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Introduction


Advances in polymer chemistry and engineering have con-
tributed to many of the industrial and medical achievements
over the past 50 years. In the medical and biotechnology areas,
polymers are components of a variety of medical devices
ranging from the common catheter to functional prostheses.
Today linear polymers are the macromolecules of most wide-
spread use. However, other polymer architectures are avail-
able, for example, block, branch, comb, and especially
dendritic. Dendritic macromolecules offer a myriad of
possibilities for designing unique structures with specific
properties.


Dendrimers are monodisperse polymers that adopt a
globular three-dimensional shape as the generation number
(Gn) increases.[1±22] These highly-branched macromolecules
possess a well-defined core, interior region layers, and an
exterior corrugated surface affording a high surface-area-to-
volume ratio. With each successive generation, the number of
end groups doubles and the properties of the dendrimer
become more strongly influenced by the nature of the end
group. These chemical and structural attributes of dendrimers
translate to unique chemical and physical properties (e.g.,


solubility, chemical reactivity, viscosity, glass transition tem-
perature). Thus, opportunities exist to control both the three-
dimensional structure and material properties of dendrimers
through specific alterations at the molecular level. Since the
first dendrimer synthesis described by Vˆgtle,[23] these macro-
molecules have been actively investigated for a wide range of
applications including catalysis,[24±34] molecular encapsula-
tion,[35±44] light harvesting,[45±53] and drug delivery.[9, 11, 54±66]


Our working concept is that dendrimers composed of
natural metabolites or biocompatible building blocks will
possess unique chemical, physical, and mechanical properties,
and these new biomaterials will provide tailored solutions to
current tissue engineering challenges.[67±72] We are presently
developing new polymer synthesis methodologies, synthesiz-
ing dendritic polymers, and incorporating heteroatom groups
in the polymer structure for further derivatization. For each
new polymer, we characterize the macromolecule by NMR,
SEC, MALDI and DSC, determine the kinetics and mecha-
nism of polymer degradation, evaluate the rheological
properties, and measure the mechanical properties of the
crosslinked dendritic assemblies. In addition, we are evaluat-
ing these dendritic macromolecules as injectable tissue
adhesives and temporary cell scaffolds as a function of
molecular composition, structure, and properties. We have
synthesized a number of new dendritic macromolecules and
have evaluated one series of dendritic polymers for effective-
ness in repairing large corneal lacerations.


Monomer Selection


To optimize the chemical and physical properties (e.g.,
solubility, viscosity, adhesiveness, degradability, and in vivo
resident time and response) of a dendrimer, it is crucial to
identify the appropriate monomer building block(s). The
dendrimers described in the present article are composed of
biocompatible monomers, and hence termed ™biodendri-
mers.∫[73] Suitable candidates for biodendrimer synthesis
include natural metabolites, chemical intermediates found in
metabolic pathways, and monomers currently used for the
preparation of medical-grade linear polymers.


Monomers that are natural metabolites include amino
acids, sugars, �-hydroxy acids, and fatty acids. The amino acids
represent a large class of suitable monomers. In 1984 a
poly(lysine) dendrimer was first described.[74] and since
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several peptide-based dendrimers have been described.[75±77]


Later in that decade, Tam reported the use of poly(lysine)
dendrimers as multiple antigen peptides.[78±80] More recently,
Zimmerman has prepared peptide dendrimers using a cya-
noethylation ± hydrogenation strategy.[81] Naturally occurring
�-hydroxy acids are building blocks of synthetic linear
polyesters such as poly(lactic acid) (PLA) and poly(glycolic
acid) (PGA).[82, 83] PLA was first used as a bioresorbable
surgical suture,[84] and poly(hydroxy acids) are presently being
widely investigated for drug delivery (e.g., microspheres,
hollow fibers), wound closure (e.g., staples, dressings, mesh-
es), and orthopaedic applications (e.g., screws, pins, scaffolds).


Chemical intermediates found in metabolic pathways
include, for example, succinic acid, fumaric acid, citric acid,
and pyruvic acid. Monomers found in clinically used synthetic
polymers (e.g. poly(ethylene glycol) (PEG), poly(caprolac-
tone) (PCL), poly(trimethylene carbonate) (TMC), etc.) are
also prime candidates. Incorporation of one or more of these
monomer building blocks in a dendritic structure[73, 85] pro-
vides new opportunities to create well-defined, tailored
polymers for medical applications.[67±71, 86, 87]


Syntheses


Several synthetic approaches are currently used to prepare
aromatic and aliphatic dendritic macromolecules: divergent
(from core to surface),[13, 18±20, 88, 89] convergent (from surface
to core),[17, 90±94] and double-stage convergent.[92, 95] In a recent
Chemical Reviews article, Fre¬chet provides a detailed analysis
and description of the convergent and double-stage conver-
gent methods for dendrimer synthesis.[96] The divergent
approach was reported in the mid 1980×s,[19, 20] and several
thorough reviews on this topic are described by Newkome and
Vˆgtle.[7, 97, 98]


Presently, we are using the divergent approach to synthesize
biodendrimers constructed from a branching AB2 monomer
unit possessing one carboxylic acid and two hydroxyl groups.
This approach is described in the recent literature for
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Figure 1. Examples of monomers being explored for biodendrimer syn-
thesis.


the synthesis of polyether-ester and polyester biodendrimers
composed of glycerol and lactic acid or succinic acid,
respectively.[73, 85]


Scheme 1 depicts the divergent synthesis of a generation
four (G4) dendrimer. The dendritic architecture is created by
coupling the monomer in a head-to-tail manner. This diver-
gent approach requires the use of a protecting group for the
tail ; each generation, synthesized iteratively, requires a
coupling followed by a deprotection reaction.


Scheme 1. The divergent synthesis of dendrimers. Coupling of the mono-
mer in a head (blue) to tail (green) manner creates the dendritic
architecture. This divergent approach requires the use of a protecting
group (red) which facilitates a step-by-step process of coupling followed by
deprotection to create larger and larger dendrimers. a) coupling; b) de-
protection.


A representative list of the AB2 monomers we are inves-
tigating for biodendrimer synthesis is shown in Figure 1.
Monomers 1 and 2 are adducts of glycerol and glycolic acid or
lactic acid, respectively, whereas monomers 3 and 4 are
derivatives of succinic and adipic acid. Monomer 3 and 4,
unlike the first two, will afford a polyester dendrimer as
opposed to polyether-ester dendrimers. Additionally, the
hydrophobicity of the branching unit increases from mono-
mer 1 to 4. Monomers 5 and 6 are glycerol ± glycolic acid
amino acid derivatives, where the hydrophilicity/hydropho-
bicity of the monomer can be tuned by selecting the
appropriate amino acid. In all of these monomers, glycerol
is the key molecular structure constituting the branching unit
required for the dendritic architecture. The 1,3-hydroxyl
groups of glycerol are protected with a benzylidene acetal
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group (bzld), which is selectively cleaved under neutral
conditions by hydrogenolysis (Pd/C or Pd(OH)2/C and H2).
Moreover, the bzld group ensures sufficient solubility in
common organic solvents for dendrimer purification and
serves as an NMR tag for monitoring the successive den-
drimer generation reactions.


This approach is exemplified in the synthesis of a gener-
ation four poly(glycerol-succinic acid) dendrimer, [G4]-
PGLSA-OH (Scheme 2). First, a tetra-functional G0 core, 9,
was synthesized in two steps.[73, 85] Succinic acid was coupled to
two equivalents of cis-1,3-O-benzylideneglycerol (7) in the
presence of three equivalents of N,N-dicyclohexylcarbodi-
imide (DCC) and one equivalent of 4-(dimethylamino)pyridi-
nium 4-toluenesulfonate (DPTS) to yield 8 (90% yield). The
blzd group of the core was removed by hydrogenolysis (10%
Pd/C, 50 psi H2; THF) to afford the tetrahydroxy core, [G0]-


PGLSA-OH, 9, (97%). The branching ligand, 3 (2-(cis-1,3-O-
benzylidene-glycerol)succinic acid mono ester), was prepared
by treating 7 with succinic anhydride in pyridine (95% yield).
Next, compounds 3 and 9 were coupled in the presence of
DCC and DPTS to afford the protected G1 dendrimer.
Successive iteration of the esterification reaction followed by
the hydrogenolysis reaction afforded the larger G2 through
G4 PGLSA dendrimers. All the reaction yields were good to
excellent, and the overall reaction yield from G0 to the [G4]-
PGLSA-OH dendrimer, which included ten steps, was 41%.


The esterification and deprotection reactions were moni-
tored by 1H NMR spectroscopy since the relative integrated
areas of the aromatic, glycerol, and succinic acid protons
change with each successive generation. Molecular weight
data were determined by FAB/MALDI-TOF and size-exclu-
sion chromatography (SEC). The polydispersity indices


(PDIs) were 1.02 for all of the
PGLSA dendrimers. As ex-
pected, the agreement between
the calculated molecular weight
and the SEC determined mo-
lecular weight was high, but
worsened as the generation
number increased. The molec-
ular weight of the [G4]-
PGLSA-OH dendrimer is
10715. The protected PGLSA
dendrimers are amorphous sol-
ids at room temperature,
whereas the deprotected
PGLSA dendrimers are viscous
liquids. The protected PGLSA
dendrimers are soluble in com-
mon organic solvents (e.g.,
CH2Cl2, THF) and the hydrox-
yl-terminated PGLSA den-
drimers are soluble in polar
solvents such as dimethylform-
amide, ethanol, methanol, and
water.


We have used the divergent
approach to prepare more than
40 dendritic macromolecules in
the laboratory. Figure 2 shows
four representative examples
including: a G1 poly(glycerol-
succinic acid) polyester den-
drimer, [G1]-PGLSA-OH,[85] a
G2 poly(glycerol-glycolic acid-
phenylalanine) polyester-amide,
[G2]-PGLGA-Phe-OH,[99] a
G3 poly(glycerol-lactic acid)
polyester-ether dendrimer,
[G3]-PGLLA-OH,[73] and a
G4 poly(glycerol-succinic acid)-
poly(ethylene glycol) polyester-
ether hybrid dendritic-linear
polymer, ([G4]-PGLSA-OH)2-
PEG.[100]
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Degradation Characteristics


These dendritic macromolecules are designed to degrade in
vivo. Consequently, tuning the degradation rate or altering the
degradation mechanism of these materials is critical for future
in vivo use. The dendrimers described here are susceptible to
both acid/base and enzymatic degradation. The degradation
rate can be controlled through four parameters: 1) The
chemical bond between the monomer units. For example,
ester bonds will be more susceptible to hydrolysis than ether
or amide bonds. 2) The hydrophobicity of the monomer unit.
Based on known degradation characteristics of linear poly-
mers, a glycolic acid based dendrimer is likely to degrade
faster than a corresponding caproic acid based dendrimer.
3) The generation number and molecular weight of the
dendrimer. A larger more globular dendrimer is likely to
degrade more slowly than a first-generation dendrimer.
4) The inherent chemical reactivity present in the macro-
molecule. A structural motif that favors an internal self-
degradation reaction will accelerate the degradation rate. For
example, we observed that PGLLA dendrimers degrade
faster than PGLSA dendrimers. We attribute this reactivity
difference to the facile loss of a monomer unit from a


favorable internal six member cyclization reaction in the
PGLLA dendrimers. Once the guidelines for altering the
degradation rates of the biodendrimers are established, we
can optimize the materials for a specific in vivo use, since the
desired degradation rate of a synthetic biomaterial depends
on the implantation site.


Tissue Engineering


The field of tissue engineering aspires to supplement or
replace damaged or diseased tissue with functional synthetic
constructs.[67±72] These biomaterial constructs ideally must be
able to: 1) provide a temporary matrix for cells until a native
extracellular matrix is formed, 2) direct the arrangement of
different cells types to specific locations within the matrix,
3) modulate the biological activity through presentation of
specific signaling molecules in an appropriate temporal and
spatial manner, and 4) possess physical and mechanical
properties reminiscent of the host native tissue site being
replaced. At present, the polymers most used in clinical
practice and investigated in basic science laboratories are
linear polymers such as poly(lactic acid) (PLA), poly(glycolic


Figure 2. Representative examples of biodendrimers synthesized in the laboratory. blue� glycerol; red� succinic acid, phenylalanine, or lactic acid;
green�PEG.
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acid) (PGA), and poly(ethylene glycol) (PEG). Although
they are widely used, linear polymers suffer from an ill-
defined solution structure, a large distribution of molecule
weight, and limited control of polymer modification with one
or more ligands.


Dendrimers may offer more promise in the medical arena.
These macromolecules are currently being explored as
vehicles for drug delivery,[9, 54±59] cationic agents for gene
transfection,[60±64] inhibitors of influenza viruses,[65, 101±103] car-
riers for boron neutron capture therapy,[11, 104] and contrast
agents for magnetic resonance imaging.[66] We are presently
investigating dendritic macromolecules as new surgical clo-
sure materials for use in ophthalmology.


Specifically, we are synthesizing degradable, photocross-
linkable biodendrimer derivatives for repairing corneal
wounds. Corneal lacerations and perforations arise from a
variety of conditions including trauma, infection, and inflam-
mation. Such corneal wounds can lead to corneal scarring,
infection, cataract formation, synechiae formation, glaucoma,
and blindness.[105±112] If treated quickly and effectively, many of
these complications can be avoided.


In humans, corneal lacerations and perforations are most
frequently repaired with sutures. However, the use of sutures
has several drawbacks and limitations.[113, 114] First, the act of
suturing inflicts additional trauma to corneal tissues affording
an extended healing time. Second, nylon sutures can incite
corneal inflammation and vascularization. Third, corneal
suturing often leads to a regular or irregular astigmatism.
Fourth, sutures may become loose and/or broken requiring
subsequent postoperative care. Finally, suturing requires a
high technical skill level.


An attractive alternative is a sutureless procedure using a
tissue adhesive. Such a procedure immediately restores the
integrity of the eye globe and decreases the risk of surgical
complications.[115] In 1968, Webster et al. reported the use of
cyanoacrylate glue for the repair of perforated corneal
ulcers.[116] Although cyanoacrylate adhesives have proven to
be an effective therapeutic option in certain ophthalmic
settings such as sealing small corneal perforations (1 mm) and
prophylactic treatment of progressive corneal thinning dis-
orders,[116±122] they nevertheless have limitations with regard to
their ease of applicability and effectiveness.[120, 123±130]


In our laboratory we are exploring corneal tissue repair
through a new experimental strategy: in situ photocrosslink-
ing of a polymer. This in situ photocrosslinking approach
entails delivery of a liquid polymer followed by solidification
of the polymer to form a three-dimensional polymeric net-
work.[131] During this liquid to solid-phase transformation the
corneal wound is sealed. The manipulation of the mechanical,
electrical, or optical properties a synthetic construct or
implant in vivo is an exciting technology being explored by
several research groups, including ours.[69, 115, 132±137]


An effective polymer adhesive for repairing corneal
perforations must meet a number of requirements. Ideally, it
should 1) adhere to moist corneal surfaces, 2) possess rheo-
logical properties that allow for controlled and rapid place-
ment of the polymer on the wound, 3) polymerize to seal the
corneal wound only upon action of an external trigger (e.g.,
light), 4) quickly restore the intraocular pressure (IOP),


5) maintain the structural integrity of the eye, 6) possess a
refractive index matching the native cornea, 7) possess solute
diffusion properties favorable for normal corneal healing,
8) be biocompatible, and 9) be resorbed or extruded from
the wound on a time scale consistent with tissue regenera-
tion. Given these conditions, we hypothesized that the
chemical control associated with dendrimers may provide an
opportunity to design, synthesize, characterize, test, and
optimize a dendritic macromolecule as an ophthalmic tissue
adhesive.


To date, we have explored photocrosslinkable derivatives
of the PGLSA[85] and PGLSA-PEG[100] dendritic macro-
molecules functionalized with methacrylate groups. After
our initial studies, the hybrid dendritic ± linear copolymers
composed of succinic acid, glycerol, and poly(ethylene
glycol) (([Gn]-PGLSA)2-PEG) were selected for further
investigation. We initiated an in vitro study to determine
and compare the leaking pressure of corneal perfora-
tions sealed with standard sutures or the dendritic tissue
adhesive.[100]


In determining the leaking pressure, first a 4.1 mm lacer-
ation was made in an enucleated eye with a keratome blade.
The wound was then closed using either the photocrosslink-
able biodendritic copolymer or three interrupted 10-0 nylon
sutures. In the polymer repairing procedure, 10 �L of the
methacrylated ([G0]-PGLSA)2-PEG, ([G1]-PGLSA)2-PEG,
([G2]-PGLSA)2-PEG, or ([G3]-PGLSA)2-PEG copolymer
was applied to the laceration. Argon ion laser irradiation
produced the dendritic gel sealing the wound (Figure 3;
200 mW, 1 s exposures; 50 s total irradiation time; the photo-
initiator and co-catalyst used were ethyl eosin and TEA).
Once sealed, we injected saline into the anterior chamber
using a syringe inserted through the scleral until the repaired
wound leaked. The leaking pressure for both the nylon suture
(N� 6) and biodendrimer sealant (N� 3 for each copolymer
tested) treated eyes was measured using a cardiac transducer
probe inserted in the eye through the optic nerve. The mean
leaking pressures (LP) for the sutured treated eyes was 90�
18 mmHg. The leaking pressure for the eyes sealed with the
G1 photocrosslinkable derivative ([G1]-PGLSA-MA)2-PEG
(MA�methacrylate ) was 171� 44 mmHg. (For reference,
normal intraocular pressure in a human eye is between 15 and
20 mmHg.) The ([G0]-PGLSA-MA)2-PEG copolymer did
not seal the wound and ([G2]-PGLSA-MA)2-PEG polymer-
ized too quickly under the operating microscope to be
delivered to the wound in a controlled fashion (LP
�15 mmHg, for both copolymers). Copolymer ([G3]-
PGLSA-MA)2-PEG was insoluble in water and only slightly
soluble in alcohols, and when applied to the laceration did not
seal the wound.


The ([G1]-PGLSA-MA)2-PEG hybrid linear ± dendritic
copolymer secures the corneal laceration better than conven-
tional sutures. The repair procedure is approximately five
times faster than suturing the wound and does not induce
additional trauma to the wound. The crosslinked biodendritic
gel is adhesive, elastic, and transparent. These are favorable
properties for an ophthalmic sealant. The proposed mecha-
nism responsible for sealing the wound with the hybrid
dendritic ± linear copolymer is formation of an interpenetrat-
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Figure 3. An optical micrograph of a sealed 4.1 mm corneal laceration
using a photoactive PGLSA-PEG biodendrimer.


ing network (IPN) between the crosslinked copolymer and
the tissue, that is, physical entrapment (see Figure 4). This


Figure 4. An illustration of the proposed IPN tissue sealing mechanism.


mechanism is substantiated by the observation that the
copolymer alone without laser polymerization does not seal
the wound. If the copolymer is too hydrophobic an IPN
cannot form and tissue sealing does not occur.


Conclusion


In summary, the high yield divergent syntheses of dendrimers
composed of glycerol, lactic acid, glycolic acid, phenylalanine,
succinic acid, and poly(ethylene glycol) are described. This
modular synthetic approach allows for control of the chemical
and physical properties through discrete molecular changes at


the core, interior, and/or exterior regions. Modification or
functionalization of dendrimers for specific molecular inter-
actions, biological signaling, or three-dimensional network
formation through incorporation of photocrosslinking agents
or ionic crosslinking agents, ligands for biological receptors, or
pharmaceutical agents is an area actively studied by many
laboratories. Functional biomaterials such as the photocross-
linkable biodendrimers are of interest for in situ photo-
polymerization where controlled and rapid photo-induced gel
formation can occur in vivo. Using this procedure, we have
successfully sealed experimental corneal lacerations, and are
exploring the use of these materials for additional ophthalmic
surgeries. Biodendrimers are novel macromolecules for
medical applications (e.g., tissue engineering, drug delivery,
sensors) that offer additional opportunities for molecular
control of physical and chemical properties over conventional
linear polymers.


This concept article is intended to briefly summarize our
new results, pique scientific interest, and stimulate critical
discussions. Moreover, it is an invitation to the general
scientific community to examine this exciting area of macro-
molecular science that exists at the interface between
chemistry and biology.
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Substituent Effects on Edge-to-Face Aromatic Interactions


Fiona J. Carver,[a] Christopher A. Hunter,*[a] David J. Livingstone,[b] James F. McCabe,[a]
and Eileen M. Seward[c]


Abstract: Chemical double mutant cy-
cles have been used to measure the
magnitude of edge-to-face aromatic in-
teractions in hydrogen-bonded zipper
complexes as a function of substituents
on both aromatic rings. The interaction
energies vary depending on the combi-
nation of substituents from �1.0 kJ
mol�1 (repulsive), to �4.9 kJmol�1 (at-


tractive). The results correlate with the
Hammett substituent constants which
indicates that electrostatic interactions
are responsible for the observed differ-


ences in interaction energy. The experi-
ments can be rationalised based on local
electrostatic interactions between the
protons on the edge ring and the �-
electron density on the face ring as well
as global electrostatic interactions be-
tween the overall dipoles on the two
aromatic groups.


Keywords: host ± guest systems ¥
pi interactions ¥ supramolecular
chemistry


Introduction


Intermolecular interactions are sensitive to solvent, orienta-
tion and substituents. In order to experimentally probe the
basic chemistry which governs weak non-covalent interac-
tions, we require systems where one of these parameters can
be changed without affecting anything else. Synthetic supra-
molecular systems provide the ideal solution for developing
structure ± activity relationships for understanding intermo-
lecular interactions.[1] Simple dipole interactions such as
H-bonding have been understood for a long time,[2] but
aromatic interactions are more complicated, and have proved
more difficult to study.[3] Despite a number of structure ± ac-
tivity studies of aromatic interactions in supramolecular
systems, a consistent picture has not yet emerged. Diederich
found that electron withdrawing substituents increased the
affinity of naphthalene derivatives for an aromatic macro-
cycle.[4] Siegel and Cozzi have shown that electron with-


drawing substituents generally stabilise aromatic stacking
interactions.[5] However, if the quadrupole of one of the
groups is reversed by perfluorination, then electron donating
substituents are required in the other ring to produce a
favourable interaction.[6] These experiments suggest that
electrostatic interactions are important in determining the
magnitudes of aromatic interactions: increasing the electro-
static complementarity of the molecular surfaces leads to a
more favourable interaction. In contrast, Wilcox found no
evidence for significant electrostatic interactions in edge-to-
face aromatic interactions in his torsion balance and con-
cluded that van der Waals interactions were more impor-
tant.[7] We have been studying aromatic interactions in
H-bonded zipper complexes using chemical double mutant
cycles.[8] In this paper, we show how the approach has been
used to construct a structure ± activity relationship for edge-
to-face aromatic interactions.


Results and Discussion


To begin, we decided to investigate the influence of nitro,
hydrogen and dimethylamino substituents on both the edge
and the face ring of the edge-to-face aromatic interaction in
complex A (Scheme 1): this represents more or less the full
range of polarising effects which are accessible from strongly
electron withdrawing through neutral to strongly electron
donating and allows us to assess whether the thermodynamic
consequences are large enough to detect. Both para and meta
substituents were studied on the edge ring, since this change in
isomer introduces a significant difference in the geometry of
the aromatic interaction. Only para substituents were consid-
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ered on the face ring, because meta substituents would clash
with the neighbouring isopropyl group. In addition, the p-tert-
butyl group on the edge ring was investigated, since com-
pound 1 was already available in our laboratory.[8a]


Synthesis : The compounds required to construct the chemical
double mutant cycles in Scheme 1 were prepared according to
Schemes 2 and 3. Compounds 1 ± 6 have been reported
previously.[9] Simple amide coupling reactions were used to
prepare compounds 7 ± 11 from 6, and with the exception of
the synthesis of 11 which was not optimised, the reactions
proceeded in good yield. The introduction of substituents on
2,6-diisopropylaniline was achieved according to literature


procedures.[10] After protection
of the amine as the tosylate, 14
was selectively nitrated at the
para position to give 15 (pro-
tection as the acetate led to
nitration at the meta position).
Compound 15 was deprotected
with sulphuric acid to give the
desired p-nitroaniline, 16. How-
ever, the coupling of 16 with
isophthaloyl chloride to give 12
proved rather difficult. The
combination of the severe steric
hindrance and the electron
withdrawing effects of the p-
nitro substituent make 16 a
poor nucleophile, and the only
conditions which produced any
of the coupling product were
prolonged refluxing in dry pyr-
idine with 4-(dimethylamino)-
pyridine. The corresponding p-


dimethylaminoaniline (19) was prepared by reducing the
protected p-nitroaniline, 15, followed by reductive methyl-
ation and deprotection with sulphuric acid. 19 coupled readily
with isophthaloyl dichloride to give 13.


NMR Binding studies : The complexes formed by these
compounds were characterised using 1H NMR titration
experiments, and the results are summarised in Tables 1 ± 3.
For some of the weak binding complexes only 50% saturation
was achieved, and in general, this can lead to errors in the
association constant determined by curve fitting due to
uncertainty in extrapolation of the limiting complexation-
induced change in chemical shift (��).[11] However in these
systems, the �� values are consistent across the whole range
of complexes which indicates there are no problems in the
extrapolation for the weak binding complexes. The associa-
tion constants show a significant dependence on the nature of
the substituents X and Y (Table 1). For complex A which
contains the aromatic interaction of interest, the values range
from 8��1 when X�m-NMe2 and Y�NMe2 to 240��1 when
X� p-NMe2 and Y�NO2. The range of values observed for
the control complexes, B, C and D (which involve compounds
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3, 4 and 5 in Table 1) are smaller, but they are significant
which highlights the importance of the double mutant
approach. For example, all of the complexes which contain
nitro groups show enhanced stability regardless of whether


they contain a nitroaromatic
interaction or not. This implies
that one effect of the nitro
groups is to increase the
strength of the H-bonding in-
teractions by polarising the
amide NHs.


Structures of the complexes :
Information about the three-
dimensional structures of the
complexes was obtained from
the limiting complexation-in-
duced changes in chemical shift
for formation of a 1:1 complex
(�� values in Table 3) and in-
termolecular NOEs observed in
two-dimensional ROESY ex-
periments (Figure 1, Table 4).
The �� values in Table 3 are
remarkably similar for all of the
32 complexes, implying that the
range of chemical mutations
used does not have a dramatic
effect on the three-dimensional
structure of the complexes. The
isophthaloyl signals a and b
show large upfield shifts which
indicates that they sit over the
face of an aromatic ring, while
the other isophthaloyl signal c is
unaffected by complexation
which indicates that it sits on


the outside of the complex. The small downfield change in
chemical shift observed for the bisaniline aromatic protons i
and i� suggest that they sit on the edge of an aromatic ring and
that the isophthaloyl group is docked into the bisaniline


Table 1. Association constants (Ka in ��1) measured from 1H NMR titrations in deuterochloroform at 295 K.[a]


Bisaniline compound
Isophthaloyl 11 9 1 7 10 8 3 5
compound Y X : p-NMe2 m-NMe2 tBu H p-NO2 m-NO2 ± ±


13 NMe2 18� 1 8� 1 19� 1 22� 1 126� 5 52� 4 8� 1 6� 1
2 H 47� 2 23� 2 48� 2 43� 1 170� 6 80� 2 17� 1 12� 1
12 NO2 240� 30 122� 8 123� 9 122� 5 120� 6 126� 9 79� 4 47� 1
4 ± 17� 1 12� 1 15� 1 14� 2 25� 3 26� 2 10� 1 10� 1


[a] Average values from at least three separate experiments. Titration data for 4 ± 6 different signals were used to determine the association constant in each
experiment. Errors are quoted as twice the standard error from the weighted mean (weighting based on the observed change in chemical shift).
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Table 2. Free energies of complexation (�G in kJmol�1) measured from 1H NMR titrations in deuterochloroform at 295 K.[a]


Bisaniline compound
Isophthaloyl 11 9 1 7 10 8 3 5
compound Y X : p-NMe2 m-NMe2 tBu H p-NO2 m-NO2 ± ±


13 NMe2 � 7.1� 0.2 � 4.9� 0.3 � 7.2� 0.2 � 7.6� 0.1 � 11.8� 0.1 � 9.9� 0.2 � 4.9� 0.3 � 4.4� 0.4
2 H � 9.4� 0.1 � 7.8� 0.1 � 9.5� 0.1 � 9.2� 0.1 � 12.6� 0.1 � 10.7� 0.1 � 6.9� 0.1 � 6.0� 0.2
12 NO2 � 13.4� 0.3 � 11.7� 0.2 � 11.8� 0.2 � 11.7� 0.1 � 11.7� 0.5 � 11.7� 0.2 � 10.7� 0.1 � 9.5� 0.1
4 ± � 6.9� 0.1 � 6.0� 0.2 � 6.6� 0.2 � 6.5� 0.4 � 7.9� 0.3 � 8.0� 0.2 � 5.6� 0.3 � 5.6� 0.3


[a] Average values from at least three separate experiments. Titration data for 4 ± 6 different signals were used to determine the association constant in each
experiment. Errors are quoted as twice the standard error from the weighted mean (weighting based on the observed change in chemical shift).
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pocket in an edge-to-face geometry. All of the amide NH
signals experience downfield shifts indicating that they are
involved in H-bonding interactions. In complex A which
contains the edge-to-face aromatic interaction of interest,
the protons on the edge ring, k, k�, l and l�, all show significant
upfield complexation-induced changes in chemical shift which
confirms that they lie over the face of a nearby aromatic ring.
The small upfield shifts observed for the isopropyl methyl
signals of the isophthaloyl compound in complex A are
consistent with this edge-to-face geometry: the methyl groups
lie over the face of the benzoyl ring which is docked into the
groove between them on the face of the aniline ring. The ��


values for the 1 ¥ 2 complex have been used previously to
derive a complete three-dimensional structure which confirms
this interpretation of the chemical shift data.[12] Unambiguous
intermolecular NOEs were observed for all 12 complex A
molecules (Table 4, Figure 1). Although not all of the NOEs
in Figure 1 were observed for every complex, the pattern of
NOEs is the same for all 12 complexes and is consistent with
the three-dimensional structure shown in Scheme 1. The
isophthaloyl group is close to the bisaniline pocket, and there
are close contacts between the terminal aromatic rings
involved in the edge-to-face interactions.


The general pattern of �� values in Table 3 is the same for
all of the complexes, but there are some differences that are
worth noting. For example, the �� values for the isophthaloyl
signals a and b are consistently smaller in complexes C and D
compared with complexes A and B (Table 3a). We have
shown previously that these differences are due to increased
flexibility of the isophthaloyl group within the bisaniline pocket,
when the steric buttressing of the aniline rings is removed.[9c]


In other words, this represents a very minor structural change,
and since it occurs in two complexes in the double mutant
cycle (C and D), any thermodynamic effects cancel out when
all four complexes in the cycle are considered.


Table 3a. Limiting complexation-induced changes in 1H NMR chemical shift (�� in ppm) from NMR titrations in deuterochloroform at 295 K.[a]


Isophthaloyl compound
Complex X Y NH a b c d e f g


complex A
11 ¥ 13 p-NMe2 NMe2 � 0.8 � 1.1 � 0.3 0.0 0.0 � 0.1 0.0 0.0
11 ¥ 2 p-NMe2 H � 1.3 � 1.6 � 0.4 0.0 0.0 � 0.1 0.0 0.0
11 ¥ 12 p-NMe2 NO2 � 1.7 � 1.4 � 0.3 0.0 0.0 � 0.2 � 0.1 ±
9 ¥ 13 m-NMe2 NMe2 � 1.3 � 1.3 � 0.5 � 0.1 � 0.1 � 0.1 � 0.2 0.0
9 ¥ 2 m-NMe2 H � 1.3 � 1.4 � 0.3 � 0.1 � 0.1 � 0.2 0.0 0.0
9 ¥ 12 m-NMe2 NO2 � 1.6 � 1.3 � 0.3 � 0.1 � 0.1 � 0.2 � 0.1 ±
1 ¥ 13 p-tBu[b] NMe2 � 1.3 � 1.3 � 0.3 0.0 0.0 � 0.1 0.0 0.0
1 ¥ 2 p-tBu[b] H � 1.4 � 1.6 � 0.4 0.0 0.0 � 0.2 0.0 � 0.1
1 ¥ 12 p-tBu[b] NO2 � 1.9 � 1.4 � 0.3 � 0.1 0.0 � 0.2 � 0.1 ±
7 ¥ 13 H NMe2 � 1.1 � 1.2 � 0.3 0.0 0.0 � 0.1 0.0 0.0
7 ¥ 2 H H � 1.3 � 1.6 � 0.4 0.0 0.0 � 0.1 0.0 0.0
7 ¥ 12 H NO2 � 1.4 � 1.3 � 0.3 0.0 0.0 � 0.2 0.0 ±
10 ¥ 13 p-NO2 NMe2 � 1.1 � 1.5 � 0.5 0.0 � 0.1 � 0.1 0.0 � 0.1
10 ¥ 2 p-NO2 H � 1.2 � 1.7 � 0.5 0.0 � 0.1 � 0.2 0.0 � 0.1
10 ¥ 12 p-NO2 NO2 � 1.6 � 1.3 � 0.4 0.0 0.0 � 0.2 0.0 ±
8 ¥ 13 m-NO2 NMe2 � 1.0 � 1.4 � 0.4 0.0 � 0.1 � 0.2 0.0 0.0
8 ¥ 2 m-NO2 H � 1.1 � 1.5 � 0.4 0.0 � 0.1 � 0.2 � 0.1 0.0
8 ¥ 12 m-NO2 NO2 � 1.4 � 1.5 � 0.4 0.0 � 0.1 � 0.2 � 0.1 ±


complex B
3 ¥ 13 ± NMe2 � 1.0 � 1.5 � 0.4 0.0 0.0 � 0.1 0.0 0.0
3 ¥ 2 ± H � 1.4 � 1.7 � 0.6 0.0 � 0.1 � 0.2 � 0.1 0.0
3 ¥ 12 ± NO2 � 1.6 � 1.5 � 0.4 0.0 0.0 � 0.1 � 0.1 ±


complex C
11 ¥ 4 p-NMe2 ± � 0.9 � 0.7 � 0.3 0.0 ± ± ± � 0.3
9 ¥ 4 m-NMe2 ± � 0.9 � 1.0 � 0.1 0.0 ± ± ± � 0.3
1 ¥ 4 p-tBu[b] ± � 1.1 � 0.7 � 0.2 0.0 ± ± ± � 0.3
7 ¥ 4 H ± � 0.8 � 0.7 � 0.2 0.0 ± ± ± � 0.3
10 ¥ 4 p-NO2 ± � 0.7 � 0.8 � 0.3 0.0 ± ± ± � 0.3
8 ¥ 4 m-NO2 ± � 0.7 � 0.8 � 0.4 0.0 ± ± � 0.3


complex D
3 ¥ 4 ± ± � 1.0 � 0.8 � 0.4 0.0 ± ± ± � 0.3


complexes with 5[c]


5 ¥ 13 ± NMe2 � 0.6 � 0.9 � 0.3 0.0 0.0 0.0 0.0 0.0
5 ¥ 2 ± H � 1.1 � 1.5 � 0.4 0.0 0.0 0.0 0.0 0.0
5 ¥ 12 ± NO2 � 1.5 � 1.5 � 0.5 0.0 0.0 � 0.1 0.0 ±
5 ¥ 4 ± ± � 0.7 � 0.7 � 0.4 0.0 ± ± ± � 0.2


N
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Figure 1. Intermolecular NOEs observed in ROESY experiments on 1:1
mixtures of the components of the complexes A (Table 4).
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Table 3b. Limiting complexation-induced changes in 1H NMR chemical shift (�� in ppm) from NMR titrations in deuterochloroform at 295 K.[a]


Bisaniline compound
Complex X Y NH i j k l m NH� i� j� k� l� m� k�� l��


complex A
11 ¥ 13 p-NMe2 NMe2 � 1.2 � 0.2 � 0.2 � 0.1 � 0.4 � 0.1 � 1.6 � 0.2 � 0.2 � 0.3 � 0.3 � 0.2 ± ±
11 ¥ 2 p-NMe2 H � 1.1 � 0.2 � 0.2 � 0.2 � 0.1 0.0 � 0.8 � 0.2 nd � 0.1 � 0.2 � 0.1 ± ±
11 ¥ 12 p-NMe2 NO2 � 0.3 � 0.2 0.0 � 0.3 � 0.4 � 0.1 � 1.0 � 0.2 � 0.1 � 0.5 � 0.4 � 0.1 ± ±
9 ¥ 13 m-NMe2 NMe2 nd � 0.2 0.0 � 0.2 � 0.3 � 0.1 nd � 0.2 0.0 � 0.1 � 0.3 � 0.1 � 0.1 � 0.2
9 ¥ 2 m-NMe2 H nd � 0.1 � 0.1 � 0.1 � 0.3 0.0 nd � 0.1 � 0.1 � 0.1 0.0 � 0.2 nd � 0.2
9 ¥ 12 m-NMe2 NO2 � 0.4 nd � 0.1 � 0.2 � 0.2 � 0.1 � 0.4 � 0.1 nd � 0.2 nd � 0.1 nd � 0.2
1 ¥ 13 p-tBu[b] NMe2 � 1.2 � 0.2 0.0 � 0.2 � 0.4 � 0.1 � 1.2 � 0.2 0.0 � 0.2 � 0.4 � 0.1 ± ±
1 ¥ 2 p-tBu[b] H � 1.1 � 0.2 0.0 � 0.3 � 0.5 � 0.1 � 1.1 � 0.2 0.0 � 0.3 � 0.5 � 0.1 ± ±
1 ¥ 12 p-tBu[b] NO2 � 0.6 � 0.2 0.0 � 0.3 � 0.4 � 0.1 � 0.6 � 0.2 0.0 � 0.3 � 0.4 � 0.1 ± ±
7 ¥ 13 H NMe2 � 1.6 � 0.2 0.0 � 0.2 nd � 0.1 � 1.6 � 0.2 0.0 � 0.2 nd nd ± ±
7 ¥ 2 H H nd � 0.1 0.0 � 0.2 nd 0.0 � 0.7 nd 0.0 � 0.2 nd nd ± ±
7 ¥ 12 H NO2 � 0.5 � 0.1 0.0 � 0.2 nd � 0.1 � 0.3 nd 0.0 � 0.2 nd nd ± ±
10 ¥ 13 p-NO2 NMe2 � 0.4 � 0.3 0.0 � 0.5 � 0.4 � 0.1 � 2.6 � 0.2 � 0.1 � 0.1 � 0.6 ± ± ±
10 ¥ 2 p-NO2 H � 0.4 � 0.2 0.0 � 0.5 � 0.4 � 0.1 � 2.4 � 0.3 � 0.1 0.0 � 0.6 ± ± ±
10 ¥ 12 p-NO2 NO2 � 0.3 � 0.3 � 0.1 � 0.8 � 0.6 � 0.2 � 2.4 nd 0.0 � 0.1 � 0.7 ± ± ±
8 ¥ 13 m-NO2 NMe2 � 0.3 � 0.2 0.0 � 0.4 � 0.4 � 0.1 � 2.1 � 0.2 � 0.1 � 0.3 � 0.5 0.0 � 0.1 ±
8 ¥ 2 m-NO2 H � 0.4 � 0.1 0.0 � 0.4 � 0.5 0.0 � 1.8 � 0.1 0.0 � 0.1 � 0.9 � 0.2 0.0 ±
8 ¥ 12 m-NO2 NO2 � 0.2 � 0.1 0.0 � 0.5 � 0.4 � 0.1 � 2.3 � 0.2 0.0 � 0.1 � 0.3 � 0.2 � 0.1 ±


complex B
3 ¥ 13 ± NMe2 � 1.1 � 0.2 � 0.2 � 0.1 � 0.4 � 0.1 � 0.7 � 0.2 0.0 ± ± � 0.2 ± ±
3 ¥ 2 ± H � 0.9 � 0.2 � 0.1 � 0.2 � 0.4 0.0 � 0.6 � 0.2 0.0 ± ± � 0.2 ± ±
3 ¥ 12 ± NO2 � 0.4 nd � 0.1 � 0.3 � 0.3 � 0.1 nd � 0.1 � 0.3 ± ± � 0.2 ± ±


complex C
11 ¥ 4 p-NMe2 ± � 1.0 0.0 � 0.1 � 0.1 0.0 � 0.2 � 0.6 nd � 0.1 � 0.3 0.0 0.0 ± ±
9 ¥ 4 m-NMe2 ± � 0.9 0.0 � 0.1 0.0 � 0.1 0.0 � 0.9 0.0 � 0.1 � 0.1 0.0 0.0 nd � 0.1
1 ¥ 4 p-tBu[b] ± � 0.9 0.0 � 0.1 � 0.1 � 0.1 0.0 � 0.9 0.0 � 0.1 � 0.1 � 0.1 0.0 ± ±
7 ¥ 4 H ± � 1.2 0.0 � 0.1 � 0.1 � 0.1 0.0 � 1.2 0.0 � 0.1 � 0.1 nd nd ± ±
10 ¥ 4 p-NO2 ± � 1.0 � 0.1 � 0.2 � 0.1 0.0 0.0 � 2.0 0.0 0.0 � 0.2 � 0.1 ± ± ±
8 ¥ 4 m-NO2 ± � 1.2 � 0.1 � 0.2 0.0 0.0 0.0 � 2.2 � 0.1 � 0.1 � 0.2 � 0.1 � 0.1 � 0.3 ±


complex D
3 ¥ 4 ± ± � 1.3 0.0 � 0.2 � 0.1 � 0.1 0.0 � 1.1 0.0 � 0.1 ± ± 0.0 ± ±


complexes with 5[c]


5 ¥ 13 ± NMe2 ± ± ± ± ± ± � 0.5 0.0 � 0.2 ± ± � 0.3 ± ±
5 ¥ 2 ± H ± ± ± ± ± ± � 0.9 � 0.1 0.0 ± ± � 0.2 ± ±
5 ¥ 12 ± NO2 ± ± ± ± ± ± � 0.4 � 0.1 � 0.1 ± ± � 0.3 ± ±
5 ¥ 4 ± ± ± ± ± ± ± ± � 0.6 0.0 � 0.1 ± ± 0.0 ± ±


[a] Calculated by extrapolating titration data for formation of 1:1 complexes. See Scheme 4 for the proton labelling scheme. Dashes indicate signals that do
not exist in the complex concerned. nd represents data that was not determined due to signal overlap. [b] When X� tBu, the bisaniline compound (1) is
symmetrical, soNH, i ±m are equivalent toNH�, i� ±m�, and the data are listed as two sets of identical values. [c] Compound 5 is symmetrical, andNH, i ±m do
not exist in this molecule, so the data are recorded as one set of values, NH�, i�, j� and m�, according to the labels in Scheme 4.


Table 4. Intermolecular NOEs observed in two-dimensional ROESY experiments in deuterochloroform at 295 K.[a]


Bisaniline compound
Isophthaloyl 11 9 1 7 10 8
compound Y X : p-NMe2 m-NMe2 p-tBu[b] H p-NO2 m-NO2


13 NMe2 a ± j
b ± j, j� b-j, j� b-j b-j, j� b-j, j� b-j, j�


e ± k,l e-k,l e-k,k�,l e-k,k�,l e-k�,l,l�
f ±m f ±m f,g ±m g ±m


2 H a ± j, j� a ± j
b ± j, j� b ± j, j� b ± j b ± j, j� b-j, j� b-j, j�
e ± k,k�,l e ± k,l e-k,k�,l,l� e ± k,k�,l,l� e ±k,k�,l�
f ±m f,g ±m g ±m


12 NO2 b ± j b ± j, j� b ± j b ± j, j� b ± j, j� b ± j, j�
e ± k e ± k,l e ± k,k� e ± k�


f ±m f ±m f ±m f ±m


[a] Experiments were carried out on 1:1 mixtures of the two components at the maximum concentration possible (1 ± 10m�). See Scheme 4 for the proton
labelling scheme and Figure 1 for a generalised illustration of the intermolecular NOEs in complex A. [b] For X� tBu, the bisaniline compound (1) is
symmetrical, so the two sides of the molecule are equivalent. Only one set of NOEs is recorded, but j�, k�, l� andm� are equivalent to j, k, l, andm, respectively.
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The signals that show the greatest variation in�� values are
those due to the amide protons. This is in part due to the fact
that the changes are much larger for these signals and that the
chemical shifts of signals due to H-bonded protons are
dramatically altered by small changes in geometry, but in
some cases, the very large differences observed appear to
reflect a significant structural change. The complexes formed
with compounds 10 and 8 provide the clearest examples. The
�� value for NH� is approximately double that observed for
the other systems, while the value for the bisaniline NH is
unusually small (Table 3b). There are several possible
explanations (for X�NO2):
1) The hydrogen bond is stronger (as the Ka values in Table 1


suggest) and therefore shorter, and this change in geom-
etry has a significant effect on the �� value;


2) the amide proton is more easily polarised which makes in
the chemical shift of the proton more sensitive to electric
field effects;


3) there is a change in the position of the equilibrium
between the � and � conformers depicted in Scheme 5.


The difference between conformers � and � is the orientation
of the amide groups and H-bonds (see Scheme 5). This leads
to a subtle difference in the orientation of the interaction
between the terminal functional groups. Conformer � in-
volves the edge ring carbonyl oxygen as the hydrogen-bond
acceptor and the face ring NH as the H-bond donor.
Conformer � involves the edge ring NH as the H-bond donor
and the face ring carbonyl oxygen as the H-bond acceptor.


Although the other effects may play some role, the last
explanation is clearly the most appealing, since it also
accounts for the reduction in the �� value for the NH signal
on the other side of the molecule. The presence of the two
conformers in Scheme 5 and the significance for the double
mutant analysis was discussed previously.[8, 9, 13] However, the
systems described here provide an excellent probe of the � ± �
equilibrium: in conformer �, the bisaniline NH is hydrogen
bonded and NH� is not, whereas in conformer �, NH� is
hydrogen bonded and the bisanilineNH is not, and this will be
reflected in the corresponding �� values. For most of the
complexes, the�� values for the bisaniline NH and NH� are
comparable which indicates roughly equal amounts of con-
former � and � are present. However, when X�NO2, con-
former � becomes significantly more stable. This could be
caused by a difference between the strengths of the terminal
aromatic interactions in the two conformers, but the most
plausible explanation is that the electron withdrawing effect


of the nitro group makesNH� a much stronger hydrogen-bond
donor than NH. Thus the double mutant cycles for the X�
NO2 systems really measure the interaction in conformer �,
whereas the other interactions are measured as a population-
weighted average of the two different conformers.


On closer examination of the �� values for the protons on
the terminal aromatic rings, k, k�, l and l�, the change in the
geometry of the complex from the � to the � conformer is
clearly visible (Table 3b). In general in complex A, the ��


values for k and k� and for l and l� are comparable, but the
magnitudes of the upfield shifts are slightly larger for l and l�.
However, when X�NO2, a completely different pattern is
observed. The values for the two sides of the molecule are no
longer the same: �� for k� is close to zero; l� shows a large
negative change; k and l show smaller negative �� values, but
the change for k is slightly larger than for l. This pattern
compares well with the�� values calculated previously for the
1 ¥ 2 complex (Figure 2). The experimentally observed ��


values for the 1 ¥ 2 complex were used to determine a three-
dimensional structure, and this process involved calculation of


theoretical �� values for every
individual proton in the com-
plex and then averaging the
symmetry-related values.[12]


Thus, we can look at predicted
�� values for lower symmetry
complexes (Figure 2, R � R�).
The pattern of predicted ��


values is precisely that ob-
served for the X�NO2 com-
plexes, and if we average across
the complex (i.e., make R�
R�), we obtain the pattern ob-


served for the other complexes in which conformers � and �


are present in equal amounts. The theoretical chemical shift
calculation also helps with the interpretation of these values.
In particular, why is the value for k� �0.1 ppm in Figure 2
even though it sits above the face of an aromatic ring?
Although there is a ring current contribution of �0.3 ppm to
the �� value for k� (which is the average of the values for the
two equivalent k� protons), there is an even larger positive
contribution of �0.4 ppm which comes from the electric field
and anisotropy of the nearby amide carbonyl group. Thus, the
�� values observed for k� when X�NO2 indicate that there is
a close contact between k� and the carbonyl oxygen which
could represent a CH±O hydrogen-bonding interaction (Fig-
ure 2).
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Scheme 5. Conformational equilibrium in unsymmetrical complexes.


N
N O


O


R'
R


H


H


N


O


O


N


H


H


H


-0.4
+0.1


+2.2
-0.5


+0.1


-0.6
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The one major problem which becomes apparent from the
data in Table 3b is the behaviour of the X�m-NMe2 systems
in complex A. An additional conformational equilibrium is
possible for these complexes: in the In conformer, the meta
substituent is folded onto the face of the aniline ring, and in
the Out conformer, it is directed away from the complex
(Scheme 6). Significant upfield shifts are observed for the


signals due to the dimethylamino protons, l��. In addition, the
�� values for k� and l� are rather small which suggests that the
X�m-NMe2 complex spends a significant amount of time in
the In conformation. When X�m-NO2, there is no 1H NMR
probe at position l��, but the large upfield shifts observed for l�
suggest that the In conformer is not significantly populated.
The interaction energy measured by the double-mutant cycle
is therefore a weighted average of the In and Out conformers
for the X�m-NMe2 systems. Since the In conformer features
a different interaction, an NMe ±� interaction, these double-
mutant cycles are not very meaningful. Although this does not
occur for the X�m-NO2 systems, there is a related problem,
because the In conformer is not blocked by the hexyl chains in
complex C. In principle, the �� values for k� and k�� should
give an indication of the relative populations of the In andOut
conformers, but the magnitudes of the chemical shift changes
are rather small. The value for k�� is slightly larger in
complex C, while the values for k� are slightly larger in
complex A. This suggests that complex C populates both
conformers, while complex A exists mainly as the In con-
former. To account for this difference, we must modify the
double-mutant cycle equation by adding a statistical term to
allow for the two-fold difference in symmetry between
complexes A and C:


��G (m-X)��GA��GB��GC��GD�RT ln2 (1)


Strictly, the statistical factor used here should reflect the ratio
of the In and Out conformers in complexes A and C, but this
can not be measured accurately, and given the chemical shift
data above, a value of two seems to be a reasonable estimate.


Indirect evidence for the geometry of the aromatic
interactions in these complexes can be obtained from model
compounds as explained previously.[14] The packing of simple
aromatic amides in the crystalline state gives rise to the same
hydrogen bonds and edge-to-face interactions found in the
solution complexation studies discussed above. Thus, the


behaviour of the model compounds shown in Figure 3a) in the
solid state gives us some insight into the effect of different
substituents on the geometry of the terminal aromatic
interaction in complex A in solution. Figure 3b) shows an
overlay of dimers taken from the X-ray crystal structures of
seven model compounds for which we have been able to
obtain suitable quality single crystals. Clearly the geometry of


the aromatic interaction is un-
affected by changing the sub-
stituents on the two aromatic
rings, and this provides further
weight to the assertion that the
geometry of complex A is in-
sensitive to the nature of X and
Y. The steric interactions asso-
ciated with themeta substituted
edge rings make them unsuit-
able for X-ray studies, since the
model compounds crystallise as


linear H-bonded polymers with edge-to-face interactions on
both sides of each aromatic ring.


Experimental determination of edge-to-face aromatic inter-
action energies : These experiments show that this is a suitable
system for a structure ± activity study using the double mutant
cycle approach. For all 32 complexes, the key functional
groups have the same relative position and orientation, and
any subtle structural changes that take place occur in a pair-
wise fashion for two components of the double-mutant cycle.
Using the data in Table 2 and the double mutant cycle in
Scheme 1, the magnitude of the terminal edge-to-face aro-
matic interaction in complex Awas calculated as a function of
X and Y. The results are summarised in Table 5. Although
many of the values are similar (the same within the
experimental error), there is a substantial spread from
�1.2 kJmol�1 to �4.6 kJmol�1 which is equivalent to an
order of magnitude in the binding constant. The method
clearly allows us to quantify both repulsive and attractive
intermolecular interactions. When X�Y� p-NO2, the aro-
matic interaction is unfavourable. Although the precise values
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Scheme 6. Conformational equilibrium formeta-substituted edge rings. The substituent X can face into or out of
the complex, and this affects the nature of the interaction that the double mutant
cycle measures.


Figure 3. a) Model compounds used to probe the geometry of the aromatic
interactions in the solid state as a function of substituent (X�NO2, Y�
tBu; X�NO2, Y�NMe2; X�H, Y�NO2; X�H, Y� tBu; X�H, Y�
NMe2; X�NMe2, Y� tBu; X�NMe2, Y�NMe2). b) An overlay of
dimers found in the X-ray crystal structures of these compounds.[13]
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of the aromatic interaction energy are probably not directly
transferable to other systems which may have a different
geometry, combinations of functional groups or solvent, the
data in Table 5 does provide a useful qualitative guide to the
trends that might be expected and the size of potential
thermodynamic effects. For example, if X�NMe2, the inter-
action energy is insensitive to the nature of the face ring, but if
X�NO2, dramatic changes in the interaction energy can be
achieved by changing the substituents (Y) on the face ring.


There are clear trends in Table 5, but they are rather
difficult to interpret. If we consider the para substituent data
only: when Y�H, the aromatic interaction becomes increas-
ingly more favourable as X becomes more electron with-
drawing, but when Y�NO2, the interaction becomes more
favourable as X becomes more electron donating. The data
were therefore analysed using Hammett substituent con-
stants, �p. Straight line correlations were obtained for plots of
��G versus �p for both X and Y, and these correlations can be
combined into a single function, Equation (2), plotted in
Figure 4a).


��G(p-X) [kJmol�1]� 5.2�X�Y� 1.9�X� 1.4�Y� 1.5 (2)


The correlation with �p shows that the variation in functional
group interaction energies in Table 5 are a consequence of the
change in the electrostatics of the system due to the polarising
effects of the substituents. The terms in Equation (2) can be
rationalised using the simple model in Figure 5. The constant,
�1.5, in Equation (2) is simply a weakly attractive edge-to-
face aromatic interaction in the absence of any substituents.
The cross-term, 5.2�X�Y, makes an attractive contribution to
the interaction energy when the two aromatic rings are
polarised in opposite senses: this can be interpreted as the
interaction between the overall functional group dipoles
(Figure 5b)). The other two terms can be interpreted based on
local electrostatic interactions (Figure 5a)). Electron with-
drawing substituents on the edge ring make the interaction
more favourable, because they increase the positive charge on
the edge ring hydrogens, and this increases the electrostatic
interaction with the �-electron density on the face ring.
Conversely, electron donating substituents on the face ring
make the interaction more favourable, because they increase
the �-facial electron density, and this increases the electro-
static interaction with the edge ring hydrogens.


Due to the In/Out conformational equilibrium which
invalidates the X�m-NMe2 double mutant cycles
(Scheme 6), the only interaction energy data available from
the meta substituted edge rings is for X�m-NO2. Never-
theless, this data can be analysed in the same manner along
with the data for the simple unsubstituted edge ring (X� p-H


Figure 4. Hammett plots for the experimental double mutant cycle
aromatic interaction energies in Table 5. a) Experimental data for the
para-substituted edge rings plotted against the values calculated using
Equation (2). b) Experimental data for the meta-substituted edge rings
plotted against the values calculated using Equation (3). The data for m-
NMe2 are not shown, because these complexes adopt the In conformation
(Figure 3), and this invalidates the approach.


Figure 5. A model which explains the Hammett correlations in Equa-
tions (2) and (3). a) The last three terms in Equations (2) and (3) are the
same, and this reflects local electrostatic interactions between the positively
charged hydrogens on the edge ring and the �-electron density on the face
ring. Changing the orientation of the substituent has little effect on these
interactions. b) The cross-term in Equation (2) reflects the electrostatic
interaction between the global dipoles across the two para-substituted
aromatic rings. The interaction is most favourable when the two groups are
polarised in opposite directions. c) The cross-term in Equation (3) also
reflects the electrostatic interaction between the global dipoles across the
two meta-substituted aromatic rings. Again, the interaction is most
favourable when the two groups are polarised in opposite directions, but
because the dipoles are no longer parallel, the magnitude of this effect is
reduced by a factor of 2 (1/cos60�).


Table 5. Aromatic interaction energies (���G in kJmol�1) in deuterochloroform at 295 K measured using the double mutant cycle in Scheme 1.


p-X m-X
Y NMe2 tBu H NO2 NMe2[a] H NO2


NMe2 � 0.9� 0.5 � 1.3� 0.5 � 1.8� 0.6 � 4.6� 0.5 � 1.6� 0.5 � 1.8� 0.6 � 4.3� 0.5
H � 1.1� 0.4 � 1.6� 0.4 � 1.4� 0.5 � 3.4� 0.4 � 2.0� 0.4 � 1.4� 0.5 � 3.1� 0.4
NO2 � 1.4� 0.5 � 0.1� 0.4 � 0.2� 0.5 � 1.2� 0.6 � 2.4� 0.4 � 0.2� 0.5 � 0.5� 0.4


[a] These results are not reliable because this system is complicated by the in/out conformational equilibrium illustrated in Scheme 5.
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and X�m-H are identical). Again straight line correlations
are obtained from Hammett plots using the Y substituent
constants. There are only two X substituents, but using these
in the same way as before, we can derive a relationship for the
meta substituent interaction energy as a function of the X and
Y substituent constants, Equation (3), which is plotted in
Figure 4b).


��G(m-X) [kJmol�1]� 2.5 �X�Y� 2.3�X� 1.5 �Y� 1.4 (3)


The coefficients in Equations (2) and (3) are very similar
with the exception of the cross-term which is significantly
smaller for the meta substituents. This indicates that the local
electrostatic effects in Figure 5a) are insensitive to the
position of the X substituent: the edge ring hydrogens are
still made more positive by an electron withdrawing group.
However, the global electrostatic effects are very sensitive to
the position of the substituent. This can be explained, if we
consider that changing from a para to a meta substituent
rotates the global dipole of the edge ring through 60�, so the
functional group dipoles are no longer aligned, and the
interaction is reduced (compare Figure 5b) and c)). Indeed, if
we assume that the dipoles are approximately parallel in the
para case, then we should expect the dipole ± dipole inter-
action energy to fall by a factor of cos60� � 0.5 in the meta
case. This is exactly what is observed: the cross-term
coefficient in Equation (3) is half that in Equation (2). Thus,
although there is significantly less data for the meta system,
the behaviour provides good support for the explanation
proposed for the para substituents. The meta data and
consequently Equation (3) is affected to some extent by the
assumptions about the In ±Out equilibrium in Scheme 6. If
the statistical factor of two was not applied in Equatiopn (1),
then all of the ��G values for X�m-NO2 would be raised by
1.7 kJmol�1. Therefore the correlation with the Hammett
substituent constants would be equally good, and although
some of the coefficients would be altered, the coefficient for
the cross-term would still be 2.5. We can thus derive a
generalised Hammett equation for all of the complexes
discussed here:


��G [kJmol�1]� (5.2cos� )�X �Y� 0.1�X� 1.5�Y� 1.4 (4)


where � is the angle between the polarising substituents on
the two aromatic rings.


Quantification of secondary interactions : As discussed above,
the secondary interactions in these systems are significant.
They represent the sum of changes in H-bond strength and
interactions between the mutated aromatic rings and the core
of the zipper complex, such as the CH±O hydrogen bond
shown in Figure 2. The secondary interactions are quantified
by comparing individual arms of the double-mutant cycles
(Table 6). The data for the benzoyl groups can be interpreted
in a straightforward manner, since the only difference
between complexes C and D is the benzoyl to tert-butyl
mutation, that is the secondary interactions are given by
�GC � �GD (Scheme 1). However, the data for the aniline
groups is more complicated, because two functional groups
are simultaneously mutated on going from B to D. The


secondary interactions could be estimated as (�GB ��GD)/2,
but this value is perturbed by a contribution from changes in
the benzoyl ± aniline interaction. A better measure of the
secondary interactions between the aniline groups and the
core of the complex alone can be obtained by considering the
complexes formed with 5 (Scheme 7). The values turn out to
be similar to those obtained from (�GB � �GD)/2 (see
Table 6), but we will only discuss the data obtained using
the 5 complexes.
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Scheme 7. Complexes used to quantify the magnitude of the secondary
interactions between the substituted aniline rings and the core of the
complex.


The values of the secondary interactions range from�1.2 to
�2.4 kJmol�1 and are plotted against �p in Figure 6. The data
for the anilines and meta substituted benzoyl groups give
similar correlations with �p: the more electron withdrawing
the substituent, the more stable the complex. In these two
systems, the substituents are not directly conjugated to the
amide group, and so inductive effects dominate. The results
can be rationalised as changes in hydrogen-bond strength due
to changes in the polarity of the amide NH, although there
may be additional effects such as the CH ¥ ¥ ¥O hydrogen bond
between k� and the isophthaloyl amide oxygen discussed
above. The behaviour of the para substituted benzoyl groups
is similar in the electron withdrawing regime, but there is a
change of slope for electron donating groups (Figure 6). In
these systems, the substituent is directly conjugated to the
amide group, and this may cause a change in the structure of
the complex through the � ± � conformational equilibrium
discussed above. Electron donating groups should make the
amide carbonyl oxygen a better hydrogen-bond acceptor
favouring the � conformer, while electron withdrawing groups
should make the amide NH a better hydrogen-bond acceptor
favouring the � conformer. The changes in chemical shift
confirm that the X�NO2 systems adopt the � conformer, but
the data for the electron donating substituents is less clear cut.


Table 6. Secondary interactions (��G in kJmol�1) in deuterochloroform
at 295 K.


Functional Position in complex A
group Y[a] Y[b] p-X[c] m-X[c]


NMe2 � 1.2� 0.5 � 0.7� 0.4 � 1.3� 0.3 � 0.4� 0.4
tBu ± ± � 1.0� 0.4 ±
H � 0.4� 0.4 � 1.3� 0.3 � 0.9� 0.5 � 0.9� 0.5
NO2 � 3.9� 0.3 � 5.1� 0.3 � 2.3� 0.4 � 2.4� 0.4


[a] Calculated using the complexes formed with compound 5 (Scheme 7).
[b] Calculated using the difference �GB��GD in Scheme 1. [c] Calculated
using the difference �GC��GD in Scheme 1.
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Improved hydrogen-bonding interactions in the � and �


conformation for X�NMe2 and NO2 respectively, would
explain the bell-shaped curve in Figure 6.


Figure 6. Hammett plot of the secondary interactions in the complexes
used in the double mutant cycles (Table 6). The values for the meta-
substituted edge ring (m-X) and for the face ring (Y) correlate with the
Hammett substituent constants, but the curvature of the plot for the para-
substituted edge ring (p-X) suggests that there is a change in structure for
these complexes.


A basic assumption of the double mutant cycle approach is
that the secondary interactions and changes in hydrogen-bond
strength are additive functions of the mutations. However,
electrostatic interactions such as hydrogen bonds are propor-
tional to the product of the dipole moments not the sum.[9c, 15]


The change in a product is only equal to the change in a sum in
the limit of small net changes in dipole moment. The
secondary interactions measured here are large relative to
some of the aromatic interaction energies, and these experi-
ments therefore provide a good test of the validity of the basic
additivity assumption. Literature measurements of hydrogen-
bond energies in chloroform give values in the range 7 ±
8 kJmol�1.[16] The largest secondary interactions are
�2.4 kJmol�1 for X�m-NO2 and �1.9 kJmol�1 for Y�
NO2, and these can be attributed to increases of 32% and
25% in the size of the corresponding amide dipole moment, if
we assume that all of the secondary interaction energy is due
to a change in the strength of the hydrogen bond at the
mutation site. The error introduced in the double mutant cycle
by the additivity assumption can be evaluated as follows:


Using the double mutant cycle assumption that the
secondary interactions are additive, the contribution of the
hydrogen bond at the mutation site in complex D equals:


� � 7.5� 2.4� 1.9�� 11.8 kJmol�1 (5)


If the hydrogen-bond energy is related to the product of the
dipoles (increased by 32% and 25%), the effects are multi-
plicative, so that the contribution of the hydrogen bond at the
mutation site in complex D equals to:


� � 7.5 (1.32� 1.25)�� 12.4 kJmol�1 (6)


The difference between Equations (5) and (6) is 0.6 kJmol�1,
and this is the maximum error introduced by our additivity
assumption, since we are considering the complexes where the
effects are largest. Although there are relatively large
secondary interactions and changes in hydrogen-bond
strength in this system, the first order perturbations are


removed by the double mutant cycle, and the second-order
effects are comparable with the experimental errors
(0.6 kJmol�1).


Conclusion


These experiments show that electronic polarisation of �


systems can have a dramatic effect on the magnitude of the
non-covalent interaction between two simple aromatics. The
interaction energies measured range from �1.0 kJmol�1


repulsive to �4.9 kJmol�1 attractive which represents an
order of magnitude in binding affinity. The experiments show
that secondary interactions caused by changes in hydrogen-
bond strength are significant in these systems, but that the
double-mutant approach allows these effects to be measured
and removed. The results correlate well with Hammett
substituent constants which indicates that the differences in
interaction energy are electrostatic in origin, and a simple
interpretation in terms of local and global electrostatic
interactions in proposed. Limitations of the approach due to
various conformational equilibria which are possible in this
system have been analysed in detail, and for all but the X�
m-NMe2 complexes, the experimental data indicates that the
effects are either small or cancel out in the double mutant
cycles.


Experimental Section


The preparation of 1 ± 6 have been described previously.[9] All reagents
were purchased from the Aldrich Chemical Company and used without
further purification.


General procedure for amide coupling reactions : The acid chloride
(1 mmol) was added to a stirred solution of the amine (1 mmol) and
triethylamine (1 mmol) in dry dichloromethane (15 mL). The reaction
mixture was stirred for 12 h before work-up with 1� HCl (2� 20 mL), 1�
NaOH (2� 20 mL) and brine (20 mL). After drying over anhydrous
MgSO4, the solvent was removed under reduced pressure. The product was
passed through a silica plug with dichloromethane eluant prior to
recrystallisation from dichloromethane and petroleum ether 40-60.


Compound 7: Coupling of benzoyl chloride (0.13 mL, 0.16 g, 1.15 mmol)
and 6 (0.50 g, 1.05 mmol) in the presence of triethylamine (0.16 mL, 0.12 g,
1.15 mmol) gave 7 as a white powder (0.56 g, 90%). M.p. 181 ± 183 �C;
1H NMR (250 MHz, CDCl3, 21 �C): �� 7.90 (d, 2H), 7.85 (d, 2H), 7.55 ± 7.44
(m, 5H), 7.28 (s, 2H), 7.03 (s, 4H), 2.30 ± 2.10 (brm, 16H), 1.65 ± 1.40 (brm,
6H), 1.30 (s, 9H); 13C NMR (62.5 MHz, CDCl3, 21 �C): �� 166.05, 165.86,
155.17, 147.34, 135.04, 134.57, 131.37, 131.62, 128.86, 128.62, 127.42, 127.31,
127.18, 126.99, 125.60, 118.22, 45.38, 37.06, 34.98, 31.21, 26.35, 22.91, 18.85;
MS (�ve, FAB):m/z (%): 587 (100) [M�H]� ; elemental analysis calcd (%)
for C42H51N3O2(H2O)0.5 ; calcd for: C 80.63, H 7.95, N 4.70; found: C 80.54,
H 7.89, N 4.66.


Compound 8 : Coupling of 3-nitrobenzoyl chloride (0.17 g, 0.91 mmol) and
6 (0.44 g, 0.91 mmol) in the presence of triethylamine (0.13 mL, 0.09 g,
0.91 mmol) gave 8 as a pale yellow solid after purification by medium-
pressure chromatography with ethanol/dichloromethane (1:99) and recrys-
tallisation from dichloromethane/petroleum ether 40-60 (0.50 g, 86%).
M.p. 184 ± 186 �C; 1H NMR (250 MHz, CDCl3, 21 �C): �� 8.71 (s, 1H), 8.30
(d, 1H), 8.15 (d, 1H), 7.90 (s, 1H), 7.79 (d, 2H), 7.55 (t, 1H), 7.47 (d, 2H),
7.39 (s, 1H), 7.00 (s, 4H), 2.32 ± 2.20 (brm, 4H), 2.15 (s, 6H), 2.14 (s, 6H),
1.60 ± 1.42 (brm, 6H), 1.36 (s, 9H); 13C NMR (62.5 MHz, CDCl3, 21 �C):
�� 165.95, 163.80, 155.31, 148.21, 148.00, 147.31, 136.13, 135.08, 134.99,
133.36, 131.54, 131.42, 130.92, 129.76, 127.09, 127.06, 126.96, 126.04, 125.63,
122.45, 31.19, 26.34, 22.90, 22.66, 18.81, 18.76; MS (�ve, FAB): m/z (%):
632 (100) [M�H]� ; elemental analysis calcd (%) for C40H45N3O4(H2O)0.5 :
C 74.97, H 7.24, N 6.56; found: C 74.95, H 7.06, N 6.55.
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Compound 9 : Coupling of 3-(dimethylamino)benzoyl chloride (0.23 g,
1.37 mmol) and 6 (0.60 g, 1.24 mmol) in the presence of triethylamine
(0.19 mL, 0.14 g, 1.37 mmol) gave 9 as a white solid after purification by
medium-pressure chromatography with ethanol/dicloromethane (1:99)
eluant and recrystallisation from dichloromethane and petroleum ether
40-60 (0.59 g, 76%). M.p. 169 ± 172 �C; 1H NMR (250 MHz, CDCl3, 21 �C):
�� 7.85 (d, 2H), 7.50 (d, 2H), 7.40 ± 7.26 (m, 4H), 7.12 (d, 1H), 7.04 (s, 4H),
6.90 (d, 1H), 3.05 (s, 6H), 2.35 ± 2.15 (brm, 16H), 1.65 ± 1.42 (brm, 6H),
1.35 (s, 9H); 13C NMR (62.5 MHz, CDCl3, 21 �C): �� 166.81, 165.95, 155.07,
150.07, 147.29, 135.45, 135.06, 131.72, 131.52, 129.22, 127.24, 126.96, 125.55,
115.40, 114.37, 111.57, 45.37, 40.52, 37.08, 34.97, 31.24, 26.40, 22.95, 18.87; MS
(�ve, FAB): m/z (%): 630 (100) [M�H]� ; elemental analysis calcd (%)
C42H51N3O2(H2O)0.5: C 78.96, H 8.20, N 6.58: found: C 79.02, H 8.06,
N 6.57.


Compound 10 : Coupling of 4-nitrobenzoyl chloride (0.23 g, 1.24 mmol) and
6 (0.40 g, 0.83 mmol) in the presence of triethylamine (0.18 mL, 0.13 g,
1.24 mmol) and 4-(dimethylamino)pyridine (0.01 g) gave 10 as a pale
yellow solid after purification by medium-pressure chromatography with
ethanol/dichloromethane (1:99) and recrystallisation from dichlorometh-
ane and petroleum ether 40-60 (0.30 g, 58%). M.p. 192 ± 194 �C; 1H NMR
(250 MHz, CDCl3, 21 �C): �� 8.31 (d, 2H), 8.05 (d, 2H), 7.83 (d, 2H), 7.50
(d, 2H), 7.49 (s, 1H), 7.28 (s, 1H), 7.04 (s, 2H), 7.01 (s, 2H), 2.26 ± 2.20 (brm,
4H), 2.23 (s, 12H), 1.60 ± 1.40 (brm, 6H), 1.31 (s, 9H); 13C NMR
(62.5 MHz, CDCl3, 21 �C): �� 165.98, 164.21, 155.33, 149.44, 147.77,
139.92, 135.11, 135.03, 131.43, 131.11, 128.77, 127.19, 127.08, 126.93, 125.53,
123.44, 45.38, 37.04, 34.99, 31.20, 26.29, 22.89, 18.69, 18.61; MS (�ve, FAB):
m/z (%): 632 (100) [M�H]� ; elemental analysis calcd (%) C40H45N3O4


(H2O)0.5 : C 74.97, H 7.24, N 6.56; found: C 74.48, H 7.14, N 6.35.


Compound 11: 4-(Dimethylamino)benzoic acid (0.044 g, 0.24 mmol) was
converted to the acid chloride by stirring with oxalyl chloride (1 mL) in dry
dichloromethane (10 mL) for an hour, then evaporating to dryness on a
rotary evaporator followed by high vacuum. The solid residue was coupled
with 6 (0.12 g, 0.24 mmol) in the presence of triethylamine (0.034 mL,
0.024 g, 0.24 mmol) gave 11 as a white solid after purification by medium-
pressure chromatography with ethanol/dichloromethane (3:97) and re-
crystallisation from dichloromethane and petroleum ether 40-60 (0.05 g,
33%). M.p. 179 ± 182 �C; 1H NMR (250 MHz, CDCl3, 21 �C): �� 7.85 (d,
2H), 7.80 (d, 2H), 7.54 (d, 2H), 7.30 (s, 1H), 7.15 (s, 1H), 7.04 (s, 2H), 7.02 (s,
2H), 6.70 (d, 2H), 3.11 (s, 6H), 2.28 ± 2.18 (brm, 4H), 2.25 (s, 12H), 1.60 ±
1.40 (brm, 6H), 1.37 (s, 9H); 13C NMR (62.5 MHz, CDCl3, 21 �C): ��
165.98, 154.91, 152.51, 147.27, 147.09, 135.16, 132.00, 131.63, 128.93, 127.35,
126.88, 125.42, 121.15, 111.03, 45.32, 40.15, 37.93, 34.93, 31.24, 26.39, 22.95,
18.80, 18.63; MS (�ve, FAB): m/z (%): 630 (100) [M�H]� ; elemental
analysis calcd (%) C42H51N3O2(H2O)0.5 : C 78.96, H 8.20, N 6.58; found: C
79.05, H 8.16, N 6.58.


Compound 14 : 4-Toluene sulphonyl chloride (40.5 g, 0.21 mol) was added
to a stirred solution of 2,6-diisopropylaniline (36.0 mL, 34.0 g, 0.19 mol) in
dry pyridine (75 mL) and the mixture refluxed for 4 h at 146 �C. The
reaction mixture was poured, with stirring, into 2� HCl (250 mL)
producing an orange/brown solution containing a pink solid which formed
as the solution cooled. The solid 14 was removed by filtration and
recrystallised from hot ethanol as pale pink crystals (29.40 g, 51%). M.p.
158 ± 162 �C; 1H NMR (250 MHz, [D6]DMSO, 21 �C): �� 9.36 (s, 1H), 7.60
(d, 2H), 7.40 (d, 2H), 7.28 (t, 1H), 7.10 (d, 2H), 3.14 (sep, 2H), 2.35 (s, 3H),
0.95 (d, 12H); 13C NMR (62.5 MHz, [D6]DMSO, 21 �C): �� 148.38, 143.49,
137.43, 129.52, 128.71, 129.26, 127.41, 123.92, 28.50, 23.86, 21.51; MS (�ve,
FAB): m/z (%): 332 (100) [M�H]� .


Compound 15 : Compound 14 (7.01 g, 0.021 mol), glacial acetic acid
(140 mL) and sodium nitrite (2.23 g, 0.032 mol) were added successively
to a stirred solution of nitric acid (30 mL) in water (140 mL). The mixture
was heated at reflux for 12 h and allowed to cool to room temperature
before pouring into distilled water (400 mL) whereupon the product
crystallised as a white solid (5.21 g, 65%) which was collected by filtration.
M.p. 149 ± 153 �C; 1H NMR (250 MHz, CDCl3, 21 �C): �� 8.00 (s, 2H), 7.60
(d, 2H), 7.28 (d, 2H), 6.27 (s, 1H), 3.20 (sep, 2H), 2.44 (s, 3H), 1.06 (d,
12H); 13C NMR (62.5 MHz, CDCl3, 21 �C): �� 150.43, 147.80, 144.35,
136.72, 135.33, 129.82, 127.29, 119.72, 29.04, 23.56, 21.55; MS (�ve, FAB):
m/z (%): 377 (100) [M�H]� ; elemental analysis calcd (%) for
C19H24N2O4S: C 60.62, H 6.43, N 7.44, S 8.52; found: C 60.27, H 6.42, N 7.10,
S 8.75.


Compound 16 : Compound 15 (1.00 g, 2.91 mmol) was added to a solution
of H2SO4/H2O (95:5) and the mixture was stirred at room temperature for
24 h. After this time the brown solution was poured onto ice, and the
mixture was made basic by the addition of NaOH pellets. The resulting
yellow suspension was extracted into dichloromethane. After drying over
anhydrous Na2SO4, solvent was removed under reduced pressure yielding a
yellow solid which was recrystallised from dichloromethane/petroleum
ether 40-60 (0.60 g, 93%). M.p. 105 ± 108 �C; 1H NMR (250 MHz, CDCl3,
21 �C): �� 7.90 (s, 2H), 4.40 (br s, 2H), 2.80 (sep, 2H), 1.24 (d, 12H);
13C NMR (62.5 MHz, CDCl3, 21 �C): �� 146.95, 139.21, 131.43, 119.83,
28.02, 21.97; MS (�ve, FAB): m/z (%): 223 (100) [M�H]� .


Compound 12 : A solution of isophthaloyl dichloride (0.39 g, 1.9 mmol), 16
(0.85 g, 3.8 mmol) and 4-(dimethylamino)pyridine (0.01 g) were taken up
in anhydrous pyridine (20 mL) and heated under reflux at 145 �C for 48 h.
After this time, the reaction mixture was allowed to cool to room
temperature and then poured into 2� HCl in an icebath. The resulting
aqueous mixture was extracted into dichloromethane (2� 50 mL). The
organic layers were combined, washed with brine and dried over anhydrous
Na2SO4. The solvent was removed under reduced pressure, and the product
was crystallised from hot ethanol. The white crystals 12 were filtered off
and dried in vacuo (0.42 g, 38%). M.p. 318 ± 319 �C; 1H NMR (250 MHz,
CDCl3, 21 �C): �� 8.60 (s, 1H), 8.20 (d, 2H), 8.14 (s, 4H), 7.75 (t, 1H), 7.55
(s, 2H), 3.20 (sep, 2H), 1.30 (d, 12H); 13C NMR (62.5 MHz, CDCl3, 21 �C):
�� 166.17, 149.15, 147.74, 139.74, 134.63, 131.25, 129.59, 127.76, 118.76,
29.10, 23.57, 23.36; MS (�ve, FAB):m/z (%): 575 (100) [M�H]� ; elemental
analysis calcd (%) C32H38N4O6(H2O)0.5 : C 65.85, H 6.56, N 9.60; found: C
65.61, H 6.54, N 9.34.


Compound 17: Compound 15 (1.42 g, 3.78 mmol) was added to a solution of
anhydrous SnCl2 (4.25 g, 18.9 mmol) in ethanol (20 mL) and the mixture
heated at reflux (110 �C) for 90 minutes. The reaction mixture was allowed
to cool to room temperature and then poured onto ice and made strongly
basic by the addition of solid NaOH. The resulting yellow solution was
extracted into dichloromethane and the organic layer dried over anhydrous
Na2SO4 before removal of solvent under reduced pressure. The product 17
was isolated as a yellow solid after recrystallisation from dichloromethane
and petroleum ether 40-60 (1.25 g, 96%). M.p. 186 ± 187 �C; 1H NMR
(250 MHz, CDCl3, 21 �C): �� 7.60 (d, 2H), 7.23 (d, 2H), 6.40 (s, 2H), 5.78
(s, 1H), 3.65 (br s, 2H), 3.05 (sep, 2H), 2.44 (s, 3H), 1.06 (d, 12H); 13C NMR
(62.5 MHz, CDCl3, 21 �C): �� 149.68, 146.50, 143.24, 137.53, 129.42,
127.42), 120.16, 110.60, 28.38, 23.70, 21.48; MS (�ve, FAB): m/z (%): 347
(100) [M�H]� ; elemental analysis calcd (%) C18H26N2O2S: C 65.86, H 7.56,
N 8.08, S 9.25; found: C 65.48, H 7.64, N 7.77, S 9.01.


Compound 18 : A slurry of compound 17 (1.25 g, 3.62 mmol) and NaBH4


(0.96 g, 25 mmol) was added dropwise to a stirred solution of 3� H2SO4


(2.93 mL, 9.03 mmol) and 36% aqueous formaldehyde (1.84 mL, 22 mmol)
in a conical flask keeping the temperature between �10 �C and �20 �C.
When the addition was complete the mixture was made strongly basic by
the addition of solid NaOH. The yellow supernatant was decanted and kept
to one side and the residue remaining in the flask was treated with distilled
water (20 mL) producing a grey solution which was extracted with diethyl
ether. The organic solutions were combined, washed with brine and dried
over anhydrous Na2SO4. The solvent was removed under reduced pressure
yielding a yellow oil. This was crystallised from dichloromethane and
petroleum ether 40-60 to give a pale yellow solid (1.09 g, 81%). M.p. 177 ±
178 �C; 1H NMR (250 MHz, CDCl3, 21 �C): �� 7.60 (d, 2H), 7.23 (d, 2H),
6.40 (s, 2H), 5.85 (s, 1H), 3.10 (sep, 2H), 2.98 (s, 6H), 2.40 (s, 3H), 1.00 (d,
12H); 13C NMR (62.5 MHz, CDCl3, 21 �C): �� 150.2, 149.1, 143.2, 137.7,
129.4, 127.4, 118.5, 40.5, 28.6, 23.8, 21.5; MS (�ve, FAB):m/z (%): 374 (100)
[M]� .


Compound 19 : Compound 18 (1.09 g, 2.91 mmol) was added to a solution
of H2SO4/H2O (95:5) and the mixture warmed gently at 40 �C for 6 h. After
this time the brown solution was poured onto ice and the mixture made
basic by the addition of NaOH pellets. The solution was extracted into
dichloromethane and dried over anhydrous Na2SO4 before removal of the
solvent under reduced pressure yielding a purple oil which was dried under
high vacuum for 1 h. Thin-layer chromatography showed the presence of a
trace impurity which was removed at the next step without characterisation
(0.52 g, 81%). M.p. 164 ± 166 �C; 1H NMR (250 MHz, CDCl3, 21 �C): ��
6.65 (s, 2H), 3.75 (br s, 2H), 3.00 (sep, 2H), 2.90 (s, 6H), 1.24 (d, 12H);
13C NMR (62.5 MHz, CDCl3, 21 �C): �� 144.7, 134.0, 132.4, 101.1, 42.5,
28.3, 22.6; MS (�ve, FAB): m/z (%): 220 (100) [M]� .
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Compound 13 : A solution of isophthaloyl dichloride (0.19 g, 0.95 mmol) in
dry dichloromethane (10 mL) was added to a stirred solution of compound
19 (0.42 g, 1.9 mmol) and triethylamine (0.27 mL, 0.19 g, 1.9 mmol) in dry
dichloromethane and the mixture was stirred for 12 h. Following work-up
with 1� �� NaOH, brine and drying over anhydrous Na2SO4, the solvent
was removed under reduced pressure. The product 13 was isolated as a pale
brown powder after recrystallisation from dichloromethane and petroleum
ether 40-60 (0.42 g, 78%). M.p. 265 ± 267 �C; 1H NMR (250 MHz, CDCl3,
21 �C): �� 8.50 (s, 1H), 8.10 (d, 2H), 7.65 (t, 1H), 7.35 (s, 2H), 6.57 (s, 4H),
3.10 (sep, 2H), 2.98 (s, 12H), 1.24 (d, 12H); 13C NMR (62.5 MHz, CDCl3,
21 �C): �� 166.69, 150.58, 146.85, 135.30, 130.26, 129.21, 126.00, 120.50,
107.86, 40.82, 29.17, 23.81; MS (�ve, FAB): m/z (%): 571 (100) [M�H]� ;
elemental analysis calcd (%) for C36H50N4O2(H2O)0.5 : C 74.57, H 8.69, N
9.66; found: C 74.86, H 8.58, N 9.41.


NMR binding experiments : 1H NMR dilution experiments were used to
check whether dimerisation of compounds 1 ± 7 was significant at the
concentrations. All dimerisation constants are less than 5��1 and so do not
affect the titrations to any extent. A 3.0 mL sample of host of known
concentration (2 ± 5 m�) was prepared in CDCl3. 0.8 mL of this solution
was removed, and a 1H NMR spectrum was recorded. An accurately
weighed sample of the guest was then dissolved in the remaining 2.2 mL of
host solution. This solution was almost saturated with guest (100 ± 200 m�)
to allow access as much of the binding isotherm as possible (50 ± 80%
saturation was achieved) and contained host so that the host concentration
remained constant during the titration. Aliquots of guest solution were
added successively to the NMR tube containing the host solution, the tube
was shaken to mix the host and guest solutions, and the 1H NMR spectra
were recorded after each addition. For signals that moved more than
0.01 ppm, the chemical shifts at all concentrations of guest were recorded
and analysed using purpose-written software on an Apple Macintosh
microcomputer, NMRTit HG.[9a] This programme fits the data to a 1:1
binding model to yield the association constant, the bound chemical shifts
in the HG complex, and if required, the free chemical shifts of the unbound
species. All titrations were repeated at least three times, and where
possible, the identities of the host and guest were reversed in order to
obtain accurate �� values for both binding partners. Where this was not
possible, the binding constant determined by fitting the host signals was
fixed, andNMRTit HGwas used analyse the changes in the guest signals to
extract the bound guest chemical shift. The mean association constant for
each experiment was evaluated as the weighted mean (based on the
observed change in chemical shift) of the association constants for the
individual signals monitored. The error was taken as twice the standard
error. The values of Ka quoted in Table 1 are the average values and errors
from at least three separate experiments. Two-dimensional ROESY spectra
were recorded on a Bruker AMX2-400 using a 300 ms mixing time and a 3 s
delay between pulses.
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Abstract: Experimental measurements
of edge-to-face aromatic interactions
have been used to test a series of
molecular mechanics force fields. The
experimental data were determined for
a range of differently substituted aro-
matic rings using chemical double mu-
tant cycles on hydrogen-bonded zipper
complexes. These complexes were trun-
cated for the purposes of the molecular
mechanics calculations so that problems
of conformational searching and the
optimisation of large structures could
be avoided. Double-mutant cycles were


then carried out in silico using these
truncated systems. Comparison of the
experimental aromatic interaction ener-
gies and the X-ray crystal structures of
these truncated complexes with the
calculated data show that conventional
molecular mechanics force fields (MM2,
MM3, AMBER and OPLS) do not
perform well. However, the XED force


field which explicitly represents electron
anisotropy as an expansion of point
charges around each atom reproduces
the trends in interaction energy and the
three-dimensional structures exceeding-
ly well. Collapsing the XED charges
onto atom centres or the use of semi-
empirical atom-centred charges within
the XED force field gives poor results.
Thus the success of XED is not related
to the methods used to assign the atomic
charge distribution but can be directly
attributed to the use of off-atom centre
charges.


Keywords: molecular modeling ¥
pi interaction ¥ supramolecular
chemistry


Introduction


Molecular mechanics has long promised to answer major
questions in molecular recognition, and recent progress in
drug design, the identification of high affinity inhibitors from
virtual combinatorial libraries, the characterisation of protein
folding pathways and the prediction of macromolecular
structure show significant headway is being made.[1±7] These
developments rely on improvements in computer power,
strategies for searching large structure spaces, treatment of
solvent and improved force fields. The key terms in describing
molecular recognition processes are clearly the non-covalent
parts of the force field, but since the first molecular mechanics
force fields were implemented, little has changed in the
treatment of the intermolecular potential.[8, 9] A number of


factors contribute to the non-covalent interaction between
two molecules in solution:
1) the electrostatic interaction between the static charge
distribution;


2) induction forces as a result of mutual polarisation effects;
3) van der Waals forces; and
4) desolvation.
There are several approaches to describing electrostatic


interactions. The most common is based on the use of atom-
centred charges (ACC). Partial charges are assigned to the
nuclear centres so that the electrostatic interaction between
two molecules, or between different parts of the same
molecule, is then calculated as a sum of interactions using
Coulomb×s law. Atomic charge is not a physical observable, so
it cannot be calculated in an unambiguous way using quantum
mechanics. Therefore, various methods have been developed
to assign ACC charges,[10±13] and there is considerable debate
about the best way to define charges that reproduce exper-
imental data best. Induction effects are difficult to take into
account computationally, because they are non-additive, but
their contribution in polar molecules is usually small (�5% of
the total energy) and always favourable.[14] The van der Waals
interaction results from a balance between attractive long-
range forces and repulsive short-range forces. The Lennard-
Jones 12-6 function describes this situation well, but others
prefer to use the Morse potential.[15, 16] Solvent effects pose a
particularly challenging problem, but play a major role in
molecular recognition in polar solvents such as water. The
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simplest approach to treating desolvation is to change the
value of the dielectric constant (�) depending on the solvent.
It is also possible to use continuum solvation models (e.g. GB/
SA) specific for certain solvents.[17] Calculations can also be
performed inside boxes full of explicit solvent molecules.[18]


The development of good quantitative computational
models for non-bonded interactions and the refinement of
molecular mechanics force fields requires good quantitative
experimental data against which they can be tested. There are
many systematic studies based on well-designed supramolec-
ular systems, which provide quantitative data on non-covalent
interactions.[19±30] Nevertheless, the measured interactions are
often strongly influenced by other factors such as neighbouring
secondary interactions, cavity desolvation, or changes in geom-
etry which are not easy to separate. In 1996, we described a
new approach to measuring functional group interactions
based on synthetic hydrogen-bonded complexes and the
double mutant cycle concept.[31±37] The approach is illustrated
in Scheme 1 for the measurement of an edge-to-face aromatic
interaction. The terminal aromatic interaction of interest in
complex A is fixed in an edge-to-face orientation by the rigid
covalent structures of the molecules and the two hydrogen-
bonding interactions. When complex A is mutated into
complex B, the difference in the stability of the two complexes
(�GA��GB) is related not only to the aromatic interaction of
interest, but also to changes in hydrogen-bond strength and
other secondary interactions. All these secondary effects can
be quantified by the difference �GC��GD, obtained by
mutation of complex C into complex D. Therefore using
Equation (1), it is possible to dissect out the terminal aro-
matic interaction in complex A from all the other secondary
effects:


��Gexptl� (�GA��GB)� (�GC��GD)��GA��GB��GC��GD (1)


The individual molecules are essentially rigid so that
experiments are not complicated by losses of internal
conformational degrees of freedom on complexation, and
the free energy difference from Equation (1) reflects the
enthalpy of the specific functional group interaction studied.
The magnitudes of the aromatic interactions measured using
this technique are remarkably sensitive to the substituents on
the two aromatic rings.[38, 39] The experimental data correlate
well with the Hammett substituent constants, which suggests
that these differences are primarily electrostatic in origin. This
data set therefore represents an ideal test bed for investigating
the electrostatic term in molecular mechanics force fields. In
this paper, we compare the ACC force fields available in the
MacroModel package (MM2, MM3, AMBER and OPLS)
with the XED force field.[40, 41] XED uses eXtended Electron
Distribution points to provide a more sophisticated descrip-
tion of the distribution of charge around a molecule. The
approach is illustrated for a carbonyl group in Figure 1: For
each atom, an orbital descriptor is defined where a positive
integer charge (n� ) is allocated to the nucleus and partial
negative charges are distributed on five ™orbital points∫ or
XEDs. Each XED point can be extended, retracted or
eliminated according to the hybridisation type. This type of
charge distribution allows us to explicitly represent the
electron anisotropy associated with lone pairs and � electrons
and so is expected to have a significant impact on the quality
of calculations involving aro-
matic interactions.


Approach : Initially we focused
our attention on the complete
structures of the experimental
complexes in Scheme 1. The
three-dimensional structure of
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Scheme 1. The chemical double mutant cycle for experimentally determining the magnitude of the terminal
aromatic interaction in complex A. Y�NO2, H, NMe2. X�p-NO2, H, p-NMe2.[31]


Figure 1. Representations of
the charge distribution in a
carbonyl group. a) The stand-
ard molecular mechanics repre-
sentation uses atom-centred
charges (ACCs) to reflect bond
polarisation (dark grey: posi-
tive, lighter grey: negative).
b) An orbital representation of
the charge distribution, show-
ing out-of-plane �-electron
density and lone pairs. c) The
XED representation designed
to reproduce the anisotropy in
electrostatic potential around
each atom. A charge of n� is
placed at the nucleus, XED
type 31 represents �-electron
charges and XED types 32 and
34 represent the lone pairs. For
the carbonyl carbon, the lone
pair charges are zero and so are
not shown. The XED charges
and distances from the nucleus
are listed in Table 3 according
to atom type.[13]







FULL PAPER C. A. Hunter et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002 0947-6539/02/0813-2862 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 132862


complex A (X� tBu, Y�H) in
chloroform was established
using complexation-induced
changes in chemical shift from
1H NMR titration experiments,
and a computational structure
determination method devel-
oped in our laboratory.[42] How-
ever, full Monte Carlo confor-
mational searches using four
different force fields (MM2,
MM3, AMBER and OPLS)
failed to consistently find this
structure as the global energy
minimum. Only the MM3 struc-
ture matched the experimental
structure. This reflects short-
comings in the force fields,
which will become clear pres-
ently. Furthermore, full confor-
mational searches would be
very time consuming, if we
wanted to test all nine possi-
ble X and Y substituent combi-
nations (this operation requires
the optimisation of 32 complexes for each force field as
explained below).
The failure of these molecular mechanics methods to


produce structures which correlate with the experimental
NMR data forced us to turn to a simpler model system for
which we have X-ray crystal structure data (Scheme 2a)).[43]


This complex is effectively half of complex A in Scheme 1,
and the hydrogen bonds and edge-to-face aromatic interac-
tions proposed for complex A are clearly present in the dimer


of 1. The model complex 1 is characterised by two different
edge-to-face interactions, and in both, the benzoyl and aniline
aromatic rings are in van der Waals contact, oriented at 86� to
one another. Solid state studies of a number of these dimers
have shown that the geometry in the complex is unaffected by
the presence of nitro and dimethylamino substituents on the
aromatic rings (Scheme 2b)).[43] The approach therefore is to
assume that the X-ray structure is very close to the optimum
structure and simply to minimise from this starting point. This
system forms the basis for the computational double mutant
cycle illustrated in Scheme 3.
A conformational analysis of the experimental system in


solution has shown that each complex can adopt two
conformations with different patterns of hydrogen bonds
(Scheme 4a)).[33] The position of the equilibrium depends on
the substituents X and Y, and the experimental �G values
used in Equation (1) were therefore a weighted average of the
�G values for the two conformations. We therefore consid-
ered this equilibrium in our calculations. Thus, for each
complex, the � and � conformers were minimised separately,
these energies were used to determine the predicted position
of equilibrium, and the population-weighted average energy
was used in the construction of double mutant cycles. The
procedure for calculating the double mutant cycle aromatic
interaction energy (�E) is summarised below:
1) Construct the four � conformation model complexes A±
D shown in Scheme 3 by changing aromatic rings b and c in
the X-ray crystal structure of the X�H, Y� tBu dimer
shown in Scheme 2a).


2) Construct the corresponding four � conformation com-
plexes by changing aromatic rings a and d in the structure
in Scheme 2a).


3) Find the minimum energy (E) for each of the eight
complexes.
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Scheme 3. The chemical double mutant cycle used to calculate the magnitude of the terminal aromatic
interaction in complex A using molecular mechanics. Y�NO2, H, NMe2. X� p-NO2, H, p-NMe2.


Scheme 2. The intermolecular interactions found in the X-ray crystal
structures of model compound 1 (a) and an overlay of dimers from the
corresponding X-ray crystal structures of a series of seven derivatives (X�
H, NO2, NMe2 and Y� tBu, NO2, NMe2) (b).[38] The structure of the dimer
of 1 was used as a basis for constructing the complexes used in the
molecular mechanics calculations by modifying aromatic rings a, b, c and d
as appropriate.
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4) Calculate the populations of the � and � conformers for
each complex using Equations (2) and (3).


��� 1/{1� exp((E��E�)/RT)} (2)


��� 1� �� (3)


where �� and �� are the mol fractions of conformer � and �
at equilibrium.


5) Calculate the population-weighted average energy (E) for
each complex using Equation (4).


E� ��E�� ��E� (4)


6) Determine the double mutant cycle aromatic interaction
energy (�E) using Equation (5).


�Ecalcd�EA�EB�EC�ED (5)


Using this approach, all 32 complexes required to compute
the nine experimental double mutant cycles were examined
using the MacroModel force fields with GB/SA chloroform
solvation, and the XED force field with dielectric constant
two.


Computational Methods


All the calculations where run on a Silicon Graphics Indigo 2 workstation
using either MacroModel 4.5 or XED.[40, 41]


Construction of complexes : Testing a force field against the experimental
data from the nine double mutant cycles described in the preceding paper
requires the minimisation of 32 complexes: nine pairs of complexes A (nine
in the � and nine in the � conformation), three pairs of complexes B, three
pairs of complexes C and one pair of complexes D. The coordinates of the
dimer of 1 from the X-ray crystal structure was used with the building
options in MacroModel to construct all 32 starting structures required for
the minimisations. The distances and orientations of the aromatic rings and
amide groups were left exactly as they were in the X-ray crystal structure of
1, and MacroModel default bond lengths and bound angles and atom types
were used to add the X and Y substituents or methyl groups. In order to
avoid problems of conformational flexibility, NH2 was used instead NMe2
and methyl groups were used in place of tert-butyl and hexyl in the mutated
complexes B, C and D. These simplification have no significant conse-


quences for the double-mutant cycles.
There are no direct contacts to the
NMe2 group, and its only role is polar-
isation of the � system. We have
shown experimentally that the tert-
butyl and methyl mutations in com-
plexes B and D produce identical
results, that is there is no tBu ±�
interaction in this system.[31a] In all
cases, NO2 and NH2 remained copla-
nar with the aromatic rings.
For the complexes A in the � confor-
mation, the tert-butyl group on aro-
matic ring a and the proton para to the
aniline nitrogen on aromatic ring d
were replaced by the appropriate sub-
stituents X and Y (see Scheme 2a)).
The same operation was performed
for aromatic rings b and c, for the
construction of complexes A in the �


conformation. The complexes B in the
� and � conformations were construct-
ed by replacing aromatic rings a or c
with methyl groups and by replacing
the proton para to the aniline nitrogen
on aromatic ring d or b with the


relevant substituent Y. The complexes C in the � and � conformations
were constructed by replacing aromatic rings d or bwith methyl groups and
by replacing the tert-butyl group on aromatic ring a or c with the relevant
substituent X. Finally, the complexes D were obtained by substitution of
aromatic rings a and d with methyl groups for the � conformer and b and c
for the � conformer.


MacroModel calculations : MacroModel 4.5 versions of MM2, MM3,
AMBER and OPLS force fields were tested against our experimental
data.[38, 39] All the calculations were run using the following settings:
1) GB/SA continuum model was used for chloroform solvation;
2) Macromodel×s BatchMin program and Polak ±Ribiere conjugate gra-
dient (PRCG) minimiser were used;[44]


3) 4000 iterations (It/S) were used for energy minimisation of each
structure, which guaranteed complete convergence.


Equations (2) ± (5) were then used to calculate the values of �Ecalcd from
the energies of the 32 minimised complexes.


XED calculations : XED calculations were performed using an updated
version (XED98) of the original force field.[16, 41] The van der Waals
parameters, XED lengths and charges are reported in Tables 1 ± 3. The
XED charge distribution is generated using a set of generic rules. The
nuclear charges are determined by the number of non-bonded and �


electrons associated with the atom, and the XED charges are generated
using the electron distribution calculated with CHARGE3. The optimum
positions of the XEDs for each atom type have been determined previously
by fitting to experimental data. A new minimisation method was used.
After an energy minimum was found, the program automatically removed
and added all the XEDs and then the minimisation was started again.
This operation was repeated until a stable minimum was found. In this
way, it was possible to overcome spurious potential barriers due to the
presence of complex electrostatic fields associated with XEDs and find a
good reliable and reproducible minimum. The 32 complexes built with
MacroModel were imported into XED, and the atom types were
changed to the correct XED format: Car for aromatic carbons; Csp2 for
the carbonyl carbons; Csp3 for aliphatic carbons; Ntri for amide nitrogens,
for aniline nitrogens and for nitrogens in nitro groups; Osp2 for carbonyl
oxygens and ONO2 for oxygens in nitro groups. The complexes were
subjected to energy minimisation using either the XED charge distribution
or the corresponding atom centred charges calculated by CHARGE3.[45]


All the calculations were run using dielectric constant 2 and a maximum
number of iterations of 8000, which guaranteed convergence of the
minimisation.


XED was also used to perform calculations with atom centred charges
derived from semi-empirical AM1 calculations.[46]


Equations (2) ± (5) were then used to calculate the values of �Ecalcd from
the energies of the 32 minimised complexes.
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Scheme 4. Conformational equilibria in the experimentally studied complexes (a) and in the model system used
in the calculations (b).
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Docking experiments on the dimer of 1 in Scheme 2(a) were also
performed using the XEDOCK program to check that the X-ray structure
is really the global minimum in the XED force field.


ab initio Calculations : We also attempted to investigate this sytem using ab
initio methods. However using a 6-31G** basis set, the optimisation of the
dimer of 1 was prohibitive in terms of computational time, and the results
where not satisfactory because of the low quality of the basis set used.
Generally, reliable results for non-bonded interactions can only be
obtained using a basis set, which includes d orbitals.[47] Therefore, a
computational study of our system can only realistically be achieved with
simpler molecular mechanics models.


Structure analysis : Scheme 2b) shows that in the model compounds
polarising substituents do not have a significant effect on the structures
of the complexes. Consequently, the X-ray structure of 1 is a good reference
structure for comparing all energy minimised complexes. Each minimised
complex A was imported into XED. The two isopropyl groups, the tert-
butyl group, the substituents X and Y and all the protons were deleted.
Using the command Fit Molecules, the positions of the remaining cores of
the complexes were compared with the structure of the corresponding core
of 1. The RMS difference between calculated and X-ray structures provides
a measure of the quality of the energy minimised structure.


Results and Discussion


MM2, MM3, AMBER, OPLS, and XED were tested against
the experimental edge-to-face aromatic interaction measure-
ments using this approach. The calculated double mutant
cycle energies (�Ecalcd) are reported in Table 4, and the details
for each complex are provided in the Supporting Information.
We assume that entropy changes cancel out in the double
mutant cycle, and so the experimental ��Gexptl should be
equivalent to the calculated functional group interaction
enthalpy �Ecalcd. For the XED force field, this is true
(Figure 2e)). The calculated energy trend correlates well with
the experimental energies (r 2� 0.95), and Figure 2 shows that
the force field optimised structures are very close to the X-ray
structure starting point. The other force fields perform less
well in terms of energy and structure (Figures 2 and 3). The
MM2 and MM3 results show some correlation with the
experimental energies: all the points lie in between those from
the repulsive interaction due to X�Y�NO2 and the


Figure 2. Comparison of the calculated molecular mechanics double mutant cycle interaction energies, �Ecalcd [kJmol�1], with the experimental values,
��Gexptl [kJmol�1]. The correlation coefficients (r ) for the best fit straight lines shown are a) MM2 0.69, b) MM3 0.60, c) OPLS 0.33, d) AMBER 0.20,
e) Standard XED 0.95, f) dielectric constant 4 in XED 0.01, g) CHARGE3 ACCs in XED 0.01, h) AM1 ACCs in XED 0.65.


Table 1. XED van der Waals parameters (Emin in kcalmol�1).[a]


H C N O


H 0.086 0.091 0.076 0.083
C 0.129 0.121 0.134
N 0.115 0.127
O 0.140


[a] These values are appropriate for the Morse function in the XED force
field. EvdW�Emin (z2� 2z), where z� eb(1�R/Rij), b� constant, R�distance
between i and j, Rij� sum of vdW radii.[15]


Table 2. XED van der Waals radii [ä].[a]


H C N O


H 2.760 3.030 2.750 2.970
C 3.880 3.760 3.450
N 3.330 2.700
O 2.430


Table 3. XED charge distribution lengths [ä] and charges [e].[a]


XED type
Distance from nucleus [ä] Charges [e]


Atom type n� 31 32 34 31 32 34


C sp2 1 0.450 0.000 0.000 0.500 0.000 0.000
C ar 1 0.470 0.000 0.000 0.500 0.000 0.000
N tri 2 0.300 0.000 0.000 1.000 0.000 0.000
O sp2 5 0.300 0.300 0.350 0.500 1.750 0.500
O NO2 5 0.290 0.290 0.290 0.500 1.750 0.500


[a] XED type 31 represents the �-electron density and types 32 and 34
represent lone pair electron density (see Figure 1). n� is the positive
charge assigned to the nucleus.
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strongest attraction due to X�NO2 and Y�NH2. The OPLS
and AMBER results are far from the ideal energy trend. The
poor RMS values are due to face-to-face stacking interactions
in the minimised complexes rather than edge-to-face geo-
metries.
So why does the XED force field work so well? The major


difference between XED and the MacroModel force fields is
the treatment of the electrostatic term in the non-covalent
potential as illustrated in Figure 1. XED allows us to explicitly
represent the electron anisotropy associated with lone pairs
and � electrons and so might be expected to have a significant
impact on the quality of calculations involving aromatic
interactions. To confirm this, the sensitivity of the XED
calculations to the nature of the charge distribution was
investigated further. Firstly, we checked that the X-ray
structure used as the starting point for the calculations really
is a global minimum in the XED force field. We performed a
conformational search with the XEDOCK program to dock
the two monomeric units of the dimer in Scheme 2a). The
lowest energy structure was very close to the X-ray structure
(RMS difference in heavy atom position� 0.17 ä). Next, we
investigated the use of ACCs in the XED force field. We ran
one set of calculations using ACCs from CHARGE3 (this
essentially collapses the XEDs onto the atomic centres) and
one set of calculations with ACCs fromMOPAC6 (AM1 basis
set). The plots in Figure 2g) and h) show that the good
correlation obtained using XED charges is lost in both cases.
Also the RMS differences in structure were large, because
stacking interactions were preferred to the edge-to-face
orientations (Figure 3). Therefore, we conclude that the
major factor that enables XED to reproduce the trend in
edge-to-face aromatic interaction energies is the more
sophisticated charge distribution (Figure 1).
We have so far ignored the effects of solvent on the XED


calculations. The calculations were carried out using the
standard dielectric constant of 2 with no explicit treatment of
solvent. The effects of desolvation in chloroform are relatively
small, and differences within a double-mutant cycle are
probably similar across the X, Y series. However, the slope
of the XED correlation plot in Figure 2 is 2.2 not 1.0, and we
suspected that this reflected the influence of solvent polarity
on the electrostatic interactions. That is the differences
between the experimental interaction energies are damped
by the dielectric of the solvent. We therefore performed the
calculations again but using a dielectric constant of 4.


Figure 3. Comparison of the three-dimensional structures of the core of
the starting point X-ray crystal structure with the cores of the complex-
es optimised using molecular mechanics: a) shows the data for the �


conformation complexes and b) shows the data for the � conformation
complexes. � MM2, � using MM3, � using OPLS, � using AMBER, �
using XED, * using XED with dielectric constant 4, � using XED with
CHARGE3 ACCs, � using XED with AM1 ACCs.


However, at dielectric constant 4, the XED force field did not
perform well due to significant changes in the structures of the
complexes (see Figures 2 and 3). This is not that surprising
given that the force field was parameterised with a dielectric
constant of 2, and changing this value changes the balance
between the electrostatic and van der Waals contributions.
We propose that the dielectric constant of 2 corresponds to
the true internal dielectric for molecular surfaces which are in
close contact in the complex, and the slope of the straight line
in the correlation plot in Figure 2e) is related to a different
effect caused by desolvating the weakly polar chloroform
molecules from the interacting groups. The role of the solvent
is in reducing the magnitude of the total electrostatic


Table 4. Aromatic interaction energies (�Ecalcd in kJmol�1) calculated using the double mutant cycle in Scheme 3.


X Y MM2 MM3 AMBER OPLS XED XED ACC XED ACC XED
�� 4 CHARGE3 AM1


NO2 NO2 � 3.22 2.08 � 6.08 � 7.68 � 0.82 � 17.84 � 17.83 11.09
H NO2 � 5.04 � 1.03 � 17.83 � 10.78 � 5.48 � 20.80 � 20.16 � 12.17
NH2 NO2 � 12.24 � 5.35 � 18.69 � 17.95 � 7.44 � 14.04 � 25.46 � 53.70
NO2 H � 8.93 � 1.78 � 11.02 � 12.27 � 10.24 � 18.64 � 11.39 � 17.04
H H � 6.59 � 0.66 � 5.57 � 2.90 � 6.47 � 19.38 � 7.33 � 4.99
NH2 H � 7.19 1.07 � 6.96 � 7.27 � 6.93 � 11.14 � 14.26 � 22.20
NO2 NH2 � 18.33 � 15.49 � 20.80 � 20.56 � 15.65 � 17.67 � 19.94 � 23.95
H NH2 � 7.12 � 1.53 � 7.63 � 18.28 � 7.77 � 15.43 � 6.35 � 60.13
NH2 NH2 � 8.09 0.06 � 9.33 � 10.09 � 6.88 � 5.38 � 6.38 � 34.53
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interaction, but it has no effect on the relative magnitudes of
the specific interactions between atoms in close contact that
determine the three-dimensional structure of the interaction
interface. Thus in the XED force field, a dielectric constant of
2 is appropriate for accurately predicting the three-dimen-
sional structure of a complex and for predicting the relative
magnitudes of the functional group interactions involved, but
to quantitatively predict interaction energies, a further factor
of 2 must be applied to the total electrostatic interaction to
account for the effects of desolvation. It is important to note
that this is not the same thing as a dielectric constant of 4
which causes a change in the structure of the complex,
because it alters the balance of van der Waals and electro-
static forces in the interaction interface. This hypothesis could
be experimentally tested by measuring the set of aromatic
interactions in another solvent.


Conclusion


These experiments clearly demonstrate that a good electro-
static description is necessary in order to model non-covalent
interactions due to electron anisotropy such as aromatic
interactions. The XED force field performs much better than
the ACC force fields examined, because a more sophisticated
treatment of electrostatic interactions reproducing multipoles
arising from � electrons and lone pairs. In the MacroModel
force fields, the van der Waals contribution tends to dominate,
and this disproportionately favours stacked geometries.
Clearly ACC force fields have been improved by fitting the
electrostatic potential calculated by quantum mechanics to
charges (Kollman×s ESP and RESP are good examples).[48]


However, in this kind of approach each molecular fragment
needs to be analysed separately which is time consuming for
complex molecules and unrealisable for conformationally
flexible systems where the potential surface depends on the
conformation. XED overcomes these drawbacks with off-
atom charges that use an empirical charge generator to take
into account electronegativity and electron drift through
bonds. The results described above clearly demonstrate the
validity of the XED philosophy.
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Modification of Carbon Nanofibres for the Immobilization of Metal
Complexes: A Case Study with Rhodium and Anthranilic Acid


T. G. Ros, A. J. van Dillen, J. W. Geus, and D. C. Koningsberger*[a]


Abstract: The immobilisation of the
rhodium/anthranilic acid complex onto
fishbone carbon nanofibres (CNFs) was
executed by means of the following
steps: 1) surface oxidation of the fibres,
2) conversion of the oxygen-containing
surface groups into acid chloride groups,
3) attachment of anthranilic acid and
4) complexation of rhodium by the at-
tached anthranilic acid. The immobilisa-
tion process was followed and the re-
sulting surface species were character-
ised by IR, X-ray absorption fine


structure (XAFS) and X-ray photoelec-
tron spectroscopy (XPS), and by molec-
ular modelling. Anthranilic acid bonds
to the CNFs by an amide linkage to the
carboxyl groups that are present after
surface oxidation of the fibres. The
immobilised anthranilic acid coordi-
nates to rhodium through the nitrogen


atom and the carboxyl group. The as-
synthesised RhIII complex itself is not
active in the liquid-phase hydrogenation
of cyclohexene. Reduction with sodium
borohydride yields small particles (d�
1.5 ± 2 nm) of rhodium metal that are
highly active. The results indicate that
different activation procedures for the
immobilised Rh/anthranilic acid system
should be applied, such as reduction
with a milder reducing agent or direct
complexation of the rhodium in the RhI


state.


Keywords: amino acids ¥ carbon ¥
EXAFS spectroscopy ¥ immobiliza-
tion ¥ nanostructures


Introduction


The immobilisation of homogeneous catalysts onto solid
supports has been studied extensively since the 1970s.[1±4] The
objective is to combine the advantages of homogeneous
catalysts, such as a high selectivity and metal efficiency, with
the simple recovery of the catalyst. A number of immobilisa-
tion methods can be distinguished, such as encapsulation or
entrapment, supported liquid phase, and immobilisation by
covalent bonding.


In general, immobilisation by covalent bonding (™immobi-
lisation∫) of homogeneous hydrogenation catalysts is execut-
ed by first attaching one ligand to the support. This ligand is
usually the most important ligand, for example, a bulky
bidentate ligand that causes the immobilised catalyst to be
enantioselective. Next, the metal complex is coordinated to
the immobilised ligand by a ligand-exchange reaction. Other
immobilisation procedures are used as well, such as reaction
of a metal salt with the immobilised ligand, which may be
followed by a further coordination of other ligands to the
metal atom, and direct reaction of the metal centre with a


surface atom of the support. Most immobilisation techniques
try to maintain the structure of the immobilised catalyst as
close as possible to that of its homogeneous precursor. The
first 15 years of research into immobilisation have demon-
strated that simple immobilisation of a successful homoge-
neously active, metal-complex catalyst to a functionalised
support generally yields an inferior version of the homoge-
neous catalyst.[2] However, it has also been shown that by
careful design, supported metal-complex catalysts can be
prepared that have advantages not exhibited in homogeneous
catalysis. Although some of the immobilised metal-complex
catalysts have properties that are as good or even better than
their homogeneous counterparts, in 1998 none had an
industrial application.[4] This is correlated to the frequent
observation of significant metal leaching, although other
important factors, such as the mechanical and macroscopic
properties of the support, are also decisive. The problem of
leaching is often directly related to the mechanism of the
catalytic reaction. For instance, immobilised phosphine-con-
taining metal complexes will leach under hydrogenation
conditions, because during catalysis one phosphine ligand
must desorb to allow the required coordination of the olefin.
This problem can sometimes be circumvented by the use of
multi-dentate ligands.


An alternative approach could be to change the electronic
and steric features of the complex by immobilisation. This
approach has been exemplified by Holy, who studied the
immobilisation of rhodium N-phenyl anthranilic acid
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(RhPAA) and rhodium anthranilic acid (RhAA) onto poly-
styrene.[5±7] The DMF-soluble (DMF�N,N-dimethylform-
amide) RhI complex of N-phenyl anthranilic acid (PAA) was


known as a remarkably active hydrogenation catalyst.[8±11]


However, upon immobilisation onto polystyrene, the catalyst
no longer displayed any activity. In contrast, when anthranilic
acid was immobilised, a highly active RhI catalyst was
obtained after reduction of the metal complex with NaBH4.
Monovalent rhodium is able to participate in the oxidative
addition/reductive elimination cycle that is required to
catalyse hydrogenation reactions. The rhodium/anthranilic
acid complex was not known as a homogeneous catalyst. In
addition, the immobilised complex of anthranilic acid with
nickel showed hydrogenation activity.[12] This example dem-
onstrates that the catalytic properties of immobilised com-
plexes often differ from those of their non-supported counter-
parts. Therefore, the best approach could be to design
immobilised catalysts that do not have homogeneous ana-
logues. A weak ligand in solution, for example, an amine
ligand, which may easily dissociate from the metal to result in
the reduction of the metal under hydrogenation conditions,
could be a suitable ligand for an immobilised system.


Although the Rh/anthranilic acid complex has been suc-
cessfully immobilised on polystyrene, the relatively low
thermal and mechanical stability, the swelling properties and
the microporous structure of the polystyrene support compli-
cate the use of the catalyst in an industrial environment.
Carbon nanofibres (CNFs), on the other hand, are mechan-
ically very strong and have a macroporous structure. The
hydrophobicity of the fibres can be modified by surface
oxidation.[13] Furthermore, the CNFs obtained after synthesis
are very pure and can be grown at low cost.[14] These
advantages make the CNFs a suitable support for catalytic
reactions in the liquid phase. Consequently, we decided to
immobilise RhAA onto fishbone-type carbon nanofibres.


To the best of our knowledge, the immobilisation (i.e., by
covalent bonding) of metal complexes onto carbon nanofibres
or carbon nanotubes has not yet been explored. Some reports
describe the impregnation or adsorption of homogeneous
catalysts on these new carbon materials.[15±17] Moreover, only
few articles have been published regarding the immobilisation
of metal complexes on carbon in general. Kagan et al.[18]


synthesised a chiral rhodium catalyst on partially graphitised
carbon, while McCabe and Orchin[19] attached cobalt and tin
complexes to bituminous coal. The inertness of CNFs and, to a
lesser extent, of carbon in general makes immobilisation with
these materials much more difficult than with polymers or
oxidic supports, such as silica or alumina. However, already in
the 1970s, Miller and co-workers[20] modified graphite elec-
trodes for the attachment of amines onto their surface. The


electrodes were kept at a high temperature in air, the resulting
carboxyl groups were converted into acid chloride groups by
the action of thionyl chloride, and these groups were
subsequently treated with an amine. The approach of Miller
has been used by several other researchers for the attachment
of molecules or even metal ± ligand systems to carbon elec-
trodes, although the experimental conditions for oxidation
and attachment of amine varied considerably.[21±24] Smalley
and co-workers[25] and, more importantly, Haddon and co-
workers[26, 27] employed the method of converting carboxyl
groups on carbons to acid chloride groups and subsequent
attachment of amines to shortened single-walled carbon
nanotubes (SWNTs). Haddon et al. used this procedure to
solubilise the SWNTs by bonding long-chain molecules to its
surface. Raw SWNTs were oxidised and shortened by
prolonged sonication in a mixture of nitric and sulfuric acids.
The carboxyl groups, which were presumably positioned at
the edges of the tubes with a length of 300 nm, were converted
to acid chloride groups by refluxing in thionyl chloride
(containing some DMF) for 24 h. The DMF acts as a catalyst
in the formation of acid chloride groups by SOCl2.[28] Haddon
et al. emphasised that the reaction of the SOCl2-treated
SWNTs with octadecylamine (ODA) in toluene was unsuc-
cessful. The key to the preparation was the reaction of the
tubes with pure molten ODA for an extended period of time.
It is evident that severe reaction conditions are required for
derivatisation of carbon nanomaterials.


In this investigation, we have studied the immobilisation of
the rhodium/anthranilic acid complex onto fishbone carbon
nanofibres. The reports by Haddon and co-workers and by
Holy served as a basis to develop an immobilisation scheme. It
will be shown that the RhIII/anthranilic acid system immobi-
lised on carbon nanofibres can indeed be synthesised. The
complex is bonded to the fibres by an amide linkage of the
CNF carboxyl groups and the amine functionality of anthra-
nilic acid. The immobilised RhIII complex is not active in the
hydrogenation of cyclohexene. Reduction with NaBH4 results
in a very active catalyst that consists of extremely small
rhodium particles. Milder activation procedures may lead to
an active immobilised RhI complex.


Results


Infrared spectroscopy : Figure 1 shows the infrared spectra of
CNF-U, CNF-OX, CNF-AA and of a physical mixture of


Figure 1. IR spectra of untreated (CNF-U), oxidised (CNF-OX), anthra-
nilic-acid-treated (CNF-AA) carbon nanofibres, and of a physical mixture
of anthranilic acid and CNFs (AA-phys).
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carbon nanofibres and anthranilic acid (for explanations of
the codes for the intermediate products and final catalysts see
Table 1). To allow comparison, transmission levels of all
spectra were kept approximately the same. It was established
that, within the transmission window used, the intensity of the
bands did not depend upon the transmission level of the
spectra. Table 2 summarises the band assignments. The
assignment of the bands of untreated fibres[29] and of oxidised


fibres[13] have already been reported and discussed in separate
papers. The oxidation of carbon nanofibres has been exten-
sively discussed in reference [13]. With regards to the un-
treated fibres, the absorptions at approximately 1630 and at
1384 cm�1 are attributed to adsorbed water and nitrate,
respectively, on the KBr and can be discounted.[30±33] The
minimum at 1582 cm�1 originates from an aromatic ring
vibration, while the broad 1200 cm�1 absorption is attributed
to the C ±C stretching vibration.[31, 34, 35] Upon oxidation, an
additional band appears at 1724 cm�1. This peak originates
from the C�O stretching vibration of carboxyl and/or carbon-
yl groups.[30, 31, 34, 36] Furthermore, the intensity of the
1200 cm�1 absorption intensifies as a result of CO stretching
and OH bending vibrations that occur in this region.[34] The
intensity of the 1582 cm�1 band also increases because, upon
oxidation, symmetry restrictions are relieved for more
aromatic rings.[29]


A comparison of the IR spectrum of a physical mixture of
anthranilic acid and CNFs (AA-phys) with that of CNF-AA
indicates that, as a result of the strong IR absorbance of CNFs,
many bands visible in the spectrum of pure AA diminish, shift
or even disappear upon mixing with carbon nanofibres.
Therefore, the aromatic C ±H bending mode at 746 cm�1


(indicative for four adjacent H atoms[37]) occurring in the


spectrum of CNF-AA appears to be the best indication for the
presence of anthranilic acid on the surface of the CNFs. In
addition, other absorptions are visible in the spectrum that
can be attributed to anthranilic acid. Furthermore, in the
spectrum of CNF-AA, the carboxyl C�O stretching vibration
at 1724 cm�1 of CNF-OX has almost disappeared, indicating
that an amide bond between the carboxyl groups on the CNFs
and the amine groups of anthranilic acid has been formed.


The spectrum of CNF-SOCl2 (not shown) was identical to
that of CNF-OX. The spectrum of the fibres that were treated
with anthranilic acid in DMF showed only a weak band at
753 cm�1. Furthermore, the C�O stretching vibration at
1724 cm�1 was only slightly diminished.


X-ray photoelectron spectroscopy (XPS): The process of
immobilisation was also followed with XPS. Figure 2A and B
shows the Cl2p and the N1s regions, respectively, of CNF-OX,
CNF-SOCl2, CNF-AA, and RhAA/CNF(5). Oxidised fibres
do not contain chlorine; however, this element is clearly


Figure 2. XPS spectra of A) the Cl2p region and B) the N1s region of CNF-
OX, CNF-SOCl2, CNF-AA, and RhAA/CNF(5).


present after treatment with SOCl2. Upon reaction with
anthranilic acid, the chlorine is removed, whereas after
complexation of Rh (with RhCl3 ¥ 2H2O) it reappears on the
surface of the CNFs. The presence of nitrogen on oxidised
fibres is not detected with XPS. The small peak appearing in
the spectrum of CNF-SOCl2 can be attributed to small traces
of DMF that is used during this synthesis step. The spectrum
of CNF-SOCl2 in Figure 2B has been obtained from CNF-
SOCl2 fibres that were dried for only five hours in a vacuum.
The CNF-AA fibres clearly contain nitrogen, which remains
present after complexation of Rh. Reduction with NaBH4 or
measurement of the catalytic activity does not affect the
intensity of the N1s peak (spectra not shown).


The presence and the oxidation state of Rh was studied by
monitoring the Rh3d peak. Figure 3 displays the results. The
Rh3d5/2 and Rh3d3/2 transitions are both clearly visible. Only the
Rh3d5/2 peaks were used for further analysis. The spectrum of
RhAA/CNF(17) shows one broad Rh3d5/2 peak centred at
308.9 eV. Literature values for the Rh3d5/2 peak in Rh2O3 and
RhCl3 are 308.2 ± 308.8 eV and 310.1 eV, respectively.[38]


Therefore, we can conclude that the Rh is in the trivalent
oxidation state in this complex. Upon reduction of the RhAA/
CNF(17) complex with NaBH4 (denoted as RhAA/
CNF(17,BH)), a second peak at �307.4 eV becomes the most


Table 1. Abbreviations for the intermediate products and the final
immobilised catalysts.


Abbreviation Description


intermediate products
CNF-U untreated fibres
CNF-OX oxidised fibres
CNF-SOCl2 SOCl2-treated fibres
CNF-AA anthranilic-acid-treated fibres
final catalysts
RhAA/CNF(17) dried for 17 h after SOCl2 treatment
RhAA/CNF(17,BH) dried for 17 h, reduction with NaBH4


RhAA/CNF(5) dried for 5 h after SOCl2 treatment
RhAA/CNF(17,DMF) dried for 17 h, reaction AA in DMF


Table 2. Assignments of IR absorptions found for CNF-U, CNF-OX,
CNF-AA and a physical mixture of CNFs and anthranilic acid.


Wavenumber
[cm�1]


Assignment References


1724 C�O stretching carbonyl � carboxyl [30, 31, 34, 36]
1633 adsorbed water [30, 31]
1582 aromatic ring stretching [31, 34, 35]
1384 nitrate [32, 33]
1200 C ±C stretching [31, 34]
746 aromatic C ±H bending anthranilic acid [37]
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Figure 3. XPS spectra of the Rh3d region of RhAA/CNF(17) and RhAA/
CNF(17,BH).


intense one and the peak at 308.9 eV is visible as a shoulder.
As the Rh3d5/2 peak for rhodium metal lies at 307.2 eV,[38] this
new maximum indicates the presence of Rh0. Clearly, a large
portion of the Rh is in the zerovalent state after reduction
with NaBH4. A RhI complex would have given a peak at
�308 eV.[38]


X-ray absorption fine structure (XAFS) spectroscopy


X-ray absorption near-edge structure (XANES): The X-ray
absorption near-edge spectra of RhAA/CNF(17) and RhAA/
CNF(17,BH) are shown in Figure 4 together with the data for
Rh foil and Rh2O3. By comparison of the spectra of the
RhAA/CNF(17) and RhAA/CNF(17,BH) samples with the
reference compounds, information can be obtained about the
oxidation state of the rhodium. The absorption edge of
RhAA/CNF(17) is almost identi-
cal to that of Rh2O3. Thus, we can
conclude that the Rh in RhAA/
CNF(17) is in the trivalent oxi-
dation state. No Rh ±Rh interac-
tions are present.


The position of the lower half
of the absorption edge of RhAA/
CNF(17,BH) is at a lower energy
than that for RhAA/CNF(17)
and closer to that of Rh foil.
The increase in absorption inten-
sity in this region of the absorp-
tion edge is typical of zerovalent
rhodium. This suggests that part
of the rhodium is in the zero-
valent oxidation state.


Extended X-ray absorption fine
structure (EXAFS) analysis : Fig-
ure 5 shows the experimental
EXAFS data of RhAA/CNF(17)
(Figure 5A) and RhAA/
CNF(17,BH) (Figure 5C). The
data quality is excellent. The
signal-to-noise ratio at k�
4.4ä�1 amounts to approximate-


Figure 4. XANES spectra of RhAA/CNF(17) (solid black) and RhAA/
CNF(17,BH) (dotted black) together with Rh foil (solid grey) and Rh2O3


(dotted grey).


ly 150 for RhAA/CNF(17) and 75 for RhAA/CNF(17,BH). It
can clearly be seen that the EXAFS intensity of sample
RhAA/CNF(17,BH) at larger values of k (k� 10 ä�1) is
higher than for RhAA/CNF(17), indicating the presence of a
high Z scatterer.[39] The k2 Fourier transform of the EXAFS
data of RhAA/CNF(17) and RhAA/CNF(17,BH) are dis-
played in Figure 5B and D, respectively. Whereas the peak at
1.6 ä in both samples originates from low Z scatterers, such as
oxygen, the peak at 2.4 ä in the uncorrected Fourier trans-
form of the EXAFS data of RhAA/CNF(17,BH) is attributed
to an Rh ±Rh contribution. Also, the intensity of the first shell
region at 1.6 ä is lower, indicating a change in coordination
after reduction.


Figure 6A shows the Fourier transform (FT) of the
experimental EXAFS data of RhAA/CNF(17) together with
the FTof the total fit. The fit quality is excellent for the range


Figure 5. A) Experimental EXAFS spectrum of RhAA/CNF(17) (k1 weighted). B) Corresponding uncorrect-
ed Fourier transform (k2 weighted, �k� 2.7 ± 15.9 ä�1). C) Experimental EXAFS spectrum of RhAA/
CNF(17,BH) (k1 weighted). D) Corresponding uncorrected Fourier transform (k2 weighted, �k� 2.9 ±
15.9 ä�1).
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of fits used (�R� 1 ± 2.8 ä). In RhAA/CNF(17), Rh ±O/N,
Rh ±Cl and Rh ±C contributions could be determined. The
phase-corrected Fourier transforms of the fits of each
individual contribution together with their corresponding
difference files are shown in Figure 6B, C and D for the Rh ±
O/N, Rh ±Cl and Rh ±C contributions, respectively. The fit
quality of each individual contribution is very good, indicating
that reliable fit results for the weaker EXAFS contributions
have been obtained as well. Table 3 presents the fit param-
eters of the EXAFS spectra resulting from the multiple shell
fits in R space and the variances of the imaginary and absolute
part of the fits for all catalysts. All variances obtained are well
below 1%, indicating that excellent fit results for all catalysts
have been acquired.[39] Furthermore, the calculated number of
independent data points [see Eq. (3) later] is 14, showing that
a fit with three shells is possible. Because the contributions of
carbon, oxygen or nitrogen in RhAA/CNF(17) cannot be


easily distinguished, all these in-
teractions were fitted with the
Rh2O3 reference. The rhodium
atom in the immobilised complex
has five oxygen or nitrogen neigh-
bours at a distance of 2.05 ä. The
presence of carbon at such a
distance is unlikely. One chlorine
atom is also present in the coor-
dination sphere of Rh at a dis-
tance of 2.28 ä. At a larger dis-
tance of 2.94 ä, three neighbours
are fitted, which are most likely
carbon atoms. No Rh ±Rh inter-
actions could be fitted.


The fit results of RhAA/
CNF(17,BH) are also shown in
Table 3. Again, very good results
are obtained for the total fit and
the three separate Rh ±Rh, Rh ±
O and Rh ±C contributions. There
are 4.5 Rh neighbours situated at
a distance of 2.68 ä. The coordi-
nation number of oxygen neigh-
bours amounts to 3.4 at 2.05 ä.
Finally, 1.6 C atoms are visible at a
distance of 2.25 ä. The fit param-


eters of RhAA/CNF(5) displayed in Table 3 show that,
besides oxygen and chlorine contributions (NO� 4.1, RO�
2.07, NCl� 2.6, RCl� 2.28), RhAA/CNF(5) contains some
Rh ±Rh interactions (N� 2.0, R� 2.69). A reasonable fit
can also be obtained with less chlorine. RhAA/CNF(17,DMF)
contains almost exclusively Rh ±Rh interactions (N� 8.2,
R� 2.69), but some Rh ±O interactions are present as well
(N� 1.3, R� 2.05).


It should be noted that with all catalysts, edge steps were
obtained that were equal to the theoretical edge step for
1 wt% Rh on carbon. In other words, all catalysts indeed
contain 1 wt% of Rh. The total discolouration of the water
phase (containing the equivalent of 1 wt% Rh) after com-
plexation of rhodium supports these observations.


Molecular modelling : The outcome of the EXAFS fit results
of RhAA/CNF(17), namely the number and nature of


Table 3. Fit parameters of EXAFS spectra and variances of fits.[a]


Catalyst Atom N R [ä] ��2 [ä2] �E0 [eV] k2 Variance [%]
� 5% � 1% � 5% � 10% Im Abs


RhAA/CNF(17) O/N 5.0 2.05 0.001 � 3.1 0.12 0.05
Cl 1.0 2.28 0.004 4.4
C 2.9 2.94 0.003 � 10.6


RhAA/CNF(17,BH) Rh 4.5 2.68 0.006 9.9 0.25 0.12
O 3.4 2.05 0.001 � 4.4
C 1.6 2.25 0.008 � 8.6


RhAA/CNF(5) Rh 2.0 2.69 0.006 7.0 0.06 0.03
O 4.1 2.07 0.006 � 9.2
Cl 2.6 2.28 0.004 10.7


RhAA/CNF(17,DMF) Rh 8.2 2.69 0.000 5.6 0.10 0.04
O 1.3 2.05 0.004 � 8.5


[a] �k� 3.9 ± 14 ä�1, �R� 1 ± 2.8 ä, k2 weighted.


Figure 6. Fit results of RhAA/CNF(17) (�k� 3.9 ± 14 ä�1, �R� 1 ± 2.8 ä). A) Fourier transform of exper-
imental EXAFS data and total fit (k2 weighted, uncorrected). B) Rh ±O fit and corresponding difference file
(k1 weighted, Rh ±O phase-corrected). C) Rh ±Cl fit and corresponding difference file (k1 weighted, Rh ±Cl
phase-corrected). D) Rh ±C fit and corresponding difference file (k1 weighted, Rh ±C phase-corrected).
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neighbours of Rh, were used as the
input for the molecular modelling
study. It was assumed that the rho-
dium is in the trivalent oxidation
state and that, for reasons of charge
compensation, both the carboxyl and
the amide group of anthranilic acid
are ionised. The result is shown in
Figure 7; the carbon nanofibre struc-
ture is depicted on the left-hand side
of the figure. Anthranilic acid is
bonded to the fibre through an
amide bond with a carboxyl group
on the surface of the CNF. Rh is
coordinated to anthranilic acid through one oxygen of the
carboxyl group (of AA) and the nitrogen atom. In addition to
one chloride anion, the coordination sphere of the rhodium
atom is completed by three water molecules (the last synthesis
step was performed in water). Thus, the Rh atom is in an


Figure 7. Outcome of the molecular modelling study of RhAA/CNF(17).


octahedral environment. Table 4 gives the distances of several
atoms to the central Rh atom. For comparison, the EXAFS
results have been included as well. The oxygen atoms of the
three water molecules are situated at a distance of 1.9 ä. The
oxygen atom of the carboxyl group of anthranilic acid is found
at 2.0 ä, as is the AA nitrogen atom. Chloride resides at a
distance of 2.3 ä. Three carbon atoms are found at distances
of 2.8 ä (C of carboxyl group AA), 3.0 ä (carbon of benzyl
ring) and 3.0 ä (C of carboxyl group CNF). These distances
agree very well with the EXAFS results.


Catalytic measurements : The catalytic measurements resulted
in a plot of the H2 flow against time (see Figure 8 for RhAA/
CNF(17,BH)). This curve was integrated to get an H2 uptake
pattern, which, in turn, was used to calculate the normalised
initial activity (i.e., the activity at t� 0). The results are
summarised in Table 5. Both RhAA/CNF(17) and RhAA/
CNF(5) do not display any hydrogenation activity. The
catalyst reduced with NaBH4, on the other hand, is highly
active. The activity of RhAA/CNF(17,BH) amounts to
1.1 molH2 gcat�1h�1. RhAA/CNF(17,DMF) shows an inter-
mediate activity of 0.3 molH2 gcat�1h�1.


Discussion


Infrared spectroscopy: The appearance of the aromatic C ±H
bending vibration of anthranilic acid at 746 cm�1 and the
strong decrease in intensity of the C�O stretching band at
1724 cm�1 in the IR spectrum of CNF-AA strongly indicate
that anthranilic acid has been bonded to the carboxyl groups
of the oxidised carbon nanofibres through an amide linkage.
Reaction of anthranilic acid through the carboxyl group is
highly unlikely because it would result in an acyclic acid
anhydride which is very unstable.[40] Unfortunately, no amide
C�O stretching vibration could be observed. This band would
be expected to be located at �1650 cm�1.[24, 26, 27, 37] In this
region, the adsorbed water peak and bands originating from
anthranilic acid occur as well and, therefore, no clear state-
ment concerning the presence or absence of this vibration can
be made.


The IR spectrum of CNF-SOCl2 is identical to that of
oxidised fibres. No evidence for acid chloride groups could be
found. However, it is possible that the acid chloride groups are
not stable and that they are converted back to carboxylic acid
groups under the influence of water vapour in the air. Another
explanation could be that anthranilic acid reacts directly with
the carboxyl groups of the CNFs under the conditions used
(usage of pure molten AA). To investigate this, oxidised


Table 4. Distances between Rh and several atoms in the molecular model
of RhAA/CNF(17). The EXAFS results have been included for compar-
ison.


Modelling EXAFS
Atom No. of atoms Distance [ä] N R [ä]


OH2O 3 1.9 (3� )
Ocarb 1 2.0


�
5.0 2.05


N 1 2.0
Cl 1 2.3 1.0 2.28
C 3 2.8, 3.0, 3.0 2.9 2.94


Figure 8. H2 Flow and H2 uptake curves of RhAA/CNF(17,BH).


Table 5. Initial activities for the different catalysts.


Catalyst Initial activity [molH2 gcat�1 h�1]


RhAA/CNF(17) 0.0
RhAA/CNF(5) 0.0
RhAA/CNF(17,BH) 1.1
RhAA/CNF(17,DMF) 0.3







FULL PAPER D. C. Koningsberger et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0813-2874 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 132874


carbon nanofibres were treated with pure molten anthranilic
acid without prior treatment with SOCl2. The IR spectrum of
these CNFs is very similar to that of CNF-AA. In other words,
the anthranilic acid 746 cm�1 band is clearly visible and the
1724 cm�1 C�O stretching vibration of the carboxyl group has
almost disappeared. This result proves that anthranilic acid
can react directly with the CNF carboxyl groups. This reaction
was also investigated by Pittman et al.,[41] who treated
polyacrylonitrile (PAN) carbon fibres oxidised with HNO3


with tetraethylenepentamine at 190 �C. An esterification
reaction between the carboxyl group of anthranilic acid and
an hydroxyl group on the surface of the oxidised CNFs is also
possible; however, this would not lead to a strong decrease in
intensity of the 1724 cm�1 C�O stretching band. In conclusion,
water-sensitive acid chloride groups may be formed on the
surface of the CNFs, but their formation is not necessary to
achieve the bonding of AA to carbon nanofibres.


X-ray photoelectron spectroscopy (XPS): The N1s XPS
spectra show the appearance of nitrogen on the surface of
the CNFs after reaction with anthranilic acid. This nitrogen
atom is not removed by any of the further treatments that are
performed with the CNF-AA fibres (complexation of Rh,
catalytic reaction and/or reduction with NaBH4), indicating
that it must be tightly bound to the carbon nanofibre surface.
XPS also shows that, after treatment with SOCl2, the fibres
should be dried under vacuum for a long period of time in
order to remove all DMF from the surface of the fibres. The
effect of traces of DMF on the surface of the CNFs is dealt
with later in this section.


The XPS Cl2p results also provide valuable information on
the subsequent immobilisation sequence. Chlorine appears on
the surface of the fibres after reaction with SOCl2 and
disappears again after the bonding of anthranilic acid.
This suggests that acid chloride groups have been formed
that are subsequently used for the bonding of AA. If the acid
chloride groups are unstable in air, the XPS Cl signal then
probably originates from HCl that is formed during the
decomposition reaction. After complexation of Rh, chlorine is
present again, implying that this element is present near the
rhodium.


As has previously been shown and discussed, the C1s peak
did not change shape upon oxidation of the CNFs.[13]


Furthermore, all other chemical modifications did not show
a change in the C1s peak shape. This observation can be
explained by taking account of the probing depth of XPS of
�2 nm for carbon materials. This means that a large fraction
of the carbon atoms detected by XPS are situated below the
surface of the carbon nanofibres. These atoms are not
modified and, hence, do not contribute to a change in the
shape of the C1s peak.


X-ray absorption fine structure (XAFS) spectroscopy: The
outcome of the analysis of the EXAFS data of RhAA/
CNF(17) demonstrates that the central rhodium atom has six
nearest neighbours (typical for RhIII) and that one of these
neighbours is a chlorine atom. Furthermore, the EXAFS fit
reveals an interaction with three carbon atoms at a longer
distance. The EXAFS results imply that, for reasons of charge


compensation of the RhIII, the carboxyl group as well as the
nitrogen atom of the former amine group of anthranilic acid
are ionised. The three carbon atoms may originate from the
benzyl ring of anthranilic acid or from the carbon nanofibre
support.


The EXAFS data also shed more light on the structure of
the NaBH4-reduced catalyst RhAA/CNF(17,BH). Because no
reduction prior to the EXAFS measurement was carried out,
the result of the analysis of the EXAFS data indicates the
presence of small rhodium particles that are partly oxidised.
The particles probably have a core of rhodium metal
surrounded by rhodium oxide. As the Rh atoms also interact
with the carbon support, it is most likely that the rhodium
particles are semi-spherical. Because the rhodium particles
are partially oxidised, it is not possible to directly estimate the
particle size from the coordination number. However, the
particles should be small, because an interaction with the
support is still observed and the catalyst displays a high
hydrogenation activity. We roughly estimate the particle size
to lie in the range 1.5 ± 2 nm.


The complex RhAA/CNF(5) contains some Rh ±Rh inter-
actions. As this complex probably contains a mixture of
different structures, a reliable interpretation of the EXAFS
data cannot be given. The RhAA/CNF(17,DMF) catalyst
consists of Rh particles that have an oxidised outer surface.
These particles are fairly large: no interaction with the CNF
support can be distinguished.


General discussion : All characterisation techniques agree
very well with each other. IR spectroscopy showed the
presence of an amide bond between the carboxyl groups on
the surface of the carbon nanofibres and anthranilic acid,
whereas the XPS N1s region showed the presence of tightly
bound nitrogen on the CNF surface after attachment of AA.
Furthermore, XPS showed that the rhodium in the as-
synthesised RhAA/CNF(17) complex is in the trivalent state
and that reduction with NaBH4 leads to the formation of
zerovalent Rh. The XANES results are in full agreement with
these observations.


Although the EXAFS data provide very valuable informa-
tion about the nature and number of neighbours of Rh and
their separation, a structure is not easily visualised. Therefore,
the molecular modelling program was used. The constructed
model of RhAA/CNF(17) agrees very well with the EXAFS
results. The six nearest neighbours have distances that are in
agreement with the EXAFS data. More importantly, the three
nearest carbon atoms in the model have an average distance
that matches the EXAFS distance. As one of these carbon
atoms belongs to the former carboxyl group of the carbon
nanofibre, this is another strong indication for the covalent
bonding of the complex to the fibres. The model also shows
that, although the complex is closely bonded to the CNF
surface and steric hindrance is expected, the Rh in the Rh/
anthranilic acid complex is able to obtain a regular octahedral
environment.


The catalytic data show that when the Rh in the Rh/
anthranilic acid complex is in the trivalent oxidation state, no
catalytic activity is observed. Only after formation of rhodium
metal particles is the catalyst active in the hydrogenation of
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cyclohexene. It is known that RhI is able to perform the
oxidative addition/reductive elimination cycle that is required
for catalysis of hydrogenation reactions by metal complexes.
Therefore, we attempted to reduce the RhIII in RhAA/
CNF(17) to the univalent oxidation state by the action of
NaBH4. This reducing agent has already been used for this
purpose with the polystyrene-immobilised RhIII ±AA com-
plex.[5] The XPS and XANES data have shown that a large
part of the rhodium in RhAA/CNF(17,BH) has become Rh0


after reduction. Clearly, the reduction of the RhIII to RhI


cannot be achieved with NaBH4. Its reducing properties are
probably too strong. Therefore, the activation of the immo-
bilised Rh/anthranilic acid complex should be executed
differently. One option could be the use of a milder reducing
agent than NaBH4. Another alternative might be to introduce
the rhodium already as RhI and not as RhIII. A risky reduction
step would then be circumvented.


As was already demonstrated above with XPS, treatment of
the oxidised fibres with SOCl2/DMF results in the presence of
DMF on the fibres if the drying procedure under vacuum is
carried out for only a few hours. The final complex RhAA/
CNF(5) contains some Rh ±Rh interactions. Likewise, the
attempt to use a solution of anthranilic acid in DMF for the
attachment of this ligand to the fibres, ultimately leads to the
formation of large Rh particles (RhAA/CNF(17,DMF). As
Rh0 is formed in both cases, we postulate that zerovalent
rhodium is formed as a result of the reducing properties of
DMF. When DMF is present on the surface of the carbon
nanofibres, some or all of the rhodium chloride is reduced to
Rh0. Only when DMF is totally removed, which presumably
was achieved with the RhAA/CNF(17) complex after evac-
uation for 17 h, the rhodium can fully coordinate to anthra-
nilic acid.


Conclusion


The immobilisation of Rh/anthranilic acid onto fishbone
carbon nanofibres was executed by means of 1) surface
oxidation of the fibres, 2) conversion of the carboxyl groups
into acid chloride groups, 3) attachment of anthranilic acid
and 4) complexation to rhodium(���). We have demonstrated
that anthranilic acid bonds to the CNFs by an amide linkage
with carboxyl groups that are present after surface oxidation
of the fibres. The immobilised anthranilic acid coordinates to
rhodium through the nitrogen atom and the carboxyl group.
The coordination sphere of the trivalent Rh atom is further
occupied by three water molecules and a chloride ion. To the
best of our knowledge, this is the first example of a metal ±
ligand complex immobilised by covalent bonding on carbon
nanofibres or carbon nanotubes.


The as-synthesised complex is not active in the hydro-
genation of cyclohexene. Therefore, we reduced the rhodium
with sodium borohydride in order to obtain monovalent
rhodium. RhI can participate in the oxidative addition/
reductive elimination cycle that is required for catalysis.
However, the reduction procedure with NaBH4 results in the
formation of small rhodium particles with an estimated
diameter of 1.5 ± 2 nm on the CNFs. The hydrogenation


activity of these particles is very high. We conclude that
another activation procedure for the immobilised Rh/anthra-
nilic acid system must be designed, for example, reduction
with a milder reducing agent or complexation of the rhodium
in the RhI state. Solvents with reducing properties should be
used carefully during the immobilisation sequence. We have
shown that traces of DMF on the surface of the carbon
nanofibres already results in the formation of some zerovalent
rhodium. The use of anthranilic acid in DMF also yields
rhodium metal particles. The formation of acid chloride
groups by the action of SOCl2 is not necessary to bring about
the bonding of anthranilic acid to the CNFs. Under the
conditions used, anthranilic acid can react directly with the
carboxylic groups of the fibres.


Experimental Section


Growth of fishbone carbon nanofibres : Carbon nanofibres of the fishbone
type were produced by catalytic decomposition of CH4 on a Ni/Al2O3


catalyst.[42±45] The Ni/Al2O3 catalyst with 30 wt% Ni metal loading was
synthesised by the deposition ± precipitation technique:[46] alumina (Alon-
C, Degussa) was suspended in an acidified aqueous solution of nickel
nitrate (Acros, 99%) and diluted ammonia was injected over a period of 2 h
at room temperature under vigorous stirring until the pH had reached a
value of 8.5. The mixture was stirred overnight, and the resulting the
suspension was filtered, washed and dried at 120 �C. Finally, the catalyst was
calcined at 600 �C in stagnant air for 3 h.


For the production of fishbone CNFs, the 30 wt% Ni/Al2O3 catalyst (0.5 g)
was reduced at 600 �C in 14% H2/N2 (flow rate 350 mLmin�1) in a vertical
tubular reactor (diameter 3 cm) for 2 h. After decreasing the temperature
to 570 �C, methane (50% in N2, flow rate 450 mLmin�1) was passed
through the catalyst bed for 6.5 h. The yield of fibres amounted to
approximately 12 g.


Immobilisation of Rh/anthranilic acid onto fishbone carbon nanofibres :
Scheme 1 illustrates the experimental procedures used for the immobilisa-
tion of Rh/anthranilic acid onto fishbone CNFs: 1) The carbon nanofibres


were first oxidised in a mineral acid mixture in order to create carboxyl
groups on the surface and to remove the original Ni/Al2O3 growth catalyst.
2) These carboxyl groups were converted into acid chloride groups by the
action of thionyl chloride and DMF. 3) Anthranilic acid was bonded to the
fibres by reaction with these acid chlorides. 4) Subsequently, the immobi-
lised anthranilic acid was complexed to rhodium by refluxing the fibres in
an aqueous solution of rhodium(���) chloride. Finally, the Rh/anthranilic
acid complex was reduced with sodium borohydride (procedure not shown
in Scheme 1). Steps 2 and 3 (generation of acid chloride groups and
attachment of anthranilic acid) were carried out under a nitrogen
atmosphere with standard Schlenk techniques.


The fishbone carbon nanofibres were oxidised in a mixture of concentrated
nitric and sulfuric acid. The CNFs (5 g) were boiled under reflux in HNO3/
H2SO4 1:1 for 30 min (80 mL; HNO3: Lamers & Pleugers, 65%, pure;


Scheme 1. Procedures used for the immobilisation of Rh/anthranilic acid
on fishbone carbon nanofibres.
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H2SO4: Merck, 95 ± 97%, p.a.). Upon cooling and dilution with deminer-
alised water, the suspension was filtered over a Teflon membrane filter
(pore diameter of 0.2 �m), washed with demineralised water until the
washings showed no significant acidity and dried at 120 �C for 16 h.


Oxidised fibres (3 g) were treated with SOCl2/DMF (50:1, 50 mL) by
boiling under reflux for 24 h in a N2 atmosphere (SOCl2: Acros, �99.5%;
DMF: Merck, p.a.). After cooling, the reaction mixture was decanted from
the fibres, which were dried under vacuum at 40 �C for 5 h. Another batch
of fibres was dried under vacuum for 17 h at room temperature to make
sure that all DMF was removed from the SOCl2-treated fibres.


Anthranilic acid (20 g; Acros,�98%) was dried by vacuum suction at 40 �C
for 2 h and transferred under N2 to the SOCl2-treated fibres. This mixture
was kept at a temperature above the melting point of anthranilic acid
(144 ± 148 �C) for 96 h. Upon cooling, the resulting purple liquid suspension
was filtered over a Teflon membrane filter (pore diameter of 0.2 �m),
thoroughly washed with ethanol, and dried under vacuum at room
temperature for 17 h. The SOCl2-treated fibres were also treated with a
solution of anthranilic acid in DMF. The fibres were boiled under reflux for
96 h in a 1� solution of dried anthranilic acid in molsieve-dried DMF
(20 mL). These fibres were washed with DMF and treated identically in
subsequent experiments.


Anthranilic acid-reacted fibres (2 g) were dispersed in demineralised water
(30 mL), RhCl3 ¥ 2H2O (48 mg, 0.2 mmol) was added, and the suspension
was boiled under reflux for 72 h. Upon cooling, the Rh-loaded fibres (max.
1 wt%) were separated from the colourless water fraction by filtration. The
fibres were washed with demineralised water and dried under vacuum at
room temperature for 17 h.


Reduction of the immobilised Rh/AA complex was carried out by
dispersing Rh/AA/CNFs (1 g) in ethanol (10 mL; Merck, p.a.) and by
adding NaBH4 (55 mg; Alfa, 99%) and ethanol (10 mL). The evolution of
gas indicated an immediate reaction. After stirring for 30 minutes at room
temperature, the reduced catalyst was filtered from the colourless solution,
washed with ethanol and dried under vacuum at room temperature for
17 h.


Characterisation : Characterisation of the samples was carried out by
infrared spectroscopy (IR), X-ray photoelectron spectroscopy (XPS),
X-ray absorption fine structure (XAFS) spectroscopy, and by molecular
modelling.


Infrared spectroscopy: Transmission IR spectra were recorded on a
Perkin ±Elmer2000 spectrometer equipped with an air dryer to remove
the water vapour and carbon dioxide. A total of 100 scans were co-added at
a resolution of 8 cm�1 and a boxcar apodisation. Samples were prepared by
thoroughly mixing a small amount of ground nanofibres with pre-dried
KBr. Tablets were pressed at 4 tonscm�2 in a vacuum for 2 min. The
concentrations of the nanofibres ranged from 0.1 ± 1Ω (m/m). All trans-
mission spectra were baseline corrected.


X-ray photoelectron spectroscopy (XPS): The XPS data were obtained
with a Vacuum GeneratorsXPS system and a CLAM-2 hemispherical
analyser for electron detection. Non-monochromatic AlK� X-ray radiation
was obtained by means of an anode current of 20 mA at 10 keV. The pass
energy of the analyser was set at 20 eV.


Because of the overlap of the Rh3d signal with the broad C1s peak, the C1s


signal of CNF-AA was subtracted from the C1s/Rh3d peak of the rhodium-
loaded catalysts, resulting in the isolation of the Rh signal. It was
ascertained that the error in the intensity of the subtracted spectrum at
the position of the maximum of the C1s peak was not more than the
intensity of the Rh signal and that the baseline exhibited zero intensity after
subtraction.


X-ray absorption fine structure (XAFS) spectroscopy


XAFS data collection : XAFS spectra at the RhK edge (23220 eV) were
obtained at the HASYLAB (Hamburg, Germany) synchrotron beam-
lineX1.1, which was equipped with a Si(311) double crystal monochroma-
tor. The monochromator was detuned to 50% of the maximum intensity to
minimise the presence of higher harmonics. All measurements were
performed in the transmission mode with ionisation chambers filled with an
Ar/N2 mixture to have an absorbance of 20 and 80% in the first and the
second ionisation chamber, respectively.


The CNF samples (300 mg) were pressed into self-supporting wafers and
mounted into an in-situ EXAFS cell equipped with Be windows.[47] Because


of the low concentration of Rh (1 wt%) and the low absorption by carbon,
the calculated edge step was about 0.2. The Rh2O3 and RhCl3 reference
compounds (Aldrich, 99.8% and 98%, respectively) were diluted with
boron nitride (Alfa, 99.8%) and pressed into self-supporting wafers
(calculated edge step 1). The rhodium reference foil (Aldrich, 99.9%,
25 �m thickness) was mounted on the sample holder with Kapton tape. The
EXAFS cell was flushed with purified and dried He for 15 minutes and
cooled down to liquid nitrogen temperature prior to measurement.


XAFS data processing : Extraction of the EXAFS data from the measured
absorption spectra was performed with the XDAP code developed by
Vaarkamp et al.[48] Two or three scans were averaged and the pre-edge was
subtracted by means of a modified Victoreen curve.[49] The background was
subtracted by means of cubic spline routines with a continuously adjustable
smooth parameter.[39, 50] Normalisation was performed by dividing the data
by the height of the absorption edge at 50 eV, leading to normalised
EXAFS data.


EXAFS phase-shifts and backscattering amplitudes : Data for phase shifts
and backscattering amplitudes were obtained from the reference com-
pounds: Rh foil for Rh ±Rh, RhCl3 for Rh ±Cl, and Rh2O3 for Rh ±O, Rh ±
C and Rh ±N contributions.[39] Table 6 gives the crystallographic data and
the forward and inverse Fourier transform ranges used to create the
EXAFS references. Both the reference spectra and the samples were
measured at liquid nitrogen temperature. This means that no temperature
effect has to be included in the difference in Debye ±Waller factor (��2)
between sample and reference as obtained in the EXAFS data analysis.


R space fitting, difference file technique and weight factor kn : The EXAFS
data-analysis program XDAP allows one to perform multiple-shell fitting
in R space by minimising the residuals between both the magnitude and the
imaginary part of the Fourier transforms of the data and the fit. R space
fitting has important advantages compared to the generally applied fitting
in k space and is extensively discussed in a recent paper by Koningsberger
et al.[39]


The difference file technique was applied together with phase-corrected
Fourier transforms to resolve the different contributions in the EXAFS
data.[39] The difference file technique allows one to optimise each individual
contribution with respect to the other contributions present in the EXAFS
spectrum. If the experimental spectrum is composed of different contri-
butions then Equation (1) is valid:


Exp.Data�
�N
i�1


(Fit)i (1)


whereby (Fit)i represents the fitted contribution of coordination shell i. For
each individual contribution then Equation (2) should then logically be
valid:


(Fit)j�Exp.Data�
�N


i�1 and i�j


(Fit)i (2)


The right-hand side of this equation is further denoted as the difference file
of shell j. A good fit is only obtained if the total fit and each individual
contributing coordination shell correctly describe the experimental
EXAFS and the difference file, respectively. In this way not only the total
EXAFS fit, but also the individual fits of all separate contributions can be
determined reliably.


Both high Z (e.g. metal ±metal) and low Z (e.g. metal ± oxygen) contribu-
tions are present in the EXAFS data collected on metal complexes
dispersed on supports of a high surface area. The low Z contributions may
arise from the ligands and/or from the support. A k3 weighting emphasises


Table 6. Crystallographic data and the forward and inverse Fourier transform
(FT) ranges used to make the EXAFS references.


Forward FT Inverse FT
Atom pair Ref. compd Ref. Nref Rref [ä] kn �K [ä�1] �R [ä]


Rh ±Rh Rh foil [51] 12 2.69 3 2.7 ± 22.7 1.4 ± 3.1
Rh ±O Rh2O3


[a] [52] 6 2.05 1 3.7 ± 16.3 0.0 ± 2.3
Rh ±Cl RhCl3 [53] 6 2.30 1 3.1 ± 18.0 0.0 ± 2.9


[a] It was established with XRD that the Rh2O3 was in the hexagonal
modification.
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the high Z contributions to the spectrum, since high Z elements have more
scattering power at high values of k than low Z elements. However, the use
of a k3-weighted EXAFS spectrum or Fourier transform makes the analysis
much less sensitive to the presence of low Z contributions in the EXAFS
data. In this study, the EXAFS fits have been checked by applying k1, k2 and
k3 weightings in order to be certain that the results are the same for all
weightings.


Number of independent data points, variance and statistical significance :
The number of independent data points (Nindp) was determined as outlined
in the ™Reports on Standard and Criteria in XAFS Spectroscopy∫
[Eq. (3)].[54]


Nindp�
2�k�R


�
� 2 (3)


The variances of the magnitude and imaginary part of the Fourier
transforms of fit and data were calculated according to Equation (4):


Variance�
� �kn�FTn


model	R
 � FTn
exp	R
��2 dR� �kn	FTn


exp	R
�2 dR
� 100 (4)


In this study the statistical significance of a contribution has been checked
by a comparison of the amplitude of (Fit)jwith the noise level present in the
difference file (the noise in the difference file is essentially the same as the
noise in the experimental data).


Molecular modelling : Molecular modelling was executed with the force-
field based program Cerius2. The universal force-field routine was used. A
(part of a) carbon nanofibre was simulated by taking several unit cells of
graphite.


Catalytic test experiments : The catalytic activity of the immobilised Rh
complexes in the hydrogenation of cyclohexene was tested in a semi-batch
slurry reactor, operated at a constant pressure of 1200 mbarH2. The
thermostated, double-walled reaction vessel was equipped with vertical
baffles and a gas-tight stirrer with a hollow shaft and blades for gas
recirculation. The stirrer was operated at 2000 rpm. During the reaction,
the hydrogen consumption was automatically monitored by a mass flow
meter. It was assured that, under the conditions used, the rate of dissolution
of H2 in the solvent was higher than the maximum measurable rate of H2


uptake.


In a typical experiment, the reaction vessel was filled with catalyst (100 mg)
and ethanol (100 mL; Merck p.a.). The reactor was then thermostated at
25 �C, evacuated, filled with H2, and pressurised. The reaction was started
by injection of 1 mL cyclohexene (Acros 99%) with a syringe.
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Synthesis and Self-Association of syn-5,10,15-Trialkylated Truxenes


O¬ scar de Frutos,[a,b] Thierry Granier,[a,c] Berta Go¬mez-Lor,[d] Jesu¬ s Jime¬nez-Barbero,[e]
A¬ ngeles Monge,[d] Enrique Gutie¬rrez-Puebla,[d] and Antonio M. Echavarren*[a]


Abstract: syn-Trialkylated truxenes have been synthesized by alkylation of the
truxene trianion followed by base-catalyzed isomerization of the anti isomers. 1H
NMR studies, including a determination of diffusion coefficients, as well as molecular
mechanics calculations, demonstrate that these derivatives self-associate in solution
through arene ± arene interactions. The benzyl derivatives show the strongest
associations, which are a result of both benzyl ± benzyl and truxene ± truxene
interactions.


Keywords: cross-coupling ¥ cyclo-
phanes ¥ hydrocarbons ¥ palladium
¥ stacking interactions


Introduction


Association through arene ± arene interactions (� stacking) is
a subject of great importance in contemporary chemistry.[1]


The stacking interactions of aromatic hydrocarbons in water
are usually attributed to the hydrophobic effect,[2] although
attractive electrostatic interactions play an important role in
the aromatic stacking interactions of heterocycles.[3] In this
regard, it is of great interest that remarkably high degrees of
self-association have been observed for some planar aromat-
ics[4] and porphyrins[5] in nonpolar solvents.


The heptacyclic polyarene truxene (10,15-dihydro-5H-di-
indeno[1,2-a ;1�,2�-c]fluorene) (1)[6] has been recognized as a
potential starting material for the construction of larger
polyarenes and bowl-shaped fragments of the fullerenes.[7±12]


Although planar C3-symmetric substituted truxenes have
received much attention in the field of liquid crystals, in the
case of 2,3,7,8,12,13-hexahydroxytruxenes only the hexaesters
and hexaethers have been studied.[13±18] A further potential


use of 1 would be as a starting material for the synthesis of C3


tripods by syn trialkylation.[19]


We have recently found that some syn-trialkylated deriv-
atives 3 self-associate tightly in CDCl3 solution.[20, 21] This high
degree of self-association was quite unexpected for these
nonplanar derivatives. We describe herein the synthesis of
trialkylated truxenes by alkylation of the trianion of 1, as well
as a study of the self-association of trialkylated truxenes 3
through arene ± arene interactions in CDCl3, which sheds light
on the ordering of aromatic molecules through �-stacking
interactions.


Results and Discussion


Synthesis of alkylated truxenes : Alkylation of the anions of
the lithium, sodium, and potassium salts of 1 gives rise to
mixtures of anti (2) and syn (3) derivatives (Scheme 1).
Interestingly, and contrary to intuition, anti 2 could be
isomerized to the syn-trialkylated truxenes 3. Thus, simple
heating of the anti derivatives with KOtBu in refluxing
tBuOH led cleanly to the syn isomers 3. In most cases, the
crude alkylated derivatives of the trilithium trianion of 1 were
directly isomerized to the syn isomers in good to excellent
yields. Thus, 3a ± c, 3 f ± j, and 3r± u were obtained in yields of
59 ± 85%. On the other hand, derivatives 3k and 3 l were
obtained by alkylation of the trianion of the tripotassium salt
of 1, followed by recrystallization, and were recovered in
yields of 58 and 30%, respectively. Silylation of the lithium
anion of 1 with chlorotrimethylsilane in THFat�20 �C gave a
mixture of products, from which the syn-derivative 3d was
obtained in 43% yield following the addition of hexane. In
this case, attempted isomerization of the anti isomer by
refluxing with KOtBu in tBuOH led only to decomposition.
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Scheme 1. Synthesis of trialkylated truxenes 3.


Substitution with a secondary halide also proved possible.
Thus, reaction of the truxene trianion with cyclohexyl iodide
afforded 3e in 33% yield.


Stille coupling of 3h with vinyltributylstannane afforded
3m (72%), which was converted into trialdehyde 3n (98%)
by ozonolysis followed by treatment with PPh3. Alternatively,
palladium-catalyzed coupling of 3h with (trimethylsilylethy-
nyl)tributylstannane[22] gave trialkyne 3o (55%), which could
be converted to 3p (80%) by treatment with K2CO3 in
MeOH/THF.


Treatment of 1with nBuLi (1.1 equivalents) followed by the
addition of m-(bromomethyl)benzonitrile (1.1 equivalents)
furnished a mixture of mono- (4a), anti-dialkylated (5a), syn-
dialkylated (6a), anti-trialkylated (2q), and syn-trialkylated
(3q) truxenes. Similarly, a mixture of 4b, 5b, 6b, 2r, and 3r
was obtained by using p-(bromomethyl)benzonitrile as the
alkylating agent (Scheme 2).


Further alkylation of 3 i with m-bromobenzyl bromide in
THF using KOH as the base furnished the hexabenzyl
derivative 7 (54%). This compound was also synthesized in
84% yield by treating 1with KOH in THFand then addingm-
bromobenzyl bromide. A similar alkylation of 1 with �,��-
dibromo-o-xylene quantitatively afforded the trispiro deriv-
ative 8.
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Scheme 2. Different alkylated truxenes.


Reaction of the truxene trianion with a tris(benzyl bro-
mide) such as 9[7c] can afford the corresponding cyclophane
derivative.[23] Compound 9 could be readily synthesized in two
steps by a Suzuki coupling of 1,3,5-tribromobenzene with
2-methylphenylboronic acid in toluene/EtOH/H2O in the
presence of Na2CO3 as the base and [Pd(PPh3)4] as the catalyst
(72% yield), followed by standard benzylic bromination with
N-bromosuccinimide (91% yield). In the event, alkylation of
1 with 9 with KOH in THF gave truxenephane 10 in 66%
yield (Scheme 3). This compound could also be prepared by
CoI-mediated [2�2�2] reaction of the alkyne derivatives of
truxene 3p, albeit in lower yield.[24]


Br


Br


Br


KOH, THF, ∆
1


9
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Scheme 3. Synthesis of truxenephane 10.


Stability of syn-trialkylated truxenes : The facile isomerization
of derivatives 2 to 3 under basic conditions suggests that syn-
trialkylated truxenes are more stable than the anti isomers,
although this conclusion is at first glance quite surprising since
it seems to contradict the general belief that greater steric
congestion corresponds to lower stability.[25] However, there
are examples in which the most hindered conformers are
indeed the most stable.[26, 27] A remarkable example of this
phenomenon is seen with 1,3,5-trineopentylbenzene, the most
stable conformation of which has three syn tert-butyl
groups.[26a] In such cases, the attractive van der Waals forces
between the alkyl chains are responsible for the greater
stability of the syn conformers, whereas the repulsive, purely
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steric interactions, are not very different in the syn and anti
conformers.


The greater stability of syn trialkylated truxenes 3 is in
accord with semiempirical calculations[28] (Table 1). It might
be a consequence of the attractive van der Waals interactions
between the side chains.[29] Indeed, MM2 calculations[30]


reveal that most of the energy difference between syn- and
anti-tert-butyltruxenes can be ascribed to these interactions.[31]


NMR studies : Truxenes 3 show NMR data consistent with C3


symmetry. In the 1H NMR spectra of derivatives 3g ±u, the
benzylic hydrogens appear as AMX systems with coupling
constants JAM� 3 ± 4 Hz, JAX� 9 ± 10 Hz, and JMX� 13 ± 14 Hz,
which indicates that these substituents adopt a rather rigid
preferred conformation. This is in contrast to what is seen for
9-benzylfluorenes, the benzylic hydrogens of which give rise
to AX2 systems with coupling constants JAX� 7 ± 8 Hz,[32]


indicative of freely rotating benzyl groups. Truxenephane 10
shows JAX� 10.6 Hz and JMX� 14.2 Hz, while JAM� 0 Hz,
which corresponds to a dihedral angle of about 90� between
the truxene benzylic hydrogen and one of the methylene
hydrogens.


In order to determine the preferred conformation of
derivatives 3, a more detailed study was carried out on
truxene 3h. The hydrogens of the truxene scaffold are labeled
Ht, those of the aryl group Ha, and the geminal methylene
hydrogens Hb1 and Hb2 (Figure 1a). In the benzyl derivatives
3 f ± u, the more shielded methylene hydrogen is Hb2, which
couples with Ht5 with 3J� 8.3 ± 11.7 Hz. In the case of 3h, the
side chain benzylic hydrogens show J(Hb1,Ht5)� 4.8 Hz and
J(Hb2,Ht5)� 10.1 Hz. The higher intensity NOE interactions
for 3h are summarized in Figure 1b. As expected, at a 3h
concentration of about 3m�, only positive NOEs are seen in
the NOESY experiment at room temperature. The more
significant result is the absence of any observable NOEs
between the benzylic hydrogen Hb2 and the hydrogens in the
vicinity of Hb1. This result supports the hypothesis that the
side chains of truxenes 3g ± t adopt an almost rigid conforma-
tion.


Interestingly, the 1H NMR chemical shifts in CDCl3 proved
to be concentration dependent. The most notable chemical
shift changes related to the signals of the hydrogens labeled
Ht1 (truxene aryl) and Ht5 (truxene benzyl) (see Figure 1a),
which showed significant high-field shielding on increasing


Figure 1. a) Labeling of the hydrogens of 5,10,15-tribenzylated truxenes.
b) Selected NOEs for 3h (CDCl3 solution, 23 �C).


the concentration. The other aryl and side-chain hydrogens
showed less pronounced concentration-dependent shifts.


Values of Kassoc were determined assuming that the
predominant association is due to a monomer± dimer equi-
librium (see Table 2).[33, 34] The highest Kassoc values were
obtained for tribenzyl truxenes 3g ± t, while 3a ± d and 3f
associate weakly. In fact, 3 i was found to show the highest
Kassoc value determined for a self-association in nonpolar
solution that does not involve hydrogen bonds.[4, 5] A van×t
Hoff analysis of 3g led to �H��5.9� 0.2 kcalmol�1 and
�S��8.4� 0.9 calmol�1K�1, which indicates that the associ-
ation is an enthalpy driven process. Association was also
observed in [D6]benzene, although the Kassoc values obtained
by monitoring the shifts of Ht1 and Ht5 were in some cases
substantially different, which suggests that a more complex
association takes place in this solvent.


Table 1. PM3 energies [kcalmol�1] of selected 5,10,15-trisubstituted
truxenes.


R H �anti H �syn H �anti�H �syn


1 Me (3a) 86.7 86.4 0.3
2 allyl (3c) 147.6 146.5 1.1
3 2-Br-benzyl (3g) 201.3 200.9 0.4
4 Cy (3e) 36.7 36.2 0.5
5 tBu 60.3 56.2 4.1
6 Ph 193.5 193.2 0.3


7


Me


Me


149.9 147.4 2.5


Table 2. Association constants in CDCl3 at 25 �C.[a]


Truxene Kassoc [��1] Truxene Kassoc [��1]


3a 9 3q 470
3b 8 3r 330
3c 10 3s 205
3d 2 3t 170
3f 11 4a 15
3g 270 (135) 4b 100
3h 102 (125) 5a � 2
3 i 580 (530) 5b � 2
3j 390 6a 110
3k 200 6b 50
3 l 62 7 � 1
3m 180 8 � 1
3n 200 10 � 1
3o 85 11 90
3p 90


[a] Values in parentheses were determined in [D6]benzene.
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The association behavior of mono- and dibenzylated
derivatives 4 ± 6 was most revealing. Thus, while 4a, 4b, 6a,
and 6b self-associate in CDCl3 solution, no association was
observed for anti-dibenzylated derivatives 5a and 5b (Ta-
ble 2). The largest upfield shifts (0.9 ± 1.1 ppm) were observed
for the truxene benzylic hydrogens of 6a and 6b that are anti
to the benzylic chains (Table 3), which show similar shifts to
those observed for the related syn-tribenzylated derivatives
2p and 2q. The synH15 also showed significant shieldings (of
the order of 0.5 ppm).


The anti isomers 2 do not associate in CDCl3. Interestingly,
the 1H NMR spectrum of 10 in CDCl3 does not change with
concentration (0.6 ± 35� 10�3�), which indicates that the
association observed for derivatives 3, 4, and 6 in solution is
not a result of a simple truxene ± truxene interaction. Sim-
ilarly, derivatives 7 and 8 do not show a concentration
dependence of their 1H NMR spectra, which implies that an
interaction of their side chains is not sufficient for association.
On the other hand, derivative 11[21] with rigid arylethynyl side
chains at C-5, C-10, and C-15 shows a moderate degree of
association in solution (Table 2).


Me


Me


Me


11


In terms of chemical shift variations, a similar behavior to
that observed on increasing the concentration was observed in
the case of 3 i upon lowering the temperature, both in CDCl3
and CD2Cl2 solution. In fact, the resonance of Ht1 was shifted
upfield by about 1 ppm when the solution was cooled from


�30 to �90 �C. The other aryl hydrogens of the core showed
smaller changes, although they showed a notable linewidth
increase on cooling below �20 �C. The aryl hydrogens of the
meta-bromophenyl moiety were found to behave differently.
Indeed, these hydrogens did not show chemical shift changes,
and their signals were only broadened at much lower temper-
atures, starting at �60 �C. Regarding the aliphatic hydrogens,
the chemical shift of the most downfield methylene hydrogen
resonance (Hb1) did not vary much with temperature, while
the other methylene hydrogen resonances (Hb2) and that of
Ht5 were shifted upfield (by about 0.4 and 0.9 ppm, respec-
tively). These data indicate that in the associated state these
aliphatic hydrogens, as well as Ht1 of the truxene scaffold, are
affected by the ring currents of some of the aromatic moieties.
This behavior parallels that observed for 3 i upon increasing
the concentration.


NOESY experiments were also performed on 3 i in both
[D6]benzene and CDCl3 solutions at low and higher concen-
trations and at low temperatures. In contrast to the experi-
ment performed on a 3m� solution of 3 i, which showed only a
positive NOE as expected for the molecular weight of this
molecule, NOESY cross-peaks observed for a 20m� solution
were negative, indicating the existence of relatively long H/H
correlation times (longer than 300 ps), which is rather unusual
for a molecule of this size. This fact is indicative of the
presence of species other than the discrete monomer in a
solution of this concentration. A similar effect was observed
in [D6]benzene solution. Moreover, the small and large
coupling constants for the benzylic hydrogens Hb1 and Hb2,
respectively, were shown to be independent of the concen-
tration. The observation of cross-peaks between the methyl-
ene hydrogens Hb1 and Hb2 and both ortho hydrogens is
indicative of rotation about the CH2 ±Ar linkage in both the
3m� and 20m� solutions. However, besides the trivial cross-
peaks, new NOESY cross-peaks appeared upon increasing the
concentration (20m�) or on lowering the temperature to 0 �C.
These peaks were assigned to Ht3/Ha2, Ht3/Hb2, Ht1/Hb2, Ht3/
Ht5, Ht2/Hb1, and Ht6/Ht5. Additionally, a symmetry-related
Ha5/Ha5 cross-peak was also observable in the 13C-decoupled
HSQC-NOESY spectrum. Thus, the presence of species
higher than monomeric was unequivocally demonstrated.


The presence of oligomeric species was tested for by
carrying out NMR diffusion measurements in order to
estimate the average molecular weight. In order to compare
the measured diffusion coefficients at different concentra-
tions, compounds 7 and 10, which do not associate in CDCl3
solution (Table 2), were also tested as model compounds.
Indeed, the diffusion coefficients (D) of these molecules
hardly varied with concentration (1 ± 10m�). For 7, D was
calculated to be 5.1� 0.1� 10�6 cm2s�1, while the value for 10
was 6.3� 0.1� 10�6 cm2s�1. On the other hand, with both 3h
and 3 i, notable variations in D were observed with increasing
concentration. Specifically, D for 3h increased monotonically
from 4.6� 10�6 to 5.1� 10�6 cm2s�1, while that for 3 i increased
from 4.7� 10�6 to 5.2� 10�6 cm2s�1 when the concentration
was decreased from 20 to 1m�. These values, when compared
to those of 7 and 10, qualitatively illustrate that 3h and 3 i
show some dimeric nature, especially at the higher concen-
trations in CDCl3 solution. Although, in principle, the


Table 3. �� for truxene benzylic hydrogens of 6a and 6b (CDCl3 at 25 �C).


R


R


Hanti
H


H


Hsyn


5


10


15


��


6a[a] 6b[b]


H-5 1.05 0.91
H-10 1.07 0.93
H-15syn 0.55 0.47
H-15anti[c] 1.07 0.87


[a] 0.34 ± 43.1m� ; [b] 0.44 ± 55.9m� ; [c] as references, shifts of � 1.13
(0.37 ± 47.3m�) and 1.15 (0.09 ± 23.3m�) were observed for 2p and 2q,
respectively.
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presence of higher oligomers can-
not be ruled out by this method,
the values of the diffusion coeffi-
cients indicate that the average
molecular weight is close to that
expected for a dimer and hence
that the concentration of trimers
or higher oligomers must be small
in this concentration range.


Molecular mechanics calcula-
tions : MM2* calculations on the
association of 3 i were performed
for both the unsolvated system
and with the GB/SA solvent mod-
el for chloroform. To simplify the
calculations, pairs of enantiomers
of 3 i were considered in each case.
Twenty different geometries of a
putative dimer were built and
submitted to energy minimiza-
tions under both dielectric condi-
tions. Some of the more stable
conformers of 3 i are depicted in
Figure 2. In the most stable asso-
ciation (model A, Figure 2)
[MM2* relative energy (GB/SA
solvation model for chloroform)
0 kcalmol�1] , the side chains of
the two molecules are facing each
other, and the aromatic cores are
mutually disposed in an almost
parallel arrangement. The cores
are about 6 ä apart, while the
shortest distance between one side
chain and the core of the second
molecule is about 4 ä. Notably,
the distance between the centroids
of two benzene rings interacting in
a T-shaped arrangement through
van der Waals forces is around
4.90 ä.[35, 36] A second, less stable
association model (B) shows the
truxene cores interacting with
each other, with the side chains pointing out of the cluster
towards the solvent. The energy difference between the two
forms amounts to just 2.5 kcalmol�1 (in vacuo) and
1.5 kcalmol�1 (solvent). Since the molecular mechanics en-
ergy values should only be considered as approximate, both
forms could, in principle, be involved in the association
process.


There is a third form (C, Figure 2), in which the side chains
of one molecule are interacting with the core of the second
molecule. However, this alternative dimer is destabilized by
more than 6 kcalmol�1 in chloroform and by more than
10 kcalmol�1 in vacuo.


Packing in the solid state : In the solid state, syn-tribenzylated
truxenes 3h[37] and 3u pack with a staggered face-to-face


arrangement of their truxene moieties (interplanar distance
3.6 ± 3.7 ä) (Figure 3). Truxenephane 10 shows a similar
packing, the truxene moieties facing each other with a
distance between their centroids of 3.70 ä.[20] The crystal
data and structures for 3h, 3u, and 10 are summarized in
Table 4 and Figure 4. Interestingly, the face-to-face interac-
tion occurs between pairs of enantiomers.


Association model : Upon increasing the concentration or
lowering the temperature, the largest shieldings for 3 are
observed on hydrogens Ht1 and Ht5, which demonstrates that
the truxene scaffold is involved in the association. This type of
association (model B, Figure 2) is supported by the observa-
tion of a greater upfield shift of the truxene methylene
hydrogen resonances anti to the benzylic chains in 6a,b.


Figure 2. Two different perspectives of one of the possible self-association modes of compound 3 i. a) The side
chains of the two molecules are facing each other, and the cores are mutually disposed in a quasi-parallel
manner. b) The aromatic cores are facing each other, and the side chains are pointing outwards into the solvent
in an non-symmetric manner. c) The side chains of the two molecules are facing each other in a non-symmetric
manner.
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Figure 3. a) Crystallographic packing of 3h along the (1,0,0) direction.
b) Crystallographic packing of 3u along the (1,0,0) direction. c) Crystallo-
graphic packing of 10 along the (1,0,0) direction.


Figure 4. ORTEP diagrams for a) 3h, b) 3u, and c) 10.


However, cyclophane 10, with a free truxene face, does not
self-associate in CDCl3, which indicates that truxene ± truxene
interactions alone are not sufficient for binding. Indeed, the
lower association constants of 3a ± d and 3 f as compared with
those displayed by 3g ± t (Table 2) highlight the important
role played by the benzyl side chains of these syn-trisubsti-
tuted derivatives. Moreover, the fact that the Hb1 of 3 i show
significant shieldings indicates that the benzyl side chains are
also involved in the association, presumably through an
interlocking of the side chains of the two molecules (model A,
Figure 2). This type of association is supported by the
observation of a significant shielding of syn-H15 of 6a, b
with increasing concentration. However, the lack of associa-
tion observed with 7 indicates that side chain ± side chain
interactions alone are insufficient to warrant self-association
in molecules of this type.


All the above data, taken together, indicate that the
relatively strong association shown by 3g ± t in solution is a
consequence of both truxene ± truxene and benzyl ± benzyl
interactions. Although NOESY experiments favor benzyl ±
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benzyl interactions (model A, Figure 2), the participation of
truxene ± truxene interactions (model B) cannot be neglected,
since this form is basically invisible to NOE analysis.
Interestingly, in the solid state, 3h, 3u, and 10 stack by an
interlocking of their side chains and a face-to-face arrange-
ment of their truxene scaffolds. However, it is important to
note that in solution the behavior is probably more complex,
since, in addition to interactions between pairs of enantiom-
ers, self-association between pairs of truxenes of the same
chirality might also be feasible.


Although interpretation of the effect of substituents on the
association is complex, it is interesting to note that meta-
substituted derivatives 3 i and 3q show the highest association
constants. The pentafluorophenylmethyl derivative 3 t shows a
lower association constant than the parent benzyl derivative
3g (Table 2).


Conclusion


A variety of syn-trialkylated truxenes 3 can be readily
synthesized in gram amounts from 1 by alkylation reactions
followed by base-catalyzed isomerization. Palladium-cata-
lyzed cross-coupling reactions permit the introduction of
alkenyl or alkynyl side chains without any isomerization to the
anti isomers.


Some of the syn-trialkylated truxenes 3 self-associate
strongly in solution. In particular, relatively strong associa-
tions have been found for the benzyl derivatives. 1H NMR
experiments and molecular mechanics calculations indicate
that these derivatives associate in solution through both
interlocking of their side chains and face-to-face interactions
of the truxene scaffolds.


Experimental Section


General : NMR spectra were recorded at 23 �C, unless otherwise stated. All
13C spectra were proton-decoupled. Only the most significant MS
fragmentations are given. Rf values were determined by TLC on
aluminium-backed sheets coated with 0.2 mm GF254 silica gel. Elemental
analyses were performed at the SIdI (UAM). Solvents were purified and
dried using standard procedures. Chromatographic purifications were
carried out on flash grade silica gel using distilled solvents. Trituration
means stirring with the stated solvent, filtering off, and washing with the
same solvent. Saturated aqueous NH4Cl solution was buffered by
the addition of NH4OH (final pH 8). All reactions were carried out under
Ar.


Synthesis of alkylated truxenes : 10,15-Dihydro-5H-diindeno[1,2-a ;
1�,2�-c]fluorene (truxene, 1) was prepared by the trimerization of indanone
according to the known method.[6]


Alkylation of truxene (1) (General procedure)


a) anti-Alkylated truxenes : A mixture of 1 (1.5 mmol) and NaH (3.1 equiv,
60% in mineral oil) in DMF (25 mL) was sonicated for 45 min at 4 �C
to give a bright-red mixture. On addition of a solution of the alkylating
agent (3.5 equiv) in DMF (10 mL), the red color faded almost imme-
diately. After 10 min, the mixture was diluted with EtOAc, washed with
10% aqueous HCl and saturated aqueous NaCl solution, dried (Na2SO4),
and concentrated. The residue was either treated with hexane or purified
by flash column chromatography to give anti-trialkylated truxenes 2.


b) syn-Alkylated truxenes (3)


Method 1: A mixture of truxene (3 mmol) and KH (3.1 equiv, 35% in
mineral oil) in THF (35 mL) was sonicated at 4 �C for about 15 ± 30 min or
until an almost transparent bright-red solution had been formed. A
solution of the alkylating agent (3.5 equiv) in THF (15 mL) was then added,
whereupon the red color faded almost immediately. After 10 min, the
mixture was diluted with EtOAc, washed with saturated aqueous NaCl
solution, dried (Na2SO4), and filtered. The filtrate was concentrated and
treated with EtOAc to give the syn-trialkylated truxenes 3 as a solid.


Method 2 : nBuLi (3.1 equiv) was added to a suspension of 1 (1.5 mmol) in
THF (50 mL) at�78 �C and the mixture was slowly warmed to�10 �C over
a period of 4 h. A solution of the alkylating agent (3.5 equiv) in THF
(10 mL) was then added to the red solution. After 30 min, the mixture was
diluted with EtOAc, washed with saturated aqueous NaCl solution, dried
(Na2SO4), and concentrated. The residue was treated with hexane affording
a 3:1 anti/syn mixture of trialkylated truxenes as a pale-yellow solid. The
crude solid was then heated under reflux with KOtBu (1 equiv) in tBuOH
(30 mL) for 12 h. After cooling, the solvent was partially evaporated, the
concentrated solution was filtered, and the filtrate was concentrated to
dryness. The residue was treated with hexane to give 3. Further
recrystallization from ethanol or toluene yielded pure compounds.


Method 3 : As Method 2, with the exceptions that 2 mol equiv nBuLi
(0.96 mmol) were used, that the mixture was slowly warmed to �20 �C for
3 h, and that 2.4 mol equiv alkylating agent were used. Extractive work-up
and chromatography gave a mixture of mono-, di-, and trialkylated
derivatives, which was separated by column chromatography.


anti-5,10,15-Tris(2-bromophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (2h): 60 ± 66% (Method 2). Pale-yellow solid: m.p.
204 ± 205 �C; Rf� 0.23 (hexane/EtOAc 100:1); 1H NMR (300 MHz,
CDCl3): �� 8.40 (d, J� 7.0 Hz, 1H), 8.38 (d, J� 6.9 Hz, 1H), 8.24 (d, J�
6.9 Hz, 1H), 7.58 (dd, J� 7.7, 1.4 Hz, 2H), 7.52 (dd, J� 7.7, 1.6 Hz, 1H),
7.48 ± 7.37 (m, 3H), 7.21 (tt, J� 7.4, 1.6 Hz, 2H), 7.15 ± 7.02 (m, 9H), 6.92 (dd,
J� 7.3, 2.0 Hz, 1H), 6.81 (d, J� 7.5 Hz, 1H), 6.70 (d, J� 7.5 Hz, 1H), 6.62
(d, J� 7.5 Hz, 1H), 5.17 (dd, J� 10.6, 4.9 Hz, 1H), 5.11 (dd, J� 10.4, 5.1 Hz,
1H), 5.10 (dd, J� 9.4, 4.9 Hz, 1H), 4.11 (dd, J� 14.0, 5.0 Hz, 1H), 4.10 (dd,
J� 14.2, 4.8 Hz, 1H), 3.98 (dd, J� 14.3, 5.2 Hz, 1H), 2.88 (dd, J� 10.4,
9.6 Hz, 1H), 2.67 (dd, J� 14.3, 10.4 Hz, 1H), 2.47 (dd, J� 14.3, 10.7 Hz,
1H); 13C NMR (75 MHz, CDCl3): �� 146.69, 146.61, 146.47, 141.43, 140.53,
140.39, 140.19, 139.83, 139.69, 139.14 (2C), 138.60, 136.93, 136.76, 136.68,
132.83 (2C), 132.73, 132.02, 132.00, 131.81, 128.08 (2C), 127.24, 127.11,
126.83, 126.02, 125.89, 125.81, 125.69, 125.54 (2C), 125.39, 125.29, 125.20,
122.96, 122.88, 122.59, 46.70, 46.35, 46.26, 38.93, 38.88, 38.80 (four carbons
are not observed); EI-MS: m/z (%): 848, 846 (7) [M]� , 679 (70), 599 (11),
508 (22), 429 (20), 339 (100); elemental analysis calcd for C48H33Br3:
C 68.08, H 3.93; found C 68.09, H 4.17.


anti-5,10,15-Tris(3-cyanophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (2q): Pale-yellow solid; 1H NMR (CDCl3,
300 MHz): �� 8.05 (d, J� 7.7 Hz, 1H), 7.99 (d, J� 7.7 Hz, 1H), 7.96 (d,
J� 7.7 Hz, 1H), 7.56 ± 7.46 (m, 3H), 7.40 (td, J� 1.6, 7.7 Hz, 1H), 7.38 ± 7.23
(m, 6H), 7.21 ± 7.05 (m, 7H), 7.02 (t, J� 7.9 Hz, 1H), 6.98 (td, J� 1.6, 7.7 Hz,
1H), 6.92 (t, J� 1.6 Hz, 1H), 6.81 (td, J� 1.6, 8.1 Hz, 1H), 4.94 (dd, J� 3.6,
6.9 Hz, 1H), 4.88 (dd, J� 4.0, 8.7 Hz, 1H), 4.78 (dd, J� 3.6, 7.7 Hz, 1H),
3.77 (dd, J� 3.6, 13.8 Hz, 1H), 3.69 (dd, J� 4.0, 13.8 Hz, 1H), 3.09 (dd, J�
7.7, 13.7 Hz, 1H), 3.54 (dd, J� 3.6, 13.7 Hz, 1H), 3.02 (dd, J� 8.1, 13.7 Hz,
1H), 2.74 (dd, J� 8.9, 13.8 Hz, 1H); 13C NMR (CDCl3, 75 MHz): ��
146.64 (2C), 146.59, 140.00, 139.89, 139.78, 139.72, 139.42, 139.17, 139.00,
138.92, 136.96, 136.88, 134.09, 133.67, 132.81, 130.07, 129.91, 128.54, 128.40,
128.23, 127.82, 126.78, 126.70, 125.22, 125.17, 122.71, 122.52, 122.43, 118.78,
118.72 (2C), 111.78, 111.58, 111.42, 47.49, 47.38, 47.24, 38.21, 37.48 (2C).


anti-5,10,15-Tris(4-cyanophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (2 r): Pale-yellow solid; 1H NMR (CDCl3, 300 MHz):
�� 8.07 (d, J� 7.7 Hz, 1H), 7.98 (d, J� 7.6 Hz, 1H), 7.94 (d, J� 7.6 Hz, 1H),
7.43 ± 7.54 (m, 5H), 7.38 ± 7.18 (m, 9H), 7.04 (d, J� 8.2 Hz, 2H), 6.98 (d, J�
7.5 Hz, 1H), 6.77 (d, J� 8.3 Hz, 2H), 6.70 (d, J� 8.3 Hz, 2H), 4.98 (dd, J�
3.9 Hz, 7.1, 1H), 4.87 (dd, J� 4.6, 9.2 Hz, 1H), 4.82 (dd, J� 3.8, 7.6 Hz, 1H),
3.75 (dd, J� 3.8, 7.2 Hz, 1H), 3.71 (dd, J� 4.0, 7.7 Hz, 1H), 3.53 (dd, J� 3.7,
13.9 Hz, 1H), 3.18 (dd, J� 7.5, 8.9 Hz, 1H), 3.14 (dd, J� 7.8, 8.4 Hz, 1H),
2.45 (dd, J� 9.3, 14.0 Hz, 1H); 13C NMR (CDCl3, 75 MHz): �� 146.66,
146.44, 144.68, 144.35, 143.65, 140.33, 140.17, 139.41, 138.99, 136.60, 135.79,
135.70, 135.09, 131.72, 131.07, 129.99, 129.85, 127.34, 126.86, 126.58, 126.17,
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126.03, 125.52, 125.11, 124.71, 122.46, 122.40, 122.18, 118.92, 118.75, 110.13,
109.80, 46.80, 46.49, 38.32, 37.98, 36.06.


syn-5,10,15-Trimethyl-10,15-dihydro-5H-diindeno[1,2-a ;1�,2�-c]fluorene
(3a): 79% (Method 2); pale-yellow solid; m.p. 228 �C (decomp); Rf� 0.37
(hexane/EtOAc 100:1); 1H NMR (300 MHz, CDCl3, 41.6m�): �� 7.95 (d,
J� 7.5 Hz, 3H), 7.61 (d, J� 7.3 Hz, 3H), 7.46 (td, J� 7.3, 1.0 Hz, 3H), 7.38
(td, J� 7.3, 1.0 Hz, 3H), 4.39 (q, J� 7.1 Hz, 3H), 1.69 (d, J� 7.2 Hz, 9H);
13C NMR (75 MHz, CDCl3, 41.6m�): �� 150.37, 142.59, 139.66, 135.73,
126.89, 126.39, 124.07, 122.75, 41.97, 18.77; HR-MS: m/z : calcd for C30H24:
384.18780; found: 384.18872.


syn-5,10,15-Triethyl-10,15-dihydro-5H-diindeno[1,2-a;1�,2�-c]fluorene
(3b): 24% (Method 1); 76% (Method 2); pale-yellow solid; m.p. 229 ±
230 �C; Rf� 0.30 (hexane/EtOAc 100:1); 1H NMR (300 MHz, CDCl3,
88m�): �� 7.80 (d, J� 7.5 Hz, 3H), 7.58 (d, J� 7.2 Hz, 3H), 7.45 (td, J� 7.5,
1.1 Hz, 3H), 7.36 (td, J� 7.4, 1.0 Hz, 3H), 4.19 (dd, J� 6.5, 3.4 Hz, 3H),
2.33 ± 2.23 (m, 3H), 2.17 ± 2.03 (m, 3H), 0.55 (t, J� 7.3 Hz, 3H); 13C NMR
(75 MHz, CDCl3, 88m�): �� 148.36, 141.03, 140.74, 136.12, 126.75, 126.03,
124.41, 122.50, 47.49, 24.85, 9.17; EI-MS:m/z (%): 426 (45) [M]� , 397 (100),
369 (27), 339 (57); HR-MS: m/z : calcd for C48H36: 426.23475; found:
426.23520.


syn-5,10,15-Tris(1-prop-2-enyl)-10,15-dihydro-5H-diindeno[1,2-a ;1�,2�-c]-
fluorene (3c): 21% (Method 1); 73% (Method 2); pale-yellow solid; m.p.
200 ± 201 �C; Rf� 0.33 (hexane/EtOAc 100:1); 1H NMR (300 MHz, CDCl3,
110m�): �� 7.66 (d, J� 7.3 Hz, 3H), 7.56 (d, J� 7.2 Hz, 3H), 7.46 (td, J�
7.4, 2.5 Hz, 3H), 7.36 (td, J� 7.4, 1.4 Hz, 3H), 5.62 ± 5.41 (m, 3H), 4.80 ± 4.76
(m, 6H), 4.17 (dd, J� 9.1, 3.9 Hz, 3H), 3.20 ± 3.01 (m, 3H), 2.61 ± 2.45 (m,
3H); 13C NMR (75 MHz, CDCl3, 110m�): �� 148.09, 140.44, 140.39,
135.84, 134.85, 126.92, 126.05, 124.86, 122.54, 116.88, 46.09, 36.42; EI-MS:
m/z (%): 462 (18) [M]� , 421 (100), 380 (34), 339 (93); elemental analysis
calcd for C36H30: C 93.46, H 6.54; found: C 93.29, H 6.79.


syn-5,10,15-Tris(trimethylsilyl)-10,15-dihydro-5H-diindeno[1,2-a ;1�,2�-c]-
fluorene (3d): 43% (Method 1); white solid; m.p. 287 �C (decomp); Rf�
0.32 (hexane/EtOAc 100:1); 1H NMR (200 MHz, CDCl3, 110m�): �� 7.97
(d, J� 7.4 Hz, 3H), 7.59 (d, J� 7.2 Hz, 3H), 7.41 (t, J� 7.3 Hz, 3H), 7.32 (t,
J� 7.3 Hz, 3H), 4.47 (s, 3H), �0.08 (s, 27H); 13C NMR (50 MHz, CDCl3,
110m�): �� 147.0, 140.7, 140.5, 133.1, 124.8, 124.4, 123.5, 122.9, 43.2, �1.4;
EI-MS: m/z (%): 558 (52) [M]� , 485 (20), 382 (58), 339 (18); elemental
analysis calcd for C36H42Si3: C 77.38, H 7.58; found: C 77.29, H 7.87.


syn-5,10,15-Tricyclohexyl-10,15-dihydro-5H-diindeno[1,2-a ;1�,2�-c]fluo-
rene (3e): 33% (Method 2; after trituration of the crude residue with
hexane); white solid; m.p.� 300 �C; Rf� 0.40 (hexane/EtOAc 100:1);
1H NMR (CDCl3, 300 MHz, 6.8m�): �� 7.81 (d, J� 7.6 Hz, 3H), 7.63 (d,
J� 7.4 Hz, 3H), 7.45 (dd, J� 7.3, 7.1 Hz, 3H), 7.32 (ddd, J� 7.6, 7.5, 0.8 Hz,
3H), 4.36 (d, J� 2.3 Hz, 3H), 2.46 (ddd, J� 12.4, 11.9, 2.7 Hz, 3H), 2.25
(brd, J� 11.6 Hz, 3H), 1.87 ± 1.79 (m, 6H), 1.51 (dd, J� 16.2, 3.3 Hz, 3H),
1.40 ± 1.30 (m, 6H), 0.98 (qt, J� 13.1, 3.4 Hz, 3H), 0.80 (qt, J� 13.0, 3.5 Hz,
3H), 0.63 (brd, J� 12.7 Hz, 3H), 0.32 (qd, J� 12.6, 3.5 Hz, 3H); 13C NMR
(CDCl3, 75 MHz, 6.8m�): �� 146.55, 141.79, 141.31, 135.87, 126.81, 125.54
(2C), 122.15, 52.77, 40.44, 33.35, 27.20, 26.44, 26.18, 25.71; EI-MS:m/z (%):
588 (46) [M]� , 422 (28), 339 (93).


syn-5,10,15-Tris(2-phenylethyl)-10,15-dihydro-5H-diindeno[1,2-a ;1�,2�-c]flu-
orene (3 f): 67% (Method 2); white solid; m.p.� 300 �C; Rf� 0.35 (hexane/
EtOAc 100:1); 1H NMR (CDCl3, 300 MHz, 61.0m�): �� 7.69 ± 7.66 (m,
3H), 7.63 ± 7.59 (m, 3H), 7.45 ± 7.39 (m, 6H), 7.21 ± 7.08 (m, 9H), 6.98 (dd,
J� 8.1, 1.6 Hz, 6H), 4.16 (dd, J� 7.3, 3.1 Hz, 3H), 2.59 ± 2.44 (m, 3H),
2.41 ± 2.31 (m, 6H), 2.23 ± 2.12 (m, 3H); 13C NMR (CDCl3, 75 MHz,
61.0m�): �� 148.22, 142.01, 140.95, 140.61, 135.86, 128.53, 128.45, 128.20,
128.13, 127.00, 126.22, 125.69, 124.57, 122.79, 46.21, 34.35, 31.73; EI-MS:
m/z : 654 (63) [M]� , 549 (100), 445 (23), 339 (55); HR-MS: m/z : calcd for
C51H42: 654.32865; found: 654.32855.


syn-5,10,15-Tris(phenylmethyl)-10,15-dihydro-5H-diindeno[1,2-a ;1�,2�-c]flu-
orene (3g): 69% (Method 2); beige solid; m.p.� 300 �C (softens at 205 �C);
1H NMR (300 MHz, CDCl3, 32.6m�): �� 7.65 (d, J� 7.6 Hz, 3H), 7.49 ±
7.44 (m, 3H), 7.28 ± 7.22 (m, 3H), 7.21 ± 7.16 (m, 9H), 6.87 ± 6.84 (m, 6H),
6.68 (d, J� 7.4 Hz, 3H), 3.72 (dd, J� 10.2, 3.5 Hz, 3H), 3.54 (dd, J� 14.0,
3.5 Hz, 3H), 2.21 (dd, J� 14.0, 10.2 Hz, 3H); 13C NMR (75 MHz, CDCl3,
32.6m�): �� 147.78, 140.70, 140.14, 139.27, 135.15, 129.36, 127.79, 126.82,
126.05, 125.61, 125.46, 122.82, 47.14, 38.29; EI-MS: m/z (%): 612 (17) [M]� ,
521 (100), 431 (41), 339 (99), 91 (15); HR-MS: m/z : calcd for C48H36:
612.28170; found: 612.28009.


syn-5,10,15-Tris(2-bromophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3h): 32% (Method 2), obtained along with the anti
isomer (35%); 68% (Method 2); Pale-yellow solid; m.p. 230 ± 231 �C; Rf�
0.23 (hexane/EtOAc 100:1); 1H NMR (300 MHz, CDCl3, 21m�): �� 7.80
(d, J� 7.6 Hz, 3H), 7.49 (dd, J� 7.8, 1.4 Hz, 3H), 7.40 (td, J� 7.5, 0.6 Hz,
3H), 7.17 (td, J� 7.6, 0.9 Hz, 3H), 7.14 (td, J� 7.4, 1.5 Hz, 3H), 7.04 (ddd,
J� 7.7, 7.5, 1.8 Hz, 3H), 6.82 (dd, J� 7.5, 1.8 Hz, 3H), 6.61 (d, J� 7.4 Hz,
3H), 4.08 (dd, J� 10.1, 4.8 Hz, 3H), 3.65 (dd, J� 14.3, 4.9 Hz, 3H), 2.62
(dd, J� 14.3, 10.1 Hz, 3H); 13C NMR (75 MHz, CDCl3, 21m�): �� 146.86,
140.61, 140.00, 138.94, 135.70, 132.61, 131.58, 127.84, 126.97, 126.81, 125.72,
125.49, 125.34, 122.80, 45.85, 38.56; EI-MS:m/z (%): 849 (3) [M]� , 679 (70),
599 (12), 508 (16), 429 (18), 339 (100); elemental analysis calcd for
C48H33Br3: C 68.08, H 3.93; found: C 67.73, H 4.15.


syn-5,10,15-Tris(3-bromophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3 i): 75% (Method 2); slightly brown solid; m.p.
225 �C; 1H NMR (300 MHz, CDCl3): �� 7.57 (t, J� 7.3 Hz, 3H), 7.46 (d,
J� 7.6 Hz, 3H), 7.38 (t, J� 7.3, 1.2 Hz, 3H), 7.27 (d, J� 7.6 Hz, 3H), 7.02 ±
6.96 (m, 6H), 6.62 (d, J� 6.5 Hz, 6H), 3.32 (brd, J� 12.3 Hz, 3H), 3.17
(brd, J� 8.8 Hz, 3H), 2.08 (dd, J� 12.9, 11.2 Hz, 3H); 13C NMR (75 MHz,
CDCl3): �� 147.60, 141.64, 140.35, 139.96, 135.03, 132.10, 129.37, 128.22,
127.11, 126.27, 125.77, 123.04, 122.00, 46.71, 37.98; EI-MS: m/z (%): 849 (2)
[M]� , 679 (59), 599 (4), 508 (17), 429 (1), 339 (100); HR-MS:m/z : calcd for
C48H33


81Br279Br: 850.00914; found: 850.01105.


syn-5,10,15-Tris(4-bromophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3 j): 61% (Method 2); pale-yellow solid; m.p. 246 ±
247 �C; Rf� 0.23 (hexanes/EtOAc 100:1); 1H NMR (300 MHz, CDCl3,
17.7m�): �� 7.54 (d, J� 7.6 Hz, 3H), 7.46 (t, J� 7.3 Hz, 3H), 7.29 (t, J�
7.5 Hz, 3H), 7.24 ± 7.19 (m, 6H), 6.81 (d, J� 7.4 Hz, 3H), 6.59 ± 6.55 (m,
6H), 3.70 (dd, J� 9.5, 3.7 Hz, 3H), 3.34 (dd, J� 13.9, 3.6 Hz, 3H), 2.25 (dd,
J� 13.9, 9.5 Hz, 3H); 13C NMR (75 MHz, CDCl3, 17.7m�): �� 147.44,
140.20, 140.00, 137.71, 135.19, 130.91 (2C), 130.74 (2C), 127.04, 125.94,
125.35, 122.74, 119.97, 46.77, 37.62; EI-MS:m/z (%): 849 (2) [M]� , 679 (29),
510 (14), 339 (100); elemental analysis calcd for C48H33Br3 ¥ 0.5C7H8: C
69.07, H 4.16; found: C 69.27, H 4.44.


syn-5,10,15-Tris(4-methoxyphenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3k): 58% (Method 1); pale-yellow solid; m.p. 198 ±
200 �C (softens at 110 �C); 1H NMR (300 MHz, 34m�, CDCl3): �� 7.61 (d,
J� 7.6 Hz, 3H), 7.45 (t, J� 7.4, 3H), 7.26 ± 7.21 (m, 3H), 6.76 ± 6.69 (m,
15H), 3.76 (s, 9H), 3.64 (dd, J� 10.0, 3.2 Hz, 3H), 3.45 (dd, J� 13.9, 3.5 Hz,
3H), 2.14 (dd, J� 14.0, 10.2 Hz, 3H); 13C NMR (125 MHz, CDCl3): ��
157.85, 147.95, 140.70, 140.11, 134.89, 131.44, 130.15, 126.64, 125.47, 122.88,
113.14, 55.16, 47.19, 37.37; EI-MS: m/z (%): 702 (9) [M]� , 581 (100), 460
(30), 339 (83), 121 (34); HR-MS: m/z : calcd for C51H42O3: 702.31340;
found: 702.31576.


syn-5,10,15-Tris(2-bromo-5-methoxyphenylmethyl)-10,15-dihydro-5H-
diindeno[1,2-a ;1�,2�-c]fluorene (3 l): 30% (Method 1); white solid; m.p.
138 ± 139 �C; Rf� 0.23 (hexane/EtOAc 100:1); 1H NMR (300 MHz, CDCl3,
21m�): �� 7.94 ± 7.88 (m, 3H), 7.43 (t, J� 7.4 Hz, 3H), 7.37 (d, J� 8.8 Hz,
3H), 7.20 (t, J� 7.5 Hz, 3H), 6.74 (brd, J� 7.5 Hz, 3H), 6.62 (dd, J� 8.8,
3.0 Hz, 3H), 6.61 (br s, 3H), 4.21 ± 4.12 (m, 3H), 3.72 ± 3.62 (m, 3H), 3.65 (s,
9H), 2.70 ± 2.56 (m, 3H); 13C NMR (75 MHz, CDCl3, 21m�): �� 158.29,
146.64, 140.60, 139.97, 139.75, 135.94, 133.00, 127.05, 125.91, 125.69, 122.79,
117.41, 115.82, 113.56, 55.36, 46.02, 38.82; EI-MS: m/z (%): 940, 938 (12)
[M]� , 739 (80), 659 (14), 540 (20), 459 (21), 339 (100); elemental analysis
calcd for C51H39Br3O3: C 65.20, H 4.18; found: C 65.23, H 4.37.


syn-5,10,15-Tris(2-ethenylphenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3m): A mixture of 3h (460 mg, 0.54 mmol), vinyl-
tributylstannane (6.18 mg, 1.94 mmol), [Pd(PPh3)4] (60 mg, 0.05 mmol),
and 1,4-hydroquinone (ca. 5 mg) in toluene (10 mL) was heated under
reflux for 16 h. After cooling to room temperature, the mixture was filtered
through Celite and the filtrate was concentrated. The residue was treated
with hexane to give 3m (270 mg, 72%) as a pale-yellow solid. M.p. 205 ±
206 �C; Rf� 0.23 (hexane/EtOAc 100:1); 1H NMR (CDCl3, 300 MHz,
38m�): �� 7.72 (d, J� 7.6 Hz, 3H), 7.44 ± 7.37 (m, 6H), 7.25 ± 7.21 (m, 6H),
7.15 (dd, J� 7.5, 7.3 Hz, 3H), 7.11 ± 7.07 (m, 3H), 6.59 (d, J� 7.4 Hz, 3H),
6.52 (dd, J� 17.4, 11.0 Hz, 3H), 5.38 (dd, J� 17.4, 1.5 Hz, 3H), 5.03 (dd, J�
11.0, 1.5 Hz, 3H), 3.94 (dd, J� 10.6, 4.0 Hz, 3H), 3.58 (dd, J� 14.4, 4.1 Hz,
3H), 2.45 (dd, J� 14.4, 10.7 Hz, 3H); 13C NMR (CDCl3, 75 MHz, 6.8m�):
�� 147.36, 141.11, 139.91, 138.07, 137.04, 135.40, 135.23, 129.87, 127.31,
126.87, 126.45, 126.11, 125.77, 125.58, 122.65, 115.63, 46.98, 35.20; EI-MS:
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m/z (%): 690 (15) [M]� , 573 (99), 456 (35), 339 (100); HR-MS: m/z : calcd
for C54H42: 690.32865; found: 690.32739.


syn-5,10,15-Tris(2-formylphenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3n): Ozone was bubbled through a solution of 3m
(607 mg, 0.88 mmol) in CH2Cl2 (40 mL) at �78 �C. After 5 min, TLC
analysis showed that the starting material had been consumed. PPh3


(691 mg, 2.64 mmol) was then added and the solution was warmed to
23 �C for 1 h. The solvent was subsequently evaporated and the residue was
treated with EtOAc to give 3n as a white solid (600 mg, 98%). M.p. 235 ±
236 �C; Rf� 0.28 (hexane/EtOAc 10:1); 1H NMR (300 MHz, CDCl3,
29m�): �� 9.78 (s, 3H), 7.71 ± 7.64 (m, 6H), 7.42 (t, J� 7.5 Hz, 3H), 7.33
(td, J� 7.3, 1.6 Hz, 3H), 7.25 ± 7.16 (m, 6H), 6.82 (d, J� 7.6 Hz, 3H), 6.76 (d,
J� 7.4 Hz, 3H), 3.97 (dd, J� 8.4, 4.9 Hz, 3H), 3.67 (dd, J� 13.8, 4.9 Hz,
3H), 3.16 (dd, J� 13.8, 8.4 Hz, 3H); 13C NMR (75 MHz, CDCl3, 29m�):
�� 191.12, 146.42, 141.20, 139.88, 139.72, 135.45, 134.59, 132.86, 131.45,
129.18, 127.13, 126.61, 125.88, 125.57, 122.65, 46.80, 32.65; EI-MS: m/z (%):
696 (13) [M]� , 577 (93), 459 (36), 339 (100); elemental analysis calcd for
C51H36O3 ¥ 0.3H2O: C 87.15, H 5.26; found: C 87.06, H 5.59 (the presence of
water was confirmed by 1H NMR).


syn-5,10,15-Tris[2-(trimethylsilylethynyl)phenylmethyl]-10,15-dihydro-
5H-diindeno[1,2-a;1�,2�-c]fluorene (3o): A solution of 3h (245 mg,
0.29 mmol), (trimethylsilylethynyl)tributylstannane (410 mg, 1.06 mmol),
and [Pd(PPh3)4] (30 mg, 0.03 mmol) in toluene (6 mL) was heated under
reflux for 39 h. The mixture was then filtered through Celite, the filtrate
was concentrated, and the residue was purified by chromatography
(hexane� hexane/EtOAc 100:1) to give 3o as a yellow solid (145 mg,
55%). M.p. 216 �C; 1H NMR (300 MHz, CDCl3, 0.08m�): �� 7.68 (d, J�
7.3 Hz, 3H), 7.43 (t, J� 7.5 Hz, 3H), 7.34 (dd, J� 7.7, 1.2 Hz, 3H), 7.21 (t, J�
7.3 Hz, 3H), 7.19 (t, J� 7.5 Hz, 3H), 7.12 (t, J� 7.3 Hz, 3H), 6.99 (d, J�
7.1 Hz, 3H), 6.63 (d, J� 7.7 Hz, 3H), 3.78 (dd, J� 9.7, 4.0 Hz, 3H), 3.64 (dd,
J� 13.7, 4.0 Hz, 3H), 2.73 (dd, J� 13.7, 9.7 Hz, 3H), �0.06 (s, 27H);
13C NMR (50 MHz, CDCl3, 0.08m�): �� 147.29, 141.99, 140.97, 139.90,
135.67, 132.23, 128.95, 128.16, 126.70, 125.91, 125.74, 125.57, 123.93, 122.75,
104.30, 97.70, 47.27, 35.93, �0.11; EI-MS: m/z (%): 900 (6) [M]� , 713 (100),
526 (28), 339 (85); HR-MS: m/z : calcd for C63H60Si3: 900.40026; found:
900.40029.


syn-5,10,15-Tris(2-ethynylphenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3p): A mixture of 3o (850 mg, 0.94 mmol) and
K2CO3 (130 mg, 0.94 mmol) in THF/MeOH (1:1; 50 mL) was stirred at
23 �C for 12 h. After standard extractive work-up (CH2Cl2), the crude
residue was treated with hexane to give 3p (525 mg, 81%) as a white solid.
M.p. 194 ± 195 �C; Rf� 0.33 (hexane/EtOAc 100:1); 1H NMR (CDCl3,
300 MHz, 50m�): �� 7.70 (d, J� 7.7 Hz, 3H), 7.43 ± 7.41 (m, 3H), 7.36 (t,
J� 7.5 Hz, 3H), 7.17 ± 7.10 (m, 9H), 6.82 ± 6.79 (m, 3H), 6.70 (d, J� 7.7 Hz,
3H), 4.45 (dd, J� 9.9, 4.5 Hz, 3H), 3.84 (dd, J� 14.1, 4.4 Hz, 3H), 3.05 (s,
3H), 2.80 (dd, J� 14.1, 9.9 Hz, 3H); 13C NMR (CDCl3, 75 MHz, 50m�):
�� 147.28, 142.15, 141.02, 140.51, 136.11, 133.06, 130.02, 128.44, 126.92,
126.30, 125.79, 125.62, 122.97, 122.68, 83.20, 81.17, 46.64, 36.94; EI-MS: m/z
(%): 684 (2) [M]� , 569 (15), 462 (12), 421 (91), 339 (100); HR-MS: m/z :
calcd for C54H36: 684.28168; found: 684.28101.


syn-5,10,15-Tris(3-cyanophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3q): Yellow solid: m.p. 225 ± 226 �C; 1H NMR
(CDCl3, 300 MHz, 24m�): �� 7.58 (t, J� 7.3 Hz, 3H), 7.45 (d, J� 7.3 Hz,
3H), 7.36 ± 7.43 (m, 6H), 7.18 (t, J� 8.1 Hz, 3H), 6.97 (t, J� 1.0 Hz, 3H),
6.86 (dt, J� 1.0, 8.1 Hz, 3H), 6.70 (d, J� 7.3 Hz, 3H), 3.40 (dd, J� 3.0,
9.0 Hz, 3H), 3.32 (dd, J� 3.0, 13.0 Hz, 3H), 2.31 (dd, J� 9.0, 13.0 Hz, 3H);
13C NMR (CDCl3, 75 MHz, 94m�): �� 146.97, 139.95, 139.80, 139.58,
135.09, 133.84, 132.27, 129.93, 128.51, 127.34, 126.50, 125.39, 122.82, 118.75,
111.72, 46.33, 37.57; EI-MS:m/z (%): 687 (9) [M]� , 571 (100), 455 (29), 339
(99), 116 (27); HR-MS: m/z : calcd for C51H33N3: 687.26745; found:
687.26642.


syn-5,10,15-Tris(4-cyanophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (3 r): 67% (Method 2); pale-yellow solid; 1H NMR
(CDCl3, 300 MHz, 5.8m�): �� 7.59 (d, J� 7.7 Hz, 3H), 7.49 (t, J� 7.5 Hz,
3H), 7.40 (d, J� 8.1 Hz, 6H), 7.30 (t, J� 7.1 Hz, 3H), 6.83 (d, J� 8.5 Hz,
6H), 6.80 (d, J� 7.7 Hz, 3H), 3.89 (dd, J� 3.4, 9.2 Hz, 3H), 3.48 (dd, J� 3.3,
13.7 Hz, 3H), 2.40 (dd, J� 9.3, 13.7 Hz, 3H); 13C NMR (CDCl3, 50 MHz,
30m�): �� 146.90, 144.07, 139.89, 139.73, 135.44, 131.54, 129.94, 127.49,
126.42, 125.35, 122.70, 118.75, 110.28, 46.65, 38.42; EI-MS:m/z (%): 687 (2)


[M]� , 571 (75), 470 (10), 456 (47), 369 (22), 356 (5), 354 (12), 339 (100), 116
(28); HR-MS: m/z : calcd for C51H33N3: 687.26745; found: 687.26727.


syn-5,10,15-Tris(2-bromo-5-fluorophenylmethyl)-10,15-dihydro-5H-diin-
deno[1,2-a ;1�,2�-c]fluorene (3 s): 59% (Method 2); white solid; m.p. 254 ±
255 �C; Rf� 0.20 (hexane/EtOAc 100:1); 1H NMR (CDCl3, 300 MHz,
6.6m�): �� 7.56 (d, J� 7.7 Hz, 3H), 7.47 (t, J� 7.5 Hz, 3H), 7.41 (d, J�
8.8 Hz, 3H; J(19F,1H)� 5.5 Hz), 7.27 (t, J� 7.4 Hz, 3H), 6.78 (dd, J� 8.8,
3.0 Hz, 3H; J(19F,1H)� 9.1 Hz), 6.64 (d, J� 7.4 Hz, 3H), 6.52 (d, J� 3.0 Hz,
3H; J(19F,1H)� 9.6 Hz), 3.56 (dd, J� 10.1, 4.8 Hz, 3H), 3.43 (dd, J� 14.4,
4.8 Hz, 3H), 2.52 (dd, J� 14.4, 10.1 Hz, 3H); 13C NMR (CDCl3, 75 MHz,
6.6m�): �� 161.37 (d, 1J(13C,19F)� 246.3 Hz), 146.55, 140.91 (d,
3J(13C,19F)� 6.3 Hz), 140.25, 139.78, 135.90, 133.65 (d, 3J(13C,19F)�
6.3 Hz), 127.23, 126.28, 125.39, 122.76, 119.42, 118.20 (d, 2J(13C,19F)�
23.1 Hz), 115.14 (d, 2J(13C,19F)� 23.1 Hz), 46.86, 36.01; EI-MS: m/z (%):
904, 902 (9) [M]� , 715 (79), 635 (11), 527 (27), 339 (100); elemental analysis
calcd for C48H30Br3F3: C 64.00, H 3.36; found: C 63.44, H 3.34.


syn-5,10,15-Tris(2,3,4,5,6-pentafluorophenylmethyl)-10,15-dihydro-5H-
diindeno[1,2-a ;1�,2�-c]fluorene (3 t): 59% (Method 2); pale-yellow solid;
m.p.� 300 �C; Rf� 0.21 (hexane/EtOAc 100:1); 1H NMR (CDCl3,
300 MHz, 27.2m�): �� 7.79 (d, J� 8.1 Hz, 3H), 7.50 (t, J� 7.5 Hz, 3H),
7.26 (t, J� 7.4 Hz, 3H), 6.64 (d, J� 7.3 Hz, 3H), 3.79 (dd, J� 10.7, 4.2 Hz,
3H), 3.51 (dd, J� 13.5, 4.2 Hz, 3H), 2.49 (dd, J� 13.5, 10.7, 3H); 13C NMR
(CDCl3, 75 MHz, 27.2m�) (significant signals only): �� 145.94, 139.60,
139.41, 135.99, 127.82, 126.55, 124.58, 122.71, 45.13, 26.62; EI-MS:m/z (%):
882 (10) [M]� , 701 (88), 520 (31), 339 (100), 181 (17); HR-MS: m/z : calcd
for C48H21F15: 882.14037; found: 882.14325.


syn-5,10,15-Tris(1-methoxynaphthalen-2-ylmethyl)-10,15 ± 10,15-dihydro-
5H-diindeno[1,2-a ;1�,2�-c]fluorene (3u): 85% (Method 2); pale-yellow
solid; m.p.� 300 �C (softens at 175 �C); 1H NMR (300 MHz, CDCl3): ��
8.10 ± 8.02 (m, 6H), 7.92 ± 7.88 (m, 3H), 7.63 (d, J� 8.5 Hz, 3H), 7.56 ± 7.47
(m, 9H), 7.22 (d, J� 8.5 Hz, 3H), 7.12 ± 7.07 (m, 3H), 6.35 (d, J� 7.2 Hz,
3H), 4.64 (dd, J� 11.7, 4.6 Hz, 3H), 3.64 (s, 9H), 3.85 (dd, J� 14.1, 4.1 Hz,
3H), 2.53 (dd, J� 14.1, 11.7 Hz, 3H); 13C NMR (360 MHz, CDCl3): ��
154.34, 147.64, 141.37, 140.17, 135.54, 134.06, 128.98, 128.37, 128.04, 127.95,
127.09, 125.83, 125.78, 125.58, 123.46, 122.90, 122.26, 62.00, 46.57, 33.05 (one
C resonance was not observed); EI-MS: m/z (%): 852 (6) [M]� , 681 (100),
510 (31), 339 (86), 171 (20).


5-(3-Cyanophenylmethyl)-10,15-dihydro-5H-diindeno[1,2-a ;1�,2�-c]fluo-
rene (4a): 82% (Method 3); pale-yellow solid; m.p. 235 ± 236 �C (softens at
179 �C); 1H NMR (CDCl3, 300 MHz, 20m�): �� 8.00 (d, J� 7.3 Hz, 1H),
7.86 (d, J� 7.3 Hz, 1H), 7.67 (t, J� 7.1 Hz, 2H), 7.63 (d, J� 7.7 Hz, 1H), 7.56
(td, J� 1.0, 7.3 Hz, 1H), 7.52 (t, J� 7.3 Hz, 1H), 7.47 ± 7.22 (m, 5H), 7.10 (t,
J� 7.7 Hz, 1H), 7.08 (t, J� 1.0 Hz, 1H), 6.93 (td, J� 1, 7.7 Hz, 1H), 6.99 (d,
J� 7.3 Hz, 1H), 4.54 (dd, J� 3.8, 8.3 Hz, 1H), 4.23 (d, J� 21.8 Hz, 1H),
4.03 (d, J� 22.2 Hz, 1H), 3.95 (d, J� 22.2 Hz, 1H), 3.86 (d, J� 22.2 Hz,
1H), 3.74 (dd, J� 3.8, 13.9 Hz, 1H), 2.88 (dd, J� 8.5, 13.8 Hz, 1H);
13C NMR (CDCl3, 50 MHz, 31m�): �� 146.16, 144.24, 143.85, 141.31,
140.97, 140.74, 139.90, 138.66, 137.30, 136.57, 135.95, 135.78, 135.22, 133.86,
132.73, 129.86, 128.33, 127.49, 126.92, 126.42, 126.08, 125.46, 125.06, 124.72,
122.39, 121.96, 119.08, 118.86, 111.58, 47.22, 37.68, 36.38, 36.21; EI-MS: m/z
(%): 457 (12) [M]� , 341 (100); HR-MS: m/z : calcd for C35H23N: 457.18305;
found: 457.18375.


5-(4-Cyanophenylmethyl)-10,15-dihydro-5H-diindeno[1,2-a ;1�,2�-c]fluo-
rene (4b): 77% (Method 3); pale-yellow solid; m.p. 276 ± 277 �C; 1H NMR
(CDCl3, 300 MHz, 10m�): �� 8.11 (d, J� 7.1 Hz, 1H), 7.95 (d, J� 7.3 Hz,
1H), 7.67 (d, J� 7.6 Hz, 2H), 7.67 (d, J� 7.3 Hz, 1H), 7.56 (t, J� 7.2 Hz,
1H), 7.52 (t, J� 7.7 Hz, 1H), 7.44 (t, J� 7.5 Hz, 2H), 7.41 (t, J� 7.4 Hz, 2H),
7.29 (d, J� 8.1 Hz, 2H), 7.11 (d, J� 8.0 Hz, 1H), 6.85 (d, J� 8.1 Hz, 2H),
4.80 (dd, J� 4.4, 8.1 Hz, 1H), 4.36 (d, J� 22.1 Hz, 1H), 4.18 (d, J� 21.9 Hz,
1H), 4.16 (d, J� 21.8 Hz, 1H), 4.07 (d, J� 21.8 Hz, 1H), 3.82 (dd, J� 4.0,
13.6 Hz, 1H), 3.10 (dd, J� 8.4, 14.6 Hz, 1H); 13C NMR (CDCl3, 50 MHz,
10m�): �� 146.16, 144.13, 143.85, 142.89, 141.42, 140.86, 136.34, 135.84,
135.33, 131.38, 130.14, 127.54, 126.98, 126.59, 126.30, 126.13, 125.57, 125.46,
125.18, 124.78, 122.41, 122.02, 119.03, 109.94, 47.44, 38.25, 36.61, 36.44; EI-
MS: m/z (%): 457 (10) [M]� , 341 (100); HR-MS: m/z : calcd for C35H23N:
457.18305; found: 457.18301.


anti-5,10-Bis(3-cyanophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (5a): 20% (Method 3); yellow solid; m.p. 135 ±
136 �C; 1H NMR (CDCl3, 300 MHz, 80m�): �� 8.19 (d, J� 8.1 Hz, 1H),
7.98 (d, J� 7.7 Hz, 1H), 7.81 (d, J� 7.3 Hz, 1H), 7.75 (d, J� 7.4 Hz, 1H), 7.59
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(td, J� 1.2, 7.7 Hz, 1H), 7.51 (td, J� 1.2, 7.3 Hz, 1H), 7.45 (td, J� 1.2, 7.3 Hz,
1H), 7.44 (td, J� 1.2, 7.5 Hz, 1H), 7.35 (td, J� 1.2, 7.3 Hz, 1H), 7.24 ± 7.34
(m, 4H), 7.11 (d, J� 6.9 Hz, 1H), 7.09 (d, J� 7.7 Hz, 1H), 7.03 (d, J� 8.1 Hz,
1H), 7.00 (dt, J� 1.6, 8.1 Hz, 2H), 6.91 (dt, J� 1.6, 7.7 Hz, 1H), 6.87 (dt, J�
1.6, 8.1 Hz, 1H), 5.01 (dd, J� 4.0, 7.7 Hz, 1H), 4.78 (dd, J� 4.0, 7.7 Hz, 1H),
4.31 (d, J� 22.2 Hz, 1H), 4.15 (d, J� 22.2 Hz, 1H), 3.78 (dd, J� 4.0,
13.7 Hz, 1H), 3.72 (dd, J� 4.0, 13.7 Hz, 1H), 3.17 (dd, J� 7.7, 13.7 Hz, 1H),
2.97 (dd, J� 8.1, 13.7 Hz, 1H); 13C NMR (CDCl3, 75 MHz, 75m�): ��
146.58, 146.19, 144.29, 140.75, 140.58, 140.19, 139.41, 139.25, 138.86, 138.74,
137.77, 137.07, 136.49, 135.95, 133.80, 133.76, 132.89, 129.91, 128.28, 127.78,
127.70, 127.17, 126.86, 126.58, 126.47, 125.58, 125.17, 124.77, 122.58, 122.45,
122.12, 118.79, 111.49, 111.44, 47.55, 47.41, 37.74, 37.55, 36.56; EI-MS: m/z
(%): 572 (8) [M]� , 456 (100), 340 (95); HR-MS: m/z : calcd for C43H28N2:
572.22525; found: 572.22528.


anti-5,10-Bis(4-cyanophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (5b): 16% (Method 3); yellow solid; m.p. 200 ±
201 �C; 1H NMR (CDCl3, 300 MHz, 27m�): �� 8.20 (d, J� 7.7 Hz, 1H),
7.76 (d, J� 7.3 Hz, 1H), 7.97 (d, J� 7.7 Hz, 1H), 7.81 (d, J� 7.3 Hz, 1H), 7.59
(d, J� 7.3 Hz, 1H), 7.57 (d, J� 7.1 Hz, 1H), 7.53 ± 7.37 (m, 4H), 7.36 ± 7.20
(m, 9H), 7.15 (d, J� 7.3 Hz, 1H), 6.79 (d, J� 8.5 Hz, 2H), 6.74 (d, J�
8.1 Hz, 2H), 5.05 (dd, J� 4.0, 7.3 Hz, 1H), 4.84 (dd, J� 4.0, 7.0 Hz, 1H),
4.33 (d, J� 22.2 Hz, 1H), 4.18 (d, J� 22.2 Hz, 1H), 3.80 (dd, J� 4.1,
13.7 Hz), 3.74 (dd, J� 4.0, 13.7 Hz, 1H), 3.29 (dd, J� 7.3, 13.3 Hz, 1H), 3.07
(dd, J� 7.7, 13.8 Hz, 1H); 13C NMR (CDCl3, 50 MHz, 100m�): �� 147.45,
147.11, 145.18, 144.49, 144.28, 141.54, 141.38, 141.03, 139.67, 139.56, 138.59,
137.97, 137.34, 136.72, 133.09, 132.05, 130.86, 129.04, 128.41, 127.92, 127.63,
125.87, 125.53, 123.31, 123.21, 122.81, 119.63, 110.54, 47.74, 47.58, 38.33,
38.15, 36.74; EI-MS: m/z (%): 572 (8) [M]� , 513 (3), 512 (8), 472 (8), 471
(6), 470 (13), 458 (10), 457 (48), 456 (100), 355 (12), 354 (14), 341 (39), 340
(98), 339 (41), 338 (4), 337 (11); HR-MS: m/z : calcd for C43H28N2:
572.22525; found: 572.22675.


syn-5,10-Bis(3-cyanophenylmethyl)-10,15-dihydro-5H-diindeno[1,2-a ;
1�,2�-c]fluorene (6a): 7% (Method 3); yellow solid; m.p. 238 ± 239 �C;
1H NMR (CDCl3, 300 MHz, 43m�): �� 7.71 (d, J� 7.7 Hz, 1H), 7.63 ± 7.23
(m, 11H), 7.19 (t, J� 7.7 Hz, 1H), 7.11 (t, J� 7.7 Hz, 1H), 7.07 (t, J� 1.6 Hz,
1H), 6.96 (t, J� 1.6 Hz, 1H), 6.90 ± 6.84 (m, 2H), 6.83 (d, J� 7.7 Hz, 1H),
6.65 (d, J� 7.7 Hz, 1H), 3.78 (dd, J� 3.6, 8.9 Hz, 1H), 3.75 (d, J� 22.2 Hz,
1H), 3.66 (dd, J� 3.4, 9.5 Hz, 1H), 3.55 (dd, J� 3.8, 13.9 Hz, 1H), 3.33 (dd,
J� 3.4, 13.9 Hz, 1H), 3.14 (d, J� 22.2 Hz, 1H), 2.62 (dd, J� 8.7, 13.9 Hz,
1H), 2.23 (dd, J� 10.1, 14.1 Hz, 1H); 13C NMR (CDCl3, 75 MHz, 43m�):
�� 146.75, 146.47, 144.41, 140.50, 140.33, 140.11, 139.83, 139.61, 138.94,
136.49, 135.82, 135.12, 134.04, 133.75, 132.55, 132.44, 130.00, 129.87, 128.57,
128.34, 127.41, 126.86, 126.67, 126.29, 126.16, 125.57, 125.24, 124.82, 122.54,
122.49, 122.26, 118.89, 118.80, 111.83, 111.58, 46.70 (2C), 37.81, 37.43, 36.99;
EI-MS: m/z (%): 572 (9) [M]� , 456 (98), 340 (100); HR-MS: m/z : calcd for
C43H28N2: 572.22525; found 572.22455.


syn-5,10-Bis(4-cyanophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (6b): 14% (Method 3); yellow solid; m.p. 130 ±
131 �C; 1H NMR (CDCl3, 300 MHz, 70m�): �� 7.76 (d, J� 7.3 Hz, 1H),
7.58 (d, J� 7.3 Hz, 1H), 7.56 (d, J� 7.1 Hz, 1H), 7.15 ± 7.53 (m, 14H), 6.96 (d,
J� 7.4 Hz, 1H), 6.87 (d, J� 8.2 Hz, 1H), 6.64 (d, J� 8.3 Hz, 2H), 6.61 (d,
J� 8.3 Hz, 2H), 3.93 (dd, J� 3.5, 8.2 Hz, 1H), 3.83 (d, J� 22.2 Hz, 1H),
3.78 (dd, J� 3.5, 10.5 Hz, 1H), 3.55 (dd, J� 13.5, 13.7 Hz, 1H), 3.32 (dd,
J� 3.4, 14.1 Hz), 3.28 (d, J� 22.1 Hz, 1H), 2.78 (dd, J� 8.3, 13.6 Hz, 1H),
2.08 (dd, J� 10.2, 14.2 Hz, 1H); 13C NMR (CDCl3, 75 MHz, 70m�): ��
146.66, 146.44, 144.68, 144.35, 143.65, 140.33, 140.17, 139.41, 138.99, 136.60,
135.79, 135.70, 135.09, 131.72, 131.07, 129.99, 129.85, 127.34, 126.86, 126.58,
126.17, 126.03, 125.52, 125.11, 124.71, 122.46, 122.40, 122.18, 118.92, 118.75,
110.13, 109.80, 46.80, 46.49, 38.32, 37.98, 36.06; EI-MS: m/z (%): 573 (3)
[M�H]� , 572 (7) [M]� , 512 (2), 472 (13), 471 (25), 470 (63), 457 (38), 456
(96), 355 (12), 369 (12), 356 (12), 355 (36), 354 (70), 342 (7), 341 (37), 340
(100), 339 (38), 338 (3), 337 (10), 207 (35), 116 (24); HR-MS:m/z : calcd for
C43H28N2: 572.22525; found: 572.22455.


5,5,10,10,15,15-Hexa(3-bromophenylmethyl)-10,15-dihydro-5H-diindeno-
[1,2-a ;1�,2�-c]fluorene (7)


Method a : A solution of 3 i (100 mg, 0.118 mmol) in THF (25 mL) was
treated with KOH (59 mg, 1.05 mmol) and the resulting mixture was heated
under reflux for 15 min. It was then treated with m-bromobenzyl bromide
(265 mg, 1.06 mmol) and stirred for 24 h at this temperature. After standard


extractive work-up (CH2Cl2), followed by chromatography (hexane/
CH2Cl2 1:0� 0:1), 7 (86 mg, 54%) was obtained.


Method b : A suspension of 1 (137 mg, 0.4 mmol) and KOH (224 mg,
4.0 mmol) in THF (60 mL) was heated to reflux for 30 min, treated withm-
bromobenzyl bromide (900 mg, 3.6 mmol), and stirred for 24 h at this
temperature. After standard extractive work-up (CH2Cl2), followed by
chromatography (hexane/CH2Cl2 1:0� 0:1), 7 (135 mg, 84%) was obtained
as a yellow solid. M.p. 130 ± 140 �C; 1H NMR (CDCl3, 300 MHz): �� 8.42
(d, J� 7.7 Hz, 3H), 7.24 (dd, J� 1.2, 7.3 Hz, 3H), 7.50 (td, J� 1.0, 7.5 Hz,
3H), 7.42 (t, J� 7.1 Hz, 3H), 7.06 (ddd, J� 1.2, 2.0, 8.1 Hz, 6H), 6.78 (t, J�
1.6 Hz, 6H), 6.64 (t, J� 7.7 Hz, 6H), 6.06 (dt, J� 1.2, 7.7 Hz, 6H), 3.83 (d,
J� 13.3 Hz, 6H), 3.51 (d, J� 13.3 Hz, 6H); 13C NMR (CDCl3, 75 MHz):
�� 149.45, 144.29, 139.39, 139.02, 138.47, 133.25, 129.04, 128.90, 128.12,
127.37, 126.25, 125.89, 125.22, 121.09, 56.81, 40.47; EI-MS: m/z (%): 1360,
1358, 1356, 1354 (4) [M]� , 1355 (3), 1328 (8), 1187 (100), 1031 (54), 1017
(61).


Tris-spirotruxene 8 : A suspension of truxene (1; 137 mg, 0.4 mmol) in THF
(60 mL) was heated under reflux for 30 min. The oil bath was then
removed, and the mixture was treated with KOH (320 mg, 5.70 mmol).
Argon was bubbled through the resulting mixture for 3 min. After heating
under reflux for a further 30 min, �,��-dibromo-o-xylene (320 mg,
1.21 mmol) was added and the reaction mixture was stirred for 15 h under
reflux. After standard work-up, trituration of the crude mixture in hexane
and filtration gave 8 (262 mg,�99%) as a light-brown solid. M.p.� 300 �C;
1H NMR (CDCl3, 300 MHz): �� 7.36 ± 7.47 (m, 15H), 6.99 ± 7.13 (m, 9H),
4.36 (d, J� 16.6 Hz, 6H), 3.28 (d, J� 17.0 Hz, 6H); 13C NMR (CDCl3,
75 MHz): �� 157.62, 145.07, 143.15, 136.87, 136.62, 127.53, 127.11, 126.95,
125.52, 123.46, 120.76, 55.39, 42.56; EI-MS: m/z (%): 648 (100) [M]� ; HR-
MS: m/z : calcd for C51H36: 648.28170; found: 648.28070.


Truxenephane 10 : KOH (224 mg, 4 mmol) was added to a refluxing
solution of 1 (137 mg, 0.4 mmol) in THF (80 mL). After heating for 30 min,
9 (240 mg, 0.408 mmol) was added and the mixture was heated under reflux
for a further 2 h. After standard extractive work-up, the residue was
purified by chromatography (hexane/EtOAc 1:1) to give 10 (180 mg, 66%)
as a white solid, which was recrystallized from EtOH or CH3CN. M.p.�
300 �C; 1H NMR (500 MHz, CDCl3): �� 7.83 (d, J� 7.8 Hz, 3H), 7.42 (d,
J� 7.1 Hz, 3H), 7.34 (d, J� 7.8 Hz, 3H), 7.27 ± 7.24 (m, 3H), 7.12 ± 7.08 (m,
6H), 6.95 (dt, J� 7.5, 1.3 Hz, 3H), 6.88 (s, 3H), 6.70 (dt, J� 7.6, 1.2 Hz, 3H),
5.05 (d, J� 14.1 Hz, 3H), 4.70 (d, J� 10.5 Hz, 3H), 3.74 (dd, J� 14.2,
10.7 Hz, 3H); 13C NMR (125 MHz, CDCl3): �� 146.60, 142.92, 142.16,
141.50, 140.90, 137.34, 136.73, 134.41, 131.31, 128.73, 127.14, 126.88, 126.86,
126.69, 125.80, 122.34, 46.30, 33.87 (one C signal was not observed); EI-MS:
m/z (%): 684 (53) [M]� , 341 (100), 253 (10); elemental analysis calcd for
C54H36 ¥ 0.5EtOH: C 93.32, H 5.55; found: C 93.41, H 5.47.


Determination ofKassoc : The chemical shifts of Ht1 and HT5 of compounds 3
in CDCl3 solution were monitored at different concentrations. These
solutions were obtained by dilution from a starting concentration as close
as possible to the saturation point. The values of Kassoc given in Table 2 are
an average of those determined from the chemical shifts of Ht1 and HT5 and
are subject to an estimated maximum error of 10 ± 15%. In the case of 3h,
Kassoc was determined with a�20% error by monitoring the chemical shifts
of the six hydrogens that show significant variations in their chemical shifts.


The method of Chen[33] was applied for the calculation of Kassoc from the
variation of the chemical shifts assuming a monomer (A) to dimer (A2)
equilibrium.


Diffusion measurements : Experiments were performed on a Bruker DRX
500 MHz spectrometer at temperatures of 10 ± 15 �C to avoid convection
effects. Different concentrations (from 20 to 1m�) were employed.
Gradients were calibrated using a pure D2O sample by following the
residual HDO signal. The maximum strength of the gradient unit was
deduced to be 56.5 Gcm�1. The common pulse sequence (LED)[38] was
employed to avoid T2 relaxation effects. Twelve different gradient strengths
were employed and the experiments were repeated at least twice. Diffusion
coefficients were calculated from the following relationship:


ln (AG/A0)�� � 2G 2� 2(���/3)D


whereA represents the signal intensity at zero andG gradient intensities,D
is the diffusion coefficient, and �, � are the delays in the STE pulse
sequence.
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Qualitatively, average molecular weights may be estimated from diffusion
coefficients using the Stokes ±Einstein equation:


D� kT/6��r


where � is the viscosity and r is the hydrodynamic radius of a spherical
molecule.


Determination of the NOE values : NOESY experiments were carried out
using the standard pulse sequence with mixing times between 150 and
500 ms. HSQC-NOESY experiments were also performed in order to
detect intermolecular NOEs between symmetry-related protons. A mixing
time of 300 ms was used and decoupling was set to ™off∫ during acquisition.


X-ray structure determinations : Colorless crystals of 3h, 3u, and 10
showing well defined faces were mounted on a Bruker ± Siemens Smart
CCD diffractometer equipped with a low temperature device and a normal
focus, 2.4 kW sealed-tube X-ray source (MoK� radiation, �� 0.71067 ä)
operating at 50 kV and 20 mA. Data were collected over a hemisphere of
the reciprocal space by a combination of two exposure sets. Each exposure
of 10 s covered 0.3� in �.


The intensities were corrected for Lorentz and polarization effects.
Scattering factors for neutral atoms and anomalous dispersion corrections
for Br in compound 3h were taken from the International Tables for X-ray
Crystallography.[39] The structures were solved by the Multan and Fourier
methods. Due to the instability, poor diffraction spectra, and existence of
disordered solvent molecules in 3h and 3u, the final R values are quite high
(3h was only isotropically refined). Compound 3u also exhibited positional
disorder around one methoxy group (C69 and C69� positions). A summary
of the fundamental crystal and refinement data is given in Table 4.


Most of the calculations were carried out with SMART[40] software for data
collection and reduction, and SHELXTL[41] for structure solution and
refinements.


CCDC-101806, -101807, and -173909 contain the supplementary crystallo-
graphic 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 Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Metallocene ±DNA: Synthesis, Molecular and Electronic Structure and DNA
Incorporation of C5-Ferrocenylthymidine Derivatives
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Mark R. J. Elsegood,[b] Bernard A. Connolly,[c] and Andrew Houlton*[a]


Abstract: Ferrocenylthymidine deriva-
tives have been prepared by Pd-cata-
lysed cross-coupling between ethynyl-
ferrocene or vinylferrocene and 5-iodo-
2�-deoxyuridine. In the latter case a
mixture of trans (2a) and gem (2b)
isomers was obtained. The cis-vinylfer-
rocenyl (2c), and ethylferrocenyl (3)
derivatives were obtained by catalytic
hydrogenation of ethynylferrocenyl-dT
(1a), and 2c respectively. Single-crystal
X-ray data for 1a, the ferrocenyl-2�fur-
ano-pyrimidone 1b, and 2a show that


the nucleobase is essentially co-planar
with the substituted Cp ring of the
metallocene. The selective reduction of
the linkage between the ferrocenyl and
thymidine moieties, from ±C�C- to
-CH2CH2-, causes a shift in the reduction
potential of �124 mV. DFT calculations
for the one-electron oxidised species


indicate that the diminished conjugation
reduces the spin transfer onto the bridg-
ing C2 group, but has less effect on the
extent transferred to the nucleobase
from the ferrocenyl group. Compound
1a was incorporated site-specifically
into DNA oligonucleotides by using
automated solid-phase methods. How-
ever, some interconversion of 1a� 1b
occurs, even under rapid mild conditions
of deprotection.


Keywords: DNA ¥ ferrocene ¥
ferrocenyl-nucleosides ¥ redox
chemistry ¥ thymidine


Introduction


Recently there have been increasing efforts to attach metal-
containing groups to sites on DNA strands.[1±7] Of particular
interest are redox-active metal complexes, since these may
induce oxidative cleavage for use in the design of artificial
nucleases,[1, 8±10] act as electrochemical probes for sensing
applications,[11±13] and are also important in studies on DNA-
mediated electron transfer.[4, 14±28]


The preparation of DNA oligonucleotides bearing metal-
containing groups has typically relied upon either post-
synthetic conjugation of a preformed complex at the terminal


position of an oligonucleotide[5, 10, 27, 29±32] or addition of metal
ions to ligand-modified oligonucleotides.[4, 6, 8, 9, 33] An alter-
native strategy is the synthesis of metal-modified nucleosides
as phosphoramidite monomers for use in automated solid-
phase synthesis.[34] This approach has been well developed in
organic chemistry but has only rather recently been explored
for metal-containing groups.[7, 35±40] The advantages of this
approach include the ease of synthesis and the ability to
incorporate the modified base into the oligonucleotide
sequence site-specifically.
The ferrocenyl group appears to be well suited for the


development of redox-active oligonucleotides given its stabil-
ity, diverse substitution chemistry and amenable stereochem-
istry. There have been some reports of the terminal attach-
ment of ferrocenyl groups to oligonucleotides using simple
derivatives[41, 42] including ferrocenylhexanol as a phosphor-
amidite.[12] More recently, Grinstaff and Beilstein have
reported the on-column attachment of ferrocenylpropargyla-
mide to 5-iododeoxyuridine.[38] This method involves inter-
rupting normal solid-phase synthesis to perform site-specific
covalent modification on the reactive nucleoside derivative.
An alternative approach is to attach the ferrocenyl group


prior to oligonucleotide synthesis. A range of ferrocenyl-
nucleosides has been described,[43] including C5-pyrimidine
and C8-adenosine derivatives. These appear highly suitable
for incorporation into DNA; however, a very recent report
has highlighted possible problems.[36] Here we have reinvesti-
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gated the synthesis of the ferrocenyl C5-modified thymidine
derivatives, and report on the redox chemistry and the
molecular and electronic structure of the compounds. Also
investigated are modified methods for the incorporation of
C5-ethynylferrocenylthymidine site-specifically into DNA
oligonucleotides.


Results and Discussion


Synthesis, spectroscopy and structure of C5-modified ferro-
cenylthymidine derivatives : Gautheron et al. have previously
described a series of ferrocenyl-nucleosides, including dT,
containing C2 linkages; ethynyl, vinyl and ethyl.[43] Several
synthetic strategies were explored; 1) Pd-catalysed cross-
coupling between ethynylferrocene and the appropriate
halonucleoside, 2) the reaction with 5-chloromercuri-
(deoxy)uridine and vinylferrocene and 3) reaction of
[Cp2ZrCl(CH�CHFc)] with halonucleosides (Fc� ferrocen-
yl). Of the four nucleosides, thymidine is the most convenient
to modify for use in solid-phase DNA synthesis as it does not
require protection of the nucleobase. We have therefore
investigated modified and alternative routes to the series of
C2-bridged ferrocenyl C5-thymidine derivatives, with partic-
ular interest in their redox properties and electronic structure.
Scheme 1 summarises the synthetic routes explored.
As a general point it was found that protection of the 5�-OH


of 5-iododeoxyuridine (5-I-dU) with dimethoxytrityl (DMT)
improved the yields due to an enhanced solubility in the
solvent systems used. Such protection is of course also
necessary for the reagent to be used in solid-phase oligonu-
cleotide synthesis.
It is known that alkynylthymidine derivatives are suscep-


tible to cyclisation to the corresponding furanopyrimi-
done.[44±46] This type of rearrangement generally occurs under
rather forcing conditions, as noted in couplings of o-iodoani-
lines with copper(�) acetylides[47] and by treatment of (Z)-5-
hexynyl-2�-deoxyuridine with triethylamine under reflux.[45] In
reactions with ethynylferrocene as the alkyne, Gautheron
et al. used similar conditions (CuI, Et3N, reflux) and observed


similar results.[43] Mixtures containing both the C5-ethynyl-
ferrocenylthymidine (1a) and ferrocenylfuranopyrimidone
(1b) compounds were obtained, with 80% of the latter
formed with 5-iodouracil, and only 5% with either 5-iodour-
idine or 5-iodo-2�-deoxyuridine.
In our studies it was found that replacing Et3N as solvent


with a weaker base such as pyridine inhibited the reaction
between ethynylferrocene and 5-iododeoxyuridine complete-
ly. Addition of small quantities of Et3N afforded a mixture of
1a and 1b in yields of 45 and 30% from reactions at elevated
temperatures. Robins and Barr reported that the addition of
solid disodium EDTA to reactions moderated the formation
of the cyclised furanopyrimid-2-one product in the synthesis
of 5-hexenyldeoxyuridine.[45] However, these reaction condi-
tions only slightly reduced the degree of cyclisation in the case
of ethynylferrocene. Reducing the reaction temperature to
60 �C decreased the proportion of the 1b to �10%. The
formation of 1b can however be completely eliminated by
careful monitoring of the room temperature reaction over a
period of 4 h with typically 75% yield of 1a obtained. The
formation of the isomer 1b can be identified by the singlet at
�� 6.84 ppm in the 1H NMR spectrum, attributed to the
uncoupled aromatic proton attached to C7. There is also a
significant up-field shift in the H6 resonance (�(CDCl3)� 8.81
(1a), 7.95 ppm (1b)). The two isomers are also distinguished
by electronic absorption spectroscopy. The more extended
ring system of 1b gives rise to a red-shifted band in the visible
region (�max� 355 nm) as has been reported elsewhere.[36]
De-tritylation of 1a and 1b aided in the preparation of


crystals suitable for analysis by X-ray diffraction and these
data confirmed unequivocally the structural assignments
based on spectroscopic data. Both structures contain two
independent molecules in the asymmetric unit; molecular
structures are shown in Figure 1 and Figure 2, respectively. In
each case, the two molecules are related by pseudo-inversion
inversion symmetry if the sugar groups are ignored, but these
sugars have the same chirality for both molecules.
In 1a the Fe�C bond lengths range from 2.002(8) to


2.064(9) ä with an average of 2.034 ä. The Fe�C5H5 perpen-
dicular distances are 1.643 and 1.656 ä in the two molecules,


Scheme 1. Synthetic route to C-5 ferrocenyl thymidine derivatives.
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Figure 1. Structure of one independent molecule of 1a. Selected bond
lengths [ä] and angles [�]: Fe�C (av) 2.034, Fe�C5H5 1.643, Fe�C5H4 1.636,
C7�C8 1.175(6), C8�C9 1.432(6); Cp�Cp 1.4� ; Cpsub�pyrimidine 6.9�.


insignificantly different from the values of 1.636 and 1.647 ä
for the Fe�C5H4 distances. The intramolecular interplanar
angles between the cyclopentadienyl rings are 1.4 and 2.3�,
and those between the nucleobase and the substituted Cp ring
are 6.9� and 5.3�. The two cyclopentadienyl rings within each
molecule are virtually eclipsed (mean torsional angle C-X1-
X2-C is 5.1�, where X1 and X2 are the centres of the rings).
The ethynyl unit linking the nucleobase and the ferrocenyl
group deviates only slightly from linearity (C5�C7�C8
176.7(5), 173.8(6) and C7�C8�C9 178.5(6), 176.9(6) ä for
the two independent molecules), with a triple bond length of
1.175(6) and 1.183(6) ä and adjacent single bonds: C5�C7
1.432(6) and 1.456(6) ä, C8�C9 1.432(6) and 1.408(7) ä.
In 1b the Fe�C bond lengths range from 2.026(2) to


2.046(2) ä (av 2.036 ä). The Fe�C5H5 perpendicular distan-
ces are 1.640 and 1.645 ä, compared to 1.637 and 1.639 ä for
Fe�C5H4. The interplanar angles between the cyclopenta-
dienyl rings are 0.6 and 2.3�, and those between the
nucleobase and the substituted Cp rings are 11.4 and 14.9�.
The two cylcopentadienyl rings are virtually eclipsed (mean
torsional angle C-X1-X2-C is 1.5�). The furanopyrimidone is
linked directly to the ferrocene through C8�C9 (1.446(3) and
1.438(3) ä), and C7�C8 is lengthened to a typical C�C double
bond (1.340(3) and 1.340(3) ä). As a furanopyrimidone, 1b
has lost the ability to act as a hydrogen-bond donor through
N3 and can no longer base-pair effectively with adenine.
The reaction of vinylferrocene with 5�-DMT-5-iodo-2�-


deoxyuridine, using [PdCl2(PPh3)2] as catalyst, gave a crude


product which contained both the trans-vinyl (2a) and gem-
vinyl (2b) isomers (see Scheme 1) in an approximate 1:1 ratio
(based on integration of the 1H NMR spectra). The isomers
are distinguished by the coupling constants of the vinylic
protons (gem� 1.2 Hz and trans� 16.2 Hz). Separation of the
isomers was not possible by TLC and HPLC; however, after
removal of the DMT group, the trans isomer 2a was isolated
by fractional crystallisation from a methanol/chloroform
(10:90) solvent system. This method also afforded crystals of
suitable quality for X-ray diffraction.
The molecular structure of 2a is shown in Figure 3 and


confirms the stereochemical assignment based upon 1H NMR
spectroscopy. The structure contains two independent mole-
cules in the asymmetric unit, and is approximately isomor-
phous with 1a. The C�Fe bond lengths vary between


Figure 3. Structure of one independent molecule of 2a. Selected bond
lengths [ä] and angles [�]: Fe�C (av) 2.040, Fe�-C5H5 1.652, Fe�C5H4 1.649,
C7�C8 1.30(2), C8�C9 1.47(2), Cp�Cp 0.6; Cpsub�pyrimidine 3.3.


1.986(19) and 2.100(17) ä with an average of 2.040 ä. The
iron atom lies 1.649 or 1.641 ä above the substituted cyclo-
pentadienyl ring and 1.652 or 1.634 ä below the unsubstituted
ring in the two molecules. The ferrocenyl rings are virtually
co-planar, orientated at an interplanar angle of 0.6 or 2.4�, and
are arranged in an almost eclipsed configuration (mean
torsional angle C-X1-X2-C is 3.5�, where X1 and X2 are the
centres of the cyclopentadienyl rings). The trans-vinyl linkage
C7�C8 has a bond length (1.30(2) or 1.25(2) ä) consistent
with a carbon-carbon double bond and is connected to the
ferrocene unit through C8�C9 (1.47(2) or 1.44(2) ä). Figure 3
clearly shows the virtually planar trans-vinyl link between the


thymine ring and the ferrocene
cyclopentadienyl ring. The inter-
planar angle between the nucleo-
base and the substituted Cp ring is
3.3� or 5.8�. The dihedral angle
between the vinylic bond and the
pyrimidine ring is 6.3 or 6.4�, and
between the adjoining cyclopen-
tadienyl ring and the vinylic bond
it is 3.2 or 11.3�. This geometric
alignment looks promising as a
rigid and planar delocalised elec-
tronic system between the nucleo-
base and the redox group.


Figure 2. Structure of one independent molecule of 1b. Selected bond lengths [ä] and angles [�]: Fe�C (av)
2.036, Fe�C5H5 1.640, Fe�C5H4 1.637, C7�C8 1.340(3), C8�C9 1.446(3), Cp�Cp 0.4�, Cpsub�pyrimidine 11.6�.
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The trans isomer 2a has been synthesised previously by two
different routes. The reaction of vinylferrocene with C5-
HgCl-dU in methanol using Li2[PdCl4] as a catalyst followed
by treatment with either H2S or NaBH4 led to a mixture of
three products, including the trans-vinylferrocenyl deriva-
tive.[43] This compound was also isolated in about 15 ± 20%
yield by the reaction of [Cp2ZrCl(CH�CHFc)] with 5-iodo-
deoxyuridine. To our knowledge, the gem and cis isomers of
C5-vinylferrocenylthymidine have not previously been re-
ported. The latter compound was prepared as a single isomer
in 30% yield by catalytic reduction of 1a using NiCl2/
NaBH4.[48] Distinguishing features of the cis-isomer, 2c, are
the 1H NMR vinylic coupling constants (J� 11Hz). The
electronic absorption spectrum for each C5-vinylferrocenyl-
thymidine isomer is characteristic (Figure 4). The more
extended conjugation of the trans isomer gives rise to a red-
shifted band compared to the cis form (298 nm c.f. 275 nm).
All three isomers exhibit the weak band at about 450 nm
attributed to (d ± d) transitions.
The C5-ethylferrocenylthymidine 3 was prepared from 2c


by using an excess of NiCl2/NaBH4 mixture. The reactions
were performed at low temperature (T��78 �C) and moni-
tored by TLC. Yields were typically rather low (~25%) and
there were some problems with reproducibility. The previous
report on the synthesis of 3 from the trans-vinyl compound 2a
employed hydrogenation on Pd/C but did not record a
yield.[43]


Redox behavior and electronic structure calculations : Cyclic
voltammetry was used to probe the redox properties of the
compounds and in particular to assess the effect of the
different C2 linkages, -C�C-, -C�C-, -C�C-, on the ferrocenyl
oxidation. Table 1 summarises the formal electrode potentials
of the derivatives measured in MeCN; values for the parent
ferrocenyl derivatives are also included. All compounds
exhibit reversible one-electron waves with formal potentials,
Eo, lying in the �32 to �226 mV range versus ferrocenium±
ferrocene.


The interest in DNA-mediated electron transfer[4, 14±21, 49]


has focused attention on methods for incorporating site-
specific redox-active centres.[7, 27, 36, 38±40] While nucleobase
modification has been used in such studies, very few contain
a conjugated pathway with the redox centre.[36] It is therefore
worthwhile to consider the extent of interaction between the
ferrocenyl group and the nucleobase for the oxidised para-
magnetic ferrocenium species. Density functional calculations
(DFT) for 1-methyl analogues of 1 ± 3 and their oxidised
counterparts provide some insights.
Calculations for the parent ferrocenyl derivatives show a


qualitative correlation between the measured redox poten-
tials and �E for the neutral and oxidised counterparts
(�E(a.u.)��Fc�EFc� : EtFc��0.245; VinylFc��0.246;
EthynylFc��0.253 a.u.). This suggests that solvent interac-
tions are consistent for all these compounds upon oxidation.
For the 1-methyl analogues of 1 ± 3 the ethynyl derivative


has the largest �E value (�0.242 a.u.) however, the vinyl
derivatives have a smaller value than that calculated for the
ethyl compound 3. This indicates that for these compounds
the correlation between the gas-phase calculations and the
solution-phase redox potentials is not good. This may well
reflect solvation effects on the nucleobase.


The calculated spin density
serves extremely well to illus-
trate the extent of interaction
between the ferrocene moiety
and the thymine. The spin den-
sity distributions of 1-methyl
analogues of the prepared com-
pounds are shown in Figure 5.
Table 2 contains the major
atomic contributions based on
an NAPC (natural atomic pop-
ulations and charges) analysis
as a quantitative guide. As can
be seen from the spin density
figures there is considerable
delocalisation to the nucleo-
base for all types of C2 linkage.
A simplistic analysis based on a
representation of the molecules
as comprising of three compo-
nents; ferrocene-bridge-nucleo-Figure 4. UV/Vis spectra of vinyl isomers of ferrocenyl-dT in acetonitrile.


Table 1. Electrode potentials, Eo, of ferrocene ± ferrocenium couple of
ferrocenylthymidine and related derivatives (from CV measurements in
CH3CN/0.1� TBAPF6, Ag� quasi-reference electrode, tungsten counter
electrode, gold disc working electrode).


Compound Eo [mV]


ferrocene 0
FcC�CH � 226
1a � 140
1b � 131
FcC�CH2 � 56
2a � 27
2b � 21
2c � 29
FcCH2CH3 � 32
3 � 16
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base, reveals that between 72 ± 93% of the spin density is
located at the ferrocenyl group and between about 4 ± 15% is
transferred to the thymine. This is predominantly located at
C5, C6, and the heteroatoms N1, O4 and O2. The conjugated
bridging groups, C�C and C�C, are affected similarly, with 9 ±
12%, while very little spin density resides in the non-
conjugated gem-bridge (3.4%) and the saturated C�C bridge
(�2%).
The extent of ferrocenyl ± nucleobase interaction is con-


formationally dependent as demonstrated for models of 1a.
Calculations of two extreme conformers of 1a, where the
thymine ring was rotated �90� to the substituted cyclo-
pentadienyl ring gave spin density values of 84 ± 89%, 7% and


4 ± 9% for the ferrocene, C2 bridge
and thymine, respectively. These
non-planar configurations result in
a reduction in conjugation and
hence loss of spin density trans-
ferred to the thymidine unit.
The 1-methyl analogue for 1b is


quite different as might be expect-
ed. The extended aromatic system
to which the ferrocene is attached
serves to transfer spin density ef-
fectively from the metallo group.
The NAPC analysis shows about
31% transferred across the furano-
pyrimidone ring system.
The electrostatic potential atom-


ic charges derived from these cal-
culations also explain the suscepti-
bility of 1a to cylcisation. Com-
pared to the results for the model
C5-phenylacetylene-dT, C8 is sig-
nificantly more positive in 1a
(�0.134 c.f. �0.211 eV) accounting
for the observed susceptibility to
nucleophilic attack which effects
ring closure.


Site-specific incorporation of 1a in
DNA: Nucleoside derivatives that
are highly conjugated to a redox
centre have not been widely con-
sidered for studies on DNA-medi-
ated charge transport. Compound


1a is therefore of particular interest as the alkynyl linkage
provides an efficient means for delocalisation between the
redox group and the nucleobase.
Yu et al. have very recently reported on attempts to


incorporate 1a into synthetic oligonucleotides using solid-
phase phosphoramidite methods.[36] They found that during
the course of synthesis, using standard reagents and protocols,
1a� 1b interconversion occurred. Interestingly, these work-
ers noted that in hybridization studies 1b forms a more stable
interaction with dG compared to dA. Figure 6 shows sche-
matically the two corresponding base pairs. The observed
increase in Tm values for the duplex containing the 1b :dG pair
can be easily rationalised, though clearly the pairing is not
optimised.[36] In light of these findings we have explored
alternative procedures in an effort to retain the structure of 1a
in synthetic oligonucleotides. In particular, given the known
susceptibility to base-catalysed cyclisation, prime concern was
given to the deprotection step. This is typically treatment with
aqueous NH3 for 12 h at room temperature, or 5 h at 55 �C. As
an alternative, we have used ULTRAMILD base phosphor-
amidites (Glen Research, Va, USA) for all syntheses. These
amidites are de-protected in a few hours in 0.05� methanolic
K2CO3 or several minutes with anhydrous methylamine.[50]


Compound 1a was converted to the corresponding cyano-
ethylphosphoramidite for incorporation into oligonucleotides
by reaction with 2-cyanoethoxy-N,N-diisopropylaminochloro-


Table 2. NAPC analysis percentages of spin density on the ferrocenyl-C2-
thymine components.


Derivative Ferrocene[a] C2 bridge[b] Thymine[c]


1a Fe: 70.4 (78.0) C7: 3.8, C8: 5.3 12.9
1b Fe: 61.3 (68.5) C7: 5.4, C8: 5.2 20.9
2a Fe: 69.4 (77.3) C7: 4.0, C8: 6.2 12.5
2b Fe: 85.5 (92.9) C7: 0.6, C8: 2.8 3.7
2c Fe: 63.4 (72.2) C7: 5.4, C8: 7.0 15.4
3 Fe: 77.5 (83.2) C7: 0.6, C8: 0.8 15.1


[a] Percentage on iron atom and total ferrocene unit in brackets.
[b] Percentages on C7 and C8. [c] Total percentage on thymine ring.


Figure 5. DFT-calculated spin density distribution on 1a, 1b, 2a ± c, and 3.
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phosphoramidite as phosphitylating
agent. This was preferred to
bis-(N,N-diisopropylamino)-2-cyano-
ethoxyphosphine which gave poorer
yields.
The 20-mer oligonucleotide,


TATCGTATCGTFcATCGTATCG,
(where TFc� 1a) was prepared on
0.2 �mol CPG columns using stand-
ard protocols with the exception of a
prolonged coupling reaction time
(3 min) for the 1a phosphoramidite.
Deprotection with 0.05� methanolic
K2CO3 was monitored by HPLC and
it was found that after five hours the
oligonucleotide is fully deprotected.
Similar data was obtained after de-
protection with anhydrous MeNH2


(20 min). The purified ferrocenyl-
20mer was characterised by
MALDI-TOF mass spectrometry,
(calcd: [M(�Cp)] 6227.04; found:
6222.4(�5)) and illustrates success-
ful incorporation of ferrocenylthymidine into an oligonucleo-
tide.
Re-analysis of the purified 20-mer by HPLC revealed a new


peak with a retention time of 16.5 min in addition to the
original peak at 21 min. The two species are attributed to the
ferrocenyl group in different oxidation states. The latter
species can be converted to the former species by addition of
the reducing agent dithiothreitol (DTT) to a solution of the
20-mer. The action of DTTon a sample of the oligonucleotide
was monitored by HPLC. Treatment showed a decrease in the
latter peak concomitant with an increase in the earlier peak.
The difference in retention times between the two forms is
attributed to the change in overall charge upon oxidation/
reduction of the iron centre. As expected the less negatively
charged form bearing the ferrocenium cation has a longer
retention time on the reverse-phase column. Differential
pulse voltammetry confirmed that collected fractions of both
peaks were electrochemically active, with a redox potential of
286 mV (Figure 7).
In view of these observations and the known susceptibility


of the oxidised ferrocenyl species, ferrocenium, to nucleo-
philic attack, a precautionary post-synthetic reduction step,
using a solution of DTT in acetonitrile, was employed before
de-protection and removal from the solid support.


Analysis of the 20-mer oligo-
nucleotide after digestion with
snake venom phosphodiester-
ase and alkaline phosphatase
indicated in addition to incor-
poration of 1a, the formation of
1b. The presence of the two
isomeric ferrocenyl derivatives
was not observed in the HPLC
of the 20-mer due to the small
difference in the retention
times. Figure 8 shows the HPLC


of the digested 20-mer. Approximately 50% of the modified
nucleoside remains in the ethynylferrocenyl form. This
compares with complete conversion to the furanothymidone
form in the work of Yu et al.[36] However, despite the ability to
retain the ethynylferrocenyl dT moiety intact, the mixture
could not be separated.


Conclusion


The conjugated ferrocenyl-nucleoside 1a can be incorporated
into synthetic oligonucleotides to give redox-active DNA
strands. However, even with the use of rapid mild methods for
de-protection of the oligomers, a considerable fraction of 1a
(ca. 50%) still undergoes cyclisation to 1b. The difficulties in
separating the resulting mixture are non-trivial. DFT calcu-
lations show however that delocalisation between the ferro-
cenyl group and the thymidine occurs for the series of C2-
bridged nucleosides. This indicates that a range of derivatives
may be used to prepare site specific redox-active ferrocenyl
oligonucleotides in which the electronic structure of the
nucleobase is significantly perturbed by redox reactions at the
ferrocenyl group.


Figure 6. Base-pairing for 1b with dG (left) and dA (right). The former is preferred after Yu et al.[36]


Figure 7. Differential pulse voltammogram of TATCGTATCGTFcATCGTATCG, E�� 286 mV (Pulse
height 25 mV, scan rate 20 mVs�1, Ag� quasi-reference electrode, tungsten counter electrode, gold disc
working electrode, 0.1� TEAA buffer pH 6.5).
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Experimental Section


Materials : Reagents were purchased from Aldrich and Lancaster and used
as received unless otherwise stated. Solvents were dried and distilled under
nitrogen prior to use. All reactions were performed under N2 using
standard Schlenk techniques. 1H NMR spectra were performed on a
200 MHz Bruker Spectrospin AC 200E spectrometer and 31P NMR spectra
on a 300 MHz Bruker Spectrospin WM 300 WB spectrometer. UV/Vis
electronic spectra were recorded on a Shimadzu UV-2101PC Scanning
Spectrophotometer. Mass spectra of the ferrocenyl derivatives were
obtained at the MS Service Centre, University of Wales, Swansea, whilst
the MALDI-TOF spectrum of the modified 20-mer was measured by
Nathan Harris at Moredun Research Institute.


Preparation of 5�-Dimethoxytrityl-5-iodo-2�-deoxyuridine : 5-Iodo-2�-deoxy-
uridine (2.0 g, 5.6 mmol) was dissolved in dry pyridine and then dimethy-
laminopyridine (DMAP) (70 mg) and dimethoxytrityl chloride (2.3 g,
6.77 mmol) were added. The mixture was stirred at ambient temperature
under nitrogen for 16 h. Then 5% (v/w) sodium bicarbonate (5 mL) was
added before the reaction mixture was evaporated to dryness. Final traces
of pyridine were removed by repeated co-evaporation with toluene. The
reaction mixture was then dissolved in chloroform, washed twice with 5%
(v/w) sodium bicarbonate and then dried over magnesium sulfate. The
crude product was dissolved in chloroform ±methanol (98:2) and loaded
onto a silica column packed in chloroform–methanol ± triethylamine
(97:2:1). The product was eluted by using a gradient of 2 ± 10%methanol in
chloroform and the appropriate fractions collected and solvent removed by
rotary evaporation to give a white crystalline powder (2.96 g, 80%).
1H NMR (200 MHz, CDCl3, 25 �C): �� 2.20 ± 2.54 (m, 2H: H-2�, H-2™),
3.36 (m, 2H: H-5�, H-5∫), 3.76 (s, 6H: OMe), 4.09 (m, 1H: H-4�), 6.31 (t,
1H: H-1�), 6.82 (d, 4H: DMT), 7.22 ± 7.41(m, 9H: DMT), 8.13 (s, 1H: H-6);
MS: FAB� : 655.8 for C30H29N2O7I.


5�-Dimethoxytrityl-5-ethynylferrocene-2�-deoxyuridine, 1a-DMT: 5�-Di-
methoxytrityl-5-iodo-2�-deoxyuridine (1.5 g, 2.29 mmol) was dissolved in
dry acetonitrile. Pyridine (5 mL), triethylamine (2 mL), ethynylferrocene
(530 mg, 2.5 mmol), copper(�) iodide (150 mg, 0.79 mmol) and bis(triphen-
ylphosphine)palladium(��) chloride (150 mg, 0.21 mmol) were added se-
quentially under nitrogen. The reaction mixture was stirred at 35 �C for 5 h.
Disodium EDTA 5% (v/w) (5 mL) was added to the resulting suspension
before evaporation to dryness. The crude product was redissolved in
chloroform (100 mL) and washed twice with disodium EDTA 5% (v/w)
and once with water before being dried over sodium sulfate. After filtration
and concentration by rotary evaporation the reaction mixture was loaded
onto a silica gel column packed in chloroform ±methanol ± triethylamine
(95:4:1) and eluted by using chloroform ±methanol (95:5). Fractions
containing the product were combined and solvent removed to yield the
title compound as a dark orange powder (1.09 g, 65%). 1H NMR
(200 MHz, CDCl3, 25 �C): �� 2.19 ± 2.4 (m, 2H: H-2�, H-2™), 3.37 (m,


2H: H-5�, H-5∫), 3.71 (s, 6H: OMe), 4.07
(t, 1H: H-3�), 4.10 (m, 7H: Fc), 4.19 (m,
2H: Fc), 4.49 (m, 1H: H-4�), 6.30 (t, 1H:
H-1�), 6.80 (m, 4H: DMT), 7.27 ± 7.44 (m,
9H: DMT), 7.95 (s. 1H: H-6); MS: FAB� :
737.9 for C42H38N2O7Fe.
The DMT group was removed by treat-
ment with a 2% CCl3COOH solution in
CH2Cl2 to give 1a, which was crystallised
from chloroform/methanol (90:10).


Ferrocenyl-2�-furanopyrimidone (1b): A
sample of 1b was obtained from the
following reaction, which also yielded
1a. 5-Iodo-2�-deoxyuridine (500 mg,
1.4 mmol) was dissolved in deoxygenated
acetonitrile (50 mL). Dry triethylamine
(5 mL), ethynylferrocene (550 mg,
2.6 mmol), copper(�) iodide (50 mg) and
[PdCl2(PPh3)2] (50 mg) were added and
the reaction mixture stirred under nitro-
gen at 65 �C for 5 h. The reaction mixture
was dried by rotary evaporation to a dark
foam and then redissolved in chloroform
and washed twice with 5% (v/w) disodi-
um ETDA and then once with water


before drying over sodium sulfate and concentration to a dark oil. The
crude mixture contained both isomers in a ratio of 2:1 (1a/1b). These were
separated by column chromatography on silica using a CHCl3:MeOH
gradient 0 ± 10% methanol. The cyclised 1b eluted from the column first
and was obtained in 35% yield. 1H NMR (200 MHz, CDCl3, 25 �C): ��
2.16 ± 2.52 (m, 2H; H-2�, H-2™), 3.76 (m, 2H; H-5�, H-5∫), 4.37 (s, 5H; Fc),
4.57 (d, 2H; Fc), 4.94 (d, 2H; Fc), 5.27 (t, 1H; H-3�), 5.40 (d, 1H; H-4�), 6.29
(t, 1H; H-1�), 6.84 (s, 1H; H-7), 8.81 (s, 1H; H-6); MS: FAB� : 435.9 for
C21H20N2O5Fe.
5�-DMT-5-trans-vinylferrocene-2�-deoxythymidine, 2a-DMT and 5�-DMT-
5-gem-vinylferrocene-2�-deoxythymidine, 2b-DMT: 5-Iodo-2�-deoxyuri-
dine (0.33 g, 0.5 mmol) was dissolved in dry acetonitrile (20 mL). Triethyl-
amine (2 mL), vinylferrocene (100 mg, 0.47 mmol) and [PdCl2(PPh3)2]
(50 mg, 0.07 mmol) were added sequentially. The mixture was stirred and
heated at 35 �C for 90 h followed by a further 90 h at reflux. After cooling
and evaporation to a sticky oil the crude product was dissolved in
chloroform and washed twice with disodium EDTA 5% (v/w) and once
with water before being dried with sodium sulfate. After filtration and
concentration by rotary evaporation the reaction mixture was purified by
column chromatography using chloroform±methanol (90:10) as eluent.
The appropriate fractions were combined to yield a mixture of the title
products as an orange powder (0.21 g, 60%). This was found to be a
mixture of the gem and trans isomers. Attempts to separate the mixture by
TLC or HPLC were unsuccessful. Treatment of the mixture with a 2%
CCl3COOH solution in CH2Cl2 afforded the de-protected nucleosides.
Repeated recrystallisation of the mixture gave sample 2a in 45% yield.
Crystals of 2a suitable for single-crystal X-ray analysis were obtained by
slow evaporation of a saturated solution of 2a in chloroform ±methanol
(95:5).


2a: 1H NMR (200 MHz, CD3OD, 25 �C): �� 2.49 (t, 2H; H-2�), 4.02 (m,
2H; H-5�), 4.14 (m, 1H; H-3�), 4.30 (s, 5H; Fc), 4.44 (m, 2H; Fc), 4.62 (m,
2H; Fc), 4.64 (m, 1H; H-4�), 6.51 (t, 1H; H-1�), 6.64 (d, 3J(H,H)� 16.2 Hz,
1H; trans-H), 7.36 (d, 3J(H,H)� 16.2 Hz, 1H; trans-H), 8.37 (s, 1H; H-6);
UV/Vis (CH3CN):�max (�)� 298 (7660), 325 (5039), 449 nm (408); MS:
FAB� : 739.9 for C42H40N2O7Fe.


2b: 1H NMR (200 MHz, CD3OD, 25 �C): �� 2.49 (t, 2H; H-2�), 4.02 (m,
2H; H-5�), 4.14 (m, 1H; H-3�), 4.30 (s, 5H; Fc), 4.44 (m, 2H; Fc), 4.62 (m,
2H; Fc), 4.64 (m, 1H; H-4�), 5.33 (d, 3J(H,H)� 1.2 Hz, 1H; gem-H), 5.79 (d,
1H; gem-H, (J� 1.24Hz) ), 6.51 (t, 1H; H-1�), 8.37 (s, 1H; H-6); UV/Vis
((CH3CN):�max (�)� 264 (10532), 325 (4590), 446 nm (448).


5�-DMT-5-cis-vinylferrocene-2�-deoxythymidine, 2c-DMT: Compound 1a-
DMT (1 equiv) was dissolved in distilled, anhydrous MeOH under nitrogen
with heating. The orange solution was then cooled to �78 �C and a
suspension of NiCl2 (1 equiv) in MeOH was added followed by NaBH4


(1.3 equiv). The reaction mixture was stirred under nitrogen for 1.5 h and
then allowed to warm to room temperature. At the point which the mixture


Figure 8. HPLC of digested TATCGTATCGTFcATCGTATCG.
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turned black, flash silica was added (equal weight to nucleoside) and
solvent was removed. Crude mixture was purified by chromatography (2%
MeOH in DCM). Yield 30%. 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.9
(m, 1H; H-2�), 2.3 (m, 1H; H-2�), 3.0 (q, 1H; H-5�), 3.2 (q, 1H; H-5�), 3.8
(m, 8H; OMe, H-4�), 4.0 (m, 3H; Fc, H-3�), 4.05 (s, 5H; Fc), 4.1 (t, 2H; Fc),
6.0 (d, 3J(H,H)� 11 Hz, 1H; cis-H), 6.2 (t, 1H; H-1�), 6.3 (d, 3J(H,H)�
11 Hz, 1H; cis-H), 6.8 (d, 4H; DMT), 7.2 (m, 9H; DMT), 7.4 (s, 1H; H-6);
UV/Vis (CH3CN): �max (�)� 275 (14687), 310 (17025), 451 nm(670); MS:
EI: 740.22 for C42H40N2O7Fe.


5�-DMT-5-ethylferrocene-2�-deoxythymidine (3): A solution of 2c-DMT
(1 equiv) in distilled anhydrous methanol under nitrogen was cooled to
�78 �C. NiCl2 (1 equiv) was added as a solution in methanol followed by
NaBH4 (1.3 equiv). Reaction mixture was stirred at �78 �C for one hour
then allowed to warm to ambient temperature. At the point at which the
solution went black, silica was added and solvent was removed. Crude
mixture was separated by column chromatography (1% MeOH in DCM)
to give 3 in 25% yield). 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.47 (t, 2H;
CH2), 2.24 ± 2.38 (m, 4H; H-2�, H-2™, CH2), 3.45 (m, 2H; H-5�, H-5∫),3.83 (s,
6H; OMe), 3.87 (t, 1H; H-3�), 3.93(m, 4H; Fc), 4.09 (s, 5H; Fc), 4.54 (m, 1H;
H-4�), 6.43 (t, 1H; H-1�), 6.88 (m, 4H; DMT), 7.33 ± 7.48 (m, 10H; DMT,
H-6); MS: ES� : 742.0 for C42H52N2O7Fe.


Crystal Data : 1a: C21H20N2O5Fe.CHCl3, Mr� 555.6, monoclinic, space
group P21, a� 9.9869(7), b� 20.4183(15), c� 12.7998(9) ä, ��
109.751(2)�, V� 2456.5(3) ä3, Z� 4, �calcd� 1.502 gcm�3 ; MoK� radiation,
�� 0.71073 ä, �� 0.976 mm�1, T� 160 K. Of 19517 reflections, corrected
for absorption, 10481 were unique (Rint� 0.036, �� 28.7 �); R� 0.062 (F
values, F 2� 2�), Rw� 0.172 (F 2 values, all data), GOF� 0.929 for 632
parameters, final difference map extremes��0.93 and �0.69 e ä�3. The
structure was solved by direct methods. All non-H atoms were refined
anisotropically. H atoms were refined with a riding model. The asymmetric
unit contains two independent molecules of the complex together with one
ordered and one disordered chloroform molecule.
1b: C21H20N2O5Fe, Mr� 436.2, monoclinic, space group P21, a� 6.5896(3),
b� 22.1004(10), c� 12.7405(6) ä, �� 96.780(2)�, V� 1842.46(15) ä3, Z�
4, �calcd� 1.573 g cm�3 ; synchrotron radiation (SRS station 9.8), ��
0.6884 ä, �� 0.857 mm�1, T� 160 K. Of 13318 reflections, corrected for
absorption and incident beam decay, 7290 were unique (Rint� 0.034, ��
29.4�); R� 0.032 (F values, F 2� 2�), Rw� 0.078 (F 2 values, all data),
GOF� 0.997 for 528 parameters, final difference map extremes��0.36
and �0.28 e ä�3. Structure solution and refinement were as for 1a. The
asymmetric unit contains two independent molecules, but there is no
solvent present.
2a: C21H22N2O5Fe ¥ CHCl3, Mr� 557.6, monoclinic, space group P21, a�
9.885(2), b� 20.474(4), c� 12.949(3) ä, �� 112.156(4)�, V� 2427.2(9) ä3,
Z� 4, �calcd� 1.526 g cm�3 ; MoK� radiation, �� 0.71073 ä, �� 0.988 mm�1,
T� 160 K. Of 9238 reflections, corrected for absorption, 5878 were unique
(Rint� 0.043, �� 22.5�); R� 0.116 (F values, F 2� 2�), Rw� 0.354 (F 2


values, all data), GOF� 1.151 for 600 parameters, final difference map
extremes��1.56 and�0.56 e ä�3. Structure solution and refinement were
as for 1a, except that H atoms were not located on the sugar groups. The
precision of the structure is limited by the rather weak diffraction data, by
pseudo symmetry, and by twinning. Chloroform sites (two in the
asymmetric unit, together with two independent molecules of the complex)
appear to be only partially occupied. Geometry and displacement
parameter restraints were applied to aid refinement.
Programs used: SHELXTL (G. M. Sheldrick, SHEXLTL manual, Bruker
AXS Inc., Madison, WI., USA, 1998, version 5.1), together with standard
Bruker SMART and SAINT diffractometer control and data integration
programs and local software.
CCDC-175814 (1a), 175815 (1b), and 175816 (2a) contain the supple-
mentary 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 e-mail : deposit@ccdc.cam.ac.uk).
Electrochemistry: Electrochemical data were recorded on an EG&G
Princeton Applied Research Potentiostat, Model 263A (using Echem
software 4.11) and using a silver wire reference electrode, a gold disc
working electrode and a tungsten wire counter electrode. Cyclic voltammo-
grams were recorded at a scan rate of 100 mVs�1 in 0.1� tetrabutylammo-
nium hexafluorophosphate in acetonitrile and E� referenced against Fc/Fc�


as an external measurement. Differential pulse voltammograms were


measured at a pulse height of 25 mV, a pulse width of 50 ms and at a scan
rate of 20 mVs�1.


Electronic structure calculations: Density functional calculations (DFT)
were performed using the Titan program package (Wavefunction Inc.,
USA). Geometries were optimised at the Becke-Perdew level of theory
using the LA-CVP* basis set.


Oligonucleotide synthesis:An Applied Biosystems 381A DNA synthesizer
was used for the preparation of oligonucleotides. The base-phosphorami-
dites were ULTRAMILD (Glen Research, VA, USA) and the standard
Cap A was replaced with phenoxyacetic anhydride. Standard coupling
protocols (45 s) were used with the exception of the ferrocenyl-phosphor-
amidite for which the coupling time was increased to 3 min. On completion
of the synthesis the column was washed thoroughly with acetonitrile and
then dried with argon. Deprotection of the oligonucleotides involved
treatment with either 0.05M methanolic K2CO3 for about 5 h or exposure
to MeNH2 at a pressure of about 2 bar for 20 min.
HPLC were run using Gilson system 712 controller software. Analytical
runs were performed on a Jones APEX ODS 5� column with an injection
loop of 25 �L. The column was incubated at 30 �C. The solvent gradient was
made up of solvent A (10% acetonitrile in water containing TEAA buffer
pH6.5) and solvent B (65% acetonitrile in water containing TEAA buffer
pH 6.5), increasing from 0% B to 40% B over 25 min and returning to
100% A at 30 min.


The 20-mer oligonucleotide was digested into its monodeoxynucleoside
constituents using snake venom phosphodiesterase and alkaline phospha-
tase following literature procedure.[51]
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Easy Access to Phosphonothioates


Pierre-Yves Renard,*[a, b] Herve¬ Schwebel,[a] Philippe Vayron,[a, b] Ludovic Josien,[a]
Alain Valleix,[a] and Charles Mioskowski*[a, c]


Abstract: A new and particularly mild method for the formation of phosphorus ±
sulfur bonds has been achieved through base-catalyzed addition of thiocyanate to the
corresponding H-phosphine oxide, phosphinate, or phosphonate. This reaction
procedure offers many advantages: the use as starting material of a stable and not
oxygen-sensitive phosphorus(�) species, particularly mild and nonaqueous reaction
conditions and workup (a pivotal point for these sensitive phosphonothioates), and,
through optimized access to thiocyanates, a wider scope of substrates. This method
has been applied to achieve the synthesis of substrate analogues for the study of
antibody-catalyzed hydrolysis of acetylcholinesterase inhibitor PhX (11).


Keywords: phosphorothioates ¥
phosphorylation ¥ thiocyanates ¥
toxicology


Introduction


Phosphonothioates and thiophosphonates are increasingly
widely used in biological applications, mainly as enzymatically
stable phosphate analogues for pest control,[1] but also as non-
hydrolysable ribonucleotide mimics for use in chemothera-
py.[1a±b, 2] Phosphonothioate VX [S-2-(diisopropylamino)ethyl
O-ethyl methylphosphonothioate, also known as A4] has, for
instance, been described as the most powerful acetylcholines-
terase inhibitor.[3] In the course of our studies on catalytic
antibodies, aimed at the neutralization of this highly toxic
nerve agent,[4] we needed to synthesize a number of less toxic
phenylphosphonothioate analogues of these methylphospho-
nothioates. Because of the presence of a highly basic nitrogen-
bearing side chain, classical methods of synthesis of the
phosphorus ± sulfur bond failed.[5] We had to develop a new
and mild method for the formation of this fragile P�S bond,
without any acidic, basic, or even aqueous workup.


Results and Discussion


Among the means allowing efficient access to phosphono-
thioates, the Michaelis ±Arbuzov-like addition of sulfenyl
halides,[6] thiosuccinimides/phthalimides,[7] or disulfides[8] to
phosphites offers an easy workup of the required kind.
However, phosphites are highly oxygen-sensitive species, and
the reaction conditions required for the formation either of
sulfenyl chloride or of thiosuccinimides proved to be incom-
patible with the nitrogen-bearing side chain, and–in the few
cases in which their synthesis has been achieved–many by-
products were formed together with the phosphonothioate.[9]


As far as nonactivated disulfides are concerned, they display
too low a reactivity, high reaction temperatures are required,
and one half of the side chain has to be discarded in the
process. Unsymmetrical activated (through 2-nitro- and 2,4-
dinitrophenylsulfenyl) disulfides also provide reactive sub-
strates for Michaelis ±Arbuzov and Michaelis ±Arbuzov-like
addition to phosphites,[10] but their synthesis is incompatible
with many functional groups. We therefore turned to thio-
cyanates as pseudo-halogens for the Michaelis ±Arbuzov-like
reaction. Only one such example has been described,[11] and
its requirement for a high reaction temperature proved to be
incompatible with the thermally unstable thiocyanate moi-
eties. As an illustration, O,O-diethyl phenylphosphonite was
heated with N,N-diisopropylaminoethyl thiocyanate (3a) (see
Scheme 1; prepared from the corresponding alcohol and lead
thiocyanate as previously described[12]). Whatever the reac-
tion conditions we used, no trace of the corresponding
phosphonothioate was detected.


In order to develop a practical synthetic scheme for
diversely substituted phosphonothioates, two issues had to
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be addressed: 1) with the clas-
sical thiocyanation methods we
were using we were faced with
both low yields and poor repro-
ducibility, and so accessibility to
a wide array of sulfur-bearing
side chains required optimized
access to substituted alkyl thio-
cyanates, and 2) alkyl thiocya-
nates being thermally unstable,
and the targeted phosphono-
thioates particularly sensitive,
mild phosphorus ± sulfur bond
formation under nonthermal
conditions had to be achieved.


Optimized access to alkyl thio-
cyanates : Alkyl thiocyanates
are one of the most important synthetic intermediates for
the preparation of sulfur-containing organic compounds. Not
only have natural products containing the thiocyanate group
attracted attention,[13] but this functional group can also be
used as a masked mercapto group or a precursor for sulfur-
containing heterocycle compounds. Yet the low nucleophilic-
ity of the NCS� ion, compared with that of simple thiols,
requires relatively harsh reaction conditions. For introduction
of the thiocyanate group into an organic molecule, the use of
metal thiocyanates (usually K-SCN, Na-SCN, or Zn(SCN)2
formed in situ) with organic halides or sulfonates has been
generalized.[14] However, the thiocyanate group is poorly
stable when heated or subjected to acidic conditions. Simple
chromatography on silica gel or prolonged heating over 70 �C
can cause intramolecular rearrangement to the thermody-
namically favored isothiocyanate isomer (this rearrangement
occurs preferentially with primary thiocyanates, and so
heating or use of dissociative solvents such as HMPA or
DMF should be avoided for such fragile compounds).[15]


Thiocyanates can also be obtained from alcohols,[12] silyl
ethers,[16] or amines[17] by use of the electrophilic phosphorane
Ph3P(SCN)2, produced in situ. However, the results are
unreliable and not reproducible because of the low thermal


stability of the required intermediate (SCN)2, and–once
again–various quantities of rearranged isothiocyanate by-
products. This substitution has also been performed on alkyl
halides with trimethylsilyl isothiocyanate, but only when
activated with a stoichiometric amount of a strong Lewis acid
such as TiCl4[18] or when the reaction is performed on
activated benzylic compounds with HMPA as solvent.[19] In
any case, variable quantities of contaminating isothiocyanates
were also formed. We had previously found that when
trimethylsilyl isothiocyanate was treated with stoichiometric
amounts of tetrabutylammonium fluoride, the tetrabutylam-
monium thiocyanate salt formed in situ afforded an improved
route to alkyl thiocyanate through nucleophilic substitution of
alkyl halide.[20] This reaction offered a particularly easy
workup, gave superior and reproducible yields, and could be
performed at room temperature, preventing the formation of
rearranged isothiocyanate by-products. For primary alkyl
bromides, reaction was complete after overnight (or one hour
for highly reactive benzyl bromide) standing at room temper-
ature. For a secondary alkyl bromide (2b), three days heating
in THF at 60 �C with an excess (1.5 equiv) of nBu4N-SCN was
required. Careful temperature monitoring was crucial. Under
these reaction conditions, no trace of isothiocyanate was
detected by GC/MS. For thiocyanates 3b ± f, successive
precipitation of the resulting tetrabutylammonium salts with
diethyl ether and pentane gave thiocyanates of �98% purity
as determined by GC/MS. For 3a, flash chromatography had
to be undertaken. The main results are summarized in
Scheme 1.


Notably, such a method for the formation of thiocyanates
gave high yields of functionalized thiocyanates 3a, 3d, and 3 f,
whereas formation of the corresponding sulfenyl chlorides
and thiosuccinimides either failed or gave poor yields
together with troublesome purification procedures.


Phosphorothioate formation : For phosphorus ± sulfur bond
formation, we decided to use H-phosphonates as air-stable
phosphorus starting materials. Two strategies were then
feasible: either the Michaelis ±Arbuzov-like condensation
on reactive O-trimethylsilyl phosphonite, formed in situ,[10] or


Abstract in French: Dans cet article, nous de¬crivons une
nouvelle me¬thode, particulie¡rement douce, de formation d×une
liaison phosphore soufre. Elle consiste en l×addition, en
pre¬sence d×une quantite¬ catalytique de base, d×un thiocyanate
sur un hydroge¬no oxyde de phosphine, phosphinate ou
phosphonate. Cette proce¬dure offre plusieurs avantages: les
produits de de¬parts sont des espe¡ces du phosphore(�) stables et
peu sensibles a¡ l×oxyge¡ne; le traitement se fait dans des
conditions douces et non aqueuse, un point crucial pour les
phosphonothioates fragiles forme¬s; enfin, gra√ce a¡ un acce¡s
optimise¬ a¡ divers phosphonothioates, un plus large panel de
produits de de¬part est accessible. Cette me¬thode a e¬te¬ applique¬e
a¡ la synthe¡se d�analogues de substrats pour l×e¬tude de la
catalyse abzymatique de l×hydrolyse d×inhibiteurs de l×ace¬tyl-
choline este¬rase comme le PhX (11).
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Scheme 1. Formation of thiocyanates: i) Pb(SCN)2, Br2 then PPh3, 0 �C, CH3CN; ii) Me3Si-N�C�S, nBu4NF,
THF.
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nucleophilic addition to activated sulfur in the thiocyanate
derivatives. The Pudovik (or Abramov ±Pudovik)[21] reaction
is well known for the construction of P�C bonds. Namely, �-
hydroxyphosphonate is formed through nucleophilic addi-
tion of anions of phosphinic acids to electrophiles such as
aldehydes or ketones. As in the more reactive sulfenyl halide
or thiosuccinimide/phthalimide, the sulfur atom in the
thiocyanate group is also likely to be the target of nucleo-
philic addition. Conventional Pudovik conditions (heating
under base-catalyzed conditions, typically with alkoxides of
tertiary amines) or milder procedures (silyl-Abramov reac-
tion with in situ preparation of silylphospho(i)nite by heating
of H-phospho(i)nates under reflux with neat hexamethyldi-
silazane)[21c] failed due to the thermal instability of alkyl
thiocyanate.[15] This side reaction is shown in Scheme 2, for
an initial attempt at thermally-induced Pudovik addition of
O-ethyl phenylphosphinate (4a) to cyclohexyl thiocyanate
(3b) with a stoichiometric amount of base. Almost complete
isomerization of cyclohexyl thiocyanate to cyclohexyl iso-
thiocyanate occurred, yielding 78% phosphinate 5 and only
trace amounts of the targeted phosphonothioate.


S
N


P


O


H
O


NP


S


O


O


+
78%


4a 3b 5


Scheme 2. Thermal Pudovik-like addition of cyclohexyl thiocyanate
(iPr2NEt, DMF, 110 �C).


In sharp contrast to this result, we found that when the
reaction was performed at room temperature, with toluene as
solvent and either a stoichiometric amount of diisopropyl-
ethylamine or a catalytic amount of a stronger, hindered,
nonnucleophilic base such as phosphazene P4-tBu[22] (1%) or
DBU (5%), the Pudovik-like reaction took place readily at
room temperature. As summarized in Scheme 3 and Table 1,
high yields of phospho-, phosphono-, or phosphinothioates
could be isolated after simple filtration on a pad of silica gel or
flash chromatography of the crude reaction mixture.


The best yields and shorter reaction times were observed
with the highly reactive benzyl thiocyanate (3c). Unactivated
primary (3e) and secondary (3b) alkyl thiocyanates gave
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Scheme 3. Room temperature Pudovik-like addition of ethyl phenyl-
phosphonate to cyclohexyl thiocyanate (phosphazene P4-tBu (1%),
toluene, 3 h, 25 �C).


good yields, whereas free alcohol 3d gave lower but still
acceptable yields. This reaction procedure was then extended
to the less toxic phenylphosphonothioate analogues of
methylphosphonothioate VX (Scheme 4). As thiocyanate 3a
already bears a highly basic moiety, use of an additional base
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11: R1 = Et,  35%
12: R1 = H, 56%


3a4a: R1 = Et
10: R1 = H


Scheme 4. Synthesis of VX analogues (THF, 70 �C, 24 h or neat, 25 �C,
10 d).


was not necessary. Mild heating (70 �C, THF) of a stoichio-
metric mixture of thiocyanates with O-ethyl phenylphosphi-
nate (4a) for 24 hours or stirring at room temperature under a
gentle nitrogen flow for 10 days gave almost quantitative
yields of the corresponding phosphonothioate, as estimated
by 31P NMR and GC/MS analysis of the crude reaction
mixture. Yet purification of those highly sensitive products
was particularly tricky. In our hands, the best purification
procedure proved to be semipreparative HPLC with a Zorbax
SB-CN column and a hexane/methyl tert-butyl ether (60:40)
mixture as mobile phase.


As an illustration of the role of the basic nitrogen atom in
the thiocyanate, no addition was observed when thiocyanate
3 f, bearing an amide moiety instead of the amine moiety


Table 1. Nucleophilic addition of H-phosphonates (7a, 8a), phosphinates
(4a, 9a), or phosphine oxide (6a) to alkylthiocyanates, catalyzed by
phosphazene P4-tBu.[a]


P


O


R R1O
P


O


OR1
H


P


O


OR


6a-e 7a-e : R = Et
8a-e : R = Bn 9a-e


a: R = H
b: R = S-cyclohexyl
c: R = S-Bn
d: R = S-3-hydroxypropyl
e: R = S-3-cyanopropyl


Phosphorus derivative R-SCN Product (Yield [%])


4a 3b 4b (82)
3c 4c (93)[b]


3d 4d (50)
3e 4e (94)


6a 3b 6b (86)
3c 6c (88)[b]


3d 6d (34)
3e 6e (83)


7a 3b 7b (79)
3c 7c (86)[b]


3d 7d (68)
3e 7e (81)


8a 3b 8b (82)
3c 8c (90)[b]


3d 8d (54)[c]


9a 3b 9b (85)
3c 9c (87)[b]


3e 9e (92)[c]


The reaction was performed in toluene (0.25��, with 1% hindered base as
catalyst, for 3 h at room temperature. The yield of isolated product is
indicated. [b] Reaction time: 1.5 h. [c] Reaction time: 18 h.







Phosphonothioates 2910±2916


Chem. Eur. J. 2002, 8, No. 13 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0813-2913 $ 20.00+.50/0 2913


(R�C(O)Et), was heated with O-ethyl phenylphosphinate
(4a). Heating only promoted degradation of the thiocyanate
moiety. On the other hand, treatment of this thiocyanate with
1% phosphazene P4-tBu in toluene at room temperature
provided, after 3 hours, an 87% yield of phosphonothioate 13
(Scheme 5) (to be compared with 26% after 24 hours heating
at 70 �C with 1 equiv triethylamine).
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Scheme 5. Synthesis of phosphonothioate 13 (Phosphazene P4-tBu (1%),
toluene).


During the hydroxide-promoted hydrolysis of methylphos-
phonothioate VX, both side chains can be cleaved, yielding
nontoxic O-ethyl methylphosphonic acid (88%), together
with the still toxic S-2-(diisopropylamino)ethyl methylphos-
phonothioic acid (12%).[23] The same hydrolysis profile was
observed with phenylphosphonothioate (11). In our efforts
aimed at the degradation of these neurotoxic warfare agents,
the amount of the still toxic P�O bond-cleavage by-products
has to be carefully monitored. Conventional methods for the
formation of these phosphonothioic acids in good yields
failed. Only the use of our Pudovik-like condensation of
phenylphosphinic acid 10 on the two alkyl thiocyanates gave
satisfactory yields after 10 days at room temperature
(Scheme 4).


Conclusion


In conclusion, we have shown that addition of H-phosphi(o)-
nate to thiocyanate under catalysis by hindered, nonnucleo-
philic bases appears to be a mild alternative route for the
formation of the P�S bond. This type of reaction requires two
parameters to be carefully balanced: reactivity at the sulfur
atom and accessibility to this activated moiety. In our hands,
thiocyanates displayed such features and proved compatible
with a wider array of functional groups than previously
described sulfur activated species.


Experimental Section


General remarks : Reagents were purchased from Aldrich. All solvents
were distilled before use, and reactions were performed under N2


atmosphere. All chromatography (flash) was performed with Merck Silica
gel 60 (0.02 ± 0.04 mm). TLC was performed with fluorescent Merck F254
glass plates. NMR spectra were recorded on a Bruker AC 300 (300.15 MHz
for 1H, 75.4 MHz for 13C, and 121.5 MHz for 31P) in CDCl3 unless stated
otherwise. Chemical shifts (�) are given in ppm and the coupling constants
(J) are expressed in Hertz. MS were obtained with a Finnigan ±Mat 4600
quadrupole system (chemical ionization with NH3). Flash column chroma-
tography was performed on Merck silica gel (60 ä, 230 ± 400 mesh).
Elemental analyses were recorded at the Institut de Chimie des Substances
Naturelles, Gif sur Yvette.


General procedure for thiocyanation of alkyl bromide : Trimethylsilyl
isothiocyanate (140 �L, 1.1 mmol) was added at room temperature to a
solution of bromide (1.0 mmol) in dry THF (10 mL). Tetrabutylammonium
fluoride (1.1 mL of a 1.0� solution in THF) was then added dropwise. The
reaction course was monitored either by TLC or by GC/MS. Once the
reaction was complete, THF was evaporated, and the reaction mixture was
triturated with pentane. Simple filtration of tetrabutylammonium salts
yielded thiocyanate, the purity of which was checked by GC/MS. When
needed, further flash chromatography on silica gel was performed.


N,N-Diisopropyl-(2-thiocyanatoethyl)-amine (3a) from 2-diisopropylami-
noethanol : Bromine (150 �L, 2.86 mmol) dissolved in acetonitrile (10 mL)
was added dropwise to a suspension of lead thiocyanate (1.0 g, 3.12 mmol)
in acetonitrile (50 mL), cooled to 0 �C. Once the addition was complete, the
lead bromide was decanted, and the supernatant was added dropwise to a
cooled (�40 �C) solution of triphenylphosphine (750 mg, 2.9 mmol)
dissolved in acetonitrile (15 mL). After 30 min at �40 �C, 2-diisopropyl-
aminoethanol (460 �L, 2.6 mmol) dissolved in acetonitrile (10 mL) was
added dropwise, and the reaction mixture was kept for 2 h at �40 �C, and
then allowed to reach room temperature overnight. Solvents were then
evaporated in vacuo, and the crude reaction mixture was chromatographed
on silica gel (hexane/ethyl acetate 95:5) to yield thiocyanate 3a (272 mg,
56%) as a pale yellow oil.


N,N-Diisopropyl-(2-thiocyanatoethyl)-amine (3a) from (2-bromoethyl)di-
isopropylamine : The thiocyanation procedure was undertaken on the
bromide (1.12 g, 3.92 mmol), yielding the thiocyanate (540 mg, 76%) after
flash chromatography (pentane/ethyl acetate 80:20). 1H NMR
(300.15 MHz, CDCl3): �� 3.11 (t, 3J(H,H)� 7 Hz, 2H), 2.97 (hept,
3J(H,H)� 6.5 Hz, 2H), 2.80 (t, 3J(H,H)� 7 Hz, 2H), 0.99 (d, 3J(H,H)�
6.5 Hz, 12H); 13C NMR (75.4 MHz, CDCl3): �� 114.0 (SCN), 48.1 (2C),
43.6, 35.9, 20.8 (4C); MS (I.C./NH3): m/z (%): 187 (100) [M�H]� ; IR
(neat): �� � 2968, 2152 (SCN), 1464, 1388, 1366, 1289, 1205, 1161 cm�1;
elemental analysis calcd (%) for C9H18N2S (188.2): C 58.02, H 9.74, N 15.03;
found C 58.41, H 9.69, N 14.51.


Thiocyanatocyclohexane (3b): white powder; m.p. 38 ± 39 �C (decomp);
1H NMR (300.15 MHz, CDCl3): �� 3.7 (tt, 3J(H,H)� 4.0, 11.0 Hz, 1H),
2.04 (dd, 3J(H,H)� 3.0, 13.0 Hz, 2H), 1.75 (dt, 3J(H,H)� 9.0, 4.0 Hz, 2H),
1.60 ± 1.10 (m, 6H); 13C NMR (75.4 MHz, CDCl3): �� 111.05 (SCN), 47.4,
33.2 (2 C), 25.4 (2C), 24.4; IR (KBr): �� � 2938, 2857, 2151 (SCN), 1450,
1343, 1263, 1206, 994, 889, 716 cm�1; MS (I.C./NH3): m/z (%): 159
[M�NH4]� (100), 176 [M�N2H7]� (70).


Benzyl thiocyanate (3c): This compound was identical to the commercially
available product. White powder; m.p. 41 ± 42 �C (lit: 41.5 ± 43 �C); 1H NMR
(300.15 MHz, CDCl3): �� 7.35 (m, 5H), 4.09 (s, 2H); IR (KBr): �� � 3033,
2992, 2145 (SCN), 1491, 1453, 1425, 1243 cm�1; elemental analysis calcd
(%) for C8H7NS: C 64.40, H 4.73, N 9.35; found C 64.37, H 4.69, N 9.44.


3-Thiocyanato-propan-1-ol (3d): Colorless oil; 1H NMR (300.15 MHz,
CDCl3): �� 3.73 (t, 3J(H,H)� 6.0 Hz, 2H), 3.06 (t, 3J(H,H)� 6.0 Hz, 2H),
2.53 (br s, 1H, OH), 2.01 (quint, 3J(H,H)� 6.0 Hz, 2H); 13C NMR
(75.4 MHz, CDCl3): �� 112.4 (SCN), 59.3, 31.7, 30.15; IR (neat): �� �
3421, 2947, 2883, 2155 (SCN), 1643, 1427, 1051, 915 cm�1; MS (I.C./NH3):
m/z (%): 135 [M�NH4]� .


4-Thiocyanatobutyronitrile (3e): Colorless oil; 1H NMR (300.15 MHz,
CDCl3): �� 3.08 (t, 3J(H,H)� 7.0 Hz, 2H), 2.60 (t, 3J(H,H)� 7.0 Hz, 2H),
2.21 (quint, 3J(H,H)� 7.0 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): �� 118.1
(CN), 111.2 (SCN), 32.1, 25.6, 15.7; IR (neat): �� � 2939, 2875, 2249 (CN),
2155 (SCN), 1448, 1425, 1285, 1265 cm�1; MS (I.C./NH3): m/z (%): 144
[M�NH4]� (100).


N-Isopropyl-N-(2-thiocyanatoethyl)-propionamide (3 f): Trimethylsilyl iso-
thiocyanate (140 �L, 1.1 mmol) was added at room temperature to a
solution of bromide 2 f (222 mg, 1.0 mmol) in dry THF (10 mL). Tetrabut-
ylammonium fluoride (1.1 mL of a 1.0� solution in THF) was then added
dropwise. The reaction course was monitored by TLC, and after the
mixture had stirred for 16 hours, THF was evaporated, and the reaction
mixture was triturated with pentane. Filtration yielded thiocyanate 3 f as a
yellow oil (174 mg, 87% yield, 95% pure as estimated by GC/MS), which
could either be used directly or be subjected to flash chromatography on
silica gel (CH2Cl2/MeOH 98:2) to yield a pale yellow oil (124 mg, 62%).
1H NMR (300.15 MHz, CDCl3): �� 4.10 (quint, 3J(H,H)� 6.5 Hz, 1H),
3.55 (t, 3J(H,H)� 5 Hz, 2H), 3.15 (t, 3J(H,H)� 5 Hz, 2H), 2.39 (q,
3J(H,H)� 7.5 Hz, 2H), 1.25 (d, 3J(H,H)� 6.5 Hz, 6H), 1.15 (t, 3J(H,H)�
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7.5 Hz, 3H); 13C NMR (75.4 MHz, CDCl3): �� 174.1, 112.2 (SCN), 53.5;
48.4, 41.2, 31.6, 26.9, 21.3, 9.4; IR (neat): �� � 2979, 2154 (SCN), 1742, 1639
(C�O), 1461, 1422, 1158, 1071 cm�1; MS (I.C./NH3): m/z (%): 201 [M�H]�


(40), 218 [M�NH4]� (100).


[(Cyclohexylamino)thioxomethyl]-phenylphosphinic O-ethyl ester (5): A
mixture of thiocyanato cyclohexane 3b (141 mg, 1 mmol), diisopropyl-
ethylamine (174 �L, 1 mmol), and ethyl phenylphosphinate 4a (151 �L,
1 mmol) in dry DMF (10 mL) was heated under reflux for 4 h. After the
mixture had cooled, DMF and amine were evaporated under vacuum, and
the crude reaction mixture was chromatographed (CH2Cl2/acetone 9:1) to
yield thioamide 5 (243 mg, 78%) as a pale yellow powder. M.p. 109 ±
109.5 �C; 1H NMR (300.15 MHz, CDCl3): �� 9.45 (br t, 1H; NH), 7.98
(m, 2H), 7.57 (m, 1H), 7.45 (m, 2H), 4.39 (m, 1H), 4.15 (m, 2H), 2.10 (m,
1H), 1.98 (m, 1H), 1.80 ± 1.60 (m, 4H), 1.38 (t, 3J(H,H)� 7.5 Hz, 3H), 1.35
(m, 2H), 1.23 (m, 2H); 13C NMR (75.4 MHz, CDCl3): �� 193.8 (d,
1J(P,C)� 119 Hz), 133.2, 133.1 (d, 2J(P,C)� 12 Hz, 2C) 128.3 (d, 3J(P,C)�
12 Hz, 2C), 127.55 (d, 1J(P,C)� 144 Hz), 62.7 (d, 2J(P,C)� 5 Hz), 54.2 (d,
3J(P,C)� 5 Hz), 31.1, 31.0, 25.4, 24.9 (2C), 16.4 (d, 4J(P,C)� 5 Hz); 31P
NMR (121.5 MHz, CDCl3): �� 19.59; MS (I.C./NH3): m/z (%): 312
[M�H]� (80), 329 [M�NH4]� (100).


General procedure for phosphonothioate formation : Phosphazene P4-tBu
(1.0� in n-hexanes, 0.025 mL, as supplied by Fluka) was added to a
mixture of phosphinate (2.5 mmol, as supplied by Aldrich) and alkyl
thiocyanate (2.5 mmol, prepared as previously described) in toluene
(10 mL).


Caution : In order to remove produced hydrogen cyanide, a gentle nitrogen
flow to a bubbling bottle containing 1.0� aqueous sodium hydroxide
solution has to be used, and the pH of the solution was regularly checked
and maintained (�12). Once TLC or GC/MC indicated the complete
consumption of the starting products, the solvents were evaporated, and the
crude reaction mixture was directly chromatographed on silica gel (CH2Cl2/
acetone 8:2).


Phenylphosphonothioic acid S-cyclohexyl ester O-ethyl ester (4b): Color-
less oil; 1H NMR (300.15 MHz, CDCl3): �� 7.90 ± 7.80 (m, 2H), 7.61 ± 7.55
(m, 1H), 7.52 ± 7.45 (m, 2H), 4.21 (m, 2H), 3.15 (q of t, 3J(P,H)�
3J(Hax,Hax)� 11 Hz, 3J(Hax,Heq)� 4 Hz, 1H), 1.90 (m, 1H), 1.80 (m, 1H),
1.70 ± 1.55 (m, 2H), 1.50 ± 1.10 (m, 5H), 1.30 (t, 3J(H,H)� 7.0 Hz, 3H);
13C NMR (75.4 MHz, CDCl3): �� 132.4 (d, 1J(P,C)� 105 Hz), 132.4, 131.1
(d, 2J(P,C)� 10 Hz, 2C), 128.5 (d, 3J(P,C)� 11 Hz, 2C), 62.1 (d, 2J(P,C)�
7 Hz), 45.1, 35.5 (d, J(P,C)� 5 Hz), 35.34 (d, 3J(P,C)� 5 Hz), 25.9 (2C,
4J(P,C)� 5 Hz), 25.34, 16.4 (d, 4J(P,C)� 7.5 Hz); 31P NMR (121.5 MHz,
CDCl3): �� 44.70; IR (neat): �� � 2982, 2931, 2854, 1441, 1231, 1118, 1024,
952 cm�1; MS (ESI-TOF): m/z (%): 285 [M�H]� ; elemental analysis calcd
(%) for C14H21O2PS: C 59.13, H 7.44; found C 58.85; H 7.24.


Phenylphosphonothioic S-benzyl ester O-ethyl ester (4c): Colorless oil;
1H NMR (300.15 MHz, CDCl3): �� 7.90 ± 7.80 (m, 2H), 7.61 ± 7.55 (m, 1H),
7.52 ± 7.45 (m, 2H), 7.22 (m, 5H), 4.35 ± 4.09 (m, 2H), 4.05 ± 3.90 (m, 2H),
1.30 (t, 3J(H,H)� 7.0 Hz, 3H); 13C NMR (75.4 MHz, CDCl3): �� 137.1 (d,
3J(P,C)� 5 Hz), 132.4, 132.65 (d, 1J(P,C)� 105 Hz), 131.05 (d, 2J(P,C)�
10 Hz, 2C), 128.75 (2C), 128.45 (2C), 128.4 (d, 3J(P,C)� 11 Hz, 2C),
127.3, 62.1 (d, 2J(P,C)� 7 Hz), 34.4, 16.2 (d, 4J(P,C)� 5 Hz); 31P NMR
(121.5 MHz, CDCl3): �� 44.20; IR (neat): �� � 3061, 3030, 2982, 2929, 1602,
1590, 1495, 1454, 1438, 1391, 1227, 1119, 1022, 954 cm�1; MS (I.C./NH3):m/z
(%): 310 [M�H]� .


Phenylphosphonothioic O-ethyl ester S-(3-hydroxypropyl) ester (4d):
Colorless oil; 1H NMR (300.15 MHz, CDCl3), �� 7.95 ± 7.80 (m, 2H),
7.61 ± 7.45 (m, 3H), 4.26 (m, 2H), 3.86 ± 3.79 (m, 1H), 3.72 ± 3.65 (m, 1H),
3.48 (broad s, OH), 3.08 ± 2.87 (m, 2H), 1.92 ± 1.72 (m, 2H), 1.40 (t,
3J(H,H)� 7.0 Hz, 3H); 13C NMR (75.4 MHz, CDCl3): �� 132.7, 132.4 (d,
1J(P,C)� 120 Hz), 131.15 (d, 2J(P,C)� 12.5 Hz, 2C), 128.7 (d, 3J(P,C)�
15 Hz, 2C), 62.7 (d, 2J(P,C)� 7.5 Hz), 58.9, 33.4, 26.5, 16.4 (d, 4J(P,C)�
8.5 Hz); 31P NMR (121.5 MHz, CDCl3): �� 47.11; IR (neat): �� � 3466
(broad), 2930, 1439, 1214, 1119, 1021, 956 cm�1; MS (I.C./NH3): m/z (%):
261 [M�H]� (85), 278 [M�NH4]� (100).


Phenylphosphonothioic acid S-(3-cyanopropyl) ester O-ethyl ester (4e):
Pale yellow oil; 1H NMR (300.15 MHz, CDCl3): �� 7.92 ± 7.80 (m, 2H),
7.63 ± 7.45 (m, 3H), 4.26 (m, 2H), 2.99 ± 2.79 (m, 2H), 2.43 (td, 3J(H,H)�
7.0 Hz, 5J(P,H)� 3.0 Hz, 2H), 1.98 (quint. d, 3J(H,H)� 7.0 Hz, 4J(P,H)�
3.0 Hz, 2H) 1.41 (t, 3J(H,H)� 7.0 Hz, 3H); 13C NMR (75.4 MHz, CDCl3):
�� 132.9, 132.5 (d, 1J(P,C)� 115 Hz), 131.2 (d, 2J(P,C)� 10 Hz, 2C), 128.8


(d, 3J(P,C)� 14 Hz, 2C), 118.7, 62.7 (d, 2J(P,C)� 7.5 Hz), 28.8, 26.6, 16.4 (d,
4J(P,C)� 7.5 Hz), 15.9; 31P NMR (121.5 MHz, CDCl3): �� 44.20; IR (neat):
�� � 2984, 2926, 2247 (CN), 1439, 1227, 1119, 1021, 956 cm�1; MS (I.C./NH3):
m/z (%): 287 [M�NH4]� ; elemental analysis calcd (%) for C11H17O3PS: C
50.76, H 6.58; found C 50.65, H 6.71.


Diphenylphosphinothioic S-cyclohexyl ester (6b): Pale orange crystals;
m.p. 81 ± 82 �C; 1H NMR (300.15 MHz, CDCl3): �� 7.90 ± 7.80 (m, 4H),
7.52 ± 7.35 (m, 6H), 3.27 (q of t, 1H, 2J(H,P)� 3J(Hax,Hax)� 10.5 Hz,
3J(Hax,Heq)� 3.5 Hz), 1.96 ± 1.81 (m, 2H), 1.69 ± 1.57 (m, 2H), 1.55 ± 1.40
(m, 3H), 1.33 ± 1.15 (m, 3H); 13C NMR (75.4 MHz, CDCl3): �� 134.2 (d,
1J(P,C)� 105 Hz, 2C), 132.2 (2C), 131.45 (d, 2J(P,C)� 9.5 Hz, 4C), 128.6 (d,
3J(P,C)� 12 Hz, 4C), 44.5, 35.6 (d, 3J(P,C)� 5 Hz, 2C), 25.8 (2C), 25.35; 31P
NMR (121.5 MHz, CDCl3): �� 42.49; IR (KBr): �� � 3057, 2931, 2853, 1438,
1196, 1114, 996, 751, 726, 698, 570 cm�1; MS (ESI-TOF): m/z (%): 316 [M]�


(100), 338 [M�Na]� (30); elemental analysis calcd (%) for C18H21OPS:
C 68.33, H 6.69; found C 68.33; H 6.66.


Diphenylphosphinothioic S-benzyl ester (6c): Colorless crystals; m.p. 87 ±
88 �C; 1H NMR (300.15 MHz, CDCl3): �� 7.92 ± 7.83 (m, 4H), 7.54 ± 7.39
(m, 6H), 7.22 ± 7.15 (m, 5H), 4.03 (d, 3J(P,H)� 9 Hz, 2H); 13C NMR
(75.4 MHz, CDCl3): �� 136.8, 133.1 (d, 1J(P,C)� 107 Hz, 2C), 132.4 (2C),
131.6 (d, 2J(P,C)� 9 Hz, 2C), 129.0 (d, 3J(P,C)� 14 Hz, 2C), 128.8 (4C),
127.5, 33.3; 31P NMR (121.5 MHz, CDCl3): �� 43.40; IR (KBr): �� � 3058,
1437, 1192, 1114, 996 cm�1; MS (I.C./NH3): m/z (%): 325 [M�H]� (70), 342
[M�NH4]� (100); elemental analysis calcd (%) for C19H17OPS: C, 70.35, H,
5.28; found C, 70.52; H, 5.31.


Diphenylphosphinothioic S-(3-hydroxypropyl) ester (6d): Pale yellow oil;
1H NMR (300.15 MHz, CDCl3): �� 7.92 ± 7.81 (m, 4H), 7.61 ± 7.43 (m, 6H),
3.79 (t, 3J(H,H)� 6.0 Hz, 2H) 2.93 (dt, 3J(P,H)� 13 Hz, 3J(H,H)� 6.0 Hz,
2H), 1.83 (quint., J(H,H)� 6.0 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): ��
132.9 (d, 1J(P,C)� 108 Hz, 2C), 132.6 (2C), 131.6 (d, 2J(P,C)� 6 Hz, 2C),
128.8 (d, 3J(P,C)� 14 Hz, 2C), 58.4, 33.1, 25.8; 31P NMR (121.5 MHz,
CDCl3): �� 46.92; IR (neat): �� � 3383 (broad), 3058, 2932, 2871, 1436, 1183,
1114, 1065 cm�1; MS (I.C./NH3): m/z (%): 293 [M�H]� (100), 310
[M�NH4]� (30).


Diphenylphosphinothioic acid S-(3-cyanopropyl) ester (6e): Pale yellow
oil; 1H NMR (300.15 MHz, CDCl3): �� 7.92 ± 7.80 (m, 4H), 7.59 ± 7.42 (m,
6H), 2.87 (dt, 3J(P,H)� 14.5 Hz, 3J(H,H)� 7.0 Hz, 2H), 2.46 (t, 3J(H,H)�
7.0 Hz, 2H), 2.01 (quint. , J(H,H)� 7.0 Hz, 2H); 13C NMR (75.4 MHz,
CDCl3): �� 134.7 (d, 1J(P,C)� 110 Hz, 2C), 132.7 (2C), 131.5 (d, 2J(P,C)�
7 Hz, 2C), 128.9 (d, 3J(P,C)� 12 Hz, 2C), 118.8 (CN), 28.1, 26.6, 15.95; 31P
NMR (121.5 MHz, CDCl3): �� 44.00; IR (neat): �� � 3058, 2929, 2247 (CN),
1589, 1481, 1436, 1196, 1115, 1097 cm�1; MS (I.C./NH3): m/z (%): 302
[M�H]� (40), 319 [M�NH4]� (100).


Thiophosphoric S-cyclohexyl esterO,O�-diethyl ester (7b): Pale orange oil;
1H NMR (300.15 MHz, CDCl3): �� 4.12 (m, 4H); 3.21 (q of t, 3J(P,H)�
3J(Hax,Hax)� 11.5 Hz; 3J(Hax,Heq)� 3.5 Hz, 1H), 2.05 (m, 2H), 1.75 (m,
2H), 1.55 ± 1.20 (m, 6H), 1.32 (t, 3J(H,H)� 7.0 Hz, 3H); 13C NMR
(75.4 MHz, CDCl3): �� 63.45 (d, 2J(P,C)� 5 Hz, 2C), 45.6 (d, 2J(P,C)�
5 Hz), 35.35, 35.3, 25.9 (2C), 25.3, (d, 3J(P,C)� 6 Hz, 2C); 31P NMR
(121.5 MHz, CDCl3): �� 28.23; IR (neat): �� � 2984, 2933, 2856, 1448, 1251,
1019, 968 cm�1; MS (ESI-TOF): m/z (%): 252 [M�H]� , 274 [M�Na]�


(100).


Thiophosphoric acid S-benzyl ester O,O�-diethyl ester (7c): Colorless oil;
1H NMR (300.15 MHz, CDCl3): �� 7.35 ± 7.25 (m, 5H), 4.09 (m, 4H), 3.99
(d, 3J(P,H)� 14.5 Hz, 2H), 1.42 (t, 3J(H,H)� 7 Hz, 6H); 13C NMR
(75.4 MHz, CDCl3): �� 138.5 (d, 3J(P,C)� 5 Hz), 129.9 (2C), 129.7 (2C),
128.6, 64.5 (d, 2J(P,C)� 7 Hz, 2C), 36.0, 16.95 (d, 3J(P,C)� 6 Hz, 2C); 31P
NMR (121.5 MHz, CDCl3): �� 27.22; IR (neat): �� � 2981, 2929, 2601, 2495,
2052, 1496, 1476, 1454, 1393, 1256, 1014, 972 cm�1; MS (I.C./NH3):m/z (%):
261 [M�H]� , 278 [M�NH4]� (100).


Thiophosphoric acid O,O�-diethyl ester S-(3-hydroxypropyl) ester (7d):
Yellow oil, rapidly turning brown upon standing at room temperature;
1H NMR (300.15 MHz, CDCl3): �� 4.19 (m, 4H), 3.77 (t, 3J(H,H)� 6.5 Hz,
2H), 3.02 (td, 3J(P,H)� 17 Hz, 3J(H,H)� 6.5 Hz, 2H), 1.90 (quint.
3J(H,H)� 6.5 Hz, 2H), 1.33 (t, 3J(H,H)� 7.0 Hz, 3H); 13C NMR
(75.4 MHz, CDCl3): �� 64.0 (2C), 59.3, 33.5, 27.2 (d, 2J(P,C)� 5.0 Hz),
16.1 (d, 3J(P,C)� 7.5 Hz, 2C); 31P NMR (121.5 MHz, CDCl3): �� 27.35; MS
(I.C./NH3): m/z (%): 229 [M�H]� (70), 246 [M�NH4]� (100).


Thiophosphoric S-(3-cyanopropyl) ester O,O�-diethyl ester (7e): Pale
orange oil; 1H NMR (300.15 MHz, CDCl3): �� 4.32 ± 4.05 (m, 4H), 2.93
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(td, 3J(P,H)� 16.5 Hz, 3J(H,H)� 6.5 Hz, 2H), 2.49 (t, 3J(H,H)� 6.5 Hz,
2H), 2.08 (quint, 3J(H,H)� 6.5 Hz, 2H), 1.31 (t, 3J(H,H)� 7 Hz, 6H);
13C NMR (75.4 MHz, CDCl3): �� 118.7(CN), 63.95 (d, 2J(P,C)� 7.5 Hz,
2C), 29.3, 26.7 (d, 3J(P,C)� 5 Hz), 16.1 (d, 3J(P,C)� 7.5 Hz, 2C), 15.93; 31P
NMR (121.5 MHz, CDCl3): �� 27.12; IR (neat): �� � 2986, 2938, 2248 (CN),
1248, 1016, 972 cm�1; MS (ESI-TOF): m/z (%): 237 [M]� , 259 [M�Na]� .


Thiophosphoric O,O�-dibenzyl ester S-cyclohexyl ester (8b): Colorless oil;
1H NMR (300.15 MHz, CDCl3): �� 7.45 ± 7.35 (m, 10H), 5.20 ± 5.05 (ABX
system, two dd, 2J(H,H)� 8.5 Hz, 3J(P,H)� 16.5 Hz, 4H), 3.25 (q of t,
3J(P,H)� 3J(Hax,Hax)� 10.5 Hz; 3J(Hax,Heq)� 3.5 Hz, 1H), 2.05 (m, 2H),
1.72 (m, 2H), 1.57 ± 1.40 (m, 3H), 1.35 ± 1.20 (m, 3H); 13C NMR (75.4 MHz,
CDCl3): �� 131.2 (d, 2J(P,C)� 6 Hz, 2C) 128.6 (4C), 128.5 (2C), 128.1
(4C), 68.9 (d, 2J(P,C)� 10 Hz, 2C), 45.9, 35.3 (d, 3J(P,C)� 6 Hz, 2C), 25.9
(2C), 25.3; 31P NMR (121.5 MHz, CDCl3): �� 29.33; IR (neat): �� � 2932,
2854, 1453, 1252, 992 (broad), 738, 696 cm�1; MS (ESI-TOF): m/z (%): 376
[M]� . , 398 [M�Na]� (100).


Thiophosphoric S-benzyl ester O,O�-dibenzyl ester (8c): Yellow oil;
1H NMR (300.15 MHz, CDCl3): �� 7.39 (m, 15H), 5.07 (ABX system,
3J(P,H)� 11.5 Hz, 4H), 4.03 (d, 3J(P,H)� 14.0 Hz, 2H); 13C NMR
(75.4 MHz, CDCl3): �� 137.3, 135.5 (d, 3J(P,C)� 7 Hz, 2C), 129.2 (2C),
128.7 (8C), 128.25 (4C), 127.7, 69.0 (d, 2J(P,C)� 7.5 Hz, 2C), 35.1; 31P NMR
(121.5 MHz, CDCl3): �� 28.43; IR (neat): �� � 3063, 3032, 1496, 1455, 1378,
1260 (broad), 987 (broad) cm�1; MS (I.C./NH3):m/z (%): 385 [M�H]� (10),
402 [M�NH4]� (100); elemental analysis calcd (%) for C21H21O3PS: C
65.61, H 5.51; found C 65.47, H 5.61.


Thiophosphoric O,O�-dibenzyl ester S-(3-hydroxypropyl) ester (8d): Flash
chromatography was performed with CH2Cl2/MeOH (8:2) as eluting
system. Colorless oil; 1H NMR (300.15 MHz, CD3OD): �� 7.42 ± 7.25 (m,
10H), 4.92 (AB±X system, 3J(P,H)� 15 Hz, 2J(H,H)� 3.0 Hz, 4H), 3.62 (t,
3J(H,H)� 6.0 Hz, 2H), 2.80 (td, 3J(P,H)� 13.5 Hz, 3J(H,H)� 6.0 Hz, 2H),
1.81 (quint., 3J(H,H)� 6.0 Hz); 13C NMR (75.4 MHz, CD3OD): �� 139.4
(d, 3J(P,C)� 10 Hz, 2C), 129.4 (4C), 128.6 (2C), 128.4 (4C), 68.4 (2C), 61.2,
34.75 (d, 2J(P,C)� 5 Hz), 27.9; 31P NMR (121.5 MHz, CD3OD): �� 20.35;
MS (I.C./NH3): m/z (%): 353 [M�H]� (50), 370 [M�NH4]� (100).


10-Cyclohexyl-9-oxa-10-phosphaphenanthrene 10-oxide (9b): Colorless
oil; 1H NMR (300.15 MHz, CDCl3): �� 7.99 (dt, J(H,H)� 8.0, 1.0 Hz,
1H), 7.95 ± 7.88 (m, 3H), 7.68 (tt, J(H,H)� 1.0, 8.0 Hz, 1H), 7.49 (dtd,
J(H,H)� 8.0, 4.0, 1.0 Hz, 1H), 7.38 (tt, J(H,H)� 1.0, 8.0 Hz), 7.26 (tt,
J(H,H)� 1.0, 8.0 Hz, 1H), 7.21 (dd, J(H,H)� 1.0, 8.0 Hz, 1H), 3.54 ((q of t,
3J(P,H)� 3J(Hax,Hax)� 12 Hz, 3J(Hax,Heq)� 3 Hz, 1H), 2.13 ± 1.95 (m, 2H),
1.70 ± 1.15 (m, 8H); 13C NMR (75.4 MHz, CDCl3): �� 149.5 (d, 2J(P,C)�
7 Hz), 136.05, (d, 2J(P,C)� 7 Hz), 133.7, 130.7, 130.35 (d, 2J(P,C)� 10 Hz),
128.6 (d, 3J(P,C)� 12 Hz), 125.5 (d, 1J(P,C)� 135 Hz), 125.25, 125.0, 123.9
(d, 3J(P,C)� 10 Hz), 122.6, 120.5 (d, 4J(P,C)� 7 Hz), 45.4, 35.8, 35.2 (d,
2J(P,C)� 7 Hz), 26.0, 25.2 (2C); 31P NMR (121.5 MHz, CDCl3): �� 38.48;
IR (neat): �� � 2931, 2853, 1607, 1594, 1582, 1475, 1447, 1430, 1235, 1202,
1116, 907 cm�1; MS (I.C./NH3): m/z (%): 331 [M�H]� (25), 348 [M�NH4]�


(100); elemental analysis calcd (%) for C18H19O2PS: C 65.44, H 5.80; found
C 65.51, H 5.94.


10-Benzylsulfanyl-9-oxa-10-phosphaphenanthrene 10-oxide (9c): White
powder; m.p. 75 ± 75.5 �C; 1H NMR (300.15 MHz, CDCl3): �� 7.97 (dt,
J(H,H)� 7.5, 1.0 Hz, 1H), 7.94 ± 7.87 (m, 3H), 7.68 (tt, J(H,H)� 1.0, 7.5 Hz,
1H), 7.48 (dtd, J(H,H)� 8.0, 4.0, 1.0 Hz, 1H), 7.33 (tt, J(H,H)� 1.0, 7.5 Hz),
7.29 ± 7.22 (m, 6H), 7.01 (dd, J(H,H)� 1.0, 8.0 Hz, 1H), 4.18 (t, 3J(P,H)�
2J(H,H)� 12 Hz, 1H), 4.09 (t, 3J(P,H)� 2J(H,H)� 12 Hz, 1H); 13C NMR
(75.4 MHz, CDCl3): �� 149.5 (d, 3J(P,C)� 10 Hz), 136.9 (d, 3J(P,C)�
5 Hz), 136.2, 133.9, 130.7, 130.6 (d, 2J(P,C)� 17 Hz), 129.1 (2C), 128.8
(2C), 128.7 (d, 3J(P,C)� 9.5 Hz), 127.7, 125.5 (d, 1J(P,C)� 134 Hz), 125.2,
125.05, 123.85 (d, 3J(P,C)� 9 Hz), 122.2 (d, 2J(P,C)� 12 Hz), 120.5 (d,
4J(P,C)� 5 Hz), 34.2; 31P NMR (121.5 MHz, CDCl3): �� 37.78; IR (KBr):
�� � 3062, 3032, 2979, 1588, 1491, 1471, 1451, 1425, 1264, 1234, 1201, 1112,
902 cm�1; MS (I.C./NH3):m/z (%): 339 [M�H]� (25), 356 [M�NH4]� (100);
elemental analysis calcd (%) for C19H15O2PS: C 67.44, H 4.47; found C
67.35, H 4.38.


4-(10-Oxo-10H-9-oxa-10-phosphaphenanthren-10-ylsulfanyl)-butyronitrile
(9e): White powder; m.p. 173 ± 175 �C; 1H NMR (300.15 MHz, CDCl3): ��
7.98 (dt, J(H,H)� 6.0, 1.0 Hz, 1H), 7.94 ± 7.88 (m, 3H), 7.73 (tt, J(H,H)�
1.5, 8.0 Hz, 1H), 7.54 (dtd, J(H,H)� 8.0, 4.0, 1.0 Hz, 1H), 7.42 (tt, J(H,H)�
1.5, 8.0 Hz), 7.29 (t, J(H,H)� 6.0 Hz, 1H), 7.21 (dd, J(H,H)� 1.0, 8.0 Hz,
1H), 3.12 ± 2.85 (m, 2H), 2.48 (t, J(H,H)� 7.0 Hz, 2H), 2.08 (quint d,


3J(H,H)� 7.0 Hz, 4J(P,H)� 3.5 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): ��
149.3 (d, 2J(P,C)� 10 Hz), 136.15, 134.2, 131.0, 130.4 (d, 2J(P,C)� 12 Hz),
128.8 (d, 3J(P,C)� 17 Hz), 125.45 (d, 1J(P,C)� 139 Hz), 125.3 (2C), 124.1
(d, 3J(P,C)� 10 Hz), 122.5 (d, 2J(P,C)� 12 Hz), 120.4 (d, 4J(P,C)� 7 Hz),
118.7 (CN), 28.55, 26.90, 16.0; 31P NMR (121.5 MHz, CDCl3): �� 37.77; IR
(KBr): �� � 2940, 2246 (CN), 1704, 1475, 1429, 1237, 1119 cm�1; MS (I.C./
NH3): m/z (%): 333 [M�NH4]� (100); elemental analysis calcd (%) for
C16H14NO2PS: C 60.94, H 4.48; found C 59.21; H 4.44.


Phenylphosphonothioic S-(2-diisopropylaminoethyl) ester O-ethyl ester
PhX (11): Phosphinate 4a (720 �L, 4.5 mmol) and thiocyanate 3a (838 mg,
4.5 mmol) were stirred together at room temperature under a gentle
nitrogen flow for 10 days. Once 31P NMR analysis of the crude mixture
showed completion of the reaction, two successive silica gel chromato-
graphic separations (CH2Cl2/MeOH 90:10 and then 95:5) were undertaken.
Extra purification was achieved by semipreparative HPLC with a Zorbax
SB-CN column, a mixture of hexane/methyl tert-butyl ether (60:40) as
mobile phase, and UV detection at 214 nm, yielding phosphonothioate 11
(500 mg) as a colorless oil. Analytical HPLC analysis with the same elution
conditions and detection method showed that 11 thus purified was �95%
pure. 1H NMR (300 MHz, CDCl3): �� 7.91 (m, 2H), 7.56 ± 7.43 (m, 3H),
4.29 ± 4.20 (m, 2H), 2.91 (hept, 3J(H,H)� 7 Hz, 2H), 2.73 ± 2.63 (m, 2H)
2.58 ± 2.52 (m, 2H), 1.39 (t, 3J(H,H)� 7 Hz, 3H), 0.92 (d, 3J(H,H)� 7 Hz,
12H); 13C NMR (75.4 MHz, CDCl3): �� 133.3 (d, 1J(P,C)� 126 Hz), 132.5,
131.3 (d, 2J(P,C)� 10 Hz, 2C), 128.5 (d, 3J(P,C)� 14 Hz, 2C), 62.1 (d,
2J(P,C)� 6 Hz), 48.9, 46.3 (d, 3J(P,C)� 4 Hz), 30.1, 20.9 (4C), 16.4 (d,
3J(P,C)� 4 Hz); 31P NMR (121.5 MHz, CDCl3): �� 46.0; IR (neat): �� �
3059, 2966, 2930, 1464, 1439, 1363, 1234, 1119, 1024, 952 cm�1; MS (I.C./
NH3): m/z (%): 330 [M�H]� .


Phenylphosphonothioic S-(2-diisopropylaminoethyl) ester (12): Phosphin-
ic acid 10 (337 mg, 2.37 mmol) and thiocyanate 3a (423 mg, 2.37 mmol)
were dissolved in THF (4 mL) and stirred together at room temperature
under a gentle nitrogen flow for 10 days. 31P NMR analysis of the crude
mixture showed a mixture (ca. 50:50) of phosphonothioic acid 12 and
remaining starting material 10. Silica gel chromatography (CH2Cl2/MeOH
80:20) yielded pure phosphonothioic acid 12 (192 mg, 56%) as a white
powder. 1H NMR (300 MHz, CDCl3): �� 7.92 ± 7.82 (m, 2H), 7.49 ± 7.41 (m,
3H), 3.72 (hept, 3J(H,H)� 6.5 Hz, 2H), 3.35 (t, 3J(H,H)� 6 Hz, 2H), 2.84
(dt, 3J(H,H)� 6 Hz, 3J(P,H)� 15 Hz, 2H), 1.42 (d, 3J(H,H)� 6.5 Hz, 12H);
13C NMR (75.4 MHz, CDCl3): �� 139.7 (d, 1J(P,C)� 146 Hz), 132.2, 132.0
(d, 2J(P,C)� 10 Hz, 2C), 129.2 (d, 3J(P,C)� 12 Hz, 2C), 56.0 (2C), 50.6, 27.3
, 19.2, 17.6 (4C); 31P NMR (121.5 MHz, CDCl3): �� 31.3; MS (I.C./NH3):
m/z (%): 302 [M�H]� .


Phenylphosphonothioic O-ethyl ester S-(2-(isopropyl-propionylamino)-
ethyl) ester (13): Pale yellow oil; 1H and 31P NMR analysis revealed an
equilibrium between two rotamers at room temperature, with heating at
60 �C resulting in the merging of the two signals. 1H NMR (300 MHz,
CDCl3): �� 7.88 ± 7.83 (m, 2H), 7.49 ± 7.45 (m, 3H), 4.24 (m, 2H), 3.95
(hept, 3J(H,H)� 6.5 Hz, 1H), 3.33 (m, 2H), 2.79 ± 2.71 (m, 2H), 2.29 (q,
3J(H,H)� 7.0 Hz, 2H), 1.38 (t, 3J(H,H)� 7 Hz, 3H; first rotamer), 1.37 (t,
3J(H,H)� 7 Hz, 3H; second rotamer), 1.13 (d, 3J(H,H)� 6.5 Hz, 6H), 1.08
(t, 3J(H,H)� 7 Hz, 3H; first rotamer), 1.07 (t, 3J(H,H)� 7 Hz, 3H; second
rotamer); 13C NMR (75.4 MHz, CDCl3): �� 173.5, 134.0 (d, 1J(P,C)�
150 Hz), 132.6, 131.2 (d, 2J(P,C)� 11 Hz, 2C), 128.6 (d, 2J(P,C)� 14 Hz,
2C), 62.4 (d, 2J(P,C)� 6 Hz), 48.1, 42.0, 27.9, 26.8, 21.1 (2C), 16.4 (d,
3J(P,C)� 5.5 Hz), 9.5; 31P NMR (121.5 MHz, CDCl3): �� 45.4 (first
rotamer), 44.5 (second rotamer); IR (neat): �� � 2977, 1640, 1420, 1291,
1225, 1119, 1070, 1022, 953 cm�1; MS (I.C./NH3): m/z (%): 344 [M�H]� .
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Structural and Energetic Aspects of the Protonation of Phenol, Catechol,
Resorcinol, and Hydroquinone


Guy Bouchoux,*[a] Dirk Defaye,[a] Terrance McMahon,[b] Alexander Likholyot,[b]
Otilia Mo¬ ,[c] and Manuel Ya¬nƒ ez[c]


Abstract: The various protonated forms
of phenol (1), catechol (2), resorcinol
(3), and hydroquinone (4) were ex-
plored by ab initio quantum chemical
calculations at the MP2/6-31G(d) and
B3LYP/6-31G(d) levels. Proton affini-
ties (PA) of 1 ± 4 were calculated by the
combined G2(MP2,SVP) method, and
their gas-phase basicities were estimated
after calculation of the change in entro-
py on protonation. These theoretical
data were compared with the corre-
sponding experimental values deter-
mined in a high-pressure mass spec-


trometer. This comparison confirmed
that phenols are essentially carbon bases
and that protonation generally occurs in
a position para to the hydroxyl group.
Resorcinol is the most effective base
(PA� 856 kJmol�1) due to the partici-
pation of both oxygen atoms in the
stabilization of the protonated form.
Since protonation is accompanied by a


freezing of the two internal rotations, a
significant decrease in entropy is ob-
served. The basicity of catechol (PA�
823 kJmol�1) is due to the existence of
an intramolecular hydrogen bond, which
is strengthened upon protonation. The
lower basicity of hydroquinone (PA�
808 kJmol�1) is a consequence of the
fact that protonation necessarily occurs
in a position ortho to the hydroxyl group.
When the previously published data are
reconsidered and a corrected protona-
tion entropy is used, a proton affinity value
of 820 kJmol�1 is obtained for phenol.


Keywords: ab initio calculations ¥
basicity ¥ mass spectrometry ¥
phenols ¥ protonation


Introduction


Phenols are ubiquitous compounds which present a contrast-
ing array of reactivity that stems from acidic, basic, and redox
properties and includes condensation and rearrangement
processes.[1] Numerous phenolic compounds are of natural
origin and are present in many manufactured products such
as, for example, beverages, oils, colorants, and flavorings.
Polymerization of natural polyphenols leads to lignin and
melanin; moreover, several diphenolic derivatives such as


catechins are carcinogen inhibitors. Phenols also form an
important class of antioxidants that inhibit the oxidative
degradation of organic or bioorganic molecules.[2, 3] Finally,
the activity of phenols toward free radicals is of some
importance, and their scavenging role is related to their
ability to react with radicals much more rapidly than other
organic substrates. For example, tocopherol (vitamin E) is an
efficient trapping agent which can scavenge damaging peroxy
radicals in blood plasma.[4] Given this large range of applica-
tions, the determination of the fundamental chemical proper-
ties of phenols appears to be of general interest. Therefore,
the present study focuses on the intrinsic basicity of isolated
phenol and dihydroxybenzenes and on relevant structural
aspects.


The gas-phase basicity of phenol (1) has been the subject of
only a few experimental determinations[5] and, to date, no
such measurement has been performed for catechol (2),
resorcinol (3), or hydroquinone (4). In the present study, a
complete investigation of these four compounds has made by
using ab initio molecular orbital calculations up to the
G2(MP2,SVP) level. The basicity of dihydroxybenzenes 2 ± 4
was determined by measuring their proton transfer equilib-
rium constants in a high-pressure mass spectrometer
(HPMS).
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Results and Discussion


Neutral phenol (1): The optimized geometry of neutral phenol
is presented in Figure 1. The six C�C bonds are of almost
identical length (1.395� 0.003 ä, MP2/6-31G(d) and B3LYP/
6-31G(d) calculations), and this indicates negligible perturba-
tion of the aromatic ring by the OH group. However, the


Figure 1. Optimized geometries (B3LYP/6-31G(d) results) of the most
stable forms of neutral (1) and protonated phenol (1H�).


conjugation of one of the electron pairs of the oxygen atom
with the � system is evidenced by the shortening of the C�O
bond with respect to a pure � bond (1.375 ä in 1 and 1.425 ä
in methanol, for example, MP2/6-31G(d) calculation), and the
coplanar arrangement of the OH group and the ring. This
latter point is also illustrated by the existence of a non-
negligible rotational barrier around the C�O bond. At the
MP2/6-31G(d) level, this barrier amounts to 15.0 kJmol�1, a
value which compares nicely with the experimental value of
13.6 kJmol�1.[14] By comparison, the C�O rotational barrier is
only 4.5 kJmol�1 in methanol.[15]


Protonated phenol (1H�): Seven protonated forms of the
phenol molecule were identified. The most stable corresponds
to protonation at the para position of the benzene ring


(denoted p-1H�, Figure 1). In
order of decreasing stability,
this is followed by the ortho-,
O-, meta-, and ipso-protonated
structures, as summarized in
Scheme 1.


Structure p-1H� is character-
ized by a shortening of the C�O
and Cortho�Cmeta bonds with re-
spect to the neutral molecule
(Figure 1). By contrast, the
Cortho�Cipso and Cmeta�Cpara


bonds are elongated. This was expected for the latter, since
a sp3-hybridized carbon atom is created on protonation in the
para position. These observations, as a whole, indicate that p-
1H� can be described essentially by two resonance structures
A and B. A consequence of the extra conjugation of the lone
pair of the oxygen atom is the considerable increase in the
C�O rotational barrier in p-1H� with respect to 1. At the
MP2/6-31G(d) level this barrier amounts to 59.7 kJmol�1.


Protonation at the ortho positions leads to structures o-1H�


and o�-1H�, which lie only 12 and 17 kJmol�1, respectively,
above p-1H� (Scheme 1, MP2/6-31G(d) calculations). The
slight difference in energy between the two ortho conformers
o-1H� and o�-1H� may be explained by the existence of
electrostatic interactions between the hydroxyl group and the
hydrogen atoms in the ortho positions. For example, in
structure o-1H� a favorable electrostatic interaction arises
between the oxygen atom and the two hydrogen atoms of the
ortho-methylene group (and a repulsive one between the
hydrogen atom of the hydroxyl group and the lone ortho-
hydrogen atom). Similar effects lead to a less pronounced
stabilization for o�-1H�. We note, to support this interpreta-
tion, that the C(H2)CO angle is smaller than the C(H)CO
angle in o-1H� and larger than in o�-1H�. For both structures a
strengthening of the C�O bond and of two C�C bonds is
observed, and this points to major participation of the


Scheme 1. MP2/6-31G(d) rela-
tive energies of the protonated
forms of phenol [kJmol�1].
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mesomeric forms C and D in the description of the �-electron
delocalization. In line with this description, the barrier for
internal rotation around the C�O bond is also higher than
50 kJmol�1.


Oxygen-protonated phenol (O-1H�) is less stable than p-
1H� by 64 kJmol�1. The prominent structural characteristic of
O-1H� is the pyramidalization of the oxygen atom; the two
hydrogen atoms adopt a position that is symmetric with
respect to the plane of the phenyl ring. Consequently, the
conjugation of the oxygen atom lone pair with the � system
disappears. This is also corroborated by the lengthening of the
C�Obond (�1.50 ä) and by the fact that the C�C bonds have
approximately the same length as in the phenol molecule
itself.


Protonation at the meta position of the phenol molecule
leads to structures m-1H� and m�-1H�, situated about
70 kJmol�1 above p-1H�. The majority of this instability is
due to the limited conjugation of the oxygen lone pair with the
� system. The C�C bond lengths are very similar in m-1H�,
m�-1H�, and 1. Moreover, the C�O bond is only marginally
affected by protonation at the meta position. It is thus not
surprising that the calculated rotational barrier around the
C�O bond is 17.2 kJmol�1, that is, a value close to that of 1.
These observations are in keeping with a description of the �


system by the three usual mesomeric forms E ±G.


Finally, the least favorable protonation site is the ipso
position, and the structure i-1H� is situated 128 kJmol�1


above p-1H�. In this structure, conjugation of the oxygen
lone pair is impossible, and this partly explains its instability.
In the calculated structure i-1H� the Cortho�Cmeta bonds are


shorter than the Cmeta�Cpara


bonds, and this indicates a ma-
jor contribution to the electron-
ic structure by the mesomeric
form H. We also note the trans-
coplanar arrangement of the
HOCipsoH atoms, which allow a
larger distance between the two
positively charged hydrogen
atoms.


Neutral catechol (2): Two conformers of catechol were
identified in the calculations. The most stable, 2a (Figure 2),
corresponds to an orientation of the two OH groups that
allows formation of an internal hydrogen bond. The second
structure 2b has a repulsive orientation of the two OH dipoles
and is destabilized by no less than 19-16 kJmol�1 with respect
to 2a. The intramolecular hydrogen bond in 2a exhibits a
nonnegligible charge density at the bond critical point


(0.018 eau�3), lengthening of the O1�H1 donor bond of
0.004 ä, and a red shift of the corresponding OH stretching
frequency of 37 cm�1 with respect to phenol, while the
stretching frequency of the O2�H2 bond of the acceptor
oxygen atom is blue-shifted by 19 cm�1.


As in phenol, the six C�C bonds are approximately of
identical length for both 2a and 2b. The conjugation of one
electron pair of each oxygen atom with the � system is also
confirmed here by the shortening of both C�O bonds with
respect to pure � bonds and by the coplanar arrangement of


the OH groups and the phenyl
ring. The rotational barriers
associated with the two hydrox-
yl groups are, as expected, very
different. The rotation of the
OH group whose hydrogen
atom is involved in the internal
hydrogen bond corresponds to
the isomerization 2a� 2b and
is associated with a barrier of


24 kJmol�1 [HF/6-31G(d)]. On the other hand, rotation
around the C�O2 bond results in a degenerate rearrangement
of 2a. In fact no considerable change in energy is observed
when the CCO2H2 angle is increased; accordingly, the
hydrogen atom H1 involved the internal hydrogen bond is
simultaneously pushed back and H1 ¥¥¥ O2 is progressively
replaced by an H2 ¥¥ ¥O1 internal hydrogen bond. The
transition structure corresponds approximately to a CCOH2
angle of 135� and a CCOH1 angle of 50�. A consequence of
this ™gearing effect∫ is that the energy barrier is slightly less
than that observed for the phenol itself (10 kJmol�1, HF/6-
31G(d) calculation).


Note that the calculated energy difference between 2a and
2b corresponds to a Boltzmann population in which 2b
accounts for only 0.2% at 298 K. Thus, the measurement of
the gas-phase basicity of catechol is essentially related to the
conformer 2a.


Protonated catechol (2H�): The various protonation sites of
the most stable conformer of catechol (2a) were investigated.
For structure 2b, only the two most probable protonation sites
were considered. The relative energies of the corresponding
protonated forms are summarized in Scheme 2.


Figure 2. Optimized geometries (B3LYP/6-31G(d) results) of the most
stable forms of neutral (2) and protonated catechol (2H�).
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Scheme 2. MP2/6-31G(d) and, in parentheses, B3LYP/6-31G(d) relative
energies of the protonated forms of catechol [kJmol�1].


The most stable structure, p-2aH� (Figure 2), is protonated
in the position para to the hydroxyl group O1H1 whose
hydrogen atom participates in the hydrogen bond. In fact, this
corresponds to the most efficient way to reinforce the internal
hydrogen bond (O1H1 ¥¥¥ O2). In line with this interpretation,
the largest geometrical change occurring from 2a to p-2aH� is
the shortening of the H1 ¥¥¥ O2 distance. We note also a
pronounced shortening of the C�O1 bond, which indicates
conjugation of an electron pair of O1 with the phenyl ring.
This situation is reminiscent of the protonation of phenol at
the para position. In contrast the other oxygen atom O2 is not
significantly involved in the �-electron delocalization, as was
observed for the meta-protonated form of phenol. Both
effects have the common consequence of strengthening the
internal hydrogen bond in p-2aH�. This latter effect may be
described by the resonance structures I and J.


The reinforcement of the internal hydrogen bond upon
protonation is also reflected in a significant increase in the
charge density (0.023 eau�3) at the corresponding bond
critical point, by a greater lengthening of the O1H1 donor
group (0.014 ä), and by a large red shift (138 cm�1) of its
stretching frequency. Accordingly, the in-plane OH bending
frequency is also red-shifted by 210 cm�1, while the out-of-
plane OH bending frequency is blue-shifted by 292 cm�1. In a
similar way, the C�O1 rotational barrier is dramatically
increased (73.8 kJmol�1 compared to 24.0 kJmol�1 in the
neutral molecule), while a modest change is observed for the
C�O2 rotational barrier (17.5 kJmol�1 compared to
10.0 kJmol�1 in neutral catechol).


Protonation at the position para to O2H2 leads to p�-2aH�,
which is less stable than p-2aH� by 21(15) kJmol�1. In fact, for
structure p�-2aH�, the �-electron delocalization involves
essentially the oxygen atom O2, not O1, as attested to by
the shortening of the C�O2 bond and the decrease in electron
density on O2. Similarly, the net positive charge on H1 is
reduced due to the loss of conjugation of O1 with the phenyl
ring.


The result is a weakening of the internal hydrogen bond in
p�-2aH� with respect to p-2aH�, in agreement with their
relative energies. This weakening is so pronounced that no
bond critical point can be found between H1 and O2, and the
red shift of the OH donor stretching frequency with respect to
the neutral molecule is practically zero, while the out-of-plane
OH bending is red-shifted (by 63 cm�1) rather than blue-
shifted.


Comparable arguments can be used to explain the energy
difference of 19 kJmol�1 between the two ortho(meta) proto-
nated forms of catechol o-2aH� and o�-2aH� :


Note, however, that the o-2aH� and p�-2aH� forms are of
comparable energy because the former again has an intra-
molecular hydrogen bond that is stronger than that of the
neutral molecule, and therefore much stronger than that of
the latter. The charge density at the bond critical point in o-
2aH� is 0.020 eau�3, the lengthening of the O1H1 donor is
0.013 ä, the O1H1 stretching band is red-shifted by 125 cm�1,
and the out-of-plane O1H1 bend is blue-shifted by 258 cm�1.


The ipso-protonated forms of 2a lie only 58 and 70 kJmol�1


above o-2aH�. These relative energies are very different from
the energy difference of 128 kJmol�1 calculated between the
two analogous protonated forms of phenol i-1H� and p-1H�.
The spectacular stabilization of the most stable ipso-proto-
nated form of 2a, i-2aH�, is clearly related to the presence of
the second hydroxyl group. Accordingly, the oxygen atom O2
is completely involved in the � delocalization, and an internal
hydrogen bond is still present in this structure.


As for phenol, the O-protonation of catechol leads to
pyramidalization of the corresponding oxygen atom, and the
two hydrogen atoms adopt a position symmetrical with
respect to the plane of the phenyl ring that allows two
favorable electrostatic interactions with the second oxygen
atom.
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Finally, protonation in the para position of conformer 2b
leads to structure p-2bH�, which lies 25(20) kJmol�1 above
p-2aH�,in line with the lack of an internal hydrogen bond.


Neutral resorcinol (3): The three conformers of resorcinol
(Scheme 3) 3a±3c have very similar energies, and this is indica-
tive of negligible interactions between the two hydroxyl groups.
Each of these three forms is separated from its neighbor by a
rotational barrier of about 15 kJmol�1, as in the case of phenol.


Protonated resorcinol (3H�): The most favored protonation
site of resorcinol is on a carbon atom para to one of the
hydroxyl groups (and hence ortho to the other; Figure 3). The
relative energies of the ortho-, meta-, and para-protonated
forms of the three conformations of neutral resorcinol are
displayed in Scheme 3. The most stable structures 3aH�,
3bH�, and 3cH� have very similar energies, as indicated in


Scheme 3. Oxygen- and ipso-protonated forms lie about 110
and 170 kJmol�1, respectively, above 3aH�, 3bH�, and 3cH�.


Two para-protonated structures were found for neutral 3a,
p-3aH� and p�-3aH�, while, for symmetry reasons, only p-
3bH� and p-3cH� can be formed from neutral 3b and 3c
(Figure 3). The four protonated forms have very similar
energies (in a 6 kJmol�1 range at the B3LYP level) and are
characterized by the participation of both oxygen atoms in the
�-electron delocalization. This is attested to by the shortening


Scheme 3. MP2/6 ± 31G(d) and, in parentheses, B3LYP/6-31G(d) relative
energies of the protonated forms of resorcinol [kJmol�1]


of the C�O bonds and by the similar high rotational barriers
(HF/6-31G(d) calculations lead to values of 45.8 kJmol�1 and
49.5 kJmol�1 for the two rotational barriers of structure p-
3aH�). The description of the �-electron clouds of the para-
protonated forms of resorcinol requires more than two
limiting forms (K ±N).


The slight differences in stability between the four para-
protonated conformers of resorcinol are easily understood
from electrostatic arguments. For example, it is reasonable to
assume that p-3aH� is slightly more stable than p�-3aH,
because in the former the two hydrogen atoms attached to the
protonated center have a stabilizing interaction with the OH


group that is closer to them,
while in the latter there is a
repul-
sive interaction between these
two hydrogen atoms and that
on the nearby hydroxyl group.


The second type of protonat-
ed structure easily formed from
resorcinol is obtained by proto-
nation at the position ortho to
both hydroxyl groups. Clearly,
structure o-3bH� is energeti-
cally favored because the two
hydrogen atoms of the hydroxyl
groups are distant from the
methylene group created by
the incoming proton. The elec-


trostatic repulsion of the positive charges borne by the
hydrogen atoms is thus minimized. The situation is not so
favorable for o-3aH� and, more dramatically, for o-3cH�.
Despite these differences, the ortho-protonated forms of
resorcinol are stabilized by the participation of the two
oxygen atoms in the �-electron delocalization (O ±R). This
stabilizing effect is not efficient in the meta- or ipso-
protonated forms of resorcinol, as is illustrated by their high
(�110 kJmol�1) energies relative to p-3aH�.


Figure 3. Optimized geometries (B3LYP/6-31G(d) results) of the most stable forms of neutral (3) and protonated
resorcinol (3H�).
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Neutral hydroquinone (4): The two conformers of neutral
hydroquinone 4 (Scheme 4), 4a and 4b, have quasi-identical
energies. The rotational barrier of 6.2 kJmol�1 separating
these two species is lower than that calculated at the same
level of theory for phenol [11.1 kJmol�1, HF/6-31G(d)]. This
may be interpreted by a decrease in the participation of the
oxygen lone pairs in the �-electron delocalization. In fact, the
second oxygen atom limits the �-donating effect of the
former, as expected from a simple consideration of the Lewis
limiting forms.


Protonated hydroquinone (4H�): The most favorable proto-
nation sites of hydroquinone are the four unsubstituted
carbon atoms, which are each in a position ortho to one of
the hydroxyl groups. Slight differences in stability are
observed depending on the orientation of the hydroxylic
hydrogen atoms (Scheme 4).


Scheme 4. MP2/6 ± 31G(d) and, in parentheses, B3LYP/6-31G(d) relative
energies of the protonated forms of hydroquinone [kJmol�1].


Protonation at the ortho car-
bon atom opposite to the hy-
droxylic hydrogen atom leads
to the most stable protonated
form (Figure 4), a situation rem-
iniscent of that encountered for
phenol itself (Scheme 1). After
protonation, the oxygen atom
closer to the protonation site
becomes involved in the �-elec-
tron delocalization. This is in
agreement with a representation
of the corresponding protonated
structure.


The rotational barriers also
reflect the different behavior of
the two oxygen atoms. For
structure o-4H�, we find
51.7 kJmol�1 for C�O1 and
20.1 kJmol�1 for C�O2 (HF/6-
31G(d) calculations).


Protonation at the ipso posi-
tion is significantly easier for
hydroquinone than for its two
isomers 2 and 3. This is due to
the stabilizing effect of the
second hydroxyl group on the
positive charge, as illustrated by
the resonant forms below.


A similar effect was observed for the ipso protonation of
catechol (see above).


Protonation energetics : Gas-phase basicity GB(M) and pro-
ton affinity PA(M) of a molecule M (i.e., the Gibbs
free energy and the enthalpy changes, respectively, of the
reaction MH��M�H�) are interrelated by Equation (1),
where �pS�


PA(M)�GB(M)�T[�pS�� S�(H�)] (1)


is the entropy difference S�(MH�)� S�(M). The influence of
this latter term is significant when important structural


Figure 4. Optimized geometries (B3LYP/6-31G(d) results) of the most stable forms of neutral (4) and protonated
hydroquinone (4H�).
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changes occur during the protonation process. However, a
complete calculation of the third law entropies S�(MH�) and
S�(M) supposes the knowledge of the geometries and relative
energies of the various conformers of both M andMH� and of
their vibrational frequencies and rotational barriers with
sufficient accuracy.[16] For the four systems considered, this is a
complicated task in view of the size of the molecules and the
number of conformers. Here we adopt a semiquantitative
treatment which makes allowance for the most meaningful
features of the protonation process. The �pS� can be
separated into the three usual translational, rotational, and
vibrational components. For the systems studied here, we
verified that the sum of the translational and rotational terms
is negligible (except when M and MH� have different
symmetry numbers). Thus, only the vibrational contribution
to �pS� must be considered. For phenol (1) and dihydrox-
ybenzenes 2 ± 4, the preceding section showed that the main
modification observed upon protonation is an increase in the
rotational barriers associated with the hydroxyl group. Thus, a
major component of the entropy difference �pS��
S�(MH�)� S�(M) should correspond to these torsional
modes. To estimate these contributions, we used the hindered
rotor model developed by Pitzer and Gwinn.[17] In this
approach, the energy levels of a rotor associated with a
potential energy barrier of the form V0/2(1� cosn�), where �
is the dihedral angle, are found with the help of a one-
dimensional Schrˆdinger equation. In practice the calculated
entropy of a given rotor So


Pitzer is close to that calculated by
using the harmonic oscillator approximation So


ho when V0


exceeds about 50 kJmol�1 (i.e., 20RT at 298 K). For lower
V0 values, S


o


Pitzer is greater than So


ho and tends toward the value
corresponding to the free rotation model when V0� 0. The
second contribution to the vibrational part of �pS� originates
from the fact that MH� has three more vibrational modes.
Since the most stable forms considered here correspond to C-
protonation, the three expected modes should correspond to a
C�H bond elongation and two CH2 deformations. Consider-
ing the standard wavenumbers of 3000, 1450, and 850 cm�1,
the contribution to �pS� is about 1 Jmol�1K�1. A summary of
the �pS� calculated by using these approximations is given in
Table 1. A possible estimate of the error introduced on �pS�
by the above approximation is about 5 Jmol�1K�1. For the
four compounds considered here, the term �pS� is always
negative because C-protonation hinders rotation of the
hydroxyl group (see above). In hydroquinone (4), however,
this decrease in entropy on passing from the neutral to the
protonated form is partly counterbalanced by the lowering of
S�(4) due to its symmetry number of two.


Very few experimental determinations of the basicity of
phenol in the gas phase have been reported in the literature.[5]


The gas-phase basicity (GB) and the proton affinity (AP) of
phenol reported in the recent compilation by Hunter and
Lias[5c] are GB(phenol)� 786.3 kJmol�1 and PA(phenol)�
817.3 kJmol�1. The GB was derived from two experimental
determinations of proton transfer equilibrium constants at a
single temperature (537[5b] and 650 K[5a±c]) and corrected to
298 K by using Equation (2), where �TG� is the Gibbs free
energy of the reaction MH��B�M�BH� at temperature
T, �pS�(M)� S�(MH�)� S�(M) and �pS�(B)� S�(BH�)�
S�(B). The proton affinity is then calculated from Equa-
tion (3), where S�(H�)� 108.8 JK�1mol�1 at 298 K.


GB(M)�GB(B)��TG�� (T� 298)[�pS�(M)��pS�(B)] (2)


PA(M)�GB(M)� 298[S�(M)� S�(H�)� S�(MH�)]
�GB(M)� 298[S�(H�)��pS�(M)] (3)


Acording to the original data of Mautner,[5b] proton transfer
equilibria between phenol and acetone or naphthalene are
associated with �537G� of �2.5 kJmol�1 and �0.4 kJmol�1 ,
respectively. Using �pS�(phenol)��4.3 JK�1mol�1 (see
above), �pS�(acetone)� 8.7 JK�1mol�1[5c] and �pS�(naphtha-
lene)� 30 JK�1mol�1[5c] and the gas-phase basicities
GB(acetone)� 782.1 kJmol�1 and GB(naphthalene)�
779.4 kJmol�1 we obtain GB(phenol)� 787.5� 0.4 kJmol�1


Similarly, using �650G���32.2 kJmol�1 for proton transfer
between protonated phenol and ammonia[5c] a value of
786.1 kJmol�1 can be deduced for GB(phenol). In summary,
the available experimental data combined with our estimate
of �pS�(phenol)[18] lead to the following averaged values:
GB(phenol)� 786.8� 0.7 kJmol�1 and consequently
PA(phenol)� 820.5� 0.7 kJmol�1.


For the three dihydroxybenzenes 2 ± 4, equilibrium con-
stants for reactions (b) ± (d) measured at different temper-
atures are shown in the form of van�t Hoff plots in Figure 5.


Figure 5. Van×t Hoff plot for proton exchange between catechol, resorci-
nol, and hydroquinone with dimethyl sulfide and nitrobenzene [reac-
tions (b) ± (d)].


The enthalpy and entropy changes for reactions (b) ± (d)
calculated from the van×t Hoff plots are given in Table 2
together with absolute proton affinities and entropy differ-
ences �pS� for 2 ± 4.


Table 1. Summary of the calculation of the entropy difference
�pS� [Jmol�1K�1] for 1 ± 4[a].


M MH� �pS�
V0


[b] So


Pitzer
[c] V0


[b] So


Pitzer
[c] �pS�[d]


phenol 13.6 6.8 55.7 1.5 � 4.3
catechol 24.0 9.3 73.8 2.6


10.0 8.4 17.5 7.0 � 7.1 [�4.5]
resorcinol 14.6 11.7 45.8 6.7


14.6 11.7 49.5 6.4 � 9.3 [�8.9]
hydroquinone 6.2 15.4 51.7 6.2


6.2 15.4 20.1 10.1 � 7.7 [�5.3]
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Considering the temperature range used for the van×t Hoff
experiments, the �S� and �pS� terms correspond to a mean
temperature of about 490 K. Hence, a theoretical estimate of
the latter was made at this temperature (see Table 2, values in
brackets). The comparison of the �pS� obtained theoretically
(Table 1) and experimentally (Table 2) is excellent given the
uncertainties in both sets of data (i.e., ca. 5 Jmol�1K�1).


To estimate the proton affinity of 1 ± 4 as accurately as
possible, we used the G2(MP2,SVP) method and the cheaper
B3LYP/6-311�G(3df,2p) procedure. The results are sum-
marized in Tables 3 and 4. A direct estimate of the proton
affinity is simply given by Equation (6). The results (Table 4,
columns a) indicate that for the phenol (1) and the dihydrox-
ybenzenes 2 ± 4, G2(MP2,SVP) underestimates the proton
affinity by 6� 2 kJmol�1, while the B3LYP/6-311�G(3df,2p)
approach overestimates this quantity by 11� 4 kJmol�1. A
similar observation was made for the benzene molecule, for
which the deviations between theory and experiment are�7.6
and �14.7 kJmol�1 for G2(MP2,SVP) and B3LYP/6-311�
G(3df,2p) methods, respectively. It was consequently of
interest to find a more precise theoretical estimate of the


proton affinities of 1 ± 4. Recently, it was claimed that B3LYP
yields reliable proton affinities when used with a 6-311�
G(3df,3pd) basis set.[11] However, for catechol we found that
the protonation energy evaluated at this level differs from the
B3LYP/6-311�G(3df,2p) value by less than 1 kJmol�1.
Hence, the larger basis set is not expected to significantly
improve the theoretical estimate of the proton affinities of the
molecules considered here.


Another approach is to consider isodesmic reactions such as
the proton transfer process between the protonated molecule
of interest and a reference base B (MH��B�M�BH�).
The proton affinity deduced from this isodesmic reaction is
simply given by PAiso(M)�PAcalcd(M)�PAexp(B)�PAcalcd(B).
Using the benzene molecule as the reference base B,
(PAexp(benzene)� 750.4 kJmol�1[5c]) we obtained the results
quoted in columns b in Table 4. The agreement between
theory and experiment is clearly improved. On average,
isodesmic PAs calculated at the G2(MP2,SVP) or the B3LYP/
6-311�G(3df,2p) level with reference to benzene differ from
experiment by less than 4 kJmol�1. Note that G2(MP2,SVP)
leads to proton affinity values which are slightly higher than
those given by the B3LYP/6-311�G(3df,2p) method. When
phenol is used as reference base B in the isodesmic calcu-
lation, the deviation between theory and experiment is not
improved, but is still very good, since the average deviation
(5.5 kJmol�1) is within the limits of ™chemical accuracy∫.


Conclusion


Good agreement between theory and experiment was found
for GB, PA, and�pS�, that is, the structural assignment of both


Table 2. Experimental enthalpy and entropy changes �H� and �S� for
reactions MH��B�M�BH� and related proton affinity (PA) and
entropy difference �pS�.[a]


M B �H� �S� PA �pS�


catechol dimethyl sulfide � 8.0� 1.2 14� 3 822.9 � 5
resorcinol dimethyl sulfide 25.4� 1.6 24� 3 856.4 � 15
hydroquinone nitrobenzene 8.1� 1.6 5� 4 808.4 0


[a] Units for enthalpies and entropies are kJmol�1 and Jmol�1K�1,
respectively. [b] PA and �pS� calculated from data for reference com-
pounds from ref. [5c].


Table 3. Summary of the energy calculations of benzene, phenol, catechol, resorcinol, and hydroquinone (in Hartree).


Benzene BenzeneH� Phenol PhenolH� Catechol CatecholH� Resorcinol ResorcinolH� Hydroquinone HydroquinoneH�


HF/6-31G(d) � 230.70314 � 231.01468 � 305.55806 � 305.89698 � 380.41296 � 380.75182 � 380.41477 � 381.76870 � 380.40950 � 380.74173
ZPE ¥ 0.893[a] 0.09615 0.10604 0.10029 0.11170 0.10437 0.11586 0.10454 0.11659 0.10410 0.11464
Ho


298 �Ho


0
[b] 0.00504 0.00568 0.00613 0.00641 0.00738 0.00759 0.00719 0.00730 0.00745 0.00723


MP2/6-31G(d) � 231.45773 � 231.75031 � 306.49099 � 306.80983 � 381.52587 � 381.84800 � 381.52452 � 381.8600 � 381.52191 � 381.83714
QCISD(T)/6-31G(d) � 231.53139 � 231.83256 � 306.56881 � 306.89721 � 381.60726 � 381.93900 � 381.60670 � 381.95108 � 381.60346 � 381.92822
MP2/6-311�G(3df,2p) � 231.72047 � 232.00299 � 306.84651 � 307.15505 � 381.97400 � 382.28528 � 381.97145 � 382.29654 � 381.97006 � 382.27440
G2(MP2,SVP)[c] � 231.7778 � 232.05899 � 306.91979 � 307.22649 � 382.06274 � 382.38214 � 382.06081 � 382.38275 � 382.05923 � 382.36256
B3LYP/6-311�G(3df,2p) � 232.32751 � 232.62712 � 307.58063 � 307.90481 � 382.83394 � 383.16103 � 382.83309 � 383.17316 � 382.83059 � 383.15198


[a] Zero-point vibrational energy scaled by a factor of 0.893. [b] HF/6-31G(d) thermal correction to enthalpy at 298 K (unscaled). [c] Including the higher level
correction (HLC) terms of �0.0798, �0.09576, and �0.11172 Hartree for benzene, phenol, and diphenols, respectively.


Table 4. Calculated and experimental proton affinity [kJmol�1] at 298 K of benzene, phenol, catechol, resorcinol, and hydroquinone.


Level Benzene Phenol Catechol Resorcinol Hydroquinone
a a b a b c a b c a b c


HF/6-31G(d) 796.5 865.2 819.1 865.1 819.0 820.4 903.5 857.4 858.8 851.3 805.2 806.6
MP2/6-31G(d) 746.7 812.5 816.2 821.2 824.9 829.2 855.0 858.7 863.0 806.7 810.4 814.7
QCISD(T)/6-31G(d) 769.2 837.6 818.8 846.4 827.6 829.3 878.4 859.6 861.3 831.7 812.9 814.6
MP2/6-311�G(3df,2p) 720.3 785.5 815.6 792.7 822.8 827.7 827.7 857.8 862.7 778.1 808.2 813.1
G2(MP2,SVP) 742.8 810.6 818.2 817.9 825.5 827.8 851.1 858.7 861.0 803.1 810.7 813.0
B3LYP/6-311�G(3df,2p) 765.1 826.6 811.9 834.2 819.5 828.1 867.1 852.4 861.0 822.9 808.2 816.8
Experimental 750.4 820.5 822.9 856.4 808.4


[a] Direct calculation with Equation (6) at the level of theory indicated in the first column by using the HF/6-31G(d) zero-point vibrational energy scaled by a
factor of 0.893 and the HF/6-31G(d) thermal correction at 298 K (unscaled). [b] Isodesmic estimate based on PA(benzene)� 750.4 kJmol�1 . [c] Isodesmic
estimate based on PA(phenol)� 820.5 kJmol�1.
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the neutral and protonated structures by molecular orbital
calculations is essentially correct. In particular, the results
confirm unambiguously that phenols are carbon bases and
that regiospecific protonation generally occurs para to the
hydroxyl group.


Protonation of phenol in the para position is favored over
the ortho position by about 15 kJmol�1. Resorcinol is the
more effective base due to the participation of both oxygen
atoms in stabilizing the protonated form by donating electrons
to the �-electron system. Protonation is accompanied by a
freezing of the two internal rotations and thus leads to a
significant decrease in entropy.


As bases, catechol and hydroquinone are slightly more and
slightly less effective than phenol, respectively. The stronger
basicity of the former is due to the existence of an internal
hydrogen bond, which is strengthened after protonation. The
lower basicity of hydroquinone is due to the fact that
protonation occurs necessarily in a position ortho to one
hydroxy group.


Experimental Section and Methods of Calculation


Experimental : The experimental studies of proton exchange equilibria
involving dihydroxybenzenes 2 ± 4 [A in Eq. (a)] and reference bases B
were performed with a pulsed electron beam, variable-temperature, high-


AH��B�A�BH� (a)


pressure mass spectrometer at the University of Waterloo.[6] The equili-
brium constant for reaction (a) is given by Equation (4)), where Ix are ionic
abundances and [A] and [B] represent the relative proportions of A and B.


K� IBH�[A]/IAH�[B] (4)


Several compounds were tested as proton exchange partners in these
reactions. The selection criteria were based on the requirement that an
exchange partner does not participate in competing reactions, such as
proton-bound dimer formation, to any significant extent and that its proton
affinity is close to the calculated proton affinity of the studied dihydroxy-
benzene, generally within 10 kJmol�1. The latter requirement was to ensure
that ratios of neutral compound concentrations and measured ionic ratios
are within the range 1 ± 10. The exchange partners finally chosen were
dimethyl sulfide for catechol and resorcinol and nitrobenzene for hydro-
quinone [Eqs. (b) ± (d)].


1,2-C6H6O2H�� (CH3)2S� 1,2-C6H6O2� (CH3)2SH� (b)


1,3-C6H6O2H�� (CH3)2S� 1,3-C6H6O2� (CH3)2SH� (c)


1,4-C6H6O2H��C6H5NO2� 1,4-C6H6O2�C6H5NO2H� (d)


All three isomers of dihydroxybenzene are crystalline at room temperature
and have melting points of 104 �C for catechol, 110 �C for resorcinol, and
170 �C for hydroquinone. The sample mixtures were prepared as follows. A
small weighed amount (ca. 70 mg) of a dihydroxybenzene was placed in a
5-L stainless steel vessel of the gas-handling plant at room temperature.
The vessel was then evacuated and filled with methane, which was used as a
carrier/buffer gas. Selected exchange partners were injected into the 5-L
vessel with a calibrated syringe through a fitted septum port. The gas-
handling plant was subsequently heated to 5 ± 10 �C above the melting
temperature of the dihydroxybenzene and left for 10 h to ensure complete
vaporization of the dihydroxybenzene. The sample mixture was then
allowed to flow through the ion source. To prevent deposition of
dihydroxybenzenes on the walls of the gas transfer lines connecting the
gas handling plant and the ion source, the lines were heated to above
100 �C. This measure proved to be crucial for dihydroxybenzenes to reach
the ion source. Nevertheless, two cold spots, albeit with a small surface area,
could not be eliminated, and a later inspection showed that a small amount
of dihydroxybenzenes condensed there. However, the resulting error in the


concentration of the neutral compound leads to a systematic error only in
the entropy change for a proton exchange reaction that was estimated to be
no more than about 4 Jmol�1K�1. The proton exchange equilibria were
measured over the temperature range 170 ± 270 �C.


Calculations : Standard ab initio molecular orbital calculations were carried
out with the Gaussian98 suite of programs.[7] Both correlated methods and
density functional theory (DFT) were used. In the former approach, the
geometries of the different species were first optimized at the HF/6-31G*
level; the zero-point energy (ZPE) was calculated at this level after scaling
by a factor of 0.8929. The geometries were then refined at the MP2(Fro-
zenCore)/6-31G* level to take electron correlation effects explicitly into
account. It was established that accurate heats of formation (i.e.,
�6 kJmol�1) can be obtained from calculations at the G2 level of theory
or its variant, G2(MP2) and G2(MP2,SVP).[8] Owing to the size of the
systems considered, we chose the G2(MP2,SVP) technique. In this
approach, the energies are calculated at the QCISD(T) level by using the
split-valence plus polarization (SVP) 6-31G(d) basis set. Corrections for
basis set deficiencies are evaluated at the MP2/6-311�G(3df,2p) level. A
higher-level correction (HLC), which depends on the number of paired and
unpaired electrons, is finally introduced. The total energy
E[G2(MP2,SVP)] is then given by Equation (5). The HLC correction is
calculated from HLC��An��Bn� , where n� and n� are the number of �
and � valence electrons, respectively (n�� n�), and the parameters A and B
are equal to 5.13� 10�3 and 0.19� 10�3 Hartree, respectively.


E[G2(MP2,SVP)]�E[QCISD(T)/6-31G(d)]�E[MP2/6-311
�G(3df,2p)]�E[MP2/6-31G(d)]�HLC�ZPE (5)


It is known that density functional theory may provide accurate results at
lower cost. It is well established, for instance, that the B3LYPmethod yields
vibrational frequencies in better agreement with experiment than the MP2
values, at a much lower computational cost.[9] The same good performance
is observed for infrared intensities.[10] On the other hand, this DFT
approach, when used with a 6-311�G(3df,2p) basis set expansion, provides
PAs in reasonable agreement with the experimental values.[11] Here a
comparison is made between G2(MP2,SVP) results and single point energy
calculations at the B3LYP/6-311�G(3df,2p) level with B3LYP/6-31G(d)
optimized geometries. The zero-point energy correction was included by
using the B3LYP/6-31G(d) vibrational frequencies scaled by a factor
0.98.[12]


The 298 K proton affinities were calculated from Equation (6), where E
represents the total energy at 0 K, �298H� the difference (Ho


298(M)�
Ho


0(M))� [Ho


298�298(MH�)�Ho


0(MH�)], and 6.2 kJmol�1 is the enthalpy
of translation of the proton at 298 K (i.e., 5/2 RT). The �298H� terms were
estimated by using the standard statistical thermodynamic equations and
the relevant vibrational frequencies.


PA(M)�E(M)�E(MH�)��298H�� 6.2 kJmol�1 (6)


The bonding characteristics of the compounds under investigation, in
particular the existence and strength of intramolecular hydrogen bonds in
the case of catechol, were analyzed with the atoms in molecules (AIM)
theory of Bader.[13] For this purpose the relevant bond critical points (i.e.,
points where the electron density is minimum along the bond path and
maximum in the other two directions) were located, and the values of the
electron density at this point were evaluated. A positive value of the latter
means a bonding effect, typically, electron density lower than 0.1 eau�3


corresponds to weak interactions such as hydrogen bonds, while larger
values are associated with covalent bonds.
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Abstract: Ethers of trifluoroacetaldehyde hemiaminals can undergo dehydrofluori-
nation under basic conditions to provide ethers of difluoroketene hemiaminals. The
latter behave as equivalents of difluoroacetamide or difluoroacetate anions towards
various electrophiles, yielding a range of difluoromethylcarbonyl products.
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Introduction


Because of the particular properties of fluorine, the introduc-
tion of such an element on organic substrates induces dramatic
consequences on their chemical and biological activities.[1]


Among fluorinated compounds, difluoromethylated ones pres-
ent unique biological properties.[2] For this reason, a variety of
methods have been developed for their preparation.[3]


Among them, the introduction of difluoromethylcarbonyl
moieties, which can be functionalized in further steps,
constitutes an attractive strategy. For example, Reformat-
sky-type reactions with halodifluoroacetates are often used
for this purpose[3a, 4] but are limited by lack of availability of
such reagents. Selective defluorination of a trifluoromethyl
group is another fruitful strategy and has been widely studied.
Especially, Portella et al. have shown that difluoroenoxysilanes,
generated from acylsilanes and Ruppert×s reagent (CF3SiMe3),
constitute equivalents of the difluoromethylcarbonyl anion.[5]


Nevertheless, CF3SiMe3 is difficult to use on a larger scale. On
the other hand, Uneyama et al. have reported on the electro-
reductive defluorination of trifluoromethyl ketones[6] or
trifluoroacetic acid esters,[7] in the presence of trimethylsilyl
chloride, which provides �,�-difluoroenol silyl ethers or �,�-


difluoroketenes silyl acetals, respectively. These intermediates
can behave, under fluoride activation, as difluoromethylene
anions but their preparation needs specific electrochemical
conditions. The same authors have also demonstrated that
magnesium can be used to promote reductive defluorination.
The resulting �-silyl difluoroacetates can react in the same
way as the Ruppert×s reagent.[8] However, the required excess
of magnesium constitutes an environmental drawback.


Finally, Dolbier et al. achieved the basic dehydrofluorina-
tion of 1,1-bis(dialkylamino)-2,2,2-trifluorethanes 1 to gener-
ate difluoroketenes aminals 2 which, after reaction with
benzaldehydes, provided �-hydroxy-�,�-difluoropropion-
amides (Scheme 1).[9] Although this strategy is very elegant,
the access to 1 is not easy and limits its synthetic applications.


CF3CH(NMe2)2
BuLi NMe2


NMe2F


F PhC(O)H
Ph


OH


NMe2


O


F F1
2


Scheme 1. Synthesis of �,�-difluoropropionamides from Dolbier×s re-
agent.


During our investigations on the potentials of this new
family of fluorinated hemiaminals we are currently develop-
ing,[10, 11] we examined the use of such compounds as
difluoromethylenecarboxyl building blocks.


Results and Discussion


Our first goal was to deprotonate the silylated hemiaminal 3
to obtain, after loss of fluoride, the silylated difluoroketene
hemiaminal 4 (Scheme 2).
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Scheme 2. Deprotonation of the silylated hemiaminal 3.


Different basic systems have been tested to generate 4. It
appeared that hydrides and alcoholates were not strong
enough to deprotonate 3. Also, lithiated amides (LDA or
LiHMDS), even complexed by TMEDA, were not dissociated
enough to be efficient. Surprisingly, silicophilic attack occured
with butyl lithium, instead of the expected deprotonation.
Finally, deprotonation succeeded with KN(SiMe3)2 but the
fluoride anions, arising from a subsequent �-elimination,
desilylated 4 and 3 (which then lose �CF3).[10a] The anions thus
formed were protonated by HN(TMS)2, generated in situ, to
provide fluoroform and difluoroacetamide (Scheme 3).
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Scheme 3. Reaction of 3 with KN(TMS)2.


Since a silyl group seemed prejudicial for this reaction, we
then turned our attention to the methylated hemiaminal
derivative 5 that we previously described[11] and which is easily
synthesized from 3.[11b]


A rapid study of the deprotonation conditions showed that
KN(TMS)2 could not deprotonate 5, probably because of the
less acidic character of the proton, compared with that in 3.[12]


On the contrary, BuLi was able to abstract the hydrogen in �-
position to the CF3 group. A more accurate study of the
reaction conditions underlined the limited stability of the
resulting ketene hemiaminal 6 at room temperature. Finally,
the optimal results, compatible with a reasonable kinetics,
were obtained when slowly warming, for five hours, the
reaction medium from �78 to 10 �C (Scheme 4).


N


OMe


F3C
H


NBn


OMe


NF


F


NBn


BuLi


THF
-78°C → 10°C


5h
5 6


+  LiF


Scheme 4. Deprotonation of the methylated hemiaminal 5.


As 6 could not be isolated, its reactivity towards aldehydes
was studied in situ (Table 1).


Notably, 6 reacted very easily with benzaldehyde to yield,
after acidic hydrolysis, the expected compound 7a (entry 1).
Nevertheless, 2-naphtaldehyde delivered a disappointing
result under the same conditions (entry 4). To improve this


reaction, we ventured the hypothesis that the fluoride anions,
present in the reaction mixture, could be harmful. Thus, they
were quenched by trimethylsilyl triflate (TfOSiMe3) before
introducing the aldehyde. Thus, the yield of 7b increased
(entry 5) and was optimized with two equivalents of 6 and
TfOSiMe3 (entry 6). Surprisingly, when applied to benzalde-
hyde, these optimal conditions led to worse results (en-
tries 2, 3).


Nevertheless, despite these two opposite results, the
procedure using TfOSiMe3 was applied to other aldehydes
since benzaldehyde, which is well known to be very reactive,
could constitute an exception (Table 1). Generally, good
yields were reached. In contrast to Dolbier×s reagent 2,[9] 6
reacted also with enolizable aldehydes to deliver the corre-
sponding carbinols (entries 7, 10). However, a mixture of
;ester 7 (major product) and amide 8 (in around 20% yield)
was usually obtained. These two compounds arised from the
hydrolysis of the resonance forms of the adduct resulting from
the nucleophilic attack of 6 on the aldehyde substrate
(Scheme 5).


Abstract in French: Les e¬thers d×he¬miaminals du trifluoro-
ace¬talde¬hyde subissent, en milieu basique, une de¬shydrofluo-
ration pour conduire a¡ des e¬thers d×he¬miaminals de difluoro-
ce¬te¡nes. Ces derniers peuvent alors re¬agir comme des e¬quiva-
lents d×anions de de¬rive¬s de l×acide difluoroace¬tique envers
divers e¬lectrophiles pour fournir des compose¬s difluorome¬-
thyle¬s varie¬s.


Table 1. Reactivity of 6 with aldehydes.


R H


O
THF


R


OH


X


O


F F
6 +


X = OMe : 7  or  
X = NR2 : 8
(after acidic hydrolysis)


+  TfOSiMe3


x equiv 1 equiv y equiv


+10°C → r.t.
18h


Entry RCHO 6 TfOSiMe3 7 (%)[a] 8 (%)[a]


(x equiv) (y equiv)


1 benzaldehyde 1 0 7a : (80) 75
2 benzaldehyde 1 1 7a : (40)
3 benzaldehyde 2 2 7a : (45)
4 2-naphthaldehyde 1 0 7b : (36)
5 2-naphthaldehyde 1 1 7b : (62)
6 2-naphthaldehyde 2 2 7b : (70) 60
7 valeraldehyde 2 2 7c : 50 8c : 20
8 (6-methoxy)-2-naphthaldehyde 2 0 7d : (20)
9 (6-methoxy)-2-naphthaldehyde 2 2 7d : 65 8d : 25


10 octanaldehyde 2 2 7e : 70 8e : 25
11 3-formylthiophene 2 2 7 f : 64 8 f : 22
12 cinnamaldehyde 2 2 7g : 55 8g : 35
13 N-Boc-3-formylindole 2 2 7 h : 80 8 h : 10


[a] Isolated yield. In parentheses: crude yields determined by 19F NMR with internal
standard (PhOCF3).
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Scheme 5. Synthesis of esters or amides from 6.


The fact that this phenomenon occured only when TfO-
SiMe3 was added (entries 8, 9) and that this additive increased
the overall yield of products led us to propose the mechanism
shown in Scheme 6.
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Scheme 6. Mechanism of reaction of 6 with aldehydes.


After deprotonation of 5, the lithium fluoride generated
forms a rather tight ion pair in which lithium interacts with
both the nitrogen and the oxygen atoms of 6. When no
trimethylsilyl triflate was added, the iminium formation is
only favored because the strong chelation of lithium cation by
the oxygen doublets prevents their conjugation with the �


system. Thus, only the ester is obtained after hydrolysis.
When TfOSiMe3 is added, lithium triflate is formed as a


loose ion pair and, because of its mild Lewis acid character,[13]


activates the aldehyde. Consequently, nitrogen and oxygen


atoms of 6 are no longer chelated by lithium and both iminium
or oxonium forms can be considered. After reaction with
aldehyde and hydrolysis, they lead to ester 7 and amide 8,
respectively. Nevertheless, because of a better overlap of the
orbitals of nitrogen doublets with � electrons,[14] a higher
weight can be attributed to the iminium resonance form and,
consequently, the ester is the major product.


The case of naphthaldehyde, from which no amide was
formed even in the presence of TfOSiMe3, can be interpreted
by the fact that this aldehyde is reactive enough that it doesn×t
need any activation. Thus, the rapid process without activa-
tion matched the one with TfOSiMe3 activation so that the
amount of amide formed was too low to be either detected or
isolated.


In contrast, simple ketones such as benzophenone, chalcone
or acetophenone were not reactive enough to undergo
nucleophilic attack from 6, even with Lewis acid activation
(BF3 ¥Et2O, Bu2BOTf, TfOSiMe3, .. .), whereas activated
ketones, such as �-ketoesters, did react (see Table 3, entry 2).


Since very reactive substrates were needed, our interest was
then focused on acyl chlorides (Table 2).


In this case, fluoride anions must always be quenched
(entries 1, 2); otherwise, acyl fluorides, which are generally
less reactive than chlorides, were formed.[15] This hypothesis
was verified by the absence of any reaction between benzoyl
fluoride and 6. As for aldehydes, the best results were
obtained with two equivalents of 6 and TfOSiMe3 (entry 3)
but, in contrast to aldehydes, amides 9 were exclusively
formed.


This result can be explained by a subsequent Krapcho-type
reaction from the chloride anions liberated in the medium
(Scheme 7).


This hypothesis has been confirmed by hydrolyzing the
crude mixture resulting from 6 and benzaldehyde, with a
aqueous saturated LiCl solution: Amide 8a was exclusively
obtained instead of ester 7a. The same result was observed
from N-Boc-3-formylindole which delivered amide 8h
(Scheme 8).


To extend the scope of reagent 6, its reactivity towards
miscellaneous electrophiles was also investigated (Table 3).


As already mentioned, in contrast with unactivated ke-
tones, �-keteoesters reacted nicely with 6 and delivered the
ester product only.


Table 2. Reaction of 6 with acyl chlorides.


R Cl


O
THF


R


O


N


O


F F NBn


6 +


9


+  TfOSiMe3


x equiv 1equiv y equiv


+10°C → r.t.
18h


Entry R x (equiv) y (equiv) 9 (%)[a]


1 Ph 1 0 9a : 25 (35)
2 Ph 1 1 9a : (50)
3 Ph 2 2 9a : 70 (80)
4 cyclopropyl 2 2 9b : 57 (60)
5 tert-butyl 2 2 0
6 Ph2N 2 2 0


[a] Isolated yield. In parentheses crude yield determined by 19F NMR with
internal standard (PhOCF3).
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Scheme 7. Krapcho-type reaction after the attack of acyl chlorides by 6.
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Scheme 8. Selective formation of 8.


In the case of benzeneselenenyl chloride or chloroiminium
chloride, the amidic product was exclusively obtained, again,
because of a subsequent Krapcho reaction (entry 1). The
Vilsmeier×s salt provided a di-substituted compound (en-
tries 3, 4) since the first attack of 6 on this substrate led, after
addition ± elimination, to another iminium salt which is able to
react again with 6 (Scheme 9).
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Scheme 9. Reaction of 6 with Vilsmeier×s salt.


Conclusion


In summary, this work demonstrates that hemiaminals of
fluoral are not only trifluoromethylating agents but also very
efficient sources of equivalents of difluoromethylcarboxyl
anions which can be transferred on various electrophiles. The
exploitation of this strategy for synthetic applications is under
study in our laboratory and will be reported in due course.


Experimental Section


General remarks : Solvents were distilled prior use. Other reagents were
used as received. 1H, 13C and 19F NMR spectra were recorded in CDCl3 at
300, 75 and 282 MHz, respectively. Chemical shifts are given in ppm
relative to TMS (1H, 13C) or CFCl3 (19F) as internal references. Coupling
constants are given in Hertz. Flash chromatography was performed on
Merck silica gel 60M (0.04 ± 0.063 mm). Melting points (uncorrected) were
determined in capillary tubes on a B¸chi apparatus. Reagent 5 was
prepared according to our previous work.[11b]


General procedure for the reaction with aldehydes : A solution of BuLi
(2.5� in hexanes, 0.8 mL, 2 mmol) was added at �78 �C, under nitrogen, to
a solution of 5 (0.576 g, 2 mmol) in dry THF (2 mL). The temperature was
allowed to rise slowly (for 5 h) to 0� 10 �C. Then, trimethylsilyl trifluoro-
methanesulfonate (0.360 mL, 2 mmol) was added, followed, 10 min later,
by the aldehyde (1 mmol). After 2 h, the cooling bath was removed and the
mixture stirred for 18 h at room temperature. The reaction mixture was
then hydrolyzed with aqueous 1� HCl (2 mL) for 1 h and extracted with
dichloromethane. The organic solution was dried over Na2SO4 and
evaporated under vacuo. The crude product was then purified by flash
chromatography (eluents are indicated in parentheses).


General procedure for the reaction with aldehydes followed by LiCl
hydrolysis : The same procedure was applied but hydrolysis with HCl was
replaced by a treatment with a saturated LiCl aqueous solution.


General procedure for the reaction with acid chlorides or benzeneselenenyl
chloride : The same procedure was applied but hydrolysis with HCl was
replaced by aqueous hydrolysis.


General procedure for the reaction with Vilsmeier×s salt : The same
procedure was applied but with 4 equiv 5, BuLi and TfOSiMe3 and
hydrolysis with HCl was replaced by aqueous hydrolysis.


Methyl 2,2-difluoro-3-hydroxy-3-phenylpropanoate (7a): (petroleum
ether/ether 19:1 then 4:1, yellow oil). 1H NMR: �� 7.44 ± 7.34 (m, 5H),
5.16 (dd, J� 16.1, J� 7.1 Hz, 1H), 3.84 (s, 3H); 13C NMR: �� 164.6 (dd,
J� 32.8, J� 31.0 Hz), 134.92 (d, J� 1.7 Hz), 129.7, 128.8, 128.1, 114.4 (dd,
J� 259.5, J� 253.7 Hz), 74.0 (dd, J� 28.2, J� 24.1 Hz), 53.9; 19F NMR: ��
�113.6 (dd, J� 262.7, J� 7.1 Hz, 1F), �121.4 (dd, J� 262.7, J� 16.1 Hz,
1F); elemental analysis calcd (%) for C10H10F2O3: C 55.56, H 4.66; found: C
55.34, H 4.84.


1-(4-Benzylpiperazino)-2,2-difluoro-3-hydroxy-3-phenyl-1-propanone
(8a): (petroleum ether/ether 4:1, yellow oil). 1H NMR: �� 7.37 ± 7.28 (m,
10H), 5.28 (dd, J� 21.9, J� 3.0 Hz, 1H), 3.70 (m, 4H), 3.54 (s, 2H), 2.54 ±
2.44 (m, 4H); 13C NMR: �� 162.85 (t, J� 28.9 Hz), 137.8, 135.0 (d, J�
1.6 Hz), 129.5, 129.1, 128.8, 128.8 (t, J� 1.1 Hz), 128.4, 127.8, 115.4 (dd, J�
259.1, J� 267.3 Hz), 74.0 (dd, J� 29.1, J� 23.1 Hz), 53.3, 52.9, 46.2 (dd, J�
6.9, J� 5.8 Hz), 43.5; 19F NMR: ���103.7 (dd, J� 291.1, J� 3.0 Hz, 1F),


Table 3. Reactions of 6 with miscellaneous electrophiles.


THF
X


O


F F


El


r.t. / 18h


10-12


6   +   El   +   TfOSiMe3


x equiv 1equiv y equiv


Entry El x y Yield (%)[a]


1 PhSeCl 2 2 N


O


F F NBn


PhSe
10 : 60 (70)


2 methyl phenyloxoacetate 2 2 OMe


O


F F


MeO


O


Ph OH


11 : 85


3 Vilsmeier×s salt[b] 2 2 N
F2C


F2C


O


O


N


N


NBn


NBn


12 : 50


4 Vilsmeier×s salt[b] 4 4 12 : 73


[a] Isolated yield. In parentheses crude yield determined by 19F NMR with
internal standard (PhOCF3). [b] Commercial form or from DMF/POCl3.
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�118.2 (dd, J� 291.1, J� 21.9 Hz, 1F); elemental analysis calcd (%) for
C20H22F2N2O2: C 66.65, H 6.15, N 7.77; found: C 66.92, H 6.18, N 8.06.


Methyl 2,2-difluoro-3-hydroxy-3-(2-naphthyl)propanoate (7b): (petroleum
ether/ether 9:1 then 4:1, white solid). M.p. 90 �C; 1H NMR: �� 7.88 ± 7.85
(m, 4H), 7.58 ± 7.51 (m, 3H), 5.35 (dd, J� 15.8, J� 7.5 Hz, 1H), 3.87 (s, 3H);
13C NMR: �� 164.5 (dd, J� 32.7, J� 31.0 Hz), 134.1, 133.3, 132.3 (t, J�
1.1 Hz), 128.7, 128.6, 128.1, 127.9 (t, J� 1.1 Hz), 127.1, 126.8, 125.1 (t, J�
1.4 Hz), 114.4 (dd, J� 259.9, J� 253.9 Hz), 74.3 (dd, J� 28.0, J� 24.1 Hz),
53.9; 19F NMR: ���113.3 (dd, J� 263.5, J� 7.9 Hz, 1F), �120.8 (dd, J�
263.5, J� 15.6 Hz, 1F); elemental analysis calcd (%) for C14H12F2O3: C
63.16, H 4.54; found: C 63.03, H 4.89.


Methyl 2,2-difluoro-3-hydroxyheptanoate (7c): (petroleum ether/acetone
19:1, yellow viscous oil). 1H NMR: �� 4.03 (dddd, J� 9.8, J� 14.9, J� 7.4,
J� 2.8 Hz, 1H), 3.92 (s, 3H), 1.72 ± 1.22 (m, 6H), 2.4 (br s, 1H), 0.94 (t, J�
7.2 Hz, 3H); 13C NMR: �� 164.6 (dd, J� 32.9, J� 31.3 Hz), 115.2 (dd, J�
256.9, J� 254.1 Hz), 72.1 (dd, J� 27.2, J� 25.0 Hz), 53.8, 29.2 (dd, J� 3.0,
J� 1.9 Hz), 27.7, 22.7, 14.2; 19F NMR: ���114.9 (dd, J� 264.1, J� 7.4 Hz,
1F), �122.9 (dd, J� 264.1, J� 14.9 , 1F); elemental analysis calcd (%) for
C8H14F2O3: C 48.98, H 7.19; found: C 49.15, H 7.28.


1-(4-Benzylpiperazino)-2,2-difluoro-3-hydroxy-1-heptanone (8c): (Petro-
leum ether/acetone 19:1, yellow viscous oil). 1H NMR: �� 7.34 ± 7.28 (m,
5H), 4.08 (m, 1H), 3.76 (m, 2H), 3.67 (m, 2H), 3.55 (s, 2H), 2.51 (m, 4H),
1.68 ± 1.27 (m, 6H), 0.94 (t, J� 7.127, 3H); 13C NMR: �� 162.7 (t, J�
29.427), 137.8, 129.5, 128.8, 127.8, 116.5 (dd, J� 265.4, J� 259.327), 72.2
(dd, J� 28.3, J� 24.427), 63.1, 53.4, 52.9, 46.2 (dd, J� 7.1, J� 5.527), 43.3,
28.2 (dd, J� 3.3, J� 2.227), 28.1, 22.9, 14.4; 19F NMR: ���107.1 (d, J�
291.127, 1F), �118.7 (dd, J� 291.1, J� 19.5 Hz, 1F); elemental analysis
calcd (%) for C18H26F2N2O2: C 63.51, H 7.70, N 8.23; found: C 63.39, H 7.61,
N 7.94.


Methyl 2,2-difluoro-3-hydroxy-3-(6-methoxy-2-naphthyl) propanoate (7d):
(Petroleum ether/acetone 9:1, beige solid). M.p. 105 �C; 1H NMR: �� 7.83
(s, 1H), 7.78 ± 7.71 (m, 2H), 7.52 (m, 1H), 7.21 ± 7.14 (m, 2H), 5.31 (dd, J�
15.9, J� 7.9 Hz, 1H), 3.94 (s, 3H), 3.86 (s, 3H); 13C NMR: �� 164.6 (dd,
J� 31.0, J� 36.7 Hz), 158.6, 135.3, 130.14, 130.11, 128.8, 127.7, 127.5, 125.8
(t, J� 1.4 Hz), 119.7, 114.5 (dd, J� 253.0, J� 259.6 Hz), 106.0, 74.2 (dd, J�
28.0, J� 24.1 Hz), 55.7, 53.9; 19F NMR: ���113.6 (dd, J� 262.9, J�
7.9 Hz, 1F), �120.8 (dd, J� 262.9, J� 15.9 Hz, 1F); elemental analysis
calcd (%) for C15H14F2O4: C 60.81, H 4.76; found: C 60.98, H 4.83.


1-(4-Benzylpiperazino)-2,2-difluoro-3-hydroxy-3-(6-methoxy-2-naphthyl)-
1-propanone (8d): (Petroleum ether/acetone 9:1, beige solid). M.p. 130 �C;
1H NMR: �� 7.91 (s, 1H), 7.80 ± 7.76 (m, 2H), 7.59 (m, 1H), 7.38 ± 7.27 (m,
5H), 7.22 ± 7.17 (m, 2H), 5.42 (dd, J� 20.9, J� 3.2 Hz, 1H), 4.35 (br s, 1H),
3.94 (s, 3H), 3.71 (m, 4H), 3.52 (s, 2H), 2.52 (m, 2H), 2.43 (m, 2H);
13C NMR: �� 162.9 (dd, J� 29.4, J� 28.3 Hz), 158.4, 137.7, 135.6, 134.15,
134.11, 129.5, 128.85, 128.80, 128.1, 127.8, 126.9, 126.7 (t, J� 1.6 Hz), 119.4,
115.6 (dd, J� 258.5, J� 267.3 Hz), 106.0, 74.2 (dd, J� 29.1, J� 23.0 Hz),
63.1, 55.7, 53.3, 52.9, 46.2 (t, J� 6.3 Hz), 43.5; 19F NMR: ���103.4 (dd, J�
291.4, J� 3.2 Hz, 1F), �117.8 (dd, J� 291.4, J� 20.9 Hz, 1F); elemental
analysis calcd (%) for C25H26F2N2O3: C 68.17, H 5.95, N 6.36; found: C
67.95, H 6.02, N 6.07.


Methyl 2,2-difluoro-3-hydroxydecanoate (7e): (petroleum ether/acetone
19:1, yellow oil). 1H NMR: �� 4.03 (dddd, J� 2.7, J� 9.8, J� 15.0, J�
7.5 Hz, 1H), 3.92 (s, 3H), 2.3 (br s, 1H), 1.71 ± 1.20 (m, 12H), 0.90 (t, J�
6.7 Hz, 3H); 13C NMR: �� 164.6 (dd, J� 31.3, J� 32.9 Hz), 115.2 (dd, J�
256.9, J� 254.1 Hz), 72.1 (dd, J� 25.3, J� 27.4 Hz), 53.8, 32.1, 29.6, 29.52
(dd, J� 1.4, J� 1.9 Hz), 29.47, 25.6, 23.0, 14.5; 19F NMR: �� -115.0 (dd, J�
264.1, J� 7.5 Hz, 1F), �123.0 (dd, J� 264.1, J� 15.0 Hz, 1F); elemental
analysis calcd (%) for C11H20F2O3: C 55.45, H 8.46; found: C 55.53, H 8.73.


1-(4-Benzylpiperazino)-2,2-difluoro-3-hydroxy-1-decanone (8e): (petrole-
um ether/acetone 19:1, yellow viscous oil). 1H NMR: �� 7.36 ± 7.27 (m,
5H), 4.18 (m, 1H), 3.76 (m, 2H), 3.68 (m, 2H), 3.55 (s, 2H), 2.52 (m, 4H),
1.68 ± 1.21 (m, 12H), 0.9 (t, J� 6.4 Hz, 3H); 13C NMR: �� 162.75 (dd, J�
29.1 Hz), 137.7, 129.5, 128.8, 127.8, 116.5 (dd, J� 259.1, J� 265.1 Hz),72.24
(dd, J� 24.1, J� 28.5 Hz), 63.1, 53.4, 52.8, 46.2 (dd, J� 7.1, J� 5.5 Hz), 43.2,
32.2, 29.8, 29.6, 28.5 (dd, J� 3.6, J� 1.9 Hz), 25.9, 23.0, 14.5; 19F NMR: ��
�103.4 (d, J� 291.4 Hz, 1F), �117.8 (dd, J� 291.4, J� 20.6 Hz, 1F);
elemental analysis calcd (%) for C21H32F2N2O2: C 65.94, H 8.43, N 7.32;
found: C 66.09, H 8.67, N 7.68.


Methyl 2,2-difluoro-3-hydroxy-3-(3-thienyl)propanoate (7 f): (petroleum
ether/acetone 9:1, yellow viscous oil). 1H NMR: �� 7.42 ± 7.32 (m, 2H), 7.18


(m, 1H), 5.27 (m, 1H), 3.87 (s, 3H), 3.2 (br s, 1H); 13C NMR: �� 164.4 (dd,
J� 31.3, J� 32.9 Hz), 136.1 (d, J� 2.2 Hz), 126.9 (t, J� 1.7 Hz), 126.7, 125.1
(t, J� 1.4 Hz), 114.2 (dd, J� 259.1, J� 254.1 Hz), 70.7 (dd, J� 25.3, J�
28.5 Hz), 53.9; 19F NMR: ���113.8 (dd, J� 262.7, J� 8.0 Hz, 1F), �120.9
(dd, J� 262.7, J� 16.1 Hz, 1F); elemental analysis calcd (%) for
C8H8F2O3S: C 43.24, H 3.63, S 14.43; found: C 42.96, H 3.65, S 14.05.


1-(4-Benzylpiperazino)-2,2-difluoro-3-hydroxy-3-(3-thienyl)-1-propanone
(8 f): (petroleum ether/acetone 9:1, white solid). M.p. 101 �C; 1H NMR: ��
7.44 (m, 1H), 7.36 ± 7.28 (m, 6H), 7.21 (m, 1H), 5.36 (dd, J� 20.4, J� 3.2 Hz,
1H), 3.72 (m, 4H), 3.57 (s, 2H), 2.52 (m, 4H); 13C NMR: �� 162.7 (t, J�
28.8 Hz), 137.4, 136.1 (d, J� 1.7 Hz), 129.6, 128.8, 127.9, 127.5 (t, J� 1.7 Hz),
125.8, 124.9 (t, J� 1.4 Hz), 115.2 (dd, J� 267.0, J� 258.8 Hz), 71.1 (dd, J�
23.6, J� 30.2 Hz), 63.0, 53.3, 52.8, 46.1 (dd, J� 6.9, J� 5.8 Hz), 43.3; 19F
NMR: ���104.0 (dd, J� 290.8, J� 3.2 Hz, 1F), �117.0 (dd, J� 290.8, J�
20.4 Hz, 1F); elemental analysis calcd (%) for C18H20F2N2O2S: C 59.00,
H 5.50, N 7.65; found: C 59.31, H 5.47, N 7.92.


Methyl (E)-2,2-difluoro-3-hydroxy-5-phenyl-4-pentenoate (7g): (petrole-
um ether/acetone 19:1, yellow viscous oil). 1H NMR: �� 7.45 ± 7.27 (m,
5H), 6.82 (d, J� 16.0 Hz, 1H), 6.26 (dd, J� 6.5, J� 16.0 Hz, 1H), 4.77
(dddd, J� 6.5, J� 14.3, J� 7.9, J� 1.2 Hz, 1H), 3.92 (s, 3H), 2.9 (br s, 1H);
13C NMR: �� 164.3 (dd, J� 31.3, J� 32.4 Hz), 136.4, 136.1, 129.1, 129.0,
127.3, 121.9 (dd, J� 3.3, J� 2.2 Hz), 114.5 (dd, J� 258.0, J� 254.1 Hz), 73.3
(dd, J� 25.0, J� 28.3 Hz), 53.9; 19F NMR: ���113.9 (dd, J� 263.5, J�
7.9 Hz, 1F), �121.3 (dd, J� 263.5, J� 14.3 Hz, 1F); elemental analysis
calcd (%) for C12H12F2O3: C 59.50, H 4.99; found: C 59.63, H 5.13.


(E)1-(4-Benzyl-piperazin-1-yl)-2,2-difluoro-3-hydroxy-5-phenylpent-4-en-
1-one (8g): (petroleum ether/acetone 19:1, white solid). M.p. 96 �C;
1H NMR: �� 7.45 ± 7.28 (m, 10H), 6.86 (d, J� 16.0 Hz, 1H), 6.34 (dd,
J� 6.2, J� 16.0 Hz, 1H), 4.82 (dddd, J� 6.2, J� 17.2, J� 1.2, J� 5.5 Hz,
1H), 3.77 (m, 2H), 3.70 (m, 2H), 3.56 (s, 2H), 2.53 (m, 4H); 13C NMR: ��
162.4 (t, J� 28.8 Hz), 137.7, 136.6, 135.4, 129.6, 129.0, 128.8, 128.5, 127.8,
127.2, 122.7 (t, J� 3.0 Hz), 115.8 (dd, J� 265.4, J� 259.9 Hz), 73.6 (dd, J�
28.5, J� 24.7 Hz), 53.4, 52.9, 46.2 (dd, J� 7.1, J� 5.5 Hz), 43.3; 19F NMR:
���105.1 (dd, J� 290.5, J� 5.5 Hz, 1F), �114.8 (dd, J� 290.5, J�
17.2 Hz, 1F); elemental analysis calcd (%) for C22H24F2N2O2: C 68.38, H
6.26, N 7.25; found: C 68.52, H 6.02, N 7.32.


Methyl 2,2-difluoro-3-hydroxy-3-(N-Boc-1H-indol-3-yl) propanoate (7 h):
(petroleum ether/acetone 19:1, yellow viscous oil). 1H NMR: �� 8.15 (d,
J� 8.1 Hz, 1H), 7.75 (s, 1H), 7.69 (d, J� 7.7 Hz, 1H), 7.37 ± 7.22 (m, 2H),
5.47 (dd, J� 16.3, J� 7.7 Hz, 1H), 3.85 (s, 3H), 1.67 (s, 9H); 13C NMR: ��
164.5 (dd, J� 31.0, J� 32.7 Hz), 149.9, 135.8, 129.1, 125.9, 125.2, 123.3,
120.4, 115.6, 115.3 (d, J� 2.8 Hz), 114.7 (dd, J� 253.6, J� 259.1 Hz), 84.8,
68.3 (dd, J� 25.0, J� 29.4 Hz), 53.9, 28.5; 19F NMR: ���113,2 (dd, J�
259.5, J� 7.7 Hz, 1F), �120.3 (dd, J� 259.5, J� 16.3 Hz, 1F); elemental
analysis calcd (%) for C17H19F2NO5: C 57.46, H 5.69; found: C 57.25, H 5.37.


1-(4-Benzylpiperazino)-2,2-difluoro-3-hydroxy-3-(N-Boc-1H-indol-3-yl)-
1-propanone (8 h): (petroleum ether/acetone 19:1, yellow solid). M.p.
150 �C; 1H NMR: �� 8.19 (d, J� 8.1 Hz, 1H), 7.76 (s, 1H), 7.70 (d, J�
7.7 Hz, 1H), 7.35 ± 7.25 (m, 7H), 5.59 (dd, J� 21.4, J� 2.7 Hz, 1H), 3.73 (m,
4H), 3.55 (s, 2H), 2.56 ± 2.45 (m, 4H), 1.69 (s, 9H); 13C NMR: �� 162.7 (t,
J� 28.8 Hz), 149.9, 137.7, 135.8, 129.7, 129.5, 128.8, 127.8, 126.1, 124.9, 123.2,
120.6, 115.8 (dd, J� 267.6, J� 259.3 Hz), 115.6, 115.1 (d, J� 1.6 Hz), 84.3,
68.9 (dd, J� 23.4, J� 31.0 Hz), 63.1, 53.3, 52.9, 46.3 (dd, J� 6.6, J� 5.5 Hz),
43.5, 28.6; 19F NMR: ���103.9 (dd, J� 291.1, J� 2.7 Hz, 1F), �117.0 (dd,
J� 291.1, J� 21.4 Hz, 1F); elemental analysis calcd (%) for C27H31F2N3O4:
C 64.92, H 6.25, N 8.41; found: C 64.64, H 6.19, N 8.27.


1-(4-Benzylpiperazino)-2,2-difluoro-3-phenyl-1,3-propanedione (9a): (pe-
troleum ether/ether 4:1, yellow oil). 1H NMR: �� 8.13 ± 8.08 (m, 2H), 7.67
(m, 1H), 7.55 ± 7.48 (m, 2H), 7.36 ± 7.28 (m, 5H), 3.69 (m, 4H), 3.55 (s, 2H),
2.50 (m, 4H); 13C NMR: �� 187.1 (t, J� 26.9 Hz), 160.5 (t, J� 27.2 Hz),
137.4, 135.2, 132.0 (t, J� 1.1 Hz), 130.6 (t, J� 2.7 Hz), 129.6, 129.2, 128.8,
127.9, 112.1 (t, J� 264.5 Hz), 63.0, 53.2, 52.7, 46.0 (t, J� 4.7 Hz), 43.6; 19F
NMR: ���102.9 (s); elemental analysis calcd (%) for C20H20F2N2O2: C
67.03, H 5.62, N 7.82; found: C 67.15, H 5.97, N 7.59.


1-(4-Benzylpiperazino)-3-cyclopropyl-2,2-difluoro-1,3-propanedione (9b):
(petroleum ether/acetone 9:1, yellow viscous oil). 1H NMR: �� 7.34 ± 7.28
(m, 5H), 3.66 (m, 4H), 3.54 (s, 2H), 2.49 (m, 4H), 2.31 (m, 1H), 1.31 ± 1.15
(m, 4H); 13C NMR: �� 198.2 (t, J� 27.4 Hz), 160.1 (t, J� 26.9), 137.8,
129.5, 128.8, 127.8, 111.3 (t, J� 265.7 Hz), 63.1, 53.3, 52.8, 45.9 (t, J�
4.7 Hz), 43.5, 17.3, 14.0; 19F NMR: ���109.2 (s); elemental analysis calcd
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(%) for C17H20F2N2O2: C 63.34, H 6.25, N 8.69; found: C 63.53, H 6.18, N
9.02.


1-(4-Benzylpiperazino)-2,2-difluoro-2-(benzeneselenenyl)-1-ethanone
(10): (petroleum ether/acetone 19:1, yellow solid). M.p. 57 �C; 1H NMR:
�� 7.78 ± 7.73 (m, 2H), 7.48 ± 7.28 (m, 8H), 3.69 (m, 4H), 3.55 (s, 2H), 2.49
(m, 4H); 13C NMR: �� 160.6 (t, J� 25.0 Hz), 138.0, 137.9, 130.2, 129.6,
129.5, 128.9, 127.8, 124.5, 123.9 (t, J� 306.5 Hz), 63.1, 53.4, 52.9, 46.2 (t, J�
5.2 Hz), 44.1; 19F NMR: ���71.2 (s); elemental analysis calcd (%) for
C19H20F2N2OSe: C 55.75, H 4.92, N 6.84, Se 19.29; found: C 56.04, H 4.87, N
6.99, Se 18.95.


Dimethyl 2,2-difluoro-3-hydroxy-3-phenylsuccinate (11): (petroleum
ether/acetone 9:1, yellow oil). 1H NMR: �� 7.84 ± 7.80 (m, 2H), 7.44 ± 7.40
(m, 3H), 4.5 (br s, 1H), 3.96 (s, 3H), 3.85 (s, 3H); 13C NMR: �� 170.9, 163.5
(dd, J� 31.3, 32.4 Hz), 133.6, 129.7, 128.6, 127.4 (t, J� 1.9 Hz), 113.5 (dd,
J� 262.9, J� 265.7 Hz), 77.5 (t, J� 31.8 Hz), 54.8, 54.0; 19F NMR: ��
�108.7 (d, J� 268.5 Hz, 1F), �115.1 (d, J� 268.5 Hz, 1F); elemental
analysis calcd (%) for C12H12F2O5: C 52.56, H 4.41; found: C 52.81, H 4.49.


1,5-Bis(4-benzylpiperazino)-3-(dimethylamino)-2,2,4,4-tetrafluoro-1,5-
pentanedione (12): (petroleum ether/acetone 9:1, yellow viscous oil).
1H NMR: �� 7.31 ± 7.27 (m, 10H), 4.9 (tt, J� 15.8, J� 13.7 Hz, 1H), 3.82 ±
3.62 (m, 8H), 3.54 (s, 4H), 2.66 (s, 6H), 2.50 (m, 8H); 13C NMR: �� 161.6
(t, J� 27.6 Hz), 137.9, 129.5, 128.8, 127.8, 119.4 (t, J� 265.5 Hz), 63.9 (quint,
J� 21.1 Hz), 63.1, 53.5, 53.0, 46.3 (br s), 44.0, 43.7; 19F NMR: ���101.1
(dd, J� 293.7, J� 15.8 Hz, 2F), �106.2 (dd, J� 293.7, J� 13.7 Hz, 2F).
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Control of the Morphogenesis of Barium Chromate by Using Double-
Hydrophilic Block Copolymers (DHBCs) as Crystal Growth Modifiers


Shu-Hong Yu,* Helmut Cˆlfen,* and Markus Antonietti[a]


Abstract: A systematic morphosynthe-
sis of barium chromate particles has
been performed by using double-hydro-
philic block copolymers (DHBCs),
which consist of a hydrophilic solvating
block and a hydrophilic binding block,
as crystal growth modifiers to direct
the controlled precipitation of barium
chromate from aqueous solution. Sev-
eral kinds of DHBCs with different
functional groups �COOH, �PO3H2,
�SO3H, �SH as well as PEG-poly-
(aminoamine) block-dendrimer copoly-
mers were explored for crystallization
and morphology control of barium chro-
mate. Well-defined morphologies of Ba-
CrO4 particles can be produced, such as
more or less dendritic X-shaped, elon-
gated X-shaped, or rodlike particles,
flower-like plates, ellipsoids, spheres,
nanofiber bundles, nanofibers, and other


more complex morphologies. In the
presence of the phosphonated copoly-
mer PEG-b-PMAA-PO3H2 (degree of
phosphonation: 21%) at pH 5, large
conelike bundles of nanofibers ranging
from 10 to 20 nm in diameter with
lengths up to 150 �m can be produced
at room temperature, whereas replace-
ment of the covalently bound phospho-
nate groups by the ionic salt analogue
dopant fails to produce this structure,
indicating the importance of the func-
tional polymer block structures. The
time-resolved formation process of the
bundles of nanofibres was investigated,


showing a remarkable self-similarity. At
temperatures higher than 50 �C, in plas-
tic flasks or when undergoing continu-
ous stirring, only ellipsoids or nearly
spherical particles can be obtained. This
shows that the fiber formation relies on
heterogeneous nucleation and is in
agreement with a recently published
mechanism where fiber formation is
due to the vectorially directed self-
assembly of primary particles. Our re-
sults demonstrate that the integration of
DHBCs, taking advantage of the exper-
imental conditions such as crystalliza-
tion sites, temperature, pH, and reactant
concentration, will extend the possibil-
ities for controlling the shape, size, and
microstructures of the inorganic crystals
by means of a simple mineralization
process.


Keywords: barium chromate ¥ block
copolymers ¥ colloids ¥ morphogen-
esis ¥ self-organization ¥ superstruc-
tures


Introduction


Synthesis of inorganic crystals with specific size and morphol-
ogy has recently attracted a lot of interest because of the
potential to design new materials and devices in various fields
such as catalysis, medicine, electronics, ceramics, pigments,
and cosmetics.[1±4] Shape control and exploration of novel
methods for self-assembling or surface-assembling molecules
or colloids to generate materials with controlled morpholo-
gies and unique properties have been undertaken in recent
years. For example, shape control has significant relevance in
the fabrication of semiconductor nanocrystals,[3] metal nano-


crystals,[4] and other inorganic materials,[1, 2] which may add
additional variables in tailoring the properties of nanomate-
rials. Much effort has been made in the fabrication of one-
dimensional nanowires or nanorods[5±8] by using hard tem-
plates such as carbon nanotubes[5, 6] and porous aluminum
templates,[7] or by laser-assisted catalytic growth (LCG),[8] as
well as controlled solution growth at room or elevated
temperature.[3, 9]


In addition, bioinspired morphosynthesis strategies have
also been explored to template inorganic materials with
controlled morphologies by using self-assembled organic
superstructures, organic additives, and/or templates with
complex functionalization patterns.[1, 10] The precipitation of
inorganic molecules with three-dimensional lipid and protein
structures has been found to generate unusual morphologies
such as oblong crystallites, mineralized organic tubules and
disks, and microporous reticulated structures.[11, 12] Reverse
micelles and microemulsion techniques have been widely
used for the preparation of copper nanorods,[4c] higher-order
structures such as BaCrO4 chains and filaments,[1d] BaSO4
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filaments and cones,[13] as well as CaSO4
[14] and BaCO3


nanowires[15] at room temperature.
Currently, hashemite, the naturally occurring chromate


analogue of barite, together with barite has been widely used
as a model system for morphosynthesis and kinetic crystal-
lization studies as they crystallize only in a single modifica-
tion. Hashemite can also be used as an oxidizing agent and
catalyst to carry out vapor-phase oxidation reactions.[16] Most
previous reports focus on barite. In contrast, hashemite has
rarely been studied. Prior to this report, an extra-slow
precipitation technique of X-shaped and hexagonal plates
and other, more complicated, forms of barium chromate
particles was reported as early as 1961.[17] Later, Mann et al.
described the synthesis of ordered microarrays of nanocrystals
of both barium chromate and sulfate,[1d] which demonstrated
the possibility of controlling both the morphology and the
mutual orientation, and micelles as well as microemulsions
have been used as templates for the synthesis of barite
nanofilaments.[13] On the other hand, several kinds of organic
additives have been used as crystal modifiers to direct the
nucleation and growth of barite from aqueous solution.[18, 19]


Whiting et al. reported the design of a family of macrocyclic
aminomethylphosphonates for the purpose of recognizing,
and binding to all of the important growing faces of barite, and
thus promoting isotropic growth.[20] Previous work has shown
that the phosphonate group is a good match for sulfate sites in
the barium sulfate lattice.[21, 22]


Although various examples of shape control have been
demonstrated, exploration of the facile synthesis of inorganic
crystals with controllable size and shape in aqueous solution
at room temperature remains nonsystematic and challenging.
Recently, it was shown that double-hydrophilic block copoly-
mers (DHBCs)[23] can exert a strong influence on the external
morphology and/or crystalline structure of inorganic particles
such as calcium carbonate,[24] calcium phosphate,[25] barium
sulfate,[26] and zinc oxide.[27]


Herein, we demonstrate a rather flexible morphosynthesis
of hashemite by using DHBCs as crystal modifiers. The
morphology can be systematically controlled by variation in
functional group and molecular structure of the DHBC
copolymers. Other effects such as the crystallization sites,
temperature, pH, reactant concentration, and copolymer
concentration on the morphology were also examined. The
results demonstrate that the integration of DHBCs, taking
advantage of other experimental conditions, will provide
more possibilities for the controlled synthesis of inorganic
crystals with well-defined shape, size, and microstructures.


Results and Discussion


Control of the morphogenesis of BaCrO4 : In the absence of
polymeric additives, the precipitation process of BaCrO4


occurs very quickly, and the solution always became turbid
in less than 6 min. All of the obtained products were revealed
to be well-crystallized hashemite crystals according to the
corresponding XRD results (see Figure 1 in the Supporting
Information). All diffraction peaks can be indexed with
reference to the unit cell of the hashemite structure (JCPDS


Card: 15-376, a� 9.105, b� 5.541, c� 7.343 ä, space group
Pnma [Dh


16]). Figure 1a shows that the crystals obtained in
the absence of additives exhibit dendritic X-shaped crystals
with an average length of about 10 �m. The observedmore-or-
less dendritic X-shaped morphology is similar to that obtained
by an extra-slow precipitation technique reported as early as
1961.[17] It has been reported that there are eight faces
important for the crystal growth of barite–(210), (001), (211),
(100), (101), (011), (010), and (111)[28a±b]–which will be also


Figure 1. Typical SEM images of the manipulation of BaCrO4 morphol-
ogies by DHBCs, the polymer concentration was kept at 1 gL�1


([BaCrO4]� 2 m�), pH 5: a) no additive; b) PEG-b-PMAA; c) PEG-b-
PMAA-PO3H2 (degree of phosphonation: 21%); d) PEG-b-PEI-(CH2�
CH2�PO3H2)n ; e) PEG-b-PHEE-PO4H2 (degree of phosphonation: 30%);
f) PEG-b-PEI(CH2�CH2�PO3H2)-COC11H23; g) PEG-b-PEI(CSHN�
CH3)n-C11H23; h) PEG-b-PEI-(CH2�CH2�CH2�SO3H2)n.
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applicable for hashemite since they have a similar structure
and can form a solid solution.[28c] The relative diffraction
intensity of either (200)/(002) or (210)/(002) is unusually
higher than that reported (JCPDS Card: 15-376), and
furthermore, only six out of the eight important faces are
found, indicating the preferential orientation growth of the
particles.
In contrast, the XRD patterns obtained in the presence of


poly(ethylene glycol)-block-poly(ethylene imine)-poly(acetic
acid)(PEG-b-PEIPA)[23b,c] and phosphonated poly(ethylene
glycol)-block-poly(methacrylic acid) (PEG-b-PMAA-PO3-
H2)[24a] show significant differences to that obtained in the
absence of an additive. The diffraction peaks become broader,
indicating that the crystals are significantly smaller than those
in the absence of polymer and, again, can be indexed as the
hashemite structure (JCPDS Card: 15-376). In the case of
using PEG-b-PMAA-PO3H2, a similar XRD pattern was
obtained.
The particles obtained in the presence of PEG-b-PEIPA


were found to be egg-shaped with an overall size of 100 ±
180 nm. Egg-shaped particles with a size of 1 �m were also
obtained with PEG-b-PMAA as a modifier, as shown in
Figure 1b. The inhibition effect of PEG-b-PMAA for hashe-
mite crystallization was found to be comparable to that of
PEG-b-PEIPA, which coincides with the results reported for
barite crystallization.[26c]


For the phosphonated derivative PEG-b-PMAA-PO3H2


(degree of phosphonation: 21%), nanofiber bundles were
obtained (Figure 1c). On the other hand, rodlike particles
with dimensions of 0.6� 2 �m were produced in the presence
of the phosphonated poly(ethylene glycol)-block-poly(ethy-
lene imine) (PEG-b-PEIPEPA(PEG-b-PEI-(CH2�CH2�PO3-
H2)n)[23c] (Figure 1d). When another phosphorus containing
copolymer, the partially phosphorylated poly(hydroxy ethyl
ethylene) block copolymer (PEG-b-PHEE-OPO3H2 (degree
of phosphonation: 30%))[29] was used, the morphology
changed to smaller, trapezoidal aggregates with no clear
expression of faces (Figure 1e). It is delineated that this
polymer is not purely hydrophilic anymore, but shows
amphiphilic character and surface activity.[29]


As expected, a more pronounced partial hydrophobic
modification of the functional polymer block results in mutual
aggregation of the DHBCs and therefore an altered mod-
ification pattern, resulting also in altered mineralized super-
structures. When the PEI backbone of PEG-b-PEI-(CH2�
CH2�PO3H2) was additionally modified with lauroyl-
COC11H23 moieties (PEG-b-PEI(CH2CH2�PO3H2)-COC11-
H23),


[23c]the hybrid superstructures are composed of smaller
aggregated spheres clustered together as shown in Figure 1 f,
and the rodlike structure obtained with the non-hydrophobi-
cally modified polymer (Figure 1d) is lost. Uniform, well-
defined lancet-like particles with a length of 20 �m and a
width of 5 �m were obtained in the presence of PEG-
PEI(CSHNCH3)n-COC11H23 (Figure 1g). Apparently, in this
case, the hydrophobic modification does not lead to clustered,
aggregated spheres as found for the phosphonated polymer
analogue, suggesting a site-selective block copolymer adsorp-
tion. The aspect ratio of a/b is as large as 5 ± 5.4 (Figure 1g),
which is much higher than that previously observed in the case


of barite,[18] an observation that supports site-selective block
copolymer adsorption.
If sulfonated poly(ethylene glycol)-block-poly(ethylene


imine) (PEG-b-PEI-(CH2�CH2�CH2�SO3H2)n) was used (a
poly-zwitterionic amphiphile), more elongated clusters of
compact particles were obtained, where the shape of the
cluster adopts the morphology of the lancets (Figure 1h),
suggesting an overgrowth of previously formed lancets.
All DHBCs based on a bare PEI binding site have


comparatively little control over the oriented growth of the
crystals under the applied acidic conditions at pH 5, under-
lining the fact that the growing crystals prefer to interact with
the negatively charged �PO3H2 and �COOH groups instead
of the positively charged PEI block. Only PEG-STAR-
BURST, which containes a rigid dendrimer (with a broad
distribution of pKa values) as the modifying functional unit,
shows a weak inhibition, and the morphology was found to
possess three-dimensionally, rectangular branched character-
istics (data not shown).


Complexity, similarity of fiber bundles and possible formation
mechanism : More complex morphologies of hashemite can be
formed in the presence of PEG-b-PMAA-PO3H2. Figure 2a


Figure 2. SEM and TEM images of highly ordered BaCrO4 nanofiber
bundles obtained in the presence of PEG-b-PMAA-PO3H2 (degree of
phosphonation: 21%) (1 gL�1) ([BaCrO4]� 2 m�), pH 5: a) SEM image
shows the very thin fiber bundles; b) two fiber bundles with conelike shape
and length about 150 �m; c) TEM image of the thin part of the fiber
bundles; d) electronic diffraction pattern taken along [001], showing that
the fiber bundles are well crystallized single crystals and elongated along
[210].


and 2b show SEM images of thin, flexible planes with sharp
edges composed of densely packed, highly ordered, parallel
nanofibers of BaCrO4. Figure 3b shows two fiber bundles
with a fanlike shape and length about 15 �m. Here, it may be
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Figure 3. Typical BaCrO4 multi-funnel-like superstructures with remark-
able self-similarity in the presence of PEG-b-PMAA-PO3H2 (degree of
phosphonation: 1%) (1 gL�1) ([BaCrO4]� 2 m�, pH 5), showing that the
superstructures are composed of several very thin layer fiber bundles with
flat ™funnel∫ edges.


seen that each of those superstructures nucleate from single
heterogeneous sites, but grow and fuse towards highly parallel
planes, as detected by their common sharp growth plane. The
TEM image with higher resolution in Figure 2c clearly shows
the self-organized nature of the superstructure. Whereas the
majority of the fibers appear to be aligned in a parallel
fashion, gaps between the single fibers can form, but are also
closed again. An electronic diffraction pattern taken from
such an oriented planar bundle as shown in Figure 2d
confirmed that the whole structure scatters as a well crystal-
lized single crystal where scattering is along the [001]
direction and the fibers are elongated along [210].
The atomic surface structure modeling data for the surface


cleavage of the hashemite crystal (see Figure 2 in the
Supporting Information) shows that the faces (1� 22),
(1� 21), (1� 20), (�120), which are parallel to the [210] axis,
contain slightly elevated barium ions, indicating that the
negatively charged �PO3H2, and �COOH groups of PEG-b-
PMAA-PO3H2 can preferentially adsorb on these faces by
electrostatic attraction and block these faces from further
growth. In contrast, surface cleavage of the (210) face shows
no barium ions on the surface that are susceptible to attack,
suggesting that the functional polymer group does not
favorably adsorb on this face leading to a fast growth rate.
This is favorable for orientation growth along the [210]
direction. Surface cleavage of the (2� 10), and (�210) faces
shows that these surfaces are neutral, that is, are composed of
strictly alternating Ba2� and CrO4


2� ions. Both polymer
adsorption and crystal growth are expected to be weak along
these faces, and indeed, the primary crystals lie in a vectorial
fashion along these faces, coexisting as the ribbon structures
shown in Figure 2c.


The fact that the structure is composed of single fibers, but
scatters as a single crystal in two dimensions, underlines the
perfect vectorial orientation of the building blocks, that is
there is no translational or rotational disorder between each
crystal unit cell of the system, and–although not connected–
they are locked in a periodic force field. This is in addition to
our previous findings where we discussed a vectorial direction
of crystalline bricklike building units which fuse together to
build up BaSO4 nanofibers.[26c] Here, we observe that the
fibers are grown along a single orientation direction and self-
organize into a two- or three-dimensional superstructure,
suggesting that in addition to the vectorially directed fiber
formation, forces also act perpendicular to the fiber axis,
which control their interspacing. However, as discussed
above, gaps may occur and furthermore, the fiber bundles
originate from a single point due to their heterogeneous
nucleation so that the finding of fibers that are perfectly
aligned in two dimensions only holds for the later develop-
ment (see Figure 2b).
Evidently, in accord with our earlier findings for barite


crystallization, a block copolymer with a combination of
carboxyl and phosphonate groups has a strong morphology-
directing influence towards fiber formation, although the
degree of phosphonation was rather low (21%).[26c] To test if
even spurious degrees of phosphonation, in conjunction with
carboxyl groups, can exert a directing influence, we prepared
a PEG-b-PMAA with very little phosphonation (ca. 1%, but
experimentally hard to quantify). In contrast to the egg-
shaped superstructures as found for the pure PEG-b-PMAA
(see Figure 1b), we obtained fused cones composed of
nanofibers and also a multi-cone-like superstructure that
shows a remarkable self similarity (see Figure 3). This
demonstrated that a small proportion of phosphonate groups
is able to dominate over a majority of carboxyl functionalities.
A control experiment where the crystallization was carried
out in the presence of 1 gL�1 PEG-b-PMAA and an
appropriate amount of Na2HPO3 as the functional low
molecular weight analogue, only yielded egg-shaped particles
as for pure PEG-b-PMAA. Thus, it is confirmed that a small
amount of phosphonate groups covalently bound to a PMAA
block is sufficient for the formation of fiber bundles.
The ability of the edges to attract each other and fuse leads


to the simultaneous occurrence of thin, very filigree fused
cones (see Figure 3a and 3b). The conelike superstructures
tend to grow further into a self-similar, multi-cone ™tree∫
structure which was observed before for barite mineralized in
the presence of polyacrylates, but only under very limited
experimental conditions.[26c] While closely inspecting the detailed
structures of the conelike bundles, many of them were found
to be in the form of cone-in-a-cone ™matrioshka∫ structure, as
clearly shown in the zoom series of Figure 3c and 3d.
This superstructure developed more clearly, and to much


larger sizes, when the mineralization temperature was low-
ered to 4 �C as shown in Figure 4a and 4b. The bigger size is
due to a lowered nucleation rate. Due to their size and the
related weight, the cones collapse, at least in the dried state
depicted by SEM. From the higher magnifications of the same
structures shown in Figure 4c and 4d, a number of facts
become obvious.
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Figure 4. Typical conelike superstructure containing densely-packed Ba-
CrO4 nanofiber bundles in the presence of PEG-b-PMAA-PO3H2 (degree
of phosphonation: 21%) (1 gL�1) ([BaCrO4]� 2 m�, pH 5): a, b) 4 �C;
c) the ™tip∫ of the cone; d) the ™end∫ of the cone.


� All structures always grow from a single starting point. This
may be the glass wall or other substrates such as TEM grids,
which provide the necessary heterogeneous nucleation
sites.


� The growth front is always very smooth (Figure 4c),
suggesting that the homogeneous joint growth of all single
nanofilaments even has the ability to cure occurring
defects. This is in line with our earlier findings for
BaSO4.[26c]


� The opening angle of the cones is always rather similar
when considering a constant ratio of longitudinal to
transverse growth. The opening angle seems to depend
on temperature, degree of phosphonation of the polymer,
and polymer concentration. The control experiments show
that the higher the temperature, the more linear the
structures become (see Figure 3a and 3b in the Supporting
Information).


� Secondary cones can nucle-
ate from either the rim or
defects on the cone, thus
resulting in treelike struc-
tures.


� The fact that a cone stops
growing once a second cone
has nucleated at one spot on
the rim shows that growth is
presumably slowing down
with time, favoring the
growth of the secondary
cone. This was recently dis-
cussed by a variety of au-
thors as a consequence of the
influence of electrostatic-di-


pole and multipole fields of the superstructure on ap-
proaching ions and colloidal building blocks, resulting in
branching instead of further growth.[26c, 30] A similar effect
is that ripened cones (such as the matrioshkas shown in
Figure 3c and 3d) show a frayed overgrowth of the rim by
secondary crystals, underlining that the primary crystalli-
zation mechanism has become ineffective.


� Due to drying, the cones can disintegrate towards single-
fiber bundles, showing that the cohesion between the single
fibers is weak, that is these are secondary interactions and
not crystalline forces aligning the fibers.
To shed some light on the nucleation process of the fiber


bundles, time-dependent transmission electron microscopy
experiments were conducted. Figure 5 shows representative
pictures of the early growth stage of the fiber bundles.
Figure 5a depicts the early stages of precipitation (after 4 h).
As already described for calcium carbonate[24b, 29] and


barium sulfate,[26c] the initially formed particles are amor-
phous with sizes of up to 20 nm, which can aggregate to larger
clusters. Evidently, this state of matter is the typical starting
point for all types of highly inhibited reactions. The very low
ion product of barium chromate (Ksp� 1.17� 10�10) shows
that the superstructures do not really grow from a super-
saturated ion solution but by aggregation/transformation of
the primary clusters formed. This is in perfect agreement with
earlier findings that in an ion solution with concentrations far
above the saturation level, amorphous clusters are formed
first, which then produce the crystalline nuclei at a later
stage.[31] After one day, the first conical fiber bundles were
found on the TEM grids as shown in Figure 5b. Indeed it is
seen that they start their life from a single nucleation site and
grow/multiply from the beginning in the same way seen on
larger scales by SEM. One can also distinguish some isolated
amorphous nanoparticles supporting the growth of the fibers.
Figure 5c shows another typical case with a start point and
developing and growing fiber bundles, and a lot of amorphous
particles at the end (growing point) (see inserted ED pattern
in Figure 5c).
A complete mechanism of the development of the multi-


cone-like superstructures is proposed. This is shown in
Scheme 1: i) At the beginning, amorphous particles are
formed which are stabilized by the DHBCs (stage 1); ii)


Figure 5. TEM images showing the evolution process of growth of the fiber bundles that formed on TEM grids in
the presence of PEG-b-PMAA-PO3H2 (degree of phosphonation: 21%), 1 gL�1, [BaCrO4]� 2 m�, in a
polypropylene (PP) tube after reaction for a) 4 h; b) 24 h; c) TEM images and inserted electronic diffraction
patterns showing the evidence of growth of the fiber bundles from the aggregation and connection of the
amorphous particles that formed on TEM grids in a polypropylene tube after reaction for 4 days: a typical fiber
bundle showing that it grew from a start point and with a lot of amorphous particles on the end. PEG-b-PMAA-
PO3H2 (degree of phosphonation: 21%), 1 gL�1, [BaCrO4]� 1 m�.
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Scheme 1. Proposed mechanism for the formation of complexity super-
structure with self-similarity.


heterogeneous nucleation of fibers occurs on glass substrates
and the fibers grow under control of DHBCs, presumably by
multipole field-directed aggregation of amorphous nanopar-
ticles (stage 2, for a closer view on multipole field directed
crystallization, see ref. [30d]); iii) the growth is continuously
slowed down until secondary nucleation or overgrowth becomes
more probable than the continuation of the primary growth.
This is a statistical observation and will lead to a distribution
of cone sizes. The secondary cone will grow as the first ones
have done; iv) the secondary heterogeneous nucleation taking
place on the rim can occur repeatedly depending on the mass
capacity of amorphous nanoparticles in the system.
A plausible reason for the self-limiting growth may be seen


in the crystal structure of hashemite/barite. These crystals
have a mirror plane perpendicular to the c axis, which means
that a homogeneous nucleation will always result in crystals
with identical charges on the opposite faces. Thus, no dipole
crystals can be formed. For heterogeneous nucleation, the
situation is different. A dipole crystal may be favored as one
end of the crystal is determined by the heterogeneous surface,
the other by the solution/dispersion. Accordingly, it has a
dipole moment ��Q ¥ l (Q� charge and l� length of the
crystal) which increases while the crystal is growing. This
implies self-limiting growth so that a new heterogeneous
nucleation on the rim should become favorable after the
dipole moment has reached a critical value due to energy
minimization. Such a self-limiting growth mechanism would
also explain why the growth edge is so uniform.
The whole suggested mechanism relies on the absence of


flow, which would disturb the directed diffusion and aggre-
gation according to local dipole/multipole fields. No fiber
bundles or cones were obtained if the solution was stirred
continuously at room temperature after mixing the reactants.
Instead, only irregular and nearly spherical particles were
obtained. This is again in agreement with a recently published
mechanism where the fiber formation is due to the directed
self-assembly of the primary particles,[26c] which is suppressed
by stirring.


Effects of molar ratios, the concentration of reactants, and pH
on the morphology in the presence of PEG-b-PMAA-PO3H2


(21% phosphonated): In the case of the polymer that has the
strongest interaction with the mineral, we also performed a
series of concentration studies to identify optimal concen-
tration conditions. When the concentration of both ions was
equimolar ([Ba2�]:[CrO4


2�]� 1:1) and was as low as 0.025 �


(in the presence of 1 gL�1 of the copolymer), no precipitation
occurred even after aging for three weeks at room temper-
ature although the reference experiment without polymer
showed crystallization. This shows that the polymers are able
to stabilize the precursor particles at this concentration level
without the ability to undergo further structural transitions.
When the concentration was increased up to 0.05 �, struc-
tured crystallization occurred after one to four days. Further
increase of the ion concentration up to 0.2 � resulted in very
quick precipitation. TEM shows that in this case, only
ellipsoids or boulder-like crystals with sizes of about 200 ±
600 nm were produced (see Figure 4 in the Supporting
Information).
If the [Ba2�]:[CrO4


2�] molar ratio was changed to 1:5, the
solution became turbid as soon as Na2CrO4 was added to the
system. Again, no strong control was exerted by the polymer,
and only ellipsoidal nanoparticles or aggregates with sizes
ranging from 300 nm to 800 nm could be obtained. Similarly,
when the [Ba2�]:[CrO4


2�] molar ratio was changed to 2.5:1
(the polymer concentration was still kept as 1 gL�1), unstruc-
tured nanoparticles with sizes of 60 to 100 nm were once more
obtained (see Figure 4 in the Supporting Information).
These results show that the polymer essentially interacts


with ™neutral∫ crystals that show no overall surface enrich-
ment of either one or the other ionic species. This mode of
interaction is clearly different from the previous observation
of a microemulsion system, in which the higher aspect ratios
of BaCrO4 nanofilaments were found only at a higher
[Ba2�]:[CrO4


2�] molar ratio (5:1),[1d] that is the interaction
with the anionic AOT surfactants of this particular system is
mediated by the excess of barium ions. Based on the
molecular-modeling calculation results, the dimension of
one chromate anion is about 3.3 ä, and the active functional
dimensions of the groups �PO3H2, �COOH are 3.5, and
2.2 ä, respectively. Therefore, a chromate ion can be favor-
ably replaced by a phosophonate group but not by a carboxyl
group, which may explain the extraordinary affinity of
phosphonate groups for the hashemite crystal surfaces (see
also refs. [21,22]). These results imply that the block copoly-
mers do not only act by means of electrostatic attraction but
also apparently replace negative chromate ions on the crystal
surface. This finding is supported by the result that PEI blocks
that show no match, but in principle can complex with surface
sites, do not show any morphology directing influence.
When the concentration of the polymer was lowered to


0.2 gL�1, the solution quickly becomes turbid, and the
precipitate consistes of nanoparticles of almost spherical
shape. This result suggests that the interaction capacity of the
phosphonated copolymer at lower concentration is not high
enough to stabilize the fibers with their high internal surface,
but still shows strong interaction with all of the crystal faces.
The result is nanoparticles instead of larger crystals. When the
concentration of the polymer is increased up to 1 gL�1, only
fiber bundles are obtained as discussed before. Upon increase
of the polymer concentration to 2 gL�1, the solution stays
transparent and yellow and a very loose flocculate is obtained
after two or three days, which was found to be composed of
aggregated, but not oriented, and therefore more dispersed
fiber bundles (Figure 6).
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Figure 6. Effect of polymer concentration on morphology: PEG-b-
PMAA-PO3H2 (degree of phosphonation: 21%), 2 gL�1, [BaCrO4]�
2 m�, glass bottle.


This ties in well with the idea of a strong interaction of the
copolymer with the crystals, where the increased concentra-
tion leads to higher binding and a higher polymer content in
the precipitate, making the hybrid morphology more dis-
persed. These results indicate that only a limited concentra-
tion window exists for the formation of three-dimensionally
highly orientated fiber bundles. Apparently, the force respon-
sible for the three-dimensional packing can be over-compen-
sated by a high polymer surface coverage and the resulting
steric and possible electrostatic repulsion.
When the pH was varied from 5.5 to 3.5, 2 respectively, no


precipitate was found, even after aging for two weeks. The
suitable pH range for the formation of BaCrO4 fibers was
within 5 ± 7. In contrast, when the pH was changed to pH 10,
the precipitate was found to be composed of nearly spherical
particles in the �m range that formed a superstructure or
aggregates of nanoparticles. This suggests that a selective
adsorption of the block copolymer can only take place in a
limited pH range whereas beyond the pH limits, the polymer
adsorbs in a non-selective fashion.


Effect of the crystallization sites and temperature : The
analysis of the growth of the fiber bundles suggests that the
bundles grow from a single starting point where the glass wall,
or other reaction vessel, provides the necessary heteroge-
neous nucleation sites. This is supported by a set of experi-
ments where the reaction was conducted in polypropylene
(PP) or plastic bottles. Here, only spherical particles can be
obtained. If a carbon-coated copper TEM grid was put at the
bottom of the plastic tube, long extended-fiber bundles grow
from the TEM grid, but no fibers can be found on the plastic
wall or bottom.
Increasing the temperature from 4 �C (conelike fiber


bundles with large opening angle) over 25 �C (more linear
and extended fiber bundles) to 50 �C results in faster
nucleation and less specificity of the growth process. Small
twinned or peanut-shaped nanoparticles were found at 50 �C
(see Figure 5 in Supporting Information). Further increase of
the temperature to 100 �C shows a continuation of this trend.
Again, only peanut-shaped aggregates were found (Figure 7).


Figure 7. Effect of temperature on morphology: SEM image of peanut-like
or twin structure of BaCrO4 particles formed in the presence of PEG-b-
PMAA-PO3H2 (degree of phosphonation: 21%), 1 gL�1, [BaCrO4]�
2 m�, glass bottle, 100 �C, 12 h.


This observation holds for both glass and polypropylene
bottles, that is that higher temperatures indeed allow homo-
geneous nucleation to prevail over heterogeneous nucleation
at lower temperatures, which leads to fibers. Here, a different
species, the peanuts, where a nucleus can grow in two opposite
directions, was found. Heterogeneous nucleation, presumably,
has not stopped, but lost importance because of the accel-
eration of the homogeneous nucleation rate and the domi-
nance of this stage of the crystallization process. Peanuts are
formed at a much higher overall rate under this condition.
However, interestingly, not only nucleation must have


changed, but also the growth mechanism, since in principle it
should be also possible to grow fibers from continuous
solution. Peanuts or dumbbells have already been found for
a whole variety of species[24a,b,26a,b, 30] and are described as the
product of a stopped-growth and crystal-branching proc-
ess.[30b,d] It is therefore an open question whether twinning and
the resulting coupled electrostatic multipole fields result in a
maximized growth extension, whereas breaking the planar
symmetry by addition of a surface or a heterogeneous nucleus
can result in a continued build up of electrostatic fields and
long extended fiber growth.


Conclusion


The present experiments demonstrate a systematic morpho-
synthesis of barium chromate crystals with controlled mor-
phology and novel superstructures by using double-hydro-
philic block copolymers (DHBCs) with varying patterns of
functional groups. In addition, physicochemical parameters
such as the crystallization sites, temperature, the concentra-
tion of reactants and the copolymers were examined and also
showed significant effects on the morphology of the resulting
particles, demonstrating that the ability of the copolymer to
interact with the inorganic crystals could be fine-tuned. The
main results are summarized in Scheme 2.
Using phosphonated polymers, it is possible to define


conditions where fiberlike crystals with axial ratios larger than
10000 can be grown. The separation of these fibers depends
on the amount of polymer and temperature, but they usually
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grow as sheets or bundles. The lower the temperature, the
more extended and defined the fiber bundles become. It is
remarkable that the fiber bundles and sheets show regions
where the fiber bundles are perfectly aligned in two dimen-
sions, including the fiber spacing, resulting in a single-crystal
electron diffraction pattern. The sheets show self-alignment
along their edges and can close to cones. Those cones can
branch to form treelike structures, and a formation mecha-
nism of the treelike superstructures is proposed. By variation
of experimental conditions and using transmission electron
microscopy, the heterogeneous nucleation of fibers, fiber
bundles and cones was proven. We also confirmed a previous
observation[26c] that the growth of such hybrid superstructures
is promoted by the addition and recrystallization of primary
colloidal particles rather than the build-up by single ions. It is
also remarkable that spurious amounts of covalently linked
phosphonate groups in conjunction with carboxyl groups in
the PEG block copolymer direct the structure towards fibers,
whereas doping of a PEG-b-PMAA solution with equal
amounts of Na2HPO3 fails to produce such structures. This
clearly indicates that the functional polymer block is respon-
sible for the structure direction rather than a simple adsorp-
tion of single functional groups.
Using the same polymer and reactant concentrations but


applying elevated temperatures, homogeneous nucleation
becomes faster than heterogeneous nucleation, and peanut-
or dumbbell-like particles are formed. Since it was impossible
to grow fibers by homogeneous nucleation but only twinned
structures with restricted size, it is speculated that the primary
symmetry of the nuclei formed carries the character of an
electrostatic multipole field, which is perpetuated and ampli-
fied throughout the growth process organized by the polymer.
The detailed mechanism, however, needs further elucidation.
Present experiments aim to control the heterogeneous
nucleation by modification of the glassware (negative and
positive charge) or by addition of highly polar colloidal nuclei.
In addition, we want to follow the whereabouts and distribu-


tion of the polymer within the
larger superstructures by con-
focal Raman microscopy and
neutron scattering.
Our findings demonstrate


that the combination of using
DHBCs, taking advantage of
other cooperative effects of ex-
perimental conditions such as
the crystallization sites, temper-
ature, pH, and reactant concen-
tration, will extend the possibil-
ities for the controlled synthesis
of inorganic crystals with well-
defined shape, size, and super-
structures.


Experimental Section


Materials : All chemicals were ob-
tained from Aldrich and used without
further purification. Homopolymers


poly(ethylene glycol) monomethyl ether (PEG, MW� 5000 gmol�1) and
poly(methacrylic acid, sodium salt) (PMAA, MW� 6500 gmol�1) were
purchased from Polysciences and Aldrich, respectively. A commercial
block copolymer poly(ethylene glycol)-block-poly(methacrylic acid)
(PEG-b-PMAA, PEG� 3000 gmol�1, 68 monomer units, PMAA�
700 gmol�1, 6monomer units) was obtained from Th. Goldschmidt AG,
Essen, Germany. The carboxylic acid groups of this copolymer were
partially phosphonated (21%) to give a copolymer with carboxyl and
phosphonated groups, PEG-b-PMAA-PO3H2, according to ref. [24a]. The
degree of phosphonation was determined with quantitative 31P NMR
spectroscopy by comparing the signals of an internal standard (KH2PO4


signal at �� 3.1ppm) with the signal of the polymer product (�� 18.6ppm)
in D2O.[32]


A block copolymer containing a poly(ethylenediaminetetraacetic acid)
(EDTA)-like carboxy-functionalized block, poly(ethylene glycol)-block-
poly(ethylene imine)-poly(acetic acid) (PEG-b-PEI-(CH2CO2H)n, PEG-b-
PEIPA, PEG� 5000 gmol�1, PEIPA� 1800 gmol�1) was synthesized as
described elsewhere.[23c]


The copolymers, which are based on PEG-b-PEI with various functional
acidic groups �COOH, �PO3H2, �SO3H, and �SH, were synthesized by
further functionalization of the PEI block.[23c] The ethyl phosphonic acid
groups were added to the PEI block by Michael-type addition of the amine
group to the vinyl-activated group of vinylphosphonic acid to give PEG-b-
PEI-(CH2�CH2�PO3H2)n(PEG-b-PEI-PEPA).[23c] PEG-b-PEI can also be
modified by a simple standard acylation reaction of an amine group of PEI
with acyl chloride such as lauroyl chloride (C11H23COCl) and will generate
PEG-b-PEI(CH2�CH2�PO3H2)-COC11H23 (lauroyl).[23c] PEG-b-PEI-
(CH2�CH2�CH2�SO3H2)n(PEG-b-PEIPSA) was obtained by introduction
of a propane sulfonic acid group to the PEI part by means of nucleophilic
reaction of the amine group with 1,3-propane sultone.[23c] The reaction of
the primary amino groups and also some secondary amino groups with
methyl isothiocyanate produced PEG-b-PEI(HS�C�NCH3)n-
COC11H23.[23c] The partially phosphorylated poly(hydroxyethyl ethylene)
block copolymer with PEG (PEG-b-PHEE-PO4H2(30%)) was synthesized
as described in ref. [29]. A PEG-poly(aminoamine) dendrimer copolymer
(PEG-b-STARBURST)(PEG, MW� 5000, Starburst, MW� 1400) was also
used in this study as described previously.[33] For the crystallization
experiments, all copolymers were purified by exhaustive dialysis.


Hashemite crystallization : The precipitation of BaCrO4 in the presence of
various additives was carried out in both 5 mL glass and polypropylene
bottles. The polymer concentration was kept at 1 gL�1, respectively. In a
typical synthesis, BaCl2 (0.12 mL; 0.05 �, Sigma Aldrich, 99%) was added
to 3 mL polymer solution (c� 1 gL�1) under vigorous stirring at room
temperature, resulting in a final BaCrO4 concentration of 2 m�. After


Scheme 2. Summary of the main results of a systematic morphosynthesis of hashemite by using double-
hydrophilic block copolymers with different functional groups as crystal modifiers.
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3 min, 0.12 mL Na2CrO4 (0.05 �, Sigma Aldrich, 99%) solution was added
dropwise to the solution. After a further 3 min stirring, the solution was left
for two to five days before the precipitates were collected for character-
ization. The precipitates were left to stand in their mother solutions for at
least 24 h to ensure complete equilibration. The influence of temperature
on the crystallization was investigated by using a commercial Teflon-lined
autoclave of 40 mL capacity as the reactor (SAINPLATEC Company,
Japan). In a typical procedure, both glass bottles and polypropylene bottles,
which contained 3 mL of a solution prepared as described before, were
sealed and put in to the autoclave and the temperature increased to 50 ±
100 �C in a dry box for 12 h. The autoclave was then taken out and allowed
to cool naturally in air. The precipitate was collected for further character-
ization.


In some cases, aliquots of the solution were poured into a series of 1.5 mL
polypropylene tubes (Plastibrand), each containing a carbon-coated,
Formvar-covered, copper TEM grid (3 mm in diameter) which was
carefully put at the bottom of the tubes with the carbon film exposed to
the solution. The copper grids were taken out of the solution after various
time intervals, allowed to dry in air, and directly used for TEM and SEM
observation.


Characterization : To ensure clear observation of the samples, all precip-
itates were carefully washed repeatedly with distilled water and then stirred
gently before placing one drop of the solution onto copper TEM grids and
SEM stubs, respectively. In some cases, the solutions containing precip-
itates were put in a sonic bath for 3 min to ensure good dispersion of the
particles in the solution. The characterization was done using scanning
electron microscopy (SEM) on a DSM940A (Carl Zeiss, Jena) microscope,
and by transmission electron microscopy (TEM) with a Zeiss EM912
Omega microscope. Dry powder samples were used for the measurements
of X-ray powder diffraction (XRD) using a PDS120 (Nonius GmbH,
Solingen) with CuK� radiation. The computer modeling was done with the
Cerius2 software (Accelrys).
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Enantioselective Transport by a Steroidal Guanidinium Receptor


Beatriz Baraganƒ a,[d] Adrian G. Blackburn,[a] Perla Breccia,[b] Anthony P. Davis,*[a]
Javier de Mendoza,*[b] Jose¬ M. Padro¬n-Carrillo,[c] Pilar Prados,[b] Jens Riedner,[a] and
Johannes G. de Vries*[c]


Abstract: The cationic steroidal receptors 9 and 11 have been synthesized from
cholic acid 3. Receptor 9 extracts N-acetyl-�-amino acids from aqueous media into
chloroform with enantioselectivities (� :�) of 7 ± 10:1. The lipophilic variant 11 has
been employed for the enantioselective transport of N-acetylphenylalanine,
a) through dichloromethane (DCM) and dichloroethane (DCE) bulk liquid
membranes (U-tube apparatus), and b) through 2.5% (v/v) octanol/hexane via
hollow fibre membrane contactors. Significant enantioselectivities and multiple
turnovers were observed for both types of apparatus.


Keywords: chiral resolution ¥ enan-
tioselectivity ¥ membranes ¥ recep-
tors ¥ transport


Introduction


The design of enantioselective receptors is one of the central
challenges of supramolecular chemistry.[1] Interest derives
partly from the importance of enantioselective recognition in
biology, but also from the need for enantiomerically pure
compounds in the chemical industry.[2] Indeed, to quote from a
recent monograph, ™The separation of enantiomers may well
represent the economically most important application of
supramolecular chemistry∫.[3] However, to fulfil this potential
it is necessary to develop practical receptor-mediated separa-
tion procedures. A key issue is that of receptor recycling. A
sophisticated receptor is only viable if it can be used many
times over, ideally in a continuous process. Membrane
transport fulfils this criterion.[4] Receptors may be located in
a bulk liquid membrane,[5] or dissolved[6] or covalently


incorporated[7] in polymeric membranes. Acting as shuttles,
the receptor molecules can transfer many equivalents of
substrate between reservoirs. Selectivities depend on the rates
of uptake, diffusion and delivery of the two enantiomers, but
often reflect the ratio of binding affinities.[5a]


Chiral carboxylates are good subjects for membrane trans-
port because they are soluble in water as alkali metal salts but
readily extracted into non-polar media by lipophilic cations.
Enantioselective extractions have been accomplished with
chiral cations,[5b, 8] and also with achiral cations accompanied
by electroneutral chiral receptors.[9] Guanidinium cations are
especially suitable, as they are able to form well-defined salt
bridges with carboxylates through formation of two parallel
hydrogen bonds.[10]


Steroidal guanidinium cations of general form 1 represent a
promising new class of enantioselective carboxylate receptors.


Accessible from inexpensive cholic acid 3, they create a
tunable chiral environment for bound carboxylates 2. Early
examples such as 4 and 5 have proved effective, performing
extractions with enantioselectivities of 7 ± 10:1 on a range of
amino acid derivatives 6.[11] Herein we report that they also
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succeed as enantioselective membrane transport agents, both
in a U-tube apparatus (bulk DCE/DCM membrane) and also
in a system based on hollow fibre membranes. The latter is of
particular interest in view of a possible industrial-scale
separation method.


Results and Discussion


Receptor design and synthesis: The transport experiments
described herein required a variant on structure 1 which was
a) enantioselective, b) available in gram quantities, and
c) highly lipophilic, and soluble in non-polar solvents. The


design evolved from 5, the most successful of our previous
systems.[11b] Two changes were made. Firstly, for synthetic
reasons, the six-membered ring guanidinium moiety in 5 was
replaced by a five-membered unit, as in 9. As shown in
Scheme 1, 9 could be prepared in two steps from azide 7[11b] by
employing the guanylation reagent 8.[12] In contrast the six-
membered unit in 5 had required a low-yielding multistep
procedure, as conditions for direct introduction could not be
found.[13] Amino acid extraction studies using 9 confirmed that
the change in ring size did not greatly affect the enantiose-
lectivity (Table 1).


Secondly, extraction experiments involving methyl esters
such as 4, 5 or 9 were generally found to result in the loss of
significant amounts of receptor from the organic phase.
Moreover, 9 was found to be insoluble in the alkane/octanol
mixtures used with the hollow fibre membrane system (vide
infra). The methyl ester was therefore changed to an eicosyl
ester, solving both problems. As shown in Scheme 1, azido
ester 7 was treated with aqueous sodium hydroxide, followed
by caesium carbonate and eicosyl bromide, to give eicosyl


Scheme 1. Synthesis of receptors 9 and 11: a) 1) Zn, AcOH, 2) 8, NaHCO3, DMF, 3) CH2Cl2, 1� NaOH aq. then 0.5� HCl aq.; b) 1) NaOH, MeOH, H2O,
2) HCl aq., 3) C20H41Br, Cs2CO3, NaI (cat.), DMF.


Table 1. Enantioselective extraction of N-acetyl-�-amino acids from
aqueous buffer into CHCl3 by receptor 9.[a]


Substrate Extraction
efficiency [%][b]


Enantio-
selectivity (� :�)[c]


N-Ac-��-alanine 77 10:1
N-Ac-��-valine 81 7:1
N-Ac-��-phenylalanine 87 10:1


[a] For experimental details, see ref. [11b]. [b] Concentration of substrate in
organic phase, as percentage of receptor concentration, determined by
NMR integration. [c] Determined by NMR integration of signals for
complexed substrates in extracts.
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ester 10. Reduction of the azide followed by treatment with 8
gave receptor 11, which was used in the transport experiments
described below.


Transport by receptor 11 through dichloromethane (DCE)/
dichloroethane (DCM) membranes (U-tube apparatus):
Transport through chlorinated solvent membranes was inves-
tigated in the U-tube apparatus depicted in Figure 1. Based on
previous extraction experiments, N-Ac-�/�-PheOH were
selected as substrates. Initial experiments were performed on


S R


Mwater at T = 25°C


7.09 cm


1.45 cm


5.61 cm


1.65 cm2


Volume 3 cm3


Figure 1. Transport cell, with dimensions.


the individual enantiomers, exploring the effect of various
parameters that could affect transport rate. The source phase
consisted of N-Ac-�-PheOH or N-Ac-�-PheOH dissolved in
TRIS buffer (pH� 8.1). The organic (membrane) phase
consisted of a solution of 11 in 1,2-dichloroethane, and the
receiving phase was aqueous KBr. Bromide was found to be
more effective than chloride for counter-current exchange at
the membrane-receiving phase boundary. Concentrations of
KBr were higher than those of substrate, to ensure efficient
active transport. Transport rates varied linearly with [11] at
low to moderate receptor concentrations, but reached a
plateau at concentrations of [11] of about 3.4� 10�2 �. A
temperature increase from 25 �C to 40 �C caused no significant
changes in the transport rate. The relative transport rates
measured for the two enantiomers were consistent with the
extraction experiments, in that the � enantiomer was trans-
ported at least four times faster than the � enantiomer
(Figure 2).


Carrier 11 was also tested for transport of racemic N-
acetylphenylalanine in the U-tube apparatus. Conditions were
similar to those above described for the single enantiomers,
except that dichloromethane was employed as the bulk
membrane phase instead of 1,2-dichloroethane. The results
are summarized in Table 2. Notable selectivity was shown for
N-Ac-�-PheOH. A consistent value of nearly 70% ee was
found at the initial stages of the experiment, the figure only
decreasing significantly after 24 h, when the source phase
become increasingly concentrated in the other enantiomer
(Figure 3). Over the course of the experiment, about 20
equivalents of N-acetylphenylalanine was transported by
receptor 11.


Figure 2. Active transport of N-Ac-PheOH single enantiomers with
carrier 11 in U-tube apparatus (Figure 1). Triangles represent receiving
phases and circles source phases


Figure 3. Enantioselective transport of N-Ac-��-PheOH in U-tube appa-
ratus; ee in receiving phase is plotted against total transported.


Enantioselective transport in hollow fibre membrane con-
tactors: Although useful in the laboratory, transport in
U-tubes does not scale up effectively due to the relative
decrease in contact surface area. To investigate its behaviour
in an industrially relevant setting, receptor 11 was also tested
in the separator depicted in Figure 4 (see also Table 3). The


Table 2. Enantioselective transport of N-Ac-PheOH in a U-tube using 11
as carrier.


Time [h] N-Ac-Phe [%] ee [%]


2 3 66
3 5 71
4 6 70
5 7.5 64
6 8 68
7 12 64
8 10 64
9 12 60


24 27 56
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Figure 4. Experimental set-up for simultaneous extraction and stripping of
N-Ac-��-PheOH using two hollow fibre contactors.


key elements of this apparatus are contactor modules
incorporating hollow cellulose fibres. A solution of chiral
selector in a non-polar, water-immiscible solvent is pumped
through the interiors of the fibres (lumen flow), while the
aqueous source and receiving phases are in contact with the
exteriors. Due to the high surface area, efficient transfer
occurs between phases. A similar apparatus was used by
Pirkle and co-workers to separate N-(3,5-dinitrobenzoyl)leu-
cine enantiomers, with lipophilic (S)-N-(1-naphthyl)leucine
derivatives as selectors.[5d] However, this work used an excess
of chiral host, while the present experiments employed 11 in
just catalytic amounts. Unfortunately the material of the
hollow fibre contactor limits the choice of organic solvent for
the lumen flow; only aliphatic hydrocarbons and alcohols are
compatible. 2.5% (v/v) 1-octanol in hexane was chosen for
this work, being sufficiently polar to dissolve 11 but incapable
of supporting transport in the absence of receptor (as shown
by control experiments).


The separation of N-Ac-��-PheOH in the membrane unit
was performed as follows: A source phase consisting of 5 g of
racemic N-Ac-PheOH in 500 mL of TRIS buffer was circu-
lated through the shell of one module, while a receiving phase
of 0.1� KBr in 500 mL of TRIS buffer was circulated through
the shell of the other. Through the lumen of both modules


was circulated an organic phase consisting of octanol/hexane
2.5% (v/v) (125 mL), 4 m� in host 11. The concentrations
of the enantiomers in each aqueous phase and the ee values
were monitored over 48 h (Figure 5). After this time, the
amino acid transported to the receiving phase corresponded
to 60% of the initial amount. Initially an ee of 31% was
observed in the receiving phase, although this was eroded
over time as the system moved towards equilibrium (which
must, in principle, involve racemates in both source and
receiving phases). Up to 70 equivalents of substrate were
transported by the receptor.


Figure 5. Enantioselective transport of N-Ac-��-PheOH in hollow fibre
membrane apparatus. a) Depletion of substrate enantiomers in source
phase. b) Accumulation of substrate enantiomers in the receiving phase.
c) Enantiomeric excess of N-Ac-PheOH in source and receiving phases.


Transport rates and enantioselectivities were found to be
very sensitive towards changes in the source and receiving
phases. With phosphate buffer instead of TRIS, the rate of
transport was very similar but no enantioselectivity was


Table 3. Characteristics of the hollow fibre modules and membrane
Microdyn LD OC 02.


Module and membrane data


diameter 2 cm
length 35 cm
number of fibres 1280
internal diameter, dry 200 �m
wall thickness, dry 9.5 �m
active membrane area, inside 0.2 cm2


active membrane length 24.5 cm
free flow area 0.4 cm2


intracapillary volume 11 mL
extracapillary volume 25 mL
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observed. The use of unbuffered 0.1 � KBr in the receiving
phase gave good enantioselectivity (33%), but transport
leveled off at 12%. A higher concentration of KBr (1�) in the
receiving phase lowered transport rates by a factor of 3,
despite the increased thermodynamic driving force. Presum-
ably this results from lowered concentrations of the carbox-
ylate in the organic phase, due to competition by bromide for
cationic binding sites. To confirm that the enantioselective
transport was due to the chiral host and not to the cellulose in
the fibres, we ran an experiment using tetraoctylammonium
bromide (TOAB) as carrier. As expected, non-enantioselec-
tive transport was observed. The lowered initial selectivity
observed in hollow fibre membrane apparatus (ca. 30% ee)
compared to that for the U-tube (ca. 70% ee) was due to the
change in solvent. Transport of N-Ac-��-PheOH by 11
through a bulk membrane of 2.5% (v/v) 1-octanol in hexane
also occurred with about 30% ee.[14]


Conclusion


In conclusion, we have synthesized the lipophilic steroidal
guanidinum receptor 11, and demonstrated its effectiveness as
an enantioselective transport agent for an N-acetyl-�-amino-
carboxylate. In a conventional U-tube apparatus with chlori-
nated solvents as bulk liquid membranes, the enantioselectiv-
ities approached those measured in simple extraction experi-
ments. In a system based on hollow fibre membrane
contactors, somewhat lower selectivities were observed due
to an enforced change in membrane solvent. In both cases
substantial turnover was observed, confirming the ability of 11
to function as a catalytic agent for enantioselective separation.
Although selectivities dropped as transport proceeded, this
problem can be remedied in a number of ways: for example,
a) extraction of the source phase with two independent loops
containing hosts with opposite selectivities, b) continuous
racemisation of the source phase, and c) the use of several
membrane units in series, running the separation in a
countercurrent fashion.[4] . We are currently investigating this
last option, as it holds promise for a versatile and practical
enantioseparation system for development-scale intermedi-
ates and products.


Experimental Section


General : 1H and 13C NMR spectra were obtained from a Bruker MSL-300
or a Bruker DPX-400 spectrometer. Chemical shifts are reported relative
to residual undeuterated solvent peaks. Melting points were determined on
a Gallenkamp melting-point apparatus. Infrared spectra were recorded on
a Perkin-Elmer 883 or Perkin-Elmer FT-IR Paragon 1000 spectrophotom-
eter. Reactions were monitored by thin-layer chromatography (TLC) on
Merck silica gel 60 F254 aluminium-backed plates. Spots due to steroidal
compounds were visualised by charring over a Bunsen burner. Flash
chromatography was carried out onMerck silica gel 60 (particle size 0.040 ±
0.063 mm). Reagents were purchased from Aldrich, Fluka or Sigma and
were used without further purification.


Methyl 3�-(4,5-dihydro-1H-imidazol-3-ium-2-yl)-7�,12�-bis[(p-trifluoro-
methyl)phenylaminocarbonyloxy]-5�-cholan-24-oate chloride (9): Acetic
acid (6 mL) was added to a mixture of zinc dust (200 mg, 3.0 mmol) and
compound 7[11b] (100 mg, 0.12 mmol). The reaction mixture was protected


from the atmosphere by a calcium chloride tube and stirred vigorously at
room temperature for 45 min. The zinc residues were removed by filtration
and washed with acetic acid (3� 5 mL). The filtrate was evaporated under
reduced pressure. Residual acetic acid was removed by repetitive addition
and evaporation under reduced pressure of distilled toluene (2� 5 mL) to
afford the crude alkylammonium acetate (99 mg, 95%). Guanylating
reagent 8[12] (29 mg, 0.19 mmol) was added to a well-stirred suspension of
the alkylammonium acetate (50 mg, 58 �mol) and NaHCO3 (60 mg,
0.72 mmol) in DMF (625 �L) at 80 �C. The mixture was vigorously stirred
for 1 h then allowed to cool to room temperature and evaporated under
reduced pressure. The residue was purified by flash chromatography
eluting with EtOAc. To ensure chloride was the counter anion, the resulting
purified salt was taken up in CH2Cl2 (5 mL) and washed carefully with
aqueous NaOH (1�, 2� 5 mL) followed by triply distilled water (5 mL).
The organic layer was then washed with aqueous HCl (0.5 �, 2� 5 mL)
followed by triply distilled water (2� 5 mL). The organic phase was then
dried by decanting and evaporated under reduced pressure. The residue
was then further dried in vacuo at 60�C to afford the pure guanidinium
chloride 9 (36 mg, 72%) as a white solid; Rf� 0.69 (EtOAc); m.p. 195 ±
198 �C; 1H NMR (400 MHz; CDCl3): �� 0.76 (s, 3H; 18-CH3), 0.86 (d,
3J(H,H)� 6.5 Hz, 3H; 21-CH3), 0.94 (s, 3H; 19-CH3), 3.04 (br m, 1H; 3�-
H), 3.64 (s, 3H; CO2CH3), 3.73 (s, 4H; CH2×s at positions 4 and 5 of the
imidazolinium ring), 4.89 (s, 1H; 12�-H), 5.19 (s, 1H; 7�-H), 5.61 (br s, 1H;
NH at position 1 or 3 of the imidazolinium ring), 6.75 (br s, 1H; NH at
position 1 or 3 of the imidazolinium ring), 7.49 (d, 3J(H,H)� 7.9 Hz, 4H;
ArH meta), 7.94 (m, 4H; ArH ortho), 9.05 (s, 1H; NHCO), 9.59 (br s, 1H;
3�-NH), 9.69 (s, 1H; NHCO); 13C NMR (100 MHz; CDCl3): �� 11.50 (18-
CH3), 16.65 (21-CH3), 21.30 (19-CH3), 21.84 (CH2), 25.07 (CH2), 26.07 (C-3
or 4 of imidazolium ring), 26.13 (C-3, 4 imidazolium ring), 26.15 (CH2),
27.78 (CH2), 29.65 (CH), 29.96 (CH2), 30.22 (CH2), 32.77 (10-C), 33.51
(CH2), 33.67, 33.92, 38.43 (CH), 39.99 (CH), 42.30 (CH), 44.25 (13-C), 46.20
(CH), 50.47 (3-CH), 52.72 (CO2CH3), 70.17 (7-CH), 75.69 (12-C), 117.16
(ArCH ortho), 117.45 (ArCH ortho), 124.70 (ArCH para), 124.90 (ArCH
para), 124.94 (ArCH meta), 124.98 (ArCH meta), 125.02, 125.05, 141.09,
141.15, 152.21, 152.37 (C), 157.50 (C), 173.70 (COOCH3); FAB-MS m/z :
864 [M�Na]� ; HRMS (FAB�) calcd for C44H56N5O6F6: 864.413480; found:
864.410431; elemental analysis calcd (%) for C44H56N5O6F6Cl ¥ 1.5H2O C
57.98, H 6.52, N 7.68; found: C 57.98, H 6.76, N 7.47.


Eicosyl 3�-azido-7�,12�-di[p-(trifluoromethyl)phenylaminocarbonyloxy]-
5�-cholan-24-oate (10): To a solution of compound 7 (5.00 g, 6.08 mmol) in
methanol/water (50 mL, 9:1) was added sodium hydroxide (1.08 g,
27 mmol). The mixture was stirred at room temperature overnight. The
solvent was removed under reduced pressure and the white solid was taken
up in dichloromethane. Aqueous HCl (1�) was added until pH 4 was
reached. The mixture was extracted with dichloromethane and the organic
layer was washed with water, dried and concentrated under reduced
pressure. The white solid was dissolved in methanol/water (50 mL, 9:1) and
caesium carbonate (0.99 g, 3.04 mmol) was added. The solvents were
removed and the solid was taken up in dry DMF (80 mL). Bromoeicosane
(2.2 g, 6.08 mmol) and sodium iodide (90 mg, 0.6 mmol) were added and
the mixture was stirred under argon for 24 h at 47 �C. The solvent was
removed under reduced pressure and the product was isolated by flash
chromatography (hexane/ethyl acetate, 5:1) to yield eicosyl ester 10 (5.46 g,
82%). Rf� 0.81 (ethyl acetate/hexane/chloroform, 1:1:1); m.p. 165 �C; IR
(film from CDCl3): ��max� 2090 cm�1 (N3), 1739 cm�1 (C�O); 1H NMR
(400 MHz, CDCl3): �� 0.75 (s, 3H; 18-CH3), 0.90 ( t, 3H; esterCH3), 0.94
(d, 3H; 21-CH3), 0.97 (s, 3H;19-CH3), 1.25 (m, 38H; side chain CH2×s), 3.18
(m, 1H; 3�-H), 4.01 (t, 2H; CO2CH2), 4.97 (m, 1H; 7�-H), 5.13 (m, 1H;
12�-H), 6.94 (br s, 1H; NH), 7.06 (br s, 1H; NH), 7.67 (s, 8H; ArH);
13C NMR (100 MHz, CDCl3): �� 12.3, 14.1, 17.6, 22.5, 22.7, 22.9, 25.8, 25.9,
26.8, 27.1, 28.6, 29.1, 29.2, 29.4, 29.5, 29.6, 29.7, 30.7, 31.2, 31.5, 31.9, 34.4, 34.5,
34.7, 35.0, 37.9, 41.1, 43.7, 45.4, 47.5, 61.2, 64.6, 72.4, 118.1, 118.2, 126.4, 141.1,
152.4, 152.7, 174.2; HRMS (ES�) calcd for C60H87N5O6F6Na [M�Na]�:
1110.6458; found: 1110.6500.


Eicosyl 3�-(4,5-dihydro-1H-imidazol-3-ium-2-yl)-7�,12�-bis[(p-trifluoro-
methyl)phenylaminocarbonyloxy]-5�-cholan-24-oate chloride (11): To the
azide 10 (3.05 g, 2.8 mmol) in glacial acetic acid (15 mL) was added zinc
dust (1.00 g). The mixture was stirred for 8 h at room temperature, after
which the mixture was filtered and evaporated to dryness to give the
corresponding alkylammonium acetate as an off white solid (2.45 g, 78%).
1H NMR (400 MHz, CDCl3): �� 0.81 (s, 3H; 18-CH3), 0.89 (m, 6H; eicosyl
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CH3 and 19-CH3), 0.95 (d, 3H; 21-CH3), 2.05 (s, 3H; acetate CH3), 2.81 (m,
1H; 3�-H), 4.01 (t, 2H; CO2CH2), 5.03 (m, 1H; 7�-H), 5.25 (m, 1H; 12�-
H), 6.29 (br, 3H; NH3


�), 7.52 (m, 8H; ArH), 9.37 (s, 1H; 7�-NH), 9.57 (s,
1H; 12�-NH); 13C NMR (100 MHz, CDCl3): �� 12.3, 13.7, 17.3, 21.9, 22.2,
25.5, 26.8, 28.2, 28.8, 29.0, 29.1, 29.3, 30.4, 31.1, 31.5, 33.2, 34.5, 37.2, 45.1,
47.3, 64.1, 117.6, 117.8, 125.7, 126.0, 142.2, 152.7 (NHCO), 153.1 (NHCO),
173.8 (C-24), 178.5 (CH3CO2). To a solution of this material (2.4 g,
2.20 mmol) and sodium bicarbonate (2.08 g, 25.2 mmol) in DMF (40 mL)
was added reagent 8 (0.94 g, 6.3 mmol). The reaction was stirred for 3 h at
80 �C under argon. The solvents were removed and the product was
purified by flash chromatography (dichloromethane/methanol, 20:1). To
ensure that chloride was the counter ion, the salt was taken up in
dichloromethane and washed with sodium hydroxide (1�) followed by
distilled water. The organic layer was washed with HCl (0.5 �) followed by
distilled water. The organic phase was dried and concentrated under
reduced pressure to yield 11 (1.47 g, 68%) as a white solid. Rf� 0.79
(dichloromethane/methanol, 15:1); m.p. 234 ± 235 �C; IR (film from
CDCl3): ��max� 1729 cm�1 (C�O); 1H NMR (400 MHz, CDCl3): �� 0.77
(s, 3H; 18-CH3), 0.87 ± 0.90 (m, 6H; eicosyl CH3 and 19-CH3), 0.96 (d,
3J(H,H)� 6.5 Hz, 3H; 21-CH3), 3.04 ( m, 1H; 3�-H), 3.69 ( br s, 4H;
NH(CH2)2NH), 4.00 (t, J(H,H)� 6.8 Hz, 2H; CO2CH2), 4.90 ( br s, 1H; 7�-
H), 5.20 (br s, 1H; 12�-H), 7.49 ± 7.52 (m, 4H; ArH), 7.88 ± 7.95 (m, 4H;
ArH), 9.11 (br s , 1H), 9.58 (br s, 1H), 9.68 (br s , 1H); 13C NMR (100 MHz,
CDCl3): �� 12.3 (CH3), 14.0 (18-CH3), 17.6 (21-CH3), 21.7 (19-CH3), 22.6
(CH2), 23.8 (CH2), 25.3 (CH2), 25.8 (CH2), 27.0 (CH2), 27.2 (CH2), 28.1
(CH), 28.5 (CH2), (CH2), 29.1 (CH2), 29.2 (CH2), 29.4 (CH2), 29.5 (CH2),
29.6 (CH2), 30.6 (CH2), 30.9 (CH2), 31.2 (CH2), 31.8 (CH2), 33.4 (C), 34.0
(CH2), 34.7 (CH), 34.8 (CH2), 38.0 (CH), 40.6 (CH), 42.7 (CH), 44.9 (C),
47.0 (CH), 53.0 (CH), 64.5 (CH2), 71.0 (CH), 75.5 (CH), 117.9 and 118.6
(Ar-CH), 123.0, 124.0 and 125.2 (Ar-C), 125.6 and 125.8 (Ar-CH), 142.6 and
142.7 (Ar-C), 153.2 (OCONH), 153.5 (OCONH), 158.3 (C(NH)3), 174.5
(CO2CH2); 19F NMR (376 MHz, CDCl3): �� 62.3; HRMS (FAB�) calcd for
C63H94N5O6F6 [M�H]�: 1130.7108; found: 1130.7100.


U-Tube transport experiments: Single enantiomer experiments : A U-tube
glass cell (Figure 1) was employed in all experiments. The temperature was
maintained at 25.0� 0.1 �C, and the stirring rate was adjusted to 2600 rpm,
as measured by means of a tachometer (stirring bar dimensions: h� 6 mm,
�� 2 mm). N-Ac-�-PheOH or N-Ac-�-PheOH, (5.0� 10�2 �) in TRIS
buffer (3 mL; pH 8.1, 3 mL) were employed as the source phase. The
organic (membrane) phase consisted of a solution of 11 in 1,2-dichloro-
ethane (10 mL; 1.71� 10�3 �). The receiving phase was a KBr (0.5�)
solution in TRIS buffer (pH8.1, 3 mL). Amino acid uptake at the source
phase and release at the receiving phase was monitored by HPLC (Perkin
Elmer Integral 4000, Scharlau LC18 column, UV detector at �� 230 nm,
injection of 50 �L aliquots taken at one or two hours intervals) using benzyl
alcohol as an external standard. A gradient H2O±CH3CN (0 ± 100% in
20 minutes), followed by pure CH3CN (5 min) was employed as eluent.
Retention times: N-Ac-PheOH t� 9.1 min; benzyl alcohol t� 14.2 min.
Transport of racemic amino acid : The same U-tube glass cell was employed.
The dimensions of the stirring bar for this experiments (h� 9 mm, ��
5 mm, egg shaped) allowed a stirring rate of only 1000 rpm. N-Ac-��-
PheOH, (5.0� 10�2 �) in TRIS buffer (pH 8.1, 3 mL) was employed as the
source phase, and the receiving phase consisted of a KBr (0.5 �) solution in
TRIS buffer (pH8.1, 3 mL), as above. A solution of 11 in dichloromethane
(8.6� 10�4 �, 10 mL) was employed as the bulk membrane. The concen-
trations of the amino acid enantiomers in the receiving phase were
monitored by HPLC (Waters 600 Controller, Waters 2487 UV/Vis detector
at �� 254 nm), employing a chiral column (Chirobiotic T, Astec, USA)
under reverse phase conditions (H2O (1% TEAA)-MeOH, 80:20).
Retention times: N-Ac-�-PheOH t� 4.3 min; N-Ac-�-PheOH t� 6.5 min.
Aliquots of 10 �L from the receiving phase were injected every hour.
Calibration was performed injecting 1.1� 10�1 mg mL�1 of a standard
solution of N-Ac-��-PheOH.


Transport through hollow fibre membranes: Materials and apparatus : The
source phase consisted of N-Ac-��-PheOH (4.8� 10�2 �) in TRIS buffer
(4.8� 10�2 �, pH 8.0� 0.1) or phosphate buffer (0.1�, pH 7.4). The organic
phase consisted of a solution of 11 (3 ± 8 m�) in octanol/hexane 2.5% (v/v)
(Merck, Germany). The receiving phase was a 0.1 ± 1� potassium bromide


solution in TRIS or phosphate buffer (as above). The system set-up for the
simultaneous extraction and stripping process using two hollow fibre
contactors is shown in Figure 4. Each hollow fibre module (Dialysis
Module type LD OC 02, Microdyn, Wuppertal, Germany) contains 1280
hydrophilic cellulose fibres. The characteristics of the module and fibres are
summarised in Table 3. In addition, the housing material is polycarbonate
and the potting material (used to secure the fibre bundle to the tube sheet)
is polyurethane. The system is driven by three peristaltic pumps (Watson &
Marlow 505U) run at 40 rpm.


Separation experiments : The source phase (500 mL) was circulated through
the shell of one module while the receiving phase (500 mL) was circulated
through the shell of the other (both at 18 mLmin�1). Through the lumen of
both modules was circulated the organic phase (125 mL, 33 mLmin�1). The
concentrations of the enantiomers in each aqueous phase were monitored
for 48 h using HPLC (Chirobiotic T, Astec, USA; H2O (1% ammonium
acetate)-MeOH, 80:20, pH 4.1). AUV detector (Spectra Physics, USA) at a
wavelength of 254 nm was used.
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Synthesis of Eight- and Nine-Membered Carbocycles through a Ring-Closing
Metathesis/Ring Fragmentation Strategy: A Rapid and Versatile Approach to
Bicyclo[6.4.0]- and Bicyclo[7.4.0]alkene Ring Systems


J. Ramo¬n RodrÌguez, Luis Castedo, and Jose¬ L. Mascarenƒ as*[a]


Abstract: Ring-closing metathesis
(RCM) of cis-2,6-dialkenyl-2-hydroxy-
1-cyclohexanones affords bicyclo[3.-
n.1]alkenones that are easily converted
into eight- or nine-membered carbocy-
cles by oxidative cleavage of the keto-
bridging tether. Since the starting cyclo-
hexanones are readily assembled from
commercially available 1,2-cyclohexane-
dione, the overall process constitutes a


rapid and versatile route to medium-
sized carbocycles, which are otherwise
difficult compounds to assemble using
currently available procedures. If one of
the alkenes of the cyclohexanone chains


is replaced by an alkyne, the subsequent
RCM produces 1,3-diene systems capa-
ble of undergoing stereoselective
Diels ± Alder reaction with activated
dienophiles. Oxidative cleavage of the
keto bridge of the resulting tricycles
leads to 8 ± 6 and 9 ± 6 fused bicarbo-
cycles with up to four stereocenters.


Keywords: bicyclo[n.4.0]alkenes ¥
carbocycles ¥ cyclization ¥ metathe-
sis ¥ ring cleavage


Introduction


The increasing economical and ecological concerns of modern
society demand that synthetic chemists develop processes that
provide desired target molecules in a rapid and practical way
while minimizing by-products.[1] As a general rule, synthesis
should start from readily available materials and convert them
into target-relevant complex systems in as few steps as
possible.[2]


Among targets of special interest for synthetic chemists,
medium-sized carbocycles, particularly eight- and nine-mem-
bered rings, continue to occupy a prominent position. Rings of
this size, which form the structural core of numerous bioactive
natural products,[3] are difficult to construct by conventional
cyclization procedures due to both enthalpic and entropic
reasons.[4] It has recently been shown that ring-closing meta-
thesis (RCM) is a particularly powerful method for the
assembly of such rings;[5] however, its success is restricted to
substrates bearing some sort of conformational constraint,
such as a pre-existing ring, which bias the intra- versus the


intermolecular process.[6] This is why we were unable to
transform diene 1 into cyclooctane 2 by RCM, regardless of
the catalyst used (Scheme 1). With ruthenium complex 3 the
starting diene was mostly recovered, and with the newer
Grubbs×s catalyst 4[7] the reaction gave a complex mixture of
products.
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Scheme 1. Unsuccessful attempts at RCM of 1.


We have recently reported that cyclooctenes such as 2 can
be prepared by an alternative method consisting of endowing
the diene precursor with a one-atom internal tether that can
be cleaved after the cyclization.[8] In this case, the cyclization
takes place under mild conditions because of less demanding
enthalpic and entropic requirements. As the tethered pre-
cursor we used compound 6, which is easily prepared from
cyclohexenone 5 by an addition ± alkylation reaction
(Scheme 2). Oxidative cleavage of the keto bridge after the
RCM reaction afforded the desired cyclooctanoid ring.


A major difficulty in implementing the above protocol as a
truly practical route to medium-sized rings is ensuring that the
cyclohexanone alkenyl chains have a cis stereochemistry. In
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synthesis of 6a,c,d and 7a,c,d by Claisen rearrangements, X-ray data
for 20, and relevant NMR spectra for 22.
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Scheme 2. Strategy for constructing the required cyclooctanoid ring:
a) 1) CH2CHLi, THF, �78 �C, then allyl bromide; 2) TBAF, THF; b) 3,
CH2Cl2, 20 �C; c) Pb(OAc)4, MeOH, 20 �C.


this paper, in addition to giving more details of the approach,
we demonstrate that such stereochemistry can be achieved by
taking advantage of a dynamic kinetic isomerization process
that occurs during desilylation of the initially obtained cis/
trans mixture of �-tert-butyldimethylsilyloxycyclohexanones.
We also describe a variant of the approach that uses an enyne
instead of a diene for ring-closing metathesis; this allows
construction of 8 ± 6 and 9 ± 6 fused carbobicyclic systems with
up to four stereocenters.


Results and Discussion


The decision to use silylated cyclohexenones such as 5 as key
starting materials in our route was based on previous studies
of the transformation of [5�2] pyrone ± alkene oxabicyclic
cycloadducts into 1,4-oxygen-bridged cyclonona- and cyclo-
decanoid rings.[9] We knew that addition of vinyllithium to the
�-silyloxyketone adduct 8 generates an enolate that can be
stereoselectively trapped in situ with an alkylating agent such
as allyl bromide (Scheme 3). The favorable cis arrangement of
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Scheme 3. Strategy for ring enlargement of the oxabicyclic pyrone-alkene
cycloadducts: a) CH2CHLi, THF, �78 �C, then allyl bromide; b) 3
(5 mol %), CH2Cl2, 40 �C; c) H2, Pd/C; d) 1) TBAF, THF; 2) Pb(OAc)4,
MeOH, sealed tube, 100 �C, 1 h.


the alkenyl chains of the resulting product 9 facilitates a
subsequent RCM reaction, which can be carried out by simply
heating in refluxing CH2Cl2 in presence of 5 mol % of catalyst
3. The �-silyloxyketo bridge provides a suitable site for
oxidative cleavage of the tetracycle to obtain the ring-
enlarged oxabicycle 10.


Although the above addition/silyl migration/alkylation
sequence also worked when applied to cyclohexenone 5b,
the stereoselectivity was rather low and the cis/trans (6b/7b)
ratio was only 58:42 (Scheme 4).[10] Since the diastereoisomers
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Scheme 4. Synthesis of cyclooctenone 12 : a) TBSCl, imidazole, CH2Cl2;
b) CH2CHLi, THF, �78 �C, then allyl bromide; c) 3 (5 mol %), CH2Cl2,
40 �C; d) Pb(OAc)4, MeOH, 20 �C.


could not be separated by conventional flash chromatography,
the RCM was assayed on the mixture using standard
conditions (0.05� in CH2Cl2, 40 �C, 5 mol % of 3). Although
the reaction was more sluggish than in the case of 9, after 12 h
we could isolate a small amount of the desired bicycle 11b
(15 % yield from 5b), which was easily separated from the
uncyclized trans isomer (Scheme 4) after desilylation.


We later found that removal of the silyl protecting group
from the mixture of 6b and 7b allowed separation of the
diastereoisomers. Remarkably, alcohol 6a smoothly cyclized
at room temperature (0.005� in CH2Cl2, 20 �C, 9 h) to give the
bicycle 11a in 95 % yield.[11] Furthermore, whereas oxidative
cleavage of the keto bridge of the tetracycle obtained in the
RCM of 9 required heating in MeOH in a sealed tube at
100 �C, transformation of 11a into cyclooctenone 12 was
instantaneous at room temperature, and occurred in 84 %
yield.


We attributed the difference between the cyclization rates
of 6a and 6b to the need of the substrate to adopt the reactive
conformation B shown in Figure 1, since the population of this
conformer must be considerably larger for the alcohol than
for the silyloxy derivative, principally because of the feasi-
bility of hydrogen bonding between the hydroxyl group and
the ketone oxygen.[8]


For the above cyclization ± fragmentation approach to be
truly practical, the cis/trans (6/7) ratio had to be improved.
Although epimerization of 7a or 7b is readily promoted by
treatment with catalytic amounts of a relatively strong base
such as KOtBu in tBuOH/CH2Cl2,[12] the trans isomer
predominates in the equilibrium in both the hydroxyl and
silyloxy case (6a/7a, 26:74; 6b/7b, 30:70; Table 1). Moreover,
all attempts to couple the epimerization to the RCM


Abstract in Spanish: La ciclacio¬n mediante meta¬tesis de cis-
2,6-dialquenil-2-hidroxi-1-ciclohexanonas conduce a bici-
clo[3.n.1]alquenonas que pueden convertirse fa¬cilmente en
carbociclos de ocho o nueve miembros mediante rotura
oxidativa de la cadena del puente. Dado que las ciclohexa-
nonas de partida pueden sintetizarse a partir de 1,2-ciclohex-
anodiona, sustancia asequible comercialmente, el proceso
global permite obtener carbociclos de tamanƒo medio de forma
pra¬ctica, ra¬pida y versa¬til. Si uno de los alquenos de las cadenas
sustituyentes de la ciclohexanona se reemplaza por un alquino,
la ciclacio¬n da lugar a sistemas 1,3-die¬nicos que pueden
participar en reacciones de Diels ±Alder con dieno¬filos
activados. La rotura oxidativa de la cadena puente de los
triciclos que se obtienen produce bicarbociclos con anillos
fusionados de 8 y 6, y de 9 y 6 miembros, y con la
estereoquÌmica relativa de cuatro estereocentros completamen-
te controlada.
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Figure 1. Proposed conformational equilibria, corroborated by simple
MM2 calculations.[8]
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Scheme 5. Synthesis of cyclohexanones 6 and 7 by Claisen rearrangement:
a) Allyl alcohol, p-TsOH, benzene; b) CH2CHMgBr, THF, �78 �C, then
H3O� ; c) for 13c : TMS-imidazole, CH2Cl2, for 13d : NaH, THF, 0 �C, then
MeI; d) toluene, sealed tube, 160 �C.


failed. If the ruthenium catalyst was used in excess with
respect to the base, RCM proceeded but epimerization was
suppressed, and the use of excess base with respect to the
catalyst seemed to prevent the metathesis. Catalytic amounts
of acids (AcOH or TfOH in CH2Cl2/water) failed to induce
the epimerization, and thereby the RCM was not evaluated in
their presence.


We also tried to obtain the �,��-bisalkylated cyclohexa-
nones by Claisen rearrangement of allylvinylethers 13
(Scheme 5);[13] however, this reaction gave mainly the un-
desired trans isomer.


The above failures to improve the cis/trans ratio led us to
focus on the addition ± alkylation step. We reasoned that
increasing the bulk of the silyl group of the silyloxy cyclo-
hexenone substituent might favor formation of the desired cis
isomer 6 by hindering the approach of the allyl bromide to the
face bearing this group. The use of triisopropylsilyl (TIPS) as a
protecting-migrating group did not enhance the cis/trans ratio,
whereas the introduction of a tert-butyldiphenylsilyl (TBDPS)
allowed us to slightly improve the proportion of the desired cis
isomer (6 f :7 f, 2:1, Table 1).


With these stereoselectivity results, and taking into account
that the desilylation reaction could be achieved by adding
excess tetrabutylammonium fluoride (TBAF) to the crude
reaction mixture of the addition ± alkylation process, the
whole process for transforming 5 f into 12 (Scheme 4) involves
three one-pot operations and leads to the product in
approximately 39 % overall yield.


In repeating this protocol, we realized that the 6a/7a ratio
obtained upon deprotection of the crude mixture of 6 f and 7 f
was not entirely reproducible, according to 1H NMR analysis,
and it was sometimes even slightly better than the 2:1
proportion resulting from the alkylation step. These results,
which appeared to be influenced by both the source of the


organolithium and the amount of excess TBAF used, sug-
gested that some kind of epimerization might be accompany-
ing the desilylation reaction. Therefore, we decided to
examine this reaction in more detail using a chromatograph-
ically pure thermodynamic (3:7) mixture of 6b and 7b.
Remarkably, treatment of this mixture with just 1.2 equiva-
lents of TBAF[14] for 30 min afforded a non-thermodynamic
80:20 proportion of cis/trans isomers 6a/7a. Since the cis-OH
derivative is produced faster than the trans-OH (TLC
observation), and since an independent experiment showed
that TBAF is unable to induce the epimerization between 6a
and 7a this rapidly, the above result can be explained in terms
of a kinetic, selective desilylation of the cis derivative with
simultaneous re-equilibration of the protected isomers
(Scheme 6).[15] This last epimerization is probably promoted
by fluoride ion, since TBAF is able to induce the epimeriza-
tion of the methoxy derivative 7d.


OO


TBSO TBSO


O


HO


O


HO


6b 7b


fast


base


slow


6a 7a


Scheme 6. Hypothesized isomerization ± kinetic desilylation process.


In view of these results, the best experimental protocol for
achieving the alkylation-cyclization-fragmentation process is
as follows (Scheme 7): 1) addition of vinyllithium to 5b, and
trapping of the resulting enolate with allyl bromide (THF,
�78 �C), 2) filtration of the crude residue through a pad of
silica gel to remove salts and impurities, and deprotection by
reaction with 1.2 equivalents of TBAF, 3) treatment of the
resulting 80:20 mixture of 6a and 7a with the ruthenium
catalyst 3 (5 mol %, CH2Cl2, 20 �C, 9 h; 76 % yield, 95 % based
on 6a), 4) chromatographic purification of the bicycle 11 and
treatment with Pb(OAc)4 (MeOH, 20 �C, 5 min). Overall, the


Table 1. The addition ± alkylation step.


O


O


OR


RO
Br


Li


O


RO5 6


i)


ii)


7


+


b, R = TBS
e, R = TIPS
f, R = TBDPS


Entry Enone[a] Yield[b] 6 :7[c] Thermodynamic
[%] ratio 6 :7[d]


1 5b 83 6b :7b (58:42) 6b :7b (30:70)
2 5e 76 6e :7e (61:39) 6e :7e (44:56)
3 5 f 78 6 f :7 f (67:33) 6 f :7 f (33:67)


[a] Prepared by using standard silylation conditions. [b] Combined yield of
isolated product after chromatography. [c] Ratio determined by 1H NMR
spectroscopy of the crude reaction mixture. [d] Calculated after stirring the
kinetic mixture with NaOMe in MeOH for 12 h.
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O


HO


O


MeO2C


O


OH


5b


(  )n


12, n = 0 (84%)
17, n = 1 (78%)


(  )n


6a, n = 0  (cis)
7a, n = 0  (trans)
14, n = 1  (cis)
15, n = 1  (trans)


(  )n


a,b


11, n = 0 (95% from 6a)
16, n = 1 (87% from 14)


c


d


(n = 0, 75%)
(n = 1, 83%)


Scheme 7. Best protocol for the synthesis of cyclooctenone 12 and
cyclononenone 17: a) CH2CHLi (for 12) or CH2CHCH2Li (for 17), THF,
�78 �C, then allyl bromide; b) TBAF (1.2 equiv), THF, 30 min 20 �C; c) 3
(5 mol %), CH2Cl2, 20 �C; d) Pb(OAc)4 (1.5 equiv), MeOH, 20 �C, 5 min.


carbocycle 12 was obtained in 48 % yield from commercially
available 1,2-cyclohexanedione.


Importantly, the above approach is not limited to the
construction of cyclooctanoid rings. A slight change in the
synthetic sequence, the use of allyllithium instead of vinyl-
lithium in the initial alkylation reaction, allowed preparation
of the homologous nine-membered carbocycles (Scheme 7).
The allylation reaction led to the expected 60:40 kinetic ratio
of the cis and trans isomers, which were desilylated by
treatment with 1.2 equivalents of TBAF to give an 80:20
mixture of 14 and 15 in 83 % combined yield. Subjecting this
mixture to the RCM conditions provided the expected
bicyclo[4.3.1] product 16 in 70 % yield (87% based on 14),
although in this case the reaction required 15 h at room
temperature for completion. It should be noted that this type
of bicyclo[4.3.1]decane system forms the basic carbocyclic
skeleton of a wide variety of relevant natural products,[16] and
hence compound 16 could be an interesting synthetic inter-
mediate in approaching these targets. Finally, as expected,
oxidative cleavage of the bridge proceeded efficiently upon
treatment of 16 with Pb(OAc)4 (MeOH, 20 �C) to afford the
expected cyclononene 17 in 78 % yield (45 % from 5b).


In a number of natural products such as taxol,[17] medium-
sized rings are fused to six-membered carbocycles. We were
therefore led to investigate whether the above RCM could be
extended to enynes, because the Diels ± Alder reaction of the
resulting dienes would open the way to this type of fused
system.[18] Furthermore, the stereochemical bias posed by the
bicyclic system might favor stereoselectivity in the Diels ±
Alder reaction.


Addition of vinyllithium to the cyclohexenone 5b followed
by alkylation of the resulting enolate with 1-bromo-2-butyne
gave a 55:45 cis/trans mixture of dialkylated cyclohexanones
in 88 % yield. After rapid chromatographic filtration of the
reaction residues, treatment of the isomeric mixture with
1.2 equivalents of TBAF led again to the expected cis isomer
enrichment; cis/trans, 80:20 (94 % yield). The ring-closing
metathesis of the enyne 18 could be carried out at room
temperature although it was slightly faster in refluxing CH2Cl2


and gave the desired diene 19 in 78 % yield (97 % based on the
proportion of cis enyne; Scheme 8). The subsequent Diels-
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Scheme 8. Synthesis of the stereochemically-rich 8 ± 6 bicarbocycle 21:
a) CH2CHLi, THF, �78 �C, then 1-bromo-2-butyne; b) TBAF (1.2 equiv),
THF, 30 min, 20 �C; c) 3 (5 mol %), CH2Cl2, 40 �C, 3 h; d) N-phenylmale-
imide, toluene, sealed tube, 155 �C, 5 h; e) Pb(OAc)4, MeOH, 20 �C, 5 min.


± Alder reaction with N-phenylmaleimide took place by
simply heating at 155 �C in toluene for 5 h. This gave only one
of the four possible stereoisomeric adducts, thus fulfilling our
expectations with respect to the exercise of stereocontrol by
the rigid bicyclic skeleton (Scheme 8). This isomer was
isolated in 85 % yield and was unequivocally identified as
the endo adduct 20 by X-ray crystallography (Figure 2).


Figure 2. Representation of the structure of compound 20, as determined
by X-ray crystallography.


As in the case of the bicyclic systems, the one-carbon bridge
can easily be fragmented by reaction with Pb(OAc)4, which in
this case afforded an 8 ± 6 bicarbocyclic system with four
stereocenters with controlled relative configuration (41 %
overall yield of 21 from 5b).


The Diels ± Alder reaction is not limited to symmetric
dienophiles. Use of methyl acrylate afforded the lactone 22,
which was isolated in a 55 % yield (Scheme 9). We assigned
the endo configuration on the basis of an NOE observed
between the hydrogen � to the carboxyl group and the
bridgehead hydrogen.
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Scheme 9. Diels ± Alder reaction of 19 with methyl acrylate.


As in the case of the medium-sized monocycles discussed
above, the use of allylithium in the alkylation step instead of
vinyllithium, followed by desilylation, led to enyne 23 as a
80:20 mixture of cis and trans isomers (88 % yield for both
steps). RCM of the mixture afforded the expected bicy-
clo[4.3.1] product 24 in a 79 % yield (based on the proportion
of the cis starting enyne). Again the Diels ± Alder reaction
with N-phenylmaleimide gave one major isomer that was
isolated in 67 % yield (Scheme 10). Subsequent oxidative


NPh
O


H


O


O


MeO2C


O


HO
OOH


5b


23
24


25


a,b c


d,e


(88%) (79%)


(60%)


Scheme 10. Synthetic approach to the stereochemically rich fused 9 ± 6
bicarbocycle 25 : a) CH2CHCH2Li, THF, �78 �C, then 1-bromo-2-butyne;
b) TBAF (1.2 equiv), THF, 20 �C, 30 min; c) 3 (5 mol%), CH2Cl2, 40 �C, 5 h;
d) N-phenylmaleimide, toluene, sealed-tube, 160 �C, 4 h; e) Pb(OAc)4,
MeOH, 20 �C, 5 min.


cleavage provided the desired fused carbobicycle 25 in 89 %
yield (33 % overall yield from 5b). The stereochemistry of the
final product 25 was tentatively assigned by assuming that in
the Diels ± Alder reaction the dienophile approaches the same
face of the diene as in the case of 19.


Conclusion


In summary, commercially available 1,2-cyclohexanedione
can be converted in four operational simple steps into
bicyclo[3.3.1]nonenones or bicyclo[4.3.1]decenones by com-
bining a dialkylation and a RCM reaction. Oxidative cleavage
of the keto bridge in these bicycles produces eight- and nine-
membered carbocycles, which are otherwise difficult to
assemble. By using an enyne instead of a diene, RCM allows
construction of a bicycle with a conjugated diene capable of
undergoing a Diels ± Alder reaction with activated olefins
(Table 2). Importantly, the rigid bicyclic framework provides
an excellent stereocontrolling element for this cycloaddition


that takes place with almost complete stereoselectivity.
Cleavage of the one-carbon bridging tether of the resulting
systems affords 8 ± 6 and 9 ± 6 fused carbobicyclic systems with
up to four stereocenters.


Experimental Section


General : All dry solvents were freshly distilled before use under argon over
the appropriate drying agent. Toluene and THF were distilled from sodium/
benzophenone. CH2Cl2 was distilled from P2O5. MeOH was distilled from
Mg/I2. All reactions were conducted in dry solvents under argon
atmosphere unless otherwise stated. Thin-layer chromatography (TLC)
was performed on aluminum silica gel plates, and components were
visualized by observation under UV light, or by treating the plates with a
phosphomolybdic reagent followed by heating. Flash chromatography was
performed on silica gel. Dryings were performed with anhydrous Na2SO4.
Concentrations were carried out in a rotary evaporator. 1H and 13C NMR
spectra were recorded in CDCl3, at 250 MHz and 62.9 MHz, respectively,
and in some cases at 300 or 500 MHz (75.4 or 125.7 MHz for 13C NMR).
Carbon multiplicities were determined from DEPT 13C NMR experiments.
The following abbreviations are used to indicate signal multiplicity: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. Vinyl-
lithium (0.45� in Et2O/pentane) was freshly prepared from vinylbromide
by treatment with tBuLi (1.5� in pentane). Allyllithium (0.35� in THF)
was freshly prepared from allyltriphenyltin and phenyllithium. The TBAF
used was 1� in THF.


2-tert-Butyldimethylsilyloxy-2-cyclohexen-1-one (5b): Imidazole (204 mg,
3.0 mmol) and TBSCl (345 mg, 2.3 mmol) were added to a solution of 1,2-
cyclohexanedione (225 mg, 2.0 mmol) in CH2Cl2 (20 mL). The mixture was
stirred at room temperature for 30 min and then poured into brine.
Extraction with CH2Cl2, drying, filtering, and concentration gave a residue
that was purified by flash chromatography (3 % EtOAc/hexanes) to afford
compound 5b (450 mg, 99% yield) as a colorless oil. Rf� 0.66 (20 %
EtOAc/hexanes); 1H NMR: �� 6.11 (t, J� 4.6 Hz, 1H), 2.43 ± 2.19 (m,
4H), 1.9 (m, 2H), 0.88 (s, 9H), 0.08 (s, 6 H); 13C NMR: �� 195.4 (C), 147.9
(C), 127.5 (CH), 38.6 (CH2), 25.6 (CH3), 24.7 (CH2), 23.1 (CH2), 18.3 (C),
�4.8 (CH3); MS (70 eV): m/z (%): 169 (100) [M��C(CH3)3], 139 (11), 111
(6), 95 (4); HRMS-FAB: m/z [M��1] calcd for C12H22O2Si: 227.1467;
found: 227.1467.


Addition ± allylation ± desilylation process: Synthesis of 6a/7a and 14/15


Compounds 6a/7a : Vinyllithium (4.9 mL, 2.2 mmol) was added to a �78 �C
cooled solution of 5b (454 mg, 2 mmol) in THF (20 mL). The reaction was
allowed to reach room temperature and was stirred for 1 h. After re-cooling
to �78 �C, allyl bromide (0.26 mL, 3 mmol) was added and the mixture
stirred overnight at that temperature and then poured into brine.
Extraction with Et2O, drying, filtering, and concentration gave a crude
that was filtered through a short pad of silica gel (1 ± 2 % EtOAc/hexanes)
to afford the addition ± alkylation product (490 mg, 83% yield) as an
inseparable cis/trans mixture of isomers (58:42 ratio). Rf� 0.66 (6 %
EtOAc/hexanes); 1H NMR: �� 6.31 ± 6.00 (m, 1H), 5.85 ± 5.63 (m, 2H),
5.37 ± 5.14 (m, 2H), 5.05 ± 4.9 (m, 2H), 3.11 (m, 0.58 H), 2.64 ± 2.28 (m,
1.42 H), 2.26 ± 1.54 (m, 6 H), 1.20 (m, 1 H), 0.87, 0.85 (2 s, 9H), 0.14 to
�0.05(m, 6H); 13C NMR: �� 211.5 (C), 209.5 (C), 139.1 (CH), 138.8 (CH),
136.5 (CH), 136.2 (CH), 116.7 (CH2), 116.5 (CH2), 116.2 (CH2), 115.9
(CH2), 82.9 (C), 79.0 (C), 48.0 (CH), 45.4 (CH), 42.9 (CH2), 38.1 (CH2), 34.4
(CH2), 33.63 (CH2), 33.61 (CH2), 33.43 (CH2), 33.40 (CH2), 25.95 (CH3),
25.87 (CH3), 22.2 (CH2), 20.3 (CH2), 18.5 (C), 18.3 (C), �2.2 (CH3), �2.4
(CH3), �2.5 (CH3), �2.7 (CH3).


Table 2. The structure of the final product is determined by the organolithium/
alkylbromide pair.


RLi CH2�CHLi CH2�CHCH2Li
RX


Allyl bromide eight-membered carbocycle nine-membered carbocycle
1-bromo-2-butyne bicyclo[6.4.0]dodecane bicyclo[7.4.0]tridecane
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TBAF (2.1 mL, 2.1 mmol) was added to a solution of the above mixture
(515 mg, 1.75 mmol) in THF (15 mL). After stirring for 30 min at room
temperature, the reaction was poured into brine and extracted with Et2O.
Drying, filtering, and concentration gave a crude residue that was purified
by flash chromatography (2 ± 3% EtOAc/hexanes) to afford of an 80:20
mixture of isomers 6a and 7a (284 mg, 90% combined yield) as a colorless
oil.


(2R*,6R*)-6-Allyl-2-hydroxy-2-vinyl-1-cyclohexanone (6a): Rf� 0.18
(6 % EtOAc/hexanes); 1H NMR: �� 6.19 (dd, J� 10.8, 17.4 Hz, 1H),
5.78 ± 5.44 (m, 1 H), 5.40 (dd, J� 17.6, 0.9 Hz, 1 H), 5.30 (dd, J� 10.6, 0.7 Hz,
1H), 5.00 (m, 2 H), 2.97 (m, 1H), 2.54 ± 2.36 (m, 1H), 2.12 ± 1.83 (m, 5H),
1.80 ± 1.65 (m, 1 H), 1.55 ± 1.41 (m, 1 H); 13C NMR: �� 212.4 (C), 138.9
(CH), 135.9 (CH), 116.6 (CH2), 114.7 (CH2), 78.4 (C), 46.6 (CH), 40.0
(CH2), 34.2 (CH2), 32.7 (CH2), 19.6 (CH2); MS (70 eV): m/z (%): 180 (2)
[M�], 169 (18), 149 (31), 96 (19), 95 (17), 83 (33), 79 (22); HRMS: m/z calcd
for C11H16O2 180.1150; found: 180.1150.


(2S*,6R*)-6-Allyl-2-hydroxy-2-vinyl-1-cyclohexanone (7a): Rf� 0.25
(6 % EtOAc/hexanes); 1H NMR: �� 6.16 (dd, J� 17.1, 10.5 Hz, 1 H), 5.74
(m, 1 H), 5.45 (d, J� 17.1 Hz, 1H), 5.26 (d, J� 10.5 Hz, 1 H), 5.02 (m, 2H),
4.23 (s, 1H), 2.68 ± 2.53 (m, 2H), 2.32 ± 2.16 (m, 2H), 2.03 (m, 1 H), 1.86 ±
1.68 (m, 3H), 1.38 ± 1.32 (m, 1H); 13C NMR: �� 211.9 (C), 137.2 (CH),
135.7 (CH), 116.7 (CH2), 116.65 (CH2), 79.4 (C), 46.7 (CH), 41.8 (CH2), 34.1
(CH2), 33.3 (CH2), 21.8 (CH2); MS (70 eV): m/z (%): 180 (14), 169 (100),
149 (23), 111 (16), 96 (22), 83 (36); HRMS: m/z calcd for C11H16O2:
180.1150; found: 180.1153.


cis- and trans-2,6-Diallyl-2-hydroxy-1-cyclohexanone (14 and 15): Using
the same protocol, but with allyllithium (6.30 mL, 2.2 mmol, 0.35� in THF)
instead of vinyllithium, afforded of a chromatographically inseparable
mixture of compounds 14 and 15 (323 mg, 83% yield) as a colorless oil.
Rf� 0.44 (15 % EtOAc/hexanes); 1H NMR: �� 5.94 ± 5.59 (m, 2H), 5.19 ±
4.87 (m, 4H), 3.00 (m, 0.8H), 2.68 ± 2.31 (m, 3.2 H), 2.25 ± 1.84 (m, 5H),
1.76 ± 1.42 (m, 2H), 1.37 ± 1.12 (m, 1H); 13C NMR: �� 213.6 (C), 213.2 (C),
136.3 (CH), 135.7 (CH), 133.1 (CH), 131.5 (CH), 119.8 (CH2), 118.6 (CH2),
116.5 (CH2), 116.2 (CH2), 78.9 (C), 77.1 (C), 46.6 (CH), 45.8 (CH), 41.8
(CH2), 41.4 (CH2), 40.9 (CH2), 40.0 (CH2), 34.2 (CH2), 33.9 (CH2), 33.5
(CH2), 33.3 (CH2), 21.9 (CH2), 20.1 (CH2); HRMS-FAB: m/z [M��1] calcd
for C12H19O2: 195.1385; found: 195.1385. The ratios of isomers were
determined by 1H NMR integration of characteristic alkenyl hydrogens.


Diene metatheses and oxidative fragmentation: Synthesis of 12 and 17


1-Hydroxybicyclo[3.3.1]non-2-en-9-one (11): Catalyst 3 (30 mg,
0.036 mmol) was added to the 80:20 mixture of 6a and 7a (145 mg,
0.805 mmol) in CH2Cl2 (160 mL). The reaction mixture was stirred at room
temperature for 9 h, the solvent was evaporated, and the residue was
purified by flash chromatography (5 ± 10 % EtOAc/hexanes) to afford
unreacted 7a (26 mg) and 11 (93 mg, 76% yield, 95 % based on 6a) as a
white solid. Rf� 0.32 (25 % EtOAc/hexanes); m.p. 82 �C; 1H NMR: ��
5.85 (m, 1 H), 5.52 (m, 1 H), 3.79 (br s, 1 H), 2.87 ± 2.67 (m, 2H), 2.45 ± 2.37
(m, 1 H), 2.05 (m, 1H), 1.99 ± 1.60 (m, 5H); 13C NMR: �� 213.9 (C), 131.7
(CH), 129.0 (CH), 76.0 (C), 44.7 (CH), 41.2 (CH2), 36.7 (CH2), 36.1 (CH2),
19.4 (CH2); MS (70 eV): m/z (%): 152 (3) [M�], 149 (100), 95 (27), 85 (15),
69 (23); HRMS: m/z calcd for C9H12O2: 152.0837; found: 152.0831.


1-Hydroxybicyclo[4.3.1]dec-3-en-10-one (16): Catalyst 3 (20 mg,
0.024 mmol) was added to the 80:20 mixture of 14 and 15 (115 mg,
0.593 mmol) in CH2Cl2 (120 mL). The reaction mixture was stirred at room
temperature for 15 h, the solvent was evaporated, and the residue was
purified by flash chromatography (5 ± 10 % EtOAc/hexanes) to afford
unreacted 15 (18 mg) and 16 (69 mg, 76% yield, 87 % based on 14) as a
white solid. Rf� 0.38 (15 % EtOAc/hexanes); m.p. 89 �C; 1H NMR: ��
5.86 ± 5.78 (m, 2 H), 4.21 (br s, 1 H), 2.95 (m, 1H), 2.69 (m, 1H), 2.41 ± 2.14
(m, 5 H), 1.97 ± 1.74 (m, 3 H), 1.56 (m, 1 H); 13C NMR: �� 216.3 (C), 129.8
(CH), 127.4 (CH), 78.7 (C), 46.6 (CH), 42.3 (CH2), 39.5 (CH2), 33.6 (CH2),
30.1 (CH2), 20.9 (CH2); MS (FAB): m/z (%): 167 (27) [M��1], 149 (100)
[M�� 17], 112 (39), 104 (24), 84 (35), 83 (30); HRMS-FAB [M�� 1] calcd
for C10H15O2: 167.1072, found: 167.1070.


Methyl 5-oxo-3-cyclooctene-1-carboxylate (12): Pb(OAc)4 (300 mg,
0.676 mmol) was added to a solution of 11 (63 mg, 0.414 mmol) in MeOH
(12 mL). The reaction was stirred at room temperature for 5 min, poured
into brine and extracted with Et2O. Drying, filtering, and concentration
gave a crude that was purified by flash chromatography (7 % EtOAc/
hexanes) to afford of cyclooctenone 12 (63 mg, 84 % yield) as a colorless


oil. Rf� 0.34 (15 % EtOAc/hexanes); 1H NMR: �� 6.42 (dt, J� 12.3,
7.9 Hz, 1 H), 6.14 (d, J� 12.3 Hz, 1 H), 3.67 (s, 3 H), 2.89 ± 2.63 (m, 5H),
1.94 ± 1.70 (m, 4H); 13C NMR: �� 203.3 (C), 175.0 (C), 139.9 (CH), 135.1
(CH), 51.9 (CH3), 41.9 (CH2), 40.3 (CH), 29.2 (CH2), 26.6 (CH2), 20.9
(CH2); MS (70 eV): m/z (%): 182 (3) [M�], 150 (20), 149 (29), 123 (41)
[M��CO2CH3], 97 (26), 95 (100), 81 (72), 79 (53); HRMS-FAB: m/z
[M��1] calcd for C10H15O3: 183.1017; found: 183.1021.


Methyl 6-oxo-3-cyclononene-1-carboxylate (17): Applying a similar pro-
cedure used for the oxidative cleavage of 11 to 16 (0.40 mmol) gave
cyclononene 17 (61 mg, 78% yield) as a colorless oil. Rf� 0.34 (15 %
EtOAc/hexanes); 1H NMR: �� 5.71 ± 5.50 (m, 2 H), 3.65 (s, 3H, s), 3.26 (m,
1H), 3.01 (m, 1 H), 2.59 ± 2.31 (m, 5 H), 1.83 ± 1.55 (m, 4 H); 13C NMR: ��
211.9 (C), 175.6 (C), 130.4 (CH), 124.7 (CH), 52.1 (CH3), 44.7 (CH2), 42.4
(CH), 41.6 (CH2), 27.1 (CH2), 26.9 (CH2), 20.4 (CH2); MS (70 eV): m/z (%):
149 (8), 114 (20), 85 (12), 71 (26), 58 (100); HRMS-FAB: m/z [M��1] calcd
for C11H17O3: 197.1177; found: 197.1168.


Addition ± propargylation process and enyne metatheses: Synthesis of 19
and 24


cis- and trans-6-(2-Butynyl)-2-hydroxy-2-vinyl-1-cyclohexanone (18): Vi-
nyllithium (9.8 mL, 4.41 mmol) was added to a �78 �C cooled solution of
5b (900 mg, 3.98 mmol) in THF (20 mL). The mixture was warmed to room
temperature and stirred for 10 min. After cooling to �78 �C, 1-bromo-2-
butyne (0.49 mL, 5.6 mmol) was added. The reaction was stirred at room
temperature for 30 min and then poured into brine. Extraction with Et2O,
drying, filtering, and concentration gave a crude residue that was purified
by flash chromatography (1 ± 2 % EtOAc/hexanes) to afford an inseparable
cis/trans (55:45) mixture of isomers of the addition-alkylation product
(1.07 g, 88% yield) as colorless oil. Rf� 0.66 (5 % EtOAc/hexanes);
1H NMR: �� 6.39 ± 6.00 (m, 1 H), 5.40 ± 5.14 (m, 2H), 3.18 (m, 0.55 H),
2.71 ± 1.90 (m, 5.45 H), 1.86 ± 1.75 (m, 1H), 1.74, 1.72 (2 s, 3H), 1.71 ± 1.58 (m,
1H), 1.3 ± 1.11 (m, 1 H), 0.92, 0.86 (s, 9 H), 0.14 to �0.02 (m, 6H); 13C NMR:
�� 210.6 (C), 208.9 (C), 138.9 (CH), 138.7 (CH), 116.9 (CH2), 116.3 (CH2),
82.3 (C), 80.1 (C), 78.8 (C), 77.1 (C), 76.9 (C), 76.4 (C), 47.8 (CH), 45.5
(CH), 42.9 (CH2), 38.1 (CH2), 34.1 (CH2), 33.2 (CH2), 25.92 (CH3), 25.91
(CH3), 21.9 (CH2), 20.2 (CH2), 19.1 (CH2), 18.9 (CH2), 18.5 (C), 18.3 (C), 3.5
(CH3), 3.4 (CH3), �2.2 (CH3), �2.4 (CH3), �2.5 (CH3), �2.7 (CH3).


TBAF (2 mL, 2 mmol) was added to a solution of the mixture prepared
above (500 mg, 1.63 mmol) in THF (15 mL). After stirring for 30 min at
room temperature, the reaction mixture was poured into brine and then
extracted with Et2O. Drying, filtering, and concentration gave a crude
residue that was purified by flash chromatography (5 ± 10 % EtOAc/
hexanes) to afford a cis/trans (80:20) mixture of isomers 18 (295 mg, 94%
yield) as a colorless oil. Rf� 0.43 (20 % EtOAc/hexanes); 1H NMR: ��
6.33 ± 6.05 (m, 1H), 5.50 ± 5.17 (m, 2H), 3.11 (m, 0.8H), 2.81 ± 2.37 (m,
2.2H), 2.35 ± 2.09 (m, 2 H), 2.08 ± 1.78 (m, 3 H), 1.76 (s, 3 H), 1.55 ± 1.32 (m,
1H); 13C NMR: �� 211.3 (C), 211.2 (C), 139.2 (CH), 137.3 (CH), 116.9
(CH2), 114.5 (CH2), 79.4 (C), 79.3 (C), 78.3 (C), 77.2 (C), 76.7 (C), 76.4 (C),
46.2 (CH), 46.1 (CH), 41.7 (CH2), 40.2 (CH2), 33.9 (CH2), 33.0 (CH2), 21.6
(CH2), 19.8 (CH2), 19.4 (CH2), 19.0 (CH2), 3.5 (CH3), 3.4 (CH3).


cis and trans-2-Allyl-6-(2-butynyl)-2-hydroxy-1-cyclohexanone (23): Allyl-
lithium (11.2 mL, 3.92 mmol) was added to a �78 �C cooled solution of 5b
(800 mg, 3.54 mmol) in THF (20 mL). The reaction was warmed to room
temperature, stirred for 5 min and then cooled to �78 �C. 1-Bromo-2-
butyne (0.45 mL, 5.14 mmol) was added, and the reaction was stirred at
room temperature for 30 min, poured into brine, and then extracted with
Et2O. After drying, concentration, and filtration, the crude residue was
purified by flash chromatography (1 ± 2 % EtOAc/hexanes) to afford an
inseparable cis/trans (45:55) mixture of isomers of the addition-alkylation
product (1.05 g, 93% yield) as colorless oil. Rf� 0.64 (4 % EtOAc/
hexanes); 1H NMR: �� 5.85 ± 5.57 (m, 1 H), 5.06 ± 4.89 (m, 2H), 2.99 (m,
0.45 H), 2.63 ± 2.12 (m, 4.55 H), 2.12 ± 1.80 (m, 3 H), 1.67 (s, 3 H), 1.63 ± 1.06
(m, 3 H), 0.89, 0.73 (2 s, 9 H), 0.17 to �0.14 (m, 6H); 13C NMR: �� 210.7
(C), 210.2 (C), 133.8 (CH), 132.3 (CH), 117.7 (CH2), 117.6 (CH2), 82.5 (C),
79.6 (C), 76.8 (C), 76.6 (C), 76.2 (C), 47.3 (CH), 45.9 (CH), 43.1 (CH2), 41.6
(CH2), 41.2 (CH2), 39.9 (CH2), 33.9 (CH2), 33.0 (CH2), 25.81 (CH3), 25.80
(CH3), 22.0 (CH2), 20.2 (CH2), 19.1 (CH2), 18.8 (CH2), 18.4 (C), 18.3 (C),
3.30 (CH3), 3.29 (CH3), �2.1 (CH3), �2.68 (CH3), �2.69 (CH3), �3.8
(CH3).


TBAF (2.8 mL, 2.8 mmol) was added to a solution of the above enynes
(750 mg, 2.34 mmol) in THF (20 mL) and stirred at room temperature for
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30 min. The reaction mixture was poured into brine and extracted with
Et2O. Drying, filtering, and concentration gave a crude residue that was
purified by flash chromatography (5 ± 10 % EtOAc/hexanes) to afford an
inseparable mixture of isomers (cis/trans ratio 80:20) of 23 (459 mg, 95%
yield) as a colorless oil. Rf� 0.54 (20 % EtOAc/hexanes); 1H NMR: ��
5.97 ± 5.44 (m, 1H), 5.20 ± 4.87 (m, 2H), 3.06 (m, 0.8 H), 2.64 ± 1.85 (m,
7.2 H), 1.65 (s, 3 H), 1.62 ± 1.36 (m, 2H), 1.16 (m, 1 H); 13C NMR: �� 212.9
(C), 211.9 (C), 133.0 (CH), 131.3 (CH), 119.5 (CH2), 118.5 (CH2), 78.8 (C),
76.9 (C), 76.8 (C), 76.7 (C), 76.5 (C), 76.4 (C), 46.3 (CH), 45.5 (CH), 41.1
(CH2), 40.7 (CH2), 40.0 (CH2), 39.8 (CH2), 33.8 (CH2), 33.7 (CH2), 21.6
(CH2), 21.4 (CH2), 20.0 (CH2), 18.8 (CH2), 3.26 (CH3), 3.25 (CH3).


1-Hydroxy-3-isopropenylbicyclo[3.3.1]non-2-en-9-one (19): Catalyst 3
(60 mg, 0.07 mmol) was added to a solution of 18 (80:20 cis/trans mixture,
250 mg, 1.30 mmol) in CH2Cl2 (200 mL). The mixture was heated at reflux
for 3 h, and the solvent was then evaporated. The crude residue was
purified by flash chromatography (5 ± 10 % EtOAc/hexanes) to afford
unreacted trans-18 (45 mg) and 19 (193 mg, 97 % yield) as a colorless oil.
Rf� 0.38 (20 % EtOAc/hexanes); 1H NMR: �� 5.66 (s, 1H), 5.10 (s, 1H),
5.01 (s, 1 H), 4.82 (br s, 1 H), 2.78 (m, 2H), 2.63 (m, 1H), 2.09 (m, 1 H), 1.98 ±
1.73 (m, 8 H); 13C NMR: �� 214.3 (C), 141.0 (C), 138.4 (C), 129.1 (CH),
113.3 (CH2), 75.6 (C), 44.0 (CH), 41.8 (CH2), 36.7 (CH2), 36.2 (CH2), 20.7
(CH3), 19.5 (CH2); MS (70 eV): m/z (%): 192 (39) [M�], 147 (61), 135 (100),
121 (29), 107 (28), 91 (52); HRMS: m/z calcd for C12H16O2: 192.1150;
found: 192.1141.


1-Hydroxy-3-isopropenylbicyclo[4.3.1]dec-3-en-10-one (24): Catalyst 3
(17 mg, 0.02 mmol) was added to a solution of 23 (80:20 mixture of cis/
trans isomers, 76 mg, 0.37 mmol) in CH2Cl2 (75 mL), and the reaction
mixture was heated at reflux for 5 h. The solvent was evaporated and the
residue was purified by flash chromatography (5 ± 12 % EtOAc/hexanes) to
afford 24 (48 mg, 79 % yield) as a colorless oil. Rf� 0.4 (20 % EtOAc/
hexanes); 1H NMR: �� 5.90 (t, J� 7.2 Hz, 1 H), 5.04 (s, 1H), 4.90 (s, 1H),
4.21 (br s, 1H), 2.96 (m, 2H), 2.87 ± 2.56 (m, 2 H), 2.48 ± 2.19 (m, 3 H), 2.05 ±
1.86 (m, 2H), 1.83 (s, 3 H), 1.80 ± 1.67 (m, 2 H); 13C NMR: �� 211.9 (C),
143.3 (C), 143.2 (C), 124.8 (CH), 112.8 (CH2), 80.1 (C), 47.6 (CH), 42.9
(CH2), 36.9 (CH2), 33.0 (CH2), 28.1 (CH2), 21.0 (CH3), 19.4 (CH2); MS
(70 eV): m/z (%): 206 (6) [M�], 188 (88), 144(14), 131(18), 95(20), 85(35),
79(100); HRMS: m/z calcd for C13H18O2: 206.1307; found: 206.1311.


Diels ±Alder reactions and oxidative fragmentations. Synthesis of 21, 22
and 25


(1S*,2S*,3R*,7S*,12S*)-1-Hydroxy-9-methyl-5-phenyl-5-azatetracyclo-
[10.3.1.02,1003,7]hexadec-9-ene-4,6,16-trione (20): A solution of 19 (65 mg,
0.34 mmol) and N-phenylmaleimide (100 mg, 0.58 mmol) in toluene
(14 mL) was heated at 155 �C in a sealed-tube for 5 h. The solvent was
evaporated and the residue was purified by flash chromatography (20 ±
60% EtOAc/hexanes) to afford 20 (105 mg, 85 % yield) as a white solid.
Rf� 0.42 (75 % EtOAc/hexanes); m.p. 98 �C; 1H NMR: �� 7.38 ± 7.17 (m,
3H), 6.97 (m, 2 H), 4.38 (br s, 1 H), 3.80 (dd, J� 8.4, 4 Hz, 1H), 3.13 (t, J�
7.5 Hz, 1H), 2.97 (s, 1H), 2.78 ± 2.56 (m, 4H), 2.39 (m, 1 H), 2.13 (d, J�
8.4 Hz, 1 H), 1.96 ± 1.81 (m, 5H), 1.67 (s, 3 H), 1.59 (m, 1H); 13C NMR: ��
212.5 (C), 178.6 (C), 178.0 (C), 131.4 (C), 128.9 (CH), 128.5 (CH), 128.3 (C),
128.2 (C), 126.2 (CH), 77.2 (C), 53.1 (CH), 47.4 (CH2), 44.3 (CH), 42.3
(CH), 40.1 (CH), 36.8 (CH2), 34.6 (CH2), 32.6 (CH2), 19.2 (CH3). MS
(70 eV): m/z (%): 365 (6) [M�], 337 (32), 254 (89), 174 (12), 91 (100), 77
(61); HRMS: m/z calcd for C22H23NO4: 365.1627; found: 365.1620.


(1S*,4S*,10S*,15S*)-7-Methyl-2-oxatetracyclo[6.6.1.11,1004,15]hexadec-7-
ene-3,16-dione (22): A solution of 19 (82 mg, 0.43 mmol) and methyl
acrylate (0.25 mL, 4.30 mmol) in toluene (9 mL) was heated at reflux for
50 h. The reaction mixture was concentrated, and the residue was purified
by flash chromatography to afford of an inseparable mixture of adducts
(18 mg) and 22 (58 mg, 55% yield) as a white solid. Rf� 0.3 (40 % EtOAc/
hexanes); m.p. 141 �C; 1H NMR: �� 3.36 (d, J� 11 Hz, 1 H), 3.15 (dd, J�
11, 14.6 Hz, 1H), 2.95 (m, 1 H), 2.82 (m, 1H), 2.25 (d, J� 11 Hz, 1H), 2.20 ±
1.96 (m, 3 H), 1.88 ± 1.77 (m, 6 H), 1.63 (s, 3H), 1.59 (m, 1H); 13C NMR: ��
210.0 (C), 176.9 (C), 131.9 (C), 120.2 (C), 88.7 (C), 45.5 (CH), 45.0 (CH),
39.8 (CH), 33.3 (CH2), 31.5 (CH2), 28.7 (CH2), 22.9 (CH2), 19.6 (CH3), 17.6
(CH2). MS (70 eV): m/z (%): 246 (64) [M�], 218 (44), 173 (37), 131 (43), 113
(100); HRMS m/z calcd for C15H18O3: 246.1256; found: 246.1258.


Methyl (3aS*,7S*,11aS*,11bR*)-5-methyl-1,3,11-trioxo-2-phenyl-2,3,3a,
4,6,7,8,9,10,11,11a,11b-dodecahydro-1H-cycloocta[e]isoindole-7-carboxy-
late (21): Pb(OAc)4 (175 mg, 0.395 mmol) was added to a solution of 20


(95 mg, 0.26 mmol) in MeOH (8 mL). After stirring for 5 min at room
temperature, the reaction mixture was poured into brine and then extracted
with Et2O. Drying, filtering, and concentration gave a crude residue that
was purified by flash chromatography (10 ± 25% EtOAc/hexanes) to give
21 (78 mg, 76 % yield) as a colorless oil. Rf� 0.60 (60 % EtOAc/hexanes);
1H NMR: �� 7.51 ± 7.30 (m, 5H), 4.19 (d, J� 5.7 Hz, 1H), 3.72 (s, 3H),
3.17 ± 2.85 (m, 4H), 2.60 ± 2.39 (m, 4 H), 2.32 ± 2.17 (m, 1 H), 1.98 (m, 1H),
1.83 (s, 3H), 1.71 (m, 3 H); 13C NMR: �� 207.1 (C), 178.6 (C), 178.1 (C),
175.8 (C), 134.8 (C), 132.3 (C), 129.0 (CH), 128.4 (CH), 126.7 (CH), 125.7
(C), 52.0 (CH3), 51.3 (CH), 41.9 (CH), 41.3 (CH2), 41.0 (CH), 39.2 (CH),
33.8 (CH2), 30.6 (CH2), 29.8 (CH2), 22.4 (CH2), 20.2 (CH3); MS (70 eV): m/
z (%): 395 (27) [M�], 317 (23), 159 (25), 105 (100); HRMS: m/z calcd for
C23H25NO5: 395.1733; found: 395.1725.


(1S*,2S*,3R*,7S*,12S*)-1-Hydroxy-9-methyl-5-phenyl-5-azatetracyclo-
[10.4.1.02,1003,7]heptadec-9-ene-4,6,17-trione : A mixture of 24 (70 mg,
0.34 mmol) and N-phenylmaleimide (117 mg, 0.68 mmol) in toluene
(14 mL) was heated at 160 �C in a sealed tube for 4 h. The solvent was
evaporated and the residue was purified by flash chromatography (20 ±
60% EtOAc/hexanes) to afford the Diels ± Alder adduct (86 mg, 67%
yield) as a viscous oil. Rf� 0.44 (60 % EtOAc/hexanes); 1H NMR: ��
7.48 ± 7.34 (m, 3H), 7.12 (m, 2 H), 4.18 (s, 1 H), 3.30 ± 3.02 (m, 3H), 2.81 (m,
1H), 2.79 ± 2.43 (m, 3H), 2.37 ± 2.11 (m, 4H), 1.93 ± 1.81 (m, 2 H), 1.76 (s,
3H), 1.75 ± 1.42 (m, 3H); 13C NM: �� 212.4 (C), 178.5 (C), 177.2 (C), 131.7
(C), 130.9 (C), 130.5 (C), 128.9 (CH), 128.4 (CH), 126.2 (CH), 79.0 (C), 47.8
(CH), 45.3 (CH), 42.8 (CH2), 40.4 (CH), 36.0 (CH2), 35.6 (CH), 32.5 (CH2),
31.5 (CH2), 27.5 (CH2), 19.4 (CH3), 18.8 (CH2); MS (70 eV): m/z (%): 379
(22) [M�], 361 (57), 333 (100), 185 (49), 175 (72), 159 (24), 105 (56); HRMS:
m/z calcd for C23H25NO4: 379.1784; found: 379.1779.


Methyl (3aS*,7S*,12aS*,12bR*)-5-methyl-1,3,11-trioxo-2-phenyl-1,2,3,
3a,4,6,7,8,9,10,11,12,12a,12b-tetradecahydrocyclonona[e]isoindole-7-car-
boxylate (25): Pb(OAc)4 (140 mg, 0.32 mmol) was added to a solution of
the above tetracycle (80 mg, 0.21 mmol) in MeOH (10 mL) and the
resulting solution stirred at room temperature for 5 min. The reaction
mixture was poured into brine and extracted with Et2O, dried, filtered, and
concentrated. The crude residue was purified by flash chromatography
(30 ± 50% EtOAc/hexanes) to afford 25 (77 mg, 89 % yield) as a white
solid. Rf� 0.52 (60 % EtOAc/hexanes); 1H NMR: �� 7.46 ± 7.38 (m, 3H),
7.24 ± 7.20 (m, 2H), 3.58 (s, 3H), 3.49 (m, 1H), 3.26 ± 3.18 (m, 3 H), 3.02 (dd,
J� 6.1, 15.7 Hz, 1 H), 2.60 ± 2.44 (m, 6 H), 2.08 ± 1.98 (m, 3 H), 1.76 (s, 3H),
1.60 (m, 1H); 13C NMR: �� 212.8 (C), 178.5 (C), 177.4 (C), 176.2 (C), 132.4
(C), 131.6 (C), 130.9 (C), 128.9 (CH), 128.5 (CH), 126.2 (CH), 79.3 (C), 51.7
(CH3), 45.2 (CH), 43.2 (CH), 43.0 (CH2), 40.3 (CH2), 39.9 (CH), 39.5 (CH),
35.4 (CH2), 30.5 (CH2), 23.6 (CH2), 19.6 (CH3); MS (70 eV): m/z (%): 409
(71) [M�], 332 (54), 183 (42), 159 (36), 119 (100), 105 (88); HRMS: m/z
calcd for C24H27NO5: 409.1889; found: 409.1877.
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Novel Asymmetric Michael Addition of �-Cyanopropionates to Acrolein by
the Use of a Bis(oxazolinyl)phenylstannane-Derived Rhodium(���) Complex as
a Chiral Lewis Acid Catalyst


Yukihiro Motoyama,* Yoshiyuki Koga, Kouji Kobayashi,
Katsuyuki Aoki, and Hisao Nishiyama[a]


Abstract: The rhodium complex pre-
pared in situ by simply mixing [{RhCl-
(c-octene)2}2] and [(Phebox)SnMe3] (1)
(Phebox� 2,6-bis(oxazolinyl)phenyl)
was found to serve as an efficient
catalyst for the asymmetric Michael
addition of �-cyanopropionates (4) to
acrolein under mild and neutral condi-
tions. In the present catalytic system,
both the temperature of catalyst prepa-
ration and the order of the addition of
the substrates were very important for
the catalytic efficiency and enantiose-
lectivity. Detailed mechanistic studies of


this catalytic system revealed that the
[(Phebox)RhIII(SnMe3)Cl] complex (9),
generated by oxidative addition of
[{RhCl(c-octene)2}2] to 1, is an active
catalyst and the turnover number
(TON) of the present actual catalyst
existing in a reaction mixture is greater
than 10000. The obtained (R) stereo-


chemistry of the Michael adducts 5 can
be explained by N-bonded enol inter-
mediates C�, which are formed by eno-
lization of 4 bound to the Lewis acidic
rhodium complex 9. We also found that
the active catalyst 9 gradually decom-
posed in the presence of the remaining
[{RhCl(c-octene)2}2] in the reaction mix-
ture to form the catalytically nonactive
[(Phebox)RhCl2] fragment A, whose
structure was characterized by an
X-ray crystallographic study after con-
verting to the tBuNC complex 10.


Keywords: asymmetric catalysis ¥
�-cyanopropionates ¥ Lewis acids ¥
Michael addition ¥ pincer ligands ¥
rhodium


Introduction


The Michael addition of carbon nucleophiles to alkenes that
contain an electron-withdrawing group (EWG) is widely
recognized as one of the most important carbon ± carbon
bond-forming reactions in organic synthesis.[1] Although these
reactions proceed by the use of Br˘nsted bases, such as
tertiary amines, alkali metal alkoxides, or hydroxides, these
basic conditions are often a limiting factor because there is a
variety of side and subsequent reactions. To carry out the
reactions under mild and neutral conditions, much attention
has been recently focused on the transition-metal complexes
as catalysts. Accordingly, numerous catalytic processes that
use chiral transition-metal complexes have been reported.[2]


Among various nucleophiles, �-cyanocarboxylates are useful
substrates for this reaction in order to produce a quarternary
carbon center with many different functional groups.[3] Never-


theless, there are only two reports of chiral catalysts, prepared
from RhI precursors and trans-chelating ligands that have
deep chiral surroundings, for the Michael addition with good-
to-high enantioselectivities because the enantioselective car-
bon ± carbon bond formation would be accomplished at the �-
carbon atom very distant from the metal center (Scheme 1).[4]


OMe
OMe


Ph2P


Ph2P


Ph2P
Me


H


PPh2
Me


H


EWG


R'


NC CO2R EWG CO2R


R'NC


Fe Fe


+ +
[RhH(CO)(PPh3)3]


+
*


[Rh(acac)(CO)2]


Scheme 1. Chiral catalysts for asymmetric Michael addition of �-cyano-
propionates to enals or enones.


Previously, we have designed a chiral anionic ™N-C-N
pincer∫ ligand,[5, 6] namely 2,6-bis(oxazolinyl)phenyl (abbre-
viated to Phebox),[7, 8] and synthesized the stannyl compounds
1 (Scheme 2) as stable aryl anion precursors since aryltri-
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[(Phebox)RhCl2(H2O)]
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Scheme 2. Structures of [(Phebox)SnMe3] (1), Phebox-Pt and Phebox-Rh
aqua complexes 2 and 3.


alkylstannanes are known to react with metal halides (by
transmetalation) or low-valent transition metals (by oxidative
addition).[9] Furthermore, we have also succeeded in the
asymmetric alkylation of benzaldimine,[7b] enantioselective
addition of allyl tins to aldehydes,[7c,d] and hetero-Diels ±
Alder reaction of Danishefsky×s dienes[7e] by the use of
Phebox-Pt and Phebox-Rh aqua complexes 2 and 3 as chiral
Lewis acids (Scheme 2). In this context, we have been very
interested in the application of Phebox ligands containing a
deep chiral pocket to the asymmetric Michael addition of �-
cyanocarboxylates and electrophiles as a further challenging
subject. Although we examined the reaction of �-cyanopro-
pionates 4 and acrolein with Phebox-derived Pt and Rh
complexes, these aqua complexes 2 and 3 showed no catalytic
activities without tertiary amines. In sharp contrast, we found
that the rhodium catalyst generated in situ by simply mixing
[{RhCl(c-octene)2}2] and [(Phebox)SnMe3] (1) acts as an
effective catalyst for the reaction of �-cyanopropionates 4 and
acrolein (Scheme 3). We now report the novel asymmetric
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toluene
25 °CR = Et
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d:
e:
f:
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R = 2,4,6-Me3-C6H2
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b:
c:
d:
e:
f:
g:


Scheme 3. Asymmetric Michael addition of �-cyanopropionates 4 to
acrolein.


Michael addition of �-cyanopropionates to acrolein with a
Phebox-derived RhIII catalyst. We also describe X-ray crys-
tallographic and NMR evidence for the basis of the reaction
mechanism and transition-state assembly in this catalytic system.


Results and Discussion


Asymmetric Michael addition of �-cyanopropionates to
acrolein : At first, several Phebox precursors (1, 6 ± 8) and
RhI sources were examined in toluene for their catalytic
activities and enantioselectivities in the asymmetric Michael


addition of ethyl 2-cyanopropionate (4a) to acrolein. To a
solution of the catalyst in toluene, prepared in situ from [(iPr-
Phebox)SnMe3] (1a, 2 mol%) and [{RhCl(c-octene)2}2]
(1 mol%), was added 4a (0.5 mmol) and acrolein (0.75 mmol,
1.5 equiv) at 25 �C (Method A; see Experimental Section) for
2 h to produce the Michael adduct 5a in quantitative yield
with 64% ee (Table 1, entry 1). Depending on the temper-
ature, the reactions were dramatically sluggish and the


enantiomeric excesses of 5a decreased below 20 �C. A slightly
lower catalytic activity and enantioselectivity for the reaction
with catalyst derived from [(Phebox)SnBu3] (2) were ob-
served than those obtained with the catalyst derived from
[(Phebox)SnMe3] (entries 1 vs. 2 in Table 1). The rhodium
catalyst prepared from other Phebox precursors 7 and 8
showed remarkably low catalytic activities and enantioselec-
tivities (entries 3 and 4 in Table 1). The reactions that
employed other RhI sources, such as [{RhCl(cod)}2] (cod�
1,5-cyclooctadiene) or [{RhCl(CO)2}2], proceeded smoothly
under the same conditions; however, the enantioselectivities
of 5awere both decreased (entries 5 and 6 in Table 1). Among
the solvents tested, toluene proved to be effective for both
chemical yield and enantioselectivity (entries 1 vs. 7 ± 10 in
Table 1). The substituent on the oxazoline rings had a great
effect on the chemical yields and % ee values (entries 11 ± 14
in Table 1). The activities of catalysts derived from both Ph-
Phebox and tBu-Phebox were lower than those of the others.
The enantioselectivities obtained with Ph-, Bn-, and Me-
Phebox-derived stannanes 1b ± d were remarkably decreased.
Finally, an enantioselectivity of�69% ee was achieved by the
use of the bulky tBu-substituted 1e. We also found that the
addition order of the substrates was a significant factor
governing the reaction rate: the reaction rate on adding 4a to


Table 1. Asymmetric Michael addition of ethyl 2-cyanopropionate (4a) to
acrolein with the Phebox-RhI system.[a]


N


OO


N


RR
SnMe3


N


OO


N


iPriPr
X


6:
7:
8:


X = SnBu3


X = SiMe3


X = H


1a:
b:
c:
d:
e:


R = iPr
R = Ph
R = Bn
R = Me
R = tBu


Entry Ligand RhI Solvent Yield [%] ee [%][b]


1 1a [{RhCl(c-octene)2}2] toluene � 99 64
2 6 [{RhCl(c-octene)2}2] toluene 71 58
3[c] 7 [{RhCl(c-octene)2}2] toluene 12 16
4[c] 8 [{RhCl(c-octene)2}2] toluene 10 8
5 1a [{RhCl(cod)}2] toluene � 99 49
6 1a [{RhCl(CO)2}2] toluene � 99 45
7 1a [{RhCl(c-octene)2}2] benzene 90 60
8 1a [{RhCl(c-octene)2}2] CH2Cl2 � 99 17
9 1a [{RhCl(c-octene)2}2] THF 51 20
10[d] 1a [{RhCl(c-octene)2}2] Et2O � 99 48
11 1b [{RhCl(c-octene)2}2] toluene 63 33
12 1c [{RhCl(c-octene)2}2] toluene 99 18
13 1d [{RhCl(c-octene)2}2] toluene � 99 30
14 1e [{RhCl(c-octene)2}2] toluene 70 69
15[d, e] 1e [{RhCl(c-octene)2}2] toluene 96 69


[a] All reactions were carried out with Phebox ligand (0.01 mmol; 1, 6 ± 8),
RhI dimer (0.005 mmol), ethyl 2-cyanopropionate (0.5 mmol; 4a) and
acrolein (0.75 mmol) in 1.5 mL of solvent at 25 �C for 2 h (Method A).
[b] Determined by capillary GLC analysis using Astec ChiraldexG-TA
(30M). [c] 8 h. [d] 1 h. [e] Ethyl 2-cyanopropionate (4a) was added to the
catalyst/acrolein mixture (Method B).
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the mixture of the catalyst and acrolein solution (Method B)
was more than twice as fast as that found for the addition of
acrolein to a mixture of catalyst and 4a (Method A), without
loss of the enantiomeric purity of the product 5a (entries 14
vs. 15 in Table 1).
Next, the effects of the ester substituent on enantioselec-


tivity and reactivity were investigated for both methods
(Table 2). Remarkable improvement in the enantioselectiv-


ities was achieved by employing �-cyanopropionates with
bulkier ester groups. The reaction with iPr and diphenyl-
methyl esters 4b and 4c by Method A afforded the corre-
sponding adducts 5b and 5c with 74% and 80% ee, respec-
tively (entries 2 and 3 in Table 2). Although reactivities of
both the bulky diisopropylmethyl and di(tert-butyl)methyl
esters, 4d and 4e, were lower than those of the less hindered
ones, extension of the reaction time to 24 h led to satisfactory
yields with good enantioselectivities (entries 4 and 5 in
Table 2). In spite of the steric bulkiness, the reactions of aryl
esters 4 f and 4g were much faster than those of the aliphatic
esters (entries 6 and 7 in Table 2). The reaction rates were
dramatically increased (within 2 h) by the use of Method B
(entries 1 ± 7 vs. 8 ± 14 in Table 2). Although the enantiomeric
excesses of 5a ± e derived from the aliphatic esters were not
improved by Method B, the enantioselectivities of the reac-
tion with aromatic esters 4 f and 4g were higher than those
obtained by Method A (entries 6 ± 7 vs. 13 ± 14 in Table 2).
Finally, the enantioselectivities in the reaction were obtained
with 85 ± 86% ee for both bulky aliphatic and aromatic esters
4e and 4g. The absolute configuration of the isopropyl ester
5b was determined as (R) by comparison of the optical
rotation with the literature value ([�]20D ��3.1� (c� 5.0 ± 5.1,
CHCl3) for 87% ee, (R)).[4a,b]


Reaction of [(Phebox)SnMe3] with [{RhCl(c-octene)2}2]: To
obtain information about catalytically active species, we first


checked the reaction between [{RhCl(c-octene)2}2] and [(iPr-
Phebox)SnMe3] (1a). On the basis of TLC studies and
1H NMR spectroscopy, it was found that the reaction between
the RhI complex and 1a scarcely proceeded under 20 �C.
However, the 1H NMR spectrum of the reaction mixture in
[D6]benzene at 25 �C showed a small intensity of signals
attributed to two nonsymmetrical complexes 9a with an
SnMe3 group in a ratio of 5:1. These SnMe3 signals appeared
(���4.97 and �8.76) with 103Rh ± 13C couplings (2.0 Hz for
both complexes) in the 13C NMR spectrum. In addition,
formation of Me3SnCl (�� 0.23 ppm; satellite J(Sn,H)� 58.2,
55.6 Hz) by transmetalation of RhI with 1awas not confirmed.
Therefore, we concluded that the two [(iPr-Phebox)RhIII(Sn-
Me3)Cl] complexes 9a, which are conformational isomers
with a five-coordinate structure, are formed by oxidative
addition of [{RhCl(c-octene)2}2] to 1a (Scheme 4). Similar
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Scheme 4. Formation of [(Phebox)RhIII(SnMe3)Cl] complexes 9 and yields
detected by 1H NMR spectroscopy.


results were obtained by the reaction of tBu- and dMe-
Phebox-derived stannanes 1e and 1 f with [{RhCl(c-oc-
tene)2}2] (Table 3). In spite of an extension of the reaction
time, the yields of the product [(Phebox)RhIII(SnMe3)Cl]
complexes 9 in the reaction mixture were not increased and
only �3 ± 9% of 9 were detected in 1H NMR spectra.
Therefore, most of the stannyl compound 1 could be
recovered from the reaction media.


[(Phebox)RhIII(SnMe3)Cl] complex as an active catalyst :
Next, we examined the differentiation between the Methods


Table 2. Asymmetric Michael addition of various �-cyanopropionates (4)
to acrolein.[a]


Entry Substrate/
Product (4/5)


Method Time[h] Yield [%] ee [%][b]


1 4a/5a A 2 70 69
2 4b/5b A 4 82 74 2(R)[c]


3 4c/5c A 4 80 80[d]


4 4d/5d A 24 81 82
5 4e/5e A 24 71 85
6 4 f/5 f A 2 93 70[d]


7 4g/5g A 2 94 80[e]


8 4a/5a B 1 96 69
9 4b/5b B 1 97 73 2(R)[c]


10 4c/5c B 1 97 79[d]


11 4d/5d B 2 82 80
12 4e/5e B 2 82 86
13 4 f/5 f B 0.5 93 75[d]


14 4g/5g B 0.5 95 85[e]


[a] All reactions were carried out with [(tBu-Phebox)SnMe3] (0.01 mmol;
1e), [{RhCl(c-octene)2}2] (0.005 mmol), �-cyanopropionate 4 (0.5 mmol),
and acrolein (0.75 mmol) in toluene (1.5 mL) at 25 �C. [b] Determined by
capillary GLC analysis (Astec ChiraldexG-TA). [c] Determined by
comparison of the reported [�]D data: see ref. [4a, b]. [d] Determined by
HPLC analysis (Daicel CHIRALPAKAD) of the alcohol after reduction
of 5 with NaBH4. [e] Determined by HPLC analysis (Daicel CHIRALPA-
KAS) after conversion to the chiral acetal with (S,S)-2,4-pentandiol.


Table 3. NMR data for the SnMe3 signals of [(Phebox)RhIII(SnMe3)Cl]
complexes 9.


Complex 1H NMR[a] 13C NMR[b]


(major/minor) � (ppm) � (ppm) (J(Rh,C)) [Hz]
(J(Sn,H)) [Hz] (J(Sn,C) [Hz]


9a major 0.16 � 4.97 (2.0)
(5:1) (50.7, 47.8) (266)


minor 0.30 � 8.76 (2.0)
(42.6) ±[c]


9e major 0.13 ±[c]


(�98:2) (48.5, 46.3)
minor ±[c] ±[c]


9 f major 0.14 � 4.13 (2.2)
(3.5:1) (50.2, 48.2) (276, 262)


minor � 0.05 � 8.33 (1.5)
(44.5) ±[c]


[a] Observed at 400 MHz in [D6]benzene at room temperature. [b] Ob-
served at 100 MHz in [D6]benzene at room temperature. [c] Not detected.
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A and B in detail. When �-cyanoester 4a was added to the
catalyst solution (Method A), which includes the formed
[(Phebox)RhIII(SnMe3)Cl] complex 9 and remaining (Phe-
box)SnMe3 (1) and [{RhCl(c-octene)2}2], complex 9 gradually
decomposed resulting in the formation of the catalytically
nonactive dichloride fragments A (Scheme 5). Such a di-
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Scheme 5. Decomposition of [(Phebox)RhIII(SnMe3)Cl] complex 9 (Meth-
od A) and the formation of [{RhCl(acrolein)2}2] complex (Method B).


chloride structure was characterized by a single-crystal X-ray
structure study of an isonitrile complex 10 (Figure 1). On
adding acrolein to the catalyst solution (Method B), the
remaining [{RhCl(c-octene)2}2] complex was removed com-
pletely from the reaction media as an insoluble [RhCl(acro-
lein)2] species, whose composition was determined to be


Figure 1. ORTEP drawing of [(dMe-Phebox)RhCl2(CNtBu)] complex 10.
Selected bond lengths [ä] and angles [�]: Rh1�Cl1 2.342(3), Rh1�Cl2
2.339(3), Rh1�N1 2.067(7), Rh1�N2 2.087(7), Rh1�C17 2.11(1), C17�N3
1.15(1), Rh1-C17-N3 174.4(9), N1-Rh1-N2 157.0(3), Cl1-Rh1-Cl2 179.7(1).


[RhCl(acrolein)2] ¥ (H2O) (11) by elemental analysis after
isolation. The [(Phebox)RhIII(SnMe3)Cl] complexes 9 still
remained in the reaction mixture, and the ratio of the formed
9 and the starting stannyl compounds 1 were 1:16 for 9e and
1:30 for 9e, respectively (1H NMR spectroscopy). As soon as
the [(Phebox)RhIII(SnMe3)Cl] complex forms, the present
Michael addition proceeds, even at 0 �C. For example, the
reaction of 4g and acrolein with tBu-Phebox-derived catalyst
9e at 0 �C for 18 h afforded the Michael adduct 5g in 90%
yield with 82% ee (c.f. : 25 �C, 0.5 h; 95% yield, 85% ee).
These results indicate that the [(Phebox)RhIII(SnMe3)Cl]


complex 9, generated by the oxidative addition of [RhCl(c-
octene)2]2 to 1, is an active catalyst and the decomposition of
the formed complex 9may be inhibited by Method B because
the RhI source was eliminated from the reaction mixture.


High catalytic efficiency of [(Phebox)RhIII(SnMe3)Cl] com-
plex : Since the catalytically active (tBu-Phebox)RhIII(Sn-
Me3)Cl] complex 9e was formed in only 3% by Method B
(prepared from 2 mol% of 1e and 1 mol% of [{RhCl(c-
octene)2}2]), the calculated amount of the actual catalyst was
�6.7� 10�2 mol%; S/C� 1500 (S/C� substrate/actual cata-
lyst ratio) (entries 1 and 3 in Table 4). To confirm the high


catalytic activity of the [(tBu-Phebox)RhIII(SnMe3)Cl] com-
plex 9e, we also examined the reaction at very low catalyst
loadings. The catalyst solution was prepared from [(tBu-
Phebox)SnMe3] (1e) (5.0� 10�3 mmol) and [{RhCl(c-oc-
tene)2}2] (2.5� 10�3 mmol) in toluene (2.5 mL) at 25 �C for
15 min. In this mixture, therefore, 1.67� 10�4 mmol of the
active catalyst 9e was thought to be present. When acrolein
(3.0 mmol, 1.5 equiv) and �-cyanoesters 4a or 4d (2.0 mmol,
S/C� 12000) were added to the catalyst solution, the corre-
sponding Michael adducts 5a or 5d were obtained without
loss of enantioselectivities (entries 2 and 4 in Table 4). The
turnover numbers (TON) of the present catalytic system were
thus found to be 10800 for 4a and 10920 for 4d, respectively.


Transition-state assembly : By the use of low-valent transition
metal complexes as catalyst precursors, the active intermedi-
ates are known to be N-bonded enolate complexes which are
formed by oxidative addition of low-valent transition metal
complexes to �-cyanoesters.[10] Similar enolate intermediates
are formed by the Lewis acid catalyzed reaction of �-
nitroesters or �-ketoesters: Lewis acids initially coordinate
to �-nitroesters or �-ketoesters at the carbonyl oxygen, then
enolate complexes are generated.[11] In our catalytic system,
the high-valent RhIII complex 9 is formed and the nitrile group
at the �-carbon atom is necessary for the Michael addition to
proceed: no product was obtained in the reaction of �-
ketoesters or �-nitro compounds with acrolein. Therefore, we
assumed that complex 9 is coordinated to the N atom of �-
cyanoesters 4 as a Lewis acid (Scheme 6B), then the bound
esters 4 may enolize resulting in the formation of N-bonded
enol C. This hypothesis can explain the higher reactivities of
aromatic esters 4 f and 4g than that of the aliphatic esters


Table 4. Experiments on the catalytic efficiency of complex 9e.[a]


Entry Substrate/
product


cat. S/C[b] Time Yield TON ee[c]


4/5
[mol%] [h] [%] [%]


1[d] 4a/5a 6.7� 10�2 1500 1 96 1440 69
2[e] 4a/5a 8.3� 10�3 12000 1 90 10800 66
3[d] 4d/5d 6.7� 10�2 1500 2 82 1230 80
4[e] 4d/5d 8.3� 10�3 12000 7 91 10920 81


[a] All reactions were carried out in toluene at 25 �C. [b] S/C�Ratio of
substrate (4):catalyst (9e). [c] Determined by capillary GLC analysis
(Astec Chiraldex G-TA). [d] �-Cyanopropionate 4 (0.5 mmol) and acrolein
(0.75 mmol) in toluene (1.5 mL). [e] �-Cyanopropionate 4 (2.0 mmol) and
acrolein (3.0 mmol) in toluene (2.5 mL).
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Scheme 6. Hypothetical intermediate C for the present Michael addition.


4a ± e : enolization of an aryl ester is easier than that of an
aliphatic one because of the high electron-withdrawing ability
of its aryloxy group.
The observed R stereochemistry of the Michael adducts 5


on using the (S,S)-[(tBu-Phebox)RhIII(SnMe3)Cl] complex 9e
can be unambiguously explained by the intermediate C�. The
enol plane bound to the Rh atom is parallel to the Phebox
plane, and the Si face of the enol is masked by both one
substituent on the oxazoline rings and the bulky SnMe3 group.
The acrolein attacked the exposed re face of the bound enol,
so the R product was obtained (Figure 2).
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Figure 2. The transition state model C� for the present reaction.


Conclusion


We have found a novel catalytic system for the asymmetric
Michael addition of �-cyanopropionates and acrolein by the
use of a Phebox-derived rhodium(���) catalyst prepared in situ
by simply mixing [{RhCl(c-octene)2}2] and [(Phebox)SnMe3].
We have clarified that the chiral [(Phebox)RhIII(SnMe3)Cl]
complex, generated by oxidative addition of [{RhCl(c-oc-
tene)2}2] to [(Phebox)SnMe3], is an active catalyst and the
turnover number of this catalytic system is �10000 within a
few hours. We also deduced that the obtained R stereo-
chemistry of the Michael adducts is attributed to the
N-bonded enol intermediates formed by enolization of �-
cyanopropionates bound to the Lewis acidic [(Phebox)-
RhIII(SnMe3)Cl] complexes. To our knowledge, the [(Phe-
box)RhIII(SnMe3)Cl] complexes reported herein are the first
examples of chiral Lewis acid catalysts for asymmetric
Michael addition with extremely high catalytic efficiency.[12]


Application of this catalytic system to other asymmetric
reactions is currently under investigation.


Experimental Section
General methods : [{RhCl(CO)2}2], anhydrous dichloromethane, ether,
benzene, toluene, and tetrahydrofuran were purchased from Kanto
Chemical Co. Ethyl 2-cyanopropionate (2a), tributyltin chloride, and


trimethylsilyl trifluoromethanesulfonate (TMSOTf) were purchased from
Tokyo Chemical Industry Co., Ltd. 1H and 13C NMR spectra were
measured on a VARIAN Inova-400 (400 MHz) spectrometer. Chemical
shifts in 1H NMR are given relative to tetramethylsilane as an internal
standard (�� 0) in CDCl3, unless otherwise noted. Chemical shifts of
13C NMR are given relative to CDCl3 as an internal standard (�� 77.1),
unless otherwise noted. IR spectra were measured on a JASCO FT/IR-230
spectrometer. Melting points were measured on a Yanaco MP-J3.
Elemental analyses were measured on a YanacoCHN CORDERMT-6.
Gas chromatography (GC) analyses were performed with a Shimadzu GC-
14A gas chromatograph, and C-R5A chromatopac equipped with an
ASTEC Chiraldex G-TA (30M) column. High-performance liquid chro-
matography (HPLC) analyses were carried out with a JASCO PU-980
HPLC pump, UV-975 and 980UV/VIS detector, and CO-966 column
thermostat (at 25 �C) with Daicel CHIRALPAKAD and AS columns.
Optical rotations were measured on a JASCO P-1030 polarimeter. Column
chromatography was performed with silica gel (Merck, Art. No. 7734).
Analytical thin-layer chromatography (TLC) was performed on glass plates
and aluminum sheets precoated with silica gel (Merck, Kieselgel60F254,
layer thickness: 0.25 and 0.2 mm, respectively). Visualization was accom-
plished by UV light (�� 254 nm), anisaldehyde, and phosphomolybdic
acid. All reactions were carried out under a nitrogen or argon atmosphere.
[{RhCl(c-octene)2}2][13] and [{RhCl(cod)}2][14] were prepared by the liter-
ature methods. [(Phebox)SnMe3] (1) was prepared by our method.[7] (iPr-
Phebox)H (8) was prepared by the literature method.[15] �-Cyanopropio-
nates (4b and 4d) were prepared by the literature method.[4a,b]


[(iPr-Phebox)SnBu3] (6): Prepared from (iPr-Phebox)Br and nBu3SnCl
according to our method in 73% yield.[7] Colorless oil; IR (neat): �� � 2956,
1651, 1463, 1348, 1247, 1127, 1072, 982 cm�1; 1H NMR (400 MHz, CDCl3):
�� 0.86 (t, J� 7.3 Hz, 9H), 0.93 (d, J� 6.8 Hz, 6H), 0.93 ± 0.97 (m, 6H),
1.04 (d, J� 6.8 Hz, 6H), 1.21 ± 1.32 (m, 6H), 1.39 ± 1.47 (m, 6H), 1.77 ± 1.89
(m, 2H), 4.01 ± 4.13 (m, 4H), 4.40 ± 4.49 (m, 2H), 7.33 (t, J� 7.7 Hz, 1H),
7.89 (d, J� 7.7 Hz, satellite J(Sn,H)� 10.5 Hz, 2H); 13C NMR (100 MHz,
CDCl3): �� 13.6, 13.8 (satellite J(Sn,C)� 366, 352 Hz), 18.7, 19.2, 27.7
(satellite J(Sn,C)� 69, 65 Hz), 29.2 (satellite J(Sn,C)� 18 Hz), 33.2, 71.0,
73.4, 127.6 (satellite J(Sn,C)� 8 Hz), 131.0 (satellite J(Sn,C)� 27 Hz), 136.7
(satellite J(Sn,C)� 16 Hz), 146.4 (satellite J(Sn,C)� 369, 353 Hz), 165.6
(satellite J(Sn,C)� 12 Hz); elemental analysis calcd (%) for
C30H50N2O2Sn: C 61.13, H 8.55, N 4.75; found: C 61.13, H 8.54, N 4.76.


(iPr-Phebox)SiMe3 (7): To a stirred solution of (iPr-Phebox)Br (500 mg,
1.40 mmol) in tetrahydrofuran (3 mL) was added nBuLi in hexane (1.52�,
1.20 mL, 1.82 mmol) at �78 �C. The mixture was stirred for 10 min, then
TMSOTf (405 mL, 1.82 mmol) was added and the reaction mixture was
warmed to �20 �C and stirred for 1 h. The mixture was diluted with ether
(5 mL), washed twice with water (total of 10 mL), dried over Na2SO4, and
concentrated under reduced pressure. Purification by silica gel chromatog-
raphy (hexane/ethyl acetate� 3:1) gave 7 in 89% yield (466 mg,
1.25 mmol). Colorless oil ; IR (neat): �� � 2959, 1655, 1467, 1347, 1118,
978 cm�1; 1H NMR (400 MHz, CDCl3): �� 0.28 (s, 9H), 0.95 (d, J� 6.8 Hz,
6H), 1.07 (d, J� 6.8 Hz, 6H), 1.85 (dsept, J� 6.8, 6.8 Hz, 2H), 4.02 (td, J�
9.2, 6.8 Hz, 2H), 4.09 (dd, J� 9.2, 8.0 Hz, 2H), 4.44 (dd, J� 9.2, 8.0 Hz,
2H), 7.36 (t, J� 7.6 Hz, 1H), 7.79 (d, J� 7.6 Hz, 2H); 13C NMR (100 MHz,
CDCl3): �� 1.5, 18.8, 19.4, 33.1, 70.9, 73.6, 128.3, 131.5, 136.4, 141.4, 166.0;
elemental analysis calcd (%) for C21H32N2O2Si: C 67.70, H 8.66, N 7.52;
found: C 67.74, H 8.64, N 7.55.


Synthesis of �-cyanopropionates (4c, 4e, 4 f, 4g): Prepared from corre-
sponding alcohols and �-cyanopropionic acid according to a literature
method.[4a,b]


Diphenylmethyl �-cyanopropionate (4c): Yield: 48%, white solid; m.p.
66 ± 67 �C; IR (KBr): �� � 3033, 2924, 2252, 1748, 1496, 1456, 1181, 1107, 744,
697 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.61 (d, J� 7.5 Hz, 3H), 3.64 (q,
J� 7.5 Hz, 1H), 6.92 (s, 1H), 7.31 ± 7.38 (m, 10H); 13C NMR (100 MHz,
CDCl3): �� 15.2, 31.8, 79.4, 117.2, 126.9, 127.2, 128.4, 128.5, 128.8 (2C),
139.02, 139.05, 165.6; elemental analysis calcd (%) for C17H15NO2: C 76.96,
H 5.70, N 5.28; found: C 76.99, H 5.73, N 5.29.


Di(tert-butyl)methyl �-cyanopropionate (4e): Yield: 43%; colorless oil; IR
(neat): �� � 2965, 2251, 1741, 1480, 1455, 1400, 1371, 1335, 1259, 1198, 1110,
1038, 968, 934, 911, 876, 742 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.04 (s,
9H), 1.05 (s, 9H), 1.63 (d, J� 7.5 Hz, 3H), 3.58 (q, J� 7.5 Hz, 1H), 4.66 (s,
1H); 13C NMR (100 MHz, CDCl3): �� 15.6, 28.6, 28.7, 31.8, 37.37, 37.43,
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89.3, 117.6, 166.2; elemental analysis calcd (%) for C13H23NO2: C 69.29, H
10.29, N 6.22; found: C 69.31, H 10.32, N 6.20.


2,4,6-Trimethylphenyl �-cyanopropionate (4 f): Yield: 68%; white solid;
m.p. 45 ± 46 �C; IR (KBr): �� � 2924, 1766, 1484, 1456, 1383, 1237, 1190, 1135,
859 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.77 (d, J� 7.3 Hz, 3H), 2.13 (s,
6H), 2.28 (s, 3H), 3.83 (q, J� 7.3 Hz, 1H), 6.89 (s, 2H); 13C NMR
(100 MHz, CDCl3): �� 15.6, 16.2, 20.8, 31.5, 117.0, 129.4, 129.6, 136.3, 145.4,
164.7; elemental analysis calcd (%) for C13H15NO2: C 71.87, H 6.96, N 6.45;
found: C 71.72, H 6.95, N 6.48.


2,6-Diisopropylphenyl �-cyanopropionate (4g): Yield: 79%; white solid;
m.p. 51 ± 52 �C; IR (KBr): �� � 2967, 2872, 2252, 1767, 1710, 1456, 1232, 1166,
1100, 795, 736 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.22 (d, J� 6.8 Hz,
12H), 1.78 (d, J� 7.3 Hz, 3H), 2.87 (sept, J� 6.8 Hz, 2H), 3.86 (q, J�
7.3 Hz, 1H), 7.18 ± 7.28 (m, 3H); 13C NMR (100 MHz, CDCl3): �� 15.5,
22.7, 23.9, 27.7, 31.5, 116.9, 124.3, 127.4, 140.0, 145.1, 165.4; elemental
analysis calcd (%) for C16H21NO2: C 74.10, H 8.16, N 5.40; found: C 73.94,
H 8.07, N 5.53.


General procedure for the Michael addition of �-cyanopropionates to
acrolein : To a stirred solution of [{RhCl(c-octene)2}2] (3.6 mg, 0.005 mmol)
and [(tBu-Phebox)SnMe3] (1e, 4.9 mg, 0.01 mmol) in toluene (1.5 mL) was
added freshly distilled acrolein (50 �L, 0.75 mmol) and the �-cyanopropi-
onate 4 (0.5 mmol) at 25 �C under argon atmosphere. The reaction mixture
was stirred for 0.5 ± 2 h at that temperature, and was then poured into a
mixture of ether and water. The mixture was extracted with ether and the
extract was purified by silica gel chromatography (hexane/diethyl ether�
2:1) to afford 5.


Ethyl 2-cyano-2-methyl-5-oxopentanoate (5a):[3a] Colorless oil; [�]26D �
�2.19� (c� 1.14 in CHCl3 for 69% ee); IR (neat): �� � 2988, 2245, 1741,
1458, 1387, 1254, 1134, 1018 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.33 (t,
J� 7.1 Hz, 3H), 1.62 (s, 3H), 2.10 (ddd, J� 14.3, 10.3, 5.5 Hz, 1H), 2.28
(ddd, J� 14.3, 10.1, 5.7 Hz, 1H), 2.65 (dddd, J� 18.5, 10.3, 5.7, 0.7 Hz, 1H),
2.75 (dddd, J� 18.5, 10.1, 5.5, 0.6 Hz, 1H), 4.27 (q, J� 7.1 Hz, 2H), 9.79 (dd,
J� 0.7, 0.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 14.1, 23.6, 30.1, 39.9,
43.1, 63.2, 119.4, 168.8, 199.2; ASTEC Chiraldex G-TA (30M), column
temperature 125 �C, detection FID, tR� 36.8 min (minor), 42.6 min (major).


Isopropyl 2-cyano-2-methyl-5-oxopentanoate (5b):[4a,b] Colorless oil;
[�]26D ��2.50� (c� 1.24 in CHCl3 for 74% ee, 2 (R)); literature value:[4a,b]


[�]20D ��3.1� (c� 5.0 ± 5.1 in CHCl3 for 87% ee, 2 (R)); IR (neat): �� � 2985,
2247, 1734, 1459, 1383, 1257, 1103 cm�1; 1H NMR (400 MHz, CDCl3): ��
1.30 (d, J� 6.2 Hz, 3H), 1.31 (d, J� 6.4 Hz, 3H), 1.60 (s, 3H), 2.09 (ddd, J�
14.3, 10.4, 5.3 Hz, 1H), 2.26 (ddd, J� 14.3, 10.3, 5.3 Hz, 1H), 2.63 (dddd,
J� 18.5, 10.4, 5.3, 0.9 Hz, 1H), 2.74 (dddd, J� 18.5, 10.3, 5.3, 0.7 Hz, 1H),
5.07 (qq, J� 6.4, 6.20 Hz, 1H), 9.79 (dd, J� 0.9, 0.7 Hz, 1H); 13C NMR
(100 MHz, CDCl3): �� 21.5, 21.6, 23.5, 30.0, 39.8, 43.2, 71.3, 119.5, 168.3,
199.2; ASTEC Chiraldex G-TA (30M), column temperature 130 �C,
detection FID, tR� 18.9 min (S), 22.6 min (R).


Diphenylmethyl 2-cyano-2-methyl-5-oxopentanoate (5c): Colorless oil;
[�]26D ��3.63� (c� 0.93 in CHCl3 for 80% ee); IR (neat): �� � 2939, 2250,
1744, 1496, 1455, 1385, 1247, 1130, 969, 745, 699 cm�1; 1H NMR (400 MHz,
CDCl3): �� 1.63 (s, 3H), 2.11 (ddd, J� 14.3, 10.8, 5.0 Hz, 1H), 2.27 (ddd,
J� 14.3, 10.6, 4.9 Hz, 1H), 2.40 (ddd, J� 18.5, 10.8, 4.9 Hz, 1H), 2.63 (ddd,
J� 18.5, 10.6, 5.0 Hz, 1H), 6.90 (s, 1H), 7.32 ± 7.38 (m, 10H), 9.64 (s, 1H);
13C NMR (100 MHz, CDCl3): �� 23.5, 30.2, 39.6, 43.3, 79.5, 119.2, 126.9,
127.0, 128.52, 128.55, 128.8 (2C), 138.9, 139.0, 167.8, 198.9; elemental
analysis calcd (%) for C20H19NO3: C 74.75, H 5.96, N 4.36; found: C 74.66,
H 5.89, N 4.41. The ee was determined by HPLC analysis of the alcohol
after reduction of 5c with NaBH4: Daicel CHIRALPAKAD, UV detector
254 nm, 5:1 hexane/iPrOH, flow rate 0.5 mLmin�1: tR� 13.5 min (major),
16.0 min (minor).


Diisopropylmethyl 2-cyano-2-methyl-5-oxopentanoate (5d):[4a,b] Colorless
oil; [�]26D ��0.09� (c� 0.91 in CHCl3 for 82% ee); IR (neat): �� � 2969,
2260, 1745, 1466, 1388, 1259, 1207, 1099 cm�1; 1H NMR (400 MHz, CDCl3):
�� 0.87 ± 0.94 (m, 12H), 1.64 (s, 3H), 1.91 ± 2.05 (m, 2H), 2.09 (ddd, J�
14.3, 10.6, 5.3 Hz, 1H), 2.30 (ddd, J� 14.3, 10.8, 5.1 Hz, 1H), 2.66 (dddd,
J� 15.9, 10.6, 5.1, 0.7 Hz, 1H), 2.75 (dddd, J� 15.9, 10.8, 5.3, 0.6 Hz, 1H),
4.64 (dd, J� 6.4, 6.0 Hz, 1H), 9.80 (dd, J� 0.7, 0.6 Hz, 1H). 13C NMR
(100 MHz, CDCl3) �� 17.2, 17.4, 19.7, 19.8, 24.2, 29.5, 29.7, 29.9, 40.1, 43.6,
86.5, 119.6, 169.0, 199.4; ASTEC Chiraldex G-TA (30M), column temper-
ature 140 �C, detection FID, tR� 38.4 min (minor), 41.4 min (major).


Di(tert-butyl)methyl 2-cyano-2-methyl-5-oxopentanoate (5e): Colorless
oil; [�]21D ��3.40� (c� 0.79 in CHCl3 for 85% ee); IR (neat): �� 2963,
2727, 2242, 1732, 1699, 1652, 1456, 1372, 1334, 1253, 1038, 910, 783, 744,
519 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.03 (s, 9H), 1.04 (s,9H), 1.65 (s,
3H) 2.09 (ddd, J� 14.3, 10.1, 5.5 Hz, 1H), 2.32 (ddd, J� 14.3, 10.4, 5.3 Hz,
1H), 2.67 (dddd, J� 18.5, 10.1, 5.3, 0.7 Hz, 1H), 2.76 (dddd, J� 18.5, 10.4,
5.5, 0.6 Hz, 1H), 4.64 (s, 1H), 9.80 (dd, J� 0.7, 0.6 Hz, 1H); 13C NMR
(100 MHz, CDCl3): �� 24.1, 28.6 (2C), 29.6, 37.3, 37.4, 40.0, 43.3, 89.6, 119.5,
168.4, 199.3; elemental analysis calcd (%) for C16H27NO3: C 68.29, H 9.67, N
4.98; found: C 68.17, H 9.62, N 4.91; ASTEC Chiraldex G-TA (30M),
column temperature 140 �C, detection FID, tR� 69.1 min (minor), 72.7 min
(major).


2,4,6-Trimethylphenyl 2-cyano-2-methyl-5-oxopentanoate (5 f): Colorless
oil; [�]25D ��12.5� (c� 1.19 in CHCl3 for 75% ee); IR (neat): �� � 2922,
2853, 2732, 2245, 1760, 1725, 1485, 1456, 1386, 1189, 1134, 855 cm�1;
1H NMR (400 MHz, CDCl3): �� 1.82 (s, 3H), 2.13 (s, 6H), 2.24 (ddd, J�
15.7, 10.3, 5.5 Hz, 1H), 2.27 (s, 3H), 2.46 (ddd, J� 15.7, 10.4, 5.5 Hz, 1H),
2.80 (dddd, J� 15.9, 10.4, 5.5, 0.6 Hz, 1H), 2.87 (dddd, J� 15.9, 10.3, 5.5,
0.7 Hz, 1H), 6.89 (m, 2H), 9.85 (dd, J� 0.7, 0.6 Hz, 1H); 13C NMR
(100 MHz, CDCl3): �� 16.3, 20.8, 23.9, 29.7, 39.9, 43.1, 119.0, 129.2, 129.7,
136.4, 145.4, 166.9, 198.9; elemental analysis calcd (%) for C16H19NO3: C
70.31, H 7.01, N 5.12; found: C 70.26, H 6.98, N 5.20. The ee was determined
by HPLC analysis of the alcohol after reduction of 5 f with NaBH4: Daicel
CHIRALPAKAD, UV detector 254 nm, 9:1 hexane/iPrOH, flow rate
0.5 mLmin�1: tR� 16.2 min (major), 18.7 min (minor).


2,6-Diisopropylphenyl 2-cyano-2-methyl-5-oxopentanoate (5g): Colorless
oil; [�]23D ��8.70� (c� 0.28 in CHCl3 for 80% ee); IR (neat): �� � 2968,
2872, 2244, 1759, 1726, 1460, 1220, 1165, 1122, 795, 737 cm�1; 1H NMR
(400 MHz, CDCl3): �� 1.22 ± 1.23 (m, 12H), 1.84 (s, 3H), 2.27 (ddd, J�
14.7, 10.3, 6.0 Hz, 1H), 2.48 (ddd, J� 14.7, 10.1, 5.7 Hz, 1H), 2.76 ± 2.91 (m,
4H), 7.18 ± 7.29 (m, 3H); 13C NMR (100 MHz, CDCl3): �� 22.6, 22.7, 23.8,
27.6, 29.6, 39.8, 43.0, 119.0, 124.2, 127.4, 139.9, 145.1, 167.7, 198.9; elemental
analysis calcd (%) for C19H25NO3: C 72.35, H 7.99, N 4.44; found: C 72.32, H
8.01, N 4.42. The ee was determined by HPLC analysis after conversion to
the chiral acetal with (S,S)-2,4-pentanediol: Daicel CHIRALPAKAS, UV
detector 254 nm, 500:1 hexane/iPrOH, flow rate 0.5 mLmin�1: tR� 17.4 min
(minor), 20.1 min (major).


[(iPr-Phebox)RhIII(SnMe3)Cl] (9a):


Major isomer : 1H NMR (400 MHz, [D6]benzene) �� 0.16 (s, satellite
J(Sn,H)� 50.7, 47.8 Hz, 9H; SnMe3), 0.56 (d, J� 6.8 Hz, 3H; CHMe2), 0.60
(d, J� 6.8 Hz, 3H; CHMe2), 0.696 (d, J� 6.8 Hz, 3H; CHMe2), 0.697 (d,
J� 6.8 Hz, 3H; CHMe2), 2.89 ± 3.00 (m, 1H; CHMe2), 3.48 ± 3.60 (m, 1H;
CHMe2), 3.69 ± 3.77 (m, 1H; OCH), 3.86 ± 4.13 (m, 5H; OCH, NCH), 6.76
(t, J� 7.5 Hz, 1H; p-Ph), 7.32 (d, J� 7.5 Hz, 1H; m-Ph), 7.36 (d, J� 7.5 Hz,
1H; m-Ph); 13C NMR (100 MHz, [D6]benzene): ���4.97 (d, J(Rh,C)�
2.0 Hz, satellite J(Sn,C)� 266 Hz: SnMe3), 14.1 (CHMe2), 15.3 (CHMe2),
18.9 (CHMe2), 20.1 (CHMe2), 28.8 (CHMe2), 29.1 (CHMe2), 67.6 (NCH),
68.8 (NCH), 71.0 (OCH2), 71.1 (OCH2), 126.6 (Ar), 126.9 (Ar), 127.2 (Ar),
132.3 (Ar), 133.9 (Ar), 174.5 (d, J(Rh,C)� 5.4 Hz: O-C�N), 174.7 (d,
J(Rh,C)� 5.1 Hz: O-C�N), 188.8 (d, J(Rh,C)� 24.2 Hz: Cipso).


Minor isomer : 1H NMR (400 MHz, [D6]benzene): �� 0.30 (satellite
J(Sn,H)� 42.6 Hz, 9H; SnMe3); 13C NMR (100 MHz, C6D6): ���8.76
(d, J(Rh,C)� 2.0 Hz).


[(tBu-Phebox)RhIII(SnMe3)Cl] (9e): 1H NMR (400 MHz, [D6]benzene):
�� 0.13 (s, satellite J(Sn,H)� 48.5, 46.3 Hz, 9H), 1.08 (br s, 18H), 3.86 ±
4.13 (m, 6H), 6.73 (dd, J� 8.0, 7.2 Hz, 1H), 7.32 (d, J� 7.2 Hz, 1H), 7.37 (d,
J� 8.0 Hz, 1H).


[(dMe-Phebox)RhIII(SnMe3)Cl] (9 f):


Major isomer : 1H NMR (400 MHz, [D6]benzene): �� 0.14 (s, satellite
J(Sn,H)� 50.2, 48.2 Hz, 9H), 1.42 (s, 6H), 1.53 (s, 6H), 3.75 (d, J� 8.6 Hz,
2H), 3.77 (d, J� 8.6 Hz, 2H), 6.78 (t, J� 7.6 Hz, 1H), 7.35 (d, J� 7.6 Hz,
2H); 13C NMR (100 MHz, [D6]benzene): ���4.13 (d, J(Rh,C)� 2.2 Hz,
satellite J(Sn,C)� 276, 262 Hz), 26.8, 29.3, 66.7, 83.6, 121.4, 126.9, 134.5,
173.9 (J(Rh,C)� 5.4 Hz), 189.0 (J(Rh,C)� 22.6 Hz).


Minor isomer : 1H NMR (400 MHz, [D6]benzene): ���0.05 (s, satellite
J(Sn,H)� 44.5 Hz, 9H), 1.41 (s, 6H), 1.55 (s, 6H), 3.93 (d, J� 8.3 Hz, 2H),
4.00 (d, J� 8.3 Hz, 2H), 6.73 (t, J� 7.7 Hz, 1H), 7.38 (d, J� 7.7 Hz, 2H);
13C NMR (100 MHz, [D6]benzene): ���8.33 (d, J(Rh,C)� 1.5 Hz:
SnMe3).
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[(dMe-Phebox)RhCl2(CNtBu)] (10): Single crystals for the X-ray diffrac-
tion study were obtained from ethyl acetate/ether at room temperature;
pale yellow solid, m.p. �300 �C; IR (KBr): �� � 2975, 2926, 2191, 1621, 1404,
1384, 1208, 1151, 957, 742 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.52 (s,
12H), 1.73 (br s, 9H), 4.53 (s, 4H), 7.25 (t, J� 8.0 Hz, 1H), 7.60 (d, J�
8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): �� 27.8, 30.5, 57.2 (J(N,C)�
5.3 Hz), 65.7, 81.8, 123.3, 127.7, 131.4, 144.0 (J(Rh,C)� 35.7, J(N,C)�
13.3 Hz), 171.6 (J(Rh,C)� 3.5 Hz), 194.6 (J(Rh,C)� 15.9 Hz); elemental
analysis calcd (%) for C21H28Cl2N3O2Rh: C 47.74, H 5.34, N 7.95; found: C
47.66, H 5.30, N 8.00.


[RhCl(acrolein)2(H2O)] (11): Pale yellow solid; m.p. 160 �C (decomp.); IR
(KBr): �� � 3339, 3061, 2822, 1665, 1553, 1472, 1361, 1162, 955 cm�1;
elemental analysis calcd (%) for C6H10ClO3Rh: C 26.84, H 3.75; found:
C 26.90, H 3.76.


X-ray structure determination and details of refinement : A crystal of 10
with X-ray quality was obtained directly from the preparations described
above and mounted in a glass capillary. The diffraction measurements were
performed on a RigakuAFC-7R four-circle diffractometer equipped with
graphite-monochromated MoK� radiation; �� 0.71069 ä. The lattice
parameters and orientation matrices were obtained and refined from 24
machine-centered reflections with 29.56� 2�� 29.94�. Intensity data were
collected with a �� 2� scan technique, and three standard reflections were
recorded every 150 reflections. The data were corrected for Lorentz and
polarization effects. Relevant crystal data are given in Table 5. The
structure was solved by heavy-atom Patterson methods[16] and expanded
with Fourier techniques.[17] The non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were included but not refined. The final cycle of
full-matrix least-squares refinement was based on 2414 observed reflec-
tions (I� 3	(I)) and 262 variable parameters. Neutral atom scattering
factors were taken from Cromer and Waber.[18] All calculations were
performed using the teXsan[19] crystallographic software package. Final
refinement details are collected in Table 5, and the numbering scheme
employed is shown in Figure 1, which was drawn with ORTEP with 30%
probability ellipsoids. CCDC-178379 contains the supplementary crystallo-
graphic 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 Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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Highly Chemoselective Hydrogenation of 2-Ethylanthraquinone to
2-Ethylanthrahydroquinone Catalyzed by Palladium Metal Dispersed inside
Highly Lipophilic Functional Resins


Andrea Biffis,*[a] Rossana Ricoveri,[a] Sandro Campestrini,[b] Milan Kralik,[c]
Karel Jerœa¡bek,[d] and Benedetto Corain*[a]


Abstract: Most hydrogen peroxide is currently produced by the selective hydro-
genation of 2-ethylanthraquinone (EAQ) to 2-ethylanthrahydroquinone (EAHQ),
followed by treatment with dioxygen; this produces hydrogen peroxide and
regenerates 2-ethylanthraquinone. We have developed novel catalysts for this
process that are based on palladium supported on very lipophilic functional resins
and that are able to promote a chemoselectivity for EAHQ slightly but definitely
superior to that provided by an industrial catalyst under identical conditions. This
finding demonstrates the potential of variations of the lipophilic/hydrophilic
character of the support as a tool for the improvement of the chemoselectivity of
resin-based metal catalysts.


Keywords: functional resins
¥ heterogeneous catalysis ¥
hydrogen peroxide ¥ palladium ¥
quinones


Introduction


Functional resins are cross-linked organic polymers widely
used in the field of ion-exchange,[1] but are also employed
as industrial catalysts in about eighteen commercial pro-
cesses.[2, 3] In a few of these processes, they actually act as
supports of catalytically active metal particles.[3±5]


Catalysis by supported metals has enabled enormous
progress in modern industrial chemistry, especially in the
area of commodity synthesis. Furthermore, the increasingly
strict demand for cleaner processes (™green chemistry∫) is
currently promoting the replacement of well-established,


albeit environmentally expensive, fully stoichiometric pro-
cesses with synthetic routes that include one or more catalytic
steps. As a consequence, considerable expansion of supported
metal catalysis to the realm of fine chemistry has recently
been predicted by authoritative scientists and technolo-
gists.[6±8] Up to now, the metal catalysts that have been
developed in order to meet this demand are still mainly based
on conventional inorganic supports or on active carbon.[9]


However, these materials do not represent the only possible
solution to new operational needs, and innovative strategies
based on designed functional resins might become a fruitful
approach.
A schematic comparison of metal catalysts supported on


classical inorganic supports or dispersed inside organic func-
tional resins is shown in Figure 1.
Supported metal particles inside the pore system of an


inorganic support are in direct contact with a surrounding
liquid phase. In contrast to this situation, the resin-supported
metal particles are located inside a polymer matrix where
their contact with molecules from the liquid phase ismediated
by the swelling of the polymer network in the liquid phase
itself. Reagents involved in a given metal-catalyzed reaction
must be able to enter the swollen portion of the resin, where
the reaction proceeds in an environment quite different from
that of the bulk liquid phase. As a consequence, the physico-
chemical features of the polymer support can be designed and
controlled in such a way as to induce steric restrictions and
reagent-concentration effects inside the swollen resin.[3, 10, 11]


Therefore, resin-supported metal catalysts should be consid-
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Figure 1. Different locations of catalytically active metal particles sup-
ported on inorganic supports (above) or in organic resins (below).


ered to be innovative materials offering possibilities for
performance optimization that are unavailable for catalysts
based on inorganic supports.
During the past years, we have been engaged in an


extensive research project on resin-supported metal cata-
lysts,[11, 12] in the frame of which we have set up clear protocols
for i) the dispersion of metal centers inside functional resins,
ii) the subsequent reduction of the metal centers to the zero-
valent state, iii) the control of the size of the consequently
formed metal nanoparticles,[13] and iv) the quantitative de-
scription of the nanomorphology and molecular accessibility
of swollen polymer networks.[14±16] In this paper we report on
the successful use of tailor-made resin supports in the
chemoselective hydrogenation of 2-ethylanthraquinone
(EAQ) to 2-ethylanthrahydroquinone (EAHQ) (Scheme 1).
This reaction is the crucial step in the industrial synthesis of
hydrogen peroxide (AO-process).[17]


O


O


OH


OH


OH


OH


HH
H
H
H
H


H H


H2O2


O2
H2


H2


1


2 3


cat.


cat.


Scheme 1. Production of hydrogen peroxide by the anthraquinone route
(AO processs).


In industrial practice, catalysts containing palladium metal
supported on inorganic carriers are currently employed.
However, the process is plagued by undesired consecutive
reactions occurring at the surface of the palladium particles
(e.g. the formation of 3 in Scheme 1), which subtract precious
substrate from the overall mass balance. The aim of our
strategy is to develop tailor-made resin supports able to
improve the selectivity of the process without adversely
affecting the activity of the metal catalyst.


Our approach is based on the utilization of the ™micro-
environmental effect∫ exerted by a resin support, that is, its
influence on the properties of the environment surrounding
the metal particles under liquid-phase conditions. The desired
hydrogenation product–EAHQ–is clearly less lipophilic
than the starting compound. Therefore, it can be assumed that
an increase in the lipophilic character of the environment
surrounding the metal centers provided by a lipophilic resin
would facilitate the removal of the product from the vicinity
of the catalytic surface, and consequently decrease the
probability of further hydrogenation to give undesired con-
secutive reactions.
Gel-type resin supports, which lack permanent pores so that


the particle interior is accessible exclusively through the
swelling of the polymer mass, are likely to be excellent
candidates for this application as they offer the possibility of
building up a more homogeneous microenvironment around
the metal particles. We have prepared and tested lipophilic
gel-type resins based on styrene or dodecyl methacrylate as
the major comonomer. Furthermore, we have followed a
parallel approach based on surface functionalization of a
commercial catalyst, supported on an inorganic material (Pd/
Al2O3) by attachment of lipophilic groups, in order to
critically compare the activity and chemoselectivity provided
by the lipophilicity of the swollen resin support with that
offered by the lipophilicity of a surface layer on a conven-
tional Pd-catalyst particle.


Results and Discussion


Preparation of the resin-supported catalysts : The gel-type
resin supports were prepared by batch polymerization of a
monomer mixture containing i) styrene or dodecyl methacry-
late as the major comonomer; ii) a functional monomer
(sulfoethyl methacrylate, methacrylic acid or 4-vinylpyridine),
useful for anchoring the inorganic precursors of the metal
particles; iii) a crosslinker, namely ethylene dimethacrylate or
divinylbenzene; iv) methyl methacrylate as an auxiliary
comonomer useful for tuning the lipophilic character of the
resin. The compositions of the individual resins are reported
in Table 1. In the case of resins PDMA-MMA and PS-DVB, a
solvent, such as N,N-dimethylformamide or dimethylsulfox-
ide, respectively, was added to the reaction mixture in order to
achieve complete miscibility of the monomers (see Exper-
imental Section). In all cases, the polymerization was initiated
by �-ray irradiation from a 60Co source, and quantitative
conversion of the monomers was achieved.[11, 18, 19]


Table 1. Composition of the functional resins [mol].


Polymer S DMA MMA SEMA MAA VP DVB EDMA


PDMA-MMA ± 0.46 0.46 0.04 ± ± ± 0.04
PDMA-MAA ± 0.92 ± ± 0.04 ± ± 0.04
PDMA-VP ± 0.92 ± ± ± 0.04 ± 0.04
PS-DVB 0.92 ± ± 0.04 ± ± 0.04 ±


S� styrene, DMA�dodecyl methacrylate, MMA�methyl methacrylate,
SEMA� sulfoethyl methacrylate, MAA�methacrylic acid, VP� 4-vinyl-
pyridine, DVB�divinylbenzene, EDMA� ethylene dimethacrylate.
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The supports were obtained as stiff rods, which were
crushed and sieved to a particle size �180 �m. Scanning
electron microscopic (SEM) analyses of the obtained powders
showed the expected glassy morphology in the dry state for all
materials. The swelling properties of the resins were assayed
in ethanol and in THF, which are the solvents of choice for the
subsequent incorporation of the metal. As is apparent from
Figure 2, all the resins showed poor swelling in ethanol,
whereas swelling was much more appreciable in THF. The
swellability of the resins is expressed as Vs/Vo, where Vs is the
volume of a given mass of the swollen resin in a given solvent
and Vo is its dry volume.


Figure 2. Swelling capacity of the investigated supports.


The morphological features of the resins swollen in THF
were evaluated with Inverse Steric Exclusion Chromatogra-
phy (ISEC).[11] Figure 3 shows the relevant results, expressed
as fractions of swollen volume featured by a given value of
polymer-chain concentration. It is evident that all the inves-
tigated supports are characterized by a fairly homogeneous
chain concentration centered around 0.4 ± 0.8 nm�2. This
means that the resins possess a homogeneous degree of
™porosity∫ as required by our approach.


Figure 3. ISEC characterization of the investigated supports in THF.


The organic supports were conveniently loaded with
palladium(��) ions by using a methodology extensively devel-
oped and optimized in these laboratories.[12] The resins were
pre-swollen in THF and treated with a solution of palladi-
um(��) acetate in THF. The amount of metal complex was
calibrated in order to reach a metal content of 1% by weight
in the polymer by quantitative incorporation. The palladium
was incorporated into the resins by an acid ± base reaction
between the polymer-bound functional groups and the acetate
ligands (™forced∫ ion-exchange[12]) or by simple coordination
of the palladium(��) complexes (in the case of the pyridine
moieties). The metal was usually quantitatively incorporated.


Only in the case of resin PDMA-MAA, did the incorporation
yield turn out to be 90%.
The resin-bound palladium(��) was subsequently reduced in


order to form Pd nanoparticles inside the polymer frame-
work.[12, 13] Two different reduction procedures were em-
ployed, utilizing either H2 or NaBH4 as the reducing agent.
The reduction with NaBH4 was performed in EtOH/THF to
ensure both a good solubility of the reducing agent and a good
swelling of the polymer support. The reaction conditions were
chosen in order to favour the formation of an homogeneous
distribution of Pd nanoparticles throughout the polymer
support.[11] Reduction with hydrogen gas was performed in
situ at room temperature and pressure, prior to the catalytic
tests, in the presence of the solvent mixture employed for the
reaction. The same two reduction protocols were employed to
reduce an industrial catalyst precursor (1% w/w PdII on a
silicoalluminate) currently used by the company Ausimont
(Bussi sul Tirino, Pescara, Italy), which served as the bench-
mark catalyst for our studies.
The resin-supported catalysts in the reduced form were


characterized by evaluating their swelling in solvents that are
suitable for carrying out the AO process. Generally, the
reaction is carried out in a solvent mixture composed of a
strongly lipophilic and a moderately lipophilic solvent, in
order to guarantee the solubilization of both the reagent EAQ
(more lipophilic) and the product EAHQ (less lipophilic)
throughout the process. To this end, we tested the swelling of
the resin-supported catalysts in definitely lipophilic (n-hep-
tane, toluene) and in comparatively less lipophilic (octan-2-ol,
cyclohexyl acetate) solvents, as well as in 1:1 cyclohexyl
acetate/xylenes, which is a reasonable mimic of the solvent
mixture currently utilized in industry (Figure 4). It may be
appreciated that all polymer supports swell preferably in
cyclohexyl acetate and in aromatics. Therefore, the model
cyclohexyl acetate/xylenes mixture appears to be the best
choice as the reaction solvent. A particularly high degree of
swelling in this mixture is exhibited by the styrene-based
copolymer PS-DVB.


Figure 4. Swelling capacity of the investigated polymer-supported cata-
lysts; EPT� n-heptane, 2-OCT� octan-2-ol, CHX� cyclohexyl acetate,
TOL� toluene, XYL� xylenes.


Preparation of the surface-functionalized catalysts : In order
to evaluate an alternative strategy for the construction of a
hydrophobic microenvironment around the metal particles,
we also prepared a set of catalysts based on surface
functionalization with hydrophobic groups of a commercial
1%w/w Pd/Al2O3 catalyst. This catalyst was functionalized by
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treatment with trialkoxysilane-bearing ethyl (AlPdE), octyl
(AlPdO) or hexadecyl (AlPdH) chains, respectively. The
reaction was accomplished by simply heating the catalyst at
reflux with a solution of the trialkoxysilane in dry toluene.
Elemental analyses of the recovered functionalized catalysts
revealed the successful incorporation of the organic modifier
(Table 2).


Catalytic tests : All the prepared catalysts were checked for
their activity and selectivity in the hydrogenation of EAQ to
EAHQ. The catalytic tests were run at 20 �C and 100 kPa in a
magnetically stirred glass reactor connected with a gas burette
through a septum inlet immersed in the liquid phase. The
resin-supported catalysts were allowed to swell for at least
1 hour in the reaction mixture before starting the reaction, in
order to ensure that the swelling equilibrium had been
reached.
The reaction progress was monitored by measuring the time


dependence of dihydrogen consumption (Figure 5). The end
of the main hydrogenation process (i.e. the hydrogenation of
EAQ to EAHQ) at a consumption of dihydrogen close to the
stoichiometric one for the formation of 2-EAHQ was


Figure 5. Dihydrogen consumption curve obtained from the industrial
catalyst reduced with H2.


generally clearly seen by a sharp decrease in the dihydrogen
consumption rate (Figure 6); the reaction time corresponding
to this point was defined for each catalyst as tf. Stirring of the
reaction mixture under dihydrogen was continued after this
point up to a time corresponding to a constant multiple of tf
(usually 40� tf), intentionally identical for all the catalysts.
After reaching this ™normalized reaction time∫ (NRT), the
reaction was stopped. The resulting mixture was oxidized with
dioxygen, and its composition was determined by gas
chromatography. This procedure allowed the concentra-
tion of the overhydrogenated products to be increased up to
a level at which they could be quantified with sufficient
accuracy. Furthermore, this procedure made it possible to
take into account the different activities of the various
catalysts.


The results obtained with the benchmark industrial catalyst
are reported in Table 3. It may be appreciated that reduction
with hydrogen affords a catalyst which is significantly more
active, but slightly less selective than that obtained with
NaBH4 as reducing agent.


We then turned to the evaluation of the catalytic properties
of the surface-functionalized commercial catalysts. The results
are reported in Table 4. It is clear from the presented data that
the surface modification procedure has a detrimental effect
on the performance of the catalyst both in terms of activity
and selectivity. While the unfunctionalized catalyst exhibits a
catalytic behaviour rather close to that of the benchmark


catalyst, the activity decreases considerably with increasing
length of the alkyl chains (i.e. increasing thickness of the
hydrophobic shell). A possible explanation, at least as far as
the activity is concerned, may lie in the increased difficulty for
the dissolved hydrogen to diffuse towards the metal particles.
A similar decrease of activity with this series of catalysts is
seen in the direct synthesis of hydrogen peroxide from
hydrogen and oxygen.[20]


The subsequent step was the evaluation of the performance
of the resin-supported palladium catalysts. We started to
investigate the catalyst based on the styrene-divinylbenzene
support, which exhibited the best swelling in the reaction
solvent mixture (Figure 4). Surprisingly, the performance of
this catalyst was very unsatisfactory (Table 5). The catalyst
based on PS-DVB was much less active and remarkably less
selective than the benchmark catalyst, despite the presumably


Table 2. Elemental analysis of the surface functionalized catalysts


Catalyst C [%] H [%]


AlPdE 3.92 1.85
AlPdO 8.31 2.71
AlPdH 12.05 3.05


Table 3. Activity and selectivity of the industrial catalyst


Catalyst Activity[a] tf Selectivity[b]


[molH2
gPd�1 s�1] [s] [%]


Ausimont (NaBH4) 0.13 1080 95
Ausimont (H2) 0.39 360 93


[a] Activity determined at 50% stoichiometric dihydrogen consumption.
[b] Selectivity after NRT� 40� tf


Table 4. Activity and selectivity of the surface-functionalized catalysts.


Catalyst Activity[a] tf Selectivity[b]


[molH2
gPd�1 s�1] [s] [%]


AlPd 0.17 840 92
AlPdE 0.046 4200 88
AlPdO 0.021 9600 n.d.[c]


AlPdH 0.016 n.d.[c] n.d.[c]


[a] Activity determined at 50% stoichiometric dihydrogen consumption.
[b] Selectivity after NRT� 40� tf ; [c] Not determined


Table 5. Activity and selectivity of the resin-supported metal catalysts
based on styrene


Catalyst Activity[a] tf Selectivity[b]


[molH2
gPd�1 s�1] [s] [%]


PS-DVB (NaBH4) 0.024 8400 65
PS-DVB (H2) 0.023 8400 50


[a] Activity determined at 50% stoichiometric dihydrogen consumption.
[b] Selectivity after NRT� 10� tf.
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good accessibility of the particle interior due to the higher
degree of swelling of the polymer framework in the solvent
mixture employed. Moreover, whereas the loss in selectivity
in all the other catalysts employed is almost exclusively due to
the formation of 2-ethyl-5,6,7,8-tetrahydroanthrahydroqui-
none–that is, to ring hydrogenation at the unsubstituted
phenyl ring of the hydroquinone–in this case a substantial
amount of product hydrogenated at the substituted ring is
formed.
The reasons for this peculiar behaviour are not readily


apparent at the moment. Possibly, both the anthraquinone
reagent and especially the hydroquinone product have
sufficient affinity to the pendant phenyl groups of the polymer
backbone to contrast the expulsion of EAHQ from the
catalyst particles. This may cause both a decrease in the
overall activity due to increased transport difficulties through
the polymer support, and an increased rate of quinone
overreduction. A similar effect was observed in our study
dealing with the selective hydrogenation of benzene to
cyclohexene over resin-supported ruthenium catalysts.[21] In-
deed, changing from a polymer support based on styrene to
one based on dodecyl methacrylate results in a much better
performance in terms of both activity and chemoselectivity
(Table 6). In particular, the catalyst based on PDMA-MAA
and reduced with NaBH4 shows a slightly higher selectivity


than the corresponding benchmark industrial catalyst while
maintaining a satisfactory catalytic activity. Furthermore, it is
interesting to note that, with this support, the reduction with
NaBH4 affords far more active catalysts than with molecular
hydrogen. Potentially faster reduction with the borohydride
may lead to smaller palladium particles than those produced
by reduction with hydrogen, hence to a higher metal surface
area. A TEM investigation able to confirm this hypothesis is
currently underway.
All the reported reactions were repeated at least once with


different samples of the same catalyst batch, and in some cases
also with samples from different batches of the same catalyst;
the results were in all cases fully reproducible.
Finally, we have made a preliminary attempt to recycle the


catalyst PDMA-MAA reduced with NaBH4 (i.e. the one
which gave the best selectivity). The catalyst was collected by
simple filtration in air, dried and reused. We could obtain
exactly the same activity and selectivity as in the first cycle. In
contrast, recycling of the benchmark industrial catalyst


reduced with H2 (i.e. the most active catalyst) resulted in a
significant drop in catalytic activity (0.18 molH2


gPd�1 s�1 intead
of 0.39 in the first cycle).


Conclusion


The results presented in this paper point out the effectiveness
of suitable tailor-made resin supports in providing lipophilic
microenvironments around catalytically active metal particles
that are able to improve the chemoselectivity of the latter in
the reduction of EAQ. It is important to note that the peculiar
three-dimensional structure of the swollen resin support is of
chief importance in order to achieve this effect. Simple
surface lipophilization of conventional catalysts on inorganic
supports turns out to be detrimental both in terms of activity
and chemoselectivity. It must also be stressed that the
chemical structure of the investigated resin supports was not
optimized; we are confident that their finer tuning should lead
to chemoselectivities approaching 100%. Finally, the optimi-
zation of this new generation of catalyst also implies the
maximization of their catalytic activity and long-term me-
chanical stability. Both these issues can, in principle, be
achieved by switching to suitably designed resins containing
permanent pores. Work is in progress along this direction.


Experimental Section


Materials : All solvents and chemicals were of reagent grade unless
otherwise stated. All monomers were from Aldrich apart from SEMA,
which was from Polyscience. Commercial Pd(OAc)2 (Aldrich) was used
without further purification. Commercial 1% w/w Pd/Al2O3 catalyst was
from Alfa (serial 89112, lot 1969000). Industrial Pd/silicoaluminate catalyst
and technical EAQ were a gift from Ausimont (Bussi sul Tirino, Pescara,
Italy).


Apparatus : SEM micrographs were taken with a Cambridge Stereoscan
250EDXPW9800 instrument. ISEC measurements were carried out by
using an established procedure and a standard chromatographic set-up
described elsewhere.[14, 15] GC analyses were performed with a Shimadzu
GC-8A gas chromatograph equipped with an Agilent HP-FFAP capillary
column.


Resin preparation : Monomers were mixed in the desired ratios (Table 1)
and the resulting mixtures (20 g) were poured in screw-cap vials. In two
cases, the monomer mixtures were diluted with N,N-dimethylformamide
(40% w/w) (PDMA-MMA) or dimethylsulfoxide (PS-DVB) in order to
ensure complete miscibility of the monomers. The vials were exposed to the
�-rays from a 60Co source at 0.5 Gys�1 at room temperature and at a
distance of 21 cm for 72 h. The resulting clear transparent rods were
crushed, extensively washed with methanol, acetone and diethyl ether,
vacuum dried and sieved to a particle size �0.18 mm.


Metallation with palladium(��): Resin samples were pre-swollen in THF
(50 mL) for 1 h. A solution of Pd(OAc)2 (1% by weight of Pd with respect
to the polymer) in THF (50 mL) was then added. The suspension was
allowed to stand with occasional stirring for 24 ± 72 h, after which time the
orange colour of the liquid phase had almost vanished, whereas the resin
became reddish brown; this indicated the coordination of the Pd salt to the
polymer. The polymer was filtered off, washed thoroughly with THF and
diethyl ether and allowed to dry in air. The metallation yield was calculated
by determining the palladium content in the supernatant solution by atomic
absorption spectroscopy.


Palladium(��) reduction with NaBH4 : The resins loaded with Pd (2 g) were
pre-swollen in THF (20 mL) for 1 h. A solution of NaBH4 (0.29 g) in
ethanol (90 mL) was added, and the resulting suspension was allowed to


Table 6. Activity and selectivity of the resin-supported metal catalysts
based on dodecyl methacrylate.


Catalyst Activity[a] tf Selectivity[b]


[molH2
gPd�1 s�1] [s] [%]


PDMA-MMA (NaBH4) 0.085 1 800 93[b]


PDMA-MMA (H2) 0.041 5 100 94[b]


PDMA-VP (NaBH4) 0.086 1 800 93[b]


PDMA-VP (H2) 0.052 3 600 83[b]


PDMA-MAA (NaBH4) 0.070 2 400 96[b]


PDMA-MAA (H2) 0.005 16 200 98[c]


[a] Activity determined at 50% stoichiometric dihydrogen consumption.
[b] Selectivity after NRT� 40� tf. [c] Selectivity after NRT� 16� tf.
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stand with occasional stirring for 24 ± 48 h. The resulting dark brown
material was filtered off, washed with ethanol and dried under vacuum at
room temperature to constant weight.


Preparation of catalysts AlPdE, AlPdO and AlPdH : Commercial Pd/
Al2O3 (1% w/w, 2 g) was suspended in dry toluene (50 mL) under a
nitrogen atmosphere. According to the catalyst to be prepared, ethyl-
triethoxysilane (4 mL), octyltriethoxysilane (4 mL) or hexadecyltrimethoxy-
silane (5.5 mL) was then added, and the suspension was heated at reflux for
12 h. The catalyst was filtered off, washed with toluene and dried under
vacuum at room temperature to constant weight.


Catalytic tests : Catalytic tests were performed in a glass reactor thermo-
stated at 20 �C and equipped with a magnetic stirrer and a gas burette to
monitor the gas consumption. In a typical test, the catalyst (0.5 g) was
placed into the reactor, and a solution of EAQ (50 mL, 25 gL�1) in
cyclohexyl acetate/xylenes (1:1) was added. In the case of resin-supported
catalysts, the resin was left to swell in the reaction mixture for 1 h before
continuing the experiment. The gas burette was filled with dihydrogen. The
reactor was evacuated and filled with dihydrogen, the gas burette was
connected to the reactor, and the reaction was started by switching the
stirring on. The reaction progress was monitored by measuring the
dihydrogen consumption. The reaction rate was evaluated at 50%
dihydrogen conversion by determining the slope of the tangent to the
dihydrogen conversion curve. After the given normalized reaction time
(NRT, see above), the reactor was opened and the reaction mixture was
rapidly filtered. Water (25 mL) was added to the filtrate, and dioxygen was
bubbled through the resulting mixture for 10 min. The two phases were
then separated, and the content of EAQ and of its decomposition products
in the organic phase was determined by GC.


Catalytic tests with in situ reduced catalysts were run as follows. The
precatalyst (0.5 g) was placed into the reactor and cyclohexyl acetate/
xylenes (1:1, 25 mL) were added. In the case of the resin-supported
precatalysts, the resin was left to swell in the reaction mixture for 1 h before
continuing the experiment. The gas burette was filled with dihydrogen. The
reactor was evacuated and filled with dihydrogen, the gas burette was
connected to the reactor, and the reduction was started by switching the
stirring on. The catalyst was reduced for 16 h, after which the reactor was
opened and a solution of EAQ (25 mL, 50 gmL�) in cyclohexyl acetate/
xylenes (1:1) was added. The reactor was again evacuated and filled with
dihydrogen, the gas burette was connected to the reactor, and the reaction
was started and monitored as described above.
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Ruthenium-Catalyzed Transfer Hydrogenation of Imines by Propan-2-ol
in Benzene


Joseph S. M. Samec and Jan-E. B‰ckvall*[a]


Abstract: Transfer hydrogenation of a
variety of different imines to the corre-
sponding amines by propan-2-ol in ben-
zene catalyzed by [Ru2(CO)4(�-
H)(C4Ph4COHOCC4Ph4)] (1) has been
studied. The reaction is highly efficient
with turnover frequencies of over 800
per hour, and the product amines were
obtained in excellent yields. A remark-
able concentration dependence of prop-
an-2-ol was observed when the reaction
was run in benzene as cosolvent. An
optimum was obtained at 24 equivalents
of propan-2-ol to imine, and further
increase of the propan-2-ol led to a


dramatic decrease in rate. Also the use
of polar cosolvents with 24 equivalents
of propan-2-ol gave a low rate. It was
found that ketimines react faster than
aldimines and that electron-donating
substituents on the imine increase the
rate of the catalytic transfer hydrogena-
tion. Electron-withdrawing substituents
decreased the rate. An isomerization
was observed with imines having an �-


hydrogen at the N-alkyl substituent,
which is in accordance with a mecha-
nism involving a ruthenium ± amine in-
termediate. It was demonstrated that the
ruthenium± amine complex from �-
methylbenzylamine, corresponding to
the postulated intermediate, can replace
1 as catalyst in the transfer hydrogena-
tion of imines. A primary deuterium
isotope effect of kCH/CD� 2.7� 0.25 was
observed when 2-deuterio-propan-2-ol
was used in place of propan-2-ol in the
transfer hydrogenation of N-phenyl-(1-
phenylethylidene)amine.


Keywords: homogeneous catalysis ¥
hydrogen transfer ¥ imines ¥ reaction
mechanisms


Introduction


Transfer hydrogenation of polar functional groups has sig-
nificantly contributed to the recent growth in organic syn-
thesis.[1] The reaction is recommended for its simplicity since
no hydrogen gas is required. When propan-2-ol is used as
hydrogen donor, the only side product formed is acetone,
which is easily removed by distillation during workup. While
the transfer hydrogenation reaction of ketones[1, 2, 3] has been
widely explored during the last two decades the correspond-
ing reaction of imines[1, 4, 5] has been less studied (Scheme 1).
The latter transformation is of importance for the synthesis


of pharmaceuticals and agrochemicals and therefore further
studies on transfer hydrogenation of imines seemed highly
desirable. After our group reported the transfer hydrogena-


Scheme 1. The transfer hydrogenation of imines.


tion of imines using [RuCl2(PPh3)3], propan-2-ol, and K2CO3
as base nearly a decade ago[4c] Noyori et al. reported the first
asymmetric transfer hydrogenation of imines by formic acid
using a chiral ruthenium catalyst with excellent yields and
enantioselectivities.[5a] More recently, Baker and Mao report-
ed transfer hydrogenation of imines by formic acid using
chiral Noyori ligands on a rhodium catalyst.[5b] No asymmetric
transfer hydrogenation of imines by propan-2-ol has so far
been reported.
Transfer hydrogenation with propan-2-ol is operationally


very simple since the latter can be used as solvent or
cosolvent. Furthermore, propan-2-ol is a solvent that does
not affect the pH and therefore it is preferred over formic acid
as hydrogen donor. The lack of efficient procedures for
transfer hydrogenation of imines by propan-2-ol motivated
further studies of this reaction.
We have recently been involved in the use of catalyst 1 in


hydrogen transfer reactions.[6] Catalyst 1 promoted efficient
Oppenauer-type oxidation of alcohols[6a,b] and it was also used
as an efficient racemization catalyst in enzymatic dynamic
kinetic resolution of alcohols.[6c,d] Dimeric catalyst 1 is also
known to efficiently disproportionate aldehydes to esters.[7] In
solution, catalyst 1 dissociates into species 2 and 3,[7] where the
former can hydrogenate and the latter can dehydrogenate
(Scheme 2). Casey et. al[4a] recently studied the stoichiometric
hydrogenation of carbonyls and imines by the 18 e� species 2,


[a] Prof. Dr. J.-E. B‰ckvall, J. S. M. Samec
Department of Organic Chemistry, Arrhenius Laboratory
Stockholm University, 10691 Stockholm (Sweden)
Fax: (�46)8-154908
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Scheme 2. The dissociation of the dimeric catalyst precursor.


formed from dimeric 1. From results on kinetic isotope effects
for the reaction of benzaldehyde, a concerted mechanism for
the addition of the two hydrogens (C�OH and Ru�H; see
Scheme 2) of 2 to carbonyls was proposed.
In the present work we have studied the catalytic transfer


hydrogenation of imines by employing ruthenium catalyst 1.
Species 2 hydrogenates the imine to the desired amine, and
species 3 dehydrogenates the propan-2-ol to acetone. In this
process complexes 2 and 3 are interconverted (Scheme 3).[7] A
remarkable concentration dependence of propan-2-ol was
observed, and a highly efficient transfer hydrogenation was
obtained by using 24 equivalents of propan-2-ol (to imine) in
benzene. A mechanism involving a ruthenium± amine inter-
mediate is proposed.


Scheme 3.


Results and Discussion


Synthesis of starting materials : The imines were prepared
from the corresponding ketone and the appropriate amine.
The reaction was carried out in the presence of molecular
sieves with NaHCO3 as base [Eq. (1)]. The reactions proceed
smoothly and in most cases the imines were isolated in good
yields.


Transfer hydrogenation of imines


Effect of solvent : Transfer hydrogenations are usually carried
out in a mixture of triethylamine and formic acid or in propan-
2-ol without any additional solvent.[1a, 8] Since Casey et al.
observed a dramatic solvent effect in the stoichiometric
reaction of 2 with benzaldehyde (toluene 50 times faster than


THF)[4a] it was of interest to study the effect of an added
cosolvent in the transfer hydrogenation of imines by propan-
2-ol. A preliminary screening indicated that benzene was an
efficient cosolvent. To find the optimal ratio between propan-
2-ol and cosolvent we studied the rate of transfer hydro-
genation of 4, with 1 as catalyst, as a function of the
concentration of propan-2-ol in benzene [Eq. (2), Figure 1].


Figure 1. Transfer hydrogenation of 4 according to Equation (2).


Surprisingly, the results show that there is a maximum of the
rate, measured as in terms of the initial turnover frequency
(TOF), at about 24 equivalents of propan-2-ol (Figure 1),
which corresponds to a benzene:propan-2-ol ratio of 1.7:1.
The concentration dependence is most likely due to two
effects: at low concentrations of propan-2-ol there is a large
increase in rate with an increased concentration. This effect
levels out at higher concentrations of propan-2-ol and the
negative solvent effect by propan-2-ol compared to benzene
will dominate, leading to a lower rate.[9]


The effect of propan-2-ol encouraged us to screen different
solvents using the optimal concentration of propan-2-ol, that
is, 24 equivalents. The initial TOFas well as the conversion to
amine after 90 min was measured. Toluene gave almost the
same rate as benzene and both of these solvents gave full
conversion to amine within 90 min (Table 1, entries 5 and 6).
Using more polar systems, such as THF,[4a, 7] tert-butanol, or
propan-2-ol decreased the TOF and did not give full con-
versions after 90 min. For tert-butyl alcohol and THF this may
be explained by a coordination of the solvent to 3, which has
been previously suggested by Shvo and Menashe in hydrogen
transfer to aldehydes.[7] However, for propan-2-ol this should
not lead to a rate deceleration since propan-2-ol is expected to
coordinate to the ruthenium center prior to dehydrogenation.
Casey et al. have previously reported the effect of water


using 2 in the transfer hydrogenation of benzaldehyde.[4a]


Therefore, we screened the influence of water on the catalytic
activity. We observed a rate acceleration upon addition of
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small amounts of water (20% rate acceleration with 0.8% of
water). Above 1% of water content the results are incon-
sistent and difficult to interpret.


Catalytic procedure and substituent effects : The optimized
conditions from above with 24 equivalents of wet propan-2-ol
in benzene (i. e. propan-2-ol:benzene:H2O� 1:1.7:0.02) were
employed for the transfer hydrogenation of various imines. In
most cases the reaction proceeds within a few hours at 70 �C
by using 0.3 ± 1 mol% of catalyst, to give excellent yields (93 ±
98%). For example, imines 4 ± 7 (Table 2, entries 1 ± 4)
undergo transfer hydrogenation by propan-2-ol within 0.75 ±
1.5 h by employing 0.3 mol% of 1 to give 95 ± 97% of the
corresponding amine.
Some variations of the substrates were made to elucidate


the mechanism of the reaction. Our model substrate was N-
phenyl-(1-phenylethylidene)amine 4, which is a ketimine. In
our report from 1992[4c] one of the conclusions was that
aldimines react faster than ketimines, which has been
confirmed by Yamagishi et al.[10] This is also the normal order
of reactivity for reduction of imines with hydride reagents.[11]


However, with catalyst 1 the results indicate the reversed
reactivity (Table 2, entries 1 and 7), that is ketimines react
faster than aldimines. This order of reactivity is unusual and in
contrast to that for hydrogenation of imines.[9a] Placing an
ethyl group instead of a methyl group on the imine-carbon
atom further increased the rate (Table 2, entry 2). To examine
if this was an electronic effect the phenyl ring was substituted
with electron-donating and electron-withdrawing groups in
the para position. Both p-methoxy and p-methyl groups
increased the rate (Table 2, entries 3 and 4, respectively)
whereas a p-fluoro substituent decreased the rate (Table 2,
entry 5). A more quantitative comparison of the electronic
properties of the substrates is given in Table 3 in which the
rate is measured as the initial TOF after 10 min.
It is expected that an electron-rich imine would coordinate


better to ruthenium. The increased reaction rate observed
with electron-donating groups on the imine may therefore
reflect that coordination of imine to ruthenium comes into the
rate expression. This would also account for the increased
reactivity of ketimines versus aldimines in which the methyl
and even more the ethyl group on the ketimine are better
electron donors than the aldimine-hydrogen atom. The faster


relative rate for electron-rich imines is also consistent with the
concerted mechanism,[4a] in which proton transfer from 2 to
the imine is crucial for promoting hydride transfer to
ruthenium. Substituting the phenyl group by a naphthyl group
(Table 2, entry 9) decreased the reaction rate. This is also
consistent with the discussion above in which the naphthyl
group is more electron-withdrawing than the phenyl group
thus creating an electron-poor imine. Substituting the aniline
component with a benzyl group (Table 2 entries 11 and 12)


Table 1. The screening of different solvents.[a]


Entry Solvent TOF[b] % Conversion[c]


1 THF 140 72
2 tert-butyl alcohol 190 97
3 propan-2-ol 250 97
4 cyclohexane 440 100
5 toluene 650 100
6 benzene 700 100


[a] These reactions were performed by using the catalyst 1 (1 �mol, 0.33%)
stirred for 8 min in the solvents above (0.95 mL) at 70 �C. The imine 4
(0.6 mmol) dissolved in propan-2-ol (0.55 mL, 7.2 mmol, 24 equiv) pre-
heated at 73 �C was then added. The reactions were monitored by 1H NMR
spectroscopy. [b] The TOF was measured during the first 10 min (mol
substrate� conversion after 10 min�mol catalyst�1� time�1 (h)). The
TOF based on Ru will be half of the values given. [c] Conversion after
90 min.


Table 2. The transfer hydrogenation of different imines to the corresponding
amine.


Entry Imine Amine C:S ratio Time
[min][a]


Yield[b]


1 1:330 90 97


2 1:330 60 95


3 1:330 45 97


4 1:330 45 96


5 1:100 480 95


6 1:330 240 94


7 1:330 300 98


8 1:200 360 97


9 1:200 240 98


10 1:200 360 94


11 1:200 360 94


12 1:100 240 93


13 1:100 240 94[c]


[a] The reactions were carried out using imine (1.0 mmol), benzene (3.15 mL),
propan-2-ol (24 mmol, 1.85 mL) and catalyst 1 (0.003 ± 0.01 mmol) at 70 �C. Full
conversion was measured by 1H NMR spectroscopy. [b] Yield of isolated
product. [c] In this case yield was determined by GC.
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decreased the rate. This effect may be due to the observed
isomerization between 14 and 15 (vide infra). The catalyst 1 is
even effective in catalyzing the transfer hydrogenation of
imine 16. Substituting the aromatic group with an aliphatic
group decreased the rate (Table 2, entries 6, 8, and 10). The
lower rate for these imines may be due to the fact that the
aliphatic groups are less efficient in stabilizing a carbonium
ion at the imine-carbon atom.


Isomerization : In the transfer hydrogenation of 14 (and 15)
with 1 as catalyst, we observed an isomerization of 14 to 15
(Table 2, entries 11 and 12). The imine 15 appears to be more
stable than 14. When starting from 14 there is a fast
conversion to 27 with concomitant isomerization to 15. The
latter imine reacts slower in transfer hydrogenation. When
starting from 15 the conversion to 27 is slower and the
isomerization to 14 occurs at a much lower rate than that of
isomerization of 14 to15 (Scheme 4). This isomerization is
likely to proceed through a ruthenium± amine intermedi-
ate.[12]


Scheme 4. The isomerization of imine 14 and 15.


Ruthenium ± amine complexes as catalysts : Attempts to isolate
a ruthenium± amine intermediate such as 29 from the
reaction mixture or to observe it by NMR spectroscopy
during the reaction have so far been unsuccessful. Another
approach to investigate if the transfer hydrogenation of
imines proceeds via a ruthenium± amine intermediate would


be to prepare a ruthenium amine complex and test it as
catalyst.[13] Attempts to synthesize the ruthenium complex
with amines 17 or 27 by employing the procedure described
for primary amines[12] were unsuccessful. When raising the
temperature to 100 �C using amine 27 we observed the
formation of imines 14 and 15. This suggests that a ruthe-
nium± amine complex is formed but that it easily undergoes
�-elimination.
Amine complexes with primary amines, analogous to 29


have been previously reported.[12] To get more information
concerning possible intermediate amine complexes we there-
fore synthesized the primary amine complex 30 from 1-phe-
nylethylamime [Eq. (3)]. It was found that the amine complex


30 worked as a catalyst for the transfer hydrogenation of 4
with propan-2-ol to give amine 17 (Scheme 5). The reaction
rate was lower (40% conversion after 90 min using 1 mol% of
29 compared to 100% conversion after 90 min using
0.3 mol% of 1), which is likely due to the slower �-elimination
form the primary amine.[14]


Scheme 5.


Deuterium isotope effect : The deuterium isotope effect for the
catalytic hydrogen transfer reaction of imine 4 was measured
by the use of 2-deuteriopropan-2-ol. The initial rate was
measured (between 200 and 600 s) for both the deuterated
and the nondeuterated propan-2-ol in the transfer hydro-
genation of imine 4 to amine 17. The initial rate using
nondeuterated propan-2-ol was kobs� (6.6� 0.4)�
10�8 mol s�1 and for the 2-deuteriopropan-2-ol was kobs�
(2.4� 0.3)� 10�8 mol s�1. The deuterium isotope effect of the
reaction was therefore kH/D� (2.7� 0.25).


Mechanistic considerations: Two different mechanisms have
been proposed for the transfer hydrogenation of aldehydes
and ketones with 1 as catalyst.[4a, 7] In the first mechanism
proposed by Shvo and Menashe[7] the carbonyl compound is
coordinated to ruthenium in 2 followed by migratory
insertion. This mechanism was supported by the isolation of
the corresponding amine complex.[12] The second mechanism,
proposed recently by Casey et al.,[4a] involves a concerted
addition of the hydride and the acidic proton from catalyst 2
to the carbonyl compound without prior coordination of the


Table 3. Influence of electronic properties of the substrate.[a]


Imine X Y TOF[b]


6 MeO Me 840
7 Me Me 800
5 H Et 730
4 H Me 700
10 H H 300
8 F Me 120[c]


[a] The reactions were run using imine (0.3 mmol), benzene (0.95 mL), and
propan-2-ol (7.2 mmol, 0.55 mL) with 0.3 mol% of 1 at 70 �C. [b] TOF was
measured after 10 min by 1H NMR spectroscopy and based on catalyst 1.
The TOF based on Ru will be half of the values given. [c] 1 mol% of 1 was
used.
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latter. This mechanism was supported by the fact that
selective deuteration of the hydroxy and the hydride positions
of 2 gave individual isotope effects in agreement with the
combined isotope effect observed by deuteration of 2 in both
positions.
It is expected that an electron-rich imine would coordinate


better to ruthenium. The increased reaction rate observed
with electron-rich imines is consistent with a coordination of
the imine to ruthenium. In the concerted mechanism pro-
posed by Casey et al.[4a] the protonation would be expected to
be faster with an electron-rich imine. However, the hydride
addition should be slower with an electron-rich imine and
therefore the effect is expected to cancel to some extent in the
concerted mechanism.
In the transfer hydrogenation of 14 (and 15) with 1 as


catalyst, we observed an isomerization between 14 and 15
(Table 2, entries 11 and 12). This shows that the transfer
hydrogenation is reversible, that is the catalyst 1 can
�-eliminate a ruthenium± amine intermediate leading to the
formation of the imine. This resembles the mechanism
proposed for transfer hydrogenation of carbonyls[1, 15] involv-
ing coordination of the substrate to the catalyst and migratory
insertion. Isomerization between 14 and 15 has also been
observed by Brune et al.[4e] with the Wilkinson catalyst and
more recently by Yamagishi et al.[4b] with the active catalyst
[RuH2(PPh3)4].[16] The transfer hydrogenation of imine 4 using
ruthenium amine complex 30 instead of 1 as catalyst
(Scheme 5) also supports that the reaction proceeds via a
ruthenium amine intermediate.


Conclusion


The transfer hydrogenation of imines using catalyst 1 and
propan-2-ol shows an interesting solvent effect, where polar
solvents decrease the rate. Less polar solvents with 24
equivalents of propan-2-ol to imine showed a higher rate
and the best solvent system (of those studied) was benzene
(benzene/propan-2-ol� 1.7:1). The substrate itself had a
significant influence on the process. Ketimines react faster
than aldimines. Electron-donating groups increase the rate
while electron-withdrawing groups decrease the rate. An
isomerization was observed between 14 and 15, suggesting
that the process is reversible proceeding through a rutheni-
um± amine intermediate. Involvement of a ruthenium±
amine intermediate is supported by the fact that the isolated
ruthenium± amine complex 30 acts as a catalyst in transfer
hydrogenation of imines.


Experimental Section


General methods : 1H (400 or 300 MHz) and 13C (100 or 75 MHz) spectra
were recorded on a Varian Mercury spectrometer. Chemical shifts (�) are
reported in ppm, using residual solvent as internal standard, and coupling
constants (J) are given in Hz. IR spectra were obtained by using a Perkin-
Elmer 1600 FT-IR instrument, and the samples were examined as CDCl3
solutions on NaBr plates. Only the strongest/structurally most important
peaks (cm�1) are listed. Elemental analyses were performed by Analytische
Laboratorien, Lindlar, Germany. Merck silica gel 60 (240 ± 400 mesh) was


used for flash chromatography. Unless otherwise noted, all materials were
obtained from commercial suppliers and used without further purification.
All reactions were performed under a dry argon atmosphere in oven-dried
(140 �C) glassware. Distillations were conducted in a B¸chi Glass oven
B-580.


[Ru2(CO)4(�-H)(C4Ph4COHOCC4Ph4)] (1): The title compound was
synthesized according to the literature.[17]


General procedure for the synthesis of imines: N-phenyl-(1-phenylethyl-
idene)amine (4): In a typical experiment NaHCO3 (4.2 g, 50 mmol), aniline
(0.91 mL, 10 mmol), acetophenone (1.17 mL, 10 mmol), activated molec-
ular sieves (7 g; 4 ä), and benzene (4 mL) were added to a Schlenk-tube
and the mixture was exposed to an argon atmosphere and heated to reflux
overnight. The reaction mixture was filtered through Celite, the Celite
washed with CH2Cl2, the filtrate was collected, and the solvents were
evaporated in vacuo. The starting material was removed by distillation
(120 �C, 1 mbar) and the product was subsequently distilled (160 �C,
1 mbar). Yield (1.52 g, 78%) of yellow crystals. 1H NMR (300 MHz,
CDCl3, 25 �C, TMS): �� 7.95 ± 8.00 (m, 2H), 7.41 ± 7.49 (m, 3H), 7.32 ± 7.39
(m, 2H), 7.06 ± 7.12 (m, 1H), 6.77 ± 6.83 (m, 2H), 2.24 (s, 3H); 13C NMR
(75 MHz, CDCl3, 25 �C, TMS): �� 165.6, 151.9, 139.7 130.8, 129.2, 128.6,
127.4, 123.4, 119.6, 17.6; IR (CDCl3): �� � 3058, 3027,1638, 1593, 1482, 1447,
1288, 1214 cm�1; elemental analysis calcd (%) for C14H13N (195.3): C 86.12,
H 6.71, N 7.17; found: C 85.96, H 6.63, N 7.30.


N-Phenyl-(1-phenylpropylidene)amine (5): Prepared according to the
general procedure. Yield (1.59 g, 76%) of yellow crystals as a 10:1 mixture
of geometric isomers. 1H NMR (300 MHz, CDCl3, 25 �C, TMS): major
isomer: �� 7.91 ± 7.95 (m, 2H), 7.43 ± 7.48 (m, 3H), 7.31 ± 7.37 (m, 2H),
7.04 ± 7.11 (m, 1H), 6.77 ± 6.81 (m, 2H), 2.66 (q, J� 7.7 Hz, 2H), 1.08 (t, J�
7.7 Hz, 3H); minor isomer: �� 2.80 (q, J� 7.4 Hz, 2H), 1.23 (t, J� 7.4 Hz,
3H), aromatic resonances are obscured by the major isomer; 13C NMR
(75 MHz, CDCl3, 25 �C, TMS): �� 170.9, 151.8, 138.2, 130.5, 129.1, 128.7,
127.8, 123.2, 119.3, 23.7, 13.1. According to the 1H NMR spectrum there was
4% of the corresponding enamine in the product mixture. 1H NMR
(300 MHz, CDCl3, 25 �C, TMS): �� 8.34 (s, 1H), 5.59 (q, J� 7.0 Hz, 1H),
1.79 (d, J� 7.0 Hz, 3H), aromatic resonances are obscured by the major
isomer; IR (CDCl3): �� � 3058, 3027, 2977, 1633, 1593, 1485, 1210 cm�1;
elemental analysis calcd (%) for C15H15N (209.3): C 85.67, H 7.19, N 7.14;
found: C 85.83, H 7.26, N 6.56.


N-Phenyl-[1-(4-methoxyphenyl)ethylidene]amine (6): Prepared according
to the general procedure. Yield (1.8 g, 79%) of white crystals. 1H NMR
(300 MHz, CDCl3, 25 �C, TMS): �� 7.95 (d, J� 9.0 Hz, 2H ), 7.31 ± 7.37 (m,
2H), 7.04 ± 7.09 (m, 1H), 6.94 (d, J� 9.0 Hz, 2H), 6.77 ± 6.80 (m, 2H); 3.87
(s, 3H), 2.20 (s, 3H); 13C NMR (75 MHz, CDCl3, 25 �C, TMS): �� 164.7,
161.8, 152.1, 132.5, 129.1, 129.1, 123.2, 119.8, 113.8, 55.6, 17.4; IR (CDCl3):
�� � 3058, 2971, 1636, 1604 1364 cm�1; elemental analysis calcd (%) for
C15H15NO (225.1): C 79.97, H 6.71, N 6.22; found: C 79.81. H 6.95, N 6.40.


N-Phenyl-[1-(4-methylphenyl)ethylidene]amine (7): Prepared according
to the general procedure. Yield (1.1 g, 35%) of yellow crystals. Spectral
data were in accordance with those previously reported.[18]


N-Phenyl-[1-(4-fluorophenyl)ethylidene]amine (8): Prepared according to
the general procedure. Yield (1.61 g, 76%) of white-yellow crystals.
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.96 ± 8.00 (m, 2H), 7.33 ±
7.37 (m, 2H), 7.07 ± 7.14 (m, 3H), 6.78 ± 6.80 (m, 2H), 2.22 (s, 3H); 13C NMR
(75 MHz, CDCl3, 25 �C, TMS): �� 164.5 (d, JC,F� 251 Hz), 164.4, 151.7
135.9, 129.5 (d, JC,F� 8.6 Hz), 129.2, 123.6, 119.6, 115.5 (d, JC,F� 21.5 Hz),
17.5; IR (CDCl3): �� � 3065, 3049, 1636, 1591, 1507, 1486, 1221, 1164 cm�1.


N-Phenyl-(1,2-dimethylpropylidene)amine (9): Prepared according to the
general procedure. Yield (0.63 g, 39%) of a brown oil as a 7:1: mixture of
geometric isomers. 1H NMR (400 MHz, CDCl3, 25 �C, TMS): major
isomer: �� 7.25 ± 7.30 (m, 2H), 7.00 ± 7.04 (m, 1H), 6.66 ± 6.68 (m, 2H),
2.62 (heptet, J� 7.0, 1H), 1.73 (s, 3H), 1.20 (d, J� 7.0 Hz, 6H); minor
isomer: �� 2.69 ± 2.76 (m, 1H), 2.07 (s, 3H), 1.03 (d, J� 7.0 Hz, 6H),
aromatic resonances are obscured by those of the major isomer. 13C NMR
(100 MHz, CDCl3, 25 �C, TMS): major isomer: �� 176.3, 152.0, 129.0,
123.0, 119.5, 39.4, 20.1, 17.2; minor isomer: �� 129.0, 122.9, 119.4, 31.9, 20.3;
IR (CDCl3): �� � 3060, 2966, 1661, 1594, 1484 cm�1.


N-Phenyl-(1-phenylmethylidene)amine (10): Prepared according to the
general procedure. Yield (3.6 g, 99%) of white crystals. Spectral data were
in accordance with those previously reported.[19]
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N-Phenyl-[1-(cyclohexyl)ethylidene]amine (11): Prepared according to the
general procedure. Yield (3.1 g, 77%) of a yellow oil as an 11:1 mixture of
geometric isomers. 1H NMR (400 MHz, CDCl3, 25 �C, TMS): major
isomer: �� 7.25 ± 7.30 (m, 2H), 6.99 ± 7.04 (m, 1H), 6.65 ± 6.69 (m, 2H),
1.86 ± 1.98 (m, 4H), 1.73 (s, 3H), 1.33 ± 1.72 (m, 7H); minor isomer: ��
2.24 ± 2.29 (m, 4H), 2.09 (s, 3H), All other resonances are obscured by
those of the major isomer. 13C NMR (100 MHz, CDCl3, 25 �C, TMS): ��
175.7, 152.0, 129.0, 122.9, 119.5, 49.6, 30.4, 26.3, 26.3, 17.8; IR (CDCl3): �� �
3019, 2929, 2952, 1659, 1595, 1484, 1448, 1166 cm�1.


N-Phenyl-[1-(2-naphthyl)ethylidene]amine (12): Prepared according to
the general procedure. Yield (2.0 g, 80%) of yellow crystals. 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 8.35 (s, 1H), 8.23 (m, 1H), 7.86 ± 7.96
(m, 3H), 7.50 ± 7.58 (m, 2H), 7.35 ± 7.41 (m, 2H), 7.11 (m, 1H), 6.85 (m, 2H),
2.36 (s, 3H); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 165.5, 152.0,
137.1, 134.6, 133.1, 129.2, 129.1, 128.2, 127.9, 127.8, 127.4, 126.6, 124.4, 123.5,
119.6, 17.6; IR (CDCl3): �� � 3430, 1626, 1483, 1446, 1369 cm�1; elemental
analysis calcd (%) for C18H15N (245.3): C 88.13, H 6.61, N 5.71; found: C
87.96, H 6.43 N 5.90.


N-Phenyl-(1-methylhexylidene)amine (13): Prepared according to the
general procedure. Yield (1.55 g, 80%) of a yellow oil as a 3:1: mixture
of geometric isomers. 1H NMR (400 MHz, CDCl3, 25 �C, TMS): major
isomer: �� 7.25 ± 7.30 (m, 2H), 7.00 ± 7.04 (m, 1H), 6.67 ± 6.70 (m, 2H),
2.38 ± 2.42 (m, 2H), 1.77 (s, 3H), 1.66 ± 1.69 (m, 2H), 1.35 ± 1.40 (m, 4H)
0.91 ± 0.94 (m, 3H); minor isomer: 2.15 (s, 3H), 2.09 ± 2.13 (m, 2H), 1.44 ±
1.51 (m, 2H), 1.14 ± 1.24 (m, 4H), 0.83 (t, J� 7.0, 3H), aromatic resonances
are obscured by those of the major isomer. 13C NMR (100 MHz, CDCl3,
25 �C, TMS): major isomer: �� 172.4, 151.8, 129.5, 123.1, 119.7, 41.9, 31.8,
26.3, 22.7, 19.6, 14.2; minor isomer: 129.0, 123.0, 115.3, 34.2, 31.7, 26.8, 26.1,
22.4, 14.0; IR (CDCl3): �� � 3310, 2955, 2929, 1662, 1595, 1484, 1365,
1242 cm�1.


N-benzyl-(1-phenylethylidene)amine (14): Prepared according to the
general procedure. Yield (2.5 g, 60%) of white crystals as a 14:1: mixture
of geometric isomers. 1H NMR (400 MHz, CDCl3, 25 �C, TMS): major
isomer: �� 7.88 ± 7.90 (m, 2H), 7.27 ± 7.46 (m, 9H), 4.46 (s, 2H), 2.35 (s,
3H); minor isomer: �� 4.44 (s, 2H), 2.40 (s, 3H), aromatic resonances are
obscured by those of the major isomer. 13C NMR (100 MHz, CDCl3, 25 �C,
TMS): �� 166.2, 141.3, 140.8, 129.8, 128.6, 128.5, 127.9, 127.0, 126.8, 55.9,
16.1; IR (CDCl3): �� � 3084, 3026, 1633, 1494, 1446, 1280 cm�1.


N-(1-phenylethyl)benzylidenamine (15): Prepared according to the general
procedure. Yield (3.1 g, 98.7%) of colorless oil. Spectral data were in
accordance with those previously reported.[20]


N-phenyl-(diphenylmethylidene)amine (16): Prepared according to the
general procedure. Yield (3.0 g, 58%) of yellow crystals. 1H NMR
(300 MHz, CDCl3, 25 �C, TMS): �� 7.73 ± 7.77 (m, 2H), 7.37 ± 7.50 (m,
3H), 7.24 ± 7.27 (m, 3H), 7.10 ± 7.17 (m, 4H), 6.89 ± 6.94 (m, 1H), 6.70 ± 6.74
(m, 2H); 13C NMR (75 MHz, CDCl3, 25 �C, TMS): �� 130.9, 129.7, 129.5,
128.7, 128.6, 128.3, 128.0, 123.3, 121.1; IR (CDCl3): �� � 3058, 3027, 1638,
1593, 1482, 1447, 1289, 1214 cm�1; elemental analysis calcd (%) for C19H15N
(257.3): C 88.68, H 5.88, N 5.44; found: C 88.80, H 5.89, N 5.34.


Screening the influence of propan-2-ol : In these reactions imine 4 (58.6 mg,
0.3 mmol), catalyst (0.98 mg, 0.9 �mol, 0.33%), and benzene were added to
a reaction flask. The reaction flask was heated at 70 �C for 5 min. The
equivalents of propan-2-ol were varied (1 ± 64 equivalents), preheated, and
added to the reaction flask. The total volume was held constant at 1.5 mL.
The reactions were analyzed by 1H NMR spectroscopy after 10 min. TOF
was measured after 10 min (mol substrate*conversion after 10 min*mol
catalyst�1*time�1 (h)).


Screening solvents : The catalyst (1 mg, 0.9 �mol, 0.33%) was dissolved in
the solvents (0.95 mL) reported in Table 1 and stirred for 8 min at 70 �C. A
solution of imine 4 (58.6 mg, 0.3 mmol) dissolved in propan-2-ol (0.55 mL,
7.2 mmol) heated at 73 �C for 5 min was added to the catalyst dissolved in
the solvent. The reaction was monitored by 1H NMR spectroscopy.


Transfer hydrogenation of imines: N-phenyl-1-phenylethylamine (17): In a
typical experiment the imine 4 (0.195 g, 1.0 mmol) catalyst 1 (3.26 mg,
3.0 �mol), benzene (3.15 mL), and propan-2-ol (1.84 mL, 24.0 mmol) were
added to a 10 mL round-bottomed flask. After 90 min the solvents were
evaporated in vacuo. The product was distilled (220 �C, 1 mbar) to afford
amine 17 (191 mg; 97%). Spectral data were in accordance with those
previously reported.[21]


N-phenyl-1-phenylpropylamine (18): The general procedure was followed
by using imine 5 (0.209 g, 1.0 mmol) and catalyst 1 (3.26 mg, 3.0 �mol). The
product was distilled (220� C, 1 mbar) to afford 0.2 g (97%) of amine 18.
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.30 ± 7.37 (m, 4H), 7.21 ± 7.25
(m, 1H), 7.07 ± 7.11 (m, 2H), 6.62 ± 6.66 (m, 1H), 6.51 ± 6.54 (m, 2H), 4.24 (t,
J� 6.8 Hz, 1H), 4.07 (bs, 1H), 1.85 (m, 2H), 0.97 (t, J� 6.8 Hz, 3H);
13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 147.7, 144.1, 129.2, 128.7,
127.0, 126.7, 117.3, 113.4, 59.9, 31.8, 11.0; IR (CDCl3): �� � 3412, 3052, 2965,
1603, 1505, 1317 cm�1; elemental analysis calcd (%) for C15H17N (211.3): C
85.26, H 8.11, N 6.63; found C 85.12, H 7.99, N 6.48.
N-phenyl-1-(4-methoxyphenyl)ethylamine (19): The general procedure
was followed by using imine 6 (0.222 g, 1.0 mmol) and catalyst 1 (3.26 mg,
3.0 �mol). The product was purified by distillation (250� C, 1 mbar) to
afford amine 19 (0.22 g; 98%). 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 77.27 ± 7.29 (m, 2H), 7.07 ± 7.11 (m, 2H), 6.84 ± 6.87 (m, 2H), 6.62 ± 6.66
(m, 1H), 6.50 ± 6.53 (m, 2H), 4.45 (q, J� 6 Hz, 1H), 3.98 (bs, 1H), 3.78 (s,
3H), 1.49 (d, J� 6 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): ��
158.7, 147.5, 137.4, 129.3, 127.1, 117.3, 114.2, 113.5, 55.4, 53.0, 25.2; IR
(CDCl3): �� � 3407, 3051, 2963, 1603, 1509, 1244 cm�1.


N-phenyl-1-(4-methylphenyl)ethylamine (20): The general procedure was
followed by using imine 7 (0.209 g, 1.0 mmol) and catalyst 1 (3.26 mg,
3.0 �mol). The product was purified by distillation (220 �C, 1 mbar) to
afford amine 20 (0.20 g (96%)). 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 7.24 ± 7.27 (m, 2H), 7.07 ± 7.13 (m, 4H), 6.61 ± 6.66 (m, 1H), 6.50 ± 6.53
(m, 2H), 4.46 (q, J� 6.6 Hz, 1H), 3.99 (bs, 1H), 2.32 (s, 3H), 1.50 (d, J�
6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 147.6, 142.4,
136.6, 129.5, 129.3, 125.9, 117.3, 113.5, 53.3, 25.2, 21.2; IR (CDCl3): �� � 3410,
3052, 2967, 1603, 1504, 1318 cm�1; elemental analysis calcd (%) for C15H17N
(211.3): C 85.26, H 8.11, N 6.63; found: C 85.11, H 8.09, N 6.67.


N-phenyl-1-(4-fluorophenyl)ethylamine (21): The general procedure was
followed by using imine 8 (0.213 g, 1.0 mmol) and catalyst 1 (10.85 mg,
10.0 �mol). The product was purified by distillation (220 �C, 1 mbar) to
afford amine 20 (0.202 g; 95%). 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 7.32 ± 7.37 (m, 2H), 7.08 ± 7.14 (m, 2H), 6.98 ± 7.09 (m, 2H), 6.65 ± 6.70
(m, 1H), 6.48 ± 6.53 (m, 2H), 4.48 (q, J� 6.6 Hz, 1H), 4.01 (bs, 1H), 1.51 (d,
J� 6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 162.0 (d,
JC,F� 244), 147.3, 141.1, 129.4, 127.5 (d, JC,F� 7.6 Hz), 117.7, 115.65 (d, JC,F�
21.4 Hz), 113.6, 53.1, 25.41; IR (CDCl3): �� � 3410, 3051, 2968, 1603, 1507,
1318, 1220 cm�1.


N-phenyl-(3-methyl-2-butyl)amine (22): The general procedure was fol-
lowed by using imine 9 (0.156 g, 0.97 mmol) and catalyst 1 (3.26 mg,
3.0 �mol). The product was purified by distillation (200 �C, 1 mbar) to
afford amine 22 (0.147 g; 90%). 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 7.15 ± 7.19 (m, 2H), 6.58 ± 6.68 (m, 3H) 3.48 (bs, 1H), 3.36 (m, 1H), 1.85
(m, 1H), 1.11 (d, J� 7.3 Hz, 3H), 0.98 (d, J� 7.1 Hz, 3H), 0.92 (d, J�
7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 148.0, 129.4,
116.8, 113.2, 53.6, 32.4, 19.4, 17.7, 16.8; IR (CDCl3): �� � 3407, 3052, 2961,
1602, 1505, 1320 cm�1; elemental analysis calcd (%) for C11H17N (163.2): C
80.93, H 10.50. N 8.58; found: C 80.96, H 10.42, N 8.75.


N-(phenyl)benzylamine (23): The general procedure was followed by using
imine 10 (0.181 g, 1.0 mmol) and catalyst 1 (3.26 mg, 3 �mol). The product
was purified by distillation (220 �C, 1 mbar) to afford amine 23 (0.198 g;
94%). 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.28 ± 7.42 (m, 5H),
7.15 ± 7.23 (m, 2H), 6.70 ± 6.76 (m, 1H), 6.63 ± 6.68 (m, 2H), 4.35 (s, 2H),
4.03 (bs, 1H); 13C NMR (75 MHz, CDCl3, 25 �C, TMS): �� 148.3, 139.6,
129.4, 128.8, 127.7, 127.4, 117.8, 113.0, 48.1; IR (CDCl3): �� � 3419, 3052, 3035,
1602, 1506, 1324 cm�1; elemental analysis calcd (%) for C13H13N (183.3): C
85.21, H 7.15, N 7.64; found: C 85.09, H 6.96, N 7.63.


N-phenyl-1-cyclohexylethylamine (24): The general procedure was fol-
lowed by using imine 11 (0.201 g, 0.96 mmol) and catalyst 1 (5.5 mg,
5 �mol). The product was purified by distillation (220 �C, 1 mbar) to afford
amine 24 (0.190 g; 93%). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): ��
7.13 ± 7.17 (m, 2H), 6.62 ± 6.66 (m, 1H), 6.56 ± 6.58 (m, 2H), 3.48 (bs, 1H),
4.03 (quintet, J� 6.3 Hz, 1H), 1.66 ± 1.82 (m, 5H), 1.44 ± 1.47 (m, 1H),
1.02 ± 1.27 (m, 5H), 1.11 (d, J� 6.3 Hz, 3H), 13C NMR (75 MHz, CDCl3,
25 �C, TMS): �� 148.1, 129.4, 116.7, 113.1, 53.1, 43.2, 30.0, 28.6, 26.8, 26.7,
26.5, 17.6; IR (CDCl3): �� � 3407, 3051, 2924, 2851, 1601, 1506, 1319 cm�1.


N-phenyl-1-(2-naphtyl)ethylamine (25): The general procedure was fol-
lowed by using imine 12 (0.24 g, 0.98 mmol) and catalyst 1 (5.5 mg, 5 �mol).
The product was purified by distillation (250 �C, 1 mbar) to afford amine 25
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(0.231 g; 98%). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.82 ± 7.86
(m, 4H), 7.46 ± 7.55 (m, 3H), 7.10 ± 7.14 (m, 2H), 6.58 ± 6.70 (m, 3H), 4.68 (q,
J� 6.6 Hz, 1H), 4.16 (bs, 1H), 1.62 (d, J� 6.6 Hz, 3H); 13C NMR
(100 MHz, CDCl3, 25 �C, TMS): �� 147.5, 142.9, 133.8, 132.9, 129.3,
128.6, 128.0, 127.8, 126.2, 125.7, 124.6, 124.4, 117.5, 113.6, 53.9, 25.2; IR
(CDCl3): �� � 3412, 3052, 2967, 1602, 1505, 1319 cm�1.


N-phenyl-1-methylhexylamine (26): The general procedure was followed
by using imine 13 (0.189 g, 1.0 mmol) and catalyst 1 (5.5 mg, 5.0 �mol). The
product was purified by distillation (182 �C, 1 mbar) to afford amine 26
(0.180 g; 94%). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.13 ± 7.18
(m, 2H), 6.64 ± 6.68 (m, 1H), 6.56 ± 6.59 (m, 2H), 3.45 (m, 2H), 1.26 ± 1.58
(m, 9H), 1.17 (d, J� 6.2 Hz, 3H), ), 0.89 (t, J� 7.1 Hz, 3H), 13C NMR
(100 MHz, CDCl3, 25 �C, TMS): �� 147.9, 129.4, 116.9, 113.2, 48.6, 37.4,
32.1, 26.0, 22.8, 21.0, 14.2; IR (CDCl3): �� � 3403, 3052, 2958, 2929, 1602,
1505, 1319 cm�1; elemental analysis calcd (%) for C13H21N (191.3): C 81.61,
H 11.06, N 7.32; found: C 81.49, H 11.15, N 7.36.


N-benzyl-1-phenylethylamine (27): The general procedure was followed by
using imine 14 (0.209 g, 1.0 mmol) and catalyst 1 (5.5 mg, 5 �mol). The
product was purified by distillation (250 �C, 1 mbar) to afford amine 27
(0.198 g; 94%). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.24 ± 7.38
(m, 10H), 3.82 (q, J� 6.6 Hz, 1H), 3.67, 3.60 (AB, J� 13.2 Hz, 2H), 1.57
(bs, 1H), 1.37 (d, J� 6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 �C,
TMS): �� 145.8, 140.9, 128.7, 128.6, 128.4, 127.2, 127.1, 126.9, 57.7, 51.9, 24.7;
IR (CDCl3): �� � 3325, 3025, 2962, 1602, 1584, 1505, 1493, 1452, 1304 cm�1;
elemental analysis calcd (%) for C15H17N (211.3): C 85.26, H 8.11, N 6.63;
found: C 85.09, H 8.20, N 6.63.


N-benzyl-1-phenylethylamine (27): The general procedure was followed by
using imine 15 (0.209 g, 1.0 mmol) and catalyst 1 (10.85 mg, 10 �mol). The
product was purified by distillation (250 �C, 1 mbar) to afford amine 27
(0.198 g; 94%). See above for spectral data.


N-phenyl-1-benzhydrylamine (28): The imine 16 (77.2 mg, 0.3 mmol),
catalyst 1 (3.26 mg, 3 �mol), propan-2-ol (0.55 mL, 7.2 mmol), and benzene
(0.95 mL) were stirred at 70 �C. The reaction was monitored by GC, and
spectral data for NMR spectroscopy were in accordance with those
previously reported.[22]


Dicarbonyl(tetraphenylcyclopentadienone)(phenylethylamine)ruthenium
(30): The complex was synthesized according to a literature procedure.[13]
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Interlocking Inorganic Screw Helices: Synthesis, Structure, and Magnetism of
the Novel Framework UraniumOrthothiophoshates A11U7(PS4)13 (A�K, Rb)
Christine Gieck and Wolfgang Tremel*[a]


Abstract: The novel quaternary urani-
um thiophosphate K11U7(PS4)13 has been
synthesized by reacting uranium metal,
K2S, S, and P2S5 at 700 �C in an evac-
uated silica tube. The crystal structure
was determined by single crystal X-ray
diffraction techniques. K11U7(PS4)13
crystallizes in the tetragonal space group
I4≈2d (a� 32.048(2) ä, c� 17.321(1) ä,
Z� 8). The structure contains a tunnel
framework composed of eight interlock-
ing uranium U7(PS4)13 screw helices,


with alkali metal cations residing inside
the framework channels. The uranium
atoms are coordinated in a bi- or tricap-
ped trigonal prismatic fashion. The
screw helices are built up from uranium
atoms interconnected by PS4 tetrahedral
units. Magnetic susceptibility measure-


ments indicate modified Curie ±Weiss-
type behavior between 300 and 70 K,
with an effective magnetic moment of
2.54 �B per U atom at room temperature
and C� 3.78, ���14.54, �0� 0.01. The
isostructural compound Rb11U7(PS4)13
(a� 32.1641(11) ä, c� 17.7244(9) ä,
Z� 8) was prepared by heating a mix-
ture of the formal composition UPS5 in
eutectic LiCl/RbCl melts at 700 �C.


Keywords: chalcogens ¥ magnetic
properties ¥ solid-state structures ¥
thiophosphates ¥ uranium


Introduction


Orthothiophosphates are built up from PS4 groups that are
separated and charge balanced by main group elements,
transition metals, or f block elements. Formally, thiophos-
phates in general represent higher homologues of oxophos-
phates. Although there are some similarities originating from
the underlying pattern of tetrahedral building blocks, the
chemistry of phosphates and thiophosphates is very different
and their overlap therefore limited. As for most other
chalcogenides this is caused by the stronger covalency of the
P�S bonds relative to the P�O bonds and the redox properties
of the S component. Main group and transition metal
thiophosphates have been known for more than hundred
years.[1] Surveys by Rouxel,[2] Brec,[3] and Kanatzidis,[4, 5] show
a remarkable variety of structures. As in any branch of
chemistry where complex structures have to be analyzed, a
simple strategy can be used: one decomposes the structures
into elementary building blocks, and then tries to identify and
explore the matching rules according to which these blocks
must be reassembled to yield the considered structure. In
chalcophosphate chemistry (or chalcometalate chemistry in


general), a rich structural chemistry emerges from the
combination of isolated or condensed PmSn motifs and a large
variety of metal chalcogenide units. With phosphorus and
transition metals, chalcogens generally form low-dimensional
compounds, the thiophosphates MPS3 (e.g., M�Al, Mn, Fe,
Co, Ni, Zn) being especially well-characterized representa-
tives of this class of materials.[3]


During the past decade many studies have focussed on the
chalcophilic late transition metal derivatives, whose structures
contain metal atoms mostly in tetrahedral, square-planar, or
octahedral coordination. Much less effort has been devoted to
the chalcophosphates of the oxophilic early transition met-
als.[6±15] Many of these larger metal cations are observed in
seven, eight, or higher coordinate environments. These high
and variable coordination numbers of the early transition
metals,[7±8, 13±15] lanthanides,[16±25] or actinides[26±30] combined
with the condensation equilibria of chalcophosphates[2, 5] may
lead to structural arrangements of astounding complexity, as
the following examples indicate.


Many compounds obtained from the ternary system M-P-S
(M�Group 5 metal) contain the bicapped biprismatic M2S12


building unit.[2] Interestingly, the channels of some of the
resulting three-dimensional framework structures (e.g.,
TaPS6


[7]) may be filled with chalcogen chains.[31] The structures
of several other thiophosphates (e.g., ATi2(PS4)3; A�Li,
Na[32±34]) are composed of interwoven networks whose chan-
nels are filled with alkali metal cations.[32] Finally the structure
of UP4S12 is based on three interwoven polymeric diamond-
type U(P2S6)2 frameworks.[30]
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der Johannes Gutenberg-Universit‰t
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The coordination preferences of the metal components
seem to be important factors, which determine the structure
(and properties) of thiophosphates. Therefore we were
interested in introducing transition metals with high coordi-
nation numbers, that is, Group 4 metals, lanthanides, or
actinides, to preclude the formation of octahedrally coordi-
nated metal centers. The example UP4S12


[30] revealed that the
coordination mode of the metal atom combined with the
connectivity mode and size of the ™linear∫ (rodlike) P2S6


2�


ligand may lead to the formation of complex network
structures. Herein we show that the nonlinear PS4


3� ligand
can lead to the formation of metal thiophosphates with helical
structure elements.


Results and Discussion


The new compound K11U7(PS4)13 was obtained by reaction of
uranium metal with a thiophosphate melt at 700 �C.
Rb11U7(PS4)13 was prepared by heating a mixture of the
formal composition UPS5 in an eutectic RbCl/LiCl flux at
700 �C. A perspective view of the crystal structure of
A11U7(PS4)13 (A�K, Rb) along the crystallographic c axis is
shown in Figure 1 (top). Selected interatomic bond lengths
are compiled in Tables 1 and 2. Principle features of this novel
structure type are spiral U7(PS4)13 chains extending along the
view direction. One of these chains is shown in a view along
the helix axis in Figure 1 (bottom). Four chains are marked by
circles in Figure 1 (top). Each of the individual chains is cross-
linked to five neighboring chains by two exo-PS4 groups per
linkage. The connectivity of the covalently linked uranium
thiophosphate framework generates different types of cavities
and a topologically unusual array of tunnels that contain the
A� counterions. The coordination geometries of the A�


Figure 1. Top: View of the unit cell down the c axis (grey circles: U, white
circles: K) illustrating the positions of the alkali cations in the structure
channels; large grey and black circles indicate the opposite helicity of the
chains. Bottom: Enlarged view of the circled fragment illustrating the
connectivity of the uranium centers by the PS4 units.


counterions are quite irregular with coordination numbers
between six and eight with K�S separations varying between
3.160(9) ä and 3.739(8) ä and Rb�S distances between
3.247(7) ä and 3.980(6) ä.


Metal coordination : As in several other uranium chalcogen-
ides the framework structure of A11U7(PS4)13 (A�K, Rb) is
based on bicapped trigonal prismatic US8 units, US9 tricapped
trigonal prisms and PS4 tetrahedra. The U coordination is
illustrated in Figure 2, which shows a fragment of the structure
about U4 that is situated on a crystallographic twofold axis. In
the capped prisms, the U atoms have eight S neighbors with
distances ranging from 2.771 ä to 2.941 ä; U2 acquires an
additional S neighbor at a slightly larger distance of
3.110(5) ä; this leads to a tricapped trigonal prismatic
coordination geometry that is uncommon for uranium chal-
cogenides.[29] A number of uranium chalcogenides, such as
Cu2U3S7,[35] US3,[36] or MUS3(M�Ru, Rh),[37] exhibit bicap-


Abstract in German: Das neuartige quatern‰re Uranthio-
phosphat K11U7(PS4)13 wurde durch Erhitzen von elementarem
Uran, K2S, Schwefel und P2S5 auf 700� in evakuierten Quarz-
glasampullen dargestellt. Die Kristallstruktur wurde
mittels Rˆntgenstrukturanalyse an Einkristallen bestimmt.
K11U7(PS4)13 kristallisiert in der tetragonalen Raumgruppe
I4≈2d (a� 32.048(2) ä, c� 17.321(1) ä, Z� 8). Die Struktur
besteht aus einem von drei Kan‰len unterschiedlichen Durch-
messers durchzogenen Ger¸st von acht miteinander verkn¸pf-
ten U7(PS4)13-Helices. Die Kationen sind in die Kan‰le des
Strukturger¸sts eingebaut. Die Uranatome treten in zwei- bzw.
dreifach ¸berkappt trigonal-prismatischer Koordination auf,
wobei jedes Uranatom von vier PS4-Gruppen umgeben ist.
Die Ergebnisse magnetischer Suszeptibilit‰tsmessungen an
K11U7(PS4)13 zeigen im Bereich von 300 ± 70 K ein modifizier-
tes Curie-Weiss-Verhalten, mit C� 3.78, ���14.54 K, �0�
0.01 emumol�1; das effektive magnetische Moment bei Raum-
temperatur betr‰gt 2.54 �B pro U-Atom. Das isotrukturelle
Rb11U7(PS4)13 (a� 32.1641(11) ä, c� 17.7244(9) ä, Z� 8)
konnte durch Erhitzen einer Schmelze der formalen Zusam-
mensetzung UPS5 in einer eutektischen LiCl/RbCl Mischung
bei 700 �C synthetisiert werden.
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ped trigonal prismatic geometry; square bipyramidal S
coordination has been observed in US2,[38] or ternary thio-
phosphates, such as UP2S6


[26] UP2S7,[39] or U(P2S6)2.[30] The
average U�S distance of 2.873 ä indicates uranium to be
in the tetravalent state[40] and compares well with the


Figure 2. Coordination of the uranium atoms with atomic labeling scheme.


U�S distances observed in US2
[38] or other U chalcogen-


ides.[26, 30, 35±37, 39] The PS4 tetrahedra in K11U7(PS4)13 are slightly
distorted; as expected, the P�S distances to the doubly metal-
bridging S atoms (dP�S� 2.095 ä) are slightly longer than
those with a single metal bond (dP�S� 2.034 ä) or terminal S
atoms (dP-S� 1.941 ä). We note that some of the terminal P�S
distances are remarkably short.


Helix formation : In Figure 3 prisms made up of the S atoms of
four PS4


3� anions surrounding U3 are depicted; two S atoms
of two of the PS4


3� anions form one rectangular face of the
prism, while two S atoms of the remaining two PS4


3� anions
occupy the remaining corners of the prism as well as capping
the other two rectangular faces. It should be noted that the
two capping PS4


3� anions may have different (right/left)
orientation with respect to the prism, that is, because of the
chelating nature of the PS4


3� ligand the [U(PS4)4]8� unit is a
chiral center with one of the capping PS4


3� groups pointing
™up∫ and the other one pointing ™down∫. The upper corner of
each unit is condensed with the lower corner of an adjacent
unit. As the doubly bidentate PS4


3� groups provide an
approximately linear linkage of the U centers and the ™pitch
angle∫ of the chains defined by the P-U-P vectors is slightly
larger than 90�, a helix is formed that ideally should have four
(or a multiple of four) prismatic units per repeat distance
spiraling around the twofold screw axes parallel to the c axis.
This can been seen from Figure 3. However, as the helix pitch
angle is�90�, the unit cell of the title compound contains only
seven [U(PS4)4]8� prism units per unit cell. This is illustrated
by a simplified view of the U�P backbone of the spiral chains
(with the S atoms omitted) in Figure 4. The deviations of the
P-U-P (91.2 ± 93.7�) and U-P-U (168.0 ± 177.4�) angles from
their idealized values of 90� and 180�, respectively, lead to an
irregular pitch of the helix.


As for any other helix, the ™prism helix∫ in the structure of
the title compound may be either left or right handed. In this
structure spiral chains around adjacent axes, which are cross-


Table 1. Selected bond lengths [ä] for K11U7(PS4)13.


U1�S1 2.822(5) U2�S15 2.839(4)
U1�S4 2.889(5) U2�S16 2.867(4)
U1�S5 2.892(4) U2�P1 3.337(5)
U1�S6 2.834(4) U3�S19 2.722(4)
U1�S7 2.822(5) U3�S20 2.891(4)
U1�S9 2.803(4) U3�S20 (2� ) 2.916(4)
U1�S17 2.753(5) U3�S21 2.751(5)
U1�S22 2.775(5) U3�S23 2.798(4)
U2�S4 3.015(5) U3�S24 2.933(5)
U2�S7 3.110(5) U3�S25 2.813(5)
U2�S9 2.916(5) U4�S3 (2� ) 2.803(5)
U2�S10 2.828(5) U4�S24 (2� ) 2.942(4)
U2�S11 2.855(4) U4�S25 (2� ) 2.847(5)
U2�S12 2.851(4) U4�S26 (2� ) 2.769(4)
U2�S14 2.821(4)
P1�S2 1.930(8) P4�S6 2.007(6)
P1�S4 2.110(7) P4�S21 2.066(6)
P1�S7 2.226(9) P4�S22 2.005(6)
P1�S11 2.032(7) P4�S23 2.040(6)
P2�S1 2.057(7) P5�S13 1.936(7)
P2�S8 1.984(7) P5�S20 2.061(6)
P2�S9 2.052(7) P5�S24 2.084(6)
P2�S10 2.047(7) P5�S25 2.032(7)
P3�S14 2.044(6) P6�S3 2.045(6)
P3�S15 2.015(6) P6�S12 2.031(6)
P3�S18 2.046(6) P6�S16 2.024(6)
P3�S19 2.069(6) P6�S26 2.040(6)


P7�S5 (2� ) 2.028(6)
P7�S17 (2� ) 2.029(6)


Table 2. Selected bond lengths [ä] for Rb11U7(PS4)13 .


U1�S1 2.801(6) U2�S15 2.850(5)
U1�S4 2.878(5) U2�S16 2.861(5)
U1�S5 2.878(6) U2�P1 3.312(6)
U1�S6 2.866(6) U3�S19 2.727(5)
U1�S7 2.846(5) U3�S20 2.891(5)
U1�S9 2.809(5) U3�S20 (2� ) 2.914(5)
U1�S17 2.771(6) U3�S21 2.763(6)
U1�S22 2.787(5) U3�S23 2.780(5)
U2�S4 3.054(5) U3�S24 2.939(5)
U2�S6 3.117(6) U3�S25 2.825(6)
U2�S9 2.919(5) U4�S3 (2� ) 2.803(5)
U2�S10 2.828(5) U4�S24 (2� ) 2.942(5)
U2�S11 2.863(5) U4�S25 (2� ) 2.866(6)
U2�S12 2.848(5) U4�S26 (2� ) 2.755(5)
U2�S14 2.840(5)
P1�S2 1.956(8) P4�S6 2.046(8)
P1�S4 2.100(8) P4�S21 2.040(8)
P1�S6 2.092(8) P4�S22 2.007(8)
P1�S11 2.028(8) P4�S23 2.056(8)
P2�S1 2.051(8) P5�S13 1.948(8)
P2�S8 1.968(8) P5�S20 2.079(7)
P2�S9 2.081(8) P5�S24 2.068(8)
P2�S10 2.065(7) P5�S25 2.055(8)
P3�S14 2.026(8) P6�S3 2.047(7)
P3�S15 2.015(7) P6�S12 2.025(8)
P3�S18 2.045(8) P6�S16 2.005(7)
P3�S19 2.071(8) P6�S26 2.055(7)


P7�S5 (2� ) 2.031(7)
P7�S17 (2� ) 2.034(8)
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Figure 3. Schematic polyhedral representation of the [U7(PS4)13]11� helix in
K11U(PS4)13.


Figure 4. CPK representation of the backbone of the [U7(PS4)13]11� helix
chain in K11U7(PS4)13 (S atoms omitted for clarity).


linked by common PS4
3� groups (two PS4


3� groups per
linkage), have a different sense of rotation as indicated by
the black and grey circles in Figure 1 (top).


Framework channels : The helix formation and the cross-
linking of the helices are illustrated in Figure 1 (top). Four
helices centered about the fourfold inversion axes (along 0, 0,
z and 1³2, 1³2, z) form a set of large tunnels with a diameter of
approximately 5 ä that contain the majority of the K� ions. A
second set of smaller tunnels is formed around the twofold
screw axes along (1³4, 1³4, z) by four helices linked by PS4


3�


groups. These triply-connecting tetrahedra are situated above
or below a second set of K� ions. The remaining cations are
located between the PS4


3� groups spiraling along [001] within
the helices. The cation sizes (K� : 1.39 ä, Rb� : 1.60 ä)[41] are
small compared to the diameter of the large tunnel, and one of
the seven crystallographically independent cations (K7)
seems to ™rattle∫ within the channels, as indicated by its
disorder and the large and strongly anisotropic displacement
parameters. This is also the case for the larger Rb� ion in the
isostructural Rb11U7(PS4)13. The large tunnel diameter, the
high thermal parameters for the A� ions inside the tunnel, the
existence of the isostructural compounds A11U7(PS4)13 (A�
K, Rb), and the fractional distribution of the A� ions over
several lattice sites indicate that A11U7(PS4)13 (A� alkali
metal) may act as host for ion exchange. Based on these
observations, we have probed the potential ion-exchange


properties for K11U7(PS4)13 by means of solid ± solid ion
exchange with iodides,[42, 43] a synthetic approach which has
been used for ion exchange in a number of open-framework
compounds. More detailed results will be given in a subse-
quent report.


Vibrational and spectral properties : The IR spectroscopic
data for K11U7((PS4)13 show absorptions at 610 (�3), 420 (�1),
220 (�4) and 170 cm�1 (�2). Absorbances in a related spectral
range have been observed for thiophosphates such as
NaPS4� 8H2O[51] or KPdPS4.[52] According to the results of
the X-ray structure determination the spectroscopically
relevant unit is the PS4


3� anion. For this tetrahedral species
four Raman (�1 ± �4) and two IR (�3 and �4) bands are
expected.[53] Due to the symmetry reduction in the structure of
the title compound, all vibrational bands are visible in the IR
spectrum. Neglecting the high- and low-frequency parts of the
spectrum (combinations and lattice � deformation modes),
the vibrational spectrum of K11U7(PS4)13 is essentially a
juxtaposition of bands characteristic of the US8 unit (outside
the detection range; U ±S stretching modes are expected in
the frequency range below 140 cm�1) and of those of the PS4


3�


anion. This result confirms the proposed description of the
crystal structure in terms of ionic fragments, but also the
predominance of nearest neighbor interactions of covalent
character.


The optical properties of K11U7(PS4)13 were determined by
studying the UV-visible/near-mid IR diffuse reflectance
spectrum, which reveals well-defined broad peaks at �5000
(0.61), �7100 (0.87), �8300 (1.02), �9650 (1.14), �11700
(1.44), and �12500 cm�1 (1.54 eV). Based on the oxidation
state formalism, a 5f2 configuration and semiconducting
behavior may be expected. Assuming a 3H4 ground state,
other triplet terms arising from this configuration are 3F and
3P. Based on their position and spectral width, the absorptions
are assigned to f ± f or d ± d transitions.[54] K2UP3Se9, which
contains U4�, displays absorptions at 3725 and 5856 cm�1.[27]


Magnetic properties : The oxidation states of the uranium
atoms may be deduced from simple charge balance consid-
erations. The electronic structure of the title compound may
easily be understood by electron counting and assigning
formal oxidation states according to the formula
[K�]11[(U4�)7(PS4


3�)13].
Magnetic measurements between 4 and 300 K were made


on polycrystalline powdered samples of K11U7(PS4)13 by using
a Foner vibrating sample magnetometer. Figure 5 shows the
thermal variation of the inverse susceptibility and the
effective magnetic moment. The 1/� versus T curve shows a
distinct minimum at approximately 60 K characteristic of an
antiferromagnetic transition. In the paramagnetic region, the
thermal variation of � shows some curvature towards the
temperature axis. A curve fitting using the modified Curie ±
Weiss law ��C/(T� �) � �0 in the temperature range 70 ±
300 K led to the values C� 3.78, �� -14.54 K, �0� 0.01 for the
Curie constant, the paramagnetic Nee¬ l temperature, and
magnetic susceptibility, respectively, and to an effective
magnetic moment of 2.54 �B per U atom. The value for the
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Figure 5. Thermal variation of the inverse molar susceptibility (filled
circles) and the effective magnetic moment (open circles) for K11U7(PS4)13.
The data have been corrected for core diamagnetism.


effective paramagnetic moment of uranium is significantly
lower than the theoretical value for a U4� free ion of 3.58 �B


(3H4 ground term) and is also lower than that for a totally
quenched orbital moment (2.83 �B).[47±49] The large reduction
of the effective magnetic moment probably results from
crystal field interactions as observed and theoretically con-
firmed for UP4S12 from calculations based on the angular
overlap model.[50] The results of calculations for UP4S12


confirm the presence of a non-magnetic ground state, and
we assume a related behavior in the present case.


Conclusion


The reaction of K2S, uranium, P2S5, and sulfur leads to the
formation of a new framework compound K11U7(PS4)13,
whose tunnel structure is made of interlocked helical chains
which are themselves built from complex polyhedral inter-
connections. The helix formation in turn is related to the
bicapped trigonal prismatic coordination of the uranium
centers. A comparison with other uranium ortho- and
dithiophosphates indicates that square-antiprismatic coordi-
nation of the metal atoms is compatible with a pseudotetra-
hedral connectivity within the framework.[30, 51] Based on the
results from systematic studies of the ternary system U-P-S
and structural considerations, we assume that several other
uranium thiophosphates with low density may occur. This
would deserve further exploitation of the A-U-P-S system.


The synthesis of interpenetrating framework materials,
such as U(P2S6)2,[30] or open framework compounds, such as
CsLiU(PS4)2[51] and K11U7(PS4)13, suggest several areas of
additional research. 1) These compounds may be derivatized
by ™soft chemistry∫ methods such as ion exchange. 2) The ion
transport within the channels is worthwhile to pursue. 3) The
compound Rb11U7(PS4)13 seems to be metastable because it
could not be prepared by high-temperature solid-state or
(poly)thiophosphate flux reactions. 4) Rare earth metals are
widely used to prepare magnetic materials with interesting


bulk properties, which are determined by the anisotropy of
the ground state of the 4f ions and the nature of the
lanthanide ± lanthanide and/or lanthanide ± transition metal
interactions. It might be worthwhile to pursue to interplay of
ligand field effects and/or magnetic interactions between the
lanthanide/actinide atoms. Although magnetically interacting
rare earth centers with organic radicals or Schiff base
complexes have been described, magnetic interactions be-
tween actinide centers mediated by the �-bonded (PS4


3�)
ligands would be unusual.


Experimental Section


Materials : The starting materials were uranium metal powder (Kristall-
handel Kelpin, 99.9% purity), P2S5 (Aldrich, 99% purity), K2S, S powder
(Riedel, 99.999%), RbCl (Alfa Aesar, 99.8%) and LiCl (Alfa Aesar,
99.996%). All starting compounds and products were examined by X-ray
powder diffraction, by means of a Siemens D5000 diffractometer with a
CuK� source.


Potassium sulfide (K2S): K2S was made following the procedure:[52]


Potassium (3.9 g, 100 mmol) was placed under an Ar atmosphere on the
glas frit of a Schlenk tube. The tube was cooled to �78 �C with a dry ice/
acetone bath and NH3 (ca. 30 mL) was condensed into the tube. After the
metal was dissolved, elemental sulfur (1.6 g) was placed on the frit and
dissolved by condensing a second portion of NH3 onto the reactants. The
resulting dark blue solution was stirred and the NH3 was allowed to
evaporate. A third portion of NH3 was condensed on the product to ensure
that the reaction was complete. After evaporating the NH3 a light yellow
product was obtained. The yellow color indicated contamination with K2S2


(pure K2S should be white). Samples with a stronger yellow tone had to be
subjected to an additional reduction with K. All substances were handled
under argon atmosphere in a stainless steel glove box.


K11U7(PS4)13 : Uranium (0.254 g, 1.06 mmol), P2S5 (0.119 g, 0.53 mmol), K2S
(0.059 g, 0.53 mmol), and sulfur (0.068 g, 2.12 mmol) were sealed under
vacuum (�10�5 bar) in a silica tube with 8 mm outer diameter and placed in
a programmable tube furnace. The tube was heated up to 130 �C over a
period of 10 h and kept at this temperature for 24 h. Subsequently, it was
heated up to 700 �C at a rate of 20 �Cmin�1 and maintained at that
temperature for 50 h. Finally, the sample was cooled down to room
temperature at a rate of 0.5 �Cmin�1. The yield of the black crystalline
material was quantitative based on the initial metal content as judged by
X-ray powder diffraction. Slight impurities of soluble thiophosphates (with
presumably discrete anionic structures) were removed by washing with dry
ethanol. A semiquantitative microprobe analysis (EDAX) indicated to
presence of K, U, P, and S in an approximate atomic ratio of 2:1:2:4.
According to the X-ray powder diffractometrical results the sample was a
single phase.


Rb11U7(PS4)13 : A sample with the formal composition UPS5 (0.250 g,
3.7 �mol) was sealed with a eutectic LiCl/RbCl mixture (1.5 g) under
vacuum in a quartz ampoule with an outer diameter of 8 mm. The sample
was placed in a programmable tube furnace and heated from room
temperature up to 700 �C at a rate of 10 �Ch�1, kept at that temperature for
60 h and cooled down to room temperature at a rate of 0.5 �Cmin�1. The
reaction product contained dark red needle-shaped crystals embedded in a
LiCl/RbCl matrix. The LiCl/RbCl mixture could be removed by treating
the product with dry methanol. The yield of the black crystalline material
was approximately 90% based on the initial metal content as judged by
X-ray powder diffraction. A semiquantitative microprobe analysis
(EDAX) indicated to presence of Rb, U, P, and S in an approximate
atomic ratio of 2:1:2:4. Attempts to prepare Rb11U7(PS4)13 from high
temperature reactions or from thiophosphate fluxes did not lead to the
desired results. Rb11U7(PS4)13 could, however, be obtained by treating a
sample of the formal composition CsU2(PS4)5 at 700 �C in a LiCl/RbCl
mixture. In this case, small amounts of another phase with the composition
Li3Rb6U3P5S23 were formed as black platelike crystals.[53]


Structure determinations: Single crystals of K11U7(PS4)13 and Rb11U7(PS4)13
were selected from the reaction mixtures, embedded in a thin film of epoxy
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glue and fixed at the tip of a glass fiber on a Bruker SMART CCD
diffractometer[54] equipped with a monochromated MoK� source (��
0.71073 ä) and a graphite monochromator. Cell parameters were initially
calculated from reflections taken from approximately 30 frames. The final
lattice parameters were calculated from all reflections observed in the
actual data collection. A summary of details concerning the data
collections, structure solutions and refinements is given in Table 3. The
collected data were processed by using the SAINT[55] program and
corrected for absorption by using SADABS.[56] The systematic absence
conditions (hkl, h � k � l� 2n ; hk0, h � k� 2n) were characteristic for the
tetragonal space group I4≈2d (No. 122), and the refinement results proved
this choice to be correct. The structures were solved by direct methods with
SHELXS-86[57] and refined in full-matrix least-squares with SHELXL-97.[58]


The final refinement was carried out on F 2
o. Atomic scattering factors for


spherical neutral free atoms were taken from standard sources and
anomalous dispersion corrections were applied.[59] From the final refine-
ment cycle the compositions of the crystals used are K11U4(PS4)13 and
Rb11U4(PS4)13 . Analysis of F 2


o versus F 2
c as a function of F 2


o, setting angles,
or Miller indices revealed no unusual trends. Calculations performed at an
intermediate stage in which the relative positional occupancies were
refined, did not indicate any nonstoichiometry. The final atomic parameters
are listed in Tables 4 and 5. The molecular graphics were produced with the
Diamond plot program.[60] Further details on the crystal structure inves-
tigation(s) may be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (�49)7247-808-666;
e-mail : crysdata@fiz-karlsruhe.de), on quoting the depository numbers
CSD-412201 and CSD-412202.


Semiquantitative microprobe analysis : Semiquantitative microprobe anal-
ysis was performed in a Zeiss DSM 962/Philipps PSEM 500 scanning
electron microscope equipped with a KEVEX energy dispersive spectros-
copy detector. Data acquisition was performed with an accelerating voltage
of 20 kV and a 1 min accumulation time.


FT-IR spectra: FT-IR spectra were recorded on solid samples in a CsI
matrix. The samples were ground with dry CsI into a fine powder and
pressed into transparent pellets. The spectra were recorded in the far-IR
region (700 ± 200 cm�1, �5 cm�1 resolution) with a FT-IR spectrometer
(2030Galaxy-FT-IR, Mattson Instruments) equipped with a TGS/PE
detector and a silicon beam splitter.


Optical spectroscopy: Optical diffuse reflectance measurements were
made at room temperature with a Varian CARY5 double-beam, double-
monochromator spectrophotometer operating in the 200 ± 2000 nm region.
The instrument was equipped with an integrating sphere and controlled by
a personal computer. The measurement of diffuse reflectivity may be used
to determine values for the optical band gap, which are in reasonable
agreement with those obtained from single-crystal absorption measure-
ments. BaSO4 was used as reference material (100% reflectivity as-
sumed).[61±63]


Magnetic susceptibility measurements : Variable-temperature magnetic
susceptibility data were collected for a sample of K11U7(PS4)13 (79 mg)
with a vibrating sample magnetometer (Foner-magnetometer, Princeton
Applied Research), which was operated between 0.2 and 1 T. The
instrument was calibrated with Hg[Co(NCS)4]. Measurements at different
field strengths confirmed that ferromagnetic impurities were absent. The
diamagnetic correction was estimated from Pascal×s constants to be
�310� 10�6 cm3mol�1.[64]


Table 4. Atomic coordinates (�104) and equivalent isotropic displacement
parameters (ä2� 103) for K11U7(PS4)13. U(eq) is defined as one third of the
trace of the orthogonalized Uij tensor.


x y z U(eq)


U1 119(1) 1519(1) 2118(1) 26(1)
U2 1222(1) 844(1) 2387(1) 20(1)
U3 3065(1) 1808(1) 1252(1) 21(1)
U4 4238(1) 2500 1250 21(1)
S1 17(2) 976(2) 849(3) 39(1)
S2 58(2) 945(2) 4525(3) 61(2)
S3 267(1) 2633(1) 4940(3) 30(1)
S4 305(2) 682(2) 2637(3) 36(1)
S5 501(1) 2664(1) 331(3) 29(1)
S6 717(1) 6232(2) 347(3) 32(1)
S7 728(2) 1520(2) 3295(3) 34(1)
S8 756(2) 3890(2) 2999(3) 51(2)
S9 877(1) 1457(1) 1318(3) 30(1)
S10 922(2) 468(2) 1018(3) 32(1)
S11 1025(1) 612(1) 3936(2) 30(1)
S12 1344(1) 5034(1) 247(3) 24(1)
S13 1573(2) 2597(2) 3621(3) 58(2)
S14 1676(1) 1585(1) 2649(3) 27(1)
S15 1855(1) 926(1) 1251(3) 25(1)
S16 1959(1) 592(1) 3200(3) 25(1)
S17 2010(2) 4771(2) 3483(3) 49(2)
S18 2197(1) 1906(1) 1049(3) 30(1)
S19 2668(1) 1317(1) 2304(3) 28(1)
S20 2871(1) 2494(1) 229(2) 24(1)
S21 2900(2) 1289(2) 23(3) 35(1)
S22 3010(2) 335(1) 667(3) 36(1)
S23 3598(1) 1121(1) 1378(3) 25(1)
S24 3741(1) 3002(1) 164(3) 26(1)
S25 3743(2) 1985(2) 273(3) 36(1)
S26 4630(1) 1735(1) 1412(3) 28(1)
P1 479(2) 916(2) 3730(3) 58(2)
P2 645(2) 999(2) 609(3) 28(1)
P3 2092(1) 1426(1) 1803(3) 24(1)
P4 3326(1) 859(1) 430(3) 23(1)
P5 3454(1) 2533(2) 2769(3) 28(1)
P6 4984(1) 1851(1) 457(3) 21(1)
P7 145(2) 2500 1250 22(1)
K1 124(2) 3113(2) 3210(3) 68(2)
K2 1765(2) 3727(2) 3108(3) 75(2)
K3 3125(1) 423(1) 2475(2) 42(1)
K4 4565(1) 719(1) 1172(3) 54(1)
K5 1365(2) 2500 1250 85(3)
K6 6965(2) 2500 1250 42(2)
K7a[a] 102(4) � 570(4) 1273(4) 95(5)
K7b[a] � 102(4) 570(4) 1273(4) 98(5)


[a] Occupancy 50%.


Table 3. Crystal data and structure refinement for K11U7(PS4)13 and
Rb11P13S52U7.


K11P13S52U7 Rb11P13S52U7


formula weight 4166.04 4676.11
crystal system tetragonal tetragonal
space group I4≈2d I4≈2d
a [ä] 32.048(2) 32.164(1)
c [ä] 17.321(1) ä 17.724(1)
V [ä3] 17789.9(18) 18336.4(13)
Z 8 8
�calcd [gcm�3] 3.111 3.388
crystal size [mm] 0.2� 0.2� 0.1 0.2� 0.2� 0.1
T [K] 203 183(2)
� (MoK�) [mm�1] 14.689 19.554
� range [�] 2.01 ± 28.29 2.00 ± 28.31
index ranges � 42�h� 42 � 42�h� 37


� 42�k� 42 � 38�k� 42
� 22� l� 23 � 17� l� 23


measured reflections 81364 79281
independent reflections 11046 11401
observed reflections [I� 2�(I)] 6272 7018
Rint 0.1890 0.2001
parameters 379 378
goodness-of-fit on F 2 0.845 0.963
Flack parameter 0.024(7) ±
R values [I� 2�(I)] R1� 0.0535,


wR2� 0.0799
R1� 0.0545,
wR2� 0.1105


R values (all data) R1� 0.1189,
wR2� 0.0911


R1� 0.1288,
wR2� 0.1348


residual electron density [eä�3] 3.060/� 1.245 3.348/� 3.547
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Large Oligosaccharide-Based Glycodendrimers**


W. Bruce Turnbull,[a, b] Stacey A. Kalovidouris,[a] and J. Fraser Stoddart*[a]


Abstract: Carbohydrate-based dendrit-
ic structures composed of 21 and 27
monosaccharide residues have been syn-
thesized in a convergent manner from
trisaccharide building blocks. The oligo-
saccharide AB2 monomers are based on
a maltosyl�(1� 6)galactose structure,
which has been modified to include
two methylamino groups at the primary
positions of the glucosyl residues. Re-
ductive alkylation of the secondary ami-
no groups, with the innate formyl func-
tion of a second oligosaccharide mono-
mer, allows for the chemoselective


construction of dendritic wedges, while
employing a minimal number of protect-
ing groups. The first-generation dendron
can be coupled either to another AB2


monomer, to give a second-generation
dendron, or to a tris[2-(methylamino)-
ethyl]amine-based core moiety, to pro-
vide a carbohydrate-based dendrimer.
Alternating �- and �-glucosyl residues in


the monomers and dendrons, simplifies
1H NMR spectra as a consequence of
spreading out the anomeric proton sig-
nals. Monomers and dendrons were
characterized by extensive one- and
two-dimensional NMR spectroscopy in
addition to FAB, electrospray, and
MALDI-TOF mass spectrometry. Mo-
lecular dynamics simulations revealed
similar conformations in the dendrons as
in the isolated trisaccharide repeating
units.


Keywords: carbohydrates ¥ den-
drimers ¥ glycodendrimers ¥ oligo-
saccharides ¥ reductive amination


Introduction


Nature uses carbohydrates for a variety of functions, ranging
from energy storage, through structural materials, to infor-
mation transfer through a complex sugar code[1] or ™glyco-
code∫ based on stereochemistry and conformation. This
glycocode is usually read through molecular recognition of
the oligosaccharide by proteins called lectins,[2] although
sometimes by other oligosaccharides.[3] Although individual
interactions between lectins and their carbohydrate ligands
are relatively weak,[4] the multivalent presentation[5] of both
ligands and receptors at a cell surface remarkably enhances
both the affinity[6] and selectivity[7] of the interactions.
Chemists who have committed themselves to intervening in
these binding processes,[8] starting with Lee×s[9] glycoclusters[10]


(Figure 1a) and proceeding through glycopolymers[11] (Fig-
ure 1b) with many pendant saccharides to the structurally well


Figure 1. Graphical representation of multivalent neoglycoconjugates:
a) glycocluster, b) glycopolymer, c) carbohydrate-coated dendrimer,
d) carbohydrate-based dendrimer, and e) carbohydrate-centered den-
drimer.


defined, highly branched polymers called glycodendrimers
(Figure 1c and d),[12] have most successfully adopted Nature×s
multivalent approach to their work. These studies have not
only provided potent inhibitors of protein-carbohydrate
interactions,[9, 13] but they have also led to an increased
understanding of multivalent processes.[6, 7, 14]


In synthetic chemistry, by comparison, monosaccharides
have long been employed as sources of chirality[15] for the
synthesis of even more elaborate chiral compounds, and
additionally, in recent times, as scaffolds[16] for constructing
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peptidomimetics.[17] Oligosaccharides have been used[18] to
arrange guanidinium groups in arrays suitable for binding to
DNA, and various functionalities, including metal complexes
and coenzymes, have been appended onto cyclodextrins to
provide enzyme-like catalysts.[19] Carbohydrates, with their
multiple functional groups and structural diversity have also
been employed as scaffolds for the multivalent display of
other, biologically important, saccharides. While mono- and
disaccharides have been used as cores for glycoclusters,[13a, 20]


and for arranging sialyllactosamines[21] in varying orientations
for binding to influenza hemagglutinin, cyclodextrins have
been employed extensively for clustering mono- and oligo-
saccharides,[22] and glycodendrons.[23] Finally, the polysacchar-
ide, chitosan, has also been used recently as a scaffold for
attaching both monosaccharides and glycodendrons.[24]


It has been noted that, conceptually, there are several
limiting designs for molecules described as glycodendrimers
(Figure 1c, d, and e).[25] Firstly, there are carbohydrate-coated
dendrimers in which the saccharides are present only around
the periphery of a non-carbohydrate dendritic scaffold,
secondly, at the other end of the spectrum, there are fully
carbohydrate dendrimers, in which saccharides form the
branching units of the dendrimer, and thirdly, there are
carbohydrate-centered dendrimers. Although considerable
interest has been shown in dendrimers constructed from
chiral building blocks,[26] only a few examples of glycoden-
drimers and glycodendrons that incorporate saccharides into
their branched skeletons have been described to date.[27±29]


Here we present an approach that we have been developing
for the synthesis of carbohydrate-based dendritic skeletons,[29]


which could be further elaborated with biologically important
oligosaccharides or proteins around their peripheries.


Results and Discussion


Concept and synthetic design : Several important lessons for
designing glycodendrimers have emerged from literature
studies. Firstly, optimal biological activities are usually
attained[30] with glycodendrimers of moderate valency rather
than with high-generation dendrimers that have reached their
™starburst limit∫.[31] Secondly, small changes in the structure of
the underlying scaffold can have considerable effects on
binding affinities.[30b] Thirdly, the distances which must be
spanned in order to cross-link lectin binding sites can be on
the order of several nanometres, especially in systems
involving monovalent lectins arranged in multivalent arrays
at a cell surface.[32] Although glycopolymers[11d] and other
polyvalent glycoconjugates[33] may perform well in such
situations, they cannot readily provide information regarding
the optimal arrangement of both the ligands and lectins that is
required for efficient recognition at the cell surface–infor-
mation that well-defined, nanometer-scale, low valency den-
drimers may be able to provide.


We chose to use oligosaccharides as the building blocks for
the structures of our dendrimers[29] on account of 1) their low
toxicity and immunogenicity, 2) the size advantage that they
offer over monosaccharide building blocks when it comes to
constructing large dendrons, and 3) their fairly well defined


and predictable conformations[34] that would provide the
dendrons and dendrimers with shapes which could be
controlled by the appropriate selection of their constituent
oligosaccharides.


One of our original aims in designing the synthesis of these
molecules was to try to minimize our use of protecting groups
during the coupling reactions, as we had previously found[27]


that the extra steric bulk associated with protecting groups
limits the yields of branched products and increases the
number of synthetic steps that need to be performed on the
growing dendrons. Thus, we decided to focus on using
reductive amination[35, 36] (Scheme 1) as a suitable chemo-
selective means of coupling the oligosaccharides together in
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Scheme 1. Reductive amination. The aldehyde function of a reducing
sugar reacts with a secondary amine to provide an iminium ion which is
selectively reduced by NaCNBH3, under neutral conditions to give a
tertiary amine. The aldehyde group is not susceptible to reduction by
NaCNBH3 under these conditions.


the presence of many unprotected hydroxyl groups in these
molecules. To make branched products employing this
reaction, we required an AB2 monomer that possesses either
1) one aldehyde and two amino groups or 2) two aldehydes
and one amine. As a reducing sugar already contains an
aldehyde function, we chose to introduce two complementary
amino groups into an existing oligosaccharide (Figure 2).
Although this approach would require several synthetic steps
in order to introduce, into the AB2 monomers, all of the
necessary functionality for chemoselective coupling, we
anticipated that these monomers could then be built into
large dendrons in only a few more additional steps.


Two important issues that also had to be addressed were 1)
how to purify the dendrons and dendrimers and 2) how to
simplify the NMR spectroscopic characterization of these
structurally complex molecules.


Although Nature constructs branched oligosaccharides in a
divergent fashion,[37] mediated by glycosyl transferases, this
process typically provides glycans exhibiting microheteroge-
neity,[37] that is, small ™defects∫ through incomplete glycosy-
lations. Similar problems that are associated[38] with the
divergent construction of dendrimers may be circumvented
by adopting a convergent synthesis,[39] that is, starting at the
dendrimer×s periphery and proceeding towards its core. Here,
typically only two or three reactions need to be performed at a
time on each molecule, allowing easier purification of the
reaction products. Unprotected oligosaccharides, especially
those containing amino functions, do not lend themselves well
to silica gel chromatography. However, hydrophobic glyco-
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Figure 2. Retrosynthetic analysis of an oligosaccharide-based glycoden-
drimer with a maltosylgalactityl trisaccharide repeating unit. The outer
portion of the dendrimer is derived from the benzamide-protected
reducing sugar 1, following reductive amination with the diamine 2, which
forms the internal branching units of the dendrimer.


sides can be handled easily on reversed-phase silica,[40] and so
we chose to use benzamide groups (Figure 2) at the periphery
of the dendrons to provide both 1) a degree of hydrophobicity
to the dendrons and also 2) a UV-active probe for following
the progress of reactions by
reversed-phase HPLC. We ad-
dressed the issue of NMR char-
acterization by choosing a line-
ar �-maltosyl-(1� 6)-galactose
trisaccharide scaffold, in the
first instance, for developing
the coupling chemistry. A com-
bination of both �- and �-link-
ages in the monomer trisacchar-
ides helps to disperse the
anomeric signals, which allows
for easier identification of indi-
vidual spin systems in the
1H NMR spectra.


Synthesis of AB2 monomers :
The key trisaccharide scaffold
was readily synthesized
(Scheme 2) from maltose and
galactose through the coupling
of maltosyl trichloroacetimi-
date 3[41] and the diacetone
galactose derivative 4 to give
the protected trisaccharide 5 in
over 80% yield. Following de-
acetylation under Zemple¬n
conditions, the amino functions
were introduced into the pri-


mary positions of the glucosyl residues by a standard
protecting-group approach. The primary hydroxy groups of
the trisaccharide 6 were converted to tert-butyldimethylsilyl
(TBDMS) ethers, before acetylating the secondary positions
to give compound 7. This bis-silyl ether was converted directly
into the dibromide 8 by using triphenylphosphine and
bromine, and then sodium azide was used to introduce
nitrogen into the primary positions. It was found to be
preferable to remove the acetyl groups from the diazide 9
prior to reduction, otherwise the 4-O-acetyl group on the
terminal glucosyl residue migrates rapidly to give the
6-acetamido derivative. Following deprotection and azide
reduction by transfer hydrogenation with hydrazine and
Pearlman×s catalyst, the diamine 10 was treated with benzoyl
chloride in pyridine. The O-benzoates were removed under
Zemple¬n conditions to provide the N-protected trisaccharide
11. This approach was found to give better reproducibility
than acylation using the Schotten ±Baumann procedure. The
isopropylidene acetals were hydrolyzed selectively with 90%
trifluoroacetic acid (TFA) to give the hemiacetal 1 in
good yield. Compound 1 provided very complex NMR
spectra on account of the mixture of isomers that a reducing
galactose residue can adopt. Consequently, the hemiacetal
was reduced with sodium borohydride to give a single alditol
derivative 12, allowing easier characterization of this com-
pound.


Since preliminary reductive amination experiments[29] using
this masked aldehyde and primary diamine gave complex
product mixtures of secondary and tertiary amines that
proved tedious to separate, the bis-secondary amine AB2
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Scheme 2. Reagents: a) TMSOTf/CH2Cl2/4 ä MS (81%); b) NaOMe/MeOH (97%) c) 1. TBDMSCl/C5H5N,
2. Ac2O/C5H5N (75% over two steps); d) Br2/PPh3/CH2Cl2 (95%); e) NaN3/DMF (95%); f) 1. NaOMe/MeOH,
2. N2H4/Pd(OH)2 on C/MeOH (93% over two steps); g) 1. BzCl/C5H5N, 2. NaOMe/MeOH (80% over two
steps); h) TFA/H2O (9:1) (80%); i) NaBH4/MeOH (87%).
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monomer 2 was also prepared (Scheme 3). The dibromide 8
was heated in N-benzylmethylamine to give, after replacing
any acetates that were lost in the aminolysis side reaction, the
bis-tertiary amine 13 in moderate yield. Again, it proved
advantageous to remove the acetates prior to hydrogenolytic
deprotection of the amino groups with hydrogen over Pearl-
man×s catalyst.
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Scheme 3. Reagents: a) 1. MeNHBn/�, 2. Ac2O/C5H5N (42% over two
steps); b) 1. NaOMe/MeOH, 2. H2/Pd(OH)2 on C/MeOH (92% over two
steps).


Synthesis and characterization of a first-generation dendron :
Reductive amination (Scheme 4) of the reducing sugar 1 with
the diamine 2 was conducted with NaCNBH3 at approxi-
mately pH 6 ± 7. Under these conditions,[42] NaCNBH3 reduces
selectively iminium ions yet does not reduce aldehydes to
alcohols. However, as NaCNBH3 may also contain traces of
NaBH4, which does readily reduce aldehydes, it is preferable
to purify the NaCNBH3 according to a literature procedure[42]


prior to use. Although reductive aminations can be conducted
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Scheme 4. Reagents: a) NaCNBH3/AcOH/MeOH (78%); b) Ac2O/
C5H5N (86%). Monosaccharide residue labels (in squares) for compound
14 relate to 1H NMR spectra assignments given in Figures 3, 4, and 5 and in
the Experimental Section.


in aqueous solution, the reaction proceeds more rapidly in
MeOH, to give, almost exclusively,[29] the bis-tertiary amine
dendron 14. Reactions were followed by analytical HPLC as
all of the amino compounds streaked badly on TLC. Follow-
ing completion of the reaction, the product was isolated by
reversed-phase chromatography with a solvent gradient from
100% H2O to 100% MeOH (0.01% TFA throughout). The
product eluted with approximately 70% MeOH, but curi-
ously, beyond this solvent composition, any product still to be
eluted was retained on the column. Further elution with
approximately 70% MeOH allowed the remaining product to
be recovered from the column. The first-generation dendron
was found to be soluble in both H2O and MeOH.


Although this first-generation dendron is already quite a
complex molecule, a number of features may be easily
identified in its NMR spectra (Figure 3). In addition to signals
corresponding to the acetonide and benzamide protecting
groups, the portion of the 1H NMR spectrum from �� 4.0 ±
5.5 ppm shows the expected five anomeric signals, indicating a
degree of ™pseudo-symmetry∫ in the molecule. The three �-
anomeric signals are well dispersed from the two �-anomeric
signals that overlap, in part, with two ring protons from the
reducing-terminal galactose residue. Broadening of the sig-
nals relating to the protons around the branching point of the
dendron is reflected in the DEPT-135 spectrum, in which low
intensity peaks are observed for the corresponding 13C nuclei,
suggesting some restricted motion around the branching �-
glycosidic linkage. Beyond these observations, severe overlap
of resonances prevented easy assignment of the rest of the
signals. The dendron was acetylated (Scheme 4) to try to
improve the dispersion of the ring proton signals, and aid in
their assignment. A combination of DEPT-135 and HMQC
spectra of the peracetate 15 (Figure 4) allowed the identi-
fication of the anomeric signals and also the methylene
signals, which conveniently fall into three groups–those
attached to 1)O-glucosyl residues, 2)N-methyl groups, and 3)
N-benzamide groups. With these introductions into each
monosaccharide spin system, a combination of COSY and
TOCSY 2D spectra allowed full assignment of all of the
pyranose ring protons. Although the protons attached to C6 of
the two galactityl residues appear as essentially equivalent in
the 1H NMR spectrum,[43] those attached to C1 of these
residues do not share this ™pseudo-symmetry∫. We hoped that
we could distinguish these positions directly using through-
space couplings across the amino linkages using a T-RO-
ESY[44] experiment, but all such correlations were too close to
the diagonal for clear identification. However, off diagonal
correlations (Figure 5) between the H5s of the glucopyranosyl
residues and theN-methyl groups and between the N-methyls
and H2s of the galactityl residues allowed unambiguous
identification of all carbohydrate proton signals, with the
exception of H3 and H4 in each of the two galactityl units.
Although no unambiguous correlations to these protons were
observed in the homonuclear experiments conducted, the
remaining four signals could be identified, by elimination, in
the HMQC spectrum (Figure 4).


Synthesis and characterization of a second-generation den-
dron : With a first-generation dendron in hand, it was then
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possible to synthesize a second-generation dendron. The
isopropylidene acetals in the dendron 14 were hydrolyzed
with TFA, as before, and both HPLC and electrospray mass
spectroscopy indicated that the product (16) was homoge-


neous, albeit a mixture of
anomers. Reductive amination
of this reducing sugar with the
bis-methylamino monomer 2,
under similar conditions to
those used previously, gave the
second-generation dendron 17
(Scheme 5), composed of 21
monosaccharide residues. On
this occasion, since the product
streaked quite badly on C-18
reversed-phase silica (Fig-
ure 6), it was separated from
excess of starting material and
under-substituted products by
gel-permeation chromatogra-
phy on Sephadex LH20 resin.
The electrospray mass spec-
trum (Figure 7a) showed sig-
nals for [M�6H]6�,
[M�5H]5�, [M�4H]4�, and
[M�3H]3�, in accord with the
six tertiary amino groups in the
structure. The 1H NMR spec-
trum gave good agreement be-
tween the integrals for the ace-
tonide and benzamide protect-
ing groups with the expected
ratio of 40:12 protons. The
anomeric region of this spec-
trum (Figure 7b) had seven
anomeric signals–three in the
™�-region∫ with integration ra-
tios of approximately 4:2:1 and
four signals in the ™�-region∫
with ratios 4:2:1:1. A full as-
signment of the signals was not
attempted as a consequence of
the severe overlap of resonan-
ces.


Synthesis and characterization
of a first-generation dendrimer :
Continuing with the reductive
amination theme, a trivalent
amine was identified as a suit-
able core for the synthesis of a
first-generation dendrimer. Re-
ductive alkylation of tris-pri-
mary amine 18 has been repor-
ted[35c] for the synthesis of small
glycoclusters, but, as with our[29]


earlier experiments using re-
ductive amination, mixtures of
secondary and tertiary amines


resulted. Therefore, we opted to use the known tris[2-
(methylamino)ethyl]amine 20,[45] which was prepared from
commercially available tris(2-aminoethyl)amine 18 in two
steps (Scheme 6). Tris-amine 18 was treated with ethylchloro-


Figure 3. a) 1H NMR spectrum (500 MHz, CD3OD) of dendron 14 with an expansion of the anomeric region
inset. b) DEPT-135 spectrum (125 MHz, CD3OD) of the same compound, showing low intensity signals for nuclei
around the branching point of the dendron.


Figure 4. HMQC and DEPT-135 spectra of acetylated dendron 15 (500 MHz, [D7]DMF), indicating the locations
of the anomeric and methylene signals.
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formate under basic conditions, and then the resulting tris-
carbamate 19 was reduced with lithium aluminum hydride to
afford 20.


Reductive amination of the reducing sugar 16 with the
trivalent core 20 was conducted at about pH 6 ± 7 with
NaCNBH3, as in previous examples, to give the first-
generation dendrimer 21 (Scheme 7). This water soluble
dendrimer 21 was separated from excess of the starting
material and under-substituted products by gel permeation
chromatography on Sephadex G-50 resin (Figure 8). The
MALDI-TOF mass spectrum showed the expected [M�K]�


at m/z� 5920.5. The 1H NMR spectrum of 21 displayed
considerable line broadening in D2O, even up to 85 �C, and
coupling constants were found only to begin to resolve in
[D7]DMFaround 100 �C. Therefore, 21 was acetylated to form
22 with the aim of obtaining a better resolved spectrum. The
MALDI-TOF mass spectrum of 22 exhibited a molecular ion
peak that was consistent with the acetylated dendrimer. The


HMQC spectrum of 22 was also
in good agreement with the
proposed structure; however,
signals for the core moiety
could not be assigned unambig-
uously as a consequence of
increased line broadening (es-
pecially associated with the ter-
tiary amine groups), and many
of the signals in the DEPT-135
spectrum were also found to be
very weak.


Figure 6. C-18 Reversed phase HPLC analysis (MeOH/H2O/TFA,
65:35:0.0001� 90:10:0.0001) of a) the reductive amination reaction mix-
ture and b) the 21-mer dendron 17, following isolation by gel permeation
chromatography.


Figure 5. Section from the TROESY spectrum of acetylated dendron 15 (500 MHz, [D7]DMF), showing
crosspeaks to the NMe groups.
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Scheme 5. Reagents: a) TFA/H2O (9:1) (60%); b) NaCNBH3/AcOH/MeOH (25%). Monosaccharide residue labels (in squares) for compound 17 relate to
1H NMR spectra assignments given in Figure 7 and the Experimental Section
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Figure 7. Characterization of the second-generation dendron 17. a) Elec-
trospray mass spectrum and b) partial 1H NMR spectrum (500 MHz, D2O)
showing the anomeric region.


Molecular modeling of the second-generation dendron :
Oligosaccharides, although flexible about their glycosidic
linkages, are known[34] to adopt
certain preferred conforma-
tions in solution. The solution
conformations of alditols have
been investigated, and it has
been reported[46] that galactitol
principally adopts an extended
zig-zag conformation in which
there are no unfavorable 1,3-
cis-interactions between the hy-
droxyl substituents. Molecular
dynamics (MD) simulations of
the second-generation dendron
17 were used to assess the
flexibility of the dendron and
to search for low energy con-
formations. Plots of the � ver-
sus � torsion angles for the
Glc�(1� 4)Glc linkages (Fig-
ure 9a and b) showed a single
major conformation through-
out all of the MD runs. How-
ever, the galactityl portion of
the isolated trisaccharide re-
peat unit occupied several con-
formations (Figure 9a and b),
under the conditions of the
experiment, as evidenced from
the plots of the C1 ±C4 versus
C2 ±C5 and the C2 ±C5 versus
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Scheme 6. Reagents: a) ClCO2Et/C6H6/H2O/KOH (40%); b) LiAlH4/
THF (56%).


C3 ±C6 torsion angles. The galactityl units in 17 (Figure 9b),
by comparison, appeared to interconvert between these
conformers only slowly (in a 4 ns MD run at 300 K), typically
remaining close to their starting conformations. Therefore, to
generate a large variety of structures in search of a global
minimum conformation, a 4 ns MD run was conducted at
600 K, providing a full set of conformations similar to those
shown in Figure 9a, for each trisaccharide repeat unit in the
dendron. The lowest energy conformer obtained from min-
imization of 50 structures selected during the run is shown in
Figure 9c. The average distance from the reducing terminal
anomeric carbon to the peripheral benzamide nitrogen atoms
was 17.5 ä during both the 600 K MD run and in the final
minimized structure. Average distances between individual
pairs of benzamide nitrogen atoms varied from 5 ä for those
in the same maltosyl unit, to 18 ä separating N6q and N6l.
The slow interconversions of the galactityl units and consis-
tent conformations of the maltosyl branching points suggest
that it should be possible to vary the shapes of these molecular
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scaffolds selectively, and thus influence the presentation of
bioactive saccharides attached at the dendrons× peripheries by
the appropriate selection of carbohydrate building blocks.


Conclusion


The synthesis of oligosaccharide-based dendrons and den-
drimers by the reductive amination of suitable trisaccharide


building blocks has been accom-
plished. The chemoselective
coupling reaction allows den-
dron synthesis in the presence
of only a few protecting groups,
unlike earlier approaches to
making carbohydrate-based
dendrimers through chemical
glycosylation. Furthermore, only
a few synthetic steps are re-
quired to construct large den-
drons, with the trisaccharide
building blocks in hand. Inter-
pretation of 1H and 13C NMR
spectra is facilitated by including
alternating �- and �-glycosidic
linkages in both the monomers
and dendrons, and acetylation of
a first-generation dendron al-
lowed for an almost complete


assignment of its 1H and 13C NMR spectra through a
combination of two-dimensional experiments. Molecular
modeling reveals that the key maltose-based branching points
on the dendrons retain the conformation of the parent
compound and that the galactityl chains appear less flexible
than in an isolated fragment of the dendron. Dendrons and
dendrimers, such as these, should find useful application as
scaffolds for the construction of large multivalent glycocon-
jugates. Studies to this effect will be reported in due course.


Figure 8. GPC traces of a) first-generation dendrimer 21, b) undersubstituted products of the reductive
amination reaction, and c) a MALDI-TOF mass spectrum of the product mixture isolated from the reaction.


Figure 9. Plots of torsion angles, sampled during MD simulations, for the Glc�(1� 4)Glc glycosidic linkage (� vs. �) and the carbon backbone of the
galactityl residue (C1-C4 vs. C2-C5 and C2-C5 vs. C3-C6) in a) an isolated trisaccharide repeat unit and b) representative examples from the second-
generation dendron 17. The MD simulations were conducted for a) 1 ns and b) 5 ns at 300 K as described in the Experimental section. c) Space-filling and
polytube representations of the second-generation dendron 17, highlighting the constituent trisaccharide residues in light grey through to dark grey and the
peripheral benzamide groups in black.
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Experimental Section


General methods : All solvents were dried prior to use, according to
standard methods. Sodium cyanoborohydride (Aldrich) was purified[42] as
its dioxane complex prior to use. Otherwise, commercial reagents were
used, without further purification. Analytical TLC was performed on silica
gel 60-F254 (Merck) with detection by fluorescence and/or by charring
following immersion in 5% H2SO4/EtOH. During workup, organic
solutions were washed two or three times with equal volumes of each of
the aqueous solutions listed. All concentrations were performed in vacuo.
Flash chromatography was performed with silica gel 60 (Silicycle).
Analytical reversed-phase HPLC was conducted by using a Hypersil
5 �m BDS C-18 silica column (ThermoQuest; 4.6� 250 mm) under iso-
cratic elution (MeOH/H2O/TFA, 65:35:0.0001) and analytical GPC was
performed by using a Ultrahydrogel 250GPC column (7.8� 250 mm) in
water and UV detection with a Dynamax PDA-2 diode array detector.
Preparative reversed-phase chromatography was conducted on fully
endcapped C-18 or C-8 silica gel 100 (230 ± 400 mesh, Fluka), and gel-
permeation chromatography was performed using a 25� 900 mm column
of Sephadex LH20 resin (Sigma), eluting with MeOH. Optical rotations
were measured at the sodium D-line with a Rudolph Research AUTOPOL
IVautomatic polarimeter. [�]D values are given in units of 10�1 degcm2g�1.
1H and 13C NMR spectra were recorded on a Bruker ARX400 spectrometer
(at 400 MHz and 100 MHz, respectively) and on either Bruker ARX500 or
Bruker Avance 500 spectrometers (at 500 MHz and 125 MHz, respectively)
at ambient temperature unless stated otherwise. 1H NMR and 13C NMR
spectra were referenced using their residual solvent signals as internal
standards or to tBuOH for spectra run in D2O. Signals were assigned using
a combination of DEPT-135, dqf-COSY, and HMQC experiments, and
where appropriate TOCSY and T-ROESY experiments. Gradient-selected
versions of these 2D experiments were used on the Avance 500 spectrom-
eter. All 2D experiments were acquired in phase sensitive mode. TOCSY
and T-ROESY experiments used 70 ms and 500 ms mixing times, respec-
tively. For trisaccharides, the monosaccharide residues are labeled a, b, c
from the reducing terminus. For dendrons, the monosaccharide residues are
labeled a to u as described in Schemes 4 and 5. The following abbreviations
were used to explain the signal multiplicities or characteristics : s, singlet; d,
doublet; dd, double doublet; pt, pseudo-triplet; pdt, pseudo-double-triplet;
m, multiplet; br, broad. Fast atom bombardment (FAB) mass spectra were
recorded on a VG ZAB-SE spectrometer using a 3-nitrobenzyl alcohol
matrix. Fragment ions[47] resulting from loss of one or two monosaccharide
residues from the reducing terminus are labeled as [M� a]� and [M�
(a�b)]� , respectively. For compounds that displayed only fragment ions in
their FAB mass spectra, the samples were doped with sodium acetate to
give strong [M�Na]� , or they were studied by electrospray mass
spectrometry (ES-MS) recorded on a Sciex API IIIR triple quadrupole
electrospray mass spectrometer using H2O/MeCN/HCOOH, 50:50:0.1 as
the mobile phase. MALDI-TOF data were acquired with a DE-STR
instrument and the matrix used was a methanolic solution containing cyano
�-hydroxy cinnaminic acid and ammonium acetate. Elemental analyses
were performed by Quantitative Technologies, NJ (USA).


2,3,4,6-Tetra-O-acetyl-�-�-glucopyranosyl-(1� 4)-2,3,6-tri-O-acetyl-�-�-
glucopyranosyl-(1� 6)-1,2:3,4-di-O-isopropylidene-�-�-galactopyranose
(5): A solution of the trichloroacetimidate 3[41] (15.0 g, 19.2 mmol) and the
acceptor 4 (10.0 g, 38.4 mmol) in CH2Cl2 (275 mL) was stirred with
powdered 4 ä molecular sieves (15.0 g) for 2 h under an argon atmosphere.
After cooling the mixture to 0 �C, trimethylsilyl trifluoromethanesulfonate
(695 �L, 3.8 mmol) was added dropwise over 5 min and stirring was
continued at this temperature for 30 min. Triethylamine (0.7 mL, 5.0 mmol)
was added to quench the reaction before filtering the solution through
Celite and concentrating. Column chromatography (SiO2, hexanes/EtOAc,
6:4 to 1:1) gave the trisaccharide 5 (13.6 g, 81%) as a solid foam. [�]20D �
�9.2 (c� 1 in CHCl3); 1H NMR (400 MHz, CDCl3): �� 1.32, 1.33, 1.45,
1.50 (4s, 12H; 2CMe2), 2.00, 2.01, 2.02, 2.03, 2.04, 2.09, 2.14 (7 s, 21H;
7COMe), 3.65 ± 3.71 (m, 2H; H6a, H5b), 3.89 ± 4.06 (m, 5H; H5a, H6a�,
H4b, H5c, H6c), 4.18 (dd, J3,4� 7.9 Hz, J4,5� 1.8 Hz, 1H; H4a), 4.21 ± 4.27
(m, 2H; H6b, H6c�), 4.29 (dd, J1,2� 4.9 Hz, J2,3� 2.4 Hz, 1H; H2a), 4.48 (dd,
J5,6� 2.7 Hz, J6,6�� 12.1 Hz, 1H; H6b�), 4.58 (dd, J2,3� 2.4 Hz, J3,4� 7.9 Hz,
1H; H3a), 4.64 (d, J1,2� 7.9 Hz, 1H; H1b), 4.81 ± 4.88 (m, 2H; H2b, H2c),
5.05 (pt, J3,4� J4,5� 9.7 Hz, 1H; H4c), 5.26 (pt, J2,3� J3,4� 9.0 Hz, 1H;
H3b), 5.36 (dd, J2,3� 10.4 Hz, J3,4� 9.7 Hz, 1H; H3c), 5.41 (d, J1,2� 4.0 Hz,


1H; H1c), 5.49 (d, J1,2� 4.9 Hz, 1H; H1a); 13C NMR (100 MHz, CDCl3):
�� 20.6 (3C), 20.7, 20.8, 20.9, 21.0, 24.4, 25.0, 25.9, 26.0, 61.5, 62.9, 67.7, 68.0,
68.5, 69.3, 69.4, 70.0, 70.4, 70.6, 71.2, 71.9, 72.1, 72.8, 75.2, 95.5, 96.2, 101.0,
108.6, 109.4, 169.4, 169.8, 169.9, 170.1, 170.4, 170.5, 170.6; FABMS: m/z
(%): 901.29 (100) [M�Na]� , 619.24 (20) [M� a]� , 331.11 (20) [M�
(a�b)]� ; elemental analysis calcd (%) for C38H54O23 (878.8): C 51.93, H
6.19; found: C 51.84, H 6.13.


�-�-Glucopyranosyl-(1� 4)-�-�-glucopyranosyl-(1� 6)-1,2:3,4-di-O-iso-
propylidene-�-�-galactopyranose (6): A solution of the heptaacetate 5
(13.6 g, 15.5 mmol) and NaOMe (3 mL, 0.5� in MeOH, 1.5 mmol) in
MeOH (250 mL) was kept overnight at RT. The solution was neutralized
with Amberlite IR-120 (H� form) ion-exchange resin, filtered, and
concentrated to afford 6 (8.8 g, 97%) as a white solid. [�]20D ��11.6 (c�
1 in H2O); 1H NMR (500 MHz, CD3OD): �� 1.33, 1.34, 1.40, 1.52 (4s, 12H;
2CMe2), 3.24 ± 3.29 (m, 2H; H2b, H4c), 3.39 (m, 1H; 5b), 3.44 (dd, J1,2�
3.7 Hz, J2,3� 9.7 Hz, 1H; H2c), 3.54 (pt, J3,4� J4,5� 9.1 Hz, 1H; H4b),
3.59 ± 3.71 (m, 5H, H6a, H3b, H3c, H5c, H6c), 3.79 ± 3.85 (m, 2H; H6b,
H6c�), 3.90 (dd, J5,6� 1.6 Hz, J6,6�� 12.2 Hz, 1H; H6b�), 4.02 ± 4.08 (m, 2H;
H5a, H6a�), 4.28 ± 4.33 (m, 2H; H4a, H1b), 4.38 (dd, J1,2� 4.9 Hz, J2,3�
2.4 Hz, 1H; H2a), 4.63 (dd, J2,3� 2.4 Hz, J3,4� 7.9 Hz, 1H; H3a), 5.16 (d,
J1,2� 3.7 Hz, 1H; H1c), 5.52 (d, J1,2� 4.9 Hz, 1H; H1a); 13C NMR
(125 MHz, CD3OD): �� 24.5, 25.1, 26.3 (2C), 62.15, 62.7, 68.8, 69.9, 71.4,
71.8, 71.9, 72.4, 74.1, 74.6, 74.7, 75.0, 76.6, 77.5, 81.2, 97.7, 102.9, 104.6, 110.1,
110.4; FABMS: m/z (%): 717.5 (100) [M�Cs]� , 607.5 (96) [M�Na]� ;
HRFABMS: calcd for C24H40O16Na [M�Na]�: 607.2214; found: m/z :
607.2203.


2,3,4-Tri-O-acetyl-6-O-tert-butyldimethylsilyl-�-�-glucopyranosyl-(1� 4)-
2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl-�-�-glucopyranosyl-(1� 6)-
1,2:3,4-di-O-isopropylidene-�-�-galactopyranose (7): tert-Butyldimethyl-
silyl chloride (5.16 g, 34.2 mmol) was added to a stirred solution of the
trisaccharide 6 (8.0 g, 13.7 mmol) in C5H5N (80 mL) at 0 �C. After 1 h, more
tert-butyldimethylsilyl chloride (5.16 g, 34.2 mmol) was added and stirring
was continued at this temperature for a further 1 h and then at RT for 1 h
before quenching the reaction by adding MeOH. The mixture was
concentrated and then treated with Ac2O (40 mL) and C5H5N (40 mL) at
60 �C overnight. Following concentration and co-evaporation with toluene,
the mixture was dissolved in EtOAc (500 mL) and washed consecutively
with 1� HCl, saturated NaHCO3, and saturated NaCl solutions, before
drying over anhydrous Na2SO4 and concentrating to a foam. Column
chromatography (SiO2, hexanes/EtOAc, 7:3 to 6:4) gave the bis-silylether 7
(10.4 g, 75%) as a solid foam. [�]20D ��15.0 (c� 1 in CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.02, 0.03, 0.08, 0.09 (4s, 12H; 4SiMe), 0.88, 0.90
(2s, 18H; 2SiCMe3), 1.32 (s, 6H; CMe2), 1.44, 1.49 (2s, 6H; CMe2), 1.98,
1.99, 2.01, 2.02, 2.04 (5 s, 15H; 5COMe), 3.35 (m, 1H; H5b), 3.59 ± 3.65 (m,
2H; H6a, H6c), 3.71 (dd, J5,6� 1.5 Hz, J6,6�� 11.5 Hz, 1H; H6c�), 3.86 ± 4.02
(m, 7H; H5a, H6a�, H4b, H6b, H6b�, H5c), 4.16 (dd, J3,4� 7.9 Hz, J4,5�
1.7 Hz, 1H; H4a), 4.27 (dd, J1,2� 4.9 Hz, J2,3� 2.4 Hz, 1H; H2a), 4.56 (m,
2H; H3a, H1b), 4.75 ± 4.80 (m, 2H; H2b, H2c), 5.12 (pt, J3,4� J4,5� 9.8 Hz,
1H; H4c), 5.24 (pt, J2,3� J3,4� 9.4 Hz, 1H; H3b), 5.34 (pt, J2,3� J3,4�
10.0 Hz, 1H; H3c), 5.37 (d, J1,2� 3.7 Hz, 1H; H1c), 5.48 (d, J1,2� 4.9 Hz,
1H; H1a); 13C NMR (100 MHz, CDCl3): ���5.5, �5.4, �5.1, �4.9, 18.4,
18.6, 20.6, 20.7, 20.8, 20.9, 21.0, 24.4, 25.0, 25.9 (2C), 26.0 (3C), 26.1 (3C),
61.5, 62.0, 67.5, 68.3, 68.5, 70.1, 70.4, 70.5, 70.6, 70.7, 71.0, 71.1, 72.1, 75.1,
75.3, 94.9, 96.2, 100.8, 108.6, 109.3, 169.2, 169.9, 170.2, 170.3, 170.4 ;
FABMS: m/z (%): 1045.23 (100) [M�Na]� , 763.40 (10) [M� a]� , 403.21
(80) [M� (a�b)]� ; elemental analysis calcd (%) for C46H78O21Si2 (1023.29):
C 53.99, H 7.68; found: C 54.10, H 7.28.


2,3,4-Tri-O-acetyl-6-bromo-6-deoxy-�-�-glucopyranosyl-(1� 4)-2,3-di-O-
acetyl-6-bromo-6-deoxy-�-�-glucopyranosyl-(1� 6)-1,2:3,4-di-O-isopro-
pylidene-�-�-galactopyranose (8): Bromine (1.25 mL, 24.4 mmol) was
added dropwise to a stirred solution of the bis-silylether 7 (10.4 g,
10.2 mmol) and triphenylphosphine (6.7 g, 25.5 mmol) in CH2Cl2 at 0 �C,
forming a precipitate. The mixture was allowed to warm to room
temperature over 20 h, by which time, the precipitate had fully dissolved.
The solution was diluted with CH2Cl2 (400 mL) and was washed consec-
utively with saturated NaHCO3 solution and water, before drying over
anhydrous Na2SO4 and concentrating. Column chromatography (SiO2,
CH2Cl2/EtOAc, 9:1 to 85:15) gave the dibromide 8 (8.9 g, 95%) as a solid
foam. [�]20D ��8.0 (c� 1 in CHCl3); 1H NMR (400 MHz, CDCl3): �� 1.32,
1.33, 1.45, 1.50 (4 s, 12H; 2CMe2), 2.01, 2.02, 2.05, 2.06, 2.07 (5 s, 15H;
5COMe), 3.43 (dd, J5,6� 5.0 Hz, J6,6�� 11.5 Hz, 1H; H6c), 3.61 (dd, J5,6��
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2.7 Hz, J6,6�� 11.5 Hz, 1H; H6c�), 3.65 ± 3.80 (m, 4H; H6a, H5b, H6b, H6b�),
3.93 (m, 1H; H5c), 4.00 ± 4.08 (m, 3H; H5a, H6a�, H4b), 4.19 (dd, J3,4�
7.9 Hz, J4,5� 1.8 Hz, 1H; H4a), 4.29 (dd, J1,2� 5.0 Hz, J2,3� 2.4 Hz, 1H;
H2a), 4.59 (dd, J2,3� 2.4 Hz, J3,4� 7.9 Hz, 1H; H3a), 4.68 (d, J1,2� 7.8 Hz,
1H; H1b), 4.83 ± 4.88 (m, 2H; H2b, H2c), 5.04 (pt, J3,4� J4,5� 9.6 Hz, 1H;
H4c), 5.28 (pt, J2,3� J3,4� 9.2 Hz, 1H; H3b), 5.37 (dd, J2,3� 10.5 Hz, J3,4�
9.5 Hz, 1H; H3c), 5.42 (d, J1,2� 3.9 Hz, 1H; H1c), 5.50 (d, J1,2� 5.0 Hz, 1H;
H1a); 13C NMR, (100 MHz, CDCl3): �� 20.5, 20.6, 20.7, 20.9, 21.0, 24.4,
25.0, 25.9, 26.0, 31.6, 32.9, 67.8, 69.0, 69.1, 69.4, 70.0, 70.4, 70.6, 70.7, 71.2,
71.9, 72.5, 73.8, 74.8, 95.1, 96.2, 100.9, 108.6, 109.4, 169.3, 169.7, 170.0, 170.2;
FABMS: m/z (%): 943.32 (100) [M�Na]� , 661.23 (35) [M� a]� ; elemental
analysis calcd (%) for C34H48Br2O19 (920.55): C 44.36, H 5.26; found: C
44.60, H 5.22.


2,3,4-Tri-O-acetyl-6-azido-6-deoxy-�-�-glucopyranosyl-(1� 4)-2,3-di-O-
acetyl-6-azido-6-deoxy-�-�-glucopyranosyl-(1� 6)-1,2:3,4-di-O-isopropyl-
idene-�-�-galactopyranose (9): A mixture of the dibromide 8 (7.00 g,
7.6 mmol), NaN3 (4.90 g, 76 mmol) and DMF (60 mL) was stirred at 75 �C
for 12 h, and then concentrated to about 25 mL. The mixture was diluted
with EtOAc (500 mL) and washed with saturated NaCl solution, before
drying over anhydrous Na2SO4, and concentrating to a syrup. Column
chromatography (SiO2, hexanes/EtOAc, 60:40 to 55:45) gave the diazide 9
(6.1 g, 95%) as white crystals. [�]20D ��23.2 (c� 0.5 in CHCl3); 1H NMR
(400 MHz, CDCl3): �� 1.32, 1.33, 1.45, 1.50 (4s, 12H; 2CMe2), 2.00, 2.02,
2.03, 2.04, 2.05 (5s, 15H; 5COMe), 3.32 (dd, J5,6� 5.3 Hz, J6,6�� 13.4 Hz,
1H; H6c), 3.43 (dd, J5,6�� 2.7 Hz, J6,6�� 13.4 Hz, 1H; H6c�), 3.48 (dd, J5,6�
4.8 Hz, J6,6�� 13.5 Hz, 1H; H6b), 3.65 ± 3.75 (m, 3H; H5a, H6a, H6b�), 3.85
(ddd, J4,5� 10.0 Hz, J5,6� 5.3 Hz, J5,6�� 2.7 Hz, 1H; H5c), 3.92 (m, 1H;
H5b), 4.01 ± 4.07 (m, 2H; H6a�, H4b), 4.18 (dd, J3,4� 7.9 Hz, J4,5� 1.9 Hz,
1H; H4a), 4.29 (dd, J1,2� 5.0 Hz, J2,3� 2.4 Hz, 1H; H2a), 4.58 (dd, J2,3�
2.4 Hz, J3,4� 7.9 Hz, 1H; H3a), 4.66 (d, J1,2� 7.9 Hz, 1H; H1b), 4.81 (dd,
J1,2� 4.0 Hz, J2,3� 10.5 Hz, 1H; H2c), 4.88 (dd, J1,2� 7.9 Hz, J2,3� 9.6 Hz,
1H; H2b), 4.98 (pt, J3,4� J4,5� 9.6, 1H; H4c), 5.27 (pt, J2,3� J3,4� 9.2 Hz,
1H; H3b), 5.32 (dd, J3,4� 9.5 Hz, J2,3� 10.5 Hz, 1H; H3c), 5.41 (d, J1,2�
4.0 Hz, 1H; H1c), 5.50 (d, J1,2� 5.0 Hz, 1H; H1a); 13C NMR (100 MHz,
CDCl3): �� 20.5, 20.6 (2C), 20.9, 21.0, 24.3, 25.0, 25.9, 26.0, 50.9, 51.0, 67.7,
69.0, 69.1, 69.2, 69.5, 70.0, 70.4, 70.6, 71.2, 71.9, 72.1, 73.7, 75.0, 95.1, 96.2,
100.9, 108.6, 109.4, 169.5, 169.8, 170.0, 170.2, 170.4; FABMS: m/z (%):
866.84 (100) [M�Na]� , 585.33 (65) [M� a]� ; HRFABMS: calcd for
C34H48N6O19Na [M�Na]�: 867.2872; found: m/z : 867.2878.


6-Amino-6-deoxy-�-�-glucopyranosyl-(1� 4)-6-amino-6-deoxy-�-�-glu-
copyranosyl-(1� 6)-1,2:3,4-di-O-isopropylidene-�-�-galactopyranose
(10): A solution of the the pentaacetate 9 (1.60 g, 1.89 mmol) and NaOMe
(1 mL, 0.5� in MeOH, 0.5 mmol) in MeOH (20 mL) was kept overnight at
RT. The solution was neutralized with Amberlite IR-120 (H� form) ion-
exchange resin, filtered, and concentrated. A solution of this residue and
hydrazine hydrate (0.6 mL) in MeOH (50 mL) was heated under reflux for
4 h in the presence of 10% Pd(OH)2/C (1.0 g). The solution was filtered
through Celite and concentrated to give, after freeze-drying from H2O, the
diamine 10 (1.03 g, 93%) as an amorphous solid. [�]20D ��12.0 (c� 1 in
H2O); 1H NMR (500 MHz, CD3OD): �� 1.33, 1.34, 1.39, 1.52 (4s, 12H;
2CMe2), 2.76 ± 2.83 (m, 2H, H6b, H6c), 3.04 (dd, J5,6�� 2.9 Hz, J6,6��
13.4 Hz, 1H; H6c�), 3.12 (dd, J5,6�� 1.6 Hz, J6,6�� 13.8 Hz, 1H; H6b�), 3.17
(pt, J3,4� J4,5� 9.5 Hz, 1H; H4c), 3.26 (dd, J1,2� 7.9 Hz, J2,3� 9.3 Hz, 1H;
H2b), 3.35 ± 3.42 (m, 2H; H4b, H5b), 3.45 (dd, J1,2� 3.7 Hz, J2,3� 9.5 Hz,
1H; H2c), 3.58 ± 3.72 (m, 4H; H6a, H3b, H3c, H5c), 4.03 ± 4.09 (m, 2H;
H5a, H6a�), 4.32 (dd, J3,4� 7.9 Hz, J4,5� 1.1 Hz, 1H; H4a), 4.34 (d, J1,2�
7.9 Hz, 1H; H1b), 4.38 (dd, J1,2� 5.0 Hz, J2,3� 2.4 Hz, 1H; H2a), 4.64 (dd,
J2,3� 2.4 Hz, J3,4� 7.9 Hz, 1H; H3a), 5.20 (d, J1,2� 3.7 Hz, 1H; H1c), 5.52
(d, J1,2� 5.0 Hz, 1H; H1a); 13C NMR (100 MHz, CD3OD): �� 24.6, 25.1,
26.3 (2C), 43.6, 43.7, 68.8, 69.8, 71.9, 72.0, 72.4, 73.0, 74.0, 74.2, 74.6, 74.7,
76.0, 77.5, 82.9, 97.7, 102.8, 104.6, 110.0, 110.4; FABMS: m/z (%): 605.25
(100) [M�Na]� , 583.27 (50) [M�H]� ; HRFABMS: calcd for C24H43N2O14


[M�H]�: 583.2714; found: m/z : 583.2737.


6-Benzamido-6-deoxy-�-�-glucopyranosyl-(1� 4)-6-benzamido-6-deoxy-
�-�-glucopyranosyl-(1� 6)-1,2:3,4-di-O-isopropylidene-�-�-galactopyra-
nose (11): Benzoyl chloride (2.77 mL, 24.0 mmol) was added dropwise to a
solution of the diamine 10 (1.00 g, 1.72 mmol) in C5H5N at 0 �C. After
stirring the mixture at RT for 24 h, the reaction was quenched by adding
MeOH and concentrated. The resulting oil was dissolved in EtOAc and
washed consecutively with 1� HCl, saturated NaHCO3, and saturated
NaCl solutions, before drying over anhydrous Na2SO4 and concentrating to


a foam. Benzoate esters were removed using NaOMe (1 mL, 0.5� in
MeOH, 0.5 mmol) in MeOH (50 mL), followed by neutralization with
AcOH. Column chromatography (SiO2, CH2Cl2/MeOH, 9:1 to 85:15) gave
the bis-benzamide 11 (1.08 g, 80%) as an amorphous solid. [�]20D ��9.0
(c� 1 in MeOH); 1H NMR (500 MHz, CD3OD): �� 1.26, 1.31, 1.32, 1.49
(4s, 12H; 2CMe2), 3.20 (pt, J3,4� J4,5� 9.5 Hz, 1H; H4c), 3.25 ± 3.30 (m,
2H; H2b, H6b), 3.33 (pt, J3,4� J4,5� 9.2 Hz, 1H; H4b), 3.49 ± 3.54 (m, 2H;
H5b, H2c), 3.61 ± 3.73 (m, 4H; H6a, H3b, H3c, H6c), 3.88 (dd, J5,6�� 2.5 Hz,
J6,6�� 14.0 Hz, 1H; H6c�), 3.97 ± 4.07 (m, 4H; H5a, H6a�, H6b�, H5c), 4.18
(dd, J3,4� 8.0 Hz, J4,5� 1.4 Hz, 1H; H4a), 4.30 (d, J1,2� 7.9 Hz, 1H; H1b),
4.33 (dd, J1,2� 5.0 Hz, J2,3� 2.4 Hz, 1H; H2a), 4.55 (dd, J2,3� 2.4 Hz, J3,4�
7.9 Hz, 1H; H3a), 5.16 (d, J1,2� 3.8 Hz, 1H; H1c), 5.47 (d, J1,2� 5.0 Hz, 1H;
H1a), 7.26 (m, 2H; 2Ar-H), 7.35 (m, 1H; Ar-H), 7.43 (m, 2H; 2Ar-H), 7.52
(m, 1H; Ar-H), 7.72 ± 7.77 (m, 4H; 4Ar-H); 13C NMR (125 MHz, CD3OD):
�� 24.6, 25.1, 26.3 (2C), 42.4, 42.5, 68.9, 69.7, 71.8, 71.9, 72.5, 73.2, 73.6, 74.2,
74.4, 74.6, 74.8, 77.4, 84.5, 97.7, 103.4, 104.2, 110.0, 110.4, 128.3 (2C), 128.5
(2C), 129.4 (2C), 129.5 (2C), 132.5, 132.6, 135.4, 135.6, 170.2, 170.8;
FABMS: m/z (%): 813.30 (10) [M�Na]� , 791.31 (100) [M�H]� , 775.30 (5)
[M� 15]� , 531.20 (20) [M� a]� ; HRFABMS: calcd for C38H51N2O16


[M�H]�: 791.3238; found: m/z : 791.3246.


6-Benzamido-6-deoxy-�-�-glucopyranosyl-(1� 4)-6-benzamido-6-deoxy-
�-�-glucopyranosyl-(1� 6)-�-galactose (1): The diacetonide 11 (620 mg,
785 �mol) was treated with 90% aqueous TFA (5 mL) at RT for 15 min
before concentration and co-evaporation with MeOH. Column chroma-
tography (C-8 reversed-phase silica, H2O to MeOH) gave the reducing
sugar 1 (445 mg, 80%) as an amorphous solid after freeze drying from H2O.
[�]20D ��60.8 (c� 1 in H2O); selected 1H NMR data (400 MHz, CD3OD):
�� 4.32 ± 4.43 (�-anomers), 5.10 ± 5.16 (�-anomers), 7.22 (m, 2H), 7.34 (m,
1H), 7.41 (m, 2H), 7.50 (m, 1H), 7.70 (m, 4H); ESMS:m/z (%): 711.2 (100)
[M�H]� , 733.1 (15) [M�Na]� .


6-Benzamido-6-deoxy-�-�-glucopyranosyl-(1� 4)-6-benzamido-6-deoxy-
�-�-glucopyranosyl-(1� 6)-�-galactitol (12): A portion of the hemiacetal 1
(40 mg, 56 �mol) was reduced with sodium borohydride (20 mg, 528 �mol)
in MeOH (1 mL) at RT for 2 h. The reaction was quenched by adding
Me2CO, and concentrated. Column chromatography (C-8 reversed-phase
silica, H2O to MeOH) gave the alditol 12 (35 mg, 87%) as a glassy solid.
[�]20D ��13 (c� 0.2 in H2O); 1H NMR (500 MHz, CD3OD): �� 3.18 ± 3.23
(m, 2H; H6b, H4c), 3.27 (dd, J1,2� 7.8 Hz, J2,3� 9.5 Hz, 1H; H2b), 3.33 (pt,
J3,4� J4,5� 8.8 Hz, 1H; H4b), 3.48 ± 3.56 (m, 2H; H5b, H2c), 3.60 ± 3.72 (m,
8H; H1a, H1a�, H3a, H4a, H6a, H3b, H3c, H6c), 3.87 (dd, J5,6� 2.6 Hz,
J6,6�� 14.0 Hz, 1H; H6c�), 3.90 (ptd, J1,2� J1�,2� 6.3 Hz, J2,3� 1.3 Hz, 1H;
H2a), 3.98 (dd, J5,6�� 4.9 Hz, J6,6�� 9.8 Hz, 1H; H6a�), 4.06 ± 4.10 (m, 2H;
H5a, H5c), 4.12 (dd, J5,6�� 2.0 Hz, J6,6�� 14.0 Hz, 1H; H6b�), 4.30 (d, J1,2�
7.8 Hz, 1H; H1b), 5.15 (d, J1,2� 3.7 Hz, 1H; H1c), 7.25 (m, 2H; 2Ar-H), 7.37
(m, 1H; Ar-H), 7.44 (m, 2H; 2Ar-H), 7.52 (m, 1H; Ar-H), 7.74 (m, 4H;
4Ar-H); 13C NMR (125 MHz, CD3OD): �� 42.4, 42.7, 65.0, 70.2, 71.2, 71.3,
71.7, 73.1, 73.2, 73.6, 74.3, 74.5, 74.6, 75.1, 77.5, 84.6, 103.5, 104.5, 128.3 (2C),
128.5 (2C), 129.4 (2C), 129.5 (2C), 132.5, 132.7, 135.5 (2C), 170.3, 170.9;
ESMS: m/z (%): 713.3 (100) [M�H]� , 735.2 (70) [M�Na]� .


2,3,4-Tri-O-acetyl-6-N-benzylmethylamino-6-deoxy-�-�-glucopyranosyl-
(1� 4)-2,3-di-O-acetyl-6-N-benzylmethylamino-6-deoxy-�-�-glucopyra-
nosyl-(1� 6)-1,2:3,4-di-O-isopropylidene-�-�-galactopyranose (13): A sol-
ution of the dibromide 8 (1.90 g, 2.1 mmol) in N-benzylmethylamine
(5.7 mL) was stirred at 80 �C for 20 h. The reaction mixture was
concentrated and the crude product mixture was re-acetylated with
C5H5N (2 mL) and Ac2O (2 mL) at RT overnight. The solution was
concentrated, re-dissolved in EtOAc, and washed with saturated NaHCO3


and saturated NaCl solutions, before drying over anhydrous Na2SO4 and
concentrating to an oil. Column chromatography (SiO2, hexanes/EtOAc,
6:4 to 1:1) gave the protected diamine 13 (0.87 g, 42%) as an amorphous
solid. [�]20D ��12.0 (c� 1 in CHCl3); 1H NMR (500 MHz, CDCl3): �� 1.34,
1.36, 1.43, 1.54 (4 s, 12H; 2CMe2), 1.88, 2.02, 2.04, 2.07, 2.10 (5s, 15H;
5COMe), 2.28, 2.35 (2br s, 6H; 2NMe), 2.46 ± 2.53 (m, 2H; H6c, H6c�), 2.92
(dd, J5,6� 7.7 Hz, J6,6�� 13.5 Hz, 1H; H6b), 3.05 (bd, J6,6�� 13.5 Hz, 1H;
H6b�), 3.52 (m, 2H; NCH2Ph), 3.66 (d, JA,B� 13.4 Hz, 1H; NCH2Ph), 3.74 ±
3.81 (m, 3H; NCH2Ph, H6a, H5b), 3.85 (pt, J3,4� J4,5� 8.9 Hz, 1H; H4b),
3.96 (m, 1H; H5a), 4.01 ± 4.06 (m, 2H; H6a�, H5c), 4.21 (dd, J3,4� 7.9 Hz,
J4,5� 1.5 Hz, 1H; H4a), 4.33 (dd, J1,2� 4.9 Hz, J2,3� 2.4 Hz, 1H; H2a), 4.61
(dd, J2,3� 2.4 Hz, J3,4� 7.9 Hz, 1H; H3a), 4.67 (d, J1,2� 7.9 Hz, 1H; H1b),
4.85 (dd, J1,2� 3.9 Hz, J2,3� 10.6 Hz, 1H; H2c), 4.88 (pt, J1,2� J2,3� 8.2 Hz,
1H; H2b), 4.96 (pt, J3,4� J4,5� 9.7 Hz, 1H; H4c), 5.27 ± 5.34 (m, 2H; H3b,
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H3c), 5.43 (d, J1,2� 3.9 Hz, 1H; H1c), 5.54 (d, J1,2� 5.0 Hz, 1H; H1a), 7.25 ±
7.36 (m, 10H; Ar-H); 13C NMR (125 MHz, CDCl3): �� 20.5, 20.6 (3C),
20.8, 24.3, 24.9, 25.8, 25.9, 42.6, 43.7, 57.2, 57.6, 62.2, 63.3, 67.6, 68.6, 69.6,
70.1, 70.2 (2C), 70.3, 70.5, 71.1, 72.1, 73.9, 74.7, 75.2, 95.1, 96.1, 100.6, 108.6,
109.3, 126.8, 126.9, 128.1 (2C), 128.2 (2C), 128.8 (2C), 128.9 (2C), 138.7,
138.8, 169.5, 169.8, 169.9, 170.1, 170.4; FABMS: m/z (%): 1001.45 (100)
[M�H]� , 985.10 (10) [M� 15]� , 741.20 (10) [M� a]� , 392.17 (20) [M�
(a�b)]� ; HRFABMS: calcd for C50H68N2O19 [M�H]�: 1001.4494; found:
m/z : 1001.4486.


6-Deoxy-6-methylamino-�-�-glucopyranosyl-(1� 4)-6-deoxy-6-methyl-
amino-�-�-glucopyranosyl-(1� 6)-1,2:3,4-di-O-isopropylidene-�-�-galac-
topyranose (2): A solution of the pentaacetate 13 (870 mg, 0.87 mmol) and
NaOMe (0.5 mL, 0.5M in MeOH, 0.25 mmol) in MeOH (5 mL) was stirred
at RT for 4 h. The solution was neutralized with Amberlite IR-120 (H�


form) ion exchange resin, filtered and concentrated. A solution of the
residue in MeOH (50 mL) was treated with 10% Pd(OH)2/C (300 mg)
under a hydrogen atmosphere for 2 h. The solution was filtered through
Celite and concentrated to give the bismethylamine 2 (490 mg, 92%) as an
amorphous solid after freeze-drying from H2O. [�]20D ��15.6 (c� 1 in
H2O); 1H NMR (500 MHz, CD3OD): �� 1.33, 1.34, 1.40, 1.52 (4s, 12H;
2CMe2), 2.44, 2.46 (2br s, 6H; 2NMe), 2.73 ± 2.81 (m, 2H; H6b, H6c),
2.91 ± 3.10 (m, 2H; H6b�, H6c�), 3.19 (pt, J3,4� J4,5� 9.4 Hz, 1H; H4c), 3.25
(dd, J1,2� 7.9 Hz, J2,3� 9.1 Hz, 1H; H2b), 3.37 (pt, J3,4� J4,5� 9.1 Hz, 1H;
H4b), 3.44 (dd, J1,2� 3.6 Hz, J2,3� 9.1 Hz, 1H; H2c), 3.54 (m, 1H; H5b),
3.58 ± 3.70 (m, 3H; H6a, H3b, H3c), 3.77 (m, 1H; H5c), 4.01 ± 4.08 (m, 2H;
H5a, H6a�), 4.30 (dd, J3,4� 8.0 Hz, J4,5� 1.0 Hz, 1H; H4a), 4.33 (d, J1,2�
7.9 Hz, 1H; H1b), 4.37 (dd, J1,2� 4.9 Hz, J2,3� 2.4 Hz, 1H; H2a), 4.63 (dd,
J2,3� 2.4 Hz, J3,4� 8.0 Hz, 1H; H3a), 5.19 (d, J1,2� 3.6 Hz, 1H; H1c), 5.51
(d, J1,2� 4.9 Hz, 1H; H1a); 13C NMR (125 MHz, CD3OD): �� 24.6, 25.1,
26.3, 26.4, 36.1, 36.4, 53.2, 53.9, 68.9, 69.8, 71.9, 72.0, 72.2, 72.5, 73.7, 74.0,
74.1, 74.7, 74.8, 77.4, 82.9, 97.8, 102.2, 104.4, 110.0, 110.5; FABMS: m/z (%):
611.50 (100) [M�H]� , 351.33 (5) [M� a]� ; HRFABMS: calcd for
C26H46N2O14 [M�H]�: 611.3027; found: m/z : 611.3032.


6,6�-N,N�-Bis[6,6�-bis-benzamido-6,6�-dideoxy-�-maltosyl-(1� 6)-�-galac-
tit-1-yl]-6,6�-dideoxy-6,6�-dimethylamino-�-maltosyl-(1� 6)-1,2:3,4-di-O-
isopropylidene-�-�-galactopyranose (14): A solution of the reducing sugar
1 (192 mg, 270 �mol), the diamine 2 (55 mg, 90 �mol), acetic acid (5 �L,
90 �mol) and sodium cyanoborohydride (34 mg, 540 �mol) in MeOH
(4 mL) was heated under reflux for 8 h. The reaction mixture was cooled to
RT, concentrated to approximately 1 mL and diluted with H2O (8 mL),
before being subjected to column chromatography (C-8 reversed-phase:
MeOH/H2O/TFA, 0:100:0.0001 to 100:0:0.0001) to afford the dendron 14
(140 mg, 70%) as its bis-TFA salt. [�]20D ��23.0 (c� 1 in H2O); 1H NMR
(500 MHz, CD3OD): �� 1.31, 1.33, 1.38, 1.50 (4s, 12H; 2CMe2), 2.74 (br s,
3H; NMe), 2.88 (br s, 3H; NMe), 2.93 ± 3.06 (brm, 2H), 3.15 ± 3.36 (m,
15H), 3.45 ± 3.74 (m, 22H), 3.81 (pt, J� 9.1, 1H), 3.87 (brd, J� 13.9, 2H),
3.93 ± 4.10 (m, 11H), 4.18 ± 4.28 (brm, 2H), 4.30 (dd, J3,4� 7.9 Hz, J4,5�
1.3 Hz, 1H; H4a), 4.33 (d, J1,2� 7.7 Hz, 2H; H1e, H1h), 4.36 (dd, J1,2�
4.9 Hz, J2,3� 2.4 Hz, 1H; H2a), 4.43 (d, J1,2� 7.8 Hz, 1H; H1b), 4.61 (dd,
J2,3� 2.3 Hz, J3,4� 7.9 Hz, 1H; H3a), 5.16 (d, J1,2� 3.6 Hz, 1H; H1f, H1i),
5.32 (brd, J1,2� 3.0 Hz, 1H; H1c), 5.52 (d, J1,2� 4.9 Hz, 1H; H1a), 7.25 (m,
4H; 4Ar-H), 7.35 (m, 2H; 2Ar-H), 7.43 (m, 4H; 4Ar-H), 7.52 (m, 2H; 2Ar-
H), 7.74 (m, 8H; 8Ar-H); 13C NMR (125 MHz, CD3OD): �� 24.7, 25.1,
26.4, 26.5, 42.2 (2C), 42.7 (2C), 43.6, 44.4, 59.1, 60.8, 62.0, 62.6, 67.1, 67.3,
68.9, 69.9, 70.0 (2C), 70.9, 71.1, 71.4 (2C), 71.8, 71.9, 72.1, 72.5, 73.0 (2C),
73.2 (3C), 73.6 (2C), 73.7, 74.2 (2C), 74.4, 74.5 (2C), 74.6 (2C), 74.8, 75.1
(2C), 75.7, 77.6 (2C), 79.4, 80.8, 84.5, 84.6, 97.7, 99.3, 103.5 (2C), 104.0, 104.5
(2C), 110.1, 110.5, 128.3 (4C), 128.5 (4C), 129.4 (4C), 129.5 (4C), 132.5
(2C), 132.7 (2C), 135.4 (2C), 135.5 (2C), 170.3 (2C), 170.8 (2C); ESMS:
m/z (%): 1001.0 (100) [M�2H]2�, 2001.2 (5) [M�H]� ; calcd for
C90H130N6O44 [M]: 2000.0; average of observed m/z : 2000.1.


2,3,2�,3�,4�-Penta-O-acetyl-6,6�-dideoxy-6,6�-dimethylamino-6,6�-N,N�-
bis[2,3,2�,3�,4�-penta-O-acetyl-6,6�-bisbenzamido-6,6�-dideoxy-�-maltosyl-
(1� 6)-2,3,4,5-tetra-O-acetyl-�-galactit-1-yl]-�-maltosyl-(1� 6)-1,2:3,4-
di-O-isopropylidene-�-�-galactopyranose (15): A solution of the dendron
14 (35 mg, 17 �mol) and DMAP (2 mg) in Ac2O (4 mL) and C5H5N (4 mL)
was stirred at RT for 36 h, and then concentrated. The mixture was diluted
with EtOAc (50 mL) and washed consecutively with 1� HCl, saturated
NaHCO3, and saturated NaCl solutions, before drying over anhydrous
Na2SO4 and concentrating to a foam. Column chromatography (SiO2,
CH2Cl2/MeOH, 95:5, then Sephadex LH20, MeOH) gave the peracetate 15


(40 mg, 86%) as a solid foam. [�]20D ��24.8 (c� 1 in CHCl3); 1H NMR
(500 MHz, [D7]DMF, 350 K): �� 1.32, 1.33, 1.40, 1.49 (4s, 12H; 2CMe2),
1.94 ± 2.10 (m, 69H; 23COMe), 2.32, (s, 3H; NMe-c) 2.35 (s, 3H; NMe-b),
2.46 (dd, J1,1�� 13.4 Hz, J1,2� 7.0 Hz, 1H; H1d), 2.55 ± 2.62 (m, 3H, H6c,
H1d�, H1g), 2.66 (dd, J5,6�� 6.0 Hz, J6,6�� 14.3 Hz, 1H; H6c�), 2.71 (dd, J1,1��
13.6 Hz, J1,2� 5.4 Hz, 1H; H1g�), 2.84 (dd, J5,6� 7.2 Hz, J6,6�� 14.0 Hz, 1H;
H6b), 2.92 (dd, J5,6�� 1.9 Hz, J6,6�� 14.0 Hz, 1H; H6b�), 3.50 ± 3.56 (m, 2H;
H6e, H6h), 3.61 (dd, J5,6� 7.6 Hz, J6,6�� 11.0 Hz, 2H; H6d, H6g), 3.65 ± 3.78
(m, 6H; H6a, H5b, H6f, H6f�, H6i, H6i�), 3.85 ± 3.92 (m, 5H; H4b, H6d�,
H5e, H6g�, H5h), 3.94 ± 3.98 (m, 3H; H5a, H4e, H4h), 4.00 ± 4.04 (m, 2H;
H6a�, H5c), 4.10 ± 4.16 (m, 2H; H6e�, H6h�), 4.25 (dd, J3,4� 7.9 Hz, J4,5�
1.7 Hz, 1H; H4a), 4.29 ± 4.33 (m, 2H; H5f, H5i), 4.35 (dd, J1,2� 4.9 Hz,
J2,3� 2.4 Hz, 1H; H2a), 4.63 (dd, J2,3� 2.4 Hz, J3,4� 7.9 Hz, 1H; H3a),
4.74 ± 4.78 (m, 5H; H1b, H1e, H2e, H1h, H2h), 4.80 (pt, J1,2� J2,3� 8.0 Hz,
1H; H2b), 4.87 ± 4.91 (m, 2H; H2c, H4c), 4.97 (dd, J1,2� 3.9 Hz, J2,3�
10.5 Hz, 2H; H2f, H2i), 5.04 (pt, J3,4� J4,5� 9.6, 2H; H4f, H4i), 5.09 (ptd,
J1,2� J1�,2� 7.0 Hz, J2,3� 1.8 Hz, 1H; H2d), 5.18 ± 5.37 (m, 16H; H3b, H1c,
H3c, H3d, H4d, H5d, H3e, H1f, H3f, H2g, H3g, H4g, H5g, H3h, H1i, H3i),
5.49 (d, J1,2� 5.0 Hz, 1H; H1a), 7.39 (m, 4H; 4Ar-H), 7.46 ± 7.50 (m, 6H;
6Ar-H), 7.53 ± 7.56 (m, 2H; 2Ar-H), 7.90 ± 7.94 (m, 8H; 8Ar-H), 8.11 ± 8.17
(m, 4H; 4NHBz); 13C NMR (125 MHz, [D7]DMF, 350 K): �� 20.3 ± 20.9
(m, 23C), 24.6, 25.1, 26.2, 26.3, 40.8 (2C), 42.2 (2C), 43.8, 43.9, 58.9, 59.0,
59.3, 59.4, 67.9, 68.0, 68.1, 68.8, 68.9, 69.1, 69.2, 69.3, 69.4, 69.5, 69.8, 69.9,
70.2, 70.3, 70.4 (2C), 70.5 (2C), 70.7 (2C), 70.8, 70.9 (2C), 71.1, 71.3, 71.4,
71.8, 72.7 (2C), 72.9, 74.0 (2C), 74.5, 75.7 (3C), 75.8, 76.9, 77.0, 96.2, 96.9,
97.1 (2C), 100.4 (2C), 101.3, 108.8, 109.5, 127.9 (4C), 128.0 (4C), 128.6 (4C),
128.8 (4C), 131.4 (2C), 131.7 (2C), 135.4 (2C), 135.7 (2C), 167.6 (2C), 167.9
(2C), 169.8 ± 170.7 (m, 23C); MALDI-TOF: m/z : 2990 [M�Na]� .


6,6�-N,N�-Bis[6,6�-bisbenzamido-6,6�-dideoxy-�-maltosyl-(1� 6)-�-galac-
tit-1-yl]-6,6�-dideoxy-6,6�-dimethylamino-�-maltosyl-(1� 6)-�-galactose
(16): The diacetonide 14 (104 mg, 47 �mol) was treated with 90% aqueous
TFA (5 mL) at RT for 15 min before concentration and co-evaporation
with MeOH. Column chromatography (C-18 reversed-phase silica, H2O to
MeOH) gave the reducing sugar 16 (60 mg, 60%) as an amorphous solid
after freeze drying from H2O. [�]20D ��37.6 (c� 1 in H2O); 1H NMR
(500 MHz, D2O, 323 K): �� 3.00 ± 3.06 (brm, 6H; 2NMe), 3.26 ± 4.34 (m,
58H), 4.38 ± 4.41 (2d, J1,2� 8.0 Hz, 2H; H1e, H1h), 4.56 ± 4.63 (3d, J1,2�
8.0 Hz, ca. 2.5H; H1a�, H1b), 5.25 (d, J1,2� 3.6 Hz, ca. 0.5H; H1a�), 5.27 (d,
J1,2� 3.8 Hz, 2H; H1f, H1i), 5.59 (d, J1,2� 3.7 Hz, 1H; H1c), 7.25 (m, 4H;
4Ar-H), 7.34 (m, 2H; 2Ar-H), 7.47 (m, 4H; 4Ar-H), 7.52 (m, 4H; 4Ar-H),
7.59 (m, 2H; 2Ar-H), 7.66 (m, 4H; 4Ar-H); ESMS: m/z (%): 960.7 (100)
[M�2H]2�, 1921.0 (5) [M�H]� ; calcd for C84H122N6O44: M� 1919.9;
average of observed m/z : 1919.7.


6,6�-N,N�-Bis{6,6�-N,N�-bis[6,6�-bisbenzamido-6,6�-dideoxy-�-maltosyl-
(1� 6)-�-galactit-1-yl]-6,6�-dideoxy-6,6�-dimethylamino-�-maltosyl-(1�
6)-�-galactit-1-yl}-6,6�-dideoxy-6,6�-dimethylamino-�-maltosyl-(1� 6)-
1,2:3,4-di-O-isopropylidene-�-�-galactopyranose (17): Sodium cyanoboro-
hydride (2.9 mg, 46.1 �mol) was added in three portions over the course of
3 h, to a solution of the reducing sugar 16 (60 mg, 27.9 �mol), the diamine 2
(5.7 mg, 9.3 �mol), and acetic acid (0.5 �L, 9.1 �mol) in MeOH (300 �L)
heated under reflux. Heating was continued overnight. After cooling to
room temperature, the reaction mixture was diluted with MeOH (2 mL),
before being subjected to gel permeation chromatography (Sephadex
LH20: MeOH) to afford 17 (10 mg, 25%) as an amorphous solid after
freeze-drying from H2O. Selected 1H NMR data (500 MHz, D2O, 343 K):
�� 1.34, 1.36, 1.45, 1.55 (4s, 12H; 2CMe2), 2.80 ± 2.90 (m, 18H; 6NMe),
4.82 (d, J1,2� 7.9 Hz, 4H; H1h, H1k, H1q, H1t), 4.87 (dd, J1,2� 4.9 Hz, J2,3�
2.4 Hz, 1H; H2a), 4.97 (d, J1,2� 8.0 Hz, 1H; H1b), 5.00 (d, J1,2� 8.1 Hz, 2H;
H1e, H1n), 5.11 (dd, J2,3� 2.4 Hz, J3,4� 7.9 Hz, 1H; H3a), 5.69 (d, J1,2�
3.7 Hz, 4H; H1i, H1l, H1r, H1u), 5.91 (d, J1,2� 3.8 Hz, 1H; H1c), 5.93 (d,
J1,2� 3.7 Hz, 2H; H1f, H1o), 6.02 (d, J1,2� 4.9 Hz, 1H; H1a); ESMS: m/z
(%): 737.4 (20) [M�6H]6�, 884.7 (100) [M�5H]5�, 1105.8 (55) [M�4H]4�,
1473.6 (20) [M�3H]3� ; calcd for C194H290N14O100: [M] 4418.5; average of
observed m/z : 4418.4.


Tris[2-(N-{6,6�-N,N�-bis[6,6�-bisbenzamido-6,6�-dideoxy-�-maltosyl-(1�
6)-�-galactit-1-yl]-6,6�-dideoxy-6,6�-dimethylamino-�-maltosyl-(1� 6)-�-
galactit-1-yl}methylamino)ethyl]amine (21): Acetic acid (2.28 �L, 45 �mol)
was added to a solution of the reducing sugar 16 (90 mg, 47 �mol), tris[2-
(methylamino)ethyl]amine 20[45] (2 mg, 12 �mol), and sodium cyanoboro-
hydride (10 mg, 121 �mol) in MeOH (1 mL). The reaction mixture was
stirred and heated under reflux for 6 h. The mixture was allowed to cool to
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room temperature, diluted with H2O (2 mL) and purified by preparative
GPC Chromatography (Sephadex G-50, H2O) to afford 21 (38 mg, 54%).
[�]20D ��32 (c� 1 in H2O); selected 1H NMR data (500 MHz, [D7]DMF,
373 K): �� 4.42 (d, J1,2� 7.2 Hz, 6H; H1e, H1h), 4.58 (d, J1,2� 7.5 Hz, 3H;
H1b), 5.20 (d, J1,2� 3.4 Hz, 6H; H1f, H1i), 5.52 (brd, J1,2� 3.0 Hz, 3H;
H1c); MALDI-TOF: m/z : 5920.5 [M�K]� .


Tris[2-(N-methyl{2,2�,3,3�,4�-penta-O-acetyl-6,6�-dideoxy-6,6�-di-N-methyl-
6,6�-bis[2,2�,3,3�,4�-penta-O-acetyl-6,6�-bisbenzamido-6,6�-dideoxy-�-malto-
syl-(1� 6)-2,3,4,5-tetra-O-acetyl-�-galactit-1-yl]amino-�-maltosyl-(1�
6)-2,3,4,5-tetra-O-acetyl-�-galactit-1-yl}amino)ethyl]amine (22): The first-
generation dendrimer 21 (38 mg, 6 �mol) was dissolved in a solution of
DMAP (2 mg) in Ac2O (4 mL) and C5H5N (4 mL) and was left to stir at
room temperature for 36 h. The solution was concentrated by co-
evaporation with PhMe, before diluting with EtOAc and washing with
1� HCl, saturated NaHCO3, and saturated NaCl solutions, drying
(Na2SO4), and concentrating to an oil. GPC chromatography (MeOH)
gave 22 (27 mg, 50%) as an oil. [�]20D ��24 (c� 1 in H2O); selected
1H NMR ([D7]DMF, 500 MHz, 350 K): �� 1.98 ± 2.17 (m, 243H;
81COMe), 2.37 (s, 9H; 3NMe), 2.43 (s, 9H; 3NMe), 3.57 (m, 6H; H6e,
H6h), 3.68 (m, 6H; H6f, H6i), 3.64 (m, 6H; H6f�, H6i�), 3.65 (m, 9H; H6a,
H6d, H6g), 3.88 (m, 9H; H6a�, H6d�, H6g�), 3.93 (m, 6H; H5e, H5h), 3.99
(m, 6H; H4e, H4h), 4.02 (m, 3H; H5c), 4.13 (m, 6H; H6e�, H6h�), 4.33 (m,
6H; H5f, H5i), 4.72 (m, 3H; H1b), 4.77 (m, 9H; H2b, H2e, H2h), 4.78 (m,
6H; H1e, H1h), 4.90 (m, 6H; H2c, H4c), 4.97 (dd, J1,2� 3.9 Hz, J2,3�
10.5 Hz, 6H; H2f, H2i), 5.04 (pt, J3,4� J4,5� 9.6, 6H; H4f, H4i), 5.28 (m,
12H; H1c, H3b, H3e, H3h), 5.38 (m, 6H; H1f, H1i), 7.41 (m, 4H; 12Ar-H),
7.50 (m, 6H; 18Ar-H), 7.57 (m, 2H; 6Ar-H), 7.94 (m, 8H; 24Ar-H);
selected DEPT-135 13C NMR ([D7]DMF, 125 MHz): �� 40.1 (C6f, C6i),
42.0 (C6e, C6h), 72.4 (C2b, C2e, C2h), 73.4 (C5e, C5h), 75.5 (C3b, C3e,
C3h), 76.6 (C4e, C4h), 96.0 (C1c), 96.9 (C1f, C1i), 99.9 (C1e, C1h), 100.0
(C1b), 127.9 (C-Ar), 128.0 (C-Ar), 128.6 (C-Ar), 128.8 (C-Ar), 131.5 (C-
Ar), 131.7 (C-Ar); MALDI-TOF: m/z : 9222 [M�H]� .


Molecular modeling : The molecular model of the second-generation
dendron 17 was developed in a ™convergent∫ fashion analogous to its
chemical synthesis. Each of the distinct trisaccharide building blocks were
constructed in the INPUT submode of Macromodel v5.0 and minimized by
using the PRCG algorithm[48] with the Amber* forcefield[49] and the GB/SA
solvation model for H2O,[50] to a final energy gradient of � 0.05 kJä�1. The
molecules were subjected to a molecular dynamics (MD) run (1 ns, 300 K,
1.5 fs timestep) and structures, sampled at regular intervals, were each
minimized as before, to select the conformer to be used in constructing the
dendron. Appropriate trisaccharides were then linked together to form a
first- and then a second-generation dendron. The process of minimization,
MD, and minimization was repeated at each stage. The picture of 17
(Figure 9c) shows the lowest energy conformer obtained after minimization
of 50 structures selected from a 4 ns MD run at 600 K. Conformational
flexibility of the building blocks and dendrons were assessed by monitoring
changes in selected torsion angels in both the maltosyl and galactityl units
during MD runs.
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�-�-LNA (�-�-ribo Configured Locked Nucleic Acid) Recognition of DNA:
An NMR Spectroscopic Study


Katrine M. Ellemann Nielsen,[a] Michael Petersen,*[a] Anders E. Ha kansson,[b]
Jesper Wengel,[a] and Jens Peter Jacobsen[a]


Abstract: We have used NMR and CD
spectroscopy to study and characterise
two �-�-LNA:DNA duplexes, a non-
amer that incorporates three �-�-LNA
nucleotides and a decamer that incorpo-
rates four �-�-LNA nucleotides, in
which �-�-LNA is �-�-ribo-configured
locked nucleic acid. Both duplexes
adopt right-handed helical conforma-
tions and form normal Watson ±Crick
base pairing with all nucleobases in the
anti conformation. Deoxyribose confor-
mations were determined from meas-
urements of scalar coupling constants in
the sugar rings, and for the decamer
duplex, distance information was de-


rived from 1H± 1H NOE measurements.
In general, the deoxyriboses in both of
the �-�-LNA:DNA duplexes adopt S-
type (B-type structure) sugar puckers,
that is the inclusion of the modified �-�-
LNA nucleotides does not perturb the
local native B-like double-stranded
DNA (dsDNA) structure. The CD spec-
tra of the duplexes confirm these find-
ings, as these display B-type character-
istic features that allow us to character-


ise the overall duplex type as B-like. The
1H± 1H NOE distances which were de-
termined for the decamer duplex were
employed in a simulated annealing pro-
tocol to generate a model structure for
this duplex, thus allowing a more de-
tailed inspection of the impact of the �-
�-ribo-configured nucleotides. In this
structure, it is evident that the malleable
DNA backbone rearranges in the vicin-
ity of the modified nucleotides in order
to accommodate them and present their
nucleobases in a geometry suitable for
Watson ±Crick base pairing.


Keywords: DNA ¥ DNA structures
¥ LNA ¥ NMR spectroscopy ¥
oligonucleotides


Introduction


The ideal antisense gene inhibitor should display high affinity
and selectivity towards its target sequence, enhanced stability
towards intra- and extracellular nucleases, and be able to
penetrate the cell membrane. In addition to these require-
ments, the ideal antisense oligonucleotide (AO) should leave
the nucleic acid structure relatively unperturbed in order to
retain the ability to elicit RNase H degradation of the
resulting AO:RNA hybrid. Natural unmodified oligonucleo-


tides meet some of these requirements but are unstable in the
cellular environment. Thus, an extensive research in chemi-
cally modified nucleotides has been prompted and many
chemical modifications in either the phosphate linker, the
nucleobase, or the sugar ring have been synthesised and
tested.[1] As yet, only a few of this plethora of nucleic acid
analogues have been found to possess the ability to invoke
RNase H degradation of their cognate RNA, for example
phosphorothioates,[2] phosphorodithioates,[3] arabinonucleic
acids,[4] and cyclohexenyl nucleic acids.[5, 6]


Recently, the nucleic acid analogue, LNA (Locked Nucleic
Acid; Scheme 1), has been introduced.[7±9] An LNA nucleo-
tide contains a 2�-O,4�-C-methylene bridge that locks the
nucleotide in a C3�-endo (N-type) furanose conformation.
Oligonucleotides which contain one or more LNA nucleo-
tides have displayed a number of appealing features, for
example unprecedented thermal affinities when hybridised
with both complementary DNA or RNA, with increases in
melting temperatures up to �9.6 �C per modification,[7±10]


stability in serum, the ability to be transported into living
cells, and the ability to activate E. coli RNase H, both as
LNA/DNA gapmers and mixmers when hybridised with
cognate RNA, albeit at significantly slower rates in the case
of the mixmers.[11]
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Scheme 1. The chemical structure of LNA and �-�-LNA plus C2�-endo and
C3�-endo sugar conformations.


We have investigated the remarkable stability of LNA
modified duplexes using NMR spectroscopy in structural
studies of a number of LNA:DNA and LNA:RNA hy-
brids.[10, 12±16] These studies have included analysis of sugar
conformations, which give information on local perturbations
that are introduced by the LNA nucleotides and a gross view
of the duplex structure, and determination of high-resolution
solution structures. Generally, we have found that the
incorporation of a single LNA nucleotide introduces local
perturbations only, and that the 3�-positioned nucleotides are
more perturbed than the 5�-positioned nucleotides. When
LNA nucleotides are incorporated several times in duplexes,
they change the overall duplex geometry towards A-type.
Specifically, the high-resolution structure of a nonamer
LNA:RNA hybrid with three LNA nucleotides in the LNA
strand revealed an almost canonical A-type geometry of
this hybrid.[16] The introduction of an A-like geometry of
LNA:RNA hybrids may be responsible for the significant
deterioration in RNase H activity of LNA/DNA mixmers in
comparison to LNA/DNA gapmers.[11]


Recently, we have introduced a diastereoisomeric form of
LNA, �-�-LNA (�-�-ribo configured LNA, �LTL ;
Scheme 1).[17±19] Thermal affinity studies of oligonucleotides
which contain this modified nucleotide have demonstrated
the strong binding affinity of �-�-LNA towards both RNA
and DNA with increases in melting temperature per mod-
ification of up to 5.3 �C and 4.8 �C in the cases of RNA and
DNA, respectively.[17±19] The 2�-O,4�-C-methylene bridge locks
the �-�-LNA sugar ring into a C3�-endo conformation (3E, N-
type). However, as �-�-LNA is an �-ribo configured nucleo-
tide, comparison with �-ribo configured nucleotides at the
monomer level is difficult and gives no indication of the
features when built into oligonucleotides.


In order to further characterise the structural properties of
duplexes containing �-�-LNA nucleotides, we have inves-
tigated two �-�-LNA:DNA duplexes using a combination of
CD and NMR spectroscopy (the base sequences and number-
ing schemes for the two duplexes are shown in Scheme 2). The
CD spectra afford a general characterisation of the overall


Scheme 2. Numbering scheme for the two �-�-LNA:DNA duplexes
studied. �LTL denotes �-�-LNA modified thymidines.


duplex conformations, while measurements of the J coupling
constants in the sugar rings by NMR spectroscopy can
determine the sugar puckers of individual nucleotides in
order to assess local duplex conformations. Finally, to derive a
more detailed three-dimensional picture of an �-�-LNA:
DNA duplex we have produced a model structure of one of
the duplexes included in this study. This structure was
determined from interproton distances determined from a
NOESY spectrum with a mixing time of 100 ms.


Results


Thermal stabilities : The thermal stabilities of the modified �-
�-LNA:DNA duplexes 1 and 2 (see Scheme 2) were deter-
mined and compared to those of the unmodified reference
sequences (Table 1). Sharp monophasic transitions were
obtained with hypochromicities of 1.1 ± 1.2. No indications
of biphasic transitions were detected. For duplex 1 and 2 we
observed increases in the melting temperatures of �13.1 and
�8.2 �C, respectively, relative to the unmodified dsDNA
duplexes. These results emphasize the substantial increases in
thermal stability displayed by �-�-LNA modified oligonu-
cleotides when hybridised with complementary DNA.


CD spectra : The CD spectra of the two �-�-LNA:DNA
duplexes are shown in Figure 1. The unmodified dsDNA
version of duplex 2 and the LNA:DNA version of duplex 1,
that is the duplex with LNA nucleotides rather than �-�-LNA
nucleotides at identical positions, are included in Figure 1 for
comparison. The unmodified dsDNA duplex shows all the
characteristics of a B-type duplex, that is no negative band at
�210 nm, a negative band at �250 nm and a positive band
with an approximately equal magnitude at �275 nm. The
LNA modified duplex, on the contrary, exhibits increased
A-type duplex characteristics with a fairly intense negative


Table 1. Melting temperatures of �-�-LNA:DNA duplexes compared with
the unmodified duplexes of identical base sequence.[a]


Duplex Duplex type Tm [�C] �Tm per mod. [�C]


1 dsDNA 33.6 ±
�-�-LNA:DNA 46.7 3.3


2 dsDNA 28.0 ±
�-�-LNA:DNA 36.2 2.7


[a] Tm is the melting temperature and�Tm per mod. the increase in melting
temperature per �-�-LNA modified nucleotide compared with that of the
corresponding unmodified dsDNA duplex.







Locked Nucleic Acid Analogues 3001±3009


Chem. Eur. J. 2002, 8, No. 13 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0813-3003 $ 20.00+.50/0 3003


Figure 1. The CD spectra of duplex 1 (� �� ), duplex 2 (––), the LNA
version of duplex 1 (––), and the unmodified version of duplex 2 (- - - -).


band at �210 nm and a positive band at 272 nm which is of a
greater magnitude than the negative band at 250 nm. This is in
perfect agreement with our previous structural investigations
as these studies demonstrated that this duplex possesses a
conformation in-between A- and B-type.[14] Both �-�-LNA
duplexes display features indicative of an overall B-type
helical conformation, that is no negative band at �210 nm, a
negative band at �250 nm and a positive band at �275 nm
with approximately equal intensity. In particular, the CD
spectra of the unmodified and the �-�-LNAmodified versions
of duplex 2 are very similar, and this indicates that the B-type
appearance of this duplex[15] is retained upon introduction of
the �-�-LNA nucleotides.


NMR spectroscopy: The one-dimensional 1H NMR spectrum
of the decamer �-�-LNA:DNA duplex (duplex 1) only shows
lines from the expected �-�-LNA:DNA duplex at 25 �C. No
signs of alternative hybridisation were observed. On the other
hand, the one-dimensional 1H NMR spectrum of the nonamer
�-�-LNA:DNA duplex (duplex 2) at 25 �C exhibited weak
lines in addition to those expected for the �-�-LNA:DNA
duplex. These lines could stem from traces of single-stranded
DNA or �-�-LNA or possibly from traces of a non-comple-
mentary alternative sequences. The NOESY spectra of both
the duplexes display the characteristic connectivities of right-
handed dsDNA duplexes with all nucleobases in the anti
conformation. Assignment of non-exchangeable protons was
performed using standard methods.[20±23] The NOESY spectra
with short mixing times (50 or 100 ms) allowed unambiguous
assignments of the H2� and H2�� resonances. The H6� and H6��
resonances in the 2�-O,4�-C-methylene bridge of the �-�-LNA
nucleotides were assigned by their strong intranucleotide
cross peaks to the aromatic protons of the modified nucleo-
tides; H6� was assigned as the proton located closer to the
aromatic proton. The aromatic to H1� region of the 100 ms
NOESY spectrum of duplex 1 is shown in Figure 2. The
NOESY spectra acquired in H2O exhibit normal Watson ±
Crick connectivities and were employed in the assignment of
the exchangeable protons. Selections of chemical shift values
for the decamer and the nonamer �-�-LNA:DNA duplexes
are given in Tables 2 and 3, respectively.


Sugar ring conformations : In Figure 3, a comparison between
the experimental double-quantum filtered correlation spec-
troscopy (DQF-COSY) spectrum and the spectrum obtained
by spectral simulations with CHEOPS is shown for duplex 1.
Excellent agreement between the simulated and the exper-


Figure 2. The aromatic ±H1� region of the 100 ms NOESY spectrum of
duplex 1. The sequential H1�(n� 1) ±H6/8(n) ±H1�(n) connectivity path-
ways are indicated; �-�-LNA strand (- - - -), DNA strand (––).


imental spectrum is observed. The simulated DQF-COSY
spectrum of duplex 2 also agrees well with the experimental as
the spectrum shown in Figure 3. The coupling constants
returned by CHEOPS were used as input for our randomised
version of PSEUROT,[13] with the uncertainties of the
coupling constants being gauged by monitoring the depend-
ence of the simulation procedure on alterations in the input
parameters. The coupling constants, molar fractions of S-type
sugar conformations and pseudorotation angles of the two �-
�-LNA:DNA duplexes are given in Tables 4 and 5.


Both duplexes display predominantly S-type sugar con-
formations, with populations of S-type conformations that
generally exceed 90%, except for the two 3�-terminal
nucleotides in the �-�-LNA strands. These nucleotides possess
a substantial population of N-type sugar conformation. As
shown by Tables 4 and 5, similar scenarios are observed in the
duplexes, in which the penultimate nucleotides, G8 or G9,


Table 2. A selection of chemical shifts (in ppm) for d(C�LTLGC�LTL�LTL-
C�LTLGC):d(GCAGAAGCAG). Values are given at 25�C relative to
DSS.[a]


H1� H2� H2�� H3� H6/H8 H5/H2/CH3 H1/H3


C1 6.30 2.25 2.84 4.84 7.71 5.92 ±
�LTL2 5.64 4.74 ± 4.74 7.27 1.73
G3 6.03 2.38 2.70 4.73 7.74 ± 12.61
C4 6.22 2.22 2.78 4.97 7.43 5.17 ±
�LTL5 5.58 5.29 ± 4.71 7.19 1.61 14.13
�LTL6 5.73 4.86 ± 4.83 7.40 1.60 13.88
C7 6.08 2.30 2.78 4.65 7.45 5.56 ±
�LTL8 5.49 4.94 ± 4.74 7.26 1.67 13.64
G9 6.01 2.29 2.60 4.51 7.60 ± 12.68
C10 6.21 2.14 2.22 4.48 7.53 5.40 ±
G11 6.02 2.69 2.81 4.86 8.02 ±
C12 6.01 2.37 2.67 4.90 7.58 5.49 ±
A13 6.12 2.67 2.87 5.02 8.13 6.99 ±
G14 5.65 2.47 2.69 4.96 7.43 ± 12.22
A15 6.12 2.69 2.95 5.03 8.04 7.13 ±
A16 5.94 2.52 2.68 4.97 7.75 7.14 ±
G17 5.89 2.46 2.66 4.92 7.52 ± 12.57
C18 5.74 2.06 2.43 4.84 7.32 5.24 ±
A19 5.99 2.62 2.77 4.99 8.14 7.38 ±
G20 6.12 2.44 2.29 4.62 7.70 ±


[a] The protons in the C2�,C4� linker have the following chemical shift
values: �LTL2 H6�/H6��: 4.30/4.41; �LTL5 H6�/H6��: 4.26/4.38; �LTL6 H6�/H6��:
4.13/4.20; �LTL8 H6�/H6��: 4.28/4.32.
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Figure 3. Comparison of the H1� ±H2�/H2�� regions of the experimental
(left) and the calculated (right) DQF-COSY spectra for duplex 1.


possess �60% N-type conformation, and the terminal
nucleotides, C9 or C10, �40% N-type conformation. We
note that the 5�-�LTLpGpC± 3� stretch is common to the two �-
�-LNA strands, however, a specific 5�-�LTLpG± 3� effect can be
excluded since G3 in both duplexes has sugar conformations
like most other nucleotides in the duplexes, that is above 90%
S-type. An explanation for the observed phenomenon is
currently unavailable but it may be attributed to increased
dynamical behaviour towards these ends of the duplexes.


Model structure : As suggested by the CD spectra and from
the investigation of the deoxyribose conformations in du-
plex 1, this duplex possesses an overall B-type structure. To


further evaluate the impact of �-�-LNA nucleotides on the
structure of a dsDNA duplex, a model structure of duplex 1
was generated starting from a canonical B-type dsDNA
duplex (see the Experimental Section). A total of 20 final
structures were calculated using the protocol described by
randomly varying the initial atomic velocities. The average
pairwise all-atomic RMSD for the 20 structures was 0.78 ä for


Table 3. A selection of chemical shifts (in ppm) for d(C�LTLGA�LTL-
A�LTLGC):d(GCATATCAG). Values are given at 25�C relative to DSS.[a]


H1� H2� H2�� H3� H6/H8 H5/H2/CH3 H1/H3


C1 6.29 2.22 2.81 4.84 7.71 5.93 ±
�LTL2 5.61 4.52 ± 4.72 7.23 1.73
G3 5.81 2.37 2.71 4.81 7.74 ± 12.35
A4 6.33 2.76 3.07 5.12 8.30 7.76 ±
�LTL5 5.40 4.64 ± 4.79 6.83 1.55 13.57
A6 6.24 2.56 2.98 4.82 8.03 7.19 ±
�LTL7 5.43 4.88 ± 4.78 6.84 1.44 13.45
G8 6.01 2.28 2.60 4.49 7.49 ± 12.56
C9 6.24 2.15 2.22 4.47 7.52 5.36 ±
G10 6.03 2.71 2.82 4.86 8.01 ±
C11 6.07 2.47 2.65 4.90 7.59 5.50 ±
A12 6.25 2.59 2.89 4.90 8.11 7.28 ±
T13 5.96 2.32 2.65 4.90 7.30 1.23 12.84
A14 6.19 2.52 2.83 4.92 8.12 6.95 ±
T15 5.98 2.06 2.47 4.84 7.22 1.11 13.29
C16 5.70 2.11 2.43 4.86 7.53 5.66 ±
A17 5.95 2.65 2.76 5.00 8.18 7.37 ±
G18 6.11 2.43 2.29 4.62 7.71 ±


[a] The protons in the C2�,C4� linker have the following chemical shift
values: �LTL2 H6�/H6��: 4.29/4.40; �LTL5 H6�/H6��: 4.32/4.32; �LTL7 H6�/H6��:
4.25/4.25.


Table 4. Coupling constants for the sugar protons in the d(C�LTLGC�LTL�LTL-
C�LTLGC):d(GCAGAAGCAG) duplex and the sugar conformations derived.[a]


J1�,2� [Hz] J1�,2�� [Hz] J2�,3� [Hz] J2��,3� [Hz] %S[c] PN [�][d] PS [�][e]


C1 9.6 5.3 3.5 � 0.3 97 (8) 173 (15)
�LTL2[b]


G3 7.4 5.2 3.7 0.0 91 (13) 186 (20)
C4 8.1 3.7 4.8 0.0 91 (12) 164 (21)
�LTL5[b]
�LTL6[b]


C7 6.9 5.3 4.7 0.0 82 (16) 176 (25)
�LTL8[b]


G9 3.9 7.0 5.3 6.1 41 (7) � 3 (17) 191 (25)
C10 5.9 7.0 5.9 2.9 64 (13) 18 (50) 173 (42)
G11 8.6 5.4 2.3 0.0 96 (9) 183 (15)
C12 8.1 5.6 4.4 0.1 92 (12) 182 (19)
A13 8.0 6.0 4.3 1.1 87 (12) 179 (25)
G14 9.0 5.2 4.8 0.0 92 (11) 166 (19)
A15 8.8 5.6 4.6 0.5 90 (11) 170 (21)
A16 7.8 5.4 4.8 0.0 86 (15) 172 (26)
G17 8.3 5.5 4.4 0.1 93 (12) 182 (17)
C18 8.4 6.0 3.6 0.1 97 (8) 190 (10)
A19 8.5 5.5 4.2 0.5 91 (10) 180 (15)
G20 8.1 6.1 4.6 0.0 92 (12) 178 (28)


[a] The coupling constants were derived from the H1� ±H2� and H1� ±H2�� cross
peaks in the selective DQF-COSY spectrum using CHEOPS. The J2�,2�� coupling
constants returned were between �14.0 and �15.8 Hz, values typical for
deoxyribose. The sugar conformations were calculated using a randomised version
of the PSEUROT program. In PSEUROT calculations, the puckering amplitudes
were fixed at 38�. The standard deviations are given in brackets. [b] The �-�-LNA
nucleotides were not included in the CHEOPS calculations due to the locked
conformation. [c] Percent S-type sugar conformation calculated using PSEUROT.
[d] Pseudorotation angle calculated for the N-type sugar conformation. If the mol
fraction of theN-type conformer was calculated to be below 20%, the P value was
not considered to be determined with sufficient accuracy. [e] Pseudorotation angle
calculated for the S-type sugar conformation.


Table 5. Coupling constants for the sugar protons in the d(C�LTLGA�LTL-
A�LTLGC):d(GCATATCAG) duplex and the derived sugar conformations.[a]


J1�,2� [Hz] J1�2�� [Hz] J2�3� [Hz] J2��,3� [Hz] %S[c] PN [�][d] PS[�][e]


C1 9.0 5.4 3.9 0.7 92 (10) 175 (15)
�LTL2[b]


G3 9.1 5.6 1.8 0.0 97 (7) 182 (11)
A4 10.1 4.9 4.9 � 0.4 97 (7) 154 (14)
�LTL5[b]


A6 7.8 5.3 3.5 � 0.1 90 (12) 184 (17)
�LTL7[b]


G8 4.0 7.0 5.9 6.3 38 (7) � 1 (24) 179 (35)
C9 5.9 6.8 6.1 3.2 61 (9) 4 (43) 168 (39)
G10 7.8 5.5 2.1 � 0.1 95 (9) 189 (12)
C11 8.4 5.2 4.1 0.0 90 (12) 172 (22)
A12 5.9 6.2 4.0 � 0.2 88 (14) 192 (31)
T13 8.0 5.5 4.0 0.1 90 (12) 181 (19)
A14 7.2 6.2 4.6 � 0.1 90 (14) 187 (27)
T15 8.2 6.2 3.3 0.1 97 (7) 192 (11)
C16 8.3 6.0 3.7 0.2 94 (10) 185 (18)
A17 8.7 5.8 5.0 � 0.1 93 (12) 173 (25)
G18 8.6 5.9 4.7 0.1 92 (12) 179 (22)


[a] ± [e] See Table 4.
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all non-terminal base pairs. The
largest violation observed was
0.36 ä; only 7 or 8 violations in
excess of 0.2 ä were observed.
The model structure was validat-
ed by calculating 20 structures
from A-type starting geometry.
Of these structures, 15 converged
to one family of structures, while
the five outliers displayed high
force field and constraint ener-
gies. The RMSD for non-terminal
base pairs for the 35 structures (20
from B-type starting geometry
and 15 from A-type) was 1.07 ä,
which shows that identical struc-
tures were obtained from either
type of starting geometry. A su-
perposition of the 20 structures
calculated from B-type starting
geometry is presented in Figure 4.


At a first glance, the model of
duplex 1 has the overall appear-
ance of a B-type duplex, for
example the minor groove is narrow and rather deep and
the base pairs pierce the long axis of the helix. The 2�-O,4�-C-
methylene linkers of the �-�-LNA nucleotides are positioned
at the brim of the major groove. Therefore, the modifications
pose no steric hindrance in the duplex formation with
complementary nucleic acids. In Figure 5, a view of the
central four base pairs seen from the major groove is
presented showing the positions of the modifications.


A more thorough characterisation and discussion of the
model structure is given below, in which the anomalies that
were introduced in the B-DNA framework by the �-�-LNA
nucleotides are emphasized.


Helix parameters : The global helix axis and helical parameters
were calculated with the program CURVES5.2.[24, 25] The
global helix axis is fairly straight with a slight bend at the
C4:G17 base pair. Thus, the overall geometry of the �-�-LNA:
DNA duplex is regular and no global incoherence is
introduced by the modified nucleotides.


A selection of helical parameters for the model structure is
shown in Figure 6. X displacement, Y displacement, inclina-


tion, and tip are the helix parameters with which the global
helix axis is determined. These parameters then allow a direct
comparison between different duplex forms and the model
structure determined. We observe that the values for X
displacement and inclination are near the values expected for
a B-type duplex. Y displacement and tip do not discriminate
between A- and B-form duplexes and merely serve as to
describe the regularity of the duplex; although there are some
changes along the duplex (up to �0.4 ä for Y displacement
and up to �7� for tip), these values indicate that the duplex is
fairly regular.


The value of rise is significantly different in A- and B-type
DNA, with values of 2.6 and 3.4 ä, respectively. Rise in the
model structure is generally close to the value for B-type
DNA with an average of 3.5 ä. Some variations occur along
the duplex: The T5pT6:A15pA16 base pair step has a value as
low as 2.8 ä because T6 unstacks from C7 hence creating an
interruption in the stacking arrangement in the �-�-LNA
strand. Twist is rather poorly determined in NMR-derived
structures, and the variations along the duplex cannot be
attributed to the modified �-�-LNA nucleotides.


Figure 4. Stereoview of a superposition of the 20 structures calculated for duplex 1. For clarity, hydrogens are
not shown.


Figure 5. A view into the major groove of duplex 1 showing the central four base pairs. The colouring scheme used is: sugar-phosphate backbone: blue;
nucleobases: green; the �-�-LNA 2�-O,4�-C-methylene bridge: red.
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Backbone geometry : Due to the intrinsic paucity of NOE
restraints in the DNA sugar-phosphate backbone, the back-
bone geometry of the duplex is less precisely determined than
the geometry of the nucleobases in the model structure.
Rather, the backbone geometry is determined by the force
field employed and by the constraints imposed by the
placement of the nucleobases, for stacking and base pairing,
and the sugars. However, due to the unusual geometry of the
�-�-LNA nucleotides, we think that a general discussion of the
salient features of the backbone geometry is of interest.


The backbone angles in the unmodified DNA strand do not
differ significantly from normal B-type DNA values, but
significant changes are observed in the modified �-�-LNA
strand as a consequence of the rearrangement of malleable
DNA backbone in order to accommodate the modified
nucleotides. The backbone angles of the �-�-LNA strand in
the model structure is given in Table 6. The �-�-LNA
nucleotides adopt two diverse backbone conformations, in
which nucleotides 2 and 5, and 6 and 8, respectively, are paired


together. Common to both conformations is that the change in
the � angle brought about by the �-configuration of �-�-LNA
is counteracted by changes in the �- and �-angles. The
backbone conformation that is adopted by nucleotides 2 and 5
is identical to the conformation that we found in the �-�-LNA
nucleotides in an MD simulation of a partly modified �-�-
LNA:RNA hybrid.[26]


The glycosidic angles, �, are found in anti conformations for
all nucleotides as expected from the NOESY spectra. How-
ever, the values differ between deoxyriboses and �-�-LNA
nucleotides, the deoxyriboses having an average value of � �
120� and the �-�-LNAs an average of � � 160�. In our
previous MD simulation of an �-�-LNA:RNA hybrid, we also
found glycosidic angles of � � 160� for the �-�-LNA nucleo-
tides. Therefore this glycosidic angle appear to be suitable for
presenting the �-�-LNA nucleobases for Watson ±Crick base
pairing and base stacking.


Sugar conformations : The sugar conformations of the deoxy-
riboses in the model structure are found in the S-type range
(�120� � P � �160�) with the exception of G9 and C10, the
two 3�-terminal nucleotides in the �-�-LNA strand, which
adopt somewhat more northern conformations with pseudor-
otation angles of 63 and 55�, respectively. The sugar con-
formations of the model structure are in agreement with the
results obtained by analysis of the sugar coupling constants
(see above), although some of the pseudorotation values that
were measured in the model structure are slightly lower than
those determined by coupling constant analysis. This is likely
related to the lack of inclusion of dynamics in the NOE
derived model structures. The pseudorotation angles of the


Figure 6. A few of the helicoidal parameters calculated for duplex 1. The parameters were calculated using CURVES5.2 and are compared to values of
canonical A-type duplex (- - - -) and B-type duplex (–±) parameters.


Table 6. Backbone angles in the �-�-LNA strand in the model structure of
duplex 1.


�-�-LNA Nucleotides
deoxyriboses T2 and T5 T6 and T8


� g� g� t
� t t t
� g� t t
� g� [a] g� g�
� t t g�
� g� g� g�
[a] Approximately 110�.
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four �-�-LNA sugars are all near P� 14� (the �-configuration
taken into account) and this is consistent with our previous
findings.[26]


Discussion


The two �-�-LNA modified duplexes both exhibit NMR
spectral features typical of right-handed DNA helices that
possess overall B-like geometries with their nucleobases in
anti conformations and that form normal Watson ±Crick base
pairs. The B-like appearances of the two duplexes studied are
corroborated by the CD spectra displayed in Figure 1.


Comparison of the chemical shift values of the two �-�-
LNA modified duplexes with the corresponding values of the
unmodified duplexes[14, 15] shows that the most conspicuous
differences are the large upfield shifts of the H2 protons of the
adenine bases paired with �-�-LNA nucleotides. For duplex 1,
the largest changes are observed for H2 of A13, A16, and A19
with upfield shifts of 0.64, 0.34, and 0.43 ppm, respectively. For
duplex 2, the upfield shifts for A12, A14, and A17 are 0.38,
0.24, and 0.37 ppm, respectively. A similar trend was observed
for the adenines that are base-paired to LNA nucleotides in
the corresponding LNA modified duplexes, that is the
duplexes of identical base that incorporate LNA nucleotides
rather than �-�-LNA nucleotides. As the H2 proton of
adenine is sited in the centre of the duplex, change in the
chemical shift of this proton is an indicator of change in the
base-stacking. Indeed, in our model structure of duplex 1, the
H2 protons of A13, A16, and A19 are located above the
aromatic planes of purines. In a standard B-type model, these
protons would be located on the edge of the aromatic ring
system of the purine. A displacement like the one described
for the model structure would result in upfield shifts due to
the increased ring current effect from neighbouring aromatic
rings.


Our analyses of the deoxyribose conformations in both of
the �-�-LNA:DNA duplexes show that with the exception of
the two 3�-terminal nucleotides in the �-�-LNA strands, all
deoxyriboses adopt almost pure S-type sugar puckers. This is
consistent with the gross B-like duplex appearances as
indicated by the NOESY and CD spectra. Thus, the incorpo-
ration of the �-�-LNA nucleotides appears to leave the
unmodified part of the duplexes unperturbed.


The model structure of duplex 1 possesses the general
appearance of a B-type duplex as indicated by base planes
almost perpendicular to the helix axis, by a number of the
helical parameters, and by sugar conformations in the S-range
of the pseudorotation cycle. In addition, we find an average
minor groove width of 5.7 ä which is typical of a B-type
duplex. Thus, the inclusion of four �-�-LNA nucleotides does
not perturb the global structure of the duplex. The 2�-O,4�-C
methylene bridges of the �-�-LNA nucleotides are positioned
at the brim of the major groove, and fit snugly between their
own nucleobases and the 3�-flanking ones, with distances from
the 2�-oxygen contacts to these nucleobases that vary between
2.8 and 3.5 ä.


Although the global B-like duplex structure is retained
upon introduction of the modified nucleotides, the local


structure of the sugar-phosphate backbone is severely pertur-
bed by the �-configured nucleotides and rearranges in their
vicinity as shown by Table 6. In our model structure, the four
modified nucleotides adopt two diverse backbone conforma-
tions with different � and � angles. Due to the chemical
structure of the DNA backbone, it is notoriously difficult to
obtain experimental information on the � angle. The 3JH3�P


coupling constant yields information on the �-angle confor-
mation. However, in the case of �-�-LNA, both �� t and ��
g� would yield rather similar 3JH3�,P coupling constants (3JH3�,P


�2.5 ± 6 Hz) and would therefore be of limited value. In
native nucleic acids, the �� g� conformation is strongly
unfavourable due to bad van der Waals contacts between the
phosphate group and the sugar ring. This is not the case for
�-�-LNA modified nucleic acids, where it is the �� g�
conformation that is prohibited for steric reasons. It is likely
that the �-�-LNA backbone retains the high plasticity of the
native DNA backbone, where multiple backbone conforma-
tions are energetically allowed. To delineate the intrinsic
energetics of different rotamers in the �-�-LNA backbone,
further experimental and theoretical studies are needed.


In the model structure, there is a discontinuity in the duplex
framework at the �LTL6pC7:G14pA15 base pairs steps. This
interruption is clearly visible in the structure as T6 unstacks
from C7, and therefore, T6 stacks with T5 and C7 stacks with
T8, and is also evident in a number of the helical parameters.
In our high resolution structure of the LNAversion of duplex
1, no such discontinuity was observed in the corresponding
base pairs.[14] As such, this anomaly may be an intrinsic
property of the preceding �-�-LNA dinucleotide step,
although further investigations are required to confirm this.
In the base paired DNA strand, the nucleobases stack
continuously through the helix, although a kink in the
backbone is observed at nucleotide A15.


We have previously performed structural studies of a
number of LNA:DNA and LNA:RNA duplexes and have
found that LNA nucleotides perturb flanking sugars, partic-
ularly the 3�-flanking sugars, towards N-type sugar puckers
with respect to the unmodified duplexes.[10, 12±16] However, this
study and the study of an �-�-LNA:RNA hybrid[26] indicate
that the inclusion of �-�-LNA nucleotides does not produce
similar conformational steering. Moreover, it can be gauged
from the CD spectrum of Figure 1 that the LNA:DNAversion
of duplex 1 possesses more A-type characteristics than the �-
�-LNA:DNA duplex of identical base sequence.


In general, modified nucleic acids that increase helical
thermostability are RNA mimics, for example 2�-O-alkyl
modified RNA,[27] phosphoramidates,[28] and LNA, and hence
promote an A-like geometry of the nucleic acid duplex. �-�-
LNA, with its unnatural stereochemistry, is a highly unusual
nucleic acid analogue, yet �-�-LNA is able to elicit a
substantial increase in helical stability when incorporated in
native nucleic acid duplexes. How the structural disposition of
�-�-LNA translates into an elevated helical thermostability is
an intriguing structure ± activity problem. Unfortunately, a
static structure like our model structure offers no indication of
thermodynamic parameters. In addition, a rigorous analysis
would require consideration of the single stranded species as
well as the duplex. However, the locked nature of the
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�-�-LNA nucleotides removes some degrees of freedom in
the single stranded �-�-LNA, thus decreasing the entropic
gain upon denaturation of an �-�-LNA:DNA duplex relative
to a dsDNA duplex. So the introduction of �-�-LNA
nucleotides into a dsDNA duplex should entail an entropic
gain. The addition of the 2�-oxygens from the �-�-LNAs into
the major groove may provide an anchoring point for
enhanced solvation of �-�-LNA modified nucleic acids,
though such effects are intrinsically difficult to study. From
the chemical shifts of the adenine H2 protons, it is evident that
the nucleobase stacking is altered in the �-�-LNA modified
duplexes with respect to the native dsDNA duplexes, so
enhanced stacking interactions may also play a part in the
enhanced stability of the modified duplexes.


Conclusion


We have studied two �-�-LNA:DNA duplexes, a nonamer
that incorporates three modified nucleotides and a decamer
that incorporates four modified nucleotides. Through analyses
of the sugar conformations from NMR coupling constants and
CD spectroscopy, we have shown that both duplexes adopt
general B-like geometries. In addition, we have determined a
model structure of the decamer duplex. This structure allows a
more detailed picture of the influence exerted by the �-�-
LNA nucleotides on the local duplex geometry.


Due to its unnatural stereochemistry, it is futile to compare
�-�-LNAwith other nucleic acid analogues at the monomeric
level or to label the monomer as an ™N- or S-type mimic∫.
However, this study and our previous study of �-�-LNA:RNA
hybrids[26] show that when incorporated into duplexes,
�-�-LNA acts as a B-type mimic. While the modified
DNA duplexes retain their native overall B-type structure,
local rearrangements of the sugar-phosphate backbone are
shown to be necessary to accommodate the modified nucleo-
tides.


�-�-LNA and LNA are tailored from like bicyclo[2.2.1]-
heptane skeletons, and both analogues yield substantial
increases in helical thermostability, yet while LNA acts as
an A-type mimic, �-�-LNA acts as a B-type mimic.


Experimental Section


Sample preparation : The d(C�LTLGC�LTL�LTLC�LTLGC) and d(C�LTL-
GA�LTLA�LTLGC) �-�-LNA oligonucleotides were synthesised as de-
scribed elsewhere.[17, 18] The unmodified complementary oligonucleotides
were purchased from DNATechnology, ärhus, Denmark. All oligonucleo-
tides were purified by site-exclusion chromatography on a Sephadex G15
column. The two duplexes were obtained by dissolving equimolar amounts
of the complementary strands in 10m� sodium phosphate buffer (pH 7.0),
0.05m� NaEDTA, 0.01m� NaN3, and 0.1m� sodium 3-(trimethylsilyl)-1-
propanesulfonate (DSS) to a volume of 0.5 mL. The mixtures were heated
to 80�C and slowly cooled to achieve hybridisation. The numbering
schemes used for the duplexes are shown in Scheme 2.


For experiments carried out in D2O, the solid duplexes were lyophilized
three times from D2O and redissolved in 99.96% D2O (Cambridge Isotope
Laboratories). Amixture of 90%H2O and 10%D2O (0.5 mL) was used for
experiments examining exchangeable protons. The final concentration of
the duplexes were 2m�.


NMR experiments : NMR experiments were performed on a Varian
UNITY 500 spectrometer at 25�C. NOESY spectra of the two duplexes
were acquired in D2O using 1024 complex points in t2 and spectral widths of
5000 Hz. A total of 512 t1 experiments, each with 64 scans and a dwell time
of 3.955 s between scans, were recorded using the States phase cycling
scheme. The residual signal from HOD was removed by low-power
presaturation. For duplex 1, NOESY spectra with mixing times of 200 and
100 ms were acquired, and for the duplex 2, NOESY spectra with mixing
times of 200 and 50 ms were obtained. NOESY spectra in H2O were
acquired using the WATERGATE NOESY pulse sequence for both
duplexes with spectral widths of 12000 Hz using 2048 complex points in t2 ,
64 scans and a dwell time of 2.171 s between scans. TOCSY spectra with
mixing times of 90 ms were obtained in the TPPI mode. In addition,
selective DQF-COSY spectra were acquired using a pulse sequence where
the first pulse was replaced with an E-BURP type selective pulse[29] in order
to enhance the digital resolution in F1. These spectra were acquired with
spectral widths of 5000 Hz in F2 and 1200 Hz in F1, respectively, and a total
of 500 t1 experiments, each with 64 scans, with 2048 complex points in t2 .


The acquired data were processed using FELIX (version 97.2, MSI, San
Diego, CA). All spectra were apodized by skewed sinebell squared
functions in F1 and F2 .


The H1� ±H2� and H2�� regions of the DQF-COSY spectra were used as
input to CHEOPS[30] to obtain J coupling constants for the H1�, H2�, H2��,
and H3� deoxyribose ring protons. The deoxyribose conformations were
derived by use of PSEUROT[31] assuming a fast two-state equilibrium
between two conformations (N- and S-type) as previously described.[13]


Model of duplex 1: The upper and lower diagonal parts of the 100 ms
NOESY spectrum were integrated separately with FELIX and yielded two
peak intensity sets. These sets were used to calculate interproton distance
bounds by using the RANDMARDI procedure[32] of the complete
relaxation matrix analysis method MARDIGRAS.[33] A total of 165 upper
diagonal and 190 lower diagonal NOE cross peak intensities from the
NOESY spectrum with a mixing time of 100 ms were included in the
RANDMARDI calculations. RANDMARDI returned 178 interproton
distances not determined by the covalent geometry. Prior to inclusion in the
structure determination, an additional 0.2 ä was added to upper bounds
and 0.1 ä was subtracted from lower bounds. The distribution of the
interproton distances is shown in Figure 7. Normal Watson ±Crick base
pairing was inferred from the NOESY spectrum acquired in H2O and
consequently 26 hydrogen bond distance restraints were included with
lower and upper bond length bounds of 1.74 ä and 2.10 ä, respectively. An
additional 28 distance restraints with loose bonds were obtained from the
NOESY spectrum in H2O. These distance restraints were derived using the
isolated spin-pair approximation (ISPA) with cytosine H5 ±H6 cross peaks
as reference peaks. Due to the inherent error in ISPA and the possibility of
exchange of labile protons, wide bounds (ISPA distance �1 ä) were set for
these restraints. After evaluation of the structures from preliminary
restrained molecular dynamics (rMD) calculations, a repulsive restraint
between G20 ±H4� and C4 ±H4�was included in the calculations in order to
avoid the collapse of this end of the duplex. The inclusion of this restraint is
justified as no NOE cross peak is observed between this proton pair. This
repulsive restraint had a lower limit of 4.50 ä. In addition, 55 backbone
torsion angle restraints were included for the unmodified nucleotides:
� 90����� 30�, � 210�� ��� 150�, 30�� �� 90�, 150�� �� 210�, and
� 150�� ��� 90�. These values encompass both A- and B-type duplex
structures. Four base planarity restraints were included for each of the three
terminal base pairs; C1:G20, G9:C12, and C10:G11. For each sugar with
almost exclusive S-type conformation, which was every sugars except those
of the terminal nucleotides G9 and C10 and those of the modified
nucleotides T2, T5, T6, and T8, two dihedral angles were included to
restrain the deoxyribose: 145�� �	H1�,H2�� 165� and 45�� �	H2�,H3�� 25�.


Figure 7. The distribution of NOE restraints obtained from RANDMAR-
DI calculations. The numbers of intra-nucleotide, sequential, and cross-
strand restraints are indicated.
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The starting structure for the model refinement was a standard B-form
dsDNA duplex built with the nucgen and nukit modules of AMBER5.[34]


The �-�-LNA nucleotides were added to the B-form duplex using the xleap
module and atomic charges for the modified nucleotides were calculated
using the RESP procedure as described by Bayly et al.[35] A table with
atomic charges for �-�-LNA is included as Supporting Information.
Initially, the starting structure was restrained energy minimised before
being subjected to 28 ps of molecular dynamics in time-steps of 1 fs: 4 ps at
400 K and then cooled to 300 K over 24 ps. Finally, the structure was
restrained energy minimised. A distance dependent dielectric constant, ��
4r, was used and the non-bonded cutoff length was 16 ä. Force constant
values of 40 kcalmol�1 ä�2 were used for distance restraints,
10 kcalmol�1 rad�2 for backbone angle restraints, 20 kcalmol�1 rad�2 for
the base pair planarity restraints and the dihedral restraints, which were
derived from analysis of sugar coupling constants. Finally, the 26 hydrogen-
bond restraints were included with force constant values of
40 kcalmol�1ä�2. Due to the paucity of experimental distance restraints
in the C1:G20 base pair, this base pair was held fixed during the simulated
annealing calculations using the belly option of AMBER. This measure
ensured suitable convergence of the calculated structural ensemble. During
the restrained energy minimisations, the C1:G20 base pair was allowed to
move.


Thermal stability studies : The thermal stabilities of duplexes 1 and 2 and
the corresponding unmodified dsDNA duplexes were determined spec-
trophotometrically with a spectrophotometer equipped with a thermo-
regulated Peltier element. Hybridisation mixtures were prepared by
dissolving equimolar amounts (2.5 ± 3.5��) of the oligonucleotides in
10m� sodium phosphate buffer at pH 7.0, 100m� NaCl, and 0.05m�
EDTA. The absorbance at 260 nm was monitored while the temperature
was raised linearly from 10 to 80 �C (1 �Cmin�1). The melting temperatures,
Tm, were obtained as the maxima of the first derivatives of the melting
curves.


CD spectra : CD spectra of the �-�-LNA:DNA duplexes from 195 to
360 nm were measured on a Jasco710/720 spectropolarimeter at 25 �C.
Solutions were prepared by dissolving equimolar (40 ± 80��) amounts of
the oligonucleotides in 10m� sodium phosphate buffer at pH 7.0, and
0.05m� EDTA. The spectrum of the buffer solution was subtracted from
each spectrum. The molar CD, ��, of the duplexes was calculated from
Equation (1),[36, 37] where 
obs is the measured ellipticity in degrees, L is the
path length in cm and c is the concentration of the duplexes.


��� 
obs/(32.98�Lc)


Absorbance spectra of the solutions were measured on a Lambda17
spectrophotometer. Concentrations of the duplexes were determined from
their absorbance at 260 nm using an extinction coefficient of ��
168640��1 cm�1 for the decamer duplexes and �� 157600��1 cm�1 for
the nonamer duplexes.


Protein data bank accession codes : Coordinates and restraints employed in
calculations have been deposited in the Protein Data Bank (accession
code: 1GV6).
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Anion Exchange in the Channels of a Robust Alkaline Earth Sulfonate
Coordination Network


Sean A. Dalrymple and George K. H. Shimizu*[a]


Abstract: The barium sulfonate net-
work presented herein, {[Ba2(L)-
(H2O)5]Cl}� (1), represents the first
metal sulfonate compound to possess a
cationic framework. The network is
layered with channels between pillaring
ligands in which chloride ions reside.
Compound 1 contracts slightly upon
dehydration but retains its overall struc-
tural motif to 420 �C. Significantly, the
chloride ions of the structure can be


exchanged in 80% yield for fluoride ions
in a facile manner. This exchange is
quantified by elemental analyses, gravi-
metric determination, and 19F NMR
spectroscopy. Confirmation of retention


of structure is provided by standardized
powder X-ray diffraction experiments.
This last point is notable as the F�


analogue of the structure is not attain-
able by a direct synthesis. These results
illustrate one of the hallmark features of
supramolecular chemistry, that a robust
and functional framework can result
through cooperative interactions be-
tween more weakly interacting units.


Keywords: alkaline earth ¥ coordi-
nation framework ¥ ion exchange ¥
sulfonate ligands ¥ supramolecular
chemistry


Introduction


The sulfonate group, RSO3
�, bears a strong structural analogy


to the phosphonate group, RPO3
2�. Metal phosphonates


represent a broadly studied class of solids.[1] This owes to
the fact that the PO3 moiety of the phosphonate group bridges
multiple metal centers to form highly regular and rigid
inorganic layers. These layers serve to anchor and orient an
extremely broad range of organic groups and generate solids
with a diverse range of applications.[2] In contrast, despite the
structural analogy, sulfonates as building blocks for functional
extended networks have only been examined to a small
extent.[3, 4] Undoubtedly, this fact stems from the notion that
sulfonates are considered poor ligands as often evidenced by
their inability to displace solvent molecules from the coordi-
nation spheres of many metal ions.[3] Exceptions to this
previous statement are silver sulfonates,[4] which typically
form very stable two-dimensional structures although, even
within this family, the mode of coordination of the SO3 group
can vary.[5]


Relying upon one of the fundamental premises of supra-
molecular chemistry,[6] that cooperativity between weak
interactions can provide enhanced bonding effects, our


contention has been that the use of the sulfonate group in
the generation of extended structures will not compromise
stability, but rather enhance structural diversity.[7] To this end,
we have recently reported two examples of barium sulfonate
structures which illustrate this diversity. The first incorporated
a ™bent∫ pillar, 4,5-dihydroxybenzene-1,3-disulfonate, and
selectively sorbed H2S in its interlayer.[8] We have also
reported the structure of [Ba(2-pyridylethanesulfonate)2 ¥
EtOAc]� , a one-dimensional structure which represented
the first non-layered metal sulfonate complex.[9] Herein, we
report the single-crystal and powder X-ray diffraction
(PXRD) analysis of a Ba2� complex of a pseudo-trigonally
symmetrical, trisulfonated ligand. The resulting structure is a
pillared two-dimensional framework with channels filled with
chloride anions. This compound represents the first charac-
terized sulfonate network in which the framework itself is
cationic. Significantly, the framework possesses anti-zeolitic
qualities in that the chloride ions readily undergo facile
exchange for fluoride ions. This phenomenon is studied by
NMR spectroscopy, elemental analyses, and gravimetric
analysis, while the network maintains its structural integrity,
as shown by powder X-ray diffraction.


Results and Discussion


Choice of ligand and synthesis of compounds : The ligand
designed for this study, the trianion of 1,3,5-tris(sulfomethyl)-
benzene (L), possesses pseudo-trigonal symmetry. With
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simple monosulfonate groups, the orientation of sulfonate
groups in a layered metal sulfonate, or for that matter,
phosphonate groups in a layered metal phosphonate, allows
for very efficient packing of the organic moieties in the
interlayer and thus no void space. The mesitylene core was
chosen with the expectation that, while the ligand may still
form a two-dimensional solid, the organic groups would not
pack efficiently in the interlayer region. The spherical shape
of the sulfonate group enables the coordinating ability of L to
extend into the third dimension (cf. a pyridine group or a
carboxylic acid). Lower dimensional architectures are less
robust, therefore, this added dimensionality is quite benefi-
cial. This observation has been recently articulated for
phosphonates by Sharma and Clearfield.[10]


The sodium salt of L was synthesized in two steps by the
Wohl ± Ziegler bromination of mesitylene followed by a
Strecker-type sulfonation reaction with sodium sulfite.[11]


Complexation of Na3L in aqueous solution with 1.5 equiva-
lents of BaCl2 resulted in the immediate precipitation of a
microcrystalline white solid. The low solubility of this com-
plex made the growth of single crystals quite challenging and,
ultimately, hydrothermal conditions were employed. The
precipitate was transferred to a Teflon-lined autoclave with
a small amount of water and kept at 110 �C for eight days. A
healthy crop of block-like crystals of {[Ba2(L)(H2O)5]Cl}� (1),
suitable for a single-crystal analysis were obtained and
separated from the residual powder and solution. The
structure of this material is identical to the original precipitate
formed at ambient conditions, and the powder in the hydro-
thermal preparation, as confirmed by PXRD and elemental
analysis. Allowing the hydrothermal preparation to proceed
for a shorter duration simply results in a greater ratio of
microcrystalline powder to single crystals. It is somewhat
unexpected that this material, particularly the solid generated
at ambient conditions, would incorporate both L and chloride
anions given the high insolubility of other barium organo-
sulfonate networks.[8, 9] The observation of mixed anions is
also rare in phosphonate chemistry. We are aware of only a
few examples where this is the case and these actually
incorporate cationic viologen pillars.[2d, 12]


Structure of {[Ba2(L)(H2O)5]Cl}� (1): The structure of 1 can
be described as ruffled layers of SO3-bridged Ba2� ions
™pillared∫ by the mesitylene core of L to generate channels
occupied by chloride ions, as shown in Figure 1. The layers
project perpendicular to the image. The interlayer distance is
10.695(2) ä corresponding to half the length of the b axis. Two
sulfonate groups on one molecule of L interact with one layer
while the remaining sulfonate group bridges to the adjacent
layer. The next molecule of L, going along the c axis, is flipped
with only one sulfonate group interacting with the first layer.
The resulting network is cationic and channels, occupied by
charge compensating chloride ions, align throughout the
structure. The approximate dimensions of the channels are
9.09(1)� 7.91(1) ä as defined by the transannular Ba�Ba and
H6�H6 centroid distances, respectively. These values convert
to 5.09� 6.71 ä when van der Waals radii are considered. The
water oxygen atoms to Cl distances (O6�Cl� 3.259(2) ä,
O7�Cl� 3.416(2) ä) indicate the hydrogen atoms of the


Figure 1. Structure of 1, down the a axis showing the pillaring of layers by
L. Ba atoms: large. Note the channels and the Cl� ions occupying them.


water molecules are likely to be hydrogen bonded, although
these H atoms were not located in the crystal structure. The
asymmetric unit for 1 consists of one Ba2� ion, half a molecule
of L, 2.5 water molecules, all of which are coordinating to
barium, and half a chloride ion. The Ba2� center is nine-
coordinate with an irregular geometry. Its coordination
sphere is comprised of five sulfonate oxygen atoms, from five
different sulfonate groups, and four water molecules. There is
a mirror plane through the ligand which bisects the central
benzene ring perpendicularly along a line to S2. The ligand
exists in a cis ± cis ± trans conformation with respect to the
orientation of the methylsulfonate groups and the central
ring, meaning two sulfonate groups lie to one side of the
benzene ring, while the third is on the opposite side. This
conformation, along with the complete ligation of L, are
shown in the ORTEP representation in Figure 2. Overall, L
bridges ten Ba2� centers. The two symmetry-related sulfonate
groups, centered on S1, each bridge three barium ions, each


Figure 2. ORTEP representation of {[Ba2(L)(H2O)5]Cl}� (1). A complete
molecule of L is represented, coordinating to ten symmetry equivalent Ba2�


centers, to illustrate the coordination modes of the various sulfonate groups
and water molecules (O6�O8) as well as the cis ± cis ± trans conformation of
L. Ellipsoids of 50% probability are depicted.
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oxygen atom forming a single bond to a different Ba2� center
(Ba�O1� 2.762(2) ä, Ba�O2� 2.857(2) ä, Ba�O3�
2.843(2) ä). The sulfonate group centered on S2 bridges four
Ba2� ions. Each O5 forms a single bond to one barium ion
(Ba�O5� 2.768(2) ä), while O4 bridges two Ba2� centers
(Ba�O4� 2.844(2) ä). There are three types of water mole-
cules in the structure which all coordinate to Ba2� ions. One
type of water molecule is half-occupied and sits on a center of
symmetry. Its oxygen atom, O6, forms a single bond to the
Ba2� center (Ba�O6� 2.770(2) ä). The remaining two types
of water molecules, both fully occupied, each bridge two Ba2�


centers (Ba�O7� 2.905(2) ä, Ba�O7a� 2.934(2) ä,
Ba�O8� 2.905(2) ä). This results in the observed ratio of
five water molecules per molecule of L.


Thermal analyses : Compound 1 is quite a robust network.
DSC/TGA shows the loss of water molecules in two steps. A
mass loss was observed from 50 �C to 120 �C corresponding to
the loss of three water molecules (7.13% calcd, 7.07% obsd).
Heating beyond 120 �C, a more gradual mass loss occurs to
225 �C corresponding to the loss of two more water molecules
(4.75% calcd, 4.64% obsd). The sample is then stable until
decomposition at 420 �C. A PXRD run at 150 �C and 250 �C
showed that both these dehydrated samples contract slightly
upon dehydration, as shown in Figure 3. The splitting of the


Figure 3. PXRD of 1 at 25 �C (bottom), 150 �C (middle), and 250 �C (top),
showing a slight structural contraction with dehydration, but that the
framework still remains intact. DSC shows no other changes to 420 �C.


signal at 2�� 12.5� is due to the fact that the VT-PXRD is run
under vacuum and desolvation is already beginning during the
run even at ambient temperature. From room temperature to
250 �C, the interlayer spacing shifts to 10.278 ä, correspond-
ing to a 3.9% contraction. Undoubtedly there will be some
slight shifting of the sulfonate moieties to maximize inter-
actions with each Ba2� center, however, the overall structural
motif observed in compound 1 persists. DSC data then
indicate that the network is stable until decomposition at
�420 �C.


Ion-exchange studies : A very significant feature of the
framework of 1 is that the chloride ions can be readily
exchanged for fluoride ions while maintaining structural
integrity. In the presence of only one equivalent of fluoride
ion, a 75 ± 85% exchange of the chloride ions is observed. This
was confirmed by gravimetric analysis, PXRD, 19F NMR


spectroscopy, and C, H, Cl, and F elemental analyses. A
sample of 1 was suspended in MeCN, a solvent in which the
framework is completely insoluble, and the exchange per-
formed with one equivalent of (Bu)4NF. The solution from the
exchange experiment was analyzed for chloride ions gravi-
metrically by AgCl precipitation. The gravimetric analysis
indicated a 75% exchange of F� for Cl� after three hours.
Monitoring the 19F NMR spectrum of the exchanging solution
over the same time frame shows the expected decrease in the
signal corresponding to free F� as it is incorporated in the
solid. After three hours, the decrease in the solution F�


resonance was quantified as 85% as referenced to an internal
hexafluorobenzene standard. The exchange was further
corroborated by the elemental analysis data, based on C, H,
Cl, and F, allowing for the same degree of hydration as 1, with
values of �80% exchange.[13] Significantly, PXRD data
showed that the structure of the exchanged solid was identical
to that of 1, as shown in Figure 4a and b. A possibility which


Figure 4. PXRD data of: a) unexchanged 1; b) 1 exchanged with F� ;
c) unexchanged 1 spiked including a 10% NaCl standard visible at 2��
32� ; d) 1 exchanged with F� including a 10% NaCl standard visible at
2�� 32�.


merits consideration at this point is that the exchanged
product is actually amorphous and that the observed PXRD
pattern of the exchanged solid is due solely to the �20% of
unexchanged material. In order to rule this possibility out, the
PXRD samples of both unexchanged and exchanged solids
were run containing 10% NaCl as an internal standard. The
consistent intensity of this peak (2�� 32�), as shown in
Figure 4c and d, confirms that the exchanged material is not
amorphous. Therefore the observed PXRD is arising from the
entire sample and the exchanged product is isostructural to 1.
Another possibility which can be discounted is that the
solution F� ions recombine with Ba2� ions on the solid surface
to form BaF2. If this were the case, there would also be
evidence of this in the PXRD pattern.


The mechanism of the F� for Cl� exchange is proposed as
simply two-way passage of ions through the channels. As
mentioned previously, taking van der Waals radii into ac-
count, the dimensions of the channels are 5.09� 6.71 ä. This
value assumes a situation for exchange in which the water
molecules on the Ba centers lining the channel are mobile.
Monitoring the 1H NMR spectrum of a solution of a sample of
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1 in CD3CN revealed that �20% of the water directed into
the channel made its way to the external solution within three
hours, the timeframe of the exchange experiment. The
significance of this result is that the aquo ligands are labile
and can move within the channel. The van der Waals radii for
Cl� and F� are 1.75 ä and 1.47 ä, respectively. Therefore, the
minimum channel breadth required for two-way passage of
the exchanging ions is 6.44 ä. Comparing this value with the
channel dimensions would seem to indicate that the channel is
not sufficiently wide for the ions to pass. However, as
illustrated in Figure 5, the passage of F� and Cl� need not


Figure 5. Space-filling representation, at van der Waals distances, of 1,
showing a cross-section of a single channel. The figure depicts the two-way
passage of Cl� and F� ions within the confines of each channel. As the
coordinated water molecules are labile, they are not included in the
representation. Ba: pink, Cl� : green, F� : black, S: yellow, O: red, C: grey,
H: white. The positions of the atoms lining the channel and the three
chloride ions on the right are from the single crystal X-ray data. The
positions of the chloride ion on the left and the fluoride ion have been
artificially placed to depict a plausible exchange.


occur on a line between the two nearest transannular barium
centers. A much more plausible route to ion exchange would
have the two ions passing along a line between one Ba center
and another Ba center laterally displaced down the channel.
This is a distance of 10.37 ä, which converts to 6.37 ä with
van der Waals considerations. Comparing this value with the
effective channel dimensions shows that an additional 0.07 ä
would still be required for the ion exchange to occur as
postulated. The additional length can be more than provided
for by the anions residing in the small pockets or dips that
exist between adjacent Ba2� ions. Surprisingly, whereas the
isostructural bromide analogue of 1 is readily attained from an
analogous preparation with BaBr2,[14] the fluoride analogue of
1 cannot be synthesized beginning with BaF2. In the presence
of Na3L in aqueous solution, pure BaF2 precipitates at both
ambient and hydrothermal conditions leaving Na3L in solu-
tion. This result corroborates the DSC/TGA findings and is a
further indication of the robustness of the cationic framework
in 1.


Cation exchange represents one of the principal uses of
zeolites, for example, as water softening agents.[15] Framework
1 represents an anti-zeolitic structure in that it is possesses
channels capable of exchanging anions. The demonstration of
ion exchange in extended coordination solids is rare. Yaghi
et al. have reported two examples of 4,4�-bipyridine coordi-
nation frameworks which show ion exchange properties.
[Ag(4,4�-bpy)](NO3) exchanges anions to PF6 in 95% yield


after six hours based upon microanalysis and IR data, but
changes structure in doing so.[16] In this example, the authors
reported only a slight excess of the new anion was required.
[Ni(4,4�-bpy)](ClO4) ¥ 1.5(4,4�-bpy) undergoes an unquantified
perchlorate to hexafluorophosphate exchange after stirring in
0.2� NaPF6 (aq) for 15 minutes.[17] We have demonstrated a
40% ion exchange, based on solid-state 13C NMR spectros-
copy, of OTs for BF4 in a two-dimensional silver(�) array using
a dithia ligand after treating the network three times for
30 minutes with 0.1� NaOTs (aq).[18] Recently, Sun et al.
reported that [Cd(1,3-bis(imidazol-1-lymethyl)-5-methylben-
zene)2(MeOH)2](ClO4)2 showed a 50% exchange of BF4 for
ClO4, based upon microanalysis, upon stirring with a�25-fold
excess of NaBF4 for one day.[19] Jung et al. have also recently
reported a silver(�) 3,3�-thiobispyridine framework that con-
verts between a two-dimensional framework and a helical
structure with anion dependence.[20] Finally, Min and Suh have
shown reversible exchange of both nitrate and perchlorate for
triflate in a family of silver polynitrile networks.[21] These
exchanges occur in a roughly three-fold excess of the new
anion in periods ranging from 10 minutes to 24 hours. From
the previous examples, the observations which can be made
are that, in most cases, anion exchange within coordination
frameworks is not facile but can be brought about over time
and in considerable excess of the new anion. More often than
not, the exchange causes some form of structural rearrange-
ment to occur although this is not necessarily detrimental. In
each of the preceding examples, the exchanged product is
attainable by a direct synthesis.


Conclusion


The first cationic metal sulfonate framework has been
reported. It is a Ba sulfonate coordination network which
exchanges F� for Cl� in �80% yield in three hours in the
presence of a stoichiometric amount (one equivalent) of the
new anion. Furthermore, the network maintains its structure
in the exchanged state, a highly significant feature given that
the F� analogue is not attainable from a direct synthetic route.
The fact that, despite employing weaker metal sulfonate
interactions, framework 1 is able to sustain ion exchange is
very significant. In a broad sense, these results serve to
underscore the basic principles of supramolecular chemistry
and the importance of cooperative bonding effects.[6]


Experimental Section


General procedures and instrumentation : Powder X-ray diffraction data
were acquired on a ScintagX2 Powder X-ray diffractometer equipped with
a Micristar variable temperature controller. TGA/DSC analyses of 1 was
performed on a Netzsch 449C Simultaneous Thermal Analyzer under a N2


atmosphere at a scan rate of 5 �Cmin�1. All chemicals were purchased from
Aldrich Chemical Company and used as received. Ligand L was
synthesized as reported previously.[11]


Synthesis of {[Ba2(L)(H2O)5]Cl}� (1): A colorless solution of the ligand was
prepared by dissolving Na3L (0.356 g, 0.834 mmol) in H2O (15 mL). White
crystalline BaCl2 ¥ 2H2O (0.408 g, 1.670 mmol) was added to this solution at
room temperature with vigorous stirring. The addition of the metal salt
resulted in the immediate precipitation of a white solid from solution. The
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complexation was stirred for a total of 18 h before the white precipitate was
isolated by suction filtration and allowed to dry for an additional 2 h before
being weighed. Yield: 0.564 g (0.745 mmol, 89%); IR (KBr): 3612.1 (br),
3492.0 (br), 3420.9 (br), 1634.6 (m), 1612.8 (m), 1459.8 (w), 1416.1 (w),
1268.6 (m), 1241.3 (s), 1192.1 (vs), 1159.3 (vs), 1137.5 (s), 1044.6 (vs), 766.0
(m), 716.8 (m), 662.2 (m), 602.1 (w), 569.4 (m), 531.1 cm�1 (m); DSC/TGA:
40 �C ± 130 �C (209.5 Jg�1, endo.) �7.10% obsd and �7.13% calcd for loss
of 3H2O, 140 �C ± 240 �C (73.2 Jg�1, endo.) �4.65% obsd and �4.68%
calcd for loss of 2H2O, 420 �C decomposition of L. Elemental analysis calcd
(%) for 1: C 14.30, H 2.53; found: C 15.08, H 1.96.


The growth of single crystals suitable for an X-ray crystallographic analysis
proved quite challenging as a result of the low solubility of 1 in aqueous
media at room temperature. Ultimately, hydrothermal conditions had to be
employed in order to grow X-ray quality single crystals. The isolated
powder from the room temperature reaction can be employed in the
hydrothermal growth of crystals; however, more typically the synthesis was
conducted from the start under hydrothermal conditions. In a representa-
tive reaction, Na3L (0.208 g, 0.487 mmol) and BaCl2 ¥ 2H2O (0.238 g,
0.973 mmol) were placed in a Teflon-lined autoclave along with H2O
(13 mL). The hydrothermal apparatus was then assembled and placed in an
oven at 175 �C. After 12 days the autoclave was removed from the oven and
allowed to slowly cool back down to room temperature. The needle-like
crystals which had formed on the bottom of the Teflon cup along with a
small amount of microcrystalline powder were isolated from the aqueous
solution by suction filtration and dried for 1 h before being weighed. Yield:
0.279 g (0.368 mmol, 76%); elemental analysis calcd (%) for 1: C 14.30, H
2.53; found: C 14.34, H 2.55. The IR spectrum and DSC/TGA data were
found to be identical to that of the room temperature product and as such
will not be listed here. In addition, the PXRD of the room temperature
product and the microcrystalline powder from the hydrothermal prepara-
tion were identical to that of structurally characterized 1. If the reaction
time of the hydrothermal synthesis is reduced, simply a greater ratio of
microcrystalline powder to crystals is observed.


General X-ray crystallography : Crystals were selected under an optical
microscope, coated in oil and frozen onto a glass fiber. Data for 1, were
collected on a Bruker SMART APEX CCD diffractometer (MoK�


radiation, �� 0.71073 ä) using the � scan mode (3�� 2�� 57.3�). The
structure was solved by direct methods and refined by full-matrix least
squares, based on F2, by using SHELXL-97.[22] Barium and sulfur atoms
were located first and the remaining atoms found by difference Fourier
maps. All non-hydrogen atoms were refined anisotropically. Relevant
crystallographic data and selected bond lengths and angles are shown in
Tables 1 and 2, respectively. CCDC-167132 contains 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 Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.uk).


Exchange experiment : nBu4NF ¥H2O (0.262 g, 1.00 mmol) was added to a
dry MeCN suspension (5 mL) of 1 (0.760 g, 1.00 mmol) and stirred for 4 h.
Initial solubility tests had been performed to insure the insolubility of 1 in
MeCN. The exchanged white solid was isolated by suction filtration and
washed twice with cold H2O (2� 10 mL). Elemental analysis found: C
14.43, H 2.87, Cl� 0.3, F 1.93. These elemental results correspond to 75 ±
80% exchange of F� for Cl� depending on the element used for the
calculation. An aliquot of the MeCN filtrate (4.00 mL), containing a
mixture of nBu4NCl and nBu4NF, was removed for AgCl gravimetric
analysis. The solution was taken to dryness leaving a clear glassy solid,
which was further dried in vacuo for 12 h. The solid was then redissolved in
H2O (10 mL) to give a clear solution to which was added an excess of an
aqueous solution of AgNO3 (5 mL) (1.336 g, 7.865 mmol). A white AgCl
precipitate formed immediately and was isolated by suction filtration on a
dried, preweighed fine frit, washed twice with cold H2O (2� 10 mL), with
cold MeOH (1� 10 mL), and with diethyl ether (2� 10 mL). The frit and
sample were dried at 225 �C for 10 h and then reweighed; �mass� 0.086 g
(74.7% exchange).
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Table 1. Crystal data and refinement summaries for structure 1.


formula C9 H19 Cl O14 S3 Ba2


Mr 757.55


crystal system Orthorhombic
space group Pbcm
a [ä] 4.9865(4)
b [ä] 21.389(2)
c [ä] 18.934(1)
� [�] 90
� [�] 90
� [�] 90
V [ä3] 2019.4(3)
Z 4
�calcd [gcm�3] 2.492
� [mm�1] 4.386
crystal dimensions [mm3] 0.61� 0.14� 0.09
� range for data collection 2.15 to 26.40�
reflections [I� 2 	(I)] 2013
unique reflections 2139
measured reflections 10032
Rf [I� 2	(I)][a] 0.0273
Rw [I� 2	(I)][b] 0.0712
goodness of fit 1.183
residual electron density [eä�3] � 1.438/0.711


[a] Rf� (�(Fo�Fc)/�(Fo). [b] Rw� {��(Fo�Fc)2/��(Fo)2}0.5.


Table 2. Selected bond lengths and angles for 1.[a]


Bond Length [ä] Bond Length [ä]


Ba�O1 2.762(2) Ba�O6 2.770(2)
Ba�O2 2.857(2) Ba�O7 2.905(2)
Ba�O3 2.843(2) Ba�O7#4 2.934(2)
Ba�O4 2.844(2) Ba�O8 2.905(2)
Ba�O5 2.768(2) S1�O1 1.465(2)
S1�O2 1.461(2) S1�O3 1.457(2)
S2�O4 1.469(3) S2�O5 1.453(2)


Bond Angle [�] Bond Angle [�]


O1-Ba-O5#1 140.06(7) O1-Ba-O6 131.56(7)
O5#1-Ba-O6 66.37(7) O1-Ba-O3#2 96.446)
O5#1-Ba-O3#2 122.86(7) O6-Ba-O3#2 83.37(8)
O1-Ba-O4#3 74.22(8) O5#1-Ba-O4#3 73.03(8)
O6-Ba-O4#3 84.23(8) O3#2-Ba-O4#3 152.76(7)
O1-Ba-O2#4 71.30(6) O5#1-Ba-O2#4 110.79(7)
O6-Ba-O2#4 149.73(7 O3#2-Ba-O2#4 73.26(7)
O4#3-Ba-O2#4 124.85(7) O1-Ba-O7 69.78(6)
O5#1-Ba-O7 131.90(7) O6-Ba-O7 67.36(7)
O3#2-Ba-O7 62.77(6) O4#3-Ba-O7 90.06(7)
O2#4-Ba-O7 115.64(6) O1-Ba-O8 70.51(8)
O5#1-Ba-O8 73.88(8) O6-Ba-O8 133.28(8)
O3#2-Ba-O8 140.87(7) O4#3-Ba-O8 60.86(7)
O2#4-Ba-O8 67.63(7) O7-Ba-O8 135.78(7)
O1-Ba-O7#4 149.02(6) O5#1-Ba-O7#4 59.98(7)
O6-Ba-O7#4 73.77(7) O3#2-Ba-O7#4 65.65(6)
O4#3-Ba-O7#4 132.80(8) O2#4-Ba-O7#4 79.12(6)
O7-Ba-O7#4 117.31(8) O8-Ba-O7#4 106.73(7)


[a] Symmetry transformations used to generate equivalent atoms: #1: �x,
y� 1³2, z ; #2: �x, �y�1, �z ; #3: �x�1, y� 1³2, �z�1³2 ; #4: x� 1, y, z ; #5: x,
y, �z�1³2 ; #6: x�1, y, z ; #7: �x�1, y�1³2, �z�1³2 ; #8: �x�1, y�1³2, z ; #9: �x,
y�1/2, z.
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Crowded Piperidines with Intramolecularly Hydrogen-Bonded Nitrogen:
Synthesis and Conformation Study


Anatoly M. Belostotskii,* Hugo E. Gottlieb, and Pinchas Aped[a]


Abstract: 2,2,6,6-Tetramethyl substitut-
ed piperidines with a �-branched N-
alkyl substituent were synthesized by
the photoreaction of N-Me precursors
with ketones. The main conformation
features of these sterically-hindered
amines (established by NMR and IR
spectroscopy) are a ring in the chair
form, an eclipsed conformation for the
N-substituent and an intramolecular


OH ¥¥¥N bond. High barriers for the
geminal substituent topomerization
were measured for these piperidines at
different temperatures by means of line-
shape analysis of the temperature-de-


pendent 13C and 1H NMR spectra. An
MM3-derived conformation scheme in-
dicated that, for one of the studied
analogues, the rotation of the N-sub-
stituent determines a slow topomeriza-
tion rate. A new mechanism of nitrogen
inversion–a concerted hydrogen-bond
dissociation/nitrogen inversion proc-
ess–is considered for hydrogen-bonded
amines.


Keywords: amines ¥ conformation
analysis ¥ NMR spectroscopy ¥
photooxidation


Introduction


The conformation analysis of monocyclic alkylpiperidines
demonstrates that there is no qualitative discrepancy between
the thermodynamic conformation features of unhindered and
most of the hindered analogues. With few exceptions,[1a±e] the
chair form is the preferred piperidine ring conformation and a
tendency of the ring substituents to adopt an equatorial
orientation determines the conformation equilibrium for
mono-, di-, tri-, and polysubstituted piperidines.[2a±f]


In contrast, the conformation dynamics of these cycles are
sensitive to the ring substitution. For instance, the low-energy
pathways of topomerization of the ring substituents are not
equivalent for N-Me piperidine 1a and N-Et piperidine 1b
(see Figure 1 and Scheme 1).[3, 4] In consequence, the NMR-
measured barriers[3±5] for this topomerization (observed as a
doubling of resonance signals of the geminal ring substituents)
are appreciably different. In general, it is difficult to predict
how the ring crowding would influence the topomerization
kinetics. The barriers decrease with an increase of the bulk,
such as the N-alkyl substituent in some C-unsubstituted
piperidines 2a ± c. In contrast, these barriers increase in other
C-unsubstituted piperidines[6a,b] as well as in hindered ana-
logues 1b ± e. Such barriers are extremely high in spiro
compounds 3a and 3b.[6c]


Even for close analogues 1b ± e it is difficult to conclude
whether a significant increase (more than 3 kcalmol�1) of the
topomerization barrier for compound 1e is due to the increase
in the bulkiness of the N-substituent, or to the involvement of
different intramolecular motions. For instance the latter gives
rise to the 4 kcalmol�1 difference for piperidines 1a and 2a.[3±5]


In this work we discuss the relationship between confor-
mation kinetics and the structure of the N-alkyl substituent in
piperidines with a sterically hindered amino fragment and
also describe their conformation dynamics in terms of
conformation schemes. We synthesized 2,2,6,6-tetramethyl-
piperidines, bearing a �-branched N-substituent, measured
topomerization rates for analogues with a nonfunctionalized
piperidine ring by dynamic NMR (DNMR) spectroscopy, and
performed MM3-based calculations in order to identify the
rate-determining intramolecular dynamic processes.


Results and Discussion


Synthesis of sterically hindered piperidines


The highly crowded amines 4 ± 7 were prepared by using two
different approaches (see Scheme 2). The less-hindered 4 was
synthesized by the alkylation of secondary amine 8 by isobutyl
iodide 9 in 70 ± 80% yield. Attempts to introduce a neopentyl
substituent by the alkylation of 8 were unsuccessful. Amine 8
remained unchanged when heated with a 30-fold excess of
neopentyl iodide (160 �C, 15 days) or with neopentyl triflate
(nitromethane, reflux, 8 h).
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Figure 1. Amines 1a ± e, 2a ± c, 24, 25 and 26 (the corresponding NMR-
measured barriers, kcalmol�1, are in parentheses).


Scheme 1. Three formal intramolecular motions (taken in an arbitrary
sequence) which provide the DNMR-observed topomerization chair A�
chair B in piperidines, for example, in piperidine 1a[4,5] (the asterisk is a
formal label, numbers indicate the methyl groups).


Hindered amines 5 and 6, which possess an intramolecular
hydrogen bond (see below), were obtained by a modification
of the N-methyl substituent of tertiary amine 1a by photo-
chemical reduction of ketones.[7a] Photolysis of amine 1a with


Scheme 2. Piperidine derivatives 1 ± 8, 11 ± 23. For photoreactions in
benzene (i.e., not in the acetone-water mixture) only the isolated cross-
recombination products 5, 6, 15 ± 19 are shown.


an excess of acetone 10a or with acetophenone 10b in benzene
led to 5 and 6 (cross-recombination products[7a,b]) in 20 ± 25%
yield. Acetylation of aminoalcohol 5 to acetoxy compound 7
was performed by means of the DMAP-based procedure
(DMAP� dimethylaminopyridine).[8a,b] The corresponding
trifluoroacetate was formed quantitatively (as observed by
NMR spectroscopy) when 5 was acylated by trifluoroacetic
acid anhydride (without DMAP). However, this compound
was not isolated because of its rapid decomposition on silica
into a mixture of the olefinic products of elimination of the
trifluoroacetate group (observed by NMR spectroscopy).


We also studied this photoreaction for N-Me 4-piperidones
(see Scheme 2). These aminoketones possess two photo-
reactive centers–the amino function and the carbonyl group,
which are capable of photooxidation by ketones and photo-
reduction by amines,[7a] respectively–and, therefore, have
more transformation possibilities. In addition, the keto group
in aliphatic ketones is, in itself, photolabile.[9] For instance, the
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piperidine ring of tropinone
(11) hydrochloride is opened
under UV irradiation[10] due to
the photolytic cleavage of the
keto fragment (in this case the
photoreductive ability of the N-
Me group is suppressed by the
salt formation).


As we now show, the piper-
idone N-methylamino and keto
functions interact when the ter-
tiary amino group is not proto-
nated; piperidone 12 is convert-
ed in a multicomponent mix-
ture after 8 h irradiation in
benzene. In the presence of
ketone 10b, however, 12 gave
piperidone 15 in 15% yield.
Also, reaction of 11 ± 14 with
benzophenone (10c) led to the corresponding piperidones
16 ± 19 in 10 ± 23% yields. A significant part (about 30 ± 40%)
of the starting amines 11 ± 14 is transformed into the
corresponding N-demethylation products, which were only
detected by NMR spectroscopy and not isolated.


We found that this photoreaction (for the photodemeth-
ylation of amines by ketones see ref. [7a]) may serve as a
preparative route to N-demethylation of functionalized ter-
tiary methylamines; demethylation yields are increased when
an acetone/water mixture is employed as the reducing solvent.
If, for example, aminoketones 11 and 12 are irradiated in this
mixture, N-H compounds 20 and 21 are isolated in 79 and
82% yield, respectively (no appreciable amounts of the
dimerization and cross-recombination products[7a,b] were
formed). Another example is aminoalcohol 22. This com-
pound, with two potential photoreducing centers (the tertiary
amino[7a] and the secondary hydroxy[11] groups), is chemo-
selectively converted under the same conditions into second-
ary piperidole 23 in 72% yield.


NMR and IR spectroscopic study


Conformation analysis : Data for the room-temperature 1H
and 13C NMR spectra of compounds 4 ± 7 and 15 are given in
Tables 1 and 2. Our experimental data support a predom-
inance of the chair conformation for polysubstituted piper-
idines with a bulky N-substituent. In the 1H NMR spectrum of
piperidone 15 we can detect a long-range coupling interaction
between the axial protons H-3 and H-5 (2.4 Hz), which, being
diastereotopic, are chemically nonequivalent. Cyclic ketones
only possess such a long-range spin ± spin interaction in the
chair conformation.[2d] In addition, the chemical shift differ-
ence for the geminal protons in the 3- and 5-positions of 17
(0.48 ppm) is the same as the difference for the equatorial and
axial protons at C-2 of the conformationally restricted ™chair
compound∫ 16 (0.46 ppm).


A preference for the conformation in which the nitrogen
atom is intramolecularly hydrogen-bonded was found in
aminoalcohols 5, 6, and 15 ± 19, as indicated by a very broad
signal for the OH proton at room temperature at about


5.5 ppm. The temperature dependence of the OH chemical
shift strongly supports this conclusion; heating (for 5 and 6)
causes only a small upfield shift for these signals (�0.2 ppm/
100 �C). This information provides evidence for the presence
of an intramolecular hydrogen bond in close analogue 1e, as
claimed in reference [12] .


Furthermore, the IR spectra of dilute solutions of com-
pounds 15 ± 19 in CCl4 show broad absorbances centered at
3260, 3372, 3360, 3392, and 3400 cm�1, respectively, due
to a hydrogen-bonded hydroxy group,[13a] , while a sharp
absorbance at 3600 ± 3640 cm�1 arising from a free hydroxy
group[13a] is absent. According to a ��OH-based estimation of
the strength of the intramolecular hydrogen bond,[13a] the
detected hydrogen bonds belong to a strong OH ¥¥¥N type
bond.[13b,c]


The difference between the chemical shifts (0.4 ppm) of the
bridgehead protons of tropinone (11) and its derivative 16
shows the shielding influence of the magnetic anisotropy of
the phenyl groups on the equatorial �-substituents of the
piperidine ring for compounds of this type. Hence, we can
assign the substantially downfield singlets of the �-methyl
substituents for 5 ± 7, 15, 17, and 19 (see, e.g., Table 1) to


Table 1. Data from the 1H NMR[a] (�H, J [Hz]) and high-resolution mass spectra (m/z) for piperidines 4 ± 7 and
15.


�-Me ring CH2×s N-CH2 Others MH� (calcd)


4 0.99 br s 1.3 ± 1.6 2.22 0.85 d, 6.7 (Me) 198.217
d, 7.2 1.65 th, 7.2, 6.7 (CH) (198.222)


5 1.05 s 1.4 ± 1.6 2.52 s 1.22 s (2 Me) 214.224
1.08 s 5.3 br s (OH) (214.217)


6 0.35 se 1.3 ± 1.7 3.00 s 1.47 s (Me) 5.7 br s (OH) 276.215
0.91 sa 7.14 m (p-H) 7.27 m (m-H) (276.233)
1.09 sa 7.41 m (o-H)
1.19 se


7 0.97 s 1.3 ± 1.7 2.91 s 1.49 s (2 Me) 256.229
0.98 s 1.94 s (COMe) (256.228)


15 0.52 se 2.14 dd, 12.6, 2.4 (3-Ha) 3.12 s 1.52 s (Me) 5.3 br s (OH) ±
0.94 sa 2.48 dd, 12.6, 2.4 (5-Ha) 7.17 m (p-H)
1.13 sa 2.54 d, 12.6 (3-He) 7.29 m (m-H)
1.37 se 2.66 d, 12.6 (5-He) 7.44 m (o-H)


[a] In CDCl3 at 25 �C; h� septet, a� axial, e� equatorial.


Table 2. 13C NMR data for piperidines 4 ± 7 and 15 in CDCl3 at 25 �C.


C-2, C-3, C-4 �-Me[a] C-1� C-2� Me Others
C-6 C-5


4 54.58 41.67 18.10 28.30 br 52.33 30.90 21.15 ±
5 55.16 41.09 17.70 22.32a 54.00 63.57 31.61 ±


35.18e


6 54.85 40.93 17.62 22.59a 56.85 67.33 33.55 124.60 (p)
55.42 41.02 22.09a 125.37 (o)


34.55e 127.57 (m)
34.65e 152.80 (i)


7 54.87 41.59 17.87 21.58a 54.52 85.47 25.79 22.69 (MeCO)
34.90e 170.66 (C�O)


15 59.78 55.47 208.02 24.30a 56.51 67.85 33.50 124.53 (p)
60.30 55.51 23.82a 125.85 (o)


34.48e 128.30 (m)
34.64e 151.99 (i)


[a] a� axial, e� equatorial, br� broadened.
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equatorial methyl groups. We can also conclude that these
methyl groups and the phenyl fragments of the N-substituent
are spatially proximal (the one downfield signal among the
signals of the �-methyl groups for 5 and 15 indicates the
spatial proximity of the phenyl group to one of the equatorial
methyl groups). These experimental data together with those
related to the hydrogen bonds are complementary to the
calculation results which rigorously relate the lowest energy
conformer for piperidines 5 ± 7, 15, 17, and 19 to conformer A
(see Figures 2 and Scheme 3 as well as the section on
molecular mechanics calculations).


Figure 2. Calculated geometry of selected low energy chair conformers for
piperidines 4 and 5. Top: the lowest energy conformer of 4 by MM3;
middle: the lowest energy hydrogen-bonded conformer of 5 by MM3 (A�);
bottom: the lowest energy conformer of 5 by OPLS as well as Amber force
fields (A). An intramolecular hydrogen bond is present in the middle and
bottom chairs.


Topomerization kinetics : Four signals are seen for the geminal
methyl groups in the room-temperature NMR spectra of
piperidines 1e,[5] 6, and 15 (this work), which possess a chiral
ring substituent. These collapse into two at higher temper-
atures (0.74 and 1.01 ppm at 427 K for 6). The equally
oriented Me groups on opposite sides of the ring (1/3 and 2/4,
see Figure 3), and the geminal ring substituents (Me groups 1/
2 and 3/4) remain anisochronous under conformation trans-
formations of these piperidines. In contrast, diastereotopo-
merization occurs for the pair of Me groups 1/4 (and 2/3) of
different (axial or equatorial) orientation, for example, in
compound 6. Thus, the averaging in time equalizes two pairs


Scheme 3. Each of the five isolated intramolecular dynamic processes
results in the break-up of the intramolecular hydrogen bond in conforma-
tion A of N-(2-hydroxyethyl)piperidines (the asterisk is a formal label,
numbers indicate the methyl groups).


Figure 3. Manifestation of fast topomerization with the temperature
increase in the NMR spectra of piperidine 6. Chair A� chair B
topomerization is shown schematically by three formal intramolecular
motions. The ring methyl groups are indicated by numbers 1 ± 4 while
numbers 5 and 6 correspond to the N-CH2 protons (the asterisk is a formal
label).


of the four nonequivalent Me groups for 1e,[5] 6, and 15. When
the molecule does not possess a chiral center (as in 4, 5, and 7),
two pairs of geminal Me substituents (two axial and two
equatorial) become equal under the conditions of fast
conformation exchange.


The difference in resonance frequency for the two N-CH2


protons in compounds 1e and 6 is temperature-independent
(see ref. [5] for 1e and this work for 6). Lowest energy
conformers A and B (see Figure 3) of piperidine 6 are both
identical in energy and also the sole populated conformations
(see section on molecular mechanics calculations). Therefore,
the chemical shift differences for the N-CH2 protons as well as
for two pairs of the �-methyl groups for 1e and 6 represent the
values of intrinsic anisochronism for these substituents.


The activation parameters for the intramolecular motion in
4 ± 7 were obtained by iterative fitting of the signals of the �-
methyl groups of the piperidine ring to their simulated line
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shapes (13C for compound 4 and 1H for compounds 5 ± 7). The
results obtained (see Table 3) show only weak dependence
of the free energy of activation (�G�) on the temperature
for most of the studied compounds (as is the case for
piperidines 1a and 1b[4]). We can, therefore, compare �G�


values for these compounds with that of steric energy
difference (�E ; see below), obtained from molecular me-
chanics calulations, even though the force field parameter-
ization does not accurately take into account the entropy
contribution.


We can conclude that an increase in the crowding of the
amino fragment (a combination of �-branching of the N-
substituent with complete substitution of the �-positions of
the piperidine ring) leads to increase of these barriers. Indeed,
among piperidines 1b, 4, and 7 (amines without an intra-
molecular OH ¥¥¥ N bond) the difference between �G� values
for the N-Et compound 1b[4] and N-isoBu compound 4 is
1.8 kcalmol�1, while that between compounds 4 and the more
hindered 7 is 4.3 kcalmol�1. It is also possible to estimate the
contribution of an intramolecular hydrogen bond to the
barriers for hindered N-(2-hydroxyethyl)piperidines. The
lowest energy conformer of 5 is stabilized by the OH ¥¥¥ N
bond by 1.8 kcalmol�1 relative to the related acetate 7 (the
difference between the barrier values for close analogues 5
and 7). Thus, the presence of this bond causes an increase in
the barrier approximately by an additional 2 kcalmol�1. This
energy estimate is in excellent agreement with experimental
values for piperidines 5 and 24 ; while the ��OH value for 5 is
about 340 nm, the intramolecular OH ¥¥¥ N bond with �G0 of
1.8 kcalmol�1 for 24 is characterized by a ��OH value of
347 nm.[14]


In a similar fashion to piperidines 5 ± 7, the topomerization
process is so slow for hindered piperidones 15, 17, and 19 as to
provide separation of the signals of the geminal ring
substituents for 15 and 17 in the room-temperature NMR
spectra; for the trans-isomer of 19, this applies to all the
substituents. This is not only because of the increase in the
bulk of the N-substituent (even with intramolecular hydrogen
bonding). As with N-Me compound 13, no signal doubling is
observed for the geminal ring protons in the room temper-
ature 1H NMR spectrum of piperidone 18.


Molecular mechanics calculations and barrier assignment


The assignment of the NMR-measured barriers to specific
intramolecular dynamic process(-es) is not straightforward for
compounds with complex conformation dynamics, for exam-
ple, for amines.[4, 15, 16] A rational approach for organic systems
consists of computational modeling of their potential energy
hypersurface. Comparison with the calculated barriers evi-
dently permits determination of the lowest energy conforma-
tion pathways and thus to assignment of the NMR-measured
barriers to the intramolecular dynamic processes that con-
stitute the highest energy points in these pathways. For
organic molecules with a low number of atoms, the strategy
may consist of an energy calculation for a relatively low
number of all the stationary points forming the conformation
graph of an assumed structure.[17, 18] However, knowledge
about the number of these points and the formal relationship
between them is limited already in the case of five- or six-
membered rings.[3, 4]


In addition, concerted processes have often been over-
looked in such modeling. For instance, experimental barriers
for heterocycles 3a and 3b have been assigned to the
corresponding pseudorotation transition states[6c] using the
conformation scheme for cyclohexane[19] as the source of a set
of stationary points. Hence, the low-energy topomerization
itineraries for these six-membered cycles are screened ac-
cording to a ™common∫ stereodynamic model (for cyclo-
hexane[19]), while, as mentioned above (see Introduction),
conformation dynamics may be different even for related
compounds. The conformation schemes for cyclohexane and
piperidines are not the same.[3, 4] As a result, the study of 3a
and 3b[6c] is not very useful in determining possible con-
formation itineraries for topomerization of the geminal
substituents. Therefore, in spite of intensive use of calcula-
tions, the assignment[6c] of the experimental barriers for
piperidine 3a and related morpholine 3b to the pseudorota-
tion transition states is unreliable. An appreciable deviation
of the calculated barriers from the experimental values
(�2 kcalmol�1 of overestimation) backs up our suspicion.


More reliable computational modeling of conformation
dynamics consists of the generation of a conformational space


Table 3. Kinetic parameters for the topomerization of geminal substituents in piperidines 4 ± 7.


T [K] 4 5 6 7
k [s�1] �G� [kcalmol�1] k [s�1] �G� [kcalmol�1] k [s�1] �G� [kcalmol�1] k [s�1] �G� [kcalmol�1]


235.6 25� 4 12.2� 0.2
256.2 180� 20 12.3� 0.1
276.9 550� 120 12.6� 0.2
301.7 6700� 2000 12.4� 0.2
303.6 3.5� 1 17.1� 0.2
313.9 11� 2 16.9� 0.1
324.2 32� 4 16.8� 0.1
334.5 5.5� 0.5 18.5� 0.2 78� 20 16.8� 0.1
344.7 10.5� 1 18.7� 0.2 8� 2 18.9� 0.2 160� 40 16.8� 0.2
355.0 26� 3 18.6� 0.1 600� 170 16.4� 0.2
365.3 84� 20 18.3� 0.1 21� 3 19.3� 0.1 2400� 900 15.9� 0.3
381.0 220� 40 18.4� 0.1 70� 8 19.3� 0.1
396.2 800� 150 18.2� 0.2 240� 40 19.1� 0.1
411.6 600� 100 19.2� 0.2
427.0 1500� 300 19.1� 0.2
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by different heuristic methods.[20a±g] Recently, a reliable MM3-
based approach has been developed for organic compounds of
relatively simple structure.[3, 4, 20i,j] Full conformation schemes
are created by using the MM3 package[21a±c] without prelimi-
nary assumptions. This allows assignment of the experimental
barriers for compounds with complex stereodynamics.[3, 4]


This MM3-based methodology[3, 4] is employed here for
compound 4. The full conformation scheme (Figure 4) was
built by the MM3-assisted stochastic conformation search (for
details see Experimental Section). This finds the conforma-
tions, some of which correspond to energy minima (stable
conformers) and others correspond to energy maxima (tran-
sition states, which are distinguished from the stable con-
formers by means of the normal mode vibrational analysis
included in MM3). Conformations with �E� 16 kcalmol�1


(relative to the lowest energy conformer) are not included in
the scheme, since they are significantly higher than the
experimental barrier for 4. Formal relationships between the
transition states and corresponding stable conformers were
established by energy minimization for intermediate struc-
tures that lie between the transition state and the correspond-
ing stable conformers. These structures were obtained using
the Vibplot program (a MM3 package component) using the
eigenvectors for the transition states.


Stable conformers : As expected, the lowest energy stable
conformers for piperidines 4 ± 7 adopt a chair form of the
piperidine ring according to the MM3 package-based stochas-
tic search. The Monte-Carlo conformation search implement-
ed within the Macromodel package[22a±c] with MM3* (a
slightly modified MM3 force field; Macromodel package),
OPLS and Amber force fields inside the Macromodel pack-
age (for details see Experimental Section) confirm this
conclusion, for example, for compounds 5 and 6. In addition,
for the chair conformers of 4 ± 7 and 17 the endocyclic C�N
bonds and the C��H bonds of the N-substituent (see Figure 2)
are eclipsed. Thus, amines 4 ± 7, 15, 17, and 19 belong to a rare
set of alkylamines for which isolated nitrogen inversion[4]


(INI) is possible owing to eclipsing in the stable conformers.[4]


The experimentally detected predominance of a conforma-
tion with an intramolecular OH ¥¥¥ N bond for aminoalcohols
5, 6, and 15 ± 19 (see section on NMR and IR spectroscopy) is
not reproduced well by MM3. For compound 5, this is
probably because of insufficiently good parameters for
hydrogen bonds in this generally reliable force field. An
MM3-based stochastic search for 5 by using the hydrogen-
bond parameters of MM3 identified the three lowest energy
conformers as similar chairs with different locations of the
OH group proton. The difference in steric energy�E for these
conformers is 0, 0.3, and 0.3 kcalmol�1 and only one among
the two last conformations is intramolecularly hydrogen-
bonded (A� in Figure 2). However, the Amber and OPLS
force fields, with better parameters for hydrogen bonds,
recognize chairAwith an intramolecular OH ¥¥¥ N bond as the
strongly predominant conformation for 5. A Monte-Carlo-
based conformation search with these force fields found this
conformer to be the lowest in energy and, in addition, to be
the only conformer within a 3 kcalmol�1 �E range. Also for
aminoalcohols 16 and 25, only intramolecularly hydrogen-


bonded conformers (more than ten for 16 or 25 within a
2 kcalmol�1 �E range) were identified by these force fields as
the lowest energy conformers.


Conformation dynamics : Seven intramolecular dynamic pro-
cesses are possible for N-Et compound 1b (excluding rotation
of the methyl groups):


isolated C�N rotation (ISR), nitrogen inversion/rotation
(NIR), ring inversion (RI), ring inversion/nitrogen inversion
(RINI), ring inversion/C�N rotation (RIR), ring inversion/
nitrogen inversion/C�N rotation (RINIR), isolated nitrogen
inversion (INI).


Six of these (see Figure 4), as well as additional rotations
around the C�C bond and a concerted rotation around the
C�C and C�N bonds of the isoBu substituent, are present for
piperidine 4. The generated conformations of 4 may be
classified into two equal groups ((l) and (d)-diastereotopom-
ers in Figure 4) according to diastereotopic relations between
the geminal substituents of the piperidine ring. For instance,
chairs A1 and A2 with equatorial methyl substituents 1 and 3
belong to the group of (l)-diastereotopomers™, while chairs B2


and B1 with axial orientation of these substituents belong to
group (d)diastereotopomers. Only part of the group of
(d)-diastereotopomers is represented in order to avoid over-
loading the scheme.


Formal transition from one group to another is necessary in
order to provide the NMR-observed topomerization (e.g.,
A1�B2). Two pathways (L1 and L2) of the topomerization
(with the high-energy points being a chair and a 1,4-half-chair
with �E� 12.0 and 12.3 kcalmol�1, respectively) are appreci-
ably lower in energy than all others. The high-energy points
for L1 correspond to RI (4-sofa with�E� 12.0 kcalmol�1) and
a concerted C�N/C�C rotation of the N-substituent (chair
with �E� 12.0 kcalmol�1). For L2 these points correspond to
RINI (1,4-half-chair with a planar nitrogen fragment; �E�
12.3 kcalmol�1) and a concerted C�N/C�C rotation of the N-
substituent (chair; �E� 12.0 kcalmol�1). Since the energy
difference between the high-energy points is small for the
lowest energy itineraries L1 and L2 (0.3 kcalmol�1), as well as
for the points for L2 (0.3 kcal mol�1), the measured barrier
should be assigned to simultaneous slowing of RI, RINI, and
concerted C�N/C�C rotation.


These calculations are in very good agreement with the
DNMR measurements (Table 4; the averaged experimental
�G� value for 4 is given): the deviation of the calculated
barriers from the experimental one is only 0.1 ± 0.4 kcalmol�1.
We emphasize that, as for other examples,[3, 4] the similarity of
the measured topomerization barrier to the calculated values
in the topomerization-providing itineraries of lowest energy
strongly supports the conformation scheme for piperidine 4.


Table 4. Calculated[a] and experimental values [kcalmol�1] of the barriers
for piperidine 4.


�E for conformation �E for conformation Averaged experimental
pathway L1 pathway L2 �G� value


12.0 (RI) 12.3 (RINI)
12.4


12.0 (ISR-ISR) 12.0 (ISR-ISR)


[a] Relative to the lowest energy conformer.
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Figure 4. Scheme of conformation transformations for piperidine 4 (only a representative part of the scheme, fragment (l), is shown). Energies (in rectangles,
kcalmol�1) are relative to the lowest energy conformer. The asterisk is a formal label, numbers indicate the methyl groups. Conformers of the same ring
geometry are grouped in columns. The names and the relative energies for the transition states are in bold (transition states in a 1,4-twist ring conformation
belong to ISR). The orientation of the N-substituent is shown in parentheses (ax: axial, eq: equatorial, �eq: pseudoequatorial, �ax: pseudoaxial, bo:
bowsprit, fl : flagstaff). ChairA1� chair B2 itinerary L1 of low energy is marked by bold lines. Another low energy chairA2� chairB1 pathway L2 is shown by
dotted lines.
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Thus, the same three dynamic processes are slowest in the
topomerization of piperidine 4, with a branched N-substituent
(RI, RINI, and ISR/ISR), and for piperidines 1b ± d, with a
primary N-alkyl substituent (RI, RINI, and ISR, see Intro-
duction). Participation of RI and RINI is quite an unexpected
result for 4 ; experimental barriers for these processes are
appreciably lower, for example, for the parent compound
1a.[4] Lower energy RI and RINI transition states are also
present for 4 (a 3-sofa with �E� 8.5 kcalmol�1 or a 4-sofa
with �E� 8.3 kcalmol�1). However, the conformation
scheme shows that among the RI and RINI transition states
of 4 the high energy ones lie in the lowest energy itineraries L1


and L2.
In spite of the similarity in conformation dynamics for


piperidines with primary and with �-branched N-substituents,
we would prefer not to extrapolate the above conclusions for 4
to the more hindered compounds 5 ± 7, 15, 17 ± 19 because of
the lack of reliability of a such an assignment (see Introduc-
tion). Only ISR may be also attributed to compounds 5 ± 7, 15,
17 ± 19 as a rate-determining intramolecular dynamic process;
an increase of rotation-associated barriers usually correlates
with an increase of steric hindrance of the rotating frag-
ment[15, 23, 24] (see ref. [25] for an exception). In principle, the
NIR barrier also increases with the crowding of the nitrogen
fragment for some sterically-encumbered amines (we singled
out these amines as a third type of alkylamines[24]). Never-
theless, NIR is not involved in the observed slowing of the
topomerization in the studied piperidine derivatives. The
calculated values of the lowest ISR and NIR barriers (by
MM3) for piperidine 7 in chair conformation A are 16.1 and
13.0 kcalmol�1, respectively: only the calculated ISR barrier is
close to the experimental value (the averaged �G� value is
16.7 kcalmol�1). It is remarkable that the measured barrier for
hindered amine 6–19.2 kcalmol�1–is the highest barrier
known as yet for rotation around a C�N bond in aliphatic
amines.


Hydrogen-bonded amines and NIR


An acyclic analogue of N-(2-hydroxyethyl)piperidines (e.g.,
18) is amine 25 (see Figure 1). Topomerization of methyl
groups for this compound (a formal result of subsequent NIR
and ISR) in acidic water solution has been detected by
DNMR spectroscopy.[26a] However, we accept neither the
value quoted for the ™apparent barrier∫ nor the assignment of
the measured barrier to nitrogen inversion.


The 8.8 kcalmol�1 value extracted from the DNMR data
(given by the authors[26a] as the nitrogen-inversion barrier)
would only be significant if ™the rate of interconversion of
amine and salt is rapid∫[27] in acidic solution. However, the
deprotonation of the ammonium salt is not rapid, and it can be
significantly slower than pyramidal inversion in alkylamines.
Free energies of activation for deprotonation in alkyl-
amines[28a,b] lie in the range 15 ± 17 kcalmol�1, while the NIR
barriers do not usually exceed the 9 ± 10 kcalmol�1 limit (see
refs. [3, 15, 16] for values of NIR in amines and ref. [24] for
structural features of exceptional alkylamines, such as amine
4, possessing high NIR barriers). The barriers for dissociation
of an intermolecular hydrogen bond in simple aliphatic


amines in water (i.e., for a HOH ¥¥¥NR3 form) are also not
high (lower by 4 ± 5 kcalmol�1).[28a,b] Thus, the required
deprotonation step is rate-determining for the observed
diastereotopomerization of 25 in acidic solutions (see
Scheme 4; indicated as a kinetic stage with constant ka also


Scheme 4. Simplified scheme of diastereotopomerization of the N-Me
groups in amine 25 in acidic solutions (spatial reorganization of substituent
R is not considered). Deprotonation with kinetic constant ka is the rate-
determining step of this topomerization.


in ref. [28a,b]), and the authors[26a] actually measured ka under
different conditions (as kobs in ref. [26]) and not a NIR barrier.
Unfortunately, the use of this inadequate kinetic model[27] led
to the similarly incorrect assignment to nitrogen inversion for
tens of alkylamines (reviewed in refs. [2b, 15]).


Another study in the literature[26b] measured that a barrier
of 16.3 kcalmol�1 for the diastereotopomerization of the
methyl groups (their signals coalesce above room temper-
ature) of the protonated form of the antidepressant drug 26
(Figure 1). Pyramidal nitrogen inversion is carefully discussed
only as a process that provides isochronism for the N-Me
groups, but the authors do not link the experimental barrier
and the deprotonation process for the ammonium salt of 26,
even though this is the rate that was in fact measured.


The claim that in aminoalcohol 25 ™the hydroxy proton
does not reach the nitrogen to form a hydrogen bond∫, is an
additional problematic point.[26a] In the light of our exper-
imental data for the above piperidine derivatives (see section
on NMR and IR spectroscopy) as well as the above
calculation results for 25, a strong intramolecular OH ¥¥¥ N
bond should be present in 25 in aprotic nonpolar solutions. In
water, the only question is whether the amine is intermolec-
ularly or intramolecularly hydrogen bonded. Thus, the
assignment[26a] of the NMR-detected conformation transfor-
mation to nitrogen inversion would be unreliable even in the
hypothetical case of fast deprotonation kinetics. Without an
adequate quantitative conformation scheme one may not
conclude for which process the rate has been measured in the
case of aminoalcohol 25 : NIR, ISR, a concerted hydrogen
bond dissociation/NIR or a concerted H-bond dissociation/
ISR process. Finally, to consider the obtained value[26a] as
™typical∫ for the conformation dynamics of N,N-dimethyl-N-
alkyl amines is incorrect. The NIR barrier for an amine
strongly depends on the structure of the N-alkyl substitu-
ent.[24, 25] For example, the NIR barrier for Me3N[29] is
8.2 kcalmol�1, while for N,N-dimethyltriptycylamine it is too
low[24, 29] to be measured by conventional DNMR techniques.
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In general, the literature does not discuss how NIR or ISR
occur for hydrogen-bonded amines (such as alkylamines
possessing an intramolecular OH ¥¥¥N bond), whether step-
wise, through a break-up of the hydrogen bond followed by
NIR or ISR in the intermediate free amine, or as a
synchronous process of NIR or ISR and hydrogen-bond
dissociation. For instance, a description of conformation
dynamics for N,N-diethylaminomethylphenols with an intra-
molecular OH ¥¥¥ N bond[30a,b] presumes only a two-step
mechanism for NIR: break-up of the chemical bond (hydro-
gen bond) followed by the usual conformation transformation
of a free amino group (NIR). Other topomerization mecha-
nisms for amines in aqueous solutions are actually intermo-
lecular and do not include pyramidal nitrogen inversion
itself.[30c]


We analyzed whether there is a NIR transition state that is a
single energy maximum in the pathway hydrogen-bonded
invertomer 1 to non-hydrogen-bonded invertomer 2 using
MM3-based modeling. Several first-order NIR transition
states for piperidine 5 were generated (see Experimental
Section for details) and their relationship with the corre-
sponding stable conformers was established as described
above. Indeed, two transition states (TS1 and TS2; see
Figure 5) for a concerted hydrogen-bond dissociation/NIR


Figure 5. Two NIR transition states (TS1 and TS2) and the corresponding
stable conformers for piperidine 5 (MM3-optimized structures are pre-
sented). Energies (kcalmol�1) are shown as relative values to steric energy
of conformer A�.


process were found. The lowest energy hydrogen-bonded
chair with an equatorial N-substituent (conformer A�; see also
Figure 2) and the lowest energy hydrogen-bonded chair with
an axial N-substituent are transformed through the corre-
sponding transition states into non-hydrogen-bonded chairs
with an axial and equatorial substituent, respectively.


Since MM3 does not provide the desired accuracy in the
energy calculation for hydrogen-bond-containing conformers
(see above) the Amber force field was also employed to check
the MM3 results. The relationship between TS1 and the
corresponding conformers A and C for amine 5 was estab-
lished similarly to the MM3 case, by using full-matrix
minimization and the normal mode vibrational analysis
implemented by Macromodel. It was found that TS1 (opti-


mized by Amber) for NIR in piperidine 5 lies between
conformers A (hydrogen-bonded; see Figure 2) and C (not
hydrogen-bonded; Figure 5) in the pathway A�C.


Finally, we undertook quantum mechanical ab initio
calculations in order to examine these conformation trans-
formations (e.g., B�D) by a reliable and independent
method. Optimization of the MM3-derived geometry of TS2


at the RHF/6-31G* level led to a first-order transition state of
essentially the same geometry as that obtained by the
molecular mechanics force fields. As in the case of molecular
mechanics, normal mode vibrational analysis (carried out
using Gaussian98[31]) demonstrated that this TS2 is the
transition state for the conformation transformation of non-
hydrogen-bonded conformer B into hydrogen-bonded D and
vice versa. This confirms our hypothesis of a concerted
hydrogen bond dissociation-NIR process taking place in
hydrogen-bonded amines.


Experimental Section


Acetonitrile and triethylamine were dried and distilled, while other
analytical grade solvents and commercial reagents (Aldrich) were used
without additional purification. Piperidine derivatives 8, 11, and 13 are
commercially available (piperidone 13 was redistilled before use). Piper-
idones 12 and 14 (a 1:1 mixture of cis- and trans-isomers) as well as
piperidol 22 were obtained according to the reported procedures.[1b, 32, 33]


An Osram 125 W medium-pressure lamp was used as an external UV light
source. Elemental analysis was carried out for compounds 15 ± 19 ; for
related compounds 4 ± 7 high-resolution mass spectra were obtained and
the purity was ascertained by TLC in two different systems (CHCl3/EtOH,
15:1 and CHCl3/diethyl ether, 2:1) on silica gel 60 F254 plates (Merck) and in
one chromatography system (MeCN/water, 9:1) on KC18 reversed silica
plates (Carlo Erba Reagenti). High-resolution mass spectra (chemical
ionisation, reagent gas isobutane) were recorded on a VG AutoSpec mass
spectrometer; other mass-spectra were recorded on a VG-7070E spec-
trometer (70 eV, 50 ± 100�). IR spectra were obtained for 0.001 ± 0.0005�
solutions of piperidine compounds in dry CCl4 on a Perkin ±Elmer 580B
instrument.


All 1H and 13C NMR spectra were obtained on a Bruker AM-300
spectrometer. TMS was used as internal standard. Samples (20 ± 30 mg in
C6D5Br (0.5 mL)) were equilibrated �10 min at each temperature before
every NMR experiment. Temperatures were measured with a calibrated
Eurotherm 840/T digital thermometer and are believed to be accurate to
�0.5 K. For the complete line-shape analysis, a modified version of a
program written by R. E. D. McClung, University of Alberta, Edmonton
(Canada), was used with visual fitting. At the lowest measured temperature
the �� values were 1109 Hz (4, 13C), 36.4 Hz (5, 1H), 53.6 and 121.7 Hz (6,
1H, two pairs of methyl singlets) and 21.8 Hz (7, 1H). In every case, 3 ± 5 ��


values, at different temperatures, were obtained from the fitting procedure.
These were extrapolated for the calculated line shapes at temperatures
above coalescence. The contributions to the linewidth from the dynamic
process were 1 Hz or more (at the lowest and/or highest temperature
extremes) for the entries in Table 3. The activation parameters were
calculated by using the Eyring equation.


The 1996 version of the MM3 program[21a±c] with an explicit parameters for
amines[21b] was used for molecular mechanics calculations. Energy mini-
mization in the regions of the minima and maxima of steric energy was
performed without restriction for the structural elements (full-matrix
minimization option). For the calculation of barriers in 5 and 7, two
procedures were employed: a) the dihedral driver option and b) the one-
plane fixation of the N-fragment. In a), the exocyclic N-substituent was
rotated in the range �180 to �180� around both the C�N and C�N bonds
(NDRIVE��1; block diagonal minimization; 6� rotation steps for each
dihedral angle). In the regions of the energy maxima 1� rotation steps were
used. Full-matrix minimization (option 3) was further used for the high-
energy points. For b), amine structures with a planar amino fragment were
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oriented to place the N atom and the two ring C� atoms in the xy plane; the
z coordinate of the third C� atom was changed to zero. Block diagonal
minimization of this structure with restricted motion along the z coordinate
for the N atom and three C� atoms was performed; the final step was full-
matrix minimization (option 3) for the resulting structures. In both cases
a) and b) the NIR transition states were distinguished from the ISR
transition states by normal mode vibrational analysis.


A stochastic search followed by full-matrix minimization (option 9) was
used for the generation of an entire set of transition states and stable
conformations for piperidine 4. This search (200 pushes) was performed six
times, starting from different ring conformations until no new conforma-
tions were generated in the last search. Coordinates derived from the
eigenvectors (produced by option 5 and Vibplot) of vibrational modes with
imaginary frequency were employed as starting coordinates for minimiza-
tion in the establishment of the formal relationship between conformers
and transition states.


MM3*, Amber and OPLS force fields (Macromodel6.5 package[22a±c]) were
used for conformation analysis of the piperidine compounds as well as
amine 25. The ™no solvent∫ and ™distance-dependent dielectric electro-
statics∫ options were employed for the energy minimization. Full-matrix
minimization (FMNR) and vibrational analysis (VIBR) options were used
in the case of the NIR transition state for piperidine 5. The ™Monte-Carlo∫
option was used for conformation search (generation of 5� 105 structures
for each compound with the energy upper limit 3 kcalmol�1 from the
lowest energy conformer found).


The Gaussian98 package[31] was used for ab initio calculations (gas phase)
of the transition state of a concerted NIR/hydrogen-bond dissociation
process in 5 by employing the Berny optimization algorithm and the
Newton ±Raphson optimization procedure at each level of ab initio
calculations. MM3-derived geometry for TS2 served as the starting
structure. Initial ab initio geometry optimization was performed at the
restricted Hartree ± Fock level with the 3-21G basis set. The resulting
geometry was optimized at the RHF/6-31G* level. For the location of the
first-order NIR transition states the ™NoEigenTest∫ option was employed
at the initial calculation step at the RHF/3-21G level, followed by the use of
the ™CalcAll∫ option in the next calculation step (at the same level of
theory). Further calculations with the ™CalcAll∫ option were carried out at
the RHF/6-31G* level.


General procedure for preparation of piperidines 5, 6, 15 ± 19 : A solution of
amine 2 (10 mmol) in a benzene/ketone 10a mixture (7:3, 100 mL) or a
solution of amines 2 or 12 (10 mmol) and ketone 10b (15 mmol) in benzene
or a solution of amines 11 ± 14 (10 mmol) and ketone 10c (15 mmol) in
benzene (80 ± 100 mL) in a quartz flask were irradiated under reflux with
bubbling argon for 10 ± 15 h. A solution of H2SO4 (10 mmol) in water
(50 mL) was added, the aqueous phase treated with NaOH to pH� 12 and
extracted with CHCl3, and the organic layer evaporated and purifies by
chromatography on a silica column. Gradient elution (from CCl4 to CHCl3)
afforded compounds 5, 6, 15 ± 19.


1-(2-Hydroxy-2-phenylpropyl)-2,2,6,6-pentamethyl-4-piperidone (15):
M.p. 83 ± 84 �C; IR (CCl4): �� � 1720 (C�O), 3260 cm�1 (OH); elemental
analysis calcd (%) for C18H27NO2 (289): C 74.7, H 9.3, N 4.8; found: C 74.4,
H 9.3, N 5.0.


8-(2-Hydroxy-2,2-diphenylethyl)-8-azabicyclo[3.2.1]octane-3-one (16):
M.p. 106 ± 108 �C; 1H NMR (CDCl3): �� 1,49 (m, 2H; H-6, H-7), 1.88 (m,
2H; H-6, H-7), 2.04 (dd, 2J(H,H)� 16.5 Hz, 3J(H,H)� 1.5 Hz, 2H; Hax-2,
Hax-4), 2.50 (dd, 2J(H,H)� 16.5 Hz, 3J(H,H)� 4.5 Hz, 2H; Heq-2, Heq-4),
3.40 (s, 2H; N-CH2), 5.4 (br s, 1H; OH), 7.2 ± 7.8 (m, 10H; Ph); IR (CCl4):
�� � 1710 (C�O), 3372 cm�1 (OH); MS: m/z (%): 303 [M��H2O];
elemental analysis calcd (%) for C21H23NO2 (321): C 78.5, H 7.2, N 4.5;
found: C 78.3, H 7.4, N 4.5.


1-(2-Hydroxy-2,2-diphenylethyl)-2,2,6,6-pentamethyl-4-piperidone (17):
M.p. 216 ± 218 �C; 1H NMR (CDCl3): �� 0.7 (s, 6H; �-Meeq), 1.01 (s, 6H;
�-Meax), 2.00 (d, 2J(H,H)� 11.5 Hz, 2H; Hax-3, Hax-5), 2.48 (d, 2J(H,H)�
11.5 Hz, 2H;Heq-3, Heq-5), 3.54 (s, 2H;N-CH2), 5.5 (br s, 1H; OH), 6.9 ± 7.6
(m, 10H; Ph); IR (CCl4): �� � 1725 (C�O), 3360 cm�1 (OH); elemental
analysis calcd (%) for C23H29NO2 (351): C 78.6, H 8.3, N 4.0; found: C 78.6,
H 8.1, N 3.1.


1-(2-Hydroxy-2,2-diphenylethyl)-4-piperidone (18): M.p. 62 ± 64 �C;
1H NMR (CDCl3): �� 2.28 (t, 3J(H,H)� 6.0 Hz, 4H; �-H), 2.67 (t,
3J(H,H)� 6.0 Hz, 4H; �-H), 3.38 (s, 2H; N-CH2), 5.2 (br s, 1H; OH),


7.0 ± 7.7 (m, 10H; Ph); IR (CCl4): �� � 1710 (C�O), 3392 cm�1 (OH);
elemental analysis calcd (%) for C19H21NO2 (295): C 77.3, H 8.6, N 4.7;
found: C 77.0, H 8.9, N, 5.1.


1-(2-Hydroxy-2,2-diphenylethyl)-2,2,3,5,6,6-heptamethyl-4-piperidone (a
1:1 mixture of cis- and trans- isomers) (19): M.p. 127 ± 129 �C; 1H NMR
(CDCl3, the signals of the trans-isomer are marked by asterisk): �� 0.57*
(s, 3H; �-Meeq), 0.71 (s, 3H; �-Meeq), 0.71* (s, 3H; �-Meeq), 0.78 (s, 3H; �-
Meax), 0.83* (s, 3H; �-Meax), 0.96* (s, 3H; �-Meax), 0.84 ± 0.88 (m, 9H; �-
Me), 1.24* (d, 3J(H,H)� 7.2 Hz, 3H; �-Me), 2.14* (q, 3J(H,H)� 7.2 Hz,
2H; �-H), 2.76 (q, 3J� 6.6 Hz, 2H; �-H), 3.54* (br s, 2H; N-CH2), 3.62 (s,
2H;N-CH2), 5.4 (br s, 1H; OH), 6.9 ± 8.1 (m, 10H; Ph); IR (CCl4): �� � 1716
(C�O), 3400 cm�1 (OH); MS:m/z (%): 361 [M��H2O]; elemental analysis
calcd (%) for C25H33NO2 (379): C 79.1, H 8.7, N 3.7; found: C 78.8, H 8.9, N
3.3.


Piperidine 4 : A mixture of amine 8 (10 mmol) and iodide 9 (80 mmol) was
heated for 4 ± 5 h at 155 �C in a sealed tube. After addition of hexane and
filtration the solution was treated with 1� HCl to pH� 1 and extracted
with CH2Cl2. The aqueous phase was altered to pH� 11 by using NaOH
and extracted with CHCl3. The organic phase was concentrated at 25 �C
and loaded on to a 4 cm layer of silica gel. Elution with CH2Cl2/diethyl
ether (4:1) afforded compound 4.


1-(2-Acetoxy-2-methylpropyl)-2,2,6,6-tetramethylpiperidine 7: A solution
of amine 6 (21 mg, 0.1 mmol), acetyl chloride (24 mg, 0.3 mmol), triethyl-
amine (30 mg, 0.3 mmol), and DMAP (5 mg) in MeCN (2 mL) was stirred
for 3 days at 25 �C. Water and CH2Cl2 were added, the organic layer
evaporated, and gradient chromatography on C18 reversed phase silica
(from MeCN/water (80:20) to MeCN/water (95:5); eluent volume 200 mL)
led to compound 5 (16 mg, 56%).


N-Demethylation (general procedure): A solution of amine 11, 12, or 22
(10 mmol) in a water/ketone 10a mixture (4:1, 100 mL) was irradiated
(quartz) for 8 ± 10 h under reflux and under bubbling argon. H2SO4


(0.5 mL), K2SO4 (5 g), and CHCl3 (80 mL) were added, the aqueous phase
was treated at 0 �C with NaOH to pH �11 and extracted with CHCl3 (3�
80 mL), and the organic phase (dried over K2CO3) was concentrated.
Chromatography on silica led to compounds 20, 21, or 23, respectively.
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Ruthenium Alkylidenes: Modulation of a New Class of Catalysts for
Controlled Radical Polymerization of Vinyl Monomers


FranÁois Simal,[a] Se¬bastien Delfosse,[a] Albert Demonceau,*[a] Alfred F. Noels,[a]
Karin Denk,[b] Florian J. Kohl,[b] Thomas Weskamp,[b] and Wolfgang A. Herrmann[b]


Abstract: Air-stable and readily avail-
able ruthenium benzylidene com-
plexes of the general type
[RuCl2(�CHPh)(L)(L�)] (L, L��PCy3


and/or N-heterocyclic carbene) consti-
tute a new class of catalyst precursors for
atom-transfer radical polymerization
(ATRP) of methyl methacrylate and
styrene, and provide an unprecedented
example for the involvement of ruthe-
nium alkylidenes in radical reactions.
They promote the polymerization of
various monomers with good to excel-
lent yields, and in a controlled way with
methyl methacrylate and styrene. Varia-


tions of their basic structural motif
provide insights into the essential pa-
rameters responsible for catalytic activ-
ity. The ligands L (PCy3 and/or N-
heterocyclic carbene) turned out to play
a particularly important role in deter-
mining the rate of the polymerizations.
A similarly pronounced influence is
exerted by the substituents on the N-
heterocyclic carbene. Our results indi-


cate that the catalysts decompose quick-
ly under ATRP conditions, and polymer-
izations are mediated by both
[RuCl2(�CHPh)(L)(L�)] complexes and
ruthenium species bereft of the benzyl-
idene moiety, through a pathway in
which both tricyclohexylphosphane
and/or N-heterocyclic carbene ligands
remain bound to the metal center.
Polymerization of n-butyl acrylate and
vinyl acetate is not controlled and most
probably takes place through a redox-
initiated free-radical process.


Keywords: carbenes ¥ homogene-
ous catalysis ¥ polymerizations ¥
radical reactions ¥ ruthenium


Introduction


With the isolation of the first stable carbene in 1988,[1] the
chemistry of nucleophilic carbenes has experienced an
incredible renaissance, which rapidly opened up new vistas
in coordination chemistry and in homogeneous catalysis with
organometallic compounds.[2] N-heterocyclic carbenes (NHC)
of the imidazole and triazole type act as controlling ligands in
catalysis, and their key advantages appear to be their easy
synthesis and their increased Lewis basicity compared to
phosphanes. Furthermore, N-heterocyclic carbenes may allow
a fine tuning of the reactivity pattern of the catalytic species
by systematic variations of their substituents. These concepts
have been nicely illustrated, inter alia, in olefin metathesis
catalyzed by ruthenium alkylidene complexes 1 ± 3.[3]


Atom-transfer radical polymerization (ATRP) is so far one
of the most successful approaches for controlling radical
polymerization.[4] ATRP is based on a dynamic equilibration
between the propagating radicals and the dormant species;
this is established through the reversible transition metal-
catalyzed cleavage of the covalent carbon ± halogen bond in
the dormant species (Scheme 1). Polymerization systems


Scheme 1.
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utilizing this concept have been developed with complexes of
Cu, Ru, Ni, Pd, Rh, and Fe to establish the ATRP
equilibrium.[4] We recently reported on the exceptional
efficiency and versatility of new catalysts based on [RuCl2-
(arene)(PR3)] for promoting ATRP of vinyl monomers.[5] As
these complexes were also known to be highly active for olefin
metathesis,[6] we then moved to [RuCl2(�CHPh)(PCy3)2] (1),
the Grubbs× ruthenium benzylidene complex which has had a
tremendous impact on this field.[7] Since initial results showed
that complex 1 proved to be highly efficient also for ATRP,[5]


we expanded our investigations towards the latest catalyst
development in this field, that is, NHC-containing ruthenium
benzylidene complexes introduced by Herrmann et al.[8]


Results and Discussion


Catalytic investigations : In a first set of experiments, we
checked the catalytic activity of ruthenium benzylidenes 1 ± 3
with methyl methacrylate (MMA) at 85 �C, with ethyl
2-bromo-2-methylpropanoate as initiator (Table 1). All of


the complexes were found to catalyze the polymerization of
MMA in high yield and in a fairly well controlled way,
although significant differences in their behavior were no-
ticed. Thus, mixed ligand complexes 2 exhibited the lowest
activity, whereas little difference was noticed between bis-
(imidazol-2-ylidene) compounds 3a (R�Cy) and 3b (R�
iPr); both of them afforded poly(methyl methacrylate)
(PMMA) possessing essentially the same features (Mn and
Mw/Mn). Complex 1 gave the narrowest molecular weight
distribution (Mw/Mn� 1.28), although the number-average
molecular weight (Mn) was higher than the calculated value
(initiation efficiency (f)� 0.6). Broader Mw/Mn values result-
ed from substitution of one or both PCy3 by a N-heterocyclic
carbene. With complexes 3, Mn values were fairly well
controlled by the monomer to the initiator ratio (f� 0.9).
Complex 3a was also employed in conjunction with poly-
halogenated initiators (CCl4 and CCl3Br) and tested with
Al(OiPr)3 as a co-catalyst,[4a, 9] but without any significant
improvements regarding the control of polymerizations
(Table 2). As already previously noticed for polyhalogenated
initiators,[10, 11] the initiation efficiency factor f was then higher


than 1, indicating the generation of additional polymer chains
through transfer reactions.[12]


The MMA polymerization apparently proceeds by a radical
mechanism, as indicated by the inhibiting effect of radical
scavengers (galvinoxyl or 1,1-diphenyl-2-picrylhydrazyl
(DPPH), five equivalents relative to complexes 1 and 3a),
and by the close similarity of the tacticity of the PMMA thus
obtained and that of PMMA radically prepared with azobis-
(isobutyronitrile) (AIBN) in toluene at 85 �C. Interestingly,
the tacticity of PMMA and polystyrene was not affected by
the use of chiral complex 2b. For PMMA, for instance, the
tacticity (rr :rm :mm� 59.25:37.15:3.6) was close to that meas-
ured for most PMMAs synthesized by ATRP, irrespective of
the catalyst ligands.[5a]


Under those conditions, the kinetics were first order in
MMA (Figure 1), and the number-average molecular weight
(Mn) of PMMA increased linearly with monomer conversion


Figure 1. Time dependence of ln([M]0/[M]) at 85 �C where [M]0 and [M]
are the MMA concentration at times 0 and t, respectively. Reaction
conditions are the same as in Table 1. Catalysts: 1 (�) y��1.5333� 10�2 �
0.75725x ; r2� 0.999. 2b (�) y� 6.8162� 10�2 � 0.11581x ; r2� 0.993. 3a (�,
two superimposed runs), y� 0.22705�0.41747x ; r2� 0.998.


(Figure 2), although they were (slightly) higher than the
calculated values assuming that one molecule of initiator
generates one living polymer chain. Furthermore, the molec-
ular weight distribution (Mw/Mn) decreased as the polymer-
ization proceeded (Figure 2), indicating that the radicals are
long-lived.


Mechanistic approach : The complexes used in this paper are
extensively employed in olefin metathesis and they have now
been shown to catalyze ATRP. This raises a fundamental


Table 1. Ruthenium-catalyzed polymerization of methyl methacrylate and
styrene.


Methyl methacrylate[a] Styrene[b]


Yield [%] Mn
[c] Mw/Mn f[d] Yield [%] Mn


[c] Mw/Mn f[d]


1 95[e] 66000[e] 1.28[e] 0.6[e] 61 29000 1.38 0.8
2b 85 58000 1.35 0.6 48 22000 1.6 0.85
3a 99 42000 1.47 0.95 89 39000 1.53 0.9
3b 90 43000 1.6 0.85 78 36000 1.8 0.85
4 97 49500 1.47 0.8


[a] [MMA]0/[initiator]0/[Ru]0� 800:2:1 (initiator� ethyl 2-bromo-2-methyl-
propanoate, T� 85 �C, reaction time� 16 h). [b] [styrene]0/[initiator]0/[Ru]0�
750:2:1 (initiator� (1-bromoethyl)benzene, T� 110 �C, reaction time� 16 h).
[c] Determined by size-exclusion chromatography (SEC) with PMMA and
polystyrene calibration, respectively. [d] Initiation efficiency f�Mn,theor/Mn,exp


with Mn,theor� ([monomer]0/[initiator]0)�Mw(monomer)� conversion. [e] See
refs. [5a, 8].


Table 2. Polymerization of methyl methacrylate catalyzed by complex 3a
and initiated by polyhalogenated compounds.[a]


Initiator Co-catalyst[b] Yield [%] Mn
[c] Mw/Mn f[d]


CCl4 ± 98 30500 1.57 1.3
CCl4 Al(OiPr)3 95 26000 1.45 1.45
CCl3Br ± 100 42000 1.39 0.95
CCl3Br Al(OiPr)3 100 34000 1.42 1.2


[a] [MMA]0/[initiator]0/[Ru]0� 800:2:1 (T� 85 �C, reaction time� 16 h).
[b] Four equivalents relative to 3a. [c] Determined by size-exclusion
chromatography (SEC) with PMMA calibration. [d] Initiation efficiency
f�Mn,theor/Mn,exp with Mn,theor� ([MMA]0/[initiator]0)�Mw(MMA)�
conversion.
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Figure 2. Dependence of the PMMA molecular weight Mn on monomer
conversion z (y� 1739.0�423.08x ; r2� 0.982; two superimposed runs).
Reaction conditions are the same as in Table 1 (catalyst� 3a). (Catalyst 1,
y��2012.4�666.59x ; r2� 0.986; catalyst 2b, y� 2062.2�670.92x ; r2�
0.996; catalyst 3b, y� 1849.0�485.07x ; r2� 0.986).


question: Is this observation merely coincidental, or does it
reflect a common requirement of both reactions, which would
just be met with ruthenium±benzylidene complexes? The
mechanisms of olefin metathesis and ATRP are both well
known (even though numerous aspects thereof still need
further clarification) and are completely different. However,
the recent observation that the Grubbs× catalyst 1 generates
persistent radical anions on treatment with � acceptors and a
remarkably wide range of dienes and even simple alkenes[13]


led us to compare the mechanisms of both reactions catalyzed
by 1 ± 3.


Ruthenium± alkylidene complexes 1 ± 3 are unsaturated 16-
electron species that formally allow carbon ± halogen bond
activation to form a 17-electron ruthenium(���) intermediate.
Our preliminary results summarized hereafter indicate that
polymerization occurs through a pathway in which both
tricyclohexylphosphane and/or imidazol-2-ylidene ligands
remain bound to the metal center:
1) MMA polymerizations clearly demonstrated a significant


increase in the catalytic activity of the bis-phosphane
complex 1 when compared to the bis(imidazol-2-ylidene)
and to the mixed ligand derivatives, 3 and 2, respectively
(Figure 1, 1 (kapp� 21.05� 10�5 s�1), 2b (kapp� 3.22�
10�5 s�1), 3a (kapp� 11.60� 10�5 s�1), 3b (kapp� 8.76�
10�5 s�1)[14]). An exactly opposite trend was observed in
olefin metathesis[3g] in which phosphane dissociation from
the metal center was shown to take place.[15] An interesting
result came from the comparison of complex 3b and its
dibromo analogue 4, which were found to be essentially


equipotent catalyst precursors
both for ATRP and olefin
metathesis.[3g] This reactivity
pattern appears to be in sharp
contrast to that of the parent
system 1, the efficiency of
which dropped significantly
when the chloride ligands were
replaced by bromide or io-
dide.[15, 16]


2) Catalytic activity for MMA polymerization was only
slightly influenced by an excess of PCy3 to the reaction
medium[17] (Figure 3a), which stands in contrast to olefin
metathesis activity with the same catalyst precursor.[3e, 15]


Quite the contrary, with complex 2b the rate of polymer-
ization increased by a factor of three upon addition of five


equivalents of PCy3. These results rule out again a
dissociative pathway. An excess of PCy3 led, however, to
some loss of the control of Mn (Figure 3b) and to a
significant broadening of the polydispersity (Figure 3c).
When five equivalents of PCy3 were added to 1 and 2b,
Mw/Mn reached 1.5 and 1.85, respectively. The possibility
that free phosphanes orN-heterocyclic carbenes also act as
initiators (or are actually the initiators) in these polymer-
ization reactions has been excluded by control experi-
ments with just the ligand. PPh3, PCy3, and 1,3-bis(2,4,6-
trimethylphenyl)-2,3-dihydro-1H-imidazol-2-ylidene have
been tested as potential initiators for the polymerization of
methyl methacrylate at 85 �C, and found to be inactive.


3) With the bis(imidazol-2-ylidene) complex 3a (R�Cy), the
plot of ln([M]0/[M]) versus time was linear, whereas with
3b (R� iPr) the relationship was asymptotic (Figure 4).
These results could be rationalized by the relative stability
of those ruthenium complexes. The more sterically de-
manding imidazol-2-ylidenes (R�Cy, 2,4,6-trimethyl-
phenyl) are known to be stronger binders to ruthenium
and to form more stable complexes than their isopropyl-
substituted counterpart.[3e, 18] The less bulky tetramethyl
derivative (3, R�Me) could never be isolated.[19]


Figure 3. a) Time dependence of ln([M]0/[M]) at 85 �C where [M]0 and [M]
are the MMA concentration at times 0 and t, respectively. Reaction
conditions are the same as in Table 1. Catalyst systems: 1, no added
PCy3 (�) (y��0.015333�0.75725x ; r2� 0.999); 1 � 2PCy3 (�)
(y��0.032839 � 0.66585x ; r2� 0.997); 1 � 5PCy3 (�) (y��0.086701
� 0.65601x ; r2� 0.975); 1 � 10PCy3 (�) (y��0.010778 � 0.49681x ; r2�
0.999). b) Dependence of the PMMA molecular weight Mn and c) of the
molecular weight distribution Mw/Mn on monomer conversion z. Catalyst
systems: 1, no added PCy3 (�); 1 � 5 PCy3 (�); 1 � 10 PCy3 (�).
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The fate of the alkylidene fragment in complexes 1 ± 3
remains a matter of debate.[3e, 20] The thermal stability of
benzylidene complexes 1, 2b, and 3b was tested at 85 �C,
under conditions mimicking polymerization of methyl meth-
acrylate.[21] As monitored by 1H NMR spectroscopy, complete
disappearance of the benzylidene fragment of 2b was
observed within 20 min, whereas 1 showed only 55% decom-
position over the same period of time (88% decomposition of
complex 3b).[22] A typical reaction profile for this process
appears in Figure 5a. These results indicate that ATRP is
mediated by ruthenium species bereft of the benzylidene
moiety. However, no induction periods were observed in the


Figure 5. a) Time dependence of the benzylidene content (�) and b) of the
benzylidene distribution by heating complex 1 at 85 �C in the presence of
ethyl 2-bromo-2-methylpropanoate:[21] [RuCl2(�CHPh)(PCy3)2] (�, 1),
[RuBrCl(�CHPh)(PCy3)2] (�), and [RuBr2(�CHPh)(PCy3)2] (�).


kinetics (Figure 1), and it is therefore more likely that both
complexes 1 ± 3 and their decomposition products catalyze
ATRP, and probably at different rates. Thus, the observation
of nonlinear rate constants presented in Figure 4 for complex
3b could also be seen as supporting this claim.


Further interesting information stems from the rate studies
of using complexes 1 and 2b in the presence of excess PCy3.
Addition of PCy3 slightly slowed down the polymerization
rate (Figure 3a). Thus, the addition of ten equivalents of PCy3


afforded a polymerization rate constant of 13.8� 10�5 s�1.
Since it is well known that additional PCy3 also extends the
longevity of the catalysts,[20] this result might most likely
reflect polymerization mediated by complex 1. When no PCy3


was added, the rate constant increased to 21.05� 10�5 s�1,
which might reflect mediation by the decomposed species.
Furthermore, addition of PCy3 also resulted in a nonlinear
relationship of Mn versus conversion (Figure 3b) and a quite
broad polymer distribution (Figure 3c), revealing a redox-
initiated free-radical polymerization. This could tentatively be
rationalized by the fact that the ruthenium±benzylidene
complexes 1 ± 3 mediate (to some extent) olefin polymer-
ization throught a redox-initiated free-radical process and
that the ruthenium species bereft of the benzylidene fragment
are the active ATRP catalysts.


In the early stages of the decomposition reaction of the
ruthenium±benzylidene complexes, halogen exchange took
place between [RuCl2(�CHPh)L2] complexes 1 and 3b (L�
PCy3 or NHC), the initiator (ethyl 2-bromo-2-methylpro-
panoate) and/or the carbon ± halogen terminii of the dormant
species (Figure 5b). These halogen exchanges yielded
first new complexes, tentatively identified as
[RuClBr(�CHPh)L2], which were then converted into
[RuBr2(�CHPh)L2], unambiguously identified by comparison
with authentic samples.[23] No evidence so far (1H and
13C NMR spectroscopy) substantiated the intermediacy of
[Ru�C(Me)CO2Me] or [Ru�CH2] species, potentially result-
ing from a metathetical exchange between the benzylidene
fragment of 1 or 3b and methyl methacrylate. Ruthenium
ester carbene complexes, [Ru�C(Me)CO2R], are known to be
highly unstable,[25] and it is possible that this species forms and
then quickly decomposes. In addition, while it is well known
that complex 1 is inert towards methacrylates, related N-
heterocyclic carbene complexes 2 have been recently shown
to react with these substrates to some extent.[26] The observed
thermolytic half-lives[22] approximate the relative reactivity of
the complexes with methacrylates and help to support this
claim. Further proof of this possible reaction pathway is
needed. Likewise, the real catalytic species remains unknown
so far, and a more detailed investigation of these processes is
presently under way.


Catalysts 1 ± 3 also permit a satisfactory control of styrene
polymerization. This was not possible with the early ruthe-
nium-based catalysts till the recent introduction of [RuCl2-
(p-cymene)(PR3)][5] and [RuCl(Ind)(PPh3)2] (Ind� inden-
yl).[27] With complex 1 (Table 1), a smooth polymerization of
styrene took place. The conversion reached 61% in 16 h, with
a molecular weight distribution near 1.4.Mw/Mn were however
broader for polystyrenes obtained using ruthenium N-hetero-
cyclic carbene complexes 2 and 3 (Mw/Mn� 1.55 ± 1.8). It


Figure 4. Time dependence of ln([M]0/[M]) at 85 �C where [M]0 and [M]
are the MMA concentration at times 0 and t, respectively. Reaction
conditions are the same as in Table 1. Catalysts: 3a (�), y�
0.22705�0.41747x ; r2� 0.998. 3b (�), y� 0.06830�0.31529x ; r2� 0.973,
calculated for the first three hours of polymerization.
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should be noted that vinyl acetate (a substrate known to be
very reluctant to undergo ATRP[28]) polymerized in moderate
yields at 140 �C, although in an uncontrolled way (Table 3).
Likewise, the polymerization of n-butyl acrylate (Table 3) was
not controlled, as with all other ruthenium complexes
reported so far, except for [RuCl2(p-cymene)(PiPr3)][29] and
[RuCl(Cp*)(PAr3)2].[30] With both monomers, polymerization
is more likely a redox-initiated free-radical process, as
indicated by the kinetics and the evolution of molecular
weights with conversion (Figure 6).[28a,b]


Figure 6. a) Time dependence of ln([M]0/[M]) at 65 �C where [M]0 and [M]
are the n-butyl acrylate concentration at times 0 and t, respectively, and
b) dependence of the poly(n-butyl acrylate) molecular weight Mn on
monomer conversion z (two superimposed runs). Catalysts: 1 (�), 2b (�),
and 3a (�). Reaction conditions: [n-butyl acrylate]0/[initiator]0/[Ru]0�
1200:4:1 (initiator, ethyl 2-bromopropanoate). Mn were determined by
size-exclusion chromatography (SEC) with PMMA calibration.


Conclusion


We have demonstrated that ruthenium benzylidenes with N-
heterocyclic carbene ligands are efficient catalysts for the
controlled radical polymerization of methyl methacrylate and
styrene. Since these complexes also exhibit excellent perform-
ance in olefin metathesis, there is clearly a great deal of
promise in elucidating the nature and the reactivity of those
intermediate species, and for further improvements of N-
heterocyclic carbene-containing catalysts for both reactions.


Experimental Section


General : All reagents and solvents were dried, distilled, and stored under
nitrogen at �20 �C with conventional methods.[31] Grubbs catalyst 1 was
used as received (Strem). Ruthenium complexes 2 ± 4 were synthesized and
purified according to the literature.[3a,b,d]


Polymerization of MMA : The ruthenium complex (0.0117 mmol) was
placed in a glass tube containing a bar magnet and capped by a three-way
stopcock. The reactor was purged of air (three vacuum±nitrogen cycles)
before methyl methacrylate (1 mL, 9.35 mmol), and the initiator (ethyl
2-bromo-2-methylpropanoate 0.1� in toluene, 0.234 mL) were added. All
liquids were handled with dried syringes under nitrogen. The mixture was
heated in a thermostated oil bath for 16 h at 85 �C and, after cooling,
dissolved in THFand the product precipitated in heptane. The polymer was
filtered off and dried overnight at 80 �C under vacuum.


Styrene, n-butyl acrylate, and vinyl acetate were polymerized according to
the same procedure. In all experiments, 1 mL of monomer was used (for
further information on the initiator, the temperature and the reaction time,
see Tables 1 ± 3). In two cases (Table 2), aluminum isopropoxide (Acros,
0.095� in dry toluene, 0.5 mL) was added to the reaction mixture.


Characterization : The molecular weight distribution was analyzed by size-
exclusion chromatography (SEC) in THF at 40 �C by using a Hewlett ±
Packard 1090 liquid chromatograph equipped with a Hewlett-Packard
1037A refractive index detector. PMMA and polystyrene standards
(Polymer Laboratories) were used for calibration. Before SEC analysis,
the polymer was purified by passing solutions through an Al2O3-filled
column. 1H NMR spectra were recorded at room temperature in CDCl3
with TMS as internal reference by using a Brucker AM400 apparatus.
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Abstract: A set of twelve porphyrin
dimers has been prepared to give in-
formation on how the type of connec-
tivity between a porphyrin core and a
bridge can influence the interporphyrin
electronic interaction. The new porphy-
rin systems are substituted directly at the
meso position with an oligothiophene
chain tethered either with a single C�C
sigma bond, a trans ethylenyl group, or a
acetylenyl group. The compounds are
easily obtained by palladium-catalyzed
cross-coupling reactions (Stille, Heck,
and Sonogashira) between 5-iodo-
10,15,20-(3,5-ditert-butylphenyl)porphy-
rin and the appropriate oligothio-
phene derivative. This synthetic ap-
proach is straightforward and very ef-
fective for preparing oligothiophene-
based porphyrin systems. The absorp-
tion spectra and the fluorescence prop-
erties of the dimers demonstrated the
crucial importance of the characteristics


of the chemical bond used to connect the
bridge to the porphyrin unit. The mag-
nitude of the electronic communication
can thus be significantly modulated by
altering the type of bond connectivity
used to link the chromophore to the
bridge. The present work shows that an
oligothiophene spacer is a viable class of
linker for connecting porphyrins, and
that a quaterthiophene appended with
ethynyl linkages affords a high electron-
ic interaction over a distance as large as
28 ä. A detailed computational study of
these dimers has clarified the conditions
needed for a conjugated system to
behave as a molecular wire. These con-
ditions are full planarity of the molecule


and proper energy matching between
the frontier orbitals of the bridge and
the porphyrin. Intermolecular energy
transfer in asymmetrical dyads com-
posed of a zinc porphyrin and a free-
base porphyrin has been studied by
fluorescence spectroscopy. In all sys-
tems, this process is more than 98%
efficient, and its rate constant decreases
steadily in the order 4ZH� 1ZH�


3ZH �2ZH. Thus, the largest rate
(kEnT� 1.2� 1011 s�1) was found in the
dyad linked with bisethynyl quaterthio-
phene, which represents the longest
bridge within the series. These results
clearly demonstrate that strong commu-
nication and also efficient photoinduced
processes can be promoted over a large
distance if the electronic structure of the
molecular connector is appropriately
chosen.


Keywords: computer chemistry ¥
energy transfer ¥ fluorescence
spectroscopy ¥ molecular devices ¥
porphyrinoids


Introduction


The control of electronic interactions in bridged multicompo-
nent systems is a crucial factor for the rational design of
photonic molecular devices. It is particularly important for the
development of devices featuring a cascade of electron- or
energy-transfer steps to achieve efficient excited-state energy
transport or long-lived charge-separated states.[1, 2] Further-
more, electronic communication is also an important property
for the design of optoelectronic devices[3, 4] and mixed-valence
compounds.[5] In this context, the importance of the linkage is
quite significant because it has two fundamental roles. First, a
rigid spacer positions two neighboring active centers at a fixed
distance and with a well-defined geometry. Second, the spacer
provides a way to promote electronic communication, and
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therefore facilitates electron and/or energy migration be-
tween the two bridged units.
Electronic coupling can come either by through-space or


through-bond interactions, and both types of interaction can
coexist in some systems. According to current theory, the
electronic coupling in a donor ± acceptor bridged system
(DABS) is usually dominated by through-bond interactions,
across the electronic structure of the bridge, and is known to
decrease exponentially with the separation distance (d)
between A and D [Eq. (1)].[6]


HAD�Ho
AD exp


�
��


2
(d� d�)


�
(1)


Ho
AD is the electronic coupling when donor and acceptor are


at a center-to-center distance d� and � is the attenuation or
damping factor that characterizes the bridge and the DA pair.
In such a model, the electronic coupling arises from the
overlap of the frontier orbitals of the donor and the acceptor
with those of the bridge, and depends on their respective
energy proximity.[1, 3] Highly conjugated organic bridges[7, 8]


mediate small � values ranging from 0.1 ± 0.6 ä�1, whereas
saturated spacers,[9] such as cyclohexane and norbornane, are
characterized by � values around 0.8 ± 1 ä�1.
The importance of electronic interactions on electron-


transfer rates has been examined both in synthetic and natural
systems, and extensive theoretical analysis has been devoted
to modeling this property.[6±10] For example, strong to weak
electronic couplings are found in biological macromolecules
such as proteins.[9, 11] It is now well-accepted that hydrogen
bonds inside proteins can play a crucial role in establishing a
pathway that mediates electronic coupling between donors
and acceptors embedded in such media.[12, 13] One of the most
relevant example of electronic coupling in biological systems
is undoubtedly found in light harvesting antennae and in the
reaction center during the photochemical processes of photo-
synthesis.[14] In this area, numerous elegant studies with
covalently linked dyads including works of Paddon-
Row,[15, 16] Moore,[17] Sauvage,[18] Osuka,[19] Therien,[20, 21] and
others[1, 9, 11±13, 22] have shown compelling evidence of the
crucial role of bridge-mediated electronic coupling on the
rate of the photoinduced charge separation. More recently,
Wasielewski and co-workers[7, 23] have developed a very
interesting DBAS linked by a series of para-phenylene
vinylene oligomers of various lengths. These molecular
systems exhibit very weak dependence of photoinduced
electron transfer thanks to hopping and tunneling modes
mediated by the bridge (�� 0.04 ä�1).
Coming back to Equation (1), it can be inferred that


through-space interactions display very strong distance de-
pendence (�� 2 ä�1 in a vacuum)[3] and are negligible above
5 ä. Thus electronic communication over long distances can
be considered to be purely through-bond interactions across a
connector. Through-bond interactions hold a particular
interest, in that electronic coupling can be favorable over
long distance if the bridge has a small � value.
The development of appropriate spacers that promote high


electronic interactions is an important issue from the view-
point of maintaining a high rate of energy and/or electron
transfer whilst increasing the distance between donor and
acceptor. Indeed charge separation[1±4, 6±8, 24] or photoinduced
energy transfer following Dexter×s mechanism[25] are two
processes that are highly sensitive to the magnitude of the
electronic coupling. Therefore, strong electronic coupling will
facilitate intramolecular energy and electron transfers. Hence,
a promising way to achieve long-range electron and energy
transfers with few molecular active units is to separate them
by long, rigid spacers that promote small values of the �


attenuation factor.
For the reasons stated above, we started a program aimed at


designing bridged, electronically coupled porphyrins to in-
vestigate the benefits of electronic coupling for intramolec-
ular energy and electron migration over long distances.


Abstract in French:
Une sÿrie de douze molÿcules bis-porphyrines a ÿtÿ synthÿtisÿe
afin d×ÿtudier l×influence du mode de connectivitÿ sur l×interac-
tion ÿlectronique inter-porphyrine. Ces nouveaux systõmes bis-
porphyrines sont directement substituÿs en position mÿso par
une chaÓne oligothiophõne liÿe soit par une simple liaison C�C,
soit par un groupe trans ÿthõnyle, soit par un groupe ÿthynyle.
Ces composÿs sont facilement synthÿtisÿs par une rÿaction de
couplage croisÿ catalysÿe par le palladium (Stille, Heck,
Sonogashira) entre la 5-iodo-10,15,20-(3,5-ditert-butylphÿnyl)
porphyrine et le dÿrivÿ oligothiophõne appropriÿ. Cette ap-
proche synthÿtique est directe et particuliõrement efficace pour
la prÿparation de tels systõmes porphyriniques. Les spectres
d×absorption et de fluorescence montrent l×importance cruciale
de la nature de la liaison entre le connecteur et la porphyrine.
L×amplitude de la communication ÿlectronique peut ainsi e√tre
modulÿe de faÁon notable en modifiant le type de connectivitÿ
entre le chromophore et le pont. Ce travail dÿmontre que les
oligothiophõnes sont une famille de molÿcules appropriÿes
pour relier des porphyrines et que l×espaceur quaterthiophõne
reliÿ par des groupes ÿthynyles permet une interaction ÿlectro-
nique importante jusqu×‡ une distance de l×ordre de 28 ä. Une
ÿtude de modÿlisation molÿculaire par une mÿthode semi-
empirique a prÿcisÿ les caractÿristiques structurales et ÿlectro-
niques requises pour qu×un systõme conjuguÿ permette d×assu-
rer un couplage ÿlectronique optimal. Ces caractÿristiques sont
respectivement la planÿitÿ du systõme et une bonne proximitÿ
ÿnergÿtique entre les orbitales frontiõres du connecteur et celles
de la porphyrine. Le transfert d×ÿnergie intermolÿculaire dans
des dyades asymÿtriques, composÿes d×une porphyrine de zinc
et d×une porphyrine base libre, a ÿtÿ ÿtudiÿ par spectroscopie de
fluorescence. Dans tous les systõmes, l×efficacitÿ du transfert
d×ÿnergie photoinduit est supÿrieure ‡ 98% et sa vitesse dÿcroÓt
dans l×ordre suivant: 4ZH� 1ZH� 3ZH� 2ZH. Ainsi, la
constante de vitesse la plus ÿlevÿe (kEnT� 1.2� 1011 s�1) est
observÿe avec la dyade possÿdant l×espaceur diÿthynyl-quater-
thiophõne qui reprÿsente le plus long connecteur dans la sÿrie
de molÿcules ÿtudiÿes. Ces rÿsultats dÿmontrent clairement
qu×une bonne communication ÿlectronique ainsi qu×une
grande efficacitÿ des processus photoinduits peuvent e√tre
envisagÿes sur de longues distances si la structure de l×espaceur
est convenablement choisie.
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We chose porphyrin as the molecular component for this
purpose because its versatile photo- and electrochemical
properties make it possible to use porphyrin either as a light
collector, an electron donor, or an electron acceptor depend-
ing on the nature of the metal ions complexed inside the
macrocycle and/or its peripheral substituents.[26, 27]


Until recently, porphyrin arrays designed for photoinduced
energy and electron transfers, generally featured very weak
electronic interactions, mostly because the bridge linking the
chromophores was appended to the meso-aryl substituents of
the porphyrin.[17±19, 24, 28, 29] In that case, the electronic commu-
nication was suppressed because, in meso-tetraaryl porphy-
rins, the aromatic substituent is forced out of the porphyrin
macrocycle, thus interrupting the conjugation with this
substituent.[30] Pioneering works by Arnold[31] and Ander-
son[32] followed by those of Therien[20, 21] and other groups[33]


demonstrated that an oligoynyl bridge provides exceptional
interporphyrin electronic communication if connected direct-
ly to the meso position of the porphyrin macrocycle.
In the last decade, the search for molecular wires to mediate


long-distance interactions has driven an upsurge in the
amount of research and devel-
opment of molecular electron-
ics and for the construction of
photonic molecular devices.[34]


Among them, �-conjugated
spacers are good candidates
because their high effective
conjugation could result in
wire-like behavior due to small
� attenuation.
Oligothiophenes are a partic-


ularly appealing class of linkers,
since they are abundantly used
for conducting materials,[35] and
their synthetic chemistry has
been extensively described in
the literature.[36] In addition to
their uses as advanced materi-
als for ™plastic electronics∫
these compounds are attractive
as �-conjugated oligomers for
molecular wires.[34] The weaker
resonance energy of thiophene
relative to benzene favors lon-
ger effective conjugation, which
permits long-range electron de-
localization. Furthermore, since
Arnold and colleagues[37] first
reported the utilization of a
thiophene unit to connect por-
phyrins, this class of linker has
been used by Effenberger and
Port[38] in light-harvesting sys-
tems and, more recently, by
Higuchi.[39]


In order to identify a suitable
connector for large electronic
coupling, we investigated sev-


eral bridging groups in porphyrin dyads. In this paper, we
report on the synthesis of bisporphyrin compounds, in which
two triaryl porphyrin moieties are connected through an
oligothiophene bridge directly tethered at the meso position
by three different chemical links: a C�C single bond, a trans
double bond, or a triple bond (Scheme 1). The electronic
coupling was shown to be highly dependent on the character-
istics of the chemical bond used to attach the oligothiophene
unit. UV-visible absorption spectroscopy, fluorimetry, and
computational studies were conducted on the twelve bispor-
phyrin systems 1 ± 4 to investigate the degree of electronic
interaction in these arrays.


Results and Discussion


Synthesis : There are basically two major approaches for the
preparation of multiporphyrins arrays (Scheme 2).
The first strategy (route a), which has been used for


a long time, consists of the condensation of an aldehyde
with a pyrrole derivative, most generally dipyrrylmeth-
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Scheme 1. Dyads studied in this work.
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ane.[12, 18, 19, 26, 28, 40] With this approach, every porphyrin mod-
ule is generally constructed all together in the last step of the
synthesis. The second approach (route b), developed more
recently, is based on the utilization of preformed porphyrin
building blocks that are subsequently joined together by
palladium cross-coupling reactions with the appropriately
functionalized linker.[41] Relevant examples include elegant
covalently linked porphyrin arrays synthesized by Lindsey
and colleagues.[42] This latter route offers the advantage of a
potential stepwise construction of the array, which is highly
desirable for the preparation of multiporphyrin systems that
contain a wide variety of differently substituted or/and
metalated porphyrins. The main difference of these new
bisporphyrin systems lies in the direct link of the bridge at the
meso position of a triaryl porphyrin (Scheme 1). Furthermore,
contrary to octaalkyl porphyrins, the porphyrin macrocycle
used in this work lacks substituents at the � pyrrole positions,
therefore the potential for steric hindrance between the alkyl
chains and the spacer is considerably reduced.
The synthetic strategy used for the preparation of the


porphyrin dyads 1 ± 4 is based on the second strategy, usually
named the ™building-block approach∫. This implies the use of
two key building blocks: the iodo porphyrin 9[43, 44] and the
quaterthiophene 13.[45] The synthesis of the porphyrin build-
ing block 8 has been improved both in terms of overall yield
and speed of purification compared with our previous
approach.[43] First, unsubstituted dipyrrylmethane was treated
with ditert-butylbenzaldehyde to generate the bisaryl por-
phyrin 6 in good yield (Scheme 3). Then, monobromination of
this porphyrin was achieved in cold chloroform by controlling
the stoichiometric amount of N-bromosuccinimide (NBS)
added. The desired porphyrin 7 was separated from unreacted
porphyrin 6 by a simple precipitation with petroleum ether.
Bromoporphyrin 7 was then subjected to a Suzuki cross-
coupling reaction[46] with the known 3,5-di(tert-butyl)phenyl
boronic acid[47] following the Therien protocol;[48] this afford-
ed the trisaryl porphyrin 8 in 92% yield. Iodination of the free
meso position of 8 was achieved by using the mixture iodine/
iodophenyl bis(trifluoroacetate) in chloroform to give a yield
of 90%.[43, 44, 49] At this stage of the synthesis, porphyrin 9 was
metalated by zinc in order to avoid palladium insertion during
subsequent catalyzed steps.
Quaterthiophene 13 was obtained in 86% yield by Stille


coupling between the bis(tributylstannyl) bisthiophene 12 and
bromooctylthiophene 11 (Scheme 4). Interestingly, the yield
of this reaction dropped to 43% when bis(tributylstannyl)


Scheme 3. Synthesis of the key porphyrin building block 9. i) CH2Cl2, TFA
then DDQ (73%); ii) 0.8 equiv NBS, 40 �C, CHCl3 (65%); iii) Ba(OH)2,
8H2O, Pd2dba3,CHCl3/PPh3, DME/H2O (92%); iv) I2/(CF3CO2)2IPh,
CHCl3 (96%); v) Zn(OAc)2, 4H2O, CHCl3/CH3OH, quantitative.


bisthiophene 12 was replaced by bis(trimethylstannyl) bis-
thiophene. With the latter reagent, the major product formed
was 3,3�����bis(octyl)-2,2�:5�,2��:5��,2���:5���,2����:5����,2�����-hexathio-
phene, arising most probably from homocoupling of the
tin bisthiophene before it reacted with 11. This side reac-
tion has already been reported by several other authors.[50]


Quaterthiophene 13 was subjected to a twofold bromina-
tion with NBS in chloroform to yield dibromoquater-
thiophene 14, which can undergo subsequent functionaliza-
tion.
Quaterthiophene 13 was converted in one step into the


bis(trismethylstannyl) quaterthiophene 15 by deprotonation
with nBuLi followed by quenching with trimethyltin chloride.
Quaterthiophene 13 was also functionalized with acetylenic
groups by treating the dibromo 14 with trimethylsilylacet-
ylene under Sonogashira conditions followed by alkaline
desilylation to afford 18. Bisvinyl quaterthiophene 16 was
obtained by Stille coupling between vinyltributyltin and
dibromoquaterthiophene 14 in 76% yield.
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Scheme 2. Two fundamental synthetic strategies for the preparation of bis-porphyrins. X, Y are reactive groups to assemble the spacer to the porphyrin.
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The final step involved a palladium-catalyzed cross-cou-
pling reaction between zinc iodoporphyrin 10 and the
appropriate functionalized quaterthiophene. Bisporphyrin
1ZZ was obtained in 72% yield according to a Stille cross-
coupling between 12 and 10 in DMF at 90 �C. Similarly, dyad
2ZZ was prepared in 60% yield by treatment of 10 with the
bis(trimethylstannyl) quaterthiophene 15. The Heck coupling
between 10 and 16 was conducted under several catalytic
conditions.[51] The standard catalytic system with Pd(OAc)2/
trisphenylphosphine did not lead to any detectable trace of
dyad 3ZZ. Replacing the trisphenylphosphine ligand by
tris(o-tolyl)phosphine, as often described for this type of
coupling, afforded the desired dyad 3ZZ in a moderate 36%
yield. Finally Jeffery conditions,[52] using the mixture
Pd(OAc)2 with tetra-butyl ammonium bromide in DMF,
significantly improved the yield of this reaction, since it
reached 74%. The double-bond geometry in dyad 3ZZ is
trans, as evidenced by the large coupling constants of the vinyl
moiety (3J� 16 Hz). Finally, a Sonogashira cross-coupling
reaction between two equivalents of bisethynyl quaterthio-
phene 18 and one equivalent of iodoporphyrin 10 following
Lindsey conditions[53] led to the bisporphyrin 4ZZ in 56%
yield. When equimolar amounts of 18 and 10 were reacted
under the same conditions, the major product was 4Z, in
which the quaterthiophene is coupled to one porphyrin unit.
This synthon can be subsequently used in a second Sonoga-
shira cross-coupling reaction in order to graft a second
porphyrin module, allowing thus the stepwise construction of
a asymmetrical bisporphyrin system.
Asymmetrical dimers ZH were prepared for studying the


photoinduced energy transfer from zinc porphyrin to free-
base porphyrin. To this end, demetalation of the biszinc dimer
was achieved with few drops of concentrated hydrochloric
acid in chloroform. Then, monometalation of the bis-free-
base dyad was performed with one equivalent of zinc acetate
in a chloroform/methanol mixture under reflux. The course of
the reaction was monitored by TLC, and it was stopped before
the concentration of the biszinc dyads became significant. The


mixture of the three porphyrins
ZZ, ZH, and HH was separated
by preparative TLC to afford the
pure monozinc metalated dyad
ZH.
The structures of these new


porphyrin dyads were deter-
mined with both 400 MHz 1H
NMR spectroscopy and high-
resolution electrospray mass
spectrometry. As an example,
part of the 1H NMR spectrum
of the dyad 4ZH is presented in
Figure 1. It is interesting to note
that the magnetic nonequiva-
lence of the protons born by
the zinc porphyrin is sufficiently
large, relative to those of the
free-base porphyrin, to give dis-
tinct signals; thus each porphyr-
in unit displays its own signature


in the spectrum. The protons of the zinc porphyrin are
noticeably more deshielded than those of the free base,
probably due to a stronger ring current in the former.
For the zinc porphyrin, protons H3Zn and H2Zn appear at ��


9.78 and 9.05 ppm, respectively, as two doublets (3J� 4.8 Hz)
due to their mutual coupling; whereas in the free-base
porphyrin unit these doublets appear, respectively, at ��
9.68 and 8.94 ppm. �-Pyrrolic protons H12 and H13 are in a
very similar magnetic environment, and give rise to an AB
quartet at �� 9.91 and 8.80 ppm for the zinc and the free-base
porphyrin, respectively. The different chemical environment
of themeso-phenyl groups in position 15 compared with those
in positions 10 and 20 brings about different chemical shifts
for the ortho, para, and tert-butyl hydrogens of these
substituents. As expected, the surface ratios of these sets of
resonances are found to be consistently equal to 1³2. The ortho
hydrogens give a doublet (�� 8.04, 4J� 1.8 Hz) and the para
hydrogens give a triplet (�� 7.8, 4J� 1.8 Hz). Here again the
magnetic independence of the protons of the zinc porphyrin
relative to the free-base unit can be clearly observed for the
ortho protons, since they appear as four distinct doublets (��
8 ± 8.1 ppm). The quaterthiophene protons H4 and H4��� closest
to the porphyrin rings give two different singlets that are
relatively deshielded relative to the other protons of the
spacer (�� 7.55 and �� 7.56). This is certainly a consequence
of the magnetic field created by the porphyrin ring current,
which is only significant at short distance. The other quater-
thiophene protons (H3� , H4� , H3�� , H4��) give doublets around
the residual nondeuterated chloroform solvent. The rest of
the spectrum is rather simple, it exhibits a triplet at ��
2.94 ppm, assigned to the methine groups attached to the
quaterthiophene in positions 3 and 3���. At �� 1.5 ppm, tert-
butyl groups appear as two intense singlets. The rest of the
alkyl-side-chain protons born by the spacer give large
multiplets in this region. As usual, the inner NH protons
appear as a strongly shielded singlet at ���2.17 ppm, whose
integral corresponds to two protons in agreement with a
monometalated dyad.


Scheme 4. Synthesis of the quaterthiophene bridges. i) Pd2dba3, CH3Cl/PPh3, THF/DMF (84%); ii) NBS, CS2/
CHCl3, 0 �C (96%); iii) BuLi/THF then Me3SnCl (55%); iv) CH2CHSnMe3, Pd(PPh3)4, DMF (76%);
v) Pd2dba3, CH3Cl, PPh3, TMS/CCH, iPr2NH, CuI (80%); vi) KOH, MeOH/benzene (72%).
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Electronic absorption spectroscopy: The electronic commu-
nication between the porphyrins in the dyads according to the
nature of the linkers is of particular relevance to the present
work. UV-visible absorption can be used to determine the
magnitude of the interporphyrin interactions.
Figure 2 shows the electronic absorption spectra of 1ZZ ±


4ZZ in dichloromethane together with that of the reference
zinc porphyrin 7. There are significant differences between the
absorption spectra of dyads 1 ± 4 ; this reflects the alteration of
the degree of interporphyrin electronic interaction through
the linker.
Very few differences between the absorption spectra of


1ZZ and 2ZZ and the spectrum of the reference zinc
porphyrin 7 are observed. The absorption maxima are not
modified, and the spectra of the two dyads are simply the sum
of the respective chromophores: the porphyrin and the
oligothiophene bridge. The latter gives a transition located
in the region of the Soret band of the porphyrin, which results
in a broadening of the absorption band of this dyad as
compared with the reference porphyrin 7. These results
indicate that direct attachment of the oligothiophene unit to
the porphyrin gives practically no perturbation of the ground
state properties of the porphyrin moiety.
The absorption spectra of dyads 3ZZ and 4ZZ display a


number of interesting characteristics that are in sharp contrast
to the dyads 1ZZ and 2ZZ. Inserting a vinyl or an ethynyl


group between the quaterthio-
phene linker and the porphyrin
core imparts distinctive fea-
tures to the optical spectrum
of the dyad relative to the
reference. The Soret band in
3ZZ and 4ZZ is noticeably
broadened compared with
1ZZ and 2ZZ. A red shift of
the Q-bands along with a con-
siderable increase in their in-
tensity relative to the Soret
band can also be observed. In
dyad 4ZZ, the Soret band even
displays more than one discern-
ible transition and is red-shifted.
The dyad 4ZZ undergoes the


largest red shift and the highest
intensification of the Q-bands
within the series. In this region,
the spectra closely resemble
those for other structurally very
similar ethynyl-substituted ZnII


porphyrins.[20, 21, 54] The ob-
served differences compared
with the dyads 1ZZ and 2ZZ
can therefore be attributed
mainly to the effect of the
ethynyl substituent, without
any substantial influence of
the quaterthiophene bridge.
Furthermore, the spectrum in
the Q-band region for 4ZH is


just the sum of the spectra for 4ZZ and 4HH. Similarly, the
spectrum in the Q-band region for 4ZZ and the reference
compound 4Z are identical in shape. Thus, there is no effect of


Figure 2. Electronic absorption spectra of dyads 1ZZ�4ZZ and zinc
monomeric porphyrin 7 recorded in dichloromethane.


Figure 1. Aromatic region of the 1H NMR spectrum of the dyad 4ZH recorded in CDCl3.
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interactions between the porphyrin units in this spectral
region. The bathochromic shifts can be explained as a
decrease in the gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) as a consequence of the enlargement of the �-
conjugated system. This is also observed in the shift of the
fluorescence band toward the lowest energy level (vide infra).
The results for the dyads 3ZZ, 3HH, and 3ZH can be
summarized and interpreted similarly, although the Q-band
red-shift due to the vinyl substituent is somewhat smaller than
that for ethynyl.
The Soret region of the spectrum for dyads 4 displays more


variations, as shown in Figure 3 for 4HH, 4ZZ, and 4ZH,
together with the monozinc porphyrin linked to acetylenic
quaterthiophene 4Z. For 4ZZ two peaks at 437 and 448 nm


Figure 3. Soret band region of the electronic absorption spectra of
compounds 4Z, 4ZZ, 4ZH, and 4HH in CH2Cl2.


and a shoulder at 417 nm can be seen. In contrast, 4HH and
4ZH display single maxima, at 442 and 444 nm, respectively.
The Soret region for 4Z shows an asymmetric feature with a
narrow peak at 428 nm and a smaller, somewhat broader peak
at 450 nm. If the complicated Soret region structure for 4ZZ
were only due to electronic interaction with the quaterthio-
phene bridge, then 4ZZ and 4Z would have nearly identical
spectra, but this is not the case. Also, the 4ZH spectrum
would be just the sum of the spectra for 4ZZ and 4HH, which
is not true in the Soret region. We also note that the full width
at half maximum height (fwhm) of the Soret bands is about
20% larger for 4ZZ than for 4HH, 4ZH, and 4Z ; this is a sign
of ZnP�ZnP electronic interaction in 4ZZ. Thus, we conclude
that the electronic interaction between the ZnP units of 4ZZ
is strong enough to give detectable spectral changes in the
Soret region. This demonstrates the strong electronic com-
munication promoted by the bridge in this dyad, as also
indicated by the calculations and the fluorescence results
(vide infra). From comparison with related bisporphyrin
dyads,[20, 21, 54] it seems that a direct excitonic interaction


between the porphyrins at this distance would be too weak to
explain the spectral changes in 4ZZ. Other electronic
interactions that arise from direct orbital overlap mediated
by the bridge may instead explain the spectrum. These results
show that there is an increasing degree of electron delocal-
ization within the series that becomes particularly significant
for dyads 3ZZ and 4ZZ.
In 4Z, the narrow band at 427 nm can be attributed to a


ZnP transition that is slightly red-shifted due to the ethynyl
group. The 450 nm band can probably be assigned to the
quaterthiophene absorption, that is red-shifted from the
normal 404 nm due to the same ethynyl group. Any significant
excitonic interaction between the porphyrin and the quater-
thiophene is unlikely due to the low extinction coefficient of
the latter (28000��1 cm�1). The bridge-localized transition at
448 nm in 4HH and 4ZH cannot be distinguished because it is
covered by the Soret band of the free-base porphyrin unit in
these two dyads.
Spectra of bis-free-base dyads exhibit the same types of


characteristics as those met with biszinc dyads, therefore
similar conclusions can be drawn for these systems (Figure 4).
It is however interesting to note that in the bis-free-base dyads
3HH and 4HH, the attachment of double or triple bonds


Figure 4. Electronic absorption spectra of dyads 1HH�4HH in CH2Cl2.


greatly increases the oscillator strength of the Q(0,0)-bands,
and also seems to reduce somewhat the intensity of the
Q(1,0)-bands. The modification of the relative intensity of the
Q(0,0) and Q(1,0) absorption transitions is also observed in
the biszinc dyads (Figure 4), although for these dyads the
result is only an increase in the Q(0,0) intensity, while the
Q(1,0) transition strength appears unaffected and can still be
clearly resolved. Changes in the relative transition strengths
for Q(0,0)- and Q(1,0)-bands have been explained by Gouter-
man:[56] Abs[Q(0,0)]/Abs[Q(1,0)] is proportional to the
square of the energy difference E(a2u� eg)�E(a1u� eg), in
which the latter corresponds to the energies of the singlet
transitions. Thus, the small Q(1,0)-bands indicate that the
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energy difference between singlet transitions is relatively
large in dyads 3 and 4 compared with the case in dyads 1 and 2
or in 1,5,10,15-tetrakis(phenyl)porphyrin (TPP). This most
probably results from the attachment of a bridge at the 5meso
position, which electronically communicates with the por-
phyrin core. The asymmetry induced by the vinyl or ethynyl
groups lifts the degeneracy of the LUMO (eg). Furthermore,
at this position the a1u orbital has a node, but the a2u orbital
may be stabilized by the conjugated substituent. This will
affect the energy of these orbitals differently. These effects
may explain the observed change in the relative intensity of
the Q(0,0)- and Q(1,0)-bands. The increase in the Q(0,0)-
band(s) occurs at the expense of the Soret band intensity
(Figure 2), as expected, while the relatively constant intensity
of the Q(1,0)-band(s) is in agreement with their deriving
oscillator strength mainly through intensity borrowing from
the higher (Soret) transition.[56]


The spectra of the asymmetrical dyads 1ZH ± 3ZH are
clearly superpositions of the spectra of the corresponding
biszinc and bis-free-base dyads. As illustrated for dyad 2ZH
in Figure 5, the spectrum can be approximated by a linear
combination of the absorption spectra of 2ZZ and 2HH. This
indicates that the attachment of a free-base or of a zinc
porphyrin at the spacer termini has little influence on the
ground-state electronic structure of the dyads. The case is
different for 4ZH, for which the Soret region is not given by
the sum of the spectra for 4HH and 4ZZ (vide supra).


Figure 5. Electronic absorption spectrum of dyad 2ZH in CH2Cl2.
Experimental spectrum (- - - -), calculated (- - - -) as the half sum of the
spectra of 2HH and 2ZZ.


The bisporphyrin systems 1 and 2 show very small spectral
differences compared with the model porphyrins, while the
dyads 3 and 4 exhibit absorption spectra that are significantly
altered relative to the monomeric porphyrin. As a result, the
latter dyads are true supermolecules, because their electronic
properties differ from the isolated pigments as a consequence


of interchromophoric electronic coupling between the por-
phyrin and the quaterthiophene bridge and, for 4ZZ, also
between the two porphyrin units.
These results demonstrate that the nature of the bridge and


particularly the type of connectivity between the porphyrin
and the thiophene has a deep impact on the magnitude of the
interchromophore interactions. From the absorption spectra,
it can be concluded that the quaterthiophene bisacetylenic
bridging unit in dyad 4 provides the most efficient electron
delocalization and therefore the largest electronic interaction
between the two porphyrins. Further support for this con-
clusion comes from the computational and fluorescence
studies discussed below.


Computational studies : Molecular orbital calculations were
undertaken to rationalize the observed UV-visible absorption
behavior in this series of porphyrin dyads, and to gain a better
understanding of how the linkage modulates the electronic
interactions. Calculations were performed by using semi-
empirical AM1 theoretical model as incorporated in the
SPARTAN program. This type of calculation has already been
conducted for other porphyrin arrays and proved to be
reliable for the determination of geometrical parameters.[16, 57]


In order not to exceed the maximum number of atoms for this
type of program, calculations were performed on less
substituted analogues: the octyl chains on quaterthiophene
and the tert-butyl substituents on meso-phenyl were replaced
by a methyl and a hydrogen, respectively. To limit the number
of figures, the discussion of this part will be conducted on
biszinc dyads 1ZZ ± 4ZZ, since very similar conclusions can
be drawn from the other sets of bisporphyrins. The optimized
geometries of the dyads 1ZZ ± 4ZZ are presented in Figure 6.
The conformations of the molecules are very different in


the four dyads. In these structures, the dihedral angle (�)
between the porphyrin core and the first thiophene appended
to the bridge is close to 90� for dyads 1 and 2, 52� for dyad 3,
and 0� for dyad 4 (Table 1). The dihedral angle (�) between
the central thiophenes has a value of 20� for dyad 1 and
decreases from dyads 1 to 4. The dihedral angle (�) between
the second and the third thiophene units of a quaterthiophene
is close to 0� degree in all molecules.


Steric interactions between the �-pyrrole proton of the
porphyrin ring and the ortho proton of the thiophene in 1 and
2 force these segments to adopt a nearly orthogonal
orientation with respect to the porphyrin macrocycle; this
interrupts the conjugative pathway between the porphyrin
macrocycle and the linker.


Table 1. Geometrical data within the dyads.


Dyads d1
[a] [ä] d2


[b] [ä] �[c] [�] �[d] [�]


1ZZ 9.1 16.0 87 20
2ZZ 16.8 23.6 85 32
3ZZ 21.6 28.4 52 30
4ZZ 21.8 28.6 0 24


[a] d1� edge-to-edge distance between the porphyrins. [b] d2� center-to-
center distance between the porphyrins. [c] ��dihedral angle between the
porphyrin and the first thiophene of the bridging unit. [d] ��dihedral
angle between the two central thiophenes.
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In marked contrast to dyads 1 and 2, the porphyrins and the
oligothiophene bridge of dyad 4 lie in a same plane, because
the distance between the �-thiophene protons and the �-
pyrrole protons is sufficiently long to prevent steric hindrance.
Therefore, one of the features of the triple bond is to remove
the steric constraint by pushing the porphyrin and the
thiophene moieties further apart. This geometry enables the
frontier orbitals of the thiophene linker to overlap with those
of the porphyrin macrocycle and results in an increase in the
�-conjugated system.
An intermediate situation can be found in dyad 3. In this


array, the dihedral angle � is 52� owing to the existence of
partial steric interactions between the ethylenic protons of the
spacer and those of the pyrrolic units. This hindrance is less
than that observed in dyads 1 and 2, but is not completely
removed, as in dyad 4.
The geometrical changes observed in the structures of the


dyads will have a great impact on the electron density
distribution of their respective wave functions. Table 2 lists
the calculated frontier-molecular-orbital energies of the dyads
calculated in this study. Figures 7, 8, 9, and 10 display the
representation of the frontier molecular orbitals of the
four dyads 1ZZ ± 4ZZ ordered according their respective
energy.
First, the energy of the HOMO orbital is more or less


constant within the whole series of dyads. This is consistent


with the fact that the HOMO orbital does not bear any
electron density on the meso carbon, where the bridge is
appended, therefore the spacer has little impact on this
molecular orbital. Interestingly, the LUMO and the
LUMO�1 are degenerate in dyads 1 and 2 similarly to the
tetraaryl reference porphyrin, as already observed in the
classical Gouterman four-orbitals model.[58] This confirms that
the attachment of the oligothiophene bridge induces only a
small perturbation of the porphyrin electronic structure,
because the energy and the electron distribution of the
frontier orbitals have not changed significantly compared with
the reference monomeric porphyrin. In these structures, the
frontier molecular orbitals of the porphyrin core and the
quaterthiophene bridge do not mix effectively. Each orbital is
fully localized on each module with no distribution on the
neighboring fragment. As a result, the porphyrins behave
independently to one another, and can be considered as
electronically distinct.
The calculated energy gap between the HOMOs and


LUMOs within the series of dyads decreased in agreement
with the bathochromic shift of the absorption and emission
bands. It is generally accepted that the magnitude of
electronic communication depends on the degree of overlap
between the orbitals of the bridging unit and the modules.[1, 3]


The other key requirement for large linker-mediated elec-
tronic communication is the energy proximity of the orbitals
of the linker and those of the porphyrin; this is best matched
for the LUMO orbitals in dyad 4.
Another salient feature of dyad 4 is the bridge-localized


electron density that appears in the HOMO� 1, HOMO,
LUMO, and LUMO�1 orbitals. This is consistent with the
planarity of the molecule, which favors the weight of this
cumulenic form that requires a planar arrangement of the
whole backbone. Similarly, Therien[21] and Anderson[32] have
already reported that the high electronic coupling with


Figure 6. Optimized geometries of the dyads calculated with the AM1 semiempirical method.


Table 2. Frontier orbital energies [eV] of the dyads 1ZZ-4ZZ.


Molecules 1ZZ 2ZZ 3ZZ 4ZZ ZnTPP Quaterthiophene[a]


LUMO� 1 � 1.72 � 1.72 � 1.73 � 1.84 � 1.65 � 0.39 (�0.71)
LUMO � 1.72 � 1.72 � 1.74 � 1.85 � 1.67 � 1.03 (�1.23)
HOMO � 7.39 � 7.39 � 7.39 � 7.39 � 7.36 � 7.96 (�8.00)
HOMO� 1 � 7.39 � 7.39 � 7.39 � 7.39 � 7.51 � 8.87 (�8.75)


[a] Energy of 5,5���-bis(ethynyl quaterthiophene 18��.
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Figure 7. Frontier molecular orbital distributions in dyads 1ZZ.
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Figure 8. Frontier molecular orbital distributions in dyads 2ZZ.
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oligoethynyl chains lies in the potential cumulenic resonance
structure as illustrated in Scheme 5.
As pictorially shown on the HOMO, HOMO� 1, and


LUMO of dyad 4ZZ, the electron density is distributed
significantly along the axis defined by the bridge direction.
This effect was also observed by Therien et al.[21] in meso-
ethynyl-substituted porphyrins. Accordingly, the excited


state of dyad 4 is most probably strongly polarized in
this direction; this is favorable to photoinduced electron or
energy transfer toward the adjacent porphyrin. The lowest
HOMO±LUMO gap is observed for dyad 4, in agreement
with the most planar structure and our UV-visible measure-
ments. Furthermore, the electron density distribution of the
HOMO orbital shows an extensive electronic delocalization


Figure 9. Frontier molecular orbital distributions in dyads 3ZZ.
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through the whole structure of dyad 4. On the other hand, the
HOMO orbital of dyad 1 or 2 is fully localized on the
porphyrins moieties.


The present results lead to the conclusion that the large
electronic interaction observed in dyad 4 can be explained by
the nature of the quaterthiophene acetylene bridge, which


Figure 10. Frontier molecular orbital distributions in dyads 4ZZ.
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allows the porphyrin macrocycles to adopt a coplanar
arrangement by removal of the steric hindrance, and probably
by a correct energy matching of its molecular orbitals with
those of the porphyrins.[58] The extended delocalization of the
� system thanks to high mixing of each unit frontier orbital
creates a conjugated pathway from one end of the molecule to
the other, in which the bridge behaves as a molecular wire.
The importance of the linking element on the electronic


conjugation is highlighted by the difference between dyads 1
and 4. The interporphyrin distance is greater by a factor of
more than two in dyad 4 compared with dyad 1; however, only
the former shows an efficient electronic delocalization. This
demonstrates that the interchromophore electronic interac-
tion can be promoted over a large distance by the appropriate
choice of the spacer. To this end, bisethynyl quaterthiophene
is particularly well suited to provide large interporphyrin
interaction.


Fluorescence spectroscopy: The fluorescence maxima of all
dyads are given in Table 3. The fluorescence spectra of 2ZZ,
2HH, 2ZH, 4ZZ, 4HH, and 4ZH are shown in Figures 11
and 12.


Similarly to the absorption spectra, the nature of the bond
linking the porphyrin units to the bis- or quaterthiophene
bridge alters the emission characteristics of the system. This is
manifested in a red shift of the fluorescence maximum as the
�-delocalization of the porphyrin orbitals into the spacer
increases. Note, however, that 3HH, 3ZZ, and 3ZH display a


Figure 11. Corrected and normalized fluorescence spectra of dilute THF
solutions of 2ZZ (�±�±), 2HH (- - - -) and 2ZH (––). Excitation wave-
length� 560 nm.


Figure 12. Corrected and normalized fluorescence spectra of dilute THF
solutions 4ZZ (�±�±), 4HH (- - - -) and 4ZH (––). Excitation wave-
length� 560 nm.


larger Stokes shift between the lowest absorption band and
the fluorescence maximum than the other dyads. This
indicates that dyad 3 undergoes a significant reorganization
of nuclear coordinates in the excited state. The fluorescence
energy order is 1ZZ� 2ZZ� 4ZZ� 3ZZ. The H2P�H2P
dyads follow the same order. The fluorescence quantum yield
(Table 3) for the ZnP�ZnP dyads increases in the order
2ZZ� 1ZZ� 3ZZ� 4ZZ. The quantum yields for the series
of H2P�H2P dyads follow a similar trend The observed
fluorescence lifetimes are very similar for all the ZnP�ZnP
dyads, at about 1.5 ns. This value is typical for zinc(��)
tetraphenyl- or octaalkylporphyrins.[27] Since the deactivation
of the fluorescent S1 state in this type of porphyrins is


Scheme 5. Representations of the cumulene structures.


Table 3. Fluorescence data.


Compound �max [nm] �fl [ns] �fl kET [�10�10 s�1][a]


1ZZ 624 1.6 0.10
1HH 662 3.9 0.86
1ZH 664 0.017[b] 0.86 6
2ZZ 626 1.3 0.085
2HH 667 3.5 0.78
2ZH 666 0.032[b] 0.78 3
3ZZ 676 1.3 0.17
3HH 717 3.4 0.22
3ZH 713 0.033[b] 0.21 3
4ZZ 657 1.4 0.18
4HH 690 6.2 0.34
4ZH 688 0.008[b,c] 0.31 12[c]


[a] Calculated from kET� 1/�ZH� 1/�ZZ, in which �ZH and �ZZ are the
lifetimes of the fluorescence from the ZnP unit in the ZH and the ZZ dyad,
respectively. Since �ZH� �ZZ, practically kET� 1/�ZH. [b] Fluorescence
lifetime observed in the spectral region where ZnP fluorescence dominates
(see Figures 11 and 12). At longer wavelengths, a much slower component
dominated, with a lifetime matching that of the corresponding HH dyad.
[c] Estimated accuracy �40% (otherwise �10%), due to limited time
resolution.
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dominated by nonradiative transitions (intersystem crossing
to the T1 state),[27] the increase in fluorescence yield must be
explained by an increase in the radiative rate constant, kr . This
explanation is consistent with the increase in transition
probability (extinction coefficients) observed for the lowest
energy Q-band (Figures 2 and 4).
Photoinduced energy transfer was investigated in the


asymmetrical zinc(��)/free-base porphyrin dyads ZH. The
energy of the lowest singlet excited state (S1) in the zinc(��)
porphyrins is higher than for the corresponding free-base
porphyrin. Excitation of the ZnP�H2P dyads at 560 nm, at
which most of the light is absorbed by the zinc porphyrin unit,
gave fluorescence spectra in which �98% of the emission
(�95% for 4ZH) is from the free-base porphyrin unit
(Figures 11 and 12).
The excitation spectra of optically dilute samples (Abs�


0.1) are in very good agreement with the absorption spectra,
in both the Soret band and Q-band regions (not shown). In
addition, the fluorescence quantum yield is identical for a ZH
dyad and the corresponding HH dyad (Table 3), within
experimental error. Thus, the yield of free-base porphyrin
fluorescence is as high when the zinc porphyrin is excited as
when the free-base porphyrin itself is excited. These results
indicate that energy transfer from the former to the latter is
�98% efficient. The small residual ZnP emission in the
fluorescence spectra of the asymmetrical dyads can be
ascribed to a small amount of unquenched ZnP impurity.[59]


The lifetime of the zinc porphyrin fluorescence in the
symmetrical and asymmetrical dyads is given in Table 3. The
lifetime is strongly reduced in the asymmetrical dyad, from
about 1.5 ns in the symmetrical dyad to around 30 ps or less.
This is consistent with the efficient energy transfer to the free-
base porphyrin moiety deduced from the fluorescence spectra
above. The energy transfer rate constants were calculated as
kEnT� 1/�� 1/�0 ; here � and �0 are the zinc porphyrin
fluorescence lifetimes in the asymmetrical and the symmet-
rical dyads, respectively. The order of the energy transfer rate
constants is 2ZH� 3ZH� 1ZH� 4ZH. The calculated rate
constants for a coulombic (Fˆrster) mechanism[60] are lower
than those observed, and do not predict the relative rate. In
particular, the observed rate constant for 4ZH is more than an
order of magnitude larger than the calculated one. Thus,
energy transfer presumably occurs mainly by a bridge-
mediated exchange energy transfer, and for 4ZH this
definitely seems to be the case. With this mechanism, the
rate decreases exponentially with distance. The rate order
observed is consistent with the opposing effects of more
delocalized excited states for 3ZH and 4ZH, but also longer
porphyrin ± porphyrin distances than in 2ZH and 1ZH. The
fact that the dyad with the longest interchromophoric distance
(28.6 ä center-to-center in 4ZH) has the fastest energy
transfer shows again the good electronic communication
mediated by this bridge.


Conclusion


The synthesis of dyads composed of porphyrins connected
with four types of oligothiophene bridges has been presented.


The preparation of these compounds was achieved according
to a modular approach by using meso-iodotriarylporphyrin 9.
The ability to substitute this porphyrin with various con-
nectors by using the three types of cross-coupling reactions:
Stille, Heck, and Sonogashira demonstrates the high versa-
tility of this synthetic approach, which provides access to large
porphyrin arrays with a wide variety of different bridges.
In order to identify the most useful connector in terms of


interporphyrin electronic coupling, we investigated the dyads
1 ± 4 by UV-visible absorption spectrometry and by fluorim-
etry. These data have been rationalized by AM1 semiempir-
ical calculations.
The absorption spectra of 1 and 2 are essentially invariant


with respect to the zinc porphyrin reference. This indicates
that the porphyrins in these dyads are essentially electroni-
cally decoupled in the ground state. We infer that the end
thiophene units of the wire that links the dyad lie approx-
imately orthogonal to the chromophores, and prevent over-
lapping of the porphyrins orbitals with those of the bridge.
Red shifts of the absorption bands observed in dyads 3 and 4
were ascribed to a large electronic coupling between the two
chromophores and the bridge. In comparison with 4, the
optical spectrum of 3 does not exhibit as great a broadening of
the Soret band neither as strong a red shift of the Q-bands;
this indicates that dyad 3 displays an intermediate behavior
between 1/2 and 4. As a consequence, it is interesting to note
that the introduction of a vinyl group between the porphyrin
and the quaterthiophene bridging unit is not as significant as
the introduction of an ethynyl group. This means that the
oligomerization of four thiophene units with an acetylene
moiety at the meso position of the porphyrin core forms the
best bridge to provide propagation of the electronic inter-
actions within two zinc porphyrins. In dyad 4, the coplanarity
of the whole system ensures a large degree of overlap of the
orbitals of each fragment, hence a delocalization of the �


system over the whole molecule. From fluorescence emission
spectroscopy, the energy difference between the HOMO and
LUMO can be ranked in the order: 1HH� 2HH� 4HH�


3HH. It is important to note that these arrays display
significant electronic communication without large perturba-
tions of the electronic properties of the porphyrin constitu-
ents. Indeed the lifetimes and energy levels of the excited
states are not reduced to a large extent and, more importantly,
the excited state of each porphyrin module remains an
individual separate state.
Varying the linker structure in these series of dyads enabled


us to tune the interporphyrin interactions, thereby providing
the means to investigate the dependence of the photoinduced
energy-transfer rate on the chemical structure of the linker.
Thus, the energy transfer in asymmetrical ZH dyads was
studied by fluorescence spectroscopy. The fluorescence of the
zinc porphyrin is almost entirely extinguished in each ZH
dyad, and instead the free-base porphyrin fluorescence is
sensitized. This indicates that the zinc porphyrin excited state
is efficiently quenched by the nearby free-base porphyrin due
to a fast and efficient energy transfer. The ZnP fluorescence
lifetime decrease indicates a clear trend from the slowest to
the fastest energy transfer rate: 2ZH� 3ZH� 1ZH� 4ZH.
The fast and efficient photoinduced energy-transfer process in
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the dyad 4ZH probably includes the participation of the
thiophene bridge and may proceed by a predominantly
Dexter type mechanism; this implies a double-electron self-
exchange, since the calculated Fˆrster rate constant[60] is an
order of magnitude lower than the observed one. Although
the separation distance between the two porphyrin modules is
largest in dyad 4, the photoinduced energy process of this
dyad had the highest rate within the series. For such a long
separation, the high rate constant observed in dyad 4ZH is
among the fastest values reported so far in linked bisporphyr-
in systems.[28, 55, 61]


This work demonstrates new compelling evidence that
strong electronic communication can be promoted over large
distance and is beneficial to achieving long-range and efficient
photoinduced processes. It confirms the merit of the approach
that consists of developing coupled chromophoric arrays for
long-range energy migration or charge separation. Thus,
although the orbitals of the two distant porphyrins cannot
overlap appreciably with each other because of the large
separation distance, they can overlap to a great extent with
the orbitals of the bridge. This orbital overlap produces an
indirect but effective mixing of the two porphyrins that yields
a large interporphyrin electronic coupling even over large
separation distances.
This study highlights the crucial importance of the structure


of the bridge used to connect modules on the electronic
interactions. The electronic coupling attenuation with dis-
tance can vary greatly within the same family of bridges if the
planarity of the structure is not conserved. The present
investigations show that oligothiophene attached via an
acetylene group is a viable bridging module to promote high
electronic coupling between porphyrin units that can be
suitable for the construction of artificial photosynthetic
systems and related devices. Further work involving this
latter bridge with different electron donor/acceptor porphyrin
combinations is underway in our laboratory.


Experimental Section


General methods : 1H NMR spectra were recorded on an ASPEC Bruker
200 MHz or a ARX 400 MHz Brucker spectrometer. Chemical shifts for
1H NMR spectra are referenced relative to residual protium in the
deuterated solvent (CDCl3, �� 7.26 ppm). UV-visible absorption spectra
were recorded on a Cary 5GVarian spectrophotometer. Low-resolution
mass spectra were recorded on an EI-MS HP5989A spectrometer. High-
resolution mass spectra were recorded on a JMS-700 (JEOL Ltd,
Akishima, Tokyo, Japan) double-focusing mass spectrometer of reversed
geometry equipped with electrospray ionization (ESI) source. Thin-layer
chromatography (TLC) was performed on aluminum sheets precoated with
Merck 5735 Kieselgel 60F254 . Column chromatography was carried out
either with Merck 5735 Kieselgel 60F (0.040 ± 0.063 mmmesh) or with SDS
neutral alumina (0.05 ± 0.2 mm mesh). Preparative thin-layer chromatog-
raphy was carried out on glass plates coated with silica gel 60G (Merck).
Air-sensitive reactions were carried out under argon in dry solvents and
glassware. Chemicals were purchased from Aldrich and used as received.
2-bromo-3-octylthiophene,[62] 5,5�-bis(tributyltin)-2,2�-bithiophene,[63] 3,5-
ditert-butylbenzaldehyde,[64] 3,5-ditert-butylphenylboronic acid,[46] 5-iodo-
10,15,20-tris-(3,5-ditert-butylphenyl)zinc porphyrin (10)[43] and tris(diben-
zylideneacetone)dipalladium chloroform[65] were prepared according to
literature methods.


Computational methods : The AM1 semiempirical Hamiltonian[66] was used
as implemented in the quantum mechanical programs Spartan 5.1[67] and


HyperChem 5.1.[68] The building blocks used to construct the various dyads
studied in this work were taken from the CSD database. The refcodes of the
porphyrin and quaterthiophene structures selected are, respectively,
GOBSUL[69] and ZORNUP.[63] All geometries were completely optimized,
that is, no restrictions in geometry were assumed, and all degrees of
freedom were optimized.


Fluorescence measurements : All fluorescence measurements were per-
formed in tetrahydrofuran (Merck, spectroscopic grade). Fluorescence
spectra were recorded on a SPEX FluorologII Systems fluorimeter and
were corrected for the wavelength-dependent response of the detector
system. Fluorescence lifetimes were determined by using time-correlated
single-photon counting TCSPC). The excitation light was the 560 nm
output from an Optical Parametric Amplifier (Coherent), pumped by a
titanium± sapphire oscillator (Mira)/regenerative amplifier system (Co-
herent). The pulses were typically 150 fs (fwhm) with a repetition
frequency of 200 kHz and attenuated to a power of �1 mW at the sample.
The emission was selected with a suitable combination of filters and
focused on a microchannel plate (MCP) detector. For the zinc(��) porphyrin
emission in the asymmetric dyads, the filters employed transmitted light at
590 ± 630 nm. The instrumental response function was recorded by using a
scattering sample, and was typically 100 ps (fwhm). The emission-decay
curves for the symmetric dyads were fitted to a single exponential function.
For the zinc(��) porphyrin emission in the asymmetric dyads, the decays
were fitted to a sum of two exponents, by using an iterative reconvolution
with the response function. The fast component (�� 10 ± 30 ps) represented
the zinc(��) porphyrin fluorescence decay in the dyads, while the slow
component (�� a few ns) represented fluorescence from the free-base
porphyrin unit reaching the detector. The short lifetimes of the ZnP-unit
fluorescence in the asymmetrical ZH dyads were also measured with a
streak camera (Hamamatsu Model C5680, synchroscan mode). The
frequency-doubled pulses from the Mira at 400 nm (�100 fs width,
75 MHz repetition frequency, 50 mW power at the sample) were focused
on the sample. The fluorescent light at right angles was focused on the
streak camera slit, passing a filter combination transmitting light at 590 ±
630 nm. The response function was determined to about 4 ps (fwhm). The
lifetimes determined by this method were in excellent agreement with
those determined by TCSPC with the MCP detector.


3,3���-bis(octyl)-2,2�:5�,2��:5��,2���quaterthiophene (13): In a dry schlenk tube,
Pd2(dba)3 ¥CHCl3 (26 mg, 25 mmol), PPh3 (158 mg, 0.60 mmol) and a
mixture of THF/DMF (1:1, 10 mL) were degassed in a ultrasound bath for
20 minutes. 5,5�-Bis(tributyltin)-2,2�-bithiophene (1.49 g, 1.74 mmol) and
2-bromo-3-octylthiophene[24] (1.08 g, 3.95 mmol) were added to this
solution, which was degassed for another 20 minutes. The mixture was
heated in an oil bath at 75 �C for 2 days. The crude reaction mixture was
diluted with dichloromethane and washed with water. The organic layer
was dried over MgSO4, and the solvent was rotary evaporated. The
resulting oil was purified by column chromatography over silica gel eluted
with petroleum ether to yield quaterthiophene (808 mg, 84%). 1H NMR
(200 MHz, CDCl3, 25 �C): 0.87 (t, 3J� 5.4 Hz, 6H; CH3 alkyl chain), 1.26
(m, 20H; CH2 alkyl chain), 1.68 (m, 4H; CH2 alkyl chain), 2.77 (t, 3J�
6.8 Hz, 4H; CH2 thioph.), 6.93 (d, 3J� 5.2 Hz, 2H; H4), 7.01 (d, 3J� 3.8 Hz,
2H; H3�), 7.12 (d, 3J� 3.8 Hz, 2H; H4�), 7.17 (d, 3J� 5.2 Hz, 2H; H5); UV/
Vis. (CH2Cl2): �max (�)� 404 (28000); EI-MS m/z (%): 554 (100) [M�], 455
(40), 323 (23); elemental analysis calcd (%) for C32H42S4: C 69.26, H 7.63, S
23.11; found: C 69.24, H 7.75, S 23.01.


5,5���-dibromo-3,3���-bis(octyl)-2,2�:5�,2��:5��,2���quarterthiophene (14): In a
three-necked round-bottomed flask, a solution of quaterthiophene 13
(180 mg, 0.32 mmol) in CS2 (20 mL) was degassed under argon. The
mixture was cooled to �20 �C and a NBS solution (104 mg, 0.58 mmol) in
CHCl3 (50 mL) was added dropwise under argon over 1 h. The mixture was
stirred at this temperature for half an hour more, then brought to 0 �C and
stirred for another 30 minutes. The CS2 was removed by a stream of air. The
reaction mixture was added to a cold ammonium chloride solution,
extracted with dichloromethane, and washed with water, and the organic
phase was dried over MgSO4.The solvent was removed by rotary
evaporation, and the resulting green solid was purified over silica with
petroleum ether to yield 14 (218 mg, 96%). 1H NMR (200 MHz, CDCl3,
25 �C): 0.87 (t, 3J� 5.4 Hz, 6H; CH3 alkyl chain), 1.26 (m, 20H; CH2 alkyl
chain), 1.68 (m, 4H; CH2 alkyl chain), 2.70 (t, 3J� 6.8 Hz, 4H; CH2


thioph.), 6.90 (s, 2H; H4), 6.96 (d, 3J� 3.8 Hz, 2H; H4�), 7.10 (d, 3J�
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3.8 Hz, 2H; H3�); EI-MS m/z (%): 712 (100) [M�], 612 (55), 513 (25);
elemental analysis calcd (%) for C32H40Br2S4: C 53.93, H 5.66, S 18.00;
found: C 54.32, H 6.01, S17.72.


5,5���-bis(trimethylstannyl)-3,3���-bis(octyl)-2,2�:5�,2��:5��,2���quaterthiophene
(15): Quaterthiophene 13 (190 mg, 0.34 mmol) was dissolved in anhydrous
THF (10 mL) and nBuLi (0.34 mL, 2.5� solution in pentane) was added
dropwise at �78 �C. The mixture was allowed to warm to room temper-
ature and stirred for 1 h, then it was cooled again to �78 �C. A solution of
trimethyltin chloride 160 mg (2.3 equiv) in THF (4 mL) was added slowly
to the reaction mixture, which was then brought back to room temperature
and stirred overnight. The reaction mixture was quenched with water,
extracted in dichloromethane, and washed several times with water. The
organic layer was dried over MgSO4, and the solvent was evaporated under
reduced pressure to yield 15 (165 mg, 55%). The product was used without
further purification. 1H NMR (200 MHz, CDCl3, 25 �C): 0.30 (s, 18H;
CH3Sn), 0.87 (m, 6H; CH3 alkyl chain), 1.19 (m, 20H; CH2 alkyl chain),
1.59 (m, 4H; CH2 alkyl chain), 2.71 (t, 3J� 7.8 Hz, 4H; CH2 thioph.), 6.93
(m, 4H; H4�), 7.02 (s, 2H; H3�), 7.17 (s, 2H; H4); EI-MS m/z (%): 881 (18)
[M�], 718 (51), 554 (100).


5,5���-bis(vinyl)-3,3���-bis(octyl)-2,2�:5�,2��:5��,2���quaterthiophene (16): Dibro-
moquaterthiophene 15 (0.12 g, 0.168 mmol), vinyl trimethyltin (0.267 g,
0.84 mmol, 5 equiv), and Pd(PPh3)4 (9 mg, 7.8 mmol) were heated under
argon in degassed DMF (5 mL) at 80 �C for 6 h. The crude reaction mixture
was then quenched with water, extracted with dichloromethane, and dried
over MgSO4. The crude product was purified by column chromatography
over neutral alumina eluted with petroleum ether to yield 16 (78 mg, 76%).
1H NMR (200 MHz, CDCl3, 25 �C): 0.85 (t, 3J� 5.8 Hz, 6H; CH3 alkyl
chain), 1.31 (m, 20H; CH2 alkyl chain), 1.64 (m, 4H; CH2 alkyl chain), 2.72
(t, 3J� 6.8 Hz, 4H; CH2 thioph.), 5.14 (d, 3J� 10.8 Hz, 2H; H3 vinyl), 5.56
(d, 3J� 17.4 Hz, 2H; H2 vinyl), 6.71 (dd, 3J� 10.8 Hz, 3J� 17.4 Hz, 2H; H1


vinyl), 6.81 (s, 2H; H4), 7.03 (d, 3J� 3.7 Hz, 2H; H4�), 7.17 (d, 3J� 3.7 Hz,
2H; H3�). EI-MS m/z (%): 608 (80) [M�], 596 (100), 582 (100), 554 (20);
elemental analysis calcd (%) for C36H46S4: C 71.23, H 7.64, S 21.13, found: C
71.18, H 7.66, S 21.16.


5,5���-bis(trimethylsilylethynyl)-3,3���-bis(octyl)-2,2�:5�,2��:5��,2��-quaterthio-
phene (17): Dibromoquaterthiophene 14 (150 mg, 0.21 mmol), dry triethyl-
amine (6 mL), Pd2(dba)3 ¥CHCl3.(2 mg, 1.6 mmol),P(Ph)3 (16 mg,
61 mmol), and CuI (2 mg, 10 mmol) were added in a Schlenk tube. The
reaction mixture was degassed with argon and stirred at room temperature
for 15 minutes. Then trimethylsilylacetylene (103 mg, 1.03 mmol) and
diisopropylamine (90 mL) were syringed into the reaction mixture that
was heated at 70 �C overnight. The reaction mixture was poured into water
and extracted with dichloromethane. The organic layer was washed with
brine and dried over MgSO4, and the solvents were removed by rotary
evaporation. The resulting product was purified by column chromatog-
raphy over silica gel eluted with petroleum ether to yield 17 (126 mg, 80%).
1H NMR (200 MHz, CDCl3, 25 �C): 0.25 (s,18H; CH3-Si), 0.87 (m, 6H; CH3


alkyl chain), 1.31 (m, 20H; CH2 alkyl chain), 1.64 (m, 4H; CH2 alkyl chain),
2.75 (t, 3J� 6.8 Hz, 4H; CH2 thioph.), 7.03 (d, 3J� 3.8 Hz, 2H; H4�), 7.07 (s,
2H; H4), 7.12 (d, 3J� 3.8 Hz, 2H; H3�); EI-MSm/z (%): 746 (100) [M�], 648
(16), 515 (10); elemental analysis calcd (%) for C42H58S4Si2: C 67.50, H 7.82,
S 17.16; found: C 67.82, H 7.52, S 17.34.


5,5���-bis(ethynyl)-3,3���-bis(octyl)-2,2�:5�,2��:5��,2���quaterthiophene (18):
Bis(trimethylsilylethynyl)quaterthiophene 17 (100 mg, 0.13 mmol) in ben-
zene (5 mL) was mixed with a solution of KOH (4.8 mg, 0.8 equiv. in 1 mL
methanol). The mixture was stirred at room temperature for 3 h. The
reaction mixture was poured into water and extracted with benzene, dried
over MgSO4 and purified by column chromatography over neutral alumina
eluted with petroleum ether to yield 18 (62 mg, 72%). 1H NMR (200 MHz,
CDCl3, 25 �C): 0.88 (m, 6H; CH3 alkyl chain), 1.62 (m, 20H; CH2 alkyl
chain), 1.84 (m, 4H; CH2 alkyl chain), 2.76 (t, 3J� 7 Hz, 4H; CH2 thioph.),
3.39 (s, 2H; H alkyne), 7.04 (d, 3J� 3.8 Hz, 2H; H4�), 7.11 (s, 2H; H4), 7.12
(d, 3J� 3.8 Hz, 2H; H3�); EI-MS m/z (%): 666 (100) [M�]; elemental
analysis calcd (%) for C36H42S4: C 71.71, H 7.02, S 21.27; found: C 71.87, H
7.33, S 21.43.


5,15-bis(3,5-ditert-butylphenyl)porphyrin (6): Freshly distilled dichloro-
methane (670 mL) in a round-bottomed flask protected from light and
fitted with rubber septum was purged with bubbling argon for 1 h at room
temperature. Then 3,5-ditert-butylbenzaldehyde (0.746 g, 3.42 mmol) and
dipyrromethane (0.500 g, 3.42 mmol) were added. The stirring and


bubbling with argon were continued for an additional 30 min, then
trifluoroacetic acid (215 mL) was added by syringe in one portion. After
this addition was complete, the reaction mixture changed immediately from
colorless to yellow. The reaction mixture was then stirred for 15 h at room
temperature and turned dark red after that time. A solution of 2,3-dichloro-
5,6-dicyanobenzoquinone (DDQ, 1 g, 4.40 mmol) in toluene (25 mL) was
then added by syringe in one go. The mixture was stirred for an additional
30 min. The solvent was evaporated to dryness in vacuum. The crude
mixture was purified by flash chromatography on neutral alumina
(petroleum ether/dichloromethane 80:20) to yield a purple-black powder
(1.1 g, 73%). 1H NMR (200 MHz, CDCl3, 25 �C): �2.99 (s, 2H; NH), 1.57
(s, 36H; tBu), 7.85 (t, 2H, J� 1.8 Hz; phenyl Hp), 8.15 (d, 4H, 3J� 1.8 Hz;
phenyl Ho), 9.13 (d, 3J� 4.7 Hz, 4H; �-pyrrolic H2), 9.39 (d, 3J� 4.7 Hz,
4H; �-pyrrolic H3), 10.31 (s, 2H; H meso). ES�-MS: m/z : calcd for
C48H54N4, 686.43; found 687.4 [M��H].


5-bromo-10,20-bis(3,5-ditert-butylphenyl)porphyrin (7): 5,15-bis(3,5-ditert-
butylphenyl)porphyrin (6) (300 mg, 0.435 mmol) was dissolved in dichloro-
methane (100 mL) and cooled to �40 �C. N-Bromosuccinimide (78 mg,
0.438 mmol) was added directly to the flask over 1 h, and the reaction was
followed by TLC (dichloromethane/petroleum ether 15:85). After the
reaction the reaction had reached completion, it was quenched with
acetone/water (1:1, 20 mL). The solvents were evaporated, and the product
was washed with several portions of dichloromethane and dried with
MgSO4. Porphyrin 7 was precipitated with petroleum ether and filtered off
to yield a purple/black solid (216 mg, 65%) contaminated with less than
10% of dibromoporphyrin. An analytical sample of 7 was obtained by
column chromatography over silica gel (petroleum ether/dichloromethane
80:20). 1H NMR (400 MHz, CDCl3, 25 �C): �2.91 (s, 2H; NH), 1.56 (s,
36H; tBu), 7.84 (t, 3J� 2.0 Hz, 2H; phenyl Hp), 8.08 (d, 3J� 2.0 Hz, 4H;
phenyl Ho), 8.99 (d, 3J� 2.2 Hz, 2H; �-pyrrolic H13), 9.02 (d, 3J� 2.2 Hz,
2H; �-pyrrolic H12), 9.29 (d, 3J� 4.7 Hz, 2H; �-pyrrolic H2), 9.75 (d, 3J�
4.7 Hz, 2H; �-pyrrolic H3), 10.16 (s, 1H; H meso); ES�-MS: m/z : calcd for
C48H53BrN4, 764.35; found 765.4 [M��H].


5,10,15-tris-(3,5-ditert-butylphenyl)porphyrin (8): A Schlenk tube was
charged with 5-bromo-10,20-bis[3,5-di(tert-butyl)phenyl]porphyrin 7
(0.410 g, 0.53 mmol), 3,5-di(tert-butyl)phenylboronic acid (0.188 g,
0.80 mmol), Ba(OH)2 ¥ 8H2O (0.254 g, 0.80 mmol), Pd2dba3 ¥CHCl3
(0.055 g, 0.053 mmol), PPh3 (0.110 g, 0.42 mmol), DME (20 mL), and
water (0.5 mL). The purple suspension was degassed by the freeze-pump-
thaw method (three cycles), and the mixture was then heated at 100 �C
under N2 for 17 h. The reaction mixture was worked up by adding an equal
volume of ether and washed with Na2CO3 saturated, with water, and finally
with brine. The organic layer was dried over MgSO4. The solvent was
evaporated, and the crude product was purified by column chromatography
on silica gel (petroleum ether/dichloromethane 90:10). The purple/red
band was collected and evaporated to dryness to give a purple red solid
(426 mg, 92%). 1H NMR (400 MHz, CDCl3, 25 �C): �2.88 (s, 2H; NH),
1.51 (s, 18H; tBu), 1.55 (s, 36H; tBu), 7.81 (m, 3H; phenyl Hp), 8.08 (d, 3J�
1.8 Hz, 2H; phenyl Ho), 8.12 (d, 3J� 1.8 Hz, 4H; phenyl Ho), 8.92 (d, 3J�
4.7 Hz, 2H; �-pyrrolic H8), 9.06 (d, J� 4.7 Hz, 2H; �-pyrrolic H2), 9.34 (d,
3J� 4.7 Hz, 2H; �-pyrrolic H3), 9.96 (d, 3J� 4.7 Hz, 2H; �-pyrrolic H2),
10.20 (s, 1H; H meso); ES�-MS: m/z : calcd for C62H74N4, 875.28; found
876.3 [M��H].


5,5�-bis{zinc(��)-10,15,20-tris(3,5-ditert-butylphenyl)-5-porphyrinyl}-2,2�-
bisthiophene (1ZZ): Zinc iodoporphyrin 10[11] (90 mg 84.5 �mol), 5,5�-
bis(trimethylstannyl)-2,2�-bisthiophene 12 (20 mg, 40.7 �mol), Pd2(dba)3 ¥
CHCl3 (11 mg, 10 mmol), PPh3 (22 mg, 84 mmol), and dry DMF (10 mL)
were placed a Schlenk tube, and degassed for 15 minutes under ultrasound.
The mixture was protected from light and heated at 90 �C for 15 h. The
reaction mixture was poured into water and extracted with dichloro-
methane, and the organic layer was washed with water, dried over MgSO4.
The solvents were evaporated under vacuum and purified first by column
chromatography and then by preparative TLC (petroleum ether/dichloro-
methane 7:3) to yield dyad 1ZZ (62 mg, 72%). 1H NMR (400 MHz,
CDCl3, 25 �C): 1.50 (s, 36H; tBu), 1.53 (s, 72H; tBu), 7.78 (t, 3J� 2 Hz, 2H;
phenyl Hp2), 7.8 (t, 3J� 2 Hz, 4H; phenyl Hp1), 7.81 (d, 3J� 3.6 Hz, 2H; H3),
7.92 (d, J� 3.6 Hz, 2H; H4), 8.08 (d, 3J� 2 Hz, 4H; phenyl Ho2), 8.17 (d,
3J� 1.6 Hz, 8H; phenyl Ho1), 9.01 (s, 8H; �-pyrrolic H12, H13), 9.07 (d, 3J�
4.8 Hz, 4H; �-pyrrolic H2), 9.42 (d, 3J� 4.8 Hz, 4H; �-pyrrolic H3); UV/Vis
(CH2Cl2): �max (�)� 427 (650000), 553 (60000), 599 nm (32000); ES�-MS:
m/z : calcd for C132H146N8S2Zn2, 2034.9695; found 2034.9762 [M�].
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5,5���-bis[zinc(��)-10,15,20-tris(3,5-ditert-butylphenyl)-5-porphyrinyl]-3,3���-
bis(octyl)-2,2�:5�,2��:5��,2���-quaterthiophene (2ZZ): A Schlenk tube was
charged with zinc iodoporphyrin 10 (52 mg, 48.8 �mol), bis(trimethylstan-
nyl)quaterthiophene 15 (20 mg, 22.7 �mol), Pd2(dba)3 ¥CHCl3 (5 mg,
4.7 mmol), PPh3 (10 mg, 38 mmol), and dry DMF (10 mL) and degassed
for 15 minutes under ultrasound. The mixture was protected from light and
heated at 80 �C for 15 h. The reaction mixture was poured into water and
extracted with dichloromethane, and the organic layer was washed with
water and dried over MgSO4. The solvents were evaporated under vacuum
and purified by preparative TLC (petroleum ether/dichloromethane 7:3) to
yield dyad 2ZZ (36 mg, 60%). 1H NMR (400 MHz, CDCl3, 25 �C): 1.53 (s,
36H; tBu), 1.55 (s, 102H; alkyl chain), 3.18 (t, 3J� 7.5 Hz, 4H; CH2


thioph.), 7.35 (AB system, 3J� 4 Hz, 4H; H3� , H4�), 7.79 (s, 2H; H4), 7.80
(t, 3J� 2 Hz, 2H; phenyl Hp2), 7.81 (t, 3J� 2 Hz, 4H; phenyl Hp1), 8.09 (d,
3J� 1.6 Hz, 4H; phenyl Ho2), 8.11 (d, 3J� 1.6 Hz, 8H; phenyl Ho1), 9.01 (s,
8H; �-pyrrolic H12, H13), 9.05 (d, 3J� 4.8 Hz, 4H; �-pyrrolic H2), 9.37 (d,
3J� 4.8 Hz, 4H; �-pyrrolic H3); UV/Vis (CH2Cl2): �max (�)� 424 (550000),
554 (51000), 595 (25000); ES�-MS: m/z : calcd for C156H182N8S4Zn2,
2423.1953; found 2423.1887 [M�].


5,5���-bis[zinc(��)-10,15,20-tris(3,5-ditert-butylphenyl)-5-vinylporphyrin]-
3,3���-bis(octyl)-2,2�:5�,2��:5��,2���-quaterthiophene (3ZZ): Zinc iodoporphy-
rin 10 (188 mg, 177 �mol), bisvinyl quarterthiophene (48 mg, 82 �mol),
Pd(OAc)2 (2 mg, 9 mmol), potassium carbonate (118 mg, 820 mmol),
tetrabutylammonium bromide (54 mg, 170 �mol), lithium chloride
(10 mg, 0.24 mmol) and dry DMF (10 mL) were placed into a Schlenk
tube. The mixture was degassed with argon and was heated in an oil bath at
85 �C for 40 h. The reaction mixture was poured into water and extracted
with ether, and the combined organic layers were washed with water and
brine, and dried over MgSO4. The solvents were evaporated under vacuum,
and the resulting solid was purified by preparative TLC (petroleum ether/
dichloromethane 7:3) to yield dyad 3ZZ (160 mg, 74%). 1H NMR
(400 MHz, CDCl3, 25 �C): 0.8 ± 1.7 (s, 138H, tBu; alkyl chain), 2.94 (t,
3J� 7 Hz, 4H; CH2 thioph.), 7.25 (s, 2H; H4), 7.29 (d, 3J� 3.7 Hz, 2H; H4�),
7.35 (d, 3J� 3.7 Hz, 2H; H3�), 7.49 (d, 3J� 15.6 Hz, 2H; H2 vinyl), 7.8 (s, 2H;
phenyl Hp2), 7.83 (s, 4H; phenyl Hp1), 8.07 (s, 4H; phenyl Ho2), 8.1 (s, 8H;
phenyl Ho1), 8.98 (AB system, 3J� 4 Hz, 8H; �-pyrrolic H12, H13), 9.08 (d,
3J� 4.4 Hz, 4H; �-pyrrolic H2), 9.6 (d, 3J� 15.6 Hz, 2H; H1 vinyl), 9.68 (d,
3J� 4.4 Hz, 4H; �-pyrrolic H3); UV/Vis (CH2Cl2): �max (�)� 426 (420000),
559 (44000), 620 (58000). ES�-MS: m/z : calcd for C160H186N8S4Zn2,
2475.2266; found 2475.2217 [M�].


5,5���-bis[zinc(��)-10,15,20-tris(3,5-ditert-butylphenyl)-5-ethynylporphyrin]-
3,3���-bis(octyl)-2,2�:5�,2��:5��,2���-quaterthiophene (4ZZ): A two-necked
round-bottom flask was charged with iodoporphyrin 9 (150 mg, 141 �mol),
bis(ethynyl)quarterthiophene 18 (40 mg, 66.3 �mol), toluene (20 mL), and
triethyl amine (4 mL). The mixture was bubbled with argon for 15 min
under ultrasound. AsPh3 (20 mg, 66 �mol) and Pd2(dba)3 ¥CHCl3 (17 mg,
66 �mol) were added to the mixture, and argon bubbling was continued for
another 10 min. The reaction mixture was then heated in an oil bath at
50 �C for 30 h. The solvents were evaporated under vacuum, and the
product was purified by preparative TLC (petroleum ether/dichloro-
methane 7:3) to yield dyad 4ZZ (96 mg, 56%). 1H NMR (400 MHz,
CDCl3, 25 �C): 1.51 (s, 36H; tBu), 1.55 (s, 102H; alkyl chain), 2.97 (t, 3J�
7.8 Hz, 4H; CH2 thioph.), 7.25 (d, 3J� 3.8 Hz, 2H; H4�), 7.29 (d, 3J� 3.8 Hz,
2H; H3�), 7.59 (s, 2H; H4), 7.79 (t, 3J� 1.8 Hz, 2H; phenyl Hp2), 7.83 (t, 3J�
1.8 Hz, 4H; phenyl Hp1), 8.04 (d, 3J� 1.8 Hz, 4H; phenyl Ho2), 8.09 (d, 3J�
1.8 Hz, 8H; phenyl Ho1), 8.82 (AB system, 3J� 4 Hz, 8H; �-pyrrolic H12,
H13), 9.06 (d, 3J� 4.8 Hz, 4H; �-pyrrolic H2), 9.71 (d, 3J� 4.8 Hz, 4H; �-
pyrrolic H3); UV/Vis (CH2Cl2): �max (�)� 437 (300000), 448 (300000), 574
(33000), 632 (81000). ES�-MS: m/z : calcd for C160H182N8S4Zn2, 2471.1953;
found 2471.1887 [M�].


5���-[10,15,20-tris(3,5-ditert-butylphenyl)-5-ethynylporphyrin]-5-ethynyl-
3,3���-bis(octyl)-2,2�:5�,2��:5��,2���-quaterthiophene (4Z): Exactly the same
conditions were used as for 4ZZ, except for equimolar amounts of
iodoporphyrin 9 (70 mg, 66 �mol) and bis(ethynyl)quarterthiophene 18
(40 mg, 66.3 �mol). Compound 4Z was purified by preparative TLC
(petroleum ether/dichloromethane 7:3) to yield 4Z (37 mg, 36%). 1HNMR
(400 MHz, CDCl3, 25 �C): 1.51 (s, 36H; tBu), 1.55 (s, 102H; alkyl chain),
2.82 (t, 3J� 7.8 Hz, 4H; CH2 thioph.), 2.94 (t, 3J� 7.8 Hz, 4H; CH2 thioph.),
3.45 (s, 1H; H alkyne), 6.97 (d, 3J� 3.8 Hz, 1H; H4��), 7.07 (d, 3J� 3.6 Hz,
1H; H3�), 7.22 (m, 2H; H4� and H3��), 7.34 (s, 1H; H4), 7.79 (t, 3J� 1.8 Hz, 1H;


phenyl Hp2), 7.83 (t, 3J� 1.8 Hz, 2H; phenyl Hp1), 8.04 (d, 3J� 1.8 Hz, 2H;
phenyl Ho2), 8.09 (d, 3J� 1.8 Hz, 4H; phenyl Ho1), 8.97 (AB system, 3J�
4 Hz, 4H; �-pyrrolic H12, H13), 9.05 (d, 3J� 4.8 Hz, 2H; �-pyrrolic H2), 9.80
(d, 3J� 4.8 Hz, 2H; �-pyrrolic H3); UV/Vis (CH2Cl2): �max (�)� 428
(306000), 450 (249000), 568 (20000), 631 (53000). ES�-MS: m/z : calcd
for C99H114N4S4Zn, 1550.7218; found 1550.7152 [M�].


General procedure for demetalation of the dyads : The biszinc dyad (40 mg)
was dissolved in dichloromethane (20 mL) and degassed under argon. One
drop of conc. HCl (35%) was added, and the mixture was stirred for 5 min
at room temperature. This solution was then transferred to a separating
funnel, washed with an aqueous carbonate solution and then with water,
and the organic layer was dried over MgSO4. The solvent was removed by
rotary evaporation, and the resulting solid was pure, since almost no
destruction of the porphyrin occurred during this step. An analytically pure
sample was, however, obtained after chromatography in the next step.


5,5�-bis[10,15,20-tris(3,5-ditert-butylphenyl)-5-porphyrinyl]-2,2�-bisthio-
phene (1HH): 1H NMR (400 MHz, CDCl3, 25 �C): 1.7 (s, 36H; tBu), 1.8 (s,
72H; tBu), 7.79 (m, 6H; phenyl Hp), 7.95 (d, 3J� 3.5 Hz, 2H; H4), 7.97 (d,
3J� 3.52 Hz, 2H; H3), 8.08 (d, 3J� 1.8 Hz, 4H; phenyl Ho2), 8.12 (d, 3J�
1.8 Hz, 8H; phenyl Ho1), 8.9 (s, 8H; �-pyrrolic H12, H13), 8.89 (d, 3J�
4.9 Hz, 4H; �-pyrrolic H2), 9.33 (d, 3J� 4.9 Hz, 4H; �-pyrrolic H3); UV/
Vis (CH2Cl2): �max (�)� 422 (390000), 519 (25000), 558 (18000), 592
(18000), 651 (86000); ES�-MS: m/z : calcd for C132H151N8S2, 1912.1503;
found 1912.1434 [M��H].


5,5���-bis[10,15,20-tris(3,5-ditert-butylphenyl)-5-porphyrinyl]-3,3���-bis(oc-
tyl)-2,2�:5�,2��:5��,2���-quaterthiophene (2HH): 1H NMR (400 MHz, CDCl3,
25 �C):�2.59 (s, 4H; NH), 1.53 (s, 36H; tBu), 0.9 ± 2 (m, 102H; alkyl chain),
3.19 (t, 3J� 7.5 Hz, 4H; CH2 thioph.), 7.36 (AB system, 3J� 4 Hz, 4H; H3� ,
H4�), 7.79 (s, 2H; H4), 7.81 (t, 3J� 2 Hz, 2H; phenyl Hp2), 7.83 (t, 3J� 2 Hz,
4H; phenyl Hp1), 8.1 (d, 3J� 1.6 Hz, 4H; phenyl Ho2), 8.12 (d, 3J� 1.6 Hz,
8H; phenyl Ho1), 8.9 (AB system, 3J� 4 Hz, 8H; �-pyrrolic H12, H13), 8.95
(d, 3J� 4.8 Hz, 4H; �-pyrrolic H2), 9.28 (d, 3J� 4.8 Hz, 4H; �-pyrrolic H3);
UV/Vis (CH2Cl2): �max (�)� 424 (520000), 520 (34000), 560 (26000), 591
(13000), 652 (12000); ES�-MS: m/z : calcd for C156H187N8S4, 2300.3762;
found 2300.3799 [M�].


5,5���-bis[10,15,20-tris(3,5-ditert-butylphenyl)-5-vinyl-porphyrin]-3,3���-bis-
(octyl)-2,2�:5�,2��:5��,2���-quaterthiophene (3HH): 1H NMR (400 MHz,
CDCl3, 25 �C): �2.29 (s, 4H; NH), 0.8 ± 2 (m, 138H; tBu and alkyl chain),
2.98 (t, 3J� 7 Hz, 4H; CH2 thioph.), 7.26 (s, 2H; H4), 7.32 (d, 3J� 3.7 Hz,
2H; H4�), 7.35 (d, 3J� 3.7 Hz, 2H; H3�), 7.53 (d, 3J� 15.6 Hz, 2H; H2 vinyl),
7.83 (t, 3J� 1.6 Hz, 2H; phenyl Hp2), 7.86 (t, 3J� 1.6 Hz, 4H; phenyl Hp1),
8.11 (d, J� 2 Hz, 4H; phenyl Ho2), 8.15 (d, 3J� 2 Hz, 8H; phenyl Ho1), 8.9
(AB system, 3J� 4 Hz, 8H; �-pyrrolic H12, H13), 9. (d, 3J� 4.8 Hz, 4H; �-
pyrrolic H2), 9.55 (d, 3J� 15.6 Hz, 2H; H1 vinyl), 9.58 (d, 3J� 4.8 Hz, 4H; �-
pyrrolic H3); UV/Vis (CH2Cl2): �max (�)� 426 (310000), 589 (52000), 675
(26000); ES�-MS: m/z : calcd for C160H190N8S4, 2351.3995; found 2351.3982
[M�].


5,5���-bis[10,15,20-tris(3,5-ditert-butylphenyl)-5-ethynylporphyrin]-3,3���-bis-
(octyl)-2,2�:5�,2��:5��,2���-quaterthiophene (4HH): 1H NMR (400 MHz,
CDCl3, 25 �C): �2.17 (s, 4H; NH), 0.8 ± 2 (m, 36H, tBu, 102H; alkyl
chain), 2.95 (t, 3J� 7.9 Hz, 4H; CH2 thioph.), 7.24 (d, 3J� 4 Hz, 2H; H4�), 7.3
(d, 3J� 4 Hz, 2H; H3�), 7.62 (s, 2H; H4), 7.88 (t, 3J� 1.6 Hz, 2H; phenyl Hp2),
7.91 (t, 3J� 1.6 Hz, 4H; phenyl Hp1), 8.1 (d, 3J� 1.6 Hz, 4H; phenyl Ho2),
8.14 (d, 3J� 1.6 Hz, 8H; phenyl Ho1), 8.86 (AB system, 3J� 4 Hz, 8H; �-
pyrrolic H12, H13), 9 (d, 3J� 4.8 Hz, 4H; �-pyrrolic H2), 9.76 (d, 3J� 4.8 Hz,
4H; �-pyrrolic H3); UV/Vis (CH2Cl2): �max (�)� 442 (280000), 597 (65000),
681 (38000); ES�-MS: m/z : calcd for C160H187N8S4, 2348.3762; found
2348.3843 [M��H].


General procedure for zinc mono-metalation of the dyads : Bis-free-base
dyad HH (30 mg) was dissolved in the mixture chloroform/methanol (6:4,
10 mL) mixture and the mixture was degassed. A solution of zinc acetate
(5 mg in 1 mL of methanol) was injected dropwise and the reaction was
continuously monitored by TLC. The addition was stopped when most of
the free-base starting material had disappeared. The reaction yielded to a
mixture of three porphyrins that were purified by preparative silica TLC
eluted with hexane/dichloromethane (7:3).


5-[zinc(��)-10,15,20-tris(3,5-ditert-butylphenyl)-5-porphyrinyl]-5�-[10,15,20-
tris(3,5-ditert-butylphenyl)-5-porphyrinyl]-2,2�-bisthiophene (1ZH):
1H NMR (400 MHz, CDCl3, 25 �C): �2.67 (s, 2H; NH), 1.49 (s, 36H;
tBu), 1.52 (s, 72H; tBu), 7.8 ± 7.85 (m, 6H; phenyl Hp), 7.91 (d, 3J� 3.8 Hz,
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2H; H3), 7.92 (d, 3J� 3.8 Hz, 2H; H4), 8.05 (d, 3J� 1.55 Hz, 4H; phenyl
Ho2), 8.1 (d, 3J� 1.56 Hz, 8H; phenyl Ho1), 8.8 (AB system, 3J� 4 Hz, 4H;
�-pyrrolic H12H, H13H), 8.95 (AB system, 3J� 4 Hz, 4H; �-pyrrolic H12Zn,
H13Zn), 8.95 (d, 3J� 5 Hz, 2H; �-pyrrolic H2H), 9.04 (d, 3J� 4.8 Hz, 2H; �-
pyrrolic H2Zn), 9.3 (d, 3J� 5 Hz, 2H; �-pyrrolic H3H), 9.8 (d, 3J� 4.8 Hz,
2H; �-pyrrolic H3Zn); UV/Vis (CH2Cl2): �max (�)� 426 (670000), 519
(29000), 556 (44000), 596 (21000), 651 (9000); ES�-MS: m/z : calcd for
C132H119N8S2Zn, 1974.0638; found 2423.1887 [M��H].


5-[zinc(��)-10,15,20-tris(3,5-ditert-butylphenyl)-5-porphyrinyl]-5���-[10,15,20-
tris(3,5-ditert-butylphenyl)-5-porphyrinyl]-3,3���-bis(octyl)-2,2�:5�,2��:5��,2���-
quaterthiophene (2ZH): 1H NMR (400 MHz, CDCl3, 25 �C): �2.6 (s, 2H;
NH), 0.8 ± 2 (m, 36H; tBu, 102H; alkyl chain), 3.18 (t, 3J� 8 Hz, 4H; CH2


thioph.), 7.35 (AB system, 3J� 4 Hz, 4H; H3� , H4� , H3�� , H4��), 7.79 (s, 2H; H4,
H4���), 7.8 ± 7.82 (m, 6H; phenyl Hp), 8.08 to 8.11 (m, 12H; phenyl Ho), 8.89 (s,
4H; �-pyrrolic H12H, H13H), 8.93 (d, 3J� 4.8 Hz, 2H; �-pyrrolic H2H), 9.00
(AB system, J� 4 Hz, 4H; �-pyrrolic H12Zn-H13Zn), 9.05 (d, 3J� 4.4 Hz, 2H;
�-pyrrolic H2Zn), 9.26 (d, 3J� 4.8 Hz, 2H; �-pyrrolic H3H), 9.36 (d, 3J�
4.8 Hz, 2H; �-pyrrolic H3Zn); UV/Vis (CH2Cl2): �max (�)� 425 (560000), 520
(22000), 556 (33000), 596 (16000), 652 (6 400); ES�-MS: m/z : calcd for
C156H185N8S4Zn, 2362.2897; found 2362.2795 [M�].


5-[zinc(��)-10,15,20-tris(3,5-ditert-butylphenyl)-5-vinylporphyrin]-5���-
[10,15,20-tris(3,5-ditert-butylphenyl)-5-vinylporphyrin]-3,3���-bis(octyl)-
2,2�:5�,2��:5��,2���-quaterthiophene (3ZH): 1H NMR (400 MHz, CDCl3,
25 �C): �2.37 (s, 2H; NH), 0.8 ± 1.85 (m, 138H, tBu; alkyl chain), 2.97 (t,
3J� 6.5 Hz, 4H; CH2 thioph.), 7.17 ± 7.35 (m, 6H; H3� , H4� , H3�� , H4�� , H4,
H4���), 7.52 (d, 3J� 16 Hz, 1H; H2H vinyl), 7.54 (d, 3J� 16 Hz, 1H; H2Zn


vinyl), 7.87 (m, 2H; phenyl Hp2), 7.9 (m, 4H; phenyl Hp1), 8.11 (m, 4H;
phenyl Ho2), 8.14 (m, 8H; phenyl Ho1), 8.87 (s, 4H; �-pyrrolic H12H, H13H),
8.98 (m, 6H; �-pyrrolic-H12Zn, H13Zn and �-pyrrolic H2H), 9.09 (d, 3J�
4.9 Hz, 2H; �-pyrrolic H2Zn), 9.55 (d, 3J� 16 Hz, 1H; H1H vinyl), 9.6 (d,
3J� 4.8 Hz, 2H; �-pyrrolic H3H), 9.65 (d, 3J� 16 Hz, 1H; H1Zn vinyl), 9.72
(d, 3J� 4.8 Hz, 2H; �-pyrrolic H3Zn); UV/Vis (CH2Cl2): �max (�)� 427
(270000), 575 (28000), 609 (39000), 668 (13000); ES�-MS: m/z : calcd for
C160H188N8S4Zn, 2413.3132; found 2413.3145 [M�].


5-[zinc(��)-10,15,20-tris(3,5-ditert-butylphenyl)-5-ethynylporphyrin]-5���-
[10,15,20-tris(3,5-ditert-butylphenyl)-5-ethynylporphyrin]-3,3���-bis(octyl)-
2,2�:5�,2��:5��,2���-quaterthiophene (4ZH): 1H NMR (400 MHz, CDCl3,
25 �C): �2.17 (s, 2H; NH), 0.8 ± 1.8 (m, 36H; tBu, 102 H and alkyl chain),
2.94 (t, 3J� 8 Hz, 4H; CH2 thioph.), 7.22 ± 7.26 (series of doublets, 4H; H3� ,
H4� , H3�� , H4��), 7.55 (s, 1H; H4���), 7.56 (s, H; H4), 7.7 (m, 2H; phenyl Hp2), 7.8
(s, 4H; phenyl Hp1), 8.01 (d, 3J� 1.6 Hz, 2H; phenyl Ho2H), 8.02 (d, 3J�
1.6 Hz, 2H; phenyl Ho2Zn), 8.06 (d, 3J� 1.6 Hz, 4H; phenyl Ho1H), 8.07 (dd,
3J� 1.6 Hz, 4H; phenyl Ho1Zn), 8.80 (AB system, 3J� 5Hz, 4H; �-pyrrolic
H12H, H13H), 8.91 (AB system, 3J� 4.8 Hz, 4H; �-pyrrolic H12Zn, H13Zn), 8.94
(d, 3J� 4.8 Hz, 2H; �-pyrrolic H2H), 9.05 (d, 3J� 4.4 Hz, 2H; �-pyrrolic
H2Zn), 9.68 (d, 3J� 4.8 Hz, 2H; �-pyrrolic H3H), 9.78 (d, 3J� 4.4 Hz, 2H; �-
pyrrolic H3Zn); UV/Vis (CH2Cl2): �max (�)� 444 (305000), 596 (45000), 630
(51000), 680 (22 700); ES�-MS: m/z (%): calcd for C160H185N8S4Zn,
2410.2897; found 2410.2930 [M�].
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Hexagonal Terpyridine ±Ruthenium and ±Iron Macrocyclic Complexes by
Stepwise and Self-Assembly Procedures


George R. Newkome,*[a] Tae Joon Cho,[b] Charles N. Moorefield,[a] Randy Cush,[c]
Paul S. Russo,[c] Luis A. GodÌnez,[d] Mary Jane Saunders,[e] and Prabhu Mohapatra[a]


Abstract: Methods for the self-assem-
bly, as well as directed construction, of
hexaruthenium metallomacrocycles em-
ploying bisterpyridine building blocks
are described. Self-assembly is effected
by a combination of equimolar mixtures
of bismetalated and nonmetalated bis-
(terpyridinyl) monomers each possessing
the requisite planar, 60�, terpyridine ±


metal ± terpyridine connectivity. Step-
wise synthesis of the identical hexamer
is also discussed and used to aid in
verification of the self-assembled prod-


uct. Preparation and analysis of the
related FeII metallomacrocycle are de-
tailed and its TEM image confirms the
hexameric structure. Characterization of
the metalated products includes cyclic
voltammetry along with the routine
analytical techniques.


Keywords: iron ¥ metallomacro-
cycles ¥ metallocycle ¥ N ligands ¥
self-assembly ¥ ruthenium


Introduction


Contemporary, eloquent work in the area of self-assembly by
Stang et al.,[1] Lehn et al. ,[2] and many others,[3±7] prompted
our investigation of the self-assembly of (macro)molecules
through formation of stable transition metal complexes. More
specifically, our goal involved the design and preparation of
polyterpyridinyl ligands that would form the basis of ��mod-
ular building block sets��[8] capable of forming stable, irrever-
sible, and non-H-bonding ��higher order�� (fractal) architec-
tures. We herein report the construction of a series of
bis(terpyridine) monomers that facilitate the preparation of
hexametallomacrocycles.


Linear bis(terpyridyl) monomers have been used in the
formation of numerous ordered assemblies, such as layered


polyelectrolyte films,[9] grids,[10] racks,[11] RuII-based dendri-
mers,[12] helicating ligands,[13] and photoactive molecular-scale
wires.[14] Progress in directed synthesis of cyclic rigid struc-
tures[15] can be found in ��shape-persistent�� phenylacety-
lenes,[16±18] diethynylbenzene macrocycles,[19] and a 24-phenyl-
ene hexagon.[20] Whereas advances through self-assembly
have yielded, for example, chiral[21] and achiral[22] circular
helicates, cylindrical cage structures,[23] Pt-coordinated bipyr-
idyl squares,[24] metal-templated catenanes,[25±28] [2]catenanes
with metals in their backbones,[29, 30] and cyclic porphyrin
trimers.[31]


Our strategy for macrocycle formation involved the prep-
aration of a bis(terpyridine) monomer possessing a 60� angle
with respect to the two ligating moieties. This would facilitate
the assembly of six building blocks with six connecting metals
in the ubiquitous benzenoid architecture. The potential to
synthesize such constructs, with little equilibration (metal ±
ligand exchange) under mild physicochemical conditions, is
predicated on the unique strength of the terpyridine(tpy) ±Ru
coordination.[32] It was also envisioned that these rigid
structures, which possess an overall �12 charge, would be
an ideal counterion to dendritic macromolecular series
composed of 12, 36, or 108 carboxylate surface groups;
preliminary gel-like materials support a complementary
interaction. A timely, comprehensive review of 2,2�:6�,2��-
terpyridine ligands has also appeared.[33]


Results and Discussion


Synthesis of the key bis(terpyridine) monomer 3 (Scheme 1)
began by treatment of the known dialdehyde 1[34] (prepared
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Scheme 1. Synthesis of the key monomers 3, 4, and bis(RuIII) adduct 5 : i) 2-
acetylpyridine, NaOH, EtOH, 20 h, room temperature; ii) AcO�NH4


�,
AcOH, 4 h, reflux; iii) RuCl3 ¥ 3H2O, EtOH, 12 h, reflux.


from 1,3-bis(bromomethyl)-5-methylbenzene)[35] with at least
three molar equivalents of 2-acetylpyridine[36] under basic
conditions at 25 �C for 20 h, followed by addition of excess
NH4OAc in AcOH and reflux for 4 h to afford the desired
angular 1,3-bis(2,2�:6�,2��-terpyridin-4�-yl)-5-methylbenzene
(3) in 22% overall yield. The structure of 3 was confirmed
by singlets (1H NMR) at �� 2.59 ppm for the arylCH3, at ��
7.82 pm for the 4,6-ArH, and at �� 8.83 ppm for the 3�,5�-
pyrH (these signals integrate in the expected 3:2:4 ratio), and
a mass peak (ESI-MS) at m/z 555 [M � H�]. The related 3,5-
bis(2,2�:6�,2��-terpyridin-4�-yl)-1-bromobenzene (4) was simi-
larly prepared (35%) from bromodialdehyde 2,[34] whose
structure was verified by the observation of singlets (1HNMR)
at �� 8.15 ppm (2,6-ArH) and �� 8.81 ppm (3�,5�-pyrH) that
integrated in a 1:2 ratio as well as a mass peak (ESI-MS) at
m/z 620 [M � H�].


Confirmation of the specificity and stability of the Ru(tpy)2
motif was obtained from a combination of selected simple
ligands (6 or 7) and the RuIII complex 8 (Scheme 2). The 4�-(4-
methylphenyl)-2,2�:6�,2��-terpyridine (6) was synthesized ac-
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Scheme 2. Synthesis of mono(RuII) complexes 9 and 10 : i) RuCl3 ¥ 3H2O,
EtOH, 12 h, reflux; ii) a) N-ethylmorpholine, MeOH, 12 h, reflux,
b) methanolic NH4


�PF6
�.


cording to literature.[37] An ethanolic solution of toluylterpyr-
idine 6 and RuCl3 ¥ 3H2O was refluxed for 12 h to afford
(87%) the metalated adduct 8, which was used without
further purification. Mono-complex 8 was then treated with
mono(terpyridine) ligand 6 in MeOH and refluxed for 12 h
under reducing conditions (N-ethylmorpholine) to give the
desired homoleptic complex 9 [Ru(6)2(PF6)2] (67%), which
exhibited a downfield shift (1H NMR) of the 3�,5�-pyrH singlet
(�� 9.19 ppm; ����0.36) and an upfield shift of the 6,6��-
pyrH doublet (�� 7.62 ppm; ����1.15) compared to the
free ligand 6 ; mass spectral data (ESI-MS) were also in accord
with the assigned structure. Analogous treatment of the RuIII


complex 8 with free ligand 7[38] afforded the heteroleptic
complex 10 [Ru(6)(7)(PF6)2], which was evidenced by two
close but still distinct singlets (1H NMR) at �� 8.99 and 9.00
for the 3�,5�-pyrH and 3a�,5a�-pyrH characteristic of structural
dissymmetry. Mass spectral data (ESI-MS) further supported
the heteroleptic structure. There was no evidence of ligand
scrambling, which would have been obvious by the presence
of the Ru(6)22� (i.e. , 9) or Ru(7)22� complexes. This confirmed
the previous report,[39] but also demonstrated the structural
integrity of the molecular assembly.


To aid in the characterization of the resultant hexameric
architecture in the self-assembled construct, formation and
proof of the similar components for that used in a stepwise
assembly process were undertaken. Thus, an ethanolic sol-
ution of bisterpyridine monomer 3 with two equivalents of
RuCl3 ¥ 3H2O was refluxed for 12 h, which produced (92%)
the minimally soluble, paramagnetic bis(RuIII) adduct 5
(Scheme 1), which when reacted with two equivalents of free
monoterpyridine ligand 6 afforded the bis(ruthenium com-
plex) 11 [Ru2(5)(6)2(PF6)2] (Scheme 3). The 1H NMR spec-
trum for 11 showed a 1:2 proton integration ratio for the
central (�� 2.96 ppm) and terminal (�� 2.68 ppm) methyl
groups supporting the bis(capped) structure. As in the case of
dimer 9, complex 11 exhibited a downfield shift (1H NMR) of
the 3�,5�-proton resonance (�� 9.17 ppm; ����0.34 ppm)
and an upfield shift for the 6,6��-proton signal (�� 7.62 ppm;
����1.15 ppm). Alternatively, treatment of the bis-ligand 3
with two equivalents of mono-complex 8 afforded the
identical diamagnetic bis-complex 11; no evidence for ligand
scrambling was detected.


The self-assembled, diamagnetic, hexameric RuII complex
14 [Ru6(3)6(PF6)12] was prepared (Scheme 4) by reaction of
the free bisterpyridine monomer 3 with one equivalent of the
activated bis(RuIII) adduct 5 in MeOH for 12 h at reflux under
reducing conditions (N-ethylmorpholine). The hexamer was
initially obtained in 85% yield but possessing chloride
counterions which, after chromatography and counterion
exchange (Cl� to PF6


�), afforded macrocycle 14 in an overall
yield of 43% overall, that was structurally confirmed by
diverse spectral methods. The 1H NMR spectrum of 14
revealed a single absorption at �� 2.93 ppm (CH3) suggesting
the presence of a single monomeric unit in contrast to that of a
linear oligomer such as in the case of bisruthenium complex
11, which displayed two distinct methyl singlets in the
1H NMR spectrum. Other diagnostic spectral attributes
(1H NMR) included the singlet at �� 8.41 ppm for the 4,6-
ArH as well as the notable upfield and downfield shifts for the
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Scheme 3. Synthesis of complex 11 by different routes to verify the
structure of bis(RuIII) adduct 5; i) a) N-ethylmorpholine, MeOH, 12 h,
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doublet (�� 7.62 ppm; ����1.15 ppm) of the 6,6��-pyrH and
for the 3�,5�-pyrH signals (�� 9.37 ppm; ����0.54 ppm),
respectively, when compared to corresponding absorptions
that characterize the uncomplexed bisterpyridine. COSY and
HETCOR spectra of the bisterpyridine 3 and the self-
assembled macrocycle 14 verified the peak assignments as
well as coupling patterns. This hexameric structure was
further established by MALDI-TOF mass spectrometry,
which was measured in the linear mode with the use of a
trans-3-indoleacrylic acid matrix. The peaks at m/z 5544
[�1PF5], 5400 [�1PF6� 1PF5], 5292[�3PF5], 5166[�4PF5],
5020[�4PF5� 1PF6] were calculated as the loss of either PF5


alone or as both PF5 and PF6 together, which is a known
phenomena.[40] Hexamer 14, initially isolated as the 12Cl�


salt, exhibited solubility in MeOH and hot H2O, while
conversion to the 12PF6


� salt facilitated solubility in MeCN,
acetone, and DMSO.


To further confirm and insure the structural character-
ization of macrocycle 14 [Ru6(3)6(PF6)12], an alternative
stepwise, directed route was undertaken (Scheme 5). The
diamagnetic bis-complex 12 was prepared by treatment of bis-
complex 5 with two equivalents of unmetalated bisterpyridine
3. The 1H NMR spectrum of 12 showed a complex pattern of
broadened absorptions in the aromatic region (�� 9.76 ±
7.40 ppm) as well as two anticipated singlets arising from the
nonequivalent methyl groups (�� 2.79, 2.94 ppm) present in
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Scheme 4. Synthesis of metallomacrocycles 14 by self- and directed-
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the expected 1:2 ratio. Finally, reaction of oligomer 12 with
two equivalents of RuCl3 ¥ 3H2O afforded the corresponding
paramagnetic bis(terminal RuIII) adduct 13, which when
treated with one equivalent of 12 yielded (ca. 80%) a sample
of crude hexamer, subsequent chromatography and counter-
ion exchange generated 14 which possesses identical spectral
and physical characteristics to those for 14 derived from the
self-assembled procedure. The UV spectrum of 14 exhibited
extinction coefficients (�) of a 5.1-, 5.5-, and 5.8-fold increase
for �max at 290, 312, and 496 nm, respectively (Table 1), when


compared to coefficients for the mono(RuII) complex 9
measured analogously. The equilibrium analytical ultracen-
trifugation absorption profiles[41] for hexamer 14, (obtained
from the self-assembly procedure) at a concentration of 0.5%
in MeCN has been conducted and further support the
molecular weight range. It is also notable that the chromato-


Table 1. CV data for RuII complexes 9 and 14 (potentials versus ferrocene/
ferrocenium; reversible signal experiments were carried out at 100 mVs�1


in 0.1� nBu4BF4/DMF solution at 298 K).


Complex E1/2(�Ep), [V]
terpyridines RuIII/RuII


9 � 1.800 (0.061) � 1.580 (0.061) 0.832 (0.062)
14 adsorption peak � 1.622 (0.075) 0.798 (0.091)
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graphs measured by TLC of the self- versus the stepwise-
assembled hexamers were identical and, as expected, different
from all precursors.


Cyclic voltammetry (CV) experiments with macrocycle 14,
further supported its proposed structure (Figure 1). The
electrochemical response of mono(RuII) complex 9 consid-
ered as a monomeric unit of 14, showed two reversible waves
(Figure 1a) that presumably correspond to the monoelec-
tronic reduction of each one of the two terpyridine ligands
surrounding the Ru atom. As expected, the electrochemical
behavior of the Ru ± tpy moieties of macrocyclic complex 14,
based on previous electrochemical experiments,[42, 43] was
notably different from that of the simple complex 9. In
Figure 1b, the electrochemical response of hexamer 14 in the
same potential region revealed that the most positive wave
was quasi-reversible and that the most negative one was
characterized by a sharp oxidation peak that increased its size
as the switching potential became more negative. The
observed sharpness of the oxidation peak is typical of
adsorbed electroactive species at an electrode surface[44, 45]


and therefore can reasonably be explained by assuming the
formation of an insoluble reduction product at the second


Figure 1. Cyclic voltammograms of 1 m� solutions of a) mono(RuII)
complex 9, and b) and c) macrocycle 14 (performed in 0.1� nBu4NBF4 in
DMF at 298 K with a scan rate of 100 mVs�1).


reduction peak. In this way, the incorporation of a second
electron into each one of the Ru ± tpy moieties would form a
large neutral species that, as opposed to its smaller counter-
part (mono-complex 9), would be readily adsorbed on the
electrode surface. This idea was further supported by CV
experiments in which the cathodic scan reached more
negative potentials than those showed in Figure 1a and 1b.
As can be observed in Figure 1c, the CV response of 14 in a
slightly wider potential window is characterized by an
irreversible reduction at very negative potentials that resulted
in the absence of the sharp oxidation peak observed in
Figure 1b during the anodic scan. This suggests that there is
an irreversible reaction at about 2.1 V versus ferrocenium/
ferrocene that, either disconnected some high percentage of
metal complex, or formed a chemically different species that
did not adsorb on the electrode surface. Another interesting
comparison that could be made with the CV curves presented
in Figure 1a and b is related to the half-wave potentials and to
the peak-to-peak splitting that characterize them. Close
inspection of the data (Table 2) for complexes 9 and 14,
reveals that the reduction of macrocycle 14 requires more
energy than its smaller counterpart 9 and that macrocycle 14
has a slightly larger peak-to-peak separation. Whereas the
improved basicity of the terpyridine ligands in 14 could be
rationalized in terms of the ��pseudo��-resonance stabilization
energy provided by its chemical structure;[46] the larger peak-
to-peak splitting of the waves may be due to the nonequiva-
lence effect of the terpyridine units of 14 that, in turn, could be
a consequence of a weak coupling between the electroactive
units.[47±49]


In an effort to modify the solubility of macrocycle 14
[Ru6(3)6(PF6)12], as well as to probe its use as an organiza-
tional scaffolding for nonbonded network formation, the
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counterions in [Ru6(3)6(Cl)12] were exchanged with a dodec-
acarboxylate-terminated dendrimer.[50] Thus, a 1:1 mixture of
macrocycle 14 (dodecachloride) and the dodecacarboxylate
sodium salt [C(CH2OCH2CH2CONHC(CH2CH2CO2Na)3)4]
was dialyzed to give a gelatinous precipitate that possessed no
residual sodium or chloride ions based on elemental analysis;
unfortunately, this 1:1 combination proved to be extremely
insoluble in all common solvents. However, a 1:1 mixture of
hexamer 14 (Cl�) and a 3rd generation carboxylate-termi-
nated dendrimer gave an analogous [Ru6(3)6(G3-108-CO2


�


(ca. Na96))] complex, which produced a deep red D2O solution
(25 �C), owing to the presence of the RuII, which allowed
verification of the aqueous solubility by 1H NMR spectros-
copy due to the excess carboxylate component in the
assembly.


To further investigate the Ru-based self-assembly techni-
que, the construction of heteroleptic macrocycles was under-
taken to ascertain the degree of order in the assembly process
(Scheme 6). A suspension of monomer 4 and bis(RuII)
complex 5 in MeOH was refluxed for 12 h to afford the
alternatingMe/Br-based macrocycle 16, which was purified by
preparative TLC (SiO2, Rf� 0.60, eluent; MeCN:saturated
aqueous KNO3:water� 7:1:1, 36%). Evidence for its forma-
tion includes a symmetrically similar, yet expectedly broad-
ened, spectrum (1H NMR) that corresponds to that of the
hexamethyl analogue 14 except for two identical proton peaks
on the benzene ring associated with ligand 4, which were
shifted downfield from those of free ligand 4 ((�� 8.75 ppm,
2,6-ArH (����0.6 ppm, 4), �� 9.18 ppm, 4-ArH (��
�0.88, 4)) with the exact expected proton integration values,
respectively. COSYand HETCOR NMR experiments further
supported the assigned structure. A UV study of 16 gave
extinction coefficients (�) that exhibited a 5.7-, 5.2-, and 6.1-
fold increase for �max at 290, 310, and 496 nm, respectively,
when compared to coefficients measured for the mono(RuII)
complex 10. Since ligand scrambling has not been observed
(as noted above), the stepwise complexation led to the in situ
generation of intermediate 15, which then assembled to give
rise to macrocycle 16, as supported by the spectral data.
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Scheme 6. Synthesis of heteroleptic metallomacrocycle 16 by self-assem-
bly: i) a)N-ethylmorpholine, MeOH, 12 h, reflux, b) methanolic NH4
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Successful construction of homo- and heteroleptic macro-
cycles suggested the creation of rings with easily modifiable
functionality, as well as with different metals, such as FeII


(Scheme 4). Thus, the hydroxymethyl bisterpyridine mono-
mer 17 was accessed starting 3,5-di(formyl)-1-hydroxymeth-
ylbenzene, derived from the incomplete reduction of 1,3,5-
tris(chlorocarbonyl)benzene followed by its treatment under
standard conditions.[34] Reaction of 17with FeCl2 (1:1, MeOH)
gave the desired [Fe6(17)6(Cl)12] macrocycle 18 in 81% yield.
The complete absence (1H NMR) of extraneous peaks
excluded the presence of starting materials, intermediates,
and oligomeric materials; whereas a slightly broadened
singlet (1H NMR) at �� 5.65 ppm (CH2OH), the singlet at
�� 8.63 ppm for the 4,6-ArH as well as the diagnostic shifts
for the doublet (�� 7.30 ppm, ����1.48 ppm) of 6,6��-pyrH,


Table 2. UV absorption data of complexes.


Complex �max [nm] Extinctioncoefficient (�)


9 284 58900
310 66100
486 24800


10 286 56 000
310 59700
490 23680


11 290 113200
496 120400
490 47000


12 288 135530
310 122480
492 50490


14 290 322900
312 336800
496 143400


16 290 317100
310 310200
496 148150
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and the 3�,5�-pyrH (�� 9.51 ppm, ����0.67 ppm) signals
were in accord with that expected for ring formation. Trans-
mission electron microscopy (TEM) images of 18
[Fe6(19)6(Cl)12] revealed single, hexagonal-shaped particles
with the predicted diameter of about 37 ä, based on
molecular modeling studies (Figure 2). Close inspection of


Figure 2. Transmission electron micrograph of 18�12 ¥ 12PF6
� (magnifica-


tion of 200000� ) showing an individual, regular hexagon along with its
computer generated CPKmodel for comparison Darkened metal centers in
hexameric arrangement can be observed.


the TEM image reveals an inner star form and six, hexago-
nally juxtaposed dark regions (i.e., the metal centers), which
are also consistent with predicted morphology. The H-bond-
ing functionality and the intial water content were critical
factors in sample preparation Thus, the external functionality
may play an important role in aggregation processes; further
studies are on-going to evaluate intermolecular interactions.


Conclusion


We have prepared novel, angular bis(terpyridine) derivatives
(3, 4, and 17) as building blocks for the formation of stable,
hexagonal metallomacrocycles. These ligands were employed
for the synthesis of the homo- or heteroleptic hexa(bis(ter-
pyridine)ruthenium) complexes 14 and 16 and the related FeII


analogue 18. The structures of these hexagonal architectures
were characterized by means of 1H and 13C NMR, UV/Vis
spectroscopy, mass spectrometry, and, in the case of the Fe6
macrocycle, also by electron microscopy. Also it is envisioned
that, based on the simple counterion exchange experiments,
the use of compact, charge-concentrated (pseudo)spherical
dendrimers possessing polyanionic surfaces will facilitate
entry to better control counterion randomness at the organ-
ic ± inorganic interface. Experiments are currently ongoing to
access larger and more complex macrocycles possessing
different metal connectivities as well as larger fractal archi-
tectures.


Experimental Section


Materials and methods : Chemicals were purchased from Aldrich and used
as received. Thin layer chromatography (TLC) was conducted on flexible
sheets precoated with aluminum oxide IB-F or silica gel IB2-F (Baker-flex)
and visualized with UV light. Column chromatography was conducted
using neutral/basic alumina, Brockman Activity I, 60 ± 325 mesh, or silica


gel (60 ± 200 mesh) purchased from Fisher Scientific. Melting points were
determined on an Electrothermal 9100 and are uncorrected. 1H and
13C NMR spectra were recorded on a Bruker DPX250 NMR spectrometer.
IR spectra were recorded on an ATI Matheson Genesis FTIR spectropho-
tometer. Absorption spectra were measured inMeCN at room temperature
with a Hewlett Packard 8452A Diode Array spectrophotometer. Mass
spectra were obtained on a Bruker Esquire Electrospray Ion Trap mass
spectrometer (ESI-MS) or a Bruker Reflex II MALDI-TOF mass
spectrometer (MALDI-MS) with trans-3-indoleacrylic acid as the matrix.
Molecular weights for 14 were measured by equilibrium analytical ultra-
centrifugation using a Beckman XLA analytical ultracentrifuge equipped
with an AN60 Ti rotor and absorption optics. MeOH or MeCN served as
solvents. A visible wavelength was selected for each sample to produce an
average absorbance of about 0.5; concentration was varied over a wide
range. Rotor speed (typically 25,000 RPM) was selected to produce a
smooth, substantial gradient in concentration. For a single component in
the dilute limit, the absorbance,A, profile is given by Equation (1),where �
is the circular frequency (rads�1),M is the molar mass, � the solvent density,
the solute partial specific volume, r the radius from the center of the rotor, a
the radius at the meniscus, R the gas constant, and T the Kelvin
temperature.


A(r)�A(a)e�2M(1����)r2�a2)/2RT


The absorbance profile of a multicomponent system has additional
exponential growth terms. A Parr DMA58 precision densitometer was
used to determine the partial specific volume. The electrochemical
experiments were conducted using a PGZ301 Potentiostat programmed
and controlled by means of a computer loaded with the voltamaster 4
software (Radiometer-Copenhagen). Resistance compensation for all
experiments was automatically computed and corrected by the software
in the ��static automatic��mode. All cyclic voltammetry measurements were
conducted in anhydrous DMF solutions containing approximately a 1.0 m�
concentration of the electroactive compound and 0.1� of tetrabutylammo-
nium tetrafluoroborate (nBu4NBF4) as supporting electrolyte. The electro-
chemical cell consisted of a 2.0 mL conical vial fitted with a graphite
working electrode (previously polished in sequential steps with diamond
and alumina polishing compounds on a felt surface), a silver pseudo-
reference electrode, and a platinum wire as a counter electrode (Cypress
System, Lawrance, KS). Dry N2 gas was bubbled carefully through the
electroactive solution for at least 10 min before each measurement to
deoxygenate the solution. All the potentials reported in this work were
measured against the ferrocene/ferrocenium redox couple. Transmission
electron micrographs were obtained by using a JEOL 200EXII electron
microscope at a magnification of 200000� . A 0.03% methanolic solution
of 18 was applied to a carbon-coated glass plate. After removal of the glass
with HF (48%), the coated carbon film was applied to the surface of a Ni
grid and air-dried.


1,3-Bis(2,2�:6�,2��-terpyridin-4�-yl)-5-methylbenzene (3): 5-Methylbenzene-
1,3-dicarbaldehyde[34] (1; 400 mg, 2.7 mmol) was dissolved in EtOH
(50 mL) then 2-acetylpyridine (1.5 g, 12 mmol) was added, followed after
2 min by aqueous NaOH solution (5 mL, 1�). After the dark pink solution
had been stirred at 25 �C for 20 h, the solvent was evaporated in vacuo to
yield a red oil, which was extracted with CH2Cl2. The combined extracts
were washed with water, dried (MgSO4), and concentrated in vacuo to give
a pink solid, as an intermediate. Ammonium acetate (10 g, excess) and
glacial AcOH (50 mL) were added; the mixture was refluxed for 4 h. The
dark brown solution was cooled, and neutralized with aqueous Na2CO3 to
afford a deep yellow precipitate, which was filtered, washed with hot
EtOH, and purified by column chromatography (Al2O3). Elution with a
mixture of EtOAc/hexane (1:1), followed by recrystallization gave pure
bis(terpyridine) ligand 3 (320 mg, 22% overall yield). M.p. 187 ± 188 �C
(decomp); 1H NMR (CDCl3) �� 2.59 (s, 3H; CH3), 7.38 (dd, J� 6 Hz, 4H;
H5,5��), 7.82 (s, 2H; H4,6


Ar), 7.91 (dd, J� 8 Hz, 4H; H4,4��), 8.22 (s, 1H; H2
Ar),


8.71 (d, J� 8 Hz, 4H; H3, 3��), 8.77 (d, J� 4 Hz, 4H; H6, 6��), 8.83 (s, 4H;
H3�5�) ppm; 13C NMR (CDCl3): �� 21.60 (CH3), 119.24 (C3�), 121.50 (C5


Ar),
121.71 (C3), 123.53 (C2


Ar), 123.94 (C5), 128.94 (C6
Ar), 136.97 (C4), 139.48


(C1
Ar), 149.20 (C6), 150.31 (C4�), 155.97 (C2), 156.20 (C2�) ppm; IR (KBr):


�� � 3051, 3013, 2918, 2855, 1589, 1567, 1469, 1379 cm�1; ESI-MS: m/z : 555
[�H�]; calcd C37H26N6 (554); elemental analysis (%): calcd: C 80.14, H
4.69, N 15.16; found: C 79.34, H 4.84, N 14.89.
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3,5-Bis(2,2�:6�,2��-terpyridin-4�-yl)-1-bromobenzene (4): Bromo-bis(terpyr-
idine) ligand 4 was synthesized (35% overall yield) by same procedure as
for 3 by using 1-bromo-3,5-dicarboxaldehyde[34] as a starting material. M.p.
308 ± 309 �C; 1H NMR (CDCl3): �� 7.41 (dd, J� 6 Hz, 4H; H5, 5��), 7.94 (dd,
J� 8 Hz, 4H; H4, 4��), 8.15 (s, 2H; H2, 6


Ar), 8.30 (s, 1H; H4
Ar), 8.73 (d, J�


8 Hz, 4H; H3, 3��), 8.78 (d, J� 5 Hz, 4H; H6, 6��), 8.81 (s, 4H; H3�, 5�) ppm;
13C NMR (CDCl3): �� 119.23 (C3�), 121.62 (C3), 123.90 (C4


Ar), 124.18 (C5),
125.23 (C1


Ar), 130.96 (C2
Ar), 137.12 (C4), 141.63 (C3


Ar), 148.88 (C4�), 149.33
(C6), 156.10 (C2), 156.33 (C2�); ESI-MS: m/z : 620 [�H�]; calcd for
C36H23N6Br (619); IR (KBr): �� � 3050, 3012, 1585, 1567, 1469, 1385 cm�1;
elemental analysis (%): calcd (�1H2O): C 67.82, H 3.93, N 13.19; found: C
67.75, H 3.97, N 13.24.


[Ru2(3)Cl6] (5): Method A : Bis(terpyridine)ligand 3 (200 mg, 360 �mol)
was added to a solution of RuCl3 ¥ 3H2O (188 mg, 720 �mol) in EtOH
(20 mL), then the suspension was refluxed for 12 h. After mixture had been
cooled, the resultant dark brown solid was filtered, washed with cold
EtOH, and dried in vacuo to yield the bis(RuIII) adduct 5 as a dark brown
solid: yield: 320 mg (92%); m.p.� 400 �C; IR (KBr): �� � 3062, 2923, 2852,
1602, 1548, 1472, 1399 cm�1. This material was used without further
purification.


[Ru(6)Cl3] (8): 4�-(4-Methylphenyl)-2,2�:6�,2��-terpyridine[37] (6 ; 200 mg,
620 �mol) was treated with one equivalent of RuCl3 ¥ 3H2O (160 mg,
620 �mol) in EtOH (20 mL), as described in the above Method A, to give
the desired 8 as a brown solid: yield 290 mg (87%); m.p.� 400 �C; IR
(KBr): �� � 3066, 3041, 2919, 2854, 1601, 1548, 1467, 1403 cm�1. This material
was used without further purification.


[Ru(6)2][PF6]2 (9): Method B : Mono(terpyridine)ligand 6 (61 mg,
188 �mol) was added to a suspension of mono(RuIII) adduct 8 (100 mg,
188 �mol) in MeOH (20 mL), then N-ethylmorpholine (500 �L) was
added; the mixture was refluxed for 12 h. After the mixture had been
cooled, the resulting deep red solution was filtered through celite, then a
slight excess of methanolic ammonium hexafluorophosphate was added to
precipitate 9, which was filtered, sequentially washed with MeOH, Et2O,
and aqueous acetone, then dried in vacuo to afford red microcrystals : yield:
130 mg (67%); m.p. �400 �C; 1H NMR (CD3CN): �� 2.74 (s, 3H; CH3),
7.37 (dd, 2H; H5, 5��), 7.62 (d, 2H; H6,6��), 7.78 (d, 2H; H3, 5


Ar), 8.14 (dd, 2H;
H4, 4��), 8.31 (d, 2H; H2, 6


Ar), 8.83 (d, 2H; H3, 3��), 9.19 (s, 2H; H3�, 5�) ppm;
13C NMR (CD3CN): �� 21.91 (CH3), 122.83 (C3�), 125.94 (C3), 128.89 (C5),
129.14 (C2


Ar), 131.77 (C3
Ar), 135.39 (C4


Ar), 139.47 (C4), 142.52 (C1
Ar), 149.75


(C4�), 153.91 (C6), 156.88 (C2), 159.74 (C2�) ppm; IR (KBr): 3086, 2924, 2854,
1607, 1550, 1479, 1428, 1407 cm�1; UV/Vis (MeCN): �max� 284 (5.89� 104),
310 (6.60� 104), 486 nm (2.48� 104); MALDI-TOF: m/z : 892 [�PF6], 747
[�2PF6], calcd for C44H34N6RuP2F12 (1037); elemental analysis (%): calcd:
C 50.91, H 3.28, N 8.10; found: C 50.83, H 3.36, N 8.03.


[(6)Ru(7)][PF6]2 (10): Bromo-mono(terpyridine)ligand 7[38] (39 mg,
100 �mol) was added to suspension of mono(RuIII) adduct 8 (53 mg,
100 �mol), following the above method B, to afford 10 as red microcrystals :
yield: 95 mg (86%); m.p. �400 �C; 1H NMR (CD3CN): �� 2.56 (s, 3H; 6-
CH3), 7.19 (m, 4H; (6� 7)-H5, 5��), 7.44 (dd, 4H; (6� 7)-H6, 6��), 7.60 (d, 2H;
6-H3, 5


Ar), 7.96 (m, 6H; (6� 7)-H4, 4� (7)-H2, 6
Ar), 8.11 (d, 2H; 7-H3, 5


Ar), 8.66
(d, 4H; (6� 7)-H3, 3��), 8.99 (s, 2H; 7-H3�, 5�), 9.00 (s, 2H; 6-H3�, 5�) ppm;
13C NMR (CD3CN): �� 21.22 (6-CH3), 122.15 (7-C3�), 122.29 (6-C3�), 125.29
((6� 7)-C3), 128.20 (7-C5), 128.30 (6-C5), 128.45 (7-C3


Ar), 130.43 (6-C2
Ar),


131.08 (7-C2
Ar), 133.48 (6-C3


Ar), 134.68 (7-C1
Ar), 136.85 ((6� 7)-C4


Ar),
138.83 ((6� 7)-C4), 141.84 (6-C1


Ar), 147.74 (7-C4�), 149.20 (6-C4�), 153.22
((6� 7)-C6), 156.10 (7-C2), 156.38 (6-C2), 158.90 (7-C2�), 159.90 (6-C2�) ppm;
IR (KBr): �� � 3085, 2925, 2862, 1608, 1545, 1467, 1430, 1408 cm�1; UV/Vis
(MeCN): �max� 286 (5.60� 104), 310 (5.97� 104), 490 nm (2.38� 104); ESI
MS: m/z : 406 (z� 2, without counter ion) calcd for C43H31N6BrRuP2F12


(1102); elemental analysis (%): calcd: C 46.82, H 2.77, N 7.62; found: C
46.72, H 2.82, N 7.52.


[(3)Ru2(6)2][PF6]4 (11): Route 1: Mono(terpyridine)ligand 6 (67 mg,
206 �mol) was added to suspension of bis(RuIII) adduct 5 (100 mg,
103 �mol), following the above method B, to yield 11 as red microcrystals :
yield: 130 mg (65%); m.p. 230 �C; 1H NMR (CD3CN): �� 2.68 (s, 6H; 6-
CH3), 2.96 (s, 3H; 3-CH3), 7.35 (dd, 8H; (6� 3)-H5, 5��), 7.62 (m, 8H; (6� 3)-
H6, 6��), 7.74 (d, 4H; 6-H3, 5


Ar), 8.12 (m, 8H; (6� 3)-H4, 4��], 8.28 (d, 4H; 6-
H2, 6), 8.49 (s, 2H; 3-H4, 6


Ar), 8.82 (d, 4H; 6-H3, 3��
Ar), 8.92 (d� s, 5H; 3-


H3, 3���H2
Ar), 9.17 (s, 4H; 6-H3�, 5�), 9.40 (s, 4H; 3-H3�, 5�) ppm; 13C NMR


(CD3CN): �� 20.41, 20.77 ((6� 3)-CH3), 121.35, 121.83 ((6� 3)-C3�),


124.30, 124.51 ((6� 3)-C3), 127.50 ((6� 3)-C5), 127.70 ((6� 3)-C2
Ar),


130.26 (6-C3
Ar� 3-C6


Ar), 133.89 (6-C4
Ar� 3-C5


Ar), 138.03 ((6� 3)-C4),
141.02 ((6� 3)-C1


Ar), 147.55, 148.39 ((6� 3)-C4�), 152.46 ((6� 3)-C6),
155.34, 155.60 ((6� 3)-C2), 158.23 ((6� 3)-C2�) ppm; IR (KBr):�� � 3112,
2923, 2856, 1606, 1547, 1467, 1429, 1405 cm�1; UV/Vis (MeCN): �max� 290
(1.13� 105), 310 (1.20� 105), 490 nm (4.70� 104); MALDI-TOF:m/z : 1837
[�PF6], 1692 [�2PF6], 1547 [�3PF6], calcd for C81H60N12Ru2P4F24 (1982);
elemental analysis (%): calcd (�2H2O): C 48.16, H 3.17, N 8.32; found: C
48.14, H 3.54, N 8.52.


[(3)Ru2(6)2][PF6]4 (11): Route 2 : Bis(terpyridine)ligand 3 (36 mg, 65 �mol)
was added to a suspension of mono(RuIII) adduct 8 (69 mg, 130 �mol),
following the above method B, to afford 11 as red microcrystals : yield:
100 mg (77%). This sample was spectrally identical to the sample obtained
by Route 1.


[Ru2(3)3][Cl]4 (12): Bis(terpyridine)ligand 3 (114 mg, 200 �mol) was added
to a suspension of the bis(RuIII) adduct 5 (97 mg, 100 �mol), following the
above method B, to yield the free bis(terpyridine)-terminated trimeric
precursor 12 as red microcrystals: yield: 180 mg (89%); m.p. �400 �C;
1H NMR (CD3OD): �� 2.79(s, 3H; 5-CH3), 2.94(s, 6H; 3-CH3), 7.40 ± 9.76
(m, aromatics and terpyridines, 69H) ppm; 13C NMR (CD3OD): �� 20.89,
122.01, 122.60, 125.19, 125.69, 128.01, 130.54, 136.84, 138.51, 141.32, 148.76,
149.25, 152.40, 156.12, 158.97 ppm; IR (KBr): �� � 3069, 2925, 2853, 1605,
1545, 1470, 1396 cm�1; UV/Vis (MeCN, PF6 counterion): �max� 288 (1.35�
105), 310 (1.22� 105), 492 nm (5.0� 104); MALDI-TOF: m/z : 1864 [�Cl4],
calcd for C111H78N18Ru2Cl4 (2006).


[Ru4(3)3][Cl]10 (13): Trimeric precursor 12 (50 mg, 25 �mol) was added to a
solution of RuCl3 ¥ 3H2O (13 mg, 50 �mol) in EtOH (10 mL), and the
suspension was refluxed for 12 h. After the mixture had been cooled, the
dark red solid was filtered, washed with cold EtOH and dried in vacuo to
yield 13 as a dark brown solid: yield: 45 mg (74%); m.p. �400 �C; IR
(KBr): �� � 3061, 2923, 2866, 1604, 1540, 1469, 1395 cm�1. This material was
used without further purification.


One-pot synthesis of [Ru6(3)6][PF6]12 (14): Bis(terpyridine)ligand 3
(114 mg, 200 �mol) was added to a suspension of the bis(RuIII) adduct 5
(190 mg, 200 �mol), following the above method B, to give (85%) a dark
red solid, which was filtered, then purified by TLC (SiO2; eluent: aqueous
MeCN/saturated KNO3 solution (1:7:1)). The major dark band was
collected and extracted, then excess methanolic ammonium hexafluoro-
phosphate was added to precipitate 14, which was sequentially washed with
MeOH, Et2O, and aqueous acetone, and dried in vacuo to yield dark purple
microcrystals: yield: 160 mg (43%); m.p. �400 �C; Rf� 0.55; 1H NMR
(CD3CN): �� 2.93 (s, 3H; CH3), 7.31 (dd, 4H; H5, 5��), 7.62 (d, 4H; H6, 6��),
8.06 (dd, 4H; H4,4��), 8.41 (s, 2H; H4, 6


Ar), 8.87 (d� s, 5H; H3, 3���H2
Ar), 9.37


(br, 4H; H3�, 5�) ppm; 13C NMR ([D6]DMSO): �� 21.54 (CH3), 121.83 (C3�),
124.62 (C5


Ar), 125.09 (C3), 127.96 (C2
Ar), 130.32 (C5), 137.60 (C4


Ar), 138.24
(C4), 140.10 (C1


Ar), 146.86 (C4�), 152.24 (C6), 155.25 (C2), 158.14 (C2�) ppm;
IR (KBr):�� � 3074, 2922, 2854, 1603, 1532, 1469, 1394 cm�1; UV/Vis
(MeCN): �max� 290 (3.22� 105), 312 (3.37� 105), 496 nm (1.43� 105);
MALDI-TOF: m/z : 5544 [�1PF5], 5400 [�1PF6–1PF5], 5292[�3PF5],
5166[�4PF5], 5020[�4PF5–1PF6], calcd for C222H156N36Ru6P12F72 (5670);
elemental analysis (%)(�8H2O): calcd: C 45.82, H 2.96, N 8.67; found: C
45.86, H 2.98, N 8.68.


Stepwise synthesis of [Ru6(3)6][PF6]12 (14): Trimeric precursor 12 (33 mg,
17 �mol) was added to a suspension of the bis(RuIII) adduct 13 (40 mg,
17 �mol) in MeOH (20 mL), then N-ethylmorpholine (500 �L) was added
and the mixture was refluxed for 12 h. The work-up afforded (ca. 80%)
crude hexamer (chloride counterions), which was subjected to the above
and purification processes (method B): yield: 40 mg (55% overall); the
sample was identical in all respects to the above.


[(3)3Ru6(4)3][PF6]12 (16): Bromo-bis(terpyridine)ligand 4 (43 mg, 70 �mol)
was added to bis(RuIII) adduct 5 (68 mg, 70 �mol), following the above
method B, to give (ca. 85%) a dark red solid, which was filtered, then
purified with TLC (SiO2; eluent: aqueous MeCN/saturated KNO3 solution
(1:7:1)). The major dark band was collected and extracted, then excess
methanolic ammonium hexafluorophosphate was added to precipitate 17,
which was sequentially washed with MeOH, Et2O, and aqueous acetone,
and dried in vacuo to yield dark purple microcrystals: yield: 50 mg (36%);
m.p. �400 �C; Rf� 0.60; 1H NMR (CD3CN): �� 2.90 (s, 3H; 3-CH3), 7.30
(m, 8H; (3� 4)-H5, 5��), 7.60 (d, 8H; (3� 4)-H6, 6��), 8.05 (dd, 8H; (3� 4)-
H4,4��), 8.41 (s, 2H; 3-H4, 6


Ar), 8.75 (s, 2H; 4-H2, 6
Ar), 8.85 (d� s, 9H; (3� 4)-
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H3, 3��� 3-H2
Ar), 9.18 (s, 1H; 4-H4


Ar), 9.43 (s, 8H; (3� 4)-H3�, 5�) ppm;
13C NMR ([D6]DMSO): �� 22.01 (3-CH3), 122.79 ((3� 4)-C3�), 124.84 (3-
C5


Ar), 125.88 ((3� 4)-C3), 127.11 (4-C4
Ar), 128.50 ((3� 4)-C5� 3-C2


Ar),
131.05 (3-C6


Ar), 132.10 (4-C1
Ar), 132.66 (4-C2


Ar), 138.47 (4-C3
Ar), 138.84


((3� 4)-C4), 140.49 (3-C1
Ar), 146.15 (4-C4�), 147.99 (3-C4�), 153.00 ((3� 4)-


C6), 156.04 ((3� 4)-C2), 158.89 ((3� 4)-C2) ppm; IR (KBr): �� � 3124, 2929,
1605, 1533, 1471, 1396 cm�1; UV/Vis (MeCN): �max� 290 (3.17� 105), 310
(3.10� 105), 496 nm (1.48� 105); elemental analysis (%):
(C219H147N36Br3Ru6P12F72 ¥ 24H2O): calcd: C 41.73, H 3.09, N 8.00; found:
C 41.62, H 2.81, N 8.29.


1,3-Diformyl-5-hydroxymethylbenzene : Lithium tri-tert-butoxyaluminum
hydride (12.2 g, 48 mmol) was dissolved in dry THF (150 mL) and cooled to
-78 �C, then a THF solution of 1,3,5-tris(chlorocarbonyl)benzene (4 ; 3.0 g,
12 mmol, 50 mL) was added dropwise over 30 minutes. The mixture was
stirred for an additional 6 h at 25 �C with TLC monitoring; then water (ca.
20 mL) was added to the mixture to destroy the reducing agent, the solid
was filtered and washed with EtOAc. The combined organic solution was
evaporated in vacuo affording a solid, which was purified by column
chromatography (SiO; elution with a (1:1) EtOAc/hexane mixture) to give
5 (33%; 630 mg); Rf� 0.4; 1H NMR: �� 2.17 (br, 1H; CH2OH), 4.94 (s,
2H; CH2OH), 8.20 (s, 2H; ArH4, 6), 8.33 (s, 1H; ArH2), 10.15 (s, 2H;
CHO); 13C NMR � 63.51 (CH2OH), 130.03 (ArC2), 132.50 (ArC4, 6), 137.01
(ArC1, 3), 143.49 (ArC5), 191.25 (C�O); ESI-MS:m/z : 165 [M � H�], calcd
for C9H8O3 (164).


1,3-Bis(2,2�:6�,2��-terpyridine-4�-yl)-5-(hydroxymethyl)benzene (17): 1,3-Di-
formyl-5-hydroxymethylbenzene (500 mg, 3.05 mmol) was dissolved in
EtOH (50 mL), then 2-acetylpyridine (2.25 g, 18 mmol) was added,
followed after 2 min by aqueous NaOH solution (5 mL, 1�). After the
dark pink solution had been stirred at 25 �C for 20 h, the solvent was
evaporated in vacuo to yield a red oil, which was extracted with CH2Cl2.
The combined extracts were washed with water, dried (MgSO4), and
concentrated in vacuo to give a pink solid to which a mixture of NH4OAc
(15 g) and glacial AcOH (50 mL) was added; the mixture was refluxed for
4 h. The dark brown solution was cooled, and neutralized with aqueous
Na2CO3 to afford a deep yellow precipitate, which was filtered and purified
by column chromatography (Al2O3; elution with a mixture (1:1) of EtOAc/
hexane) to give pure bis(terpyridine) ligand 17 (23%; 400 mg) as a colorless
solid; 1H NMR: �� 5.34 (s, 2H; CH2OH), 7.40 (dd, J� 6 Hz, 4H; H5, 5��),
7.94 (dd, J� 8 Hz, 4H; H4,4��), 7.99 (s, 2H; H4, 6


Ar), 8.33 (s, 1H; H2
Ar), 8.75 (d,


J� 8 Hz, 4H; H3, 3��), 8.78 (d, J� 4 Hz 4H; H6, 6��), 8.84 (s, 4H; H3�5�) ppm;
13C NMR: �� 66.01 (CH3), 119.32 (C3�), 121.53 (C5


Ar), 123.98 (C3), 126.24
(C2


Ar), 128.10 (C5), 137.15 (C6
Ar), 137.45 (C4), 139.93 (C1


Ar), 148.94 (C6),
149.81 (C4�), 155.82 (C2 � C2�) ppm; IR (KBr): �� � 3055, 3014, 2917, 2853,
1586, 1567, 1471, 1375 cm�1; ESI-MS: m/z : 571 [M � H�], calcd for
C37H26N6O (570); elemental analysis (%): calcd: C 77.89, H 4.56, N 14.74;
found: C 77.44, H 4.54, N 14.69.


[Fe6(17)6][PF6] (18): A MeOH solution of one equivalent of FeCl2 ¥ 4H2O
(35 mg, 175 �mol, 1 mL) was added to a solution of 1,3-bis(2,2�:6�,2��-
terpyridin-4�-yl)-5-(hydroxymethyl)benzene (17; 100 mg, 175 �mol) in
MeOH/THF ((2:1) 20 mL) . The mixed solution was refluxed for 12 h.
After the mixture had been cooled, the resultant deep purple solution was
filtered (Celite), then a slight excess of methanolic ammonium hexafluoro-
phosphate was added to precipitate the complex, which was purified by
column chromatography (SiO2; elution with a H2O:MeCN:KNO3 (1:7:1)
solvent mixture) to afford 18 (81%; 130 mg) as a purple solid; Rf� 0.6;
1H NMR (CD3CN): �� 5.65 (s, 2H; CH2OH), 7.15 (dd, 4H; H5, 5��), 7.30 (d,
4H; H6, 6��), 7.97 (dd, 4H; H4,4��), 8.63 (s, 2H; H4, 6


Ar), 8.81 (d, 4H; H3, 3��), 9.46
(s, 1H; H2


Ar), 9.51 (br, 4H; H3�, 5�) ppm; 13C NMR (DMSO): �� 65.56
(CH2OH), 121.65 (C3�), 124.19 (C5


Ar� C3), 127.69 (C2
Ar), 129.53 (C5), 137.85


(C4
Ar), 138.85 (C4 � C1


Ar), 148.51 (C4�), 152.66 (C6), 157.74 (C2), 159.97
(C2�) ppm; IR (KBr): �� � 3425, 3067, 2932, 1733, 1609, 1474, 1405, 1302,
1246, 1138, 842, 792 cm�1; UV/Vis (MeCN): �max� 290 (3.05� 105), 322
(2.11� 105), 576 nm (1.29� 105); elemtal analysis (%) calcd for
C222H156N36O6Fe6P12F72 (5495) � (16 H2O): C 46.07, H 3.25, N 8.72; found:
C 46.15, H 3.45, N 8.86.
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Synthesis of a Novel Potential Tridentate Anthracene Ligand,
1,8-Bis(dimethylamino)-9-bromoanthracene, and Its Application as Chelate
Ligand for Synthesis of the Corresponding Boron and Palladium Compounds


Makoto Yamashita,[b] Kumiko Kamura,[b] Yohsuke Yamamoto,*[b] and Kin-ya Akiba*[a]


Abstract: A novel potential tridentate
ligand, 1,8-bis(dimethylamino)-9-bro-
moanthracene, was synthesized. The
key steps are as follows: 1) dimethyl-
amination of 1,8-dibromo-9-methoxyan-
thracene by a modified Buchwald×s
method to afford 1,8-bis(dimethylami-
no)-9-methoxyanthracene, and 2) reduc-
tion of the methoxy group by LDBB
(lithium di-tert-butylbiphenylide) fol-
lowed by treatment with BrCF2CF2Br.
The corresponding 1,8-bis(dimethylami-
no)-9-lithioanthracene, which should be
a useful versatile tridentate ligand, could
be generated by treatment of the bro-
mide with one equivalent of nBuLi. The
lithioanthracene reacted with B-chloro-
borane derivatives to give three 9-boryl


derivatives. Although we recently re-
ported that the crystal structure of 1,8-
dimethoxy-9-B-catecholateborylanthra-
cene was a symmetrical compound with
the almost identical two O�B distances
(2.379(2) and 2.441(2) ä), the newly
prepared 1,8-bis(dimethylamino)-9-bor-
ylanthracene derivatives clearly have
unsymmetrical structures with coordina-
tion of only one NMe2 group toward the
central boron atom. However, the en-
ergy difference between the unsymmet-
rical and symmeterical structures was
found to be very small based on 1H NMR


measurements, in which symmetrical
anthracene patterns in the aromatic
region (two kinds of doublets and a
triplet) and a sharp singlet signal of the
two NMe2 groups were observed even at
�80 �C. 1,8-Bis(dimethylamino)-9-bro-
moanthracene itself can be a versatile
ligand for transition metal compounds.
In fact, direct palladation of the bromide
took place by the reaction with
[Pd2(dba)3] ¥ CHCl3 in THF to give the
9-palladated product. X-ray crystallo-
graphic analysis of the Pd compound
showed that the square planar palladium
atom was coordinated in a symmetrical
fashion by both NMe2 groups (Pd�N
bonds are 2.138(5) and 2.146(5) ä).


Keywords: anthracene ¥ boron ¥
N ligands ¥ palladium


Introduction


Recently, we reported synthesis of hypervalent pentacoordi-
nate carbon compound bearing a rigid anthracene skeleton,
which was prepared from 1,8-dimethoxy-9-trifluoromethane-
sulfonyloxyanthracene,[1a] and of hypervalent pentacoordi-
nate boron compounds (2) from 1,8-dimethoxy-9-bromoan-
thracene (1).[1b] Although anthracene bearing only two
dimethylamino groups at 1,8-positions (3) has been synthe-
sized in trace amounts by Haenel et al,[2] compound 3 has not
been used as a potential tridentate ligand, probably because of
the inefficient synthetic method and inertness toward intro-
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duction of transition metal compounds. However, such a rigid
tridentate anthracene ligand has eagerly been desired, since
several bi-[3] and tridentate ligands bearing dimethylamino
groups, especially van Koten type tridentate ligand such as
2,6-bis(dimethylaminomethyl)phenyl ligand (4), have been
effectively applied for stabilization of highly-coordinated
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main-group-element compounds,[4]


and for transition-metal catalysts of
various reactions[5] such as organo-
platinum crystals for gas-triggered
switches.[6]


Here, we report first synthesis of
the potential anthracene ligand bear-
ing two dimethylamino groups at the
1,8-positions with a Br atom at the
9-position (5). The bromide should be
a very useful versatile potential tri-
dentate ligand, and in fact, 5 was
easily lithiated with nBuLi to intro-
duce a boron atom to the 9-position
and converted to the corresponding
palladium compound.


Results and Discussion


To prepare 5, we examined the possibility for direct lithiation
of 1,8-bis(dimethylamino)anthracene (3)[2] with various bases
(nBuLi, sBuLi, and tBuLi) in various solvents (diethyl ether,
THF and hexane) with or without addition of TMEDA, but
the lithiation at the 9-position did not take place at all. In
addition, a strategy to use 1,8-bis(dimethylamino)anthrone as
a synthetic intermediate that is based on our previous
synthesis of 1,8-dimethoxy-9-bromoanthracene,[1b] did not
work because reduction of 1,8-bis(dimethylamino)anthraqui-
none to the corresponding anthrone was not successful.


Finally, 5 could be prepared by a completely new route as
illustrated in Scheme 1. Bromine substitution[7] and reduc-
tion[8] of commercially available dichloroanthraquinone 6
afforded dibromoanthrone (7) in good yield. Deprotonation
of 7 followed by methylation gave 1,8-dibromo-9-methoxy-
anthracene (8) in 77% yield. The Pd0-mediated coupling
reaction of 8 with various nucleophiles (Bu3SnNMe2,
Me3SnNMe2, LiNMe2 and HNMe2) did not give an expected
bis-dimethylaminated compound 9, instead only the mono-
dimethylaminated product was obtained in most cases and
reduction of the C�Br bonds took place in some cases.
However, dibromoanthracene 8 could be converted to desired
1,8-bis(dimethyamino)-9-methoxyanthracene (9) in 79%
yield by heating a solution of 8 in HNMe2/THF up to 150 �C
in a pressure-resistant vessel with a Ni0 catalyst; this is a
modified Buchwald×s method.[9] To our knowledge, this is the
first example for direct dimethylamination of aryl bromides.
LDBB (lithium di-tert-butylbi-
phenylide) reduction of the
methoxy group at the 9-posi-
tion[1b, 10] worked well for 9 to
afford the novel anthracene
ligand 5 in 51% yield after
reaction with BrCF2CF2Br.


After regeneration of the
lithium derivative 10 by the
reaction of 5 with nBuLi in
diethyl ether, compound 10
was treated with various boron


reagents to give 9-boryl derivatives (11a ± c) (Scheme 2).
Compounds 11a ± c were air and moisture stable and the
single crystals suitable for X-ray analysis were obtained from
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Scheme 2. Synthesis of 1,8-bis(dimethylamino)-9-borylanthracene (11).


a solution of the compounds in CH2Cl2/hexane. X-ray
crystallographic analysis of 11a ± c (Figure 1) showed the
unsymmetrical structures with coordination of only one NMe2


group toward the central boron atom. The shorter N�B bond
lengths are 1.809(2), 1.739(2), and 1.664(3) ä and the longer
N�B bond lengths are 2.941(2), 3.124(3), and 3.129(3) ä in
11a, 11b, and 11c, respectively. The results are somewhat
surprising because almost symmetrical structures were ob-
served in the corresponding boron compounds 2, which bear
an OMe group at the 1,8-positions,[1b] although similar
unsymmetrical structure was recently observed by us in the
corresponding boron compound with phosphorus donors (i.e.,
P(iPr)2) at 1,8-position of the anthracene skeleton.[10] The
reason why compounds 11 have unsymmetrical structures in
contrast to 2 with oxygen donors is not clear yet, but these
unsymmetrical structures observed in 11may be related to the
stronger N�B bonding energy in comparison with the
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a : 1) KBr, CuCl2, H3PO4, PhNO2, reflux, 24 h
     2) Al, H2SO4, RT, 2 h
b : Me2SO4, NaH, THF, reflux, 20 h
c : HNMe2 / THF, [Ni(cod)2], tBuONa, 1,10-phenanthroline, 150 °C, 5.5 d


LDBB = lithium di-tert-butylbiphenylide


-78 ~ 0 °C
15 min


0 °C ~ rt
5 h


Scheme 1. Synthesis of 1,8-bis(dimethylamino)-9-bromoanthracene (5).


Figure 1. Crystal structures (30% thermal ellipsoids) of 11a ± c.
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corresponding O�B energy as was reported for F3B�NMe3


(26.6 kcalmol�1) and F3B�OEt2 (13.9 kcalmol�1).[11] However
the energy difference between the unsymmetrical and sym-
metrical structures should be very small (vide infra).


In the 1H NMR spectra (CDCl3 or CD2Cl2) of 11a ± c,
symmetrical anthracene patterns in the aromatic region (two
kinds of doublets and a triplet) and a sharp singlet signal of
the two NMe2 groups were observed at room temperature.
The peaks kept their sharpness and symmetrical pattern at
�80 �C even for the most unsymmetrical dichloro compound
11c (CD2Cl2). Since the energy barrier of the N�B bond-
switching process in 11c was too small to measure by
coalescence method, the energy difference between the
unsymmetrical tetracoordinate dichloroboron 11c and the
pentacoordinate one 11c�, which should be the transition
state of the bond-switching process, named the ™bell-clapper∫
mechanism,[12] must be very small (Scheme 3). The result is in


Me2N B NMe2


Cl
Cl


NMe2BMe2N


Cl
Cl


Me2N B NMe2


Cl Cl


11c 11c11c
hypervalent


5-coordinate boron


Scheme 3. Very rapid N�B bond-switching equilibrium in 11c.


contrast to the relatively high energy barrier of the similar SN2
type reaction of BCl2[2,6-(NEt2CH2)2C6H3] (12),[13a] which


showed two kinds of NEt2
groups in C6D6 or [D8]THF at
25 �C.


To show the versatility of the
newly prepared potential li-
gand, direct palladation of 5
was examined. Although the
reaction with [Pd(PPh3)4] gave


a complicated mixture, reaction of 5 with [Pd2(dba)3] ¥ CHCl3
in THF gave the expected 9-palladated product 13 in 33%
yield (Scheme 4). Although 13 was not stable under air in


Me2N NMe2Pd


Br


5
[Pd2(dba)3]•CHCl3


THF


13
33%


Scheme 4. Synthesis of palladium derivative 13.


solution and decomposed during purification with silica gel, it
could be purified by recycling HPLC (Japan Analytical
Industry). Single crystals of 13 suitable for X-ray analysis
were obtained from CH2Cl2/hexane. An ORTEP drawing of
13 is illustrated in Figure 2, showing symmetrical square
planar palladium atom coordinated by both NMe2 groups. The
bond lengths of the two Pd�N bonds are 2.138(5) and
2.146(5) ä. These lengths are slightly longer than a sum of


Figure 2. Crystal structure (30% thermal ellipsoids) of 13.


the covalent radii (1.98 ä),[14] and are also longer than the
reported Pd�N (or Pt�N) bond lengths in NCN pincer type
tridentate compounds, for example, Pd�N(sp2) (2.06 ä),[15]


Pt�N(sp3) (2.08 ± 2.11 ä),[5a, 6c, 16] although we did not find
examples for N(sp3)-Pd-N(sp3) type compounds. The longer
Pd�N length may be due to the strain of the anthracene
skeleton, and efficient reactivities of 13 as catalysts may be
anticipated. Investigations of possible catalytic activity are
under way.


Experimental Section


General : Diethyl ether and tetrahydrofuran were freshly distilled from
sodium benzophenone, and other solvents were distilled from calcium
hydride under argon atmosphere. Merck silica gel 9385 and 7730 were used
for column chromatography and preparative TLC. LC908-C60 and LC-918
(Japan Analytical Industry, JAIGEL-2H, ClCH2CH2Cl) and LC908 (Japan
Analytical Industry, JAIGEL-ODS-AP, CH3CN/THF� 9:1) were used for
HPLC purification. Melting points were taken on a Yanagimoto micro
melting point apparatus. 1H NMR (400 MHz), 11B NMR (127 MHz), and
13C NMR (99 MHz) spectra were recorded on a JEOL EX-400 and AL-400
spectrometer. Chemical shifts (�) are reported as parts per million from
internal CHCl3 for 1H (�� 7.26) or from external BF3 ¥ OEt2 for 11B (��
0.0) or from internal CDCl3 for 13C (�� 77.0). Elemental analysis was
performed on Perkin ± Elmer 2400CHN elemental analyzer.


Synthesis of 9 : A mixture of 8[10] (9.15 g, 25 mmol), [Ni(cod)2] (687 mg,
2.5 mmol), tBuONa (9.60 g, 100 mmol), 1,10-phenanthroline (905 mg,
5.0 mmol) and HNMe2 (in THF: 100 mL, 2.0�, 200 mmol) was stirred for
5.5 d at 150 �C in a pressure-resistant vessel under Ar. The crude product
was purified by column chromatography (CH2Cl2) to give yellow-orange
powder of 9 (5.8 g, 79%). M.p. 98 ± 100 �C (decomp); 1H NMR (400MHz,
CDCl3, 25 �C, CHCl3): �� 2.94 (s, 12H; NMe2), 3.59 (s, 3H; OMe), 6.90 (d,
3J(H,H)� 8 Hz, 2H; aromatic CH), 7.30 (t, 3J(H,H)� 8 Hz, 2H; aromatic
CH), 7.49 (d, 3J(H,H)� 8 Hz, 2H; aromatic CH), 8.07 (s, 1H; aromatic
CH); 13C NMR (99 MHz, CDCl3, 25 �C, CDCl3): �� 45.4, 62.8, 111.0, 120.6,
121.5, 122.5, 125.2, 134.9, 150.2, 154.3; MS (FAB�): m/z : 294 [M��1];
elemental analysis calcd (%) for C19H22N2O: C 77.52, H 7.53, N 9.52; found:
C 77.82, H 7.61, N 9.44.


Synthesis of 5 : THF (100 mL) was added to a mixture of Li (278 mg,
40 mmol) and di-tert-butylbiphenyl (DTBB; 10.7 g, 40 mmol) at 0 �C under
Ar. The mixture was stirred for 6 h at 0 �C to give a lithium di-tert-
butylbiphenylide (LDBB) solution. The LDBB solution was added to a
solution of 9 (5.49 g, 19 mmol) in THF (100 mL) at �78 �C over a period of
5 min. The reaction mixture was quickly allowed to warm to 0 �C and was
stirred for 15 min at 0 �C. Then, BrCF2CF2Br (3.6 mL, 30 mmol) was added
dropwise to the reaction mixture at 0 �C. The reaction mixture was allowed
to warm to RT and was stirred for a further 5 h at RT. The product was
purified by column chromatography (CH2Cl2/hexane� 1:5) to give red-
orange powder of pure 5 (3.3 g, 51%). M.p. 142 ± 144 �C (decomp);
1H NMR (400MHz, CDCl3, 25 �C, CHCl3): �� 2.93 (s, 12H; NMe2), 7.03 (d,
3J(H,H)� 8 Hz, 2H; aromatic CH), 7.36 (t, 3J(H,H)� 8 Hz, 2H; aromatic
CH), 7.54 (d, 3J(H,H)� 8 Hz, 2H; aromatic CH), 8.26 (s, 1H; aromatic
CH); 13C NMR (99 MHz, CDCl3, 25 �C, CDCl3): �� 43.8, 113.3, 115.8,
121.3, 125.3, 127.0, 127.2, 134.3, 150.3; MS (FAB�): m/z : 342/344 [M�];


Et2N


B NEt2Cl
Cl


12







Novel Tridentate Anthracene Ligand 2976±2979


Chem. Eur. J. 2002, 8, No. 13 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0813-2979 $ 20.00+.50/0 2979


elemental analysis calcd (%) for C18H19BrN2: C 62.98, H 5.58, N 8.16;
found: C 62.95, H 5.31, N 8.03.


Synthesis of 11a ± c : A solution of nBuLi in nhexane (0.35 mL, 0.55 mmol)
was added dropwise to a solution of 5 (172 mg, 0.5 mmol) in THF (10 mL)
at �78 �C under Ar. The reaction mixture was stirred for 1.5 h at �78 �C
and 10 was generated in situ. A boron reagent [B-chlorocatecholborane
(85.3 mg, 0.55 mmol) in THF (2 mL) for 11a ; a solution of BCl3 in heptane
(0.5 mL, 0.5 mmol) for 11b and 11c] was added dropwise to the solution of
10. The reaction mixture was stirred for 2 h at �78 �C [followed by an
addition of a solution of MeLi in diethyl ether (1.3 mL, 1.5 mmol) for 11b]
and for 3 h at RT. Solvents were removed from the reaction mixture under
reduced pressure. The crude products were purified [by HPLC (LC908-
C60) for 11a (RT� 64 min), by preparative TLC for 11b (CH2Cl2/
hexane� 1:3 eluent), and by HPLC for 11c (RT� 69 min)] to give 11a
(84 mg, 49%), 11b (36 mg, 17%), and 11c (28 mg, 16%). Single crystals of
11a ± c suitable for X-ray analysis were obtained from CH2Cl2/hexane
under Ar.


Compound 11a : Yellow-green solid; m.p. 194 ± 196 �C (decomp); 1H NMR
(400MHz, CDCl3, 25 �C, CHCl3): �� 2.65 (s, 12H, NMe2), 6.82 (dd,
3J(H,H)� 6 Hz, 4J(H,H)� 3 Hz, 2H; catechol CH), 6.92 (dd, 3J(H,H)�
6 Hz, 4J(H,H)� 3 Hz, 2H; catechol CH), 7.28 (d, 3J(H,H)� 8 Hz, 2H;
aromatic CH), 7.45 (t, 3J(H,H)� 8 Hz, 2H; aromatic CH), 7.87 (d,
3J(H,H)� 8 Hz, 2H; aromatic CH), 8.44 (s, 1H; aromatic CH); 11B NMR
(127 MHz, CDCl3, 25 �C, BF3 ¥ Et2O): �� 17 ± 20 (br).


Compound 11b : Yellow solid; m.p. 186 ± 187 �C (decomp); 1H NMR
(400MHz, CDCl3, 25 �C): �� 0.19 (s, 6H, BMe2), 2.83 (s, 12H, NMe2), 7.21
(d, 3J(H,H)� 8 Hz, 2H; aromatic CH), 7.39 (t, 3J(H,H)� 8 Hz, 2H;
aromatic CH), 7.80 (d, 3J(H,H)� 8 Hz, 2H; aromatic CH), 8.17 (s, 1H);
11B NMR (127 MHz, CDCl3, 25 �C, BF3 ¥ Et2O): �� 8 ± 14 (br).


Compound 11c : Yellow solid, m.p. 132 ± 134 �C (decomp); 1H NMR
(400MHz, CDCl3, 25 �C, CHCl3): �� 3.04 (s, 12H, NMe2), 7.38 (d,
3J(H,H)� 8 Hz, 2H; aromatic CH), 7.47 (t, 3J(H,H)� 8 Hz, 2H; aromatic
CH), 7.87 (d, 3J(H,H)� 8 Hz, 2H; aromatic CH), 8.38 (s, 1H; aromatic
CH); 11B NMR (127 MHz, CDCl3, 25 �C, BF3 ¥ Et2O): �� 12 ± 15 (br).


Synthesis of 13 : THF (1 mL) was added to a mixture of 5 (34 mg, 0.1 mmol)
and [Pd2(dba)3] ¥ CHCl3 (78 mg, 0.75 mmol) at RT under Ar. After the
reaction mixture was stirred at 75 �C for 1 h, it was filtered. The solid was
purified by HPLC (LC908 and LC918) to afford 13 (14.4 mg, 33%) as a
yellow solid. Single crystals suitable for X-ray analysis were obtained from
CH2Cl2/hexane. M.p. 154 ± 162 �C (decomp); 1H NMR (400MHz, CDCl3,
25 �C, CHCl3): �� 3.55 (s, 12H; NMe2), 7.26 (d, 3J(H,H)� 8 Hz, 2H;
aromatic CH), 7.45 (t, 3J(H,H)� 8 Hz, 2H; aromatic CH), 7.77 (d,
3J(H,H)� 8 Hz, 2H; aromatic CH), 8.03 (s, 1H; aromatic CH); 13C NMR
(99 MHz, CDCl3, 25 �C, CDCl3): �� 54.5, 114.6, 116.3, 126.7, 126.9, 132.7,
134.6, 156.8, 158.7.


X-ray structural analysis of 11a ± c and 13 : CCDC-176315, CCDC-176316,
CCDC-176317, and CCDC-176318 contain the supplementary crystallo-
graphic 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 Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


Data were collected at 298 K on a Mac Science DIP2030 imaging plate
equipped with graphite-monochromated MoK� radiation (�� 0.71073 ä).
Unit cell parameters were determined by autoindexing several images in
each data set separately with program DENZO. For each data set, rotation
images were collected in 3� increments with a total rotation of 180� about �.
Data were processed by using SCALEPACK. The structures were solved
by using the teXsan system and refined by full-matrix least-squares.


Crystal data for 11a : monoclinic, space group P21/n (no. 14), a�
16.3780(6), b� 7.4670(2), c� 16.9660(6) ä, �� 105.007(2)�, V�
2004.1(1) ä3, Z� 4, �calcd� 1.267 gcm�3. R� 0.0661 (Rw� 0.1247) for
4022 observed reflections (262 parameters) with I� 2�(I). Goodness of
fit� 1.308.


Crystal data for 11b : monoclinic, space group P21/n (no. 14), a�
10.7260(4), b� 12.5420(4), c� 13.0800(4) ä, �� 91.437(2)�, V�
1759.04(9) ä3, Z� 4, �calcd� 1.149 gcm�3. R� 0.0699 (Rw� 0.1271) for
3321 observed reflections (208 parameters) with I� 2�(I). Goodness of
fit� 1.584.


Crystal data for 11c : monoclinic, space group P21/n (no. 14), a� 12.7770(4),
b� 12.5510(6), c� 10.7200(4) ä, �� 90.546(3)�, V� 1719.0(1) ä3, Z� 4,
�calcd� 1.333 gcm�3. R� 0.0667 (Rw� 0.1344) for 3323 observed reflections
(208 parameters) with I� 2�(I). Goodness of fit� 1.516.


Crystal data for 13 : tetragonal, space group P41 (no. 76), a� b� 10.3490(2),
c� 16.1520(4) ä, V� 1729.91(5) ä3, Z� 4, �calcd� 1.726 gcm�3. R� 0.0426
(Rw� 0.0668) for 2081 observed reflections (200 parameters) with I�
3�(I). Goodness of fit� 1.054.


The programs (DENZO and SCALEPACK) are available from Mac
Science Co. Z. Otwinowski, University of Texas, Southwestern Medical
Center. The program teXsan is available from Rigaku Co.
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Kinetics of MTO-Catalyzed Olefin Epoxidation in Ambient Temperature
Ionic Liquids: UV/Vis and 2H NMR Study**


Gregory S. Owens, Armando Durazo, and Mahdi M. Abu-Omar*[a]


Abstract: The kinetics of oxygen-atom
transfer from the peroxo complexes of
methyltrioxorhenium (MTO) to alkenes
in ionic liquids have been investigated.
Noncatalytic conversions of alkenes to
epoxide were monitored by UV/Vis at
360 nm, where the monoperoxorhenium
(mpRe) and diperoxorhenium (dpRe)
complexes absorb. Water- and peroxide-
free dpRe was prepared in situ by the
reaction of MTO and urea hydrogen
peroxide (UHP) in dry THF. The ob-
served biexponential time profiles in
conjunction with kinetic modeling allow


the assignment of the fast step to the
reaction of olefin with dpRe (k4) and the
slow step to the analogous reaction with
mpRe (k3). In most of the studied ionic
liquids, k4� 5� k3 . 2H NMR experi-
ments conducted with [D3]dpRe under
non-steady-state conditions confirm the
speciation of the catalytic system in ionic
liquids and assert the validity of the UV/


Vis kinetics. Deuteriated alkenes were
used to study the catalytic epoxidation
and dihydroxylation of alkenes by
2H NMR spectroscopy. The values of k4
for �-methylstyrene in several ionic
liquids exceed what is observed in ace-
tonitrile by an order of magnitude.
While the rate of olefin epoxidation is
unaffected by the nature of the ionic
liquid cation, a discernable kinetic effect
is observed with coordinating anions
such as nitrate.


Keywords: ionic liquids ¥ kinetics ¥
NMR spectroscopy ¥ oxidations ¥
rhenium


Introduction


The need for developing environmentally friendly chemical
technologies is more important than ever. At the forefront in
the push for green chemistry are catalytic processes employ-
ing transition metals, benign reagents such as molecular
oxygen and hydrogen peroxide, and nonvolatile, recyclable
reaction media.
Interest in hydrogen peroxide as an oxidant when activated


by transition metal catalysts has expanded rapidly in the past
two decades.[1] One of the most useful organometallic com-
plexes for the activation of hydrogen peroxide is methyltriox-
orhenium (MTO). MTO has been shown in recent years to be
an exceptionally versatile oxygen transfer catalyst when used
with either aqueous hydrogen peroxide or urea hydrogen
peroxide (UHP).[2±6]


Ionic liquids have received a great deal of attention as
alternative reaction media. In particular, 1,3-dialkylimidazo-
lium- and 1-alkylpyridinium-based ionic liquids have been the
focus of much investigation.[7±9] Negligible vapor pressures,


polar yet noncoordinating anions (in general), tunable melt-
ing points and solvent miscibilities, and the ability to dissolve
a wide range of inorganic and organic materials are among the
most desirable characterisitics of these room-temperature
liquids.[7]


UHP was first used by Adam and co-workers as an oxidant
for the MTO catalytic system in chloroform.[3] Recently, the
ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate
([emim]BF4) has been shown to be a suitable solvent for the
MTO-catalyzed epoxidation of olefins using UHP.[10] Elec-
tron-rich olefins such as styrenes are particularly easy to
oxidize with this system, giving conversions and yields up to
and exceeding 99%. The use of UHP yields the corresponding
epoxide product, whereas the use of aqueous hydrogen
peroxide (30%) with MTO quantitatively converts the olefin
to the 1,2-diol. These oxidation reactions were found to
proceed on a time scale similar to that reported for the same
reactions in molecular solvents.
To gain further insight into the applicability of ionic liquids


for organic synthesis and industrial oxidations, this group has
undertaken the kinetic study of the MTO/peroxide system in
these relatively unexplored solvents. The interactions of MTO
with aqueous hydrogen peroxide and UHP will be reported
elsewhere.[11] Herein we focus on the kinetics of olefin
oxidation using the MTO catalyst, and examine the effect of
these new media on the rates of oxygen-atom transfer from
the catalytically active peroxorhenium complexes.
Both UV/Vis spectrophotometry and NMR spectroscpopy


have been used previously to characterize the MTO/peroxide/
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olefin system and its kinetics in aqueous and organic media
(Scheme 1).[12±14] Unfortunately, the UV-cutoff for 1,3-dialky-
limidazolium- and 1-alkylpyridinium-based ionic liquids is
approximately 300 nm, which precludes the direct observation


Scheme 1. Reaction of MTO with hydrogen peroxide to form two
peroxorhenium complexes.


of substrate or product spectroscopic features in the UV for
monitoring reaction kinetics. However, it is possible to
monitor the non-steady-state kinetics of these reactions by
observing the spectral changes in the visible region due the
diperoxorhenium complex, dpRe. In this work, the kinetics of
substrate oxidation in water-miscible ionic liquids as well as in
acetonitrile were studied by monitoring the decrease in
absorbance at 360 nm, which is attributable to the reactions
of both dpRe and the monoperoxorhenium complex, mpRe,
with the olefinic substrates. Non-steady-state kinetics was
used to elucidate the rate constants k3 and k4 .
Additionally, while reports of perdeuteriated ionic liquids


have appeared in the literature,[15] these liquids are difficult
and expensive to make. Recently, however, techniques have
been developed in this laboratory to measure kinetics in ionic
liquids using 2H NMR spectroscopy.[16] These techniques
include using deuteriated substrates such as [D8]styrene under
steady-state conditions as well as the peroxo complexes of
[D3]MTO for non-steady-state kinetics. The data collected
from the UV/Vis and NMR studies combined fully describe
the kinetics of olefin oxidation in ionic liquids.


Results


Non-steady-state UV/Vis kinetics : The goal of this study is to
determine the rates of oxygen transfer from the catalytically
active peroxorhenium complexes (k3 and k4 in Scheme 1) to
olefinic substrates in ionic liquids, and contrast these values to
those obtained in water and organic solvents. It had become
evident early on that two complications needed to be
addressed here. First, the effects of water on the kinetics[11]


and physical properties[17] of room temperature ionic liquids


(RTILs) have been documented. Hence, a water-free source
of hydrogen peroxide had to be employed to minimize the
deleterious effects of water as a co-solvent. Second, the UV
cutoff of 300 nm imposed by the ionic media necessitated the
development of a new and reliable method to monitor these
reactions under single turnover conditions. Many solvents
were screened for the preparation of essentially water- and
peroxide-free dpRe. The best results were obtained with
anhydrous THF and UHP, since in this solvent dpRe is stable
for prolonged periods of time and UHP is nearly insoluble.
Hence, filtration of excess UHP affords a concentrated
solution (ca. 40 m�) of dpRe in THF; such solutions are well
behaved and display negligible degradation of dpRe as
observed at 360 nm (�max for dpRe) even after two days.
For the non-steady-state kinetics with alkenes, the THF


solution of dpRe was diluted into the desired RTIL to about
1 m� such that the final concentration of THF was less than
3% of the ionic solvent. Upon addition of excess alkene (40 ±
150 m�), the reaction progress was followed at 360 nm. The
non-steady-state time profiles are biexponential (a typical
time profile for the epoxidation of �-methylstyrene is shown
in the Supporting Information in Figure S1). The absorbance
at the end of reaction is essentially zero. This indicates that all
of the dpRe and mpRe have reacted with the substrate. The
kinetic traces are fitted using Equation (1), in which both �


and � are constants.


ABst�Abs���exp(�kft)��exp(�kst) (1)


Both kf and ks (the fast and slow pseudo-first-order rate
constants, respectively) exhibit linear dependences on the
alkene concentration. Representative plots of kf and ks versus
[alkene] for the oxidation of trans-�-methylstyrene (TBMS)
in [emim]BF4 (emim�N,N�-ethylmethylimidazolium) are
shown in Figure S2 and S3 in the Supporting Information.
The intercepts of these plots represent k�1 and k�2 ;


however, these measurements are not particularly reliable
since their values are negligible in comparison to the slopes.
The second-order rate constants for the reaction of mpRe (k3)
and for the reaction of dpRe (k4) with the substrate were
obtained from the slopes of the above plots. However, as the
data is presented, the fast and slow steps cannot be assigned.
The kinetics simulation program KINSIM[18] was used to
determine that the k4 step, the oxidation of alkene with dpRe,
is faster than the k3 step. The details of these simulations are
provided in the Discussion.
The values of k3 and k4 for several olefins have been


determined previously in 1:1 CH3CN:H2O.[13] These constants
are compared with new values for k3 and k4 in acetonitrile and
in [emim]BF4 in Table 1. �-Methylstyrene was chosen as the


Table 1. Values of k3 and k4 [Lmol�1 s�1] in different solvents for several alkenes.


Solvent Styrene trans-�-Methylstyrene �-Methylstyrene Cyclohexene
k3� 102 k4� 102 k3� 102 k4� 102 k3� 102 k4� 102 k3� 102 k4� 102


[emim]BF4[a] 1.3� 0.1 13� 1 5.8� 0.4 26� 1 10� 1 44� 1 3.1� 0.2 13� 1
CH3CN[a] 0.20� 0.04 1.5� 0.1 2.1� 0.2 5.2� 0.2 4.5� 0.1 4.5� 0.1 3.1� 0.2 22� 1
CH3CN/H2O[b] ± 11� 1 51� 7 22� 2 ± 47� 2 ± 106� 2
[a] Conditions: 0.91 m� dpRe, 38 ± 154 m� substrate, 23 �C. [b] 1:1 CH3CN/H2O (v/v) ref. [13].
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substrate for comparative kinetics in different ionic liquids.
The rate constants k3 and k4 for the oxidation of �-
methylstyrene are shown in Table 2.


2H NMR kinetics: Deuteriated alkenes can be used as
substrates in proteated ionic liquids to study the MTO-
catalyzed oxidation of alkenes under steady-state conditions.
The integrals of the 2H resonance signals for deuteriated
reactants (alkenes) and products (epoxide or diol) were
monitored over time to obtain kinetic information. UHP is
soluble in RTILs, a fact that makes the MTO/UHP system
homogeneous in ionic liquids and amenable to kinetic
investigations. However, in order to avoid complex kinetics
and minimize catalyst degradation, one is forced to employ
high hydrogen peroxide concentrations (0.5 ± 1.0 �).[19] A
representative NMR stack plot for the epoxidation of
[D10]cyclohexene in [emim]BF4 is shown in Figure 1. Under
these conditions, the kinetic traces follow a single-exponential
decay and are fit with Equation (2).


It� I���exp(�k�t) (2)


The kinetics are first-order in
[alkene] and show no depend-
ence on [H2O2]. Hence, k�� k3
[mpRe] � k4 [dpRe] simplifies
to k� � k4 [dpRe], since at
these high [H2O2], the major
rhenium species is dpRe and (as
shown above by UV/Vis kinet-
ics) k3� k4 in RTILs. Table 3
displays k4 values obtained by
2H NMR spectroscopy for the
epoxidation and dihydroxyla-
tion of [D8]styrene and [D10]cy-
clohexene.
In an alternative method that


more closely resembles the con-
ditions used in the UV/Vis
kinetic studies, CD3ReO3


([D3]MTO) was alowed to react
with two equivalents of UHP in
RTILs to generate [D3]dpRe.
The latter was used for single
turnover reactions with alkenes,
and monitored by 2H NMR


spectroscopy. The relatively long time scale inherent to
NMR kinetic experiments mandated the use of more deac-
tivated styrenes as epoxidation substrates. For this study,
styrene, 2-fluorostyrene, and 2,6-difluorostyrene were used.
Over the course of a reaction, the intensity of the [D3]dpRe
resonance signal (�� 2.9 ppm) decreases and the intensity of
the [D3]MTO resonance signal (�� 2.4 ppm) increases. The
2H resonance signals due to products of peroxorhenium
complex decompositions, namely CD3OH and CD3OOH (��
3.4 and 3.3 ppm, respectively), increase during the course of
reaction.[19, 20] An NMR stack plot for the epoxidation of
2-fluorostyrene is shown in Figure 2.
The integration for the [D3]dpRe resonance signal is plotted


as a function of time. The kinetic traces obtained are
exponential, and the integration for the [D3]dpRe resonance


Table 2. Rate constants for the oxidation of �-methylstyrene in various
ionic liquids.[a]


Entry Solvent k3 [Lmol�1 s�1] k4 [Lmol�1 s�1]


1 CH3CN 0.045� 0.001 0.045� 0.001
2[b] 1:1 CH3CN/H2O ± 0.47� 0.02
3 [emim]BF4 0.10� 0.01 0.44� 0.01
4 [bmim]BF4 0.074� 0.002 0.35� 0.02
5 [bmim]NO3 0.016� 0.004 0.12� 0.02
6 [bupy]BF4 0.13� 0.01 0.58� 0.01
[a] Conditions: 0.91 m� dpRe, 38 ± 154 m� substrate, 23 �C. bmim�N,N�-
butylmethylimidazolium, bupy�N-butylpyridinium. [b] 1:1 CH3CN/H2O
(v/v). Reference [13].


Figure 1. 2H NMR stack plot for the steady-state epoxidation of [D10]cyclohexene in [emim]BF4. Conditions :
[Re]T� 5.0 m�, [[D10]cyclohexene]� 100 m�, [UHP]� 1.0 �. Spectra are shown at 60 s intervals.


Table 3. Values of k4 for the epoxidation and dihydroxylation of several
alkenes as determined by 2H NMR spectroscopy.


Entry Alkene Solvent[a] Method[b] k4 [Lmol�1 s�1]


1 [D8]styrene [emim]BF4 A 0.034� 0.004
2 [D8]styrene [bupy]BF4 A 0.040� 0.008
3 [D8]styrene [etpy]BF4 B 0.20� 0.02
4 styrene [emim]BF4 C 0.059� 0.006
5 2-fluorostyrene [emim]BF4 C 0.027� 0.002
6 2,6-difluorostyrene [emim]BF4 C 0.012� 0.001
7 [D10]cyclohexene [emim]BF4 A 0.20� 0.01
8 [D10]cyclohexene [bupy]BF4 A 0.23� 0.02
9 [D10]cyclohexene [emim]BF4 B 1.75� 0.06
[a] etpy�N-ethylpyridinium. [b] Method A (steady-state epoxidation
conditions): [UHP]� 1.0 �, [MTO]� 0.008 �, [deuteroalkene]� 0.10 �,
T� 298 K. Method B (steady-state dihydroxylation conditions): [H2O2]
(30% aqueous)� 0.50 �, [MTO]� 8.0� 10�4 �, [deuteroalkene]� 0.10 �,
T� 298 K. Method C (non-steady-state epoxidation conditions):
[[D3]dpRe]� 0.048 �, [alkene]� 0.50 �, T� 298 K.


Figure 2. 2H NMR stack plot for the single-turnover epoxidation of 2-fluorostyrene in [emim]BF4. Conditions :
[Re]T� 36 m�, [2-fluorostyrene]� 364 m�, [UHP]� 72 m�. Spectra are taken at 165 s intervals.
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signal is nearly zero at the end of the reactions, which
demonstrates that the reaction between [D3]dpRe and
substrate proceeds to completion. The kinetic traces are
treated with a standard exponential decay equation (vide
supra) to obtain k4 from the pseudo-first-order rate constant,
k�� k4 [alkene]. Table 3 lists the values of k4 obtained for the
epoxidation of three different styrenes alongside the data
acquired under steady-state conditions with deuteriated
substrates. The k4 values reflect a multiplicative decrease in
rate depending on the number of fluorine atoms present in the
ortho positions on the aromatic ring.


Discussion


UV/Vis kinetic experiments and simulations : MTO reacts
with hydrogen peroxide to form two peroxorhenium com-
plexes, as shown in Scheme 1. In ionic liquids, the peroxide
binding constants are approximately K1� 40 and K2� 120,
and the rate constant k2 is approximately 0.20 ��1s�1.[11] These
constants necessitate a large excess of hydrogen peroxide to
convert all of the rhenium to dpRe. Hence, a typical
procedure involves making dpRe in situ and then reacting it
with an olefinic substrate. It is important to note that the
concentrations needed for this type of experiment are
generally 0.75 ± 1.00 m� MTO,� 50 m� H2O2, and 50 ±
300 m� substrate; the latter would be added after the
complete formation of dpRe. However, because of the excess
of peroxide used to form dpRe, H2O2 remains in the solution
after the substrate is added. Thus, once steady state is
achieved, there is an appreciable concentration of dpRe as
well as mpRe in the solution due to the reactions with H2O2


(k1 and k2), and hence the rate constants k3 and k4 are not
easily resolved.
Making dpRe in THF (in which UHP is nearly insoluble)


alleviates the problem described above. When dpRe is
isolated by removing the THF solution from the solid UHP,
the only Re compound in solution is dpRe; essentially zero
hydrogen peroxide is present in the solution. Hence, when
dpRe reacts with the substrate to form mpRe, there is
negligible amount of peroxide to re-form dpRe. Therefore,
the change in absorbance is attributable only to the reactions
of both peroxorhenium complexes with the substrate. It
should be noted that dpRe re-establishes the equilibrium with
mpRe (and mpRe with MTO) once the THF solution is
removed from the solid UHP and diluted into the ionic liquid.
However, the re-establishment of these equilibria is much
slower than the reactions of the peroxorhenium complexes
with the substrate, so the effects on the absorbance at 360 nm
(A360) are essentially negligible with respect to reactions with
substrate. Therefore, the major reactions taking place using
this method are the epoxidation of olefin by dpRe (k4) and by
mpRe (k3).
To gain insight into which is the faster step, the modeling


program KINSIM was used to create simulated kinetic
traces.[18] The mechanism shown in Equations (3) ± (5) was
used in the simulations, and the rate constants for the
oxidation of �-methylstyrene (AMS) with both of the
peroxorhenium complexes were used alongside the known


dpRe �	k4 
alkene� mpRe� epoxide (3)


mpRe �	k3 
alkene� MTO� epoxide (4)


dpRe �	k�2 mpRe�H2O2 (5)


value for k�2� 2.0� 10�3 s�1 in [emim]BF4.[11] For simplicity,
the disproportionation of mpRe to H2O2 and MTO and the
decomposition pathways for dpRe and mpRe were omitted
from the mechanism. Figure 3 shows the reaction of dpRe and
the formation and subsequent reaction of mpRe.


Figure 3. Simulation of the reaction of dpRe and mpRe with �-methyl-
styrene using KINSIM. Conditions: [dpRe]0� 0.98 m�, [mpRe]0�
0.00 m�, [AMS]� 96 m�, k4� 0.44 ��1s�1, k3� 0.10 ��1s�1, and k�2�
2.0� 10�3 s�1.


Since both mpRe and dpRe absorb at 360 nm,[11, 19] their
simulated contributions were added together to generate a
simulated kinetic trace that should, in theory, be similar to the
time profile that is observed experimentally at comparable
conditions. Since it was still unknown up to this point which
rate constant was faster, simulations were performed using
both k4� k3 and k3� k4 . The contributions of both mpRe and
dpRe were added together as described above, and the results
were plotted alongside the actual experimental data for
comparison. Figure 4 compares the experimental data to the
simulated kinetic traces for k4� k3 and k3� k4 .


Figure 4. Comparison of experimental data (�) and simulated kinetic
traces (k4�k3 , ––; and k3�k4 , ±±±) for the oxidation of �-methylstyrene
(AMS). Simulation conditions: [dpRe]0� 0.98 m�, [mpRe]0� 0.00 m�,
[AMS]� 96 m�, k4 , k3� 0.44 and 0.10 ��1s�1, and k�2� 2.0� 10�3 s�1.
Experimental conditions: [dpRe]0� 0.98 m�, [AMS]� 96 m� in
[emim]BF4 at 23 �C.
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Figure 4 shows good agreement between the experimental
data and the simulated kinetic trace when k4� k3. The
simulated and experimental profiles begin to deviate slightly
after 150 s. This deviation is probably attributable to the
decomposition of mpRe to methanol and methyl hydroper-
oxide as observed by 2H NMR spectroscopy. These reactions,
due to their minimal contribution and for the sake of
simplicity, do not appear in the mechanism used for the
KINSIM simulations.
The point to be made here is that Figure 4 shows rather


poor agreement between the experimental data and the
simulated kinetic trace when k3� k4 . The two profiles deviate
substantially from the outset and never agree at any point in
the reaction/simulation. Therefore, in light of the good
agreement between experiment and simulation when k4�
k3 , we concluded that k4 is greater than k3 for the oxidation
of �-methylstyrene in [emim]BF4. The kinetic data for �-
methylstyrene in other RTILs and for other alkenes in
[emim]BF4 are again in excellent agreement with simulations
that employ k4� k3 values.
As shown in Table 1, the k4 values in [emim]BF4 for the


three styrene substrates are quite similar to those values in 1:1
CH3CN/H2O. The notable exception is the oxidation of
cyclohexene for which k4 in [emim]BF4 is lower by an order
of magnitude than k4 in 1:1 CH3CN/H2O and lower even than
k4 in CH3CN. This result is anomalous but is explained by
considering the limited solubility of cyclohexene in
[emim]BF4. This limited solubility lowers the effective con-
centration of cyclohexene in the ionic liquid, which in turn
causes the k4 value to be artificially low. The low solubility of
several other substrates, including 1-methylcyclohexene,
1-phenylcyclohexene, and 1-decene, precluded their use in
kinetic studies.
The values of k3 in [emim]BF4 for the oxidation of the


styrenes are only slightly higher than the corresponding k3
values in acetonitrile. There is, however, a significant differ-
ence between the k3 values obtained in [emim]BF4 versus
those in 1:1 CH3CN/H2O. This is in contrast to k4 for which the
values in the ionic liquid and in the CH3CN/H2O mixture are
virtually the same.
The results in Table 1 show clearly that k4 is significantly


greater than k3 when the reactions are done in [emim]BF4.
This trend holds for the same reactions done in other water-
miscible ionic liquids, shown in Table 2. The reactivity of the
styrenes with the peroxorhenium complexes shows the
expected trend for electrophilic oxygen transfer from rheni-
um: styrene�TBMS��-methylstyrene (AMS). The addi-
tional methyl groups of TBMS and AMS increase the
styrenes� reactivities relative to PhCH�CH2, and the sterics
of TBMS make this substrate slightly less reactive than AMS.
Table 2 shows the k3 and k4 values that have been


determined for the oxidation of �-methylstyrene in several
ionic liquids and in molecular solvents. Entries 3, 4, and 6 in
Table 2 show essentially the same rate constants for the ionic
liquids [emim]BF4, [bmim]BF4, and [bupy]BF4. This indicates
that the cations of these liquids do not affect the reaction of
the rhenium complexes with the olefin. However, both k3 and
k4 are substantially lower when the reaction is done in
[bmim]NO3 (Table 2, entry 5). This result is rationalized by


considering that NO3
� has much higher coordination ability


than BF4� and thus interferes with the oxidation reactions.
In contrast to what is observed here for RTILs and CH3CN,


k3 in general is larger than k4 for reactions done in 1:1 CH3CN/
H2O.[5] The relative reactivities of mpRe and dpRe are
apparently dependent on the water content of the solvent.
This is likely so because of a couple of different factors: 1)
Additional water in the solution makes the solvent more
polar, which stabilizes the more polar dpRe over mpRe
toward reaction with the substrate. 2) Water participates in
hydrogen bonding more with dpRe than with mpRe because
of the two peroxo groups, rendering dpRe less reactive.


2H NMR studies under steady-state conditions: Deuteriated
alkenes were used to monitor the kinetics of alkene epox-
idation (with UHP) and dihydroxylation (with aqueous H2O2)
under steady-state conditions. The advantages of using
2H NMR spectroscopy include the ability to observe prod-
uct(s) formation in real time, characterize the kinetics of
reaction under catalytic conditions, and use easily prepared
proteated ionic liquids. Nevertheless, this method differs from
the non-steady-state kinetics in that the concentration of
water in the ionic liquid is significant. Even for the MTO/
UHP system, the concentration of water, being a by-product,
increases as the reaction proceeds. The profound effects of
water on the physical properties of RTILs have been
documented previously.[17] Since water increases the polarity
of the ionic solvent, the rate of oxygen transfer from dpRe to
the substrate is expected to increase as [H2O] increases. This
effect is reflected in the k4 values for the dihydroxylation of
[D8]styrene and [D10]cyclohexene (entries 3 and 9, Table 3) in
comparison to the values for epoxidation of the same
substrates (entries 1, 2, 7, and 8, Table 3).
The k4 values determined by 2H NMR spectroscopy under


steady-state conditions for [D8]styrene and [D10]cyclohexene
(Table 3) are not in full agreement with those measured by
UV/Vis kinetics (Table 1). In the case of styrene, the k4 value
from the 2H NMR experiments is one third the value
determined by UV/Vis. On the other hand, in the case of
cyclohexene, the k4 value from the 2H NMR experiments is
twice the value determined by UV/Vis. These discrepancies
are attributed to the differences in solvent composition
between the NMR and UV/Vis experiments. While the UV/
Vis experiments are essentially anhydrous and contain � 3%
THF, the water concentration in the NMR experiments
increases as more product (epoxide) forms. Even though
water is expected to enhance the rate of alkene oxidation by
dpRe, it also accelerates the degradation of the peroxorhe-
nium complexes. Furthermore, the need for higher [MTO] in
the steady-state experiments results in an ionic liquid that
contains 10 ± 20% CH3CN; an MTO stock solution in
acetonitrile is normally diluted into the ionic liquid in order
to maintain the homogeneity of the catalyst at these concen-
trations. The presence of an acetonitrile co-solvent in the
2H NMR experiments also explains the improved rates for
cyclohexene epoxidation, since the solubility of cyclohexene
is improved.
Despite all of the mentioned differences between the UV-


vis (non-steady-state) and 2H NMR (steady-state) kinetic
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experiments, the general agreement within a factor of 2
between the two sets of rate constants is remarkable.
Non-steady-state kinetics by 2H NMR spectroscopy: The


addition of a stock solution of [D3]MTO in anhydrous THF to
UHP in a RTIL yields deuteriated diperoxorhenium
([D3]dpRe). The 2H spectrum shows the exclusive presence
of [D3]dpRe (�� 2.9 ppm). However, over time the deactiva-
tion products CD3OH (�� 3.4 ppm) and CD3OOH (��
3.3 ppm) become evident.
In the absence of excess peroxide, the monoperoxorhenium


complex ([D3]mpRe) decomposes quickly, and hence no
NMR signal for this species is observed. Due to the decom-
position of [D3]mpRe the observed stoichiometry of epox-
idation is always above 1:1 and below 2:1–namely, 1 mole of
[D3]dpRe will convert between 1 and 2 moles of alkene into
epoxide. The stoichiometry depends on both the concentra-
tion and the nature of the alkene undergoing epoxidation.
Based on 2H NMR kinetic data, the value of k4 for the


epoxidation of styrene in [emim]BF4/THF (27% v/v THF) is
0.059 ��1s�1 (entry 4, Table 3). This value is half the value of k4
obtained from UV/Vis kinetics for this epoxidation in
[emim]BF4 (0.13 ��1s�1). The modest decrease in rate be-
tween the NMR study and the UV/Vis study in [emim]BF4 is
attributable to the relatively large amount of THF used in the
NMR study, which is imposed by the need of concentrated
[D3]dpRe (ca. 40 m�) for reliable detection over short (ca.
3 min) collection times.


Conclusion


The reaction of MTO and UHP in dry THF yields essentially
water- and peroxide-free methyldiperoxorhenium (dpRe),
which can be diluted into room temperature ionic liquids
(RTILs) after the removal of the remaining solid UHP. The
homogeneous solution of dpRe in RTILs was reacted with
various olefins under pseudo-first-order conditions. The
kinetic profiles are biexponential, and the observed rate
constants display first-order dependences on [olefin]. Based
on kinetic simulations and their agreement with experimental
data, the fast step was assigned to the reaction of olefin with
dpRe (k4) and the slow step to the reaction of olefin with the
monoperoxorhenium complex (mpRe) (k3). While the mpRe,
in general, is more reactive towards alkenes than the dpRe in
1:1 CH3CN/H2O, the opposite is true for the reactions
conducted in several RTILs. For example, in all of the
investigated RTILs, k4� 4.5� k3. The rate constants k3 and k4
are unaffected by the cation of the ionic liquid, but are
sensitive to the anion. The kinetics of the reaction of dpRe
with deuteriated alkenes have been characterized by 2H NMR
spectroscopy under steady-state conditions. Also, [D3]dpRe,
prepared in situ from [D3]MTO and UHP, has been employed
to characterize the system and determine k4 by 2H NMR
spectroscopy under single turnover experiments. The NMR
rate constants are in general agreement (within a factor of
about 2) with those obtained by UV/Vis spectroscopy. The
difference in solvent composition between the NMR study
and the UV/Vis study accounts for the modest variations in
rate constants.


Experimental Section


Materials : MTO was prepared by the standard literature method.[21]


(nBu)3Sn(CD3)[22] was used in the synthesis of [D3]MTO. Stock solutions
of MTO were prepared in tetrahydrofuran and stored at �10 �C;
concentrations were determined spectrophotometrically. The ionic liquids
[emim]BF4, [bmim]BF4, [bmim]NO3, [etpy]BF4, and [bupy]BF4 were
prepared as described previously.[11] Hydrogen peroxide solutions were
standardized by iodometric and permanganate titrations. Urea hydrogen
peroxide was standardized by permanganate titration as a stock solution in
[bmim]BF4. The olefinic substrates were used as received (Aldrich).


UV/vis kinetics : Kinetic measurements were obtained on a Shimadzu UV-
2501PC at 23� 1 �C. Small-volume (0.5 mL) quartz cuvettes with 1.0 cm
optical path length were used. The formation and reaction of the
diperoxorhenium complex was monitored by observing the absorbance
change at 360 nm, the �max of the dpRe complex (�� 1100 ��1 cm�1). The
monoperoxorhenium complex mpRe also features an absorbance at
360 nm (�� 500–700 ��1 cm�1).[12, 19] The kinetics of the reactions of dpRe
and mpRe with substrates were measured by monitoring the decline in
absorbance at 360 nm using the following method.


MTO (40.0 m� in dry THF) was mixed with an excess of urea hydrogen
peroxide (UHP), which is insoluble in tetrahydrofuran. After the reaction
was complete, the solution containing the dpRe was removed from the
remaining solid UHP. An aliquot of the 40.0 m� dpRe solution was added
to the ionic liquid of interest to make about 1.0 m� solution. The initial
absorbance was recorded, the substrate was added, and the absorbance
change at 360 nm was monitored with respect to time. Kaleidagraph 3.0 was
used to analyze the kinetic data. The kinetics simulation program KINSIM
was used to model the reactions.[18]


2H NMR kinetics : Kinetic measurements were obtained on Br¸ker Avance
and ARX 500 MHz (1H) spectrometers at ambient temperature. A sealed
capillary containing a 0.346 � solution of [Cr(acac)3] in CD3CN/toluene
(5% v/v CD3CN) was used as a standard for chemical shifts (�� 9.80 ppm)
and integrations.
The following is a typical procedure for collecting steady-state kinetics with
a deuteriated alkene ([D8]styrene): An NMR tube was charged with
[emim]BF4 (0.5 mL), UHP (47 mg), and about 100 �L of a 0.040 � MTO
stock solution in CH3CN. After 10 min, a sealed capillary tube containing
the external standard was added, along with [D8]styrene (6 �L). The
contents of the tube were mixed well, and 2H NMR spectra were
subsequently collected about every 5 min.


For non-steady-state kinetics, 150 �L of 0.13 � [D3]MTO solution in dry
THF was added to 0.10 � UHP in 400 �L of [emim]BF4. The reaction
solution was mixed well, and monitored by 2H NMR spectroscopy until all
the starting [D3]MTO had converted to [D3]dpRe. At this time, a tenfold
molar excess of an olefinic substrate was added to ensure pseudo-first order
conditions.
Under these conditions, the 2H resonance signal of [D3]dpRe appears at
�� 2.9 ppm. The extent of reaction between [D3]dpRe and substrates is
indicated by the decrease in the integral for this resonance signal over time.
Kaleidagraph 3.0 was used in the analysis of the kinetic data.
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