 (s, 6H; 11 a), 3.34 (ddd, J = 12.9,
6.3, 1.8 Hz, 2 H), 2.70–2.76 (m, 4H), 2.40 (ddd, J = 18.0, 11.4, 6.6 Hz,
2H), 1.26–1.70 (m, 13H), 0.93–1.07 (m, 2H), 0.48–0.67 (m, 1H), 0.21–
0.33 (m, 2H), �0.15–0.15 (m, 1 H), �1.99 to �1.77 ppm (m, 1H); 13C
NMR (CDCl3, 75 MHz): d = 170.0, 168.2, 166.6, 143.8, 141.1, 140.1,
136.3, 132.8, 132.3, 131.7, 128.9, 126.8, 52.4, 52.34, 52.30, 37.0, 34.9, 30.4,
30.0, 29.5, 29.2, 29.0, 28.8, 28.5, 27.3, 26.9 ppm; IR (neat): ñ = 2900,
1710, 1420, 1260, 1190 cm�1; HRMS (EI): calcd for C17H22O4: 290.1518,
found: 290.1526 [M]+ .


Diethyl [7]paracyclophane-9,10-dicarboxylate (11 b) and diethyl [7]meta-
cyclophane-9,10-dicarboxylate (10 c) (11 b:10c = 1:1.2): Colorless oil; 1H
NMR (CDCl3, 300 MHz): d = 7.67 (d, J = 1.5 Hz, 1H; 10c), 7.62 (d, J
= 1.5 Hz, 1 H; 10 c), 7.21 (s, 2H; 11a), 4.28–4.43 (m, 8H), 3.36 (ddd, J =


12.9, 6.3, 1.8 Hz, 2 H), 2.65–2.82 (m, 4 H), 2.39 (ddd, J = 17.7, 11.4,
6.3 Hz, 2 H), 1.26–1.70 (m, 19 H), 0.95–1.10 (m, 2 H), 0.48–0.68 (m, 1H),
0.20–0.35 (m, 2H), �0.15–0.15 (m, 1H), �1.98 to �1.72 ppm (m, 1H);
13C NMR (CDCl3, 75 MHz): d = 169.3, 167.8, 166.2, 143.6, 140.9, 138.8,
136.2, 132.7, 132.6, 131.9, 131.5, 126.7, 61.3, 42.3, 37.0, 34.9, 31.4, 30.5,
30.0, 29.4, 29.1, 28.9, 28.6, 28.4, 27.4, 26.6, 14.2, 14.14, 14.08 ppm; IR
(neat): ñ = 2870, 1700 (br), 1260, 1190 cm�1; HRMS (EI): calcd for
C19H26O4: 318.1831, found: 318.1783 [M]+ .


Di-tert-butyl [7]paracyclophane-9,10-dicarboxylate (11 c) and di-tert-
butyl [7]metacyclophane-9,10-dicarboxylate (10 d) (11 c:10 d = 1:0.8):
Colorless solid; m.p. 90–93 8C; 1H NMR (CDCl3, 300 MHz): d = 7.58 (d,
J = 1.5 Hz, 1H; 10 d), 7.41 (d, J = 1.5 Hz, 1H; 10 d), 7.26 (s, 2 H; 11c),
3.35 (ddd, J = 12.6, 6.3, 1.8 Hz, 2H), 2.66–2.85 (m, 4H), 2.36 (ddd, J =


18.0, 11.4, 6.6 Hz, 2H), 1.59 (s, 18 H; 11c), 1.58 (s, 18H; 10 d), 1.25–1.70
(m, 13H), 0.95–1.30 (m, 2H), 0.48–0.67 (m, 1H), 0.19–0.34 (m, 2 H),
�0.15–0.15 (m, 1 H), �1.95 to �1.70 ppm (m, 1H); 13C NMR (CDCl3,
75 MHz): d = 167.3, 165.5, 142.3, 140.0, 139.7, 135.5, 134.1, 132.9, 132.1,
131.3, 126.1, 81.7, 81.6, 81.2, 65.8, 37.0, 35.0, 34.8, 30.0, 29.5, 29.3, 28.2,
28.14, 28.09, 27.9, 27.4, 26.7, 15.2 ppm; IR (neat): ñ = 2900, 1695, 1360,
1270, 1140 cm�1; HRMS (EI): calcd for C23H34O4: 244.1099, found:
244.1086 [M�tBu2O]+.


Dimethyl [9]paracyclophane-11,12-dicarboxylate (11 e): Colorless oil; 1H
NMR (CDCl3, 300 MHz): d = 7.27 (s, 2H), 3.86 (s, 6 H), 3.00 (ddd, J =


12.7, 7.7, 4.6 Hz, 2H), 2.37 (ddd, J = 12.8, 7.9, 5.1 Hz, 2 H), 1.50–1.65 (m,
2H), 1.35–1.50 (m, 2 H), 0.75–1.15 (m, 4H), 0.48–0.68 (m, 4H), �0.05–
0.17 ppm (m, 2H); 13C NMR (CDCl3, 75 MHz): d = 168.5, 139.9, 132.8,
131.9, 52.2, 33.1, 28.4, 27.4, 25.7, 23.0 ppm; IR (neat): ñ = 2880, 2820,
1710, 1420, 1260, 1190, 1140 cm�1; HRMS (EI): calcd for C19H26O4:
318.1832, found: 318.1830 [M]+ .


Dimethyl [10]paracyclophane-12,13-dicarboxylate (11 f):[36] Colorless oil;
1H NMR (CDCl3, 300 MHz): d = 7.25 (s, 2 H), 3.86 (s, 6H), 3.16 (dt, J =


13.2, 5.0 Hz, 2 H), 2.47 (ddd, J = 15.8, 10.5, 5.3 Hz, 2H), 1.67–1.80 (m,
2H), 1.42–1.57 (m, 2H), 1.17–1.37 (m, 2H), 0.95–1.08 (m, 2H), 0.65–0.90
(m, 6H), 0.20–0.37 ppm (m, 2H); 13C NMR (CDCl3, 75 MHz): d =


168.6, 139.2, 132.9, 132.1, 52.2, 33.4, 28.0, 27.9, 26.8, 24.9 ppm; IR (neat):
ñ = 2880, 2820, 1710, 1420, 1260, 1190, 1150 cm�1; HRMS (EI): calcd for
C20H28O4: 332.1988, found: 332.1968 [M]+ .


Dimethyl [11]paracyclophane-13,14-dicarboxylate (11 g): Colorless oil;
1H NMR (CDCl3, 300 MHz): d = 7.28 (s, 2 H), 3.85 (s, 6H), 3.00 (ddd, J
= 13.8, 7.2, 4.8 Hz, 2H), 2.52 (ddd, J = 12.3, 7.8, 4.8 Hz, 2H), 1.55–1.70
(m, 4H), 1.15–1.35 (m, 4H), 0.65–0.95 ppm (m, 10H); 13C NMR (CDCl3,
75 MHz): d = 168.7, 139.7, 132.4, 132.0, 52.2, 33.2, 28.5, 28.0, 27.4, 26.6,


25.6 ppm; IR (neat): ñ = 2870, 1710, 1420, 1260, 1090 cm�1; HRMS (EI):
calcd for C21H30O4: 346.2144, found: 346.2147 [M]+ .


Dimethyl [12]paracyclophane-14,15-dicarboxylate (11 h): Colorless oil;
1H NMR (CDCl3, 300 MHz): d = 7.24 (s, 2H), 3.85 (s, 6 H), 2.95–3.15
(m, 2H), 2.45–2.65 (m, 2H), 1.52–1.72 (m, 4H), 0.90–1.20 (m, 12H),
0.75–0.90 ppm (m, 4H); 13C NMR (CDCl3, 75 MHz): d = 168.8, 139.4,
132.1, 131.9, 52.2, 32.7, 29.3, 27.4, 27.3, 26.4, 25.2 ppm; IR (neat): ñ =


2870, 2820, 1710, 1420, 1260, 1190 cm�1; HRMS (EI): calcd for C22H32O4:
360.2301, found: 360.2306 [M]+ .


Acknowledgements


This work was supported by the Mitsubishi Chemical Corporation Fund
and a Grant-in-Aid for Scientific Research (No. 16750072) from the Min-
istry of Education, Culture, Sports, Science and Technology, Japan. We
thank Takasago International Corporation for the gift of modified
BINAP ligands.


[1] For reviews, see: a) S. Saito, Y. Yamamoto, Chem. Rev. 2000, 100,
2901 – 2915; b) H.-W. Fr�hauf, Chem. Rev. 1997, 97, 523 – 596; c) I.
Ojima, M. Tzamarioudaki, Z. Li, R. J. Donovan, Chem. Rev. 1996,
96, 635 –662; d) M. Lautens, W. Klute, W. Tam, Chem. Rev. 1996, 96,
46– 92; e) R. Boese, A. P. V. Sickle, K. P. C. Vollhardt, Synthesis
1994, 1374 –1382; f) N. E. Schore, Chem. Rev. 1988, 88, 1081 – 1119;
g) K. P. C. Vollhardt, Angew. Chem. 1984, 96, 525 –541; Angew.
Chem. Int. Ed. Engl. 1984, 23, 539 – 556; h) D. B. Grotjahn, in Com-
prehensive Organometallic Chemistry II, Vol. 12, (Eds.: E. W. Abel,
F. G. A. Stone, G. Wilkinson, L. Hegedus), Pergamon, Oxford, 1995,
741 – 770; i) N. E. Shore, in Comprehensive Organic Synthesis, Vol. 5
(Ed.: B. M. Trost, I. Fleming), Pergamon, Oxford, 1991, 1129 –1162.


[2] a) B. M. Trost, Science 1991, 254, 1471 –1477; b) B. M. Trost, Angew.
Chem. 1995, 107, 285 –307; Angew. Chem. Int. Ed. Engl. 1995, 34,
259 – 281; c) B. M. Trost, Acc. Chem. Res. 2002, 35, 695 – 705.


[3] For the first discovery of metal-catalyzed cyclotrimerization, see: W.
Reppe, W. J. Schweckendick, Justus Liebigs Ann. Chem. 1948, 560,
104 – 116.


[4] For recent papers on catalytic, completely intermolecular cyclotri-
merization of alkynes, see: a) E. S. Johnson, G. J. Balaich, P. E. Fan-
wick, I. P. Rothwell, J. Am. Chem. Soc. 1997, 119, 11086 –11087;
b) M. S. Sigman, A. W. Fatland, B. E. Eaton, J. Am. Chem. Soc.
1998, 120, 5130 – 5131; c) J. Yang, J. G. Verkade, J. Am. Chem. Soc.
1998, 120, 6834 –6835; d) O. V. Ozerov, F. T. Ladipo, B. O. Patrick, J.
Am. Chem. Soc. 1999, 121, 7941 – 7942; e) O. V. Ozerov, B. O. Pat-
rick, F. T. Ladipo, J. Am. Chem. Soc. 2000, 122, 6423 – 6431; f) S.
Saito, T. Kawasaki, N. Tsuboya, Y. Yamamoto, J. Org. Chem. 2001,
66, 796 –802; g) L. Yong, H. Butenschoen, Chem. Commun. 2002,
2852 – 2853; h) T. Sugihara, A. Wakabayashi, Y. Nagai, H. Takao, H.
Imagawa, M. Nishizawa, Chem. Commun. 2002, 576 –577; i) E.
R�ba, R. Schmid, K. Kirchner, M. J. Calhorda, J. Organomet. Chem.
2003, 682, 204 –211; j) S. Reinhard, K. D. Behringer, J. Bluemel,
New J. Chem. 2003, 27, 776 –778; k) F. T. Ladipo, V. Sarveswaran,
J. V. Kingston, R. A. Huyck, S. Y. Bylikin, S. D. Carr, R. Watts, S.
Parkin, J. Organomet. Chem. 2004, 689, 502 –514; l) E. Farnetti, N.
Marsich, J. Organomet. Chem. 2004, 689, 14–17.


[5] For stoichiometric intramolecular cyclotrimerization of alkynes, see:
a) E. M�ller, R. Thomas, M. Sauerbier, E. Langer, D. Streichfuss,
Tetrahedron Lett. 1971, 12, 521 – 524; b) E. M�ller, Synthesis 1974,
761 – 774; c) P. Bhatarah, E. H. Smith, J. Chem. Soc. Perkin Trans. 1
1990, 2603 – 2606; d) P. Bhatarah, E. H. Smith, J. Chem. Soc. Chem.
Commun. 1991, 277 – 278; e) P. Bhatarah, E. H. Smith, J. Chem. Soc.
Perkin Trans. 1 1992, 2163 –2168; f) D. M. Duckworth, S. Lee-Wong,
A. M. Z. Slawin, E. H. Smith, D. J. Williams, J. Chem. Soc. Perkin
Trans. 1 1996, 815 – 821; g) R. Hara, Q. Guo, T. Takahashi, Chem.
Lett. 2000, 140 – 141.


[6] For catalytic intramolecular cyclotrimerization of alkynes, see:
a) K. P. C. Vollhardt, R. G. Bergman, J. Am. Chem. Soc. 1974, 96,


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1145 – 11561154


K. Tanaka et al.



www.chemeurj.org





4996 – 4998; b) R. L. Hillard III, K. P. C. Vollhardt, Angew. Chem.
1975, 87, 744 –745; Angew. Chem. Int. Ed. Engl. 1975, 14, 712 –713;
c) R. L. Hillard III, K. P. C. Vollhardt, J. Am. Chem. Soc. 1977, 99,
4058 – 4069; d) K. P. C. Vollhardt, Acc. Chem. Res. 1977, 10, 1– 8;
e) G. P. Chiusoli, L. Pallini, G. Terenghi, Transition Met. Chem.
1983, 8, 189 –190; f) A. C. Williams, P. Scheffels, D. Sheehan, T. Liv-
inghouse, Organometallics 1989, 8, 1566 –1567; g) C. J. Du Toit,
J. A. K. Du Plessis, G. Lachmann, J. Mol. Catal. 1989, 53, 67 –78;
h) Y. Badrich, J. Blum, I. Amer, K. P. C. Vollhardt, J. Mol. Catal.
1991, 66, 295 –312; i) Y. Sato, T. Nishiyama, M. Mori, Heterocycles
1997, 44, 443 – 457; j) Y. Sato, T. Nishimata, M. Mori, J. Org. Chem.
1994, 59, 6133 –6135; k) M. Nishida, H. Shiga, M. Mori, J. Org.
Chem. 1998, 63, 8606 – 8608; l) Y. Yamamoto, A. Nagata, K. Itoh,
Tetrahedron Lett. 1999, 40, 5035 –5038; m) Y. Yamamoto, R. Ogawa,
K. Itoh, Chem. Commun. 2000, 549 – 550; n) Y. Yamamoto, A.
Nagata, Y. Arikawa, K. Tatsumi, K. Itoh, Organometallics 2000, 19,
2403 – 2405; o) R. Takeuchi, S. Tanaka, Y. Nakata, Tetrahedron Lett.
2001, 42, 2991 – 2994; p) F. Slowinski, C. Aubert, M. Malacria, Adv.
Synth. Catal. 2001, 343, 64– 67; q) A. Jeevanandam, R. P. Korivi, I.
Huang, C.-H. Cheng, Org. Lett. 2002, 4, 807 –810; r) T. Sugihara, A.
Wakabayashi, Y. Nagai, H. Takao, H. Imagawa, M. Nishizawa,
Chem. Commun. 2002, 9, 576 – 577; s) Y. Yamamoto, A. Nagata, H.
Nagata, Y. Ando, Y. Arikawa, K. Tatsumi, K. Itoh, Chem. Eur. J.
2003, 9, 2469 – 2483; t) Y. Yamamoto, K. Hata, T. Arakawa, K. Itoh,
Chem. Commun. 2003, 1290 –1291; u) Y. Yamamoto, T. Arakawa, R.
Ogawa, K. Itoh, J. Am. Chem. Soc. 2003, 125, 12143 –12160; v) T.
Shibata, T. Fujimoto, K. Yokota, K. Takagi, J. Am. Chem. Soc. 2004,
126, 8382 –8383.


[7] Y. Yamamoto, J. Ishii, H. Nishiyama, K. Itoh, J. Am. Chem. Soc.
2004, 126, 3712 –3713.


[8] G. Chouraqui, M. Petit, C. Aubert, M. Malacria, Org. Lett. 2004, 6,
1519 – 1521.


[9] For stoichiometric intermolecular crossed-cyclotrimerization of al-
kynes, see: a) Y. Wakatsuki, T. Kuramitsu, H. Yamazaki, Tetrahe-
dron Lett. 1974, 15, 4549 –4552; b) H. Yamazaki, Y. Wakatsuki, J.
Organomet. Chem. 1977, 139, 157 – 167; c) T. Takahashi, Z. Xi, A.
Yamazaki, Y. Liu, K. Nakajima, M. Kotora, J. Am. Chem. Soc. 1998,
120, 1672 –1680; d) T. Takahashi, F.-Y. Tsai, Y. Li, K. Nakajima, M.
Kotora, J. Am. Chem. Soc. 1999, 121, 11093 – 11100; e) D. Suzuki,
H. Urabe, F. Sato, J. Am. Chem. Soc. 2001, 123, 7925 – 7926; f) R.
Tanaka, Y. Nakano, D. Suzuki, H. Urabe, F. Sato, J. Am. Chem. Soc.
2002, 124, 9682 –9683.


[10] For catalytic intermolecular crossed-cyclotrimerization of alkynes
with Ni, see: a) N. Mori, S.-I. Ikeda, K. Odashima, Chem. Commun.
2001, 181 –182; b) Y. Sato, K. Ohashi, M. Mori, Tetrahedron Lett.
1999, 40, 5231 –5234; with Pd, see: c) H. T. Dieck, C. Munz, C.
M�ller, J. Organomet. Chem. 1990, 384, 243 –255; with Ir, see: d) R.
Takeuchi, Y. Nakaya, Org. Lett. 2003, 5, 3659 –3662; with Rh, see:
e) K. Abdulla, B. L. Booth, C. Stacey, J. Organomet. Chem. 1985,
293, 103 –114.


[11] For a preliminary communication, see: K. Tanaka, K. Shirasaka,
Org. Lett. 2003, 5, 4697 – 4699.


[12] Cyclotrimerization by an alternative cascade carbometalation route
has also been reported; see: a) I. Ojima, A. T. Vu, J. V. McCullagh,
A. Kinoshita, J. Am. Chem. Soc. 1999, 121, 3230 – 3231; b) J.-U.
Peters, S. Blechert, Chem. Commun. 1997, 1983 – 1984; c) S. K. Das,
R. Roy, Tetrahedron Lett. 1999, 40, 4015 –4018; d) G. B. Hçven, J.
Efskind, C. Rømming, K. Undheim, J. Org. Chem. 2002, 67, 2459 –
2463.


[13] For the transition-metal-catalyzed dimerization of terminal alkynes,
see: a) R. U. Kirss, R. D. Ernst, A. M. Arif, J. Organomet. Chem.
2004, 689, 419 –428; b) Y. Gao, R. J. Puddephatt, Inorg. Chim. Acta
2003, 350, 101 – 106; c) T. Opstal, F. Verpoort, Synlett 2003, 314 –320;
d) J. Navarro, M. Sagi, E. Sola, F. J. Lahoz, I. T. Dobrinovitch, A.
Katho, F. Joo, L. A. Oro, Adv. Synth. Catal. 2003, 345, 280 –288;
e) K. Melis, D. De Vos, P. Jacobs, F. Verpoort, J. Organomet. Chem.
2002, 659, 159 –164; f) E. Ruba, K. Mereiter, R. Schmid, V. N. Sapu-
nov, K. Kirchner, H. Schottenberger, M. J. Calhorda, L. F. Veiros,
Chem. Eur. J. 2002, 8, 3948 –3961; g) M. Rubina, V. Gevorgyan, J.


Am. Chem. Soc. 2001, 123, 11107 – 11108; h) W. A. Herrmann,
V. P. W. Bçhm, C. W. K. Gstçttmayr, M. Grosche, C.-P. Reisinger, T.
Weskamp, J. Organomet. Chem. 2001, 617–618, 616 –628; i) T.
Ohmura, S. Yorozuya, Y. Yamamoto, N. Miyaura, Organometallics
2000, 19, 365 – 367; j) Y. Nishibayashi, M. Yamanashi, I. Wakiji, M.
Hidai, Angew. Chem. 2000, 112, 3031 –3033; Angew. Chem. Int. Ed.
2000, 39, 2909 – 2911; k) J.-P. Q�, D. Masui, Y. Ishii, M. Hidai, Chem.
Lett. 1998, 1003 –1004; l) B. M. Trost, M. T. Sorum, C. Chan, A. E.
Harms, G. Ruhter, J. Am. Chem. Soc. 1997, 119, 698 –708; m) C. S.
Yi, N. Liu, Organometallics 1996, 15, 3968 –3971; n) C. Bianchini, P.
Frediani, D. Masi, M. Peruzzini, F. Zanobini, Organometallics 1994,
13, 4616 – 4632; o) C.-H. Jun, Z. Lu, R. H. Crabtree, Tetrahedron
Lett. 1992, 33, 7119 –7120.


[14] For rhodium-catalyzed intramolecular cyclotrimerization of alkynes,
see: a) E. M�ller, Synthesis 1974, 761 – 774; b) R. Grigg, R. Scott, P.
Stevenson Tetrahedron Lett. 1982, 23, 2691 –2692; c) R. Grigg, R.
Scott, P. Stevenson, J. Chem. Soc. Perkin Trans. 1 1988, 1357 –1364;
d) P. Magnus, D. Witty, A. Stamford, Tetrahedron Lett. 1993, 34, 23–
26; e) F. E. McDonald, H. Y. H. Zhu, C. R. Holmquist, J. Am.
Chem. Soc. 1995, 117, 6605 –6606; f) S. Kotha, E. Brahmachary, Tet-
rahedron Lett. 1997, 38, 3561 – 3564; g) B. Witulski, T. Stengel,
Angew. Chem. 1999, 111, 2521 –2525; Angew. Chem. Int. Ed. 1999,
38, 2426 – 2430; h) R. Grigg, V. Sridharan, J. Wang, J. Xu, Tetrahe-
dron 2000, 56, 8967 –8976; i) B. Witulski, T. Stengel, J. M. Fernan-
dez-Hernandez, Chem. Commun. 2000, 1965 –1966; j) F. E. McDo-
nald, V. Smolentsev, Org. Lett. 2002, 4, 745 –748; k) B. Witulski, A.
Zimmermann, Synlett 2002, 1855 –1859; l) B. Witulski, C. Alayrac,
Angew. Chem. 2002, 114, 3415 –3418; Angew. Chem. Int. Ed. 2002,
41, 3281 –3284; m) H. Nishiyama, E. Niwa, T. Inoue, Y. Ishima, K.
Aoki, Organometallics 2002, 21, 2572 – 2574; n) H. Kinoshita, H. Shi-
nokubo, K. Oshima, J. Am. Chem. Soc. 2003, 125, 7784 – 7785.


[15] a) J. Ohshita, K. Furumori, A. Matsuguchi, M. Ishikawa, J. Org.
Chem. 1990, 55, 3277 –3280; b) L. D. Field, A. J. Ward, P. Turner,
Aust. J. Chem. 1999, 52, 1085 –1092.


[16] For recent examples of rhodium-catalyzed intermolecular cycloaddi-
tions involving an alkyne, see: a) K. H. Park, I. G. Jung, Y. K.
Chung, Org. Lett. 2004, 6, 1183 – 1186; b) S. Nakamura, Y. Hirata, T.
Kurosaki, M. Anada, O. Kataoka, S. Kitagaki, S. Hashimoto, Angew.
Chem. 2003, 115, 5509 – 5513; Angew. Chem. Int. Ed. 2003, 42, 5351 –
5355; c) D. M. Hodson, R. Glen, G. H. Grant, A. J. Redgrave, J.
Org. Chem. 2003, 68, 581 –586; d) P. A. Wender, T. M. Pedersen,
M. J. C. Scanio, J. Am. Chem. Soc. 2002, 124, 15 154 – 15155; e) S. R.
Gilbertson, B. DeBoef, J. Am. Chem. Soc. 2002, 124, 8784 –8785.


[17] For rhodium-catalyzed intermolecular cyclotrimerization of alkynes
with rhodium clusters, see: a) W. Baidossi, N. Goren, J. Blum, J.
Mol. Catal. 1993, 85, 153 –162; with dirhodium(ii) perfluorobutyrate,
see: b) M. P. Doyle, M. S. Shanklin, Organometallics 1994, 13, 1081 –
1088; with dirhodaboranes, see: c) H. Yan, A. M. Beatty, T. P. Fehl-
ner, Organometallics 2002, 21, 5029 –5037.


[18] X. Zhang, K. Mashima, K. Koyano, N. Sayo, H. Kumobayashi, S.
Akutagawa, H. Takaya, Tetrahedron Lett. 1991, 32, 7283 – 7286.


[19] a) T. Saito, T. Yokozawa, X. Zhang, N. Sayo, EP 850945 A, 1998,
US 5872273, 1999; b) T. Saito, T. Yokozawa, T. Ishizaki, T. Moroi,
N. Sayo, T. Miura, H. Kumobayashi, Adv. Synth. Catal. 2001, 343,
264 – 267.


[20] For a review of cyclophane chemistry, see: J. P. Fçgtle, Cyclophane
Chemistry, Wiley. Chichester, England, 1993.


[21] A. F. Moretto, H.-C. Zhang, B. E. Maryanoff, J. Am. Chem. Soc.
2001, 123, 3157 –3158.


[22] L. V. R. Bonaga, H.-C. Zhang, D. A. Gauthier, I. Reddy, B. E. Mar-
yanoff, Org. Lett. 2003, 5, 4537 –4540.


[23] a) S. Saito, M. M. Salter, V. Gevorgyan, N. Tsuboya, K. Tando, Y.
Yamamoto, J. Am. Chem. Soc. 1996, 118, 3970 – 3971; b) S. Saito, N.
Tsuboya, Y. Yamamoto, J. Org. Chem. 1997, 62, 5042 – 5047; c) D.
Weibel, V. Gevorgyan, Y. Yamamoto, J. Org. Chem. 1998, 63, 1217 –
1220.


[24] a) K. H. Dçtz, A. Gerhardt, J. Organomet. Chem. 1999, 578, 223 –
228; b) H. Wang, W. D. Wulff, A. L. Rheingold, J. Am. Chem. Soc.


Chem. Eur. J. 2005, 11, 1145 – 1156 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1155


FULL PAPERChemo- and Regioselective Intermolecular Cyclotrimerization of Terminal Alkynes



www.chemeurj.org





2000, 122, 9862 – 9863; c) H. Wang, W. D. Wulff, A. L. Rheingold, J.
Am. Chem. Soc. 2003, 125, 8980 – 8981.


[25] For the synthesis of [6]metacyclophanes, see: G. W. Wijsman, F. J. J.
de Kanter, W. H. de Wolf, F. Bickelhaupt, Eur. J. Org. Chem. 2001,
2743 – 2748.


[26] B. Hellbach, R. Gleiter, F. Rominger, Synthesis 2003, 2535 – 2541.
[27] For the synthesis of [7]paracyclophanes, see: J. Hunger, C. Wolff, W.


Tochtermann, E. M. Peters, K. Peters, H. G. Von Schnering, Chem.
Ber. 1986, 119, 2698 – 2722.


[28] E. W. Colvin, Silicon Reagents in Organic Synthesis, Academic Press,
London, England, 1988, 1–4.


[29] T. T.-L. Au-Yeung, S.-S. Chan, A. S. C. Chan, Adv. Synth. Catal.
2003, 345, 537 –555.


[30] K. S. Choi, M. K. Park, B. H. Han, Bull. Korean Chem. Soc. 1998,
19, 1257 –1261.


[31] S. D�rien, J.-C. Clinet, E. DuÇach, J. P�richon, J. Organomet. Chem.
1992, 424, 213 –224.


[32] S. K. Das, R. Roy, Tetrahedron Lett. 1999, 40, 4015 –4018.
[33] L. Yong, H. Butenschçn, Chem. Commun. 2002, 23, 2852 –2853.
[34] K. Matsumoto, S. Hashimoto, S. Otani, T. Uchida, Heterocycles


1984, 22, 2713 –2717.
[35] K. Satake, I. Umemoto, K. Usumoto, M. Kimura, S. Morosawa, T.


Kumagai, T. Mukai, Heterocycles 1990, 31, 163 – 172.
[36] W. Tochtermann, M. Haase, Chem. Ber. 1984, 117, 2293 – 2299.


Received: October 8, 2004
Published online: December 27, 2004


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1145 – 11561156


K. Tanaka et al.



www.chemeurj.org






Analysis of Noncovalent Complexes between Human Telomeric DNA and
Polyamides Containing N-Methylpyrrole and N-Methylimidazole by Using
Electrospray Ionization Mass Spectrometry


Jiang Zhou and Gu Yuan*[a]


Introduction


Telomerase and telomeres are the focus of much research in
the fields of cell immortality and cancer. Telomeres are gua-
nine-rich sequences that possess several functions essential
for genome integrity. Human telomeres consist of TTAGGG
repeats and have single-stranded termini. The telomerase
enzyme is capable of rebuilding the ends of telomeres by re-
placing these terminal sequences and has been shown to be
active in 85–90 % of human cancers, but inactive in healthy,
somatic cells.[1–6] An active search is, therefore, underway for
drugs that can bind to and stabilize telomeres, thus inhibit-
ing telomerase activity.


Recently, polyamides containing N-methylpyrrole and N-
methylimidazole have attracted the attention of synthetic
and biological chemists, because of their ability to recognize
and bind to the minor groove of DNA.[7,8] Since these poly-
amides can permeate living cell membranes, they have the
potential to control specific gene expression.[9] We have de-


veloped a convenient method of polyamide synthesis by em-
ploying the haloform reaction and the DCC/HOBt coupling
reaction in the solution phase (DCC= dicyclohexylcarbodi-
imide, HOBt= 1-hydroxybenzotriazole).[10] By using this
technique, four novel polyamides were designed and synthe-
sized for the study of their recognition of and binding affini-
ty towards human telomeric DNA (Scheme 1).


Within the last decade, electrospray ionization mass spec-
trometry (ESI-MS) led to a great development in the analy-
sis of biomolecules,[11–13] for example, the analysis of com-
plexes formed between drugs and DNA,[14–20] RNA,[21,22] and
proteins.[12] Here, we report the analysis, by using ESI-MS,
of the noncovalent interactions between polyamides and
DNA molecules containing the TTAGGG sequence, the
telomeric repeat in vertebrate somatic cells.


Results and Discussion


Complexes between polyamides and a duplex oligonucleo-
tide (D1): Following the annealing of two single-stranded
oligonucleotides, the ESI-MS spectrum of the free duplex
DNA solution was recorded and revealed five main ions at
m/z 1177, 1251, 1457, 1766, and 1877. The ion [duplex]5� at
m/z 1457 could be easily distinguished from ions of the two
single-stranded oligonucleotides (m/z 1177, 1251, 1766, and
1877), confirming formation of the duplex in the annealing


[a] J. Zhou, Prof. Dr. G. Yuan
Department of Chemical Biology
Key Laboratory of Bioorganic Chemistry and
Molecular Engineering of Ministry of Education
College of Chemistry, Peking University
Beijing 100871 (P. R. China)
Fax: (+86) 10-6275-1708
E-mail : guyuan@pku.edu.cn


Abstract: Electrospray ionization mass
spectrometry (ESI-MS) was used to in-
vestigate noncovalent complexes
formed between four novel polyamides
containing N-methylpyrrole (Py) and
N-methylimidazole (Im), and human
telomeric DNA. Of the four polyam-
ides investigated, PyPyPygImImImbDp
(3) had the highest binding affinity to-
wards the duplex d(TTAGGGT-
TAGGG/CCCTAACCCTAA) (D1).


Results of competition analysis showed
that the polyamides had binding affini-
ties with D1 in the order PyPyPygImI-
mImbDp (3)>PyPyPyPygPyImIm-
PybDp (4)>PyPyPybImImImbDp


(2)@ ImImImbDp (1). MS/MS spectra
confirmed that binding between D1
and the hairpin polyamides is more
stable than that with the three-ring
polyamides. By contrast, in the case of
single-stranded d(TTAGGGT-
TAGGG)(D2), the binding order
changes to ImImImbDp (1)>PyPyPy-
gImImImbDp (3)>PyPyPybImI-
mImbDp (2).


Keywords: DNA recognition ·
human telomeric DNA · mass
spectrometry · noncovalent
interactions · polyamides
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process. Therefore, we chose to study mainly the ions with
the 5� charge state, that is, [duplex]5�.


Figure 1 shows the results of the binding of polyamides 1–
4 with the duplex oligonucleotides in a 1:1 molar ratio.
Table 1 summarizes the effect of the molar ratio of D1 to
polyamides on binding, in which the relative abundance was
normalized to 100 % for each spectrum. In the case of ImI-
mImbDp (1), since it targets the two GGG sites of D1, we
found not only the 1:1 and 1:2 complexes (m/z 1562 and
1668, respectively), but also the higher molar ratio com-


plexes [D1+3 P]5� (D1/polyamide=1:3, m/z 1773) and
[D1+4 P]5� (D1/polyamide = 1:4, m/z 1879). This corre-
sponds to three or four molecules of 1 binding in the minor
groove of the duplex DNA in a side-by-side, antiparallel
fashion. For the six- or eight-ring polyamides, the most
abundant ion in each spectrum could be assigned to the 1:1
complex (except for in the case of the highest molar ratio of
polyamide to duplex). In addition, the signal of the duplex
(m/z 1457) decreased dramatically as the concentration of
the six- or eight-ring polyamides increased. This decrease
was significantly greater than that observed for 1, and dem-
onstrates how the connection of the carboxyl and amino ter-
mini of two polyamides through either a g-butyric acid
linker or a b-alanine linker can greatly increase the DNA-
binding affinity.[23]


Comparison of the data for these six- or eight-ring poly-
amides shows that PyPyPygImImImbDp (3) had the highest
and PyPyPybImImImbDp (2) the lowest binding affinity to-
wards D1. Moreover, the data shows that 1:2 complexes of 2
(D1/polyamide 2, m/z 1843) became predominant at the
highest concentration used. This result may be explained as
follows: for 2, the b-linker is too short to enable the polyam-
ide to fold into a hairpin motif and to fit into the minor
groove of the DNA molecule. However, two molecules of 2
probably form a side-by-side, antiparallel motif; therefore,
the formation of this 1:2 complex is preferred to that of the
1:1 complex. In the cases of PyPyPygImImImbDp (3) and
PyPyPyPygPyImImPybDp (4), it is very likely that their
longer g-linker enables them to bind to DNA in a hairpin-
like conformation, conserving the side-by-side alignment of
the Im and Py subunits. This also facilitates the antiparallel
pairing of Im/Py, which targets a G–C base pair, and Py/Py,
which recognizes either an A–T or a T–A base pair.[24–27]


Therefore, compound 3, which targets a GGG(A/T) se-
quence, was the optimal, matched binder for D1, whereas 2
and 4, which target (A/T)(A/T)(A/T)(A/T)GGG and (A/T)-
GG(A/T)(A/T), respectively, were mismatched binders.
The highest binding affinity towards D1 was, therefore, dem-


Scheme 1. The four DNA-recognizing polyamides used in this study:
Im=N-methylimidazole; Py =N-methylpyrrole; Dp=N,N-dimethylpro-
pyldiamine, which increases the polarity of the polyamide; b=b-alanine,
which increases polyamide–DNA binding affinity; g= g-aminobutyric
acid, which facilitates the formation of a g-turn.


Table 1. Effect of the molar ratio of D1 to polyamides on binding.


1:1 1:2 1:4 1:8


[D1]5� 100.0 100.0 100.0 100.0
[D1+P]5� 30.6 56.7 68.8 89.5


1 [D1+2P]5� 21.4 31.8 30.3 83.5
[D1+3P]5� 5.2 10.5 29.4 57.2
[D1+4P]5� N.D.[a] 7.7 10.8 38.5


[D1]5� 89.5 31.2 N.D.[a] N.D.[a]


2 [D1+P]5� 100.0 100.0 100.0 100.0
[D1+2P]5� N.D.[a] N.D.[a] 10.0 185.9


[D1]5� 17.8 N.D.[a] N.D.[a] N.D.[a]


3 [D1+P]5� 100.0 100.0 100.0 100.0
[D1+2P]5� N.D.[a] 12.4 72.7 134.5


[D1]5� 24.1 5.2 N.D.[a] N.D.[a]


4 [D1+P]5� 100.0 100.0 100.0 100.0
[D1+2P]5� N.D.[a] 7.0 27.7 80.6


[a] N.D.=not detectable.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1157 – 11621158



www.chemeurj.org





onstrated by 3. These results clearly indicate the relative
binding affinities of the polyamides to be: 3>4>2 @1.


Competition experiments of polyamides with the duplex
oligonucleotide (D1): A competition study for polyamides
1–4 with D1 was performed to directly determine relative
binding affinities. In the competition experiment between
D1 and 1, 3, or 4 (Figure 2A), the 1:1 complex ion (m/z
1653) of 3 and D1 had the highest intensity (normalized to
100 %), whereas the 1:1 complex ion (m/z 1701) of 4 and D1


represented a relative abundance of 42 %, and the complex
ion (m/z 1563) of 1 was not detected at all. In addition, we
investigated the competition binding between polyamides 1,
2, and 4. The results suggested that 4 had the highest intensi-
ty (normalized to 100 %), whereas 2 had a relative abun-
dance of 56 %, and 1 had the lowest affinity, with a relative
abundance of 11 % (Figure 2B).


The results of these competition experiments are consis-
tent with the aforementioned conclusions. Due to different
motifs, base-pair binding sites, and sizes, the binding affini-


Figure 1. Negative-ion ESI mass spectra of the mixtures containing a 1:1 ratio of D1 to polyamide. A) Free D1; B) ImImImbDp (1)+D1; C) PyPyPybI-
mImImbDp (2)+D1; D) PyPyPygImImImbDp (3)+D1; E) PyPyPyPygPyImImPybDp (4)+D1. (ss: single-stranded.)


Chem. Eur. J. 2005, 11, 1157 – 1162 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1159


FULL PAPERTelomeric DNA–Polyamide Complexes



www.chemeurj.org





ties of the polyamides can be easily discriminated according
to the specific duplex DNA sequence. As a result, the
matched hairpin polyamide (3) binds the 5’-TTAGGG-3’
site with the highest affinity and sequence specificity, where-
as one-base-mismatched polyamides (2 and 4) take second
place, and 1 has the lowest binding affinity of the four poly-
amides. Moreover, because most of the duplex DNA was
bound by hairpin polyamides, ions of 1:2, 1:3, and 1:4 com-
plexes of the three-ring polyamide 1, and even the 1:1 com-
plex, were not observed (Figure 2A).


MS/MS spectra of complexes with D1: To investigate the
fragmentation and stability of the complexes, the [ds+Pn]


5�


ions were activated by collision and the fragment ion spectra
were recorded (Figure 3). The [ds+P1]


5� ion dissociated into
two noncomplexed single strands and the duplex ion with a
charge state of 5�, accompanied by the [ds+P1�G]5� and
[ds�G]5� ions (Figure 3A). However, in the cases of 2, 3,
and 4, we have not observed the duplex ion. Instead, the
[ds+Pn]


5� ions generated only single strands, [ds+Pn�A]5�,
[ds+Pn�G]5�, and [ss+Pn]


3� (Figure 3B–D, respectively).
The differences between 1 and polyamides 2–4 demon-


strated in the MS/MS spectra indicate their distinct binding


affinities. Polyamides 2–4 had much greater binding affini-
ties than the three-ring polyamide 1; therefore, as the com-
plexes dissociated, the strong interactions between the DNA
strands and polyamides 2–4 led to the initial loss of a base
group, and the complexes of polyamides and D1 remained
as single strands with polyamides. The size of the polyam-
ides also played an important role in dissociation.


These results confirm that the binding between D1 and
the hairpin polyamides is more stable than that with 1.


Complexes between polyamides and single-stranded oligo-
nucleotide (D2): We also studied the binding stoichiometry
by mixing D2 (d(TTAGGGTTAGGG), monoisotopic
mass =3756.6) with polyamides 1–3 in molar ratios ranging
from 1:1 to 1:8. Table 2 summarizes the effects of the molar
ratio of D2 to polyamide on binding, in which the relative
abundance was normalized to 100 % for each spectrum.


The relative abundances of the polyamide–D2 complexes
were lower than those of the D1 complexes, and as the ratio
of polyamide to D2 increased, the relative abundance of
[complex]3� to [D2]3� slowly increased. For example, in the
case of polyamide 1, the relative abundance of complex
[D2+P]3� (m/z 1427) to [D2]3� (m/z 1251) increased from
0.17 to 0.54 as the molar ratio increased from 1:1 to 1:8, and
for 3, the relative abundance of [D2+P]3� (m/z 1577) to
[D2]3� increased from 0.10 to 0.32, as the molar ratio in-
creased from 1:1 to 1:8.


The distinct behaviors of D1 and D2 are attributable to
their different secondary structures. Since polyamides bind
readily in minor grooves of DNA, which exist only in the
duplex molecules, the complexes of D1 are much more
stable than those of the single-stranded oligonucleotide D2.
Furthermore, polyamides 3 and 1 matched the two GGG(A/
T) sites of D2, and due to the size effect, 1 had a higher
binding affinity than 3. Polyamide 2 binds preferentially to
the (A/T)(A/T)(A/T)(A/T)GGG sequence, which was not
present in D2; consequently, 2 had the lowest binding affini-
ty of the three polyamides. Therefore, the order of binding


Figure 2. Competition study of polyamides with D1. Complexes of D1
and polyamides 1–4 are denoted C1–C4, respectively. A) D1 with poly-
amides 1, 3, and 4 ; B) D1 with polyamides 1, 2, and 4.


Table 2. Effect of the molar ratio of D2 to polyamides on binding.


1:1 1:2 1:4 1:8


[D2]3� 100.0 100.0 100.0 100.0
[D2+P]3� 17 33.4 32.5 53.9


1 [D2+2P]3� 8.5 14.3 23.2 61.0
[D2+3P]3� N.D.[a] N.D.[a] 12.3 21.1
[D2 +4P]3� N.D.[a] N.D.[a] N.D.[a] 41.1


[D2]3� 100.0 100.0 100.0 100.0
3 [D2+P]3� 10.3 12.3 27.0 32.3


[D2+2P]3� N.D.[a] N.D.[a] N.D. 28.3


[D2]3� 100.0 100.0 100.0 100.0
2 [D2+P]3� N.D.[a] 10.7 9.0 14.2


[D2+2P]3� N.D.[a] N.D.[a] N.D.[a] 14.9


[a] N.D.=not detectable.
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affinities for the polyamides with D2 is 1>3>2. The bind-
ing of polyamides to single-stranded oligonucleotides is also
affected by other interactions, such as hydrogen bonds and
Van der Waals forces. For example, N-methylimidazole(Im)
is more likely to bind to a guanine base, because its N3
atom can form an additional hydrogen bond with the NH2


group of a guanine base. Therefore, polyamide 1 exhibits
the highest binding affinity of the polyamides 1–3 towards
D2.


Conclusion


This study provides strong evidence for the binding of novel
polyamides to double- or single-stranded oligonucleotides
containing a TTAGGG sequence. Analysis of the stoichiom-
etry and selectivity revealed that, of the four polyamides
studied, polyamide 3 (PyPyPygImImImbDp) had the highest
binding affinity towards d(TTAGGGTTAGGG/
CCCTAACCCTAA). This research provides insights into in-
teractions between small molecules and telomeric DNA and
has potential application in the design and synthesis of
novel polyamides that recognize human telomeric DNA.


Experimental Section


Materials and sample preparations : Single-stranded oligonucleotides
(d(TTAGGGTTAGGG), d(CCCTAACCCTAA)) were purchased from
Sangon (Beijing, China). Oligonucleotides were dissolved in water and
then diluted with ammonium acetate solution. For duplex DNA synthesis,
two complementary single-stranded oligonucleotides were mixed in equi-
molar proportions, annealed at 90 8C, and slowly cooled to room temper-
ature (over 4 h) to allow for the formation of the duplex (D1).


D1: d(TTAGGGTTAGGG/CCCTAACCCTAA) (monoisotopic mass =


7291.0)


D2: d(TTAGGGTTAGGG) (monoisotopic mass =3756.6)


Desalting was performed three times by using Microcon filters (Amicon,
Beverly, USA) with a 3000 Da cut-off. The resulting DNA stock solution
was 500 mm in 100–150 mm NH4OAc.


A haloform reaction was used to synthesize the building blocks that con-
tained two to four heterocycle rings, these building blocks were then
joined by means of the DCC/HOBt coupling reaction to produce the
polyamides (DCC =dicyclohexylcarbodiimide, HOBt =1-hydroxybenzo-
triazole).[10] The synthesis of PyPyPygImImImbDp (3) is described as an
example of this process in Scheme 2. Polyamides 1, 2, and 4 were pre-
pared in the same way. The purification and characterization of polyam-
ides 1–4 was performed according to our previous paper.[10] In all of our
experiments, we used the free base form of these compounds.


Polyamides were dissolved in a mixture of methanol and water (50:50,
v/v) to a concentration of 500 mm. Aliquots of each DNA solution
(2.0 mL) were mixed with the polyamide solutions (2.0–16 mL), and then
diluted with methanol/100 mm ammonium acetate (20:80, v/v) to a final
volume of 40 mL. Methanol was used as it ensures a good spray.[15, 16]


Figure 3. MS/MS spectra of complex ions [ds+Pn]
5� for polyamides 1–4 (denoted as P1, P2, P3, and P4, respectively). A) [ds+P1]


5� ; B) [ds+P2]
5� ;


C) [ds+P3]
5� ; D) [ds+P4]


5�. (ds: double-stranded; ss: single-stranded; PI: parent ions.)


Chem. Eur. J. 2005, 11, 1157 – 1162 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1161


FULL PAPERTelomeric DNA–Polyamide Complexes



www.chemeurj.org





Mass spectrometry : ESI-MS spectra were obtained by using a Finnigan
LCQ Deca XP Plus ion trap mass spectrometer (San Jose, CA), and all
experiments were carried out in the negative-ion mode. We directly in-
fused the complex solution into the mass spectrometer at a flow rate of
2 mLmin�1. The electrospray source conditions were optimized to favor
the detection of the noncovalent complexes (spray voltage 2.0–2.5 kV, ca-
pillary temperature 100 8C). In all experiments, the scanned mass range
was set at 1000–2000 u. Data were collected and analyzed by using the
Xcalibur software developed by ThermoFinnigan, and 10 scans were
averaged for each spectrum.
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Scheme 2. Synthesis of PyPyPygImImImbDp (3). DCC: dicyclohexylcarbodiimide; HOBt: 1-hydroxybenzotri-
azole; Dp: N,N-dimethylpropyldiamine.
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A Supported Liquid Membrane Encapsulating a Surfactant–Lipase Complex
for the Selective Separation of Organic Acids


Eijiro Miyako, Tatsuo Maruyama,* Noriho Kamiya, and Masahiro Goto*[a]


Introduction


A supported liquid membrane (SLM) facilitates the selec-
tive separation of a target molecule by either exploiting the
solubility differences between solutes in the liquid mem-
brane phase or by the specific interaction between a carrier
and the target molecule.[1] Application of the SLM tech-
nique has been limited mainly to the separation of metal
ions, although the separation of amines, antigens, and sugars
has also been reported.[1c,2] We previously used an SLM cou-
pled with lipase-catalyzed reactions to achieve selective
transport of organic acids through the SLM, in which the se-
lectivity was assumed to be due to the substrate specificity
of the lipase.[3] In our previous SLM systems, an organic
acid was esterified by a lipase in the feed aqueous phase.
The resulting ethyl ester then dissolved in the liquid mem-
brane phase, diffused across the SLM, and was hydrolyzed
by a different lipase in the receiving aqueous phase. Un-
fortunately, the transport efficiencies for organic acids were
unsatisfactory, even when a large amount of lipase was used


for esterification. This is presumably due to the low esterifi-
cation activity in the feed aqueous solution.


In the last decade, great progress has been made in the
study of nonaqueous enzymology, for example, the catalysis
of synthetic reactions in organic solvents. In particular, a
surfactant (dioleyl-l-glutamate ribitol (2C18D


9GE))–lipase
(from Candida rugosa) complex, which is soluble in organic
solvents, effectively catalyzed esterification and interesterifi-
cation in organic media.[4–6] Therefore, we encapsulated the
surfactant–lipase complex in the liquid membrane phase of
the SLM. This complex is expected to catalyze the sub-
strate-specific or enantioselective esterification of various
organic acids within the thin liquid membrane film, resulting
in improved transport of the organic acid through the SLM.
We recently demonstrated an SLM that encapsulated surfac-
tant–enzyme (lipase and a-chymotrypsin) complexes and
that could achieve highly enantioselective transport of (S)-
ibuprofen and l-phenylalanine.[6] In the present study, the
selective separation of organic acids and the enantioselec-
tive transport of (S)-ibuprofen by means of the SLM encap-
sulating the surfactant–lipase complex are investigated in
detail, and important parameters affecting transport effi-
ciency are discussed.


Figure 1a shows a schematic diagram of organic acid
transport through the SLM encapsulating the surfactant–
lipase complex. RACOOH, RBCOOH, EtOH, and RA-
COOEt represent the organic acid transported, the organic


[a] E. Miyako, Dr. T. Maruyama, Prof. N. Kamiya, Prof. M. Goto
Department of Applied Chemistry
Graduate School of Engineering
Kyushu University, 6-10-1 Hakozaki, Fukuoka 812-8581 (Japan)
Fax: (+81) 92-642-3575
E-mail : tmarutcm@mbox.nc.kyushu-u.ac.jp


mgototcm@mbox.nc.kyushu-u.ac.jp


Abstract: We have developed a novel,
lipase-facilitated, supported liquid
membrane (SLM) for the selective sep-
aration of organic acids by encapsulat-
ing a surfactant–lipase complex in the
liquid membrane phase. This system
exhibited a high transport efficiency
for 3-phenoxypropionic acid and en-
abled the selective separation of organ-
ic acids due to the different solubilities
of the acids in the organic phase and
the variable substrate specificity of the


surfactant–lipase complex in the liquid
membrane phase. We found that vari-
ous parameters, such as the amount of
surfactant–lipase complex in the SLM,
the lipase concentration in the receiv-
ing phase, and the ethanol concentra-
tion in the feed phase, affected the


transport behavior of organic acids.
The optimum conditions were 5 g L�1


of the surfactant–CRL complex in the
SLM (CRL= lipase from Candida
rugosa), 8 g L�1 of PPL in the receiving
phase (PPL= lipase from porcine pan-
creas), and an ethanol concentration of
50 vol%. Furthermore, we achieved
high enantioselective transport of (S)-
ibuprofen attributable to the enantiose-
lectivity of the surfactant–CRL com-
plex.


Keywords: chiral resolution ·
enzyme catalysis · lipases · organic
acids · supported liquid membranes
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acid not transported, the carrier ethanol, and the resulting
ethyl ester, respectively. The surfactant–CRL complex
(CRL= lipase from Candida rugosa) acts as a biocatalyst for
esterification in the organic phase (at Interface 1), whereas
lipase PPL (from porcine pancreas) in the receiving phase
hydrolyzes the ester (Interface 2). As a result, RACOOH is
esterified by the surfactant–CRL complex at Interface 1,
RACOOEt partitions into the organic phase of the SLM,
and then diffuses across the SLM. (RBCOOH is not esteri-
fied by the surfactant–CRL complex because the latter does
not recognize RBCOOH as a substrate.) At Interface 2 in
the receiving phase, PPL catalyzes the hydrolysis of
RACOOEt to ethanol and the original RACOOH, both of
which are soluble in water. The overall result is that
RACOOH is transported through the SLM.


Results and Discussion


Transport of 3-phenoxypropionic acid (3-PPA) through the
SLM encapsulating the surfactant–lipase complex : We previ-
ously developed an SLM in which lipases CRL and PPL,
dissolved in the feed and receiving aqueous phases, respec-
tively, facilitated the transport of organic acids through the
SLM.[3,7] CRL served as an esterification catalyst in the feed
phase to produce the ethyl esters of the organic acids.[8] Un-


fortunately, the esterification activity of CRL is very low in
an aqueous phase and resulted in the unsatisfactory perme-
ate flux of organic acids through the SLM.


In the present study, we employed a surfactant–CRL com-
plex in the liquid membrane phase as an esterification bio-
catalyst instead of native CRL in the feed aqueous phase.
The surfactant–CRL complex can be solubilized in organic
solvents and exhibits high esterification activity in organic
media.[4,5s, 6] The encapsulation of this complex in the liquid
membrane phase of the SLM was expected to effectively es-
terify a targeted organic acid at Interface 1 and to initiate its
transport through the SLM (Figure 1a). Figure 2 shows the


lipase-facilitated transport of 3-phenoxypropionic acid (3-
PPA) through the SLM encapsulating the surfactant–CRL
complex, and through the previously reported lipase-facili-
tated SLM.[3a] In the case of the CRL complex, the concen-
tration of 3-PPA increased in the receiving phase over time
and decreased simultaneously in the feed phase. After 12 h,
the 3-PPA concentration in the receiving phase had reached
a plateau (about 10 mm). Notably, a high initial permeate
flux of 3-PPA (2.97 mol m�2 h�1) was obtained and all of the
3-PPA had been transported from the feed phase to the re-
ceiving phase within 12 h. Control experiments, in which li-
pases were absent in either the liquid membrane or receiv-
ing phases, resulted in no 3-PPA transport through the SLM
in either case. These permeation experiments were per-
formed in duplicate; we obtained almost the same results
and confirmed their reproducibility. These results indicated
that the transport of 3-PPA through the SLM encapsulating
the surfactant–CRL complex was enabled by lipase-cata-
lyzed reactions, as shown in Figure 1. In contrast, for the
previously reported lipase-facilitated SLM, the concentra-
tion of 3-PPA in the receiving phase increased over time
and reached a maximum of around 8 mm. The initial perme-
ate flux of the 3-PPA was 0.81 molm�2 h�1, which is less than


Figure 1. a) Schematic concept of the lipase-facilitated transport of a tar-
geted organic acid through the SLM encapsulating the surfactant–lipase
complex. b) Schematic illustration of the SLM cell, in which the SLM
separates the aqueous phases. The apparatus was maintained at 37 8C in
a thermostatically controlled water bath.


Figure 2. Lipase-facilitated transport of 3-PPA through the SLM encapsu-
lating the surfactant–lipase complex (concentration of 3-PPA in the re-
ceiving (*) and feed (*) phases) and through the lipase-facilitated SLM
developed previously[3a] (concentration of 3-PPA in the receiving (&) and
feed (&) phases).
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one third of the value recorded for the SLM encapsulating
the lipase complex. We have already demonstrated that the
surfactant–lipase complex exhibits high esterification activi-
ty in organic solvents.[4,5a,6] The notably higher permeate
flux of 3-PPA is, therefore, due to the high esterification ac-
tivity of the surfactant–lipase complex in the organic liquid
membrane phase.


Effect of the amount of lipase on the permeate flux of 3-
PPA : Because the lipase-catalyzed reactions drive the per-
meation of 3-PPA through the SLM, it is expected that the
permeate flux of 3-PPA is influenced by the amount of
lipase in the liquid membrane and receiving phases. Fig-
ure 3a and b show the effects of increasing the amounts of


surfactant–CRL complex and PPL in the SLM and receiving
phase, respectively. The maximum permeate flux of 3-PPA
(2.97 mol m�2 h�1) was obtained when the concentration of
the surfactant–CRL complex was greater than 5 g L�1 and
the concentration of PPL was 8 g L�1, or when the concen-
tration of PPL was greater than 8 g L�1 and the concentra-
tion of the surfactant–CRL complex was 5 g L�1. Results for
the previously reported lipase-facilitated SLM revealed that
a large quantity of the lipases (CRL =1650 mg, PPL=


1100 mg, total 2750 mg) was required to effectively transport
3-PPA. In the present study, the net amount of CRL was
1 mg, less than 1=1000 of that used in our previous system, and
the amount of PPL was 440 mg, approximately 2=5 of that
used in our previous system. The high esterification activity
of the surfactant–CRL complex in the SLM contributes to
the dramatic decrease in the amount of lipases required.


Effect of ethanol concentration on the transport of 3-PPA
through the SLM : The transport of 3-PPA through the SLM
was initiated by the esterification of 3-PPA, catalyzed by the
surfactant–lipase complex. The effect of the concentration
of ethanol in the feed phase on the transport behavior of 3-
PPA was investigated (Figure 4a). It was observed that, as


ethanol concentration increased, the initial permeate flux of
3-PPA increased. The maximum permeate flux was obtained
at 50 and 60 vol% ethanol in the feed phase. Further addi-
tions of ethanol reduced the permeate flux. The esterifica-
tion of 3-PPA by the surfactant–CRL complex at Interface 1
plays an essential role in the transport of 3-PPA through the
SLM. However, in the presence of abundant water, lipase
predominantly catalyzes hydrolysis rather than esterifica-
tion. Therefore, such a high ethanol concentration (50 or
60 vol%) in the feed phase was required for the effective
transport of 3-PPA. An ethanol concentration greater than
60 vol% probably induces lipase denaturation, leading to a
decrease in the permeate flux.[9] Notably, the SLM was
stable for 90 h, even in the presence of such a high ethanol
concentration.


Next, we studied the stability of the surfactant–CRL com-
plex in an isooctane–water biphasic system containing a
high concentration of ethanol (Figure 4b). This system con-
sisted of an aqueous buffer containing ethanol (50 vol%),
and isooctane containing the surfactant–CRL complex. At
each incubation time, 3-PPA was added to the solution and
the activity of the surfactant–CRL complex was measured
(see Experimental Section). The activity of the complex de-
creased as incubation time increased; after 12 h incubation,
the activity was approximately half of that measured at 0 h
incubation. These results demonstrate that the surfactant–


Figure 3. Effect of concentration of biocatalyst on the transport of 3-
PPA. a) Variable concentration of surfactant–lipase complex in the SLM.
The concentration of PPL in the receiving phase was fixed at 8 gL�1.
b) Variable concentration of PPL in the receiving phase. The concentra-
tion of the surfactant–CRL complex in the SLM was fixed at 5 g L�1.


Figure 4. a) Effect of ethanol concentration in the feed phase on the ini-
tial permeate flux of 3-PPA. b) Stability of the surfactant–lipase CRL
complex in an isooctane–water biphasic system containing a high concen-
tration of ethanol.
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CRL complex in the organic phase was gradually denatured
in the SLM, which is inevitable in the present system. It will
be necessary to overcome the denaturation of the enzyme
before a continuous SLM system with high performance can
be developed.


The transport behavior of various organic compounds : By
employing this SLM system, the transport behavior of vari-
ous organic compounds was investigated (Figure 5). The ini-


tial permeate fluxes of 3-PPA and 4-phenoxybutyric acid (4-
PBA) were higher than those of other organic compounds,
such as 2-phenylpropionic acid (2-PPA) and 2-phenoxybu-
tyric acid (2-PBA), which were also transported but at much
lower rates. Mandelic acid (MA), 2-amino-2-phenyl butyric
acid (2-A-2-PBA), phenylalanine (Phe), and tryptophan
(Trp) were not transported through the SLM at all. The dif-
ferences in the transport of organic compounds may be due
to the substrate specificity of lipases, which are restricted in
their interaction with substrate hydroxyl groups due to
steric hindrance.[10] Therefore, lipases prefer the primary car-
boxylic acids 3-PPA and 4-PBA as substrates. Furthermore,
lipases generally exhibit low activity for the esterification of
amino acids.[11] This explains why Phe and Trp were not
transported through the SLM. Our results suggest that the
SLM encapsulating the surfactant–lipase complex may facili-
tate the selective separation of organic compounds based on
the substrate specificity of lipase.


Selective separation of organic acids through the SLM en-
capsulating the surfactant–lipase complex : Based on the re-
sults above, this SLM system was expected to facilitate the
selective transport through the SLM of a specific organic
acid present within a mixture of organic acids. Figure 6
shows the selective separation of organic acids through the
SLM encapsulating the surfactant–lipase complex. Three dif-
ferent organic acids, 3-PPA, 2-PBA, and 2-A-2-PBA (10 mm


each) were dissolved in the feed aqueous phase and the


transport of each was observed. The rate of transport of 3-
PPA through the SLM was high; all of it had been transport-
ed to the receiving phase after 12 h. The rate of transport of
2-PBA was much lower than that of 3-PPA; the initial per-
meate flux of 2-PBA (0.17 mol m�2 h�1) was one seventeenth
of that recorded for 3-PPA (2.97 molm�2 h�1). No transport
of 2-A-2-PBA was observed. The differences in transport be-
havior of the organic acids can be attributed to the substrate
specificity of the lipase.[10] These results demonstrate that
the SLM encapsulating the surfactant–CRL complex can
mediate the selective separation of organic acids based on
the substrate specificity of the complex, which will be dis-
cussed later.


Effect of solvents in the SLM on the permeate flux of or-
ganic acids : The solvent used in an SLM is critical for the
stability of the liquid membrane phase.[3b, 7,12] We employed
seven different organic solvents (n-hexane, n-dodecane, cy-
clohexane, n-pentane, n-octane, and n-heptane, in addition
to isooctane) as the liquid membrane phase (Figure 7a). For
all organic acids, the use of isooctane resulted in higher per-
meate fluxes than those measured with the other solvents.
Such differences may have two causes: Firstly, the esterifica-
tion activity of the surfactant–lipase complex at the liquid–
liquid interface or within the organic solvent. It is well
known that lipase activity at a liquid–liquid interface and
the surfactant–lipase complex activity in an organic solvent
are significantly influenced by solvent polarity.[13] Secondly,
the solubility of each esterified organic acid in the solvent.
Afonso and co-workers also reported the selective separa-
tion of organic compounds through an SLM by using ionic
liquids, in which the solubility of each compound in the
ionic liquid governed the permeate selectivity.[12]


What governs the selectivity in the present SLM?: We ex-
amined the esterification activity of the surfactant–CRL
complex in the organic solvent–water biphasic systems by
using three organic acids as substrates (Figure 7b). The bi-
phasic system consisted of an aqueous buffer containing eth-
anol and an organic acid, and an organic solvent containing
the surfactant–CRL complex (see Experimental Section for
details). The isooctane–water biphasic system provided the


Figure 5. Initial permeate flux of various organic compounds through the
SLM encapsulating the surfactant–lipase complex. 3-PPA= 3-phenoxy-
propionic acid, 4-PBA= 4-phenoxybutyric acid, 2-PPA =2-phenylpro-
pionic acid, 2-PBA =2-phenoxybutyric acid, MA =mandelic acid, 2-A-2-
PBA= 2-amino-2-phenyl butyric acid, Phe=phenylalanine, and Trp=


tryptophan.


Figure 6. Selective separation of organic acids through the SLM encapsu-
lating the surfactant–lipase complex. Concentration in the receiving
phase of 3-PPA (*), 2-PBA (&), and 2-A-2-PBA (~).
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highest esterification activity of the hydrocarbon–water sys-
tems investigated. In each system, the esterification activity
for 3-PPA was notably higher than for the other organic
acids. The esterification activity for 2-PBA was much lower
than that for 3-PPA, and no esterification of 2-A-2-PBA was
observed in any of the systems. These results were consistent
with those obtained for the SLM systems.


Furthermore, partitioning coefficients of organic acids and
their ethyl esters in the isooctane–water biphasic system
were investigated (Table 1). The partition coefficient (P)


was defined as the ratio of the concentration of an organic
acid (or ethyl ester) in the isooctane phase to that in the
aqueous phase. The partition coefficients of 3-PPA and 2-
PBA were 0.018 and 0.0050, respectively. The value for 2-A-
2-PBA was not determined because it was not detected in
the isooctane phase. This explains why the organic acids
were not transported through the SLM in the absence of li-


pases. In contrast, with the exception of 2-A-2-PBA, the par-
titioning coefficients of the ethyl esters were much higher
than those of the free organic acids. In our present SLM
system, the ethyl esterification of organic acids promotes
the partitioning of the acids into the liquid membrane
phase, and the hydrolysis of the ester compound induces the
partitioning of the acids into the receiving aqueous phase.
To undergo esterification, the organic acids must reach the
active site of the surfactant–CRL complex in the liquid
membrane. Since 2-A-2-PBA was totally insoluble in the or-
ganic phase, it could not reach the lipase and could not be
esterified. Our previous study also demonstrated that 2-A-2-
PBA could not be esterified by lipase CRL in an aqueous
solution. This accounts for the lack of permeation of 2-A-2-
PBA through the SLM. On the other hand, the partitioning
coefficient of 4-PBA was about 20-fold higher than that of
3-PPA, suggesting good accessibility of 4-PBA to the lipase.
The permeate flux of 4-PBA (2.67 mol m�2 h�1) was, howev-
er, slightly lower than that of 3-PPA (2.97 mol m�2 h�1); this
means that the esterification activity of the surfactant–CRL
complex for 4-PBA was lower than that for 3-PPA. (Note
that the time course of 4-PBA permeation is not shown in
Figure 6.) These investigations suggest that the selectivity of
the SLM depends on the solubility of the organic acid in the
organic phase and on the substrate specificity of the surfac-
tant–CRL complex. The esterification and hydrolysis of 3-
PPA, 4-PBA, and 2-PBA were responsible for their permea-
tion through the liquid membrane.


Enantioselective transport of (S)-ibuprofen through the
SLM encapsulating the surfactant–lipase complex : One of
the most difficult challenges in the field of fine chemicals is
the production and separation of optically active com-
pounds.[14] Lipases have been studied for their potential as
biocatalysts for the enantioselective esterification of (S)-ibu-
profen. The lipase CRL exhibits a particularly high enantio-
selectivity in the synthesis of ester compounds.[5] We recent-
ly reported that the SLM encapsulating the surfactant–CRL
complex permitted the highly enantioselective transport of
(S)-ibuprofen.[6] The enantiomeric excess value (ee48 h =


91 %) and enantiomeric ratio (Evalue = 22) obtained for the
(S)-ibuprofen transported into the receiving phase were
greater than those in the previously reported lipase-facilitat-
ed SLM system[7] (ee48 h = 75 %, Evalue =3.9). In general, enzy-
matic reactions in nonaqueous media exhibit different enan-
tioselectivities from those in aqueous solution. Klibanov and
co-workers discussed the factors affecting the enantioselec-
tivity in organic solvents with respect to solvation of enzyme
and substrates.[15,16]


We investigated the effect of organic solvents in the SLM
on the enantioselective transport of (S)-ibuprofen. Eight dif-
ferent water-immiscible hydrocarbons were tested as the
liquid membrane phase in the SLM system (Figure 8). The
enantioselectivity varied from solvent to solvent; for exam-
ple, the use of isooctane for the liquid membrane phase af-
forded relatively high enantioselectivity (ee48 h = 91 %,
Evalue =22) and the use of n-dodecane resulted in fairly low


Figure 7. a) Effect of organic solvents in the SLM on the initial permeate
flux of organic acids. No transport of 2-A-2-PBA through the SLM was
observed (*). b) Effect of organic solvents in the biphasic system on the
lipase-catalyzed esterification of organic acids. No esterification of 2-A-2-
PBA was observed (*).


Table 1. Partitioning coefficients of organic acids and their ethyl esters in
an isooctane–water biphasic system.


Partitioning coefficient (P)
free organic acid ethyl ester of organic acid


4-PBA 0.347 0.92
3-PPA 0.018 0.72
2-PBA 0.005 0.47
2-A-2-PBA N.D.[a] N.D.[a]


[a] Not determined because 2-A-2-PBA and its ethyl ester were insoluble
in the isooctane phase.
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enantioselectivity (ee48 h =2.8 %, Evalue =1.1). The high enan-
tioselectivity obtained in the present study could also be due
to the organic solvent used in the enzymatic reaction
medium.


Effect of the origin of the lipase in the surfactant–lipase
complex on the enantioselective transport of (S)-ibuprofen :
Figure 9a shows the ee48 h and Evalue obtained by using lipases


of diverse origin in the SLM. Lipase PPL was used as a hy-
drolysis biocatalyst in the receiving phase. The surfactant–
CRL and surfactant–M complexes exhibited high enantiose-
lectivity. The enzyme selected as the esterification biocata-
lyst was a critical factor in the enantioselective transport of
(S)-ibuprofen through the SLM.


The enantioselectivity of various lipases was also investi-
gated in an isooctane–water biphasic system (Figure 9b).
This biphasic system consisted of an aqueous buffer contain-
ing ethanol, (S)- and (R)-ibuprofen, and isooctane contain-
ing a surfactant–lipase complex. The enantioselectivity of
the lipases in the biphasic system agreed well with that of
the SLM system. For example, the surfactant–CRL complex
exhibited the highest enantioselectivity in both systems, and
the enantioselectivity (ee48 h =89%, Evalue =17) in the biphasic
system was very similar to that in the SLM system. These re-
sults indicate that the enantioselective lipase enabled the
enantioselective separation of organic acids in the SLM.


Conclusion


Our investigations clearly demonstrate that the encapsula-
tion of the surfactant–lipase complex in the SLM facilitates
the effective transport and highly selective separation of or-
ganic acids through the SLM. The selectivity in the SLM
was attributed to the solubility of the organic acid in the or-
ganic phase and to the substrate specificity of the surfac-
tant–lipase complex in the liquid membrane phase. By using
this SLM, the optical resolution of racemic ibuprofen based
on the enantioselectivity of the lipase was possible. This
work proves that the combination of nonaqueous enzymolo-
gy and a conventional SLM technique provides a novel and
highly selective separation methodology. However, this
SLM system still has several limitations: Not all types of or-
ganic compounds can be separated, as the selectivity of this
SLM is based on the molecular recognition of lipases. Fur-
thermore, the instability of both the SLM and enzyme activ-
ity prevents the continuous operation of the current SLM
system. Improvement of stability and the removal of the
transported ethanol from the receiving phase could help in
achieving a continuous enzyme-facilitated SLM system. We
are working on the development of a continuous SLM
system encapsulating different biocatalysts.


Experimental Section


General : Lipase CRL and lipase PPL were purchased from Sigma Chem-
ical Corporation, St Louis, USA. Lipases PS, A, AK, M, and F were
kindly supplied by Amano Pharmaceutical, Nagoya, Japan. The micropo-
rous polypropylene film (Celgard 2500) was obtained from Celgard,
Tokyo (Japan). The thickness of the film was 25 mm and the general pore
size was 0.2 � 0.05 mm. 3-PPA, 2-PBA, 4-PBA, Phe, Trp, and ibuprofen
were purchased from Wako Pure Chemicals, Osaka (Japan). 2-PPA and
2-A-2-PBA were purchased from Aldrich, Milwaukee (USA). MA was
purchased from Tokyo Kasei, Tokyo (Japan). All other reagents were of
guaranteed reagent grade. The surfactant dioleyl-l-glutamate ribitol


Figure 8. Effect of organic solvents in the SLM on the enantioselective
transport of ibuprofen. ee48 h = {([S]48 h�[R]48 h)/([S]48 h + [R]48 h)} � 100 [%],
in which [S]48 h and [R]48 h are the concentrations of (S)- and (R)-ibupro-
fen in the receiving phase after 48 h, respectively (black bars). Evalue = JS/
JR, in which JS and JR are the initial permeate fluxes [mol m�2 h�1] of (S)-
and (R)-ibuprofen, respectively (grey bars).


Figure 9. Effect of the origin of lipase used in the surfactant–lipase com-
plex on a) the enantioselective transport of ibuprofen and b) the enantio-
selective esterification of ibuprofen in the biphasic system. Origin of li-
pases; CRL (Candida rugosa), PPL (porcine pancreas), PS (Burkholderia
cepacia), A (Aspergillus niger), AK (Pseudomonas fluorescence), M
(Mucor javanics), F (Rhizopus oryzae). Black and gray bars represent
ee48 h and Evalue, respectively.
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(2C18D
9GE) was synthesized according to the procedure described previ-


ously.[17]


Synthesis of ethyl esters : The ethyl esters of organic acids were prepared
by using the Fisher synthesis.[8b] Typically, organic acid (5 g) and EtOH
(300 mL) were dissolved in a flask containing several drops of concen-
trated H2SO4 (as a catalyst), and shaken for 24 h at 60 8C in a fixed reflux
condenser. After addition of chloroform (100 mL), the unreacted acid
and EtOH were extracted by washing with aqueous NaHCO3. The
chloroform phase was dried over anhydrous MgSO4 and filtered, and the
solvent was removed by using rotary evaporation. The product was iden-
tified by performing thin layer chromatography and 1H NMR spectrosco-
py.


Preparation of an SLM encapsulating a surfactant–lipase complex : A sur-
factant–lipase complex was prepared as described previously.[5a] The
lipase-immobilized SLM was prepared by immersing a Celgard 2500 film
in isooctane containing the surfactant–lipase complex (5 g L�1).


Organic compound transport through the SLM encapsulating the surfac-
tant–lipase complex : Experiments were performed at 37 8C by using a
pair of glass cells (cell volume 55 mL, cross-section 5 cm2, Figure 1b).
The SLM separated the two aqueous phases. Typically, the feed phase
consisted of ethanol (50 vol %), substrate (10 mm), and McIlvaine buffer
(50 vol %, pH 6.3). The receiving phase consisted of McIlvaine buffer
(pH 6.3) containing PPL (8 g L�1). Samples (0.5 mL) were periodically
withdrawn from the feed and receiving phases and filtered through a
0.5 mm-pore membrane (Millex; Millipore, Billerica, MA). Trichloroace-
tic acid (0.25 mL, 50 wt % aqueous solution) was added to the filtrates.
The mixtures were filtered again and subjected to HPLC analysis. The
concentrations of organic acids in the feed and receiving phases were
measured by using an HPLC (LC-10 AT; Shimadzu, Kyoto) equipped
with an ODS column (4 � 250 mm; GL Science, Tokyo), eluted with ace-
tonitrile/phosphoric acid (0.1 %) 80:20 (v/v) at a flow rate of
1.0 mL min�1, and with a UV detector at 254 nm.


Regarding the selective permeation of organic acids through the SLM:
Each organic acid (3-PPA, 2-PBA, and 2-A-2-PBA; each 10mm) was dis-
solved in the feed phase. Transport experiments were carried out as de-
scribed above. Samples were withdrawn from the feed and receiving
phases and subjected to HPLC analysis.


Enantioselective separation of ibuprofen through the SLM encapsulating
the surfactant–lipase complex was performed, whereby racemic ibuprofen
(10 mm) was dissolved in the feed phase. The concentrations of (S)- and
(R)-ibuprofen in the feed and receiving phases were determined by using
an LC-10 AT HPLC equipped with a chiral AD-RH column (4 � 250 mm;
Daicel Chemical Industries Ltd., Tokyo), eluted with acetonitrile/phos-
phoric acid (0.1 %) 40:60 (v/v) at a flow rate of 0.5 mL min�1, and with a
UV detector at 254 nm.


Partitioning of organic acids and ethyl esters in an isooctane–water bi-
phasic system : Partitioning was examined at 37 8C. Each organic acid or
ethyl ester (10 mm) was dissolved in McIlvaine buffer (5 mL, pH 6.3) and
then added to isooctane (5 mL). After 24 h of incubation, samples
(1 mL) were withdrawn from the aqueous and organic phases, filtered
through a Millex membrane (pore size 0.5 mm), and subjected to HPLC
analysis. The concentration of organic acids and their ethyl esters in the
aqueous and the organic phases was measured by using HPLC.


Lipase esterification activity and enantioselectivity in organic solvent–
water biphasic systems : Esterification activities were examined at 37 8C.
The aqueous phase (0.25 mL) consisted of ethanol (50 vol %), organic
acid (10 mm), and McIlvaine buffer (50 vol %, pH 6.3). The organic phase
(5 mL) consisted of isooctane containing a surfactant–lipase complex
(5 gL�1). Samples (50 mL) were periodically withdrawn from the aqueous
and organic phases, filtered through a Millex membrane (pore size
0.5 mm), and subjected to HPLC analysis to determine the concentration
of the ethyl esters. The initial rates of ethyl ester production were as-
sumed to represent lipase activity.


Stability of the surfactant–lipase CRL complex in a biphasic system with
high ethanol concentration : Stability of the surfactant–lipase CRL com-
plex was measured at 37 8C in a isooctane–water biphasic system. The
aqueous phase (1 mL) consisted of ethanol/McIlvaine buffer (pH 6.3)


50:50 (v/v). The organic phase (1 mL) consisted of isooctane containing a
surfactant–lipase CRL complex (5 gL�1). After each incubation time (0,
3, 6, 12, 24 h), 3-PPA (10 mm) was added to the solution. Samples (50 mL)
were periodically withdrawn from the aqueous and organic phases, fil-
tered through a Millex membrane (pore size 0.5 mm), and subjected to
HPLC analysis to determine the concentration of 3-PPA ethyl esters. The
initial rates of ethyl ester production were assumed to represent lipase
activity.
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Bilayer Vesicles of Amphiphilic Cyclodextrins: Host Membranes That
Recognize Guest Molecules


Patrick Falvey,[a] Choon Woo Lim,[b] Raphael Darcy,*[a] Tobias Revermann,[c]


Uwe Karst,[c] Marcel Giesbers,[d] Antonius T. M. Marcelis,[d] Adina Lazar,[e]


Anthony W. Coleman,[e] David N. Reinhoudt,[b] and Bart Jan Ravoo*[b]


Introduction


Amphiphilic cyclodextrins are cyclic oligo(a-(1–4)-glucopyr-
anosides) modified with hydrophobic and hydrophilic sub-
stituents that aggregate into a variety of lyotropic phases in
water.[1–5] The hydrophobic groups drive hydrophobic aggre-
gation of the amphiphiles, while the hydrophilic groups are
required to guarantee sufficient water solubility. The type
and stability of the lyotropic phases critically depend on the
nature and number of hydrophobic and hydrophilic substitu-
ents, the balance between hydrophobic and hydrophilic
groups, and factors such as temperature, concentration, and
ionic strength. A particularly interesting example of aggre-
gation of amphiphilic cyclodextrins in water is the formation
of bilayer vesicles composed entirely of (modified) cyclodex-
trins. Cyclodextrin vesicles consist of bilayers of cyclodex-
trins, in which the hydrophobic “tails” are directed inward
and the hydrophilic macrocycle “head groups” are facing
water, thereby enclosing an aqueous interior (Figure 1 A
and B). We and others have recently described vesicles com-
posed entirely of nonionic,[6] anionic,[7] and cationic[8] amphi-
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Abstract: A family of amphiphilic cy-
clodextrins (6, 7) has been prepared
through 6-S-alkylation (alkyl= n-dode-
cyl and n-hexadecyl) of the primary
side and 2-O-PEGylation of the secon-
dary side of a-, b-, and g-cyclodextrins
(PEG= poly(ethylene glycol)). These
cyclodextrins form nonionic bilayer
vesicles in aqueous solution. The bilay-
er vesicles were characterized by trans-
mission electron microscopy, dynamic
light scattering, dye encapsulation, and
capillary electrophoresis. The molecu-
lar packing of the amphiphilic cyclo-
dextrins was investigated by using
small-angle X-ray diffraction of bilay-
ers deposited on glass and pressure–
area isotherms obtained from Lang-
muir monolayers on the air–water in-


terface. The bilayer thickness is de-
pendent on the chain length, whereas
the average molecular surface area
scales with the cyclodextrin ring size.
The alkyl chains of the cyclodextrins in
the bilayer are deeply interdigitated.
Molecular recognition of a hydropho-
bic anion (adamantane carboxylate) by
the cyclodextrin vesicles was investigat-
ed by using capillary electrophoresis,
thereby exploiting the increase in elec-
trophoretic mobility that occurs when
the hydrophobic anions bind to the
nonionic cyclodextrin vesicles. It was


found that in spite of the presence of
oligo(ethylene glycol) substituents, the
b-cyclodextrin vesicles retain their
characteristic affinity for adamantane
carboxylate (association constant Ka =


7.1 � 103
m
�1), whereas g-cyclodextrin


vesicles have less affinity (Ka =3.2 �
103


m
�1), and a-cyclodextrin or non-cy-


clodextrin, nonionic vesicles have very
little affinity (Ka�100 m


�1). Specific
binding of the adamantane carboxylate
to b-cyclodextrin vesicles was also evi-
dent in competition experiments with
b-cyclodextrin in solution. Hence, the
cyclodextrin vesicles can function as
host bilayer membranes that recognize
small guest molecules by specific non-
covalent interaction.


Keywords: amphiphiles · cyclodex-
trins · membranes · molecular
recognition · vesicles


Chem. Eur. J. 2005, 11, 1171 – 1180 DOI: 10.1002/chem.200400905 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1171


FULL PAPER







philic cyclodextrins. From these studies it is evident that a
combination of hydrophobic alkyl substituents on one face
of the cyclodextrin ring and hydrophilic (poly(ethylene
glycol), sulfonate, ammonium, etc.)[6–8] substituents on the
other side of the cyclodextrin ring is essential to obtain
water-soluble amphiphiles. Several other cyclodextrin deriv-
atives can be admixed with liposomes, but are not able to
form stable vesicles by themselves.[9] Most of the studies
cited above have been limited to b-cyclodextrins.


Cyclodextrin vesicles com-
bine the properties of lipo-
somes and macrocyclic host
molecules in their potential to
encapsulate water-soluble mole-
cules in the aqueous interior, to
absorb hydrophobic molecules
into the bilayer membrane, and
finally to recognize and bind
specific types of guest mole-
cules through inclusion in the
cyclodextrin cavities at the sur-
face of the vesicle. In a recent
communication,[6c] we demon-
strated that vesicles of nonionic
b-cyclodextrin derivatives (6 b)
bind tert-butylbenzoate and
adamantane carboxylate, and
they have a high affinity for
“guest polymers” (polyelectro-
lytes modified with adamantyl
and tert-butylbenzyl groups)
due to multivalent interactions
between the cyclodextrin hosts
in the bilayer and the hydro-
phobic guest substituents on the
polymer. The recognition of
small guest molecules by cyclo-
dextrin hosts assembled in a bi-
layer membrane is a useful


model of recognition of substrates or ligands by receptors
on the surface of cell membranes. Molecular recognition
and specific ion binding at model membrane surfaces is a
topic of interest in supramolecular chemistry, with an in-
creasing emphasis on multivalent interactions.[10] Many rec-
ognition processes at the cell surface in nature are also am-
plified in affinity and selectivity by multivalent interac-
tions.[11]


Here we describe in detail a family of amphiphilic cyclo-
dextrins that form stable nonionic vesicles in water. Cyclo-
dextrins of various ring sizes (a-, b-, and g-cyclodextrins,
with six, seven, and eight glucose units, respectively) were
modified with hydrophobic n-dodecyl or n-hexadecyl and
hydrophilic oligo(ethylene glycol) substituents (see
Scheme 1). The properties of vesicles of these cyclodextrins
were studied, with an emphasis on the packing of the amphi-
philic macrocycles in the vesicle bilayer. We also examined
the inclusion of a small guest molecule (adamantane carbox-
ylate) in the cyclodextrin cavities at the surface of the vesi-
cles.


Results and Discussion


Synthesis : The preparation of the amphiphilic cyclodextrins
is outlined in Scheme 1. The synthesis of 6-chloro-cyclodex-
trins 2 a–c and 6-bromo-cyclodextrins 3 a–c was carried out


Figure 1. Cyclodextrin vesicles consist of bilayers of cyclodextrins (in
which the hydrophobic �tails� are directed inwards and hydrophilic
macrocycle �head groups� are facing water) enclosing an aqueous interior.
A) Schematic representation of a unilamellar vesicle. B) Illustration of an
extended, all-trans packing of the alkyl chains in a cyclodextrin bilayer.
C) Illustration of an interdigitated packing of the alkyl chains in a cyclo-
dextrin bilayer.


Scheme 1. Synthesis of amphiphilic cyclodextrins. a) CH3SO2Cl, DMF, 65 8C, two days (to give chlorides 2 a–
2c) or NBS, Ph3P, DMF, 60 8C, 4 h (to give bromides 3 a–3c); b) tBuOK or NaH, RSH, DMF, 80 8C, 3–4 days;
c) ethylene carbonate, K2CO3, N,N,N’,N’-tetramethylurea, 150 8C, 4 h. DMF =N,N-dimethylformamide, NBS=


N-bromosuccinimide.
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according to literature procedures.[12,13] Either of these pre-
cursors can be used to obtain the alkyl thioethers 4 a–c and
5 a–c by nucleophilic substitution, although compounds 2 a–c
are less reactive than 3 a–c and usually require longer reac-
tion times to afford complete substitution in a good yield.
While b-cyclodextrins 4 b and 5 b have been described,[14–16]


a- and g-cyclodextrins 4 a, 4 c, 5 a, and 5 c are new. The most
effective purification of these alkyl thioethers is a Soxhlet
extraction with hexane to remove excess alkyl thiols. Am-
phiphilic cyclodextrins 6 a–c and 7 a–c were obtained in
good yields by graft polymerization of ethylene carbonate in
the presence of potassium carbonate. This reaction has been
described in detail for the preparation of 6 b and 7 b.[17] Cy-
clodextrins 6 a, 6 b, 7 a, and 7 c are new derivatives, and their
preparation (analogous to that of 6 b and 7 b)[17] and full
characterization is given in the Experimental Section. We
note that 6 a–c and 7 a–c are polydisperse products with an
average degree of substitution of 2–3 units of ethylene oxide
per glucose based on MALDI-TOF MS. Substitution occurs
exclusively at C-2, not C-3.[17] Although the degree of poly-
merization tends to vary from batch to batch (and is rather
high, with approximately 4 units of ethylene oxide per glu-
cose for 7 c), we did not observe any significant differences
in reactivity for the a-, b-, and g-cyclodextrins.


Cyclodextrin vesicles : According to dynamic light scattering,
cyclodextrin vesicles prepared by extrusion through a 0.1 mm
polycarbonate membrane invariably have an average diame-
ter of 140–160 nm, irrespective of the type of cyclodextrin
(a-, b-, or g-cyclodextrin) and the alkyl chain length (n-do-
decyl or n-hexadecyl).[6c] Cyclodextrin vesicles prepared by
sonication are usually smaller (80–100 nm).[6a,b, 8] These ob-
servations were confirmed by using transmission electron
microscopy.[6,8] Representative micrographs are shown in
Figure 2. Vesicles of this size are expected to be mostly uni-
lamellar, not multilamellar. The cyclodextrin vesicles are
stable in aqueous solution for several days, although they
tend to precipitate if kept longer or in the presence of salt
(>0.1 m). The larger vesicles prepared by extrusion precipi-
tate faster than the smaller vesicles prepared by sonication.


Vesicles of n-dodecyl tri(ethylene glycol) ether (C12EO3)
were prepared to serve as reference vesicles with similar sur-
face potential but without cyclodextrin host cavities. As re-
ported in the literature,[18] the reference vesicles of C12EO3


are generally somewhat larger (180–200 nm) than the cyclo-
dextrin vesicles and tend to precipitate after several hours.


Further evidence that cyclodextrins 6 a–c and 7 a–c form
closed bilayer vesicles was obtained by encapsulation of the
hydrophilic fluorescent dye carboxyfluorescein in the aque-
ous interior of the vesicles. Cyclodextrin vesicles were pre-
pared in a solution of carboxyfluorescein at self-quenching
concentration (see the Experimental Section for details).
Encapsulated carboxyfluorescein was separated from the
free dye by gel filtration on a column of Sephadex G25. The
vesicles eluted at 5–8 mL, whereas the free dye eluted
beyond 12 mL. The results are presented as the ratio of fluo-
rescence intensity after (FTX) and before (Finit) addition of


0.1 % of Triton TX-100 (which solubilizes the cyclodextrin
vesicles and causes release of their contents); this can be
taken as a measure of the presence of entrapped carboxy-
fluorescein (Figure 3). Coincidence of entrapped dye with
the elution of the vesicles confirms the existence of an aque-
ous interior. As anticipated, the amount of entrapped car-
boxyfluorescein in, for example, vesicles of 7 b correlates
with the concentration of 7 b (Figure 3 b).[6a] Encapsulation
of carboxyfluorescein in vesicles of 6 a–c was generally less
efficient, which may be due to the shorter alkyl chains in
6 a–c compared to those in 7 a–c. The amount of entrapped
carboxyfluorescein is rather small considering the diameter
of vesicles. Typically, the entrapment efficiency is in the
order of 1 mmol carboxyfluorescein per mmol cyclodextrin,
or 1:1000. For liposomes, the entrapment is usually about
1:100.[19]


Bilayer packing of cyclodextrin amphiphiles : A particularly
important question is the packing of the amphiphilic cyclo-
dextrin molecules in the bilayer. The molecular surface area
of the a-, b-, or g-cyclodextrin molecule (170 �2 for 1 a,
190 �2 for 1 b, and 240 �2 for 1 c) is significantly larger than


Figure 2. Transmission electron microscopy of a-cyclodextrin vesicles
stained with uranyl acetate. a) Vesicles of 6a. b) Vesicles of 7a. Scale
bar: 500 nm.
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the combined area of six, seven, or eight all-trans alkyl
chains, respectively (6 � 20 �2 = 120 �2, 7 �20 �2 =140 �2,
and 8 �20 �2 =160 �2). Hence, in order to fill the �void�
under the macrocycle to obtain a nonleaky bilayer mem-
brane, either the alkyl chains should interdigitate, tilt, or
fold back, or the macrocycle should collapse. The first sce-
nario is well known for many amphiphilic molecules in bi-
layers and monolayers and can be verified by measuring the
thickness of the bilayers and the average orientation of the
alkyl chains. The second scenario is known for extensively
substituted cyclodextrins.[20] Collapse of the cavity would
have important consequences for the inclusion properties of
these cyclodextrin molecules and can be verified by measur-
ing the molecular surface area of the molecules in a mono-
layer on the air–water interface.


Small-angle X-ray diffraction of an air-dried multilayer
deposited on a glass cover slide shows a d spacing of ap-


proximately 42 � for cyclodextrins 6 a–c and approximately
45 � for cyclodextrins 7 a–c at 25 8C (Table 1 and Figure 4).
Several higher order reflections are observed (in particular
for 6 a–c and 7 c, but not for 7 a and 7 b),[21] which indicates a
strong tendency for layering of these amphiphiles. The d
spacing can be taken as a measure of the average bilayer


Figure 3. Encapsulation of carboxyfluorescein in cyclodextrin vesicles.
Elution profiles of vesicles of cyclodextrins 6a–6 c (a) and cyclodextrins
7a–7 b (b) loaded with carboxyfluorescein on a 18 � 1 cm Sephadex G25
column. The relative fluorescence intensity scale FTX/Finit indicates encap-
sulated carboxyfluorescein only, as explained in the text. a) &: 6a at
5 mg mL�1; *: 6 b at 5 mg mL�1; ~: 6c at 5 mg mL�1. b) ^: 7 a at
5 mg mL�1; &: 7 b at 5 mg mL�1; ~: 7b at 8 mg mL�1; *: 7 b at 20 mg mL�1.


Table 1. First-order reflection angle (2q), d spacing, and molecular sur-
face area (A0 at zero compression and AC at maximum compression) of
amphiphilic cyclodextrins.


Cyclodextrin 2q [8] d [�] A0


[�2 mol�1]
AC


[�2 mol�1]


6a 2.0143 43.8 340 142
6b 2.1089 41.9 375 162
6c 2.0758 42.5 420 240
7a 1.9463 45.4 285 174
7b 1.9304 45.7 410 160
7c 1.9749 44.7 424 128


Figure 4. Small-angle X-ray diffraction pattern for cyclodextrin vesicles
deposited and air-dried on glass cover slides. a) Diffraction pattern for n-
dodecyl cyclodextrins 6a–6c. b) Diffraction pattern for n-hexadecyl cy-
clodextrins 7a–7 c.
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thickness. As expected, the d spacing depends on the length
of the alkyl substituent (n-dodecyl versus n-hexadecyl) but
is independent of the cyclodextrin ring size. From Corey–
Pauling–Koltun (CPK) models we estimate a molecular
length of approximately 31 � for 6 a–c and approximately
37 � for 7 a–c (assuming all-trans alkyl substituents at C6
and di(ethylene glycol) at C-2 of the cyclodextrin), which
would suggest a bilayer thickness of 2 � 31=62 � and 2 �
37=74 �, respectively. Since the experimental bilayer thick-
ness is much smaller than the predicted thickness for ex-
tended cyclodextrin molecules, the alkyl chains of the mole-
cules must be deeply interdigitated, tilted, or back-folded,
or exist in a combination of these three possibilities.


Brewster angle microscopy indicates that cyclodextrins
6 a–c and 7 a–c form homogeneous monolayers on the air–
water interface (Figure 5). Characteristic pressure–area iso-


therms for each cyclodextrin were obtained upon gradual
compression of these monolayers. The collapse of the mono-
layers occurs at 40–50 mN m�1, which is a normal value for
monolayers of cyclodextrins with long (>C10) hydrophobic
groups at the primary face.[14–16] The area per molecule at
zero compression (A0) and also at maximum compression
(AC) scales with the cyclodextrin ring size (Table 1), but it is
similar for cyclodextrins with n-dodecyl and n-hexadecyl
substituents.[22] The area per molecule at zero compression
(A0) is larger than the area for the cyclodextrins without eth-
ylene glycol substitution. For the analogues of 4 a–c and 5 a–
c described in the literature,[14–16] the molecular area is
hardly different from unmodified cyclodextrin (170 �2 for
1 a, 210 �2 for 1 b, and 240 �2 for 1 c). However, the pres-
ence of ethylene glycol residues clearly increases the molec-
ular surface area. In particular, the A0 value is sensitive to
the degree of substitution with poly(ethylene glycol), which


somewhat obscures the clear trend of molecular area with
cyclodextrin ring size and may explain the differences ob-
served between cyclodextrins with n-dodecyl and n-hexadec-
yl substituents. A notable exception to the observed trend is
the small value of AC for 7 c, which may arise either from
collapse of the cavity of the more flexible g-cyclodextrin or
from extrusion of the amphiphile into the subphase as vesi-
cles upon compression of the monolayer. Cyclodextrin 7 c
has a higher degree of hydrophilic substitution than any of
the other cyclodextrins studied.


In summary, according to the pressure–area isotherms, the
molecular areas of 6 a–c and 7 a–c are significantly increased
due to the presence of the ethylene glycol substituents.
Since we find larger, not smaller, molecular areas as a result
of ethylene glycol substitution, there is no reason to assume
that the cyclodextrin cavities have collapsed. Since the diam-


eter of an alkyl chain is approx-
imately 20 �2, the alkyl groups
in 6 a and 7 a occupy 6 � 20 �2 =


120 �2 when they are in an all-
trans conformation (hence 7 �
20 �2 =140 �2 for 6 b and 7 b
and 8 � 20 �2 =160 �2 for 6 c
and 7 c). So, the ethylene glycol
substituted cyclodextrin “head
group” has a molecular surface
area A0 that is almost twice the
area of the seven alkyl chains
together, and to ensure optimal
packing with minimal voids the
alkyl chains must either interdi-
gitate, tilt, or back-fold, as dis-
cussed above. By using CPK
models it can be estimated that
for fully interdigitated alkyl
chains (that is, the terminal
methyl groups of one bilayer
leaflet reside near the first
methylene of the opposite bi-
layer leaflet) the thickness of


the bilayer would be approximately 44 � for 6 a–c and ap-
proximately 50 � for 7 a–c. These values are close to the ex-
perimental values from X-ray diffraction. Given a 1:2 “mis-
match” of head-group area and alkyl-chain volume, such a
bilayer thickness can also be achieved by a chain tilt of 608,
which seems an unrealistically high tilt angle.[23] Alternative-
ly, one could imagine that many alkyl chains fold back in-
stead of extending all-trans, but this is unlikely due to the
high entropy penalty. Hence, the most likely molecular
packing is deep interdigitation of extended alkyl chains
(with possibly a modest chain tilt and some back-folding), as
observed for asymmetric phospholipids[24] and also for am-
phiphilic calixarenes.[25] This interdigitated mode of bilayer
packing obviously restricts the mobility of the alkyl chains
in the bilayer and would nicely explain the lower enthalpy
for the cyclodextrin amphiphile compared to a phospholipid
in an Lb–La phase transition.[6a,24] The result is a relatively


Figure 5. Pressure–area isotherm for a Langmuir monolayer of b-cyclodextrin 7b spread on the air–water inter-
face, including Brewster angle micrographs.


Chem. Eur. J. 2005, 11, 1171 – 1180 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1175


FULL PAPERBilayer Vesicles of Amphiphilic Cyclodextrins



www.chemeurj.org





thin but dense bilayer, with hydrophobic alkyl chains ex-
tending inwards and hydrophilic cyclodextrins decorated
with oligo(ethylene glycol) pointing outwards (Figure 1 C).


Molecular recognition of adamantane carboxylate by cyclo-
dextrin vesicles : Given that all amphiphilic cyclodextrins de-
scribed above form bilayer vesicles in water, is it possible to
bind small guest molecules in the cyclodextrin cavities at the
surface of these vesicles? Adamantane carboxylate—like all
adamantanes—is known to be a good guest for inclusion
into b-cyclodextrin 1 b (association constant Ka =3.2 � 104


m
�1


at pH 7.2 and 25 8C), while it has much weaker interaction
with g-cyclodextrin 1 c (Ka = 5.0 �103


m
�1) and even less affin-


ity for a-cyclodextrin 1 a (Ka =2.3 �102
m
�1).[26] The inclusion


interaction of this typical guest with the cyclodextrin host
vesicles was investigated by using capillary electrophoresis.
This technique exploits the difference in electrophoretic mo-
bility between the free host and the host–guest complex (or
the free guest and the host–guest complex) to quantify host–
guest interactions.[27] In our hands, capillary electrophoresis
has proven particularly useful for quantifying the interaction
between b-cyclodextrin and anionic guests,[28] as well as be-
tween b-cyclodextrin vesicles and anionic guests[6c] in dilute
aqueous solution. Here, the electrophoretic mobility of the
host vesicles of 6 a–c was measured in the presence of an in-
creasing concentration of adamantane carboxylate in the
background electrolyte (Figure 6). There is some precedent


for the investigation of liposomes by using capillary electro-
phoresis.[29]


All cyclodextrin vesicles, as well as the C12EO3 reference
vesicles, invariably have significant negative electrophoretic
mobility (mep��8 � 10�9 m2 V�1 s�1) at neutral pH values in
dilute buffer solution. The negative electrophoretic mobility
most likely results from a preferential absorption of hydroxy


anions at the interface between the PEGylated cyclodextrin
vesicles and bulk aqueous solution.[30] For an electrophoretic
mobility of �8�10�9 m2 V�1 s�1 and a vesicle diameter of
160 nm, the Smoluchovski equation predicts a Zeta potential
of �11 mV. In the presence of excess adamantane carboxy-
late, vesicles of 6 b and 6 c have an electrophoretic mobility
of approximately �30 � 10�9 m2 V�1 s�1, which would imply a
Zeta potential of approximately �42 mV.


The increase of electrophoretic mobility of the host vesi-
cles in the presence of an increasing concentration of the
guest was analyzed in terms of the formation of a 1:1 inclu-
sion complex of 6 a–c and adamantane carboxylate, charac-
terized by the Ka value. The results are summarized in
Table 2. As anticipated, vesicles of the b-cyclodextrin amphi-


phile 6 b have the highest binding constant with Ka =7.1 �
103


m
�1. This is significantly lower than for b-cyclodextrin 1 b.


The difference might be attributed to some hindrance of in-
clusion into the cavity of 6 b due to the presence of oligo-
(ethylene glycol) residues or a degree of anticooperativity
due to the increasing presence of anionic guests on the vesi-
cle surface. However, the Scatchard plot has a linear slope
and an abscissa intercept very close to 1.0, a fact indicating
the presence of identical and independent binding sites on
the vesicle surface. We can therefore ascribe the inferior
binding constant for 6 b (as compared to 1 b) to some steric
hindrance and some reduction in the hydrophobicity of the
host by the oligo(ethylene glycol) residues. This is consistent
with the observation that nonamphiphilic PEGylated cyclo-
dextrins are also poorer hosts than native cyclodextrins.[31]


In comparison to vesicles of 6 b, vesicles of 6 c have con-
siderably less affinity for adamantane carboxylate (Ka =3.0 �
103


m
�1), a result reflecting the lower tendency of a g-cyclo-


dextrin cavity relative to that of a b-cyclodextrin to form in-
clusion complexes with this guest. Also, one expects steric
hindrance and reduction in the hydrophobicity of the host
by the oligo(ethylene glycol) residues. For host 6 c we do not
exclude the formation of 1:2 host–guest complexes, particu-
larly at high guest concentrations. However, the Scatchard
plot again has a linear slope and an abscissa intercept very
close to 1.0.


The association constant of vesicles of 6 a with adaman-
tane carboxylate (Ka = 96 m


�1) is very small compared to that
of 6 b and 6 c ; this reflects the fact that the cavity of a-cyclo-
dextrin is too narrow to be a good host for adamantane
guests. In fact, the affinity of 6 a is comparable to that of the
reference vesicles of C12EO3, which lack any specific host
cavities. The increase in electrophoretic mobility of vesicles


Figure 6. Electrophoretic mobility (mep) of vesicles in the presence of the
adamantane carboxylate guest. *: a-Cyclodextrin vesicles (6a); !: b-cy-
clodextrin vesicles (6b); !: g-cyclodextrin vesicles (6c); *: C12EO3 refer-
ence vesicles.


Table 2. Binding constants, Ka, of adamantane carboxylate to vesicles in
10 mm phosphate buffer (pH 7.5) at 25 8C.


Vesicle Ka [m�1]


6a 96�40
6b 7.1�0.6� 103


6c 3.2�0.3� 103


C12EO3 3.1�0.6� 102
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of 6 a and C12EO3 in the presence of high concentrations of
adamantane carboxylate (>1 mm) most likely results from
partitioning of the hydrophobic anion from aqueous solution
into the hydrophobic bilayer.


To confirm the specific and reversible binding of adaman-
tane carboxylate to vesicles of 6 b, competition experiments
were carried out in the presence of b-cyclodextrin 1 b. To
this end, the electrophoretic mobility of vesicles of 6 b was
determined in the presence of a given concentration (0.5,
1.0, and 5.0 mm) of 1 b and various concentrations of ada-
mantane carboxylate in the capillary (Figure 7). The associa-


tion constant of adamantane carboxylate to cyclodextrin 6 b
was calculated by using the concentration of free adaman-
tane carboxylate calculated from the total concentration
after subtraction of adamantane carboxylate complexed
with 1 b, as calculated from the binding constant (Ka =3.2 �
104


m
�1). As can be readily deduced from Figure 7 and


Table 3, a similar binding constant was obtained from each


competition experiment. These results demonstrate that ca-
pillary electrophoresis provides reliable quantitative infor-
mation about these dynamic equilibria.


Conclusion


Bilayer vesicles formed by nonionic amphiphilic cyclodex-
trins function as host membranes that bind suitable guest
molecules by hydrophobic inclusion at their surface. Capilla-
ry electrophoresis provides quantitatively reliable informa-
tion about these dynamic interactions at the membrane sur-
face. The cyclodextrin cavities function as independent host
sites and their characteristic affinity and selectivity for a
given guest molecule is not affected when they are confined
to a hydrophobic bilayer membrane. The recognition of
small guest molecules by cyclodextrin hosts assembled in a
bilayer membrane is a useful model of recognition of sub-
strates and ligands by receptors on the surface of cell mem-
branes. At present we are investigating the multivalent inter-
action of oligomeric guest molecules with host molecules at
the vesicle surface. Critical parameters will be the density
and mobility of the host in the membrane, the number and
flexibility of binding moieties on the guest, and the presence
of monovalent competitors. We aim to exploit these specific
interactions to bind molecules to vesicles, vesicles to vesi-
cles, and vesicles to surfaces.


Experimental Section


Synthesis : All commercial reagents were used without further purifica-
tion. Cyclodextrins 1a–c were dried in vacuum at 80 8C for at least 5 h. n-
Dodecyl tri(ethylene glycol) ether (C12EO3; containing some n-tetradecyl
tri(ethylene glycol) ether (C14EO3)) was kindly donated by Servo Sasol
(Delden, The Netherlands; the trade name is Serdox NES3). Chlorocy-
clodextrins 2 a–c and bromocyclodextrins 3a–c were prepared according
to literature procedures.[12, 13] b-Cyclodextrins 4b, 5b, 6b, and 7 b have
been described previously.[15, 17]


General procedure for the preparation of cyclodextrin alkyl thioethers
4a–c and 5 a–c :[17] n-Alkylthiol (3 equiv for each halogen of cyclodextrin)
was dissolved in DMF, and NaH or tBuOK (3 equiv) was added. The
mixture was stirred at room temperature for 1 h. The appropriate cyclo-
dextrin 2a–c or 3a–c was added and the mixture was stirred at 60–80 8C
for 3–5 days. The reaction was monitored by TLC (EtOAc/iPrOH/
NH4OH/H2O 7:7:5:2, Rf = 0.8 for 2a–c and 3a–c, Rf =0 for 4a–c and 5 a–
c). The reaction mixture was then cooled to room temperature before
being added to water. The resulting white precipitate was filtered off and
washed with water, methanol, and hexane. The solid was stirred in boil-
ing hexane for 1 h to remove excess thiol, filtered, and dried under high
vacuum at 60 8C for 5 h. In some cases, residual thiol was removed by
Soxhlet extraction in hexane.


Hexakis(6-dodecylthio)-a-cyclodextrin 4 a : Compound 2a (3.0 g) was
treated with dodecanethiol to yield 4a (4.5 g, 80 %). Alternatively, 3 a
(6.0 g) was treated with dodecanethiol to yield 4 a (6.1 g, 64%). 1H NMR
(300 MHz, [D6]DMSO): d=5.90 (s, 6 H, OH-2); 5.84 (s, 6H, OH-3); 4.89
(d, 6H, J1,2 =3.1 Hz, H-1); 3.77 (m, 6 H, H-3); 3.6 (m, 6H, H-5); 3.05–
3.32 (m, 12H, H-2, H-4); 2.7–2.85 (m, 12H, H-6); 2.57 (t, SCH2); 1.53
(m, SCH2CH2); 1.27 (br m, 108 H, CH2); 0.87 (d, 21H, CH3) ppm;
13C NMR (75 MHz, [D6]DMSO): d= 105.9 (C-1), 88.7 (C-4), 76.6, 76.2,
75.5 (C-3, C-2, C-5), 37.4–22.0 (dodecyl), 26.0 (C-6), 14.0 (CH3) ppm; ele-
mental analysis calcd (%) for C108H204O24S6 (2077.3): C 62.39, H 9.89, S
9.25; found: C 60.55, H 9.55, S 8.99; MALDI MS: m/z : 2099 [M+Na]+ ,
2115 [M+K]+ .


Octakis(6-dodecylthio)-g-cyclodextrin 4 c : Compound 2 c (2.0 g) was
treated with dodecanethiol to yield 4c (3.5 g, 91%). Alternatively, 3 c
(0.75 g) was treated with dodecanethiol to yield 4 c (1.2 g, 75%).
1H NMR (300 MHz, [D6]DMSO): d=5.90 (s, 8 H, OH-2); 5.84 (s, 8 H,


Figure 7. Electrophoretic mobility (mep) of b-cyclodextrin vesicles (6b) in
the presence of the adamantane carboxylate guest and competing b-cy-
clodextrin host (1 b). !: 0 mm 1 b ; *: 0.5 mm 1b ; *: 1 mm 1 b ; !: 5 mm 1b.


Table 3. Binding constants, Ka, of adamantane carboxylate to b-cyclodex-
trin vesicles (6 b) obtained from competition experiments in the presence
of b-cyclodextrin (1b).


b-Cyclodextrin [mm] Ka [m�1]


0 7.1�0.6� 103


0.5 7.7�0.5� 103


1.0 3.0�0.2� 103


5.0 7.4�0.9� 103
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OH-3); 4.89 (d, 8H, J1,2 =3.1 Hz, H-1); 3.77 (m, 8H, H-3); 3.6 (m, 8H,
H-5); 3.05–3.32 (m, 16H, H-2, H-4); 2.7–2.85 (m, 16, H-6); 2.57 (t, 16 H,
SCH2); 1.53 (m, 16H, SCH2CH2); 1.27 (br m, 144 H, CH2); 0.87 (d, 24 H,
CH3) ppm; 13C NMR (75 MHz, [D6]DMSO): d =105.9 (C-1), 88.7 (C-4),
76.6, 76.2, 75.5 (C-3, C-2, C-5), 37.4–22.0 (dodecyl), 26.0 (C-6), 14.0
(CH3) ppm; elemental analysis calcd (%) for C144H272O32S8 (2769.7): C
62.39, H 9.89, S 9.25; found: C 63.51, H 9.70, S 9.18; MALDI MS: m/z :
2792 [M+Na]+ , 2808 [M+K]+ .


Hexakis(6-hexadecylthio)-a-cyclodextrin 5 a : Compound 2a (1.0 g) was
treated with hexadecanethiol to yield 5a (1.8 g, 74%). Alternatively, 3a
(6.5 g) was treated with hexadecanethiol to yield 5 a (6.8 g, 58%).
1H NMR (300 MHz, [D6]DMSO): d=5.90 (s, 6 H, OH-2); 5.84 (s, 6 H,
OH-3); 4.89 (d, 6H, J1,2 =3.1 Hz, H-1); 3.77 (m, 6H, H-3); 3.6 (m, 6H,
H-5); 3.05–3.32 (m, 12H, H-2, H-4); 2.7–2.85 (m, 14H, H-6); 2.57 (t,
12H, SCH2); 1.53 (m, 12H, SCH2CH2); 1.27 (br s, 156 H, 13� CH2); 0.87
(d, 18H, CH3) ppm; 13C NMR (75 MHz, [D6]DMSO): d=102.9 (C-1),
86.7 (C-4), 74.8, 74.1, 73.5 (C-3, C-2, C-5), 60.2 (C-6), 37.4–22.0 (hexa-
decyl), 26.0 (C-6), 13.9 (CH3) ppm; elemental analysis calcd (%) for
C132H252O24S6 (2413.7): C 65.63, H 10.51, S 7.96; found: C 63.83, H 9.70, S
7.48; MALDI MS: m/z : 2437 [M+Na]+ , 2451 [M+K]+ .


Octakis(6-hexadecylthio)-g-cyclodextrin 5 c : Compound 2 c (0.3 g) was
treated with hexadecanethiol to yield 5 c (0.28 g, 43 %). Alternatively, 3 c
(0.75 g) was treated with hexadecanethiol to yield 5 c (1.0 g, 76%).
1H NMR (300 MHz, [D6]DMSO): d=5.90 (s, 8 H, OH-2); 5.84 (s, 8 H,
OH-3); 4.89 (d, 8H, J1,2 =3.1 Hz, H-1); 3.77 (m, 8H, H-3); 3.6 (m, 8H,
H-5); 3.05–3.32 (m, 16H, H-2, H-4); 2.7–2.85 (m, 16H, H-6); 2.57 (t,
16H, SCH2); 1.53 (m, 16 H, SCH2CH2); 1.27 (br m, 208 H, CH2); 0.87 (d,
24H, CH3) ppm; 13C NMR (75 MHz, [D6]DMSO): d=105.9 (C-1), 88.7
(C-4), 76.6, 76.2, 75.5 (C-3, C-2, C-5), 37.4–22.0 (hexadecyl), 26.0 (C-6),
14.0 (CH3) ppm; elemental analysis calcd (%) for C176H336O32S8 (3218.2):
C 65.63, H 10.51, S 7.96; found: C 64.81, H 10.21, S 8.09; MALDI MS:
m/z : 3255 [M+K]+ .


General procedure for the preparation of amphiphilic cyclodextrins 6 a–c
and 7a–c :[17] The appropriate alkyl thioether 4a–c or 5a–c (0.5–5.0 g),
K2CO3 (10 % by weight of cyclodextrin), and ethylene carbonate
(50 equiv) were mixed in N,N,N’,N’-tetramethylurea (5–15 mL). The mix-
ture was stirred at 150 8C for 4 h. The reaction was monitored by TLC
(CHCl3/MeOH/H2O 50:10:1, Rf = 0 for 4 a–c and 5a–c, Rf = 0.6 for 6 a–c
and 7 a–c). The solvent was evaporated under high vacuum at 70 8C in a
bulb-to-bulb destillation unit. In large scale reactions (>1 g), the crude
product was stirred overnight in a solution of NaOMe (0.1 m) in metha-
nol.[17] The crude product was purified by size-exclusion chromatography
(Sephadex LH-20, methanol). For further purification, 6 c was crystallized
in methanol and 7c was eluted over a silica-gel column with a mixture of
chloroform and methanol (9:1).


Hexakis [6-dodecylthio-2-oligo(ethylene oxide)]-a-cyclodextrin 6a : Com-
pound 4 a (5.0 g) was treated with ethylene carbonate to yield 6a (4.9 g,
93%). 1H NMR (300 MHz, [D]CHCl3): d=5.05 (br s, 6, H-1); 4.0–3.4 (m,
H-3, H-5, H-2, H-4, OCH2CH2O); 3.00 (m, 12, H-6); 2.60 (m, 12 H,
SCH2); 1.60 (m, 12H, CH2); 1.27 (br s, 108 H, CH2); 0.89 (t, 18H,
CH3) ppm; 13C NMR (75 MHz, [D]CHCl3): d=100.7 (C-1), 81.0 (C-2, C-
4), 71.0–72.0 (C-3, C-5, CH2O), 61.2 (CH2OH), 33.4 (C-6), 33.4 (CH2S),
31.7 (CH2), 29.5 (CH2)n, 29.2 (CH2), 28.8 (CH2), 22.4 (CH2), 13.9
(CH3) ppm; elemental analysis calcd (%) for C132H254O36S6 (2607.6): C
60.75, H 9.81, S 7.37; found: C 59.45, H 9.75, S 7.42; MALDI MS: m/z
(%): 2851 (24) [M17EO+Na]+ , 2807 (47) [M16EO+Na]+ , 2762 (73)
[M15EO+Na]+ , 2719 (100) [M14EO+Na]+ , 2674 (100) [M13EO+Na]+ , 2630
(71) [M12EO+Na]+ , 2586 (36) [M11EO+Na]+ .


Octakis [6-dodecylthio-2-oligo(ethylene oxide)]-g-cyclodextrin 6c : Com-
pound 4c (100 mg) was treated with ethylene carbonate to yield 6 c
(90 mg, 69 %). 1H NMR (300 MHz, [D]CHCl3): d=5.05 (br s, 8H, H-1);
4.0–3.4 (m, H-3, H-5, H-2, H-4, OCH2CH2O); 3.00 (m, 16 H, H-6); 2.60
(m, 16 H, SCH2); 1.60 (m, 16 H, CH2); 1.27 (br s, 144 H, CH2); 0.89 (t,
24H, CH3) ppm; 13C NMR (75 MHz, [D]CHCl3): d=100.7 (C-1), 81.0 (C-
2, C-4), 71.0–72.0 (C-3, C-5, CH2O), 61.2 (CH2OH), 33.4 (C-6), 33.4
(CH2S), 31.7 (CH2), 29.5 (CH2)n, 29.2 (CH2), 28.8 (CH2), 22.4 (CH2), 13.9
(CH3) ppm; elemental analysis calcd (%) for C176H336O48S8 (3474.2): C
60.80, H 9.74, S 7.38; found: C 61.74, H 9.68, S 8.11; MALDI MS: m/z


(%): 3764 (39) [M22EO+Na]+ , 3720 (62) [M21EO+Na]+ , 3676 (87)
[M20EO+Na]+ , 3632 (100) [M19EO+Na]+ , 3588 (92) [M18EO+Na]+ , 3544
(67) [M17EO+Na]+ , 3500 (29) [M16EO+Na]+ .


Hexakis [6-hexadecylthio-2-oligo(ethylene oxide)]-a-cyclodextrin 7 a :
Compound 5a (4.0 g) was treated with ethylene carbonate to yield 7 a
(4.3 g, 89%). 1H NMR (300 MHz, [D]CHCl3): d=5.05 (br s, 6H, H-1);
4.0–3.3 (m, H-3, H-5, H-2, H-4, OCH2CH2O); 3.00 (m, 12 H, H-6); 2.60
(m, 12 H, SCH2); 1.57 (m, 12 H, CH2); 1.30 (br s, 156 H, CH2); 0.88 (t,
18H, CH3) ppm; 13C NMR (75 MHz, [D]CHCl3): d=100.9 (C-1), 81.2 (C-
2, C-4), 71.0–72.5 (C-3, C-5, CH2O), 61.5 (CH2OH), 34.1 (C-6), 33.7
(CH2S), 32.0 (CH2), 29.8 (CH2)n, 29.7 (CH2), 29.5 (CH2), 29.4 (CH2), 29.2
(CH2), 22.7 (CH2), 14.1 (CH3) ppm; elemental analysis calcd (%) for
C156H300O36S6 (2941.4): C 63.64, H 10.27, S 6.53; found: C 61.22, H 9.75, S
6.10; MALDI MS: m/z (%): 3070 (24) [M15EO]+ , 3027 (55) [M14EO]+ , 2983
(86) [M13EO]+ , 2940 (100) [M12EO]+ , 2896 (90) [M11EO]+ , 2853 (55)
[M10EO]+ , 2808 (26) [M9EO]+ .


Octakis [6-hexadecylthio-2-oligo(ethylene oxide)]-g -cyclodextrin 7 c :
Compound 5 c (0.75 g) was treated with ethylene carbonate to yield 7 c
(0.75 g, 85%). 1H NMR (300 MHz, [D]CHCl3): d=5.05 (br s, 8 H, H-1);
4.0–3.3 (m, H-3, H-5, H-2, H-4, OCH2CH2O); 3.00 (m, 16 H, H-6); 2.60
(m, 16H, SCH2); 1.57 (m, 14H, CH2); 1.30 (br m, 208 H, CH2); 0.88 (t,
24H, CH3) ppm; 13C NMR (75 MHz, [D]CHCl3): d=100.9 (C-1), 81.2 (C-
2, C-4), 71.0–72.5 (C-3, C-5, CH2O), 61.5 (CH2OH), 34.1 (C-6), 33.7
(CH2S), 32.0 (CH2), 29.8 (CH2)n, 29.7 (CH2), 29.5 (CH2), 29.4 (CH2), 29.2
(CH2), 22.7 (CH2), 14.1 (CH3) ppm; elemental analysis calcd (%) for
C208H400O48S8 (3922.7): C 63.64, H 10.27, S 6.53; found: C 63.82, H 10.01,
S 6.48; MALDI MS: m/z (%): 4756 (67) [M35EO+Na]+ , 4741 (75)
[M34EO+Na]+ , 4696 (92) [M33EO+Na]+ , 4652 (92) [M32EO+Na]+ , 4607 (82)
[M31EO+Na]+ , 4568 (77) [M30EO+Na]+ , 4524 (65) [M29EO+Na]+ .


Vesicle preparation : Vesicles of 6a–c and 7a–c were prepared by sonica-
tion or extrusion. Typically, amphiphilic cyclodextrin (several mg) in
chloroform (approximately 1 mL) was dried by rotary evaporation to
yield a thin film in a glass vial. Residual solvent was removed under high
vacuum. Water or buffer (1–5 mL, 10 mm phosphate or 2-[4-(2-hydroxy-
ethyl)-1-piperazinyl]ethanesulfonic acid (HEPES), pH 7.2) was added
and the sample solution was kept for 1 h at room temperature (6a–c) or
at 50 8C (7a–c). The resulting suspension was sonicated in a Bran-
sonic 1510 sonication bath for 1 h to give small unilamellar vesicles. Al-
ternatively, the suspension was repeatedly passed through a poly-
carbonate membrane with 0.1 mm pore size in a LiposoFast extruder.
Vesicles of 6 a–c were sonicated or extruded at room temperature, where-
as vesicles of 7 a–c (with a melting temperature, Tm, estimated to be
around 48 8C)[6a] were sonicated or extruded at 50 8C. Reference vesicles
were prepared from C12EO3 (10 mg) that was dissolved in chloroform
(1 mL) and then dried by rotary evaporation for 3 h to give a thin film.
Water (2.5 mL) was added and the sample was sonicated below 20 8C for
30 min.


Transmission electron microscopy (TEM): Samples for TEM were pre-
pared on 200 mesh formvar-carbon-coated copper grids. A drop of cyclo-
dextrin solution (approximately 0.1 mg mL�1) was left on the grid for
2 min then gently blotted with filter paper. The samples were stained
with a drop of 2 % (w/w) uranyl acetate, left for 5 min, and blotted again.
The samples were investigated in a JEOL 2000 transmission electron mi-
croscope operating at 80 kV.


Dynamic light scattering : Dynamic light-scattering measurements were
carried out at room temperature by using Malvern instrumentation. The
amphiphile concentration was approximately 0.2 mg mL�1. The solutions
were filtered through 0.45 mm Gelman Acrodisk syringe filters prior to
light-scattering measurements. Size distributions were obtained from a
CONTIN analysis of the scattering data.


Dye encapsulation : A 10 mm solution of carboxyfluorescein was prepared
in 10 mm HEPES buffer solution (pH 7.2). Cyclodextrin vesicles were
prepared by dissolving the appropriate cyclodextrin 6a–c or 7a–c in
chloroform and then evaporating the solvent to form a thin film. The car-
boxyfluorescein solution (1 mL) was added and the cyclodextrin film was
hydrated for 1 h. Next, the sample was shaken vigorously and sonicated
for 1 h at 50 8C. Cyclodextrin concentrations ranging from 0.5–
20 mg mL�1 were evaluated, although little entrapment of dye molecules
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was obtained below concentrations of 1.5 mg mL�1. Above concentrations
of 1 mg mL�1, 7c and carboxyfluorescein precipitated and no encapsula-
tion could be measured. The solution of encapsulated guest molecules
(250 mL) was loaded onto a Sephadex G-25 size-exclusion column (18 �
1 cm, void volume=4 mL) with HEPES (10 mm) solution as the eluent.
Fractions of 1 mL were collected. These samples were made up to 2.5 mL
in transparent perspex cuvettes. A Perkin–Elmer LB50 fluorescence
spectrometer was used to measure the fluorescence of the fractions (lex =


485 nm and lem =520 nm). Vesicles were detected by light scattering at
lex =lem =400 nm. The fluorescence of each fraction was measured imme-
diately and after storage for 2 days at room temperature, over which time
there was less than 10 % difference. Finally, the fluorescence of each frac-
tion was reexamined upon addition of the detergent Triton X-100, which
lyses the vesicles.


X-ray diffraction : The X-ray diffraction measurements were performed
on a Panalytical X�Pert Pro diffractometer (Panalytical, Almelo, The
Netherlands) by using nickel-filtered CuKa radiation (tube operating at
40 kV and 40 mA). The data were collected by using an automatic diver-
gence slit (5 mm irradiated length) and a 0.2 mm receiving slit. The data
were collected from 1–108 (2q) with a step size of 0.0058 (2q) and a
counting time of 1.0 s per step. The samples were prepared by depositing
a droplet of cyclodextrin vesicle solution (approximately 2 mg mL�1) on a
microscope cover slide and letting this dry in a flow of warm air until a
thin film of cyclodextrins remained on the cover slide. In the X-ray dif-
fractogram, first-, second-, and third-order Bragg peaks were observed,
except with cyclodextrins 7a and 7b, for which only first-order peaks
were observed. From the positions of the first-order peaks, the bilayer
thickness was calculated by using Bragg�s law.


Langmuir monolayers : Spreading solutions were prepared by dissolving a
known quantity (approximately 5 mg) of the cyclodextrin in chloroform
(5 mL). Pressure–area measurements were carried out in a Teflon trough
of 400 mL. Cyclodextrin solutions were deposited in an appropriate
volume (approximately 12 mL) with a micropipette at the air–water inter-
face. 30 min was allowed for solvent evaporation and equilibration. Pres-
sure–area isotherms were measured at 20 8C on a Langmuir type balance
(Nima Technology). Compressions were performed continuously at a rate
of 20 cm2 min�1 from 510–50 cm2. Each sample was run at least twice to
ensure reproducibility of results. Brewster angle microscopy was carried
out by using an NFT Mini Brewster angle microscope on the Nima film
balance. Compression rates were the same as for pressure–area measure-
ments. The image size is 4� 6 mm and resolution is <20 mm.


Capillary electrophoresis (CE): Capillary electrophoresis was carried out
as described previously.[6c,28] Measurements were carried out on a 57 cm
(48.5 cm from inlet to detector) fused silica capillary (75 mm internal di-
ameter; Polymicro Technologies) with a separation voltage of 25 kV, by
using an Agilent HP 3D CE system. The capillary was conditioned with
1n NaOH (5 min), water (1 min), and 10 mm phosphate buffer (1 min)
before each series of measurements and running buffer (1 min) before
each measurement. The running buffer was prepared with a varying con-
centration of adamantane carboxylate in 10 mm phosphate buffer adjust-
ed to pH 7.5. The analyte sample (0.2 mg mL�1 in 5 mm phosphate buffer)
was introduced with 34.5 mbar injection for 5 s and detected with a diode
array detector at 200 nm. Measurements were repeated two or three
times for each concentration. For competition experiments, the elution
time of the vesicles was determined in the presence of a known concen-
tration (0.5, 1.0, or 5.0 mm) of b-cyclodextrin 1 b and various concentra-
tions of adamantane carboxylate in the capillary. The electrophoretic mo-
bility, mep, of the vesicles was determined from the elution time according
to Equation (1), where l and L denote the effective length (in m) of the
capillary from injector to detector and the total length (in m), respective-
ly, V is the voltage (in V), and teof and t represent the elution times (in s)
of the electroosmotic flow (detected by a negative peak) and the sample,
respectively.


mep ¼ l L V�1ð1=t�1=teofÞ ð1Þ


Binding contants, Ka, were calculated from a nonlinear regression of the
change of electrophoretic mobility of the vesicles as a function of the


adamantane carboxylate concentration, with the assumption that the con-
centration of complexed guest is always small relative to the total guest
concentration.[28]
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Helical Arrays of Pendant Fullerenes on Optically Active
Poly(phenylacetylene)s


Tatsuya Nishimura, Katsuhiro Maeda, Sousuke Ohsawa, and Eiji Yashima*[a]


Introduction


The design and synthesis of [60]fullerene-containing poly-
mers has received considerable attention in the past
decade[1] because the incorporation of C60 molecules into
polymer backbones or pendant groups is the most conven-
ient method of producing functionally useful C60-based ma-
terials with high mechanical strength and good processabili-
ty while maintaining the unique physical and chemical fea-
tures of C60 molecules.[2] Such C60-based polymers with well
defined structures may be applied in wide fields of materials
and biological sciences.[1,3] However, previous studies of C60-
based polymers have mainly been carried out on their struc-
tures and properties in the solid state or as thin films. We
have previously reported a series of studies on the synthesis


and unique properties of dynamic helical poly(phenylacety-
lene)s. The copolymerization of achiral phenylacetylenes
with a small amount of optically active phenylacetylenes
produced stereoregular poly(phenylacetylene)s with optical
activity arising from predominantly one-handed helical con-
formations of the copolymers, thus showing induced circular
dichroism (ICD) in the polymer backbone regions.[4] The
ICD intensities of the copolymers increased with increasing
bulkiness of the substituents introduced on the phenyl
groups of the achiral comonomers;[4b,d] this is a typical exam-
ple of the chiral amplification of covalent systems in a poly-
mer and originates from the feature of dynamic macromo-
lecular helicity unique to poly(phenylacetylene)s, polyiso-
cyanates, and polysilanes.[5] These helical polymers are be-
lieved to be equal mixtures of right- and left-handed helical
conformations separated by helix reversal points that readily
move along the polymer backbones. Therefore, a small
chiral bias in the pendant chiral units covalently bonded to
the main chain is significantly amplified to induce the same
helix in the major achiral monomer units, resulting in a
single-handed helical polymer.[5] Similar chiral amplification
is possible in dynamic helical poly(phenylacetylene)s
through noncovalent chiral bimolecular interactions, when
the polymers have a specific functional group capable of in-
teracting with small chiral molecules.[5e, 6] These observations
stimulated us to synthesize an optically active, C60-based hel-
ical poly(phenylacetylene) by copolymerization of an achiral
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Supporting information for this article (1H NMR, 13C NMR, and ab-
sorption spectra of 1, Raman and IR spectra of the copolymers, CD
and absorption spectra of poly(10.1-co-2 b0.9) in dichloromethane/
DMSO (1:1, v/v), and AFM images of poly(10.1-co-2 a0.9) on mica and
poly(10.1-co-2 b0.9) on HOPG) is available on the WWW under http://
www.chemeurj.org/or from the author.


Abstract: Novel, optically active, ster-
eoregular poly(phenylacetylene)s bear-
ing the bulky fullerene as the pendant
were synthesized by copolymerization
of an achiral phenylacetylene bearing a
[60]fullerene unit with optically active
phenylacetylene components in the
presence of a rhodium catalyst. The
C60-bound phenylacetylene was pre-
pared by treatment of C60 with N-(4-
ethynylbenzyl)glycine in a Prato reac-
tion. The obtained copolymers exhibit-


ed induced circular dichroism (ICD) in
solution both in the main-chain region
and in the achiral fullerene chromo-
phoric region, although their ICD in-
tensities were highly dependent on the
structures of the optically active phe-
nylacetylenes and the solution temper-


ature. These results indicate that the
optically active copolymers form one-
handed helical structures and that the
pendant achiral fullerene groups are ar-
ranged in helical arrays with a predom-
inant screw sense along the polymer
backbone. The structures and morphol-
ogy of the copolymers on solid sub-
strates were also investigated by
atomic force microscopy.


Keywords: chirality · circular
dichroism · fullerenes · helical
structures · polymers
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C60-bound phenylacetylene component with optically active
phenylacetylene units, in which the achiral C60 pendant
groups might arrange in a helical array along the polymer
backbone with a one-handed screw sense.


Recently, we have successfully prepared the first example
of such C60-based helical poly(phenylacetylene)s bearing
achiral C60 pendant groups, by copolymerization of an achi-
ral C60-bound phenylacetylene (1) with an optically active
phenylacetylene (2 a) (Scheme 1).[7] The copolymers exhibit-


ed characteristic ICD both in the polymer backbone region
and in the achiral fullerene region. However, such a helical
array of the C60 pendant groups was achieved at low temper-
atures.[7] Similar helicity induction and helical arrays of C60


molecules have been reported for dynamically racemic heli-
cal poly(phenylacetylene)s bearing bulky [18]crown-6 ether
and achiral C60 pendant groups[6h] or a phosphate group as
the side group.[6i] These polymers formed predominantly
one-handed helixes induced by noncovalent bonding chiral
interactions with amino acids or optically active cationic
C60-bis(adducts), respectively. In the present study, we pre-
pared two novel, optically active phenylacetylenes with
bulkier side groups (2 b and 2 c), and these were copolymer-


ized with the achiral C60-bound phenylacetylene (1) in the
presence of a rhodium catalyst (Scheme 1). We expected
that helical poly(phenylacetylene)s with bulkier chiral pend-
ant groups should yield more stable C60-bound helical poly-
mers. The chiroptical properties of the copolymers and their
morphologies on substrates were characterized by UV/Vis
and circular dichroism (CD) spectroscopy and by atomic
force microscopy (AFM), respectively.


Results and Discussion


Synthesis and copolymerization
of a phenylacetylene derivative
bearing a C60 pendant with opti-
cally active phenylacetylenes :
The achiral fullerene monomer
1 was prepared as shown in
Scheme 2. A Prato reaction be-
tween C60 and N-(4-ethynylben-
zyl)glycine was employed to in-
troduce a phenylacetylene resi-
due on the C60 surface.[1a,8] The
target monoadduct 1 was ob-
tained in 30 % yield, together
with a small amount of the bi-
s(adduct) as a by-product
(25 %), which could be easily
separated by silica gel chroma-
tography. The fullerene mono-
mer 1 was characterized and
identified by UV/Vis and 1H
and 13C NMR spectroscopy and
by mass spectrometry (see Sup-
porting Information). In the ab-
sorption spectrum, the charac-
teristic absorptions due to the
C60 moiety were observed
above 600 nm (e702 380, e635 400,
and e605 560 m


�1 cm�1).
Optically active phenylacety-


lenes bearing either an (R)-[(1-
phenylethyl)carbamoyl]oxy
group (2 a) or an (S)-[1-(1-


Scheme 1. Synthesis of C60-containing helical poly(phenylacetylene)s (poly(1m-co-2n)).


Scheme 2. Synthesis of 1.


Scheme 3. Synthesis of 2 b. DCC =dicyclohexylcarbodiimide; HOBt =1-
hydroxybenzotriazole.
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naphthyl)ethyl]carbamoyl group (2 c) were prepared by the
previously reported methods.[4b, 9] A new optically active
phenylacetylene with an (S)-2-tert-butoxycarbonylamino-1,5-
dioxo-5-(phenylmethoxy)pentylamino pendant group (2 b)
was prepared as outlined in Scheme 3, and its formula and
structure were confirmed by 1H NMR and elemental analysis.


Optically active, cis-transoidal poly(phenylacetylene)s
with C60 pendant groups were prepared by copolymerization
of the achiral C60-bound phenylacetylene (1) with optically
active phenylacetylenes (2 a–2 c) in the presence of a rhodi-
um catalyst [{Rh(nbd)Cl}2] (nbd = norbornadiene)
(Scheme 1). The copolymerization results at various feed
monomer ratios are summarized in Table 1. The homopoly-
merization of 1 proceeded rapidly, and a black polymer pre-
cipitated within a few minutes. The obtained homopolymer
was insoluble in common organic solvents. In order to over-
come this solubility problem with poly-1, we performed a
copolymerization of 1 with optically active comonomers.
The copolymerization of 1 with 2 a and 2 b at feed molar
ratios of [1]/([1]+ [2 a]) = 0.1 and [1]/([1]+ [2 b]) = 0.1 and
0.2 proceeded homogeneously, and the obtained copolymers
were soluble in THF and chloroform. However, the copoly-
merization of 1 with 2 a at [1]/([1]+ [2 a]) ^ 0.2 and with 2 b
at [1]/([1] + [2 b]) ^0.3 resulted in precipitation in chloro-
form during the copolymerization reaction. The chloroform-
insoluble part was then separated by centrifugation, and the
supernatant was poured into a large amount of methanol in
order to collect the chloroform-soluble copolymers. After
isolation, the isolated copolymers were partially soluble in—
depending on the C60 unit content—THF, dichloromethane,
and chloroform.


The copolymerization of 1 with 2 c at [1]/([1]+ [2 c]) = 0.1
also proceeded homogeneously in chloroform to produce a
methanol-insoluble copolymer quantitatively after 24 h.
However, the copolymer became insoluble in common or-
ganic solvents once isolated. A part of the copolymerization


mixture (0.1 m) was therefore withdrawn after 24 h and dilut-
ed with chloroform to maintain the copolymer concentration
at 0.01 m. The diluted solution was then subjected to CD
measurements and size-exclusion chromatography (SEC).


The stereoregularity of the copolymers was investigated
by 1H NMR spectroscopy. The 1H NMR spectra of poly(10.1-
co-2 a0.9) (run 2 in Table 1) and poly(10.1-co-2 b0.9) (run 7 in
Table 1) are shown in Figure 1 and Figure 2 , respectively.


The copolymers each showed a characteristic peak centered
at around d=5.7 ppm due to the main chain protons, attrib-
utable to their cis-transoidal main chains� olefinic protons,[10]


although the proton resonances of poly(10.1-co-2 b0.9) were
rather broad in comparison with those of poly(10.1-co-2 a0.9).
This difference in line broadening may be due to a differ-
ence in the rigidity of the copolymers; poly(10.1-co-2 b0.9)
may have a more rigid helical structure than poly(10.1-co-
2 a0.9). The stereoregularity of poly(10.1-co-2 c0.9) (run 10 in


Table 1. Copolymerization results for the fullerene monomer 1 and optically active comonomers (2) in the presence of [{Rh(nbd)Cl}2] in chloroform at
30 8C for 24 h.[a]


Polymer


Run 1
[mol %]


Comonomer 1 + comonomer
[m]


Yield [%][b] MeOH-insoluble part


Yield [%] 1 [mol %][c] Mn�10�4[d]


1 100 – 0.016 60.4 – – (�) –
2 10 2a 0.043 – 52.0 12.3 (15) 8.4


3[e] 10 2a 0.043 – 13.2[f] 9.8 (�) 1.5
4 20 2a 0.033 15.2 72.0 22.1 (22) 1.8
5 30 2a 0.026 60.5 20.8 26.9 (30) 2.4
6 0 2 b 0.50 – 91.0 – (�) 62.3[g]


7 10 2 b 0.070 – 83.7 10.3 (13) 27.3[g]


8 20 2 b 0.040 – 75.0 17.4 (22) 21.8[g]


9 30 2 b 0.042 9.1 67.7[h] – (�) 14.6[g]


10 10 2 c 0.099 - 100.0[i] – (16) 4.6[g]


[a] Polymerized under nitrogen; [1 + 2]/[Et3N] = 1. [1 + 2]/[Rh] = 100. [b] Chloroform-insoluble part. [c] Estimated by 1H NMR spectroscopy; those
estimated by UV/Vis spectra on the basis of the molar absorptivity of 1 are shown in parentheses. [d] Determined by SEC (polystyrene standards) in
THF. [e] Polymerized for 20 s. [f] Part insoluble in toluene/MeOH (1:1, v/v). [g] Determined by SEC (poly(ethylene glycol) and poly(ethylene oxide)
standards) in DMF containing 10 mm lithium chloride. [h] The isolated copolymer was insoluble in common organic solvents. [i] The reaction proceeded
homogeneously during the copolymerization, but the isolated copolymer was insoluble in common organic solvents.


Figure 1. 1H NMR spectrum of poly(10.1-co-2a0.9) in [D]chloroform at
60 8C.
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Table 1) was investigated by laser Raman spectroscopy in
the solid state, since poly(10.1-co-2 c0.9) was insoluble in
common organic solvents after isolation. The Raman spec-
trum of poly(10.1-co-2 c0.9) showed intense peaks at 1577,
1377, and 891 cm�1, assigned to the C=C, C�C, and C�H
bond vibrations in the cis polyacetylenes, while those of the
trans forms were not observed.[11] Other copolymers, includ-
ing poly(10.1-co-2 a0.9) and poly(10.1-co-2 b0.9), also showed
similar Raman spectra, indicating that these copolymers
possess highly cis-transoidal structures (see Supporting In-
formation).


The introduction of the C60 units into the polymer chains
was confirmed by the 1H NMR, absorption, and IR spectra
of the copolymers. The IR spectra of poly(1m-co-2 an) and
poly(1m-co-2 bn) showed characteristic absorptions for the
C60 units at 527 cm�1 (see Supporting Information). The co-
polymer compositions were estimated by the 1H NMR and
absorption spectra, which were almost in accordance with
those in the feed. The distribution of the two monomer
units in the polymer chains varies depending on the poly-
merizability of the monomers. However, it was difficult to
determine the monomer reactivity ratios of 2 a–2 c to 1 be-
cause of the insolubility of the copolymers with high C60


contents. We then carried out the copolymerization of 1 and
2 a at a feed molar ratio of [1]/[2 a] = 10:90 (mol/mol)
(run 3 in Table 1), and the reaction was terminated at a low
level of conversion (13 %) in order to determine the copoly-
mer composition. The value ([1]/[2 a] = 9.8/90.2) was in fair
agreement with that in the feed. This clearly indicates that
the polymerizability of 1 is almost identical to that of 2 a
and that the monomer distributions in the copolymers of 1
and 2 a may be random, independent of the level of mono-
mer conversion.


Chiroptical properties of copolymers : Figure 3 shows the
CD and absorption spectra of poly(10.1-co-2 a0.9) in THF (A)
and of poly(10.1-co-2 c0.9) in chloroform (B). The copolymers
exhibited intense, split-type ICDs in the p-conjugated main-
chain regions (280–500 nm). The Cotton effect signs were
opposite from each other because of the opposite configura-
tions of the pendant stereogenic centers of 2 a (R enantiom-
er) and 2 c (S enantiomer), but their CD spectra were simi-


lar in pattern to those of the homopolymers (poly-2 a[4b,d]


and poly-2 c[9]) and of poly[(4-carboxyphenyl)acetylene]
complexed with optically active amines or amino alcohols.[6c]


The magnitude of the ICDs (main-chain regions) of
poly(10.1-co-2 a0.9) and poly(10.1-co-2 c0.9) monotonically in-
creased with decreasing temperature. Similar temperature
dependence of the Cotton effect intensities in the main-
chain regions of optically active poly(phenylacetylene)s has
also been observed for the homopolymers poly-2 a[4d] and
poly-2 c.[9] These results suggest that the induced helical con-
formations of the copolymers are dynamic in nature as a
result of cooperative interactions among the pendant
groups, and that the helical screw sense preference (right-
and left-handed helices) of the copolymers, which is control-
led by the pendant chirality, increased with decreasing tem-
perature.


Figure 2. 1H NMR spectrum of poly(10.1-co-2 b0.9) in [D]chloroform/
[D6]DMSO (1:1, v/v) at 60 8C.


Figure 3. CD and absorption spectra of poly(10.1-co-2 a0.9) in THF
(0.1 mg mL�1) (a) and poly(10.1-co-2 c0.9) in chloroform (0.1 mg mL�1) (b)
at various temperatures. The insets show the corresponding CD and ab-
sorption spectra in the fullerene chromophore region at higher concen-
trations (4.6 (a) and 3.8 mg mL�1 (b)). The molar concentrations were cal-
culated on the basis of the monomer units and C60 units (insets).
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The copolymers of 1 both with 2 a and with 2 c showed
almost no detectable absorption and CD at wavelengths
over 600 nm in dilute solution (Figure 3 a and b), due to the
low concentrations of the C60 units. At higher concentra-
tions, however, apparent and remarkable CDs were induced
above 600 nm at temperatures lower than �40 8C (a) and
�20 8C (b), characteristic of the fullerene chromophores in
the copolymers (insets in Figure 3 a and b). The ICD inten-
sities in this region increased further at lower temperatures.
The sudden onsets and rapid increases in the optical activity
of the achiral C60 cores in the copolymers indicate helical
arrays of the C60 pendant groups with one-handed screw
senses along the polymer backbones, because the C60 units
themselves are achiral (Figure 4).


Recently, Xu and Tang reported that the polymerization
of phenylacetylene with [{Rh(nbd)Cl}2] as a catalyst in the
presence of C60 produced a C60-containing poly(phenylacet-
ylene).[12] We thus carried out the polymerization of 2 a with
[{Rh(nbd)Cl}2] in the presence of C60. However, the result-
ing THF-soluble polymer showed no ICD in the fullerene
chromophore region even at �80 8C.[13] Moreover, a solution
of poly-2 a in THF containing 10 mol% C60 exhibited no
ICD in the same fullerene region. These results support the
structure of poly(10.1-co-2 a0.9) shown in Scheme 1 and the in-
duction of chirality on the pendant C60 units arranging in a
helical array.


The other copolymers (poly(10.2-co-2 a0.8) (run 4 in
Table 1) and poly(10.3-co-2 a0.7) (run 5 in Table 1)) also exhib-
ited similar ICDs in the same wavelength region (600–
800 nm) as well as in the main-chain region. This is the first
observation of chirality induction in achiral fullerenes origi-
nating from their helical arrangement in polymers.[7] The ob-
served CD intensities in the fullerene chromophore regions
of the copolymers were calculated on the basis of the con-
tents of C60 units incorporated into the copolymer chains.[14]


These CD values were as large as those seen for chiral mon-
osubstituted fullerenes[15] and C1-symmetric chiral bis-substi-
tuted fullerenes,[16] but were smaller than those of their C2-


symmetric counterparts by one or two orders of magni-
tude.[17]


Poly(10.1-co-2 b0.9) with protected l-glutamate residues as
the pendant groups also showed ICD in the main-chain
region in dichloromethane, but the ICD pattern was quite
different from those of poly(10.1-co-2 a0.9) in THF and
poly(10.1-co-2 c0.9) in chloroform (Figure 3), and the absorp-
tion maximum due to the main chain chromophore was
shifted to a longer wavelength (Figure 5 a) than seen in the


homopolymers of 2 a and 2 c and their copolymers with 1. In
the presence of polar solvents such as DMF and DMSO,
however, poly(10.1-co-2 b0.9) exhibited a dramatic change in


Figure 4. A possible helical structure of poly(10.2-co-2a0.8) (20-mer).
Space-filling models are shown: a) in top, and b) in side views. The fuller-
ene units are assumed to arrange in a left-handed helical array along the
right-handed polyacetylene main chain. The helix sense is tentative, but
the copolymer should have either a right- or a left-handed helical confor-
mation since it exhibits ICD both in the main-chain and in the fullerene
chromophoric regions.


Figure 5. CD and absorption spectra of: a) poly(10.1-co-2b0.9) in dichloro-
methane (0.1 mg mL�1), and b) dichloromethane/DMF (1:1, v/v)
(0.1 mg mL�1) at various temperatures. The insets show the corresponding
CD and absorption spectra in the fullerene region at a higher concentra-
tions—a) 4.3 mg mL�1 and b) 3.0 mg mL�1. The molar concentrations
were calculated on the basis of the monomer and C60 units (inset).
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its CD spectrum (Figure 5 b and Supporting Information),
its ICD pattern changing to one similar to those of poly(10.1-
co-2 a0.9) and poly(10.1-co-2 c0.9) (Figure 3). This unique CD
spectral change in poly(10.1-co-2 b0.9) may be attributable to
a change in the helical structure; that is, a change in the
twist angle of the conjugated double bonds, probably
through intramolecular association and dissociation of hy-
drogen bonding at the pendant groups induced by the polar
solvents. Similar stabilization of helical polyacetylenes by in-
tramolecular hydrogen bonding has been reported for
poly(N-propargylamide) derivatives bearing optically active
substituents as the side groups and amino acid bound, opti-
cally active poly(phenylacetylene)s.[18]


Another possible explanation for the change in the ICD
of poly(10.1-co-2 b0.9) depending on the solvent may be aggre-
gation of the copolymer main chains in the nonpolar di-
chloromethane.[19] It is well known that aggregations are
highly sensitive to the concentrations of polymers. However,
the ICD pattern of poly(10.1-co-2 b0.9) in dichloromethane
hardly changed over a poly(10.1-co-2 b0.9) concentration
range from 4.0 to 0.01 mgmL�1, indicating that the forma-
tion of aggregates could be ruled out. Moreover, dynamic
light scattering (DLS) experiments also support this specula-
tion. The estimated hydrodynamic radius (Rh) value for the
poly(10.1-co-2 b0.9) in dichloromethane (22 nm) was very simi-
lar to that in DMF/dichloromethane (1:1, v/v) (31 nm),
which excludes the possibility of the formation of aggregates
of the polymer chains in dichloromethane.[9] AFM analyses
of poly(10.1-co-2 b0.9) on mica, discussed in detail later on,
also support this conclusion.


We then used IR spectroscopy to investigate whether
poly(10.1-co-2 b0.9) could enter into intramolecular hydrogen
bonding in dichloromethane. As shown in Figure 6 a, the
monomer 2 b showed absorptions in dichloromethane at
1702 and 3415 cm�1, which can be assigned to the free
amide I and the free N�H stretching vibrations, respectively,
while in the solid state (Figure 6 b) these peaks were shifted
to lower wavenumbers, at 1670 and 3310 cm�1, respectively.
This indicates that the pendant amide groups of 2 b are en-
gaged in intermolecular hydrogen bonding in the solid
state.[20] Similar hydrogen-bonded amide I and N�H stretch-
ing bonds were observed at 1670 and 3310 cm�1, respective-
ly—identical to those of the monomer 2 b in the solid
state—for poly(10.1-co-2 b0.9) in dichloromethane (Figure 6 c).
Moreover, the IR spectra of poly(10.1-co-2 b0.9) in dichloro-
methane hardly changed over the poly(10.1-co-2 b0.9) concen-
tration range from 1 to 50 mm. These results suggest that
poly(10.1-co-2 b0.9) engages in intramolecular hydrogen bond-
ing between the adjacent side groups in dichloromethane.
Such hydrogen bonding results in the formation of a helical
structure with a different conjugation length and a helical
pitch, which might be responsible for the difference in the
ICD patterns of the copolymer in solvents. In fact, in di-
chloromethane/DMSO (1:1, v/v), the N�H stretching vibra-
tion of poly(10.1-co-2 b0.9) was strongly shifted to 3251 cm�1


(Figure 6 e), which is identical to that of the monomer 2 b in
the same solvent mixture (Figure 6 d). These large shifts of


the N�H vibration to lower wavenumbers can be assigned
to strong hydrogen bonding with DMSO molecules.[21] These
IR spectral results demonstrate that the intramolecular hy-
drogen bonding is broken by the addition of DMSO. We
note that poly(10.1-co-2 b0.9) exhibited almost the same ICD
in DMSO and in dichloromethane/DMF (1:1, v/v) (Fig-
ure 5 b and Supporting Information).


Poly(10.1-co-2 b0.9) exhibited rather intense ICD in the full-
erene region even at 25 8C and the ICD intensity hardly
changed at lower temperatures (Figure 5). The ICD pattern
of poly(10.1-co-2 b0.9) in the fullerene region was similar to
those of poly(10.1-co-2 a0.9) and poly(10.1-co-2 c0.9), indicating
that the pendant fullerenes also arrange in a helical array
along the one-handed helix of the poly(10.1-co-2 b0.9) main
chain and that the bulky chiral pendant of 2 b may efficient-
ly assist the helical arrangement of the C60 molecules, which
are stable at 25 8C.


Atomic force microscopy studies : AFM analyses of the co-
polymers on solid substrates such as a freshly cleaved mica
surface and highly oriented pyrolytic graphite (HOPG)
were then conducted in order to observe the structures and
morphologies of the helically arranged C60-based copoly-
mers. Figure 7 shows typical AFM images of poly(10.1-co-
2 a0.9) and poly(10.1-co-2 b0.9) cast from dilute solutions in


Figure 6. FT-IR spectra of monomer 2 b : a) in dichloromethane (10 mm),
b) in the solid state, and d) in dichloromethane/DMSO (1:1, v/v), and of
poly(10.1-co-2 b0.9): c) in dichloromethane (10 mm), and e) in dichloro-
methane/DMSO (1:1, v/v). The solution IR measurements were carried
out in a 150 mm BaF2 cell at room temperature.
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THF and chloroform on HOPG (a) and mica (d), respective-
ly. The morphology of the copolymers was significantly in-
fluenced by the substrates. Individual copolymer chains of
poly(10.1-co-2 a0.9) (average height: 2.1�0.8 nm) together
with isolated particles can be seen on HOPG (Figure 7 a),
whereas isolated particles (average height: 2.6�1.3 nm)
were observed on mica after preparation by the same proce-
dure as for HOPG (see Supporting Information) because
the pendant C60 groups of the copolymer aggregate on mica
to form assemblies (clusters) through repulsive interactions
between the hydrophobic C60 units and the hydrophilic mica
substrates.[22] These results indicate that the attractive force
between the pendant C60 groups and the substrate plays a
critical role in the morphologies of the C60-based polymers.
The average height of poly(10.1-co-2 a0.9) on HOPG was,
however, shorter than the molecular diameter of a helical
copolymer model (Figure 4). Tip-induced deformation of
the samples may account for the reduced height of the co-
polymer.[23]


In contrast to the morphology observed for poly(10.1-co-
2 a0.9,), poly(10.1-co-2 b0.9), with hydrophilic glutamate resi-
dues as the chiral pendant groups, showed a different mor-
phology on the substrates. On the mica surface, with prepa-
ration from a dilute solution of poly(10.1-co-2 b0.9) in chloro-
form, individual copolymer chains can be observed together
with bundle chains (Figure 7 d), whereas the copolymer
chains aggregate to form an assembly on HOPG (see Sup-
porting Information).


The height profiles along the copolymer chains (Figure 7 c,
f) appear to be uneven; lower profiles for poly(10.1-co-2 a0.9)
(0.72�0.10 nm) and for poly(10.1-co-2 b0.9) (0.77�0.15 nm)
and higher profiles for poly(10.1-co-2 a0.9) (1.48�0.21 nm)
and for poly(10.1-co-2 b0.9) (1.37�0.22 nm) segments were
observed in the copolymers on HOPG (b) and mica (d). Be-
cause the average heights of the homopolymers of poly-2 a
and poly-2 b on mica were 0.71�0.15 and 0.75�0.11 nm, re-
spectively, the segments with higher height values may in-
volve the C60 pendant groups. This means that we may be
able to predict the position of the C60 pendant groups in the
copolymer chains by AFM.


The images of the copolymers poly(10.1-co-2 a0.9) on
HOPG and poly(10.1-co-2 b0.9) on mica feature a particularly
interesting left-handed helical shape, as marked by arrows
in Figure 7 a, and 7 d, respectively.[24] Although we could not
distinguish the C60 and chiral pendant groups of the copoly-
mers by AFM, these helical-shaped images may be closely
correlated to the helical conformation of the poly(phenyl-
acetylene)s, which are rather difficult to explore by spectro-
scopic means.


Conclusion


A series of optically active poly(phenylacetylene)s based on
optically active phenylacetylene units and an achiral C60-
bound phenylacetylene component were prepared by co-


Figure 7. Tapping mode AFM images of poly(10.1-co-2a0.9) (a, b) and poly(10.1-co-2 b0.9) (d, e) cast from dilute solutions of THF (a, b) and chloroform (d,
e) on HOPG (a, b) and mica (d, e). The height profiles measured along the white lines in the images (a, d) are also shown in (c) and (f), respectively.
The arrows in (a, b, c, d) indicate the typically observed left-handed helices.
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polymerization, and their chiroptical properties and struc-
tures were investigated by CD and AFM measurements. We
found that the copolymers predominantly formed one-
handed helical structures with the pendant fullerenes ar-
ranged in helical arrays with a predominant screw sense,
thus exhibiting characteristic ICD both in the achiral fuller-
ene chromophore region and in the main-chain region. The
copolymers with bulky chiral pendant groups enhanced the
one-handedness excess of the polymer main chain, which si-
multaneously produced helical arrays of the C60 units, result-
ing in their adopting helical arrangements at high tempera-
tures, because the copolymers with less bulky chiral pendant
groups exhibited optical activity in the C60 chromophore
region at low temperatures. Moreover, these results demon-
strate that the copolymerization of chiral and achiral mono-
mers should be useful for further construction of a variety
of helical polymers with the desired pendant groups in one-
handed helical arrays.


Experimental Section


Instrumentation : Melting points were measured on a B�chi melting point
apparatus and are uncorrected. Fast-atom bombardment (FAB) mass
spectra were obtained on a Jeol JMS-AX505HA spectrometer. Elemental
analyses were performed by the Nagoya University Analytical Laborato-
ry in the School of Engineering. 1H (500 or 300 MHz) and 13C (125 or
75 MHz) NMR spectra were measured on a Varian VXR-500S or a
Varian Mercury-300 spectrometer with tetramethylsilane (TMS) as an in-
ternal standard. SEC was performed with a Jasco PU-980 liquid chroma-
tograph fitted with a Jasco DG-980–50 degasser and a UV/Vis detector
(254 nm; Jasco UV-970) on a Tosoh TSK-GEL Multipore HXL-M column
with THF as the eluent with polystyrene standards or on TSK-GEL a-
3000 and a-5000 columns connected in series with DMF containing LiCl
(10 mm) as the eluent with poly(ethylene oxide) and poly(ethylene
glycol) standards. IR spectra were recorded with a Jasco Fourier Trans-
form IR-620 spectrophotometer. A 150 mm BaF2 cell was used for the
measurements in solution. Laser Raman spectra were recorded on a
Jasco RMP200 spectrometer. Absorption spectra were recorded on a
Jasco V-570 spectrophotometer in a 0.5 cm quartz cell. CD spectra were
measured on a Jasco J-725 spectropolarimeter in a liquid nitrogen-con-
trolled quartz cell (0.5 cm) in a cryostat. AFM measurements were per-
formed on a Nanoscope IIIa microscope (Digital Instruments, Santa Bar-
bara, CA) in air with use of standard silicon tips (NCH-10 V) in the tap-
ping mode. Height and phase images were simultaneously measured at
the resonance frequency of the tips with 125 mm long cantilevers (235–
240 kHz). All the images were collected with the maximum available
number of pixels (512) in each direction (1 mm). Scanning speed was at a
line frequency of 1.0 Hz.


Materials : THF and toluene were dried over sodium benzophenone
ketyl, and were distilled under nitrogen. Chloroform and dichlorome-
thane were dried over CaH2 and distilled under nitrogen. These solvents
were stored under nitrogen over molecular sieves (4 �, Nacalai Tesque,
Kyoto, Japan). Triethylamine was distilled and dried over KOH pellets
under nitrogen. 1-Hydroxybenzotriazole monohydrate (HOBt) and gly-
cine ethyl ester hydrochloride were purchased from Wako (Osaka,
Japan) and Aldrich, respectively. (Trimethylsilyl)acetylene was kindly
supplied by Shinetsu Chemical (Tokyo, Japan). Paraformaldehyde, cop-
per(i) iodide, sodium borohydride, and N,N’-dicyclohexylcarbodiimide
(DCC) were obtained from Kishida (Osaka, Japan). Bis(triphenylphos-
phine)palladium dichloride, 4-bromobenzaldehyde, and g-benzyl-N-tert-
butoxycarbonyl-l-glutamate were obtained from Tokyo Kasei (TCI,
Tokyo, Japan). C60 was purchased from Materials Technologies Research
(MTR Ltd., Ohio, USA). Norbornadienerhodium(i) chloride dimer


([{Rh(nbd)Cl}2]) was obtained from Aldrich and used as received. (R)-
(+)-4-[{(1-Phenylethyl)carbamoyloxy}phenylacetylene] (2a) and (S)-[4-
{(1-(1-naphthyl)ethyl}carbamoyl)phenyl]acetylene (2 c) were prepared by
the previously reported method.[4b,d] The C60-bound phenylacetylene (1)
and the novel optically active phenylacetylene 2b were prepared as
shown in Schemes 2 and 3, respectively.


N-(4-Bromobenzyl)glycine ethyl ester : This compound was prepared by
treatment of 4-bromobenzaldehyde with glycine ethyl ester hydrochloride
in toluene in the presence of triethylamine, followed by hydrogenation
with sodium borohydride (70 % yield). The coupling of (trimethylsilyl)-
acetylene to N-(4-bromobenzyl)glycine ethyl ester in the presence of a
palladium catalyst (bis(triphenylphosphine)palladium dichloride), fol-
lowed by alkaline hydrolysis of the trimethylsilyl and ethyl groups, gave
N-(4-(ethynyl)benzyl)glycine. The crude product was chromatographed
on silica gel with chloroform/methanol/acetic acid (100:10:5, v/v) as the
eluent and purified by recrystallization from a mixture of ethanol and
water (5:1, v/v) (53 % yield).


Mp>205 8C (decomp). 1H NMR (D2O, RT, 500 MHz): d = 7.47 (d,
3J(H,H) = 8.0 Hz, 2 H; aromatic), 7.44 (d, 3J(H,H) = 8.0 Hz, 2 H; aro-
matic), 4.26 (s, 2 H; ArCH2NH), 3.62 (s, 2 H; NHCH2CO), 3.58 ppm (s,
1H; H�C�); 13C NMR (D2O, RT, 125 MHz): d = 172.14, 133.80, 132.60,
130.98, 123.77, 84.11, 80.43, 51.37, 49.54 ppm; elemental analysis calcd
(%) for C11H11NO2·0.1 C2H5OH: C 69.41, H 6.03, N 7.23; found: C 69.38,
H 5.90, N 7.32.


N-(4-Ethynylbenzyl)-3,4-fulleropyrrolidine (1): N-(4-Ethynylbenzyl)gly-
cine (0.79 g, 4.2 mmol), paraformaldehyde (0.31 g, 10 mmol), and C60


(1.5 g, 2.1 mmol) were dissolved in toluene (600 mL), and the mixture
was heated at reflux for 10 h with stirring. After the mixture had cooled,
the solvent was evaporated under reduced pressure. The crude solid ma-
terial was purified by chromatography on silica gel with toluene/hexane
(5:1, v/v) as the eluent, yielding 1 as a black powder (0.59 g, 30%).


Compound 1: Mp>300 8C. 1H NMR ([D]chloroform, 500 MHz, 25 8C): d


= 7.69 (d, 3J(H,H) = 8.5 Hz, 2 H; Ph), 7.63 (d, 3J(H,H) = 8.5 Hz, 2H;
Ph), 4.43 (s, 4H; N(CH2)2), 4.31 (s, 2H; Ph�CH2), 3.12 ppm (s, 1H; C�
C�H); 13C NMR ([D]chloroform, 125 MHz): d = 154.88, 147.30, 146.23,
146.06, 146.04, 145.67, 145.40, 145.28, 144.55, 143.09, 142.62, 142.23,
142.05, 141.87, 140.13, 138.90, 136.23, 132.52, 128.76, 121.35, 83.49, 77.35,
70.66, 67.48, 58.46 ppm; IR (KBr): ñ = 3289, 2921, 2850, 2782, 1461,
1427, 1338, 821 cm�1; UV/Vis (chloroform): lmax (e) 702 (380), 635 (440),
608 (560), 431 (4100), 323 (37 000), 307 (39 000), 254 (130 000); MS
(FAB + ): m/z 878 [C71H11N+H]+ .


(N-tert-Butoxycarbonyl-g-benzyloxyglutamoyl)aminophenylacetylene
(2 b): HOBt (23.0 g, 150 mmol) and DCC (41.2 g, 200 mmol) were added
at 0 8C to a solution of 4-ethynylaniline (5.8 g, 50 mmol), prepared by the
previously reported method,[25] in dry THF (270 mL). After the reaction
mixture had been stirred under nitrogen at 0 8C for 1 h and then at room
temperature for 2 h, g-benzyl N-tert-butoxycarbonyl-l-glutamate (17.0 g,
50.4 mmol) was added. The dispersion solution was stirred at room tem-
perature for 17 h. After filtration, the solvent was removed under re-
duced pressure. The crude product was then dissolved in ethyl acetate
(50 mL), and the solution was washed successively with aqueous
NaHCO3, citric acid, and NaCl solutions. The organic layer was dried
over Na2SO4 before evaporation of the solvent. The residue was purified
by silica gel chromatography with hexane/ethyl acetate (1:1, v/v) as the
eluent. After evaporation of the solvent, the residue was freeze-dried to
give 2 b as white crystals (10.0 g, 47% yield).


Compound 2 b : Mp 40.7–41.9 8C. 1H NMR ([D]chloroform, RT,
300 MHz): d = 8.58 (b, 1 H; NHCO), 7.50 (dd, 2 H; aromatic), 7.45 (dd,
2H; aromatic), 7.36 (s, 5H; benzyl), 5.34 (d, 1H; NH�Boc), 5.15 (s, 2 H;
benzyl), 4.29 (m, 1H; CH), 3.04 (s, 1H; H�C=C), 2.66 (m, 1H; CH2),
2.48 (m, 1H; CH2), 2.22 (m, 1H; CH2), 2.00 (m, 1 H; CH2), 1.61 ppm (s,
9H; Boc); IR (KBr): ñ =2107 (nC�C), 1736 (nester), 1671 (namide I), 1529
(namide II) cm�1; elemental analysis calcd (%) for C25H28N2O5·


1=3 H2O: C
67.86, H 6.52, N 6.63; found: C 67.97, H 6.52, N 6.63.


Polymerization : Polymerization was carried out as shown in Scheme 1 in
a dry glass ampoule under a dry nitrogen atmosphere in the presence of
[{Rh(nbd)Cl}2] as the catalyst. A typical polymerization procedure is de-
scribed below.
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Monomer 1 (26.1 mg, 29.7 mmol) and monomer 2a (74.4 mg, 0.279 mmol)
were placed in a dry ampoule, which was then evacuated on a vacuum
line and flushed with dry nitrogen. After this evacuation–flush procedure
had been repeated three times, a three-way stopcock was attached to the
ampoule, and dry chloroform (6.7 mL) and triethylamine (40 mL) were
added by syringe. A solution of [{Rh(nbd)Cl}2] in chloroform (0.30 mL)
was added to this at 30 8C. The concentrations of the monomer and the
rhodium catalyst were 0.043 m and 0.86 mm, respectively. After 24 h, the
resulting polymer [poly(10.1-co-2 a0.9)] was precipitated in a large amount
of methanol, collected by centrifugation, and dried in vacuo at room tem-
perature for 10 h (52 mg, 52% yield). Poly(10.1-co-2a0.9) was soluble in
chloroform and THF. The molecular weight (Mn) was 8.4� 104 as deter-
mined by SEC with polystyrene standards in THF. The 1H NMR spec-
trum of poly(10.1-co-2 a0.9) in [D]chloroform showed a singlet centered at
5.56 ppm, due to the main chain protons, indicating that the polymer pos-
sesses a highly cis-transoidal, stereoregular structure.[10]


Poly(10.1-co-2a0.9): 1H NMR ([D]chloroform, 500 MHz, 60 8C): d = 6.2–
7.4 (m, 8.5H; aromatic), 5.80 (br, 0.9H; NH), 5.56 (s, 1H; C=C�H), 4.77
(m, 0.9H; CH), 4.13 (br, 0.2 H; Ph�CH2), 3.40 (br, 0.4H; N(CH2)2),
1.40 ppm (d, 2.7H; CH3).


Other copolymers of 1 with 2a–2 c were also prepared in the same way.


Dynamic light scattering measurements : Dynamic light scattering meas-
urements were performed on a DLS-7000HK (Otsuka Electronics -
Co. Ltd., Osaka, Japan) instrument fitted with a 10 mW He-Ne Laser
(632.8 nm) at 25 8C. A stock solution of poly(10.1-co-2 b0.9) (run 6 in
Table 1) (4 mg mL�1) in dichloromethane was prepared in a 10 mL flask
fitted with a stopcock, and the solution was filtered through a 0.2 mm sy-
ringe filter (Toyo Roshi Co. Ltd., Tokyo, Japan). Aliquots of the stock so-
lution (2.5 mL) were transferred by Hamilton microsyringe to two 10 mL
flasks fitted with stopcocks. DMF or dichloromethane—previously fil-
tered through a 0.2 mm syringe filter—was added to the flasks, so as to
keep the total volume (10 mL) and the poly(10.1-co-2b0.9) concentration
at 1.0 mg mL�1, and the DLS measurements were then performed on the
samples at a fixed scattering angle of 908. The obtained autocorrelation
functions were analyzed by the method of cumulants to give the transla-
tional diffusion coefficients (Ds). The corresponding hydrodynamic
radius (Rh) was calculated by use of the Stokes–Einstein equation: Rh =


kBT/(6phD), where kB, h, and T are the Boltzmann constant, the solvent
viscosity, and the absolute temperature, respectively. The h value for
DMF/dichloromethane (1:1) at 25 8C was separately determined to be
0.6876 mPa s.


AFM measurements : A typical procedure is described. A stock solution
of poly(10.1-co-2 a0.9) (1.0 mg mL�1) in THF was prepared and filtered
with a 0.50 mm membrane filter, and 100 mL of this stock solution was in-
jected into the SEC system. The higher molecular weight part was frac-
tionated (7.5 mgmL�1) and immediately dropped onto the freshly cleaved
mica and HOPG substrates. For AFM measurements of poly(10.1-co-
2b0.9), such SEC fractionation was not done. For all samples, the solutions
were blown off simultaneously with a stream of nitrogen, and the sub-
strates were dried in vacuo overnight to measure the AFM images in the
tapping mode. All the experiments were performed in air at ambient
temperature.


Molecular modeling and calculations : Molecular modeling and molecular
mechanics calculation were performed with the Dreiding force field (ver-
sion 2.21)[26] as implemented in the CERIUS2 software package (ver-
sion 3.8; Molecular Simulations Inc., Burlington, MA, USA) running on
an Indigo2-Extreme graphics workstation (Silicon Graphics). The poly-
mer model with a random sequence of 1 and 2a (20 repeating monomer
units with [1]/[2a] = 2:8) of poly(10.2-co-2a0.8) was constructed by use of
a Polymer Builder module in CERIUS2 by a method similar to that re-
ported previously.[4b] Charges on the atoms of the copolymer were calcu-
lated by charge equilibration (QEq) in CERIUS2; total charge of the
molecule was zero. The starting main chain conformation of a polymer
model was defined as the double bond geometry (cis or trans) and a con-
formation of a rotational single bond. The double bond geometry was
fixed to cis and the initial dihedral angle of a single bond from planarity
(f) could be varied. As in the case of homopolymer, poly-2a with an
(R)-[(1-phenylethyl)carbamoyl]oxy group, the chiral side groups could


control a helical state to one-handedness in excess since poly-2a showed
an intense ICD in the UV/Vis region.[4b] However, no preferable helical
conformation of poly-2a (right- or left-handed helix) has yet been deter-
mined, so we assumed that poly-2a and its copolymer with 1 may have a
right-handed helix and the initial dihedral angle (f) was set to 1508
(transoid) on the basis of the calculated structure of poly[4-(tert-butyldi-
methylsiloxy)phenylacetylene], in which the pendant group was similar
in bulkiness to that of 2a. The constructed model (20-mer) was optimized
by the conjugate gradient method. The energy minimization was contin-
ued until the root-mean-square (rms) value became less than 0.1 kcal mo-
l�1 ��1. The average divergence of the dihedral angles of the double and
single bonds from planarity were 158.2�3.38 and �4.4�2.88, respective-
ly. The obtained right-handed helical structure of poly(10.2-co-2 a0.8) is
shown in Figure 4. The helix sense of the copolymer is tentative and the
opposite helix sense cannot be ruled out. To presume a more stable heli-
cal state, more detailed molecular mechanics and molecular dynamics
calculations of model polymers of 2 a and poly(1n-co-2 am) would be nec-
essary.
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Introduction


Metallabenzenes are a rare class of aromatic molecules
where a transition metal fragment (MLn) has replaced one
of the benzene methine (CH) units.[1] Although more than
two dozen such structures have been prepared over the last
20 years or so, most examples have been stabilized by inclu-
sion of a heteroatom (O,N,S) or by h6-coordination to a
second transition metal fragment. Until recently, only two
families of discrete metallabenzenes were known, namely
Roper�s osmabenzenes (e.g., 1)[2] and Bleeke�s iridabenzenes
(e.g., 2);[3] nonetheless, all investigations into both families
originated from compounds 1 and 2, respectively. Very
recent work on osmabenzenes[4] and irida-aromatic com-
pounds[5] has provided a few additional examples; however,
the generality of these methods has yet to be determined.
Therein lies a key difficulty within this field of research:


lack of versatile synthetic routes has meant that detailed,
fundamental study of metallabenzenes has been prob-
lematic.


We recently reported the preparation of a third family of
metallabenzenes (e.g., 3) using 3-vinyl-1-cyclopropenes (e.g.,
4) as the source of the metallabenzene ring carbon atoms.[6]


Unlike previous syntheses, this new method allows us to ra-
tionally alter variables (metal center, ligands on the metal,
substituents on the C5 backbone) to perform detailed struc-
ture–property relationship investigations. We believe such
augmented studies are now possible since: 1) our route per-
mits direct access into the metallabenzene manifold. There
is no need for subsequent oxidative and/or reductive trans-
formation(s) of the resultant organometallic species. If the
metallabenzene does not form initially, simple heating iso-


[a] Dr. H.-P. Wu, Dr. T. J. R. Weakley, Prof. Dr. M. M. Haley
Department of Chemistry
University of Oregon
Eugene, OR, 97403–1253 (USA)
Fax: (+1) 541-346-0487
E-mail : haley@uoregon.edu


[**] Metallabenzenes and Valence Isomers, Part 8. For Part 7 see refer-
ence [9b].


Abstract: The synthesis of unsymmetri-
cal (Z)-1-alkyl-3-(2-iodovinyl)-2-
phenyl-1-cyclopropenes (R=Me (8 a),
Et (8 b), iPr (8 c), and tBu (8 d)) and
their reactions with Vaska�s complex
[Ir(CO)Cl(PPh3)2] and its trimethyl-
phosphine analogue [Ir(CO)Cl(PMe3)2]
were investigated. Iridabenzvalene (13/
20), iridabenzene (14/21), and/or h5-cy-
clopentadienyliridium complexes (15/


22) were obtained in modest yields and
were fully characterized by spectro-
scopic means. X-ray structural data was
secured for iridabenzvalene 13 d and
iridabenzenes 14 a,b,d. Whereas irida-


benzenes 14 a–c were stable at 75 8C
for 48 h, 14 d, which possesses a bulky
tBu group, rearranged cleanly to cyclo-
pentadienyliridium 15 d at 50 8C over
15 h and displayed first-order kinetics.
The influence of the alkyl substituent
on the mechanisms of iridacycle gener-
ation, isomerization, and iridabenzene
regioselectivity is discussed.


Keywords: aromaticity · iridium ·
metallacycles · strained molecules ·
valence isomerization
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merizes the intermediate benzvalene (e.g., 5).[7] 2) This
route permits the use of a variety of starting transition
metal complexes. In addition to iridabenzenes, we have very
recently extended our methodology to examples containing
Rh (6)[8] and Pt (7);[9] thus, this appears to be the first gener-
al pathway to metalla-aromatic formation. 3) Depending
upon the vinylcyclopropene used as the C5 backbone, a vari-
ety of substituted metallacycles,[10] previously inaccessible
substitution patterns, and new metalla-aromatic topologies
should become available. As an extension of our previous
studies, and to elaborate further on point 3, we report
herein the synthesis of several (Z)-1-alkyl-2-phenyl-3-(2-io-
dovinyl)-1-cyclopropenes (e.g., 8) and their reactivity with
Vaska�s complex and its PMe3 analogue, resulting in regiose-
lective iridabenzene formation. We also discuss the isomeri-
zation and kinetic behavior of the resultant iridabenzvalenes
and benzenes, and probe the mechanism of their intercon-
version by fine-tuning the alkyl substituents.


Results and Discussion


Ligand synthesis : Preparation of vinylcyclopropenes 8 was
achieved by the route depicted in Scheme 1. By using the
same procedure that previously produced 9 a[11] and 9 b,[12]


[Rh2(OAc)4]-catalyzed addition of ethyl diazoacetate to
either isopropyl- or tert-butylphenylacetylene yielded the
[2+ 1] cycloadducts 9 c and 9 d,[13] respectively. Interestingly,
the bulky alkyl groups on the starting alkynes result in com-
petitive carbene insertion into the benzene ring, as demon-
strated by the isolation of ethyl 4-isopropyl- or 4-tert-but-
ylethynyl-2,4,6-cycloheptatrien-1-yl carboxylate (10 c, d).[14]


The tert-butyl/phenyl derivative appears to be the upper
limit of the carbene addition route as the analogous reaction
failed to furnish the cyclopropene ester from di-tert-butyl-
acetylene. The very low yield of 9 d is somewhat disappoint-
ing as it was hoped that the more reactive [Rh2(OAc)4] cata-
lyst would be superior to CuSO4, the originally utilized cata-
lyst;[13] instead, the yields of isolated material were compara-
ble.


Reduction of esters 9 with excess DIBAL-H[15] afforded
alcohols 11 in 75–95 % yield. Unfortunately, use of equimo-
lar amounts of DIBAL-H gave mixtures of the desired alde-
hyde 12 product along with alcohol 11 and unreacted start-
ing material. Oxidation of 11 with the Dess–Martin re-
agent[16] afforded reasonable yields of aldehydes 12 as mod-
erately stable oils. The notable exception was 12 a, where
the crude isolated material was immediately subjected to
the Wittig reaction because of its rather high instability. Use
of Ph3P=CHI[17] gave the vinylcyclopropenes 8 in 48–72 %
yield with high (>15:1 Z :E) stereoselectivity. Similar to 4,
ligands 8 can be prepared in 750 mg–1 g quantities; howev-
er, the molecules are somewhat unstable and should be
stored in the dark at �20 8C with a small amount hydroqui-
none to inhibit decomposition.


Reactions with Vaska�s complex [Ir(CO)Cl(PPh3)2]: Treat-
ment of ligand 8 d with BuLi at �78 8C followed by addition
of Vaska�s complex produced a yellow-orange solution upon
warming over 3 h from �78 to 0 8C, from which iridabenz-
valene complex 13 d could be isolated in 32 % yield
(Scheme 2). Purification of 13 d was achieved by recrystalli-


zation in toluene/cyclohexane. Although stable in the solid
state, solutions of 13 d in C6D6 at 20 8C immediately began
to isomerize to an iridabenzene. After four days at 20 8C,
the 1H NMR spectrum indicated that 13 d had disappeared
completely to afford a mixture of iridabenzene 14 d and cy-
clopentadienyliridium complex 15 d in a ratio of about 3:1 in
94 % combined yield. The regiochemistry of 14 d as the b-
tert-butyl isomer was confirmed by crystallographic analysis
(vide infra); the a-tert-butyl regioisomer was not detected in
the transformation. We believed initially that 15 d was most
likely derived from the thermally unstable a-regioisomer by
ring contraction via “carbene migratory insertion”,[18] a reac-


Scheme 1.


Scheme 2.
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tion facilitated by the steric hindrance between the bulky
tBu and [Ir(CO)(PPh3)2] moieties. To test this hypothesis,
solutions of both 14 d and benzvalene 13 d in C6D6, respec-
tively, were prepared and the kinetic conversion processes
monitored by 1H NMR spectroscopy under the same re-
action conditions. The data showed that at 20 8C 14 d re-
arranged into 15 d and that the rate of transformation of
14 d into 15 d was faster than that of 13 d to 15 d. These ex-
perimental results suggest that the initially formed 15 d was
predominantly from the rearrangement of b-tert-butyl re-
gioisomer 14 d and not from the corresponding a-isomer;
therefore, the valence isomerization of unsymmetrical benz-
valene 13 d to benzene 14 d appears to be highly regioselec-
tive. At 50 8C for 15 h, 14 d rearranged quantitatively to 15 d
with dissociation of PPh3; however, the rearrangement could
be inhibited by addition of two equivalents of PPh3 prior to
heating. In this latter case, complete transformation to 15 d
took about 50 h.


Comparison of the above results with those generated
from the reactions with cyclopropene 4 and the phenyl/tri-
methylsilyl analogue reveal some interesting trends. With
Vaska�s complex, the stability of the resultant iridabenz-
valenes is influenced mainly by electronic donation of the
substituents on the cyclopropyl ring. In the case of 13 d, its
stability in solution is intermediate between the diphenyl
(not detected at 20 8C)[6] and phenyl/trimethylsilyl (16, stable
for several days at 20 8C)[10] systems, which is in agreement
with intermediate electron donation of tBu between Ph and
SiMe3 groups. Electron donation of the alkyl group increases


the electron density of cyclopropene double bond, which in
turn strengthens the h2-cyclopropene interaction with the iri-
dium center. On the other hand, the contiguous arrange-
ment of the iridium fragment and neighboring phenyl group
with the bulky tBu and SiMe3 substituents destabilizes the
resultant iridabenzene compounds. Whereas solutions of 3
are stable at 100 8C over 24 h,[6] and the b-trimethylsilyl ben-
zene 17 (stable at 20 8C) rearranges to cyclopentadienyl
complex 18 at 75 8C over 24 h,[10] 14 d converts to 15 d even
at 20 8C. This difference between 14 and 17 is likely due to
closer proximity of the tBu group, a result of the shorter
C�C bond compared to a C-Si bond (1.52 versus 1.85 �, re-
spectively).


Reactions of Vaska�s complex with cyclopropenes 8 a–c
showed the influence of alkyl substituent on both the forma-
tion of 13 and its transformation to 14 (Scheme 3). All three
reactions yielded yellow solutions below 0 8C, which then
turned red-brown upon warming to 20 8C. 1H NMR spectro-
scopy showed that each crude reaction mixture was com-
posed of the corresponding iridabenzvalene and iridaben-


zene. Benzvalene compounds 13 a–c were not isolated from
the reaction mixture because of their relatively rapid isom-
erization to 14 a–c, which were isolated in about 25–30 %
yield. After 8 h and 30 h at 20 8C in C6D6 solution, 13 a, b
and 13 c, respectively, had isomerized completely to give
14 a–c as well as very minor amounts of the a-alkyl re-
gioisomer 19 a–c, as detected by NMR spectroscopy of the
crude reaction mixtures. Unlike 14 d, Ar-blanketed solutions
of 14 a–c were stable for over 48 h at 75 8C. These results
suggest a trend of iridabenzvalene stability as 13a=13 b<
13 c<13 d, which is in agreement with increasing electronic
donation. Somewhat surprising is the independence of the
stability of 13 from alkyl group sterics. On the other hand,
iridabenzene stability is ordered as 14 a= 14 b>14 c>14 d,
which is now in agreement with increasing alkyl sterics.


Reactions with [Ir(CO)Cl(PMe3)2]: Although PMe3 ligands
are known to stabilize iridabenzvalenes by stronger elec-
tronic donation compared to PPh3,


[6b, 7] we wanted to exam-
ine how the decreased sterics of the [Ir(CO)(PMe3)2] frag-
ment influenced both the regioselectivity of isomerization of
unsymmetrical benzvalene compounds and the stability of
the resultant benzene compounds. Reaction of cyclopro-
penes 8 b,d with [Ir(CO)Cl(PMe3)2] at �78 to 0 8C over 3 h
yielded the corresponding benzvalenes 20 b,d as the only
product (Scheme 4). Both complexes were purified by re-
crystallization in hexane at �30 8C and are stable at 20 8C.
Isomerization was observed at higher temperatures, with
20 b completely converting to b-ethyl regioisomer 21 b at


Scheme 3.


Scheme 4.
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75 8C over 4 h. Under the same conditions, however, tBu an-
alogue 20 d gave a mixture composed of unreacted benzva-
lene, benzene 21 d, and cyclopentadienyliridium complex
22 d in a ratio of 5:10:1, as well as partial decomposition.
Prolonged heating of this mixture led to complete decompo-
sition affording unidentified materials. Interestingly, we
never observe evidence for formation of the a-regioisomer
of 21, even in the NMR spectra of the crude reaction mix-
tures; thus, the lower sterics of PMe3 than PPh3 does not de-
crease the regioselectivity of the isomerization. The influ-
ence of the Et and tBu substituents on the stability and iso-
merization rate of 20 is similar to that observed for corre-
sponding PPh3 analogs 13. Additionally, the higher stability
of the b-tBu substituted 21 d compared to the corresponding
PPh3 analogue 14 d indicates that the PMe3 ligand does sta-
bilize the iridabenzene. Nevertheless, we have no definitive
conclusions on this steric/electronic influence.


Iridabenzvalene characterization : In the 1H NMR spectra of
13 and 20, a characteristic broad signal around d= 3.2 ppm
is assigned to the proton resonance of the sp3-CH fragment
(H3). Two complex multiplets in the ranges of d= 6.05–6.45
(H4) and 6.72–7.17 ppm (H5) are attributed to the two sp2-
CH groups of the bridging double bond, with the latter
signal being the CH attached to the metal center. The
13C NMR spectra of the benzvalenes show significant upfield
shifts of the resonances for the coordinated cyclopropene
double bond atoms C1 and C2, compared to the correspond-
ing uncoordinated carbon atoms, which is commonly ob-
served in olefin h2-metal complexes. For example, in 20 b the
resonances for C1/2 are at d=65.88 and 71.03 ppm, versus
d= 110.89 and 117.90 ppm, respectively, in 8 b. The lack of
symmetry in the benzvalenes leads to a more complicated
pattern of C–P couplings than in our previous work. In 20 b,
coupling of the two cis-PMe3 to C6 in the CO ligand and to
C5 results in two triplets with coupling constants of 7.6 Hz
and 15.1 Hz, respectively. Coupling of the cis- and trans-
PMe3 to C1 and C2 furnish two doublet of doublet signals
with coupling constants of 72.5/4.0 and 70.5/3.0 Hz, respec-
tively. The lack of symmetry is also exhibited in the
31P NMR spectrum by the appearance of two doublets at
d=�0.09 and �3.92 ppm. The absorption band of the CO
group in 20 b was observed at 1966 cm�1 in the IR spectrum.


The structure of benzvalene 13 d was further confirmed by
single crystal X-ray diffraction. Selected bond lengths and
angles are given in Figure 1. The Ir atom of 13 d has a tor-
sion trigonal-bipyramidal coordination configuration com-
posed of carbonyl, h2-cyclopropene double bond, two phos-
phine, and s-vinyl ligands around the Ir atom. Comparison
of key bond distances and bond angles with data for known
benzvalenes 5[7] and 23[6b] (Table 1) shows that the Ir�C1
and Ir�C2 bond lengths of 13 d (2.189, 2.220 �) are consid-
erably longer than that in its analogues. Furthermore, the
shorter C1�C2 bond length and smaller C1-Ir-C2 bond
angle and Ir-C1-C2-C3 dihedral all suggest that the h2-inter-
action of the cyclopropene p-bond with the Ir center in 13 d
is weaker than in the analogues shown in Table 1. This


weaker bonding is corroborated by the fact that 13 d isomer-
izes at room temperature to 14 d, whereas benzvalene com-
pounds 5 and 23 similarly are stable (vide supra).


Iridabenzene characterization : The spectroscopic data of 14
and 21 resemble those for known iridabenzenes 3 and 17
with respect to chemical shifts and signal patterns.[6,10] The
low-field pseudo-quartet in the characteristic range of d=


10.5–11.0 ppm is assigned to H5, the proton ortho- to the Ir
center. This dramatic downfield shift for H5 can be attribut-
ed mainly to the magnetic anisotropic effect of the heavy
metal on the neighboring proton, an effect that attenuates


Figure 1. Molecular structure of iridabenzvalene 13d. The thermal ellip-
soids are drawn at the 30 % probability level. Only the ipso-PPh3 carbon
atoms are shown for clarity. Selected bond lengths [�] and bond angles
[8]: Ir�P 2.353(3), Ir�C1 2.19(2), Ir�C2 2.22(2), Ir�C5 2.18(3), Ir�C6
1.73(2), C1�C2 1.41(3), C1�C3 1.56(3), C1�C7 1.47(3), C2�C3 1.57(3),
C2�C13 1.49(3), C3�C4 1.40(3), C4�C5 1.38(4); P-Ir-Pi 110.4(1), P-Ir-C2
136.4(5), Pi-Ir-C1 146.6(5), C1-Ir-C2 37.1 (6), C5-Ir-C6 174(1), C1-Ir-C5
81.5(8), C2-Ir-C5 80.4(8), C3-C1-C7 130(2), C3-C2-C13 129(2), C1-C3-C2
54(1), C3-C4-C5 115(2), C4-C5-Ir 111(2).


Table 1. Selected X-ray bond lengths [�] and bond angles [8] for irida-
benzvalenes 5, 13 d, and 23.


5 23 13 d


Ir�C1 2.146 2.172 2.189
Ir�C2 2.143 2.159 2.220
Ir�C5 2.095 2.092 2.184
C1�C2 1.447 1.440 1.405
C1-Ir-C2 39.4 38.8 37.1
C5-Ir-C6 178.9 177.2 174.0
P-Ir-P 104.1 109.4 110.4
dihedral 116.3 116.2 109.9
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significantly with increasing distance.[19] The para- and meta-
protons on the iridabenzene rings resonate in the range of
d= 8.7–8.1 ppm and d= 7.9–7.7 ppm, respectively, values
that are closer to normal resonances caused mainly by aro-
matic ring currents. A summary of the NMR chemical shifts
for the ring proton/carbon atoms in both iridabenzenes 14
and 21 as well as comparison with related systems 3 and 24
are given in Table 2. Replacement of PPh3 with PMe3 on the
iridium center leads to an upfield shift of the C3 (Dd=


5.5 ppm), C5 (Dd=10.8 ppm), and C6 (Dd=23.2 ppm) atom
resonances, respectively, which can be rationalized in the
terms of electronic influences. The stronger donating ability
of PMe3 compared to PPh3 results in a more electron-rich
metal center, which in turn increases the electron density of
benzene ring and thus the upfield carbon shifts. On the
other hand, small shifts for C1 (Dd=1.5 ppm), C2 (Dd=


1.4 ppm), and C4 (Dd= 0.2 ppm) were observed, indicating
the lack of sensitivity of these carbon atoms. The 31P NMR
spectra show a single resonance for the two phosphine li-
gands in the region of d=18.5 ppm (PPh3) and d=


�38.6 ppm (PMe3), respectively, due to rapid exchange be-
tween axial and basal phosphine ligands in solution at
20 8C.[3,20] The vibration frequency of CO group in iridaben-
zenes falls in the range between 1892–1982 cm�1.


Confirmation of the structures of iridabenzenes 14 a,b,d
was provided by single-crystal X-ray diffraction. The molec-
ular structure of 14 d is shown in Figure 2 along with key
bond lengths and angles. Comparison of the bond lengths
and angles of complexes 14 a,b,d with analogues 3 and 25 is
given in Table 3. The X-ray analyses verify that the alkyl
groups on all three metallacycles are indeed at the b-posi-
tion to the Ir center, in agreement with the spectroscopic as-
signment. The C�C bond lengths in the metallacycles are es-
sentially equal and thus can be regarded as evidence of de-
localization of the aromatic ring p electrons. The mean C�C
bond lengths are extremely close—1.387 � (14 a), 1.389 �
(14 b), and 1.386 � (14 d). The Ir�C1 and Ir�C5 bond
lengths in 14 a,b,d average around 2.02 � and are intermedi-
ate between Ir�C single and double bonds. The ring of
every iridabenzene is almost planar with mean deviations of
0.011 � (14 a), 0.008 � (14 b), and 0.009 � (14 d). Contrary
to our expectations based on reactivity, the bulky tBu group
does not induce greater torsion strain in the iridabenzene
ring of 14 d, at least not in the solid state.


Mechanisms for iridabenzva-
lene formation/isomerization :
The proposed mechanisms for
iridabenzvalene isomerization/
benzene formation have been
discussed at length previous-
ly;[6b, 7] thus, only salient points
will be presented herein. Benz-
valene formation continues to
appear to be influenced prefer-
entially by electronic factors.


As mentioned above, the trend of iridabenzvalene stability
for the PPh3-containing cycles (13 a= 13 b<13 c<13 d<16)
is in agreement with increasing electronic donation of the
cyclopropenyl substituents yet is seemingly independent of
their steric effects.


The “valence isomerization” of 13 to 14 still presents sev-
eral problems. Although a concerted process (path 1) is the


Table 2. Selected NMR chemical shift data for iridabenzenes.[a]


Cmpd H3 H4 H5 C1 C2 C3 C4 C5 C6


14a 8.30 7.75 10.62 187.46 140.47 133.93 129.07 183.92 204.97
14b 8.29 7.79 10.61 187.31 140.84 139.99 129.48 184.95 204.17
14c 8.41 7.86 10.60 187.65 145.52 –[b] 129.85 185.52 203.90
14d 8.69 7.83 10.54 186.68 145.61 138.89 129.63 186.55 208.32
3 8.44 7.79 10.79 187.60 141.93 139.99 127.76 187.43 201.09
21b 8.13 7.90 10.92 188.83 138.55 135.38 129.70 174.20 181.02
21d 8.46 7.88 10.87 –[c] –[c] –[c] –[c] –[c] –[c]


24 8.25 7.91 11.00 189.95 141.49 136.74 129.06 176.04 189.44


[a] All data acquired in C6D6. Assignments based on 2D 1H–1H COSY and 2D 1H–13C HMQC and HMBC ex-
periments. Atom labeling as shown in Figure 2. [b] Resonance obscured. [c] Inseparable mixture of 20 d, 21 d,
and 22 d and also decomposition products precluded accurate assignment of resonances.


Figure 2. Molecular structure of iridabenzene 14d. The thermal ellipsoids
are drawn at the 30% probability level. Selected bond lengths [�] and
bond angles [8]: Ir�P1 2.348(2), Ir�P2 2.306(3), Ir�C1 2.054(9), Ir�C5
2.000(9), Ir�C6 1.911(11), C1�C2 1.407(12), C2�C3 1.382(13), C3�C4
1.427(12), C4�C5 1.343(12), C1�C7 1.490(12), C2�C13 1.554(13); P1-Ir-
P2 105.61(9), P1-Ir-C1 137.5(2), P2-Ir-C1 116.5(2), C5-Ir-C6 172.1(4), C1-
Ir-C5 87.4(4), C1-Ir-C6 91.4(4), Ir-C1-C2 130.8(7), Ir-C1-C7 109.6(6), C1-
C2-C3 119.5(9), C1-C2-C13 125.7(8), C2-C3-C4 128.2(9), C3-C4-C5
123.9(8), Ir-C5-C4 130.2(7), Ir-C6-O 174.1(8).


Table 3. Selected X-ray bond lengths [�] and bond angles [8] for irida-
benzenes 3, 14 a, 14 b, 14d, and 25.


14 a 14 b 14d 3 25


Ir�C1 2.020 2.029 2.054 2.021 2.047
Ir�C5 2.012 2.023 2.000 2.025 2.004
C1�C2 1.423 1.413 1.407 1.409 1.427
C2�C3 1.335 1.390 1.382 1.410 1.372
C3�C4 1.382 1.393 1.427 1.377 1.386
C4�C5 1.408 1.360 1.343 1.334 1.381
C1-Ir-C5 88.5 87.0 87.4 86.9 88.1
mean deviation 0.011 0.008 0.009 0.024 0.041
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simplest explanation, and appears to be supported computa-
tionally,[21] this does not readily account for the strong pref-
erence for the b-regioisomer. If the isomerization were
slightly less concerted, involving nucleophilic attack of the
cyclopropene p-bond on the electron-deficient Ir center
(path 2), this presumably should give favorable benzylic car-
bonium ion 26 (Scheme 5). Rearrangement of this stabilized


ion, however, would lead predominantly to 19, that is, the
wrong regioisomer. The remaining possibility (path 3) en-
tails reversible dissociation of the h2-cyclopropene in 13 to
give s-vinyliridium intermediate 27 (initially formed by nu-
cleophilic substitution of Vaska�s complex with the vinyl
lithiate). Regioselective insertion of the iridium atom into
the less-electron-rich C�C(Ph) s bond leads to intermediate
Dewar benzene 28, which then affords iridabenzene 14 via
rapid valence isomerization (relief of strain). In addition to
these electronic factors, steric effects also appear to support
path 3. Strong steric repulsion between the bulky iPr/tBu
groups and the [Ir(CO)(PPh3)2] fragment results in a “less
efficient approach” of the iridium center to the C�C(R)
bond in 27, thus the observed decrease in the rate of valence
isomerization. Detracting from this latter pathway has been
our inability to isolate or even detect spectroscopically an
irida-Dewar benzene complex such as 28. It should also be
noted that more than one of these pathways is possibly op-
erational. Regardless of the exact mechanism(s) involved,
isomerization of 13 to 14 and/or 15 is generally a clean,
high-yield process.


Mechanism and kinetics for iridabenzene isomerization :
Much more certain mechanistically is the conversion of met-
allabenzenes to cyclopentadienyl-metal complexes. Metalla-
benzenes have been implicated in a number of transforma-
tions which yielded Cp-metal complexes.[9c,22] Jones and Alli-
son have observed the conversion of a transient ruthenaben-
zene to the corresponding Cp2Ru complex using NMR spec-
troscopy at low temperature.[23] Our group recently reported
the rearrangement of two trimethylsilyl-substituted iridaben-
zene isomers into the same cyclopentadienyliridium complex


(18) at 75 8C.[10] Iridabenzene 14 d provided us with an op-
portunity to study the kinetics of this transformation. NMR
spectroscopy was utilized to examine the kinetics of the re-
arrangement of 14 d at 313, 323, and 333 K, respectively
(Figure 3). The relative concentrations of 14 d and 15 d in


the course of the reaction were calculated based on the inte-
gration of their ring proton resonances in the 1H NMR spec-
tra. The rate constants of the reaction were determined by
plotting ln[C]i/[C]o versus time. In every case, the data was
linear, indicating first-order kinetics. The slopes of the lines
were taken as the rate constants and were (1.76�0.06)�
10�5, (1.04�0.02)� 10�4, and (3.76�0.16) �10�4 s�1 at 313,
323, and 333 K, respectively. An Erying plot of the data
from the rate measurements was linear and gave the follow-
ing activation parameters: DH¼6 =31.2�1.9 kcal mol�1, DS¼6


=9.3�36 cal K�1 mol�1. These numbers are in good agree-
ment with a recent computational study on the conversion
of metallabenzene complexes to cyclopentadienyl-metal
complexes.[21b, 24]


The plausible mechanism for this transformation is shown
in Scheme 6. Carbene migratory insertion[18,25] of 14 d leads


to formation of coordinatively unsaturated h1-cyclopenta-
dienyl intermediate 29. Subsequent loss of PPh3 yields ener-
getically more stable h5-cyclopentadienyliridium complex
15 d. It is reasonable to assume that the interaction of the
contiguous tert-butyl substituent, phenyl group, and metal
fragment may cause some degree of torsion in the metalla-
benzene ring in solution and thus lead to the observed car-
bene migration in 14 d and 21 d.


Scheme 5.


Figure 3. Time-evolved 1H NMR spectra of the thermally rearrangement
of 14 d to 15 d at 323 K in the C6D6. The bottom spectrum was recorded
after heating for 1 h. The following spectra represent 2 h intervals with
top spectrum corresponding to 27 h reaction time. For clarity, the signals
from 0 to 4 ppm were omitted.


Scheme 6.
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Conclusion


The reactions of unsymmetrical (Z)-1-alkyl-3-(2-iodovinyl)-
2-phenyl-1-cyclopropenes 8 a–d with Vaska�s complex pro-
duced initially iridabenzvalenes 13 a–d. Subsequent isomeri-
zation in a highly regioselective manner furnished a-phenyl-
b-alkyl-iridabenzene complexes 14 a–d, as well as trace
amounts of the b-alkyl-a-phenyl isomers 19 a–c. The a-
phenyl-b-alkyl arrangement of the substituents was con-
firmed by X-ray crystallography for three of the iridaben-
zenes. Use of [Ir(CO)Cl(PMe3)2] afforded benzvalene com-
plexes 20 b/d and benzenes 21 b/d. The trend of the isomeri-
zation rate of alkyl-substituted benzvalene to benzene com-
plexes is 13 a= 13 b>13 c>13 d>20 b>20 d that is in agree-
ment with increase of both electronic donation and sterics
of the alkyl group as well as electron donation and/or re-
duced sterics of the phosphine ligand. Whereas 14 a–c and
20 b were stable at 75 8C for 48 h, iridacycle 14 d possessing a
bulky tBu group was unstable and rearranged cleanly via
carbene migratory insertion to cyclopentadienyliridium com-
plex 15 d at 50 8C over 15 h and displayed first-order kinet-
ics. Iridabenzene stability was ordered as 21 b > 14 a=


14b= 14 c> 21 d > 14 d in agreement with a decrease of
sterics of the alkyl group and as well as electron donation
and/or less sterics of the phosphine ligand. Future work will
focus on the preparation of irida-aromatics with different
substituents, as well as reaction of cyclopropene ligands 8 a–
d with additional transition-metal complexes. The results of
these studies will be reported shortly.


Experimental Section


3-Methyl-1-phenyl-1-butyne,[26] 3,3-dimethyl-1-phenyl-1-butyne,[27] 1,1,1-
triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1 H)-one,[16] iodomethyltriphe-
nylphosphonium iodide,[17] and [Ir(CO)Cl(PMe3)2]


[28] were prepared ac-
cording to the literature. All other compounds were purchased from com-
mercial suppliers and used as received. Column chromatography was per-
formed on Whatman reagent grade silica gel (230–400 mesh). Manipula-
tion of organometallic reagents was carried out using either a Vacuum
Atmospheres inert atmosphere glove box or standard Schlenk techniques.
THF, Et2O, and hexanes were distilled from Na/benzophenone and C6D6


distilled from LiAlH4. All dried solvents were degassed by three freeze/
pump/thaw cycles prior to use. NMR spectra were recorded on a Varian
Unity-INOVA 300 spectrometer at ambient temperature. 1 H, 13C, and
31P NMR spectra were acquired at 299.95, 75.43, and 121.42 MHz, respec-
tively. Chemical shifts for 1H and 13C NMR spectra are reported in parts
per million (d) downfield from tetramethylsilane using the residual sol-
vent signal (CDCl3: 1H 7.26, 13C 77.00; C6D6: 1H 7.16, 13C 128.39) as an
internal standard. The 31P NMR spectrum is referenced relative to exter-
nal H3PO4 or PPh3. Coupling constants are reported in hertz. FT-IR spec-
tra were recorded using a Nicolet Magna 550 FT-IR spectrometer. Melt-
ing points were determined by using a Mel-Temp II capillary melting
point apparatus equipped with a thermocouple and digital thermometer.
Elemental analyses were performed by Robertson Microlit Laboratories,
Inc.


Ethyl 2-alkyl-3-phenyl-2-cyclopropene-1-carboxylate (9) and Ethyl 4-al-
kylethynyl-2,4,6-cycloheptatriene-1-carboxylate (10): General prece-
dure:[12] To a solution of alkyne (50 mmol) and [Rh2(OAc)4] (398 mg,
0.9 mmol) in CH2Cl2 (20 mL) was added a mixture of ethyl diazoacetate
(4.0 g, 35 mmol) in CH2Cl2 (5 mL) at a rate of 0.4 mL h�1 by means of a
syringe pump. Upon completion of the addition, stirring was continued


for 3 h. The solution was then filtered through a small column of silica
gel to remove the catalyst. Concentration of the filtrate and purification
of the crude material by column chromatography on silica gel (hexanes/
Et2O, 6:1) afforded compounds 9 and 10 as colorless oils, with 9 eluting
first.


9c : 49 %; 1H NMR (CDCl3): d =7.50–7.28 (m, 5 H), 4.24–4.06 (m, 2H),
2.98 (sept, J =6.9 Hz, 1H), 2.45 (s, 1H), 1.32 (d, J =6.9 Hz, 3H), 1.31 (d,
J =6.9 Hz, 3H), 1.25 ppm (t, J =7.2 Hz, 3H); 13C NMR (CDCl3): d=


175.92 (CO), 129.41, 128.58, 128.53, 126.95, 115.17, 103.59, 60.00, 26.22,
21.87, 20.67, 14.35 ppm; IR (Et2O):: ñ=1731 (CO) cm�1.


10c : 6 %; 1H NMR (CDCl3): d=6.81 (d, J =6.4 Hz, 1 H), 6.25–6.18 (m,
2H), 5.48–5.35 (m, 2H), 4.24 (q, J=7.2 Hz, 2H), 2.72 (sept, J =6.9 Hz,
1H), 2.58 (t, J= 5.6 Hz, 1H), 1.29(t, J =7.2 Hz, 3 H), 1.21 ppm (d, J =


6.9 Hz, 6H); 13C NMR (CDCl3): d =172.59 (CO), 134.35, 127.84, 125.96,
125.41, 116.73, 115.72, 96.66, 80.62, 61.01, 43.18, 22.86, 21.03, 14.12 ppm;
IR (Et2O): ñ= 1730 (CO) cm�1.


9d : 4%; 1H NMR (CDCl3): d =7.51–7.29 (m, 5H), 4.22–4.07 (m, 2H),
2.45 (s, 1H), 1.33 (s, 9 H), 1.23 ppm (t, J =7.2 Hz, 3H); 13C NMR
(CDCl3): d=175.91(CO), 129.55, 128.60, 128.52, 126.99, 117.93, 102.35,
59.96, 31.85, 28.36, 21.78, 14.37 ppm; IR (Et2O): ñ =1744 (CO) cm�1.


10d : 9 %; 1H NMR (CDCl3): d =6.82 (d, J= 6.2 Hz, 1H), 6.25–6.19 (m,
2H), 5.48–5.35 (m, 2 H), 4.26 (q, J= 7.2 Hz, 2H), 2.60 (t, J=5.8 Hz, 1H),
1.31 (t, J= 7.2 Hz, 3H), 1.28 ppm (s, 9 H); 13C NMR (CDCl3): d=172.73
(CO), 134.39, 128.00, 126.06, 125.48, 116.73, 115.70, 99.48, 79.96, 61.09,
43.26, 30.94, 27.91, 14.18 ppm; IR (Et2O) ñ= 1742 (CO) cm�1.


1-Alkyl-3-hydroxymethyl-2-phenyl-1-cyclopropene (11): General proce-
dure: To a mixture of ester 9 (5.0 mmol) and dry THF (30 mL) cooled to
0 8C was added DIBAL-H (11 mL, 1 m in hexane, 11 mmol) by syringe
over 5 min. After stirring for 3 h at 0 8C, the solution was transferred to a
separatory funnel containing potassium sodium tartrate (Rochelle�s salt,
2.0 g) dissolved in H2O (10 mL). After shaking, the gel formed was ex-
tracted with Et2O (3 � 25 mL). The combined organic phase was dried
(MgSO4) and concentrated. Column chromatography over silica gel (hex-
anes/Et2O, 3:1) gave 11 as a colorless oil.


11a : 75 %; 1H NMR (CDCl3): d=7.51 (d, J= 7.9 Hz, 2 H), 7.40 (t, J=


7.5 Hz, 2H), 7.30 (t, J =7.3 Hz, 1H), 3.72 (d, J=4.6 Hz, 2 H), 2.54 (s),
2.02 (t, J=4.6 Hz, 1 H), 1.55 ppm (br, 1 H); 13C NMR (CDCl3): d=


129.65, 128.82, 128.54, 127.76, 114.86, 112.98, 67.96, 22.79, 11.77 ppm; IR
(Et2O) n 3496 (OH) cm�1.


11b : 77%; 1H NMR (CDCl3): d=7.55 (d, J=7.9 Hz, 2H), 7.42 (t, J=


7.4 Hz, 2H), 7.31 (t, J =7.3 Hz, 1 H), 3.78–3.71 (m, 2 H), 2.72 (q, J=


7.5 Hz, 2 H), 2.06 (t, J =4.7 Hz, 1 H), 1.43 (br, 1H), 1.36 ppm (t, J=


7.5 Hz, 3 H); 13C NMR (CDCl3): d=129.54, 128.96, 128.56, 127.82, 120.22,
112.31, 68.29, 22.61, 20.14, 12.60 ppm; IR (Et2O): ñ= 3491 (OH) cm�1.


11c : 95 %; 1H NMR (CDCl3): d=7.56 (d, J =7.9 Hz, 2H), 7.40 (t, J=


7.5 Hz, 2 H), 7.30 (t, J =7.4 Hz, 1H), 3.76 (dd, J =10.7, 4.7 Hz, 1 H), 3.66
(dd, J =10.7, 4.7 Hz, 1H), 2.99 (sept, J =6.8 Hz, 1H), 2.05 (t, J =4.7 Hz,
1H), 1.50 (br, 1 H, OH), 1.33 (d, J=6.8 Hz, 3H), 1.31 ppm (d, J =6.8 Hz,
3H); 13C NMR (CDCl3): d=129.47, 129.14, 128.55, 127.82, 124.07, 111.46,
68.55, 26.86, 22.38, 21.25, 21.17 ppm; IR (Et2O): ñ = 3493 (OH) cm�1.


11d : 93%; 1H NMR (CDCl3): d=7.55 (d, J=7.9 Hz, 2H), 7.39 (t, J=


7.5 Hz, 2 H), 7.28 (t, J =7.3 Hz, 1H), 3.78 (dd, J =10.5, 4.7 Hz, 1 H), 3.62
(dd, J =10.5, 4.7 Hz, 1 H), 2.03 (t, J=4.7 Hz, 1H), 1.58 (br s, 1H),
1.31 ppm (s, 9 H); 13C NMR (CDCl3): d= 129.45, 129.36, 128.60, 127.86,
126.87, 110.08, 68.72, 31.86, 28.86, 22.31 ppm; IR (Et2O): ñ= 3497 (OH)
cm�1.


2-Alkyl-3-phenyl-2-cyclopropene-1-carboxaldehyde (12): General proce-
dure: A solution of alcohol 11 (5.0 mmol) in CH2Cl2 (15 mL) was added
dropwise to a mixture of 1,1,1-triacetoxy-1,1-dihydro-1,2-benziodoxol-
3(1 H)-one (2.8 g, 7.0 mmol) and CH2Cl2 (30 mL). After stirring for
30 min at 20 8C, the reaction mixture was treated with 1 n NaOH
(50 mL). The mixture was extracted with Et2O (2 � 50 mL) and the organ-
ic phase washed with saturated NaCl solution, dried (MgSO4), and con-
centrated. Column chromatography over silica gel (hexanes/Et2O, 5:1)
furnished 12 as a colorless, moderately stable oil. The exception was 12 a,
where the crude isolated material was immediately subjected to the
Wittig reaction because of its rather high instability.
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12a: 60%; 1H NMR (CDCl3): d =8.87 (d, J=7.3 Hz, 1H), 7.27–6.99 (m,
5H), 2.61 (d, J =7.3 Hz, 1 H), 2.36 ppm (s, 3 H).


12b: 61 %; 1H NMR (C6D6): d =8.97 (d, J =7.3 Hz, 1H), 7.27–6.98 (m,
5H), 2.61 (d, J =7.3 Hz, 1H), 2.10 (dq, J =7.5, 2.6 Hz, 2H), 0.86 ppm (t,
J =7.5 Hz, 3H); 13C NMR (C6D6): d=203.51, 130.82, 129.60, 129.04,
128.91, 112.24, 105.51, 35.24, 19.76, 11.89 ppm; IR (Et2O): ñ= 1707 (CO)
cm�1.


12c: 46%; 1H NMR (CDCl3): d=8.89 (d, J =7.6 Hz, 1 H), 7.53–7.37 (m,
5H), 3.05 (sept, J=6.8 Hz, 1H), 2.64 (d, J=7.6 Hz, 1H), 1.36 (d, J =


6.8 Hz, 3H), 1.32 ppm (d, J=6.8 Hz, 3 H); 13C NMR (CDCl3): d=205.68,
129.49, 129.18, 128.78, 127.02, 115.62, 104.01, 35.13, 26.64, 20.67,
20.63 ppm; IR (Et2O): ñ= 1708 (CO) cm�1.


12d: 68 %; 1H NMR (CDCl3): d= 8.89 (d, J= 7.6 Hz, 1 H), 7.56–7.39 (m,
5H), 2.67 (d, J =7.6 Hz, 1H), 1.37 ppm (s, 9H); 13C NMR (CDCl3): d=


205.62, 129.64, 129.19, 128.82, 127.00, 118.45, 102.71, 35.09, 31.73,
28.26 ppm; IR (Et2O): ñ= 1706 (CO) cm�1.


(Z)-1-Alkyl-3-(2-iodoethenyl)-2-phenyl-1-cyclopropene (8): General pro-
cedure: Iodomethyltriphenylphosphonium iodide was dried under
vacuum at 100 8C for 30 min prior to use. The dry salt (1.6 g, 3.0 mmol)
was dissolved in THF (10 mL) and NaN(SiMe3)2 (3 mL, 1.0m in THF,
3.0 mmol) was added by syringe. The reaction was stirred for 5 min,
giving a yellow solution, and then it was cooled to �78 8C. To the cold re-
action was successively added HMPA (2.0 mL) and a solution of alde-
hyde 12 (3.0 mmol) in THF (5 mL). The reaction was warmed to �30 8C
and stirred for 45 min. Et2O (30 mL) was added to the reaction, the resul-
tant suspension filtered, and the filter cake washed with additional Et2O.
The filtrate was washed with 10% HCl solution, saturated NaCl solution,
and 10% Na2CO3 solution. The organic phase was dried (MgSO4), fil-
tered, and concentrated to give an light brown semi-solid. Chromatogra-
phy on silica gel (hexanes) gave 8 as a colorless oil. The vinyl iodide was
stored at �30 8C with a small amount (~1 mg) of hydroquinone to pre-
vent decomposition.


8a : 48 %; 1H NMR (CDCl3): d=7.46 (d, J=7.8 Hz, 2 H), 7.23–7.07 (m,
3H), 5.93 (d, J =7.5 Hz, 1H), 5.65 (t, J=7.5 Hz, 1 H), 2.91 (d, J =7.5 Hz,
1H), 1.90 ppm (s, 3 H); 13C NMR (CDCl3): d= 145.91, 129.29, 129.15,
128.83, 128.25, 112.74, 111.60, 76.07, 28.38, 11.01 ppm; IR (Et2O): ñ=


1865 (cyclopropene C=C) cm�1.


8b : 50 %; 1H NMR (CDCl3): d =7.44 (d, J= 7.7 Hz, 2H), 7.24–7.07 (m,
3H), 5.88 (d, J =7.5 Hz, 1H), 5.60 (t, J=7.5 Hz, 1 H), 2.85 (d, J =7.5 Hz,
1H), 2.26 (q, J=7.5 Hz, 2 H), 0.98 ppm (t, J=7.5 Hz, 3 H); 13C NMR
(CDCl3): d=146.18, 129.42, 129.06, 128.86, 127.18, 117.90, 110.89, 75.82,
28.17, 19.97, 12.26 ppm; IR (Et2O): ñ= 1862 (cyclopropene C=C) cm�1.


8c : 58 %; 1H NMR (CDCl3): d=7.51 (d, J =7.9 Hz, 2 H), 7.45–7.29 (m,
3H), 5.99 (d, J=7.3 Hz, 1H), 5.82 (t, J =7.3 Hz, 1 H), 3.00 (sept, J=


7.0 Hz, 1 H), 2.65 (d, J =7.3 Hz, 1 H), 1.33 ppm (d, J=7.0 Hz, 6H);
13C NMR (CDCl3): d =146.18, 129.17, 128.81, 128.60, 128.17, 121.63,
109.33, 75.29, 27.53, 26.94, 21.04, 20.89 ppm; IR (Et2O): ñ= 1852 (cyclo-
propene C=C) cm�1.


8d : 72 %; 1H NMR (CDCl3): d =7.51 (d, J= 8.0 Hz, 2H), 7.46–7.31 (m,
3H), 6.00 (d, J =7.3 Hz, 1H), 5.85 (t, J=7.3 Hz, 1 H), 2.67 (d, J =7.3 Hz,
1H), 1.35 ppm (s, 9H); 13C NMR (CDCl3): d=146.23, 129.32, 128.62
(2C), 128.16, 124.30, 107.88, 75.26, 32.14, 28.56, 27.39 ppm; IR (Et2O):
ñ= 1854 (cyclopropene C=C) cm�1.


Iridabenzvalene 13 d : A flamed-dried Schlenk flask was charged with cy-
clopropene 8d (240 mg, 0.74 mmol) and Et2O (20 mL) and cooled to
�78 8C. To this was added BuLi (330 mL, 2.5m, 0.82 mmol) at �78 8C
over 5 min. After stirring for 15 min at �78 8C, the resulting mixture was
transferred over 5 min by a double-ended needle to a �78 8C stirred sus-
pension of [Ir(CO)Cl(PPh3)2] (580 mg, 0.74 mmol) in Et2O (5 mL), and
then slowly warmed over a 3 h period to 0 8C. The solvent was removed
under vacuum and the residue purified by flash chromatography over
silica gel (hexanes/Et2O, 4:1), giving 13d (211 mg, 32%) as a pale yellow
solid. X-ray quality crystals of 13 d were obtained by recrystallization
from a mixture of toluene and hexane. 1H NMR (C6D6): d=7.75–7.69
(dt, J=8.2, 1.5 Hz 6 H), 7.50–7.41 (m, 6 H), 7.36 (d, J =7.0 Hz, 2H), 7.08–
6.91 (m, 21H), 6.76–6.69 (m, 1 H), 6.05 (dq, J= 8.1, 2.7 Hz, 1 H), 3.20 (br
s, 1H), 1.11 ppm (s, 9 H); 13C NMR (C6D6): d=181.86 (dd, J =7.9,


5.2 Hz), 149.50 (dd, J =15.5, 12.5 Hz), 144.09 (d, J =4.0 Hz), 143.12 (t, J=


8.1 Hz), 136.85 (d, J =43.3 Hz), 134.81 (d, J=43.3 Hz), 133.96 (d, J=


11.1 Hz), 133.21 (d, J =11.1 Hz), 128.62 (d, J =1.9 Hz), 128.24 (d, J=


1.8 Hz), 126.79 (s), 126.77 (d, J =10.1 Hz), 126.63 (d, J=9.1 Hz), 122.62
(s), 81.32 (dd, J=71.4, 6.0 Hz), 65.26 (dd, J =62.2, 4.5 Hz), 54.72 (t, J=


3.7 Hz), 35.24 (t, J= 4.0 Hz), 29.46 ppm (d, J= 2.0 Hz) (2 aromatic reso-
nances obscured); 31P NMR (C6D6): d=�0.09 (d, J=28.1 Hz),
�3.92 ppm (d, J=28.1 Hz); IR (CH2Cl2): ñ = 1971 (CO) cm�1; elemental
analysis calcd (%) for C52H47IrOP2: C 66.29, H 5.03; found: C 65.97, H
4.77.


Iridabenzene 14d and cyclopentadienyliridium 15d : Benzvalene 13 d
(188 mg, 0.2 mmol) was dissolved in benzene (5 mL) and kept at 20 8C
over four days until 11d had completely disappeared. The resultant
brown solution was concentrated and the residue redissolved in hexane/
Et2O (1:1; 10 mL) which was then stored overnight at �30 8C. The solid
was collected and washed with cold Et2O to give 14d (130 mg, 71%) as
red crystals. 14 d : 1H NMR (C6D6): d =10.54 (q, J =11.1 Hz, 1 H), 8.69 (q,
J =6.8 Hz, 1H), 7.84 (dd, J =9.6, 8.3 Hz, 1 H), 7.36 (d, J =7.2 Hz, 2 H),
7.20–7.15 (m, 12H), 7.10 (t, J=7.7 Hz, 2H), 6.94–6.89 (m, 18H), 6.85 (t,
J =7.4 Hz, 1 H), 1.58 ppm (s, 9H); 13C NMR (C6D6): d= 208.32 (t, J =


51.9 Hz), 186.68 (t, J =6.1 Hz), 186.55 (s), 172.21 (t, J= 3.4 Hz), 145.61 (t,
J =5.5 Hz), 138.89 (s), 136.68–136.24 (m), 134.42 (t, J= 5.4 Hz), 129.63 (t,
J =4.2 Hz), 129.48 (s), 125.21 (s), 124.16 (t, J=6.7 Hz), 122.94 (s), 39.76
(t, J= 3.0 Hz), 35.77 ppm (s) (1 aromatic resonance obscured); 31P NMR
(C6D6): d =18.24 ppm (s); IR (CH2Cl2): ñ= 1981 (CO) cm�1; elemental
analysis calcd (%) for C52H47IrOP2: C 66.29, H 5.03; found: C 66.09, H
4.92.
The filtrate from above was concentrated and the residue purified by
chromatography on silica gel (hexanes/Et2O, 5:1) to give compound 15d
(32 mg, 23%) as a yellow solid. 15d : 1H NMR (C6D6): d=7.88–7.78 (m,
8H), 7.14–6.96 (m, 12 H), 5.18 (t, J=2.2 Hz, 1 H), 4.76 (t, J= 2.2 Hz, 1H),
4.18 (dt, J =2.7, 1.1 Hz, 1H), 1.34 ppm (s, 9 H); 13C NMR (C6D6): d=


179.83 (d, J=17.1 Hz), 138.12 (s), 137.12 (d, J= 35.3 Hz), 134.44 (s),
134.29 (d, J =12.1 Hz), 129.92 (d, J=3.0 Hz), 127.99 (d, J =11.1 Hz),
127.81 (s), 127.27 (s), 115.37 (d, J =7.1 Hz), 108.61 (d, J=6.4 Hz), 88.26
(s), 82.07 (s), 79.56 (s), 32.65 (s), 32.15 ppm (s); 31P NMR (C6D6): d=


17.80 ppm (s); IR (CH2Cl2): ñ= 1918 (CO) cm�1; elemental analysis
calcd (%) for C34H32IrOP: C 60.07, H 4.74; found: C 60.14, H 4.55.


Thermolysis of 14d : Complex 14d (50 mg, 0.053 mmol) was dissolved in
benzene (3 mL) and heated at 50 8C for 15 h. Concentration of the so-
lution and chromatography of the residue as above afforded 15 d (33 mg,
97%). The spectral data were identical to those given above.


Iridabenzene 14 a : Cyclopropene 8a (250 mg, 0.89 mmol) was allowed to
react with BuLi (430 mL, 2.5m, 1.07 mmol) and [Ir(CO)Cl(PPh3)2]
(691 mg, 0.89 mmol) as described above for 13d. After warming to 0 8C
over 3 h, the reaction was filtered under an argon atmosphere to remove
the precipitated lithium salts. NMR analysis of the crude material
showed formation of a 3:2 mixture of 13a :14a along with protonated vi-
nylcyclopropene and a minute amount of 19 a. Partial NMR data for 13a :
1H NMR (C6D6): d=6.25 (dq, J= 8.2, 2.9 Hz, 1 H), 3.10 (br s, 1 H), 1.96
(s, 3 H); 31P NMR (C6D6): d =0.43 (d, J=30.2 Hz), �1.23 ppm (d, J=


30.2 Hz). Partial NMR data for 19a : 1H NMR (C6D6): d =11.9 (q, J=


11.8 Hz, 1H), 8.29–8.23 ppm (m, 1H); 31P NMR (C6D6): d= 21.17 ppm
(s).


The filtrate from above was kept at 20 8C for 8 h and then cooled to
�30 8C overnight. The solid was collected and washed with cold Et2O to
give 14a as red crystals. Chromatography of the concentrated mother
liquor over neutral alumina (hexanes/Et2O, 3:1) gave additional material
(186 mg total, 23%). 14a : 1H NMR (C6D6): d =10.62 (q, J =10.8 Hz,
1H), 8.30 (q, J =6.3 Hz, 1 H), 7.75 (dd, J =10.0, 7.9 Hz, 1 H), 7.26–7.12
(m, 16 H), 6.98–6.88 (m, 19H), 2.69 ppm (s, 3 H); 13C NMR (C6D6): d=


204.97 (t, J =50.9 Hz), 187.46 (t, J =5.6 Hz), 183.92 (s), 170.02 (t, J=


3.5 Hz), 140.47 (t, J =8.1 Hz), 137.11–136.33 (m), 134.38 (t, J =5.5 Hz),
133.93 (t, J=5.5 Hz), 129.50 (s), 129.06 (t, J =3.8 Hz), 127.88 (s), 127.13
(s), 123.39 (s), 122.34 (t, J =7.1 Hz), 24.17 ppm (t, J=3.0 Hz); 31P NMR
(C6D6): d =18.03 ppm (s); IR (CH2Cl2): ñ= 1982 (CO) cm�1; elemental
analysis calcd (%) for C49H41IrOP2: C 65.39, H 4.59; found: C 64.82, H
4.59.
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Iridabenzene 14b : Cyclopropene 8 b (200 mg, 0.68 mmol) was allowed
toreact with BuLi (330 mL, 2.5m, 0.81 mmol) and [Ir(CO)Cl(PPh3)2]
(530 mg, 0.68 mmol) as described above for 14a. NMR analysis of the
crude material showed formation of a 10:3:1 mixture of 13b :14 b:19b
along with protonated vinylcyclopropene. Partial NMR data for 13b :
1H NMR (C6D6): d=6.25 (dq, J =8.0, 2.8 Hz, 1 H), 3.20 (br s, 1H);
31P NMR (C6D6): d=�0.05 (d, J= 31.8 Hz), �1.38 ppm (d, J =31.8 Hz).
Partial NMR data for 19b : 1H NMR (C6D6): d =11.20 (q, J =11.7 Hz,
1H), 8.18 (q, J =6.3 Hz, 1 H), 1.49 ppm (t, J =7.3 Hz, 3 H); 31P NMR
(C6D6): d =20.61 ppm (s).


The filtrate of the above mixture was kept at 20 8C for 8 h and then
cooled to �30 8C overnight. The solid was collected and washed with
cold Et2O to give 14b as red crystals. Careful chromatography of the
mother liquor over neutral alumina (hexanes/Et2O, 3:1) furnished addi-
tional pure 14 b (131 mg total, 21%). 14 b : 1H NMR (C6D6): d= 10.61 (q,
J =10.9 Hz, 1H), 8.29 (q, J =6.1 Hz, 1 H), 7.79 (dd, J=10.2, 7.8 Hz, 1H),
7.32 (d, J =7.0 Hz, 2 H), 7.23–7.12 (m, 14 H), 6.96–6.87 (m, 19 H), 3.01 (q,
J =7.4 Hz, 2H), 1.35 ppm (t, J =7.4 Hz, 3H); 13C NMR (C6D6): d =204.17
(t, J=50.4 Hz), 187.31 (t, J =5.5 Hz), 184.95 (s), 169.35 (t, J =3.5 Hz),
140.84 (t, J =6.0 Hz), 139.99 (t, J =8.1 Hz), 137.14–136.36 (m), 134.38 (t,
J =5.5 Hz), 129.48 (s), 129.36 (t, J=4.6 Hz), 127.89 (s), 126.66 (s), 123.34
(s), 122.90 (t, J =6.5 Hz), 29.52 (t, J =3.1 Hz), 19.23 ppm (s); 31P NMR
(C6D6): d =18.65 ppm (s); IR (CH2Cl2): ñ= 1892 (CO) cm�1; elemental
analysis calcd (%) for C50H43IrOP2: C 65.70, H 4.74; found: C 65.42, H
4.92.


Iridabenzene 14c : Cyclopropene 8 c (141 mg, 0.50 mmol) was allowed to
react with BuLi (240 mL, 2.5m, 0.60 mmol) and [Ir(CO)Cl(PPh3)2]
(390 mg, 0.50 mmol) as described above for 14a. NMR analysis of the
crude material showed formation of a 13:2:1 mixture of 13 c :14c:19 c
along with protonated vinylcyclopropene. Attempts to isolate/purify 13 c
resulted in isomerization to 14 c. Partial NMR data for 13c : 1H NMR
(C6D6): d=6.22 (dq, J =8.2, 2.9 Hz, 1H), 2.80 ppm (br s, 1 H); 31P NMR
(C6D6): d=�0.86 (d, J =30.5 Hz), �2.03 ppm (d, J=30.5 Hz). Partial
NMR data for 19 c : 1H NMR (C6D6): d=10.75 ppm (q, J=11.8 Hz, 1H);
31P NMR (C6D6): d=20.11 ppm (s).


The filtrate of the above mixture was kept at 20 8C for 30 h and then
cooled to �30 8C overnight. The solid was collected and washed with
cold Et2O to give 14c (134 mg, 29%) as red crystals. 14c : 1H NMR
(C6D6): d =10.61 (q, J =10.9 Hz, 1 H), 8.41 (q, J =6.3 Hz, 1 H), 7.85 (dd,
J =10.0, 7.9 Hz, 1 H), 7.29 (d, J =7.7 Hz, 2H), 7.23–7.11 (m, 14H), 6.97–
6.88 (m, 19 H), 3.56 (sept, J =6.7 Hz, 1H), 1.41 ppm (d, J =6.7 Hz, 6H);
13C NMR (C6D6): d=203.52 (t, J=50.4 Hz), 187.27 (t, J= 6.0 Hz), 185.14
(s), 169.68 (t, J= 3.2 Hz), 145.14 (t, J=6.0 Hz), 137.01–136.93 (m), 136.57
(t, J=8.0 Hz), 134.40 (t, J=5.5 Hz),
129.47 (s), 128.92 (s), 126.75 (s), 123.28
(s), 122.58 (t, J= 7.0 Hz), 30.44 (t, J=


3.0 Hz), 26.54 ppm (s) (1 aromatic res-
onance obscured); 31P NMR (C6D6):
d=18.79 ppm (s); IR (CH2Cl2): ñ=


1886 (CO) cm�1; elemental analysis
calcd (%) for C51H45IrOP2: C 66.00, H
4.89; found: C 65.75, H 4.86.


Iridabenzvalene 20 b : Reaction of cy-
clopropene 8 b (220 mg, 0.74 mmol)
with BuLi (0.33 mL, 2.5m, 0.82 mmol)
and [Ir(CO)Cl(PMe3)2] (302 mg,
0.74 mmol) as described for 13 d gave
benzvalene 20 b (164 mg, 41 %) as
light yellow crystals. 20b : 1H NMR
(C6D6): d=7.64 (d, J =8.5 Hz, 2H),
7.28 (t, J=7.9 Hz, 2 H), 7.21–7.14 (m,
1H), 7.06 (t, J =7.0 Hz, 1 H), 6.50–6.40
(m, 1 H), 3.34 (br s, 1H), 2.61 (t, J=


7.3 Hz, 2 H), 1.24 (d, J= 9.0 Hz, 9H),
1.20 (t, J= 7.3 Hz, 3H), 1.10 ppm (d,
J =9.0 Hz, 9H); 13C NMR (C6D6): d=


179.72 (t, J =7.6 Hz), 147.67 (m),
146.40 (t, J =4.0 Hz), 140.17 (t, J=


15.1 Hz), 127.17 (s), 127.14 (s), 123.40 (s), 71.03 (dd, J =72.5, 4.0 Hz),
65.88 (dd, J= 70.5, 3.0 Hz), 58.80 (t, J=4.0 Hz), 28.18 (t, J =4.0 Hz),
20.85 (dd, J =30.2 Hz, 3.0 Hz), 20.07 (dd, J= 30.2, 2.0 Hz), 14.71 ppm (d,
J =3.0 Hz); 31P NMR (C6D6): d =�52.11 (d, J =32.7 Hz), �54.62 ppm (d,
J =32.7 Hz); IR (CH2Cl2): ñ= 1966 (CO) cm�1; elemental analysis calcd
(%) for C20H31IrOP2: C 44.35, H 5.77; found: C 43.89, H 5.79.


Iridabenzvalene 20d : Reaction of cyclopropene 8d (240 mg, 0.74 mmol)
with BuLi (0.33 mL, 2.5m, 0.82 mmol) and [Ir(CO)Cl(PMe3)2] (302 mg,
0.74 mmol) as described for 13 d gave benzvalene 20 d (244 mg, 58 %) as
light yellow crystals. 20d : 1H NMR (C6D6): d=7.63 (d, J =7.3 Hz, 2H),
7.20 (t, J =7.6 Hz, 2 H), 7.13–7.06 (m, 1H), 7.01 (t, J =7.0 Hz, 1 H), 6.43–
6.37 (m, 1H), 3.32 (br s, 1H), 1.34 (s, 9H), 1.29 (d, J =9.0 Hz, 9H),
1.04 ppm (d, J =9.0 Hz, 9H); 13C NMR (C6D6): d= 181.02 (t, J=7.1 Hz),
147.99 (m), 146.34 (d, J =8.1 Hz), 140.00 (t, J =16.1 Hz), 127.79 (s),
127.76 (s), 123.46 (s), 83.14 (dd, J=73.5, 4.0 Hz), 65.83 (dd, J =66.5,
2.5 Hz), 54.87 (t, J =4.0 Hz), 35.37 (t, J=4.0 Hz), 31.24 (d, J =2.0 Hz),
21.70 (dd, J= 30.2, 4.0 Hz), 19.35 ppm (dd, J =29.2, 2.0 Hz); 31P NMR
(C6D6): d=�53.98 (d, J=35.1 Hz), �55.38 ppm (d, J=35.1 Hz); IR
(CH2Cl2): ñ= 1960 (CO) cm�1; elemental analysis calcd (%) for
C22H35IrOP2: C 46.38, H 6.19; found: C 45.96, H 6.19.


Iridabenzene 21 b : A solution of 20 b (54 mg, 0.1 mmol) in degassed C6D6


(1 mL) was placed into an NMR tube and heated at 75 8C over 24 h, re-
sulting in complete isomerization. The solvent was removed and the solid
redissolved in 1:1 hexane/Et2O. After the mixture had been cooled at
�30 8C overnight, the red solid was collected and washed with cold Et2O
to give 21 b (48 mg, 89%) as air-sensitive red crystals. 21 b: 1H NMR
(C6D6): d =10.92 (dq, J=11.4. 1.2 Hz, 1H), 8.13 (dq, J =6.2, 1.2 Hz, 1 H),
7.90 (dd, J =9.6. 8.4 Hz, 1H), 7.43–7.31 (m, 4H), 7.08 (t, J= 7.1 Hz, 1 H),
2.85 (q, J =7.5 Hz, 1H), 1.26 (t, J =7.5 Hz, 3H), 1.07 ppm (d, J =10.3 Hz,
18H); 13C NMR (C6D6): d=190.79 (t, J=50.4 Hz), 188.84 (t, J=5.0 Hz),
174.20 (s), 169.29 (t, J =3.0 Hz), 138.56 (t, J =5.0 Hz), 135.38 (t, J =


8.1 Hz), 129.70 (t, J =4.0 Hz), 126.23 (s), 123.86 (t, J=6.0 Hz), 123.08 (s),
29.32 (t, J= 4.0 Hz), 20.91 (dd, J =14.3, 2.0 Hz), 18.82 ppm (s); 31P NMR
(C6D6): d =�38.56 ppm (s); elemental analysis calcd (%) for
C20H31IrOP2: C 44.35, H 5.77; found: C 42.98, H 5.67.


Iridabenzene 21 d and cyclopentadienyliridium complex 22d : A solution
of 20 d (57 mg, 0.1 mmol) in degassed C6D6 (1 mL) was heated at 75 8C
for 48 h leading to a mixture of unreacted 20d, 21 d, and 22d (5:10:1)
along with numerous other decomposition products. Continue heating
led to complete decomposition of the sample. 21 d : 1H NMR (C6D6): d=


10.87 (q, J=12.0 Hz, 1H), 8.46 (q, J =6.2 Hz, 1 H), 7.88 (d, J=9.7 7.9 Hz,
1H), 7.66–6.94 (m, 5H), 1.47 (s, 9H), 1.05 ppm (d, J =10.0 Hz); 31P NMR


Table 4. Crystal data for compounds 13 d, 14a, 14b, and 14 d.


13d 14 a 14b 14d


mol formula C52H47IrP2·2C7H8 C49H41IrOP2 C50H43IrOP2 C52H47IrOP2


mol. wt. 1126.4 900.0 914.1 942.1
crystal system monoclinic triclinic triclinic monoclinic
space group I2/a P1̄ P1̄ P21/c
a [�] 22.602(3) 10.979(3) 10.880(2) 11.626(2)
b [�] 11.3221(13) 10.983(3) 11.130(2) 20.564(5)
c [�] 23.853(5) 18.209(3) 17.883(2) 18.529(5)
a [8] 90 100.69(2) 89.59(1) 90
b [8] 106.01(2) 95.74(2) 83.42(1) 106.75(2)
g [8] 90 110.79(3) 70.65(2) 90
V [�3] 5867(2) 1983.9(11) 2028.6(8) 4242.2(2)
Z 4 2 2 4
F000 2296 900 916 1896
2qmax [8] 46 23 48 23
independent reflections 4386 6233 6354 7688
observed [I�s(I)] 4095 6229 6352 7441
used in refinement 3591 5160 5280 4835
refined parameters 245 478 487 505
R(F)/wR [I�s(I)] 0.063, 0.074 0.050, 0.047 0.036, 0.041 0.063, 0.052
R(F2)/wR(F2) (all) 0.112, 0.146 0.087, 0.098 0.062, 0.086 0.097, 0.103
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(C6D6): d =�38.79 ppm (s). Partial data for 22d : d =5.26 (br s, 1 H), 4.72
(br s, 1 H), 4.54 (br s, 1H), 1.35 ppm (s, 9H).


Kinetics of the rearrangement of iridabenzene 14d to cyclopentadienyl-
iridium complex 15 d : Solutions of 14 d in C6D6 were prepared in three
NMR tubes under N2 and heated at 40, 50, and 60 8C, respectively. The
reaction progress was monitored by 1H NMR spectroscopy. Integration of
the proton resonance signals was used to calculated ln[C]/[C]o. A plot of
ln[C]/[C]o versus time gave a straight line for the data at each different
temperature. The first order constants were obtained from the slopes of
these lines.


X-ray structure determinations : Data were collected on an Enraf-Nonius
CAD-4 Turbo diffractometer using MoKa radiation, l =0.71073 �; graph-
ite monochromator; T =296 K; scan mode w–2q. Pertinent crystallo-
graphic data and refinement parameters are given in Table 4. Structure
refinement (C atoms anisotropic, H atom riding) was accomplished with
the teXsan program suite (version 1.7 for SGI workstations). CCDC-
218966 (13 d), CCDC-218968 (14 a), CCDC-218967 (14b), and CCDC-
218965 (14d) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or deposit@ccdc.cam.ac.uk).
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Introduction


Transport, activation, and metabolism of dioxygen are very
important processes in many living organisms. Metallopro-
teins containing one or more copper centers are often re-
sponsible for these functions.[1] The so-called type 3 copper
proteins have an antiferromagnetically coupled dicopper
core with three histidine ligands on each copper ion and m-
hydroxo bridging in the met-CuII–CuII form, which results in
an EPR-silent active site. Well-known representatives of
type 3 copper proteins are hemocyanin, the dioxygen carrier
and transport protein for arthropods and molluscs,[2,3] tyrosi-


nase, which catalyzes the hydroxylation of phenols to cate-
chols (cresolase activity) and the oxidation of catechols to
quinones (catecholase activity),[4] and catechol oxidase (CO)
that exhibits only catecholase activity. CO was first isolated
by Kubowitz in 1937 from potatoes.[5,6] Since then COs have
been purified from different sources, among which are pota-
toes, spinach, apples, grape berries,[7] lychee fruit,[8] beans,[9]


bananas,[10] opium plants,[11] coffee plants,[12] black poplars,[13]


and gypsy wort.[13]


A new insight into the catalytic mechanism of catechol
oxidases was gained with the determination of the crystal
structure of the enzyme from sweet potatoes (Ipomoea bata-
tas ; ibCO).[14] Even though the first coordination sphere of
each copper center consists of three histidines and one m-
OH bridge, both copper ions were found to be nonequiva-
lent. The most striking asymmetric feature is a covalent thio-
ether bond formed between the Ce atoms of His109 and
Cys92. A cysteinyl–histidinyl bond has also been reported
for other type 3 copper proteins, like tyrosinase from Neuro-
spora crassa[15] and hemocyanin from Helix pomatia[16] and
Octopus dofleini.[17] A thioether bond between cysteine and
tyrosine is also present in the mononuclear copper enzyme
galactose oxidase.[18] Biomimetic models mimicking this fea-
ture were presented by Wieghardt and co-workers.[19]


A wide range of work has been done in the field of bio-
mimetic model compounds for type 3 copper proteins. It has


[a] Dr. M. Merkel, Dr. N. Mçller, Dr. A. Rompel, Prof. Dr. B. Krebs
Institut f�r Anorganische und Analytische Chemie der Westf�lischen
Wilhelms-Universit�t
Wilhelm-Klemm-Strasse 8, 48149 M�nster (Germany)
Fax: (+49) 251-8338-366
E-mail : krebs@uni-muenster.de


[b] Dr. M. Piacenza, Prof. Dr. S. Grimme
Organisch-Chemisches Institut der Westf�lischen
Wilhelms-Universit�t
Corrensstrasse 40, 48149 M�nster (Germany)
Fax: (+49) 251-8336-515
E-mail : grimmes@uni-muenster.de


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: Three new unsymmetrical
compartmental dinucleating ligands, 4-
bromo-2-(4-methylpiperazin-1-ylmeth-
yl)-6-[{2-(1-piperidyl)ethyl}aminome-
thyl]phenol (HL1), 4-bromo-2-(4-meth-
ylpiperazin-1-ylmethyl)-6-[{2-(morpho-
lin-4-yl)ethyl}aminomethyl]phenol
(HL2), and 4-bromo-2-(4-methylpiper-
azin-1-ylmethyl)-6-[{2-(thiomorpholin-
4-yl)ethyl}aminomethyl]phenol (HL3),
have been synthesized in order to
model the active site of type 3 copper


proteins. The dicopper(ii) complexes of
these ligands give first hints about the
influence of a thioether group close to
the metal site. The bromophenol-based
ligands have one piperazine arm and
one other bidentate arm in positions 2


and 6 of the phenolic ring, respectively.
With each ligand a dinuclear copper(ii)
complex was prepared and structurally
characterized. The copper ions were
found to have square pyramidal envi-
ronments and a mixture of endogenous
phenoxo and exogenous acetate bridg-
ing. The influence of a heteroatom in
one arm of the ligand on catecholase
activity and speciation in solution was
studied by UV/Vis spectroscopy, ESI-
MS experiments and, DFT calculations.


Keywords: bioinorganic chemistry ·
catechol oxidase · copper · enzyme
models · structure–property rela-
tionships
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been summarized in a number of articles.[20–33] Model com-
pounds that seize the idea of asymmetry might especially
help to elucidate important questions concerning the bind-
ing of the substrate in the natural enzyme: for example,
does the catecholate bridge the two copper(ii) centers[1,34] or
is it only bound to one metal center?[35] Dinuclear copper
complexes employing the model substrate tetrachlorocate-
cholate have proven that both binding modes can be realiz-
ed.[36, 37]


Some dinuclear copper compounds from compartmental
ligands have already been reported.[38–44] In this work, we
have prepared three new dinucleating N4O donor ligands
(Scheme 1) to mimic the unsymmetric active site in catechol


oxidase, 4-bromo-2-(4-methylpiperazin-1-ylmethyl)-6-[{2-(1-
piperidyl)ethyl}aminomethyl]phenol (HL1), 4-bromo-2-(4-
methylpiperazin-1-ylmethyl)-6-[{2-(morpholin-4-yl)ethyl}-
aminomethyl]phenol (HL2), and 4-bromo-2-(4-methylpipera-
zin-1-ylmethyl)-6-[{2-(thiomorpholin-4-yl)ethyl}aminome-
thyl]phenol (HL3). These compartmental ligands build dif-
ferent coordination surroundings for two copper ions in
close proximity. This proximity is important, since EXAFS
data suggest a Cu�Cu distance of 2.9 � for the met-form of
the enzyme.[45] Furthermore, one arm of the ligand is modi-
fied from piperidine (L1) to morpholine (L2) and finally thio-
morpholine (L3). The effects of these variations, including
the introduction of the thioether group in HL3, on catecho-
lase activity and speciation in solution were studied. For the
adjacent thioether group, we observed an involvement in
metal coordination. Thus, its function in these metal com-
pounds is different from that in type 3 copper proteins,
where metal coordination of the thioether group is not
likely.


Experimental Section


Materials : All chemicals were purchased from commercial sources and
used without any further purification.


Physical measurements : 1H and 13C NMR spectra were recorded on a
Bruker WH 300 instrument; all chemical shifts are reported relative to
an internal standard of tetramethylsilane. Elemental analyses were per-
formed on a Heraeus CHN-O-RAPID or an ELEMENTAR Vario El III
analyzer. Electronic spectroscopy was carried out with a Hewlett–Pack-
ard 8453 diode array spectrometer by using quartz cuvettes (1 cm, metha-
nolic solutions, 5� 10�4


m). IR spectra (in KBr or Nujol) were recorded
on a Bruker IF 48 Fourier transform spectrometer; FIR spectra (in poly-
ethylene) were recorded on a Bruker IF 113v instrument. ESI-MS meas-
urements were performed on a Micromass Quattro LC instrument.


Ligands : The to-date-unknown compartmental ligands 4-bromo-2-(4-
methylpiperazin-1-ylmethyl)-6-[{2-(1-piperidyl)ethyl}aminomethyl]phenol
(HL1), 4-bromo-2-(4-methylpiperazin-1-ylmethyl)-6-[{2-(morpholin-4-
yl)ethyl}aminomethyl]phenol (HL2), and 4-bromo-2-(4-methylpiperazin-
1-ylmethyl)-6-[{2-(thiomorpholin-4-yl)ethyl}aminomethyl]phenol (HL3)


were synthesized according to a route
described by Fenton and co-work-
ers.[46] The first step in the synthesis of
all three ligands is a Mannich reaction
of 5-bromo-2-hydroxybenzaldehyde
with N-methylpiperazine and parafor-
maldehyde to produce 4-bromo-2-
formyl-6-(4-methylpiperazin-1-ylme-
thyl)phenol.[47] N-(2-aminoethyl)piper-
idine and N-(2-aminoethyl)morpholine
were obtained from commercial sour-
ces, whereas N-(2-aminoethyl)thiomor-
pholine was synthesized following a
literature procedure.[48]


General procedure : 4-Bromo-2-
formyl-6-(4-methylpiperazin-1-ylme-
thyl)phenol (3.74 g, 12 mmol) was dis-
solved in ethanol (40 mL). One equiv-
alent of the corresponding amine
(1.54 g of N-(2-aminoethyl)piperidine
for HL1, 1.56 g of N-(2-aminoethyl)-
morpholine for HL2, and 1.76 g of N-


(2-aminoethyl)thiomorpholine for HL3, respectively) was added and the
reaction mixture was heated to reflux for 3 h. At 0 8C, sodium borohy-
dride (1.21 g, 36 mmol) was carefully added. The resulting suspension
was stirred overnight at room temperature and once again heated to
reflux for 1 h. To destroy excess borohydride, hydrochloric acid was
added to the reaction mixture, which was then stirred vigorously for
30 minutes. Afterwards, the pH value was adjusted to 8 by addition of
sodium hydroxide solution and the resulting precipitate was removed by
filtration. The filtrate was concentrated under reduced pressure and the
residue was taken up in chloroform and dried over sodium sulfate. Filtra-
tion and removal of the solvent yielded the product as a yellowish, highly
viscous oil.


HL1: Yield: 3.82 g (7.67 mmol, 64 %); 1H NMR (300 MHz, CDCl3): d=


1.49 (m, 4H; CH2), 1.66 (m, 2 H; CH2), 2.25 (s, 3H; CH3), 2.55 (t, 4H;
CH2), 2.56 (br s, 4H; CH2), 2.63 (br s, 4 H; CH2), 2.74 (t, 2 H; CH2), 2.95
(t, 2H; CH2), 3.68 (s, 2H; CH2), 3.96 (s, 2H; CH2), 7.12 (s, 1H; CHar),
7.29 (s, 1 H; CHar), 8.09 (br s, 1H, OH) ppm; 13C NMR (75 MHz, CDCl3):
d=23.8 (CH2), 25.3 (CH2), 44.0 (CH2), 45.8 (CH3), 48.1 (CH2), 52.5
(CH2), 54.2 (CH2), 54.8 (CH2), 55.6 (CH2), 56.7 (CH2), 110.9 (Car), 123.3
(Car), 124.0 (Car), 131.5 (Car), 132.0 (Car), 155.7 (Car) ppm; IR (Nujol): ñ=


3498 (s), 2939 (m), 2849 (m), 2798 (m), 2448 (w), 1608 (m), 1457 (s), 1398
(w), 1367 (m), 1350 (m), 1299 (m), 1284 (m), 1233 (m), 1160 (m), 1135
(m), 1092 (m), 1051 (m), 1008 (m), 986 (m), 920 (w), 867 (m), 819 (m),
781 (w), 754 (m), 728 (w), 660 (w), 624 (w), 559 (w), 542 (w), 491 (w),
442 (w) cm�1; MS (ESI): m/z : 425–430 [M+�H isotope cluster]; elemen-
tal analysis: calcd (%) for C20H33BrN4O (425.4): C 56.47, H 7.82, N 13.17;
found: C 55.98, H 7.94, N 12.34.


HL2 : Yield: 3.79 g (8.88 mmol, 74 %); 1H NMR (300 MHz, CDCl3): d=


2.30 (s, 3H; CH3), 2.38 (m, 4H; CH2), 2.44 (t, 2H; CH2), 2.54 (br s), 4H;
CH2), 2.59 (br s, 4H; CH2), 2.66 (t, 2H; CH2), 3.62 (m, 4H; CH2), 3.68 (s,
2H; CH2), 3.99 (s, 2 H; CH2), 7.12 (s, 1 H; CHar), 7.29 (s, 1 H; CHar) ppm;


Scheme 1. Structures of the compartmental phenol-based ligands HL1–HL3.
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13C NMR (75 MHz, CDCl3): d=43.8 (CH3), 45.7 (CH2), 48.0 (CH2), 52.3
(CH2), 53.2 (CH2), 54.7 (CH2), 55.5 (CH2), 59.9 (CH2), 66.9 (CH2), 110.8
(Car), 123.1 (Car), 123.5 (Car), 131.5 (Car), 132.0 (Car), 155.6 (Car) ppm; IR
(KBr): ñ =3439 (m), 2936 (m), 2797 (m), 2076 (w), 1887 (w), 1653 (w),
1606 (w), 1455 (s), 1390 (w), 1367 (w), 1348 (w), 1293 (w), 1226 (w), 1160
(m), 1136 (m), 1095 (m), 1010 (m), 920 (w), 868 (w), 815 (m), 748 (w),
623 (w), 489 (w), 441 (m) cm�1; MS (ESI): m/z : 427–431 [M+�H isotope
cluster]; elemental analysis: calcd (%) for C19H31BrN4O2 (427.4): C 53.40,
H 7.31, N 13.11; found: C 52.67, H 7.44, N 12.81.


HL3 : Yield: 4.42 g (9.97 mmol, 83 %); 1H NMR (300 MHz, CDCl3): d=


2.30 (s, 3 H; CH3), 2.55 (m, CH2), 2.60 (t, 2H; CH2), 2.70 (m, CH2), 2.90
(t, 2H; CH2), 3.70 (s, 2H; CH2), 3.90 (s, 2H; CH2), 7.11 (s, 1H; CHar),
7.31 (s, 1H; CHar) ppm; 13C NMR (75 MHz, CDCl3): d =27.8 (CH2), 44.0
(CH3), 45.6 (CH2), 48.0 (CH2), 52.3 (CH2), 54.6 (CH2), 54.7 (CH2), 55.5
(CH2), 59.9 (CH2), 110.8 (Car), 123.0 (Car), 131.6 (Car), 132.0 (Car), 155.6
(Car) ppm; IR (KBr): ñ=3393 (m), 2939 (m), 2807 (m), 1608 (w), 1459
(s), 1397 (w), 1365 (w), 1348 (w), 1285 (m), 1233 (m), 1160 (m), 1135
(m), 1087 (w), 1008 (w), 960 (w), 918 (w), 870 (w), 818 (m), 753 (s), 663
(w), 623 (w), 560 (w), 491 (w), 441 (w) cm�1; MS (ESI): m/z : 443–447
[M+�H isotope cluster]; elemental analysis: calcd (%) for
C19H31BrN4OS (443.5): C 51.46, H 7.05, N 12.63; found: C 51.34, H 7.35,
N 12.49.


Metal complexes


General procedure : A solution of copper(ii) tetrafluoroborate hydrate
(47 mg, 0.2 mmol in acetonitrile/methanol (1:1; 2 mL)) and a solution of
copper(ii) acetate hydrate (40 mg,
0.2 mmol in acetonitrile/methanol (1:1;
2 mL)) were added to a stirred so-
lution of the ligand (0.2 mmol; HL1:
85 mg, HL2: 86 mg, or HL3: 89 mg, re-
spectively) in acetonitrile/methanol
(1:1; 2 mL), then triethylamine (eight
drops) was added. The color of the so-
lution changed from green to green-
blue. After being stirred for 10 min,
the reaction mixture was filtered and
vapor diffusion of diethyl ether into
the complex solution afforded dark
green cuboid shaped crystals of
[Cu2(L1)(m-OAc)2](BF4) (1),
[Cu2(L2)(m-OAc)2](BF4) (2), or
[Cu2(L3)(m-OAc)2](BF4) (3), respec-
tively.


[Cu2(L1)(m-OAc)2](BF4)·0.25 Et2O (1):
Yield: 68 mg (0.09 mmol, 47 %); m.p.
240 8C (decomp); IR (KBr): ñ=3420
(m), 3256 (m), 2931 (m), 2868 (m),
1607 (s), 1462 (m), 1446 (m), 1415 (s),
1361 (w), 1340 (w), 1297 (w), 1276 (w),
1242 (m), 1182 (w), 1082 (s), 950 (w),
931 (w), 893 (w), 876 (w), 810 (m), 773
(m), 757 (m), 662 (m), 645 (w), 630
(w), 615 (w), 586 (w), 561 (w), 522
(w), 464 (w) cm�1; FIR: ñ =371 (w),
350 (m), 284 (s), 259 (m), 231 (m), 208
(s), 164 (m), 133 (w), 85 (m) cm�1; ele-
mental analysis: calcd (%) for
C24H38Cu2BBrF4N4O5 (756.4; without
solvent): C 38.11, H 5.06, N 7.41;
found: C 37.82, H 5.11, N 7.45.


[Cu2(L2)(m-OAc)2](BF4) (2): Yield:
83 mg (0.11 mmol, 53 %); m.p. 205 8C
(decomp); IR (KBr): ñ=3435 (m),
3275 (m), 3069 (w), 2971 (m), 2930
(m), 2901 (m), 2869 (m), 2817 (w),
1603 (s), 1420 (s), 1394 (s), 1358 (w),
1338 (w), 1306 (w), 1279 (m), 1241
(m), 1180 (w), 1057 (s), 988 (s), 953


(m), 928 (m), 904 (w), 887 (m), 842 (m), 809 (m), 770 (m), 659 (m), 634
(m), 612 (w), 595 (w), 576 (w), 519 (w), 465 (w) cm�1; FIR: ñ=395 (w),
368 (w), 350 (s), 271 (w), 245 (m), 203 (m), 178 (s), 150 (m) cm�1; ele-
mental analysis: calcd (%) for C23H36Cu2BBrF4N4O6 (758.4): C 36.43, H
4.78, N 7.38; found: C 36.36, H 4.69, N 7.43.


[Cu2(L3)(m-OAc)2](BF4)·0.25 MeOH·0.75 H2O (3): Yield: 77 mg
(0.10 mmol, 51%); m.p. 235 8C (decomp); IR (KBr): ñ =3639 (w), 3562
(w), 3423 (w), 3262 (m), 2972 (m), 2923 (m), 2872 (m), 1614 (s), 1463 (s),
1414 (s), 1361 (w), 1338 (m), 1299 (m), 1279 (m), 1240 (m), 1181 (w), 989
(m), 964 (m), 883 (m), 866 (m), 810 (m), 774 (m), 756 (m), 662 (m), 644
(m), 629 (m), 589 (m), 559 (w), 522 (m), 458 (m) cm�1; FIR: ñ =398 (m),
348 (m), 311 (m), 289 (w), 260 (m), 206 (m), 162 (m), 104 (w) cm�1; ele-
mental analysis: calcd (%) for C23H36Cu2BBrF4N4O5S (774.4; without sol-
vent): C 35.67, H 4.68, N 7.23; found: C 35.54, H 4.61, N 7.31.


X-ray crystal structures : The intensity data of compounds 1 and 3 were
collected on an STOE IPDS diffractometer (MoKa, l=0.71073 �, graph-
ite monochromator) by using the f-scan technique. Data collection for
compound 2 was performed on a Bruker AXS SMART APEX CCD dif-
fractometer (MoKa, l=0.71073 �, graphite monochromator) by using the
w-scan technique. All structures were solved by direct methods and re-
fined by full-matrix least-squares methods on F2.[49] Further data collec-
tion parameters are summarized in Table 1. Selected bond lengths and
angles for the dinuclear copper(ii) complexes are reported in Table 2.
The disordered solvent molecules in 1 and 3 were refined with isotropic
displacement parameters and without hydrogen atoms, whereas all other


Table 1. Crystallographic data and experimental details.


1 2 3


empirical formula C25H40.5BBrCu2F4N4O5.25 C23H36BBrCu2F4N4O6 C23.25H38.5BBrCu2F4N4O6S
Mr 774.91 758.36 795.94
temperature [K] 213(2) 153(2) 213(2)
radiation, l [�] MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073
crystal shape green cuboid green cuboid green cuboid
crystal size [mm] 0.32 � 0.24 � 0.12 0.28 � 0.25 � 0.13 0.36 � 0.24 � 0.24
crystal system triclinic triclinic triclinic
space group P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2)
a [�] 14.282(3) 10.410(5) 12.930(3)
b [�] 16.612(3) 10.594(5) 16.088(3)
c [�] 16.914(3) 14.245(5) 17.367(3)
a [8] 62.43(3) 78.330(5) 87.52(3)
b [8] 81.36(3) 69.750(5) 74.82(3)
g [8] 68.14(3) 75.050(5) 78.34(3)
V [�3] 3300(2) 1413(2) 3415(2)
Z 4 2 4
1calcd [g cm�3] 1.522 1.783 1.548
m [mm�1] 2.562 2.991 2.534
F(000) 1578 768 1616
scan range 2q [8] 8.66–52.20 3.08–56.54 8.78–52.06
index ranges �17�h�16 �13�h�13 �15�h�15


�20�k�20 �13�k�14 �19�k�19
�20� l�20 �18� l�18 �21� l�21


reflections collected 26123 14766 27 120
unique reflections 12088 6957 12 442
reflections I>2s(I) 5739 5660 7159
Rint 0.1290 0.0247 0.0974
data/restraints/parameters 10902/0/739 6957/0/370 12 439/0/740
goodness-of-fit on F2 1.016 0.966 0.952
final R indices (I>2s(I))
R1 0.0717 0.0391 0.0857
wR2 0.1495[a] 0.1019[b] 0.2132[c]


R indices (all data)
R1 0.1689 0.0488 0.1449
wR2 0.1880[a] 0.1057[b] 0.2401[c]


largest diff. peak/hole [e ��3] 0.697/�0.639 1.169/�0.627 1.081/�1.008


[a] w=1/[s2(F2
o)+(0.0698P)2+0.0090P] with P= (F2


o+2F2
o)/3. [b] w =1/[s2(F2


o)+(0.0607P)2] with P= (F2
o+2F2


o)/3.
[c] w=1/[s2(F2


o)+(0.0751P)2+20.5428P] with P = (F2
o+2F2


o)/3.
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non-hydrogen atoms were refined anisotropically with ligand hydrogen
atoms riding on ideal positions.[50]


Kinetic measurements : Catechol oxidase activities of complexes 1–3 were
measured at 25 8C by time-dependent UV/Vis spectroscopy. 3,5-Di-tert-
butylcatechol (5, 10, 20, 40, 50, 90, or 100 equivalents) dissolved in meth-
anol was added to a sample (1 mL) of 2 � 10�4


m solutions of compounds
1–3 in methanol. The final sample volume was 2 mL and, accordingly, the
concentration of the metal complex was 10�4


m. During the first 3 minutes
of the reaction, the development of the absorption band at 400 nm was
monitored. The average initial rates over three independent measure-
ments were determined from the slope of the absorption versus time plot
by utilizing the Lambert–Beer equation.


DFT calculations : All calculations were performed on a parallel LINUX-
PC cluster by using the TURBOMOLE 5.3[51] program suite. All DFT
calculations were carried out with the B3-LYP[52, 53] density functional,
and an m3 numerical quadrature grid was applied in all DFT calculations.
The resolution of identity (RI) approximation was used for the MP2[54]


calculations. The basis sets were taken from the TURBOMOLE basis set
library.[55] Basis sets of split-valence-double-z and split-valence-triple-z
quality with polarization functions SV(d)[56] and TZV(d,p)[57] have been
used. To simplify the calculations, the bromo substituent on the phenol
spacer was treated as a hydrogen atom. The calculated energies refer to
the corresponding complexes with two acetate bridges as the zero point.


Results and Discussion


Crystal structures of 1–3 : All
three compounds reported in
this work crystallize in the cen-
trosymmetric space group P1̄.
While the triclinic unit cell of 2
contains two formula units, the
cells of 1 and 3 contain four for-
mula units. The most likely
reason for this is a reduction of
the symmetry by the partly oc-
cupied solvent molecules in 1
and 3. Since the two crystallo-
graphically independent com-
plex cations in 1 and 3, respec-
tively, are chemically equivalent
and show broad similarities,
only one of them will be dis-
cussed for each compound. El-
lipsoid plots of the cations in 1–
3 are depicted in Figures 1–3,
whereas selected bond lengths
and angles are listed in Table 2.


The two copper ions in all
three dinuclear [CuII(L)(m-
OAc)2]


+ complexes are m-phe-
noxo-bridged by a deprotonat-
ed ligand. Furthermore, two
exogenous acetate bridges are
found in each complex. This
bridging motif leads to Cu(1)�
Cu(2) distances of 3.304(2) (1),


3.263(2) (2), and 3.299(2) � (3). The remaining equatorial
positions on each copper ion are occupied by nitrogen
donors derived from the compartmental ligand, a fact result-


Table 2. Selected lengths [�] and angles [8] in complexes 1–3.


1


Cu(1)···Cu(2) 3.304(2) O(1)–Cu(1)�O(2) 97.7(3) O(1)-Cu(2)-O(3) 92.2(2)
Cu(1)�O(1) 1.950(6) O(1)-Cu(1)-O(4) 95.7(3) O(1)-Cu(2)-O(5) 95.1(2)
Cu(1)�O(2) 1.965(6) O(1)-Cu(1)-N(1) 91.7(3) O(1)-Cu(2)-N(3) 91.4(3)
Cu(1)�O(4) 2.137(7) O(1)-Cu(1)-N(2) 164.1(3) O(1)-Cu(2)-N(4) 170.0(3)
Cu(1)�N(1) 2.042(7) O(2)-Cu(1)-O(4) 99.7(3) O(3)-Cu(2)-O(5) 96.9(3)
Cu(1)�N(2) 2.025(8) O(2)-Cu(1)-N(1) 149.7(3) O(3)-Cu(2)-N(3) 94.4(3)
Cu(2)�O(1) 1.965(5) O(2)-Cu(1)-N(2) 94.3(3) O(3)-Cu(2)-N(4) 96.8(3)
Cu(2)�O(3) 2.232(7) O(4)-Cu(1)-N(1) 107.9(3) O(5)-Cu(2)-N(3) 166.7(3)
Cu(2)�O(5) 1.937(6) O(4)-Cu(1)-N(2) 92.4(3) O(5)-Cu(2)-N(4) 88.3(3)
Cu(2)�N(3) 1.994(7) N(1)-Cu(1)-N(2) 72.8(3) N(3)-Cu(2)-N(4) 83.5(3)
Cu(2)�N(4) 2.107(7) Cu(1)-O(1)-Cu(2) 115.1(3)


2
Cu(1)···Cu(2) 3.263(2) O(1)-Cu(1)�O(3) 91.5(1) O(1)-Cu(2)-O(4) 96.1(1)
Cu(1)�O(1) 1.972(2) O(1)-Cu(1)-O(5) 100.2(1) O(1)-Cu(2)-O(6) 88.8(1)
Cu(1)�O(3) 2.163(2) O(1)-Cu(1)-N(1) 92.4(1) O(1)-Cu(2)-N(3) 91.0(1)
Cu(1)�O(5) 1.938(2) O(1)-Cu(1)-N(2) 162.8(1) O(1)-Cu(2)-N(4) 175.2(1)
Cu(1)�N(1) 2.018(2) O(3)-Cu(1)-O(5) 107.9(1) O(4)-Cu(2)-O(6) 102.9(1)
Cu(1)�N(2) 2.076(3) O(3)-Cu(1)-N(1) 94.9(1) O(4)-Cu(2)-N(3) 155.5(1)
Cu(2)�O(1) 1.954(2) O(3)-Cu(1)-N(2) 98.4(1) O(4)-Cu(2)-N(4) 88.1(1)
Cu(2)�O(4) 1.933(2) O(5)-Cu(1)-N(1) 153.5(1) O(6)-Cu(2)-N(3) 100.6(1)
Cu(2)�O(6) 2.278(2) O(5)-Cu(1)-N(2) 90.2(1) O(6)-Cu(2)-N(4) 88.0(1)
Cu(2)�N(3) 1.997(2) N(1)-Cu(1)-N(2) 72.9(1) N(3)-Cu(2)-N(4) 86.1(1)
Cu(2)�N(4) 2.063(2) Cu(1)-O(1)-Cu(2) 112.4(1)


3
Cu(1)···Cu(2) 3.299(2) O(1)-Cu(1)-O(2) 99.4(3) O(1)-Cu(2)-O(3) 91.2(3)
Cu(1)�O(1) 1.952(7) O(1)-Cu(1)-O(4) 94.0(3) O(1)-Cu(2)-O(5) 95.1(3)
Cu(1)�O(2) 1.935(8) O(1)-Cu(1)-N(1) 91.5(3) O(1)-Cu(2)-N(3) 90.9(3)
Cu(1)�O(4) 2.130(7) O(1)-Cu(1)-N(2) 163.2(3) O(1)-Cu(2)-N(4) 173.0(3)
Cu(1)�N(1) 2.028(9) O(2)-Cu(1)-O(4) 104.7(3) O(3)-Cu(2)-O(5) 100.2(3)
Cu(1)�N(2) 2.050(9) O(2)-Cu(1)-N(1) 150.9(3) O(3)-Cu(2)-N(3) 95.2(3)
Cu(2)�O(1) 1.974(6) O(2)-Cu(1)-N(2) 91.4(4) O(3)-Cu(2)-N(4) 94.4(3)
Cu(2)�O(3) 2.173(8) O(4)-Cu(1)-N(1) 101.4(3) O(5)-Cu(2)-N(3) 163.3(3)
Cu(2)�O(5) 1.917(7) O(4)-Cu(1)-N(2) 95.7(3) O(5)-Cu(2)-N(4) 87.8(3)
Cu(2)�N(3) 1.981(9) N(1)-Cu(1)-N(2) 73.1(4) N(3)-Cu(2)-N(4) 84.6(3)
Cu(2)�N(4) 2.128(8) Cu(1)-O(1)-Cu(2) 114.3(3)


Figure 1. Representation of the cation in 1 (50 % probability); the hydro-
gen atoms are omitted for clarity.
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ing in a nonequivalent environment for the metal centers of
each dinuclear unit. Cu(1) is, in all cases, coordinated by the
two tertiary amines of the piperazine group (N(1) and N(2),
respectively) that is found to be in its boat conformation,
whereas Cu(2) is ligated by the secondary amine N(3) and
the tertiary amine N(4) of the piperidine, morpholine or thio-
morpholine group (in 1–3, respectively). The piperazine ni-
trogen atoms are part of two five-membered chelate rings,
while the nitrogen donors on Cu(2) are embedded in only
one ring. The limited bite of these constellations leads to
significantly narrowed angles between the corresponding
donor atoms (N(1)-Cu(1)-N(2) =72.8(3)/72.9(1)/73.1(4)8 (1/
2/3) and N(3)-Cu(2)-N(4) =83.5(3)/86.1(1)/84.6(3)8 (1/2/3)).
The coordination polyhedra around the copper ions can be
regarded as distorted square pyramidal with a shared


corner. The t values[58] are t=0.24 and 0.06 for Cu(1) and
Cu(2) in 1, t=0.16 and 0.33 for Cu(1) and Cu(2) in 2, and
t=0.21 and 0.16 for Cu(1) and Cu(2) in 3, respectively. Fur-
thermore, the coordination polyhedra are stretched. This be-
comes evident in different apical and equatorial Cu�O bond
lengths. The latter are about 0.2–0.3 � larger in all cases.
Calculations of the least-squares planes around Cu(1) and
Cu(2) that contain the equatorial donor atoms reveal a dis-
placement of the copper ions towards the apical ligands. In
1 Cu(1) is 0.305 � and Cu(2) is 0.174 � out of plane, where-
as in 2 Cu(1) is 0.288 � and Cu(2) is 0.173 � out of plane,
and in 3 Cu(1) is 0.309 � and Cu(2) is 0.182 � out of plane.
All these deviations towards the apical donor lead to en-
larged Oapical�Cu�X angles. The average values for these
angles are 98.7 8 for Cu(1) and 95.2 8 for Cu(2). The pheno-
late oxygen atom is a shared edge of the two pyramids in all
reported compounds with Cu(1)�O(1)�Cu(2) angles of
115.1(3) (1), 112.4(1) (2), and 114.3(3)8 (3), respectively. The
polyhedra are twisted against each other, which results in
Oapical�Cu(1)�Cu(2)�Oapical torsion angles of 93.8(2) (1),
128.5(1) (2), and 102.8(4)8 (3), respectively.


The intermolecular distances in compounds 1–3 suggest
one (1 and 2) or two (3) hydrogen bonds between the tetra-
fluoroborate counter ions and the secondary amine N(3)
atom with donor acceptor distances of 2.94(1)–3.23(1) �.


Electronic spectra : In general, two kinds of transitions are
expected for copper(ii) complexes like 1–3, d–d bands and
ligand-to-metal charge transfer (LMCT) bands. In the pre-
sented compounds, the latter can either be phenolate–cop-
per(ii) or acetate–copper(ii) transitions, which usually
appear in the range from 300–340 nm.[59–62] However, in
some cases these transitions were observed at wavelengths
of up to 418 nm.[63] The phenolate-to-copper(ii) charge trans-
fer transition is particularly affected by the substituents on
the phenolate and the electron density of the copper ions.[64]


Finally, the intensity of these LMCT transitions is dependent


Figure 2. Representation of the cation in 2 (50 % probability); the hydro-
gen atoms are omitted for clarity.


Figure 3. Representation of the cation in 3 (50 % probability); the hydro-
gen atoms are omitted for clarity.


Figure 4. Electronic spectra of 1–3.
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on the Cu�O�Cu angle, which correlates with the overlap
of the phenolate p-orbital and the copper d-orbital.[61, 65]


The electronic spectra of complexes 1–3 are depicted in
Figure 4. Bands and extinction coefficients are summarized
in Table 3. The absorption bands below 400 nm can be as-
signed to LMCT transitions, but it is not possible to distin-


guish between phenolate- and acetate-derived bands. Al-
though the three compounds resemble each other, the spec-
trum of 3 differs from the others. The LMCT transition is
shifted to higher energies and appears as a shoulder rather
than as a distinct maximum. A possible explanation for this
behavior would be an exchange
of one or both acetate bridges
by methanolates or hydroxides
in solution. In the region of d–d
transitions, all three complexes
show a broad absorption with a
maximum intensity at 675–
680 nm that is indicative of
their square-pyramidal geome-
tries.[66, 67]


Kinetic investigations : Air-satu-
rated methanol solutions of 1–3
(10�4


m) were treated with
50 equivalents of 3,5-di-tert-bu-
tylcatchol. No base was added
to the solutions in order to sup-
press oxidation of the substrate
by base. The first apparent result, while the reaction was
monitored by UV/Vis spectroscopy, was a significant activi-
ty, namely, a formation of a band at about 400 nm, which is
indicative of an oxidation from 3,5-di-tert-butylcatchol to
3,5-di-tert-butyl-o-quinone. Consequently, the catecholase
activity of all complexes was studied and saturation kinetics
at high substrate concentrations were found for all com-
pounds. Complex 3 was found to have the highest turnover
number, with a rate of catalysis kcat. = 40.0�0.3 h�1. The ini-
tial rates, as well as the Lineweaver–Burk plots are depicted
in Figures S1–S6 in the Supporting Information. The results
of the kinetic investigations are summarized in Table 4.


The three model compounds presented in this work differ
only in the nature of the heteroatom at position 4 of the
ligand piperidine moiety. The different turnover numbers
for the oxidation of 3,5-di-tert-butylcatechol give a first hint
at the function of sulfur in these systems. In catalytic sys-
tems it is important to have free or labile coordination sites
for substrate binding. In the solid states of compounds 1–3,
exogenous acetate bridges occupy these sites. Thus, research
must be aimed at developing strategies to dissociate these
bridges. A higher affinity of the heteroatom in the piperi-
dine ring seems to weaken the copper–acetate bond and
result in a higher turnover number.


To support this thesis, DFT calculations were performed
to determine the different reaction energies ([LCu2(OAc)2]


+


![LCu2(OAc)]2+ + OAc�) for the piperidine, morpholine,
and thiomorpholine monocations (1 A–3 A) converting into
the corresponding monoacetato-bridged dications in their
boat (1 B–3 B) and armchair (1 C–3 C) conformations
(Scheme 2). All nine structures and a free acetate anion


have been optimized at the B3-LYP/SV(d) level of theory.
The resulting relative energies (DE), the bond lengths of the
coordinating Cu�X linkage of the boat conformers (RCu-X),
and the dihedral angle between the two piperazine nitrogen
atoms and the two coordinating oxygen atoms of the left
copper center (aNNOO), which is a measure for the pla-
narity of the ligand sphere of this metal center, are shown in
Table 5.


For the thiomorpholine system, the isomer with a boat
conformation of the subunit (3 B) is found to be
5.5 kcal mol�1 more stable than the corresponding armchair
conformer (3 C). Moreover, the structure of 3 B possesses a
linkage of the sulfur atom to one of the copper centers
(RCu-S =2.42 �), which clearly indicates that the sulfur atom
is capable of displacing the acetate bridge and building a
free coordination site for the substrate, thus yielding an
almost planar surrounding (aNNOO= 2.98) of the lower-
coordinated (left) copper center.


For the morpholine compound, the boat (2 B) and arm-
chair (2 C) structures are rather close in energy. 2 C is found


Table 3. Summary of the UV/Vis spectroscopy data of 1–3.


Compound lmax [nm] e [m�1 cm�1] lmax [nm] e [m�1 cm�1]


1 395 1575 675 331
2 397 2254 680 533
3 325-355 (sh) - 677 307


Table 4. Summary of the kinetic data of 1–3.


Complex kcat. [h�1] KM
[a][mol L�1]


1 10.7�0.1 (5.2�0.3) � 10�3


2 28.9�0.1 (6.7�0.3) � 10�4


3 40.0�3 (3.4�0.4) � 10�3


[a] KM =Michaelis constant.


Scheme 2. Structures [Cu2(L)(OAc)2]
+ and the boat and chair conformations of [Cu2(L)(OAc)]2+ (with X=


CH2 (1), O (2), and S (3)).
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to be only 1.4 kcal mol�1 lower in energy than 2 B. It is also
noteworthy in this case that the subunit with the boat con-
formation is capable of establishing a coordinative bond to-
wards one of the copper centers (RCu-O =2.27 �), again re-
sulting in an almost planar coordination (aNNOO=3.08)
of the other metal center. The methylene group of the piper-
idine ring in 1 is not able to undergo binding interactions
(RCu-CH2 =3.12 �) with the copper ion and, as a result, the
chair conformation (1 C) is significantly stabilized (by
10.4 kcal mol�1) compared to the boat conformation (1 B) of
the piperidine subunit.


By a closer inspection of the molecular structures it can
be seen that all isomers carrying a subunit in the boat con-
formation provide a planar surrounding of the lower-coordi-
nated copper center. The corresponding dihedral angles are
found to be 1.3–3.08, whereas for the corresponding arm-
chair isomer this angle is about 258. This observation, in
combination with the knowledge of the relative stabilities of
the isomers in question, provides an explanation for the dif-
ferent reaction rates observed in the kinetic studies. The
Cu�X linkage leads for 3, and to a lesser extent also for 2,
to an unusual stabilization of the boat conformation of the
coordinated ligand subunits, whereas for 1 this additional
coordinative bond cannot be established. The additional
linkage has a more planar uncoordinated metal center as a
consequence. This type of coordination geometry clearly en-
hances the reactivity of this center. With regard to the rela-
tive energies, this effect is strongly pronounced with the thi-
omorpholine ligand (in 3). For the complex with the mor-
pholine structure (2) an equilibrium mixture of both isomers
can be expected, whereas in the case with piperidine (1) this
equilibrium is clearly shifted towards the less-reactive boat
conformer, thus providing an explanation for the experimen-
tally observed turnover numbers of the complexes.


To estimate the strength of the Cu�X linkages, knowledge
of the relative energies of different conformers of the isolat-


ed piperidine (4), morpholine
(5), and thiomorpholine (6)
subunits are highly desirable
(Scheme 3). Although this topic
has been previously investigat-
ed[68, 69] for 4 and 5, these results
were calculated by quantum-
chemical methods of different
quality and are difficult to com-
pare for the distinct structures.
Moreover, it seems necessary to
apply the same methods as
those used for 1–3 to be able to


discuss the results in the whole context. For these reasons,
we decided to repeat the calculations for the various con-
formers by using density functional theory and perturbative
methods together with larger AO basis sets. For each arm-
chair and boat conformer there exist two possible orienta-
tions of the N�H hydrogen atom, either in an equatorial or
an axial position. But only two of these conformers, that is,
the ones which correspond to the subligand orientation in
the model complexes (1–3), are of relevance for this study:
a boat isomer with the N�H in the equatorial position and
an armchair isomer with the N�H in the axial position
(Scheme 3). The results are shown in Table 6. From the data


one can immediately see that the armchair conformations
are strongly stabilized compared to the boat conformations
for all molecules. The results show only a weak dependency
on the applied method and basis set.


The energy differences are large enough to allow a quali-
tative discussion, even at the B3-LYP/SV(d) level of theory.
For piperidine (4) the energetic difference between both iso-
mers is, at 6.5 kcal mol�1, somewhat less than that for the
large complexes. This might be due to steric reasons. For
morpholine (5), the calculation yields an energetic differ-
ence of 8.5 kcal mol�1, but in the metal complex this gap is
only 1.4 kcal mol�1. This leads to an approximate binding


Table 5. Relative energies and structural parameters of the model complexes optimized at the B3-LYP/SV(d)
level of theory.


System X Ligand conformation RCu-X [�] aNNOO [8] DE [kcal mol�1]


1A : [LCu2(OAc)2]
+ CH2 0.0


1B : [LCu2(OAc)]2+ + OAc� CH2 boat 3.12 1.3 196.1
1C : [LCu2(OAc)]2+ + OAc� CH2 armchair 25.4 185.7
2A : [LCu2(OAc)2]


+ O 0.0
2B : [LCu2(OAc)]2+ + OAc� O boat 2.27 3.0 203.6
2C : [LCu2(OAc)]2+ + OAc� O armchair 25.4 202.2
3A : [LCu2(OAc)]2+ S 0.0
3B : [LCu2(OAc)]2+ + OAc� S boat 2.42 2.9 195.5
3C : [LCu2(OAc)]2+ + OAc� S armchair 25.3 201.0


Scheme 3. Piperidine, morpholine, and thiomorpholine conformers.


Table 6. Relative energies of the investigated piperidine, morpholine,
and thiomorpholine conformers with respect to their individual armchair
(equatorial) conformers [kcal mol�1].


Compound B3-LYP/
SV(d)


B3-LYP/
TZV(d,p)


MP2[a]/
TZV(d,p)


MP2[a]/
TZV(2df,2pd)


4 : piperidine
A: boat (eq) 7.4 7.3 7.5 7.7
B: armchair
(ax)


0.9 0.6 0.8 0.9


5 : morpholine
A: boat (eq) 9.6 9.6 10.2 10.2
B: armchair
(ax)


1.1 0.8 1.1 1.0


6 : thiomorpho-
line
A: boat (eq) 10.0 10.0 10.4 10.2
B: armchair
(ax)


0.6 0.5 0.9 0.9


[a] B3-LYP/TZV(d,p)-optimized geometries.
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energy of the coordinative bond of 7 kcal mol�1. In the case
of the thiomorpholine, the energetic order is reversed. For
the free ligand (6) the energetic difference is 9.4 kcal mol�1


in favor of the armchair conformation, whereas for the com-
plex (3) the boat conformer is 5.5 kcal mol�1 lower in energy
than the armchair conformer. The approximated stabiliza-
tion in the complex amounts to 15 kcal mol�1. This large en-
ergetic difference in the gas phase should remain for the
complex in solution but probably to a lesser extent. This sta-
bilizing effect and the subsequent influence upon the molec-
ular structure of the model complexes provide a sound ex-
planation for the different reaction rates of the three differ-
ent compounds.


Furthermore, these results were corroborated by ESI-MS
experiments that were performed on methanolic solutions of
1–3 (see Figures S7–S9 in the Supporting Information). For
all three compounds, evidence for the two cationic species
[Cu2(L)(OAc)2]


+ and [Cu2(L)(OAc)]2+ was found. The rela-
tive intensities of the signals underline the results from the
DFT calculations and the kinetic investigations. The propor-
tion of complexes with only one acetate bridge rises in the
order 1<2<3 in solution.


Summary


In summary, we have presented the synthesis and characteri-
zation of three new compartmental ligands and their dinu-
clear copper(ii) complexes. The utilized ligands were penta-
dentate m-phenoxo-bridged and differ in one donor arm that
was changed from (N-(2-aminoethyl)piperidine to N-(2-ami-
noethyl)-morpholine or N-(2-aminoethyl)thiomorpholine.
The crystal structures of these three new compounds re-
vealed broad resemblances. Kinetic investigations based on
the Michaelis–Menten model showed that the turnover
numbers of the complexes increases in the order 1<2<3.
DFT calculations and ESI-MS experiments support the
thesis that a higher affinity of the group in the position 4 of
the piperidine ring of the ligand to the copper ion enhances
removal of one acetate bridge. The resulting free coordina-
tion site can be used for substrate binding, thereby resulting
in higher turnover numbers for the catechol oxidation. The
presented compounds are excellent models for the active
site of catechol oxidase that mimic the short copper–copper
distance of approximately 3 � as well as the dissimilar envi-
ronment of the metal ions, including a thioether bond in 3.
The electronic spectra of all three compounds show typical
features of copper(ii) complexes.
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Insight into the Mechanism of Oxidative Kinetic Resolution of Racemic
Secondary Alcohols by Using Manganese(iii)(Salen) Complexes as Catalysts


Zhen Li, Zhong H. Tang, Xiao X. Hu, and Chun G. Xia*[a]


Introduction


The oxidation of alcohols to carbonyl compounds is a key
transformation in organic chemistry, and has attracted much
attention, especially in the search for versatile and selective
regents in catalytic reactions.[1] Recently, the oxidizing prop-
erties of hypervalent iodine reagents have been of increasing
interest, as these species have low toxicity, are readily avail-
able, and are easy to handle.[2] Adama found that Cr(salen)
complexes were effective catalysts for the oxidation of sec-
ondary alcohols to ketones with iodosobenzene (PhI=O)
and diacetoxyiodobenzene (PhI(OAc)2) as oxidants,[3] and
we also reported [Mniii(salen)] complexes to be effective cat-
alysts for the oxidation of secondary alcohols to ketones in
the presence of the co-oxidant PhI(OAc)2.


[4] We wanted to
extend the scope of this potentially useful reaction to asym-
metric catalysis and its application to the oxidative kinetic
resolution of secondary alcohols; the kinetic resolution of
which has been accomplished through acylation[5,6] and oxi-
dation.[7]


We recently developed a method for the oxidative kinetic
resolution of alcohols in water, catalyzed by chiral [Mn(sa-
len)] complexes and the phase-transfer catalyst (PTC) tet-
raethylammonium bromide, with PhI(OAc)2 as the co-oxi-


dant.[8] Here we report a more efficient and simple method
for the enantioselective oxidation of alcohols catalyzed by
chiral [Mn(salen)] complexes and either PTC or the inex-
pensive inorganic salt KBr, with PhI(OAc)2 as co-oxidant.
We also elucidated the mechanism of the oxidative kinetic
resolution by conducting electrospray ionization mass spec-
trometry (ESI-MS) and UV-visible spectroscopy.


Results and Discussion


Effect of additive : To explore the effect of cation and haloid
anion we performed an additive screen using the [Mniii(sa-
len)] complex 1 a (the highly enantioselective epoxidation
Jacobsen catalyst[9]) as catalyst and a-methylbenzyl alcohol
as a model test substrate.
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Abstract: The oxidative kinetic resolution of various racemic secondary alcohols
with PhI(OAc)2 catalyzed by chiral [Mniii(salen)] complexes in the presence of
KBr was studied in a water/organic solvent mixture. The dramatic, synergetic
effect of additives, organic solvent, and the substituents of chiral salen ligands on
the enantioselectivities of the reactions is reported. Results from UV/Vis spectros-
copy and ESI-MS studies provide evidence that these reactions are induced by the
formation of a high-valent manganese intermediate.
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As shown in Table 1, in the absence of additive, the (R,
R) Jacobsen catalyst is inactive in the resolution of a-meth-
ylbenzyl alcohol (Table 1, entry 1). The addition of bromide
salts leads to a substantial increase in enantioselective activi-
ty (Table 1, entries 2, 3, 6, 7, 9–11). The most dramatic effect
was observed upon addition of the inexpensive inorganic
salt KBr (4 mol %); 99.9 % ee was obtained in just 0.5 h.


In this system, it is unclear if bromide is acting as a coun-
terion in the catalyst. To investigate this, [Mniii(salen)Br] 1 b
was added to the standard reaction conditions in the ab-
sence of KBr. Consequently, a surprisingly low level of cat-
alysis was observed (Table 2, entry 1). However, upon addi-
tion of KBr (4 mol%), catalytic activity was re-established
and good conversion and ee values were obtained (Table 2,
entry 2). This data suggests that KBr is necessary for oxida-
tion, and that the bromide ion does not coordinate to the
manganese atom.


We also investigated the relationship between conversion,
ee, the selectivity factor krel, and reaction time, in the kinetic
resolution of a-methylbenzyl alcohol. Figure 1 reveals that,
although the highest conversion and ee values were obtained


after ten minutes, krel remained at a value of around 15
during the course of reaction.


Effect of counterion : Use of the manganese(iii)(salen) com-
plex with a nonligating counterion, such as PF6


� (1 d), yield-
ed a conversion of 68.4 % and a low krel value of only 2. Spe-
cies 1 c, which has OAc� as a counterion, also resolved effec-
tively; a conversion of 68.0 %, an ee value of 99.9 %, and a
krel of 23.2 were observed (Table 2, entry 3). Substitution of
the tert-butyl groups at the 5,5’-positions of the Jacobsen cat-
alyst 1 a by methyl substituents (2) resulted in low conver-
sion and enantioselectivity (Table 2, entry 5). This indicates
that the steric hindrance at the 5,5’-positions was favourable
for the catalytic activity of the [Mniii(salen)] complex. Com-
plex 3 b, derived from (R, R)-diphenylethylenediamine, dis-
played an activity similar to complex 1 d ; however, in the
case of Cl� as a counterion (3 a), a moderate result was ob-
tained (Table 2 entry 6).


Effect of organic solvents : Before turning to other sub-
strates, attempts were made to improve the process and to
make it more general. The oxidative kinetic resolution of a-
methylbenzyl alcohol catalyzed by 1 a (2 mol%) and
PhI(OAc)2 with KBr (4 mol %) was studied by using a varie-


Table 1. Screen with various additives.[a]


Entry Additive Conversion [%][b] ee [%][c] krel
[d]


1 – 12.0 0 1
2 N(CH3)4Br 65.0 >99 >15.6
3 N(C2H5)4Br 63.2 >99 >18.0
4 N(C4H9)4Br 62.0 53.7 3.2
5 CTAB[f] 41.5 15.4 1.8
6 (C2mim)Br[g] 57.4 92.9 17.9
7 (C4mim)Br[h] 56.6 92.9 19.6
8 (C6mim)Br[i] 11.6 3.3 1.7


9 62.2 94.1 12.3


10 68.5 99.9 17.4


11 62.1 99.9 28.4


12 59.1 93.0 15.0


13 NaBr 58.5 95.7 19.3
14 LiBr 73.4 92.0 5.7
15 KBr 64.0 96.0 12.2
16[e] KBr 62.8 95.9 13.2
17 KCl 9.0 0 1
18 KI 9.9 0.93 1.2


[a] Reactions performed at room temperature with Jacobsen catalyst
(2 mol %), additive (4 mol %), substrate (0.25 mmol), PhI(OAc)2


(0.175 mmol), and H2O/CH2Cl2 (1 mL/0.5 mL). [b] Determined by per-
forming GC analysis using an internal standard. [c] Determined by per-
forming GC analysis using a CP-Chirasil-Dex CB capillary column.
[d] krel = ln[(1�C)(1�ee)]/ln[(1�C)(1+ee)]. [e] After 30 min. [f] Hexade-
cyltrimethylammonium bromide. [g] 1-ethyl-3-methylimidazolium. [h] 1-
butyl-3-methylimidazolium. [i] 1-hexyl-3-methylimidazolium.


Table 2. Oxidative kinetic resolution of a-methylbenzyl alcohol with var-
ious [Mniii(salen)] complexes[a]


Entry Catalyst Conversion [%][b] ee [%][c] krel
[d]


1[e] 1b 18.7 0 1
2 1b 63.0 99.8 23.9
3 1c 68.0 99.9 23.2
4 1d 68.4 29.1 2.0
5 2 33.2 2.8 1.1
6 3a 66.1 81.2 5.6
7 3b 57.5 30.8 2.1


[a] Reaction conditions as in Table 1. [b] Determined by performing GC
analysis using an internal standard. [c] Determined by performing GC
using a CP-Chirasil-Dex CB capillary column. [d] krel = ln[(1�C)(1�ee)]/
ln[(1�C)(1+ee)]. [e] In the absence of KBr.


Figure 1. Plot of conversion, ee, and krel versus reaction time for the oxi-
dative kinetic resolution of a-methylbenzyl alcohol.
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ty of organic solvents. As shown in Table 3, the krel of the re-
action depends strongly upon the organic solvent used. In
the case of H2O mixed with less polar solvents, the oxidative
kinetic resolution reaction exhibited moderate to high enan-
tioselectivity (ee of >90 %) (Table 3). No reaction was ob-
served when the protic solvent tBuOH was used. Dipolar


aprotic solvents, including MeCN, CHCl3, ethyl acetate,
DMF, and THF, gave low krel values (Table 3, entries 7–11).


Effect of substrates : The scope of the oxidative kinetic reso-
lution of some other rac-secondary alcohols was explored by
using KBr (4 mol %) as an additive together with 1 a
(2 mol%) (Table 4).


Notably, most of the examples produced enantiomeric ex-
cesses of over 99 %. Interesting-
ly, H2O/hexane is the best sol-
vent system for the asymmetric
oxidation of aliphatic racemic
sec-alcohols, such as (� )-1,
(�)-3, (�)-4, and (�)-5 (dl-
menthol), and resulted in the
kinetic resolution of these sub-
strates with extremely high
enantioselectivity. On the other
hand, hexane and toluene are
not applicable to (� )-2. Aryl-
substituted alcohols are gener-
ally good substrates under these
modified conditions, in which
the optimal solvent is depen-
dent on the substrate. Sub-
strates with a large substituent
group at the ortho site undergo
relatively poor oxidation and
kinetic resolution (Table 4, en-
tries 19–21). This observation is
in line with the view that the
difference in size of the sub-
stituents plays a significant role
in the overall efficiency of the
kinetic resolution.


To verify the efficiency of
catalyst 1 a in the kinetic resolu-
tion of a-methylbenzyl alcohol,
analysis was performed on a
1:500 molar ratio of catalyst/


Table 3. The effect of organic solvent on oxidative kinetic resolution.[a]


Entry Solvent system Conversion [%][b] ee [%][c] krel
[d]


1 H2O/hexane 64.5 99.3 17.3
2 H2O/toluene 61.6 99.9 29.7
3 H2O/acetone 53.0 91.6 30.8
4 H2O/1,4-dioxane 55.8 91.1 19.2
5 H2O/CH2Cl2 64.0 96.0 12.2
6 H2O/DCE 69.0 99.2 12.4
7 H2O/MeCN 43.2 1.4 1.05
8 H2O/CHCl3 68.4 79.5 4.8
9 H2O/ethyl acetate 41.3 19.7 2.1
10 H2O/DMF 59.2 20.3 1.6
11 H2O/THF 54.6 52.9 4.1
12 H2O/tBuOH –[e] – –


[a] Reactions performed at room temperature with catalyst (2 mol %),
KBr (4 mol %), substrate (0.25 mmol), PhI(OAc)2 (0.175 mmol), and
H2O/organic solvent (1 mL/0.5 mL). [b] Determined by performing GC
analysis using an internal standard. [c] Determined by performing GC
analysis using a CP-Chirasil-Dex CB capillary column. [d] krel =


ln[(1�C)(1�ee)]/ln[(1�C)(1+ee)]. [e] No oxidation.


Table 4. Data for the kinetic resolution of rac-secondary alcohols by the 1a/PhI(OAc)2/KBr system[a]


Entry Substrate Solvent Conversion [%][b] ee [%][c] krel
[d]


1 (� )-1 H2O/CH2Cl2 66.1 95.3 10.0
2 H2O/hexane 66.4 >99.0 >14.2
3 H2O/toluene 29.7 21.7 3.8
4[e] (� )-2 H2O/CH2Cl2 55.1 91.2 21.2
5 (� )-3 H2O/CH2Cl2 69.2 >99.9 >16.7
6 H2O/hexane 53.4 >99.9 >108
7 (� )-4 H2O/CH2Cl2 60.6 >99.9[g] >32.8
8 H2O/hexane 55.1 >99.9[g] >71.3
9 H2O/toluene 59.5 >99.9[g] >37.0
10 (� )-5[i] H2O/CH2Cl2 50.4 93.5 83.6
11 H2O/hexane 50.8 >99.9 >458.0
12 H2O/toluene 58.8 >99.9 >40.2
13 (� )-6 H2O/CH2Cl2 72.2 96.7 7.8
14 H2O/hexane 67.3 99.5 15.0
15 H2O/toluene 69.6 99.9 16.3
16[e] (� )-7 H2O/CH2Cl2 61.3 92.5 12.0
17[e] H2O/hexane 57.1 74.3 7.6
18[e] H2O/toluene 62.5 97.7 15.9
19[f] (� )-8 H2O/CH2Cl2 8.2 – –
20 H2O/hexane 14.0 – –
21 H2O/toluene 31.2 – –
22 (� )-9 H2O/CH2Cl2 63.4 97.8 14.9
23[e] H2O/hexane 56.6 >99.9 >54.5
24 H2O/toluene 70.2 99.9 15.7
25 (� )-10 H2O/CH2Cl2 52.2 99.5[h] 127.1
26 H2O/hexane 68.9 99.4[h] 13.1
27 H2O/toluene 71.6 99.6[h] 11.9


[a] Reactions were performed at room temperature with catalyst (2 mol %), KBr (4 mol %), substrate
(0.25 mmol), PhI(OAc)2 (0.175 mmol), H2O/organic solvent (2:1, v/v), for 1 h. [b] Determined by performing
GC analysis using decane as an internal standard. [c] Determined by performing GC analysis using a CP-Chir-
asil-Dex CB capillary column. [d] krel = ln[(1�C)(1�ee)]/ln[(1�C)(1+ee)]. [e] After 0.5 h. [f] KBr 8 mol %.
[g] Determined by using HPLC with a Chiralcel OJ column (Hex/IPA =75:25). [h] Determined by using
HPLC with a Chiralcel OD-H column (Hex/IPA =95:5). [i] The remaining alcohol is l-menthol according to
the MS spectrum.
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substrate. This larger scale reac-
tion required a slightly longer
reaction time of 2 h and showed
a slight decrease in krel values
(9.8 compared to 12.2) and a
reasonable ee of 92 %.


Reaction mechanism : Kita and
co-workers reported the oxida-
tion of alcohols by using iodo-
sobenzene (PhI=O) as a co-oxi-
dant and KBr as a catalyst in
water, and thought that PhI=O
and KBr formed a reactive in-
termediate in water [Eq. (1)].[10]


Electrospray ionization mass
spectrometry (ESI-MS) analysis
of the behavior of PhI=O�KBr
in aqueous solution suggested
that the highly reactive iodine
species (PhIBrO�) was
formed.[11]


PhI¼OþKBr H2O
��!PhIBrO�þKþ


ð1Þ


This hypervalent iodine(iii) species may not, however, be
the active intermediate in our reaction system. In fact, the
in situ treatment of a-methylbenzyl alcohol and 1 a with
PhIBrO� , which had been generated from iodosobenzene
diacetate (IBDA) and KBr in water, resulted in zero enan-
tioselectivity. This differs from Kita�s conclusion that the for-
mation of PhIBrO� is very rapid and, once formed, reacts
immediately with alcohol. To clarify this discrepancy, we
considered a possible mechanism involving a ternary com-
pound, which was generated by combining catalyst,
PhI(OAc)2, and substrate.


We assumed that the adduct A of complex 1 a with
PhI(OAc)2 is formed in the first step, as proposed during
the reaction of [(salen)CrIII] with PhI(OAc)2,


[12] after which
this adduct coordinates with the substrate molecule to form
the ternary compound B. Subsequent electronic reorganiza-
tion, with elimination of the CH3(O)CC radical and an ace-
tate group, generates the high-valent manganese intermedi-
ate C. This hypothesis was supported by the results of UV-
visible and ESI-MS spectroscopic analysis and a possible,
plausible reaction mechanism is proposed in Scheme 1.


Control experiment : The results of a control experiment
with the enantiomerically enriched a-methylbenzyl alcohol
showed that the (S)-a-methylbenzyl alcohol enantiomer was
oxidized preferentially to the ketone by the (R, R)-Jacobsen
catalyst 1 a, with a conversion of 99.0 % in 15 min (Figure 2).
In contrast, the (R)-a-methylbenzyl alcohol enantiomer ex-
hibited only 45.2 % conversion after the same reaction time
and 66.0 % conversion after 1 h. Reactions performed in the
absence of KBr resulted in a poor conversion for both (R)-


and (S)-a-methylbenzyl alcohol, whereas in the absence of
catalyst, two enantiomers were transformed to ketone with
similar conversions of ~60–70 %.


This discrepancy may be explained in terms of thermody-
namic or kinetic differences. Initially, as the substrate com-
bines with the catalyst, the binding of the (S)-enantiomer is
favored, which is in accordance with the observation above
that substrates with a bulky group next to the carbonyl
carbon atom do not undergo oxidative kinetic resolution


Scheme 1. Possible mechanism of the oxidative kinetic resolution of sec-alcohols catalyzed by [Mniii(salen)]
complexes and PhI(OAc)2 in the presence of KBr.


Figure 2. Relationship between the conversion and reaction time under
different reaction conditions.
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under the present conditions. This suggests that coordination
of a hydroxyl group is essential for oxidation and that this
occurs within the coordination sphere of the manganese ion.


UV-visible spectroscopy of reaction intermediates : To iden-
tify the reactive intermediates in the oxidative kinetic reso-
lution of racemic sec-alcohols using 1 a/PhI(OAc)2/KBr, we
recorded UV/Vis spectra at room temperature by using tolu-
ene as the solvent.


The UV/Vis spectra of 1 a in the presence of substrate are
shown in Figure 3. An initial increase in absorbance at
431 nm and a broad band between 600 and 700 nm were ob-
served within 25 min of addition of PhI(OAc)2 to the so-
lution. This indicates that a compound with a broad absorp-


tion band of around 600 nm was formed. The spectra
changed as the reaction proceeded (Figure 3B). An isosbes-
tic point at 583 nm implies that the initially formed com-
pound is converted to another species, which was assumed
to be the high-valent manganese intermediate C.


Figure 4 shows the UV/Vis spectra of the organic phase
following the addition of KBr/H2O to toluene containing


complex 1 a, a-methylbenzyl alcohol, and PhI(OAc)2. In
contrast to spectrum 2, spectrum 3 shows the decrease in ab-
sorbance at about 600 nm. Therefore, it can be concluded
that the key step of this kinetic resolution reaction is the at-
tachment of the Br� ion to the high-valent manganese inter-
mediate C.


ESI-MS studies of reaction intermediates : The addition of a
solution of complex 1 a in toluene to a solution of
PhI(OAc)2 in toluene resulted in the disappearance of the
molecular ion [Mniii(salen)]+ (m/z : 599.7). Instead, the mo-
lecular ions [O=Mnv(salen)(PhIO)]+ (m/z : 836.8), [Mnv(sa-
len)(OPhIOAc)]+ (m/z : 878.6), and [Mniii(salen)-
{PhI(OAc)2}]


+ (adduct A) (m/z : 921.7) dominated (Fig-
ure 5A).


Results of collision-induced dissociation (CID) experi-
ments performed on the solution showed that the [Mniii(sa-
len){PhI(OAc)2}]


+ ion is stable. The fragment ion [O=


Mnv(salen)]+ (m/z : 615.7) is produced by increasing the
cone energy from 10 V to 20 V, which suggests that this ion
is a product of the dissociation of [O=Mnv(salen)(PhIO)]+


and [Mnv(salen)(OPhIOAc)]+ (Figure 5B).
Addition of a-methylbenzyl alcohol led to the disappear-


ance of the molecular ion [Mniii(salen){PhI(OAc)2}]
+ (m/z :


921.7) and the appearance of a new ion (m/z : 941.6), which
was assigned to the [PhIOMniii(salen){OCH(CH3)Ph}]+ ion
C, formed from the [Mniii(salen){PhI(OAc)2}]


+ ion (Fig-
ure 6A). A solution of KBr in H2O was then added to the
above solution and, after being stirred for 5 min, the organic
phase was analyzed by using ESI-MS. The resulting spec-
trum (Figure 6B) is consistent with the data described
above; the catalyst 1 a was recovered and the ion (m/z :
283.6) was assigned to the PhIBr cation.


Figure 3. Variation in UV/Vis spectra of 1a/a-methylbenzyl alcohol/
PhI(OAc)2 (molar ratio=1:6.7:20) in toluene with time.


Figure 4. UV/Vis spectra of the organic phase following the addition of
KBr/H2O (1.68 � 10�2


m) to 1 a/a-methylbenzyl alcohol/PhI(OAc)2 (molar
ratio=1:6.7:20) in toluene. Spectrum 1: catalyst 1 a/a-methylbenzyl alco-
hol; spectrum 2: catalyst 1a/a-methylbenzyl alcohol/PhI(OAc)2 (after
1 h); spectrum 3: the organic phase following the addition of KBr/H2O to
1a/a-methylbenzyl alcohol/PhI(OAc)2 in toluene (after 30 min).
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Conclusion


We have demonstrated a clean and efficient system for the
enantioselective oxidative kinetic resolution of secondary al-
cohols catalyzed by [Mniii(salen)] complexes and PhI(OAc)2


with KBr as an additive. Analysis of the system by using
ESI-MS enabled us to characterize the detailed mechanism
of oxygen transfer from PhI(OAc)2 to the [Mniii(salen)]
complex and to identify for the first time the oxomanganese
species formed during oxidative kinetic resolution. The re-
sults clearly show that the bromide ion plays a key role in
the enantioselective oxidative reaction.


Experimental Section


Materials : The Jacobsen ligand, a-methylbenzyl alcohol, 4-methyl-sec-
phenethyl alcohol, 4-fluoro-sec-phenethyl alcohol, 1,2,3,4-tetrahydro-1-
naphthol, dl-2-methoxy-a-methylbenzyl alcohol, dl-2-pentanol, 1,1-di-
phenyl-2-propanol, 1-indanol, dl-menthol, 3,3-dimethyl-2-butanol, cyclo-


propylmethyl carbinol, (R)-(+)-sec-phenethyl alcohol, (S)-(+)-sec-phe-
nethyl alcohol, PhI(OAc)2, and derivatives of benzaldehyde were pur-
chased from Acros Chemical Company and used as received. The other
secondary alcohols were prepared from derivatives of benzyldehyde and
CH3MgI or C2H5MgBr and were subjected to GC-MS analysis. The imi-
dazolium bromine and pyridinium bromine were prepared according to
known procedures.[13] Complexes 1b–1 d, 2, 3 a, and 3 b were prepared ac-
cording to reported procedures.[7b, 9b, 14]


Equipment : GC analysis was performed by using an HP 6890 gas chro-
matograph with a CP-Chirasil-Dex CB column (25 m long, 0.25 mm inner
diameter), helium as a carrier gas, and a flame ionization detector (see
Supporting Information). The UV/Vis spectra were recorded by using an
HP 8453 UV/Vis spectrometer. ESI-MS analysis was performed by using
a Waters micromassZQ alliance spectrometer with acetonitrile/H2O
(0.2 mL min�1, 80:20). GC-MS measurements were obtained by using an
Agilent 6890N/5973N apparatus. Analytical chiral HPLC was performed
by using an HP1090 instrument equipped with Chiralcel OJ and OD-H


Figure 5. Electrospray ionization mass spectrum of the reaction mixture
of 1a with PhI(OAc)2 in toluene. A) cone voltage 10 V; B) cone voltage
20 V.


Figure 6. A) Electrospray mass spectrum of a solution of 1a, a-methyl-
benzyl alcohol, and PhI(OAc)2 in toluene, showing the formation of
cation C. B) Electrospray mas spectrum of a toluene solution after oxida-
tive kinetic resolution of a-methylbenzyl alcohol.
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columns (each 25 cm long, inner diameter of 0.46 cm) obtained from
Daicel Chemical Industries, Ltd (see Supporting Information).


General procedure for the kinetic resolution of secondary alcohols cata-
lyzed by [Mniii(salen)] complexes: A mixture of the substrate
(0.25 mmol), catalyst (0.005 mmol), additive (0.02 mmol), CH2Cl2


(0.5 mL), and water (1 mL) was stirred in a 5 mL tube for a few minutes
at room temperature. The oxidant PhI(OAc)2 (0.175 mmol) was then
added and the system was stirred for a further 1 h until completion of the
reaction. The products were extracted by using diethyl ether and the con-
version and ee values were determined by performing GC analysis.


Control experiments : A mixture of the (R)- or (S)-(+)-sec-phenethyl al-
cohol (0.125 mmol), 1a (0.005 mmol), KBr (0.02 mmol), CH2Cl2


(0.5 mL), and water (1 mL) was stirred in a 5 mL tube for a few minutes
at room temperature. The oxidant PhI(OAc)2 (0.175 mmol) was then
added. Aliquots (2 mL) of the organic phase were removed during the
course of the reaction by using a syringe and were diluted with diethyl
ether in preparation for GC analysis.


UV/Vis measurements : Electronic spectra were recorded by using a
Hewlett Packard HP 8453 diode array spectrometer under ambient con-
ditions (25 8C) and with a wavelength range of 190–1100 nm. For kinetic
studies, a solution of complex 1a and a-methylbenzyl alcohol in toluene
was poured into 10 mm quartz cuvettes, PhI(OAc)2 was added in a 20-
fold excess, and the spectra were recorded.


Electrospray solutions : The stock solution of 1a containing substrate
(10 equivalents) was diluted with toluene, then a solution of PhI(OAc)2


(20 equivalents) in toluene was added. The reaction mixture was shaken
for 10 s and a sample of the solution was subjected to ESI-MS analysis.
Next, a solution of KBr in H2O was added, and a sample from the organ-
ic phase was analyzed by using ESI-MS.
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An NMR and Molecular Modeling Study of Carbosilane-Based Dendrimers
Functionalized with Phenolic Groups or Titanium Complexes at the
Periphery


Karen T. Welch,[b] Silvia Ar�valo,[a] John F. C. Turner,*[b] and Rafael G�mez*[a]


Introduction


Dendrimers are highly branched macromolecules with well-
defined molecular weights and architectures, which provide
unusual and novel properties that differentiate dendrimers
from conventional polymers. Dendrimers are of great inter-
est because of their potential application in various scientific
disciplines, such as drug and gene delivery, unimolecular mi-
celles, magnetic resonance imaging agents, and chemical
sensors.[1] The use of dendritic molecules in catalysis has
also received considerable attention.[2] The synthesis of den-


dritic molecules involves an iterative sequence of reaction
steps in a convergent or divergent progression.[3] Dendri-
mers have four major architectural components, termed the
core, branching, connector, and surface units, which allow
the structure, size, shape, and functionality to be tuned to
yield the desired physical and chemical properties; in princi-
ple, the synthetic procedures required to produce novel den-
drimers are well established. However, information on the
structural and conformational characterization of dendritic
architectures has not kept pace with synthesis, though this
information should allow a better understanding and predic-
tion of the properties of new dendrimers. Proof of molecular
structure can be determined by single-crystal X-ray diffrac-
tion studies; however, there are only a few examples of crys-
talline dendrimers, which, in general, are confined to low
generations. This technique has therefore proved of little
use so far.[4] For this reason, indirect techniques, such as nu-
clear magnetic resonance (NMR), matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-TOF) and elec-
trospray (ES) mass spectrometric methods, small-angle neu-
tron (SANS) and X-ray (SAXS) scattering techniques, elec-
tron microscopy, and gel permation chromatography, have
been used as analytical tools for the characterization of den-
drimers. The determination of solid-state and solution con-
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Abstract: Dendrimers are modified
polymers whose architecture is defined
by the presence of a central atom or
core with multiple branches. These
molecules lend themselves to a variety
of architectures and uses, including
drug delivery and catalysis. The study
of the molecular conformations and
shapes of dendritic molecules is neces-
sary but not yet routine. Here we pres-
ent an NMR and molecular modeling
study of a series of carbosilane den-
drimers, namely 1G-{(CH2)3[C6H3-
(OMe)]OH}4 (1), 2G-{(CH2)3[C6H3-


(OMe)]OH}8 (2), and 2G-
{(CH2)3[C6H3(OMe)]O[Ti(C5H5)Cl2]}8


(3). Various two-dimensional NMR
techniques were used to completely
assign the 1H and 13C resonances of
molecules 1–3. This information was
used, in conjunction with 1H and 13C
spin-lattice relaxation measurements,
to assess the chain motion of the mole-


cules. The NMR data were also com-
pared with 1-ns molecular dynamics
(MD) simulations of 1 and 2 using the
MMFF94 force field. The results indi-
cate that these dendrimers possess a
core that is motionally decoupled from
the rest of the dendrimer, with flexible
arm segments that extend from the
core. The addition of eight functional-
ized titanium groups to the ends of the
dendrimer chains of 2 to yield molecule
3 serves to further restrict chain
motion.


Keywords: carbosilane · dendri-
mers · molecular dynamics · NMR
spectroscopy · titanium
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formations of dendritic molecules is not yet routine, and it is
generally carried out by NMR and SANS techniques along
with theoretical modeling and computer simulation. More-
over, the data generated to date affords contradicting pre-
dictions about the dendrimer packing and the maximum and
minimum density inside the macromolecule.[5] For this
reason, there is a need for more investigation of molecules
with dendritic topology.


NMR is a powerful technique for the structural and con-
formational analysis of macromolecules, especially proteins.
For dendrimers, not many studies have been carried out
beyond the routine 1D NMR experiments, owing to the lim-
ited ability to resolve and assign the resonances of the
chemically similar repeat units. However, multidimensional
NMR experiments, in particular those based on inverse de-
tection pulse sequences, offer the opportunity to obtain the
complete structural characterization of the dendrimers by
dispersing resonances into two or three dimensions when
signals are overlapped in 1D NMR spectra. For instance,
HMQC-TOCSY (heteronuclear multiple quantum coher-
ence total correlation spectroscopy) 2D and 3D NMR ex-
periments have been used for the complete assignment of
the third generation poly-(propylene imine) dendrimer
(DAB)[6] . A combination of 1D and 2D NMR techniques,
including NOE (nuclear Overhauser enhancement) differ-
ence, EXSY (chemical exchange spectroscopy), COSY (cor-
relation spectroscopy), and TOCSY, were employed for the
characterization of cobalt(ii) complexes of 2,6-diaminopyri-
dine-containing dendrimers.[7] In the elucidation of dendrim-
er chain conformation by NMR, 1H and 13C NMR spin-lat-
tice relaxation time (T1) measurements along with 1D and
2D NOE experiments have been reported for a few exam-
ples of DAB,[6,8] poly(amidoamine) (PAMAM),[9] and poly-
ether[10] dendrimers.


Only two NMR studies of silane dendrimers have been
reported to date. The first used the 2D 29Si–29Si INADE-
QUATE (incredible natural abundance double quantum
transfer experiment) experiment to confirm the structure of
a first-generation polysilane dendrimer.[11] The second study,
an impressive and challenging experiment based on 3D 1H/
13C/29Si triple resonance and pulsed field gradient (PFG)
NMR techniques, characterized the structures of first- and
second-generation hydride-terminated carbosilane dendrim-
ers containing two-carbon-atom spacers.[12] A few studies
concerning chain conformation have also been reported.[13]


Recently, we reported the synthesis of three-carbon
spacer carbosilane dendrimers functionalized with phenols
or titanium complexes at the periphery, and their characteri-
zation using routine 1D NMR experiments.[14] However, the
chemical shift assignments for the methylene groups in the
spacers were ambiguous, owing to the overlap of these reso-
nances. In this paper, we describe a combination of 1D and
2D NMR experiments and the complete 1H and 13C assign-
ments of the first and second generation of these dendrim-
ers, in addition to information about their chain motion and
conformation from T1 measurements and molecular dynam-
ics (MD) simulations.


Results and Discussion


Phenol-terminated carbosilane dendrimers : The first 1G-
{(CH2)3[C6H3(OMe)]OH}4 (1) and second 2G-
{(CH2)3[C6H3(OMe)]OH}8 (2) generations of three-carbon
spacer carbosilane dendrimers functionalized with phenol
groups at the periphery have been prepared using proce-
dures analogous to those reported elsewhere.[14a] Briefly,
these molecules were constructed in a divergent fashion by
hydrosilylation reactions of the olefinic group of 4-allyl-2-
methoxyphenol (eugenol) with the corresponding silicon hy-
dride terminated dendrimers 2G-H8 and 1G-H4.


[15] Figure 1
shows a representation of both dendrimers in which the
methylene, methyl, and aromatic groups are labeled from
the core to the exterior of the dendrimer.


NMR characterization of 2G-{(CH2)3[C6H3(OMe)]OH}8 (2):
The 1D 1H NMR spectrum was acquired at 600 MHz in
[D8]toluene. The spectrum can be divided into five regions
with the methyl groups at about d = 0.00 ppm, the methyl-
ene groups at about d = 0.70–2.50 ppm, the methoxy group
at d = 3.30 ppm, the hydroxy proton at d = 5.80 ppm, and
the aromatic protons in the d = 6.45–6.90 ppm range (see
Figure 2). From the relative intensities of the methyl reso-
nances, it was possible to assign the inner methyl group Mej


and the outermost methyl groups Mek to the signals at d =


0.06 and 0.00 ppm, respectively. Similarly, there are nine dif-
ferent sets of methylene protons, and because of the compo-
sition of the two generations, the intensities of the exterior
methylene resonances (Hd–Hi) are double the intensities of
the interior resonances (Ha–Hc). Within the methylene
groups, we can predict three different sets of resonances
based upon their respective chemical environments. The far-
thest upfield resonances were those of the five methylene
groups adjacent to silicon atoms. Moving downfield, the
next group of resonances were those corresponding to the
three central methylene groups of the three-carbon spacers.
Finally, the resonance of the benzylic methylene group was
the farthest downfield and unique in chemical shift. The
methylene groups of the innermost branch could be further
identified by the lower intensity of these resonances.


Two-dimensional homonuclear and heteronuclear NMR
experiments were required to complete the assignment of
2G-{(CH2)3[C6H3(OMe)]OH}8 (2). It was evident from the
TOCSY spectrum that there were three isolated spin sys-
tems consisting of three sets of methylene protons each.
Figure 3 shows the TOCSY spectrum recorded for 2 at a
mixing time of 40 ms. The assignment proceeded by identifi-
cation of the three spin systems by means of the TOCSY
and COSY spectra, followed by differentiation of the reso-
nances adjacent to silicon atoms using HMBC (heteronu-
clear multiple-bond correlation), and confirmation of the as-
signments with the NOESY (nuclear Overhauser effect
spectroscopy) spectra. The outermost spin system (resonan-
ces Hg, Hh, and Hi) was identified by the presence of the
benzylic protons. This resonance, Hi, had two cross peaks at
d = 1.59 for Hh and 0.54 ppm for Hg. The middle branch
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resonances, Hd, He, and Hf, were identified by their relative
intensities, and produced three strong TOCSY crosspeaks at
d = 1.45, 0.68, and 0.62 ppm. The farthest downfield signal
at d = 1.45 ppm was attributed to He as the methylene
group not adjacent to silicon. Resonances Hd and Hf, were
differentiated by the HMBC data, in which Hd showed con-
nectivity to Mej and Hf was connected to Mek. These assign-
ments were also supported by the NOESY data, as there
was a NOESY crosspeak between the methyl group of the
outer silicon atom (Mek) and the methylene protons Hf and
Hg. For the interior methylene branch, a weaker TOCSY
correlation was detected, as was expected given their rela-
tive abundance. Hence, the signal at d = 1.57 ppm was due
to Hb and the peaks at d = 0.78 and 0.71 ppm were attribut-
ed to Ha and Hc indistinctly. No NOE cross peaks were ob-
served between the inner methyl group (Mej) and Hc. Be-
cause of this, and only in this case, tentative assignments
were made. Based on the trend of increasing chemical shift
towards the core of the dendrimer (see below) and the anal-


ogy in the surroundings between Hc and Hd, the peak at d


= 0.71 ppm was assigned to Hc and the peak at d =


0.78 ppm was assigned to Ha. In the case of the aromatic
protons, the TOCSY and NOESY spectra permit assignment
of the signals at d = 6.59 and 6.87 ppm as Hr and Hq, re-
spectively. The assignment of the Hr resonance was support-
ed by an NOE between the Hr and Hi resonances. For the
signal at d = 6.47 ppm, no TOCSY correlation is shown and
due to Hn and confirmed by NOE with Hi.


The 150.9 MHz 1D 13C NMR spectrum of 2 in [D8]toluene
is shown in Figure 2. Inverse detection 2D {1H–13C} HSQC
(heteronuclear single-quantum coherence) and HMBC ex-
periments were used in assigning the carbon atom resonan-
ces. The cross peaks observed in the HSQC spectrum at d =


40.19, 26.90, and 15.66 ppm were attributed to the outer
methylene groups, Hi/Ci, Hh/Ch, and Hg/Cg, respectively, on
the basis of the proton assignments, and were verified by
the HMBC experiment. The region of the spectrum in
which the inner and middle methylene 13C resonances were


Figure 1. Molecular representation of the first-, 1G-{(CH2)3[C6H3(OMe)]OH}4 (1), and second-generation, 2G-{(CH2)3[C6H3(OMe)]OH}8 (2) and 2G-
{(CH2)3[C6H3(OMe)]O[Ti(C5H5)Cl2]}8 (3), dendrimers with branches labeled from the core to the exterior of the dendrimer.
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found was complicated by overlap with the residual toluene
solvent resonances. However, from the 2D {1H-13C} HSQC
spectrum, the cross peaks C/H at d = 19.17/1.45, 19.34/0.68,
and 20.58/0.62 ppm were assigned to Ce, Cd, and Cf respec-
tively. The 2D {1H-13C} HMBC spectrum supported these as-
signments, the He proton signal showed two cross peaks to
Cd and Cf, which in turn showed cross peaks to Mej and
Mek, respectively. For the innermost three-carbon spacer
group, the cross peak at d = 19.43/1.57 ppm, observed in
the HSQC spectrum, was assigned to Cb/Hb; it showed two
cross peaks of decreased intensity (with respect to those
shown for the middle and outer methylene spin systems) in
the HMBC spectrum, owing to the connectivity with Ca and
Cc. The assignments of the individual resonances Ca and Cc


were attributed to the signals at d = 19.82 and 18.41 ppm,
respectively, from the HSQC spectrum and based on the
proton assignments. The HMBC spectrum showed a cross
peak between the Mej protons and Cc that partially overlaps
with the more intense cross peak Mej/Cd, which established
the assignment more unambiguously. Figure 4 shows the 2D
{1H-13C} HSQC NMR spectrum of 2G-{(CH2)3[C6H3(O-
Me)]OH}8 (2) in the methylene and methyl regions. The 2D
{1H-13C } HSQC and HMBC experiments allowed for facile
confirmation of the assignments of the aromatic carbon res-
onances.


If the 1D 1H NMR spectrum was acquired in
[D1]chloroform, the chemical shifts of the methylene reso-
nances adjacent to silicon in the dendritic structure were ob-
served to overlap. A similar behavior was found in the 29Si
NMR spectra of 2, in which, in [D8]toluene, three different
silicon resonances were observed; in contrast, in
[D1]chloroform the innermost silicon atom was never detec-
ted.[14a,16] These features are consistent with the observations
of Rinaldi et al. who proposed a model in which chloroform
migrates into the core of the dendrimer, solvating all of the
methylene groups, whereas toluene does not solvate the in-
terior of the dendrimer molecule.[6] In further agreement
with this idea, in toluene, protons Ha, Hc, Hd, Hf, and Hg,
with almost identical chemical environments, have chemical
shifts of d = 0.78, 0.71, 0.68, 0.62, and 0.54 ppm, respective-
ly, showing gradual upfield shifts on going from the core to
the surface. This feature is consistent with a progressively
greater interaction with the anisotropic toluene solvent
when protons are closer to the surface of the molecule. In
addition, this conclusion would confirm the previous and
tentative assignment for Ha/Ca and Hc/Cc under the supposi-
tion of similar surroundings.


NMR characterization of 1G-{(CH2)3[C6H3(OMe)]OH}4 (1):
The first-generation dendrimer 1 presented 1D 1H and 13C
NMR spectra that were considerably simpler than those of
compound 2 because of the nonexponential growth of the
dendrimer chains. However, this system served to confirm
the second-generation structural assignments described
above. The proton and carbon signals of the inner and outer
methylene groups were easily identifiable by using 2D
TOCSY, HSQC, and HMBC spectra. The TOCSY experi-


Figure 2. 1D 1H NMR (600 MHz, [D8]toluene) and 1D 13C{1H} NMR
(150.8 MHz, [D8]toluene) spectra of 2G-{(CH2)3[C6H3(OMe)]OH}8 (2).
Peak labeled with a circle (*) is from THF impurity; peak labeled with a
square (&) denotes signal overlapped with THF impurity; peak labeled
with the symbol (X) denotes an impurity.


Figure 3. 2D {1H-1H} TOCSY NMR (600 MHz, [D8]toluene) spectrum of
2G-{(CH2)3[C6H3(OMe)]OH}8 (2) in the methylene and methyl regions.
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ments demonstrated the connectivity of the Hg, Hh, and Hi


resonances. The triplet at d = 2.55 ppm, which was ascribed
to the benzylic protons Hi, in analogy to the observations
from the second-generation dendrimer 2, gave two cross
peaks at d = 1.65 ppm, attributed to the middle methylene
group Hh, and d = 0.60 ppm corresponding to the Si�CH2


groups (Hg). The resonance at d = 1.54 ppm was assigned
to He as its environment was similar to Hh, and it gave two
overlapped cross peaks owing to its connectivity with Hd


and Hf. From the TOCSY experiment alone, it was not pos-
sible to differentiate Hd and Hf. However, we can discrimi-
nate them easily from the 2D NOESY, HSQC, and HMBC


combination spectra (see
below), attributing the resonan-
ces at d = 0.76 ppm to Hd and
d = 0.68 ppm to Hf. These as-
signments were in agreement
with those for the inner methyl-
ene branch of the dendrimer 2.
The HSQC spectrum showed
clearly resolved C/H correla-
tions for the CH2 groups, allow-
ing us to attribute the resonan-
ces at d = 40.20, 26.89, 19.30,
and 15.65 ppm to the carbon
atoms Ci, Ch, Ce, and Cg respec-
tively, based on the proton as-
signments. The signal at d =


20.71 ppm was assigned to Cf,
whereas that at d = 18.15 ppm
corresponded to Cd carbon
atom, based on the data infer-
red in the HMBC spectrum.


The resonance at d = 0.68 ppm and attributed to Hf had a
long distance C/H correlation with the methyl groups Mek.


In the case of the aromatic proton and carbon atoms,
their assignments are in agreement with those of the
second-generation dendrimer 2. The 1H and 13C chemical
shift assignments for 1 and 2 are summarized in Table 1.


Titanium phenoxide terminated carbosilane dendrimers :
The second generation 2G-{(CH2)3[C6H3(OMe)]O-
[Ti(C5H5)Cl2]}8 (3) was prepared from the phenol-terminat-
ed carbosilane dendrimer 2 by reaction with [Ti(C5H5)Cl3]
to liberate HCl using the procedure previously described.[14a]


Figure 4. 2D {1H-13C} HSQC NMR spectrum of 2G-{(CH2)3[C6H3(OMe)]OH}8 (2) in the methylene and
methyl regions.


Table 1. 1H and 13C NMR chemical shift assignments for dendrimers 1–3.[a]


d(1H) d(13C)
Assignment 1 2 3 1 2 3


methylene
a – 0.78 0.75 – 18.41 18.31
b – 1.57 1.53 – 19.43 19.31
c – 0.71 0.70 – 19.82 19.72
d 0.76 0.68 0.68 18.15 19.34 19.30
e 1.54 1.45 1.45 19.30 19.17 19.08
f 0.68 0.62 0.63 20.71 20.58 20.47
g 0.60 0.54 0.56 15.65 15.66 15.70
h 1.65 1.59 1.60 26.89 26.90 26.62
i 2.55 2.50 2.52 40.20 40.19 40.26
methyl
j – 0.06 0.06 – �4.51 �4.47
k 0.00 0.00 0.02 �3.04 -2.96 �2.91
l 3.38 3.31 3.47 55.30 55.40 56.18
aryloxy
m – – – 134.39 134.35 139.93
n 6.49 6.47 6.58 111.23 111.42 113.42
o – – – 146.84 146.99 150.24
p – – – 144.63 144.76 157.63
q 6.93 6.87 6.82 114.80 114.96 119.30
r 6.63 6.59 6.53 121.51 121.51 120.63
X = OH, C5H5 5.42 5.81 6.27 – – 121.01


[a] Data from 600 MHz in [D8]toluene at room temperature and using 160 mm dendrimer concentration.
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The 1D 1H and 13C NMR spectra were acquired using the
same conditions as for 1 and 2, and showed almost identical
chemical shifts for the carbosilane backbone resonances.
The resonances of the aromatic proton and carbon atoms
were slightly shifted, as expected for the replacement of the
phenolic hydroxyl group with a [OTi(C5H5)Cl2] fragment.
The most relevant feature was the observation of well-sepa-
rated chemical shifts for Hb and Hh, at d = 1.53 and
1.60 ppm respectively, in contrast to the overlapping reso-
nances observed for the analogous positions in 2. The com-
plete atomic connectivities and 1H and 13C chemical shifts
assignments for 3 were thus determined and are summarized
in Table 1.


Molecular modeling and solution behavior of phenol- and
titanium-terminated dendrimers 1–3 : Models of the 1G (1)
and 2G (2) dendrimers were constructed to visualize their
dynamic or motional behavior. The objective of the model
study was to determine the influence of the dendrimer ar-
chitecture on the motion of the individual “arms” or chains.
Molecular dynamics was performed on the two molecules
for one nanosecond. For the MD trajectories of 1 and 2, dis-
tances and angles were measured at points along each arm
to assess local motion. For the 1G dendrimer, there were
one set of Si�Si distances, one set of CH2�CH2 distances,
one set of Si�CH2�Si angles, and one set of CH2�Si�CH2


angles. For the 2G dendrimer, there were two sets of Si�Si
distances and two sets of CH2�CH2 distances as well as
angles, and these could be differentiated as “inner” and
“outer” distances depending on the distance from the core
of the dendron. In addition, the distances between all 1,3-
Si�CH2 units were measured. These distances were consis-
tent for both molecules 1 and 2, therefore either the X�X
distances or the X�Y�X angles could be used to represent
the conformational state of each chain segment.


Based on the data in Table 2, there were subtle differen-
ces between the two molecules. The average SiI�SiII distance
for the 1G dendrimer was 5.72 �, whereas the interior SiI�
SiII distance for the 2G dendrimer was 5.76 �, and the exte-
rior SiII�SiIII distance was 5.72 �. These values indicate that
the two segments were nearly fully extended, and that the
model predicts greater flexibility around the silicon atoms.
Examination of the CH2�CH2 distances for molecules 1 and
2 revealed a greater difference between the exterior CH2e�
CH2h units of molecule 2 and the other two sets of methyl-


ene groups. For the 1G and 2G interior methylene units, the
average distance is about 4.5 �, whereas the same distance
for the exterior methylene units is about 4.7 �. Both seg-
ments fluctuate about a conformation that is approximately
1 � short of full extension.


When the dynamics trajectories of each of the structural
units were plotted as distances or angles versus time, the ex-
istence of persistent local chain conformations, or local
minima, was apparent (Figure 5). For the Si�Si unit, there
were two populated regions around 1328 and 1728 (Si�CH2�
Si angle). The number of transitions from one conformation-
al well to the other was dependent upon the structure of the
molecule as well as the relative position of the structural
unit within the molecule.


The interpretation of the dynamics trajectories for the
CH2�CH2 units was not as straightforward because of the
greater apparent flexibility of these units, as evidenced by
larger oscillations about the persistent local chain conform-
ers, as well as a greater number of local conformers. There
are four local chain minima located around 80–888, 1028,
1188, and 1608, with the regions around 80–888 and 1188
more heavily populated (CH2�Si�CH2 angle). The trends in
conformational transitions were analogous to the Si�Si unit.
Thus, the model predicted a gradual slowing of chain
motion upon the accumulation of successive generations.


The molecular dynamics simulations also yielded informa-
tion about the shapes of molecules 1 and 2. The cores of
both molecules can be described as spheres with radii of
about 5.7 �, in which the first shell of four silicon atoms is
on the surface of the sphere. The structure of the core is
roughly tetrahedral with a distance of 9.1�1.5 � between
pairs of silicon atoms. Thus, the core portion of the mole-
cules loosely retains the geometry of the central silicon
atom, although there are some deviations with the 1 ns dy-
namics trajectories. For both molecules, the exterior chains
of the molecule oscillate in the conformational space be-
tween an extended state and a folded state, in which they
appear to be loosely wrapped around the core. The phenolic
chain termini at times extend to within 4.4–4.6 � of the cen-
tral silicon atom, although these chain conformations were
present less than 10 % of the time for all segments of the
molecules (see Tables 3 and 4). Thus, the phenolic end
groups are not significant contributors to density in the
cores of the molecules, suggesting that the interaction of
chains on the periphery of the molecule serves to rigidify


Table 2. Distance and angle data for simulated dendrimers 1 and 2.


Dendrimer Atom pair Distance [�] Angle [8]


1 SiI�SiII 5.72�0.23 159.15�18.03
1 CH2�CH2 4.53�0.59 102.91�19.91
1 1,3-CH2�Si[a] 2.94�0.07 –[b]


2 SiI�SiII(interior) 5.76�0.21 162.22�16.07
2 SiI�SiII(exterior) 5.72�0.23 159.59�17.93
2 CH2�CH2 (interior) 4.54�0.63 103.65�21.67
2 CH2�CH2 (exterior) 4.69�0.59 108.51�20.76
2 1,3-CH2�Si[a] 2.94�0.07 –[b]


[a] Represents the average distance for all contiguous 1,3-CH2�Si units in the molecule. [b] This value was not measured.
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the interior. Figure 6 shows a picture of dendrimer 2 at
190 ps time in the dynamic trajectory.


Figure 5. Molecular modeling data of 1 and 2 for one nanosecond: A) 2, angle trajectories SiII�SiI�SiII. B) 1, angle trajectories SiII�SiI�SiII ; C) 2, angle
trajectory SiI�CH2b�SiII (interior Si�Si unit); D) 2, angle trajectory SiII�CH2h�SiIII (exterior Si�Si unit); E) 2, angle trajectory CH2b�SiII�CH2e (interior
CH2�CH2 unit); F) 2, angle trajectory CH2e�SiII�CH2h (exterior CH2�CH2 unit).


Table 3. Data pertaining to core structure and backfolding of dendrimers
1 and 2.


Measurement Atoms 1 2


angle [8] SiII�SiI�SiII’ 107.86�26.70 108.08�23.71
distance [�] SiI�SiII 8.99�1.46 9.12�1.32


SiI�Cm 7.85�1.27 9.45�2.45
SiI�Op 9.55�2.35 11.10�3.27
SiI�Me1 9.37�2.19 10.90�3.04


Table 4. Backfolding analysis of dendrimers 1 and 2.


Atom pair 1, <5.8 � 2, <5.8 �


SiI�Cm 2.1% 2.4 %
SiI�Op 5.0% 6.1 %
SiI�Me1 6.1% 6.2 %


Figure 6. Molecular modeling of dendrimer 2 at 190 ps time in the dy-
namic trajectory.
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Once all the proton and carbon resonances of the den-
drimers were fully assigned, it was possible to investigate
their solution behavior with 1H and 13C spin-lattice relaxa-
tion time (T1) measurements. Correlation of the relaxation
behavior of the resonances with their local environments
can be used to gain information about the relative density
distribution within the macromolecule.[17] Relaxation param-
eters were obtained for dendrimers 1–3, using [D8]toluene
as a solvent and at 600 MHz, by inversion-recovery experi-
ments (recorded in Table 5). Figure 7 shows the 1H T1 values
for the methylene and methyl groups of the three dendritic
macromolecules. For the second-generation dendrimer 2,
the topologically interior protons have T1 values slightly
lower than those observed for the middle and outer methyl-
ene protons. These features suggest that the interior nuclei
reside in a region of slower average molecular motion. The
1H T1 data for the two different Me�Si groups are consistent
with this trend as well. The observation of greater freedom
of motion on going from inner to terminal methylene and
methyl groups might suggest a radial decrease in density of
the macromolecule and a less congested local environment
in the periphery than in the core. This finding fits the model
of Lescanec and Nuthukumar,[18] which predicts a monotonic
decrease in density on going from the center to the periph-
ery of the dendrimers. However, this behavior is opposite to
that found in polyether dendrimers by Frechet and co-work-
ers[10c] or by Veggel and co-workers;[10d] this was in agree-
ment with the de Gennes and Hervet simplified model,[19]


which places a density maximum at the periphery of the
dendrimers. The 1H T1 values for 2 were also determined as
a function of the concentration (see Figure 8). The T1 values


of the inner methylene and methyl groups were not sensitive
to changes in concentration, in contrast to the rest of the
resonances in the macromolecule. This invariance could be
attributed to a closer packing of the molecules at higher
concentrations, which does not affect the motion in the inte-
rior of the molecule. The T1 values for the dendrimer exteri-
or groups were concentration-dependent; when the concen-
tration of the solution was decreased, the 1H T1 values in-
creased. These results also support the above hypothesis of
different frequencies of motion for the inner and outer frag-
ments. In addition, plotting the T1 data versus concentration
gives information about the correlation time (t) regime. For
the inner groups, the invariance could be attributed to
nuclei with t near to the minimum in the plot of 1H T1


versus t. However, the exterior groups would behave on the
low side of the T1 minimum.


13C T1 experiments were also performed to investigate
molecular motion. Examination of these relaxation values
revealed behavior analogous to that found in 1H NMR T1


experiments (see Figure 7). A comparison of the 1H and 13C
T1 values of the three-carbon spacer units for both the
second and first generations showed lower values with in-
creasing generation, thus suggesting less free motion in the
interior of the molecule, as expected.


The relaxation data for dendrimer 3 are shown in Table 5.
One of the most notable differences in the relaxation data
of 2 and 3 was the dramatic shortening of 1H and 13C T1


values for the outermost methylene groups and the terminal
phenoxide fragment. The shorter relaxation times found for
3 could be ascribed either to a molecular conformation that
reduced the segmental motion, as the [Ti(C5H5)Cl2] group


Table 5. 1H and 13C NMR spin-lattice relaxation times (T1) of dendrimers 1–3.[a]


1H (T1)
13C (T1)


Assignment 1 2 3 1 2 3


methylene
a – 0.54 0.55 – 0.28 0.24
b – 0.60[b] 0.54 – 0.37 0.35[e]


c – 0.56 0.52[d] – 0.31 0.30
d 0.57 0.60 0.52[d] 0.41 0.40 0.35[e]


e 0.63 0.68 0.55 0.58 0.56 0.46
f 0.70 0.69 0.53 –[c] 0.55 1.15[c]


g 0.74 0.67 0.43 0.72 0.60 0.37
h 0.74 0.66[b] 0.42 0.77 0.65 0.38
i 0.81 0.71 0.39 0.72 0.60 0.33
methyl
j – 1.01 0.84 – 1.64 1.16
k 1.44 1.28 0.79 – – –
l 1.87 1.59 0.41 – – 1.09
aryloxy
m – – – – – 0.87
n 2.30 1.82 0.47 1.28 0.99 0.42
o – – – – – –
p – – – – – –
q 3.72 3.22 0.93 1.14 1.00 0.41
r 2.49 2.04 0.67 1.25 0.90 0.42
X = OH, C5H5 2.19 4.81 1.24 – – 1.38


[a] Data from 600 MHz in [D8] toluene at room temperature and using 6 mm dendrimer concentration. [b] Partial overlapping of signals Hb and Hh.
[c] Overlapping with the toluene signals. [d] Partial overlap of signals Hc and Hd. [e] Overlap of signals Cb and Cd.
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tends to anchor the chain, or to an aggregation process of
the dendrimer in these conditions.[8b] However, for the inner-
most methylene branch, the T1 values suggested no change
in the motional behavior as compared with 2.


Conclusion


In the work presented here, we have fully assigned the
proton and carbon resonances of first- and second-genera-
tion phenol-terminated carbosilane dendrimers and the
second generation of the analogous titanium-ended carbosi-
lane dendrimer, using a combination of 1D (1H, 13C{1H})
and 2D (COSY, TOCSY, HSQC, HMBC, and NOESY)
NMR spectroscopic techniques. These assignments were
based on the well resolved signals that occur in [D8]toluene
as solvent. The assignments allowed us to obtain informa-
tion about the molecular motion and conformation by meas-
uring the 1H and 13C spin lattice relaxation times (T1). These
data were consistent with a somewhat rigid, spherical core
conformation for the carbosilane dendrimers functionalized
by terminal phenolic groups, as was predicted by the molec-
ular dynamics calculations. In addition, the molecular
models were consistent with a looser periphery of flexible
chains that was affected by changes in dendrimer concentra-
tion, as was determined experimentally for 2.


The NMR evidence also suggests a further slowing of mo-
lecular motion or conformational exchange within the den-
drimer molecule caused by the addition of the [CpTiCl2]
moiety. The mass of this group is analogous to one layer of
nonexponential growth of the polymer, a single C12H19O2Si
unit per arm. This is evident in the decrease of the T1 values
for resonances g, h, and i in molecules 2 and 3. Since the


Figure 7. 1H and 13C spin-lattice relaxation time (T1) data of 1–3 for the
methylene and methyl groups, using 600 MHz in [D8]toluene, room tem-
perature and 160 mm dendrimer concentration. A) 1H (T1) methylene
groups; B) 1H (T1) methyl groups; C) 13C (T1) methylene groups.


Figure 8. 1H spin-lattice relaxation time (T1) data of 2 for the methylene
and methyl groups, using 600 MHz in [D8]toluene, room temperature and
160 and 6 mm dendrimer concentrations. A) methylene groups; B)
methyl groups.
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large, somewhat spherical surface area of the [CpTiCl2]
groups is less favorable for interchain associations by van
der Waals interactions, the molecular mass of this group is
likely to be the cause of the change.


We note that the [CpTiCl2] moieties reside in the periph-
ery of the dendrimer and that 3 represents an intermediate
stage between a purely homogenous Ziegler–Natta precata-
lyst and a precatalyst that has been heterogenized in the
sense of both the steric encumberance around the catalyst
and the composition of the coordination sphere of the Ti
atom. We are currently exploring this effect on the catalytic
activity of this and related systems.


Experimental Section


Materials : The carbosilane dendrimers 1G-{(CH2)3[C6H3(OMe)]OH}4 (1),
2G-{(CH2)3[C6H3(OMe)]OH}8 (2), and 2G-{(CH2)3[C6H3(OMe)]O-
[Ti(C5H5)Cl2]}8 (3) (see structures in Figure 1) were synthesized according
to reference [14a]. Deuterated solvents [D8]toluene and [D1]chloroform
were purchased from Cambridge Isotope Laboratory (Andover, MA).
Deuterated toluene was dried over potassium and distilled before use.
All dendrimers were pumped before use and the preparation of the sam-
ples was performed in the glove box under argon. All solutions were de-
gassed by several freeze-pump-thaw cycles in 5 mm Young�s tap NMR
tubes. The samples were prepared in two different concentrations
(160 mm and 6 mm).


NMR measurements and data processing : All of the NMR data were ac-
quired on a 300 MHz Varian Mercury spectrometer or a Varian
INOVA600 spectrometer equipped with VNMR 6.1B software. All proc-
essing of NMR data was perfomed with the standard Varian software.
The 2D-NMR data were processed using a forward linear prediction and
weighted using either a gaussian or sinebell apodization function prior to
Fourier transfomation. For the HSQC and HMBC experiments, 1JC,H =


120 Hz and xJC,H = 8 Hz. The T1 experiments were set up and analysed
using the dot1 macro available within the VNMR 6.1B software package.
A relaxation delay of 12–16 s was used in the 1H NMR experiments and
a relaxation delay of 8 s was used in the 13C NMR experiments.


Molecular modeling : The MMFF94 forcefield as implemented in
Sybyl 6.9 was used for all calculations. MMFF 94 was first published by
Halgren in 1995, and was parameterized for simulations of organic mole-
cules and proteins.[20] Of the forcefields available within the Sybyl 6.9
software package (Tripos Inc., 1699 South Hanley Rd., St. Louis, MO,
63144, USA), it performed best in maintaining a tetrahedral geometry
about the silicon atoms, and in carrying out the molecular dynamics sim-
ulations. The models used in the simulations were constructed with the
Builder module of Sybyl 6.9. The models were built incrementally with
successive cycles of simulated annealing and minimization to yield a rea-
sonable starting structure for molecular dynamics simulations. The MD
simulations were carried out at 300 K for 1 ns and a timestep of 1 fs.
Structures were saved every 1000 fs, and the first 10 ps of the simulation
were used for equilibration. In all calculations, solvent was treated im-
plicitly with a dielectric constant of 2.3 debye. Visualization of the result-
ing trajectories was also carried out with Sybyl 6.9.
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Enhanced Stabilization of Reverse Micelles by Compressed CO2


Dong Shen, Buxing Han,* Yu Dong, Weize Wu, Jiawei Chen, and Jiangling Zhang[a]


Introduction


Reverse micelles can be defined as supramolecular self-as-
sembled aggregates of nanoscale dimensions with hydropho-
bic moieties extending outward into an apolar solvent and
hydrophilic groups converging inward into a polar region (a
separate pseudophase) of another solvent such as water.[1]


Reverse micelles have a number of applications, such as pol-
ymerizations,[2] chemical reactions,[3] electrocatalysis,[4]


enzyme kinetic studies,[5] and separation and extraction of
proteins.[6] The highly rigid structure of reverse micelles has
also been exploited to template the production of size-con-
trolled nanoparticles of metals[7] and alloys.[8] In addition, re-
verse micelle nanostructures can also be used in membrane
mimetic studies to probe the water structure and the physio-
logical activity of biological membranes and proteins.[9]


An important property of a reverse micelle is its solubili-
zation capacity for water as microdroplets dispersed in the
oil phase. The solubilization capacity of water in reverse mi-


celles depends on many factors, such as the nature of the
polar and hydrocarbon groups of the surfactant, solvent,
temperature, and the presence of co-surfactant and electro-
lytes. It is well known that some compressed gases, such as
CO2 and ethylene, are quite soluble in a number of organic
solvents, and they can reduce the solvent strength of the sol-
vents to such a degree that the solutes can be precipitated.
This process is usually referred to as the gas antisolvent
(GAS) process,[10] and GAS techniques have been used in
fields such as fractionation,[11] recrystallization,[12] particle
generation,[13] and precipitation of nanoparticles and biomol-
ecules from sodium bis(2-ethylhexyl) sulfosuccinate (AOT)
reverse micelles.[14] The GAS effect can also induce forma-
tion of reverse micelles of PEO-PPO-PEO polymer surfac-
tant in a good solvent because the solvent strength of sol-
vent is reduced.[15]


Previously, we studied the effect of compressed CO2 or
ethylene on the solubilization of water in Triton X-100/cy-
clohexane solution.[16] Surprisingly, we found that at suitable
pressures the compressed gases did not act as antisolvents;
instead, they functioned as a co-surfactant that stabilized
the reverse micelle and increased the water-to-surfactant
molar ratio W0 in this system. Since Triton X-100 is a non-
ionic surfactant, it is of interest whether this effect is appli-
cable to solutions of ionic surfactants. AOT is the most com-
monly used ionic surfactant for preparing reverse micellar
solutions due to its ability to solubilize large amounts of
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Abstract: The effect of compressed
CO2 on the solubilization capacity of
water in reverse micelles of sodium
bis(2-ethylhexyl) sulfosuccinate (AOT)
in longer chain n-alkanes was studied
at different temperatures and pres-
sures. It was found that the amount of
solubilized water is increased consider-
ably by CO2 in a suitable pressure
range. The suitable CO2 pressure range
in which the solubilization capacity of
water could be enhanced decreased
with increasing W0 (water-to-AOT


molar ratio). The microenvironments
in the CO2-stabilized reverse micelles
were investigated by UV/Vis adsorp-
tion spectroscopy with methyl orange
(MO) as probe. The mechanism by
which the reverse micelles are stabi-
lized by CO2 is discussed in detail. The
main reason is likely to be that CO2


has a much smaller molecular volume


than the n-alkane solvents studied in
this work. Therefore, it can penetrate
the interfacial film of the reverse mi-
celles and stabilize them by increasing
the rigidity of the micellar interface
and thus reducing the attractive inter-
action between the droplets. However,
if the CO2 pressure is too high, the sol-
vent strength of the solvents is reduced
markedly, and this induces phase sepa-
ration in the micellar solution.Keywords: alkanes · carbon di-


oxide · micelles · surfactants
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water in nonpolar solvents.[17] It is well established that
phase separation of reverse micelles can arise from either
interdroplet interactions or curvatures that are larger than
the natural curvature of the interface for reverse micelles.[18]


For higher alkane solvents, it is known that the decrease in
solubilization capacity of water in the AOT/solvent system
is due to an increase in attractive interactions between dro-
plets.[18c] In this study, we investigated the effect of com-
pressed CO2 on the solubilization capacity of water in re-
verse micelles of AOT in n-alkanes with different chain
lengths. It is demonstrated that compressed CO2 also has
the function of a co-surfactant that stabilizes the reverse mi-
celles and enhances the solubilization capacity of water. We
discuss the mechanism by which CO2 stabilizes reverse mi-
celles in detail. Co-surfactants have been used for years in
applications of micellar solutions in various fields. However,
the mechanism by which co-surfactants stabilize micelles is
still not very clear, although much research has been carried
out. A co-surfactant usually has a polar group and a nonpo-
lar chain, and it is very difficult to separately determine
their contributions to stabilizing micelles. The results of this
work provide useful information for understanding the func-
tion of the nonpolar chain of a co-surfactant, which is help-
ful in investigating the mechanism of cosurfactants.


Results


Volume expansion coefficient : It is well known that the sol-
ubility of CO2 in organic solvents depends on pressure and
temperature, and the solvents are expanded by the dissolved
gas. The volume expansion can be characterized by the
volume expansion coefficient DV= (V�V0)/V0, where V and
V0 are the volumes of the CO2-saturated and CO2-free solu-
tions, respectively. We determined DV of AOT solutions
with different solvents at different CO2 pressures (Figure 1).


As expected, DV increases with pressure because the con-
centration of CO2 in the solutions is higher at higher pres-
sure. At a given pressure, DV decreases with increasing
chain length of the solvent. This suggests that the solubility
of CO2 in alkanes decreases with increasing size of the sol-
vent molecule.


Effect of compressed CO2 on the solubilization capacity of
water : Phase separation of microemulsions can arise by two
mechanisms. One is micelle–micelle interaction. The attrac-
tive forces due to overlapping between the tails of neighbor-
ing reverse micelles cause surfactant and water to precipi-
tate into a new surfactant-rich phase.[20] The second is the
natural-curvature mechanism: relatively pure excess water
precipitates when the micelle radius becomes equal to the
natural curvature.[18c]


The one-phase region in a temperature versus W0 diagram
of AOT in apolar solvents can extend to large W0 values.[21]


It has been reported that the upper temperature boundary
of the one-phase region results from micelle–micelle interac-
tion. It is usually called the haze point boundary. At temper-
atures above the haze point boundary, a surfactant-rich and
a surfactant-lean phase are present. Phase separation at the
lower boundary is caused by the natural-curvature mecha-
nism. It is called the solubilizaton curve, in reference to the
solubilization of water. With decreasing temperature, water
comes out of solution without surfactant. In addition, it is
well established that the temperature at which the maximum
solubilization of water is achieved decreases as the alkyl
chain length of n-paraffinic solvents increases. The one-
phase region shifts to lower temperature as the chain length
of alkane solvents increases.[22] This implies that AOT be-
comes increasingly oleophilic with decreasing temperature,
because the temperature of the maximum solubilization of
water may be equal to the phase inversion temperature
(pit). This trend is opposite to that for a nonionic surfactant
in nonaqueous solutions.[21] As a result, the decrease in W0


of an AOT/longer chain alkane system is due to the increase
in the attractive interaction between neighboring reverse mi-
celles when the temperature is equal to or above room tem-
perature.


Figure 2 shows the dependence of Wmax
0 (the maximum


solubilization capacity of water) on alkyl chain length of the
solvent at 30.0 8C in the absence of CO2. Evidently, Wmax


0 de-


creases as the alkyl chain length increases (i.e. from decane
to hexadecane). We further checked the behavior of the
phase separation of these systems at saturation of solubiliza-
tion. When the water-soluble dye Methyl Orange (MO) was


Figure 1. Dependence of volume expansion coefficient DV of AOT/
alkane mixtures on CO2 pressure (& decane, * dodecane, ~ tetradecane,
+ hexadecane. T =30.0 8C, CAOT =0.1 mol L�1). Figure 2. Maximum solubilization capacity of water as a function of alkyl


chain length at 30.0 8C [CAOT =0.1 mol L�1. * CO2-free; * with com-
pressed CO2 at suitable pressure (see Table 1)].
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added, we saw the bottom phase quickly turn orange, while
the upper phase remained colorless. This indicates that the
larger attractive interaction among droplets plays the major
role in phase separation under these conditions in the ab-
sence of CO2, and the result is consistent with those of other
authors.[18c,23]


Figure 2 also gives Wmax
0 values in the presence of CO2,


and the corresponding pressure ranges for different systems
are listed in Table 1. Only one phase exists in a system in


the corresponding pressure range, whereas the phase separa-
tion occurs outside of the pressure range at Wmax


0 . For exam-
ple, with decane as solvent and W0 = Wmax


0 as in Figure 2,
there is one phase in the range of 4.2–5.1 MPa. All the
water in the system can be solubilized in the reverse mi-
celles. When the pressure is lower than 4.2 MPa or higher
than 5.1 MPa, the system separates into two phases. In this
work, maximum W0 (Wmax


0 ) means that if the W0 exceeds
Wmax


0 , there is no one-phase region in the system at any pres-
sure (see Figure 3). Evidently, compressed CO2 can increase
Wmax


0 of AOT reverse micelles in long-chain alkanes. Table 1
also shows that compressed CO2 can enhance the stability of
reverse micelles over a wide pressure range. The pressure
required to stabilize the reverse micelles increases with in-
creasing alkyl chain length. One reason for this is that the
solubility of CO2 decreases with increasing chain length.


Effect of pressure on W0 in the AOT/dodecane system :
Figure 3 shows that a clear increase in the water solubiliza-


tion in AOT/dodecane can be achieved at 30.0 8C with the
aid of compressed CO2. We investigated W0 as a function of
pressure under these conditions.
In the absence of compressed
CO2, phase separation occurs
when W0 exceeds 20. However,
the maximum value of W0 can


reach about 58 under appropriate CO2 pressure, which cor-
responds to Wmax


0 , as discussed above. In addition, the suita-
ble pressure range of CO2 gradually decreases with increas-
ing W0, and decreases sharply as W0 approaches Wmax


0 .
Figure 3 shows clearly that the microemulsion can be sepa-
rated into two phases simply by decreasing or increasing the
CO2 pressure, and a homogeneous one-phase microemulsion
forms again on adjusting the CO2 pressure. Therefore, the
formation and breakage of the reverse micelles can be easily
controlled by means of the CO2 pressure. The systems with
other solvents exhibit similar behavior.


Effect of temperature on W0 in AOT/dodecane : We also in-
vestigated the effect of compressed CO2 on the solubiliza-
tion capacity of water in AOT/dodecane from 15 to 60 8C
(Figure 4). Over a wide temperature range, Wmax


0 is much


higher in the presence of compressed CO2 than in the ab-
sence of compressed CO2. These results further illustrate
that compressed CO2 can enhance the stability of the mi-
celles. The suitable pressure increases with increasing tem-
perature (Table 2) since the solubility of CO2 decreases with
increasing temperature. Interestingly, Wmax


0 gradually de-
creases with increasing temperature in the absence of com-
pressed CO2, while Wmax


0 reaches a maximum at about 35 8C
in the presence of compressed CO2.


Solvatochromic study : It is well known that the absorption
maximum lmax of Methyl Orange (MO) is sensitive to the
polarity of its local environment, and lmax shifts to longer
wavelength as the polarity increases. It is one of the com-
monly used solvatochromic probes to study the properties of
polar cores of reverse micelles both in organic solvents and
supercritical fluids.[24] Our experiments indicated that MO is
not soluble in dodecane/CO2, as evidenced by the fact that
the absorbance of MO in the mixed solvent is negligible. In


Table 1. Pressure range of CO2 at maximum W0 (T =30.0 8C, CAOT =


0.1 mol L�1).


alkyl chain length 10 12 14 16
P [MPa] 4.2–5.1 4.9–6.0 5.7–6.6 6.5–7.0


Figure 3. W0 as a function of CO2 pressure in AOT/dodecane system at
30.0 8C (CAOT =0.1 mol L�1).


Figure 4. Maximum solubilization capacity of water in AOT/dodecane
versus temperature without (*) and with (*) compressed CO2 in suitable
pressure ranges (CAOT =0.1 mol L�1; the corresponding suitable pressure
ranges are listed in Table 2).


Table 2. Suitable pressure range of CO2 at maximum W0 and different temperatures.


T [8C] 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0
P [MPa] 2.0–2.6 2.4–3.8 4.3–5.2 4.9–6.0 5.6–6.3 6.1–7.0 6.6–7.3 7.4–8.4 7.5–8.3 7.7–9.4
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the presence of water and the surfactant, the absorbance of
MO could be observed. The lmax of MO in AOT/dodecane/
water with various W0 at 5.3 MPa are listed in Table 3.


The lmax of MO increases from 401.4 to 412.6 nm as W0


varies from 2 to 50. This indicates increasing polarity of the
reverse micelles. However, lmax is much smaller than in
water (464 nm). Similar results have been found in both am-
bient and supercritical systems,[25] where the increasing
water content resulted in a small solvatochromic shift be-
tween 404 and 412 nm. The results indicate that MO exists
in a low-polarity environment in these reverse micellar sys-
tems. Zhu et al.[26] performed an in-depth study of MO in
Triton X-100 reverse micelles in benzene/hexane, and they
also observed a much shorter wavelength maximum as com-
pared with bulk water. They concluded that the polar outer
shell of the reverse micelle was the most likely position of
MO solubilization, that is, although MO was located within
the polar core, it was not positioned in the water pool. In
our experiments, the results obtained suggest that MO is
most likely situated at the interface of the surfactant/water
core, a region known to possess a polarity intermediate be-
tween those of bulk water and dodecane/CO2.


We expect that CO2 pressure will affect the environment
of MO in these reverse micellar systems. Table 4 lists the
lmax values of MO in AOT/dodecane reverse micelles at
some typical CO2 pressures with W0 = 10. The lmax of MO
moves to shorter wavelength with increasing CO2 pressure.
This indicates that the micropolarity around MO in the re-
verse micelles decreases with increasing CO2 pressure. A
possible explanation for this phenomenon is that, with in-
creasing CO2 pressure, more and more CO2 molecules enter
the surfactant-tail regions of the reverse micelles, which
leads to a more rigid interfacial film. Thus, some water dis-
persed at the interface of the surfactant/water core is gradu-
ally expelled. As a result, the polarity at the surfactant/
water interface becomes lower with increasing CO2 pressure.
As discussed above, MO in the reverse micelles exists
mainly at the interface; therefore, lmax becomes shorter.


Discussion


Many experimental and theoretical studies on microemul-
sions[27] have suggested that penetration of a solvent into in-
terfacial films increases as its molecular volume decreases
and the aromaticity of the organic solvent increases. This
penetration can increase the interfacial mixing entropy and
thus stabilize the interfacial film. Solvent penetration also
swells the aliphatic layer of the surfactant film and causes a
higher spreading pressure at the surfactant tail/solvent inter-
face and hence a more curved interface (smaller droplet
size). In contrast, less penetration of solvent into the surfac-
tant film with increasing solvent chain length results in a
more flexible interface and a greater natural radius R0 than
that of short-chain solvents. The attractive interaction be-
tween droplets is thus increased due to “sticky” collisions
between droplets.[28]


The effect of the molar volume of the solvent on the solu-
bilization capacity of water has been described for AOT re-
verse micelles in a series of liquid alkanes at atmospheric
pressure.[18] For the alkanes from pentane to hexane, Wmax


0


increases with increasing alkyl chain length, as the solvent
penetrates the tail of the surfactant less effectively with in-
creasing solvent molecule size. A decrease in solvent pene-
tration into the tail causes a decrease in interfacial curvature
and thus an increase in Wmax


0 . Phase separation in the sys-
tems is induced by the curvature effect whenever the radius
of droplets approaches R0. As the solvent chain length is in-
creased further, the solvent becomes so large that it pene-
trates the tail of the surfactant poorly and is not effective in
shielding the intermicellar interaction. Thus the attractive
interdroplet interaction starts governing the system. The sol-
ubilization capacity is limited by a smaller critical droplet
radius Rc, and thus a decrease in the solubilization capacity
is observed.


For AOT the general trend is that as the chain length of
the solvent increases from hexane to hexadecane, the alka-
nes become poorer solvents for the surfactant,[29] and AOT
is insoluble in supercritical CO2.


[30] Therefore, it is not ex-
pected that the addition of compressed CO2 could increase
the solubility of AOT in mixtures of CO2 and longer chain
alkanes. For example, our experiments showed that for an
AOT solution (0.1 mol L�1), the surfactant precipitated from
dodecane at a CO2 pressure of about 7.0 MPa (Figure 3).
Since the decrease in the solubilization capacity with in-
creasing molecular size of the solvent in these systems is
due to an increase in the attractive interactions between
droplets, we speculate that addition of compressed CO2 can
weaken the attractive interaction and thus increase the solu-
bilization of water. The size of the larger solvent molecules
is not favorable for their penetration of the tails of the sur-
factants. For example, decane can only penetrate the AOT
tail to a distance of 0.24 nm, much shorter than the tail
length of 0.8 nm.[31] We propose that CO2, a small and linear
molecule, can penetrate into the surfactant tail region and
thus push the surfactant head groups together, though the
cohesive energy density of CO2 is lower than that of an


Table 3. lmax of MO in AOT solution (0.1 mol L�1) as a function of W0 at
30.0 8C (P =5.3 MPa).


W0 2 5 10 20 30 40 50
l [nm] 401.4 403.6 404.8 408.6 409.8 411.4 412.6


Table 4. lmax of MO in AOT/dodecane reverse micelles versus CO2 pres-
sure at 30.0 8C. (W0 =10, CAOT =0.1 mol L�1).


P [MPa] 0.0 1.0 2.0 3.0 4.0 5.0 6.0


l/nm 407.8 407.4 406.8 406.2 405.6 404.8 404.0
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AOT tail, especially at lower pressures. Suitable penetration
of compressed CO2 may increase the rigidity of the surfac-
tant film, which decreases the attractive interaction between
droplets effectively, and lead to a larger critical droplet
radius Rc. This argument is supported by the fact that the
solubilization enhancement by compressed CO2 is more sig-
nificant for a longer chain alkane (Figure 2). In other words,
CO2 is more effective in stabilizing reverse micelles when
the molecular size of the solvent is larger. The reason is that
the larger alkane cannot sufficiently penetrate the interfacial
film.


To obtain more information, we also investigated the
effect of compressed CO2 on the solubilization of water in
systems with benzene, toluene, or cyclohexane as solvent at
30.0 8C, in which phase separation is induced by the natural-
curvature mechanism.[18c,22a] It was found that compressed
CO2 could not increase the solubilization of water in these
systems. This further supports the proposal that in the long-
chain solvents, CO2 decreases the attractive interaction be-
tween droplets because it penetrates the tails of the surfac-
tant molecules.


Since the penetration of CO2 results in enhanced sponta-
neous curvature, and greater spontaneous curvature leads to
a smaller natural radius R0, we expected that the reverse mi-
celles would likely expel excess water into a second phase
with increasing CO2 pressure. We checked the behavior of
the phase separation of AOT/dodecane/water (CAOT =


0.1 mol L�1, W0 =50, T= 30.0 8C) system over a wide range
of CO2 pressure. In the absence of CO2 there were two
phases in the system, and we saw the bottom phase turn
orange when water-soluble MO was added to the system,
while the upper phase remained colorless. On addition of
compressed CO2, the solution gradually became one homo-
geneous phase with orange color. When the CO2 pressure
was above the upper phase-separation pressure, phase sepa-
ration was observed again, and the upper phase was pale
yellow, while the small-volume phase at the bottom was
deep red. When the CO2 pressure was increased further, the
volume of the bottom phase gradually increased until the
upper phase turned colorless. We also conducted similar ex-
periments using the oil-soluble dye Sudan IV. In this case,
when the pressure exceeded the upper phase-separation
pressure, the red color could be observed in both phases,
and the color in the upper phase was deeper than that of
the bottom phase, that is, both phases were oil-continuous at
higher pressures.


To our surprise, these phenomena indicate that water pre-
cipitated with AOT when the CO2 pressure was high
enough. Johnston et al.[32] proposed that a third factor influ-
ences Wmax


0 in addition to repulsive penetration of the tails
and intermicellar interactions. It is the attractive interaction
between the oil and the tails of the surfactant, which may be
described qualitatively by regular solution theory. The free
energy of mixing of the oil and the surfactant tails is related
to the square of the difference of their solubility parameters.
When their solubility parameters are the same, solvation of
the tails is most favorable. In this case, we speculate that a


higher pressure of CO2 reduces the solvent strength of the
mixture of CO2/dodecane to a great extent, which may
make the mixed solvent incapable of shielding the overlap-
ping of the tail regions of adjacent reverse micelles effec-
tively and preventing the tails from entangling with each
other. In other words, as the CO2 pressure increases, more
and more CO2 dissolves in the mixed solvent and penetrates
the tails of surfactants, and at the same time dodecane is
likely to be expelled from the tail region, but the attractive
interaction between the mixed solvent and the tails should
not be strong enough to stabilize reverse micelles, and the
antisovelnt effect of CO2 plays an important role under
these conditions. This is also evidenced by the fact that
AOT can be precipitated even in the absence of water
(W0 =0) when the CO2 pressure is above 7.0 MPa, as shown
in Figure 3.


In addition, the presence of salinity in reverse micelles de-
crease the attractive interaction among droplets by making
the interfacial layer more rigid due to closer packing of
polar groups,[33] so that the degree of interpenetration of
droplets is reduced during collision. On increasing the CO2


pressure, carbonic acid can form in the micelle cores, as a
result of the ionization of CO2. However, the solubilization
of water in AOT reverse micelles is hardly influenced by
weaker acids, such as CH3COOH, whereas the solubility
and solubilization curves become lower on increasing the
acid strength (HClO4 and HCl).[34] In our experiments, we
investigated the effect of HCl in various concentrations on
the solubilization of water in systems consisting of AOT and
longer chain alkanes in the absence of compressed CO2. The
results showed that HCl could not increase the solubilization
capacity of water, although it could vary the pH of the
water core. Therefore, the effect of the formation of carbon-
ic acid on the solubility of water is not the main reason for
the solubilization enhancement of water.


The effect of CO2 on the stability of the reverse micelles
is more complex than that discussed above. For example, be-
sides the functions discussed above, the CO2 in the organic
phase reduces the viscosity of the solvent, which may stabi-
lize the reverse micelles because micelle–micelle collision
times are shorter at lower viscosity; CO2 may reduce the in-
terfacial tension because it exists in the organic phase, in the
film of the reverse micelles, and on the interface of the sur-
factant and solvent, which promotes the formation of the re-
verse micelles.


A conventional co-surfactant usually contains both a
polar group and a hydrocarbon chain, and it is very difficult
to clarify their functions, while the gas used in this work is
small, nonpolar molecule that solely has the function of the
hydrocarbon chain in a co-surfactant. The results of the
present study provide some useful information for gaining
insight into the mechanism of co-surfactants. For example,
they suggest that the nonpolar chain of a co-surfactant be-
tween the tails of surfactants can stabilize reverse micelles,
as the phase separation is governed by micelle–micelle at-
tractive interactions.
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Conclusion


The effect of compressed CO2 on the solubilization capacity
of water in reverse micelles of AOT in longer chain n-alka-
nes has been studied under different conditions. It was dem-
onstrated that the amount of solubilized water is increased
considerably by CO2 in suitable CO2 pressure ranges. A pos-
sible reason is that CO2 penetrates the interfacial film of the
reverse micelles and results in a more rigid, hardened inter-
facial film, which reduces the attractive interactions between
the droplets. When the pressure exceeds a certain value, the
solvent strength of the CO2/alkane mixed solvent becomes
too weak, which is unfavorable for stabilizing reverse mi-
celles, and precipitation of AOT occurs at high pressure
even in the absence of water. In this case, the antisolvent
effect of CO2 is dominant, and the reverse micelles are
broken.


Experimental Section


Materials : AOT (sodium bis-2-ethylhexyl sulfosuccinate, 99 % purity)
was purchased from Sigma. Decane, dodecane, tetradecane, and hexade-
cane (99 % purity) were supplied by Acros. Benzene, toluene, cyclohex-
ane, Methyl Orange (MO), and Sudan IV were produced by Beijing
Chemical Reagent Factory (A.R. Grade). CO2 (99.995% purity) was sup-
plied by Beijing Analytical Instrument Factory. All reagents were used
without further purification. Double-distilled water was used.


Determination of water solubilization : The experiments were based on
the fact that the solutions were clear and transparent if the water was all
solubilized; otherwise, they were hazy or turbid. The apparatus and pro-
cedures were similar to those reported previously for studying polymer
solutions[15] and the Triton X-100/cyclohexane system.[16] It consisted
mainly of a high-pressure viewing cell with a volume of 40 cm3, a con-
stant-temperature water bath, a high-pressure syringe pump (DB-80), a
pressure gauge, a magnetic stirrer, and a gas cylinder. The temperature
of the water bath was controlled by a HAAKE D8 temperature con-
troller. The pressure gauge was composed of a pressure transducer
(FOXBORO/ICT, Model 93) and an indicator, which was accurate to
�0.025 MPa in the pressure range of 0–20 MPa.


As an example, we describe the experimental procedures involving com-
pressed CO2, because those in the absence of CO2 were relatively simple.
In a typical experiment, the air in the viewing cell was replaced by CO2,
and a solution of AOT in the solvent of interest (5 mL) and the desired
amount of double-distilled water were loaded into the high-pressure
viewing cell. The cell was placed into the constant temperature water
bath. After thermal equilibrium had been reached the stirrer was started
and solution was hazy and turbid. CO2 was charged into the cell slowly
until the hazy and turbid liquid solution became transparent and com-
pletely clear, which was an indication of the solubilization of all the
water. In this work, the trace amount of water dissolved in the solvent
(oil/CO2) was corrected when calculating W0, the molar ratio of water to
AOT, that is, the amount of water in the solvent has been subtracted.


UV/Vis experiment : The absorption spectra of MO in the reverse mi-
celles were studied by UV spectroscopy. The apparatus and procedures
were similar to those reported previously.[15, 16, 19] It consisted of a gas cyl-
inder, a high-pressure pump, a pressure gauge, a UV/Vis spectrometer, a
temperature-controlled high-pressure UV sample cell, valves, and fittings.
The UV/Vis spectrophotometer was produced by Beijing General Instru-
ment Company (Model TU-1201, resolution: 0.1 nm). The sample cell
was composed mainly of a stainless steel body, two quartz windows, a stir-
rer, and a temperature-controlling system. The optical path length and
the inner volume of the cell were 1.32 cm and 1.74 cm3, respectively. In
the experiment, the sample cell was flushed with CO2 to remove the air.


The desired amounts of aqueous MO solution of suitable concentration
and the AOT solution were charged into the sample cell. After thermal
equilibrium had been reached, CO2 was compressed into the UV cell to
the desired pressure. The UV spectrum under equilibrium conditions was
recorded, which was confirmed by the fact that the UV spectra recorded
were independent of equilibration time. Generally, about 30 min was re-
quired for the system to reach equilibrium after the required pressure
was reached, and the spectrum of each solution was recorded five times.
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Synthesis, Spectroscopic, and Electrochemical Studies of 1,2-Naphthalene-
Ring-Fused Tetraazachlorins, -bacteriochlorins, and -isobacteriochlorins:
The Separation and Characterization of Structural Isomers


Elena A. Makarova,[a] Takamitsu Fukuda,[b] Evgeny A. Luk’yanets,*[a] and
Nagao Kobayashi*[b]


Introduction


Tetraazachlorins (TACs), tetraazabacteriochlorins (TABCs),
and their structural isomers, tetraazaisobacteriochlorins
(TAiBCs), which have fused aromatic rings, form a new
family of hydrogenated tetraazaporphyrins (TAPs) and their
unique spectral properties are of interest for a wide range of
applications, in a similar way to phthalocyanines (Pcs).[1–3]


Recently, we developed an approach to the synthesis of
novel benzene- or 2,3-naphthalene-ring-fused TAC, TABC,
and TAiBC derivatives in which mixed condensation of the
corresponding precursors with different hydrogenation
levels successfully yielded all of the possible derivatives;
their synthesis and spectroscopic and electrochemical prop-
erties have been described in detail in our preceding
paper.[4,5] In our on-going studies, this methodology was ex-
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Supporting information (experimental and calculated IR data of 1,2-
NiTNTACs and 1,2-NiDNTABCs) for this article is available on the
WWW under http://www.chemeurj.org/ or from the author.


Abstract: 1,2-Naphthalene-ring-ex-
panded tetraazachlorins (TACs), tet-
raazabacteriochlorins (TABCs), and
tetraazaisobacteriochlorins (TAiBCs)
have been synthesized. Procedures for
the synthesis of the starting materials,
that is, derivatives of 1,2-naphthalene-
dicarboxylic acid, have been reinvesti-
gated and improved. Nine possible de-
rivatives, including four, two, and three
structural isomers of TACs, TABCs,
and TAiBCs, respectively, were sepa-
rated by using thin-layer chromatogra-
phy (TLC) or high-performance liquid
chromatography (HPLC), and the
structure of each isomer was deter-
mined by 1H NMR spectroscopy com-
bined with the NOE technique. The
formation ratio of each isomer was ra-
tionalized in terms of the intramolecu-


lar steric repulsion effect, which was
predicted by geometry optimizations at
the DFT level. The derived compounds
were characterized by using IR, elec-
tronic, and magnetic circular dichroism
(MCD) spectroscopy, and by electro-
chemical methods. Frequency calcula-
tions at the DFT level correctly repro-
duced the experimental IR spectra and,
in particular, distinguished between the
three isomers of the TAiBCs. In the
electronic absorption and MCD spectra
of the TAC and TABC species, the Q-
band splits into two intense compo-


nents similarly to the 2,3-naphthalene-
fused derivatives described in our pre-
ceding paper, although no significant
spectral differences were observed
from species to species. On the other
hand, the spectra of the TAiBCs
showed moderate differences depend-
ing on the structure of the isomer. The
spectroscopic properties as well as the
electrochemical behavior of these
chlorins resemble those of the corre-
sponding benzene-fused derivatives
rather than the 2,3-naphthalene-fused
derivatives. Molecular-orbital and con-
figuration-interaction calculations
within the framework of the ZINDO/S
method were helpful in the discussions
of the above observations.


Keywords: density functional
calculations · IR spectroscopy ·
phthalocyanines · porphyrinoids ·
UV/Vis spectroscopy
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tended to the synthesis of angularly annulated 1,2-naphtha-
lene-ring-fused TACs, TABCs, and TAiBCs, as reported in a
preliminary publication.[6] Although the angular extension
of Pc skeletons was attempted as early as 1936 by Brad-
brook and Linstead,[7] the separation of mixtures of the pos-
sible structural isomers was complicated and could not be
achieved. Hence, the separation and identification of the
structural isomers of Pcs has been one of the most impor-
tant and difficult subjects in the field of low-symmetry Pc
chemistry, although recently a few studies have reported the
isolation of one of the isomers of the 1,2-naphthalocyanines
(1,2-Ncs). For example, Hanack et al. isolated the 1,2-FeNc(-
cyclohexylisocyanide)2 isomer with C4h symmetry from a
mixture of isomers by column chromatography.[8] The syn-
thetic route to the C4h isomer of 1,2-FeNc with bulky sub-
stituents, in which steric effects suppressed the formation of
the other isomers, was developed by the same group.[9] The
first successful separation of all of the possible isomers of
1,2-MgNc by chromatography has been reported recently,
together with their 1H NMR and UV/Vis spectra.[10] More-
over, two geometrical isomers, namely, 1,2-MgNc with C4h


symmetry and 1,2-CoNc with C2v symmetry, have also been
isolated by fractional crystallization and characterized by X-
ray analysis.[11, 12]


Herein we report the synthesis and separation of all the
possible isomers of 1,2-naphthalene-ring-fused TACs,
TABCs, and TAiBCs (1–16,
Scheme 1), which were ob-
tained by the mixed condensa-
tion of tetramethylsuccinoni-
trile (25) with 1,2-naphthalene-
dicarboxylic acid derivatives
such as the anhydride, imide,
and dinitrile. The isomeric
structures were determined
mainly on the basis of their 1H
NMR data. Spectroscopic and
electrochemical methods, in-
cluding UV/Vis, magnetic circu-
lar dichroism (MCD), IR, and
cyclic voltammetry (CV), as
well as molecular-orbital (MO)
calculations, have revealed the
effect of angular extension of
the aromatic rings.


Results and Discussion


Synthesis : Derivatives of 1,2-
naphthalenedicarboxylic acid,
such as the anhydride, imide,
and dinitrile, were used as start-
ing compounds for the prepara-
tion of 1,2-naphthalene-fused
TACs, TABCs, and TAiBCs. To
synthesize 1,2-naphthalenedi-


carboxylic anhydride (19), we reinvestigated the Diels–
Alder condensation of a-bromostyrene (17) with maleic an-
hydride (18) in boiling toluene followed by the dehydrogen-
ation of the resultant adduct by using sulfur.[13] We found
that the desired aromatic anhydride was formed directly in
one step when the same condensation was carried out in
boiling trichlorobenzene in the presence of charcoal
(Scheme 2). The best yield (up to 40 % after chromatogra-
phy) was achieved when 17 and 18 were used in a 1:3 molar
ratio. Although the yield is lower in our case, the product
contains no sulfur compounds, which are frequently tedious
to remove.


The condensation of the dienophile fumaronitrile (20)
with 17 under similar reaction conditions afforded 1,2-dicya-
nonaphthalene (21) directly in 26 % yield. 4-Phenyl-1,2-
naphthalenedicarboxylic anhydride (24) was obtained ac-
cording to the literature procedure[14] by the Diels–Alder
condensation of 1,1-diphenylethylene (22) with 18, followed
by aromatization of the thus formed bis-adduct 23 by heat-
ing with sulfur (Scheme 2).


To synthesize angularly annulated 1,2-TNTAC, 1,2-
DNTABC, and 1,2-DNTAiBC, we used the strategy de-
scribed in our preceding paper[5] for the preparation of simi-
lar types of compounds with fused benzene and linearly an-
nulated naphthalene rings, that is, by mixed condensation of
precursors with different hydrogenation levels. The mixed


Scheme 1. Structures and abbreviations of the compounds in this study.
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condensation of 25 with 21 was conducted in boiling quino-
line in the presence of metal salts (NiCl2 or VCl3) or lithium
2-(dimethylamino)ethoxide (Scheme 3). The reaction of 25
and 21 in a 1:1.5 molar ratio with NiCl2 in quinoline at
250 8C for 2 h led to a mixture of 1,2-NiNc and three new
compounds: 1,2-NiTNTAC (in 15 % yield), 1,2-NiDNTABC
(0.9 %), and 1,2-NiDNTAiBC (2.0 %). The condensation
of these dinitriles in boiling quinoline for 6 h in the presence
of lithium 2-(dimethylamino)ethoxide resulted in a mixture
comprising 1,2-H2Nc as the major product and a small
amount of metal-free 1,2-TNTAC (2.1 %). The desired
compounds, which contain quaternary carbon atoms with
methyl substituents, were easily separated from the less-
soluble 1,2-Nc by extraction of the crude product mixture


with toluene and chloroben-
zene, followed by further purifi-
cation and separation by
column chromatography on alu-
mina.


Other derivatives of 1,2-
naphthalenedicarboxylic acid,
such as the anhydride or imide,
can also be employed as start-
ing materials in this reaction
(Scheme 3). Their condensation
with 25 was conducted in boil-
ing sulfolane in the presence of
metal salts and urea, and simi-
larly afforded three new 1,2-
naphthalene-fused compounds
with similar yields to those ob-
tained with 21.


Since all 1,2-naphthalene-
fused compounds exist as a
mixture of structural isomers,
unlike linearly 2,3-naphthalene-


fused compounds, attempts were made to use 4-phenyl-1,2-
naphthalic anhydride (24) as the starting material, as phenyl
groups would give products with greater solubility in low-
polar organic solvents such as toluene or chloroform, there-
by facilitating the separation of pure isomers. Thus, com-
pound 24 was subjected to mixed condensation with 25 in
boiling sulfolane in the presence of NiCl2 and urea
(Scheme 3), although workup and column chromatography
gave no pure isomers; 1,2-NiTNPhTAC (14, 11 %), 1,2-
NiDNPhTABC (15, 0.8 %), and 1,2-NiDNPhTAiBC (16,
1.7 %) were each separated as a mixture of isomers.


Unsubstituted nickel derivatives were used in this study
for the following spectroscopic and electrochemical investi-
gations.


Separation and structural char-
acterization of the isomers : Al-
though 1,2-NiDNTABC and
1,2-NiDNTAiBC are isomers,
they can be readily character-
ized by analysis of their absorp-
tion spectra since their spectral
band shapes are characteristic
of their molecular symmetries,
as described in our preceding
paper.[5] In addition, 1,2-NiDN-
TABC exists as a mixture of
two isomers (6 and 7), and simi-
larly 1,2-NiDNTAiBC and 1,2-
NiTNTAC exist as three (8, 9,
and 10) and four (2, 3, 4, and 5,
Scheme 1) isomers, respectively.
Each isomer of 1,2-NiDNTABC
and 1,2-NiDNTAiBC was com-
pletely separated by TLC and


Scheme 2.


Scheme 3.
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identified by their 1H NMR spectra. Separation of 1,2-
NiTNTAC was achieved by reversed-phase HPLC. The 1H
NMR data are summarized in Table 1.


To separate the isomers of 1,2-NiDNTABC, a mixture of
chloroform/hexane (1:4 v/v) was used as eluent, and each
TLC sheet was developed three times. Two pink fractions
with Rf =0.21 and 0.18 were isolated, then dissolved in
chloroform, filtered and the solvent evaporated. Figure 1


shows the 1H–1H COSY spectrum of 6. The doublet signals
at d=10.69 and 9.04 ppm have been reasonably assigned to
protons a and f, respectively[11] (see inset in Scheme 1). By
taking through-bond interactions into consideration, the sig-
nals at d= 7.85, 7.52, 7.94, and 7.98 ppm can be assigned to
protons b, c, d, and e, respectively. Split methyl proton sig-
nals appear at d=1.68 and 1.73 ppm. The 1H NMR spec-
trum of 7 is almost identical to that of 6 in the aromatic
region, although the methyl protons appear at slightly differ-


ent frequencies (d=1.69 and 1.72 ppm). These two isomers
were structurally assigned by performing NOE experiments
on the methyl signals, that is, a through-space interaction be-
tween the two split methyl signals allowed the structures of
the two isomers to be determined. As shown in Figure 2,


NOE experiments were performed on a mixture of the two
isomers. When the lower-field signal (d=1.73 ppm, the first
fraction, 6) was irradiated, no meaningful NOE was ob-
served for the other signal in the region between d= 1.67–
1.70 ppm. On the other hand, irradiation of the higher-field
signal (d= 1.72 ppm, the second fraction, 7) generated a de-
tectable NOE (a positive peak at d�1.69 ppm), which indi-
cates that this signal comes from 7. Spectral integration indi-
cates that the mixture consists of approximately equal
amounts of 6 and 7.


The three isomers of 1,2-NiDNTAiBC (Rf =0.31, 0.27,
and 0.18) were similarly separated by TLC by using chloro-
form/hexane (2:3 v/v) as eluent. The isomer ratio was esti-
mated to be approximately 8:1:14 for the first to third frac-
tions, which have been attributed to 8, 9, and 10, respective-
ly, on the basis of their 1H NMR spectra (Figure 3). The
second and third fractions evidently have only one type of
proton for each position on the fused-naphthalene, which in-


Table 1. 1H NMR (400 MHz) data of the isomers of 1,2-NiTNTAC, 1,2-NiDNTABC, and 1,2-NiDNTAiBC in [D8]toluene.


Compd d [ppm]


1,2-NiTNTAC
2 10.99 (br, 1H), 10.73 (d, 2H), 9.25 (br, 3H), 8.12–7.81 (m, 9H), 7.57–7.53 (m, 3H), 1.83 (s, 12 H)
3 11.05 (d, 2 H), 10.76 (d, 1 H), 9.40–9.34 (m, 2H), 9.09 (d, 1H), 8.15–7.98 (m, 9H), 7.60–7.57 (m, 3 H), 1.80 (s, 6H), 1.77 (s, 6H)
4 10.90–10.87 (m, 2 H), 10.68 (d, 1 H), 9.13–9.07 (m, 3H), 8.07–7.84 (m, 9H), 7.62 (t, 1 H), 7.53 (t, 2 H), 1.82 (s, 6H), 1.79 (s, 6 H)
5 10.93 (d, 3 H), 9.27 (d, 1 H), 9.09 (d, 1H), 9.03 (d, 1H), 8.07–7.93 (m, 9 H), 7.64–7.55 (m, 3 H), 1.77 (s, 12H)
1,2-NiDNTABC
6 10.69 (d, 2 H), 9.04 (d, 2 H), 7.99–7.93 (m, 4H), 7.85 (t, 2H), 7.52 (t, 2 H), 1.73 (s, 12H), 1.68 (s, 12 H)
7 10.71 (d, 2 H), 9.05 (d, 2 H), 7.99–7.95 (m, 4H), 7.85 (t, 2H), 7.52 (t, 2 H), 1.72 (s, 12H), 1.69 (s, 12 H)
1,2-NiDNTAiBC
8 10.84 (d, 1 H), 10.49 (d, 1 H), 9.14 (d, 1H), 8.85 (d, 1H), 7.99–7.80 (m, 6 H), 7.55–7.48 (m, 2 H), 1.55 (s, 6H), 1.50 (s, 6 H), 1.40 (s, 6 H),


1.39 (s, 6 H)
9 10.81 (d, 2 H), 8.88 (d, 2 H), 7.98–7.90 (m, 6H), 7.59–7.55 (m, 2H), 1.50 (s, 12 H), 1.39 (s, 12H)
10 10.48 (d, 2 H), 9.10 (d, 2 H), 7.98–7.93 (m, 4H), 7.81 (t, 2H), 7.50 (t, 2 H), 1.55 (s, 12H), 1.40 (s, 12 H)


Figure 1. 1H–1H COSY spectrum of 6 in [D8]toluene.


Figure 2. 1H NMR (top) and NOE (middle and bottom) spectra of a mix-
ture of 6 and 7. Irradiation frequencies were set at d=1.73 and 1.72 ppm
for the middle and bottom spectra, respectively.
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dicates the existence of a mirror plane perpendicular to the
molecular plane. On the other hand, the spectral shape of
the first fraction is an approximate superimposition of those
of the second and third fractions. Therefore, the structure of
the first fraction was unambiguously determined to be 8.
This also demonstrates that the resonance frequencies
depend greatly on the local structure of the molecule. In
other words, from the results of this experiment it can be
claimed that the half structure divided by the plane normal
to the molecular plane (i.e. the same as the mirror planes
for 9 or 10) determines the resonance frequencies, which in
turn means that the aromatic protons are not affected by
the other naphthalene ring, although the methyl signals are
sensitive to the orientation of the fused naphthalene rings.
Since the methyl resonances at approximately d= 1.4 ppm
are less sensitive to the structure of the molecule than those
at approximately d= 1.50–1.55 ppm, these resonances can be
assigned to a protons (see Scheme 1). The spectrum of the
second fraction shows a methyl resonance at a higher field
than that of the third fraction, which indicates that a smaller
loop-current effect is generated by the fused naphthalene
ring. Therefore, the structure of the second fraction was as-
signed to 9. In addition, it was shown that the ratio of the
isomers is related to steric hindrance, and the low yield of
the second fraction also implies its structure is 9 because a
non-negligible steric effect must exist between the two
naphthalene rings of 9 in order for skeletal deformation to
occur (details of this will be discussed in the subsequent sec-
tion).


Attempts were also made to separate each isomer of 1,2-
NiTNTAC by using TLC, although these were unsuccessful.
The complete separation of 1,2-NiTNTACs was achieved by
HPLC on an octadecyl-modified silica-gel column (Shinwa
Chemical Industries, Ltd.) by using chloroform/methanol
(2:3 v/v) as the solvent. A flow rate of 10 mL min�1 gave the
best separation. According to the chromatogram shown in
Figure 4, the mixture consists of isomers in a ratio of


96:76:100:65 in the order of
elution.[15] Since the statistically
expected yield is equivalent for
all the isomers, unlike the 2,3-
tetrasubstituted Pcs discussed
by Hanack co-workers,[16] the
relatively low yield of the
second and fourth fractions sug-
gests that sterically hindered
local structures are present, as
described above for the 1,2-
NiDNTAiBCs. From the 1H
NMR spectra (Figure 5) of the
fractions, each isomer of 1,2-
NiTNTAC can be clearly classi-
fied into two categories, that is,
the first and fourth fractions
and the second and third frac-


tions, depending on the methyl resonances. Since only one
type of methyl proton was observed for the first and fourth
fractions, their structures can be assigned to 2 or 5
(Scheme 1) because the local structure surrounding these
methyl groups is symmetric. In contrast, the spectra of the
second and third fractions exhibit two types of methyl
group, which indicates naphthalene rings fused in different
orientations. In order to distinguish the first and fourth frac-
tions, NOE experiments were performed by irradiating the
methyl resonances. As depicted in Figure 6, the first fraction
shows a detectable NOE for the proton a (d=10.9 ppm),
which is not observed for the fourth fraction, which implies
that the proton a of the first fraction is located closer to the
methyl groups than that of the fourth fraction. On the other
hand, the fourth fraction exhibits a NOE for the proton f
(d�9.2 ppm). These considerations, as well as the low yield
of the fourth fraction, all support the conclusion that the
structure of the first fraction is 2, and therefore that of the
fourth fraction is 5. Unfortunately, the expected NOEs were
not observed for the second and third fractions probably be-
cause of the very low solubility of these compounds. We
concluded that the structures of the second and third frac-
tions are 3 and 4, respectively, on the basis of their forma-


Figure 3. 1H NMR spectra of 8 (top), 9 (middle), and 10 (bottom) in [D8]toluene.


Figure 4. Chromatogram for the separation of the mixture of 1,2-NiTN-
TACs.
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tion ratio, although there is only circumstantial evidence for
these assignments.


Molecular modeling : As briefly described in the preceding
section, steric repulsion between the local structures of
these molecules could possibly affect the yield of each
isomer. Figure 7 depicts as examples the top and side views
of the computationally optimized [DFT/6-31G(d)] structures
of 9 (left) and 10 (right). The long axes of the two fused
naphthalene moieties of 9 point inwards so that the two
naphthalene rings may contact each other, while those of 10
point outwards. The calculations revealed that van der Waals
contacts exist between the two a protons of 9 (Ha–Ha dis-
tance, 2.07 �). On the other hand, this type of steric repul-
sion was not evident in 10, in which the Hf–Hf distance was
about 3.88 �. Hence, deformation from planarity was de-
tected for 9 as shown in the side view, although the p-conju-
gation plane of 10 is almost planar. Interestingly, the corre-
sponding C2v-symmetric 1,2-Nc has been reported as being
practically planar, with the maximum deviation of the fused


naphthalene from the mean
plane being 0.24 �.[12] It is con-
ceivable that the structural per-
turbations at the hydrogenated
sites propagate to the naphtha-
lene-fused sites to contact two
naphthalenes through the aro-
matic core skeleton.


IR spectroscopy: As described
in our preceding paper,[5] IR
spectra reflect well the molecu-
lar structures of the tetraaza-
chlorins and the DFT method
was found to reproduce the
characteristics of the spectra
reasonably well. In this study,
our interests focused, in partic-
ular, on whether or not each
isomer can be distinguished by
their IR spectra. The complexi-
ties of the IR spectra of the 1,2-
naphthalene-fused derivatives


are comparable to those of the corresponding 2,3-naphtha-
lene-fused derivatives since both have the same number of
vibrational freedoms. Both experimental and calculated re-
sults for the 1,2-NiDNTABCs (6 and 7) and the 1,2-NiTN-
TACs (2–5) are supplied in the supporting information. Al-
though the experimental IR spectrum of 1,2-NiTNTAC was
obtained for only a mixture of the four isomers owing to dif-
ficulties in preparative-scale separation, the calculations
show only small differences from species to species, except
for a band that appears at about 1200 cm�1. Similarly, the


Figure 5. 1H NMR spectra of 2, 3, 4, and 5 (from top to bottom) in [D8]toluene.


Figure 6. NOE spectra of 2 (top) and 5 (bottom) in [D8]toluene. Irradia-
tion was set at the methyl resonances.


Figure 7. Optimized structures of 9 (left) and 10 (right). Top view (top)
and side view (bottom) are depicted by space-filling, and ball-and-stick
models, respectively.
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calculated frequencies for the different 1,2-NiDNTABCs are
very similar. Nevertheless, in the latter case, there are
minute differences between the calculations and the experi-
mental spectra. For example, two frequencies were calculat-
ed at 1208 and 1196 cm�1 (energy difference, 14 cm�1) for 6,
and the corresponding modes were estimated to be at 1203
and 1195 cm�1 (8 cm�1) for 7. Experimentally, these bands
were detected at 1222 and 1208 cm�1 (14 cm�1) for 6 and
1211 and 1201 cm�1 (10 cm�1) for 7. Similarly, the calculated
frequencies at 1021 and 1015 cm�1 (6 cm�1) for 6 shifted to
1028 and 1015 cm�1 (13 cm�1) for 7, reproducing the experi-
mentally observed spectra reasonably well [1033 and
1025 cm�1 (8 cm�1) and 1038 and 1021 cm�1 (17 cm�1) for 6
and 7, respectively]. Figure 8 (right) shows the calculated
and experimental IR spectra of each fraction of the 1,2-
NiDNTAiBCs. Unlike the other derivatives, the spectra of
the different isomers are clearly distinguishable from each
other. The spectra of all the isomers show a very intense
band at approximately 1530 cm�1, which can be ascribed to
in-plane skeletal motion, including marked displacement of
the meso-nitrogen atoms (Figure 9, bottom). Medium inten-
sity bands observed in the spectra of 8 and 10 at about
1090 cm�1 appeared as a less intense band in the spectrum


of 9 at almost the same wavenumber (Figure 8, right-hand
side, and Figure 9, top). Hence, the calculations closely re-
produce the experimental observations, lending support to
our structural assignments based on the NMR spectra. Most
of the spectral features are similar to those of the corre-
sponding benzene- or 2,3-naphthalene-fused derivatives: 1)
Out-of-plane motion of the fused aromatics appear in the
energy region below 1000 cm�1, although their intensity is
low. 2) Modes assigned to in-plane motion of the peripheral
hydrogen atoms are spread over the whole spectral region.
3) The vibrational modes localized within the inner 18-p
system were rarely recognized and were of low intensity.


Electronic absorption and MCD spectroscopy : Figure 10
shows the absorption and MCD spectra of all the com-
pounds in this study. Optical data and the band-fitting pa-
rameters of the Q-bands are summarized in Table 2 and
Table 3, respectively. The spectral features of these mole-
cules resemble those of the corresponding benzene- or 2,3-
naphthalene-fused derivatives.[5] Of the split Q-band of the
1,2-NiTNTACs (left-hand side) and the 1,2-NiDNTABCs
(center), the band at the longer wavelength was more in-
tense, and the splitting energies of the bands of the 1,2-
NiDNTABCs were larger. While the Q-band of the 1,2-
NiDNTAiBCs (right-hand side) was sharper for the longer
wavelength component, the shorter wavelength component
was submerged in the adjacent vibronic and hot bands. Each
isomer of the 1,2-NiTNTACs and 1,2-NiDNTABCs had an
essentially identical Q-spectral envelope, but this was not
the case for the 1,2-NiDNTAiBCs.


For the 1,2-NiTNTACs (2–5, Figure 10, left-hand side),
the splitting energy of the Q-band is approximately 3240–
3360 cm�1, with the shorter wavelength component posi-
tioned at 596–599 nm, and the longer wavelength compo-
nent at 743–745 nm. This feature resembles the correspond-
ing benzene-fused derivative more than the isomeric 2,3-
naphthalene-fused derivative. According to the Pariser–
Parr–Pople (PPP) calculations reported previously, the fron-
tier-orbital energies of 1,2-naphthalocyanines are closer to
those of phthalocyanines than 2,3-naphthalocyanines,[17] and
the above observations indeed confirm that this also holds
for the TACs. The intensity ratios of the absorption and
MCD split Q-bands are approximately 2.6 (= 7.97/3.01) and
�0.78 (=�5.94/7.66), based on the D0 and B0 values, respec-
tively (Table 3), which means that the longer wavelength
MCD Q-band is less intense because it is energetically (and
therefore magnetically) isolated from the other bands. The
B0/D0 values also demonstrate this trend. Some slight struc-
tural dependencies are observed in the 300–500 nm region.
For example, 2 has a medium intensity MCD trough at
about 380 nm, which is not seen in the other spectra. These
spectral characteristics are nicely predicted by the molecu-
lar-orbital calculations described in the following section.


The Q-band of the 1,2-NiDNTABCs (6 and 7, Figure 10,
center) can be assigned by utilizing the MCD spectra. The
1,2-NiDNTABCs show large Q-band splitting energies of
approximately 8120 cm�1, which is much larger than those


Figure 8. Experimental (solid lines) and calculated (bars) IR spectra of
1,2-NiTNTAC (left, top), 6 (left, bottom), and three isomers of 1,2-
NiDNTAiBCs (8, 9, and 10 from top to bottom, respectively).
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observed for dibenzene- (ca. 6700 cm�1) or 2,3-dinaphtha-
lene-fused TABCs (ca. 4300 cm�1).[5] Hence, to the best of
our knowledge, the 1,2-NiDNTABCs have the second larg-
est Q-band splitting energy of all the Pc derivatives known
to date,[18] behind tetraazabacteriochlorin (ca. 9000 cm�1).[3a]


The energy of the shorter wavelength component (513 nm)
is similar to that of the benzene-fused derivative (538 nm)
and the longer wavelength component (ca. 880 nm) lies be-
tween those of the benzene- (842 nm) and 2,3-naphthalene-
fused derivatives (892 nm). Because of the large energy
splitting of the Q-band, the MCD intensity of the longer
wavelength component is very low. Band-deconvolution
analysis estimated the B0/D0 value of the longer wavelength
component to be �0.12 (Table 3), which is significantly
lower than the values for the other derivatives. The spectral
shapes of the two isomers are practically identical, except
for slight differences in the 300–400 nm region.


Unlike the other derivatives, the 1,2-DNTAiBCs (8–10,
Figure 10, right-hand side) show marked differences in their
Q-band positions depending on the species. Since the MCD
signal that corresponds to the longest Q-band is the Faraday


B term, the other coupled Q-
band, which must have the op-
posite MCD sign,[19,20] should
appear in a higher energy
region. Figure 11 shows the re-
sults of the band-deconvolution
analysis of 8. The Q00-band
component at the longer wave-
length is readily assigned as the
band at 680 nm. However,
there is some ambiguity for the
other coupled Q00-band compo-
nent at higher energy. In gener-
al, metallophthalocyanines
(MPcs) show vibronic progres-
sion bands to a higher energy
of the Q00-band (the so-called
Q01-band). The energy separa-
tion between the Q00- and Q01-
bands in normal MPcs with D4h


symmetry is considered to be
approximately 1.1 kcm�1 and
this also holds for MPc deriva-
tives with other symmetries.[21]


Therefore, we assigned the
band at 625 nm as the Q01-band
of the Q00-band at 680 nm
(energy separation 1.29 kcm�1)
and the band deconvoluted at
604 nm as the other Q00-band.
As described later, molecular
orbital calculations, particularly
the estimated energy separation
of about 1970 cm�1 from the
lower Q00-band, also support
this assignment (the energy sep-


aration between the Q00-bands at 681 and 604 nm was deter-
mined experimentally to be ca. 1850 cm�1). Although the Q-
band at the longest wavelength shifts from 675 to 689 nm
depending on the isomer, the spectral envelopes of isomers
8 and 9 were very similar in shape.


Electrochemistry and molecular orbital calculations :
Figure 12 displays the cyclic and differential pulse voltam-
mograms of nickel complexes in o-DCB containing 0.1
mol dm�3 tetrabutylammonium perchlorate (TBAP); the ex-
perimental redox potentials are listed in Table 4 and
Figure 13. The electrochemical data were obtained for mix-
tures of isomers. The second oxidation potentials were diffi-
cult to read directly from the CV curves because of the in-
stability of the second oxidation products. Although this fea-
ture is similar to that previously reported for Nc deriva-
tives[18b, 22–24] and 2,3-naphthalene-fused hydrogenated deriva-
tives,[5] this redox behavior resembles that of the benzene-
fused derivatives of our preceding paper more closely.[5] All
of the couples have been assigned to ring-oxidation or ring-
reduction processes. The first oxidation and reduction cou-


Figure 9. Atomic movements at the selected predicted frequencies.
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ples were reversible for all the compounds. The first reduc-
tion potentials of 1,2-NiTNTAC and 1,2-NiDNTABC are
similar (�1.31�0.03 V), while that of 1,2-NiDNTAiBC was
more negative (�1.64 V). The first oxidation potentials
depend on the species; 1,2-NiDNTABC is the most prone to
oxidation (�0.02 V). The potential difference, DE, between
the first oxidation and reduction couples correlates with the
HOMO–LUMO energy gaps. DE decreases in the order 1,2-
NiDNTAiBC (1.70 V)>1,2-NiTNTAC (1.64 V)>1,2-NiDN-
TABC (1.26 V), in accordance with the order of the Q-band
energies, that is, the longer wavelength Q-band shifts to the
red in this order.


Molecular orbitals, transition energies, and oscillator
strengths (f) were calculated by using the ZINDO/S Hamil-
tonian. The geometries used for the calculations were those
obtained by the DFT calculations. Partial MO energy dia-
grams are shown in Figure 14 with calculated transition en-
ergies and oscillator strengths summarized in Figure 15 and
Table 5. Similarly to the benzene- or 2,3-naphthalene-fused
derivatives,[5] the Q-bands are dominated by the HOMO!
LUMO (or LUMO+1) transitions because of the large
energy gaps between the HOMOs and HOMO�1s. In the


case of the TACs (i.e. 2–4), the HOMO, LUMO, and
LUMO+1 energies are very similar for the four isomers, so
that the calculated Q-band energies are approximately the
same. Slight differences seen in the energy region below the
HOMO�2 and above the LUMO+3 give rise to the calcu-
lated spectral differences in the region around 400 nm. Com-
parison of the calculated results (Figure 15, left-hand side)
with the experimental data (Figure 10, left-hand side) re-
vealed that the splitting energy of the Q-band is reasonably
well reproduced, although the Q-band energies are estimat-
ed to be slightly lower. No significant difference in the in-
tensity ratio between the peaks of the split Q-bands was
seen, which is also consistent with the experimental data.
The two isomeric structures of the 1,2-NiDNTABCs are pre-
dicted to have identical Q-band spectra (Figure 15, middle),
almost in agreement with experimental observations
(Figure 10, middle). In the case of the 1,2-NiDNTAiBCs
(i.e. 8–10), the longest-wavelength Q-band appeared at dif-
ferent wavelengths depending on the isomers (Figure 10,
right-hand side), with the trend being nicely reproduced by
the molecular orbital calculations (Figure 15, right-hand
side). The lower energy Q-band component shifted to


Figure 10. MCD (top) and absorption (bottom) spectra of 2–5 (left-hand side), 6 and 7 (middle), and 8–10 (right-hand side) in chlorobenzene.
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longer wavelengths in the order 10, 8, and 9, while the
higher-energy Q-band component showed the same trend in
both experiment and calculations. As shown in Figure 14,
the HOMO and LUMO+1 energy levels of the 1,2-NiDN-
TAiBCs are very similar (�5.495, �5.488, and �5.492 eV for


the HOMOs, and �0.987,
�0.995, and �0.975 eV for the
LUMO+1s of 8, 9, and 10, re-
spectively). On the other hand,
the LUMO energy levels vary
depending on the structure
(�1.390, �1.356, and
�1.422 eV, in the same order).
As a result, the largest
HOMO–LUMO gap is calculat-
ed for 9 (4.132 eV) and the
smallest for 10 (4.070 eV). This
is, however, in contrast to the
calculated (and also experimen-
tally observed) spectra, that is,
the lowest- and the highest-
energy Q-bands were predicted
for 9 and 10, respectively. This
inconsistency can be resolved
by considering the configura-
tional interactions (CIs) be-
tween the HOMO!LUMO
and HOMO�1!LUMO+1
transitions. The HOMO and
LUMO+1 energies remain
almost constant, while the
LUMO energies change slightly
depending on the structure, so
that the LUMO�1~LUMO+1
energy gaps become 6.476,
6.409, and 6.519 eV for 8, 9,
and 10, respectively, and the
energy differences between
the HOMO!LUMO and
HOMO�1!LUMO+1 transi-
tions are 2.371, 2.277, and


2.499 eV for 8, 9, and 10, respectively. Since larger CIs are
expected for the energetically closer transitions,[25] the larg-
est CI of the three isomers is expected for 9. Therefore, as a
result of CIs, the lower-energy Q-band appeared at the
lowest energy, even though the HOMO–LUMO gap is the


Table 2. Absorption and MCD spectral data for the 1,2-NiTNTACs, 1,2-NiDNTABCs, and 1,2-NiDNTAiBCs
in chlorobenzene.


Compd Absorption[a] MCD[b]


1,2-NiTNTAC
2 302(0.37), 375(0.13) 332(�0.14), 362(�0.12), 380(�0.10)


444(0.05), 551(0.06) 447(0.02), 595(1.66), 667(�0.16)
596(0.38), 675(0.09) 744(�0.56)
745(0.46)


3 301(0.33), 352(0.13) 329(�0.13), 352(�0.14), 446(0.02)
448(0.05), 551(0.05) 596(1.62), 667(�0.17), 742(�0.57)
597(0.34), 675(0.09)
743(0.46)


4 304(0.33), 347(0.14) 346(�0.14), 448(0.02), 597(1.63)
378(0.09), 450(0.04) 670(�0.17), 743(�0.58)
548(0.05), 598(0.36)
673(0.09), 744(0.46)


5 303(0.32), 348(0.15) 307(0.05), 332(�0.14), 358(�0.12)
377(0.08), 451(0.04) 447(0.03), 598(1.55), 667(�0.17)
553(0.04), 599(0.33) 742(�0.57)
670(0.08), 743(0.46)


1,2-NiDNTABC
6 303(0.63), 329(0.28) 351(�0.14), 478(0.16), 513(0.58)


348(0.23), 478(0.08) 880(�0.20)
513(0.23), 783(0.17)
823(0.32), 879(0.87)


7 304(0.76), 330(0.33) 306(�0.17), 358(�0.16), 478(0.19)
347(0.27), 473(0.09) 512(�0.68), 785(�0.07), 880(�0.20)
513(0.27), 780(0.19)
825(0.37), 880(0.87)


1,2-NiDNTAiBC
8 297(0.57), 385(0.10) 307(�0.41), 354(�0.10), 440(�0.05)


569(0.15), 625(0.25) 463(�0.06), 569(0.78), 601(0.68)
653(0.25), 681(1.74) 625(0.50), 679(�2.52)


9 299(0.75), 356(0.17) 312(�0.41), 364(�0.08), 391(0.02)
569(0.22), 630(0.29) 461(�0.07), 572(0.88), 603(0.74)
660(0.28), 689(1.76) 626(0.40), 689(�2.51)


10 307(0.38), 373(0.11) 306(�0.33), 342(�0.09), 371(�0.06)
569(0.13), 626(0.24) 418(0.04), 467(�0.06), 570(0.72)
649(0.26), 675(1.75) 600(0.60), 624(0.58), 675(�2.68)


[a] l [nm] (10�5e [dm3 mol�1 cm�1]). [b] l [nm] (10�5[q]M [deg dm3 mol�1 cm�1T�1]).


Table 3. Band-fitting parameters of the Q-bands.[a]


Compd n [cm�1] l [nm] 10�5emax Dn [cm�1] <e> 0 D0 f 10�5
mCD int. Band type <eM> 0 103B0 103(B0/D0)


2 13 406 746 0.46 710 2603 7.97 0.15 �0.53 B �0.91 �5.94 �0.74
16 798 595 0.37 414 983 3.01 0.07 1.49 B 1.17 7.66 2.54


6 11 288 886 0.99 657 6123 18.7 0.30 �0.19 B �0.35 �2.29 �0.12
19 509 513 0.22 901 1080 3.30 0.09 0.51 B 0.77 5.02 1.52


8 14 710 680 1.47 282 3003 9.19 0.19 �2.13 B �1.32 �8.65 �0.94
16 565 604 0.11 715 518 1.59 0.04 0.55 B 0.77 5.03 3.17


9 14 517 689 1.65 310 3748 11.5 0.24 �2.34 B �1.61 �10.6 �0.92
16 484 607 0.12 777 604 1.85 0.04 0.54 B 0.83 5.43 2.94


10 14 832 674 1.54 252 2795 8.56 0.18 �2.34 B �1.28 �8.42 �0.98
16 611 602 0.08 567 287 0.88 0.02 0.39 B 0.43 2.84 3.23


[a] n : calculated band center energy; emax: extinction coefficient of the band center; Dn : bandwidth; <e> o: the zeroth moment of the absorption band
intensity; D0 : dipole strength in Debye units, D0 =<e> 0/326.6; f : oscillator strength; <eM> 0 : zeroth moment of the B terms; B0: Faraday terms, B0 =


<eM> 0/152.5.
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largest of the three. The coefficients of the HOMO!
LUMO transitions (0.6893, 0.6889, and 0.6900, for 8, 9, and
10, respectively) for the lowest-energy Q-band also support


this interpretation. That is, the smallest coefficient for 9
means that the contribution of other one-electron transitions
is more significant for 9 (rather than 8 and 10), which results
in the stabilization of the lowest-energy transition state.


Conclusions


A series of 1,2-naphthalene-ring-expanded hydrogenated
tetraazaporphyrin analogues, that is, 1,2-TNTACs, 1,2-
DNTABCs, and 1,2-DNTAiBCs, have been synthesized. The


Figure 11. Simultaneous band deconvolution analysis of the absorption
and MCD Q-bands of 8. Split Q00-bands are shown as shaded areas,
while the experimental curves are shown as solid lines.


Figure 12. Cyclic voltammograms of 1,2-NiTNTAC (top), 1,2-NiDN-
TABC (middle), and 1,2-NiDNTAiBC (bottom) in o-DCB containing
0.1 mol L�1 TBAP. Sweep rate =50 mV s�1. All measurements were made
using a mixture of isomers. Differential pulse voltammograms, in which
solid lines indicate cathodic scan and dashed lines anodic scan, are also
shown for the oxidation processes.


Table 4. Redox potential data (versus Fc+/Fc) in o-DCB containing 0.1 m


TBAP.[a]


Couple E1=2
[V] DEp [mV]


1,2-NiTNTAC
L(0)/L(�1)[b] +0.75
L(�1)/L(�2) +0.30 195
L(�2)/L(�3) �1.34 80
L(�3)/L(�4) �1.64 130


1,2-NiDNTABC
L(0)/L(�1)[b] +0.35
L(�1)/L(�2) �0.02 110
L(�2)/L(�3) �1.28 110
L(�3)/L(�4) �1.63 110


1,2-NiDNTAiBC
L(0)/L(�1)[b] +0.35
L(�1)/L(�2) +0.06 100
L(�2)/L(�3) �1.64 100
L(�3)/L(�4) �2.19 100


[a] DEp represents the potential differences between the cathodic and
anodic peak potentials at a sweep rate of 50 mV s�1. L represents the
ligand. [b] Data from the differential pulse voltammograms.


Figure 13. Electrochemically obtained redox data for 1,2-naphthalene-
fused derivatives (solid marks), benzene-fused derivatives (open marks),
and 2,3-naphthalene-fused derivatives (double marks).
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synthetic procedures have been carefully optimized to
obtain optimal results. All of the nine possible derivatives,
including four, two, and three structural isomers, of the 1,2-


NiTNTACs, 1,2-NiDNTABCs, and 1,2-NiDNTAiBCs, re-
spectively, have been successfully separated, and the struc-
tures of each isomer determined by using 1H NMR spectro-


Figure 14. Partial MO energy diagrams for all the possible isomers as calculated by the ZINDO/S method.


Figure 15. Calculated absorption spectra for 2–5 (left-hand side), 6 and 7 (middle), and 8–10 (right-hand side).
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scopy and molecular models. These compounds have been
characterized by various spectroscopic and electrochemical
methods, including absorption, MCD, and IR spectroscopies,
and cyclic voltammetry. The results of molecular-orbital cal-
culations were used in the analysis of these physicochemical
data. The main results are summarized as follows:


1) Synthetic procedures for the starting materials, that is,
derivatives of 1,2-naphthalenedicarboxylic acid, have
been reinvestigated and improved.


2) Metal complexes of the 1,2-TNTACs, 1,2-DNTABCs,
and 1,2-DNTAiBCs have been synthesized by mixed
condensation of 1,2-naphthalenedicarboxylic acid deriva-
tives and tetramethylsuccinonitrile in quinoline in the
presence of VCl3 or NiCl2.


3) TLC and HPLC techniques were successfully used to
separate all of the isomers formed. 1H NMR spectrosco-
py combined with the NOE method was used to charac-
terize each isomer and, thus determine the structures of
the products. The formation ratio of each isomer was ra-
tionalized in terms of the intramolecular steric repulsion
effect, which is predicted by geometry optimizations at
the DFT level.


4) DFT calculations reproduced even the observed IR spec-
tral differences among, particularly, isobacteriochlorin
structural isomers, reasonably well.


5) The optical and electrochemical trends resembled those
of the corresponding benzene-fused derivatives rather
than the 2,3-naphthalene-fused derivatives.


6) ZINDO/S molecular orbital and configuration-interac-
tion calculations support the band assignments and
trends in the HOMO and LUMO energies determined
by the electrochemical method.


7) The Q-band positions of the three 1,2-NiDNTAiBC iso-
mers are reasonably well explained by the configuration
interactions between the HOMO!LUMO and HOMO-
1!LUMO+1 transitions.


Experimental Section


Measurements and computational methods : Absorption, MCD, 1H NMR
(400 MHz), IR, and mass spectra, and cyclic voltammograms were ob-
tained by following the methods described in our preceding paper.[5] 1H
NMR (600 MHz) and NOE experiments were performed with a Bruker


Table 5. Calculated transition energies and oscillator strengths(f).


E [cm�1] l [nm] f E [cm�1] l [nm] f E [cm�1] l [nm] f E [cm�1] l [nm] f E [cm�1] l [nm] f


2 3 4 5 6
12607 793 1.05 12585 795 1.09 12 618 793 1.11 12 602 794 1.09 11710 854 1.72
16093 621 0.79 16072 622 0.74 16 112 621 0.73 16 082 622 0.67 17908 558 0.30
23381 428 0.06 23343 428 0.04 23 364 428 0.03 23 283 430 0.03 22800 439 0.02
23866 419 0.09 23552 425 0.05 23 574 424 0.07 24 826 403 0.11 23441 427 0.01
24913 401 0.03 24826 403 0.06 25 151 398 0.05 25 439 393 0.09 24882 402 0.23
25510 392 0.16 25510 392 0.16 25 452 393 0.13 26 589 376 0.25 26302 380 0.08
26925 371 0.02 26788 373 0.21 26 788 373 0.21 26 867 372 0.24 28257 354 0.03
27093 369 0.32 26896 372 0.23 27 093 369 0.18 28 337 353 0.21 28910 346 0.02
27556 363 0.02 27755 360 0.04 27 322 366 0.25 28 620 349 0.04 31786 315 0.27
27640 362 0.31 27894 359 0.14 27 716 361 0.01 29 240 342 0.12 32425 308 0.03
28637 349 0.07 28620 349 0.08 28 329 353 0.16 29 682 337 0.03
29824 335 0.03 28935 346 0.10 30 534 328 0.16 30 535 328 0.04
30906 323 0.11 29682 337 0.07 31 182 321 0.26 30 950 323 0.06
31056 322 0.12 30012 333 0.03 31 766 315 0.06 31 857 314 0.04
31447 318 0.54 31338 319 0.26 32 289 310 0.05 32 072 312 0.07
32383 309 0.22 31888 314 0.04 32 563 307 0.09 32 616 307 0.02
32895 304 0.15 32196 311 0.15 32 798 305 0.32


32669 306 0.11
33003 303 0.10


7 8 9 10
11708 854 1.73 14592 685 1.16 14 499 690 0.99 14 689 681 1.33
17928 557 0.31 16567 604 0.35 16 504 606 0.39 16 576 603 0.32
22619 442 0.01 24108 415 0.09 24 033 416 0.06 24 673 405 0.03
24975 400 0.25 24988 400 0.03 24 266 412 0.07 24 857 402 0.09
25471 393 0.07 26240 381 0.16 26 116 383 0.06 26 254 381 0.11
27801 360 0.06 26448 378 0.11 26 688 375 0.21 26 530 380 0.26
30647 326 0.06 27435 365 0.38 26 838 373 0.15 26 638 375 0.01
32175 311 0.04 29104 344 0.10 28 571 350 0.01 27 747 360 0.39


30893 324 0.16 28 744 348 0.29 27 894 359 0.07
31153 321 0.37 31 008 323 0.42 31 114 321 0.59
31746 315 0.10 31 319 319 0.02 31 666 316 0.05


31 878 314 0.02 32 103 312 0.01
32 992 303 0.07


Chem. Eur. J. 2005, 11, 1235 – 1250 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1247


FULL PAPER1,2-Naphthalene-Ring-Fused Tetraazachlorins



www.chemeurj.org





AM-600 instrument using [D8]toluene as the solvent at room tempera-
ture.


Similarly, all of the computational calculations were performed in the
same manner as described in the preceding paper[5] by using the Gaussian
98 program,[26] though in this case, an NEC TX7/AzusA computing
system operated by Tohoku University Supercomputing System Informa-
tion Synergy Center was used.


Synthesis and separation : Tetramethylsuccinonitrile (25) was prepared
according to the method described in the literature.[27] 4-Phenyl-1,2-naph-
thalenedicarboxylic anhydride (24) was also obtained by the method de-
scribed in the literature[28] by condensation of 1,1-diphenylethylene (22)
with maleic anhydride (18), followed by dehydrogenation of the resulting
bis-adduct (23) using sulfur. 1,2-Naphthalenedicarboxylic imide (26) was
obtained as previously described[28] by heating 1,2-naphthalenedicarbox-
ylic anhydride (19) with urea.


Thin-layer chromatography (TLC) using Merck silica gel 60 F254 on alu-
minum sheets (10 � 10 cm) was used to separate the geometrical isomers
of 1,2-NiDNTABC and 1,2-NiDNTAiBC. High-performance liquid chro-
matography (HPLC) was used to isolate the four geometrical isomers of
1,2-NiTNTAC by using an ULTRON VX-ODS W-type column (250 �
20 mm).


1,2-Naphthalenedicarboxylic anhydride (19): This compound was pre-
pared by modification of the published method.[13] A mixture of a-bro-
mostyrene (17) (7.05 g, 0.039 mol), 18 (11.3 g, 0.115 mol), and a small
amount of hydroquinone was stirred in boiling trichlorobenzene (10 mL)
for 3 h (Scheme 2). HBr evolved vigorously during the reaction. Charcoal
was then added and the mixture was refluxed for a further 2 h and then
filtered whilst still hot. After the mixture was cooled, the trichloroben-
zene filtrate was subjected to chromatography on a silica-gel column by
using hexane and then hexane/chloroform (1:1 (v/v)) as eluent, and a por-
tion with Rf =0.25 was collected. Recrystallization from benzene afforded
the desired anhydride (2.9 g; 38%), m.p. 167 8C (lit.[13] 165–167 8C).


1,2-Dicyanonaphthalene (21): The reaction was carried out according to
the procedure given above for the synthesis of 19, starting from 17 (5.9 g,
0.032 mol), fumaronitrile (20) (7.5 g, 0.096 mol) and a small amount of
hydroquinone (Scheme 2). The trichlorobenzene filtrate was subjected to
chromatography on silica gel by using hexane and then chloroform as
eluent, to give the desired dinitrile (1.5 g; 26%), m.p. 190 8C (from alco-
hol, lit.[10] 190 8C).


b,b,b’,b’-Tetramethyltri-1,2-naphthotetraazachlorin (1,2-H2TNTAC, 1): A
mixture of 21 (0.67 g, 3.8 mmol), 25 (0.77 g, 5.65 mmol) and lithium 2-(di-
methylamino)ethoxide (0.8 g, 8.4 mmol) was stirred in quinoline (10 mL)
at 250 8C for 6 h (Scheme 3). After cooling to room temperature, the re-
action mixture was diluted with 50% acetone (100 mL), a small amount
of 5% HCl was added prior to the appearance of a precipitate, and the
precipitate was filtered and washed with hot water and 50% acetone
until the washings were nearly colorless. After drying, the crude residue
was transferred to a Soxhlet apparatus and extracted with EtOH and
then chlorobenzene. The chlorobenzene solution was concentrated to
about 10 mL under reduced pressure and purified by chromatography on
a silica-gel column by using chloroform as eluent. The first green fraction
was collected to give, after evaporation of the solvent followed by precip-
itation with chloroform/ethanol of the desired compound (0.018 g, 2.1 %
based on 1,2-dicyanonaphthalene). MS (FAB): m/z : 673 ([M++1]); ele-
mental analysis calcd (%) for C44H32N8·H2O: C 76.50, H 4.96, N 16.22;
found: C 77.02, H 5.25, N 15.30.


Nickel b,b,b’,b’-tetramethyltri-1,2-naphthotetraazachlorin (1,2-NiTNTAC,
2–5), nickel b,b,b’,b’-octamethyldi-1,2-naphthotetraazabacteriochlorin
(1,2-NiDNTABC, 6 and 7), and nickel b,b,b’,b’-octamethyldi-1,2-naphtho-
tetraazaisobacteriochlorin (1,2-NiDNTAiBC, 8–10).Method a : A mixture
of 25 (0.78 g, 5.7 mmol), 21 (0.67 g, 3.8 mmol), anhydrous NiCl2 (0.48 g,
3.8 mmol), and a catalytic amount of ammonium molybdate was stirred
in quinoline (5 mL) at 250 8C for 2 h (Scheme 3). After cooling to room
temperature, the reaction mixture was diluted with 50 % EtOH (50 mL),
the formed precipitate filtered off and washed with hot water and then
hot 60 % EtOH until the washings were colorless. The crude residue was
transferred to a Soxhlet apparatus and extracted with toluene and then
with chlorobenzene. The toluene solution was evaporated to about


10 mL and purified by column chromatography on neutral alumina with
toluene as eluent. Two fractions were separated and analyzed by TLC
and UV/Vis spectroscopy. The first blue fraction was a mixture of 1,2-
NiDNTABC and 1,2-NiDNTAiBC; the second blue-green fraction was
1,2-NiTNTAC (15 mg). Further separation of the first fraction by column
chromatography on neutral alumina using toluene/hexane (1:1 v/v) as
eluent gave two fractions with Rf = 0.50 and 0.16. Chromatography of
each fraction on Bio-beads S-x1 (Biorad) with chloroform as eluent af-
forded the desired 1,2-NiDNTABC (12 mg, 0.9 %) as a pink solid and
1,2-NiDNTAiBC (25 mg, 2.0%) as a blue solid. The chlorobenzene so-
lution was concentrated to about 10 mL and purified by column chroma-
tography on silica gel by using chloroform/hexane (1:1 v/v) as eluent. A
blue-green portion was collected, evaporated under reduced pressure,
and combined with a second fraction obtained after evaporation of the
toluene solution followed by precipitation by adding ethanol into a satu-
rated CHCl3 solution, to give the desired 1,2-NiTNTAC (140 mg, 15 %
based on 1,2-dicyanonaphthalene). MS (FAB): m/z : 729 ([M++1] for 1,2-
NiTNTAC), 686 ([M+] for 1,2-NiDNTABC, FAB), 686 ([M+] for 1,2-
NiDNTAiBC, FAB); elemental analysis calcd (%) for C44H30N8Ni (1,2-
NiTNTAC): C 72.45, H 4.15, N 15.36; found: C 72.64, H 4.70, N 14.64; el-
emental analysis calcd (%) for C40H36N8Ni (1,2-NiDNTABC): C 69.89, H
5.28, N 16.30; found: C 69.88, H 5.68, N 15.43; elemental analysis calcd
for C40H36N8Ni (1,2-NiDNTAiBC): C 69.89, H 5.28, N 16.30; found: C
70.28, H 5.63, N 15.37.


Method b : A mixture of 25 (0.51 g, 3.7 mmol), 19 (0.5 g, 2.5 mmol), urea
(0.9 g, 15 mmol), anhydrous NiCl2 (0.48 g, 3.7 mmol), and a catalytic
amount of ammonium molybdate was stirred in sulfolane (10 mL) at
250 8C for 1.5 h (Scheme 3). During the reaction, a mixture of 25 (ca.
0.2 g, 1.5 mmol) and urea (ca. 0.2 g, 3.3 mmol) was added every 0.5 h.
After cooling to room temperature, the reaction mixture was diluted with
water, the precipitate was filtered off and washed with hot water and
then hot 60% EtOH until the washings became colorless. Purification
and separation of the crude residue was performed according to the pro-
cedure given above (method a), to yield 1,2-NiTNTAC (93 mg, 15%),
1,2-NiDNTABC (10 mg, 1.2 %), and 1,2-NiDNTAiBC (30 mg, 3.5%).
The spectral characteristics were identical to those obtained by the above
method.


Method c : A mixture of 25 (0.51 g, 3.7 mmol), 26 (0.5 g, 2.5 mmol), urea
(0.6 g, 10 mmol), anhydrous NiCl2 (0.48 g, 3.7 mmol), and a catalytic
amount of ammonium molybdate was stirred in sulfolane (10 mL) at
250 8C for 1 h (Scheme 3). A mixture of 25 (ca. 0.2 g, 1.5 mmol) and urea
(ca. 0.2 g, 3.3 mmol) was added, and the reaction continued for a further
1 h, with the temperature maintained at 250 8C. After cooling to room
temperature, the reaction mixture was diluted with water, the precipitate
was filtered off and washed with hot water and then hot 60% EtOH
until the washings became colorless. The purification and separation of
the crude residue were performed according to the procedure given
above (method a) to yield 1,2-NiTNTAC (88 mg, 15%), 1,2-NiDNTABC
(7 mg, 0.8 %), and 1,2-NiDNTAiBC (27 mg, 3.1%). The spectral charac-
teristics were identical to those obtained by method a.


Vanadyl b,b,b’,b’-tetramethyltri-1,2-naphthotetraazachlorin (1,2-VOTN-
TAC, 11), vanadyl b,b,b’,b’-octamethyldi-1,2-naphthotetraazabacterio-
chlorin (1,2-VODNTABC, 12), and vanadyl b,b,b’,b’-octamethyldi-1,2-
naphthotetraazaisobacteriochlorin (1,2-VODNTAiBC, 13): The reaction
was performed as described above (method a) by using 25 (0.78 g,
5.7 mmol), 21 (0.67 g, 3.8 mmol), anhydrous VCl3 (0.65 g, 4.1 mmol), and
a catalytic amount of ammonium molybdate. The reaction mixture was
worked up by following method a. A toluene solution was evaporated to
about 10 mL and purified by column chromatography on neutral alumina
with toluene/hexane (1:2 v/v) as eluent. Two fractions were collected and
after chromatography of each fraction on Bio-beads S-x1 (Biorad) with
chloroform as eluent, the desired 1,2-VODNTABC (26 mg, 2.0%) and
1,2-VODNTAiBC (20 mg, 1.5 %) were obtained as a lilac and blue solid,
respectively. Further elution with toluene afforded a third green fraction,
which was 1,2-VOTNTAC (25 mg). The chlorobenzene solution was con-
centrated to about 10 mL and purified by column chromatography on
silica gel by using chloroform/hexane (1:1 v/v) as eluent. A major green
portion was collected, evaporated under reduced pressure, combined
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with the third fraction obtained after evaporation of the toluene solution,
followed by precipitation with chloroform/ethanol, to give the desired
1,2-VOTNTAC (148 mg; 16% based on 21). MS (FAB): m/z : 738 ([M+


+1] for 1,2-VOTNTAC), 695 ([M+] for 1,2-VODNTABC, FAB), 695
([M+] for 1,2-VODNTAiBC, FAB); elemental analysis calcd (%) for
C44H30N8VO (1,2-VOTNTAC): C 71.64, H 4.10, N 15.19; found: C 71.56,
H 4.59, N 14.55; elemental analysis calcd (%) for C40H36N8VO (1,2-
VODNTABC): C 69.06, H 5.22, N 16.11%; found: C 68.61, H 5.46, N
15.75; elemental analysis calcd (%) for C40H36N8VO (1,2-VODNTAiBC):
C 69.06, H 5.22, N 16.11; found: C 69.30, H 5.48, N 15.46.


Nickel b,b,b’,b’-tetramethyltri-1,2-(4-phenylnaphtho)tetraazachlorin (1,2-
NiTNPhTAC, 14), nickel b,b,b’,b’-octamethyldi-1,2-(4-phenylnaphtho)te-
traazabacteriochlorin (1,2-NiDNPhTABC, 15), and nickel b,b,b’,b’-octa-
methyldi-1,2-(4-phenylnaphtho)tetraazaisobacteriochlorin (1,2-NiDNPh-


TAiBC, 16): The reaction was performed as described above (method b),
starting from 25 (0.37 g, 2.7 mmol), 24 (0.50 g, 1.8 mmol) (Scheme 3), an-
hydrous NiCl2 (0.35 g, 2.7 mmol), urea (0.66 g, 11 mmol) and a catalytic
amount of ammonium molybdate (Scheme 2). After analogous work up,
the crude residue was transferred to a Soxhlet apparatus and extracted
with toluene. The toluene solution was evaporated to about 10 mL and
purified by column chromatography on neutral alumina by using first tol-
uene/hexane (1:1, v/v) and then by gradually increasing the content of
toluene as eluent. Three fractions were collected, and each fraction was
subjected to chromatography on Bio-beads S-x1 (Biorad) with chloro-
form as eluent. The first pink fraction afforded the desired 1,2-NiDNPh-


TABC (6 mg, 0.8 %), the second blue fraction was 1,2-NiDNPhTAiBC
(13 mg, 1.7%), and the third blue-green fraction was 1,2-NiTNPhTAC
(64 mg, 11 % based on 4-phenyl-1,2-naphthalenedicarboxylic anhydride).
MS (FAB): m/z : 957 ([M++1] for 1,2-NiTNPhTAC), 839 ([M++1] for 1,2-
NiDNPhTABC, FAB), 839 ([M++1] for 1,2-NiDNPhTAiBC, FAB); ele-
mental analysis calcd (%) for C62H42N8Ni (1,2-NiTNPhTAC): C 77.75, H
4.42, N 11.70; found: C 77.92, H 5.22, N 10.81; elemental analysis calcd
(%) for C52H44N8Ni (1,2-NiDNPhTABC): C 74.38, H 5.28, N 13.35; found:
C 74.89, H 5.21, N 13.31; elemental analysis calcd (%) for C52H44N8Ni
(1,2-NiDNPhTAiBC): C 74.38, H 5.28, N 13.35; found: C 74.44, H 5.46, N
13.16.
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The Gas Phase Acidity of Oligofluorobenzenes and Oligochlorobenzenes:
About the Additivity or Non-Additivity of Substituent Effects


Isabella Hyla-Kryspin,[a] Stefan Grimme,*[a] Heinz H. B�ker,[b] Nico M. M. Nibbering,*[b]


Fabrice Cottet,[c] and Manfred Schlosser*[c]


Introduction


Chemists tend to parametrize the reactivity of a family of
substrates by taking that of the parent compound as the ref-
erence and to correct it by considering any substituent effect
as a perturbation. This approach will fail if two or more sub-
stituents intervene simultaneously unless each of them de-


ploys its action completely uninfluenced by the others. The
present work was undertaken to probe the additivity or non-
additivity of halogen substituents on the proton affinity of
the phenyl anion, a mechanistic key reference.


Organometallic deprotonation and subsequent electro-
philic trapping is a powerful method for the derivatization
and, in particular, functionalization of arenes and heterocy-
cles.[1–3] Although the crucial hydrogen/metal permutation
(“metalation”) step normally occurs irreversibly (“under ki-
netic control”), the knowledge of substituent effects on the
equilibrium (“thermodynamically controlled”) acidity is of
practical use as it helps to find adequate reaction conditions
and to rationalize regioselectivity. Moreover, acidity in gen-
eral and in the arene series in particular is of fundamental
importance as a stringent test of whatever theoretical model
by juxtaposing its predictions and the experimental reality.


Fluorine is the smallest metalation-promoting substituent.
We have determined the gas-phase acidity of fluorobenzene,
of all three difluorobenzenes, trifluorobenzenes, and tetra-
fluorobenzenes and of pentafluorobenzene relative to the
parent compound benzene using a Fourier transform ion cy-
clotron resonance spectrometer.[4] Subsequently we extend-
ed this study to mono-, di-, tri-, tetra-, and pentachloroben-
zenes.[5] However, the experimental gas-phase methods[6]
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Abstract: The deprotonation energies
of benzene, fluorobenzene, all di-, tri-,
and tetrafluorobenzenes, pentafluoro-
benzene, chlorobenzene, all di-, tri-,
and tetrachlorobenzenes, and penta-
chlorobenzene have been calculated at
various levels of second-order Møller–
Plesset and density functional theory.
Taking the previously determined ex-
perimental data as a benchmark, good
agreement was achieved in the chloro
series even with moderate computa-
tional effort, whereas more extended
basis sets have to be used to obtain


meaningful numbers in the fluoro
series. Apparently, most extensive elec-
tron correlation is required to avoid ar-
tifacts caused by the proximity of non-
bonding lone pairs at the carbanionic
center and at the fluorine atoms. When
two or more fluorine substituents were
introduced in the same aromatic ring,
their individual effects (as defined by


position-dependent acidity increments)
proved to be perfectly additive in the
entire series. In contrast, the acidifying
effect of chloro substituents was found
to level off when the number of such
halogens increases. Additivity or non-
additivity of element effects cannot be
ascertained after having merely com-
pared the acidity of mono- and disub-
stituted substrates, but only after
having moved to higher degrees of sub-
stitution.


Keywords: ab initio calculations ·
additivity · arenes · halogens · sub-
stituent effects
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suffer from shortcomings. On one hand, they are not very
accurate, standard deviations of up to 2 or 3, even 4 kcal -
mol�1 being not uncommon.[6,7] On the other hand, the acid/
base equilibration between two neutral species and the re-
spective anions allows one to directly monitor just the least
basic of several species, for example ortho-fluorobenzenide
upon deprotonation of fluorobenzene or 2,3,6-trifluoroben-
zenide from 1,2,4-trifluorobenzene. To assess the meta and
para isomers[8] one has to rely on the silane-cleavage techni-
que[9] or another kinetic method which may not always be
free of artifacts. Under such circumstances quantum-chemi-
cal calculations may provide a more complete picture and,
possibly, be more accurate.


Results


When applying the same MP2/6–311+G* method which
had proven appropriate in the chlorobenzene series[5] to
mono-, di-, tri-, tetra-, and pentafluorobenzenes, the coinci-
dence with the experimental data was found to be poor. Al-
though the numbers mirrored the correct trend, the compu-
tation overestimated the experimental acidity differences by
about 30 % as a comparison between the fluorobenzene/
pentafluorobenzene acidity spans of 40.3 versus 30.4 kcal -
mol�1 reveals (Table 1). Apparently, the proximity of all the
nonbonding (“lone pair”) electrons at the carbanionic
center and at the fluorine atoms causes complications. An
accurate account for basis set deficiencies and for electron-


correlation effects should help to overcome them. The re-
placement of the 6–311+G* basis set by the cc-pVTZ and
finally the aug-cc-pVTZ basis sets as well as the use of the
density functional B3 LYP method[10] and the recently devel-
oped SCS-MP2 approach[11a,b] indeed improved the results
considerably. The mean absolute errors diminished from 6.5
over 4.9 and 2.0 to 1.5 and 0.8 kcal mol�1 (Table 1).


These results underscore the necessity of employing ex-
tended basis sets placing diffuse functions on all atoms (e.g.,
aug-cc-pVTZ versus cc-pVTZ) for the calculation of the de-
protonation energies with high accuracy. Allowing for polar-
ization and diffuse functions only on selected atoms as in
the initial MP2/6–311 +G*//RHF/6–311 +G* treatment pro-
duces an unbalanced energetic description, especially for
anions bearing several fluorine atoms. As the computational
deviations increase with the number of halogen substituents
such a basis set is obviously not saturated enough. Presuma-
bly the imperfections are due to an inadequate description
of the fluorine lone pairs. The new SCS-MP2 method[11] un-
equivocally improves the results as compared to the stan-
dard MP2 reference (Table 1). The use of B3 LYP rather
than Hartree–Fock geometries, in particular in combination
with the aug-cc-pVTZ basis proved to be a decisive step to-
wards the calculation of gas-phase deprotonation energies
with high accuracy (Table 1). Thus, the B3 LYP method has
once more been confirmed to be a viable alternative to the
computationally more costly perturbation theory treatments.


We have revisited the chlorobenzene series and have re-
calculated the deprotonation enthalpies using the extended


basis sets. The fit with the ex-
perimental data ameliorated
again, the smallest mean abso-
lute errors being 1.5 and
1.6 kcal mol�1 (Table 2).


The deprotonation enthalpies
in the chloro series calculated
with the SCS-MP2 method are
systematically larger than the
results obtained with the MP2
and B3 LYP methods (Table 2).
This is puzzling because to
date, in a great variety of situa-
tions, the accuracy of the SCS-
MP2 method has never fallen
behind that of MP2 or DFT.[11]


At first sight, B3 LYP ap-
pears to be indeed more relia-
ble than the SCS-MP2 model
(Table 1 and 2). However, both
procedures might just mark the
boundaries of a high-fidelity
zone, the truth lying some-
where in the middle. According
to the results with the B3 LYP
method, chlorobenzene (see
Table 2, above) is more acidic
than fluorobenzene by


Table 1. Deprotonation enthalpies [in kcal mol�1] of benzene and its mono-, di-, tri-, tetra-, and pentafluoro-
substituted congeners at various ab initio levels in the framework of the MP2 theory or the B3 LYP density
functional and, where applicable, in comparison with experimental[4] gas-phase data.


Benzenide MP2// B3 LYP// MP2// MP2// SCS// B3 LYP// Exptl.
RHF[a] B3 LYP[b] B3 LYP[c] B3 LYP[d] B3 LYP[e] B3 LYP[f]


unsubstituted 399.0 405.4 403.9 397.6 400.2 400.1 401.7
2-F 385.9 392.9 391.5 384.9 387.9 387.4 387.2
3-F 389.6 398.8 397.9 391.7 394.0 393.6 –
4-F 391.1 401.0 399.5 393.2 395.7 395.8 –
2,3-F2 375.6 385.9 385.3 378.6 381.5 380.3 378.1
2,4-F2 377.2 388.5 387.0 380.5 383.4 383.1 –
2,5-F2 375.9 386.7 385.9 379.3 382.0 381.3 380.5
2,6-F2 370.6 380.3 378.9 371.8 375.2 374.5 374.0
3,4-F2 382.7 395.2 394.2 388.0 390.3 390.1 –
3,5-F2 380.3 392.4 392.1 385.9 388.1 387.3 –
2,3,4-F3 368.7 382.0 381.4 374.7 377.5 376.6 375.7
2,3,5-F3 366.5 379.6 379.6 372.9 375.6 374.1 –
2,3,6-F3 361.7 373.8 373.1 366.0 369.3 368.1 370.4
2,4,5-F3 368.9 382.8 381.9 375.3 378.0 377.4 –
2,4,6-F3 363.0 376.0 374.5 367.6 370.9 370.3 370.0
3,4,5-F3 374.1 388.8 388.5 382.3 384.4 383.7 –
2,3,4,5-F4 360.0 375.7 375.7 369.0 371.6 370.2 370.0
2,3,4,6-F4 354.6 369.6 368.8 361.8 365.0 363.9 363.5
2,3,5,6-F4 352.5 366.8 366.8 359.7 362.9 361.1 361.6
F5 345.6 362.6 362.5 355.3 358.5 356.7 356.8
error[g] 6.5 5.7 4.9 2.0 1.5 0.8 –


[a] MP2/6–311+G*//RHF/6–311+G*. [b] B3 LYP/cc-pVTZ//B3 LYP/cc-pVTZ. [c] MP2/cc-pVTZ//B3 LYP/cc-
pVTZ. [d] MP2/aug-cc-pVTZ//B3 LYP/cc-pVTZ. [e] SCS-MP2/aug-cc-pVTZ//B3 LYP/cc-pVTZ. [f] B3 LYP/
aug-cc-p-VTZ//B3LYP/cc-pVTZ. [g] Mean absolute error between calculated and experimental deprotonation
enthalpies.
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1.8 kcal mol�1 but the opposite is true according to the re-
sults obtained with the SCS-MP2 method, for which the
acidity of fluorobenzene tops that of chlorobenzene by
0.5 kcal mol�1. Experimentally hardly any difference is
found, chlorobenzene having been assessed more acidic by
merely 0.2[12] or 0.6 kcal mol�1.[4,5]


Discussion


The desired degree of accuracy achieved, we found our-
selves in a position to settle the additivity/non-additivity
issue definitively. In particular, we intended to scrutinize the
validity of the Maksić approach[13] in this context. This for-
malism extracts atom- or group-specific increments from a
comparison of the computed proton affinities of ortho-,
meta-, and para-substituted phenyl anions with that of the
parent benzenide itself. The next step is to use this set of in-
crements to predict the proton affinities of doubly substitut-
ed phenyl ions and to contrast the results with the values
obtained by direct quantum-chemical calculation. A close
numerical agreement is taken as evidence for the additivity
of the substituent effects under inspection.[13]


If we apply these criteria, we have to rule that both halo-
gens, fluorine as well as chlorine, exhibit additivity of their
substituent effects. The increment-derived protonation en-
thalpies deviate from the directly computed ones by
0.4 kcal mol�1 in the fluoro series and by 1.5 kcal mol�1 in


the chloro series. The already excellent approximation en-
countered with the ensemble of dichlorophenyl anions can
still be reduced to 1.0 kcal mol�1 if one eliminates those spe-
cies having the substituent in the critical vicinal positions
(see below).


However, diagnostically significant differences between
increment-based and directly computed protonation enthal-
pies manifest themselves only at higher levels of substitu-
tion. As the difference remains below 1.0 kcal mol�1 in the
entire fluoro series (Table 3), it was well justified to call flu-
orine effects additive.[4] In contrast and as suspected previ-
ously,[5] the effects exerted by chlorine are progressively at-
tenuated when the number of substituents increases. Where-


Table 2. Deprotonation enthalpies [in kcal mol�1] of benzene and its
mono-, di-, tri-, tetra- and pentachloro substituted congeners at various
ab initio levels in the framework of the MP2 theory or the B3 LYP densi-
ty functional and, where applicable, in comparison with experimental[5]


gas-phase data.


Benzenide MP2// MP2// SCS// B3 LYP// Exptl.
RHF[a] B3 LYP[b] B3 LYP[c] B3 LYP[d]


unsubsituted 399.0 397.6 400.2 400.1 401.7
2-Cl 385.2 385.6 388.4 385.6 386.6
3-Cl 387.1 389.0 391.6 390.3 –
4-Cl 389.7 390.4 392.9 392.5 –
2,3-Cl2 376.3 379.1 382.0 378.4 377.1
2,4-Cl2 377.0 379.0 381.8 379.1 –
2,5-Cl2 374.6 377.5 380.3 377.2 377.0
2,6-Cl2 371.9 373.5 376.7 372.3 374.0
3,4-Cl2 380.9 383.8 386.2 385.2 –
3,5-Cl2 376.1 380.8 383.4 380.7 –
2,3,4-Cl3 370.9 374.5 377.2 374.1 374.9
2,3,5-Cl3 366.3 371.1 374.0 370.1 –
2,3,6-Cl3 364.2 367.3 370.5 366.1 370.3
2,4,5-Cl3 369.0 372.5 375.1 372.5 –
2,4,6-Cl3 364.7 367.7 370.8 366.7 369.2
3,4,5-Cl3 372.4 377.4 379.7 378.0 –
2,3,4,5-Cl4 362.9 368.1 370.8 367.2 368.3
2,3,4,6-Cl4 359.2 363.7 366.7 362.2 363.3
2,3,5,6-Cl4 356.5 361.7 364.9 359.9 361.8
Cl5 353.4 359.2 362.3 357.1 355.0
error[e] 3.4 1.5 2.9 1.6 –


[a] MP2/6–311+G*//RHF/6–311+G*. [b] MP2/aug-cc-pVTZ//B3 LYP/cc-
pVTZ. [c] SCS-MP2/aug-cc-pVTZ//B3 LYP/cc-pVTZ. [d] B3 LYP/aug-cc-
p-VTZ//B3 LYP/cc-pVTZ. [e] Mean absolute error between calculated
and experimental deprotonation enthalpies.


Table 3. Proton affinities[a] of zero-, mono-, di-, tetra- and pentafluoro
substituted benzenides (phenyl anions) relative to the benzenide parent
ion (DDH


o


g =0.0; DH
o


g =400.1 kcal mol�1): directly computed numbers[b]


(upper row), increment derived numbers[c] (middle row) and differences
between the two numbers (bottom row).


[a] All numbers in kcal mol�1. [b] B3 LYP/aug-cc-pVTZ//B3 LYP/cc-
pVTZ. [c] Each fluorine atom in ortho, meta, and para to the carbanion
center is assumed to lower the proton affinity by 12.7, 6.5, and
4.3 kcal mol�1, respectively.
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as the differences between increment-derived and directly
computed basicities are inconspicuously small at the
dichlorobenzenide stage (1.5 kcal mol�1; see above), they
soar to 4.6 kcal mol�1 at the trichlorobenzenide level and ex-
plode to 8.6 and 13.2 kcal mol�1 with tetra- and pentachloro-
benzenides, respectively (Table 4).


The most intriguing challenge is of course to find out
what makes fluorine and chlorine substituents behave so dif-
ferently. We will initially put forward a few tentative ideas.


The most crucial dissimilarity between the two halogens
are obviously the bond lengths. Small substituents such as
fluorine will restrict the aromatic p-cloud to its ordinary
confinements. The electronegative substituent will thus
mainly act on the s-skeleton. Although we fully share O.
Exner�s warning[14] about the “through-bond” and “through-
space” vocabulary, we admit to visualize the acidity-en-
hancement caused by fluorine atoms as an inductive, s-
bond-polarizing effect. This effect should be linearly cumu-
lative when two or several substituents are present. In con-
trast, aromatic p-electron density can flow above and below
the long, hence “electronically diluted” carbon–chlorine
bonds toward the halogen. This expansion of the p-cloud
(the spilling over the hexagon boundaries) will increase in
absolute terms with each additional substituent but will get
proportionally more and more attenuated as the carbanionic
center gets progressively depleted of p electrons due to s/p-
coupling.[15–19]


The (formerly) so-called d-orbital resonance,[16] a special
case of p- (or n-)polarization, also shows this trend, if
weakly. The progressive replacement of the first, second,
and third hydrogen by chlorine atoms diminishes the gas-
phase basicity of the methyl anion (methanide) by 21, 20,
and 19 kcal mol�1.[17–23]


As briefly mentioned above, the increment-based proton
affinities of the 2,3- and 3,4-dichlorophenyl anion deviate
more markedly (by 2.6 and 2.5 kcal mol�1) from the directly
calculated numbers than this is the case with the other four
dichlorobenzenides (average difference of 1.0 kcal mol�1).
This suggests a special interaction between the vicinal chlo-
rine atoms. Such an effect is well compatible with our hy-
pothesis of an expansion of electron density from the center
of the arene to the peripheral substituents. Owing to s/p-
coupling,[15–19] the polarity in the CCl axis and, as a corollary,
the CCl dipole moment will be enhanced. This polarization
is impeded from developing fully in the case when two
neighboring chlorine atoms impose a quasi-parallel align-
ment of two adjacent dipoles.


As matters stand at present, it may be premature to think
of generalizations. However, if the bond length to the sub-
stituent is the decisive factor as suggested above, we would
not be surprised to find additivity of individual substituent
effects on the acidity of arenes with all first-row elements
(such as fluorine, oxygen, and saturated carbon), but non-
additivity with all second and higher row elements (such as
chlorine, bromine, and sulfur).


Experimental Section


The deprotonation energies of all oligofluorobenzenes, the key result of a
previous gas-phase study, have already been reported in a short commu-
nication.[4] Because of their importance in the given context, we specify
below what instrument was used and how the measurements were per-
formed. For further experimental details and formalities, see previous ar-
ticles from these laboratories.[5,7, 24–26]


Gas-phase acidity measurements : The experiments were performed in a
home-made Fourier transform ion cyclotron resonance (FT-ICR) mass


Table 4. Proton affinities[a] of zero-, mono-, di-, tetra-, and pentachloro-
substituted benzenides (phenyl anions) relative to the benzenide parent
ion (DDH


o


g =0.0; DH
o


g =400.1 kcal mol�1): directly computed numbers[b]


(upper row), increment derived numbers[c] (middle row) and differences
between the two numbers (bottom row).


[a] All numbers in kcal mol�1. [b] B3 LYP/aug-cc-pVTZ//B3 LYP/cc-
pVTZ. [c] Each fluorine atom in ortho, meta, and para to the carbanion
center is assumed to lower the proton affinity by 14.5, 9.8, and
7.6 kcal mol�1, respectively.
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spectrometer, equipped with a 1.4 T electromagnet and a cubic inch cell.
Details of the instrument, the experimental procedures, and the error es-
timation have been described previously.[5,7,24–-26]


The proton transfer from H�A(F)n
to A�


ref and from H�Aref to A�
AðFÞn


was
studied by monitoring the reactions of the mass-selected anions as a func-
tion of the reaction time until the equilibrium was achieved, in general 3
to 4 s. Relative acidities [kcal mol�1] were calculated as DDG


o


g =


�RT(lnK), where R is the gas constant, T the absolute temperature, and
K the proton-transfer equilibrium constant (K= [A�AðFÞn ][H


�Aref]/[A
�
ref][H�


A(F)n
]. The required equilibrium ion-abundance ratios ([A�


AðFÞn
]/[A�


ref])
were taken directly from the peak intensities in the reaction mixture.


The ratios of the concentration of the neutrals ([H�Aref]/[H�A(F)n
]) are


equal to the partial pressure ratios, which were calculated from the parti-
al pressures read by the ionization-gauge manometer and corrected for
the ion-gauge sensitivities Rx relative to N2 (Rx = 1.00). For all reference
acids employed, with the exception of fluorobenzene and m- and p-fluo-
roaniline, experimental values for Rx are available from the literature.[27]


The relative sensitivities Rx of all other acids followed from the relation-
ship Rx =0.36a+0.3.[27] The polarizabilities a were calculated[28] if experi-
mental values[28] were unavailable.


The relative free energies (DDG
o


g) measured were converted into the free
energies of gas-phase deprotonation (DG


o


g, listed in Table 5) by correlat-


ing them with the established free deprotonation energies of the refer-
ence acids employed (Table 5). The deprotonation enthalpies DH


o


g


(Table 5) were calculated in the usual way[6] by adding to the free ener-
gies DG


o


g a term T� DS
o


g which comprises the effect of the entropy change
due to proton detachment (7.7 kcal mol�1) and due to the change in rota-
tional symmetry (calculated as the logarithmic ratio of the symmetry
numbers of external rotations of H�A(F)n


and A�AðFÞn multiplied by RT).


Computational work : Initially the geometries of all 19 fluorinated phenyl
anions and the corresponding CH-acids were optimized with the RHF
method by using the 6–311G basis set supplemented with polarization
functions of d-type symmetry[31] at the carbanionic center and at each of
the two neighboring carbon centers. To better describe the electron den-
sity distribution of the carbanionic lone pair a diffuse sp-orbital[32, 33] was
included at the carbanionic center. This RHF/6–311+G* method was
also used for the calculation of the zero-point vibrational energies
(ZPVEs). All optimized structures adopted planar arrangements (Cs) and
were located as minima on their potential energy surfaces. The deproto-
nation energies were calculated at the second-order Møller–Plesset per-
turbation theory level.[34] The electronic energies were converted to en-
thalpies at 298 K, where the ZPVEs were multiplied by the scale factor


of 0.89.[35] These MP2/6–311+G*//RHF/6–311+G* calculations were car-
ried out with the GAMESS program.[36]


To establish how the numerical outcome depends on the quantum-chemi-
cal method and basis set employed we continued with geometry optimi-
zation at the B3 LYP[10] level using the correlation consistent cc-pVTZ
basis set[37] and we have performed single-point calculations with the
MP2, and SCS-MP2 methods.[34, 11] To evaluate the significance of diffuse
functions on all atoms we tested next the aug-cc-pVTZ basis set.[37] The
B3 LYP, MP2, and SCS-MP2 calculations with the cc-pVTZ and aug-cc-
pVTZ basis sets were carried out with the TURBOMOLE package of
programs.[38] In these MP2 treatments the resolution of the identity tech-
nique (RIMP2)[39] was applied and the correlation of the 1s electrons of
carbon and fluorine and the 1s, 2s, and 2p electrons of chlorine was ex-
cluded (frozen core approximation). The corresponding auxiliary basis
sets for the RIMP2 calculations were taken from the TURBOMOLE
basis set library.[38, 40, 41] According to prior experience, the errors due to
the RI approximation are less than 0.01 kcal mol�1 for energy differences
as considered here. To calculate the corresponding B3 LYP, MP2, and
SCS-MP2 deprotonation enthalpies we have used ZPVEs and thermal
corrections from harmonic vibrational analyses carried out at the
B3 LYP/cc-pVTZ level with the SNF program.[42]
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A Unified Orbital Model of Delocalised and Localised Currents in
Monocycles, from Annulenes to Azabora-heterocycles
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Introduction


Planar conjugated carbocyclic compounds show a strong
link between p-electron count and molecular properties.
H�ckel�s long-standing 4n+2 rule distinguishes aromatic
from antiaromatic monocycles, and correlates the energetics


of these systems with their characteristic magnetic proper-
ties.[1] However, the periodic table offers wide possibilities
for the construction of isoelectronic heterocycles, and for
many of them, direct transferability of the implied relation-
ship between aromaticity and electron count is questionable
or even counterfactual. The replacement of CC by BN, for
example, is known to lead to marked differences in magnet-
ic properties:[2] the strong ring currents of the carbocycle
vanish in the isoelectronic azabora-heterocycles, BN/2NN/2HN


(1–3). Herein we show that a simple frontier-orbital model
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Abstract: Why are some (4n+2)p sys-
tems aromatic, and some not? The ip-
socentric approach to the calculation of
the current density induced in a mole-
cule by an external magnetic field pre-
dicts a four-electron diatropic (aro-
matic) ring current for (4n+2)p carbo-
cycles and a two-electron paratropic
(antiaromatic) current for (4n)p carbo-
cycles. With the inclusion of an electro-


negativity parameter, an ipsocentric
frontier-orbital model also predicts the
transition from delocalised currents in
carbocycles to nitrogen-localised cur-
rents in alternating azabora-heterocy-


cles, which rationalises the differences
in (magnetic) aromaticity between
these isoelectronic p-conjugated sys-
tems. Ab initio valence-bond calcula-
tions confirm the localisation predicted
by the na�ve model, and coupled-Har-
tree–Fock calculations give current-
density maps that exhibit the predicted
delocalised-to-localised/carbocycle–het-
erocycle transition.


Keywords: aromaticity · boron ·
nitrogen heterocycles · ring current ·
valence bond
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of induced currents can in fact cope with both extremes, pre-
dicting the transition from delocalised to localised magnetic
behaviour that is found in full ab initio current-density
maps.


The ipsocentric model[3–5] gives an accurate account of p


ring currents in planar carbocycles in terms of frontier-orbi-
tal contributions. The hallmarks of aromaticity and antiaro-
maticity on the magnetic criterion,[6–9] that is, the diatropic
currents of 4n+2 systems and the paratropic currents[10] of
planar 4n systems are attributed in this model to four and
two frontier electrons, respectively.[4] In both cases, the
sense of the ring current follows directly from the symmetry
properties of the HOMO–LUMO transition, and the predic-
tions of a simple orbital theory are borne out in full ab
initio calculations of current-density maps.[3,4] For the 4n+2p


heterocycles, borazine and boroxine, however, ab initio
maps show only localised circulation of the p electrons
around the electronegative nuclei.[2] How does the simple
orbital model deal with this dichotomy? In particular, why
does it not predict ring currents for all planar 4n and 4n+2
p systems? It is shown here that a generalisation of the pic-
torial orbital model is able to account for both the presence
of global currents in carbocycles, and their absence in
boron–nitrogen analogues such as borazine (2) and the
eight-membered borazocine (3).


Results and Discussion


The aromaticity analogy : The considerations of magnetic ar-
omaticity have their counterparts in the chemistry of these
boron–nitrogen systems. Although 6p-electron borazine (2)
was originally called “an inorganic benzene”[11] and believed
to have a resonance energy similar to that of benzene, it was
soon recognised that it took part in few reactions typical of
aromatic systems. For instance, borazine gives a tris-adduct
with hydrogen chloride.[12] It is now generally agreed that
borazine is not aromatic. In contrast to benzene, the p elec-
trons are localised on the more negative nitrogen atoms,
even if some chemical behaviour is reminiscent of that of
benzene (e.g. the formation of a weakly puckered hexaethyl-
borazine tricarbonyl chromium complex).[13]


The parent compounds BN/2NN/2HN with N¼6 6 have not
been synthesised, although many derivatives of the homo-
logues diazadiboretidine (also known as diazadiboretane
and diazadiborete) (1) and borazocine (tetrazaborocine, tet-
razaborocane) (3) have been prepared.[14] Interconversions
between them (and with borazine) are possible, and their
chemical properties differ strongly from those of the corre-
sponding 4p and 8p carbocycles. For instance, the four-mem-
bered ring survives thermal elimination of isobutene from a
tert-butyl derivative.[14b] Thus, in spite of their 4n p electrons,
these systems do not show the reactivity expected of an anti-
aromatic molecule. This again can be attributed to localisa-
tion of the p electrons onto the more electronegative nitro-
gen atoms. Similarly, energy calculations[11b, 15] suggest that 1
is less antiaromatic than cyclobutadiene, in agreement with


the H�ckel prediction that the antiaromaticity in X2Y2H4-
type four-membered rings decreases with increasing electro-
negativity difference between X and Y.[16] By using the ipso-
centric model, we show here that diazadiboretidine (1), bor-
azine (2) and borazocine (3) are in fact all nonaromatic.


Aromaticity, ring currents and frontier orbitals : If aromatici-
ty is to be defined by magnetic criteria,[9] what is needed for
its theoretical characterisation is a reliable account of the
currents induced by an external magnetic field since suscept-
ibility, nuclear shielding and other response properties are
all integrals of this current density. Realistic current-density
maps can be obtained by a computationally efficient proce-
dure, the ipsocentric method, which avoids the gauge-de-
pendence problem by taking each point in space as the
origin of the vector potential generating the magnetic
field.[17,18] This choice has the important conceptual advant-
age of yielding a unique decomposition into nonredundant
orbital contributions.[3] The total current density is obtained
as the sum over transitions from occupied to unoccupied or-
bitals, and is governed by symmetry rules, and modulated by
energy denominators.


For a planar molecule in a perpendicular magnetic field,
the symmetries determining the sense of circulation of the
induced current about the molecular origin are those of in-
plane translations (Tx, Ty) and the in-plane rotation (Rz). A
simple but powerful symmetry rule can be deduced. If a
product of occupied and unoccupied orbitals contains the Tx


or Ty symmetry, but not the Rz symmetry, the contribution
of the transition to the current has the diatropic sense, and
if it contains the Rz symmetry, but not the Tx or Ty symme-
try, the contribution has the reverse paratropic sense. If nei-
ther symmetry is present, the transition is inactive; if both,
more detailed analysis is needed.[3,19] In terms of the mag-
netic criterion, the resultant of all such contributions deter-
mines the aromaticity or antiaromaticity (net diatropicity or
paratropicity of the ring current) of a monocycle. As the
contributions are weighted by orbital energy differences,
frontier orbitals generally dominate.


Currents in carbocycles : Current-density maps from ab
initio calculations[4] on the archetypal carbocycles, benzene
and (planarised[20]) cyclooctatetraene (COT), are shown in
Figure 1. For each molecule, the maps show total p and s


contributions to the induced current density. As expected,
the currents arising from the p electrons are, respectively,
strongly diatropic in benzene and strongly paratropic in
COT. The currents are dominated by HOMO contributions
in both cases.


An angular-momentum analysis shows how the symmetry
rules account for these features. The H�ckel p molecular or-
bitals of a cycle of N identical atoms in full DNh symmetry
have well-defined angular-momentum properties with re-
spect to the principal axis. At each successive energy level,
the quantum number, l (=0,1…,N/2), increases by one. In a
cycle with N=4n+2 electrons, the HOMO and LUMO cor-
respond to l=n and n+1, respectively, whereas for a cycle
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with N=4n electrons, in the closed-shell configuration ob-
tained on distortion to D(N/2)h symmetry, the HOMO and
LUMO are derived from the splitting of a pair of originally
degenerate orbitals with l= n.


The canonical molecular orbitals are the delocalised set
{yl,c/s}, which produce uniform p-charge distribution on all
the carbon atoms. Functions yl,c and yl,s (degeneracy dl)
have coefficients on centre r equal to


ffiffiffiffiffiffiffiffiffiffiffi
dl=N


p
cos(2plr/N)


and
ffiffiffiffiffiffiffiffiffiffiffi
dl=N


p
sin (2plr/N), respectively.[21] Unless l= 0 (or N/2,


if allowed), the two functions share a single, well-defined an-
gular momentum and are degenerate. For l= 0 and N/2, the
sine partner vanishes identically. For other values of l the
sine/cosine form is simply a choice that gives convenient
nodal properties.


When orbitals have well-defined values of l, the symme-
try selection rules for occupied-to-unoccupied transitions
are reduced to the following:[4] a diatropic contribution
arises from a transition in which Dl=++1 and a paratropic
contribution arises from a transition in which Dl=0. Thus,
for a 4n+2 cycle with maximum symmetry, only the
HOMO–LUMO transition is active, and is responsible for
the entire (four-electron) diatropic current. For a 4n cycle
with the lower symmetry of the closed shell, two types of
transition are active: the HOMO–LUMO transition leads to
a two-electron paratropic contribution, and HOMO�1–


LUMO and HOMO–LUMO+1
transitions to diatropic contri-
butions. Here, the smaller
HOMO–LUMO splitting en-
sures dominance of the para-
tropic current. Decomposition
of the carbocycle ab initio p


maps into orbital contributions
confirms the above analysis.[4]


A model for currents in aza-
bora-heterocycles : To adapt the
pictorial molecular-orbital anal-
ysis to the ipsocentric model for
currents in alternating heterocy-
cles such as borazine (2) and
homologues 1 and 3, it is suffi-
cient to include one extra fea-
ture. To deal with heteroatoms
in H�ckel theory it is necessary
to modify the Coulomb and/or
resonance integral parameters:
for boron and nitrogen (as
zero- and two-electron donors),
the recommended parameters
are aB =a�b and aN =


a+1.5b.[22] H�ckel calculations
using aB =a�1.1b and aN =


a+1.5b have been reported for
1–3.[16] In the simplest model of
an equilateral BN/2NN/2HN cycle
that allows for the differing


electronegativities of boron and nitrogen, symmetrical
changes are made to the Coulomb parameters, that is, aB =


a�hb and aN = a+hb, where h is positive. Variation of the
dimensionless quantity h from 0 to �1 thus gives a one-
parameter model to correlate the properties of annulenes
and BN cycles.


The implications of this model for six- and eight-mem-
bered cycles, as representatives of 4n+2 and 4n p systems,
respectively, are now investigated in detail. Direct solution
of the H�ckel problem with modified a values gives energy
levels {e} and molecular orbitals {f} from which the conse-
quences for ring currents can be deduced. In the limit, h= 0,
the canonical molecular orbitals are {yl,c/s}; when h¼6 0, they
are linear combinations of this starting set.


Currents in the six-membered cycle : The secular equations
for the alternating six-membered cycle have maximal D3h


(h¼6 0) or D6h (h=0) symmetry. The energies are (D3h/D6h


labels, dl = degeneracy):


e0 ¼ aþ
ffiffiffiffiffiffiffiffiffiffiffi
4þh2


p
b ðA00


2=A2uÞ, dl ¼ 1;


e1 ¼ aþ
ffiffiffiffiffiffiffiffiffiffiffi
1þh2


p
b ðE00=E1gÞ, dl ¼ 2;


Figure 1. Maps of the current density induced in benzene (left) and (planar) cyclooctatetraene (right) by a per-
pendicular external magnetic field. Contributions of the p (top) and s orbitals (bottom) calculated by the
RHF/6-31G** ipsocentric approach are plotted at one bohr above the molecular plane. Anticlockwise circula-
tions are diatropic, clockwise circulations paratropic. *: Carbon atoms; � : hydrogen atoms.
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e2 ¼ a�
ffiffiffiffiffiffiffiffiffiffiffi
1þh2


p
b ðE00=E2uÞ, dl ¼ 2;


e3 ¼ a�
ffiffiffiffiffiffiffiffiffiffiffi
4þh2


p
b ðA00


2=B2gÞ, dl ¼ 1;


When h is nonzero, functions with different l are allowed
to mix according to their symmetries in the lower D3h group,
that is, in Ak2, l= 0 mixes with l=3, and in Ek , l=1 mixes
with l=2 (retaining the sine/cosine distinction). As h in-
creases, the degree of mixing increases, and is described by
angles m and n, where h=2tan 2m= tan2n :


�0,c ¼ cos m y0,c�sin m y3,c,


�1,c ¼ cos n y1,c�sin n y2,c, �1,s ¼ cos n y1,sþsin n y2,s,


�2,c ¼ sin n y1,cþcos n y2,c, �2,s ¼ �sin n y1,sþcos n y2,s,


�3,c ¼ sin m y0,cþcos m y3,c:


When h=0, m and n are zero; in the limit of a large h, the
molecular orbitals of the alternating six-membered cycle
become exact 50:50 mixtures, with jm j= jn j= 458. When h=


1, f1,c/s still contains 95 % of the benzene y0,c (jm j=13.38),
but the HOMO pair, f1,c/s, contains a 15 % admixture of the
benzene LUMO, y2,c/s (jn j= 22.58). Figure 2 a shows the cor-
relation of orbitals and energies with h for the six-mem-
bered cycle. H�ckel p charges reflect this shift with respect
to the uniform charge distribution of benzene, with 1�
1=2( 1ffiffi


5
p +


ffiffiffi
2
p


)�1.62 and 0.38 p electrons on the nitrogen and


boron atoms when h=1. As h increases, bonding orbitals
concentrate on the electronegative nitrogen atoms, and anti-
bonding orbitals on the electropositive boron atoms, the
functions becoming more “localised”.


The mixing has crucial consequences for the predicted
currents. When h=0, the dominant HOMO–LUMO transi-
tion responsible for the ring current of the carbocycle is
from {y1,c, y1,s} to {y2,c, y2,s} for which Dl=1; the transition
is therefore purely translational and contributes only dia-
tropic current. For all h>0, as HOMO and LUMO each
contain l= 1 and 2 contributions, the transition includes
Dl=1 and 0 components, and the current gains partial para-
tropic character. The global diatropic current of benzene
therefore weakens as h increases.


A first interpretation of the effect of progressive orbital
mixing on the ring current in a 4n+2 cycle can be found by
using the simplest approach, the H�ckel–London model.[6]


In this model, as formulated by McWeeny,[23] the ring cur-
rent per unit area of a cycle is proportional to the reduced
bond current, Jrs, where prs is the p bond-order between ad-
jacent atoms r and s and p̄rs,rs is the imaginary bond–bond
polarisability.[1]


Jrs ¼ ðprsþb�prs,rsÞb


In a monocycle, J, p and p̄ are independent of the choice
of adjacent pair. For benzene, p= 2=3 and p=�5=9b�1. For
borazine with h= 1, a straightforward calculation gives p=


1=3( 2ffiffi
5
p +


1ffiffi
2
p ) and p̄ =�1=9(


ffiffiffi
5
p


+
13


4
ffiffi
2
p )b�1, from which the bor-


azine:benzene ratio of ring-current intensity, assuming an
equal ring area, is ( 1ffiffi


5
p � 1


4
ffiffi
2
p )�0.27. This ratio tends to zero as


the electronegativity difference parameter h tends to infini-
ty. Thus, this crude model, in which current is constrained to
flow along the straight lines between adjacent atoms, pre-
dicts that an increase in h leads to diminution and eventual
extinction of the global diatropic current.


Figure 2. Correlation diagrams of energy and orbital composition in a
H�ckel model of a) B3N3H6, b) B4N4H8 and c) B2N2H4, as modelled by
the single parameter h, where aB =a�hb and aN =a+hb. The graphs
show the variation of orbital energy, x= (e�a)/b, with h.
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The picture can be refined by allowing for the spatial
extent of the current outside the direct line of centres. The
pseudo-p model[24] includes explicit basis functions, and sim-
ulates p ring currents by using a s model based on the exact
symmetry equivalence between the s orbitals of cyclic HN


atoms and the p orbitals of the N-membered carbocycle. It
turns out that ipsocentric in-plane currents calculated for
the HN system with a minimal basis set give an excellent
match to the out-of-plane currents of the carbocycle calcu-
lated with a large basis set. Figure 3 presents a pseudo-p


simulation of the heterocyclic ring in which the boron and
nitrogen atoms are modelled by one-electron atoms with nu-
clear charges of +0.7e and +1.3e, each carrying STO-3G s
and p functions (exponent 1a0


2), the charge difference play-
ing the role of the h parameter in the H�ckel analysis, and
the in-plane p functions giving radial flexibility to charge
and current densities. Pure symmetry arguments predicted
opposed paramagnetic and diamagnetic currents; the
pseudo-p map shows that they occupy different regions of
space, with diamagnetic circulation on the outside and para-
magnetic circulation on the inside of the ring, the net effect
being a set of circulations centred on electronegative atoms.
In the graph-theoretical H�ckel–London model, this spatial
pattern of opposed local currents was expressed as a reduc-
tion of the sole available parameter, the bond current. Both
models therefore essentially agree on the effect of the elec-
tronegativity difference on the ring current.


Currents in the eight-membered cycle : For the alternating
eight-membered cycle, the maximal symmetry is D4h (h¼6 0)
or D8h (h= 0) and the energy levels el(D4h/D8h labels, dl =


degeneracy) are:


e0 ¼ aþ
ffiffiffiffiffiffiffiffiffiffiffi
4þh2


p
b ðA2u=A2uÞ, dl ¼ 1;


e1 ¼ aþ
ffiffiffiffiffiffiffiffiffiffiffi
2þh2


p
b ðEg=E1gÞ, dl ¼ 2;


e�2 ¼ a� hb ðB1uþB2u=E2uÞ, dl ¼ 2 at h ¼ 0; dl ¼ 1þ1 at h 6¼ 0;


e3 ¼ a�
ffiffiffiffiffiffiffiffiffiffiffi
2þh2


p
b ðEg=E3gÞ, dl ¼ 2;


e4 ¼ a�
ffiffiffiffiffiffiffiffiffiffiffi
4þh2


p
b ðA2u=B2uÞ, dl ¼ 1;


In the carbocyclic system with full symmetry, the degener-
acy of y2,c and y2,s leads to an open-shell configuration


which can be stabilised in vari-
ous ways: distortion to D2d


leads to the tub-shaped equili-
brium geometry of the free
COT molecule; in-plane relaxa-
tion to D4h yields a geometry
similar to those found in
“clamped”-substituted COT
systems.[20] In spite of its bond
alternation, planar D4h COT re-
tains fully delocalised orbitals
and the ring current of the
equilateral carbocycle, as
Figure 1 shows.[4,20b]


In the heterocyclic system,
when h¼6 0, with the nitrogen
atom as atom 0, y2,c as the
bonding and y2,s the antibond-
ing partner, the assignment of
labels B1u and B2u depends on
the setting of D4h within D8h.


For a general value of h, the mixing of angular-momentum
components is again described by two angles, m and k, with
h= 2tan 2m=


ffiffiffi
2
p


tan 2k.


�0,c ¼ cos m y0,c�sin m y4,c,


�1,c ¼ cos ky1,c�sin ky3,c, �1,s ¼ cos ky1,sþsin ky3,s,


�2,c ¼ y2,c, �2,s ¼ y2,s,


�3,c ¼ sin ky1,cþcos ky3,c, �3,s ¼ �sin ky1,sþcos ky3,s,


�4,c ¼ sin m y0,cþcos m y4,c:


Note that functions y2,c and y2,s, as the HOMO and
LUMO, remain unmixed for all values of h, separated by a
gap that is linear in h, that is, 2h. Each is perfectly localised,
the HOMO on the nitrogen atom and the LUMO on the
boron atom. In contrast, with increasing values of h, the
functions f0,c, f1,c, f1,s, f3,c, f3,s and f4,c become increasingly
localised on the electronegative atoms: when h=1, the ni-
trogen and boron atoms have H�ckel p populations of 1�
1=2(1=2+


1ffiffi
3
p +


1


2
ffiffi
5
p �1.65 and 0.35 electrons, respectively. When


h= 1, here representing planar B4N4H8, jm j=13.38 and jk j
=17.68 so that f0,c contains 5 % of y4,c/s and HOMO�1 f1,c/s


contains 10 % of y3,c/s. Figure 2 b shows the correlation of or-


Figure 3. Pseudo-p simulations of induced current density in BN/2NN/2HN, with N= 6 (left) and N =8 (right). In
these molecules intense in-plane local circulations around the nitrogen centres in this pseudo-p model indicate
out-of-plane p circulations of similar strength. Here the symbol · denotes the pseudo-hydrogen centres repre-
senting the boron and nitrogen atoms in the model. Anticlockwise circulations are diatropic, clockwise circula-
tions paratropic.
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bitals and energies with h for the eight-membered cycle.
The symmetry argument for deducing the currents in 4n


systems involves several steps. Initially (h�0), the current is
dominated by the HOMO–LUMO transition across a small
energy gap. This Dl= 0 transition generates an intense,
purely paratropic, ring current. As h increases, the HOMO–
LUMO gap opens, and the intensity of the current falls but
remains paramagnetic. Simultaneously, the separation of the
HOMO�1 and the LUMO and that of the HOMO and the
LUMO+1, increase, but only slowly; both correspond to
Dl=�0 diatropic contributions to current. Thus, as h in-
creases, the original global paratropic (antiaromatic) ring
current is subject to intrinsic reduction and increasingly sig-
nificant cancellation.


In the McWeeny form of the H�ckel–London theory,[23]


the ring current of the eight-membered cycle when h is
small is dominated by the HOMO–LUMO contribution to
the imaginary bond–bond polarisability, which is �1=16bh,
and hence falls sharply as h increases from the planar-con-
strained form of COT (where h= 0) to the heterocycle.
When h=1, the eight-membered cycle has p= 1=2( 1ffiffi


3
p +


1ffiffi
5
p ) and


p̄=�1=8( 11


3
ffiffi
3
p +


7


2
ffiffi
5
p +1=2)b�1 to give bond currents J=ffiffi


3
p


72+
ffiffi
5
p


80�1=16��0.105, which constitute a reduced but still net
paratropic circulation. If the ratio of the areas of the six-
and eight-membered cycles is 9:16, a ring current of about a
sixth of the strength of the (diatropic) benzene current is
implied. When, as for the six-membered cycles, the spatial
extent of the current in the eight-membered cycle is taken
into account in a pseudo-p calculation (Figure 3), the
H�ckel–London result is seen as a simplified representation
of the nitrogen-centred currents.


Currents in the four-membered cycle : For the four-mem-
bered ring, B2N2H4, the extinction of current with increasing
h follows the same pattern as that for the eight-membered
cycle. The four orbital energies are now e0 =a+


ffiffiffiffiffiffiffiffiffiffiffi
4þh2


p
b, e1


�


=a�hb, e2 =a�
ffiffiffiffiffiffiffiffiffiffiffi
4þh2


p
b, again giving a linear HOMO–


LUMO gap of 2h (see Figure 2c), and yielding a paratropic
current that weakens with h and is increasingly cancelled by
the diatropic current that arises from the transitions across
the HOMO–LUMO+1 and HOMO�1–LUMO gaps of
h+


ffiffiffiffiffiffiffiffiffiffiffi
4þh2


p
b. In the H�ckel–London theory, when h= 1 the


reduced bond current for the four-membered ring remains
net paratropic (J=


1


4
ffiffi
5
p �1=4; �0.138) and corresponds to half


the current of a benzene ring which has 9=4 times the area,
and again represents the pattern of nitrogen-centred circula-
tions in a more detailed description.


Generalisation for 4n and (4n+2) p BN heterocycles : The re-
sults for the four-, six- and eight-membered cycles are gener-
alisations for the 4n and (4n+2) p BN heterocycles, with
separate mechanisms, but equivalent results for the ring cur-
rent in both cases. Consider an [N]-carbocycle, where N is
even. As h increases from 0, each bonding (b)/antibonding
(a) molecular-orbital pair of the parent bipartite carbocycle,
with angular momenta Lb and La = N/2�Lb, which corre-
spond to equal but opposite eigenvalues, mix to form a


bonding/antibonding pair in the [N]-centre BN heterocycle
with energies xb =


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4cos2 tLbþh2


p
and xa =�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4cos2 tLaþh2


p
,


where tL =2pL/N, so that xb =�xa. The rotation describing
the mixing is parametrised by the angle wL = 1=2tan�1 (h/
2cos tL), where 0�wL�p/4.


When N=4n+2, LHOMO =n and LLUMO =n+1, and the
mixing angle wL is maximal for a given value of h. As we
have seen, this leads to a sufficiently large value of h to dis-
rupt the global ring current and eventual localisation. When
N=4n, LHOMO =LLUMO = n, the original HOMO and LUMO
carbocycle eigenfunctions remain unmixed. Disruption of
the global paratropic ring current is caused by the widening
of the HOMO–LUMO gap, triggering cancellation of the
rotational HOMO–LUMO and translational HOMO�1–
LUMO contributions.


Ab initio current-density maps in azabora-heterocycles : To
obtain ab initio data on the currents in BN analogues of the
4n and 4n+2 carbocycles, calculations were performed on
B2N2H4, B3N3H6 and B4N4H8. The geometry of each mole-
cule was optimised at the restricted Hartree–Fock (RHF)
level with the 6-31G** basis set and currents were calculat-
ed by using the ipsocentric approach at the coupled Har-
tree–Fock (CHF) level with the same basis set. At this level
of theory, B3N3H6 and B4N4H8 have planar structures with
D3h and D4h symmetries, respectively, whereas the planar
structure of B2N2H4 with D2h symmetry is a transition state
(imaginary frequency 116i cm�1) that leads to a shallow C2v


butterfly optimum, hinged at the BB diagonal, with a dihe-
dral angle of 1678. Current-density maps were computed for
both the constrained planar and the fully optimised struc-
tures of B2N2H4. An alternative geometry for B4N4H8 is
based on the occupation of the corners of a cube;[25a] this
compact structure is slightly preferred to the planar form, as
determined with small basis sets,[25b] but lies 302 kJ mol�1


above it when calculated at the 6-31G** level. All three
planar molecules have uniform BN distances (R= 1.4432,
1.4258, 1.4254 �, respectively).


These geometries are in general agreement with available
experimental and theoretical data. The nonplanarity of
B2N2H4 has been noted in previous ab initio calculations,[26]


which gave a BN distance of 1.457 �, and although the
parent molecule itself has not been synthesised, X-ray struc-
tures of five substituted molecules[14b] are known with mean
BN distances varying between 1.430 and 1.486 �, and all are
planar apart from the severely hindered tetra-tert-butyl de-
rivative. Borazine has been the subject of many ab initio cal-
culations.[27] The RHF//6-31G**-calculated BN distance of
1.4258 � in borazine compares with 1.4355�0.0021 � (gas
electron diffraction[28a ,b]) and 1.429 � (X-ray[28c]). No experi-
mental data are available for the parent B4N4H4, but experi-
mental and theoretical structural data on its derivatives
have been reviewed by Gilbert and Gailbreath.[26] Calcula-
tions at different levels give a planar (B3LYP/6-31G+*) or
near-planar (MP2/6-31G+*) structure for B4N4H8 with a BN
length of 1.436 �, intermediate between single and double
bonds. Equivalent calculations on the permethylated mono-
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cycle show it to adopt a tub structure.[26] X-ray structures for
derivatives with bulky substituents are tub-like with alter-
nating BN bonds as in, for example, (tBuN)4(MeB)4.


[29] So-
lution 1H NMR spectra of B4N4(CH2R)4(Me)4 show a non-
planar eight-membered ring.[30]


The current densities induced in (planar) B2N2H4, B3N3H6


and B4N4H8 by a perpendicular magnetic field are plotted in
Figure 4. For each molecule, the maps show HOMO,
HOMO�1 and the total p and s contributions to the in-
duced current density plotted in a plane one bohr above


Figure 4. Current density induced by a perpendicular external magnetic field in the molecules B2N2H4 (1, planar), B3N3H6 (2), B4N4H8 (3) (left to right),
partitioned as contributions from (top to bottom) the HOMO�1, HOMO, p and s orbitals, calculated by the RHF/6-31G** ipsocentric approach. Where
the HOMO�1 and HOMO are degenerate, the map shows the summed contribution of the pair. Contributions are plotted at one bohr above the molec-
ular plane. Anticlockwise circulations are diatropic, clockwise circulations paratropic. Nitrogen, boron and hydrogen centres are denoted by circles con-
taining a bar, cross or dot, respectively.
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that of the nuclei. As Figure 4 shows, all three systems, in
contrast to the carbocycles, have multicentre patterns of
local diatropic p circulations centred on the nitrogen atoms.
In B3N3H6, the nitrogen-centred p circulations arise entirely
from the four electrons of the doubly degenerate HOMO:
the total p and HOMO maps are visually indistinguishable,
and the contribution of the HOMO�1 is negligible. In
B2N2H4 and B4N4H8, the nitrogen-centred p circulations
arise from a combination of the inner paratropic HOMO
and the outer diatropic HOMO�1 currents. As the localised
s and p currents rotate in the same sense, they are rein-
forced in all three molecules. Maps of total current density
(not shown) plotted for the puckered optimum geometry of
B2N2H4 at a height of 1a0 above the nitrogen atoms and par-
allel to the median nuclear plane show the same general fea-
tures: the localised nature of the current density is not criti-
cally dependent on planarity.


Localised orbital analysis : Further analysis using Pipek–
Mezey localisation of the canonical molecular orbitals[31]


demonstrates the strong generic similarity of all three sys-
tems. The localised orbitals of BN/2NN/2HN are N core 1s orbi-
tals on the heavy atoms, N/2 BN localised s-bonding orbi-
tals, N/2 NH and N/2 BH localised s-bonding orbitals and
N/2 p orbitals that are essentially nitrogen-localised p lone
pairs. In this analysis nitrogen-centred p currents arise natu-
rally as circulations in the lone pairs. The s currents shown
in Figure 4 for B2N2H4, B3N3H6 and B4N4H8 have nodes at
the boron sites. In the localised-orbital picture, the promi-
nent “triangular” diatropic circulations around the nitrogen
atoms arise from the three bonds meeting at nitrogen, each
deltoid constituting a six-electron diatropic circulation. In
the carbocycles, the s currents are more uniformly distribut-
ed over all the heavy atoms, but are still spatially local-
ised.[32] The main difference in the magnetic response be-
tween carbocycles and azabora-heterocycles is that the p


ring currents of one class are absent in the other. This dis-
tinction is clear from the computed current-density maps,
which are fully compatible with the qualitative analysis based
on symmetry and electronegativity. One and the same ipso-
centric molecular-orbital picture explains both the current in
the carbocycle and the lack of current in the heterocycle.


Valence-bond calculations on azabora-heterocycles : As the
localisation of density on electronegative nitrogen centres is
a key factor in the simple H�ckel model of ring-current
quenching, it is important to verify this qualitative differ-
ence between carbocyclic and azabora-heterocyclic systems
by using more sophisticated theoretical methods. According-
ly, ab initio valence-bond configuration-interaction (VBCI)
calculations, in which many structures are used, and va-
lence-bond self-consistent field (VBSCF)[33] calculations, in
which both orbitals and structure coefficients are optimised,
were performed on planar B2N2H4 (1), B3N3H6 (2) and
B4N4H8 (3) with the 6-31G** basis set. All were carried out
by using TURTLE,[34] as implemented in the GAMESS-UK
package.[35]


The wavefunction in the valence-bond calculations con-
sists of a Hartree–Fock s core in structures with singly occu-
pied p orbitals. From a chemical point of view, these differ-
ent structures can be seen as different bonding arrange-
ments. All possible structures that can be generated by
using the occupied atomic orbitals were used in the VBCI
wavefunction, including chemically irrelevant ones. For
B2N2H4 there are 20 possible structures which arise from the
20 ways of distributing four electrons over four p orbitals to
give a singlet. For B3N3H6 175 structures are possible, and
for B4N4H8 there are 1764. A VBCI calculation will show
which bonding arrangements are preferred.


However, the VBCI wavefunction, owing to its fixed
atomic orbital basis set, does not present a compact descrip-
tion of the wavefunction as orbital optimisation and correla-
tion effects are intermixed. Therefore the most important
structures in the VBCI calculations were used to construct a
VBSCF wavefunction without imposing restrictions on the
orbitals. From the coefficients in the VBCI wavefunctions
the weights,[36] and thus the importance of each structure,
may be derived. For 1–3, the most important structure types
are shown in Figure 5 with their respective weights. From
these weights it appears that several structures contribute to
the total wavefunction.


Subsequently, for B2N2H4, the sets of structures of each
kind were separately optimised in VBSCF calculations with-


Figure 5. The most significant symmetry-distinct VBCI structures of
B2N2H4 (1), B3N3H6 (2) and B4N4H8 (3) with the total weight of the com-
bined set in parentheses.
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out imposing any restrictions on the orbitals. The resulting
energies of the first (1 a : �160.722209 Eh) and the second
(1 b : �160.721245 Eh) were very similar, with the first struc-
ture, having two different orbitals on each nitrogen atom
(see Figure 6), slightly more favourable.


A VBCI calculation was then performed on the first two
sets of structures (1 a+1 b), each with their own optimised
orbitals. This calculation gave the same energy as the single
structure VBSCF calculation (1 a), whereas the overlap be-
tween set one (1 a) and set two (1 b) was over 99.9 %. This
means that the VBSCF calculations converge to the same
wavefunction, which is most aptly described as nitrogen
atoms, each with a correlated pair of p electrons. The con-
clusion is that there is no resonance energy and thus no res-
onance.[37] Similar results were obtained for B3N3H6 (2)[37]


and B4N4H8 (3).
These calculations show the same tendency as both the


H�ckel and the ring current calculations, that is, localisation
of electrons on the nitrogen atoms. In fact, the valence-bond
results show that the ground states of B2N2H4 (1), B3N3H6


(2) and B4N4H8 (3) correspond to the structures 1 a, 2 a[37]


and 3 a, respectively.


Conclusions


Given the success of the simple one-parameter model in
pointing out qualitative differences in current patterns be-
tween carbo- and azabora-cycles, it is natural to ask about
its predictions for other systems, for example, XN/2YN/2HN—
where does the borderline between “aromatic” and “nonar-
omatic” occur in this picture? The crudest form of the
model shows a change from global circulation to localised
currents by a strong reduction in the magnitude of ring cur-
rent from h=0 to h=1; this variation is sigmoidal (Figure 7)


with a point of inflexion, where current will be most sensi-
tive to variation in h, at h�0.5, where h represents the devi-
ation from the average electronegativity, that is, jaX�aY j2b.
A rule of thumb is that aX varies with the difference in elec-
tronegativity between X and C: (aX�aC)/b�cX�cC for X as
a one-electron donor and (aX�aC)/b�1+cX�cC as a two-
electron donor[22a]). Inflexion at h�0.5 is consistent with in-
dications for X3Y3 6p systems from ring-current maps[2] and
NICS calculations:[27c] systems in which the electronegativi-
ty/coulomb-parameter difference between X and Y is 1 or
more on the Pauling scale lack ring currents (B3O3H3,


[2,27c]


B3N3H6,
[2,27c] Al3N3H6


[27c] and Al3P3H6
[27c]), whereas those


with differences of half a unit or less may (C3N3H3
[2,27c] and


B3P3H6
[27c]) or may not (B3S3H3


[27c]) show global currents.
This uniform trend lends support to the expectation that or-
bital-based models should be able to account for the subtle-
ties of ring current in the range of aromatic, nonaromatic
and antiaromatic heterocycles, and is a strong argument for
using methods in which the orbital contributions themselves
have a clear physical basis.


Figure 6. The singly occupied p orbitals of B2N2H4 (1), B3N3H6 (2) and
B4N4H8 (3), respectively, which correspond to the structures 1a, 2 a and
3a (see Figure 5). Orbitals from the left and right of the picture together
form the correlated lone pair on the nitrogen atom.


Figure 7. Variation of ring current, j, with electronegativity parameter, h,
in the H�ckel–London treatment of the X3Y3 cycle. j(h) is the ring cur-
rent for a regular hexagonal cycle with alternating coulomb parameters
a�hb as a percentage of the current for the same cycle with h =0. The
inset curve (not to scale) shows the variation of the first derivative dj(h)/
dh near h =0.5.
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Electronic Communication through p-Conjugated Wires in Covalently
Linked Porphyrin/C60 Ensembles


Gema de la Torre,[a] Francesco Giacalone,[a] Jos� L. Segura,[a] Nazario Mart�n,*[a] and
Dirk M. Guldi*[b]


Introduction


The rational design of molecular-sized materials for elec-
tronic and photonic applications is currently a topic of great
interest. In particular, the preparation and integration of
multifunctional molecules into architectures of higher
order—the so-called bottom-up approach—is the basis for
the realization of molecular-scale electronics.[1]


In this context, understanding and testing molecular wires
is at the forefront of science, since they provide the ultimate
means for electron transport.[2] Among many examples, p-
conjugated oligomers are promising prototypes for molecu-
lar wires. An important aspect for the use of p-conjugated
oligomers is that their chemical properties can be tailored
by controlling their length and constitution.[3] Oligo-p-phe-
nylenevinylenes (oPPVs) have been successfully used as mo-


lecular wires. Recently, energy matching between the donor
and bridge units has been recognized as an indispensable re-
quirement for guaranteeing wire behavior.[4]


We have demonstrated wirelike behavior in a series of
soluble and fully conjugated oPPVs covalently connected to
a C60 electron acceptor and to an extended tetrathiafulva-
lene (exTTF) electron donor (C60-oPPV-exTTF) over distan-
ces of 40 � and beyond. Especially important for an excep-
tionally small attenuation factor of b=0.01�0.005 ��1 is
that the energies of the C60 HOMOs match those of the
long oPPVs. This facilitates electron/hole injection into the
wire. Equally important is strong electronic coupling, realiz-
ed through the paraconjugation of the oPPVs into the
exTTF electron donor, which leads to donor–acceptor cou-
pling constants V in C60C�-oPPV-exTTFC+ of about 5.5 cm�1


and assists charge-transfer reactions that exhibit a rather
weak dependence on distance.[5]


Porphyrins are naturally occurring light-harvesting build-
ing blocks. Rich and extensive absorptions (i.e., p–p* transi-
tions) hold particular promise for increased absorptive cross
sections and thus efficient use of the solar spectrum. Their
excited-state properties are fine-tuned by varying the central
metal ion and the substituents at the peripheral meso or b


positions.[6] Typically, high electronic excitation energies
(>2.0 eV) power a strongly exergonic electron transfer,
which subsequently intercedes the conversion between light
and chemical/electrical energy. Fullerenes, on the other
hand, are three-dimensional electron acceptors that exhibit
small reorganization energies in electron-transfer processes.
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Abstract: Novel photo- and electroac-
tive triads, in which p-conjugated p-
phenylenevinylene oligomers (oPPVs)
of different length are connected to a
photoexcited-state electron donor (i.e.,
zinc tetraphenylporphyrin) and an elec-
tron acceptor (i.e. , C60), were designed,
synthesized, and tested as electron-
transfer model systems. A detailed


physicochemical investigation, concen-
trating mainly on long-range charge
separation and charge recombination
and kinetics, revealed small attenuation


factors b of 0.03�0.005 ��1. Energy
matching between the HOMO levels of
C60 and oPPVs emerged as a key pa-
rameter for supporting molecular-wire-
like behavior: It favors rapid and effi-
cient electron or hole injection into the
oPPV wires. Large electronic coupling
values were determined as a result of
paraconjugation in the oPPV moieties.


Keywords: conjugation · electron
transfer · fullerenes · molecular
wires · porphyrins
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To achieve ultrafast charge separation while retarding
charge-recombination processes, these aspects are of central
importance.[7] The ZnP/C60 couple has emerged as an impor-
tant benchmark in unraveling the complexity of electronic
interactions occurring in photo-
synthesis and in model sys-
tems.[8–10]


Here we present a full ac-
count on two novel donor–
bridge–acceptor systems with
C60 and zinc(ii) tetraphenylpor-
phyrin (ZnP) as photo- and
redox-active components. The
two moieties are covalently
connected through soluble
oPPVs of different length, that
is, a molecular trimer and pen-
tamer. To the best of our
knowledge this is the first ex-
ample in which both ZnP and
C60 units are connected by
oPPVs.[11] The design and study
of these novel compounds,
ZnP-oPPV(3)-C60 (13 a) and
ZnP-oPPV(5)-C60 (13 b) allows
an evaluation of the impact that
structural parameters have on
the following aspects:


1) The consequences for elec-
tronic communication.


2) The effect of the length of
the oPPV spacer on the
energy- and electron-trans-
fer mechanism.


3) The torsional mobility of
the porphyrin about the
phenyl ring connected to
the oPPV spacer.


4) Most importantly, the mo-
lecular-wire behavior.


Results


Synthesis and characterization : Scheme 1 summarizes the
preparation of target ZnP-oPPV-C60 triads 13 a,b and ZnP-


Abstract in Spanish: En el presente art�culo se describen el
diseÇo, s�ntesis y estudio de la transferencia electr�nica de
nuevas tri�das foto y electroactivas utilizadas como sistemas
modelo. Estos sistemas est�n constituidos por olig�meros p-
conjugados derivados del p-fenilenvinileno (oPPVs) de dis-
tinta longitud conectados a un dador electr�nico con estado
excitado (i.e. tetrafenilporfirina de zinc) y un aceptor electr�-
nico (i.e. C60). El estudio f�sico-qu�mico detallado, centrado
fundamentalmente en los procesos de separaci�n de carga a
larga distancia y los procesos y cin�tica de recombinaci�n,


Scheme 1. Synthesis of the novel triads 13 a,b.


revela valores del factor de atenuaci�n (b) de 0.03�
0.005 ��1. La concordancia energ�tica entre los niveles
HOMO de C60 y de oPPV se ha revelado como un par�metro
fundamental para confirmar el comportamiento de cable mo-
lecular: se favorece una r�pida y eficiente inyecci�n de elec-
trones o huecos en los cables de oPPV. Se han determinado
valores de acoplamiento electr�nico elevados como conse-
cuencia de la paraconjugaci�n presente en las unidades de
oPPV.
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oPPV references 12 a,b. Zinc porphyrin (ZnP) was prepared
by using the Lindsey methodology.[12] Pyrrole and a 3:1 mix-
ture of 3,5-di-tert-butylbenzaldehyde[13] and methyl 4-formyl-
benzoate were condensed in the presence of BF3·OEt2, fol-
lowed by oxidation with p-chloranil, to yield porphyrin 1[14]


in 14 % (Scheme 1). In the next step, conversion of the ester
functionality to a bromomethyl moiety was achieved by re-
duction with LiAlH4 in THF and bromination with CBr4 in
the presence of PPh3. The overall yield was 73 %.[15] Quanti-
tative metalation of 3 with Zn(OAc)2 afforded zinc(ii) por-
phyrin 4, and subsequent treatment with P(OMe)3 led to di-
methylphosphonate derivative 5. The single chromophore
ZnII tetrakis(di-tert-butylphenyl)porphyrinate (ZnTTP) was
also prepared as a reference compound.


ZnP-oPPV systems 12 a and 12 b were synthesized by
Wadsworth–Emmons olefination between phosphonatopor-
phyrin 5 and oligomers 8 and 11 (Scheme 1), carrying two
formyl moieties. The reaction between 5 and equimolar
amounts of 8 or 11 in the presence of potassium tert-butox-
ide afforded 12 a and 12 b in about 45 % yield. Additionally,
certain amounts of the symmetrical ZnP-oPPV-ZnP systems
were isolated.[16]


Compounds 12 a and 12 b are suitable starting materials
for the synthesis of target molecules 13 a and 13 b, which
were prepared by 1,3-dipolar cycloaddition between 12 a or
12 b, N-methylglycine, and C60 in chlorobenzene in 51 and
32 % yield, respectively. Since the reaction takes place by


cycloaddition of in-situ-generated azomethyne ylides to C60,
it creates a chiral center at the fulleropyrrolidine ring.[17]


Consequently, 13 a and 13 b were isolated as racemic mix-
tures.


The synthesis of oligomers 8 and 11 a,b was carried out ac-
cording to a previously reported procedure (Scheme 2).[18] It
proceeds through sequential Wadsworth–Emmons reaction
between phosphonate- and formyl-containing subunits. The
reaction between 2,5-bis(dimethylphosphonatomethyl)-1,4-
dihexyloxybenzene[19] (6) and the mono(diethylacetal) of
terephthaldehyde (7), followed by acidic treatment, afforded
trimer 8. Condensation of 8 and 9 then leads to pentamer
10, which was reduced with DIBAL-H (2:1 stoichiometry)
to the desired dialdehyde-containing pentamer 11 a (54 %),
together with the monoformylated pentamer 11 b, which was
obtained in a lower yield (12 %).[20]


All structures were confirmed by spectroscopic analyses
(NMR, FTIR, and MS). 1H NMR spectra of 12 a,b and
13 a,b show signals at around d=9 ppm for the pyrrolic pro-
tons of the porphyrin core. The pyrrolidine signature ap-
pears between d= 4.7 and 3.9 ppm as two doublets (AB
system) and one singlet. High-resolution 1H NMR spectra
reveal a trans configuration of the vinyl protons of the
oligomer moiety and thus confirm the stereoselectivity of
the Wadsworth–Emmons reaction. The absorption spectrum
of 13 b in dichloromethane (Figure 1 a) represents a linear


Scheme 2. Synthesis of oPPVs 8 and 10.


Figure 1. a) UV/Vis spectra of 13 b and its molecular components ZnTPP,
pentamer, and C60 (N-methylfulleropyrrolidine) used as reference.
b) UV/Vis spectra of 12 b and C60-pentamer in dichloromethane.
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combination of the spectra of ZnTPP, pentamer, and C60. A
similar trend is seen in 12 b and C60-pentamer (see Fig-
ure 1 b).


Dyads 17 and 18 were synthesized, as reference com-
pounds for photophysical studies (see below), from the re-
spective monoformylated oligomers 11 b and 16 by following
the typical Prato procedure for the preparation of fullero-
pyrrolidines (Scheme 3). Trimer 16 had not been previously


reported in the literature, and it was obtained in a two-step
procedure from phosphonate 6 and benzaldehyde (14)
under basic conditions with careful control of the stoichiom-
etry (6/14 2/1). Further treatment of the resulting stilbene
derivative 15 with commercially available diethyl ketal 7
and subsequent acidic treatment afforded trimer 16 en-
dowed with a formyl group (see Experimental Section).


Electrochemistry : The electrochemical features of 13 a and
13 b were probed by cyclic vol-
tammetry at room temperature.
Their redox potentials are col-
lected in Table 1, along with
those of ZnTPP, C60, trimer (8 :
X=�H), and pentamer (10 :
X1 = X2 =H) as references.


Compounds 13 a,b show an
amphoteric redox behavior with
waves at both oxidation and re-
duction sides. They exhibit four
oxidation waves at potentials
similar to those found for the
oxidation of ZnTPP and 8 (X=


H)/10 (X1 =X2 = H). Only the first and third oxidation proc-
esses are quasireversible, which leads to their assignment to
ZnP oxidation. The second and fourth oxidation steps are ir-
reversible and correspond to oligomer-centered events (see
Table 1).


The reduction scan of the cyclic voltammograms is domi-
nated by four quasireversible C60 reduction waves. These
appear together with two ZnP reduction steps and yet an-


other reduction wave at around
�1.90 V, which reflects the first
reduction wave of the oligomer
unit.


Theoretical calculations : Theo-
retical calculations were per-
formed at the semiempirical
PM3 level to determine the ge-
ometries of 13 a,b (Figure 2).
All the predicted geometrical
values were found to be in
good agreement with the exper-
imental data.[21]


Photophysics : All reference
compounds emit fluorescence
in different spectral regions of
the solar spectrum and with
drastically different quantum
yields. In decreasing order,
fluorescence maxima were ob-
served at 445 nm (trimer)>485
(pentamer)>605 (ZnTPP)>
715 nm (C60). A summary of
the fluorescence spectra is


shown in Figure 3 for toluene as solvent. While the fluores-
cence quantum yields still follow the same trend—0.75
(trimer)>0.5 (pentamer)>4 � 10�2 (ZnTPP)[22]>6 � 10�4


(C60)
[23]—the corresponding lifetimes diverge substantially


from both of these trends. In particular, the lifetimes lie be-
tween 2.7 and 0.8 ns for ZnTPP and pentamer, respectively.


Characteristic transient singlet and triplet spectra were re-
corded in the pico-, nano-, and microsecond time regimes.
Typically, in our ultrafast experiments (20 ps laser pulses)


Scheme 3. Synthesis of oPPVs 16 and reference compounds 17 and 18.


Table 1. Redox potentials in o-dichlorobenzene/MeCN (4/1).[a]


Compound E1
pa E2


pa E3
pa E4


pa E1
pc E2


pc E3
pc E4


pc E5
pc


ZnTPP 0.84 1.23 – – �1.42 �1.78 – – –
C60 – – – – �0.59 �1.01 �1.47 �1.94 –
trimer 1.11 1.27 1.53 2.03 – – – – –
pentamer 0.99 1.28 1.41 1.74 – – – – �1.94
13a 0.83 1.05 1.24 1.39 �0.61 �1.02 �1.62 �2.05 �1.28 ZnP


�1.79 ZnP
�1.88 olig


13b 0.82 0.94 1.22 1.43 �0.62 �1.02 �1.65 �2.10 �1.26 ZnP
�1.90 olig


[a] V versus SCE; glassy carbon working electrode; Ag/Ag+ reference electrode; Pt counterelectrode; 0.1 m


Bu4NClO4; scan rate: 200 mV s�1; concentrations: 0.5–2.0 � 10�3
m.
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we see singlet excited states that are formed instantaneously,
that is, with kinetics faster than 5 �1010 s�1. In the trimer,
pentamer, and ZnTPP references new singlet–singlet ab-
sorptions develop, which are red-shifted relative to the
ground-state transition. These ground-state transitions
appear in the differential absorption spectra as bleaching,
that is, loss in relative amplitude when photoexcited. For ex-
ample, in ZnTPP singlet–singlet maxima are seen at 500
and 615 nm relative to the minima of the ground-state tran-
sitions at 425 and 550 nm. A representative picosecond
time-resolved absorption spectra, taken after a 20 ps laser
pulse at 532 nm in toluene solution for ZnTPP, is displayed
in Figure 4.


Fast intersystem crossing (kisc�108 s�1, Figure 4 b) governs
the fate of the metastable singlet excited states in all build-
ing blocks. The corresponding triplet–triplet absorptions of


trimer, pentamer, ZnTPP, and C60 are all located in the
range between 500 and 900 nm (Figures 5 and 6). The
oxygen-sensitive triplets (koxygen�109


m
�1 s�1), with triplet


Figure 2. Minimum energy calculated structures (PM3) for 13a and 13b.
Hexyl and tert-butyl groups were removed for the computational study.


Figure 3. Room-temperature fluorescence spectra of trimer, pentamer,
ZnTTP, and C60 building blocks, recorded on toluene solutions that ex-
hibit optical absorptions of 0.5 at the 400 nm excitation wavelength. The
spectra are normalized to show similar fluorescence intensities at their
maxima.


Figure 4. a) Differential absorption spectrum (Vis) obtained upon pico-
second flash photolysis (532 nm) of ca. 1.0� 10�5


m solutions of ZnTPP
building block in nitrogen-saturated toluene with a time delay of 50 ps at
room temperature. The spectrum corresponds to the singlet–singlet spec-
trum of ZnTPP. b) Illustration of the intersystem crossing process in pho-
toexcited ZnTPP.


Figure 5. Differential absorption spectrum (Vis and NIR) obtained upon
nanosecond flash photolysis (355 nm) of ca. 1.0 � 10�5


m solutions of
trimer (dashed line) and pentamer (solid line) building blocks in nitro-
gen-saturated toluene with a time delay of 50 ns at room temperature.
The spectra correspond to the triplet–triplet spectra of both building
blocks.
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lifetimes longer than 20 ms, are formed with quantum yields
of 0.98 (C60)>0.88 (ZnTPP)>0.2 (pentamer).


ZnP-trimer and ZnP-pentamer precursors : Next we investi-
gated the ZnP/oligomer interactions in the ZnP-trimer
(12 a) and ZnP-pentamer (12 b) precursors. In the ground
state, features of both components are discernable. The por-
phyrin transitions are sharp (Soret-band: 427 nm; Q-band:
550 and 590 nm) and dominate most of the absorption spec-
trum. Those of the oligomeric wires are broad (Figure 1 b).
When the spectra of the ZnTPP/oligomer building blocks
are compared with those of 12 a and 12 b, no notable pertur-
bations or alterations of the spectra are seen. The spectra of
12 a and 12 b appear as the simple sum of the two compo-
nent spectra.


The characteristic fluorescence of the oligomeric wire
proved to be a more useful probe for electronic interactions
(excitation around 350 nm). In the 400–600 nm region, the
strong emission of the oligomeric wires, with maxima at
445 nm (trimer : 2.78 eV) and 485 nm (pentamer : 2.55 eV),
are seen for the building blocks. When ZnP is present,
strong fluorescence quenching, with quenching factors of
about 500 (F values in toluene: 12 a : 4.8 � 10�4; 12 b : 1.6 �
10�3), indicates almost instantaneous deactivation of the
photoexcited oligomer. Importantly, solvents of different po-
larity (i.e. , toluene, THF, and benzonitrile) had virtually no
impact on the fluorescence quenching, and this supports a
deactivation by energy transfer.[24]


In parallel experiments we excited the ZnP chromophore
at 427 nm or 550 nm and compared ZnTPP with 12 a and
12 b. Here no differences were found for the high-energy
emission (2.05 eV) with quantum yields of about 4 � 10�2.
Also, the ZnP fluorescence lifetime of 2.0�0.2 ns remains
virtually indistinguishable in the different samples.


In time-resolved experiments, the only notable photo-
product on the nano- to microsecond timescale is the ZnP
triplet excited state (1.5 eV).[25] An example of a spectrum is


shown in Figure 6. The characteristic triplet–triplet finger-
print around 860 nm is formed in nearly quantitative yield
(>90 %).


Independent of which part of 12 a or 12 b is photoexcited,
that is, either the ZnP chromophore or the oligomeric wire,
singlet and triplet excited states both reside on the ZnP
moiety. Figure 7 summarizes the different pathways.


Trimer-C60 and pentamer-C60 precursors : The relative weak
absorptions of C60 in the trimer-C60 and pentamer-C60 pre-
cursors (see Figure 1 b) limit the fluorescence experiments
to probing the oligomeric part. In a typical experiment, with
400–420 nm excitation wavelength, the photoexcited oligo-
mer is deactivated almost instantaneously. This is evidenced
by 1) fluorescence quantum yields of 6.0 �10�4 (Figure 8) or


less and 2) the lack of any measurable fluorescence lifetimes
exceeding the 100 ps time window of our instrumental reso-
lution.


Concurrent with the disappearance of the oligomer fluo-
rescence in the visible region of the spectrum (400–600 nm),


Figure 6. Differential absorption spectrum (NIR) obtained upon nanosec-
ond flash photolysis (355 nm) of ca. 1.0 � 10�5


m solutions of 12b in nitro-
gen-saturated toluene with a time delay of 50 ns at room temperature.
The spectrum corresponds to the triplet–triplet spectrum of the ZnP
chromophore.


Figure 7. Energy levels of excited states in ZnP-trimer (12 a) and ZnP-
pentamer (12b); solid arrows indicate major pathways.


Figure 8. Room-temperature fluorescence spectra of pentamer-C60 (18)
recorded with a toluene solution that exhibits an optical absorption of 0.5
at the 400 nm excitation wavelength. The quantum yields of both photo-
excited species (i.e., pentamer and C60) are 6� 10�4.
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we noted the appearance of the C60 emission in the near-in-
frared (650–800 nm) with a maximum at 720 nm (see
Figure 8).[23] Moreover, the C60 fluorescence quantum yields
match that determined for C60. Fluorescence quantum yields
around 6�0.1 � 10�4 illustrate this trend, despite the near ex-
clusive excitation of the oligomer moieties. Additional exci-
tation spectra of the C60 fluorescence, which reveal the
ground-state transitions of trimer and pentamer, led us to
postulate an efficient and quantitative transfer of singlet ex-
cited state energy from the highly energetic oligomer singlet
excited state (2.5–2.8 eV) to the low-lying singlet excited
state of C60 (1.76 eV).[26]


In time-resolved fluorescence experiments the only de-
tectable fluorescence was that of C60. Again, its lifetime (ca.
1.5 ns) is identical to that found for C60. No residual traces
of the long-lived oligomer fluorescence were noted. This
suggests that the strong C60/oligomer coupling causes ex-
tremely fast intramolecular singlet–singlet energy-transfer
dynamics (>1010).


Time-resolved transient absorption measurements further
corroborated the fluorescence experiments. In picosecond
experiments, the singlet excited states of C60 (1.76 eV) and
of the oligomer (ca. 2.5 eV) are populated, due to their
overlapping absorption in this spectral region (see Figure 1).
The relative absorption ratio of C60/oligomer is about 1/4 at
355 nm. Instead of showing the strong oligomer singlet–sin-
glet transitions, the transient spectra, recorded immediately
after the 20 ps laser pulse, show mainly a broad 880 nm
peak (not shown). This maximum corresponds to the sin-
glet–singlet fingerprint seen upon exclusive C60 excitation.
This supports our earlier notion that a rapid intramolecular
transduction of energy funnels the excited-state energy to
the fullerene core to generate 1*C60 with quantum yields of
nearly unity.[27]


Again, the C60 singlet growth kinetics could not be re-
solved within our time resolution of about 20 ps. Once
formed, the singlet–singlet transitions are metastable and
decay with monoexponential dynamics (5.0�0.5 � 108 s�1) to
generate the triplet manifold. Spectral characteristics of the
latter, as recorded at the conclusion of the 4000 ps timescale,
are transient maxima at 380 nm and 700 nm.[23]


In nanosecond experiments, the only photoproduct found
involves the same C60 triplet state features. The C60 triplet
transitions were then employed as convenient markers to
quantify the energy-transfer efficiency. In line with the con-
clusion of the fluorescence experiments, we found in the
trimer-C60 and pentamer-C60 precursors triplet yields, which
are virtually identical to that of C60. This confirms that, re-
gardless of the initially excited state (1*trimer/1*pentamer or
1*C60) the final photoexcited state is the same, namely, 3*C60,
formed quantitatively by the indirect (i.e. , exciting trimer or
pentamer) or direct (i.e. , exciting C60) route (see Figure 9).


ZnP-trimer-C60 and ZnP-pentamer-C60 wires : We focused in
our ZnP-trimer-C60 (13 a) and ZnP-pentamer-C60 (13 b) ex-
periments on populating the ZnP excited state exclusively
and monitoring its fate.[28] In Figure 10, which summarizes


the steady-state fluorescence experiments, several general
trends emerge. First, we see a difference between the trimer
and pentamer systems with typical fluorescence yields that
are twice as high in the latter (F values in toluene: 13 a :
0.010, 13 b : 0.021). At first glance, this observation speaks
for a distance-dependent deactivation of the ZnP singlet ex-
cited state. Second, fluorescence quenching becomes pro-
gressively stronger in the more polar solvents: toluene<
THF<benzonitrile, which implies that the driving force for
intramolecular electron transfer changes with solvent polari-
ty. Better solvation of radical ions in, for example, benzoni-
trile, stabilizes the radical ion pair state and, in turn, enhan-
ces the free-energy changes for its formation. Third, the
emission is red-shifted in THF and benzonitrile, which can
be attributed to the coordination of a solvent molecule to
the axial position of the zinc center.


Time-resolved fluorescence decay measurements qualita-
tively support the first and second observations. In particu-
lar, fluorescence deactivation in 13 a is faster than in 13 b
(0.58 vs 0.28 ns, both in THF) and faster in THF than in
benzonitrile (0.28 vs 0.12 ns for 13 b).


Figure 9. Energy levels of excited states in trimer-C60 (17) and pentamer-
C60 (18); solid arrows indicate major pathways.


Figure 10. Room-temperature fluorescence spectra of 13a and 13b, re-
corded with solutions that exhibit optical absorptions of 0.5 at the
425 nm excitation wavelength. The fluorescence quantum yields are for
13a : 0.01 (toluene), 0.006 (THF), 0.005 (benzonitrile), and for 13b : 0.021
(toluene), 0.018 (THF), 0.015 (benzonitrile).
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The fate of 1*ZnP in 13 a and 13 b was also examined by
pico-/nano-/microsecond transient absorption spectroscopy.
Representative picosecond time-resolved absorption spectra,
taken after 532 nm laser excitation of 13 b in THF solution,
are displayed in Figure 11.


At early times (50–100 ps), these are practically identical
to those of the ZnTPP building block, exhibiting strong
bleaching at 550 nm (similar to Figure 4) and attesting to
formation of the ZnP singlet excited state. At a delay time
of about 200 ps, a new transition around 670 nm starts to
grow in (Figure 11) together with another absorption in the
near-infrared, and their formation is completed around
2000 ps. Based on a spectral comparison, we ascribe the
former to the ZnP p radical cation (ZnPC+), while the latter
band belongs to the fullerene p radical anion (C60C�).[23] An
important criterion is the kinetic resemblance 1) between
the decay of 1*ZnP and the growth of ZnPC+/C60C� , and
2) between decay/growth and the fluorescence lifetimes. The
charge-separation rate of 13 a is 4.5 � 109 s�1 in THF and
3.2 � 109 s�1 in benzonitrile, while in 13 b it is somewhat
slower (3.2 � 109 s�1 in THF and 4.5 � 109 s�1 in benzonitrile;
Table 2). In accordance with these results, we propose that


charge separation from the ZnP singlet excited state to the
electron-accepting fullerene creates ZnPC+/C60C� . The forma-
tion of ZnPC+/C60C� is responsible for the fast deactivation of
the photoexcited chromophore. The absorption of the


charge-separated ZnPC+/C60C� pair is persistent on the pico-
second timescale and decays in the nano-/microsecond
regime (vide infra). The charge-recombination dynamics
were then analyzed by following the absorption changes of
the one-electron reduced form of the electron acceptor
(C60C�) and that of the one-electron oxidized form of the
electron donor (ZnPC+). An example is shown in Figure 12.


In oxygen-free solutions, the decays were well fitted by a
single exponential expression. For both systems, charge re-
combination is faster in more polar solvents (13 a : THF:
1.2 � 106 s�1, benzonitrile: 4.4 � 106 s�1; 13 b : THF: 9.3 �
105 s�1, benzonitrile: 2.7 � 106 s�1). A decrease in �DG8 and
faster charge-recombination kinetics is a typical phenomen-
on for the Marcus inverted region, where the electron trans-
fer rates start to decrease with increasing change in free
energy.[29]


Discussion


An important fact is that absorption spectroscopy and cyclic
voltammetry confirm the lack of significant electronic com-
munication between the constituents (ZnTPP, trimer, pen-


Figure 11. Differential absorption spectra (Vis and NIR) obtained upon
picosecond flash photolysis (532 nm) of ca. 1.0� 10�5


m solutions of 13b in
nitrogen-saturated THF with several time delays between �50 and
4000 ps at room temperature. The spectra correspond to the changes that
are associated with the transformation of the ZnP singlet excited state to
the radical pair ZnPC+-pentamer-C60C� .


Table 2. Charge separation and charge recombination dynamics for 13a
and 13 b in different solvents.


13a 13 b


charge charge charge charge
separation recombination separation recombination


THF 4.5� 109 s�1 1.2 � 106 s�1 3.2� 109 s�1 9.3 � 105 s�1


benzonitrile 3.2� 109 s�1 4.4 � 106 s�1 4.5� 109 s�1 2.7 � 106 s�1


Figure 12. a) Differential absorption spectrum (Vis and NIR) obtained
upon nanosecond flash photolysis (532 nm) of ca. 1.0 � 10�5


m solutions of
13b in nitrogen-saturated THF with a time delay of 100 ns at room tem-
perature. The spectrum corresponds to the radical pair ZnPC+-pentamer-
C60C� . b) Decay of ZnPC+-pentamer-C60C� (at 1000 nm).
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tamer, and C60) in 12 a/12 b and 13 a/13 b in their ground
state.


The photoreactivity of 12 a/12 b is rationalized by a ther-
modynamic evaluation. Among the singlet excited states,
the one that is localized on the ZnP moiety has the lowest
energy (2.05 eV) and hence evolves as the thermodynami-
cally stabilized intermediate. The same observation must
hold for the triplet excited states, although the exact triplet
energies of the oligomeric wires are not known, since the
only triplet product is that of ZnP.


Formation of radical ion pairs, that is, oxidized ZnP/re-
duced oligomer (ca. 2.7 eV) or reduced ZnP/oxidized
oligomer (ca. 2.6 eV), appears to be uncompetitive (i.e.,
starting with the trimer or pentamer singlet excited state) or
unfeasible (i.e., starting with the ZnP singlet excited
state).[30] Moreover, our physicochemical characterization
rules out these possibilities. No direct spectroscopic evi-
dence was found for the formation of ZnPC+/oligomerC� or
ZnPC�/oligomerC+ . The solvent-independent fluorescence
quenching of the oligomer emission, as an indirect proof, is
also inconsistent with an electron-transfer mechanism.


For photoexcited trimer-C60 and pentamer-C60 intramolec-
ular electron transfer, as an alternative deactivation channel,
might evolve from the singlet excited state of the oligomers.
The energies of the radical ion pair states (ca. 1.8–1.9 eV)[30]


lead to a position somewhat higher than that of the C60 sin-
glet excited state at 1.76 eV and prevent this reaction path-
way. Nevertheless, strictly on the basis of thermodynamic
considerations, we would expect the following reaction to
occur [Eq. (1)].


C60-1*wire! C60
C�-wireCþ ð1Þ


In line with a series of previous investigations on several
C60/oligomer systems, the more exothermic energy transfer
prevails, and this leaves electron-transfer deactivation as an
insignificant contribution.[27]


Although all the reference systems (i.e., 12 a, 12 b, trimer-
C60, and pentamer-C60) exhibit energy-transfer deactivation,
no energy-transfer activity was noted for ZnP. This is differ-
ent in 13 a/13 b. Connecting ZnTPP with C60 through trimer
or pentamer results in rapid electron-transfer deactivation.
Relative to a previously reported ZnP-C60 system,[31] for
which rate constants of 8.3 � 1010 s�1 (charge separation) and
7.7 � 109 s�1 (charge recombination) were reported, both
processes are notably slower in 13 a and 13 b. Rate constants
for charge separation and recombination are about 109 s�1


and about 106 s�1, respectively. Considering the large edge-
to-edge distances of 26.1 � (13 a) and 39.0 � (13 b), such
rate constants are only feasible if good electronic coupling
between ZnP and C60 is guaranteed. In fact, calculations of
the electronic coupling matrix element V within the frame-
work of the Marcus electron transfer theory yielded high
values.[29] The values of 4.9 cm�1 (13 a) and 4.1 cm�1 (13 b)
compare to 1.6 � 10�4 cm�1 derived for tetrads formed by
connected electroactive species (Fc-ZnP-Zn-C60) that span
comparable distances.[32] Using an alternative approach,


namely, analyzing the lnkCS versus distance relationship
(vide infra), also gave a high value of 2.2 cm�1. In summary,
fully conjugated oPPVs are good mediators for electronic
coupling over large distances.


To analyze the charge-recombination mechanism we
probed the radical-pair lifetimes between 268 and 365 K
(Figure 13). The Arrhenius plot for 13 a can be separated


into two distinct sections: A low-temperature regime
(<300 K) and a high-temperature regime (>300 K). The
weak temperature dependence in the 268–300 K range sug-
gests that a stepwise intramolecular charge-recombination
process via transient ZnP-trimerC+-C60C� is unlikely to pro-
ceed.[33a] This leaves electron tunneling via superexchange as
the only operative mode. This picture is in sound agreement
with the thermodynamic barrier that must be overcome in
the formation of transient ZnP-trimerC+-C60C� . At higher
temperatures (>300 K) the strong temperature dependence
suggests thermally activated charge recombination.[33b] The
activation barrier Ea, derived from the slope (0.2 eV), con-
firms the energy gap. Relative to our previous observation
on exTTF-trimer-C60,


[5] with an experimentally determined
activation barrier of 0.5 eV, the smaller energy gap in 13 a
reflects the lower HOMO of ZnP relative to exTTF.


In principle, electron and hole transfer may both contrib-
ute to charge recombination. Figure 14 shows that large
LUMO (C60)–LUMO (wire) gaps of at least 1.1 eV result
exclusively in an electron tunneling mechanism. Hole trans-
fer from the HOMO at C60 to the HOMO at ZnP, on the
other hand, may proceed via superexchange or hopping. In
fact, the temperature dependence helps to recognize the in-
terplay between the two processes. Once the hopping mech-
anism dominates and the hole migrates first to the wire,
good HOMO (C60)–HOMO (wire) energy matching and
strong electronic coupling leads to a kinetically fast and
spectroscopically unresolvable recovery of the ground state.


Interestingly, the ZnPC+/C60C� pair in 13 b reveals a con-
trasting trend: charge recombination becomes slower with
increasing temperature. We believe that decoupling of the


Figure 13. Arrhenius analyses of the temperature-dependent electron-
transfer rate constants for 13a and 13b in deoxygenated benzonitrile.


Chem. Eur. J. 2005, 11, 1267 – 1280 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1275


FULL PAPERCovalently Linked Porphyrin/C60 Ensembles



www.chemeurj.org





ZnPC+/C60C� pair by affecting the orbital alignment in the
oPPV bridge is likely to be responsible for this.[34]


Following up on these temperature-induced changes, we
consider the theoretically calculated geometries of 13 a/13 b
(Figure 2). The aryl groups of the tetraphenylporphyrin
(TPP) moiety are in an orthogonal disposition relative to
the mean plane of the porphyrin ring. Dihedral angles of
around 668 are in agreement with those of other related
TPP derivatives.[35] The TPP phenyl group that is linked to
the oligomeric spacer also preserves a dihedral angle with
the porphyrin ring of around 678. In addition, we note the
following trends. First, the TPP phenyl rings are not copla-
nar with the oligomeric part. Dihedral angles between the
TPP phenyl ring and the first ring of the oligomer unit are
about 308.[36] Second, a deviation from planarity along the
oligomer unit is noted. Relative to the phenyl rings at the
other terminus of the oligomer, this deviation is much stron-
ger for 13 b (63.78) than for 13 a (55.38).


These differences in geometry alone might not influence
the charge-recombination mechanism, but they do help to
rationalize why the reactivity of 13 b is so susceptible to
temperature variation. More work is clearly needed to fully
understand this interesting and unprecedented phenomenon.


Finally, plotting the electron transfer rates as a function of
donor–acceptor separation (Figure 15) led to dependencies
from which we determined attenuation factors b of 0.03�
0.005 ��1. The underlying wirelike behavior in 13 a/13 b can
be best understood in terms of p conjugation between the
phenyl group of the donor/the oligophenylenevinylene
bridge, and the pyrrolidine ring of the fullerene derivative.
Values of 0.03�0.005 ��1 are exceptionally small relative to
conjugated phenylenes,[37] but somewhat larger than those
found in wires that carry exTTF (exTTF: 9,10-bis(1,3-di-
thiol-2-ylidene)-9,10-dihydroanthracene) as the electron


donor.[5] Besides the different nature of the electron donor,
the important difference between the previously reported
exTTF-wire-C60 and the present ZnP-wire-C60 systems is the
paraconjugation between the exTTF donor unit and the p-
conjugated oligomer.


Conclusion


We have developed a multistep synthetic procedure for
novel photo- and electroactive arrays, in which a zinc tetra-
phenylporphyrin donor is covalently linked to an electron-
accepting fullerene through p-conjugated p-phenyleneviny-
lene oligomers of variable length (trimer and pentamer).


A small attenuation factor b of 0.03�0.005 ��1 supports
the notion of wirelike behavior in 13 a/13 b. Important for
the wirelike behavior is that the energies of the C60 HOMOs
match those of the oPPVs. This facilitates electron/hole in-
jection into the wire. Equally important is the strong elec-
tronic coupling, realized through the paraconjugation of the
oPPVs. This leads to donor–acceptor coupling constants V
of about 2.0 cm�1 and assists charge transfer reactions that
exhibit a weak dependence on distance.


Experimental Section


General : FTIR spectra were recorded as KBr pellets on a Nicolet-
Magna-IR 5550 spectrometer. Mass spectra with electrospray ionization
(ESI) were recorded on a HP1100MSD spectrometer. UV/Vis spectra
were recorded in dichloromethane solutions in 1 cm quartz cuvettes on a
Varian Cary 50 Scan spectrophotometer. NMR spectra were recorded on
Bruker AC-200 (1H: 200 MHz; 13C: 50 MHz), Bruker AC-300, or Varian
XL-300 (1H: 300 MHz; 13C: 75 MHz) and Bruker DRX-500 or AMX-500
(1H: 500 MHz; 13C: 125 MHz) spectrometers at 298 K with partially deu-
terated solvents as internal standards. Chemical shifts are given as d


values (internal standard: TMS). p-Conjugated oligomers 8 and 11,[16]


porphyrins 2[14] and 3, 4[15] were obtained by following previously de-
scribed synthetic procedures. Elemental analyses were performed on


Figure 14. HOMO–LUMO levels, determined analogously to ref. [4a].


Figure 15. Dependence of electron-transfer rate constants on center-to-
center distances for 13 a and 13 b in nitrogen-saturated THF (dashed
line) and benzonitrile (solid line) at room temperature.
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Perkin-Elmer 2400 CHN and 2400 CHNS/O analysers. Tetrahydrofuran
was dried with sodium.


Cyclic voltammograms were recorded on a potentiostat/galvanostat AU-
TOLAB with PGSTAT30 equipped with software GPES for Windows
version 4.8 in a conventional three-compartment cell by using a glassy
carbon working electrode, a standard calomel reference electrode,
Bu4NClO4 as supporting electrolyte, a o-dichlorobenzene/acetonitrile sol-
vent mixture (4/1), and a scan rate of 200 mV s�1.


Picosecond laser flash photolysis was carried out with 355 or 532 nm
laser pulses from a mode-locked, Q-switched Quantel YG-501 DP
Nd:YAG laser system (18 ps pulse width, 2–3 mJ per pulse). Nanosecond
laser flash photolysis was performed with 355 or 532 nm laser pulses
from a Quanta-Ray CDR Nd:YAG system (6 ns pulse width) in a front
face excitation geometry.


Fluorescence lifetimes were measured with a Laser Strobe Fluorescence
Lifetime Spectrometer (Photon Technology International) with 337 nm
laser pulses from a nitrogen laser fiber-coupled to a lens-based T-formal
sample compartment equipped with a stroboscopic detector. Details of
the Laser Strobe systems are described on the manufacture�s web site,
http://www.pti-nj.com. Error limits of 10 % must be considered.


Emission spectra were recorded with a SLM 8100 Spectrofluorometer.
The experiments were performed at room temperature. Each spectrum
represents an average of at least five individual scans, and appropriate
corrections were applied whenever necessary.


5 : A mixture of ZnII bromomethyl porphyrinate 4 (0.2 g, 0.08 mmol) and
P(OCH3)3 (3 mL) was refluxed for 2 h. The remaining trimethyl phos-
phite was distilled off and the residue was washed with hexane and meth-
anol to give 0.2 g (97 %) of porphyrin 5. 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d= 9.03 (s, 4 H; Hpyrrolic), 8.98 (d, 2 H, 3J(H,H) =4.7 Hz; Hpyr-


rolic), 8.75 (d, 2H, 3J(H,H) = 4.7 Hz; Hpyrrolic), 8.1 (br s, 6H; HAr), 7.98 (d,
2H, 3J(H,H) =7.9 Hz; HAr), 7.8 (br s, 3 H; HAr), 6.67 (d, 2H, 3J(H,H) =


7.9 Hz; HAr), 2.71 (d, 6 H, 3J(H,P) =11.0 Hz; POCH3), 2.62 (d, 2 H,
3J(H,P) =20.0 Hz; PCH2); 1.53 ppm (s, 54 H; C(CH3)3); 13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d =150.30, 150.25, 150.10, 148.35, 142.59,
131.87, 129.94, 121.79, 120.42, 142.52, 132.06, 131.86, 131.81, 129.82,
129.91, 129.88, 61.23, 35.04, 31.80 ppm; IR (KBr) ñ =2960, 2905, 2866,
1591, 1473, 1458, 1361, 1001, 798 cm�1; UV/Vis (CH2Cl2): lmax (e) =423
(407 500), 552 (15 500), 592 nm (6000 mol�1 cm3 dm�1); MS (ESI): m/z
(%): 1138 (100) [M++H]; elemental analysis (%) calcd for
C71H83N4O3PZn·H2O (1154.83): C 73.29, H 7.58, N 4.95; found: C 73.05,
H 7.76, N 4.63.


11a and 11b : DIBAL-H (1 mL, 1 m in CH2Cl2, 1 mmol) was added to a
refluxing solution of 10 (350 mg, 0.48 mmol) in dry methylene dichloride
(25 mL) under argon. After 4 h of stirring the reaction was left to reach
room temperature, and MeOH and a few drops of HCl were added with
vigorous stirring. The phases were separated, and the aqueous phase was
extracted with CHCl3 (three times). The combined organic layers were
washed with water and dried over MgSO4. After evaporation of the sol-
vent, the resulting solid was purified by careful flash chromatography on
silica gel with a hexane/CH2Cl2 (1/4) as eluent to give first monoaldehyde
11b (40 mg, 12%) and then 11a (184 mg, 54%) as dark orange solids.
Unconverted oligomer was also recovered.


11a : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d =10.0 (s, 2 H; CHO),
7.88 (d, 4H, 3J(H,H) =8.0 Hz; HAr), 7.67 (d, 4 H, 3J(H,H) =8.0 Hz; HAr),
7.55 (br s, 8H; HAr), 7.54 (d, 2 H, 3J(H,H) =16.4 Hz; Holef), 7.29 (d, 2 H,
3J(H,H) =16.4 Hz; Holef), 7.15 (d, 4H, 3J(H,H) =16.4 Hz; Holef), 7.14 (s,
2H; HAr), 4.01 (t, 4H, 3J(H,H) =6.4 Hz; CH2O), 1.90 (m, 4 H; CH2),
1.58–1.18 (m, 12H; CH2), 0.91 ppm (t, 6 H; CH3); 13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d= 191.5, 151.2, 143.5, 138.3, 135.3, 130.2, 127.3,
126.9, 126.8, 116.9, 109.0, 70.2, 31.6, 29.5, 26.0, 22.7, 14.0 ppm; IR (KBr):
ñ= 2923, 2854, 1697, 1589, 1205, 1164, 960, 534 cm�1; UV/Vis (CH2Cl2):
lmax (e) =324 (sh, 22400), 360 (34 700), 438 nm (69 100 mol�1 cm3 dm�1);
MS (ESI): m/z (%): 765 (15) [M++Na], 722 (100), 638 (10), 304 (10); el-
emental analysis calcd (%) for C52H54O4: C 84.06, H 7.30; found: C
83.78, H 7.68.


11b : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=10.00 (s, 1 H; CHO),
7.88 (d, 2H, 3J(H,H) = 8.0 Hz; HAr), 7.68–7.61 (m, 6H, HAr-Olig), 7.55 (m,


8H; HAr), 7.54 (d, 2H, 3J(H,H) =16.3 Hz; Holef), 7.28 (d, 1 H, 3J(H,H) =


16.1 Hz; Holef), 7.23 (d, 1H, 3J(H,H) =16.1 Hz; Holef), 7.19 (s, 1H; HAr),
7.15 (d, 2 H, 3J(H,H) =16.3 Hz; Holef), 7.14 (s, 1 H; HAr), 7.09 (d, 1 H,
3J(H,H) =16.3 Hz; Holef), 4.08 (t, 4H, 3J(H,H) =6.6 Hz; CH2O), 1.90 (q,
4H, 3J(H,H) =6.6 Hz; CH2), 1.56–1.25 (m, 12 H; CH2), 0.94 ppm (m, 6 H;
CH3); 13C NMR (50 MHz, CDCl3, 25 8C, TMS): d= 191.53, 169.91, 151.24,
143.50, 141.92, 138.45, 138.29, 135.67, 135.38, 135.31, 132.49, 131.85,
130.25, 128.19, 127.28, 126.95, 126.87, 126.81, 126.35, 124.00, 110.64, 69.60,
31.64, 29.48, 25.97, 22.66, 14.05 ppm; IR (KBr) ñ =2923, 2854, 2225, 1699,
1589, 1203, 1164, 962, 576 cm�1; MS (ESI): m/z (%): 739 (100) [M+].


General procedure for the preparation of dyads 12 a,b : Potassium tert-
butoxide (16 mg, 0.14 mmol) was slowly added to a refluxing solution of
porphyrin 5 (0.10 mmol) and the corresponding oligomer 8 or 11
(0.20 mmol) in dry THF (10 mL) under argon. After 16 h, the crude mix-
ture was cooled to room temperature and H2O/CH3OH (1/1) was added.
The phases were separated and the aqueous phase was extracted with
CHCl3. The combined organic phases were washed with water and dried
over MgSO4. After evaporation of the solvent, the mixture was purified
by chromatography on silica gel with hexane/toluene (1/3) as eluent to
give the corresponding dyad. Unconverted oligomer was recovered in
both cases.


ZnP-oPPV(3) (12 a): Yield: 48%. 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d=10.00 (s, 1H; CHO), 9.0–8.9 (m, 8H; Hpyrrolic), 8.25 (d, 2H,
3J(H,H) =7.8 Hz; HAr-Por), 8.1 (m, 6 H; HAr-Por), 7.92 (d, 2 H, 3J(H,H) =


7.8 Hz; HAr-Por), 7.88 (d, 2 H, 3J(H,H) = 8.1 Hz; HAr-Olig), 7.81 (s, 3 H; HAr-


Porf), 7.68 (m, 4H; HAr-Olig), 7.62 (d, 2 H, 3J(H,H) =8.1 Hz; HAr-Olig), 7.56
(d, 2H, 3J(H,H) =16.4 Hz; Holef), 7.49 (d, 1H, 3J(H,H) =16.4 Hz; Holef),
7.44 (d, 1 H, 3J(H,H) =16.4 Hz; Holef), 7.22 (d, 2 H, 3J(H,H) =16.4 Hz;
Holef), 7.2 (m, 2H; HAr-Olig), 4.1 (m, 4H; CH2O), 1.9 (m, 4H; CH2), 1.6–
1.2 (m, 66H; CH2), 0.97 ppm (m, 6H; CH3); 13C NMR (125 MHz, CDCl3,
25 8C, TMS): d =191.64, 151.53, 151.11, 150.54, 150.39, 150.00, 148.68,
148.53, 144.20, 141.81, 137.38, 135.10, 134.83, 132.31, 132.24, 131.61,
130.26, 130.01, 129.68, 129.59, 129.58, 128.99, 128.85, 128.45, 127.32,
127.03, 126.84, 125.96, 124.72, 123.30, 122.48, 122.47, 120.97, 120.78,
110.90, 110.47, 69.64, 69.53, 35.03, 31.75, 29.70, 29.44, 25.99, 22.68,
14.07 ppm; IR (KBr): ñ= 2958, 2930, 2862, 1699, 1593, 1492, 1475, 1422,
1362, 1247, 1208, 1164, 1001, 965, 799, 717 cm�1; UV/Vis (CH2Cl2): lmax


(e)=249 (12 900), 356 (19 100), 403 (39 800 sh), 424 (263 000), 515 (4500),
551 (11 700), 591 (4600), 650 nm (1300 mol�1 cm3 dm�1); MS (ESI): m/z
(%): 1549 (100) [M+]; elemental analysis calcd (%) for
C105H118N4O3Zn·2 H2O (1585.5): C 79.54, H 7.76, N 3.53; found: C 79.21,
H 7.82, N 3.35.


ZnP-oPPV(5) (12 b): Yield: 42%. 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=9.90 (s, 1H; CHO), 9.03 (s, 8H; Hpyrrolic), 8.25 (d, 2 H,
3J(H,H) =8.0 Hz; HAr-Por), 8.1 (br s, 6H; HAr-Por), 7.89 (d, 2 H, 3J(H,H) =


8.0 Hz; HAr-Por), 7.8 (br s, 3H; HAr-Por), 7.6–7.4 (m, 14H; HAr-Olig), 7.59 (d,
6H, 3J(H,H) =16.3 Hz; Holef), 7.2–7.0 (m, 4 H; HAr-Olig), 7.14 (d, 6 H,
3J(H,H) =16.3 Hz; Holef), 4.0 (m, 4 H; CH2O), 1.9 (m, 4 H; CH2), 1.5–1.2
(m, 66H; CH2), 0.9 ppm (m, 6 H; CH3); 13C NMR (75 MHz, CDCl3),
25 8C, TMS): d =191.57, 151.08, 150.40, 150.34, 149.95, 148.49, 143.44,
142.48, 141.83, 138.28, 137.36, 136.85, 136.79, 136.52, 136.34, 135.55,
135.14, 134.85, 132.30, 132.15, 131.82, 131.60, 130.87, 130.12, 129.69,
129.61, 129.01, 128.78, 128.29, 128.04, 127.26, 127.01, 126.87, 124.72,
123.94, 123.33, 122.54, 122.42, 120.73, 120.30, 110.52, 69.54, 35.02, 31.91,
31.74, 31.64, 31.42, 29.69, 29.54, 22.68, 14.12 ppm; IR (KBr): ñ =2953,
2923, 2853, 1697, 1592, 1464, 1422, 1362, 1247, 1204, 1165, 1000, 961, 821,
797, 717 cm�1; UV/Vis (CH2Cl2): lmax (e) =245 (49 000), 357 (49 000), 425
(371 500), 551 (20 000), 591 nm (8500 mol�1 cm3 dm�1). MS (ESI): m/z
(%): 1753 (100) [M+]; elemental analysis (%) calcd for C121H130N4O3Zn
(1753.8): C 82.87, H 7.47, N 3.19; found: C 83.12, H 7.30, N 3.29.


General procedure for the preparation of triads 13a,b : A mixture of the
corresponding dyad 12 a or 12 b (0.04 mmol), [60]fullerene (0.04 mmol),
and N-methylglycine (0.12 mmol) in 25 mL of chlorobenzene was re-
fluxed for 24 h. After cooling to room temperature, the crude mixture
was purified by column chromatography on silica gel with CS2 to elute
the unconverted fullerene followed by hexane/toluene (2/3) (13 a) or
hexane/THF (3/1) (for 13 b) to yield the corresponding triad.
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ZnP-oPPV(3)-C60 (13 a): Yield: 51% 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d =8.96 (s, 8 H; Hpyrrolic), 8.19 (d, 2H, 3J(H,H) =6.5 Hz; HAr-Porf),
8.1 (br s, 6 H; HAr-Porf), 7.89 (d, 2H, 3J(H,H) =6.5 Hz; HAr-Porf), 7.8 (br s,
3H; HAr-Porf), 7.7–7.4 (m, 12H; HAr-Olig, Holef), 7.2–7.1 (m, 4 H; Holef); 4.77
(d, 1 H, 2J(H,H) =8.8 Hz; Hpyrrolidine), 4.70 (s, 1H; Hpyrrolidine), 4.0 (m, 5 H;
CH2O, Hpyrrolidine), 2.79 (s, 3 H; CH3N), 1.9 (m, 4H; CH2), 1.7–1.4 (m,
66H; CH2), 0.9 ppm (m, 6H; CH3); 13C NMR (75 MHz, CDCl3/CS2),
25 8C, TMS): d= 155.72, 155.69,153.50, 153.27, 152.95, 152.80, 152.70,
150.88, 150.80, 150.13, 149.73, 148.16, 146.66, 146.13, 145.85, 145.73,
145.51, 145.35, 145.29, 145.15, 144.97, 144.83, 144.73, 144.57, 144.47,
144.42, 144.24, 144.11, 144.08, 143.91, 143.87, 143.77, 142.74, 142.45,
142.21, 142.12, 141.96, 141.86, 141.74, 141.48, 141.18, 141.01, 139.53,
139.28, 139.13, 137.98, 137.27, 136.35, 136.28, 135.90, 135.74, 135.01,
134.79, 132.18, 132.02, 131.81, 131.53, 129.64, 129.51, 129.39, 129.22,
128.74, 128.14, 128.08, 127.92, 126.81, 126.62, 126.45, 124.63, 123.80,
123.21, 122.27, 122.19, 120.61, 120.19, 110.12, 109.94, 83.14, 83.06, 69.13,
69.07, 39.80, 34.73, 31.63, 29.81, 29.56, 26.06, 22.88, 14.21 ppm; IR (KBr):
ñ= 2950, 2926, 2857, 1590, 1463, 1421, 1204, 1180, 1068, 1001, 797, 716,
527 cm�1; UV/Vis (CH2Cl2): lmax (e) =255 (129 000), 329 (61 500), 403
(59 000 sh), 424 (457 000), 513 (7000), 550 (24 000), 590 nm
(9500 mol�1 cm3 dm�1); MS (ESI): m/z (%): 2297 (100) [M+]; elemental
analysis (%) calcd for C167H123N5O2Zn·4 H2O: C 84.66, H 5.57, N 2.96;
found: C 84.23, H 5.67, N, 2.99.


ZnP-oPPV(5)-C60 (13 b): Yield: 32% 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d =8.97 (s, 8 H; Hpyrrolic), 8.18 (d, 2H, 3J(H,H) =7.4 Hz; HAr-Porf),
8.1 (br s, 6 H; HAr-Porf), 7.89 (d, 2H, 3J(H,H) =7.4 Hz; HAr-Porf), 7.8 (br s,
3H; HAr-Porf), 7.6–7.4 (m, 20H; HAr-Olig, Holef), 7.1–7.0 (m, 8 H; Holef); 4.69
(d, 1 H, 2J(H,H) =7.9 Hz; Hpyrrolidine), 4.58 (s, 1H; Hpyrrolidine), 4.0 (m, 4 H;
CH2O), 3.93 (d, 1 H, 3J(H,H) =7.9 Hz; Hpyrrolidine), 2.75 (s, 3 H; CH3N), 1.9
(m, 4H; CH2), 1.7–1.3 (m, 66H; CH2), 1.0 ppm (m, 6H; CH3); 13C NMR
(125 MHz, CDCl3/CS2), 25 8C, TMS): d =155.73, 155.38, 153.10, 152.91,
152.59, 150.88, 150.57, 150.16, 149.74, 148.21, 146.58, 145.84, 145.53,
145.41, 145.24, 144.54, 144.45, 143.87, 143.68, 143.32, 142.31, 141.79,
141.29, 140.89, 139.37, 139.01, 137.37, 137.18, 137.01, 136.74, 136.52,
136.26, 136.11, 136.03, 135.69, 135.17, 134.85, 132.21, 132.11, 132.03,
131.53, 130.01, 129.67, 129.50, 129.01, 128.74, 128.55, 128.18, 128.01,
127.80, 127.72, 127.48, 127.38, 126.94, 126.86, 126.75, 126.25, 126.12,
125.02, 124.66, 123.96, 123.38, 123.24, 122.30, 122.22, 121.95, 120.63,
120.19, 110.09, 110.02, 82.89, 69.54, 69.13, 39.74, 34.76, 32.01, 31.77, 31.66,
31.33, 29.82, 29.57, 26.06, 22.87, 14.19 ppm; IR (KBr): ñ=2962, 2876,
1694, 1595, 1474, 1384, 1260, 1093, 1017, 798, 623, 527 cm�1; UV/Vis
(CH2Cl2): lmax (e)= 254 (72 500), 330 (41 500), 405 (53 500 sh), 425
(234 500), 513 (6500), 551 (13 500), 591 nm (7000 mol�1 cm3 dm�1); MS
(ESI): m/z (%): 2501 (100) [M+]; elemental analysis (%) calcd for
C183H135N5O2Zn·CH3OH (2533.5): C 87.23, H 5.53, N 2.76; found: C
87.26, H 5.61, N 2.71.


15 : Potassium tert-butoxide (168 mg; 1.5 mmol) was added portionwise to
a solution of 6 (1.05 g; 2 mmol) in dry THF (130 mL) at room tempera-
ture. The reaction was stirred for 20 min, and then a solution of benzalde-
hyde (106 mg, 1.0 mmol) in dry THF (35 mL) was added dropwise. After
2 h, methanol (5 mL) was added to the reaction mixture and the solvent
was evaporated. The resulting solid was purified by flash chromatography
(silica gel, CH2Cl2, CH2Cl2/MeOH (98/2)) to obtain 265 mg (53 %) of 15
as a pale yellow oil.
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d= 7.54–7.49 (m, 2H; HAr),
7.39 (m, 1 H; HAr), 7.35 (s, 1 H; HAr), 7.34 (d, 1 H, 3J(H,H) =16.4 Hz;
Holef), 7.08 (d, 1H, 3J(H,H) =16.4 Hz; Holef), 7.07 (s, 1 H; HAr), 6.92 (d,
1H, 3J(H,H) =2.8 Hz; HAr), 6.88 (d, 1H, 3J(H,H) = 1.3 Hz; HAr), 3.97 (m,
4H; CH2O), 3.68 (d, 6H, 3J (H,P) =11.0 Hz; POCH3), 3.26 (d, 2H, 3J
(H,P) =21.0 Hz; PCH2), 1.80 (m, 4H; CH2), 1.53–1.25 (m, 12 H; CH2),
0.90 ppm (m, 6 H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=


150.93, 150.78, 137.94, 128.70, 128.66, 128.59, 127.34, 126.56, 126.46,
126.03, 123.66, 121.19, 120.37, 120.17, 69.52, 69.12, 52.79, 52.65, 31.61,
31.58, 29.38, 25.79, 22.61, 13.90 ppm; IR (KBr): ñ =2950, 2935, 2856,
1506, 1475, 1421, 1269, 1213, 1058, 1028, 871, 754 cm�1; UV/Vis (CH2Cl2)
lmax (e): 229 (6700), 295 (12 900), 342 nm (9300 mol�1 cm3 dm�1); MS (EI):
m/z (%): 522 (29) [M+], 418 (35) [M+�C6H13], 393 (3), 334 (89) [M+


�C6H13], 302 (17), 223 (100), 91 (14), 86 (23).


16 : Potassium tert-butoxide (45 mg, 0.40 mmol) was added portionwise to
a solution of 15 (150 mg, 0.30 mmol) and 7 (63 mg, 0.30 mmol) in dry
THF (20 mL), and the reaction mixture was stirred at room temperature
for 40 min under argon. After removing the solvent, the residue was dis-
solved in CHCl3 (100 mL), 1 m HCl (100 mL) added, and the reaction
mixture stirred overnight. The organic phase was separated and dried
over MgSO4. Further purification was accomplished by flash chromatog-
raphy on silica gel with hexane/CH2Cl2 (1/1) to obtain 110 mg (72 %) of
16 as an orange solid.
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d= 10.00 (s, 1H; CHO), 7.87
(d, 1 H, 3J(H,H) =8.0 Hz; HAr), 7.66 (d, 1H, 3J(H,H) = 8.3 Hz; HAr), 7.56
(d, 1 H, 3J(H,H) = 16.1 Hz; Holef), 7.54 (d, 2H, 3J(H,H) =8.3 Hz; HAr),
7.49 (d, 1H, 3J(H,H) =16.3 Hz; Holef), 7.39 (d, 1 H, 3J(H,H) =7.5 Hz;
HAr), 7.35 (d, 1H, 3J(H,H) =7.5 Hz; HAr), 7.26 (d, 1 H, 3J(H,H) =16.1 Hz;
Holef), 7.16 (d, 1H, 3J(H,H) =16.1 Hz; Holef), 7.14 (s, 1 H; HAr), 7.13 (s,
1H; HAr), 4.07 (m, 4 H; CH2O), 1.89 (m, 4 H; CH2), 1.59–1.26 (m, 12H;
CH2), 0.93 ppm (t, 6 H; CH3); 13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=191.56, 151.53, 151.09, 144.21, 137.84, 135.19, 130.22, 129.39, 128.66,
128.05, 127.57, 127.30, 127.17, 126.82, 126.58, 125.92, 123.37, 110.98,
110.60, 69.67, 69.54, 31.62, 29.47, 29.44, 25.96, 22.64, 14.01 ppm; IR
(KBr): ñ=2951, 2930, 2856, 1697, 1597, 1491, 1466, 1423, 1210, 1165, 964,
844, 810, 752, 690 cm�1; UV/Vis (CH2Cl2): lmax (e)= 246 (15 400), 336
(19 000), 408 nm (25 600 mol�1 cm3 dm�1); MS (EI): m/z (%): 510 (100)
[M+], 418 (10) [M+�C6H13], 105 (8).


Dyads 17 and 18 : These two reference compounds were prepared by fol-
lowing the same synthetic methodology used for triads 13a,b with N-oc-
tylglycine[38] instead of N-methylglycine.


17: Yield 42 %; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d= 7.79 (d, 2 H,
J(H,H) =7.0 Hz; HAr), 7.60–7.32 (m, 7 H; HAr), 7.20 (d, 1 H, 3J(H,H) =


16.1 Hz; Holef), 7.15 (d, 1 H, 3J(H,H) =16.1 Hz; Holef), 7.12 (d, 2 H,
3J(H,H) =16.1 Hz; Holef), 7.10 (s, 1 H; HAr), 5.11 (d, 1 H, 2J(H,H) =


10.0 Hz; Hpyrrolidine), 5.07 (s, 1 H; Hpyrrolidine), 4.13 (d, 1 H, 2J(H,H) =


10.0 Hz; Hpyrrolidine), 4.03 (m, 4H; CH2O), 3.28 (m, 1 H; CH2N), 2.58 (m,
1H; CH2N), 1.86 (m, 6 H; CH2), 1.54–1.26 (m, 22H; CH2), 0.91 ppm (m,
9H; CH3); 13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=151.17, 151.10,
147.32, 146.48, 146.32, 146.26, 146.22, 146.15, 146.10, 145.95, 145.92,
145.79, 145.55, 145.50, 145.34, 145.32, 145.27, 145.24, 145.16, 144.73,
144.65, 144.40, 143.16, 142.99, 142.68, 142.58, 142.54, 142.34, 142.27,
142.16, 142.13, 142.08, 142.03, 141.94, 141.89, 141.67, 141.52, 140.18,
140.13, 139.88, 139.55, 138.09, 137.97, 135.77, 135.70, 129.82, 128.86,
128.62, 128.32, 127.40, 127.06, 126.79, 126.73, 126.52, 123.91, 123.53,
110.78, 110.64, 82.48, 69.61, 69.57, 68.91, 53.24, 31.94, 31.62, 29.65, 29.47,
29.34, 27.58, 25.93, 22.72, 22.65, 22.63, 14.16, 14.06, 14.01 ppm; IR (KBr):
ñ= 2920, 2850, 1595, 1508, 1491, 1460, 1419, 1257, 1188, 1016, 960,
527 cm�1; UV/Vis (CH2Cl2): lmax (e)=246 (115 400), 255 (123 600), 328
(64 600), 394 nm (54 400 mol�1 cm3 dm�1); MS (ESI): m/z (%): 1356 (100)
[M+].


18 : Yield 49%; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d= 7.80 (m,
2H; HAr), 7.64 (d, 2H, 3J(H,H) =8.6 Hz; HAr), 7.58 (d, 2 H, 3J(H,H) =


8.6 Hz; HAr), 7.56 (d, 2 H, 3J(H,H) = 8.6 Hz; HAr), 7.53 (m, 4H), 7.52 (d,
2H, 3J(H,H) =16.3 Hz; Holef), 7.48 (m, 4 H; HAr), 7.22 (d, 2H, 3J(H,H) =


16.3 Hz; Holef), 7.14 (d, 2H, 3J(H,H) =16.3 Hz; Holef), 7.12 (s, 2H; HAr),
7.09 (d, 2H, 3J(H,H) =16.3 Hz; Holef), 5.10 (d, 1H, 2J(H,H) =9.6 Hz; Hpyr-


rolidine), 5.06 (s, 1H; Hpyrrolidine), 4.11 (d, 1H, 2J(H,H) =9.6 Hz; Hpyrrolidine),
4.06 (m, 4 H; CH2O), 3.24 (m, 1 H; CH2N), 2.57 (m, 1 H; CH2N), 1.88 (m,
6H; CH2), 1.56 (m, 8 H; CH2), 1.40–1.26 (m, 14H; CH2), 0.93 ppm (m,
9H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d =156.60, 154.28,
153.58, 153.54, 151.21, 151.13, 147.28, 146.81, 146.49, 146.28, 146.23,
146.19, 146.14, 146.10, 146.07, 145.91, 145.75, 145.53, 145.47, 145.30,
145.24, 145.20, 145.11, 144.70, 144.60, 144.37, 143.13, 142.97, 142.66,
142.55, 142.33, 142.26, 142.08, 141.99, 141.90, 141.82, 141.65, 141.50,
140.15, 140.11, 139.86, 139.50, 138.45, 137.40, 137.36, 136.88, 136.84,
136.55, 136.42, 135.82, 135.69, 135.30, 132.47, 132.05, 129.82, 128.66,
128.48, 128.03, 127.28, 127.17, 126.93, 126.85, 126.79, 126.67, 126.29,
124.12, 123.40, 119.05, 110.61, 110.51, 110.43, 82.36, 69.57, 69.52, 68.97,
66.87, 53.17, 31.96, 31.63, 29.67, 29.46, 29.36, 28.36, 27.58, 25.96, 22.74,
22.65, 14.19, 14.05 ppm; IR (KBr): ñ =2922, 2852, 2222, 1630, 1593, 1508,
1491, 1464, 1421, 1203, 1172, 1018, 960, 527 cm�1; UV/Vis (CH2Cl2): lmax


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1267 – 12801278


N. Mart�n, D. M. Guldi et al.



www.chemeurj.org





(e)=245 (111 500), 255 (119 300), 308 (54 500), 349 (59 800), 431 nm
(74 000 mol�1 cm3 dm�1); MS (ESI): m/z (%): 1585 (100) [M+�H].
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Electrophilic Attack on Sulfur–Sulfur Bonds: Coordination of Lithium
Cations to Sulfur-Rich Molecules Studied by Ab Initio MO Methods


Yana Steudel,[a] Ming Wah Wong,*[b] and Ralf Steudel*[a]


Introduction


Sulfur-containing ligands are of fundamental importance in
chemistry, particularly in biological chemistry.[1] The most fa-
miliar ligands of this type contain only a single sulfur atom
(sulfido and thiolato ligands, S2� and RS�). However, in
recent years, the chemistry of polysulfido ligands Sx


2� (x =


2–10) has been developed systematically.[2] Owing to the
negative charge on the mentioned ligands, the interaction
with metal cations is very strong and covalent bonds are
formed. Less stable complexes are obtained if the ligands as


a whole are uncharged and if the sulfur atoms bear only a
small charge, as in Me2S or Me2S2, or no charge at all, as in
highly symmetrical sulfur homocycles such as cyclo-S8.


The highest occupied molecular orbital (HOMO) in com-
pounds containing S�S bonds between two-coordinate
atoms, with torsion angles (t) close to 908, is the antibonding
p* MO resulting from the overlap of the nonbonding 3p
atomic orbitals, which are approximately orthogonal to the
neigboring s bonds that are fully occupied.[3,4] Removal of
electron density from such a –S�S- bond should therefore
increase the bond strength and change the torsion angle at
this bond from about 908 towards a more planar structure.
For instance, the radical cation Me2S2C+ contains a trans-
planar structural unit C-S-S-C (C2h symmetry) with an S�S
bond length of 200.3 pm at the MP2/6-311G(d) level of
theory.[6] This internuclear distance is about 5 pm shorter
than that calculated for Me2S2 (tcalcd = 87.68) as a result of
the three-electron p bond, which is not present in the neu-
tral molecule. The adiabatic ionization energy of Me2S2 (texp


= 858[5]) is 8.18�0.03 eV.[6]


The gas-phase ionization energies of the homocycles S6


and S8 are approximately 9 eV. However, if one torsion
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Abstract: Complex formation between
gaseous Li+ ions and sulfur-containing
neutral ligands, such as H2S, Me2Sn (n
= 1–5; Me = CH3) and various iso-
mers of hexasulfur (S6), has been stud-
ied by ab initio MO calculations at the
G3X(MP2) level of theory. Generally,
the formation of LiSn heterocycles and
clusters is preferred in these reactions.
The binding energies of the cation in
the 29 complexes investigated range
from �88 kJ mol�1 for [H2SLi]+ to
�189 kJ mol�1 for the most stable
isomer of [Me2S5Li]+ which contains
three-coordinate Li+ . Of the various S6


ligands (chair, boat, prism, branched
ring, and triplet chain structures), two


isomeric complexes containing the
S5=S ligand have the highest binding
energies (�163�1 kJ mol�1). However,
the global minimum structure of
[LiS6]


+ is of C3v symmetry with the six-
membered S6 homocycle in the well-
known chair conformation and three
Li�S bonds with a length of 256 pm
(binding energy: �134 kJ mol�1). Rela-
tively unstable isomers of S6 are stabi-
lized by complex formation with Li+ .
The interaction between the cation and


the S6 ligands is mainly attributed to
ion–dipole attraction with a little
charge transfer, except in cations con-
taining the six sulfur atoms in the form
of separated neutral S2, S3, or S4 units,
as in [Li(S3)2]


+ and [Li(S2)(S4)]+ . In
the two most stable isomers of the
[LiS6]


+ complexes, the number of S�S
bonds is at maximum and the coordina-
tion number of Li+ is either 3 or 4. A
topological analysis of all investigated
complexes revealed that the Li�S
bonds of lengths below 280 pm are
characterized by a maximum electron-
density path and closed-shell interac-
tion.


Keywords: ab initio calculations ·
cluster compounds · ion–molecule
reactions · lithium · sulfur ligands
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angle of a sulfur ring is much smaller or larger than 908
(e.g., on account of the smaller or larger ring size compared
to S8), the ionization energy will be smaller owing to the
larger overlap of the mentioned 3p orbitals and the larger
energetic splitting between the resulting p and p* MOs. For
example, the ionization energy of cyclo-S6 of 9.00 eV[7] (t =


73.88[8]) is slightly smaller than that of cyclo-S8 (9.04 eV;[7] t


= 98.58[9]). In cyclo-S7 one torsion angle has the value 08[10]


resulting in a considerably lower ionization energy of
8.67 eV.[7] The structure of S6


+ calculated with the B3PW91
method and the 6-31 +G* basis set has been predicted to be
a chair conformation with D3d symmetry (d = 208.1 pm, a


= 108.58, t = 62.48).[11]


The interaction of metal cations with neutral sulfur mole-
cules Sn is very weak and only a few solid coordination com-
pounds are known in which sulfur molecules function as
neutral ligands. Examples are several silver salts with the
cations [AgS8]


+ and [Ag(S8)2]
+ , respectively, and weakly co-


ordinating anions,[12, 13] the rhenium complexes
[Re2X2(CO)6(S8)] (X = Br, I),[14] and the rhodium com-
pounds [Rh2(O2CCF3)4]n(S8)m with n :m = 1:1 and 3:2.[15]


The X-ray structure determinations of these compounds re-
vealed that the S8 ligands exhibit basically the same crown-
shaped ring conformation as the molecules in orthorhombic
cyclo-octasulfur, and S8 functions as either a bidentate, tri-
dentate or tetradentate ligand or as a bridging ligand be-
tween two metal centers. The mean S�S bond lengths in
these complexes are practically identical to the value deter-
mined for orthorhomic S8 (205 pm[9]). The binding energy of
gaseous [Ag(S8)]+ (C4v symmetry) with respect to the free
components has been calculated by various density function-
al and ab initio MO methods to be between �208 and
�247 kJ mol�1.[13]


A considerable number of complexes of univalent metal
cations with sulfur molecules, [MSn]


+ with n = 1–21, has
been generated in the gas phase and detected by ion cyclo-
tron resonance (ICR) mass spectrometry. These metals in-
clude Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Cu, and many
rare-earth metals.[16,17] The structures and relative energies
of these complexes are only partially known from prelimina-
ry reports on density functional calculations of polysulfur
cations containing calcium, scandium, vanadium, or
copper.[17] These calculations (of which no details have been
released yet) show that Ca+ forms complexes with the S3


ligand in a planar geometry and with the crown-shaped
cyclo-S8 ligand in a bidentate, tridentate, and tetradentate
manner. Complexes of composition [Ca(S3)]+ , [Ca(S8)]+ ,
[Ca(S3)(S8)]+ , and [Ca(S3)3]


+ have been found to be local
energy minima on the potential energy surfaces (PES). The
most stable cationic complexes of Sc, V, and Mn with be-
tween four and eight sulfur atoms contain the sulfur exclu-
sively in the form of S2 ligands, whereas in the case of
copper the ion of composition [Cu(S12)]+ is the most stable
as a twelve-membered sulfur ring with the metal cation in
the center.


From the above, it follows that there is no systematic
structural study of the coordination of univalent metal ions


to neutral sulfur-rich molecules. Therefore, in this work we
have studied the interaction of H2S, Me2Sn (n = 2–5) and
the sulfur homocycle S6 and various isomers of S6 with a gas-
eous metal cation using Li+ as a model ion. In a subsequent
publication, we will report on the cationic lithium adducts of
the homocycles S7 and S8 and their various isomers. The co-
ordination of gaseous Li+ to H2S,[18, 19,20] H2S2,


[21] Me2S,[22]


and S3
[23] has been investigated previously by quantum-


chemical calculations; however, to the best of our knowl-
edge, the larger sulfur-rich complexes, such as [Me2SnLi]+


(n>1) and [LiSn]
+ (n>3) have neither been calculated nor


observed before. We define here the binding energy as the
energy difference between the complex and the sum of the
energies of the two separated components in the same con-
formation as found in the complex.


Computational Methods


Standard ab initio and density functional calculations were carried out
with the GAUSSIAN 98 and GAUSSIAN 03 series of programs[24] at the
G3X(MP2) level of theory.[25] This theory corresponds effectively to the
QCISD(T)/G3XL//B3LYP/6-311G(2df,p) energy together with zero-point
vibrational and isogyric corrections. The G3X(MP2) theory represents a
modification of the G3(MP2) theory[26] with three important changes:
1) B3LYP/6-311G(2df,p) geometry, 2) B3LYP/6-311G(2df,p) zero-point
energy, and 3) addition of a g polarization function to the G3 large basis
set for the second-row atoms at the Hartree–Fock level. These features
are particularly important for the proper description of the sulfur-con-
taining compounds examined in this work.[27, 28, 29] For instance, the geo-
metries and stabilities of several cluster species are poorly predicted by
the MP2 theory.[28] For the prism form of S6, we have previously shown
that the MP2 theory grossly overestimates its stability owing to the low-
lying unoccupied molecular orbitals.[29] As a consequence, the additivity
approximation at the MP2 level is rather unsatisfactory. We recommend-
ed a direct QCISD(T)/GTMP2 large calculation to obtain the
G3X(MP2) energy in that case.[29] Here, we have adopted a similar proce-
dure for the calculation of G3X(MP2) energies of the two lithiated forms
of the S6 prism (6d and 6 e).


Harmonic frequencies were calculated at the B3LYP/6-311G(2df,p) level
to characterize stationary points as equilibrium structures, with all wave-
numbers real, or transition states, with one imaginary wavenumber. The
binding energy (DE) of the lithium ion complex was computed as the dif-
ference between the energy of the lithiated species and the total energy
of the two free monomers, namely, the sulfur-containing compound and
lithium ion. The free energy differences (DG) were computed by means
of Equation (1), where DS is the entropy change and DHT = DH0 +


(HT�H0).


DGT ¼ DHT�TDS ð1Þ


The thermal correction (H298�H0 = 6.197 kJ mol�1) and entropy value
(S298 = 133.017 Jmol�1 K�1) of the lithium cation were taken from the
JANAF compilation.[30]


For all investigated molecules, a charge density analysis was performed
by using the natural bond orbital (NBO) approach based on the B3LYP/
6-311G(2df,p) wavefunction.[31] NBO atomic charges of small molecules
have recently been demonstrated to agree well with experimental values
obtained from X-ray diffraction data.[32] The topological analysis was car-
ried out on the basis of Bader�s theory of atoms in molecules (AIM)[33]


based on the B3LYP/6-311G(2df,p) wavefunction. Unless otherwise
stated, all relative energies reported herein are given as DEo and corre-
spond to the G3X(MP2) level, while all reported structural parameters
correspond to the B3LYP/6-311G(2df,p) level. All structures were opti-
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mized initially without any symmetry constraints and were re-optimized
with a higher symmetry after a local energy minimum had been obtained.
The Cartesian coordinates of all calculated cations are given in the Sup-
porting Information.


Results and Discussion


The adducts [H2SLi]+ and [Me2SLi]+ : The ions [H2SLi]+


and [Me2SLi]+ were calculated for comparison with the Li+


adducts of the dimethyl polysulfanes and the sulfur homocy-
cles. Both ions have been calculated previously, but not at
the same level of theory used in the present work. There-
fore, we have re-calculated these ions to obtain data which
can be compared to our other results. According to the liter-
ature, the [H2SLi]+ ion is of Cs symmetry with an Li�S bond
length of 241 pm and a binding energy of �97.1 kJ mol�1 at
the CCSD(T)/6-311 +G(d,p) level[18] and of �103.5 kJ mol�1


at the QCISD(T)/6-311+ G** level.[20] The binding enthalpy
at 298 K was calculated as �94.6 kJ mol�1 by the G2
method, as �91.6 kJ mol�1 by the CBS-Q method, and as
�100.8 kJ mol�1 at the B3LYP/6-311 + G(d,p) level.[19]


The geometry optimization of [H2SLi]+ resulted in the
bond lengths dLiS = 242.3 pm and dSH = 135.0 pm (H2S:
134.5 pm). The H-S-H bond angle of 93.68 is slightly larger
than in H2S (92.48) and the H-S-Li angle is 99.78. In other
words, the coordination sphere at the sulfur atom is approxi-
mately trigonal-pyramidal, and thus, similar to that in the re-
lated cation H3S


+ .[34] The atomic charges of [H2SLi]+ are as
follows: S �0.40, H +0.22, Li + 0.96. Evidently, the charge
transfer from H2S to Li+ is only 0.04 electrons. A compari-
son of the charge distribution with that of the free H2S mol-
ecule (NBO charges: S �0.32, H +0.16) demonstrates that
the lithium cation strongly polarizes the H2S molecule, thus
increasing its dipole moment considerably. The calculated
[B3LYP/6-311G(2df,p)] dipole moments of H2S and its lithi-
ated form are 1.20 and 7.55 D, respectively (Table 1). The in-
teraction between Li+ and the sulfur atom in this adduct
can therefore be described as a superposition of Coulombic
attraction (ion–dipole interaction) and a weak covalent
bond. This view is supported by the sum of the valence
angles at the sulfur atom, which is 2938. It is conceivable
that this value is strongly influenced by the direction of the
rotational axis of the 3p lone pair orbital (HOMO) on the
sulfur atom. Our calculated G3X(MP2) binding energy is
�88.2 kJ mol�1 (Table 1), slightly less than the earlier theo-
retical estimates. The absolute energies of all species calcu-
lated in this work are given in Table 5 of the Supporting In-
formation.


The [Me2SLi]+ ion is confirmed to have Cs symmetry with
an Li�S bond length of 235.5 pm and a C-S-Li angle of
109.48. The binding energy (�124.5 kJ mol�1) is significantly
larger than that of [H2SLi]+ , probably because of the larger
dipole moment (1.68 D) and polarizibility of Me2S com-
pared to H2S (see above). The charge transfer to Li+ is only
0.04 units; however, the NBO charge on the sulfur atom
changes from +0.22 in Me2S to +0.08 in the [Me2SLi]+ ion.


Despite the relatively weak interaction, the Li�S bonds in
[H2SLi]+ and [Me2SLi]+ are shorter than in some monomer-
ic thiolate complexes of the type [(thf)3LiSR] (R = super-
mesityl, o-tolyl, 2,4,6-triphenylphenyl) for which bond
lengths of 241–245 pm have been determined by X-ray crys-
tallography.[35] The sum of the three valence angles at the
sulfur center of the [Me2SLi]+ ion is 3218.


In most of the species discussed below, the lithium cation
is coordinated to several sulfur atoms. In this context we
will consider Li···S distances larger than 280 pm as nonbond-
ing. The use of this criterion is supported by the charge-den-
sity analysis based on the AIM approach. Each Li···S inter-
action is characterized by a bond path and its associated
bond critical point (see below).


The adducts [Me2S2Li]+ (1 a, b): Dimethyldisulfane (1) is
predicted to react with gaseous Li+ to give an adduct of
either C2 or C1 symmetry in which the metal atom is coordi-
nated to both sulfur atoms (Figure 1). In other words, the
lithium cation induces a cyclization with formation of an
LiS2 heterocycle. This behavior is typical for most of the
lithium cation adducts with sulfur-rich molecules studied in
this work.


The C2-symmetric adduct 1 a represents the global energy
minimum. The S�S bond length of 209.7 pm is slightly larger


Table 1. Calculated binding energies[a] and dipole moments[b] of the vari-
ous Li+ complexes studied in this work. The [LiS6]


+ ions contain the S6


ligand in the chair (6a), boat (6 b,c), prism (6 d, e), branched ring (6 f–k)
or triplet-chain form (6 o).


Species Symmetry CN[c] Binding
energy
[kJ mol�1]


Dipole
moment
[Debye]


[H2SLi]+ Cs 1 �88.2 7.55
[Me2SLi]+ Cs 1 �124.5 7.84
[Me2S2Li]+ (1a) C2 1+ 1 �139.2 5.59
[Me2S2Li]+ (1b) C1 2 �121.7 5.86
[Me2S3Li]+ (2a) C2 2 �147.3 5.95
[Me2S3Li]+ (2b) C1 2 �119.3 6.27
[Me2S4Li]+ (3a) C2 2 �173.6 5.07
[Me2S4Li]+ (3b) C1 1+ 1+1 �157.9 4.69
[Me2S4Li]+ (3c) C1 1+ 1 �119.1 8.81
[Me2S4Li]+ (3d) C2 2 �112.7 8.47
[Me2S5Li]+ (4a) Cs 2+ 1 �188.6 5.48
[Me2S5Li]+ (4b) C1 2+ 1 �152.1 6.15
[Me2S5Li]+ (4c) C1 1+ 1 �123.0 8.65
[Me2S5Li]+ (4d) C1 2 �120.1 10.92
[LiS6]


+ (6a) C3v 3 �133.9 5.28
[LiS6]


+ (6b) C2v 3 �146.4 4.40
[LiS6]


+ (6c) Cs 2 �113.2 8.89
[LiS6]


+ (6d) C2v 4 �131.2 5.09
[LiS6]


+ (6e) C2v 2 �112.0 9.94
[LiS6]


+ (6 f) C1 2+ 1 �164.1 4.46
[LiS6]


+ (6g) Cs 1+ 2 �162.3 4.48
[LiS6]


+ (6h) C1 1 �137.5 11.57
[LiS6]


+ (6 i) Cs 1+ 2 �144.5 4.48
[LiS6]


+ (6j) C1 1 �128.7 12.16
[LiS6]


+ (6k) D2d 1+ 1 �115.3 7.21
[LiS6]


+ (6o) C1 2 �124.4 6.34


[a] G3X(MP2) level. [b] B3LYP/6-311G(2df,p) level. [c] Coordination
number of the Li+ ion.
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than that in Me2S2 (206.2 pm). The C-S-S-C torsion angle
changed from the 858 observed[5] or the 87.58 calculated for
gaseous Me2S2 to 113.78 in the [Me2S2Li]+ ion 1 a. Thus, the
expected increase of the value of the torsion angle (see the
Introduction) is clearly observed; however, as a conse-
quence of a small charge transfer of only 0.05 electrons
(NBO charge of Li+ in 1 a : +0.95), there is no shortening
of the S�S bond in the lithiated form. The Li�S bonds of
242.0 pm and the C�S bonds of 183.2 pm are of normal
length. All Li···H distances are larger than 350 pm. The
bond angles are: aSLiS = 51.38, aCSS = 104.68, and aCSLi =


125.98.
In the C1-symmetric adduct of the [Me2S2Li]+ ion 1 b,


there is a relatively close contact (274 pm) of the Li+ ion to
one of the hydrogen atoms (H8) and the two interatomic
Li�S distances are 238.1 and 245.8 pm. As a consequence,
the two C�S bonds now have slightly differing lengths
(182.7 and 183.8 pm).[36] The Li-S2-C4-H8 torsion angle is
10.18. The methyl groups are staggered with respect to the
sulfur atom that is not linked directly to the corresponding
methyl group. The Li···C distances of 310 and 398 pm ex-
clude any bonding interaction between these atoms. Since
the Li+ ion is neither located on the approximate C2 sym-
metry axis of the ligand nor on the C–S axes (which repre-
sent local dipole moment vectors) the interaction between
Li+ and Me2S2 can best be understood in terms of the maxi-
mum polarization axis of the ligand. Adduct 1 b is
17.4 kJ mol�1 less stable than the isomeric form 1 a.


The positive charge of the sulfur atoms in free Me2S2 (+
0.10) decreases to +0.01 in 1 a and to +0.003 for S1 and to
+0.07 for S7 in 1 b. Hence, there is only a negligible polari-
zation of the S�S bond in 1 b. The negative charge rests
solely on the carbon atoms (�0.83 in 1 a ; the same value for
C3 of 1 b and �0.86 for C4, compared to �0.85 in Me2S2).


The charge on the hydrogen
atoms is + 0.28�0.01 in 1 a and
in the range from +0.24 to +


0.30 in 1 b. Hence, the coordina-
tion of Li+ to Me2S2 increases
the positive charge on the hy-
drogen atoms and unexpectedly
decreases the positive charge on
the sulfur atoms, whereas the
carbon atoms are almost unaf-
fected. The polarity of the C�S
and C�H bonds is therefore en-
hanced. The calculated binding
energies of the two isomeric
[Me2S2Li]+ ions with respect to
the components Li+ and Me2S2


(C2) are �139.2 (1 a) and
�121.7 kJ mol�1 (1 b), respec-
tively, and agree well with the
value of �124.5 kJ mol�1 ob-
tained for the [Me2SLi]+ ion
(Table 1).


The adducts [Me2S3Li]+ (2 a, b): The geometrical structure
of Me2S3 has been studied by electron diffraction in the
vapor phase at 383 K, and the results were interpreted in
terms of a mixture of mainly trans-Me2S3 (2 ; symmetry C2)
and a little cis-Me2S3 (symmetry Cs).[37] The C-S-S-S torsion
angle of 2 was determined to be 79(5)8. For the calculation
of the binding energy of the Li+ adduct, we used the helical
trans-conformer with the calculated torsional angle tCSSS =


91.38.
In the adduct [Me2S3Li]+ (2 a), the Li+ ion binds to the


two terminal sulfur atoms in such a way as to retain the C2


symmetry of the ligand. The lithium ion is not only located
on the C2 axis but approximately also on the rotation axes
of the 3p lone pair orbitals of the terminal sulfur atoms
(Figure 1). The lithium atom is coplanar with the three
sulfur atoms in 2 a. The bond lengths dSS = 210.0 pm and
dCS = 183.8 pm as well as the torsion angle tCSSS = 100.8
have normal values; the binding energy is �147.3 kJ mol�1


(Table 1). The NBO atomic charges reveal that
0.10 electrons are transferred to the metal ion and that the
sulfur atoms of 2 a are less charged than those of Me2S3 (+
0.02/+0.11 for the terminal and + 0.03/-0.05 for the central
S atoms of 2 a/2). The strongest charge change occurs at the
carbon atoms (from �0.85 in 2 to �0.62 in 2 a).


In the isomeric structure 2 b of the [Me2S3Li]+ ion
(Figure 1), the Li+ ion is coordinated only along one S�S
bond, similar to species 1 b. It is 28.1 kJ mol�1 less stable
than the symmetrical structure 2 a, and the binding energy is
only �119.3 kJ mol�1. There are two remarkable structural
features: the very long S�S bond of 216.9 pm as a result of
the coordination of the two atoms to the Li+ ion, and the
relatively short distance of 269.1 pm of the Li+ ion to one of
the hydrogen atoms of the neighboring methyl group. The
related H-C-S-Li torsion angle is �0.38. The two C-S-S-S


Figure 1. Structures of the complex cations [Me2S2Li]+ (1a, b) and [Me2S3Li]+ (2a, b); bond lengths in pm. Rel-
ative energies (kJ mol�1) and molecular symmetries are given in parentheses.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1281 – 12931284


R. Steudel, M. W. Wong, and Y. Steudel



www.chemeurj.org





torsion angles are quite different in 2 b. The unusually small
value of �41.18 was obtained for the S1�S2 bond, whereas a
normal value of �90.28 was calculated for the S2�S3 bond.
In this way, the lithium ion can interact favorably with the
3p lone pairs of both sulfur atoms (S1 and S2). Nevertheless,
the charge transfer to the metal atom is only 0.05 electro-
static units.


Adducts of composition [Me2S4Li]+ (3a–d): There is no ex-
perimental structure determination for either H2S4 or
Me2S4; however, according to ab initio MO calculations, a
mixture of several conformers with the motifs +++ , +�+


and ++� is to be expected for these molecules (a motif is
defined as the order of signs of the torsion angles at the S�S
bonds along the chain; the
values of these angles will be
80�108).[38,39] The helical Me2S4


conformer (3, C2 symmetry)
with the calculated torsion
angles tCSSS = 80.58 and tSSSS =


81.08 was used to calculate the
binding energies.


The most stable isomer of the
adduct [Me2S4Li]+ (3 a) consists
of an LiS4 heterocycle with an
approximately envelope confor-
mation and two methyl groups
which are staggered with re-
spect to the neigboring sulfur
atoms (Figure 2). The lithium
ion is only coordinated to the
two terminal sulfur atoms of
the tetrasulfane chain (S5 and
S8). The helical Me2S4 fragment
has approximately C2 symmetry
and the cation is positioned on
this C2 axis so that the symme-
try axes of the 3p orbitals of
the coordinating sulfur atoms
are pointing towards the Li
atom. Thus, the torsion angles
S-S-S-S (�74.58), C1-S-S-S
(�70.58), and C9-S-S-S (�70.48)
are not only very similar, but
all have the same sign. The two
Li-S-S-S torsion angles are
46.28. The two Li�S bonds
(243.5 and 243.4 pm) are com-
parable to those of the
[Me2S2Li]+ ion (238.1 and
245.8 pm), whereas the other
two Li···S distances (307.8 pm)
are clearly nonbonding. The
NBO atomic charges of free
helical Me2S4 (C: �0.85, Sterm:
+0.13, Scenter : �0.05) change to
the following values upon coor-


dination to Li+ : C �0.84, Sterm +0.03, Scenter +0.02, Li +


0.90. The Li+ ion is located on the axis of the dipole
moment of the ligand, but not on the two C–S axes.


A slightly less stable isomer [Me2S4Li]+ (3 b) has C1 sym-
metry and contains the Li+ ion coordinated to three sulfur
atoms with Li�S bond lengths of 243.4, 248.1, and 254.7 pm
(Figure 2). The remaining Li�S distance is 304.6 pm. The
relative energy of this isomer with respect to the global min-
imum is 15.7 kJ mol�1.


The asymmetric isomer 3 c consists of a helical Me2S4


ligand to which the Li+ ion is coordinated in a similar
manner as in 1 b and 2 b. Only two sulfur atoms participate
in this interaction. Again, there is a relatively short Li···H
distance of 273.8 pm with a related H-C-S-Li torsion angle


Figure 2. Structures of the complex cations [Me2S4Li]+ (3 a–d) and [Me2S5Li]+ (4a–d); bond lengths in pm.
Relative energies (kJ mol�1)and symmetries are given in parentheses.
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of �3.38. Whereas the C5-S1-S2-S3 torsion angle is smaller
than expected (�42.78), the dihedral angles at the S2�S3
(�85.48) and S3�S4 (�83.68) bonds show normal values.
This cation is less stable than 3 a by 54.5 kJ mol�1.


An even less stable isomer of the [Me2S4Li]+ ion (3 d), in
which the lithium ion is coordinated symmetrically to the
two central sulfur atoms and the Li�S distances are
243.7 pm, is 60.9 kJ mol�1 less stable than 3 a (see Figure 2).
This coordination changes the central S�S bond length to
217.3 pm, whereas the two terminal S�S bonds shrink to
204.7 pm (torsion angle of S-S-S-S: �102.38).


Adducts of composition [Me2S5Li]+ (4a–d): The structure of
Me2S5 (4) has not been experimentally determined. The
binding energies were calculated with the conformer having
the (calculated) torsion angles tCSSS = �82.78 and tSSSS =


�92.28 (motif : �+�+ ; Cs symmetry) because its conforma-
tion is closest to that of the most stable Li+ adduct of Me2S5


(4 a). It should, however, be mentioned that the isomer with
the motif �++� (C2 symmetry) is lower in energy by
2 kJ mol�1.


The cation of composition [Me2S5Li]+ can exist as four
isomers that differ considerably in their geometry
(Figure 2). The global energy minimum (4 a) has the lithium
ion coordinated to three sulfur atoms (S1, S3, and S4) to
form a six-membered LiS5 heterocycle (or bicycle) of boat
(or cradle) conformation. This cation has the highest binding
energy (�188.6 kJ mol�1) of all complexes studied in this
work. In contrast, the less stable isomer 4 b has no symmetry
at all and contains a five-membered LiS4 heterocycle with
one additional exocyclic sulfur atom to which one of the
two methyl groups is attached. In this structure, the metal
ion is also coordinated to three sulfur atoms (S5, S7, and
S8). The energy difference between 4 a and 4 b is
36.6 kJ mol�1. In both isomers, the 3p rotation axes of the
lone pair orbitals of the coordinating sulfur atoms are point-
ing towards the Li atom.


The Cs-symmetric structure of 4 a is characterized by Li�S
bonds of length 243.3 (to S3 and S4) and 261.1 pm (to S1)
and torsion angles S-S-S-S of + 96.18 and �96.18. The
lengths of the four S�S bonds are 208.7 pm (terminal bonds)
and 210.4 pm (central bonds). The two torsion angles Li-S3-
S2-S1 and Li-S4-S5-S1 are �22.58. All these values are
quite normal. The NBO atomic charges are as follows (data
for Me2S5 in parentheses): Li +0.85, S1 �0.06 (+0.13), S2
+0.05 (�0.03), S3 + 0.06 (�0.05), C �0.84 (�0.85), H +


0.26–0.29 (0.25–0.26). Evidently, the sulfur atoms coordinat-
ed to Li+ gain electron density and, as a consequence, the
polarities of the C�S and S�S bonds decrease upon coordi-
nation.


The geometry of the asymmetric ion 4 b is considerably
different from that of the isomeric 4 a with one very long S�
S bond of 222.8 pm, probably caused by the related S6-S7-
S8-S9 torsion angle of 176.78 (Figure 2). The other three S�
S bonds have “normal” bond lengths of between 203 and
210 pm, related to the normal values of the dihedral angles
of �83.18 for C1-S5-S6-S7, �84.98 for S5-S6-S7-S8, and


�86.28 for S7-S8-S9-C10. The Li-S5-S-S7 torsion angle is
25.98. Owing to the low symmetry, the five possible Li···S
distances are all different, ranging from 245.1 to 380.3 pm,
but only three of these contacts can be considered to be
chemical bonds.


The 4 c ion is even less stable, by 65.6 kJ mol�1 with re-
spect to 4 a ; it contains a lithium ion coordinated to the
second and third atom of the sulfur chain of the Me2S5


ligand (Figure 2); however, details of its structure will not
be discussed here. In a similar fashion, the 4 d isomer con-
tains the Li+ ion coordinated to the two terminal sulfur
atoms of a helical Me2S5 ligand (Figure 2). The relative
energy (68.5 kJ mol�1) and the binding energy
(�120.1 kJ mol�1) of 4 d are similar to those of 4 c : the bind-
ing energies with respect to Me2S5 (4) decrease in the order
4 a>4 b>4 c>4 d (Table 1).


Adducts of composition [LiS6]
+ : The coordination of a


cation to cyclo-hexasulfur may change its structure or its
conformation, as was observed in the protonation of S6.


[40]


For this reason, the S6 molecule had to be calculated in the
various symmetries observed in the cationic lithium adducts
reported below; these calculations have been published sep-
arately.[29]


Isomers of cyclo-S6 : Beside the experimentally observed
chair conformation of D3d symmetry (5 a),[8] the S6 ring can
also exist as a boat-shaped molecule of C2v symmetry
(5 b).[41,42] In addition, a prism-like structure of D3h symme-
try (5 c) was recently found to be a novel isomer of fairly
low relative energy on the S6 potential energy hypersurface
(PES).[29,43] Furthermore, S6 can exist as two branched iso-
mers with S5=S connectivity (5 d, e).[29] The optimized struc-
tures and their bond lengths are shown in Figure 3.


Of the four mentioned S6 isomers, the boat (5 b) is less
stable than the chair by 52.4 kJ mol�1, the prism (3) by
50.8 kJ mol�1, and the twisted branched ring structure (5 d)
by 89.4 kJ mol�1 (DEo data). The second branched ring struc-


Figure 3. Structures of six isomeric S6 molecules (5a–f) corresponding to
minima on the potential energy hypersurface (bond lengths in pm).[29]
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ture (5 e) is less stable than 5 a by 104.0 kJ mol�1.[29] For com-
parison, the activation energy for the homolytic ring open-
ing of cyclo-S6 (5 a) is considerably higher, 148.8 kJ mol�1,[29]


and the dissociation of cyclo-S6 (5 a) into two S3 molecules
of C2v symmetry requires 185 kJ mol�1[44] (all relative ener-
gies and reaction energies were calculated at the G3X(MP2)
level of theory).


Whereas the bond lengths in the ground state of cyclo-S6


are all the same (calculated 209 pm; experimental
206.8 pm[8]), the 5 b boat structure has two torsion angles of
08 and, as a consequence, two bonds are much longer
(222.2 pm) than the other four (205.3 pm). The four nonzero
torsion angles are �73.48. The prism structure is most inter-
esting because it is practically a cluster of three parallel-ori-
ented singlet S2 molecules with S�S bond lengths of 190 pm
(three times) and 276 pm (six times). For comparison, the
triplet ground state of S2(


3�g) is characterized by a bond of
length of 188.9 pm, and 189.8 pm was determined spectro-
scopically for singlet S2(


1Dg).[45] This prismatic S6 structure of
5 c indicates that cyclo-hexasulfur may react as an S2 donor
at elevated temperatures. The activation energy for the
transformation of 5 a into 5 b has been calculated to be
130.3 kJ mol�1.[29] For the isomerizations 5 a!5 c and 5 a!
5 d, the activation energies are slightly higher; however, 5 c
and 5 d can be obtained from the boat structure 5 b in reac-
tions with barriers smaller than 130 kJ mol�1.[29]


Isomers of composition [LiS6]
+ : Fourteen isomeric struc-


tures have been located on the singlet PES of [LiS6]
+ and


one on the triplet PES. These ions contain the S6 unit either
in the normal chair-like conformation (6 a), in the boat-like
conformation (6 b,c), in the prism-shaped conformation
(6 d,e), in the branched ring form (S5=S, 6 f–k), or in the
triplet-chain form (6 o). These species and their relative en-
ergies are shown in Figures 4–6; their absolute energies are
listed in Table 5 of the Supporting Information.


In addition, two [LiS6]
+ isomers with two separate S3


units as well as one isomer with an S2 and an S4 ligand at-
tached to the lithium cation were located on the PES. These
species (6 l–n) will be discussed below.


The global minimum structure of [LiS6]
+ (6 a) contains a


tridentate S6 ring of chair conformation attached to the
cation. The three Li�S bonds (255.6 pm) are slightly longer
than in [H2SLi]+ (242 pm); however, the total binding
energy of �134 kJ mol�1 (Table 1) with respect to the com-
ponents Li+ and S6 (5 a) is much larger than in the case of
H2S (�88 kJ mol�1). Interestingly, the S�S bonds of 6 a are
slightly longer (210.1 pm) than those calculated for S6


(209 pm), whereas the torsion angles within the coordinated
homocycle (72.98) have hardly changed from those calculat-
ed for the free S6 molecule 5 a (73.28[29]). The bond angles at
Li are 79.18, and the SSS angles are either 101.78 or 104.78,
with the larger value at the three-coordinate atoms. The lith-
ium cation induces a small negative charge (�0.05) on the
three atoms it is coordinated to and a small positive charge
(+0.09) on the other three sulfur atoms. Whereas no solid
complexes with the S6 ligand are known, the compounds


[Ag2Se6][AsF6]2 and [AgSe6][Ag2(SbF6)3], which contain the
related Se6 molecule coordinated to Ag+ ions, have recently
been prepared. The coordination geometry between the
chair-like Se6 ring and the metal ions is similar to that in 6 a
(threefold symmetry axis), but the Se6 ligand bridges two
Ag+ ions to form three Ag�Se bonds each to the metal
atoms.[46]


The basket-shaped [LiS6]
+ complex 6 b (Figure 4), derived


from the boat conformation of S6, is less stable than 6 a by


40.0 kJ mol�1. The four identical Li�S bonds are 258 pm
long and result in a binding energy of �146 kJ mol�1 with re-
spect to the S6 boat (5 b); the reaction energy with regard to
the chair-form of S6 (5 a) and Li+ is �94 kJ mol�1. The S�S
bonds of 6 b (206.2 and 224.9 pm) are all slightly longer than
in the related S6 isomer, 5 b, but the S-S-S-S torsion angles
have hardly changed on coordination to the lithium ion (08
and �74.18). For bond angles and further torsion angles, see
Table 2. Whereas the four equivalent sulfur atoms attached
to Li+ are slightly negatively charged (�0.05), the other two
are positively charged (+ 0.15). Thus, 0.11 electrons have
been transferred from the S6 ligand to the metal cation.


Figure 4. Structures of five complex cations of composition [LiS6]
+ (6 a–


e) derived from the unbranched ring and prism structures of S6; bond
lengths in pm (for bond angles and torsion angles, see Table 2). Relative
energies (kJ mol�1) and symmetries are given in parentheses.
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In the [LiS6]
+ isomer 6 c (Figure 4), the boat-like sulfur


ring functions as a bidentate ligand to result in shorter Li�S
bonds (245.2 pm), although the binding energy with respect
to 5 b and Li+ is only �113 kJ mol�1; the reaction energy
starting from 5 a and Li+ is �23 kJ mol�1. The two S4 units
of the ligand are essentially planar. The lithium ion occupies
a position where the electron density of the HOMO of the
two neigboring sulfur atoms is
probably at its maximum. For
bond and torsion angles, see
Table 2. The NBO atomic
charges are summarized in
Table 3.


In the case of the prismatic
S6 isomer 5 c (Figure 3), we
found two adducts with Li+ (6 d
and 6 e). Whereas 6 d is a tetra-
dentate coordinated complex,
6 e has a bidentate structure
(Figure 4). In 6 d, the Li+ ion
causes the neighboring S�S
bonds to increase in length. The
shortest bond in this ion
(187.9 pm) is therefore the
prism edge on the opposite side


from the Li+ ion. The bond angles of 6 d are given in
Table 2. The charge transfer to the Li+ ion of 0.08 electro-
static units causes a positive charge of 0.14 units on
atoms S1 and S2, whereas all other sulfur atoms are slightly
negative.


As expected, 6 d is more stable than 6 e by 19.3 kJ mol�1.
The computed binding energy, with respect to 5 c, is
�131.2 kJ mol�1 for 6 d and �112.0 kJ mol�1 for 6 e. Evident-
ly, the structure with the maximum number of Li···S interac-
tions is preferred.


The 6 e isomer also has C2v symmetry (Figure 4) with two
Li�S bonds of length 248.1 pm. The S6 unit is very close to a
perfect prism with all S-S-S angles within �0.88 of either
608 or 908, and S-S-S-S torsion angles inside the rectangles
of 08. The S-Li-S angle is 46.58. The two sulfur atoms attach-
ed to the Li+ ion bear a negative charge of �0.25, whereas
the other four atoms are positively charged (+ 0.14). Thus,
the Li+ ion induces a dipole moment within the S6 units of
6 d and 6 e that is directed towards the metal ion.


The addition of a Li+ ion to the branched rings S5=S (5 d
and 5 e in Figure 3) gave six isomeric complexes. They differ
in the position and the coordination number of the metal
ion as well as in the equatorial or axial position of the exo-
cyclic sulfur atom (Figure 5). In the first three cases (6 f–h),
the lithium atom is mainly bonded to the exocyclic atom,
which is always in an axial position and which bears the
highest negative atomic charge in the free ligand (Table 3).
In the most stable endo isomer, 6 f, the Li+ ion is also at-
tached to one or maybe even two of the ring atoms (Li�S5
258.6, Li�S2 279.5 pm), and it may be these additional
bonds that stabilize this isomer with respect to the exo struc-
ture 6 h (Li+ coordination number = 1). The same holds for
the structure of intermediate energy, 6 g, which is of Cs sym-
metry with one S-S-S-S torsion angle of 08. The charge dis-
tribution in these [S5�SLi]+ isomers is quite different
(Table 3); for further geometrical details, see Table 2.


There are also two [S5�SLi]+ isomers in which the exocy-
clic sulfur atom is in an equatorial position (6 i,j) (Figure 5).
These isomers have Cs symmetry with coordination numbers


Table 2. Calculated bond angles and torsion angles of the [LiS6]
+ isomers


6b–d and 6 f–o (B3LYP/6-311G(2df)-optimized geometries). For the
numbering of sulfur atoms, see Figures 4–6.


Species Bond angles (a) and torsion angles (t) [8]


6b a123 = 102.0, a234 = 104.7, a1Li2 = 51.7, a1Li5 = 78.6,
a12Li = 64.2, t1234 = 74.1


6c a123 = 101.8, a234 = 105.3, a345 = 102.5, a1Li2 = 54.7,
t1234 = 73.4, t4561 = 73.9, t3456 = 0.0, t561Li = �137.1


6d a3Li4 = 44.8, a3Li5 = 69.5, a3Li6 = 86.6, a213 = 89.5, a153 = 58.5
6 f a123 = 94.5, a234 = 101.4, a345 = 95.8, a451 = 103.6, a215 = 96.4,


a46Li = 86.8, a3Li5 = 63.1, t1234 = 62.3, t1546 = �123.2,
t2345 = 70.1, t346Li = �66.6, t4512 = 45.1


6g a123 = 100.2, a234 = 101.6, a345 = 84.1, a452 = 101.6,
a512 = 100.2, a46Li = 102.0, t1234 = 43.0, t2345 = �64.7,
t5123 = 0.0, t2346 = 46.2, t546Li = 45.9


6h a123 = 102.5, a234 = 93.4, a345 = 96.0, a516 = 98.8, a215 = 97.9,
a451 = 102.1, a216 = 114.1, a16Li = 100.8, t1234 = 55.8,
t2345 = �67.3, t3451 = 52.2, t4516 = �133.8, t3216 = 79.6,
t216Li = 121.6


6 i a312 = 105.4, a245 = 102.6, a354 = 84.1, a356 = 100.1,
a56Li = 80.4, t3124 = 0, t2456 = �155.5, t1245 = 39.3,


t456Li = 42.9
6j a312 = 101.3, a245 = 100.3, a354 = 84.8, a356 = 102.5,


a56Li = 101.4, t3124 = 0, t2456 = �165.8, t1245 = 42.7,
t356Li = 136.3


6k a123 = 102.0, a234 = 92.9, t1234 = �7.3, t1236 = 102.4 ,
t632Li = 177.9


6 l a123 = 114.9, a1Li3 = 78.6, a34Li = 126.8, t123Li = 0,
t23Li4 = �128.1


6m a123 = 115.5, a23Li = 102.2, a3Li4 = 179.4, t123Li = 180,
t23Li4 = 107.3


6n a1Li2 = 45.0, a12Li = 67.6, a3Li6 = 92.8, a345 = 113.1, t3456 = 0,
tLi345 = 0


6o a1Li4 = 99.3, a34Li = 102.8, a456 = 105.5, t1234 = 21.1,
t3456 = 1.6, tLi456 = 111.1


Table 3. Atomic charges of S5=S and of 14 adducts of composition [LiS6]
+ , calculated by the NBO method


based on the B3LYP/6-311G(2df,p) wavefunction.


Species Li S1 S2 S3 S4 S5 S6


5d (S5=S) – +0.04 +0.05 �0.06 + 0.30 �0.07 �0.25
6a [LiS6]


+ (C3v) +0.88 �0.05 +0.09 �0.05 + 0.09 �0.05 +0.09
6b [LiS6]


+ (C2v) +0.89 +0.15 �0.05 �0.05 �0.05 �0.05 +0.15
6c [LiS6]


+ (Cs) +0.95 +0.09 +0.06 �0.12 + 0.06 �0.12 +0.09
6d [LiS6]


+ (C2v) +0.92 +0.14 +0.14 �0.06 �0.06 �0.06 �0.06
6e [LiS6]


+ (C2v) +0.95 �0.25 �0.25 +0.14 + 0.14 +0.14 +0.14
6 f [S5-SLi]+ (C1) +0.88 �0.00 +0.16 �0.09 + 0.35 +0.07 �0.37
6g [S5-SLi]+ (Cs) +0.89 +0.34 +0.12 �0.06 �0.06 �0.36 +0.12
6h [S5-SLi]+ (C1) +0.95 +0.10 +0.13 +0.04 + 0.29 +0.04 �0.55
6 i [S5-SLi]+ (Cs) +0.89 +0.11 +0.11 �0.06 �0.06 +0.35 �0.33
6j [S5-SLi]+ (Cs) +0.95 +0.07 +0.07 +0.09 + 0.09 +0.27 �0.55
6k [LiS5=S]+ (C1) +0.92 +0.04 �0.04 +0.08 + 0.44 �0.34 �0.10
6 l [Li(h2-S3)2]


+ (D2d) +0.73 +0.42 �0.14 �0.14 + 0.42 �0.14 �0.14
6m [Li(h1-S3)2]


+ (C2) +0.85 �0.33 +0.05 +0.05 + 0.36 �0.33 +0.36
6n [Li(S2)(S4)]+ (C2v) +0.79 �0.24 �0.24 +0.31 + 0.04 +0.31 +0.04
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for the lithium atom of 3 (endo isomer) and 1 (exo isomer),
respectively. The related but completely asymmetrical
isomer of connectivity [LiS5=S]+ (6 k) contains the metal ion
exclusively attached to two ring atoms of the S5=S ligand
(Figure 5). The Li�S1 distance is 268.7 pm; however, our


topological analysis (see below) shows that there is no bond-
ing interaction between these two atoms. The S5 ring has an
envelope conformation with four atoms almost in one plane
(torsion angle �7.38). Both the exocyclic sulfur atom and
the lithium atom are in axial positions with regard to the
average plane through the ring atoms, but trans to each
other with a Li-S-S=S torsional angle of 177.98. As expected,
the three three-coordinate atoms of 6 k possess an approxi-
mately pyramidal coordination sphere. Interestingly, the
charge transfer to the metal ion is 0.08 electrons and thus
higher than in the case of 6 h (0.05) but smaller than in the
related species 6 f (0.12) and 6 g (0.11) (Table 3). The exocy-
clic S�S bond of 6 k is about as short as that in the 3S2 mole-
cule. We denote this species as [LiS5=S]+ ; it is less stable
than 6 a by 108.1 kJ mol�1.


During the search for other isomers of composition
[LiS6]


+ , we discovered several novel structures of connectiv-
ity [Li(h2-S3)2]


+ (6 l), [Li(h1-S3)2]
+ (6 m) and [Li(h2-S2)(h2-


S4)]+ (6 n) as minima on the PES (Figure 6). However, these


three ions are less stable than any of the previously dis-
cussed isomers, with relative energies of 111–169 kJ mol�1,
respectively, compared to the global minimum 6 a. The
highly symmetric ion [Li(h2-S3)2]


+ (6 l) contains a four-coor-
dinate lithium ion and two planar LiS3 units perpendicular


to each other. The Li�S bonds
are considerably longer
(258.7 pm) than in the more
stable adducts of the same com-
position, whereas the S�S
bonds are almost as short
(194.3 pm) as in the free S3


molecule (experimental:
193.3 pm[47]). The structure of
6 l is similar to the calculated
structure of the planar ion
[CaS3]


+ , which has been detect-
ed by mass spectrometry.[17]


The nonplanar cation [Li(h1-
S3)2]


+ is of C2 symmetry with
two co-linear Li�S bonds of
241.1 pm and S�S bonds of
198.0 and 190.2 pm, respective-
ly. Each Li-S-S-S unit is of
trans-planar geometry, similar
to the related [H-S-S-S]+ ion,[48]


but the torsion angle between
the two Li-S-S-S units is 1488.
The Li+ ion strongly polarizes
the S3 ligands resulting in NBO
charges of �0.33 on the ligating
atoms and + 0.36 on the central
sulfur atoms, whereas the termi-
nal atoms are only slightly posi-
tively charged (+ 0.05). The re-
maining charge on the lithium
atom is +0.85. The formation
of 6 m from 5 a and Li+ is exo-


thermic by only �18 kJ mol�1, but the binding energy is
�203 kJ mol�1 with respect to 2 S3 and Li+!


The C2v-symmetric ion [Li(h2-S2)(h2-S4)]+ (6 n) contains a
four-coordinate lithium atom with an approximately tetrahe-
dral coordination sphere. The two structural units, LiS2 and
LiS4, are both planar and perpendicular to each other. This
type of coordination is well-known from transition-metal
polysulfido complexes, although planar five-membered rings
are unusual.[1,2] The binding energy with respect to 3S2 + S4


is �141 kJ mol�1.
Because S6 can also exist as a triplet chain (5 f in


Figure 3),[29] we have investigated the possibility that this
chain adds a chain-teminating Li+ ion. This structure (6 o) is
in fact a local minimum on the PES. However, the geometry
is cluster-like with a five-membered LiS4 ring and an unusu-
al exocyclic S2 group (Figure 6). The conformation of the S6


chain in 6 o is quite similar to the structure of the free
ligand 5 f with a strong bond length alternation along the
chain. The binding energy of 6 o with respect to Li+ and 5 f


Figure 5. Structures of six complex cations of composition [LiS6]
+ (6 f–k) derived from the branched ring struc-


tures S5=S; bond lengths in pm (for bond angles and torsion angles, see Table 2). Relative energies (kJ mol�1)
and symmetries are given in parentheses.
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is �124 kJ mol�1. The relative energy of this triplet cation of
126.4 kJ mol�1 with respect to isomer 6 a is slightly larger
than the relative energy of 5 f with respect to 5 a
(116.8 kJ mol�1).[29] In other words, the ring opening reaction
energy of S6 does not change much after coordination of an
Li+ ion. As with the neutral diradical 5 f, the spin densities
of 6 o are highest on the two terminal S2 units (i.e., on S1,
S2, S5 and S6).


General properties of the novel complexes


Geometries : In all the stable complexes (labelled with “a”)
studied in this work, the ligands exhibit practically the same
conformation as in the free molecules. The S�S bonds of the
Me2Sn ligands vary in length between 203.2 and 222.8 pm,
whereas the Li�S bond lengths are calculated to be in the
range 238.1–250.3 pm. In all cases, the coordination of a Li+


ion causes the neighboring S�S bonds to increase in length.
This is in accordance with the observation that the increase
in coordination number at the sulfur atoms from 2 to 3 re-
sults in somewhat longer bonds.[3] For instance, the S�S
bond in the [Me2S-SMe]+ ion is longer than in Me2S2 by
8 pm.[49]


Surprisingly, the Li+ ion is not usually located on the
vector of the dipole moment of the particular molecule but
prefers to be in one plane with the 3p lone pairs of the
sulfur atoms it is coordinated to. It seems that the Li+ ion is
attracted by the local electron density maxima of the 3p
lone pairs of the sulfur atoms,[22] in addition to the ion–
dipole attraction (which would favor a planar [H2SLi]+ ion).


We did not investigate the coordination of a Li+ ion to
the thiosulfoxide isomers of the dimethyl polysulfanes,
which are known to be local minima on the PES.[28,50]


In the case of S6, the coordination to a Li+ ion results in a
more or less strong bond length alternation, and S�S bond
lengths of between 189.8 and 259.0 pm have been obtained.
The Li�S bond lengths lie in the range 231–280 pm (longer


distances are considered to be
nonbonding). The lower coordi-
nation number of the Li+ ion is
usually associated with a short-
er Li�S bond.


Atomic charges: In the 29 com-
plexes studied in this work, the
transfer of electron density
from the ligands to the lithium
ion varies between 0.04 and
0.27 electrons (Table 3). For
comparable cations, the higher
the coordination number, the
larger the charge transfer. The
calculated order of charge
transfer is: [H2SLi]+ <


[Me2S2Li]+ (1 a, b) ffi [LiS6]
+


(6 c, Cs) ffi [LiS6]
+ (6 e, C2v) ffi


[S5�SLi]+ (6 h, j) < [Me2SnLi]+


(2 b, 3 c, 4 c, 4 d) < [S5=SLi]+ (6 i) < [Me2S3Li]+ (2 a) <


[Me2S4Li]+ (3 a, b) < [LiS6]
+ (6 b, C2v) ffi [S5�SLi]+ (6 g, k)


< [Me2S5Li]+ (4 b) ffi [S5�SLi]+ (6 f) ffi [LiS6]
+ (6 a) <


[Me2S5Li]+ (4 a) ffi [Li(h1-S3)2]
+ (6 m) ! [Li(S2)(S4)]+ (6 n)


< [Li(h2-S3)2]
+ (6 l). Evidently, the global minimum struc-


tures experience the largest charge transfer if one excludes
the high-energy hexasulfur adducts 6 l–n. The main effect of
the lithium cation on the ligands is to induce a (higher)
dipole moment by polarizing the electron clouds in the
neighboring bonds. The attraction is then mainly caused by
the well-known ion–dipole interaction. Our argument is sup-
ported by a point-charge calculation that readily reproduces
the D2d geometry of [Li(h2-S3)2]


+ (6 l).


Topological analysis : To further characterize the Li+ ···S in-
teraction in these cationic complexes, we examined the
topological properties of the electron density, based on
Bader�s theory of atoms in molecules (AIM).[33] Except for
6 k, all Li�S bonds less than 280 pm are characterized by a
maximum electron density path and its associated bond crit-
ical point (bcp). In 6 k, the Li+ ion is mainly coordinated to
S2 and S5. Although S1 is in close contact with the Li+ ion
(268.7 pm), our calculation reveals that there is no signifi-
cant bonding interaction between the two atoms.


The calculated electron density (1b), Laplacian (521b) and
ellipticity (e) values at the bcp, based on the B3LYP/6-
31G(2df,p) wavefunction, are summarized in Table 6 in the
Supporting Information. In all cases, the calculated Lapla-
cian of the electron density (521b) is positive, indicating the
closed-shell nature of the interaction. The electron density
values, 1b, are relatively small, ranging from 0.013–0.028.
However, there is a strong correlation between the 1b values
and the Li�S bond lengths. In other words, the 1b value may
be used as a measure of the bond strength of the Li+ ···S in-
teraction. Our finding is consistent with the topological
study of the complexes between ethers and Li+ ions.[51] Sig-
nificant ellipticity values (e) were calculated for most of the


Figure 6. Structures of the complex cations [Li(h1-S3)2]
+ (6 l), [Li(h2-S3)2]


+ (6m) and [Li(S2)(S4)]+(6n) and of
the triplet cluster [LiS6]


+ (6 o); bond lengths in pm (for bond angles and torsion angles, see Table 2). Relative
energies (kJ mol�1) and symmetries are given in parentheses.
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Li�S bonds examined here. These values reflect the orienta-
tion of the 3p lone pair orbital of sulfur towards the Li+ ion.
A large value indicates that the Li+ ion and the axis of the
sulfur lone pair orbital are essentially in the same plane.


Thermodynamics : The absolute and relative energies of the
29 cations and their components are given in Table 5 in the
Supporting Information. The binding energies (Table 1)
range from �88 kJ mol�1 for the [H2SLi]+ ion to
�189 kJ mol�1 for the most stable isomer of the [Me2S5Li]+


ion (4 a). Of the various possible S6 ligands, the two S5=S
complexes 6 f and 6 g have the highest binding energies,
namely �164 and �162 kJ mol�1, respectively, whereas the
global minimum structure 6 a is predicted to have a binding
energy of only �134 kJ mol�1. Compared with the high bind-
ing energies of protons to the various S6 isomers (735–
836 kJ mol�1[40]), the corresponding interaction of the Li+


ion is much weaker.
Since the calculated binding energies between a Li+ ion


and S6 are always larger than or close to the homolytic dis-
sociation enthalpy of cyclo-S6 (116.8 kJ mol�1[29]), it can be
expected that the structure of any [LiS6]


+ complex formed
in a real gas-phase experiment from cyclo-S6 will correspond
to that of the global minimum. The fact that 6 a, which con-
tains the cyclo-S6 ligand, is much more stable than the 6 m–o
complexes, which contain S2, S3 and S4 ligands, indicates that
any alkali metal cation will react with the homocycle S6


(and probably also with S8) to complexes of the type 6 a.
The various isomers of the [LiS6]


+ ion show that the iso-
mers which contain the highest number of S�S bonds are
most stable. The second factor influencing the stability is the
coordination number (CN) of the lithium cation: a higher
CN is associated with a greater stability. This is in sharp con-
trast to the interaction of protons with related sulfur-rich
molecules in which case covalent bonds with mono-coordi-
nate hydrogen are always formed with a transfer of �
0.8 electrons to the proton.[34,40]


The coordination to the Li+ ion stabilizes certain unstable
S6 isomers (see Table 5 in the Supporting Information). For
example, the boat form of S6 (5 b) has a relative energy of
52.4 kJ mol�1 compared to the chair form 5 a. The lithiated
boat form (6 b) is only 40.0 kJ mol�1 less stable than 6 a. The
same reduced relative energies have been calculated for the
lithiated branched rings (6 f, g) which are less stable than 6 a
by 59.3–85.9 kJ mol�1, whereas the axially branched ring
S5=S (5 d) has a relative energy of 89.4 kJ mol�1. Thus, the
coordination of Li+ (and other cations) may enhance the re-
activity of S6 (and other sulfur rings) because of the liberat-
ed binding energy, but also owing to favourable changes in
the potential energy hypersurface.


Lithium cation basicities : The gas-phase lithium cation basic-
ity (LCB) of a base (B) is defined as the negative Gibbs
energy associated with the equilibrium reaction (2).[52]


Liþ þ B ¼ ½Li�B�þ ð2Þ


This definition is comparable to the definition of the gas-
phase (proton) basicity of a molecule. LCB values for more
than 200 small bases have been calculated and determined;
however, there are only a few data of sulfur compounds in
the literature.[51] Alkyl thiols and dialkyl sulfides have LCB
values in the range 84–130 kJ mol�1; the LCB of a thiol,
RSH, is always lower than that of the related sulfide, R2S.
The only disulfide investigated seems to be (CF3)2S2 with
LCB = 80 kJ mol�1,[51] and data on more sulfur-rich mole-
cules, as investigated in this work, are missing.


To check the reliability of our calculation method, we
have first examined the well-known lithium cation affinities
of H2O and Me2O at the G3X(MP2) level. Our computed
values of 137 and 157 kJ mol�1 are in very good agreement
with the experimental estimates[53] (137�14 and 167�
10 kJ mol�1, respectively). This lends strong confidence to
our predicted lithium ion affinities and basicities of the vari-
ous sulfur-rich compounds examined in this paper. The cor-
responding data for the most stable isomers 1 a–4 a and 6 a
are listed in Table 4. They range from 103.6 kJ mol�1 for


[S6Li]+ via 112.6 kJ mol�1 for [Me2S2Li]+ to 155.7 kJ mol�1


for [Me2S5Li]+ . In other words, the dimethyl polysulfane
molecules are increasingly stronger ligands as the sulfur con-
tent increases, whereas chair-like S6 with its zero dipole
moment is a considerably weaker base and ligand.


Harmonic vibrations : To facilitate the experimental discov-
ery of the complexes studied in this work, the vibrational
wavenumbers below 600 cm�1 (unscaled) and the corre-
sponding IR intensities of the most stable species 1 a, 2 a,
3 a, 4 a, and 6 a are given in Table 7 in the Supporting Infor-
mation. In the case of S6, the irreducible representation (G)
changes from 2 A1g + A1u + A2u + 2 Eg + 2 Eu for D3h


symmetry to 3 A1 + A2 + 4 E for C3v symmetry. The three
additional vibrational degrees of freedom introduced by the
Li atom of 6 a result in two vibrations at 291 cm�1 (E) and
240 cm�1 (A1).


Conclusion


Neutral molecules containing two-coordinate sulfur atoms,
such as dimethyl sulfanes Me2Sn (n = 1–5) and the homocy-


Table 4. Reaction enthalpies and Gibbs energies for the addition of Li+


ions to the gaseous ligands Me2Sn (n = 2–5) and hexasulfur, S6, to gener-
ate the complex cations 1a–4 a and 6 a [G3X(MP2) level]. The lithium
cation basicities (LCB) of the ligands are defined as the negative Gibbs
energies of Reaction (2).


Species DH
o


298 [kJ mol�1] DG
o


298 [kJ mol�1]


[Me2S2Li]+ (1a) �140.9 �112.6
[Me2S3Li]+ (2a) �149.4 �117.8
[Me2S4Li]+ (3a) �176.0 �144.2
[Me2S5Li]+ (4a) �189.1 �155.7
[LiS6]


+ (6a) �135.9 �103.6
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cle S6, form stable complexes with lithium cations with bind-
ing energies ranging from �125 to �189 kJ mol�1. In cases
where several equivalent or nearly equivalent sulfur atoms
are available the cation prefers to coordinate to more than
one atom forming LiSn heterocycles or clusters with Li�S
bond lengths in the range 231–280 pm. In these cases, the
stability generally increases with the coordination number
of the Li+ ion, which reaches a maximum value of 4. Rela-
tively unstable isomers of the usually chair-like S6 molecule
(boat, prism, branched ring conformation) are stabilized by
coordination to Li+ . Branched rings with an exocyclic nega-
tively charged atom (S5=S) preferentially form complexes of
the type [S5-S-Li]+ ; however, in most of these species there
are additional Li�S interactions. The charge transfer from
the ligand to the cation increases with the coordination
number of the latter, but remains as small as 0.05–
0.12 electrons. However, [LiS6]


+ complexes with the neutral
ligands S2, S3 and S4 and tetrahedrally coordinated lithium
atoms exhibit a much stronger charge transfer (0.21–0.27 e)
and much higher absolute binding energies. The ligand–
cation interaction is explained in terms of ion–dipole attrac-
tion with the dipole moments generated or increased by the
polarizing force of the cation. Lithium cation basicities for
the global minimum structures have also been calculated
(range 103.6–155.7 kJ mol�1).
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Radical Cations of Phenyl-Substituted Aziridines: What Are the Conditions
for Ring Opening?


Carsten Gaebert,[a, d] Jochen Mattay,*[a] Marion Toubartz,[b] Steen Steenken,[b]


Beat M�ller,[c, e] and Thomas Bally*[c]


Introduction


Aziridines and their reactions are of great interest due to
their synthetic and pharmacological importance.[1,2] Upon ir-


radiation or on thermal activation aziridines undergo ring
opening to the corresponding azomethine ylides which can
be trapped in [3+2] cycloadditions with various dipolaro-
philes, to form nitrogen containing five-membered heterocy-
cles.[3–5] Under photoinduced electron transfer (PET) condi-
tions aziridines are oxidized to the corresponding radical
cations, which can react in a similar manner.[6–10] In the
course of our investigations aimed at the applications of
aziridines in organic synthesis[10,11] we became interested in
the reactive intermediates of the [3+2] cycloadditions, that
is, azomethine ylides and radical cations of aziridines, to elu-
cidate the mechanisms of the reactions. A few years ago we
published the results of studies in which azomethine ylides
were generated by laser flash photolysis.[12, 13] In the present
study we investigate the radical cations that are obtained on
pulse radiolysis or 60Co g radiolysis of different phenylaziri-
dines.


Reports on radical cations of aziridines are scarce. In 1976
Holmes and Terlouw[14] reported that the metastable peaks
and kinetic energy release of C2H5NC+ obtained from dime-
thylamine, piperidine, or pyrrolidine were indistinguishable
from those obtained from aziridine. This led them to pro-
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Abstract: Radical cations were gener-
ated from different phenyl-substituted
aziridines by pulse radiolysis in aque-
ous solution containing TlOHC+ , N3C or
SO4C� as oxidants or in n-butyl chloride,
by 60Co g radiolysis in Freon matrices
at 77 K, and in some cases by flash
photolysis in aqueous solution. De-
pending on the substitution pattern of
the aziridines, two different types of
radical cations are formed: if the N
atom carries a phenyl ring, the aziri-
dine appears to retain its structure
after oxidation and the resulting radical
cation shows an intense band at 440–
480 nm, similar to that of the radical


cation of dimethylaniline. Conversely,
if the N atom carries an alkyl substitu-
ent while a phenyl ring is attached to a
C-atom of the aziridine, oxidation re-
sults in spontaneous ring opening to
yield azomethine ylide radical cations
which have broad absorptions in the
500–800 nm range. In aqueous solution
the two types of radical cations are
quenched by O2 with different rates,


whereas in n-butyl chloride, the ring-
closed aziridine radical cations are not
quenchable by O2. The results of quan-
tum chemical calculations confirm the
assignment of these species and allow
to rationalize the different effects that
phenyl rings have if they are attached
in different positions of aziridines. In
the pulse radiolysis experiments in
aqueous solution, the primary oxidants
can also be observed, whereas in n-
butyl chloride a transient at 325 nm re-
mains unidentified. In the laser flash
experiments, both types of radical cati-
ons were also observed.


Keywords: azomethine ylides · den-
sity functional calculations · matrix
isolation · radical ions · reaction
mechanisms
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pose for the first time that aziridine undergoes ring opening
to azomethine ylide radical cation on ionization. Conversely,
three years later Maquestiau et al. reported that C2H5NC+


generated from aziridine and pyrrolidine have distinct colli-
sion induced dissociation (CID) spectra, which led them to
claim that the aziridine radical cation retains its ring-closed
structure.[15] In 1984 Lien and Hopkinson carried out UHF/
4-31G calculations which predicted that the ring opening of
the arziridine radical cation is exothermic by over 26.5 kcal -
mol�1.[16]


Around the same time Schaap et al. investigated the pho-
tooxygenation of various substituted aziridines.[17–19] They
explained the observed reaction products in terms of ring-
opened intermediates. Finally, in 1986 Qin and Williams
measured the ESR spectra of parent aziridine subjected to g


radiolysis in Freon glasses at 77 K. The spectra showed the
unmistakable signature of an allylic radical which led these
authors to propose that the aziridine radical cation under-
goes ring opening, even under cryogenic conditions.[20]


The substrates examined experimentally in the present
study are 1-phenylaziridine 1, 1-butyl-phenylaziridine 2 a,
the trans-2,3-diphenylaziridines 3 a and 3 b, the 1,2-dipheny-
laziridines 4 a and 4 b, and 1,2,3-triphenylaziridine 5. Compu-
tational model studies were done on compounds 2 b and 3 c,
instead of the n-butyl derivatives, 2 a and 3 b (see Scheme 1).


Results and Discussion


Pulse radiolysis and 60Co g irradiation


N-Phenylaziridine (1): The UV spectrum recorded 0.9 ms
after irradiating an N2O saturated solution of 0.1 mm 1-phe-
nylaziridine (1) containing 1 mm Tl2SO4 at pH 6.6 with an
electron pulse (Figure 1) shows the 360 nm band of the oxi-
dant, TlOHC+ .[21] This absorption decreases with a rate con-
stant of k= 1.4 �109


m
�1 s�1, while a new band arises with the


same rate constant at 440 nm (its maximum intensity is
reached after 15.3 ms). The presence of an isosbestic point at
420 nm suggests that the observed transformation occurs in
a single step. The 440 nm transient is quenchable with
oxygen (k=5.5 � 107


m
�1 s�1).


Another transient was formed which has an absorption
peak near 335 nm the maximum of which is reached 5.3 ms
after the electron pulse (i.e., about three times more rapidly
than that of the 440 nm transient). Unfortunately, the ab-


sorptions of TlOHC+ prevented a quantitative assessment of
the kinetics for the formation and decay of this species
which might be an adduct radical of 1 and OHC (see below).


When oxidation was effected by SO4C� (Figure 2) the
440 nm transient arose with a rate constant of 9.2 �
109


m
�1 s�1. Its quenching with oxygen occurred with a rate


constant (k= 6.0 �107
m
�1 s�1) in good agreement with the


one found after oxidation of 1 with TlOHC+ . Pulse radiolysis
of 4 mm of aziridine 1 in n-butyl chloride, and 60Co g radiol-
ysis in a Freon matrix at 77 K (lower part of Figure 2) gener-
ated the same species with lmax = 440 nm but in n-butyl chlo-
ride this transient is not quenchable with oxygen.


In the spectrum recorded after oxidation with N3C the
band at 440 nm occurred only as a minor constituent that
arose with a rate constant of 8.0 � 108


m
�1 s�1. The major tran-


sient, which was formed with a rate constant of 3.3 �
108


m
�1 s�1 showed the same 335 nm band that was observed


also after pulse radiolysis of aziridine 1 with Tl2SO4. Under
an atmosphere of N2O:O2 4:1, this 335 nm absorption was
completely quenched, so this transient is very sensitive to
oxygen. We propose that this species is an adduct radical
formed by attack of OHC onto a phenyl group of 1. In the
spectrum obtained with SO4C� as oxidant there is no absorp-
tion at 335 nm because the tert-butanol that was added in
this experiment immediately traps all OH radicals. This, and
the fact that adducts of aromatic systems with OH radicals
generally show absorptions in this region,[22–24] supports the
assignment of the 335 nm transient to an adduct radical. In
order to confirm this assignment we subjected a 0.1 mm so-
lution of 1 in N2O-saturated water at pH 8 to pulse radioly-
sis. Thereby we detected also a major transient at 335 nm
(Figure 3) while the 440 nm absorption appeared as a minor
secondary transient by OH� elimination from the adduct
radical. The same OH adduct radical may also be formed in
the experiments with Tl2SO4 described above.


Scheme 1.


Figure 1. Transient absorption spectrum obtained after pulse radiolysis of
a 0.1 mm aqueous solution of 1, saturated with N2O and containing 1 mm


Tl2SO4 at pH 6.6; & 0.9 ms, ~ 5.3 ms, * 15.3 ms after the electron pulse.
The insets shows the kinetics at 360 (&, k = 1.4� 105 s�1) and 440 nm (*,
k = 1.2 � 105 s�1).
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By comparison with the absorption spectrum of the radi-
cal cation of N,N-dimethyl aniline (DMAC+) which shows an
intense band at 465 nm,[22,25] we assigned the 440 nm band of
ionized 1 to the (ring closed) radical cation of N-phenylaziri-
dine (a discussion of the electronic structure of 1C+ will be
provided in Section on Calculations).


1-Butyl-2-phenylaziridine (2 a): In the spectrum of 0.2 mm


aziridine 2 a in an aqueous solution containing 2 mm potassi-


um peroxodisulfate a new strong absorption occurred at
380 nm and a flat, weak one at 550 nm (Figure 4). These
bands rise concurrently, with a similar rate as that observed
for the decay of the sulfate radical anion at 450 nm[26,27] (k=


9.0 � 108
m
�1 s�1), and they are also quenchable by oxygen


(k=1.3 � 108
m
�1 s�1). A similar pair of bands (lmax =575 and


390 nm) was also observed on g radiolysis of aziridine 2 a in
a Freon matrix at 77 K (Figure 4, solid line). On pulse irradi-
ation of 9 mm 2 a in n-butyl chloride, a different transient
with a band at 325 nm was formed, which can also be
quenched by oxygen but we have been unable to assess the
identity of this species.


Evidently, these spectra are quite different from those
found for the radical cations of N-phenylaziridines, which
should come as no surprise because 2 a lacks the N,N-dialky-
lanilino chromophore which was found to be responsible for
the 440–490 nm bands that are characteristic for the corre-
sponding radical cations. However, calculations predict that
C-phenylazirdines undergo facile ring opening to azome-
thine ylide radical cations on ionization (see below), so the
chromophore that is responsible for the spectra in Figure 4
is of an altogether different nature in this case. Very similar
spectra were obtained also for the corresponding N-methyl
as well as for the N-H derivative on g radiolysis in Freon
glasses.[28]


trans-2,3-Diphenylaziridines 3 a and 3 b : 60Co g radiolysis of
3 a and 3 b in a Freon matrix at 77 K yields nearly indistin-
guishable spectra (shown in Figure 5), so we can assume
that similar cations are formed. As will be shown below, 2,3-
diphenylaziridines undergo spontaneous ring opening upon
ionization to yield azomethine ylide radical cations of the
same type as 2 a, cations which are characterized by their
broad bands in the 500–800 nm range.


Figure 2. Top: Transient absorption spectrum obtained after pulse radiol-
ysis of a 0.2 mm aqueous solution of 1 containing 1 mm K2S2O8 and 0.1m


tert-butanol at pH 6.6; ~ 0.7 ms, & 7.1 ms, * 765 ms after the electron
pulse. Inset shows the kinetics at 440 nm (k = 1.8 � 105 s�1); bottom:
Transient absorption spectrum recorded after pulse radiolysis of 4 mm of
1 in n-butyl chloride (~) and after 60Co g radiolysis in a Freon matrix at


77 K (c).


Figure 3. Transient absorption spectrum of 0.1 mm 1 observed on pulse
radiolysis of an N2O-saturated aqueous solution at pH 8; ~ 0.8 ms, &


7.3 ms, * 785 ms after the electron pulse.


Figure 4. Transient absorption spectrum observed 15 ms after pulse radiol-
ysis of a 0.2 mm aqueous solution of 2a containing 2 mmK2S2O8 and 0.1 m


tert-butanol at pH 6 (&), and on 60Co g radiolysis in a Freon matrix at
77 K (c).
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Conversely, the spectra obtained on pulse radiolysis of
8 mm 3 a and 9 mm 3 b in n-butyl chloride are quite different
in appearance (Figure 5). That obtained from 3 b shows
bands with peaks at 430 and about 700 nm which arise and
decay with the same rate. The same bands are also observed
if SO4C� is used as an oxidant whereby they also build up
with the same rate (k=9.0 � 108


m
�1 s�1) and are both


quenched by oxygen (k=7.9 � 107
m
�1 s�1). Since the two


bands coincide with those in the spectra obtained after g ra-
diolysis in Freon, we conclude that the same radical cation
is formed in the two sets of experiments. In contrast to the
radical cations of the N-arylaziridines 1, 4 a, and 4 b (see
below), this one is, however, also quenchable with oxygen in
n-butyl chloride. Similar to the case of 2 a we cannot explain
the oxygen quenchable transient absorbing at 330 nm after
pulse radiolysis in butyl chloride.


In addition, there are pronounced shoulders at 480 (3 a)
and 500 nm (3 b), respectively, the kinetics of which differ
from that for the formation and decay of the 430 and
700 nm bands. Previous flash photolysis experiments in ace-
tonitrile and methanol had given rise to bands at 480 (3 a)
or 500 nm (3 b)[12] which were assigned to the neutral azome-
thine ylides that are formed by ring opening of aziridines.[29]


Perhaps the same species are formed as minor products on
pulse radiolysis in BuCl or g radiolysis in Freon.[30]


In contrast, the spectrum obtained on pulse radiolysis of
3 a, either in n-butyl chloride or in aqueous peroxodisulfate
solution, differs strongly from that found after g radiolysis in


Freon. It shows four absorptions at 280, 320, 380 and
630 nm that appear with the same rate constant (k=6.6 �
109


m
�1 s�1) and are quenchable with oxygen (k=5.8 �


108
m
�1 s�1, the highest such rate constant observed in this


study!) in the peroxodisulfate experiments. We also note
that the major absorption at 380 nm is very intense (e=


21 100 m
�1 cm�1) compared with those of the oxidation prod-


ucts of the other aziridines (e=2000–4000 m
�1 cm�1) that


were identified in this study.
In order to identify the transient observed upon pulse ra-


diolysis of 3 a we measured the conductivity of an aqueous
peroxodisulfate solution of this compound and compared it
with a similar solution containing aziridine 3 b (note that
these solutions have a pH of 4.9 so the aziridines are present
mostly in their protonated forms, 3 H+). After the pulse the
conductivity was found to be much higher in the case of 3 a
than if the solution contained 3 b. This finding leads us to
postulate that 3 aC+ undergoes spontaneous deprotonation to
yield radical 6 (Scheme 2), a decay pathway that is not avail-
able to 3 bC+ .


We propose a ring-opened structure for the 6 because
a) calculations predict that 3 aC+ undergoes spontaneous ring
opening (see below) and b) because the allylic radical 6
enjoys considerably more stabilization by the two terminal
phenyl rings than an aziridinyl radical. Of course in n-butyl
chloride, spontaneous deprotonation of 3 aC+ is not expected
to occur because the proton cannot be solvated. We can see
two possibilities for the formation of 6 under these condi-
tions: either 3 aC+ is deprotonated by neutral 3 a, or 3 a un-
dergoes hydrogen atom loss on radiolysis in n-butyl chloride.
A similar process was observed by Qin and Williams to
occur on g irradiation of parent aziridine in a CF2ClCCl2F
matrix at 114 K which led, next to the ring-opened azome-
thine ylide radical cation, to the aziridinyl radical.[20]


In aqueous solution 2 aC+ and 3 bC+ are trapped faster by
oxygen than the radical cations of the 1-arylaziridines and,
in contrast to the latter, 3 bC+ is quenchable with oxygen
even in n-butyl chloride. The fact that 3 b was found to un-
dergo [3+2] cycloadditions with various dipolarophiles
under PET conditions[6,7,10–13] also speaks for a ring-opened
structure of the radical cation.


1-Aryl-2-phenylaziridines 4 a and 4 b : Upon pulse radiolysis
of an aqueous solution of 0.2 mm 1,2-diphenylaziridine (4 a)
containing peroxodisulfate a transient absorbing at 440 nm
builds up with a rate constant of 6.0 �108


m
�1 s�1. This transi-


ent is quenchable with oxygen (k=5.5 � 105
m
�1 s�1). Pulse ra-


diolysis of a 9 mm solution of 4 a in n-butyl chloride also af-


Figure 5. Transient absorption spectra recorded after pulse radiolysis of
8 mm of 3a (&, 2.5 ms) and 9 mm of 3b (&, 2 ms after the electron pulse)
in n-butyl chloride and after 60Co g radiolysis of the same two 2,3-diphe-
nylaziridines in a Freon matrix at 77 K (c). Scheme 2.
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forded a broad absorption with a maximum at 440 nm which
is, however, not quenchable by oxygen. Additional evidence
for the identification of this species is obtained by the re-
sults of g radiolysis in a Freon matrix at 77 K which leads to
a spectrum with an intense band peaking at 445 nm (solid
line in Figure 6). In addition, a broad band with lmax �
650 nm, similar to that observed after ionization of 1-butyl-
2-phenyldiaziridine 2 a, was observed. However, this latter
band can be bleached separately by irradiation through a
590 nm cutoff filter, so it does not belong to the same spe-
cies as the intense UV band. Apparently this second, un-
identified species was not formed on pulse radiolysis in so-
lution.


Aqueous peroxodisulfate spontaneously oxidized 1-(p-me-
thoxyphenyl)-2-phenylaziridine (4 b), even at room tempera-
ture, to yield a purple solution with a concomitant decrease
of the pH. Therefore 4 b cannot be subjected to pulse radiol-
ysis to generate its radical cation under controlled condi-
tions. However, if N3C is used as oxidant we observed a tran-
sient absorption at 470 nm which arose with a rate constant
of 2.9 � 109


m
�1 s�1 and was quenched by oxygen (k=1.5 �


107
m
�1 s�1). Once again, pulse radiolysis of a 9 mm solution


of aziridine 4 b in n-butyl chloride resulted in a similar ab-
sorption which was, however, not quenchable with oxygen.
A 480 nm band with a tail that extended to over 700 nm was
observed after g radiolysis of 4 b in a Freon matrix at 77 K
(Figure 7).


The similarity in the kinetic and spectroscopic data of the
oxidized 1-phenyl and the 1-aryl-2-phenylaziridines indicat-
ed that the resulting radical cations retain a ring-closed
structure in all cases. This conclusion was confirmed by
preparative studies which yielded no products from reac-
tions with dipolarophiles, products that would have indicat-
ed that ring opening to azomethine ylide radical cations had
occurred, under PET conditions.[11]


1,2,3-Triphenylaziridine (5): This compound was only inves-
tigated by g radiolysis, but the results proved to be quite in-
teresting: After radiolysis, a spectrum with a band peaking
at 451 nm, that is, in the region where N-phenylaziridine
radical cations absorb, was observed in addition to a broad,
weak absorption between 500 and 700 nm (Figure 8a). After
only three minutes of photolysis through a 715 nm cutoff
filter, a much more intense spectrum arose (Figure 8b)
which could in turn be bleached completely by irradiation
at >475 nm (Figure 8c). This latter spectrum was similar to


Figure 6. Transient absorption spectra recorded after pulse radiolysis of a
0.2 mm aqueous solution of 4a containing 1 mmK2S2O8 and 0.1 m tert-bu-
tanol at pH 6, 62 ms after the electron pulse (*), on pulse radiolysis of a
9 mm solution of 4a in n-butyl chloride, 2.5 ms after the electron pulse
(&), and on 60Co g radiolysis in a Freon matrix at 77 K (c).


Figure 7. Transient absorption spectra observed after pulse radiolysis of a
0.1 mm aqueous solution of 4 b containing 10 mm NaN3 at pH 8, 7.1 ms
(~), a 9 mm solution of 4 b in n-butyl chloride, 2.3 ms (&), and on 60Co g


radiolysis of 4 b in a Freon matrix at 77 K (c).


Figure 8. Top: difference spectrum observed after g radiolysis of 1,2,3-tri-
phenylaziridine (5) in Freon at 77 K; center: difference spectrum for the
subsequent photolysis at >715 nm; bottom: difference spectrum for the
bleaching of the azomethine ylide radical cation at 475 nm.
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those observed after radiolysis of the 2,3-diphenylaziridines
3 a and 3 b which underwent spontaneous ring opening upon
oxidation.


Thus, 5 appeared to retain its ring-closed structure after
ionization at 77 K but can be converted to its ring-opened
azomethine ylide radical cation by subsequent photolysis, a
unique behaviour in the series of phenyl substituted aziri-
dines investigated in this study.


Calculations


In an effort to substantiate the conclusions we had reached
from the experiments described above, and to understand
the reasons for the different fate of the ionized aziridines
and the electronic structure of the resulting transients, we
carried out a comprehensive set of quantum chemical calcu-
lations the results of which are presented and discussed in
this Section.


N-Phenylaziridine (1): On ionization of 1 an electron is re-
moved from the HOMO depicted on the right-hand side of
Figure 9. Contrary to that of the iso-p-electronic benzyl
anion, this MO is antibonding between the phenyl ring and
the N atom, hence we expect this bond to be strengthened
in the radical cation of 1. B3 LYP calculations confirmed
that upon ionization this bond assumes partial double bond
character which is also given by the fact that the aziridine
and the phenyl rings are nearly coplanar in 1C+ (Figure 9).
In contrast, the length of the bonds in the aziridine moiety
are hardly affected by ionization, which indicates that ring-
opening will not be much easier in the radical cation than in
the neutral aziridine.


The photoelectron spectrum of 1[31,32] shows two more
bands within 3 eV of the first, the second of which lies only
1 eV above the first. Hence, the observed absorption bands
of 1C+ at 440 nm (2.8 eV) must correspond to D0 ! D2 exci-
tation. Indeed, TD-B3 LYP excited state calculations predict
another, very weak transition at 690 nm which corresponds
to HOMO�1 ! HOMO excitation (the observed D0 ! D2


transition, which involves HOMO�2 ! HOMO and
HOMO ! LUMO excitation is predicted at 400 nm).


If enforced (e.g.. by lengthening the C�C bond in the azir-
idine), ring opening of the radical cation proceeds in a non-


concerted conrotatory fashion. According to B3 LYP, the
transition state for this reaction lies 33 kcal mol�1 above 1C+ ,
but the process leading to the 2-phenylazomethine ylide rad-
ical cation 7C+ (see Scheme 3) is
nearly thermoneutral. This con-
trasts with the parent aziridine
radical cation where the same
level of theory predicts a barri-
er of only 10.1 and an exother-
micity of 33.6 kcal mol�1.[28] To
understand the influence that
the N-phenyl ring has on the
thermochemistry and the kinetics of this process we calcu-
lated the barriers for rotation of this phenyl ring in 1C+ , at
the transition state, and in 7C+ . Whereas in 1C+ it is 26.3 kcal -
mol�1—thus testifying to the substantial resonance stabiliza-
tion of this cation by the phenyl ring—it falls to
9.6 kcal mol�1 at the transition state (i.e., 16.7 kcal mol�1 of
resonance energy is lost at this point). In 7C+ the phenyl ring
is already twisted by 538 and bringing it into a perpendicular
position equires only 0.6 kcal mol�1. This comes as no sur-
prise, because the phenyl ring is attached to a nodal position
of the allylic HOMO of 7C+ where it cannot exert a stabiliz-
ing influence. Thus, our conclusion that 1 retains its ring-
closed structure on ionization is fully confirmed by the cal-
culations.


N-Methyl-2-phenylaziridine (2 b): If a phenyl ring is attach-
ed to a C rather than the N atom of the aziridine, the situa-
tion changes completely compared with that in 1. For rea-
sons of computational economy calculations were carried
out on the 1-methyl rather than the 1-butyl derivative (the
cations that result from the two compounds have virtually
indistinguishable spectra[28]). Now the HOMO arises
through interaction of the benzene moiety with the symmet-
ric Walsh-MO in the three-membered ring (see Figure 10).


The geometry changes on ionization are in accord with
expectations from the nodal properties of the MO from
which the electron is removed (Figure 10): The aziridine C�
C bond lengthens by 0.12 �, which will facilitate the cleav-
age of this bond, whereas the aziridine�phenyl bond short-
ens by 0.04 �.


Figure 9. Structural changes on ionization of 1 and shape of the singly oc-
cupied MO in the resulting radical cation.


Scheme 3.


Figure 10. Shape of the singly occupied MO of the radical cation ob-
tained from 1-methyl-2-phenylaziridine 3 c and structural changes on oxi-
dation.
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Indeed, the transition state for the ring opening, which
occurs again in a conrotatory fashion, was found to lie only
4 kcal mol�1 above 2 bC+ , and the process is exothermic by
25 kcal mol�1, that is, almost as much as in the parent com-
pound. An intrinsic reaction coordinate calculation from the
transition state leads to the exo-isomer of the C-phenyl-N-
methyl azomethine ylide radical cation 8C+ although a sepa-
rate calculation shows that the endo-conformer lies even
0.6 kcal mol�1 lower in energy, in spite of the twisting of the
phenyl ring that results from steric interactions in this case.


To gain insight into the role of the phenyl ring in 2 b we
computed again the barriers for twisting this ring to a posi-
tion that is perpendicular to that which it assumes at the op-
timized geometries of 2 bC+ , the transition state for ring
opening, and 8C+ : this process requires only 7.8 kcal mol�1 in
2 bC+ and 8.0 kcal mol�1 in 8C+ ,
but 18.7 kcal mol�1 at the transi-
tion state. Thus, in contrast to
1C+ , the phenyl ring has a
11 kcal mol�1 greater stabilizing
effect at the transition state
than in the reactant in the case
of 2 bC+ , which readily explains
why the barrier for ring open-
ing is so much lower in this
case. Apparently this barrier is
too low to even prevent ring
opening from occurring at 77 K.


Next we addressed the ques-
tion whether the spectra shown
in Figure 4 are compatible with
those expected for 8C+ . In this
case, the TD-B3 LYP method
provided quite unsatisfactory
results, so we turned to the
CASSCF/CASPT2 method to
model the excited states. Thereby we distinguished between
the two isomers which are expected to have slightly differ-
ent spectra. The results of these calculations are summarized
in Table 1 which shows that the most important transitions
in 8C+ involve the allylic azomethine ylide moiety (MOs 34,
36, and 37 in Figure 11). On the whole, the spectrum that is
predicted for the exo-isomer is in better accord with the ex-
perimental one than that computed for the endo-isomer. To-
gether with the IRC calculation mentioned above, this
seems to indicate that it is indeed the exo-isomer of 8C+


which is formed in the ring-opening of 2 bC+ .


N-Methyl-2,3-diphenylaziridine (3 c): In view of the above
conclusions with regard to 2-phenylaziridine, it certainly
comes as no surprise that 2,3-diphenylaziridines undergo
almost barrierless ring opening on oxidation. Actually it
turned out to be quite tricky to prevent the radical cation of
the model system 3 c from relaxing spontaneously to the
azomethine ylide radical cation 9C+ , and to find a transition
state for this process. On ionization of 3 c, the C�C bond in
the aziridine moiety lengthens to 1.86 � and a barrier of


less than 1 kcal mol�1 remains to effect full cleavage of this
bond to yield the endo–exo isomer of 9C+ where both phenyl
rings are twised by about 208 relative to the C-N-C plane of
the azomethine ylide moiety. Due to the presence of phenyl
rings on both aziridine carbon atoms, the SOMO is centered
even more strongly in the symmetric Walsh-MO of the
three-membered ring than in the 2-phenylaziridine
(Figure 12).


Figure 11. Molecular orbitals of the 1-phenyl-azomethine ylide radical
cation 8C+ that are involved in the electronic transitions listed in Table 1.


Table 1. Calculated electronic transitions of 8C+ by using the CASPT2 method.


Isomer States Experiment CASPT2 CASSCF
[nm] [eV] [nm] [eV] f [a] Configurations[b]


exo 12 A’’ – – – – – 75% (36)1[c]


22 A’’ 583 2.12 584 2.12 0.028 44% 36 ! 37
20% 34 ! 36


32 A’’ (440 sh) (2.82) 484 2.56 0.002 55% 35 ! 36
10% 34 ! 36


42 A’’ 398 3.12 396 3.13 0.252 28% 34 ! 36
19% 36 ! 38
10% 36 ! 37


endo 1 – – – – – 77% (36)1[c]


2 583 2.12 566 2.19 0.010 31% 34 ! 36
27% 36 ! 37
10% 36 ! 39


3 (440 sh) 2.82 485 2.56 0.002 62% 35 ! 36
4 398 3.12 407 3.05 0.129 23% 34 ! 36


17% 36 ! 37
16% 36 ! 40


[a] Oscillator strength for electronic transition. [b] Active space: nine electrons in five occupied + four virtual
MOs. The most important of those are shown in Figure 11. [c] The superscripted 1 indicates that orbital 36
(the HOMO) is occupied by a single electron in the ground state.


Figure 12. Shape of the singly occupied MO of the radical cation ob-
tained from 1-methyl-, 2,3-diphenylaziridine and structural changes on
oxidation.
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Unfortunately, 9C+ proved to be too large to be amenable
to CASSF/CASPT2 calculations of its excited states, so we
had to resort to the more economical TD-DFT method to
model the electronic spectrum of 9C+ . Although the resulting
predictions are not in such good quantitative accord with
the experimental spectra of ionized 3 a and 3 b shown in
Figure 5, they show that the main transitions are of similar
nature as those of 8C+ , that is, they also involve mainly MOs
that are centered on the allylic azomethine ylide moiety. In
agreement with the experimental spectra of ionized 3 a and
3 b, TD-B3 LYP predicts those spectra to be dominated by
two excitations around 2 and 3 eV, respectively, with the
latter being about four times more intense than the former.
Perhaps the shoulder at 510 nm is in part due to the two
weak transitions that are predicted around 2.6 eV and that
correspond to charge transfer from the benzene to the allyl
moieties of 9C+ . In any event, the calculations of the poten-
tial energy surface and the results in Table 2 leave no doubt
that the spectra in Figure 5 are those of 9C+ , although we
can make no prediction with regard to the conformations
around the allylic N�C bonds in this case.


1,2-Diphenylaziridine (4 a): We have seen above that a
phenyl ring attached to the N atom of an aziridine effective-
ly prevents ring opening on ionization, whereas a phenyl
ring attached to a C atom promotes it. Therefore we were
anxious to see what theory would tell us about the fate of
1,2-diphenylaziridine (4 a).


As it turned out, the influence of the N-phenyl ring domi-
nates over that of the C-phenyl ring, that is, ionization
occurs from an MO that is similar to the HOMO of 1
(Figure 13, see Figure 9). Consequently, the geometry
changes on ionization of 4 a are also very similar to those
suffered by 1, that is, a shortening of the N�phenyl bond ac-


companied by an planarization
of the N atom (the angle be-
tween the plane of the aziridine
ring and the C�phenyl bond de-
creases from 49 to 258, while
the inversion barrier almost dis-
appears). In particular, the
distal C�C bond in the aziridine
ring is hardly affected by ioniza-
tion.


Nevertheless the C-phenyl
ring does not remain without an
effect on the reactivity of 4 a :
due to the stabilization of the
product, the ring-opening reac-
tion (which had been nearly thermoneutral in 1C+) becomes
exothermic by about 10 kcal mol�1 while the barrier decreas-
es to 19.4 kcal mol�1 in 4 aC+ , that is, it lies almost midway
between those in 1C+ (33 kcal mol�1) and in 2 bC+ and close
to that in 3 aC+ (16 kcal mol�1[28]). Thus, at the transition state
for ring opening, the effects of the two phenyl rings appear
to cancel almost completely.


Due to the great similarity of the spectra observed after
ionization of 4 a and of 1, we refrained from carrying out
electronic structure calculations on 4 aC+ . Suffice it to say
that the “reactive” state where the unpaired electron resides
in the symmetric Walsh MO of the aziridine lies almost
1 eV above the state where the SOMO corresponds to that
shown in Figure 9, and the transition to that state is very
weak, so it does not interfere with the electronic structure
of 4 aC+ .


1,2,3-Triphenylaziridine (5): The HOMO of 5 from which
ionization occurs is once again centered on the N-phenyl
moiety, as in 1 and 4 a. Thus, it is not surprising that the
structure of the aziridine ring changes very little on ioniza-
tion. However, the phenyl rings that are attached to the C
atoms of the aziridine begin to show their influence on the
way to the product in that the activation energy for ring
opening is only 5.43 kcal mol�1 (up 4.5 kcal mol�1 from 2,3-
diphenylaziridine radical cation 3 cC+ , due to the influence of
the N-phenyl ring) and the process is exothermic by
17.9 kcal mol�1,[33] halfway between the 1,2-diphenyl- and
2,3-diphenylaziridine radical cations, 4 aC+ and 3 cC+ .


Conclusions


In summary we successfully generated and identified the
radical cations that are formed on oxidation of different
phenyl-substituted aziridines by pulse radiolysis in aqueous
solution containing different oxidants or in n-butyl chloride
at room temperature, and by g radiolysis in a Freon matrix
at 77 K. As it turns out, the position of the phenyl substitu-
ent(s) determines the fate of the incipient aziridine radical
cations: if the N atom carries a phenyl ring, this effectively
protects the aziridine radical cation from decaying to an


Table 2. Calculated electronic transitions of endo–exo-9C+ by using the
TD-B3LYP method.


States Experiment[a] TD-B3LYP Configurations[b]


[nm] [eV] [nm] [eV] f [a]


1 – – – – – (56)1[c]


2 720 1.72 616 2.01 0.134 0.91 � 56 ! 57
�0.38 � 53 ! 36


3 (510 sh) (2.43) 474 2.62 0.003 0.96 � 55 ! 56
+0.23 � 55 ! 57


4 470 2.64 0.002 0.96 � 54 ! 56
�0.23 � 54 ! 57


5 445 2.79 396 3.13 0.509 0.87 � 53 ! 56
+0.25 � 56 ! 57


[a] From the spectrum of ionized 3b shown in Figure 5. [b] MO 56 is the
singly occupied HOMO of 9C+ which corresponds to the allylic NBMO of
the azomethine ylide; MOs 53 and 57 are also allylic MOs, whereas the
nearly degenerate MOs 53 and 54 are centered on one or the other of
the two benzene rings. [c] See Table 1.


Figure 13. Shape of the singly
occupied MO of the radical
cation obtained from 1,2-di-
phenylaziridine and structural
changes on oxidation.
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azomethine ylide radical cation, due to the benzylic reso-
nance stabilization that prevails in N-phenylaziridine radical
cations. The benzylic Ph-NC+ chromophore is also responsi-
ble for the intense D0!D2 transition in the 440–480 nm
range that is characteristic for ring-closed aziridine radical
cations.


By contrast, phenyl rings attached to the C atoms of the
aziridine lower the barrier for ring opening, to the extent
that the process becomes nearly activationless in 2,3-diphe-
nylaziridine radical cation. This is mainly due to the prefer-
ential stabilization of the resulting allylic azomethine ylide
radical cations by phenyl rings attached to their terminal C-
atoms. This chromophore gives also rise to intense near-UV
transitions, but in addition it distinguishes itself by a weak
broad band at 500–800 nm. In addition, the two types of rad-
ical cations can be distinguished by their reactivity towards
oxygen: In aqueous solution, the ring-opened azomethine
ylide radical cations are quenched with a higher rate than
the ring-closed aziridine radical cations, and in n-butyl chlo-
ride the former are not quenchable by O2 (in contrast to the
latter).


Quantum chemical calculations support the above conclu-
sions and helped to assign the observed spectra. They also
allow to understand the influence of phenyl rings attached
to different positions of aziridine radical cations on their re-
activity. In Figure 14 we summarize the results that pertain
to the ring-opening reactions of the various types of aziri-
dine radical cations that were investigated in the present
study.


The thermochemistry of the ring opening of the different
aziridine radical cations is compared with that of the parent
azirdine radical cation and the N-methyl derivative, calculat-
ed also at the B3 LYP/6-31G* level.[28]


Upon pulse radiolysis in aqueous solution the radical
cation of 2,3-diphenylaziridine was found to undergo sponta-
neous deprotonation to form an allylic radical, while in n-
butyl chloride hydrogen abstraction from the aziridine gen-
erates the same species. We also provided an additional
access to aziridine radical cations upon photolysis of aque-
ous solutions of aziridines with an excimer laser for 2 a, 3 b,
4 a and 4 b.[29]


Experimental Section


Starting materials : 1-Phenylaziridine (1),[34] 1,2-diphenylaziridine (4a),[35]


1-(p-methoxyphenyl)-2-phenylaziridine (4b)[35] and trans-2,3-diphenylazir-
idine (3 a)[36] were prepared by reported procedures.


1-Butyl-2-phenylaziridine (2 a):[11, 37] Starting with commercially available
styrol oxide the corresponding b-amino alcohol was prepared according
to the procedure of Chapman and Triggle.[38] The formation of 1-butyl-2-
phenylaziridine occurred as described by Okada et al.[37]


1-Butyl-trans-2,3-diphenylaziridine (3 b):[11] By using trans-stilbene as
starting material epoxidation with MCPBA formed the corresponding
trans-stilbene oxide in yields of 75%. Following the procedure of Deyrup
and Moyer[39] the epoxide was opened to the b-amino alcohol. The cycli-
zation as described above[37] formed 1-butyl-trans-2,3-diphenylaziridine in
yields of 58%.


All spectroscopical data of the aziridines have been published else-
where.[11]


Pulse radiolysis : For pulse radiolysis, 0.4–2 ms electron pulses from a
3 MeV van de Graaff accelerator were used at dose rates of 30–3000 rad
per pulse. N2O-, argon- or oxygen-saturated solutions containing 0.1 up
to 9 mm aziridine were flowed through a quartz cell (20 mm path length)
while being irradiated. As precursor of the oxidants we used thallium(i)
sulfate, potassium peroxodisulfate and sodium azide in an excess of 10
times of the concentration of the aziridine.


Upon radiolysis in water OH radicals and solvated electrons were gener-
ated.[40–42] By using a N2O-saturated solution the amount of the OH radi-
cals was increased through the reaction: N2O + H2O ! N2 + OH� +


OHC.[43] The OH radical was important for the formation of the oxidants.
In the case of thallium(i) sulfate the oxidizing species was generated ac-
cording to the reaction: Tl+ + OHC ! TlOHC+ .[21] By using sodium azide,
the N3C was formed via N3


� + OHC ! N3C + OH� .[44] In the measurements
with peroxodisulfate, the produced solvated electrons create the sulfate
radical anion: S2O8


2� + e� ! SO4
2� + SO4C� .[26, 27] In this case the OH


radicals could disturb, therefore tert-butanol was added in order to trap
the OH radicals.[23, 45] Pulsing in n-butyl chloride, solvent radical cations
were formed on direct ionization.[25, 46] All these reactive species can oxi-
dize the substrates in a one electron transfer reaction. The corresponding
substrate radical cations were formed.


g Radiolysis : g Radiolysis of 10�2–10�3
m solutions of organic samples in


Freons at 77 K constitute a very clean way of generating radical cations
under conditions where they persist for hours.[46] For the present experi-
ments we employed a 1:1 mixture of CFCl3 and CF2BrCF2Br[47] which
formed a transparent glass at 77 K.[48] Samples were exposed to a total
dose of about 5 kSv of 60Co radiation (1.173 and 1.332 MeV) in a Gam-
macell 220 charged with about 450 TBq. Electronic absorption spectra
were recorded on a Perkin–Elmer Lambda 900 instrument.


Quantum chemical calculations : The geometries of all species except the
singlet nitrenes were optimized by the B3 LYP density functional
method[49, 50] as implemented in the Gaussian program package,[51, 52] using
the 6-31G* basis set. All stationary points were characterized by second
derivative calculations.


For the ylide radical cation, 8C+ that resulted from oxidative ring opening
of 1-methyl-2-phenylaziridine 3 c, excitation energies and oscillator
strengths were calculated by the CASSCF/CASPT2 procedure[53] by using
the ANO/S basis set,[54] at the B3 LYP/6-31G* optimized geometries of


Figure 14. Thermochemistry of the ring-opening reactions of different
phenylaziridines from B3 LYP/6-31G* calculations.
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the radical cations. The active space that was employed in the CASSCF
calculations is indicated in Table 1 where the results are listed. Level
shifts[55] had to be applied to eliminate intruder states in the CASPT2
runs for all excited states under consideration, but we checked carefully
that no artefacts were introduced by this technique. Under this condition,
the weight of the zero-order CASSCF wavefunction in the PT2 expansion
was between 0.7 and 0.72 for all states. All CASSCF/CASPT2 calcula-
tions were performed with the Molcas program.[56]


For the diphenylaziridines, it was impossible to carry out CASSCF/
CASPT2 calculations so we resorted to the more economical time-de-
pendent response theory,[57] where the poles and the residues of the fre-
quency-dependent polarizability are calculated, whereby the former cor-
respond to vertical excitation energies and the latter to oscillator
strengths. We employed the density-functional based implementation of
this method (TD-DFT)[58] using again the B3 LYP functional and the 6-
31G* basis set as described above.


Acknowledgement


Support provided by the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie is gratefully acknowledged. T.B. and
B.M are grateful for support by the Swiss National Science Foundation
(project No. 2000–067881.02). C.G. thanks the Studienstiftung des Deut-
schen Volkes for a scholarship.


[1] J. Backes in Methoden der Organischen Chemie Houben-Weyl,
Vol. E 16c (Ed.: D. Klamann), Thieme, Stuttgart, 1992, pp. 370 –677.


[2] J. A. Deyrup in: Small Ring Heterocycles, Vol. Part 1 (Ed.: A. Hass-
ner), Wiley, New York, 1983, pp. 1 –214.


[3] R. Huisgen, Angew. Chem. 1963, 75, 604; Angew. Chem. Engl. Int.
Ed. 1963, 2, 656.


[4] J. W. Lown, Rec. Chem. Prog. 1971, 32, 51.
[5] R. Huisgen in 1,3-Dipolar Cycloaddition Chemistry, Vol. 1 (Ed.: A.


Padwa), Wiley, New York, 1984, pp. 1 –176.
[6] V. Caer, A. Laurent, E. Laurent, R. Tardevil, Z. Cebulska, R. Bart-


nik, Nouv. J. Chim. 1987, 11, 351.
[7] T. Brigaud, E. Laurent, R. Tardevil, Z. Cebulska, R. Bartnik, J.


Chem. Res. Synop. 1994, 8, 330.
[8] C. Gaebert, Diploma Thesis, Westf�lische Wilhelms-Universit�t,


M�nster (Germany), 1994.
[9] C. Gaebert, PhD Thesis, Westf�lische Wilhelms-Universit�t, M�n-


ster (Germany), 1997.
[10] C. Gaebert, J. Mattay, J. Inf. Record. 1996, 23, 3.
[11] C. Gaebert, J. Mattay, Tetrahedron 1997, 53, 14297.
[12] C. Gaebert, C. Siegner, J. Mattay, M. Toubartz, S. Steenken, J.


Chem. Soc. Perkin Trans. 2 1998, 2735.
[13] C. Siegner, C. Gaebert, J. Mattay, S. Steenken, J. Inf. Record. 1998,


24, 253.
[14] J. L. Holmes, J. K. Terlouw, Can. J. Chem. 1976, 54, 1007.
[15] A. Maquestiau, Y. van Haverbeke, R. Flammang, A. Menu, Bull.


Soc. Chim. Belg. 1979, 88, 53.
[16] M. H. Lien, A. C. Hopkinson, Can. J. Chem. 1984, 62, 922.
[17] A. P. Schaap, G. Prasad, S. D. Gagnon, Tetrahedron Lett. 1983, 24,


3047.
[18] A. P. Schaap, S. Siddiqui, G. Prasad, E. Palomino, L. Lopez, J. Pho-


tochem. 1984, 25, 167.
[19] A. P. Schaap, G. Prasad, S. Siddiqui, Tetrahedron Lett. 1984, 25,


3035.
[20] X.-Z. Qin, F. Williams, J. Phys. Chem. 1986, 90, 2292.
[21] P. O�Neill, D. Schulte-Frohlinde, J. Chem. Soc. Chem. Commun.


1975, 387.
[22] H. Christensen, Int. J. Radiat. Phys. Chem. 1972, 4, 311 – 333.
[23] H. Christensen, K. Sehested, E. J. Hart, J. Phys. Chem. 1973, 77,


983.


[24] P. O�Neill, S. Steenken, D. Schulte-Frohlinde, J. Phys. Chem. 1975,
79, 2773.


[25] T. Shida, W. H. Hamill, J. Chem. Phys. 1966, 44, 2369.
[26] E. Heckel, A. Henglein, Ber. Bunsenges. Phys. Chem. 1966, 70, 149.
[27] L. Dogliotti, E. Hayon, J. Phys. Chem. 1967, 71, 2511.
[28] B. M�ller, PhD Thesis, University of Fribourg, Fribourg (Switzer-


land), 2000.
[29] Interestingly, laser flash photolyis of 3 b in a 1:1 mixture of acetoni-


trile and water gave also rise to a band at 430 nm (in contrast to the
spectra observed previously in pure acetonitrile or methanol), next
to those of the azomethine ylide at 500 nm and a 280 nm band that
was assigned to an iminium ion obtained by protonation of the azo-
methine ylide. Thus, it appears that in the presence of water aziri-
dine radical cations and their ring-opening products can also be
formed by flash photolysis (see C. Gaebert, C. Siegner, J. Mattay,
M. Toubarz, S. Steenken, Photochem. Photobiol. Sci. 2004, 3, 990).


[30] The bands at 480 and 500 nm persisted on radiolysis of oxygen-satu-
rated BuCl solutions, where the radical cations were not formed.
The species responsible for these bands were therefore not very sen-
sitive to molecular oxygen, in accord with their assignment to neu-
tral azomethine ylides.


[31] R. J. Lichter, K. Crimaldi, D. A. Baker, J. Org. Chem. 1982, 47,
3524.


[32] K. N. Houk, S. Searles, M. D. Rozeboom, S. E. Seyedrezai, J. Am.
Chem. Soc. 1982, 104, 3448.


[33] An intrinsic reaction coordinate calculation from the transition state
for ring opening of 5 leads to the exo–exo isomer of the triphenyla-
zomethine ylide radical cation which was, however easily converted
into the more stable exo–endo isomer.


[34] H. W. Heine, B. L. Kapur, C. S. Mitch, J. Am. Chem. Soc. 1954, 76,
1173.


[35] V. Franzen, H. E. Driesen, Chem. Ber. 1963, 96, 1881.
[36] D. Tanner, C. Birgersson, A. Gogoll, Tetrahedron 1994, 50, 9797.
[37] I. Okada, K. Ichimura, R. Sudo, Bull. Chem. Soc. Jpn. 1970, 43,


1185.
[38] N. B. Chapman, D. J. Triggle, J. Chem. Soc. 1963, 1385.
[39] J. A. Deyrup, C. L. Moyer, J. Org. Chem. 1969, 34, 175.
[40] A. Henglein, W. Schnabel, J. Wendenburg, Einf�hrung in die Strah-


lenchemie, Verlag Chemie, Weinheim 1969.
[41] I. G. Draganic, Z. D. Draganic, The Radiation Chemistry of Water,


Academic Press, New York, 1971.
[42] R. W. T. Spinks, R. J. Woods, An Introduction to Radiation Chemis-


try, Wiley, New York, 1990.
[43] J. H. Baxendale, M. A. Rodgers, Chem. Soc. Rev. 1978, 7, 235.
[44] Z. B. Alfassi, R. H. Schuler, J. Phys. Chem. 1985, 89, 3359.
[45] E. Bothe, D. J. Deeble, D. G. E. Lemaire, R. Rashid, M. N. Schuch-


mann, H.-P. Schuchmann, D. Schulte-Frohlinde, S. Steenken, C.
von Sonntag, Radiat. Phys. Chem. 1990, 36, 149.


[46] T. Shida, Electronic Absorption Spectra of Radical Ions, Elsevier,
Amsterdam, 1988.


[47] A. Grimison, G. A. Simpson, J. Phys. Chem. 1968, 72, 1776.
[48] C. Sandorfy, Can. J. Spectrosc. 1965, 10, 85.
[49] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[50] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.
[51] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.


Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, R. E.
Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,
K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi,
R. Cammi, B. Mennucci, C. Pommelli, C. Adamo, S. Clifford, J.
Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslow-
ski, J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W.
Gill, B. G. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gon-
zales, M. Head-Gordon, E. S. Repogle, J. A. Pople, Gaussian, Inc.,
Pittsburgh, PA, 1998.


[52] B. G. Johnson, P. M. W. Gill, J. A. Pople, J. Chem. Phys. 1993, 98,
5612.


Chem. Eur. J. 2005, 11, 1294 – 1304 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1303


FULL PAPERAziridines



www.chemeurj.org





[53] K. Andersson, B. O. Roos in Modern Electronic Structure Theory,
Vol. Part 1, Vol. 2 (Ed.: D. R. Yarkony), World Scientific Publ. , Sin-
gapore, 1995, pp. 55.


[54] K. Pierloot, B. Dumez, P.-O. Widmark, B. O. Roos, Theor. Chim.
Acta 1995, 90, 87.


[55] B. O. Roos, K. Andersson, M. P. F�lscher, L. Serrano-Andr�s, K.
Pierloot, M. Merchan, V. Molina, J. Mol. Struct. 1996, 388, 257.


[56] K. Andersson, M. Barysz, A. Bernhardsson, M. R. A. Blomberg,
D. L. Cooper, T. Fleig, M. P. F�lscher, C. d. Graaf, B. A. Hess, G.
Karlstrçm, R. Lindh, P.-�. Malmqvist, P. Neogr�dy, J. Olsen, B. O.


Roos, A. J. Sadlej, M. Sch�tz, B. Schimmelpfennig, L. Seijo, L. Ser-
rano-Andr�s, P. E. M. Siegbahn, J. St	lring, T. Thorsteinsson, V. Ver-
yazov, P.-O. Widmark, University of Lund (Sweden), 2000.


[57] M. E. Casida in Recent Advances in Density Functional Methods,
Part I (Ed.: D. P. Chong), World Scientific Publ. , Singapore, 1995,
pp. 155.


[58] R. E. Stratmann, G. E. Scuseria, M. J. Frisch, J. Chem. Phys. 1998,
109, 8218.


Received: June 4, 2004
Published online: January 5, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1294 – 13041304


J. Mattay, T. Bally et al.



www.chemeurj.org






Synthesis of Supramolecular Polymers by Ionic Self-Assembly of Oppositely
Charged Dyes


Ying Guan,[a] Shu-Hong Yu,[a, d] Markus Antonietti,[a] Christoph Bçttcher,[b] and
Charl F. J. Faul*[a, c]


Introduction


The wide range of properties exhibited by supramolecular
polymers, such as the facile inclusion of functional mono-


mers and their intricate, supramolecular structure, has
stimulated recent interest in these systems.[1] Comparison of
supramolecular polymers with common polymers shows that
they exhibit reversible binding/aggregation behavior, that is,
they can dissociate and recombine within experimental time
scales. This implies that they can, for instance, undergo self-
repair following fracture and can adapt their viscoelastic be-
havior towards external stimuli in a way that is not possible
for traditional macromolecules. The combination of proper-
ties of supramolecular polymers assigns them to a unique
class of novel materials.


Until now, the synthesis of supramolecular polymers has
involved highly directional, noncovalent interactions, such as
hydrogen bonding,[2] metal coordination,[3] and arene–arene
interactions[4] (based on discotic molecules with a disc-
shaped core and a number of peripheral, flexible side-
chains), to ensure a predominantly linear character. Another
prerequisite is that the association constant for the repeating
units should be large enough to give polymers with a high
molecular weight. This has been achieved through a combi-
nation of secondary interactions.[5]


On the other hand, ionic self-assembly[6] (ISA), that is,
self-organization on the basis of electrostatic interactions,
has proved to be a powerful tool for the creation of new
nanostructures and chemical species.[7] Because electrostatic
interactions between charged species are, in principle, non-
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Abstract: A new type of supramolec-
ular polymer was prepared by ionic
self-assembly (ISA) from two opposite-
ly charged dyes; a perylenediimide and
a copper–phthalocyanine derivative.
Coulomb coupling stabilizes the whole
structure, and a combination of charge-
transfer interactions and discotic stack-
ing facilitates the exclusive formation
of one-dimensional polymeric chains.
The supramolecular dye-polymers have
a large association constant (2.4 �


107 Lmol�1), high molecular weight,
and high mechanical stability. The use
of cryo-transmission electron microsco-
py (cryo-TEM) confirmed the exis-
tence of extended fibers of width
2.4 nm. Further image analysis revealed
slight undulation and faint segmenta-


tion of the fibers, and density maxima
were observed at a regular interval of
3.6 nm along the fiber axis. The fiber-
like structure (and aggregate of fibers)
is also found in the solid state, as
shown by the results of mineralization
contrasting experiments, atomic force
microscopy (AFM), and X-ray analy-
ses. A structural model is proposed, in
which the structural subunits, arranged
in a side-by-side conformation, form a
stacked structure.


Keywords: dyes/pigments · helical
structures · polymerization · self-as-
sembly · supramolecular chemistry


Chem. Eur. J. 2005, 11, 1305 – 1311 DOI: 10.1002/chem.200400778 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1305


FULL PAPER







directional, ISA has not, until now, been employed for the
synthesis of supramolecular polymers. The strong interac-
tions mediated by multiple electrostatic bonds may, howev-
er, result in large association constants, provided that secon-
dary aggregation of the ion pairs (due to dipole and multi-
pole interactions) can be kept strictly intramolecular by the
appropriate architecture of the charged tectons. This implies
that supramolecular polymers can be designed by combining
highly directional, noncovalent tecton interactions with elec-
trostatic coupling.


To test this approach, two extended dye systems, a cation-
ic perylenediimide (PTDI-1,[8] two charges) and a negative
copper–phthalocyanine tetrasulfonate (CuPcTS, four charg-
es) were chosen as monomeric units to form a supramolec-
ular polymer.


These two tectons were chosen on the basis of their func-


tion, as well as for purely geometric reasons. Perylenedi-
imide derivatives and phthalocyanine or porphyrin deriva-
tives have attracted much attention through their use as
electrophotographic photoreceptors, photovoltaic elements,
as well as for the storage of optical data.[9] Amongst these
compounds, perylene–porphyrin building blocks[10] and
linear arrays of perylene, porphyrin, and phthalocyanine
units[11] have been designed and synthesized by means of co-
valent reactions, with the aim that the resulting superstruc-
tures might simultaneously provide two independent path-
ways for electron and hole conduction. The application of
perylene and phthalocyanine double-layer or multilayer de-
vices[12] in solar cells[13] has also been reported. It is expected
that an appropriately designed supramolecular polymer of
perylene and phthalocyanine derivatives will have similar
applications, but with the advantages of being simple to syn-
thesize and, in the absence of covalent constraints, being
able to adopt an optimal structure.


Results and Discussion


The interaction between PTDI-1 and CuPcTS in water was
studied by using UV/Vis and fluorescence spectroscopy.
Figure 1 shows the UV/Vis titration spectra. The absorbance


of the S0–S1 electronic transition of perylene at 500 nm de-
creases as the content of CuPcTS increases, whereas the in-
tensities of the B-band (at 351 nm) and Q-band (at 689 nm)
of CuPcTS increase. An isosbestic point at 556 nm appears
before, and disappears after, the charge-equivalent point of
PTDI-1 and CuPcTS. This observation indicates that a 1:1
charge ratio complex of PTDI-1 and CuPcTS forms in the
solution.


The inset of Figure 1b shows the absorbance at 500 nm as
a function of CuPcTS concentration. The absorbance at
500 nm clearly decreases linearly as the concentration of
CuPcTS increases, and then increases after the charge-
equivalent point, at a charge ratio of 1.04. Deviations from
the value of one may be due to the presence of minor im-
purities within the starting products and will be discussed
below. The results indicate that the PTDI-1/CuPcTS com-
plex forms quantitatively in solution, even at the very low
concentrations used for UV/Vis spectroscopy.


Figure 1. a) UV/Vis spectra of pure dyes and complex films cast from
aqueous solution. b) UV titration experiment of PTDI-1 (10�5


m in water)
with CuPcTS; inset: absorbance at 500 nm as a function of CuPcTS
concentration.
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In comparison with pure dyes, all of the absorption peaks
of the PTDI-1/CuPcTS complex show a red shift. The red
shift of the complex spectrum is more pronounced in the
solid state (see Figure 1a); 17.2 nm for the B-band absorp-
tion of CuPcTS, 38.7 nm for the perylene absorption maxi-
mum of the S0–S1 electronic transition, and 83.7 nm for the
Q-band absorption of CuPcTS. The changes in the UV/Vis
spectrum are the result of the desired electronic coupling or
charge-transfer interactions between the two components.


PTDI-1 exhibits strong green fluorescence with a maxi-
mum intensity at 545.5 nm when excited at 480 nm. Figure 2


shows that the fluorescence of PTDI-1 can be completely
quenched by the addition of CuPcTS. The fluorescence in-
tensity decreases in an almost linear fashion as the concen-
tration of CuPcTS is increased (inset of Figure 2); however,
the wavelength that exhibits maximum fluorescence changes
very little. The PTDI-1 fluorescence is quenched completely
at the charge-equivalence point.


This again indicates the formation of a very well-defined
PTDI-1/CuPcTS complex, in which the perylene and phtha-
locyanine molecules have a strict geometric association with
each other (or else quenching would be more efficient and
not only observed at the exact stoichiometric balance).


These results show that it is possible to construct a supra-
molecular polymer of high molecular weight at higher con-
centrations. However, it is still unclear whether this polymer
would be linear and structurally well-defined, or gel-like, as
the reaction of a four-functional cross-linker with a two-
functional monomer can, in principle, lead to the formation
of extended gels. During the addition process, a significant
increase in viscosity was observed (provided the initial
“polymerization” between PTDI-1 and CuPcTS occurred in
solution), and reached a maximum at the charge-equivalent
point of PTDI-1 and CuPcTS. This increase in viscosity is a
typical property of supramolecular polymers.[14]


The CuPcTS/PTDI-1 complex was precipitated from etha-
nol to remove salts and then dried under vacuum. The pre-


cise 1:1 charge ratio was verified by performing elemental
analysis, in which the absence of sodium and bromide coun-
terions was confirmed. This result supports the interpreta-
tion that the deviations from the exact stoichiometry that
were recorded in the phototitration experiments were pre-
sumably due to impurities. The complex was then redis-
solved in water to enable analysis of the supramolecular
polymer structure. It must be emphasized that in pure, de-
ionized water and in the absence of small ions, the forma-
tion of the self-assembled structure is practically irreversi-
ble.


The UV/Vis spectra reveal the concentration-dependent
aggregation of primary elements to form the primary super-
structures, for concentrations <10�4 mgmL�1 (see Support-
ing Information). This aggregation process may occur in two
steps: Firstly, a basic unit at a charge ratio of 1:1, namely,
(PTDI-1)2(CuPcTS), is formed. This step is quantitative and
irreversible. These basic units aggregate to form superstruc-
tures with an association constant of 2.4 � 107 L mol�1, which
was calculated based on an equal-K model according to ref-
erence [15]. The large association constant is clearly due to
the combination of electronic interactions between the dyes,
the potential discotic packing, and, as a driver, the electro-
static interactions between CuPcTS and PTDI-1.


As shown in Figure 3, the viscosity of the solution increas-
es dramatically as the concentration increases. A solution
with a concentration of 4.0 mgmL�1 has a viscosity approxi-


mately 900 times higher than that of a solution of 1.5 �
10�1 mg mL�1. The high viscosity at such low concentrations
indicates that rod-like, high molecular weight, supramolec-
ular polymers form in solution, and the concentration-de-
pendent change in molecular weight is characteristic for
supramolecular polymers. This phenomenon is very similar
to the behavior of so-called organogelators.[16]


Cryo-transmission electron microscopy (cryo-TEM) was
used to investigate the extended supramolecular structure.
Figure 4 shows results of the direct imaging of a
1.68 mg mL�1 solution of the complex, in which long fibers


Figure 2. Fluorescence titration of PTDI-1 (10�5
m in water, lexc =485 nm)


with CuPcTS; inset: relative fluorescence intensity (I/I0) at 545.5 nm
following addition of CuPcTS.


Figure 3. Effect of concentration of the PTDI-1/CuPcTS polymer on
viscosity.
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are visible. From the number of fibers and the number of
ends seen, we can estimate the length of the fibers to be in
the mm range. The fibers have an average thickness of
2.4 nm, determined by analysis of digitally extracted and
aligned single-fiber motifs (see Supporting Information). In-
terestingly, the fiber ends are visible as dark points in the
TEM image. This is similar to the ends of the supramolec-
ular fiber formed from pseudoisocyanine dyes.[17]


Because a vague, internal structure could be detected
from the highly resolved micrographs of the single-fiber
motif, further single-particle analysis of approximately 1000
fiber segments, digitally extracted from three micrographs,
was performed. The individual motifs were aligned, ana-
lyzed by multivariate statistics, classified, and cummulated
to give a set of class sum images, which represent structural
differences in the data set. Each class sum image was ob-
tained from the sum of several (15–25) individual images
containing identical information. Therefore, the signal-to-
noise ratio was improved by averaging out any random in-
formation. This procedure is well established for the analysis
of natural as well as synthetic supramolecular architectures
and has been used routinely for the three-dimensional re-
construction of, for example, protein structures[18,19] or struc-
turally persistent, supramolecular assemblies.[20, 21]


Figure 5 (top image) shows the 11 most statistically signif-
icant class averages. The diameter in all images is almost
identical; however, the most striking difference is a slight
undulation (e.g., location 11) and a faint segmentation along
the fiber axis. The latter can be visualized more clearly by
combining 194 individual images of aligned fibers in a single
class at the expense of a slight increase in data variance
(Figure 5, bottom image). The result of this summation
clearly indicates a regularly repeating density maximum
with a periodicity of about 3.6 nm. Although it cannot be
proven conclusively, the repeating density maxima, seen in
conjunction with the undulations and segmentation of the
fibers, could suggest a helical arrangement of the dye subu-
nits (see also Scheme 1).


Figure 4. Cryo-TEM image of a polymer solution at a concentration of
1.68 mg mL�1.


Figure 5. Locations 1–11 show the statistically most significant class aver-
ages out of ~1000 individual fiber segments. Each class contains 15–20
individual images aligned. Location 12 represents the total sum of 194
aligned images, revealing the repeating density maxima with a better
signal-to-noise ratio.


Scheme 1. Proposed arrangement of the dye tectons into a helical,
fiber-like structure.
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To confirm the formation of rod-like, polymer chains in
solution, marker/contrasting experiments[22] using both CdS
nanoparticles and CaCO3 mineralization were performed.
SEM and TEM examination revealed fibrous structures
throughout the whole sample, as shown in Figure 6.


The successful adherence of
nanoparticles is due to the pres-
ence of charge pairs within the
supramolecular polymers, which
causes accumulation of inorgan-
ic ions at the polymer surface.
The CaCO3 contrasting experi-
ments reveal large bundles of
fiber-like aggregates microme-
ters in length (Figure 6a). CdS
contrasting experiments enable
the visualization of contrasted
polymer strands down to
around 3 nm in width (due to


the coating of a very thin layer of nanoparticles around the
rod-like polymer structures). Aggregation of these 3 nm
rod-like structures was confirmed by the presence of super-
aggregates of widths 6–9, 12–15, and 18–20 nm, respectively
(Figure 6b).


Direct examination of the high concentration phase or
solid (PTDI-1)2CuPcTS complex by using atomic force mi-
croscopy (AFM) also revealed a fiber-like structure
(Figure 7), indicating that the complex maintains its supra-
molecular aggregation motif even in the pristine solid state.


The average thickness of the fiber strands is approximately
20–25 nm, with an average height of approximately 2.5 nm.
These strands are clearly lateral superaggregates of several
single fibers, with the height of a single polymer (measured
by using cryo-TEM). Such lateral aggregation is typical for
fiber-like aggregates and is also well-known for organogela-
tors. The self-assembly of single, supramolecular fibers into
strands and fiber bundles is presumably driven by entropic
interactions (typical for stiff polymer chains[23]), with addi-
tional support from multipolar (i.e. , dipolar and quadrupo-
lar) interactions between the single, supramolecular polymer
chains.


The X-ray scattering intensities of solutions of the poly-
mer were too low to be analyzed by using lab-based X-ray
techniques; due to the extremely high viscosity, samples of
concentrations greater than 11 mg mL�1 could not be pre-
pared. Therefore, powder X-ray diffraction analyses in the
pristine solid state were performed to reveal further details
of the structure of the polymeric (PTDI-1)2CuPcTS com-
plex. Results of small-angle X-ray scattering (SAXS) analy-
ses at room temperature (Figure 8a) revealed two reflections
at d-spacings of 1.71 nm and 0.62 nm, which are maintained
even after heating the solid material to 200 8C and re-cool-
ing to room temperature. Broad and weak reflections were
also observed (marked by arrows in Figure 8a), which corre-
spond to approximate distances of 7.6 nm and 1.0 nm, re-
spectively. A plot of log I versus logq produced a gradient of
�1, which fitted very well with a Kratky–Porod, worm-like
chain structure model (see Supporting Information), and
supports further the assumption that the solid state is com-
posed of well-aligned, supramolecular fibers.


Wide-angle X-ray scattering (WAXS) analyses (Figure 8b,
partly overlapping the region analyzed by using SAXS) re-
vealed a peak corresponding to 0.33 nm (in addition to the
peak at 0.62 nm, which was also seen in the SAXS diffracto-
gram). This reflection at 0.33 nm corresponds to the typical


Figure 6. a) SEM image (fixation with CaCO3) and b) TEM image (CdS
contrasted) of the PTDI-1/CuPcTS polymer. Structural changes due to
fixation/contrasting cannot be excluded. Each scale bar represents a dis-
tance of 200 nm.


Figure 7. AFM images of the (PTDI-1)2CuPcTS complex (10 mL of 0.125 mg mL�1 solution of PTDI-1/CuPcTS
on mica).
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discotic stacking distance of aromatic systems, such as pery-
lene and/or phthalocyanine cores.


The peak at 1.71 nm was tentatively assigned to the dis-
tance between single fibers within the aligned domains. The
smaller distance, relative to that in aqueous solution (mea-
sured by using cryo-TEM), may well be due to the dehydra-
tion and consecutive compaction/lateral intercalation be-
tween fibers. Helicity along the fiber axis would assist in this
packing arrangement, and could explain the reflection at
0.62 nm as an in-plane packing motif (see Scheme 1). In any
case, the strong peak at 0.33 nm proves that the whole struc-
ture is composed of dye stacks.


Based on these observations, we tentatively propose a
structural model of the supramolecular polymer. Because
the maximum molecular extensions of the PTDI-1 and
CuPcTS are calculated to be approximately 1.48 nm[24a] and
1.2 nm,[24b] respectively, the fibers (with a thickness of
2.4 nm and a molar ratio of 2:1 to satisfy the requirement of
charge neutrality) are presumably triple stacks, as depicted
in Scheme 1.


The potential helicity of this model would be a direct con-
sequence of packing, as would the dipolar interactions be-
tween single ion pairs, as every ion can also preferentially
interact with the oppositely charged ion in the next layer.
Therefore, this structure not only satisfies charge neutrality,
but may also explain the fiber thickness of 2.4 nm, the regu-


lar density maxima, the slight undulation, and the faint seg-
mentation along the fibers.


This model also supports the UV and fluorescence data,
because the proposed side-by-side arrangement ensures
close proximity and maximal electronic coupling of the dyes
by aligning tendencies to polarize and transition moments in
parallel. The proposed model reasonably and simply ac-
counts for all of the observations made by spectroscopy,
TEM, and X-ray analysis. Nevertheless, more complicated
packing arrangements cannot be excluded.


Conclusion


A strategy that makes use of the ionic self-assembly princi-
ple for the production of a new class of supramolecular
polymers is presented. The polymers were prepared by the
simple addition of two oppositely charged dyes; a perylene-
diimide and a copper–phthalocyanine derivative. A combi-
nation of charge-transfer interactions and discotic stacking
facilitates the formation of one-dimensional chains, and
electrostatic Coulomb coupling stabilizes the whole struc-
ture so that the dyes form polymeric stacks of high molecu-
lar weight and mechanical stability. This was confirmed in
solution as well as in the solid state by using a variety of
direct and indirect imaging techniques. Image analysis of the
TEM data showed slight undulation and faint segmentation
of the fibers, and a density maximum at a regular interval of
3.6 nm along the fiber axis, which suggests the formation of
a regular, helical structure. A helically twisted, triple stack
model was proposed, which correlates well with the structur-
al and spectroscopic observations.


Appropriately designed polymers of a similar type have
potential for various applications, such as electro-optic devi-
ces as well as for light-harvesting. In addition, with their
highly regular and dipolar exterior, they are promising as
nucleating mineralization templates, as exemplified by the
use of CaCO3 and CdS.


Experimental Section


Materials : PTDI-1 was synthesized and purified according to a published
procedure.[8] CuPcTS was obtained from Sigma-Aldrich, and used as re-
ceived. All complexations (slow addition of CuPcTs to PTDI-1 until a 1:1
charge ratio was reached) were performed in pure, deionized water.


Instruments : UV/Vis spectra were recorded by using a Perkin–Elmer
Lambda 2 spectrometer. Steady-state fluorescence spectra were recorded
by using a Perkin–Elmer LS50B luminescence spectrometer. Emission
spectra were recorded in the range of 400 to 800 nm by using an excita-
tion wavelength lexc =480 nm. Both the excitation and emission band-
widths were 2.5 nm. All viscosity measurements were performed by using
a standard capillary viscometry apparatus (Lauda S5 Automated Viscom-
eter, Schott temperature-controlled water bath) at 25 8C. Elemental anal-
yses (C, H, N, S) were performed by using a Vario EL Elementar (Ele-
mentar Analysensysteme, Hanau, Germany).


Electron cryomicroscopy preparation : Droplets of the sample (5 ml) were
applied to perforated (hole diameter 1 mm) carbon-film-covered
200 mesh grids (R1/4 batch of Quantifoil Micro Tools GmbH, Jena, Ger-


Figure 8. Small-angle (a) and wide-angle (b) X-ray scattering analyses of
the PTDI-1/CuPcTS polymer in the solid state.
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many), which had been hydrophilized before use by performing plasma
treatment for 60 s at 8 W in a BALTEC MED 020 device. The superna-
tant fluid was removed by using filter paper to leave an ultrathin layer of
the sample solution, which spanned the holes of the carbon film. The
samples were immediately vitrified by dropping the grids into liquid
ethane at its freezing point (90 K) and by operating a guillotine-like
plunging device. The vitrified samples were subsequently transferred
under liquid nitrogen into a Philips CM12 transmission electron micro-
scope (FEI Company, Oregon, USA) by using the Gatan (Gatan Inc.,
California, USA) cryoholder and stage (Model 626). Microscopy was per-
formed at a sample temperature of 94 K by using the low-dose protocol
of the microscope at a primary magnification of � 58300 and with an ac-
celerating voltage of 100 kV (LaB6-illumination). In all cases, the defocus
was set to 0.9 mm, which corresponds to a first zero of the phase-contrast
transfer function at 1.8 nm.


Image processing : Prior to processing, micrographs were checked for the
absence of astigmatism or drift by using laser optical diffraction. Optical
sound micrographs were digitized by using the Heidelberg “Primescan”
drum scanner (Heidelberger Druckmaschinen AG, Heidelberg, Germa-
ny) at a nominal pixel resolution of 1.81 � in the digitized images (scan-
ning resolution 1 mm). A total of 983 individual fiber segments were se-
lected and extracted from three digitized micrographs as 100 � 100 pixel
fields. After suppressing high frequency background noise by means of
filtering, well-established, nonbiased “reference-free” alignment and clas-
sification procedures[25] were performed by using multivariate statistical
analysis and hierarchical classification schemes, with the aid of IMAGIC-
5 software (Image Science GmbH, Berlin, Germany). Structural differen-
ces in the data yielded a set of “class averages”, each representing a “typ-
ical view” of a noise-reduced, two-dimensional projection image. Twelve
of the 100 statistically significant classes (lowest intraclass variance) are
represented in Figure 5.


Small-angle X-ray scattering (SAXS) measurements were performed by
using a Nonius rotating anode (U=40 kV, I=100 mA, l=0.154 nm) and
image plates. With the image plates placed at a distance of 40 cm from
the sample, a scattering vector range of s=0.07–1.6 nm�1 was available.
Two-dimensional diffraction patterns were transformed into one-dimen-
sional radial averages. The data noise was calculated according to Poisson
statistics, which are valid for scattering experiments.


Wide-angle X-ray scattering (WAXS) measurements were performed by
using a Nonius PDS120 powder diffractometer in transmission geometry
mode. An FR590 generator was used as the source of CuKa radiation (l=


0.154 nm). Monochromatization of the primary beam was achieved by
using a curved Ge crystal. Scattered radiation was measured by using a
Nonius CPS120 position-sensitive detector. The resolution of this detec-
tor in 2q was 0.0188.
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Ruthenium-Catalyzed Synthesis of Alkylidenecyclobutenes via Head-to-
Head Dimerization of Propargylic Alcohols and Cyclobutadiene–Ruthenium
Intermediates


Jacques Le Paih,[a] Sylvie D�rien,*[a] Bernard Demerseman,[a] Christian Bruneau,[a]


Pierre H. Dixneuf,*[a] Lo�c Toupet,[c] Georg Dazinger,[b] and Karl Kirchner[b]


Introduction


Small strained carbocycles involving three- and four-mem-
bered rings attract interest as powerful building blocks in
stereoselective reactions and as providers of a rigid and
functional neighboring group in synthesis.[1,2] To achieve
their selective synthesis in fewer steps still constitutes a chal-


lenge. Use in synthesis of cyclobutadienes[3,4] and cyclobuta-
nones,[5] among the four-membered carbocycles, is well
documented, whereas use of cyclobutene derivatives[2,6]


lacks general access routes although there are examples dis-
playing optical[7] or biological[8] properties. Cyclobutenes are
synthetic equivalents of dienes due to their ability to be con-
verted by a concerted ring-opening process into conjugated
1,3-dienes, which can be trapped by a dienophile.[9–11] Re-
cently, advantage has been taken of an alkene metathesis
for the transformation of cyclobutene derivatives into 1,5-
dienes. This ring-opening catalytic process is particularly
useful for the synthesis of unsaturated polymers[12] and of
natural products such as appetite suppressants[13] or phero-
mones.[14]


The most general way to synthesize cyclobutenes is based
on the [2+2] cycloaddition reaction between the triple bond
of an alkyne and the double bond of an olefin,[15] a transfor-
mation that can be promoted thermally,[16] photochemical-
ly,[17] with Lewis acids,[18] or with metal-based catalysts.[19,20]


Cyclobutenes have also been produced, with a zirconium
catalyst, from reaction of alkynyl halides in the presence of
Grignard reagents.[21] In the particular case of alkylidenecy-
clobutenes, no straightforward method is available yet. Iso-
lated examples have been prepared by thermal coupling of
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Abstract: The reaction of propargylic
alcohols with carboxylic acid, or
phenol derivatives, in the presence of
the precatalyst [RuCl(cod)(C5Me5)]
leads selectively to a variety of alkyli-
denecyclobutenes through head-to-
head dimerization of propargylic alco-
hol. The first step is the formation of a
cyclobutadiene–ruthenium intermedi-
ate resulting from the head-to-head
coupling of two molecules of propar-
gylic alcohol. On protonation with


strong acids (HPF6, HBF4) dehydration
of the cyclobutadiene complex leads to
formation of an alkylidenecyclobuten-
yl–ruthenium complex. The X-ray
structure of one such complex,
[RuCl(C5Me5)(h4-R’CK CH–CH–CL =CR2)]
(R’=cyclohexen-1-yl, CR2 =cyclohexyl-


idene) has been determined. Carboxy-
late is added at the less substituted
carbon of the cyclic allylic ligand.
DFT/B3 LYP calculations confirm that
the intermediate arising from head-to-
head coupling of alkyne to the
RuClCp* species yields the cyclobuta-
diene–ruthenium complex more easily
with propargylic alcohol than with
acetylene.


Keywords: alkylidenecyclobutenes ·
alkynes · cyclodimerization
propargylic alcohols · ruthenium
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1,5-diynes[22] and by copper-mediated cyclization of 1,4-
enynes.[23]


It has been shown recently that the catalyst precursor
[RuCl(cod)(Cp*)] (Cp*=C5Me5, cod=1,5-cyclooctadiene)
promotes the head-to-head coupling of two terminal alkynes
in the presence of carboxylic acid, leading to the stereose-
lective formation of 1-acyloxybuta-1,3-dienes [Eq. (1)].[24,25]


The key intermediate of this reaction was shown to be a


biscarbene–ruthenium(iv) complex,[26] which undergoes pro-
tonation of one carbene carbon atom followed by carboxy-
late addition at the second carbene carbon atom.[25] Com-
pletely different reactivity was observed when propargyl al-
cohol derivatives were used as functional terminal alkynes.


We now report a new catalytic reaction leading to the
general formation of alkylidenecyclobutenes.[27] It consists of
regioselective combination of two molecules of propargylic
alcohol and one of carboxylic acid in the presence of
[RuCl(cod)(Cp*)] as catalyst [Eq. (2)] and can be extended
to phenols. We show that the reaction takes place by means
of head-to-head coupling of the alkynes leading to a cyclo-
butadiene–ruthenium and then a novel alkylidenecyclobu-
tenyl–ruthenium intermediate.


Results and Discussion


Evidence for the catalytic formation of alkylidenecyclobu-
tenes from propargylic alcohol : An attempt to apply the di-
merization of terminal alkynes in the presence of carboxylic
acid [Eq. (1)] to a propargylic alcohol led to the selective
formation of alkylidenecyclobutenes. The combination of
two molecules of 1-ethynylcyclohexanol (1 a) with one
equivalent of acetic acid in isoprene as solvent in the pres-
ence of 5 mol % of the precatalyst [RuCl(cod)(Cp*)] for
20 h at 40 8C led to the selective formation of alkylidenecy-
clobutene 2 in 66 % yield [Eq. (3)].


The structure of 2 has been established by classical NMR
techniques and 2D NMR (NOESY) analysis, showing that
the alkenyl and the methyne protons on the four-membered
ring are in 1,2-positions. The 13C NMR spectrum of 2 shows
two signals as doublets of doublets for the two C�H groups
of the four-membered ring: at d=72.4 (dd, 1JCH = 162.9 Hz,
JCH =4.0 Hz, CH) and at 130.7 ppm (dd, 1JCH = 179.3 Hz,
JCH =4.0 Hz,=CH). For both carbon nuclei the first coupling
constant is a classical 1JCH value, but the second could be a
2JCH or a 3JCH coupling constant. To overcome this lack of in-
formation, a 2D NMR (NOESY) experiment was performed
in which a correlation peak was observed between the
proton at d=6.27 ppm (H2) and a group of protons at d=


1.70 ppm, which coincides with the CH2 of the cyclohexyl
group. Furthermore, an additional correlation peak was ob-
served between the proton at d=5.59 ppm (H1) and the
CH2 group in the a-position of the cyclohexylidene group.
However, no correlation was observed between the two H1
and H2 protons due to the particular geometry of such a
strained ring.


The reaction appears to be very dependent on the nature
of the solvent. Isoprene was selected after evaluation of a
wide range of solvents. Polar solvents, such as dioxane, give
only small amounts of the cyclobutene derivative 2, but it
was obtained in good yield when a diene was used as sol-
vent. Isoprene, 1,5-cyclooctadiene, and 1,3-cyclohexadiene
respectively led to 80, 65, and 60 % conversion of 1 a to 2.[28]


It is noteworthy that isoprene was not incorporated in this
transformation, whereas its incorporation into some rutheni-
um–carbon bonds has been observed,[31] and that the cou-
pling of allyl alcohol with propargylic alcohols has been ob-
served with the same catalyst in the absence of acid.[32]


Formation of alkylidenecyclobutenes with various propar-
gylic alcohols : To explore the scope of the above reaction,
the reaction of various propargylic alcohols with acetic acid
in the presence of 5 mol % of [RuCl(cod)(Cp*)] in isoprene
and under the previous conditions was investigated [Eq. (4)]
(Table 1).


In the case of propargylic alcohols 1 a–c with identical R1


and R2 groups, cyclobutenes 2, 3, and 4 were obtained selec-
tively in 66, 51, and 57 % yield, respectively. Starting from
the unsymmetrical propargylic alcohols 3-methylpent-1-yn-
3-ol (1 d) and 3,5-dimethylhex-1-yn-3-ol (1 e), the cyclobu-
tenes 5 and 6 were isolated in 77 and 68 % yields, respective-
ly, but both as mixtures of isomers, due to the presence of
two chiral carbon atoms and one double bond. The
13C NMR spectrum of 5 shows the presence of four distinct
stereoisomers that are formed without any selectivity. The
reaction appears to be completely shut down by use of prop-
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argylic alcohols bearing bulky substituents, such as tert-butyl
and phenyl groups. With secondary propargylic alcohols,
polymeric compounds were formed. It is also noteworthy
that the reaction is restricted to propargylic alcohols bearing
a terminal triple bond.


From the less hindered tertiary propargylic alcohol 1 c (2-
methylbut-3-yn-2-ol), the reaction led to the formation of
the expected cyclobutene derivative 4 (57 %), but also to
compound 7, which was isolated in 35 % yield and character-
ized by NMR spectroscopy [Eq. (5)].


The linear compound 7 has some similarity to the dienol
esters depicted in Equation (l).[25] It is feasible that the cor-
responding dienol ester 8 is formed initially and undergoes a
subsequent transesterification leading to 7 [Eq. (5)]. To con-
firm this hypothesis, the reaction of 1 c with acetic acid was
performed under the conditions used for the formation of
dienol esters [Eq. (1)] that takes place in dioxane at room
temperature for 20 h.[25] We observed the opposite selectivi-
ty: the linear product 7 was now the major product and was
isolated in 63 % yield, whereas the cyclobutene 4 was ob-
tained in 30 % yield only. Thus modulation of the 4/7 ratio is
possible by modifying the reaction conditions. Therefore it
may be expected that the formation of dienol ester and that
of alkylidenecyclobutene are closely related and may in-
volve the same intermediate. As shown previously, the inter-
mediate leading to the dienol ester is a biscarbene deriva-
tive, while the intermediate for cyclobutene formation is ex-
pected to be a cyclobutadiene–ruthenium complex, both
arising from the head-to-head oxidative coupling of the
alkyne, the classical metallacyclopentadiene intermediate.
The formation of dienol esters is favored in polar solvents,
such as dioxane, and at low temperature with arylacetylenes,
compared to the formation of cyclobutenes with propargylic
alcohols that mainly occurs at 40 8C and in coordinating,
nonpolar solvents, such as isoprene.


Formation of alkylidenecyclobutenes with various carboxylic
acids : Exploration of the reactivity of 1-ethynylcyclohexanol
(1 a) with different carboxylic acids showed that the catalytic
formation of alkylidenecyclobutenes can be extended to a
variety of carboxylic acids [Eq. (6)] (Table 2).


Table 2 shows that moderate to good yields are obtained
with various carboxylic acids (2, 9–15) and that the reaction
tolerates a terminal double bond in 11 and 12. However, the
reaction appears to be sensitive to the pKa of the corre-
sponding carboxylic acids. When the pKa of the carboxylic
acid is low, no reaction is observed. For example, reaction
with cyanoacetic acid (pKa =2.45) and lactic acid (pKa =


3.08) did not lead to the formation of the corresponding cy-
clobutene, whereas reaction does take place with methoxy-
acetic, benzoic, methacrylic, pent-4-enoic, acetic, valeric,
and pivalic acids (3.5<pKa<5.0). This observation contrasts
with the dimerization of simple terminal alkynes in the pres-
ence of carboxylic acids leading to dienol esters [Eq. (1)],[25]


which proceeded with carboxylic acids with a rather lower
pKa. An effect of the steric hindrance is also observed as the
reaction with pivalic acid (pKa = 5.03), which possesses a
bulky tBu group, gives only a 30 % yield of of 14, whereas
55 % of 13 is obtained with valeric acid (pKa = 4.8, R=


Table 1. Synthesis of alkylidenecyclobutenes 2–6 by reaction of propar-
gylic alcohols with acetic acid [Eq. (4)].[a]


Propargylic
alcohol


Cyclobutene Yield [%][b]


66


51


57


77


68


[a] Conditions: propargylic alcohol (2.5 mmol), acetic acid (1.25 mmol),
isoprene (2 mL), catalyst (5 %), 20 h at 40 8C. [b] Isolated yields.
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nBu). The reaction can take place with N-protected amino
acids, but the reactivity seems to be limited by the low solu-
bility of amino acids in isoprene.


Cyclodimerization of propargylic alcohols with addition of
phenols : The reaction was investigated with compounds
with a higher pKa, such as phenols. 2-Methylbut-3-yn-2-ol
(1 c) was used for several reasons: firstly, to prevent any pu-
rification problems of the cyclobutene derivatives formed
from the starting propargylic alcohol; secondly, use of 1 c,
which can lead to two compounds, the dienol ester and cy-
clobutene derivatives analogous to 4 and 7 [Eq. (5)], should
allow the selective formation of the cyclobutene derivatives,


because phenols are not reactive in the dienol ester transfor-
mation.


To optimize the reaction of 2-chlorophenol with 1 c
[Eq. (7)] it was performed in different solvents, at various
reaction temperatures.


In isoprene at 40 8C for 20 h, this reaction leads to 37 % of
the expected cyclobutene 16. However, use of dioxane as


solvent allows reaction to occur at a higher temperature
(100 8C), and achieves a better yield (48%) after a reaction
time of 18 h. In this case, it is no longer necessary to use iso-
prene in order to protect the catalyst, probably because phe-
nols are much less acidic than carboxylic acids.[28c] Further-
more, because of the weak reactivity of phenols, yields are
better at 100 8C than at 40 8C. The study was then extended
to other phenol derivatives [Eq. (8)] (Table 3).


Table 2. Catalytic synthesis of alkylidenecyclobutenes by reaction of
propargylic alcohol 1 a with various carboxylic acids [Eq. (6)].[a]


Carboxylic
acid


Cyclobutene Yield [%][b]


66


50


66


45


65


55


30


20


[a] Conditions: 1-ethynylcyclohexanol (2.5 mmol), carboxylic acid
(1.25 mmol), isoprene (2 mL), catalyst (5 %), 20 h at 40 8C. [b] Isolated
yields.


Table 3. Catalytic synthesis of alkylidenecyclobutenes by reaction of
propargylic alcohol 1 c with phenols [Eq. (8)].[a]


Phenol pKa Cyclobutene Yield [%][b]


7.15 30


8.43 37


8.49 48


9.34 32


10.26 20


[a] Conditions: 2-methylbut-3-yn-2-ol (2.5 mmol), phenol (1.25 mmol), di-
oxane (2 mL), catalyst (5 %), 15–18 h at 100 8C. [b] Isolated yields.
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The yields of 16–20 are only moderate compared to those
obtained in the reaction with carboxylic acids. The influence
of the pKa is evident in this case also, as the yield decreases
as the pKa of the phenol increases. The reaction does not
occur with phenol,[33] aminophenol, or catechol.


Basic mechanism of the catalytic reaction : The reaction
leading from 1 c to the compounds 4 and 7 [Eq. (5)] is an in-
teresting transformation from the mechanistic point of view
as the two different compounds may arise from the same in-
termediate. This intermediate can be rationalized as result-
ing from the head-to-head oxidative coupling of two mole-
cules of propargylic alcohol yielding a 16-electron ruthena-
cyclopentadiene intermediate A. Intermediate A should
lead to B or C, two different organometallic derivatives
(Scheme 1), in order to complete the 18-electron environ-


ment of the ruthenium atom. The first route involves the
electronic reorganization of the dienic system A into the bis-
carbene–ruthenium species B[25] leading in the presence of
acid to the dienyl ester and then to 7. The second route in-
volves a reductive elimination step leading to the cyclobuta-
diene–ruthenium(ii) complex C. The steric hindrance of the
CR2OH group in the alkyne may play an important role in


favoring the reductive elimination, but also a conjugated
group, such as an aryl group, is absent and therefore cannot
contribute to the stabilization of the 18-electron biscarbene
species B.[25]


To characterize the intermediates, stoichiometric reactions
involving the catalyst precursor and propargylic alcohol 1 a
were investigated. Reaction of [RuCl(cod)(Cp*)] with two
equivalents of 1 a in THF at room temperature led to the
formation of the corresponding cyclobutadiene–ruthenium
complex 21, isolated as a brown powder in 90 % yield
[Eq. (9)]. Although propargylic alcohols can react to form
vinylidene–ruthenium[34] or allenylidene–ruthenium[35] com-
plexes, no traces of such complexes were detected and com-
plex 21 was isolated as a single compound.


Complex 21 has been successfully characterized by NMR
spectroscopy and mass spectrometry. The 1H NMR spectrum
showed the two 1-hydroxycyclohexyl groups to be equiva-
lent, and a singlet resonance at d=3.42 ppm (2 H) for the
two protons of the cyclobutadiene ring. The structure was
confirmed by the 13C NMR spectrum, which showed two sig-
nals for the cyclobutadiene ring at d=69.8 and 92.5 ppm,
corresponding to the two CH carbon atoms and to the two
quaternary carbon atoms, respectively.


Cyclobutadiene complexes are well-known species, since
the work of Pettit on the (cyclobutadiene)tricarbonyliron
complex.[4,36] Cyclobutadiene–ruthenium complexes usually
result from the coupling of two molecules of alkynes at a
ruthenium center.[37,38] Thus a {RuCl(Cp*)} fragment arising
from [Ru(m3-Cl)(Cp*)]4 or [RuCl(Cp*)(tmeda)] reacted with
bulky and nonaromatic terminal alkynes such as trimethylsi-
lylacetylene to generate the corresponding cyclobutadiene–
ruthenium complexes.[37]


The isolated complex 21 was used as a precatalyst in the
transformation of 1 a with acetic acid to give 2, under similar
conditions to those for Equation (3), and a comparable con-
version to that obtained with [RuCl(cod)(Cp*)] was ob-
served, suggesting that 21 is a key intermediate in this trans-
formation.


The reactivity of 21 toward acids was then investigated.
Addition of acetic acid at room temperature gave no com-
plex; on heating 2 was obtained. More gratifyingly, the reac-
tion with strong acids with noncoordinating anions led to
the well-defined derivatives 22 a,b [Eq. (10)].


When 21 was treated at �60 8C with one equivalent of
HBF4 or HPF6 in THF, the ionic ruthenium complex 22 a
(X=BF4) or 22 b (X= PF6) was isolated, each in 90 % yield.
Complexes 22 a and 22 b resulted from a single protonation
but a double dehydration. The 13C NMR spectrum of 22 b in-


Scheme 1. Competitive formation of intermediates B and C and their de-
rivatives 7 and 4.
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cludes signals at d=93.4 (C=C), 86.3 (=C�H), and 77.3 ppm
(=C�H), corresponding to the three allylic carbon nuclei.
Another =C�H signal is observed at d= 140.7 ppm, which
corresponds to the tertiary olefinic carbon of the cyclohex-
enyl ring. Similar data are observed for 22 a.


X-ray diffraction of the alkylidenecyclobutenyl–ruthenium
complex 22 b : Crystals of 22 b suitable for X-ray analysis
were obtained from a biphasic system based on dichlorome-
thane/diethyl ether mixtures. The structure is presented in
Figure 1 and Table 4 gives the more representative bond
lengths and angles.[39]


The cationic complex 22 b bears an alkylidenecyclobutenyl
ligand coordinated to the ruthenium; it confirms the general
structure of the cyclobutenyl derivative proposed on the
basis of NMR spectroscopy. The two substituents of the cy-


clobutene ring consist of a cyclohexenyl group bonded to
the C14 carbon of the four-membered ring (C15=C16
1.330(7) �) and a cyclohexylidene group bonded to the C11
carbon of the ring (C11=C21 1.364(8) �). The C12, C13,
and C14 carbon atoms are bonded to the metal in an allylic
mode, since the shortest bond lengths of the ring are C12�
C13 1.426(9) � and C13�C14 1.428(7) �. The four-mem-
bered ring appears to be planar. Furthermore, the Ru�C11
bond length (2.194(4) �) is comparable to the allyl Ru�C
bond lengths (Ru�C12 2.114(4) �, Ru�C13 2.237(5) �, and
Ru�C14 2.315(4) �). The coordination of the Cp*, chloride,
and allyl ligands leads to an unsaturated ruthenium(iv) com-
plex with 16 electrons. To complete its coordination sphere
of 18 electrons the additional coordination of the double
bond C11=C21 is observed, but the interaction remains
weak, as indicated by the long Ru�C21 distance (Ru–C21
2.674(4) �). An inclination of approximately 308 is observed
for the C11=C21 bond bending toward the ruthenium atom
with respect to the plane of the four-membered ring (28.8
and 33.08 inclination to the respective C11-C12-C13 and
C11-C14-C13 planes). However, the Ru�C21 distance is too
long to be a part of a real (h2-C=C)�Ru bond system.


The coordination of exocyclic double bonds is already
known in ruthenium chemistry, especially in fulvene–ruthe-
nium complexes [Eq. (11)].[40] Air oxidation of the precursor
[{RuCl2(Cp*)}2] led to a fulvene complex, the structure of
which showed the bending of the C=C bond toward the
ruthenium atom.


However, in the fulvene complex the Ru�CH2 distances


(2.268(4) and 2.271(4) �) in the (C=CH2)�Ru bonds for the
two ligands of the dimer are still close to a normal (h2-C=


C)�Ru bond length, as the
other Ru�C bonds in this com-
plex are in the range between
2.172(4) and 2.166(4) � for
both rings. In the case of the
fulvene complex [Eq. (11)] the
exocyclic double bond is h2-co-
ordinated, while in the complex
22 b it is only h1-coordinated
through the C11 carbon, and
not with C21: Ru�C21 is
2.674(4) � (Figure 2).


Figure 1. X-ray structure of the cyclobutenyl–ruthenium complex 22 b.


Table 4. A selection of bond lengths and bond angles for 22 b.


Bond lengths [�] Angles [8] Dihedral angles [8]


Ru�Cl 2.3845(12) C11�C12 1.499(7) C11-C12-C13 90.7(4) C11-C12-C13-C14 0.4(4)
C12�C13 1.426(9) C12-C13-C14 92.4(5) C14-C11-C12-C13 �0.3(3)


Ru�C11 2.194(4) C13�C14 1.428(7) C13-C14-C11 90.3(4) C12-C11-C14-C13 0.3(3)
Ru�C12 2.114(4) C14�C11 1.506(7) C14-C11-C12 86.6(4) C12-C13-C14-C11 �0.3(4)
Ru�C13 2.237(5) C11-C14-C15 135.6(5) C12-C13-C14-C15 171.3(5)
Ru�C14 2.315(4) C14�C15 1.448(7) C12-C11-C21 128.6(4) C12-C11-C14-C15 �171.0(6)


C15�C16 1.330(7) C13-C14-C15 133.5(5) C21-C11-C12-C13 151.2(5)
Ru�C21 2.674(4) C21�C11 1.364(8) C14-C11-C21 136.3(4) C21-C11-C14-C13 �147.0(6)


C21-C11-C14-C15 41.6(9)


Chem. Eur. J. 2005, 11, 1312 – 1324 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1317


FULL PAPERRuthenium-Catalyzed Synthesis of Alkylidenecyclobutenes



www.chemeurj.org





To our knowledge no ruthenium complex with an allylic
ligand in a four-membered ring has been described so far,
whereas a (h3-methylenecyclobutenyl)–palladium complex
has already been synthesized and characterized
[Eq. (12)].[41]


The main difference from 22 b is that in this allyl–palladi-
um complex the four-membered ring is not planar and the
double bond moves away from the metal center. This can be
explained by the stability of this 16-electron palladium com-
plex not requiring further stabilization by coordination of
the exocyclic C=C bond.


Some complexes exhibiting interaction between the metal
center and only one carbon of a C=C double bond are
known, especially in the case of an aromatic group main-
tained close to the metal.[41] For example, in the complex
cis-[Pd(C6F5)2(C6H5CH2NMe2)]
there is h1-arene interaction be-
tween the ipso carbon atom of
the phenyl ring of the N-dime-
thylbenzylamine ligand and the
palladium center (Figure 3).


In 22 b, the h1-coordination of
the double bond could result
from the steric difficulty for the
exocyclic C=C carbon to coor-
dinate to the metal center. The
alkylidenecyclobutadienyl
ligand in 22 b should be consid-
ered as an h4-coordinated
ligand, which gives five elec-
trons to the ruthenium atom.


To confirm that a complex
similar to 22 b, but only mono-
dehydrated, is a model inter-
mediate for the reaction 1 a!2,
the stoichiometric reaction of
22 b in the presence of ammoni-
um acetate (AcONEt4) in THF
for 17 h at 40 8C led to the de-
composition of the organome-
tallic complex and to the forma-
tion of an organic compound 23


isolated in 41 % yield [Eq. (13)]; compound 23 is the dehy-
drated analogue of the corresponding cyclobutene 2 previ-
ously obtained in the presence of acetic acid.


Compound 23 shows a similar 1H NMR spectrum as that


of 2, except for the presence of a new signal as a multiplet at
d=5.92 ppm corresponding to the vinylic proton of the cyclo-
hexenyl group. This compound was also detected during the
catalytic formation of 2, but in a very small amount.


The catalytic cycle : On the basis of the previous stoichio-
metric reactions, the catalytic cycle in Scheme 2 may ac-
count for the catalytic combination of two molecules of


Figure 2. h2- and h1-coordination of the (C=C)�Ru bonds. Figure 3. h1-interaction in the complex cis-[Pd(C6F5)2(C6H5CH2NMe2)].


Scheme 2. Catalytic cycle for alkylidenecyclobutene formation.
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propargylic alcohol allowing the formation of an alkylidene-
cyclobutene 2. The characterization of the first complex 21
shows the first step of the cycle to consist of the formation
of a cyclobutadiene–ruthenium complex C with head-to-
head C�C bond coupling. The addition of carboxylic acid is
thus expected to give the intermediate D, resulting from
protonation and monodehydration. Intermediate D is thus
analogous to 22, which is obtained from 21 with a strong
acid, except that the monodehydration is observed only in
the presence of a carboxylate anion. Then, the addition of
the carboxylate at the less-substituted terminal carbon atom
of the cyclic allylic group gives the intermediate E, analo-
gously to the transformation 22 b!23 [Eq. (13)].


This reaction is similar to a classic allylic substitution re-
action.[43] Such a process is already known with ruthenium
complexes, in both stoichiometric[44] and catalytic roles.[45]


The catalytic allylation of phenol derivatives is not a
common process and only a few metal complexes have been
used for this purpose.[46] Moreover, the phenolate addition
to allyl groups promoted by a ruthenium complex in both
stoichiometric[47] and catalytic reactions has only recently
been observed.[45a, 48]


The spontaneous displacement of the cyclobutene F from
the ruthenium intermediate E may regenerate the catalyst
precursor, which again combines with two propargylic alco-
hol molecules to give C. Alternatively, as we observed a
strong beneficial influence of isoprene as solvent, it is possi-
ble that the weakly bonded cyclobutene F in intermediate E
may be displaced by isoprene present in high concentration
to give the intermediate G as a catalytic relay. This process
would allow the stabilization of the ruthenium catalyst at
the end of the catalytic cycle. This may indicate that coordi-
nation of the solvent (isoprene) prevents the decomposition
of the catalyst. This complex G can react with two molecules
of propargylic alcohol similarly to the precatalyst [RuCl(-
cod)(Cp*)] to generate a cyclobutadiene–ruthenium com-
plex C.


The use of isoprene is essential, probably because the re-
action of propargylic alcohols at the metal center is relative-
ly slow, mainly due to steric hindrance; thus the catalyst is
exposed to protonation by the carboxylic acid. The inter-
mediate coordination of isoprene, forming complex G,
would avoid the protonation of the ruthenium species and
let the transformation occur.


Oxidative coupling of alkynes—biscarbene versus cyclobuta-
diene–ruthenium intermediate : The above transformation of
propargylic alcohols [Eq. (2)] contrasts well with that of ary-
lacetylenes [Eq. (1)]. Actually, the key intermediates leading
to cyclobutenes from the oxidative coupling of alkynes on
the {RuCl(Cp*)} moiety are quite different. From arylacety-
lenes the oxidative coupling leads to a stable, isolable biscar-
bene–ruthenium complex;[26a–c] Calhorda, Kirchner, and co-
workers[26d] have shown by computational studies that it cor-
responds to the biscarbene–ruthenium(iv) complex B. Eisen-
stein, Clot, and co-workers have provided evidence that the
protonation of intermediate B takes place at the carbene


carbon to give a mixed (alkyl)(carbene)ruthenium species
H[25] (Scheme 3).


To explain why the initial oxidative coupling intermediate
B gives cyclobutadiene–ruthenium complex C with propar-
gylic alcohols, the reductive elimination in the B!C path-
way has been studied computationally.


Computational studies of the reaction of alkynes with the
RuCl(Cp) and RuCl(Cp*) fragments : The formation of the
h4-cyclobutadiene complex C from a metallacycle B, the
latter being generated through oxidative coupling of two
acetylene molecules to the RuCl(Cp) fragment, has been in-
vestigated by means of DFT/B3 LYP calculations.[49] As a
result, a one-step transformation featuring the replacement
of one carbenic M=C bond by two M�C single bonds has
been suggested for the transition state (Figure 4). This sym-


metry-forbidden pathway is energetically prohibitive,[50]


unless the substituents on the acetylene are changed. We
have therefore compared the activation energy of formation
of the cyclobutadiene–ruthenium complex with propargylic
alcohol to that with a simple terminal alkyne. For the
RuCl(Cp) system the energy barrier (in kcal mol�1) for the


Scheme 3. Biscarbene–ruthenium intermediate H versus cyclobutadiene–
ruthenium intermediate D.


Figure 4. Activation energy for dimerization of various alkynes.
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transformation of B into C varies strongly with the nature of
R in the starting alkyne HC�CR in the series: H (41.1)�Ph
(40.4)>Me (35.6) @SiMe3 (26.8). In the case of propargylic
alcohols, with HC�CCMe2OH as the model alkyne, the de-
crease in the activation energy is calculated to be 28.7 kcal -
mol�1. Relative to the substituents of acetylene, the varia-
tion of those of the Cp ligand are also important. While
there is no significant difference between Cp and Cp* for
the reaction with the parent acetylene, with HC�CSiMe3


and the propargylic alcohol HC�CCMe2OH the activation
energy decreases significantly and this effect is more pro-
nounced in the case of RuCl(Cp*): from 41.9 for acetylene
to 20.1 and 16.5 kcal mol�1 for HC�CSiMe3 and the propar-
gylic alcohol, respectively (Figure 4).


These last values can be attained experimentally, thus be-
coming competitive with those for other processes such as
the addition of carboxylic acids. They explain the accessibili-
ty of cyclobutadiene–ruthenium intermediates for HC�C-
CR2OH alkynes, leading to alkylidenecyclobutenes, whereas
this accessibilty does not exist for arylacetylenes.


Conclusion


The combination of two molecules of propargylic alcohol
and one molecule of carboxylic acid, catalyzed by a simple
ruthenium complex, affords alkylidenecyclobutenes. This
original synthetic method was also applied to phenols, in
which case it represents a rare example of the catalytic addi-
tion of phenol to allyl groups, especially with ruthenium
complexes as the catalyst. It is a new example of C�C bond
formation by triple-bond activation and has been shown to
proceed via a cyclobutadiene–ruthenium complex and a
novel type of alkylidenecyclobutenylruthenium derivative
displaying an unusual mode of coordination. This single-step
access route to strained four-membered functional cyclic
compounds, satisfying the atom economy concept as it re-
sults from combination of three molecules into one with
elimination of one molecule of water, is likely to be extend-
ed to other propargylic fragments or alkynes, as long as the
reductive elimination leading to a cyclobutadiene intermedi-
ate is energetically favored.


Experimental Section


All catalytic reactions were carried out under an inert atmosphere in
Schlenk tubes. Chemicals were obtained commercially and used as sup-
plied. [RuCl(cod)(Cp*)] was prepared according to the reported meth-
od.[44e] Products were isolated by silica gel (70–230 mesh) flash column
chromatography with mixed solvents (pentane/diethyl ether mixtures).
1H and 13C NMR spectra were recorded on Bruker AM 300 WB and
DPX 200 spectrometers in deuterated chloroform at 298 K. IR spectra
were recorded on a Bruker IFS28 spectrometer. Elemental analysis was
performed for the selected compound 19 (white powder) by the Service
de Microanalyse du CNRS, Lyon (France). The high-resolution mass
spectra of the other compounds, which were too hygroscopic for elemen-
tal analysis, were recorded on a Varian MATT 311 high-resolution spec-


trometer at the Centre Regional de Mesures Physiques de l�Ouest
(CRMPO), University of Rennes 1, France.


Computational details : All calculations were performed using the Gaussi-
an 98 software package on the Silicon Graphics Origin 2000 of the
Vienna University of Technology.[51] The geometries and energies of the
model complexes were optimized at the B3 LYP level[52] with the Stutt-
gart/Dresden ECP (SDD) basis set[53] to describe the electrons of Ru; for
all other atoms the 6-31G(d,p) basis set was employed except for the
CH3 groups of the Cp* ligand and the CH3 and OH groups of the propar-
gylic alcohol, for which an STO-3G basis set was used.[54, 55] Frequency
calculations were performed to confirm the nature of the stationary
points, yielding one imaginary frequency for the transition states and
none for the minima. Each transition state was further confirmed by fol-
lowing its vibrational mode downhill on both sides, and obtaining the
minima presented on the reaction energy profile. All geometries were
optimized without symmetry constraints and the energies were zero-
point corrected.


Typical procedure for ruthenium-catalyzed dimerization of terminal
propargylic alcohols with carboxylic acids : [RuCl(cod)(Cp*)]
(0.125 mmol, 5%) and carboxylic acid (1.25 mmol, 0.5 equiv) were added
to a solution of the terminal alkyne (2.5 mmol, 1 equiv) in degassed iso-
prene (2 mL) under an inert atmosphere at room temperature. The reac-
tion mixture was stirred at 40 8C for 20 h. The solvent was removed, and
the product was purified by silica gel flash column chromatography
(eluent: pentane/diethyl ether mixtures) to give the dimerization adduct
as a viscous oil in 20–77 % yield. The adducts, general formula 24, were
analyzed by NMR (1H and 13C), IR, and mass spectrometry.


4-Cyclohexylidene-3-(1-hydroxycyclohexyl)cyclobut-2-enyl acetate (2):


Yield: 66%; 1H NMR (200.131 MHz, CDCl3): d=1.4–1.75 (m, 17 H; cy-
clohexyl OH), 2.01 (s, 3H; MeCO), 1.96–2.08 (m, 2 H; cyclohexyl CH2),
2.37–2.47 (m, 2 H; cyclohexyl CH2), 5.59 (d, J=0.5 Hz, 1 H; H1),
6.2 ppm7 (s, 1 H; H2); 13C NMR (50.329 MHz, CDCl3): d=171.3, 162.0,
130.7, 129.3, 127.8, 72.4, 69.4, 35.8, 35.6, 31.4, 30.8, 27.9, 27.7, 26.4, 25.5,
21.7, 21.6, 21.2 ppm; MS (EI): m/z calcd for C18H26O3: 290.1882; found:
290.1879; FTIR (neat): ñ=3462, 2928, 1732, 1577 cm�1.


3-(1-Ethyl-1-hydroxypropyl)-4-(1-ethylpropylidene)cyclobut-2-enyl acetate
(3): Yield: 51%; 1H NMR (200.131 MHz, CDCl3): d=0.78 (t, J =7.6 Hz,
3H; ethyl Me), 0.82 (t, J =7.6 Hz, 3H; ethyl Me), 0.93 (t, J= 7.5 Hz, 3 H;
ethyl Me), 0.95 (t, J =7.5 Hz, 3 H; ethyl Me), 1.62 (q, J =7.5 Hz, 2 H;
ethyl CH2), 1.63 (q, J =7.4 Hz, 2H; ethyl CH2), 1.84 (s, 1H; OH), 1.98 (q,
J =7.5 Hz, 2H; ethyl CH2), 2.00 (s, 3H; MeCO), 2.31 (m, 2 H; ethyl
CH2), 5.57 (s, 1 H; H1), 6.30 ppm (s, 1H; H2); 13C NMR (50.329 MHz,
CDCl3): d=171.3, 160.1, 133.1, 132.0, 130.9, 74.2, 72.1, 30.4, 30.2, 23.5,
23.3, 21.2, 13.1, 12.7, 8.0, 7.7 ppm; MS (EI): m/z calcd for C16H26O3:
266.1881; found: 266.1875; FTIR (neat): ñ=3466, 2967, 1720, 1573 cm�1.


3-(1-Hydroxymethylethyl)-4-methylethylidenecyclobut-2-enyl acetate (4):
Yield: 57 %; 1H NMR (200.131 MHz, CDCl3): d =1.36 (s, 3H; Me), 1.40
(s, 3 H; Me), 1.63 (s, 3H; Me), 1.83 (s, 1 H; OH), 1.90 (s, 3H; Me), 2.03
(s, 3H; MeCO2), 5.55 (s, 1H; H1), 6.27 ppm (s, 1H; H2); 13C NMR
(50.329 MHz, CDCl3): d =171.3, 162.0, 132.4, 130.1, 119.7, 72.4, 68.2, 28.3,
28.2, 21.2, 20.8, 20.3 ppm; MS (EI): m/z calcd for C12H18O3: 210.1256;
found: 210.1258; FTIR (neat): ñ =3445, 2978, 1737, 1644 cm�1.


3-(1-Hydroxy-1-methylpropyl)-4-(1-methylpropylidene)cyclobut-2-enyl
acetate (5): Yield: 77 % (mixture of several isomers); 1H NMR
(200.131 MHz, CDCl3): d=0.75–1.00 (m, 6H; 2Me), 1.29–1.31 (3 s, 3 H;
1Me), 1.60–1.69 (m, 2 H; 1 CH2), 1.58, 1.85 (3 s, 3 H; 1 Me), 1.99 (2 s, 3 H;
1Me), 2.0–1.95 (m, 2H; 1H; CH2, OH), 2.24–2.31 (m, 1 H; CH2), 5.52–
5.56 (3s, 1H; H1), 6.25–6.27 ppm (2 s, 1H; H2); 13C NMR (totally decou-
pled and dept 135; 50.329 MHz, CDCl3): d =171.41, 171.33 (CO), 161.54,
161.49, 161.23 (=Cq), 132.36, 132.28, 131.90, 131.84 (=Cq), 131.72, 131.47,
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131.20 (=CH), 125.24, 125.18, 125.09, 124.99 (=Cq), 72.40, 72.38, 72.30,
72.24 (CH�O), 71.41, 71.32, 71.20 (Cq�O), 32.98, 32.89, 32.79 (CH2),
27.56, 27.21 (CH2), 25.72, 25.39 (CH3), 21.19 (CH3), 17.77, 16.76 (CH3),
12.77, 12.52 (CH3), 8.30, 8.10 ppm (CH3); MS (EI): m/z calcd for
C14H22O3: 238.1569; found: 238.1570; FTIR (neat): ñ =3454, 2969, 1721,
1580 cm�1.


3-(1-Hydroxy-1,3-dimethylbutyl)-4-(1,3-dimethylbutylidene)cyclobut-2-
enyl acetate (6): Yield: 68 % (mixture of several isomers); 1H NMR
(200.131 MHz, CDCl3): d =0.78–0.92 (m, 12H; 4 Me), 1.37–1.38 (2 s, 3H;
1Me), 1.58–1.59, 1.82–1.85 (4 s, 3H; 1 Me), 1.57–1.87 (m, 6 H; 1CH2, 1 H
(CH2), OH, 2 CH), 2.01–2.02 (2 s, 3H; 1Me), 2.15–2.22 (m, 1 H; CH2),
5.54–5.56 (2 s, 1 H; H1), 6.32–6.33 ppm (3 s, 1H; H2); FTIR (neat): ñ=


3473, 2926, 1732, 1579 cm�1.


6-Hydroxy-1,1,6-trimethyl-2-oxohept-4-enyl acetate (7): Yield: 35%;
1H NMR (200.131 MHz, CDCl3): d=1.26 (s, 6 H; Me), 1.42 (s, 6H; Me),
2.03 (s, 3H; MeCO2), 2.08 (s, 1H; OH), 3.15 (m, 2 H; CH2), 5.64 ppm (m,
2H; HC=); 13C NMR (50.329 MHz, CDCl3): d=207.1, 170.4, 142.0, 119.7,
83.6, 70.6, 39.0, 29.5, 23.5, 21.2 ppm; MS (EI): m/z calcd for C9H13O2:
153.0912; found: 153.0916; FTIR (neat): ñ=3441, 2976, 1732, 1716,
1645 cm�1.


4-Cyclohexylidene-3-(1-hydroxycyclohexyl)cyclobut-2-enyl methoxyacetate
(9): Yield: 50%; 1H NMR (200.131 MHz, CDCl3): d =1.35–1.75 (m, 17 H;
cyclohexyl, OH), 1.95–2.05 (m, 2 H; cyclohexyl CH2), 2.30–2.45 (m, 2 H;
cyclohexyl CH2), 3.38 (s, 3 H; O�Me), 3.96 (s, 2H; O�CH2), 5.68 (s, 1 H;
H1), 6.25 ppm (s, 1 H; H2); 13C NMR (50.329 MHz, CDCl3): d=170.5,
162.5, 130.2, 129.0, 128.0, 72.7, 69.8, 69.4, 59.3, 35.7, 35.6, 31.3, 30.9, 28.0,
27.6, 26.4, 25.5, 21.7, 21.6 ppm; MS (EI): m/z calcd for C19H28O4:
320.1987; found: 320.1977; FTIR (neat) ñ =3467, 2929, 1749, 1576 cm�1.


4-Cyclohexylidene-3-(1-hydroxycyclohexyl)cyclobut-2-enyl benzoate (10):
Yield: 66 %; 1H NMR (200.131 MHz, CDCl3): d=1.40–1.80 (m, 16H; cy-
clohexyl), 1.90 (s, 1 H; OH), 2.00–2.20 (m, 2H; cyclohexyl CH2), 2.40–
2.55 (m, 2H; cyclohexyl CH2), 5.78 (s, 1H; H1), 6.40 (s, 1 H; H2), 7.23–
7.54 (m, 3H; Ph), 7.97–8.03 ppm (m, 2H; Ph); 13C NMR (50.329 MHz,
CDCl3): d =166.8, 162.0, 132.9, 131.0, 130.4, 129.6, 129.3, 128.3, 127.7,
73.1, 69.5, 35.8, 35.7, 31.4, 31.0, 28.2, 27.8, 26.5, 25.5, 21.8, 21.7 ppm; MS
(EI): m/z calcd for C23H28O3: 352.2038; found: 352.2039; FTIR (neat):
ñ= 3481, 3069, 2931, 1717, 1602, 1584 cm�1.


4-Cyclohexylidene-3-(1-hydroxycyclohexyl)cyclobut-2-enyl methacrylate
(11): Yield: 45 %; 1H NMR (200.131 MHz, CDCl3): d =1.25–1.80 (m,
17H; cyclohexyl, OH), 1.93 (s, 3 H; Me), 2.07–2.12 (m, 2H; cyclohexyl
CH2), 2.43–2.50 (m, 2H; cyclohexyl CH2), 5.54 (d, J=1.4 Hz, 1H; =CH2),
5.61 (s, 1H; H1), 6.09 (d, J =1.4 Hz, 1 H; =CH2), 6.37 ppm (s, 1 H; H2);
13C NMR (50.329 MHz, CDCl3): d= 168.1, 162.1, 136.9, 131.4, 129.7,
128.0, 126.0, 73.2, 69.9, 36.2, 36.1, 31.8, 31.4, 28.5, 28.2, 26.9, 25.9, 22.2,
22.1, 18.7 ppm; MS (EI): m/z calcd for C16H22O2: 246.1620 [M+


�CHOCCH2CH3]; found: 246.1608; FTIR (neat): ñ=3447, 3181, 2982,
1713, 1632 cm�1.


4-Cyclohexylidene-3-(1-hydroxycyclohexyl)cyclobut-2-enyl pent-4-enoate
(12): Yield: 65 %; 1H NMR (200.131 MHz, CDCl3): d =1.40–1.80 (m,
17H; cyclohexyl, OH), 1.95–2.10 (m, 2H; cyclohexyl CH2), 2.27–2.42 (m,
6H; cyclohexyl CH2, (CH2)2CO), 4.95 (d m, J =10.2 Hz, 1H; =CH2), 5.00
(d m, J= 17.1 Hz, 1H; =CH2), 5.61 (s, 1H; H1), 5.75 (m, 1H; =CH),
6.26 ppm (s, 1 H; H2); 13C NMR (50.329 MHz, CDCl3): d=173.3, 162.0,
136.6, 130.8, 129.3, 127.7, 115.4, 72.4, 69.4, 35.8, 35.7, 33.7, 31.4, 30.9, 28.9,
28.0, 27.7, 26.4, 25.5, 21.7, 21.6 ppm; MS (EI): m/z calcd for C21H30O3:
330.2194; found: 330.2197; FTIR (neat): ñ=3474, 3080, 2931, 1722, 1641,
1574 cm�1.


4-Cyclohexylidene-3-(1-hydroxycyclohexyl)cyclobut-2-enyl pentanoate
(13): Yield: 55 %; 1H NMR (200.131 MHz, CDCl3): d =0.90 (t, J =7.2 Hz,
3H; CH3) 1.24–1.76 (m, 21 H; cyclohexyl, (CH2)2, OH), 2.05 (m, 2H; cy-
clohexyl CH2), 2.30 (t, J=7.2 Hz, 2 H; CH2), 2.46 (m, 2 H; cyclohexyl
CH2), 5.65 (s, 1 H; H1), 6.31 ppm (s, 1H; H2); 13C NMR (50.329 MHz,
CDCl3): d=174.5, 162.3, 131.3, 129.9, 128.0, 72.6, 69.8, 36.2, 36.1, 34.7,
31.8, 31.3, 28.4, 28.1, 27.5, 26.9, 25.9, 22.7, 22.1, 22.0, 14.1 ppm; MS (EI):
m/z calcd for C21H32O3: 332.2352; found: 332.2380; FTIR (neat): ñ=


3469, 2960, 2930, 1728, 1610 cm�1.


4-Cyclohexylidene-3-(1-hydroxycyclohexyl)cyclobut-2-enyl 2,2-dimethyl-
propanoate (14): Yield: 30%; 1H NMR (200.131 MHz, CDCl3): d =1.20
(s, 9H; tBu), 1.25–1.8 (m, 17H; cyclohexyl, OH), 1.95–2.1 (m, 2H; cyclo-
hexyl CH2), 2.3–2.6 (m, 2 H; cyclohexyl CH2), 5.61 (s, 1H; H1), 6.31 ppm
(s, 1 H; H2); 13C NMR (50.329 MHz, CDCl3): d =179.3, 161.8, 131.5,
130.0, 127.6, 72.6, 69.9, 39.2, 36.2, 36.1, 31.8, 31.3, 28.5, 28.2, 27.6, 26.9,
25.9, 22.2, 22.1 ppm; FTIR (neat): ñ =3447, 2989, 2930, 1735, 1617 cm�1.


4-Cyclohexylidene-3-(1-hydroxycyclohexyl)cyclobut-2-enyl BOC-phenyla-
laninate (15): Yield: 20%; 1H NMR (200.131 MHz, CDCl3): major dia-
stereoisomer: d =1.41 (s, 9H; tBu), 1.2–1.75 (m, 17 H; cyclohexyl, OH),
1.9–2.0 (m, 2H; cyclohexyl CH2), 2.4–2.5 (m, 2H; cyclohexyl CH2), 2.9–
3.2 (m, 2 H; CH2Ph), 4.6 (m, 1 H; CH), 5.0 (m, 1H; NH), 5.60 (s, 1 H;
H1), 6.32 (s, 1 H; H2), 7.13–7.31 ppm (m, 5 H; Ph); minor diastereoisom-
er: d =1.43 (s, 9H; tBu), 1.2–1.75 (m, 17H; cyclohexyl, OH), 1.9–2.0 (m,
2H; cyclohexyl CH2), 2.4–2.5 (m, 2H; cyclohexyl CH2), 1.9–3.2 (m, 2 H;
CH2Ph), 4.6 (m, 1H; CH), 5.0 (m, 1 H; NH), 5.62 (s, 1H; H1), 6.27 (s,
1H; H2), 7.13–7.31 ppm (m, 5H; Ph); 13C NMR (50.329 MHz, CDCl3):
major diastereoisomer: d =172.6, 162.7, 155.4, 136.6, 130.5, 129.8, 129.1,
128.9, 128.6, 127.4, 80.2, 73.8, 69.9, 55.0, 39.0, 36.2, 36.1, 31.7, 31.4, 28.7,
28.4, 28.1, 26.8, 25.9, 22.1 ppm; minor diastereoisomer: d=172.2, 162.9,
155.5, 136.5, 130.8, 130.0, 129.1, 128.8, 128.4, 127.4, 80.2, 74.0, 69.9, 54.8,
38.6, 36.2, 36.1, 31.7, 31.3, 28.7, 28.4, 28.1, 26.8, 25.9, 22.1 ppm; FTIR
(neat): ñ=3373, 2975, 1750, 1720, 1602 cm�1.


Typical procedure for ruthenium-catalyzed dimerization of terminal
propargylic alcohols with phenols : [RuCl(cod)(Cp*)] (0.125 mmol, 5%)
and carboxylic acid (1.25 mmol, 0.5 equiv) were added to a solution of
the terminal alkyne (2.5 mmol, 1 equiv) in degassed dioxane (2 mL)
under an inert atmosphere at room temperature. The reaction mixture
was stirred at 100 8C for 20 h. The solvent was removed, and the product
was purified by silica gel flash column chromatography (eluent: pentane/
diethyl ether mixtures) to give the dimerization adduct in 20–48 % yield.
The compounds (general formula 25) were analyzed by NMR (1H and
13C) and IR spectroscopy, mass spectrometry, or elemental analysis.


2-[-3-(4-Nitrophenoxy)-4-methylethylidenecyclobut-1-enyl)]propan-2-ol
(16): Yield: 30%; 1H NMR (200.131 MHz, CDCl3): d=1.42 (s, 3H; Me),
1.44 (s, 3H; Me), 1.75 (s, 3 H; Me), 1.80 (s, 1H; OH), 1.97 (s, 3H; Me),
5.27 (s, 1H; H1), 6.46 (s, 1 H; H2), 6.96 (d, J= 9.3 Hz, 2 H; Ar), 8.16 ppm
(d, J =9.3 Hz, 2H; Ar); 13C NMR (50.329 MHz, CDCl3): d= 163.4, 163.1,
141.5, 131.9, 128.6, 126.0, 121.0, 115.1, 76.0, 68.8, 28.4, 28.3, 21.0,
20.5 ppm; MS (EI): m/z calcd for C16H19NO4: 289.1314; found: 289.1312;
FTIR (KBr): ñ =3430, 3085, 2978, 1607, 1591 cm�1.


2-[-3-(2-Bromophenoxy)-4-methylethylidenecyclobut-1-enyl)]propan-2-ol
(17): Yield: 37%; 1H NMR (200.131 MHz, CDCl3): d=1.41 (s, 3H; Me),
1.43 (s, 3H; Me), 1.84 (s, 3 H; Me), 1.87 (s, 1H; OH), 1.97 (s, 3H; Me),
5.14 (s, 1H; H1), 6.48 (s, 1H; H2), 6.77–6.95 (m, 2 H; Ar), 7.17–7.26 (m,
1H; Ar), 7.48–7.53 (m, 1 H; Ar); 13C NMR (50.329 MHz, CDCl3): d=


162.2, 154.8, 133.5, 132.7, 129.9, 128.3, 122.2, 120.4, 115.0, 112.8, 76.9,
68.7, 28.4, 28.2, 21.1, 20.7; MS (EI): m/z 322.0582 (calcd for C16H19O2


79Br:
322.0568); FTIR (KBr): ñ =3381, 3065, 2976, 1585, 1571 cm�1.


2-[-3-(2-Chlorophenoxy)-4-methylethylidenecyclobut-1-enyl)]propan-2-ol
(18): Yield: 48%; 1H NMR (200.131 MHz, CDCl3): d=1.41 (s, 3H; Me),
1.43 (s, 3H; Me), 1.82 (s, 3 H; Me), 1.92 (s, 1H; OH), 1.96 (s, 3H; Me),
5.15 (s, 1H; H1), 6.47 (s, 1H; H2), 6.83–6.97 (m, 2 H; Ar), 7.12–7.23 (m,
1H; Ar), 7.31–7.35 ppm (m, 1H; Ar); 13C NMR (50.329 MHz, CDCl3):
d=162.2, 153.9, 132.8, 130.4, 129.9, 127.6, 123.6, 121.8, 120.4, 115.3, 76.9,
68.7, 28.4, 28.2, 21.1, 20.6 ppm; MS (EI): m/z calcd for C16H19O2


35Cl:
278.1073; found: 278.1068; FTIR (KBr): ñ=3410, 3068, 2977, 1587,
1572 cm�1.


2-[-3-(4-Bromophenoxy)-4-methylethylidenecyclobut-1-enyl)]propan-2-ol
(19): Yield: 32%; 1H NMR (200.131 MHz, CDCl3): d=1.46 (s, 3H; Me),
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1.48 (s, 3H; Me), 1.81 (s, 3 H; Me), 1.88 (s, 1H; OH), 2.01 (s, 3H; Me),
5.19 (s, 1H; H1), 6.51 (s, 1 H; H2), 6.85 (d, J= 8.9 Hz, 2 H; Ar), 7.39 ppm
(d, J =8.8 Hz, 2H; Ar); 13C NMR (50.329 MHz, CDCl3): d= 162.7, 157.6,
133.2, 132.7, 130.3, 120.7, 117.7, 113.6, 76.1, 69.2, 28.8, 28.7, 21.4,
21.0 ppm; elemental analysis calcd (%) for C16H19O2Br: C 59.20, H 6.38;
found: C 59.70, H 6.25; FTIR (neat): ñ=3336, 2975, 1625, 1588 cm�1.


2-[-3-(4-Methylphenoxy)-4-methylethylidenecyclobut-1-enyl)]propan-2-ol
(20): Yield: 20%; 1H NMR (200.131 MHz, CDCl3): d=1.36 (s, 3H; Me),
1.41 (s, 3H; Me), 1.78 (s, 3 H; Me), 1.86 (s, 1H; OH), 1.96 (s, 3H; Me),
2.26 (s, 3 H; Me), 5.15 (s, 1 H; H1), 6.51 (s, 1H; H2), 6.83 (d, J =8.2 Hz,
2H; Ar), 7.06 ppm (d, J=8.2 Hz, 2H; Ar); 13C NMR (50.329 MHz,
CDCl3): d=161.7, 156.0, 133.2, 130.7, 130.2, 129.9, 119.9, 115.3, 75.6, 68.7,
28.4, 28.3, 28.2, 21.0, 20.5 ppm; MS (EI): m/z calcd for C17H22O3:
258.1619; found: 258.1603; FTIR (KBr): ñ=3436, 3023, 2977, 1611,
1593 cm�1.


Chloro{h4-[1,2-di(1-hydroxycyclohexyl)cyclobutadienyl]}pentamethylcy-
clopentadienylruthenium (21): 1-Ethynylcyclohexanol (3.7 mmol, 460 mg,
5 equiv) was added to a solution of [RuCl(cod)(Cp*)] (0.74 mmol,
282 mg) in THF (10 mL) under a nitrogen atmosphere. After being stir-
red at room temperature for 2 h the solvent was removed under vacuum,
the solid residue was washed with anhydrous diethyl ether (3 � 15 mL),
and dried under vacuum. The complex 21 was obtained as a brown
powder (350 mg). Yield: 90%; 1H NMR (200.131 MHz, CD2Cl2): d=


0.94–1.09 (m, 4 H; cyclohexyl CH2), 1.30–1.65 (m, 14H; cyclohexyl CH2),
1.68 (s, 15H; C5Me5), 2.08–2.14 (m, 2 H; cyclohexyl CH2), 3.42 (s, 2H; =


CH), 3.93 ppm (s, 2 H; OH): 13C NMR (50.329 MHz, CD2Cl2): d =99.6,
92.5, 69.8, 69.4, 42.2, 36.0, 25.8, 21.9, 21.7, 10.5 ppm; MS (FAB): m/z
calcd for C26H39O2ClRu: 520.1686; found: 520.1660; FTIR (nujol): ñ=


3443, 3403, 3023, 2977, 1654 cm�1.


Chloro[h3-(1-cyclohex-1-enyl-2-cyclohexylidenecyclobutenyl)]pentame-
thylcyclopentadienylruthenium complexes (22 a, 22b): Acid HX (HBF4


or HPF6̧ 1.1 equiv) was added to a solution of complex 21 (1 mmol,
520 mg) in THF (20 mL) under a nitrogen atmosphere at �60 8C. The
stirred reaction mixture was allowed to warm to room temperature and
kept at this temperature for 3 h. The solvent was removed under vacuum,
then the solid was washed with diethyl ether (3 � 15 mL) and dried under
vacuum. For 22a a solution of HBF4 (155 mL; 60 % w/w in diethyl ether)
was used and 22 a was obtained as a dark red powder (510 mg). Yield:
90%; 1H NMR (200.131 MHz, CD2Cl2): d =1.46–1.58 (m, 14 H; cyclohex-
yl CH2), 1.83–1.90 (m, 2 H; cyclohexyl CH2), 1.83 (s, 15H; C5Me5), 2.23–
2.29 (m, 2H; cyclohexyl CH2), 5.06 (s, 1H; =CH), 5.56 (s, 1 H; =CH),
6.05 ppm (t, J =3.8 Hz, 1 H; cyclohexenyl =CH); 13C NMR (50.329 MHz,
CD2Cl2): d= 149.1, 140.2, 134.7, 128.9, 103.8, 93.5, 86.8, 77.6, 35.9, 33.9,
31.4, 28.8, 26.3, 25.6, 24.2, 21.8, 21.5, 10.6 ppm; elemental analysis calcd
(%) for C26H36RuClBF4: C 54.60, H 6.34, Cl 6.19; found: C 54.25, H 6.77,
Cl 6.32; FTIR (nujol): ñ =3095, 1632, 1559, 1041 cm�1.


For 22b a solution of HPF6 (175 mL, 60 % w/w in water) was used and
22b was obtained as a dark red powder (570 mg). Yield: 90 %; 1H NMR
(200.131 MHz, CD2Cl2): d =1.46–1.59 (m, 14H; cyclohexyl CH2), 1.83–
1.90 (m, 2H; cyclohexyl CH2), 1.82 (s, 15 H; C5Me5), 2.24–2.30 (m, 2 H;
cyclohexyl CH2), 4.89 (s, 1 H; =CH), 5.48 (s, 1 H; =CH), 6.06 ppm (t, J=


3.8 Hz, 1H; cyclohexenyl =CH); 13C NMR (50.329 MHz, CD2Cl2): d=


149.3, 140.7, 135.3, 128.8, 103.8, 93.4, 86.3, 77.3, 35.4, 34.0, 31.5, 28.9, 26.3,
25.6, 24.2, 21.7, 21.4, 10.6 ppm; elemental analysis calcd (%) for
C26H36RuClPF6: C 49.57, H 5.76, Cl 5.63; found: C 49.23, H 5.50, Cl 6.27;
FTIR (nujol): ñ=3103, 1630, 1561, 844 cm�1. Microcrystals of complex
22b were obtained in a dichloromethane/diethyl ether biphasic system.


3-Cyclohex-1-enyl-4-cyclohexylidenecyclobut-2-enyl acetate (23):
AcONEt4 (83 mg, 0.44 mmol, 1.13 equiv) was added to a solution of com-
plex 22a (220 mg, 0.34 mmol) in degassed THF (5 mL) under an inert at-
mosphere at room temperature. The reaction mixture was stirred at 40 8C
for 17 h. The solvent was removed, and the product was purified by silica
gel flash column chromatography (eluent: pentane/diethyl ether) to give
the cyclobutene 23 adduct as a viscous oil (38 mg). Yield: 41 %; 1H NMR
(200.131 MHz, CD2Cl2): d=1.40–1.70 (m, 10 H; cyclohexyl), 2.02 (s, 3 H;
Me), 2.04–2.15 (m, 6H; cyclohexyl), 2.25–2.27 (m, 2H; cyclohexyl CH2),
5.71 (s, 1H; H1), 5.92 (m, 1H; cyclohexenyl =CH), 6.24 ppm (s, 1H;
H2); 13C NMR (50.329 MHz, CD2Cl2): d =171.2, 155.7, 131.1, 130.4,


129.4, 128.8, 127.2, 72.9, 30.8, 30.3, 27.8, 27.7, 26.4, 25.9, 25.3, 22.4, 21.9,
21.2 ppm; MS (EI): m/z calcd for C18H24O2: 272.1776; found: 272.1726;
FTIR (neat): ñ =3052, 2925, 1733, 1646, 1588 cm�1.
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Ligands Rock & Roll: Stepwise Twisting of Two cis-Coordinated Lopsided N-
Heterocycles in an Octahedral Bis(2-phenylazopyridine)–Ruthenium(ii)
Complex with Seven Atropisomers


Aldrik H. Velders,*[a, b] Anna C. G. Hotze,[a] and Jan Reedijk[a]


Introduction


Understanding the binding of molecules to metal com-
pounds is of great importance in many areas of inorganic


chemistry, including bioinorganic chemistry,[1] and in particu-
lar also in the field of biomedicinal chemistry for the coordi-
nation of metal-based drugs to biological target mole-
cules.[2–4] The binding of the well-known antitumor drug cis-
[PtCl2(NH3)2] to two neighboring guanines of DNA is gener-
ally accepted to be the main interaction responsible for its
antitumor activity.[5,6] The orientation and rotational behav-
ior of cis bifunctional coordinated square-planar platinum(ii)
complexes with lopsided N-heterocycles, like guanine deriv-
atives, have been extensively investigated since the late
1970s by Cramer,[7,8] and others,[9–14] and are now at an ad-
vanced stage of understanding.[15–17] All factors influencing
the orientation and dynamic behavior of lopsided ligands on
cis-coordinated octahedral complexes are not as thoroughly
understood, yet. However, it is of considerable interest to
understand the coordinative binding of biologically available
N-heterocycles to six-coordinate complexes,[18] like rutheni-
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Abstract: 1H NMR data of a-[Ru(az-
py)2(MeBim)2](PF6)2 (azpy =2-phenyla-
zopyridine, MeBim =1-methylbenzimi-
dazole), 2, revealed the presence of a
total of seven atropisomers at �95 8C:
three head-to-tail, HT, isomers (A, C,
and D), and four head-to-head, HH,
isomers which, due to the presence of
an intrinsic C2 axis in the a-[Ru(azpy)2]
moiety, are two sets of identical pairs
(B/B and E/E). The NMR data of 2
represent a unique example of a coor-
dination compound that shows a varia-
ble temperature (VT) behavior with
more, well-defined steps of slow-to-fast
exchange of its atropisomers. At 65 8C,
all atropisomers are in fast exchange;
on lowering the temperature the sharp
signals first broaden (at room tempera-
ture) and consecutively split up into


two sets of relatively sharp signals, in
slow exchange, at about 0 8C (D, 40 %,
and the coalesced signals of ABBCEE,
60 %). Upon further cooling, the set of
peaks belonging to D remain sharp
until the lowest recording tempera-
tures. The signals of the other set of
resonances, on the other hand, first
broaden again and then separate into
two sets of broad peaks (C/E/E and A)
and one set of sharp peaks (B and B in
fast exchange); on lowering the tem-
perature even more, these signals
broaden once again and finally, at


�95 8C, are split up into a total of four
sets of signal (A, B/B, C, and E/E). At
low temperatures, ROESY experiments
revealed that atropisomerization occurs
through the synchronous rotation of
both MeBim ligands in the interconver-
sion of the two “identical” HH atro-
pisomers B and B, as well as in the in-
terconversion between C and E/E. The
HH rotamers B/B furthermore exhibit
a slow-to-fast exchange atropisomeriza-
tion behavior that is observed inde-
pendently from the other dynamic
processes in this compound. The versa-
tile cis bifunctional binding of the
DNA model bases (MeBim ligands) in
2 parallels the observation of a-[Ru(az-
py)2Cl2] which shows extraordinarly
high cytotoxicity against tumor cell
lines.


Keywords: atropisomerism · bioin-
organic chemistry · DNA model
bases · NMR spectroscopy · ruthe-
nium
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um compounds, of which several are currently under investi-
gation for their promising antitumor properties.[19–23]


1H NMR spectroscopy has been proven to be a powerful
tool to study the rotational behavior of s-bound ligands in
square-planar four-coordinate metal complexes. To date,
however, only in a few suitable octahedral systems have the
orientation and dynamic properties of s-bound N-heterocy-
cles been studied, like dinuclear m-oxorhenium(v) com-
plexes,[24–26] and dichlororuthenium(ii)–dmso com-
plexes.[24,27–30] More recently, we have introduced rutheniu-
m(ii)–bis(bipyridine) complexes of the type cis-[Ru-
(bpy)2(L)2](PF6)2 of which the dynamic process of heterocy-
clic ligands (L) can be studied very well with different kinds
of monodentate ligands, whilst the backbone consists of two
static didentate ligands.[31–33] With phosphonite ligands, ruth-
enium(ii)–bis(bipyridine) complexes also appear as appeal-
ing compounds for their photochromically induced atropiso-
merization processes.[34,35]


The cis-dichloro complex a-[Ru(azpy)2Cl2] (azpy =2-phe-
nylazopyridine) shows cytotoxicity to a series of tumor cell
lines even higher than that of the well-known antitumor
complexes cisplatin and 5-fluorouracil.[20] Interestingly, the
isomeric complex b-[Ru(azpy)2Cl2] and the structurally re-
lated complex cis-[Ru(bpy)2Cl2] are significantly less cyto-
toxic.[20,36] The pronounced differences in biological activity
of these three structurally similar complexes (see Supporting
Information) and related complexes, offer an interesting op-
portunity to search for structure–activity relationships of an-
titumor-active ruthenium complexes.[37,38] As DNA is a
likely target for this kind of metallodrug, we have started to
systematically investigate the binding of DNA bases to
these compounds.


From DNA binding studies it has been reported that the
cis-[Ru(bpy)2] moiety can bind to nucleobases monofunc-
tionally,[36] as well as bifunctionally,[39,40] in the latter case re-
sulting in DNA interstrand cross-linking. Correspondingly,
on reaction of cis-[Ru(bpy)2(H2O)2]


2+ with non-tethered
guanine derivatives, monofunctional adducts have been ob-
served,[41] and, only recently, also a bifunctional adduct.[42]


Initial DNA binding studies with the b-[Ru(azpy)2]
[43,44] and


a-[Ru(azpy)2] moieties,[44–47] show monofunctional adducts
upon reaction with guanine or adenine derivatives, but bi-
functional DNA binding cannot be excluded, yet. For com-
plexes of the type cis-[Ru(bpy)2], a- and b-[Ru(azpy)2]
being borderline complexes with respect to the stable cis bi-
functional coordination to non-tethered purines, these stud-
ies prompted us to investigate this aspect using the model
bases 1-methylimidazole, MeIm, and 1-methylbenzimida-
zole, MeBim.[31,32, 44,48] 1-Methyl(benz)imidazole derivatives
are useful DNA model bases in the investigation of the bi-
functional binding of sterically encumbered octahedral com-
plexes,[18,24–30] and MeIm and MeBim form stable bisadducts
with ruthenium bis(didentate) complexes. The imidazole
H(ii) proton is structurally related to the H(8) atom of gua-
nine derivatives, in addition, MeIm and MeBim possess a
proton on the other side of the ligand, that is, H(iv), a most
valuable (NMR) probe proton that is lacking in guanine de-


rivatives (Scheme 1). The presence of the H(ii) and H(iv)
protons appears to be fundamental for the unambiguous de-
termination of the orientation and rotational behavior of
the ligands on the ruthenium ion.


For the cis-[Ru(bpy)2(MeBim)2](PF6)2 complex, four atro-
pisomers (three geometrically different ones) have been
identified in solution using 1D and 2D 1H NMR data.[31,32]


In the b-[Ru(azpy)2(MeBim)2](PF6)2 complex on the other
hand, only one conformer was observed and character-
ized.[44,48] We present here the synthesis, characterization,
and variable temperature (VT) 1H NMR behavior of the
complexes a-[Ru(azpy)2(MeIm)2](PF6)2, 1, and a-[Ru(az-
py)2(MeBim)2](PF6)2, 2 (Scheme 2). The atropisomerization


mechanism of 2 is unique and most peculiar: a total of
seven atropisomers was observed (from which five are geo-
metrically different), and the freezing out of the atropisom-
ers occured in three well-observable steps, an as yet unpre-
cedented phenomenon for rotational behavior of metal-co-
ordinated molecules, which permits a close investigation of
the atropisomerization processes of these kinds of com-
plexes.


Scheme 1. Structural representation of MeIm, MeBim, and a (9R) gua-
nine derivative, with the (1H NMR) numbering scheme used and NOE
(solid lines) and COSY (dashed lines) connectivities. The arrows below
the structures, as used in Scheme 3, indicate the head and tail sites of the
bases.


Scheme 2. Structural (left) and schematic (right) representation of the
cation of (the L enantiomer of) a-[Ru(azpy)2(L)2](PF6)2 (L= MeIm for
1; L= MeBim for 2) and the proton numbering of the azpy ligands as
used in the 1H NMR discussions.
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Results and Discussion


General : The ligand azpy lacks C2 symmetry, so rutheniu-
m(ii)–bis(azpy) complexes of the type [Ru(azpy)2(X)2] (in
which X is a monodentate ligand, for example, Cl� , H2O, or
NO3


�) can occur as three cis-X and two trans-X isomers.[38,49]


The a-isomer (with the pyridine molecules in a trans and
the aza-nitrogen atoms in a cis geometry), is generally ac-
cepted to be the most stable isomer.[49–51] However, on ex-
tensive heating, or in substitution reactions of one of the
monodentate ligands X in a-[Ru(azpy)2(X)2] with incoming
ligands (L), isomerization cannot be excluded.[52] In fact, in
the reaction of a-[Ru(azpy)2(NO3)2] with guanine deriva-
tives under refluxing conditions in water, three monofunc-
tional adducts of the type [Ru(azpy)2(L)X]+ were formed:
one a- and two b-isomers.[44,45] In the presented synthesis of
1 and 2, the bisadducts of complexes of type a-
[Ru(azpy)2(L)2]


2+ were readily formed and no isomerization
of the compounds was observed under the refluxing reaction
conditions using a water/acetone mixture.


In Figure 1 the 1H NMR spectra of 1 (top) and 2 (bottom)
in [D6]acetone at room temperature are shown. The differ-
ence between the two spectra is similar to what is observed


in the analogous cis-[Ru(bpy)2(L)2](PF6)2 complexes[31, 32]


and b-[Ru(azpy)2(L)2](PF6)2 complexes.[48] The bis(MeIm)
adduct 1 shows well-resolved resonances, suggesting the
MeIm ligands are rotating quickly around the Ru�N(iii)
axes on the NMR timescale. The 1H NMR spectrum of the
bis(MeBim) adduct 2 on the other hand shows broad peaks,
suggesting hindered rotational behavior of the MeBim li-
gands. From the study on cis-[Ru(bpy)2(MeBim)2](PF6)2, it
is known that the two MeBim ligands coordinated to the
ruthenium(ii)–bis(bpy) moiety prefer specific orientations
on the ruthenium giving rise to different atropisomers, ob-
servable at low temperatures.[31, 32] Also, for the b-[Ru(az-
py)2(MeBim)2](PF6)2 complex, broadening of the ligand
1H NMR signals was observed with VT measurements, but
only one conformer is present at low temperatures.[48]


Conformers : For two cis-coordinated lopsided ligands on a
metal, the corresponding atoms can be on the same side
(head-to-head, HH) or on opposite sides (head-to-tail, HT)


of the ligand–metal–ligand plane.[18] As a lopsided ligand
will preferably not orient in-plane with one of the coordina-
tion planes,[14] four staggered orientations are possible; in a
“cis-bis” octahedral six-coordinate complex therefore, 16
conformers can be designed (Supporting Information,
Figure S2). Rationalizing further, the monodentate ligands
will orient with the head-to-tail axis of the heterocyclic li-
gands in a “parallel” fashion rather than an “orthogonal”
orientation (“parallel” and “orthogonal” as in the projection
used in Scheme 3 and Figure S2), as in the latter case there


are severe clashes between the two cis-coordinated ligands
and the didentate ligands. Therefore, the amount of con-
formers diminishes to eight: four HT and four HH isomers.
Finally, due to the two-fold symmetry in the a-[Ru(azpy)2]
moiety, in a-[Ru(azpy)2(L)2]


2+ complexes the HH isomers
are two sets of identical pairs (B/B and E/E), and the
number of geometrically different possible combinations of
orientations of the two lopsided ligands is reduced to six
(A–F, Scheme 3).


Most convenient for the first discrimination and identifi-
cation of atropisomers in a-[Ru(azpy)2(L)2] complexes is the
fact that all four HT conformers have C2 symmetry, resulting
in the two azpy and the two heterocyclic monodentate li-
gands being indistinguishable with 1H NMR spectroscopy;
the two HH rotamers on the other hand lack C2 symmetry,
yielding twice as many signals with respect to an HT con-
former. The two benzimidazole ligands in cis-[Ru(bpy)2(Me-
Bim)2](PF6)2 both orient preferentially in only two different
ways on the ruthenium (i.e., with the lopsided parts of the
MeBim ligands, represented by the rods with the H(ii) and
H(iv) sites in Scheme 3, wedged in between the didentate li-
gands) resulting in four (three different) atropisomers: two


Figure 1. 1H NMR spectra of 1 (top) and 2 (bottom) in [D6]acetone at
room temperature.


Scheme 3. Eight (six different) possible conformers of (the L enantiomer
of) an a-[Ru(azpy)2(L)2]


2+ complex (the cation charge is not depicted for
clarity reasons). The four (three different) atropisomers, A–C, are found
in the related cis-[Ru(bpy)2(MeBim)2]


2+ complex, too.[31, 32] In addition,
for 2 the atropisomers D and E/E are also observed. The orientation of
the MeBim ligands in b-[Ru(azpy)2(MeBim)2]


2+ (an isomer that lacks C2


symmetry due to the inverted coordination of one of the azpy ligands,
and so all eight conformers are different) is analogous to D.[48]


Chem. Eur. J. 2005, 11, 1325 – 1340 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1327


FULL PAPERRuthenium(ii) Complexes



www.chemeurj.org





HT conformers (A and C), and two “identical” HH con-
formers (B and B).[31,32] The other atropisomers depicted in
Scheme 3, D–F, in which the MeBim ligands are oriented
with the 5- or 6-membered ring above the didentate ring
system, were not observed. In the complex b-[Ru(azpy)2-
(MeBim)2](PF6)2, however, such an orientation with an
MeBim ligand above the didentate azpy ligand was found
(atropisomer D),[48] and for the a ruthenium–bis(azpy) com-
plexes it appears that such an orientation can also not be ex-
cluded. Therefore, the identification of the observed atro-
pisomers of 2 in 1H NMR experiments requires a detailed
investigation and consideration of all eight conformers de-
picted in Scheme 3.


a-[Ru(azpy)2(MeIm)2](PF6)2, 1: In the aromatic region of
the 1H NMR spectrum of a-[Ru(azpy)2(MeIm)2](PF6)2 at
room temperature (Figure 1), ten resonances are observed
(the assignment of the signals is given in Figure 1 and in
Table 1). The doublet and triplet peaks with double intensity


with respect to the other signals can directly be attributed to
the azpy ortho, H(o), and meta, H(m), protons of the phenyl
ring, respectively, after which a COSY spectrum readily re-
veals the triplet at 7.55 ppm to correspond to para, H(p).
The MeIm peaks have been assigned by starting with a
NOESY spectrum in which the Me(i) group is shown to in-
teract with H(ii) as well as H(v), and the latter furthermore
also shows a cross peak with H(iv) (Figure 2). Using a
COSY spectrum, the four signals of the pyridine of the azpy
ligands have been assigned; on the basis of the 3J coupling,
the doublet at 8.95 ppm (3J~6 Hz) is assigned to H6 and the
doublet at 8.89 ppm (3J~9 Hz) to H3. This attribution is fur-
ther confirmed by the (weak) inter-ligand NOE cross peak
observed between the H6 and the H(o) resonances, which is
as expected for the a-[Ru(azpy)2] isomer.[38,44,45]


The 1H NMR spectrum of 1 shows one set of azpy and
one set of imidazole signals, indicating a two-fold symmetry
is present in the complex. In theory, from such a spectrum it
is impossible to conclude whether the ligands are rotating
fast or slow at the NMR timescale: one set of peaks for the
two imidazole ligands and one set for the two azpy ligands
can indicate the presence in solution of one C2-symmetric
(HT) atropisomer or on the other hand it can indicate a dy-
namic system which is in fast exchange on the NMR time-
scale. In cis-bisadducts of square-planar four-coordinate PtII


complexes with guanine derivatives, this phenomenon has
been nominated the “dynamic motion problem”, and to
solve this problem PtII complexes with large (backbone)
ligand systems have been designed to increase the steric hin-
drance and lower the rotation speed of the ligands.[16,17, 53]


The dynamic motion problem of 1 is actually addressed by
changing the sterical aspects of the (rotating) ligands instead
of changing the ligand backbone, that is, by comparison of
the data of 1 and 2. As the MeBim ligands in 2 are rotating
rapidly around their Ru�N axes when just above room tem-
perature, vide infra, it is reasonable to assume the smaller
MeIm ligands also do so at this temperature. In the whole
temperature range between 55 and �95 8C, the 1H NMR
spectrum of 1 does not change, indicating that at the lower
temperatures the MeIm ligands are also still rotating rapidly
on the NMR timescale. This in fact has been confirmed by
NOESY data.


In the study with cis-[Ru(bpy)2L2]
2+ complexes it has


been pointed out that the bpy is a spectator ligand, with the
“static” bpy H6 and H12 protons functioning as probe pro-
tons able to monitor the orientation and the rotation of the
monodentate ligands, L.[31–33,44] The NOESY results present-
ed below indicate that, similarly, the H6 and, to a lesser
extent also the H(o), protons of the azpy ligand can function
as probe protons to monitor the orientation and rotation of
cis-bis-coordinated ligands. The NOESY spectrum of 1
(Figure 2) shows that both the azpy H6 and the H(o) proton
resonances interact with those of H(ii) as well as H(iv) of
the MeIm ligands. There is no HT conformer depicted in
Scheme 3 for which all these cross peaks can be expected.
The only conformer in which H(ii) and H(iv) are expected
to show interactions with the H6 and the H(o) protons is
the HH conformer B/B, however, because of the lack of C2


symmetry, twice as many resonances are expected to be
seen for such a conformer. So the NOESY data confirm
that the MeIm ligands in 1 are rotating (fast) on the NMR
timescale around their Ru�N(iii) axes.


Table 1. Selection of 1H NMR data [ppm] in [D6]acetone of 1[a] and 2[b] .


H3 H4 H5 H6 H(o) H(m) H(p) H(ii) H(iv)


1 8.84 8.50 7.98 8.98 7.04 7.38 7.55 7.83 6.69
2 8.88 8.44 7.84 9.12 7.10 7.44 7.53 8.11 6.63


[a] At room temperature. [b] At 65 8C.


Figure 2. NOESY spectrum of 1 in [D6]acetone at room temperature.
The inter-ligand NOE cross peaks of the imidazole H(ii) and H(iv), and
the azpy H6 and H(o) resonances are labeled.
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a-[Ru(azpy)2(MeBim)2](PF6)2, 2 : The 1H NMR data of 2
show a strong temperature dependence, like that observed
for the related complex cis-[Ru(bpy)2(MeBim)2](PF6)2,
showing atropisomerization on the NMR timescale.[31, 32]


However, significant differences and some very remarkable
features are to be noted. First of all, the freezing out of the
atropisomers of 2 occurs in three well-observable steps, an
as yet unprecedented phenomenon for rotational behavior
of metal-coordinated molecules. Second, the total number
of atropisomers observed in the low-temperature 1H NMR
spectra is seven (five different atropisomers, considering
that the two HH conformers are both present twice, see
Scheme 3); the observation of four atropisomers in cis-bi-
sadducts is already rare, and a total of seven is exceptionally
high. Third, identification of the solution structures of the
atropisomers of 2 shows two different HH and three HT iso-
mers. HH atropisomers with non-tethered bicyclic ligands
are rarely observed, the observation of two HH rotamers in
one compound is unique for mononuclear octahedral com-
plexes. Fourth, three of the seven observed atropisomers of
2 have the MeBim ligands oriented in, for steric reasons, an
unexpected way, with (one of) the imidazole rings above the
aza band of the azpy ligand, suggesting some kind of elec-
trostatic interaction to stabilize this conformer. Fifth, the
temperature-dependent interconversion of the different ro-
tamers occurs by specific pathways, indicating synchronous
rotation of both heterocyclic ligands occurs at the lowest re-
cording temperatures, rather than the single rotation of one
of the ligands.


The identification of the different rotamers of 2, and their
exchange mechanism is an elaborate task, requiring the con-
sideration of numerous data obtained from 1D and 2D
1H NMR spectra recorded at different temperatures and at
different magnetic field strengths. For clarity reasons, the
1H NMR data given below are discussed and divided into
the following sections: the assignment of the resonances sig-
nals in the high-temperature spectra and 1D variable-tem-
perature (VT) data, identification of the proton resonances
in the low-temperature spectra, determination of the orien-
tation of the MeBim ligands in the five different conformers
using 2D NOE data, the (de)shielding effects of the MeBim
ligands on the other proton resonances, and the interconver-
sion of the atropisomers at different temperatures as investi-
gated with ROESY(EXSY) data (EXSY=exchange spec-
troscopy).


High-temperature 1H NMR data : In the 1H NMR spectrum
of 2 at 65 8C (Figure 3) a total of 12 signals is observed in
the downfield region; H(m) and H(vi) overlap but are readi-
ly identified from a COSY spectrum. All the azpy proton
resonances were assigned using COSY and NOESY spectra
in a similar way to that described for the related MeIm com-
plex, 1. In the aromatic region only one singlet is observed
which can be safely attributed to the H(ii) proton of the
MeBim ligand; an NOE cross peak with the methyl-group
resonance Me(i) at high field confirms this assignment (data
not shown). The second NOE peak of the aliphatic signal


points to the MeBim H(vii) peaks, after which the COSY
spectrum consecutively reveals the H(vi), H(v), and H(iv)
peaks (see discussion of 1). In Table 1 the 1H NMR data in
[D6]acetone of 1 (at room temperature) and 2 (at 65 8C) are
listed. Interestingly, in contrast to the other signals, the H6
resonance is relatively broad at the highest measured tem-
perature, which is due to the large frequency difference be-
tween the H6 resonances of the atropisomers when in slow
exchange.


Variable-temperature 1H NMR behavior : The variable-tem-
perature (VT) behavior of 2 as studied with 1H NMR spec-
troscopy is most peculiar (see Figure 3). As discussed above,
at 65 8C one set of signals is observed and the set of pyridine
and phenyl-ring resonances of the azpy ligands as well as
the MeBim signals are well identified. On lowering of the
temperature, the peaks start broadening, and close to room
temperature, broad peaks are observed which have the
aspect of coalesced signals of different atropisomers. Then,
on further cooling the peaks start sharpening again and at
0 8C two sets of 12 peaks are present, “ABCE” and “D”, of
which the resonances have been assigned following the
same procedures as described above for the high-tempera-
ture spectrum. The ratio between the peaks of the sets of
signals D/ABCE is 2:3. Remarkably, on further lowering of
the temperature, the resonances of the ABCE set of peaks
start to broaden again whilst the resonances of D remain as
well-resolved sharp signals. At �95 8C, close to the freezing
point of the [D6]acetone, the resonances deriving from the
ABCE set of peaks are split in two sets of 12 peaks (A and
C) and two sets of 24 peaks (B and E). Using the procedure
described below, the NMR signals at �95 8C have been as-
signed to the protons of the five different atropisomers: A


Figure 3. 1H NMR spectra of 2 in [D6]acetone at different temperatures.
The coalesced signals at 65 8C are assigned in the figure and are listed in
Table 1. A selection of relevant resonances of atropisomer D is indicated
in the �25 8C spectrum. Assignments of the resonances of the different
atropisomers present at �95 8C are listed in Table 2. A detailed discus-
sion of the downfield H3/H6 region is given in Figures 4, 5, and 6.
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(4 %), B (25 %), C (31 %), D (37 %), and E (3 %). Although
not all proton resonances of the two less abundant atro-
pisomers (A and E/E) could be assigned due to overlap of
the signals, the most relevant (i.e., the azpy H6, H6’, H(o),
H(o’) and the MeBim H(ii), H(ii’), H(iv), and H(iv’) peaks)
have all been determined, except for the H(o)A (see below
for definition of subscript A) proton resonance (Table 2,
vide infra).


Below, the following assignment is used for identification
of the proton resonances. The superscript letters indicate
the averaged (coalesced) resonance peak for a specific
proton of two or more atropisomers in fast exchange, whilst
a subscript indicates the resonance of a proton in one specif-
ic atropisomer, for example, H6ABCE and H6A, respectively.
Note, due to symmetry reasons in the HT atropisomers of 2
the H6 and H6’ protons are indistinguishable, therefore, for
example, the H6A peak corresponds to two proton resonan-
ces, that is, H6A and H6’A. On the other hand, the HH
atropisomers lack C2 symmetry, and therefore the H6 and
H6’ protons are distinguishable with NMR spectroscopy;
however, as atropisomers B and B are both present, the H6B


or H6’B peaks are each corresponding to two proton reso-
nances. For the HH atropisomers B and B (which are identi-
cal), H6B and H6’B are used to assign the resonances of both
(slowly exchanging) atropisomers, whilst H6B stands for the
averaged signal of four resonances of these two atropisom-
ers in the fast-exchange region, that is, H6B, H6’B, H6B, and
H6’B. This representation is preferred to the use of H6B/B


and H6’B/B and H6BB6’BB. Similarly, for the other two HH
atropisomers, E and E, it appears more common to use E to
denote both “identical” atropisomers, and only for the dis-
cussion of the mechanism of atropisomerization are these
two atropisomers indicated separately, vide infra.


The VT behavior of the 1H NMR signal of a specific
proton in a dynamic system depends on the rate constants
of the rotational processes the rotamers are involved in, and
depends also on the frequency difference (Dn) of the pro-
ton�s resonances in the different rotamers when in the slow-
exchange region.[54,55] The VT behavior of the atropisomers
of 2 is followed easiest via the H6 (and H6’) proton resonan-


ces in the lowfield region of the aromatic spectrum (Fig-
ures 4, 5, and 6), and in the highfield region monitoring the
methyl-group resonances, vide infra (Figure 7). The pyridine
rings of the azpy ligands themselves are not involved in any
rotation, but their H6 protons lie close to the MeBim li-
gands and therefore are subject to characteristic (de)shield-
ing effects of the two MeBim ligands in the five different
atropisomers, resulting in a good dispersion of the signals.


Furthermore, there is little
overlap of the H6 signals with
the other proton resonances.


Upon lowering the tempera-
ture from 65 8C, the H6 signal
of 2 at 9.12 ppm first broadens
to a broad peak at 45 8C, and
then splits up into two well-sep-
arated peaks at 8.65 (H6D) and
9.38 ppm (H6ABCE) at 0 8C
(Figure 4). In the same temper-
ature range, the H3 resonance
also broadens and splits into
two doublet resonances, al-
though the frequency difference


between the two resonances is significantly smaller than that
observed for the H6 resonances (Dn=54 Hz versus 219 Hz,
respectively). The frequency difference, Dn, of resonances of
slowly exchanging protons is related to the coalescence tem-
perature of these signals; this also explains why at higher
temperatures the H3 resonance is observed as a doublet
whilst the H6 signal is relatively broad, and not even com-
pletely sharpened at 65 8C (see also Figure 3).


On further cooling, the lowfield peak H6ABCE at 9.38 ppm
broadens again (�20 8C) and is finally split up into six well-
resolved doublets at �95 8C: two sets of two doublets with
equal intensity, H6B, H6’B and H6E, H6’E, and two doublets


Table 2. Selection of 1H NMR data [ppm] of the atropisomers A, B(B), C, D, and E(E) of 2, recorded at
�95 8C at 600 MHz,[a] and characteristic NOE interactions. The assignment was carried out using COSY,
TOCSY, NOESY, and ROESY data from experiments at 300 and 600 MHz, and using variable mixing times
for discriminating NOE and NOE–EXSY peaks. See text for detailed discussions.


6/6 5/5’ 4/4’ 3/3’ o/o’ ii/ii’ iv/iv’ v/v’ vi/vi’ vii/vii’ (i)/(i’) NOE


A 9.09 8.04 8.55 9.01 – 8.50 7.20 – – 7.80 3.69 6-ii, 6-iv
B(B) 9.36 8.06 8.49 8.97 7.10 8.35 7.41 7.41 7.62 7.85 3.50 6-iv, 6-iv’, ii-iv’


9.62 7.93 8.43 8.89 7.10 8.82 6.34 6.75 7.24 7.70 4.06 6’-ii, 6’-ii’
C 9.72 7.92 8.37 8.85 7.10 9.07 6.59 6.45 7.03 7.60 4.09 6-iv, 6-ii,
D 8.51 7.76 8.55 9.14 7.00 7.98 6.54 6.60 7.16 7.68 3.97 6-iv, ii-iv, ii-3
E(E) 9.12 7.92 8.40 8.78 7.20 7.60 6.12 7.15 7.48 7.94 3.80


9.47 8.09 8.45 8.85 7.30 7.60 6.25 7.25 7.58 7.98 3.87


[a] As some of the atropisomers of 2 are in exchange with other atropisomers even at the lowest recording
temperatures, spectra recorded at different magnetic field strengths and/or at slightly different temperatures
can result in small differences in the observed resonances.


Figure 4. Enlargement of the downfield region of the VT 1H NMR spec-
tra of 2 (see Figure 3). The arrows indicate the separation of the coa-
lesced H6 resonances at 65 8C splitting into two signals at 0 8C. The coa-
lescence of the H3 peaks occurs at lower temperature than that of H6,
resulting in a clear H3 doublet at 45 8C, whilst H6 is not yet a well-re-
solved doublet even at 65 8C.
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with different intensities, H6A and H6C (see Figure 5). Using
this temperature course, in which the signal of H6ABCE first
broadens and than separates into six signals, the H6D reso-
nance sharpens up (�25 8C) and remains as a sharp doublet,
indicating that the signal belongs to a conformer that is not
involved in atropisomerization processes at these lower tem-
peratures.


Looking in more detail at the low-temperature course, on
going down in temperature from 0 8C, the peak H6ABCE


broadens and at �50 8C is split into a broad peak and a rela-
tively sharp doublet, H6B, (Figure 3 and Figure 6). This dou-


blet of the H6B resonance is broadened again with lowering
of the temperature and separates into two doublets of equal
intensity, H6B and H6’B, at �95 8C (Figure 6). The latter ob-
servation is nicely explained by a non-C2-symmetric rotam-
er, that is, B, which interchanges with an identical rotamer,
that is, B (vide infra), through synchronous rotation of both


MeBim ligands by about 1808. Interestingly, this process
seems to occur relatively independently from the other rota-
tional processes in 2, the B/B H6 signals showing a clear
pattern, from slow to intermediate and to fast exchange.
However, in NOESY and ROESY experiments recorded at
�50 8C, the coalesced H6 BB peak also shows exchange
cross peaks with other isomers, vide infra, indicating that
the B/B isomers interconvert into other isomers, too. A
rough calculation considering symmetrical and unsymmetri-
cal two-site exchange supports the thesis of BB exchange as
a simple two-site exchange.[56,57] Therefore, the coalescence
behavior of the H6 and H6’ peaks of B/B illustrates a typical
example of a two-site exchange of two, identical, non-C2-
symmetric atropisomers of a complex with a C2-symmetric
backbone, characterized by a double set of ligand signals (of
equal intensity) with well-observable 3J coupling, coalescing
and, finally, forming one single set of averaged peaks
(Figure 6), again with 3J coupling information.


As discussed above for 1, for 2 a single set of peaks for
the two azpy ligands and one for the two MeBim ligands
can also indicate the presence of only one (C2-symmetric)
conformer, or on the other hand it can indicate the average
of a dynamic system which is in fast exchange on the NMR
timescale. For complex 2 the 1H NMR spectrum at 65 8C
shows the averaged signals of different atropisomers (as de-
duced from the VT series), which at about 0 8C are split into
two sets of peaks. At first sight these two sets of signals
might be thought to belong to two C2-symmetric atropisom-
ers, which are in slow exchange at this temperature. Indeed
one of these two sets of signals corresponds to one (HT)
atropisomer, that is, D, however, the other set of peaks ap-
pears to be the coalesced signals of six (four different) other
atropisomers, which are in fast exchange at 0 8C, that is, A,
B(B), C, and E(E)! It is a unique occurrence that the tem-
perature range at which the six less abundant atropisomers
are in fast exchange, is the same as the temperature range at
which the main atropisomer is in slow exchange. The VT
1H NMR data of 2 explicitly indicate that one should take
great care in interpreting the NMR data of complexes with
monodentate ligands. In particular, the current study shows
that for a set of signals observed in slow exchange at the
NMR timescale with another set of signals, one should con-
sider the dynamic motion problem just as for a normal
1H NMR spectrum, that is, it might be a set of averaged sig-
nals of more possible atropisomers. For the H6 resonance in
2 this actually appears to occur three times upon lowering
the temperature from 65 to �95 8C. In summarizing these
three events, it is now useful to identify the identical HH
atropisomers separately, and superscripts and subscripts in-
dicate protons in fast- or slow-exchange, respectively. On
lowering the temperature, first H6ABBCDEE splits up into two
broad peaks, H6ABBCEE and H6D, on further lowering of the
temperature H6ABBCEE then separates into H6BB, H6A, H6C,
H6EE, and H6’EE, and finally H6BB separates into H6’B/H6B


and H6B/H6’B.
The highfield region where the Me(i) resonances are ob-


served is also very illustrative (Figure 7). Each HT atro-


Figure 5. Enlarged part of the downfield region of VT 1H NMR spectra
of 2 (see Figure 3). The arrows indicate the coalesced H6ABCE resonance
at 0 8C splitting into six doublet signals at �95 8C. The H6D resonance re-
mains as a clear doublet on lowering of the temperature and only shows
a small upfield shift.


Figure 6. Close up of the VT 1H NMR spectra of 2 (see Figure 3), illus-
trating the coalescence behavior of the two “identical” HH atropisomers
B and B, occurring independently from other dynamic processes. The two
doublet signals at �95 8C, each correspond to two proton resonances,
H6’B/H6’B and H6B/H6B, and the coalesced doublet at �50 8C, actually
H6BB, is the averaged signal of four proton resonances.
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pisomer of 2 is expected to show one Me(i) resonance and
each HH atropisomer is expected to show two, that is, Me(i)
and Me(i’). In fact, at the lowest recording temperatures a
total of seven resonances is present in the highfield region:
two signals with high intensity (Me(i)C and Me(i)D), two
peaks with equal (medium) intensity (Me(i)B, and Me(i’)B),
two equally intense peaks with relatively low intensity
(Me(i)E and Me(i)’E), and finally one other small peak
(Me(i)A) close to the residual water resonance. At increasing
temperature, the signals of Me(i)B, and Me(i’)B rapidly
broaden and vanish, to finally reappear in the peak at
3.8 ppm at �40 8C, Me(i)B. In the same temperature range
the methyl resonances of atropisomers C and E/E also
broaden, but the resonances of Me(i)A and Me(i)D do not
broaden or shift significantly. The Me(i)A resonance starts to
vanish at about �40 8C, but most particular is the Me(i)D


resonance, remaining at a fixed frequency (3.98 ppm) from
�95 8C up to almost room temperature, before starting to
broaden significantly and shift to higher field. Above room
temperature all signals coalesce into one single peak,
Me(i)ABCDE at 3.89 ppm, at 55 8C. The highfield VT series
perfectly corroborate the exchange mechanism proposed on
the basis of the H6 resonances as well as that of the 2D ex-
periments.


Proton assignment of the different atropisomers : In the aro-
matic region of the 1H NMR spectrum of 2 at �95 8C, two
sets of 12 peaks can be relatively easily distinguished and
have been assigned to the atropisomers C and D. Atrop-
isomer D is assigned to the set of peaks which do not
change significantly on going down in temperature from 0 to
�95 8C and are therefore readily identified with the help of
the VT series; the resonances belonging to atropisomer C
are attributed to the second set of relatively intense signals.
Besides these two sets of 12 signals, which apparently
belong to C2-symmetric (and therefore HT) rotamers, two
less abundant atropisomers are present, which both have 24
signals each, indicating a non-C2-symmetric (HH) orienta-


tion of the two MeBim ligands, B(B) and E(E). The fifth set
of signals shows only one set of resonances for each azpy
and MeBim ligand (A), pointing to an HT orientation of the
MeBim ligands. So, in the range of less than 4 ppm in the ar-
omatic region of the spectrum, a total of 84 signals (7 sin-
glets, 35 doublets, and 42 triplets) is present, requiring high
resolution 2D NMR spectroscopy (see Figure 8) to identify
the signals (also see the Experimental Section).


The phenyl ring H(o) and H(m) proton signals are twice
as intense as the other azpy and aromatic MeBim signals, in-
dicating that the phenyl ring of the azpy ligand is rotating
quickly around the C�N axis, as is commonly observed in
ruthenium(ii)–bis(azpy) complexes.[38,43, 45–47] This is however
not always the case, as recently shown for b-[Ru(azpy)2(Me-
Bim)2](PF6)2.


[44, 48] For this latter complex only one conform-
er is observed at low temperatures, in which the stacking in-
teraction between the phenyl ring of one azpy ligand and a
MeBim ligand causes the rotation of the phenyl ring to slow
down in such a way that results in two different H(o) and
two different H(m) signals. From the spatial orientation of
the phenyl rings in a ruthenium(ii)–bis(azpy) complexes and
in particular a-[Ru(azpy)2(MeBim)2](PF6)2, it does not seem
likely that strong stacking interaction of the MeBim ligand
with the phenyl ring of one of the azpy ligands can take
place. The low probability for stacking interactions between


Figure 7. Highfield region of the VT 1H NMR series of 2 recorded at
600 MHz, with the coalescence behavior of the Me(i) resonances of the
atropisomers of 2. Coalescence of the Me(i)B/Me(i)B and Me(i’)B/Me(i’)B


signals occurs at about �40 8C. Residual solvent signals are marked
(*).[58]


Figure 8. Aromatic region of a (600 MHz) NOESY spectrum of 2, record-
ed at �95 8C. NOE and EXSY peaks have the same sign and are both
shown. The H6 resonances of all atropisomers are indicated and a selec-
tion of assignments is given in Table 2. The atropisomers B and B being
in (slow) exchange is evident from the EXSY, NOE, and NOE–EXSY
peaks of B6’/B6’ and B6/B6 highlighted in the dotted and dashed boxes, re-
spectively. The exchange between atropisomer C and E/E is seen from
the EXSY and NOE–EXSY peaks highlighted in the upper area of the
spectrum.
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the azpy and the MeBim ligands in 2 is in fact confirmed by
preliminary results of a crystallographic study of 2.[59]


Orientations of the two MeBim ligands in the different atro-
pisomers : The structural characterization of the five differ-
ent atropisomers of 2 present in solution at �95 8C has been
carried out using NOE data. The H(o) and H6 protons of
the azpy ligands can be located close to the MeBim H(iv) or
H(ii) protons in the different atropisomers, and the presence
or absence of NOE interactions between these four proton
resonances is used to determine the possible orientations of
the MeBim ligands. The most relevant proton resonances
are listed in Table 2, as well as the most important observed
inter-ligand NOE cross peaks. The assignment of the five
sets of peaks at �95 8C to the different atropisomers A
(4 %), B (25 %), C (31%), D (37 %), and E (3%) (see
Scheme 3), is described in detail in the Supporting Informa-
tion (S7). The assignment is further supported by rationaliz-
ing the characteristic (de)shielding effects on specific pro-
tons in the rotamers, as is discussed below in a separate sec-
tion.


Even at the lowest recording temperature of �95 8C,
some of the rotamers are in exchange (e.g., rotamer B ex-
changes with the identical rotamer B, vide infra) causing
NOE data to become difficult to interpret because of NOE–
EXSY peaks, due to the exchange of protons during NOE
build up (see the highlighted boxes in Figure 8). Therefore,
a series of spectra has been recorded with decreasing mixing
time. The aromatic region of the NOESY spectrum of 2 re-
corded with a mixing time of 500 ms is shown in Figure 9,
which in comparison with Figure 8 nicely illustrates the dis-
crimination of NOE and NOE–EXSY peaks.


Taking into account that the HH rotamers B and E each
represent two (identical) atropisomers, for 2, seven out of
the eight possible orientations of the two MeBim ligands,
which are depicted in Scheme 3, are observed. The assign-
ment of the sets of signals of 2 to the atropisomers A–E
makes clear that the most abundant (75%) atropisomer of


cis-[Ru(bpy)2(MeBim)2](PF6)2, A, that is, with the phenyl
rings of the benzimidazole ligands wedged between the bpy
ligands,[31,32] is only observed in a very small percentage in 2
(4 %). It is most likely that the bulky, rotating, phenyl ring
of an azpy ligand hinders an MeBim ligand to orient in be-
tween the pyridine of one azpy and the phenyl ring of the
other azpy ligand. Interestingly, in conformer B(B), one of
the two MeBim ligands is positioned with the six-membered
ring in between the two azpy ligands, and in 2 this atro-
pisomer is more abundant (25 %) than in cis-[Ru(bpy)2(Me-
Bim)2](PF6)2 (15 %). However, the dynamic behavior of B/B
in 2 even at the lowest recording temperatures corroborate
that such an orientation is indeed not very stable. Conform-
er C is the second most abundant rotamer (31 %) of 2 pres-
ent at low temperatures; this conformer is also observed in
the related cis-[Ru(bpy)2(MeBim)2](PF6)2 complex, albeit at
a lower abundance (10 %). A recent single-crystal X-ray dif-
fraction study of 2 has revealed the molecular structure of
atropisomer C,[59] strongly confirming the assignment based
on NOE and (de)shielding data presented here. The most
abundant atropisomer of 2, D, has the MeBim ligands
placed in such a way that the imidazole ring protons are ori-
ented close to the aza bond of the respectively fac-coordi-
nated azpy ligands. Besides the steric effects inhibiting easy
rotation of the MeBim ligands (see Scheme 4), an electronic


effect is possibly also stabilizing the orientations of the
MeBim ligands in D. Marzilli et al.,[18] have pointed out the
orientation of imidazole ligands can be partly determined by
the electrostatic interaction between the positive, d+ , side of
the imidazolic CH site, and a partly negative charge (d�) on
a neighboring ligand, like a chloride ion. In complex 2 such
an interaction might be present between the imidazole ring
of the MeBim ligands and the aza bond of the azpy ligands.
An observation strengthening this hypothesis derives from
our study on b-[Ru(azpy)2(MeBim)2](PF6)2,


[44,48] for which at
low temperatures only the conformer analogous to D is ob-
served, and both MeBim ligands are oriented with their imi-
dazole site close above an aza bond. The fourth possible HT
conformer, F, in which the phenyl rings are oriented above
the aza bond of an azpy and the H(ii) proton pointed along
the pyridine ring, is not observed for 2 and this is most
likely due to the sterical hindrance of the phenyl ring of the
MeBim ligands with the azpy ligand. In fact, space-filling


Figure 9. Part of a NOESY spectrum of 2, recorded at �95 8C with a
mixing time of 500 ms. The NOE cross peaks of H6B with the two imida-
zole “head” peaks H(ii)B/H(ii)’B, and of H6’B with the H(iv)B/H(iv)’B
“tail” signals are indicated with the dashed and solid lines, respectively.
Some weak NOE–EXSY peaks of H6B and H6’B with the H(ii’)B and
H(iv’)B, respectively, as well as with the H5’B and H5B, respectively, reso-
nances are still visible. Rotamer E does not show any NOE cross peaks,
but a NOE–EXSY peak between H6E and the H(ii)C is observed.


Scheme 4. Schematic representation (left) of atropisomer D of 2 (see
Schemes 1–3) and projection (right) along one of the N(iii)–ruthenium
axes (see dotted arrow in the left figure).
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models indicate this orientation to be quite unstable. Such
an orientation of an MeBim ligand is nevertheless found in
the least abundant HH rotamer, E, which is interconverting
to other rotamers even at the lowest recording tempera-
tures, indicating that the rotamer is not very stable.


Characteristic (de)shielding effects : Although the H(ii) and
H(iv) protons of the MeBim ligands do show characteristic
shifts in some of the rotamers, the most informative proton
resonances for discriminating between all the possible atro-
pisomers appear to be the azpy H6 signals, which are found
at low field well separated from the other signals (Table 2).
The H6 resonances are significantly influenced by the (pres-
ence or absence of the) shielding effect of the phenyl ring of
one of the benzimidazole ligands and the deshielding effect
of the other benzimidazole ligand. The (de)shielding effects
of the cis-bis(MeBim) ligands on the H6 and H6’ protons
have been discussed in detail for atropisomers A–C in the
related complex cis-[Ru(bpy)2(MeBim)2](PF6)2,


[31,32] and this
discussion appears to be valid for the atropisomers of 2, as
well. A detailed discussion of the (de)shielding effects is
given in the Supporting Information (S8).


A characteristic feature of HH atropisomers in cis-bis-
adducts of square-planar platinum,[16] as well as octahedral
ruthenium complexes,[18,24] is the lopsided ligands causing
one proton resonance (H8 in guanine, H(ii) in benzimid-
azoles) to shift up field, and the other one down field. This
is indeed also observed for the imidazole protons H(ii)B and
H(ii’)B, for the methyl-group resonances, Me(i)B at 3.49 and
Me(i’)B at 4.04 ppm, and is paralleled, and even more pro-
nounced, for the H(iv)/H(iv’) protons. In cis-bis-coordinated
guanine–platinum complexes the characteristic guanine H8
resonances are usually discussed with respect to the mutual
shielding effects of the cis-coordinated guanine.[60] The
NMR discussion on the H(ii) resonances of the HH atro-
pisomer B prove this is valid also for complex 2. However,
in the sterically crowded octahedral six-coordinate com-
plexes, the (de)shielding effects of the encumbered (aro-
matic) didentate ligands might well contribute more than
the mutual shielding of the monodentate ligands themselves.
In fact, for the azpy and bpy complexes it seems more ap-
propriate to focus on specific probe protons, for example,
H6, on the static didentate ligands, in order to monitor the
orientation and rotational behavior of the rotating mono-
dentate ligands.


Exchange mechanism : The complex multi-site exchange
system of cis-[Ru(LL)2(MeBim)2](PF6)2 complexes (LL is
bpy or azpy) makes a quantitative analyses of the atropiso-
merization processes difficult ; qualitatively, however, the 1D
and 2D NMR data reveal much of the mechanism of atropi-
somerization of the dynamic system. In the cis-[Ru(bpy)2-
(MeBim)2](PF6)2 system it has been observed that at �95 8C,
no exchange occurs between the three different atropisom-
ers A, B, and C, whilst at slightly higher temperature, the in-
terconversion of the two HT rotamers with the HH rotamer
is observed (AQB and BQC). The lack of exchange cross


peaks between the two HT atropisomers (A and C), and be-
tween the sets of signals of the HH rotamer (BQB) further
indicates that the atropisomerization in cis-[Ru(bpy)2(Me-
Bim)2](PF6)2 occurs by a single rotation of one MeBim
ligand at a time.[31,32] The exchange mechanism of the atro-
pisomers of 2 is much more complicated and requires a
step-by-step analysis of the exchange data at different tem-
peratures and monitoring of different proton resonances. In
NOESY spectra of 2 at �95 8C, the NOE and exchange
cross peaks have the same sign (see Figure 3); therefore, the
atropisomerization analyses have been carried out by exam-
ining the EXSY level of ROESY spectra.


In Figure 10, the exchange level of a ROESY spectrum of
2 at �95 8C is shown. EXSY cross peaks are observed be-
tween the protons of atropisomer B and B, and also between


those of C and E/E. The resonances of rotamers A and D,
on the other hand, do not show any EXSY cross peaks. Fo-
cusing on rotamer B first, the most obvious are the off-diag-
onal cross peaks between the protons which resonate at sig-
nificantly different frequencies, like the H6/H6’, the H(ii)/
H(ii’), the H(iv)/H(iv’), and H(v)/H(v’) protons (the H(iv’)B


and H(v’)B resonances overlap at this temperature). The
EXSY cross peaks between (equivalent) protons in a non-
C2-symmetric rotamer of a complex with a C2-symmetric
backbone, for example, a-[Ru(azpy)2], indicate that a rota-
tion by about 1808 of both MeBim ligands occurs, intercon-
verting one HH rotamer into another, identical, HH rotam-
er (BQB, see Scheme 3). Most illustrative in this regard is
also the upfield region of the spectra, where the methyl
groups of the MeBim ligand resonate (see Figure 11). As no


Figure 10. Aromatic region of the EXSY level of a ROESY spectrum of
2, recorded at �95 8C with a mixing time of 500 ms. Exchange cross
peaks are observed between the resonances of rotamers C and E/E, and
between the resonances of rotamers B and B.
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EXSY cross peaks from the signals of rotamer B with the
resonances of rotamers A and C are observed, a step-by-
step rotation in which the two MeBim ligands rotate by 1808
one after the other, can be excluded. So, the atropisomer B
interconverts into the identical rotamer B via a synchronous
rotation of both MeBim ligands by about 1808. This inter-
conversion can be understood best if the rotation of the
MeBim ligand, with the six-membered rings being stacked
between the pyridine and the phenyl ring, starts rotating its
six-membered ring (the tail) across the fac-coordinated azpy
ligand, and whilst it starts to rotate, it forces the second
MeBim to rotate away, with the imidazole ring (the head)
(see Supporting Information Figure S3).


At �95 8C, the ROESY spectrum of 2 also reveals that ex-
change cross peaks occur between the atropisomers C and
E. Despite the overlap with other peaks, this exchange is
clearly seen in the H6 region where the H6C resonance
shows EXSY cross peaks with the H6 and H6’ signals of E;
the H(iv) region is also illustrative, the two doublets at high
field both showing cross peaks with the single H(iv)C reso-
nance. Most informative is again the methyl region at high
field (Figure 11). Different from what is observed with the
other HH rotamer, B, no exchange cross peaks between the
equivalent resonances of E (E) are observed, suggesting
that simultaneous rotation of both MeBim ligands by 1808
does not occur in the atropisomerization pathway of this ro-
tamer (see Supporting Information, S9, for a more detailed
discussion). For the interconversion of C into E(E), both
MeBim ligands do have to rotate, however this requires a
rotation of only 908. The MeBim E(ii’–iv’) has to rotate 908


clockwise, whilst the second MeBim (E(ii–iv)) has to rotate
908 anti-clockwise, to result in the interconversion of E into
C (see Supporting Information).[61] From a molecular model,
the rotation in this way is, for steric reasons, more likely to
occur than the other three possible pathways, that is, rota-
tion of both MeBim ligands clockwise, both anti-clock wise,
or both MeBim ligands rotating by 2708 (the E(ii–iv) clock-
wise and the E(ii’–iv’) anticlockwise). Whereas the VT and
EXSY data unambiguously prove the presence in solution
of B as well as B, for E and E this cannot directly be con-
cluded from the NMR spectra, as no exchange between
these two “identical” HH atropisomers is observed. Howev-
er, for symmetry reasons, the interconversion of C with E is
energetically identical to the interconversion of C with E, so
one can conclude that both E and E are present in solution
and equally abundant.


In Figure 12 the downfield region of the ROESY spectra
(EXSY level) of 2 is shown, recorded at �95 8C, �70 8C,
�50 8C, and 0 8C. The H6 and H3 data are most informative
for understanding the rotational behavior of the MeBim li-
gands in the seven atropisomers. As discussed above, at
�95 8C, only EXSY cross peaks are observed between the
(H6 resonances of) rotamers C and E/E, and between the
two (identical) rotamers B and B. The observations are in
perfect agreement with what is observed at high field (see
Figure 11).


At �70 8C the ROESY spectrum (Figure 12) shows ex-
change cross peaks between the coalesced H6B resonances
and the broadened H6C signal. Furthermore, rotamer A
shows a strong cross peak with the broad signal of the coa-
lesced resonances of the H6B protons. The absence of cross
peaks between the H6D resonance with any of the other H6
signals is also evident, indicating that at this temperature
the MeBim ligands in atropisomer D are not (or very
slowly) rotating around their Ru�N axes. At this tempera-
ture, the H3 region is also very illustrative, showing the ex-
change cross peaks between the H3C/H3E3’E peaks, the coa-
lesced H3B peaks, and the H3A signal, but not with the H3D


peak.
At �50 8C the H6B and H6’B resonances are in their fast-


exchange region and show one relatively sharp doublet, H6B


at 9.4 ppm, whilst the H6 resonances of rotamers C and E
are severely broadened. The H6B peak shows a strong
EXSY cross peak with the H6D and H6A doublets. In the H3
region, the coalesced H3C and H3E resonances, H3CEE, show
a clear interaction with H3BB and also with H3D. Between A
and D, however, no exchange cross peaks are observed. This
is the lowest temperature at which rotamer D clearly shows
interconversion into other atropisomers.


Finally at 0 8C, the H6 resonances of A, B/B, C, and E/E
are in their fast-exchange region and show one (broad) dou-
blet at 9.35 ppm, H6ABBCEE, which shows a strong cross peak
with the H6D resonance. At this temperature, the H3 reso-
nances of A, B, B, C, E, and E are also in their fast-ex-
change region and show a doublet at 8.7 ppm, which results
in an exchange peak with the H3D signal at 9.0 ppm. Know-
ing the origin of the H6ABBCEE and the H3ABBCEE signals


Figure 11. EXSY level of the ROESY spectrum of 2 at �95 8C. The ex-
change peaks between the Me(i) resonances of rotamers C and E(E) are
indicated with solid lines, the interconversion between the rotamers B
and B is indicated by the dashed lines. At this temperature the conform-
ers A and D do not show any exchange cross peaks.
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from the lower temperature NMR data, this spectrum shows
the unique situation in which one atropisomer is in slow ex-
change with six other atropisomers, which themselves are
rapidly interconverting on the NMR timescale.


The NOESY spectrum of 2 at �10 8C is remarkable (see
Supporting Information Figure S6) and most useful for the
assignment of the signals of rotamer D. The resonances of D
are sharp and show scalar and through-space cross peaks
with J coupling information. The coalesced resonances of ro-
tamers A, B/B, C, and E/E on the other hand are very
broad and only broad NOE cross peaks are observed. The
EXSY cross peaks are a hybrid between the broad and the
well-resolved cross peaks.


Considering the EXSY data obtained at different temper-
atures, the scheme for the atropisomerization of 2 based on
the 1D VT series can be extended. At the lowest recording
temperature atropisomerization between B and B is ob-
served, as well as between C and E/E. At slightly higher
temperatures, interconversion between C, B/B, and E/E is
also observed, as well as between A and B, but not yet be-


tween D and one of the other rotamers. The latter occurs
only at higher temperatures (>�50 8C). The pathways of ex-
change between the rotamers have not been quantitatively
identified, but it is clear that the orientation of a MeBim
ligand with the six-membered ring along the pyridine site,
and with the imidazole ring above the aza bond (rotamer
D), is relatively stable. In addition, it can be suggested that
from such a position, the MeBim ligands will preferentially
rotate in only one direction, with the six-membered ring not
having to “jump” over the bulky pyridine ring.[44] An impor-
tant observation is also the fact that at low temperatures the
simultaneous rotation of the MeBim ligands (BQB and
CQE/E) is preferred above the single rotation of only one
MeBim ligand (e.g., AQB or BQC).


Thermodynamic parameters : In highly symmetric systems
like cis-[Ru(bpy)2(4Pic)2](PF6)2 (4Pic is 4-picoline) in which
the four observed atropisomers (A, B, B, and C) are identi-
cal,[33] the thermodynamic parameters of the rotation of li-
gands can be reasonably well calculated assuming the rate


Figure 12. Downfield region of the ROESY spectra (EXSY level) of 2, recorded at four different temperatures: At �95 8C exchange is observed between
rotamers C and E(E) and between B and B ; at �70 8C exchange occurs between A, B/B, C, and E/E ; at �50 8C rotomer A and also D show cross peaks
with coalesced signals of B/B and C, E/E ; at 0 8C the H3 and H6 signals of the six rotamers A, B, B, C, E, and E are coalesced and show exchange cross
peaks with the corresponding resonances of rotamer D.
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of back and forward flipping of the ligand to be identical.
The dynamic processes of all atropisomers in complex 2
cannot be simplified to allow such a precise calculation. The
determination of the thermodynamic parameters of the
atropisomerization processes in 2 using the VT 1H NMR
data is a very complicated task, as there are many (energeti-
cally) different possible pathways of interconversion for the
atropisomers. However, the interconversion between B and
B is observed relatively independently from the other dy-
namic processes in the temperature range between �95 8C
and �65 8C.[57] For the estimation of the thermodynamic
data, one can regard atropisomerization of B and B as a
simple dynamic system with two-site mutual exchange, that
is, two identical compounds interconverting into each other
by the synchronous flipping of both MeBim ligands by 1808.
By using the frequency difference of the H6B and H6’B
proton resonances in the slow-exchange area (Dn), at the
the coalescence temperatures (Tc) the rate constant (kc) can
be roughly estimated (102 Hz, 200 K, and 226 s�1, respec-
tively). Together with data from the H3 resonances (39 Hz,
190 K, 87 s�1) and the Me(i) signals (165 Hz, 215 K, 366 s�1),
from the Eyring equation,[54,55, 56,71] the consecutively deter-
mined free enthalpy of activation DG� for the simultaneous
MeBim rotation in 2, interconverting B into B, is
39 kJ mol�1, the free enthalpy of activation, DH�, is
29 kJ mol�1, and the free entropy of activation, DS�, is
�50 J K�1 mol�1. The Arrhenius activation energy (EA) was
determined to be 31 kJ mol�1. The thermodynamic values
obtained from a 600 MHz VT series (see Figure 13) are


slightly different from the 300 MHz calculations (DG� =


38 kJ mol�1, DH� =18 kJ mol�1, DS� =�107 J K�1 mol�1, and
EA =20 kJ mol�1). The differences in the parameter values
as calculated from the 300 or 600 MHz data are possibly due
to a relatively large error in the temperature determination.


Ligand orientation, rotation, and biological activity of ruthe-
nium complexes : Whereas for (square-planar) platinum
complexes the cis-bis-coordination to purines has been
found to be crucial for antitumor activity, it has early been
recognized that the cis-bis-coordination to octahedral com-
plexes like ruthenium is sterically much more constrained.[14]


Ruthenium polypyridyl complexes of the type cis-
[Ru(LL)2Cl2] (where LL is a didentate diimine ligand like
bpy or phenantroline or, more recently, azpy) have been
under investigation for their antitumor properties,[36,41] as
DNA cleaving agents[39,40] as well as DNA probes[62] and
appear to bind well to purines.[41,43–45] However, the bifunc-
tional adducts of these complexes with DNA are difficult to
study for stability reasons,[42] and therefore we have started
to investigate the interaction of this class of compounds with
DNA model bases. The cis-[Ru(bpy)2], a-[Ru(azpy)2], and
b-[Ru(azpy)2] moieties all form stable bisadducts with
MeBim and appear to be informative model compounds in
the investigation of the bifunctional DNA binding of these
kinds of octahedral complexes.


The results on cis-[Ru(bpy)2(L)2](PF6)2 complexes[31,32]


and b-[Ru(azpy)2(L)2](PF6)2 complexes[44,48] together with
the data on 1 and 2 presented in this paper confirm that the
complexes of the type cis-[Ru(LL’)2(L)2]


2+ are sterically bor-
derline cases with respect to the ligand binding. The coordi-
nation and the orientation and rotational behavior of lopsid-
ed heterocycles in these complexes depends on relatively
small differences in the ligands. The 1D and 2D VT
1H NMR study presented here is a most elaborate, but very
informative method to determine such small differences in
sterical properties of complexes of the type cis-[Ru(LL’)2]


2+ .
The head-to-tail conformations are observed as the main
conformers in all three complexes, whilst the head-to-head
conformation is only present in cis-[Ru(bpy)2(L)2](PF6)2 and
2. The HH is expected to be found in a DNA intrastrand
cross-link in the major groove, the HT instead for inter-
strand cross-linking, in the minor groove.[40,63,64]


Whether the coordination and/or rotational properties of
heterocyclic ligands to cis-[Ru(LL’)2]


2+-type ruthenium com-
plexes is indeed crucial for the biological activity of the
complexes is a subject that should be investigated further,
using other cis-[Ru(LL’)2]


2+ complexes, as well as with in
vitro DNA binding studies. It is now evident that coordina-
tion of the heterocyclic bidentate ligands to the bpy and the
azpy complexes is significantly different.[31,32, 44,48] The b-
[Ru(azpy)2(MeBim)2](PF6)2 complex shows the presence of
only one stable atropisomer, whilst the isomeric a-complex
and the analogous ruthenium–bis(bpy) complex show well-
defined atropisomers with specific interconversion pathways.
Furthermore, the a-[Ru(azpy)2]


2+ moiety is more versatile
than the cis-[Ru(bpy)2]


2+ complex: in the azpy complex
more relatively stable cis-bisadduct orientations are possible
and most of these readily interconvert into each other, fur-
thermore there is one particularly abundant and stable
isomer. The steric hindrance of the azpy ligands is likely
also to promote the simultaneous rotation of both MeBim
ligands. For platinum complexes it is becoming generally ac-


Figure 13. The downfield region of the VT NMR 1H spectra of 2 record-
ed at 600 MHz. In the low-temperature range the coalescence of the H6/
H6’, and the H3/H3’ resonances of the atropisomers B and B are clearly
visible. At higher temperatures the H3 resonances of all atropisomers co-
alesce and form a well-resolved peak at 8.85 ppm, whilst the coalesced
H6 resonance is still very broad at +55 8C.
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cepted that, besides the stable cis-bis(guanine) binding, the
dynamic behavior of DNA binding is also crucial for antitu-
mor activity. The octahedral ruthenium(ii) complexes are on
the one hand forming stable Ru�N bonds with the DNA pu-
rines, but on the other hand the sterically encumbered com-
plexes might favor a more dynamic coordination to DNA.


Conclusion


The MeIm ligands in 1 freely rotate around their RuII�N(iii)
axes, as has been concluded from VT 1D and 2D NMR
studies. Compound 2 on the other hand appears to be a very
remarkable complex with respect to the orientation and ro-
tational behavior of the heterocyclic lopsided monodentate
ligands. The two MeBim ligands in 2 orient in relatively
stable combinations of orientations, which at low tempera-
ture have been identified as seven (five different) out of the
eight (six different) theoretically possible conformers. More-
over, the exchange mechanism reveals many of the sterical
properties of 2. Two rotamers (A and D) show no exchange
cross peaks with the other rotamers at low temperatures,
whereas the other five rotamers, (B/B, C, and E/E) do show
rotational behavior already at lower temperatures. Further-
more, the six least abundant atropisomers coalesce and are
in fast exchange with each other at about 0 8C, at which it is
possible to see the cross peaks between the coalesced reso-
nances of these atropisomers, “ABBCEE”, with the signals
of the rotamer D. So, actually D and “ABBCEE” are in
slow exchange with each other at this temperature. On low-
ering of the temperature, the atropisomers of 2 split step-
wise into couples of atropisomers in fast or slow exchange.
Most revealing is the relatively independently observed
atropisomerization of the two (identical) head-to-head con-
formers B and B, allowing a rough estimation of the thermo-
dynamic parameters of this process, which consists of the
synchronous rotation of both MeBim ligands by about 1808.
The synchronous rotation of both MeBim ligands appears to
also be favored in the C–E/E atropisomerization. Overall
the sterical and physicochemical properties of the a-
[Ru(azpy)2] backbone is such to allow the MeBim ligands in
2 to show a versatile behavior in their movements, from
rocking to twisting, synchronous and not.


We started to investigate the dynamic behavior of lopsid-
ed ligands on ruthenium compounds because of their biolog-
ical relevance, but the observed phenomena of ligand rota-
tion also have interest for other fields of research. For exam-
ple, the restricted rotation of parts of molecules has become
an interesting subject in the investigation of molecular
motors or rotors.[65, 66] Octahedral six-coordinated ruthenium
complexes with sterically hindered rotation of coordinated
monodentate ligands might well contribute to this rising
field of research.[34,35,67] In particular, complex 2 appears to
be a complicated but interesting molecule showing different
aspects of molecular rotation, including the synchronous ro-
tation of two ligands, as well as temperature-dependent
stepwise atropisomerization. Ruthenium(ii) complexes prove


to be most suitable compounds in which various aspects of
ligand rotation can be investigated, tuning the physicochem-
ical aspects of the backbone as well as the rotating ligands.
In fact, for example, the observation of many atropisomers
in 2 and the presence of a relatively stable isomer, D, points
to ligand movements that are specific in their direction of
rotation, like that observed for the ligand rotation in a mon-
ofunctional-substituted ruthenium(ii)–bis(bpy) complex.[34, 35]


This is the subject of further research. Although we did not
focus on the aspect of chirality of the conformers of 2 and
other ruthenium complexes in this paper, it is of biological
relevance, and furthermore is interesting for a more detailed
investigation of the mechanisms of atropisomerization of
these kinds of compounds.


Experimental Section


Equipment and techniques : Physical measurements were performed as
described before.[32] Unless otherwise mentioned, the NMR experiments
were performed at 300.13 MHz on a Bruker 300 MHz DPX spectrome-
ter, equipped with a Bruker B-VT1000 variable-temperature unit, which
was calibrated on a [D4]methanol sample. For the 65 8C experiments, an
NMR tube with sample 2 in [D6]acetone was sealed by cautiously melting
the top of the tube. Experiments at 600.13 MHz were performed on a
Bruker 600 DMX spectrometer. All spectra were calibrated on the
CD3COCD2H peak, 2.06 ppm. The 1D and 2D spectra were obtained
using the standard Bruker pulse sequences. The NOESY experiments[68]


were performed with variable mixing times (1 s, if not mentioned other-
wise), 16 scans for each t1 increment, and a delay of 2 s was incorporated
prior to each scan. The ROESY spectra were obtained using the Bruker
pulse program with a special spin lock by using a series of 1808 pulses for
mixing in the phase-sensitive TPPI mode.[69, 70] The spin-lock field used
was 2.5 kHz, and implemented for 300 or 500 ms. There were 16 scans for
each t1 increment and a 1.5 s delay was incorporated before each scan.
The kinetics of atropisomerization have been studied using 1D and/or 2D
NMR data.[54, 55, 56, 71]


NMR experiments of 2 were repeated on samples obtained from differ-
ent reactions and/or recrystallizations. All NMR samples showed one set
of peaks at high temperatures, the same VT behavior and multiple sets
of resonances at low temperatures, as described below, indicating that the
latter was not due to the presence of impurities. Addition of free ligand
(i.e., MeBim) to NMR samples of 2 did not change the NMR resonances
of 2 at the recording temperatures, indicating that the exchange behavior
was not caused by ligand-exchange phenomena.


Materials : Hydrated RuCl3 was used as received from Johnson Matthey
Inc. 1-Methylimidazole (Acros) and 1-methylbenzimidazole (Aldrich)
were used as received. The ligand azpy,[49] and a-[Ru(azpy)2(NO3)2],[45]


were prepared according to literature procedures.


a-[Ru(azpy)2(MeIm)2](PF6)2, 1: Complex 1 was prepared by dissolving a-
[Ru(azpy)2(NO3)2] (0.20 g, 0.34 mmol) in water/acetone (1/1, 20 mL) with
an excess of MeIm (0.6 g, 7 mmol), and consecutive refluxing for 6 h.
After cooling down of the reaction mixture, excess NH4PF6 (1 g) dis-
solved in water (2 mL) was added, and the dark-purple precipitate
formed was isolated by filtration, washed with water, and recrystallized
from acetone/diethyl ether. The obtained product was recrystallized from
acetone/water, and after filtration the microcrystalline residue was
washed with water and dried in vacuo. Yield: 0.27 g (90 %); elemental
analysis calcd (%) for RuC30H30N10P2F12 (Mr =922 gmol�1): C 39.1, H
3.28, N 15.2; found: C 39.2, H 3.30, N 15.2.


a-[Ru(azpy)2(MeBim)2](PF6)2, 2 : Complex 2 was synthesized analogous
to the synthesis of 1 described above, but with the use of 1-methylbenzi-
midazole instead of 1-methylimidazole. Yield: 0.30 g (85 %); elemental
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analysis calcd (%) for RuC38H34N10P2F12 (Mr =1021 gmol�1): C 44.7, H
3.35, N 13.7; found: C 44.4, H 3.39, N 13.6.


Assignment of most resonances at the lowest recording temperature
(e.g., Figure 8, a NOESY spectrum of 2 recorded at �95 8C at 600 MHz)
was carried out using the following strategy: First, from the integration
values in an 1H NMR spectrum it was determined which methyl peak sig-
nals at high field, correspond with the lowfield azpy H6 doublets. Second,
the methyl peaks show intra-ligand NOE cross peaks with their H(ii) and
H(vii) protons, and, starting from the H(vii) peaks, the other three
MeBim proton resonances were obtained consecutively from COSY and
TOCSY spectra. All the H6 (and H6’) resonances were determined from
the VT measurements and the exchange data, after which the other pyri-
dine resonances were identified from the COSY and TOCSY spectra. Fi-
nally, the phenyl-ring protons of the most abundant atropisomers were
assigned from the most intense cross peaks present in a COSY spectrum.
The phenyl-ring H(o) and H(m) protons are twice as abundant as all the
other protons, so they yield the more intense cross peaks. Where possible,
the assignments have been confirmed with inter-ligand NOE cross peaks
like the H(o)–H6 interactions. For the least abundant isomer, E, EXSY
cross peaks, with the more intense C signals, have also been helpful. In
Table 2, the most relevant resonances of the five rotamers A–C are
listed. The attribution of the sets of signals to the different atropisomers
is discussed in the text and in the Supporting Information.
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A Dual-Electrode Approach for Highly Selective Detection of Glucose
Based on Diffusion Layer Theory: Experiments and Simulation


Kang Wang, Dai Zhang, Ting Zhou, and Xing-Hua Xia*[a]


Introduction


Improvement of the selectivity of biosensors remains an im-
portant aspect in the development of electrochemical de-
tecting devices for biochemical analysis.[1–3] Glucose oxidase
(GOD)-modified working electrodes are usually used for
the purpose of specific response in the detection of glucose.
Although the oxidation of glucose by GOD is highly specif-
ic, the detection principle of such a biosensor—usually the
amperometric detection of the formed H2O2—is largely un-
specific and, therefore, highly sensitive towards side reac-


tions caused by chemical impurities. The main interferences
come from the electrochemical oxidation of electroactive
species, for example, ascorbic acid (AA), uric acid (UA) and
4-acetaminophen (4-AP). Traditional interference-removing
methods include coating an additional selective or preoxid-
izing membrane on the front interface of the modified work-
ing electrode,[4–6] detecting glucose by means of a redox me-
diator, direct electron transfer between the enzyme and the
electrodes,[7–12] and improving the electron-transfer turnover
rate between the active site and the electrode.[11,12] Other in-
terference-removing methods, such as enzyme microreac-
tors,[13] bienzyme systems,[14] pre-electrolysis,[15] temperature
variation,[16] and measuring cathodic current,[17,18] were also
used to improve the selectivity of some electrochemical bio-
sensors. For example, Prussian blue can electrocatalyze the
reduction of H2O2 at a negative potential. At the reduction
potential of H2O2, oxidation of interference species such as
AA does not occur.[17–19]


Here, we report an alternative approach for depleting in-
terfering electroactive species based on the theory of the
electrochemical diffusion layer. When the electrochemical
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the poly-PPD-GOD membrane and the electrochemical activity of
the immobilized GOD in the above membrane.


Abstract: A dual-electrode configura-
tion for the highly selective detection
of glucose in the diffusion layer of the
substrate electrode is presented. In this
approach, a glassy carbon electrode
(GCE, substrate) modified with a con-
ductive layer of glucose oxidase/
Nafion/graphite (GNG) was used to
create an interference-free region in its
diffusion layer by electrochemical de-
pletion of interfering electroactive spe-
cies. A Pt microelectrode (tip, 5 mm in
radius) was located in the diffusion
layer of the GNG-modified GCE
(GNG-G) with the help of scanning
electrochemical microscopy. Conse-
quently, the tip of the electrode could
sense glucose selectively by detecting


the amount of hydrogen peroxide
(H2O2) formed from the oxidization of
glucose on the glucose oxidase layer.
The influences of parameters, including
tip–substrate distance, substrate poten-
tial, and electrolyzing time, on the in-
terference-removing efficiency of this
dual-electrode approach have been in-
vestigated systematically. When the
electrolyzing time was 30 s, the tip–sub-
strate distance was 1.8 a (9.0 mm)
(where a is the radius of the tip elec-
trode), the potentials of the tip and


substrate electrodes were 0.7 V and
0.4 V, respectively, and a mixture of as-
corbic acid (0.3mm), uric acid (0.3 mm),
and 4-acetaminophen (0.3 mm) had no
influence on the glucose detection. In
addition, the current–time responses of
the tip electrode at different tip–sub-
strate distances in a solution containing
interfering species were numerically si-
mulated. The results from the simula-
tion are in good agreement with the ex-
perimental data. This research provides
a concept of detection in the diffusion
layer of a substrate electrode, as an in-
terference-free region, for developing
novel microelectrochemical devices.


Keywords: analytical methods · dif-
fusion layer · glucose · scanning
probe microscopy
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oxidation of an interfering electroactive species is diffusion-
controlled, its concentration on the electrode surface ap-
proaches zero and the concentration gradients in the diffu-
sion layer are well defined by the Fick�s laws. Therefore, an
interference-free region is formed in the diffusion layer in
close proximity to the electrode surface. In this case, when a
probe electrode is positioned in the diffusion layer, the elec-
trochemical signal for the interfering electroactive species
should be negligible. Such an electrochemical depletion ap-
proach provides a reproducible and easily controllable
method to improve the practical performance of biosensors
and is promising for the fabrication of electrochemical mi-
crodevices, because of its capability to remove interference
in the diffusion layer. Such a detection concept could open
up a new way for the development of highly selective meth-
ods for glucose detection with two closely positioned work-
ing electrodes. In addition, quantitative investigation and
theoretical simulations of electrochemical depletion would
be helpful for designing interference-free electrochemical
microdevices.


Scanning electrochemical microscopy (SECM) is a scan-
ning probe microscopic technique that positions an ultrami-
croelectrode (UME, tip electrode) a few micrometers above
a specimen to exploit faradic currents.[20–23] The tip current is
a function of the tip–substrate distance and also depends on
the nature of the substrate.[23] Therefore, an approach curve
could be used to define the distance between the tip and the
substrate. The detailed principle of the feedback mode of
SECM has been described elsewhere.[24] Previous studies
have proved that SECM was a powerful tool in biosensor re-
search. The so-called feedback mode of SECM has been
widely used in the research of microstructured, biochemi-
cally active surfaces. By scanning the tip laterally on the
sample surface and simultaneously measuring the change of
currents, the difference in reaction rates at different loca-
tions on the sample surface can be resolved.[25–33] An alterna-
tive way is to observe the enzymatic activity by using the
generation–collection mode of SECM. In this detection
mode the tip electrode acts as an amperometric probe and
detects species generated from the substrate (e.g., H2O2 gen-
erated from the immobilized enzyme layer or patterns on
the substrate surface).[34–38] Normally, enzymatic activity
could be imaged on locally deposited enzyme pat-
terns.[31,39–41]


We have co-immobilized GOD in an insulating matrix of
poly-p-phenylenediamine and investigated its interference-
removing ability in the diffusion layer using SECM.[24] In the
present paper, we report on the construction of a catalytic
biointerface that significantly promoted the electrooxidation
of interfering electroactive species (ascorbic acid, uric acid,
etc.). This results in very high selective detection of glucose
on the one hand, and on the other hand, such a catalytic in-
terface ensures the diffusion-controlled electrochemistry of
these interfering electroactive species, which in turn makes
it easier to simulate the interference-removing process.
Therefore, the finite element method (FEM) was used to
simulate this interference-removing process. As shown in


Figure 1, a glassy carbon electrode (GCE) modified with a
conductive layer of glucose oxidase/Nafion/graphite (GNG)
was used as a substrate electrode to deplete interfering elec-
troactive species. A Pt microelectrode was located in the dif-


fusion layer of a GNG-modified GCE (GNG-G) by using
SECM to sense the H2O2 generated from the oxidation of
glucose on the GOD layer. The oxidation current of H2O2


at the tip electrode served as the response signal of glucose
concentration. By independently applying a proper potential
on the substrate electrode, electroactive species (e.g., AA)
in the diffusion layer of the modified GCE could be deplet-
ed without consumption of H2O2. Thus, a relatively interfer-
ence-free region was formed and highly selective glucose de-
tection could be achieved on the tip electrode.


Results and discussion


Characterization of the GNG layer: In this detection ap-
proach, a mixture of neutralized Nafion and graphite
powder was used to form a conductive matrix layer that re-
tains the bioactivity of the co-immobilized GOD. Neutral-
ized Nafion was used for two reasons. Firstly, Nafion can
conglutinate graphite powder easily and the resulting mem-
branes possess a high adhesion to the electrode surface. Sec-
ondly, neutralized Nafion has been used to stabilize GOD
through the formation of ammonium sulfate residues.[42]


Scanning electron microscopy (SEM) characterization
showed that the surface of the GNG layer was relatively
smooth and the graphite pieces were uniformly dispersed
(see Supporting Information, Figure S1). Therefore, local-
ized detection of H2O2 generated on the GNG layer should
reflect the situation on the whole of the GNG-G electrode
surface.


The activity of the immobilized GOD was tested in a so-
lution of glucose in a phosphate buffer solution (PBS;
20 mm, see Supporting Information, Figure S2). An anodic
current of the enzyme-immobilized electrode in the glucose
solution appeared at potentials higher than 0.45 V. This


Figure 1. Scheme and principle of the approach for interference-removal
in the diffusion layer of a GNG-G electrode.
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anodic current results from the electrochemical oxidation of
H2O2 generated in the enzymatic reaction of glucose with
dissolved oxygen; this indicates that GOD in the matrix of
Nafion/graphite has high activity. An approach curve of the
Pt tip electrode to the GNG-G electrode was measured in
an aqueous solution of KCl (0.1 m) containing
[Ru(NH3)6]Cl3 (1mm). The tip current and the distance were
normalized by iT,¥ and a, respectively, where iT,¥ is the
steady-state tip current in bulk solution and a is the radius
of the tip electrode. The obtained IT versus L curve
(Figure 2, open circles) shows a typical positive feedback,
which fits well to the theoretically calculated one based on
positive feedback for a pure conductor (Figure 2, solid
curve). The observed pure positive feedback was then used
to estimate the tip–substrate distance. In the present case,
the calculated vertical position of the tip electrode is given
relative to the top surface of the GNG layer.


Electrochemical properties of the glucose detection ap-
proach : Linear sweep votammograms of AA, UA, 4-AP,
and H2O2 on the GNG-G and tip electrodes are shown in
Figure 3. For the tip electrode (Figure 3b), the oxidation cur-
rents of the interfering electroactive species are relatively
large, in spite of the electrocatalytic oxidation of H2O2 on
platinum. In the case of the substrate electrode (Figure 3a),
all these chemicals could be electrochemically oxidized on
the GNG-G electrode in the applied potential window. The
oxidation of the interfering electroactive species starts at
more negative potentials (AA: <0.0 V, UA and 4-AP:
0.2 V) relative to that for H2O2 oxidation (0.5 V). At poten-
tials more positive than 0.3 V, the oxidation rates of the in-
terfering electroactive species reach a diffusion-limited
level. Therefore, by controlling the substrate electrode po-
tential within the range of 0.3–0.4 V, the electroactive spe-
cies in the diffusion layer of the GNG-G can be depleted.
At the same time, H2O2 in the diffusion layer is not con-
sumed, due to its higher oxidation overpotential. The diffu-
sion layer of the GNG-G electrode thus creates an interfer-


ence-free region for glucose detection by the tip electrode
(as shown in Figure 1).


In this glucose detection approach, the removal of inter-
ference is determined mainly by the electrochemical deple-
tion of the interfering species on the substrate electrode and
is not due to the electrostatic repulsion effect between
Nafion and interfering species.[43] It should be noted that
1) Nafion used in our configuration was neutralized, so the
negative charge of the membrane was negligible and
2) Nafion was mixed together with graphite powder and
GOD instead of directly coating the outer side of the
enzyme-modified electrode. Accordingly, interfering electro-
active species were electrochemically depleted on the GNG-
G electrode.


Parameters that influence the selectivity of glucose detec-
tion : The selectivity and sensitivity for the detection of glu-
cose by the tip electrode in the diffusion layer of the GNG-
G electrode depends on the tip–substrate distance, owing to
the existence of a concentration gradient of both the elec-
troactive species and the generated H2O2 in the tip–sub-
strate gap. Figure 4 shows the influence of the tip–substrate
distance on the detection of glucose and the removal of AA.
In these measurements, a substrate potential of 0.4 V was
used. With regards to the measurements performed on a so-
lution of AA, the difference between the tip currents with
(iT,AA) and without AA (iT,PBS) drops almost linearly with the
decrease of the normalized tip–substrate distance L (L=d/a
where d is the tip–substrate distance). When the normalized
tip–substrate distance was less than 4, no difference in the


Figure 2. Normalized current–distance curves recorded with a Pt ultrami-
croelectrode (UME; a =5 mm) in a phosphate buffer solution containing
[Ru(NH3)6]Cl3 (1 mm) (open circles). The solid curve denotes the theo-
retically calculated current–distance behavior for a conducting substrate.


Figure 3. Linear sweep voltammograms of a GNG-G electrode (a) and a
Pt tip electrode (b) in PBS (solid curve) and PBS containing H2O2 (1 mm ;
dashed curve), AA (1 mm ; dotted curve), UA (1 mm ; dash–dot curve), or
4-AP (1 mm ; dash–dot–dot curve) at a scan rate of 5 mV s�1.
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two currents was observed, demonstrating that AA could be
completely depleted by the substrate electrode. In contrast,
in the solution of glucose (1 mm), the tip current difference
(with glucose: iT,glu; without glucose: iT,PBS) increases gradu-
ally with decreasing tip–substrate distance. Within a smaller
tip–substrate distance (L<9), the tip current difference in-
creases rapidly with decreasing tip–substrate distance. This
increase can be attributed to the increase of H2O2 concen-
tration near the GNG-G electrode. At the normalized dis-
tance of 1.8, the tip current reaches a peak value, and then
decreases further as the tip approaches the substrate (L=


0.8). This decrease is caused by the sealing glass of the tip
electrode, which hinders the diffusion of glucose from the
bulk solution to the tip–substrate gap and in turn blocks the
formation of H2O2. Therefore, measurements at a normal-
ized tip–substrate distance of 1.8 (corresponding to 9.0 mm)
can give results with high sensitivity for the detection of glu-
cose. At this fixed distance, the sensor shows a good repro-
ducibility (RSD=2.2 %, n=5, where RSD is the relative
standard deviation and n is the number of tested samples).


The tip currents with (iT,S) or without (iT,0) applying a sub-
strate potential were measured to evaluate the influence of
the substrate potential on the interference-removing effi-
ciency. Here, the interference-removing efficiency measured
in a solution of AA is defined as 1�iT,S/iT,0. On the other
hand, when measurements were performed in the presence
of glucose, this value represents the percentage of H2O2 in
the tip–substrate gap that was consumed by the substrate
electrode. Figure 5 shows the relationship between the sub-
strate potential and the value of 1�iT,S/iT,0. In these experi-
ments, the normalized tip–substrate distance was kept at
1.8 a, and the tip currents (at a tip potential of 0.7 V) were
taken at a polarization time of 30 s. In a solution containing
AA (1 mm, filled squares), the interference-removing effi-
ciency increased with the increase of substrate potential, in-
dicating that better interference-removing capability could
be achieved with more positive substrate potentials. When
the substrate potential was higher than 0.4 V, the interfer-


ence-removing efficiency reached 100 %. For measurements
in a solution containing glucose (1 mm, filled circles) and
with the substrate potential higher than 0.4 V, the value of
1�iT,S/iT,0 increased gradually, due to the oxidation of the
generated H2O2 at the GNG-G electrode. Therefore, 0.4 V
is a proper substrate potential for effectively eliminating
AA by means of a diffusion-limited reaction without con-
suming H2O2.


Glucose detection in a solution containing interference spe-
cies : Figure 6 displays the time-dependent amperometric dy-
namic responses of the tip electrode (ET =0.7 V). In the
cases of solutions that did not contain electroactive species,
with (curves a and c) or without (curves b and d) a potential


Figure 4. Dependence of the tip current difference (iT,AA�iT,PBS) and
(iT,glu�iT,PBS) on the normalized tip–substrate distance. Filled squares: in
1mm AA; filled circles: in 1mm glucose. Tip potential: 0.7 V, substrate
potential: 0.4 V.


Figure 5. Dependence of the interference-removing efficiency on the sub-
strate potential. The tip–substrate distance was kept at 1.8 a (9.0 mm) and
the tip currents were taken at the polarization time of 30 s. The corre-
sponding iT,0 of the tip electrode was taken with the substrate electrode
at open-circuit. ET =0.7 V.


Figure 6. Amperometric dynamic responses of a Pt tip electrode with and
without applying a potential of 0.4 V to the substrate electrode. The tip–
substrate distance was kept at 1.8a (9.0 mm). a), b): PBS; c), d): glucose
(1 mm); e), f): AA (0.3 mm), UA (0.3 mm), 4-AP (0.3 mm), and glucose
(1 mm). Curves a), c), and e) were recorded with applying a potential of
0.4 V on the substrate electrode; curves b), d), and f) were recorded with
the substrate electrode at open circuit. ET = 0.7 V. Inset: dependence of
the tip currents on the concentration of glucose. Dashed line corresponds
to the open circles: glucose solutions with AA (0.3 mm), UA (0.3 mm),
and 4-AP (0.3 mm); solid line corresponding to the open squares: pure
glucose solutions.
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applied to the substrate electrode, the tip currents overlap
well, demonstrating that the applied substrate potential does
not affect the tip current in the solutions of PBS or glucose.
For the mixture containing glucose, AA, UA, and 4-AP,
when no external potential was applied on the substrate
electrode, the obtained steady-state tip current (curve f) was
much higher than those obtained in curves c and d, indicat-
ing that the electroactive species strongly interfere with the
glucose detection. However, when applying a potential of
0.4 V on the substrate electrode (curve e), the tip current
dropped dramatically, leading to the same response
(curve e) as that depicted in curves c and d (without electro-
active species) after the polarization time of 25 s. The de-
crease of the tip current confirms that the substrate elec-
trode selectively consumed the interfering electroactive spe-
cies at the applied potential.


Calibration curves were obtained for different concentra-
tions of glucose with (Figure 6 inset, dashed line corre-
sponds to open circles) or without AA, UA, and 4-AP
(Figure 6 inset, solid line corresponds to open squares).
These two calibration lines lead to almost the same results
in the tested glucose concentrations. The linear range of glu-
cose detection is 1.0 � 10�5–1.0 � 10�3


m with a correlation co-
efficient of 0.9979 (with interfering electroactive species).


Numerical simulation of the interference-removal process :
As shown in Figure 3, the kinetics of the electrooxidation of
interfering species (AA, UA, and 4-AP) on GNG-G (at
0.4 V) and tip electrodes (at 0.7 V) is diffusion-controlled.
When a potential of 0.4 V is applied to the substrate, the in-
terfering species at the substrate surface is depleted immedi-
ately and a time-dependent concentration gradient appears
along the direction perpendicular to the substrate surface.
Meanwhile, diffusion of the interfering species from outside
solution (bulk) to the tip–substrate gap will inevitably be in-
hibited, due to the large surface area of the sealing glass
wall. Taking the above two factors into account, we used the
finite element method (FEM) to simulate the interference-
removal process. By using cylindrical coordinates, the time-
dependent diffusion problems for interfering species can be
written in dimensionless form as Equation (1)[44] (see
Figure 7), in which L is the normalized tip-substrate distance
(L=d/a).


@Ci


@t
¼ @


2Ci


@z2 þ
@2Ci


@R2 þ
1
R
@Ci


@R
0 < t,0 � R,0 < Z < L ð1Þ


The dimensionless variables are defined by R= r/a, Z= z/
a, Ci = ci/C


o
i , t= tD/a2, in which r and z are the coordinates


in the directions radial and normal to the electrode surface,
respectively; D and ci are the diffusion coefficient and con-
centration of interfering species; Co


i is the bulk concentra-
tion of interfering species; a is the tip electrode radius; and t
is time. Because the electrooxidation of the interfering elec-
troactive species (e.g., ascorbic acid) is an irreversible proc-
ess, the boundary conditions for the problem under these
conditions are: 1) when t=0: Ci =1; 2) when 0<t : 0�R<1
Z=0 (tip electrode surface), Ci =0, @Ci/@Z= JT (in which JT


is the normalized flux of interfering species at the tip elec-
trode); 1�R�RG Z= 0 (RG= rg/a, glass insulating sheath),
@C0/@Z=0; 0�R�h Z=L (h= rS/a, L=L/a, substrate elec-
trode surface), Ci = 0 (when a diffusion-controlled oxidizing
potential is applied on the substrate electrode), @Ci/@Z=0
(when no potential is applied on the substrate electrode).
The solution of this problem can be obtained in terms of the
dimensionless current IT [Eq. (2)].


ITðtÞ ¼ �
p


2


Z1


0


JTðt,RÞRdR ð2Þ


Figure 8 shows the simulated tip currents at different tip–
substrate distances. In Figure 8a, only the tip electrode is po-
larized at a diffusion-controlled potential. In Figure 8b, both
the tip and substrate electrodes are polarized at diffusion-
controlled potentials. When there is no potential applied to


Figure 7. Schematic representation of the simulation domain and the pa-
rameters defining the diffusion problem for SECM.


Figure 8. Simulated tip currents in a solution containing interfering elec-
troactive species at different tip–substrate distances. a) A diffusion-con-
trolled potential applied on only the tip electrode, while the substrate
electrode is at open circuit; b) diffusion controlled potentials applied on
both the tip and substrate electrodes.
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the substrate electrode (Figure 8a), the normalized tip cur-
rents at different tip–substrate distances decrease dramati-
cally at the beginning, and then reach a relatively constant
value (typically, t>80). However, with the application of a
positive potential (i.e. , 0.4 V) to the substrate electrode, the
normalized tip current drops abruptly when t>20, and then
reaches a constant value (typically, t>40). In both cases, the
tip currents are prone to decrease at the closer tip–substrate
distances. However, the tip current decreases much more
rapidly when the electrochemical depletion of interfering
species is functioning. Table 1 shows the ratio of IT,S to IT,O


at different tip–substrate distances. With the shorter tip–sub-
strate distance, this ratio decreases rapidly, indicating that a
shorter tip–substrate distance can give a higher interference-
removing efficiency. This result is consistent with that shown
in Figure 4. At the same time, the tip current ratios decrease
with the increase of normalized time t, that is, between t=


40 and t=480 the ratio decreases from 1/418 to 1/1340 at a
normalized tip–substrate distance of 2.8. This result demon-
strates that the interference-removing efficiency increases
with the increase of the polarization time. These results are
reasonably consistent with those obtained in our practical
system, as shown in Figure 6. Evidently, the present ap-
proach has high interference-removing efficiency.


Conclusion


A novel approach with high selectivity for the detection of
glucose has been established based on the electrochemical
depletion of interfering electroactive species in the diffusion
layer of a substrate electrode. Factors influencing the selec-
tivity of glucose detection were systematically investigated
by using SECM. Both the experimental and simulation re-
sults showed that this interference-removing approach is a
promising scheme for constructing electrochemical microde-
vices. Furthermore, the tip and the substrate electrode can
be printed on a chip at an optimal distance, which makes
this configuration promising for practical applications.


Experimental Section


Chemicals : Glucose oxidase (EC 1.1.3.4, 200,000 Ug�1, Sigma) was used
as received. Nafion (wt. 5 % solution) and graphite powder (1–2 mm in di-
ameter) were from Aldrich. [Ru(NH3)6]Cl3 (Aldrich), uric acid (Lancas-
ter), ascorbic acid, glucose, and phosphate (Nanjing, China) were of ana-
lytical grade. 4-Acetaminophen (Nanjing, China) was of reagent grade.
Glucose was dissolved in 0.05 m phosphate buffer solution (PBS, pH 7.4,
containing 0.1 m KCl). All solutions were prepared with 18.2 MW deion-
ized water (Purelab Classic Corp., USA).


SECM system : A model CHI 900 SECM (CH Instruments, USA) was
used for the measurement of approach curves. The SECM tip was a Pt
microelectrode (a= 5 mm, isolating glass outer wall radius rg : a =10). All
electrochemical measurements were performed in a Teflon cell (ca.
2 mL). A four-electrode system was used for all measurements with a Pt
wire as counter electrode, Ag/AgCl (in 3m KCl) as reference electrode,
and the Pt tip as the first working electrode. A glassy carbon disk elec-
trode (GCE, 3.5 mm in diameter) modified with a GOD-Nafion-graphite
powder layer was used both as the second working electrode and the sub-
strate of SECM. Before each measurement, the Pt microelectrode was
polished with 0.05 mm alumina slurry on microcloth pads. Prior to glucose
detection, the SECM tip electrode was firstly positioned above the
sample surface by approaching the sample surface in 1 mm [Ru(NH3)6]Cl3


(1 mm) with a tip potential of �0.3 V. At this potential, [Ru(NH3)6]Cl3


was reduced according to the reaction given in Equation (3).


½RuðNH3Þ6�3þ þ e� ! ½RuðNH3Þ6�2þ ð3Þ


The tip was stopped when the tip current reached 125 % of the steady-
state diffusion-controlled tip current in bulk solution (iT,¥). The tip–sub-
strate distance was then determined by comparing the measured cathodic
current with the normalized current�distance (IT�L).[6] Sample solutions
were then added into the cell after rinsing with PBS (� 4; ca. 20 s for
each time) to remove any [Ru(NH3)6]Cl3 remaining in the tip–substrate
gap. A steady potential was applied on the tip electrode and the current–
time curves were recorded.


Fabrication of GOD-modified substrate electrode : We improved the im-
mobilization process of GOD reported by Karyakin and co-workers.[42] In
our case, the glassy carbon electrode was polished with alumina
(0.05 mm) and sonicated in water before modification. Nafion solution
(300 mL, wt. 5%) was neutralized by an aqueous solution of ammonia
(5 mL, wt. 25 %) up to pH 5.5. The neutralized Nafion solution was dilut-
ed to 1% by adding absolute ethanol (1195 mL). This Nafion solution
(100 mL, 1%) was then added into 10 mg graphite powder and mixed
under ultrasound for 30 min. A solution of GOD (10 mL; 100 mg mL�1, in
PBS pH 7.4) was introduced to the resultant mixture. After thoroughly
stirring, 5 mL of the final mixture was dropped onto the cleaned glassy
carbon electrode and the solvent was allowed to evaporate at a tempera-
ture of 4 8C for 30 min. Finally, the formed GNG-G electrode was dipped
in PBS (pH 7.4) for 5 min and was stored at 4 8C before use.
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